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æ^^�nØ©Û��{éìC.þf²^�þÝ� InGaN VÅ�u1�4 (LED) �16fßÝ©Ù!U�
(�!guu�Ì!Sþf�Ç!u1õÇ9ÄÑ>f6�?1ïÄ. ©Û(JL², O�þf²^�þÝ¬K�
�Ç3�þf²�5\�¹, éVÅ� LED �þf²¥�ÇßÝ©Ù�þï59VÅ�u11Ì�N�å��½
�^, �¬��Sþf�Çî­eü; 
�±A½��ªl n >4� p >4��4~ìCþf²^�þÝ�, ¹5
�þf²�ÄÑ>f6��k����, Vu1¸rÝ��Ä���, Ó��¡�Sþf�Çeü��
k���,

�ä��°Ä>6e�Ð�u1A5.

'�c: GaN, ê��[, VÅ�u1�?+, Sþf�Ç

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

1 Ú ó

Cc5, GaN Äu1�4+ (LED) 3ì²!
ã�w«�+�u�X�5�­���^, p�
Ç!p�Ý!�õÇ LED ì�A^��
�¯u
Ð [1−12]. DÚ LED �u1ÅnÏ~küÚ LED

�¡-uF1®u1ÅnÚùÉ7nÚ LED ·Ú
u1Ån, c¡�«ÅnéF1®�¦�p, F1
®��mó��Pzò¦�u1P~¯Kî­; 

��«Ån�¯K´E,�°Ä>´¦�þf�
Ç�X§ÝÚ°Ä>6�Cz�)����. �
X LED 	ò¡��Eâ�ØäuÐÚéÙu1Å
nïÄ�Øä�\, �«#.ÃF1®�VÅ�½
õÅ� LED Úå
�ïó�ö�2�'5. ù«
�¡kOuDÚ� LED ����{, ´3Ó��

�¡¥)�Ñõ�¹5��U\(� [13−16], z�
¹5�dØÓ1Åã�þf²�¤, ÙuÑ�ØÓ
Å��1·Ú��¤I��Ú1, ÏL��>4¤
\�>6!>Ø5����ØÓ¹5��u1r
Ý, äk°Ä>´{ü!u1Æ·�!1>=z�
Çp�A:.

�DÚ LED ��, GaN ÄVÅ� LED ¥��
3XØ�EâJK. XSþf�Çeü¯K®²¤
�Cc5�ïÄ9:. 8céõïÄ<
ÒSþf
�Çeü�Ån9ÙU?��JÑ
õ«�{, ~
X, Shei �< [17] ��
 GaN Ä LED ¥�Ç�[
£Ç�'>f$��êþ?��, Ïd�¡¹5�
¥16f�Ë�EÜ�ÇòÌ�d�ÇßÝ3�
þf²¥�©�'~û½; David �< [18] K��

>f{	�¦��Ç5\(J, 16fË�EÜ
Ï~Ì�u)3��C p >4�þf²¥; Kim �
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< [19] JÑ
r��4z�A¦�U�î­��,

l
���þ>fl p .�ÄÑ; Li �< [20] ��

þf²¥16f©Ù�Øþï¬��ØÓÅ�
�u1rÝî­Ø��. 3�©�ó�¥, �
O
rVÅ� LED �u1A5ÚUõ�°Ä>6eî
­�Sþf�Çeü¯K, éVÅ� LED �u1
Ån?1^��[ïÄ. �\?ØìC.þf²^
�þÝéVÅ� LED �u11Ì!Sþf�ÇÚ
u1õÇ�u1A5¤å��^, ¿|^U�(
�!16fßÝ©Ù!ÄÑ>f69Ë�EÜ�
Ç�é LED u1Ån?1?Ø.

