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æ^ APSYS ^�ïÄ
 InGaN/GaN þf²^��,CzéVÅ�u1�4+u11Ì�N�¯K. 3ØÓ�
,a.ÚßÝeéì�>f�ÇßÝ©Ù!16fEÜ�Ç!U�(�!u11Ì?1©Û, (JL², N!þf
²^� n .Ú p .��,ßÝ�±°(k�/�âI�N�u11Ì, )ûu11ÌN�J�¯K. ù
y�8
Ïu�,�þf²^�é>f�Ç©Ù�N��^.

'�c: þf²^�, �,ßÝ, ê��[, VÅ�u1�4+

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

1 Ú ó

�Xá�)�EâÚì���Eâ��â»
5?Ð, GaN Äu1�4+ (LED) �ïÄA^�
�
¯�uÐ [1−4]. LED �¬3ì²!w«!´
��+�u��5����^, õÇ. GaN Äx
1 LED �uÐÉ�4��'5. 8cx1 LED
����{Ì�k: ù!É!7nÚ LED ·ÚÜ
¤x1; 7Ú!bÚ½b	 LED -u�A�F1
®|Ü¤x1. GaN Ä71 LED -uF1®�x
1 LED ®²û�z, Ü©ïÄ|éÃF1®�
ü�¡��Nx1 LED AO´õÅ�u1�4+
�¡�?1
ï�. Damilano � [5,6] ÏLN�Ó�
k«SØÓþf²�°Ý, ¢y�¡VÅ�Ó�
u�, ¼�ü�¡x1 LED; Ozden � [7] r GaN �
�(Ú\ì�, ¼�n>4�©E^VÅ� LED;
Chen � [2] �¢y
ü��.þ71ÚÉ1�Ó�
u�¼�Cx1, Tx1ì�(�aqu p-n-p-n
(��¹6+, �¡º�� 2.1 × 2.1 mm2, 35\
>6� 120 mA �¹e, ÑÑ1õÇ� 4.2 mW; Qi
� [8] ÏLN!ük«õþf²ØÓ²¥� In |
©, ��
ük«VÅ� LED; �� [9] ÏLÓ
�N!Ó�k«SØÓ²�Ú^�� In |©,

��
 GaN Äük«7!É1VÅ� LED; Ü
� [10,11] é GaN Ä LED æ^�, GaN m��Ú
N!k«¥þf²êþéVÅ� LED ?1
n
Ø©Û, éVÅ� LED �u1ÅnÚ1ÌN��
{?1
)º. �,±þ�ïÄ�|éü�¡x
1 LED ½VÅ� LED ?1
ØÓ�ïÄ, �éÙ
�ïÄ��?1��\Ú�2��ïÄ,�ü�¡
x1 LED ÚVÅ� LED ��OJø�â.

VÅ� LED ����A^Ò´���õÇ
x1 LED[12], æ^Ù���x1 LED Uþ=z�
Çp!¦^Æ·�!)�¤�$, AO´�¡�E
¤�ÚµC¤�; NÈ��, k|uJp8¤Ý, °
Ä>´�é{ü. VÅ� LED ÏLN��¡1Ì
4§uÑØÓÅ��1|Ü¤x1, ��\F1®
2��x1 LED. �©�O�VÅ� LED u1¸
Å��Cb	1 400 nm �71 460 nm, �ÏL-
uF1®��x1 LED, Cb	1-uF1®k
�p�=z�Ç, ��x1 LED 3$Ú§eU¼
�p�wÚ�ê. Ï~VÅ� LED 1Ì�N�´
ÏLUCþf²êþ5¢y, �´þf²êþ�U
CéJ�âI�°(/N�VÅ� LED u11Ì
¥ü«Å�1��érÝ, ��Xþf²êþ�
O\�¡SGé>{�¬O\, lO�mé>Ø,
ü$Uþ=z�ÇO\u9þ. �©éVÅ� LED
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�u1Ån?1^��[ïÄ, ¿�\?Ø
 In-
GaN/GaN þf²^��,CzéVÅ� LED >f
�ÇßÝ©Ù!16fEÜ�Ç!U�(�!u
11Ì��)�K�, éVÅ� LED ��OJø
nØ�â.

