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æ^ê�©Û�{é3 InGaN/GaN ·Üõþf²¹5�Ú n-GaN �mÚ\ n-AlGaN �� GaN ÄV71Å�
u1�4+?1�[©Û. (Juy, �DÚ�äk p-AlGaN >f{	��V71Å�u1�4+�', ù«�é
¡ n-AlGaN �Uk�Uõ>fÚ�Ç3·Üõþf²¹5�¥�©Ùþ!59~�>fÄÑ, ¢y>f�Ç3�
�þf²¥�²ïË�, l
~f
V71Å�u1�4+��ÇP~. d	, ÏLUC Al |©�±JpV71Å
�u1�4+u�1Ì�­½5: � Al |©� 0.16 �, V71Å�u1�4+�1Ì3�>6e'�­½, 
 Al

|©� 0.12 �, 1Ì3�>6e'�­½.

'�c: n-AlGaN, p-AlGaN, ·Üõþf², V71Å�

PACS: 61.72.uj, 68.55.ag, 78.67.De, 85.60.Jb

1 Ú ó

Cc5, GaN Äx1u1�4+ (LED) �uÐ
É�
4��'5. du§äkp�!U!ÉÚ
��!NÈ�ÚÆ·��`:���Ux¾�!
F1�!íN�>����1o�ì²1
. 8
c2�æ^�x1 LED �Ykü«: (1) ± InGaN

Ä71½b1 LED �Ä:, ÏLF1®¢y=�
�x1 LED[1]; (2) õ�¡·Ú�x1 LED. du�
öu1�Ü5g LED, Ïd, ��¤�p!°ÄE
,, d	, n«ôÚ LED �mPzA5��É, ~
��u1L§¥CÚ. 8c2�æ^ InGaN Ä7
1½b1 LED \F1®��{, �´, ÃÅF1®
��¡�X1�=��Ç$ÚwÚ�ê (CRI) �
�": [2−4]. ÃF1®�ü�¡x1 LED ®k�
� [5−8], Ì�´3Ó��7���.þ�g)�
ü«½n« InGaN/GaN õþf²(�� LED, N
! In |©5¢yl71��1�u�l
Ü¤x
1, ,
, ù
 LED �>�u11Ìî­/�6°

Ä>6�Cz
UC, éÙì²A^´�~Ø|�.

Shi �ÏLæ^
�ªý�.¡�·Üõþf²�
�¡�EEâ¢y
1Ì­½�ÃF1®ü�¡
x1 LED[9], �´, �' LED �°Ä>Ø�p. Park

�K3Ó�7���.þý�)�ØÓu�Å�
�õþf²(�� LED[10], ¢y
1Ì­½�Ã
F1®�x1 LED, �´�'�Eó²E,Ø|
uA^. �C, Mirhosseini �ÏL�[(Jw«Ä
uV71Å��¡-u YAG:Ce F1®U
3�
±6²�Ç�Ó���pwÚ�ê�x1 LED[11].

·�æ^·Üõþf²(�� GaN ÄV71Å
��¡-u YAG:Ce F1®¢y
pwÚ5�x
1 LED, �'wÚ5�� 88[12]. �ÃF1®�x
1 LED aq, ù«x1 LED �u11Ì��>6
�Cz
UC.

du GaN Äá��Çk��þ (1.1 m0) pu
>f�k��þ (0.2 m0), Ïd, >fÒ�N´B�
¹5�?\¹5�ºÜ�þf²�, $�Ä6Ñk

�?\ p-GaN �, ��, �ÇÒ'�J��¹5
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��C n-GaN ý�þf², ù�>f�Ç3¹5�
¥©Ù�~Øþ!, ��>f�ÇEÜu1u)3
�C p-GaN ý�A�þf²S, David ��1Ìÿ
þêâw« GaN Äõþf²71 LED >f�Ç�
EÜ«Ì�8¥3�C p-GaN ý�þf²S [13].

ù«>f�Ç©ÙØþ!éuüÅ� LED (��
>�u1 (EL) 1ÌK�Ø�, �´éu·Üõþ
f²�VÅ� LED � EL 1ÌÒ�)�~î­K
�. �©$^ê��[�{, ÏL3 InGaN/GaN ·
Üõþf²�� n-GaN ��mÚ\ n-AlGaN �5
`zV71Å� LED �5U, �\©Ûù«�é
¡ n-AlGaN �9Ù Al |©éV71Å� LED �
u�1Ì!u1�Ç!>f�ÇßÝ©Ù!gu
u�Ç��¡�K�, &¢¢y1Ì­½�p�Ç
V71Å� LED �¡��O�{.