2 nØ�.Úì�(�

APSYS (advanced physical models of semicon-

ductor devices) ��Nì��[^� [21] |^��
k��©Û�{, ±¦)16f�Ñt�§

−∇ ·
(

ε0εdc

q
∇V

)
= −n + p + ND(1 − fD)

−NAfA +
∑

j

Ntj(δj − ftj) (1)

Ú>6ëY�§

∇ · Jn −
∑

j

Rtj
n − Rsp − Rst − RAu + Gopt(t)

=
∂n

∂t
+ ND

∂fD

∂t
, (2)

∇ · Jp +
∑

j

Rtj
p + Rsp + Rst + RAu − Gopt(t)

= −∂p

∂t
+ NA

∂fA

∂t
(3)

�Ä:, �� LED ì�>Æ�1ÆA5. �§ (1)—

(3) ¥, ∇V �>|, εdc ��é0>~ê,n Ú p ©
O�>fßÝ��ÇßÝ, ND Ú NA ©O�f�
�Ì�,ßÝ�ÉÌ�,ßÝ, fD Ú fA ©O�>
fÓâ�Ì��ÇÓâÉÌ,��VÇ, Jn Ú Jp

©O´>f6�ÝÚ�Ç6�Ý (Jn = nµn∇EFn,

Jp = pµp∇EFp, Ù¥ µ �[£Ç, EF �O¤�U
?), Rtj

n Ú Rtj
p ©O�ÏL>.þ1 j ��U?�

ü NÈS>fÚ�Ç�EÜ�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���,

�~ê, ni ���16fßÝ ), Gopt(t) �L1�
)Ç, Ntj �1 j ���4-p�-¿� (SRH) �U?
�²��Ý; ftj �>fÓâ1 j ��U?�²�V
Ç, δ = 1 �L�Ì, δ = 0 �LÉÌ.

16f�DÑÅn�¹
>fÚ�Ç3ì�
SÜ�¤£Ú*Ñ. LED ¹5�16fo�EÜ�
Ç�)
guË�EÜ�Ç!"�¤E¤� SRH

�Ë�EÜ�ÇÚ��EÜ�Ç, Ù�§�

RTotal(n) = An + Bn2 + Cn3, (4)

Ù¥, A,B,C, n ©O�L SRH �Ë�EÜXê!
Ë�EÜXê!��EÜXêÚ16f�Ý [22,23].

Ïd, o�5\>6 I �±L«�Ë�EÜ>
6 Irad!�Ë�EÜ>6 Inr!��EÜ>6 IAu

±9¦>6 Ileak �Ú.

3?n¹Aå� InGaN þf²��Úd�U
?�, �
{zU?O�, 3U�(�¦)þ�Ñ

��Úd��U?�m�ÍÜ�^, ©Oæ^
�Ô��. [24] Úk��þCq�. [25]. InGaN

� AlGaN �U�mY�±^e��§L« [26]:

Eg(InxGa1−xN)

= xEg(InN)

+ (1 − x)Eg(GaN) − 4.1x(1 − x), (5)

Eg(AlxGa1−xN)

= xEg(AlN)

+ (1 − x)Eg(GaN) − 0.7x(1 − x), (6)

Ù¥, Eg(InN), Eg(AlN) Ú Eg(GaN) ©O� InN

(0.78 eV), AlN (6.25 eV) Ú GaN (3.51 eV) á�
�UY [27].

3 InGaN LED ¥, �ÄS ï 4 z � A Å
n [28−30]. o�4z>|rÝ�gu4z>|r
ÝÚØ>4z>|rÝ�Ú. e¡�Ñ3�[¥¤
¦^� InxGa1−xN á�Ú AlxGa1−xN á�4z
�Aúª.

InxGa1−xN á�Ú AlxGa1−xN á�¥�gu
4zrÝ�

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

+ 0.0378 · x · (1 − x), (7)

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

+ 0.0191 · x · (1 − x). (8)
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InxGa1−xN á�Ú AlxGa1−xN á�¥�Ø>
4zrÝ�

Ppz(InxGa1−xN) = x · Ppz(InN)

+ (1 − x) · Ppz(GaN), (9)

Ppz(AlxGa1−xN) = x · Ppz(AlN)

+ (1 − x) · Ppz(GaN), (10)

Ù¥

Ppz(InN) = −1.373 · ε + 9.541 · ε2, (11)

Ppz(GaN) = −0.918 · ε + 9.541 · ε2, (12)

Ppz(AlN) = −1.808 · ε + 5.642 · ε2, ε < 0, (13)

Ppz(AlN) = −1.808 · ε − 7.888 · ε2, ε > 0, (14)

ε �	ò����Ä�m�AC

ε = (asub − a)/a, (15)

Ù¥, asub �Ä�¬�~ê, a �	ò��¬�~
ê. ±þ�§Uìk���{3�mlÑ�/¤�
�5�§|, ,�^¦)��5�§|��{, X
ÚîS�{?1¦). �©æ^ Crosslight úi�
��Nì��[;�^� APSYS ?1ê�O�,

T^�äkê�­½ÚO��Ýp�A:.