2 ì�(��nØ

2.1 ììì���(((���

ã 1 ¥«Ñ
�©ïÄ� InGaN u1�4+
�(�, le�þ�g�7���.;��, GaN;
3 µm þ n-GaN(n .�,ßÝ� 5.0 × 1018 cm−3);
k« I; k« II; 0.02 µm þ p-Al0.15Ga0.85N (p
.�,ßÝ� 7× 1017 cm−3) >f{	�; 0.20 µm
þ p-GaN(p .�,ßÝ� 1.0 × 1018 cm−3). z�
k«dü�þf²�Ún�^�|¤, k«�
²�á�� In0.2Ga0.8N, In0.1Ga0.9N, þÝþ� 2.2
nm; ü�k«�^�þ� GaN, þÝþ� 15 nm.
LED ì���� 300 µm × 300 µm.� � � � � � � � � 	 
 � � �  � � � � 
 � �� � � � � � � � � � � 
 � � �  � � � � 
 � �� � � � � � � 	 
 � � �  � � � � 
 � �

� � 

 

 � � �
ã 1 ì�(�ã

2.2 ììì������[[[���ÄÄÄ������nnn

Crosslight ú i � � � N ì � � [ ; ^ ^
� APSYS(Advanced Physical Models of Semicon-
ductor Devices)[13] |^�«A5�§ªe�Ñ�
[���A5�(J, �[§S¥�Ü
Ñt�
§!>6ëY5�§!16fD��§!þfÅ
nÅ�§!1f�Ç�§±99D��§�Ä�
nØúª.

ì � ¥ � � Ë � E Ü L § æ ^ � � E Ü
Ú Shockley-Read-Hall (SRH) �U?�²EÜ. 3
?n¹Aå� InGaN þf²��Úd�U?�,�

{zU?O�, 3U�(�þ¦)þ�Ñ
��
Úd��U?�m�ÍÜ�^, ©Oæ^�Ô��
. [14] Úk��þCq�. [15]. du III-V xzÜ
Ôá�AÏ�4z5�, ��.¡�m�Ä
Sï
4z�AÅn [16−18]. APSYS �[§SÄu��
k��©Û�{, ±¤£ - *Ñ�.Ú>6ëY5
�§�Ä:, (Ü>.^�æ^ÚîS�{gU¦
)Ñt�§�� LED ì��>Æ�1ÆA5.

3�©¥, ì��Oó�§Ý� 300 K, �éþ
f²^��,?1ØÓ�O, ?Øþf²^��,
�Czé LED �)�K�.

3 (J�?Ø

�,16fßÝ©Ù, u1rÝ±916fE
ÜÇ�¬�>6��Cz, �´�âO�, þf
²^��,CzéVÅ� LED �)��X��^,
3Ù¦���>6e�3 20 mA >6eª³�N
�Ó. ,	, �u�Ì�ÏØUNþLõØÓ°Ä
>6e�ãL, ¤±± 20 mA �~?1`²Øy.
XÃAO`², ì��16fßÝ©Ùã!16f
EÜÇ �©ÙãÚguu�Ìãþ´3 20 mA
°Ä>6e���(J.

3.1 111666fff���������^̂̂��� In ¹¹¹þþþ���'''XXX

�
?Øþf²^��,éVÅ� LED �)
�K�, �©ýk&Ä
þf² In ¹þé16f
���^rf�K�, ù3e©¥k�A^. ©
¥�O��ì�(�, Ùk« I, II ²�Ñd�
� In0.2Ga0.8N ��� In0.1Ga0.9N þf²|¤, þ
f²^����¿�,����, Ù{(�þ�
ã 1 �Ó.