2 �[ëê�ì�(�

2.1 ���[[[ëëëêêê

Crosslight ú i � � � N ì � � [ ; ^ ^
� APSYS (Advanced Physical Models of Semicon-

ductor Devices)[14] ´|^�«�Ôn�.5e�
Ñ�[��A5�(J. 3�[§S¥|^��k
��©Û�{, $^>6ëY�§!16f$Ñ�
§!Ñt�§!þfåÆÅÄ�§!9DÑ�§
�, ±9�
£ã16fA5!>.^��nØú
ª, l
�� LED ì��>ÆÚ1ÆA5.

�©¦^�n�á� InGaN Ú AlGaN �U�
mY���zÜÔ��5U\Ú�­� [15], d±
e�§ªL«:

Eg(InxGa1−xN) = xEg(InN)

+(1 − x)Eg(GaN)

−B1x(1 − x), (1)

Eg(AlxGa1−xN) = xEg(AlN)

+(1 − x)Eg(GaN)

−B2x(1 − x), (2)

Ù¥, Eg(InN), Eg(AlN) � Eg(GaN) ©OL« InN,

AlN � GaN � U � m Y, 
 B1 Ú B2 © O
´ InxGa1−xN Ú AlxGa1−xN ��­Xê.

3�zÔ��Nì���.¡¥, �ÄSï4
z�AÅ�, Ù¥4z�A�)gu4zÚØ>4

z [16−18]. 3�[¥, n�á� InGaN Ú AlGaN �
4z�AúªXe:

gu4z�

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

+0.0378x(1 − x), (3)

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

+0.0191x(1 − x), (4)

Ø>4z�

Ppz(InxGa1−xN) = xPpz(InN)

+(1 − x)Ppz(GaN), (5)

Ppz(AlxGa1−xN) = xPpz(AlN)

+(1 − x)Ppz(GaN), (6)

Ù¥,

Ppz(InN) = −1.373ε + 9.541ε2, (7)

Ppz(GaN) = −0.918ε + 9.541ε2, (8)

Ppz(AlN) = −1.808ε + 5.642ε2(ε < 0), (9)

Ppz(AlN) = −1.808ε − 7.888ε2(ε > 0), (10)

ε �Ä����(�m�AC½¡¬�Ø��, L
«�:

ε = (asub − a)/a, (11)

asub �Ä�¬�~ê, a ���¬�~ê.

Ï~¢S�4z>|�¬�unØO��,

Ï�SÜ�4z>|¬É�gd>Ö!É-1
6f!á�"�Ú,���¶-�Ö�, Ù¶-
§Ý��� 20%—80% [19,20]. �©¦^nØ�
� 50%?1�[O�.

2.2 ììì���(((���

�©æ^ InGaN/GaN ·Üõþf²(��
u1�4+5¢yV71Å�u�, ì�º�
� 300 µm × 300 µm, äN(�Xã 1(a) ¤«. ä
k p-AlGaN >f{	��V71Å� LED le�
þ�g� GaN �À�, 2 µm � µ-GaN, 2 µm n-GaN

� (�,ßÝ� 4 × 1018 cm−3)!·Üõþf²�
¹5��ü�±Ï� In0.18 Ga0.82N/GaN þf²Ú
ü�±Ï� In0.12Ga0.88N/GaN þf², 15 nm � p-

AlGaN >f{	� (�,ßÝ 7 × 1017 cm−3) ±
9 200 nm þ� p-GaN � (�,ßÝ 7× 1017cm−3).

3�©¥, ·�JÑ�K p-AlGaN >f{	�, 
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3¹5�� n-GaN �mÚ\ 15 nm � n-AlGaN

� (�,ßÝ� 1 × 1018 cm−3), Ù¦(���. ¤
kþf²�²�Ú^�þÝ©O� 3 nm Ú 10 nm.

· Ü õ þ f ² æ ^ p In | © þ f ² 3 ¹
5 � . � ´ d u In0.12Ga0.88N/GaN þ f ² �
é In0.18Ga0.82N/GaN þf²f, é�Ç��å
�f, ¦��Ü©��ÇU5\�p In |©�þf
²¥, l
Jpp In |©þf²���ÇßÝ;,

��¡, p In |©þf²uÑ�1fUþ'$ In

|©þf²��, �ì�u1�, $ In |©þf²
ép In |©þf²uÑ�1fáÂ�. 3�©ï
Ä¥, ÏLê��[©Û n-AlGaN �9 Al |©é
V71Å� LED 5U�K�, ¿�DÚ�äk p-

AlGaN ��V71Å� LED ?1'�ïÄ, ±Ï
¼�p1�Ú1Ì­½�V71Å� LED ��O
�{.

