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�
J,�z; (GaN) 71u1�4+ (LED) 1J��Ç, �O
V�1f¬N LED �.. JÑ��ò�Ç
Cq�{, {z¦)
(�¥�0�Å��ª©Ù. l
é�.¥º�1f¬N�¡�Ý d, i\ª1f¬NþÝ T

9Ùåk
�ål D �(�ëê?1
`z. Ó�|^��k��©�{é`z(J?1
�y. �'Ù¦�ý
�{, �ª©Û4�/~�
é LED ï�`z�O�E,Ý, Ó�lnØþ�²
ØÓ(�ëêCzÚå LED

1J��ÇUC��Ï. ïÄuy, �º�1f¬N÷v d ≈ λ/nPhCs �, (�S�Ü©p���ÿ���ä�

«Uþ�$����=z�k�³�, 1J��Ç�Ñ4��. i\ª1f¬N�Ú\ò-uCX��ª, �÷
v 100 nm 6 T 6 300 nm � 100 nm 6 D 6 200 nm �, CX��ª�±lk
�¼���Uþ¿k�/�º�
1f¬NÍÜ, 4�/J,
1J��Ç. �©`z(J¦� LED 1J��ÇJ,
 4 �, ép5U GaN 71 LED

��O�Eäk­�¿Â.

'�c: u1�4+, 1f¬N, �ª©Û, ��k��©

PACS: 78.66.Fd, 78.60.Fi, 78.20.Bh, 52.35.Mw

1 Ú ó

GaN 71 LED �±��x1ì²�1
, ä
kNÈ�!Æ·�!!U��!��5p�Ãõ
`:, Cc5�'ïÄÚA^��
��uÐ [1,2].

�´, du GaN �ò�Ç��íò�Ç�m�3
���É, ddÚå��S��91�Bß0�
��í.¡���r���4�/ü$
 GaN 7
1 LED �1J��Ç, ��
Ù��5�û�A
^�í2. IS	�ïÄö�JÑ
ÃõJ, GaN

71 LED 1J��Ç��ª. ÃXL¡oz [3,4]

Ú3L¡�¡1f¬N [5,6] ��{. L¡oz�±
¦ GaN 71 LED 1J��Ç¼��ÌJ,, �´
Ø��5��, ?�Ú�`z"y�[�nØ��.

L¡�¡1f¬N�(�~f
�S�����,

�´�,ØUk�/)û(�¥$����J�
¯K. dudÜ©�ª��Uþ�'­��, Ïd
T�ªé1J��ÇJ,��J¿Ø²w. Matioli

�< [7,8] JÑ3 LED (�¥æ^i\ª1f¬N
�, �±UC�(�¥��ª©Ù, /¤�«#�
CX��ª (cap layer mode, CLM). |^ CLM �±
³�k
�Uþ�$��ª=z, l
3�½§Ý
þ)û
duº�1f¬NØUk�J�$��
��� LED 1J��Ç�$�¯K. � CLM E�
�
�þ�Uþ, ¿�Û�3�C
«� GaN �
¥. XÛòù�Ü©Uþk�/JÑ, EI�éù
�� LED �.?1?�Ú�`z. ,
, l©z�
�¥�±uy, éu LED (�ëê�`z, �cE
,"y�«1�k��Ãã. ù´Ï�eæ^D

* I[­:Ä:ïÄuÐOy (1OÒ: 2009CB930503, 2009CB930501) ÚI[g,�ÆÄ7 (1OÒ: 61077043) ]Ï��K©
† E-mail: kangli@sdu.edu.cn

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

127807-1



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 12 (2012) 127807

Ú�ê�©Û�{ (X��k��©{ [9], k��
{ [10]) é LED ?1ê��[, I�3�é���
º�eï����Ñ�(�(J. ù¦�é LED

,�(�ëê�`zØ�;�/¡�ã��O�
þÚP��O��m�¯K. Ó�, ê�©Û�{
E�UlnØþ�²K� GaN 71 LED �1J�
�Ç�ý��Ï, ØU�(�`zJø���nØ
|±.