� © ï Ä � GaN Ä V Å � LED � © ì �
(� ((� A) XL 1 ¤«, LED )�3 c ¡7
���.þ, le�þ�g�þÝ� 3 µm � n

. GaN � (n . � , ß Ý � 5×1018 cm−3)! ¹
5�.!m��!¹5�/!þÝ� 0.03 µm

� p . Al0.07Ga0.93N > f { 	 � (p . � ,
ß Ý � 3×1017 cm−3)! þ Ý � 0.15 µm � p

. GaN � (p . � , ß Ý � 7×1017 cm−3). z
� ¹ 5 � Ñ � ) ü þ f ² � 9 Ù ^ �, ¹ 5
� . ± In0.18Ga0.82N � ² � á�! ¹ 5 � /
± In0.11Ga0.89N � ² � á�, þ Ý þ � 2.2 nm.

þ f ² � ^ � Ú m � � � GaN á�, þ Ý þ
� 0.009 µm. ì��AÛº�� 300 µm×300 µm

���(�. �
éþf²¹5�¥�16fßÝ
©Ù�þï5?1N�, ¿Jp LED �u1A5
ÚUõ�Çeü�¯K, �©�O
,	n«	ò
(�, ©O´(� B!(� C Ú(� D, Ø
þf
²^�þÝ±ØÓ��ªCz�	, Ù¦�ì�ë
ê�(� A �Ó. 3(� B ¥, ¹5�.!¹5�
/�þf²^�Úm��þÝþ�½� 0.019 µm;

3(� C ¥, l n >4� p >4��4OìC�
¹5�þf²^�þÝ, ¹5�.�^�þÝ�
½� 10 nm Ú 15 nm, ¹5�/�^�þÝ©O
� 15 nm Ú 20 nm, m���þÝ�½� 10 nm;

3(� D ¥, l n >4� p >4��4~ìC�
¹5�þf²^�þÝ, ¹5�.�^�þÝ�
½� 15 nm Ú 10 nm, ¹5�/�^�þÝ©O
� 10 nm Ú 5 nm, m���þÝ�½� 25 nm. ì
��Oó�§Ý� 300 K, 1J��Ç�½� 0.78.

�©ê��[��Ü©ëêÀJ�©z [31] �Ó,

á�ì���'ëê�©z [27] ��.

L 1 ì�(� A

p-GaN, 0.15 µm, 7×1017 cm−3

p-Al0.07Ga0.93N, 0.03 µm, 3×1017 cm−3

¹5�/ In0.11Ga0.89N/GaN

m�� GaN, 0.009 µm

¹5�. In0.18Ga0.82N/GaN

n-GaN, 3 µm, 5×1018 cm−3

3 (J�?Ø

�,16fßÝ, u1rÝÚEÜ�Ç�¬�
>6��
Cz, �´�âO�, þf²^�9m
��þÝ�Czé LED �)��X��^, 3Ù
¦���>6e�3 60 mA >6e�Nª³�Ó.

du�Ì��, �©À� 60 mA ���L, ¿(Ü
�°Ä>6e LED 1>A5?1Ö¿`²Øy.

XJvkAO`², �¡�>fÚ�ÇßÝ©Ù
ã!guu�ÌãÚË�EÜ�Çþ´3 60 mA

°Ä>6e���(J.