ã 1 ì�(�

3 (J�?Ø

3.1 p-AlGaN ������ n-AlGaN ���éééVVV777111ÅÅÅ
��� LED 555UUU���KKK���

ã 2 L«äk p-AlGaN >f{	�Ú�é
¡ n-AlGaN ��V71Å� LED Sþf�Ç�>
6�Cz'X. (Jw« n-AlGaN ��Ú\Uk
�UõV71Å� LED �u1�Ç3�>6eP
~ (efficiency droop). äk p-AlGaN >f{	��
V71Å� LED �Sþf�Ç3>6� 12.57 mA

������ (90.4%), �>6,� 120 mA �~�

� 66.5%, P~�� 23.9%. 
äk�é¡ n-AlGaN

��V71Å� LED �Sþf�Çl 12.03 mA

� 120 mA ���S%���±3 94% ±þ, Sþ
f�Çvk²weü�ª³. 3 120 mA �, äk
�é¡ n-AlGaN � LED �Sþf�Ç'äk p-

AlGaN � LED �pÑ 28%. ã 3 L«�AV71
Å� LED u1õÇ�>6�Cz'X. (Jw«
3$>6�¹eùüa LED �u1õÇA��
�, �>6�L 20 mA �, p-AlGaN � LED �u1
õÇ�>6�O\Åì l�5Cz, 
 n-AlGaN

� LED 3 120 mA >6��S���C�5O�.
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ã 2 p-AlGaN � � � é ¡ n-AlGaN � � V 7 1 Å
� LED �Sþf�Ç�>6�Cz'X

ã 3 p-AlGaN � � � é ¡ n-AlGaN � � V 7 1 Å
� LED �u1õÇ�>6�Cz'X

ã 4 ©O�äk p-AlGaN >f{	���é
¡ n-AlGaN ��V71Å� LED 3 120 mA �>
fÚ�Ç�ßÝ©Ù. (Jw«�é¡ n-AlGaN

�Uk�Uõ>fÚ�Ç3·Üõþf²��
©Ù. Xã 4(a) ¤«, 3äk p-AlGaN ��V7
1Å� LED ¥, ;� n-GaN �þf²¥�>fß
Ý�~p, 'ü�$ In |©þf²�oþ��õ
Ñ 30%. ��X p-AlGaN ��£�� n-AlGaN �
�Ú\, ;� n-GaN �þf²�>fßÝ~��D
Úäk p-AlGaN � LED � 57%, 
Ù¦þf²¥
�>fßÝA�ØC. d	, n-AlGaN ��Ú\�
¦·Üõþf²k
«¥�z�þf²��Çß
Ý'DÚäk p-AlGaN �� LED ÑwÍJp, A
O´;� n-GaN Ú p-GaN ��ü�þf²��Ç
ßÝ'DÚäk p-AlGaN �� LED JpC��,

Xã 4(b) ¤«. ùÌ�´du p-AlGaN ��£�
Jp
�Çl p-GaN ý5\¹5��Uå, 
 n-

AlGaN ��Ú\Ó�{N
>fl n-GaN ý5\
k
��Uå, ù�Ò��;� n-GaN Ú p-GaN �
þf²¥�>fÚ�ÇßÝ�)wÍUC.

ã 4 p-AlGaN � Ú � é ¡ n-AlGaN � � V 7 1 Å
� LED 3 120 mA �>f (a) Ú�Ç (b) �ßÝ©Ù

ã 5 � p-AlGaN > f { 	 � Ú � é ¡ n-

AlGaN ��V71Å� LED 3 120 mA ��Ë
�EÜÇ©Ù. (Jw«äk p-AlGaN ��V71
Å� LED �p In |©þf²�Ë�EÜÇ'$ In

|©þf²õÑ
C 3 �. �X p-AlGaN �£�
� n-AlGaN ��Ú\¦·Üõþf²k
«¥¤
kþf²�Ë�EÜÇwÍOr, 
��¦�$ In

|©þf²�oË�EÜÇJp��p In |©þ
f²��. cÙ´��C p-GaN ��@�$ In |
©þf²�Ë�EÜÇ, §'DÚäk p-AlGaN �
�Ë�EÜÇJp
 3 �õ.

