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æ^^�nØ©Û��{éÀJ5 p .�,þf²^�3 InGaN VÅ�u1�4+ (LED) ¥�1ÌN��^
?1�[©Û. ©Û(JL², ÀJ5 p .�,éþf²¥>fÚ�ÇßÝ©Ù�þï5å��½�N��^, 3
·�ÀJ p .�,þf²^��ê�^�e, U
Uõþf²¥16f�Ë�EÜ�Ç, ü$ÄÑ>fßÝ, l

k�Jp�¡Sþf�Ç, ¿~�Sþf�Ç�°Ä>6O�
¯�eü�ª³. �X¹5�þf²O\�A½ê
þ, ÀJ5 p .�,�N��J�\²w, LED �¡�VÅ�u1¸rÝ��Ä�þï.

'�c: InGaN, p .�,, ê��[, VÅ�u1�4+

PACS: 85.60.Jb, 85.50.–n, 87.15.A–, 78.60.Fi

1 Ú ó

Cc5, �Xá�)�Úì���Eâ�Øä
uÐ, �zÔu1�4+ (LED) 9Ù�'A^¤�
­��ïÄ�K [1−4]. p�Ç� GaN Äb	Ú7
1 LED �uÐ¦�r	�çÚw«EâÚ�õÇ
x1 LED ì²¤��U [5]. DÚ LED ����{
Ï~k±eü«: �´^7Ú!bÚ½b	 LED

�¡-uF1®�·ÚÜ¤¤I��1, ù«�
{��{ü, Bu¢y, �´DÚF1®��mó
��Pz¯KÚu1P~¯Kî­,AO´p�Ý
u1éF1®�¦�~p, F1®��z´ LED

Æ· á���­��Ï [6]. �´æ^ùÉ7n
Ú LED ·Ú��, d«�{�":´dun«ô
Ú� LED þf�Ç�X§ÝÚ°Ä>6�CzØ
��, ��m�P~�Ý��Ø�Ó, ÏdE,�
°Ä>´¬E¤���Ç��. Ïd, �«ÃF1

®�õÅ� LED ¤�CÏ���ïÄ9: [7−10],

ù«õÅ� LED �¡kOuDÚ�u1�4+�
��{, ´3Ó���¡¥)�Ñõ�¹5��
U\(� [11,12], ��¹5�dØÓ1Åã�þf
²�¤, ÙuÑØÓÅ��1·Ú��¤I��
Ú1,ÏL��>4¤\�>6!>Ø���ÒU

����ØÓ1Åã�þf²�u1rÝ. ù«
õÅ� LED äkì�>´{ü!Æ·�!1>=
��Çp�A:. �´, õÅ� LED �·Úu1
É�¹5�þf²��,�¹!In |©N!!þ
f²º�!þf²êþ��«�¹���, äk�
��E,5, ù�¤�T+����ïÄJ:. �

?�ÚUõÚN�ü�¡õÅ� LED �u1A
5, �©éVÅ� LED �u1Ån?1^��[
ïÄ, ¿�\?ØÀJ5 p .�,þf²^�éV
Å� LED u1rÝ!Sþf�Ç!>fÚ�Çß
Ý©Ù!16fÄÑ��K�.
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2 nØ�.Úì�(�

2.1 ììì������[[[���ÄÄÄ������§§§

APSYS �[^� [13] ´|^��k���©
Û�{, ±¤£ - *Ñ�.Ú>6ëY�§

∇ · Jn −
∑

j

Rtj
n − Rsp − Rst − RAu + Gopt(t)

=
∂n

∂t
+ ND

∂fD

∂t
, (1)

∇ · Jp +
∑

j

Rtj
p + Rsp + Rst + RAu − Gopt(t)

= −∂p

∂t
+ NA

∂fA

∂t
(2)

�Ä:, ¿(Ü>.Ñt�§

−∇ · (ε0εdc∇V/q) = −n + p + ND(1 − fD)