ã 1 �Ñ�´o«ØÓ(�� LED ¹5�U
�. lã¥�±uy, du InGaN þf²¥r��
4z�A¤/¤�n�/³^�¦ n «���' p

«p, ù� Park �<���(J�� [32], U���
¬��î­�>f�¦. �éu�Ç
ó, GaN Ä
á��>fk��þ��¿�äk�p�[£Ç,

Ï
�±�´�L AlGaN >f{	�¤/¤�³
^, ��>f{	Ø¿©. lã 1(a), (b) Ú (c) ¥�
±wÑ, 4z|���U���¦�>f{	��
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ã 1 LED ¹5�þf²U�(� (a) (� A; (b) (� B; (c)

(� C; (d) (� D

k�³^pÝ�$, AO´ã 1(b) ¥=� 390 meV,

>f�±�´�L³^, l
3 p .��)î­�

>fÄÑ. 
ã 1(d) �(� D duæ^4~ìCþ
f²^�þÝ(�, ¦����k�~f, k�>
f³^pÝ�� 540 meV, ��u(� A!(� B

Ú(� C, l
éÄÑ>f6?1k��{	.

ã 2 �Ñ�´¹5�>fßÝÚ�ÇßÝ©
Ù. lã 2(a) �±wÑ, 3ØÓþf²^�(��
�¹e, �þf²>fßÝÄ���, vk²wU
C. du�zÔ¥>f���k��þÚ���[
£Ç, UC^��þÝé>f3�þf²¥ßÝ©
Ù¿Ø¬E¤wÍ�K�. l>f�ÄÑ�¹�±
wÑ, (� B �(� C �ÄÑ>f6'(� A k
�½§Ý�O\, 
(� D �ÄÑ>f6K�(
� A eü
Cü�êþ?. ù`²æ^4~ìC.
þf²^�þÝ(�Uü$ LED ¹5�þf²�
>fÄÑ.

ã 2 LED 16fßÝ©Ù (a) >fßÝ©Ù; (b) �ÇßÝ
©Ù

lã 2(b) ¥�±wÑ, þf²^�þÝ�Cz
éþf²��ÇßÝ©Ùk�~wÍ�K�. 3þ
f²^�þÝþ� 0.009 µm ((� A) �, ¹5�
.Ú¹5�/��ÇßÝ©Ù�~Øþï, ¹5�
/�,?u�C p .� (�Ç5\�) �k| �,
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�du¹5�.¥þf²� In |©��pu¹5
�/�þf², äk���²�Ú�r��Ç��
Uå, l
¦Ù²þ�ÇßÝ'¹5�/�Cü�
êþ?. �Xþf²^�þÝO\� 0.019 µm ((
� B) �, �Ç�©Ùþï5k¤Uõ, ü�¹5�
��ÇßÝ©ÙÄ�����. ��, du�Ç�
��k��þÚ�$�[£Ç, O�þf²^�þ
Ý¬éål p .����þf²��Ç5\�)
�½�{N�^, l
²ï
�Ç3ü�ØÓ In |
©þf²¥�ßÝ'~'X.

ã 3 LED guu�ÌÚË�EÜ�Ç©Ù (a) guu�Ì;

(b) Ë�EÜ�Ç©Ù (î¶�� �ã�ª)

ã 3 ¤«�´ØÓþf²^�(�� LED g
uu�ÌrÝ9¹5�Ë�EÜ�Ç©Ù (ã 3(b)

æ^î¶� �ã��ª=�
�Ð�é'©Û,

¿�UC�©ëê). lã 3(a) ¥�±wÑ, (� A

¥¹5�.�þf²¤u� 0.45 µm �u1¸rÝ
´¹5�/�þf²¤u� 0.41 µm u1¸rÝ
� 17 ��õ. Ó�lã 3(b) uy, (� A ¥�¹5
�.Ë�EÜ�Ç�~�, 
¹5�/�Ë�EÜ
�Ç��Ä�*ÿØ�. ¿(Üã 2(b) ��, �Ç
ßÝ3ØÓ¹5�©Ù�Øþï¬��Vu1¸
��O��. �Xþf²^�þÝO�� 0.019 µm

((� B), ¹5�.Ú¹5�/�u1¸rÝ��
Ä���, lã 3(b) ¥��±uyü�¹5��Ë
�EÜ�ÇÄ��Ó, �Ùu1¸�ÚË�EÜ�
Ç�þ�$. ��, (� B �,UéVÅ�u1¸
�Ú�ÇßÝ©Ù�þï5å��½�N��^,

�duÙÄÑ>f6�O� (�ã 2(a)), l
��
u1¸��$. �(� B aq, (� C ¥��3Ä
Ñ>f6O���¹, ù¦�u1¸�f, 
Ùþ
f²�ÇßÝ©Ù�Øþ!¦�Ù¹5�.�Ë
�EÜ�Ç�u¹5�/. Úc¡n«(�ØÓ�
´, 3(� D ¥uy, ÙÄÑ>f6��ü$¦�
ë�Ë�EÜ�16f²wOõ, ¹5��Ë�E
Ü�Ç��k�Or, u1¸���, þï��Ç
ßÝ©Ù¦�Vu1¸�Ä�����. ä��Ð
�u1A5.