GaN Äá���Çk��þ�pu>f�k
��þ, Ïd, >f�éu�ÇÒ�N´BL¹5
�
�� p-GaN ý. éuDÚäk p-AlGaN ��
·Üþf²� LED, du p-AlGaN ��3�,å�
{	>fÄÑ��^, Ó��{	
�Çl p-GaN

�5\¹5�, ¤±lã 4(a) � (b) �±wÑ, ä
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k p-AlGaN � LED �¤kþf²���ÇßÝ²
w$u>f�ßÝ, ù�Ò��>f�Ç3��
þf²¥ØU²ïË�, �3>fL��y�. �
X p-AlGaN ��£�Ú n-AlGaN ��Ú\k�/
Jp�Ç�5\Uå, lã 4(a) � (b) �±wÑ, �
é¡ n-AlGaN �UwÍJp¤kþf²���Ç
ßÝ, Ó�Ø
é;� n-GaN ��þf²¥>fß
ÝkK�	, Ù¦þf²�>fßÝA�vkK�.

¤±, n-AlGaN ��Ú\Uk�Uõ>f�Ç3·
Üþf²¹5«¥�©Ù, l
¢y>f�Ç3�
�þf²¥²ïË�, �ª~f
V71Å� LED

��ÇP~�A (Xã 2 ¤«).

ã 5 p-AlGaN � Ú � é ¡ n-AlGaN � � V 7 1 Å
� LED 3 120 mA ��Ë�EÜÇ©Ù

ã 6(a) Ú (b) © O L « ä k p-AlGaN > f
{	�Ú�é¡ n-AlGaN ��V71Å� LED

3 120 mA ��U�ã�O¤�U?©Ùã. p-

AlGaN �é>få{	�^�Ó�qé�Çå{
	�^, ùò¬��>f�Ç5\�~Ø²ï, 3
p>6eò¬�\²w. 3ã 6(a) ¥, du3 GaN

^�!p-AlGaN >f{	�Ú p-GaN ��m�3
ér�4z>|, �� p-AlGaN �Ú p-GaN �.
¡?d�/¤�Ç8à�]� (notches), 
3 GaN

^�� p-AlGaN �.¡?d�/¤
{	�Ç5
\�k¸ (spikes)[21,22]. 3�>6�¹e, ù«�A
é�Ç�{	�^ò\�, ���ÇßÝØv
>
fßÝL��y�.,	, GaN ^�� p-AlGaN �
�m�4z>|ü$
��?����^��³
^, ~f
3�>6eé>f���. ã 6(b) �`
²
 p-AlGaN ��£�� n-AlGaN �Ú\²wU
õ
�Ç�5\. ê��[uy n-AlGaN ��Ú\
UwÍJp¤kþf²���ÇßÝ, ¿�{	>

fÄ6'DÚ� p-AlGaN >f{	�Jp
Cn
�êþ?, Uõ>f�Ç3¹5�¥�©Ùl
~
fì�3�>6e� efficiency droop �A.

ã 6 p-AlGaN � (a) Ú n-AlGaN � (b) �V71Å
� LED 3 120 mA ��U�ãÚO¤�U?©Ùã

lSþf�Ç ηint �L�ª [23] �±?�Ú)
º�>6e�é¡ n-AlGaN �UUõì�� effi-

ciency droop �A.

ηint =
Irad

I
=

Irad

Irad + Inr + IAug + Ileak
, (12)

Ù¥, o�5\>6 I �)Ë�EÜ>6 Irad, �Ë
�EÜ>6 Inr, ��EÜ>6 IAug Ú¦>6 Ileak.

p-AlGaN ��£�Ú n-AlGaN ��Ú\k�/J
p
V71Å� LED �Ë�EÜÇ (�ã 5), =O
�
Ë�EÜ>6 Irad, Ó��~�
¦>6 Ileak,

@olª (12) �±�ÑSþf�Ç ηint � Droop

�A��wÍ~f.

ã 7(a) Ú (b) ©O� p-AlGaN >f{	��
�é¡ n-AlGaN ��V71Å� LED 3ØÓ>6
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ã 7 p-AlGaN � (a) ��é¡ n-AlGaN � (b) �V7
1Å� LED �guu�Ç�>6�Cz'X

e�guu�Ç. 3äk p-AlGaN ��V71Å
� LED ¥, p In |©þf²Ú$ In |©þf²�
u1¸�¸�Ñ�X>6�O�
O�, �´p In

|©þf²�u1¸�¸�O��ÌÝ²w�u
$ In |©þf². �>6� 20 mA �, p In |©
þf²�u1¸�¸�´$ In |©þf²� 1.75

�; 
�>6O�� 120 mA �, p In |©þf²
�u1¸�¸�'$ In |©þf²�õÑC 2 �,

Xã 7(a) ¤«. duäk p-AlGaN � LED �>f
�Ç3�þf²¥©ÙØþï, ØU¢yþïË�,

¿�3>fL��y�, l
��p In |©þf

²¥�16fË�EÜÇ'$ In |©þf²r�
õ. �X p-AlGaN ��£�Ú�é¡ n-AlGaN �
�Ú\, wÍJp
�Çl p-GaN ý5\¹5��
Uå, ¿¦�>f�ÇßÝ3�þf²¥©Ù�þ
ï, l
¦V71¸þïu� (Xã 7(b)).