�Ä� CLM 3 GaN ¥�Ì�©Ùaq0�
¥���©ÙA5, �©3 Matioli �JÑ�i\
ª1f¬N LED �.Ä:þ, 3 LED (�ºà­
#Ú\L¡1f¬N�J� CLM �Uþ. Ó�, �

{B/`z�'(�ëê, �©JÑ
$^��
ò�ÇCqéTV�1f¬N GaN 71 LED �.
?1{z, ¿¦)
(�¥�A�0�Å��ª©
Ù. lnØþ`z
L¡1f¬N�¡�Ý d, i
\ª1f¬NþÝ T 9Ùåk
�ål D �(�
ëê. l
�O
äk�p1J��Ç�V1f¬
N GaN 71 LED �.. �©Ó�|^��k��
©�{O�
�A(��1J��Ç�, k�/�
y
�ª©Û�{��(5Ú��5. �©�(J
�'ÊÏ LED �1J��Ç��
 4 ��Or, é
p5U GaN 71 LED ��OÚ`zJø
­�n
Ø�â.

2 O��.Ú`z�{

�©¤?Ø�1f¬Nþ´äkn�¬�
�í�Y�1f¬N [5]. 1f¬N�¬�~ê
� a, �í�Y��»� R, ÙW¿Ïf�±L
«�

f =
2πR2

√
3a2

. (1)

®k©zy² [11], 1f¬NW¿Ïf3 0.3—0.35

���, LED äk�Z�1J��Ç. �©¥é1
f¬N�ëêÀJ� R = 60 nm, a = 200 nm; d
� f ≈ 0.33, ÷vþã`z^�.

�©­:?Ø
ºà�Ý�¡1f¬NÚä
ki\ª1f¬N�V1f¬N GaN 71 LED

(�. Ù�ý�.Xã 1 ¤«. Ù¥, ã 1(a) �
Ñ
n�(���.. ÷ LED )������
p�¡«¿ãXã 1(b) ¤«. ge
þ�g�þ
Ý 1000 nm �7���., n-GaN, k
�Ú p-GaN.

Ù¥k
�ålºàÑ1¡�ål� 200 nm, �
� GaN �þÝ� 2000 nm. 3�Ck
�� n-GaN

SÚ\þÝ� T �i\ª1f¬N, IPTi
\ª1f¬Nålk
�� �� D. ,	, L
¡1f¬N��¡�Ý� d. 71�¥%Å�À
� 465 nm.

ã 1 V�1f¬N GaN 71 LED �ý�.«¿ã (a) n�(��.; (b) ÷ LED )������.

127807-2



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 12 (2012) 127807

�©Ì�ÏL¦)0�Å��ª5é GaN 7
1 LED �(�ëê?1`z. ÄkI�`²�´,

®k©zy² [11,12], ÃS1f¬Né LED 1J�
�Ç�J,Ú5K1f¬N�ÉØ�. ù`²1f
¬Né LED 1J��Ç�J,¿�du1f¬N
g��B��A9�'�û�A5. Ïd, �
{
zO�, Ó��Ä��©?Ø�(�Ø�91f¬
NW¿Ïf�UC, �� LED )���þº��
UCk', =1f¬N���ò�Ç3��`z
L§¥��½�. ��±ÏL��ò�ÇCq��
ªò1f¬N�����þ!0�Å�. ù��
©?Ø�(�Ñ�±{z¤�k��ê��é¡
²�Å�(�. ÙÎÜ�Eªð�d��§|X
e¤«:

∇× E = −jωµ0H,

∇× H = jωεE,

∇ · E = 0,

∇ · H = 0. (2)

(ÜÔ5�§, du�©?Ø� GaN ���Ó5
�^50�, Ù÷v�1Å�.¡Iþ>.^��

n2
1E1n = n2

2E2n,

E1t = E2t,

H1n = H2n,

H1t = H2t. (3)

3���IXe, ò (2) ªÐm¿z{�� TE �ª
©þ Ey, Hx Ú Hz ÷v

βEy = −ωµ0Hx,

∂Ey

∂x
= −jωµ0Hz,

jβHx +
∂Hz

∂x
= −jωεEy. (4)

TM �ª©þ Hy, Ex Ú Ez ÷v

βHy = ωεEx,

∂Hy

∂x
= jωεEz,

jβEx +
∂Ez

∂x
= jωµ0Hy, (5)

ª¥ β �DÂ~ê. ò (5) ª�n�� TE �ªI
þâ0¿[�§

∂2Ey

∂x2
+ (k2

0n
2 − β2)Ey = 0. (6)

Ón�� TM �ªIþâ0¿[�§

∂2Hy

∂x2
+ (k2

0n
2 − β2)Hy = 0. (7)

ÏL©Û (6) � (7) ê�)�/ª, B���{
B��½(�S�ª©Ù��¹ [13−15].