− NAfA +
∑

j

Ntj(δj − ftj)

(3)

�� LED ì��>Æ�1ÆA5. �§ (1)—(3)

¥, Jn Ú Jp ©O´>f6�ÝÚ�Ç6�Ý,

Jn = nµn∇EFn,

Jp = pµp∇EFp,

Ù¥ µ �[£Ç, EF �O¤�U?; Rtj
p �ÏL>

.þ1 j �U?�ü NÈ��Ç(Ü�Ç; Rsp

�guË�EÜ�Ç; Rst �É-Ë�EÜ�Ç;

RAu ���EÜ�Ç,

RAu = (Cnn + Cpp)(np − n2
i ),

Ù¥ Cn Ú Cp þ�á����Xê, Ù��ûuá
���, ni ���16fßÝ; Gopt(t) �1�)Ç;

∇V �>|; εdc ��é0>~ê; n Ú p ©O�>
fßÝÚ�ÇßÝ; ND Ú NA ©O�f��Ì�
,ßÝÚÉÌ�,ßÝ; fD Ú fA ©O�>fÓâ
�ÌÚ�ÇÓâÉÌ,��VÇ; Ntj �1 j ��
�4 - p� - ¿� (SRH) �U?�²��Ý; ftj �
>fÓâ1 j ��U?�²�VÇ; δ = 1 �L�
Ì, δ = 0 �LÉÌ.

16f�DÑÅn�¹
>fÚ�Ç3��
SÜ�¤£Ú*Ñ,Ó���Ä
16f�guË
�EÜÚ"�¤E¤� SRH �Ë�EÜ. 3?n
¹Aå� InGaN þf²��Úd�U?�, �
{
zU?O�, 3U�(�¦)þ�Ñ
��Úd�

�U?�m�ÍÜ�^, ©Oæ^�Ô��. [14]

Úk��þCq�. [15]. InGaN � AlGaN �U�
�Y�±^e��§L«:

Eg(A1−xBx) = (1 − x)Eg(A)

+xEg(B) − x(1 − x)T, (4)

Ù¥, A �L GaN ��Ü7, B �L InN ½ AlN �
�Ü7, T ��­Xê.

3�zÔ�����.¡¥, �ÄSï4z
�AÅn [16−18]. e¡�Ñ3�[¥¤¦^�
n��zÔá�4z�Aúª. InxGa1−xN á�
Ú AlxGa1−xN á�¥�gu4zrÝ�

Psp(InxGa1−xN) = −0.0413x − 0.0339(1 − x)

+0.0378x(1 − x), (5)

Psp(AlxGa1−xN) = −0.0898x − 0.0339(1 − x)

+0.0191x(1 − x); (6)

InxGa1−xN á�Ú AlxGa1−xN á�¥�Ø>4z
rÝ�

Ppz(InxGa1−xN) = xPpz(InN)

+(1 − x)Ppz(GaN), (7)

Ppz(AlxGa1−xN) = xPpz(AlN)

+(1 − x)Ppz(GaN). (8)

ùp,

Ppz(InN) = −1.373ε + 9.541ε2, (9)

Ppz(GaN) = −0.918ε + 9.541ε2, (10)

Ppz(AlN) = −1.808ε + 5.642ε2 (ε < 0), (11)

Ppz(AlN) = −1.808ε − 7.888ε2 (ε > 0), (12)

ª¥, ε ���(��Ä�m�AC,

ε = (asub − a)/a, (13)

Ù¥, asub �Ä�¬�~ê, a ��zÔ��¬
�~ê.