3.2 Al |||©©©ééé111ÌÌÌ���KKK���

ÏLþ¡�ïÄuy�DÚäk p-AlGaN �
�V71Å� LED �', �é¡ n-AlGaN ��U
UõV71Å� LED �5U, e¡ò©Û n-AlGaN

��ØÓ Al |©éV71Å� LED 1Ì­½5�
K�. ØÓ Al |©é��>f5\Úé{	�Ç
ÄÑ§ÝÑØÓ, ò¬?�ÚN!V71Å� LED

u�1Ì�­½5. ½ÂV71Å� LED �¸
�': k =

IL-In

IH-In
, Ù¥, IL-In L«5g·Üþf²

¥ In0.12Ga0.88N/GaN õþf²u��¸�rÝ,

IH-In L«5g·Üþf²¥ In0.18Ga0.82N/GaN

õþf²u��¸�rÝ. XJ k ��>6Czª
Cu 1 �Cz�ú, `²V71Å� LED �u�
1Ì�­½.

L 1 `²�X Al |©�O�, $ In |©þf
²�guu�ÇÅìO�, 
p In |©þf²�
guu�ÇÅì~�. � Al |©� 0.12 �, V7
1Å� LED �1Ì3�>6e'�­½; 
 Al |
©� 0.16 �, V71Å� LED �1Ì3�>6e
'�­½. duUC n-AlGaN �� Al |©UN!
Ù³^pÝ, ù�?�Ú`z>f�5\, Ïd, �
±ÏLN� Al �|©`zV71Å� LED u�
1Ì�­½5. 3¢S�A^¥, �õÇV71
Å� LED �°Ä>6��´ 20 mA. � Al |©
� 0.16 �, 5g In0.18Ga0.82N/GaN õþf²u�
�¸�� In0.12Ga0.88N/GaN õþf²u��¸
�à², ù��~k|u�õÇV71Å��¡
3 YAG:Ce F1®�x1 LED µC¥�A^, �'
	ò)�9�¡��ïÄ�3·�¢�¿mÐ.

L 1 äk�é¡ n-AlGaN �V71Å� LED �¸�' k � Al |©�>6�Cz

k 10 mA 20 mA 40 mA 60 mA 80 mA 100 mA 120 mA

Al = 0.04 0.51 0.55 0.59 0.51 0.80 0.84 0.85

Al = 0.08 0.53 0.54 0.65 0.72 0.82 0.86 0.86

Al = 0.12 0.51 0.61 0.74 0.83 0.91 0.96 1.00

Al = 0.16 0.85 1.00 1.01 1.11 1.18 1.17 1.19

Al = 0.20 1.39 1.57 1.62 1.55 1.57 1.58 1.53
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4 ( Ø

ÏL©Û'�äk�é¡ n-AlGaN ��V7
1Å� LED �DÚ p-AlGaN ��V71Å� LED

�Sþf�Ç!u1õÇ!Ë�EÜÇÚguu
�Ç, (JL²�é¡ n-AlGaN �Uk�Uõ>

f�Ç3·Üþf²¹5«¥�©Ù, ¢y>f�
Ç3��þf²¥²ïË�, �ª~f
V71Å
� LED 3�>6e��ÇP~�A. d	, UC Al

|©U?�Ú`zV71Å� LED u11Ì�­
½5, ùéV71Å��¡-u YAG:Ce F1®¢
ypwÚ5x1 LED äk­�¿Â.
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Abstract

The effect of an n-type AlGaN layer on the physical properties of dual-wavelength light-emitting diode (LED) is investigated

numerically. The simulation results show that compared with the conventional p-type AlGaN electron-blocking layer (EBL), the n-type

AlGaN layer can improve the distribution of electrons and holes more uniformly and realize the radiation balance between electrons

and holes in the quantum wells, and further reduce the efficiency drop of dual-blue wavelength LED at high current. In addition, the

spontaneous emission rate of two kinds of quantum wells can be adjusted through the control of Al composition. It can be found from

the results that the emission spectrum of dual-blue wavelength LED is more stable at low current with an Al composition of 0.16, while

the emission spectrum is more stable at high current with an Al composition of 0.12.
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