ã 2—5 �Ñì�¥�p In ¹þ�²é16f
k�r����^. ã 2 ¥ In0.1 ²¥��ÇßÝ
Ú>fßÝþ' In0.2 ²�. ã 3 ¥ In0.2 ²' In0.1

²k���²�. ù´Ï� InGaN/GaN þf²�
X²¥� In ¹þ�O\, ²��Ý��XO\, l
k�r�16f���A, Ïk�p�16f
ßÝ. dã 4 �, 16fßÝ�� In0.2 ², Ù²¥�
16fEÜÇ���u In0.1 ². dã 5 ��, In0.2

²uÑ�u1¸rÝé�, �Ñy In0.1 ²�u
1¸.
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��� ��� � � � � � � � � � � � � �� � � � � � � � �� � � � � � � � � � � � � � �
ã 2 ì�16fßÝ©Ùã ��� �� �� �����	
�� ��� � �� � � � � � � � � � � � �� � � � � � � � �

� � � � �� � � � � � � � � �
ã 4 ì�16fEÜÇ �©Ùã

��������� �	 
� � � � � � � � � � � �  � � � � � �� � � � � � � � �� � � � � � � � � �� � � � �
ã 3 ì�U�(�ã� � �� � �� � �� � ������	
 � �� ��� � � � � � � � �� � � � � � � �� � � �� � � � � � �� � � � �� � � � �� � � � �

ã 5 ì�guu�Ìã

ÏL±þ©Û, p In ¹þ�²é16f���
�^�r, ù�Ü�< [19] �ïÄ(J�Ó. Ïdé
u^� n .�,�, ã 1 ¥k« I �O¤ In0.2 �
þf², k« II � In0.1 ²; ù�r¹ In þ$�
k« II Sü��C P «, Ò´�
4Ù�C�Ç
, ?uÈ\�Ç�k| �, ��Ñy²¥�Ç
ßÝL$u1rÝ f�y�. éu^� p .�
,�, ã 1 ¥k« I �O¤ In0.1 �þf², k
«/� In0.2 ²; r$ In ¹þ�²����C N «,
~�é>f����^, 4Ùk�õ�>f£Ä�
C P «, ��Ñy²¥>fßÝ$��u1rÝ
 f�y�.

3.2 þþþfff²²²^̂̂��� n ...���,,,ßßßÝÝÝCCCzzzéééVVVÅÅÅ
��� LED ���KKK���

3.2.1 þf²^� n .�, 2.0 × 1017 cm−3

ã 6—8 «Ñì�þf²^� n �,ßÝ�

$ (2.0× 1017 cm−3) �, u1¸Ì�d In0.2 �k
« I �). dã 6 �, duü«k«� In ¹þØ
Ó, ¤±é16f����^ØÓ. k« I ¥ In
¹þ� 0.2, �uk« II ¥�, ¤±k« I þf
²¥�16fßÝ�uk« II ¥�. 16fß
Ý�, Ù>f��Ç�EÜÇ��A/�p, dã 7
16fEÜÇ �©Ùã�, 16fßÝ��k
« I, Ùü�þf²�EÜÇ���uk« II.
ã 8 ì�u�Ìã�, k« I �u1¸ér, k
« II �u1¸�k« I 'å5w��~�.

3.2.2 þf²^� n .�, 4.9 × 1017 cm−3

ã 9—11 «Ñì�¥O�þf²^� n .�
,ßÝ (4.9 × 1017 cm−3) �, u11Ì5gü�k
«, ¿�u1¸Ä�à². O�þf²^�� n
.�,ßÝ, ò¦ n .���U�(�ÉO¤�U
?�K�ü$, ÏU~�k«¥þf²^�
é>f�³^pÝO�é�Ç�³^pÝ. ¤±
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>fÏþf²^��{N~��\N´3k
«¥£Ä, ¦²¥>fßÝ©Ùþ!; �Ç%Ïþ
f²^��³^pÝO�[£{åOr, Ï�
Ø´5\�l P «�þf²¥.� �� �� ������ �	
�� �� � � � � � � � � � � � � �� � � � � � � � �� � � � � � � � � � � � � � �

��
ã 6 ì�16fßÝ©Ùã� ��������	
 ��	  �� � � � � � � � � � � � �� � � � � �� � �� � � � � � � � � �� � � � � ��

ã 7 ì�16fEÜÇ �©Ùã

� � �� � � � �� � � � �	 
 � � ������ � ��� ��� � � �� � �� � ��� � � � � � � �� � � � � � � �� � � �� � � �
ã 8 ì�guu�Ìã

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

ã 9 ì�16fßÝ©Ùã� �� �� ������� � � � � � � � � � � �� � � � � �� 	 
� �  � � � �  � �� � � 
 � �������� ��� � ��
ã 10 ì�16fEÜÇ �©Ùã

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

 � �� � �� � ��� � � � � � � �� � � � � � � �� � � �� � � �
ã 11 ì�guu�Ìã

ã 9 é'ã 6 �, �Xþf²^� n .�,ß
Ý�O�, >fÏ[£{å~�©ÙC��\þ
!, k« II �þf²¥�>fßÝO�, ¿�Ù
þf²¥�>fßÝ���k« I þf²¥�>
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fßÝ����é�. �ÇÏþf²^�³^pÝ
�O�, l P «6 N «�[£{å��XOr,
�Ü©�Ç���3k« II ¥. ¤±k«/¥
��ÇßÝO�, k« I ¥��ÇßÝ~�. k
« II ¥�ü�þf², Ù¥�C P «�@�²¥
��ÇßÝ��u,��²¥��ÇßÝ, �´Ï
� n .þf²^��{	�^E¤�, 3k« I
¥�k�Ó�y�. �,k« I � II ¥�g�þ
f²S�16fßÝØÓ, �´ü«k«¥�²
þ16fßÝ��Ä��Ó.

*	ã 10 ¿é'ã 7, k« II �guË�E
Ü�Ç��Or. ÉdK�, ã 11 u11Ì¥�ü
«¹5��u1¸rÝÄ�à².

3.2.3 þf²^� n .�, 1.0 × 1018 cm−3

ã 12—14 «Ñì�¥?�ÚO�þf²^�
� n .�,ßÝ (1.0 × 1018 cm−3) �, u11ÌÌ
�d In0.1 �k« II ��. ã 12 «Ñ
 20 mA e
ì�þf²^� n .�,� 1.0× 1018 cm−3 (¢�)
� 4.9 × 1017 cm−3(J�) ��U�é'ã. lã¥
wÑ, �Xþf² n .�,ßÝ?�ÚO�, U�
ÉO¤�U?�K��Or, n .���U�ü$
��. Ïd, >f�[£{åC���, �Ç�[£
{åO���. é'ã 13 Úã 6!ã 9 ��, ã 13
¥þf²¥�>fßÝC���, ��\þ!; ¹
5�¥þf²S��ÇßÝÉ n .�,þf²^
��K�, �Ç�J5\�C N «�þf²¥, þ
f²¥�ÇßÝ��, �Xþf²� P «ål�O
�, �ÇßÝ~���\x³. Ï�k« I ¥�
�ÇßÝ�~�EÜÇ4$, Ïdu1¸��J
±3ã 14 ¥*	�. ��������� �	 
� � � � � � � � � � � �  � � � � � �� � � � � � � � �

� � � � �� � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � � �
ã 12 ì�U�(�ã

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

ã 13 ì�16fßÝ©Ùã

� � �� � � � �� � � � �	 
 � � ������ � ��� ��� � � �� � �� � �� � 
� � ��� � � � � � � �� � � � � � � �� � � �� � � �
ã 14 ì�guu�Ìã