±þ�§Uìk���{3�mlÑ�/
¤��5�§|, ,�^¦)��5�§|��
{ (XÚîS�{) ?1¦). �©æ^ Crosslight

úi���Nì��[;�^� APSYS ?1ê�
O�, T^�äkê�­½ÚO��Ýp�A:.
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2.2 ììì���(((���

�©ïÄ� InGaN þf²(��u1�4
+ ± 7 � � � � ., æ ^ 7 á k Åz Ü Ô z Æ
í��È (MOCVD) Eâ?1)�, Ùì�¡È
� 300 µm×300 µm, le�þ�g´þÝ� 3 µm

� GaN � (n . � , ß Ý � 5×1018 cm−3)!
¹ 5 � . ! ¹ 5 � / ! þ Ý � 0.03 µm � p

. Al0.07Ga0.93N (p .�,ßÝ� 3×1017 cm−3)

>f{	�!þÝ� 0.15 µm � GaN � (p .�,
ßÝ� 7×1017 cm−3). z�¹5�Ñ�)õ�þf
²�9Ù^�, ¹5�.± In0.18Ga0.82N �²�á
�!¹5�/± In0.11Ga0.89N �²�á�, þÝþ
� 2.2 nm. ü«þf²(��^�� GaN, þÝþ
� 15 nm.

3�©¥, ì��Oó�§Ý� 300 K, éþf
²^�� p .�,?1
ØÓ��O. ©¥k?Ø

�¡¹5�.�¹5�/þ¹ü�þf²��
Ä�A5. ,�éþf²�ØÓ^�?1kÀJ5
� p .�,, ¿?Ø
 LED �¡u1A5ÚÅn,

2O\¹5�/�þf²êþ�o�, éÙu1A
5ÚÅn\±?�Ú�©Û?Ø.

3 (J9?Ø

�,16fßÝ©Ù!u1rÝ9Ë�EÜ
�Ç�¬�>6��
Cz, �´�âO�(Jw
«, þf²^�� p .�,é LED u1¤�)�
�X��^, 3Ù¦>6e�3 20 mA >6eª³
�N�Ó. XÃAO`², �©¥�¡�>fßÝ
Ú�ÇßÝ©Ùã!16fË�EÜ�Ç©Ùã
Úguu�1Ìãþ´3 20 mA °Ä>6e��
�(J.

3.1 ¹¹¹555���...���¹¹¹555���///þþþ¹¹¹üüü���þþþfff²²²
999ÙÙÙ^̂̂���, ^̂̂���������,,,

ã 1 ¤«�þf²^���,� LED �¡>
fßÝÚ�ÇßÝ©Ù. lã 1 �±wÑ, ¹5�
.�,�l p >4��Ç
, �Ù�ÇßÝE,�
u¹5�/��ÇßÝ, ��p In |©�þf²é
�Ç����^ru$ In |©�þf². Ïd, æ
^p In |©�þf²���l�Ç
�¹5�.,


æ^$ In |©�þf²���C�Ç
�¹5
�/�±é²ïþf²¥��ÇßÝå��½�
^. ,	, dã 1 ��±wÑ, �¡�ÄÑ>f6p
� 1011 cm−3 þ?, ��>f{	�é>fÄÑ�
{	�^¿Ø²w.

ã 1 ^���,� LED �¡�>fÚ�ÇßÝ©Ù

ã 2 ¤«�´ LED �¡guu�1Ì. lã 2

�±wÑ: �,þf² In0.11Ga0.89N ?u�C�Ç

�k| �, �duÙ$ In |©�á�B�°Ý
��, ¤�¤�þf²²��f, éu�Ç
ó, ù
«�¹eþf²�Uþ�p
Ø|ué�Ç��
�, Ï
�ÇßÝ�$. 
>f3 InGaN þf²¥
�[£Ç��, ¤±ü�¹5�¥�>fßÝCz
¿Ø�, ùÒ¦�ü�¹5�¥�>fÚ�ÇßÝ
©ÙØþï, l
��
¹5�/�u1Ì¸�r
Ý��$u¹5�..