ã 4 LED Sþf�ÇÚÑÑõÇ�>6Cz (a) Sþf�
Ç; (b) ÑÑõÇ

l ã 4(a) � ± w Ñ, Ø Ó þ f ² ^ � ( �
� LED Sþf�Ç�°Ä>6O�þ¥yeüª
³, ù´8c GaN Äþf² LED ¥�3���E
âJK. lã 4(a) ¥�±uy, 60 mA °Ä>6e,

(� A �Sþf�Ç� 0.74, (� B eü� 0.55,

(� C � 0.61, (� D K��o«(�¥��
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�� 0.87. �°Ä>6O\� 180 mA �, (� D

��ÇE,�� 0.74, �ÙSþf�Ç¸� 0.92

(12 mA) �', �Çeü=� 18.7%, 
(� A, B

Ú C ��Çeü©O�� 24.4%, 25.8%Ú 23.9%.

��, æ^(� D U
k���)�°Ä>6e�
�Çeü�¯K. lã 4(b) ¥�±wÑ, 3���
°Ä>6 (20 mA) ±e, ØÓþf²^�(��u
1õÇ«O¿Ø²w, ��X°Ä>6�O\, (
� D �u1õÇ²wpuÙ¦n«(�, ä��°
Ä>6e�Ð�u1A5.

4 ( Ø

ÏL©ÛØÓþf²^�(��VÅ� LED

¹5��U�(�!16fßÝ©Ù!guu�
Ì!u1õÇ9Sþf�Ç�>6Czuy, �¤
kþf²^�þÝ��, O\ÙþÝ�, �C p .

��¹5�þf²^�é�Ç�{	�^\r, ¦
��l p >4�¹5�þf²ßÝeü, ùéØ
Ó In |©�þf²¥�ÇßÝ�'~©Ùå��
½�N��^, �Ó�¦��¡ÄÑ>f6k�½
§Ý�O�, ü$
�¡�Sþf�Ç¿¦��Ç
eü��¹C��\î­. 
æ^ìC.þf²
^�þÝ, l n >4� p >4��4OìCÚ4
~ìC¼���J�Ø�Ó, æ^4OìC(�¿
ØUk�N��ÇßÝ�©Ùþï5ÚUõ�Ç
eü¯K, 
æ^A½�4~ìC(�K²w�O
\
>f{	��k�³^pÝ, ��ü$
þf
²�ÄÑ>f6, l
¦�Sþf�Ç��
��
�Jp, �Çeü¯K����½§Ý�Uõ, T
(��Uk��N�ØÓ¹5�¥�ÇßÝ©Ù
�þï5, ¦� LED �Vu1¸���Ä���,

�ä��p�u1rÝÚ�°Ä>6e�Ð�u
1A5.
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The investigation of performance improvement of
GaN-based dual-wavelength light-emitting diodes

with various thickness of quantum barriers∗
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Abstract

The electrical and optical characteristics of GaN-based dual-wavelength light-emitting diodes (LEDs) with the specific design of

various thick barriers are investigated numerically. The simulation results show that the thickness of barrier plays a regulatory role in

emission spectrum of the dual-wavelength LED. The internal quantum efficiency droop is improved and the two peaks of spectrum

become uniform due to the thickness of barriers gradually decreasing from the n-side to the p-side in a specific way. The balanced

distribution of carrier concentration and the enhancement of electron confinement could be the major physical mechanism behind these

improvements. It is also shown that the better optical performance is achieved at the large current injection level.

Keywords: GaN, numerical simulation, dual-wavelength light-emitting diodes, internal quantum efficiency
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