3.2.4 � (

dþ©Û��, éu n .�,þf²^��,
ÏLN! n .�,ßÝ��, �±k�N!VÅ
� LED u11Ì. � n .�,ßÝ�� (�©¥
± 2.0 × 1017 cm−3 �~), >f!�ÇÑN´3�
²�k« I ¥È\, ¦�Å�u1¸rÝ�uk
« II �áÅu1¸; �Xþf²^��,ßÝ
O� (�©¥± 4.9 × 1017 cm−3 �~), ÉO¤�
U?�K�, þf²^�é>f�[£{å��~
�, �Ç[£{å��XO�, ¦�>fN´��
k« II �Ç��N´3k« II ¥È\, l
k« I ��Åu1¸~fk« II ¥�á
Åu1¸Or; �X�,ßÝ?�ÚO� (�©¥
± 1.0 × 1018 cm−3 �~), þf²^�é>f�[
£{å?�Ú~�, �Ç[£{å�?�ÚO�,
Ïd�Ç�\J±[£È\uk« II, ¦�k
« I ¥�ÇßÝ��, ù�Ò�±��~�k
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« I ¥u1¸rÝ�8�.
dã 8, 11 Ú 14 ��, ÏLN�þf²^�

� n .�,ßÝ��, �±ëYN!¿�°(��
u11Ì¥ü«Å�1�rÝ, ¼�¤I�1r|
Ü.

3.3 þþþfff²²²^̂̂��� p ...���,,,ßßßÝÝÝCCCzzzéééVVVÅÅÅ
��� LED ���KKK���

3.3.1 þf²^� p .�, 1.0 × 1017 cm−3

ã 15—17 «Ñì�¥þf²^��$ p .�
,ßÝ (1.0× 1017 cm−3) �, u1¸Ì�d In0.2 �
k« II �). dã 15 ��, ¦+p In |©�²
�l>f, �Ù�,k�p�>fßÝ, ù´d
u>fk���k��þÚ���[£Ç¤�; ,
du�Ç�'>fk���k��þÚ�$�
[£Ç, ���C N «��ÇßÝ$; ¿�duü
k«¥ In |©��O, p In |©�þf²é1
6f����^r, 16fßÝ�. ã 16 ¥�16
fEÜ�ÇãwÑ, p In |©�k« II ¥�þ
f²EÜ�Ç��u$ In |©�k« I �EÜ
�Ç, ù�ÙéA�16fßÝ�'. lã 17 �ì
�u�1Ì¥?�ÚwÑ, p In |©k« II �
u1¸²wru$ In |©k« I �u1¸.

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

ã 15 ì�16fßÝ©Ùã

3.3.2 þf²^� p .�, 4.6 × 1017 cm−3

ã 18—20 «Ñì�¥O�þf²^� p .�
,ßÝ (4.6 × 1017 cm−3) �, u11Ìdük«
�Ó�), üu1¸rÝ��. ã 18 9�ã 15 é
'�, O�þf²^� p .�,ßÝ, �ÇÏ�,
ßÝO�, ¦��²�¥��ÇßÝÑO�, ¿�
�C n «�$ In |©²¥��ÇßÝO\��p
�ßÝ, ù´du^� p .�,�d�¥é�Ç�

k�³^pÝ~�, k|uO\�Ç5\. >fÏ
��¥k�³^pÝ�O�, ��[£{å�O�,
�¦>fßÝ3�²¥eü, �ÏÙk��þ$
Ú[£Ç�, =¦�l n «, �,�±�p�ßÝ.
ã 19 9�ã 16 é'��, $ In |©�k« I �
Ë�EÜ�Ç²w\r. dã 20 �ì�u11Ì
¥wÑük«�u1¸rÝ��. ���������	
�� �� � �� � � � � � � � � � � � �� � � � � � � � � � � � � �� � � � �� � � � �

ã 16 ì�16fEÜÇ �©Ùã

� � �� � � � �� � � � �	 
 � � ������ � ��� ��� � � �
 � �� � � �� � � � � � � �� � � �
ã 17 ì�guu�Ìã