ã 2 ^���,� LED �¡�guu�1Ì

ã 3 ¤«�´ØÓ¹5�¥16f�Ë�E
Ü�Ç©Ù (î�I�	ò�¡)����ål,
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eÓ). lã 3 �±wÑ, ¹5�.�²þË�EÜ
�Ç�pu¹5�/. ù`²3¹5�/¥, �$
��ÇßÝü$
Ú>f?1k�EÜu1��
Ç.

ã 3 ^���,� LED �¡�16fË�EÜ�Ç©Ù

3.2 ¹¹¹555���...���¹¹¹555���///þþþ¹¹¹üüü���þþþfff²²²
999ÙÙÙ^̂̂���, ÀÀÀJJJ555 p ...���,,,^̂̂���

�
r¦¹5�.Ú¹5�/¥�>fÚ�
ÇßÝ©Ù��þï,Jp LED �¡�u1�Ç,

é�C p >4�õ�þf²^�?1ÀJ5 p .
�,, ©�n«�,�ª. �ª A é�C p >4�
1��^�?1�,; �ª B é�C p >4�1�
�Ú1��^�?1�,; �ª C é�C p >4�
1��!1��Ú1n�^�?1�,; �,ßÝ
þ�½� p= 3 ×1017 cm−3.

ã 4 ¤«�æ^�ª A ?1�,� LED �
¡�>fÚ�ÇßÝ©Ù. lã 4 �±wÑ, ¹5�

ã 4 æ^�ª A �,� LED �¡�>fÚ�ÇßÝ©Ù

/�C p >4�ü�þf²��ÇßÝþk�þ
O\, 
o�þf²¥�>fßÝþ�²wCz,

ÄÑ>fßÝKeü� 1010 cm−3, �ã 1 eü

��êþ?.

lã 5 �±uy, In0.11Ga0.89N ²¤uÑ�Å
�� 0.42 µm u1¸Ú In0.18Ga0.82N ²uÑ�Å
�� 0.46 µm u1¸�²þrÝ�ã 2 k�½§Ý
�O\. Ó�, lã 6 �±wÑ, 16f�Ë�EÜ
�Ç��ã 3 k¤O\.

ã 5 æ^�ª A �,� LED �¡�guu�1Ì

ã 6 æ^�ª A �,� LED �¡�16fË�EÜ�Ç©
Ù

ã 7 ¤«�æ^�ª B ?1�,� LED �¡
�>fÚ�ÇßÝ©Ù. lã 7 �±wÑ: du p

.�,�Or, �¡�ÄÑ>fßÝ?�Úeü,

�ã 1 eü
ü�êþ?. ¹5�/�C n >4�
þf²�ÇßÝO\��, �ã 1 O\
C��ê
þ?. þf²�ÇßÝ©Ù�þï5�ã 1 Úã 4

��¹k¤O\. ?�Ú*	uy, ¹5�.�C n

>4��ÇßÝ%�²wO�. ù´Ï��zÔá
�¥�Ç�k��þ��, [£Ç�$, ¤± p .
�,���é�C�þf²�ÇßÝO�k²w
�^, ¿ØUk�O�å�,^����þf²¥
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��ÇßÝ. ¹5�/�C n >4�þf²>fß
Ýu)
�½§Ý�eü, ù´du�õ� p .�
,¦�Ù>f³^O\�õ,AO´�ÇßÝO\
���þf²é>f³^�O\���. ��C p

>4�þf²duÉ�>f{	���^¦Ù>
fßÝE,�±�p�Y².

ã 7 æ^�ª B �,� LED �¡�>fÚ�ÇßÝ©Ù

lã 8 �±wÑ, u�1Ì�u1¸rÝþ�
�ã 5 ��¹k¤O\, �üu1¸�m�u1r
Ý����, ¹5�.�u1¸rÝ�´¹5�/
�o�. dd��, du p .�,ü�þf²^�,

¦�þf²>fßÝ©ÙÑy
�½�Øþï�
¹, l
��u�1Ì¥VÅ�u1¸�¸�rÝ
Øþï. (Üã 7 Úã 9 ��, ¹5�.�C p >
4�²�, Ù>fßÝÚ�ÇßÝþÓ�����
�, Ï
Ù16fË�EÜ�Ç��Or, 
¹5
�/¥duÙ>fßÝÚ�ÇßÝ©Ù�~Øþ
ï, ��ÙË�EÜ�Ç�~$.

ã 8 æ^�ª B �,� LED �¡�guu�1Ì

ã 10 ¤«�æ^�ª C ?1�,� LED �
¡�>fÚ�ÇßÝ©Ù. lã 10 �±wÑ: � p

.�,�ê�?�ÚO\, ÄÑ>fßÝ�ã 1

eü
n�êþ?±þ. �þf²¥�²þ�Ç
ßÝþk���J,. 
¹5�/¥�C n >4
�þf²>fßÝ%kî­�eü, �ã 1 eü

Cn�êþ?. dd��, Lþ� p .�,¦
�þf²é>f�³^��O\, l
��>f
ßÝeü�õ, K�
þf²¥>fßÝ©Ù�
þï5. lã 11 �±wÑ, In0.11Ga0.89N ²�u
1¸Ä���.ã 12 �16fË�EÜ�Çw«
�þ�>fÚ�Ç3 In0.18Ga0.82N ²¥u)EÜ,


 In0.11Ga0.89N ²¥�Ë�EÜ�Ç��A�Ã
{*ÿ.

ã 9 æ^�ª B �,� LED �¡�16fË�EÜ�Ç©
Ù

ã 10 æ^�ª C �,� LED �¡�>fÚ�ÇßÝ©Ù

ã 13 ¤«�´æ^�ª A!�ª B!�ª C

n«ØÓ^��,�ª���,�¹e LED �¡
�Sþf�Ç�>6�Cz�¹. dã 13 �±u
y, �¡Sþf�Ç�>6�O�þ¥�½�eü
ª³, Ù¥��,�Sþf�Çeü���²w.

�X�,þf²^�êþ�Oõ, Sþf�Çeü
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Åì��Uõ. �æ^�ª C �,�, Sþf�Ç
�>6O�
×�eü�ª³��
k����.

ã 11 æ^�ª C �,� LED �¡�guu�1Ì

ã 12 æ^�ª C �,� LED �¡�16fË�EÜ�Ç©
Ù

ã 13 ØÓ�,�ªe LED �¡Sþf�Ç�>6�Cz

3.3 OOO\\\¹¹¹555���///���þþþfff²²²���êêê���ooo���,
ÀÀÀJJJ555 p ...���,,,^̂̂���

ÀJ5 p .�,^�é16fßÝ©Ù�
þ ï 5 å � � ½ � ^, � du þ f ² � � ê �

�, é J k � / ? 1 N �. e ¡ ò ¹ 5 � / ¥
� In0.11Ga0.89N ²��êd��O\�o�, 2
éÙ�^�?1ÀJ5�,. ÀJ5 p .�,
^�©�±eü«�,�ª: �ª D ´é¹5
�/�C p >4�1��^�?1 p .�,; �
ª E ´é¹5�/�C p >4�1��!1�
�Ú1n�^�?1 p .�,. �,ßÝþ�½
� p = 3×1017 cm−3.

ã 14 ¤«�æ^�ª D ?1�,� LED �
¡�>fÚ�ÇßÝ©Ù. lã 14 �±wÑ, 3¹
5�/¥þf²êþO\��¹eéÙ?1 p .
�,, ¦��C p >4�n�þf²�ÇßÝk¤
O\, ¹5�/¥þf²�ÇßÝ�Nþ�u¹5
�..