3.3.3 þf²^� p .�, 7.0 × 1017 cm−3

ã 21—23 «Ñì�¥?�ÚO�þf²^
� p .�,ßÝ (7.0 × 1017 cm−3) �, u11ÌÌ
�d In0.1 �k«.�). ã 21 «Ñ
 20 mA e
ì�þf²^� p .�,ßÝ� 4.6×1017 cm−3(J
�) � 7.0 × 1017 cm−3(¢�) �U�é'ã. dã
¥�, þf²^� p .�,ßÝO\, C P «�U
�þ,, C N «�U�Ã²wCz, ù�C N «
kp�>fßÝk', ¦ÙU�É�,K�Ø�,
�l P «� N «, U��,´þ,�, �´þ,Ì
Ý��. C P «�U�þ,, ¦d�¥é�Ç�k
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�³^pÝ~�, �Ç[£{å~�, k|u�Ç
� N «£Ä; ��¥é>f�k�³^pÝO
\, é>f�[£{åO�. é'ã 22 Úã 15!
ã 18 �, �þf²¥��ÇßÝ����þ!. k
«¥þf²S�>fßÝÏÉ^� p .�,�

K�, >fJ±5\�C P «�þf²¥, �¦þ
f²¥�>fßÝü��$, ¿��þf²� N «
ål�O�, >fßÝ�$. Ïk«/¥>fß
Ý�ü$��16fEÜü$, ÙéA�u1¸r
Ý�ü$, Xã 23 ¤«.

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

ã 18 ì�16fßÝ©Ùã ���������	
�� �� � �� � � � � � � � � � � � �� � � � � � � � � � � � � �� � � � �� � � �  
ã 19 ì�16fEÜÇ �©Ùã

� � � � � � � �� � � � �	 
 � � ������ � ��� ��� 
 � �� � ��� � � � � � � �� � � �
ã 20 ì�guu�Ìã

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

ã 21 ì�U�(�ã

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

ã 22 ì�16fßÝ©Ùã

� � � � � � � �� � � � �	 
 � � ������ � ��� ��� � � �
 � �� � � �� � � � � � � �� � � �
ã 23 ì�guu�Ìã
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3.3.4 � (
d±þ©Û�, éþf²^� p .�,�,

N! p .�,ßÝ��, ��±°(N�VÅ
� LED u 1 1 Ì. � ^ � � , ß Ý $ � (�©
± 1.0 × 1017 cm−3 �~), >f��Ç3�²�
k« II ¥�ßÝÑ��, �¦Ù�Åu1¸r
uáÅu1¸; �^� p .�,ßÝO� (�©
± 4.6 × 1017 cm−3 �~), O¤�U?K����
U�(�Cz, ¦^�é>f[£{åO�, �Ç
[£{å~�, ¦�>f5\C P «k«�ßÝ
~�, �Ç5\C N «k«�ßÝO\, l
3ük«¥�>f�ÇßÝÑ'�þ!, p In |
©�k« II ��Åu1¸�$ In |©k« I
�áÅu1¸rÝ��; �^� p .�,ßÝ?�

ÚO� (�©¥± 7.0 × 1017 cm−3�~), ^�é>
f�[£{å?�ÚOr, �Ç[£{å?�Ú~
�, l>fJ±5\�C P «�k«¥, ù�
��k« II ��Åu1¸~f.

dã 17, 20 Ú 23 ��, ÏLéþf²� p .
�,ßÝ��N�, �±ëYN!¿�°(��u
11Ì¥ü«Å�1�rÝ, ¼�¤I�1r|Ü.

4 ( Ø

ÏLN� LED k«¥þf²^� n .Ú p
.�,ßÝ���, �±ëYN!¿�°(��u
11Ì¥ü«Å�1�rÝ, ¼�¤I�1r|Ü.
ùéVÅ� LED ��O���k�½���¿Â.
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Numerical study of spectrum-control in
dual-wavelength LED with doped quantum well

barriers of different doping concentration∗
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( Institute of Opto-Electronic Materials and Technology, South China Normal University, Guangzhou 510631, China )
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Abstract
Dual-wavelength LEDs with doped quantum well barriers of different doping concentrations are numerically investigated by

using the APSYS simulation software. The carrier concentrations, radiative recombination rates, energy band diagrams and spectra
are investigated at different doping types and different doping concentrations. The results show that through adjusting the doping
concentration of the quantum well barrier a suitable spectrum can be obtained, which will satisfy the need of application. And the effect
of spectrum-control in dual-wavelength LED is due to the blocking effect of electrons and holes by doped quantum well barriers.
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