ã 14 æ^�ª D �,� LED �¡�>fÚ�ÇßÝ©Ù

lã 15 �±uy, ¹5�/�u1¸rÝ�

���u¹5�.. lã 16 ��±wÑ, ¹5�
/�²þË�EÜ�Ç���u¹5�.. ù´d
u¹5�/�þf²�C�Ç
, du�Ç�[£
Ç�$, O\Ùþf²�êþ�±¦��Ü©�Ç
��uÙ¥, l
¦��l�Ç
�¹5�.¥�
ÇßÝwÍeü, 
é¹5�/� p .�,\­

ù«Ø²ï.

ã 17 ¤«�æ^�ª E ?1�,� LED �
¡�>fÚ�ÇßÝ©Ù. lã 17 �±wÑ, ¹5
�/¥þf²� p .�,^�O\�n��, ¤k
þf² (�)¹5�.¥�þf²) ��ÇßÝþ
kO\, Ù¥¹5�/�C p >4�1��þf²
Ú1n�þf²��ÇßÝO\�õ, 
¹5�.
¥�C p >4�þf²��ÇßÝ�k�½�O

088502-6



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 8 (2012) 088502

\. þf²��ÇßÝ©Ù�N��þï. p .�
,^�ê�Oõ~�
�Ç�³^, l
��Or

�Ç�6Ä5. ã 17 ¥ÄÑ>fßÝ�ã 14 ü
$
���êþ?.

ã 15 æ^�ª D �,� LED �¡�guu�1Ì

ã 16 æ^�ª D �,� LED �¡�16fË�EÜ�
Ç©Ù

ã 17 æ^�ª E �,� LED �¡�>fÚ�ÇßÝ©Ù

ã 18 æ^�ª E �,� LED �¡�guu�1Ì

ã 19 æ^�ª E �,� LED �¡�16fË�EÜ�
Ç©Ù

ã 20 æ^�ª D Ú�ª E ?1�,� LED �¡Sþf�Ç
�>6�Cz

lã 18 �±wÑ, ¹5�.�u1¸rÝÚ
¹5�/�u1¸rÝÄ��Ó, ùéVÅ� LED

�u1äk­�¿Â. lã 19 �±wÑ, ¹5�/
¥kn�þf²�16fË�EÜ�Ç��²w,


¹5�.¥K�k��C p >4���þf²
ë�
k��EÜ, ,��þf²�Ë�EÜ�Ç
�~�. lã 20 �±wÑ, æ^�ª E �,�æ^
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�ª D �,3�½§ÝþJp
�¡�Sþf�
Ç. Ïd, ÏL·�O\þf²êþ�ÀJ5 p .
^��,�(Ü��ª, Or
þf²¥>fÚ�
ÇßÝ©Ù�þï5, �éVÅ�u1?1��k
��N�.

4 ( Ø

�©é'©Û
VÅ� LED �¡�>fÚ�
ÇßÝ©Ù!guu�1Ì!16fË�EÜ�
Ç©ÙÚSþf�Ç�>6�Cz. ïÄL², é
þf²^��A½�ê?1 p .�,, k|ur¦

�þf²�>fÚ�ÇßÝ��þï©Ù, ¿�¦
�ÄÑ>f6ßÝwÍeü, l
Or
�¡�S
þf�Ç¿�UõSþf�Ç�>6O�
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Abstract

The electrical and the optical characteristics of dual-wavelength light-emitting diode (LED) with the newly designed selective

p-doped barriers are investigated numerically. The simulation results show that the selective p-doped barriers can improve the distribu-

tion equilibria of electron and hole concentrations in each quantum well (QW). The radiative recombination rate of QW is enhanced

remarkably when specific number of p-doped barriers is adopted, and the electron leakage current is suppressed obviously with this new

design. Therefore, the internal quantum efficiency is improved and the trend of efficiency drooping with the increase of current injection

is also alleviated. Moreover, the curve peaks of the spectrum become quite uniform when the specific number of vertically-stacked

QWs is adopted, and the spectral regulation of the dual-wavelength LED is more effective.
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