��é�ª©Û�{��y, �©Ó�æ^
��k��©�{ [16] O�
ØÓ(� LED �
1J��Ç. O���Xã 1(a) ¤«. ©z®²
y² [17], LED ¥>f�ÇEÜ�)1f��[�
±^:1
�O. ,	, du LED 1
���Z
5Ú FDTD �{g��A5, �©ÀJ
ü�:
ó4f
 (ã 1(a) ¥�Þ¤«) �[ LED k
�
?1�ý. ù´Ï�3
«ÀJõ�:ó4f

½öÚ\±Ï5>.^�ÑòØ�;�/�)�
ÔnA5�Z��ª, ��O�(J�ý. �©
3��O�«��ý¡9þL¡V\
�{��
� (perfectly matched layer, PML), ^5áÂ	5Å
Ú;��>^�� [18,19], Ó�3e.¡Ú\�{
�N� (PEC) 5�[¢S LED (�¥.Ü7á�
>éUþ���.

� © ¥ LED � 1 J � � Ç ηextr U e ª ?
1O�:

ηextr

=
P+

z,out

P+
x,in + P−

x,in + P+
y,in + P−

y,in + P+
z,in + P−

z,in

,

(8)

Ù¥, P+
z,out ´ LED ºàÑ1¡ (ã 1(a) ¥ÒKÜ

©¤«) {�õÇÈ©�, = LED ºàË�õÇ.

P+
x,in, P−

x,in, P+
y,in, P−

y,in, P+
z,in Ú P−

z,in ©O´��:
ó4f�á�N (ã 1(a) ¥J�µ¤«) �8�L
¡?�N	Ñ��õÇ�{�È©�. ,	, �Ä
� GaN 0��ò�ÇJÜ371ªãCq�", ¤
±�Ñ GaN 0�Úå�õÇ�Ñ.

3 V1f¬NGaN71LED(�`z

3.1 p-GaN ���111fff¬¬¬NNN���¡¡¡���ÝÝÝ`̀̀zzz

�©Äk?Ø
Ø�Äi\ª1f¬N�¹
e, 3 p-GaN ��Ý�¡1f¬N� LED (�. Ä
k�±(½�´, 3ºà�¡1f¬N�, �k�
�����Ï�³7¬��° [20]. l
E¤ LED
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1J��ÇJ,. �l©z��5w, ù«J,�
�J¿ØwÍ. �d, ·�ÄkO�
d«�¹e
���¡� GaN «�S TE �ª©Ù�¹, Ùk�
ò�Ç neff �T GaN �þÝ t(t = 2000 nm−d) �
CzXã 2 ¤«. TM �ª�©Ù��aq.

lã 2 �±wÑ, ��¡�Ý�f (d 6 200 nm

= t > 1.8 µm) �, Ä� (m = 0) Ú���� (m =

1) �k�ò�Ç neff ¿�¥ywÍCz, ��uº
�1f¬N«����ò�Ç (nPhCs ≈ 2.0). Ó�
�Ü©$��þ÷v neff > nPhCs. Ù���Uþ
=Û�u GaN �¥
ØU�º�1f¬Nk��
ÍÜ, l
��1J��Ç�$ [21].

éu1f¬N�¡�Ý÷v 100 nm 6 d 6
600 nm � � ¹, d � � Ü © p � � � (neff <

nPhCs) E���ä, ùÜ©�ª�Uþ�±ÏL
ºÜ1f¬N� LED ºàÑ�, �duÙ��U
þ�� [21], Ø¬wÍJp�� LED �1J��
Ç. éu$��� (neff > nPhCs), ·�O�
Ù

3 LED (�S�©Ù�¹. ±ØÓ�¡�Ý(�
¥k�ò�Ç��C1f¬N��ò�Ç�$�
���~, Ù©Ù�¹Xã 3 ¤« (5: Ù{$��
��©Ù��ÌÚã 3 ����¹).

ã 2 ��¡ GaN �S���k�ò�Ç neff �T�þÝ t

�Cz�¹

ã 3 º�1f¬N�¡ØÓ�Ý�¹e$���©Ùã

lã 3 �±wÑ, �Xº�1f¬N�¡�Ý
�O\, $����©Ù�ÅÚí��l
«��
Ä��m. '� d 6 200 nm Ú d > 300 nm ��¹

�±uy, �º�1f¬N�ßk
��, $��
��©Ù�mò�
«©l. �X d ÅìO\, ù
Ü©$���l
«¼��UþÅì~�, ù¿�
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X¦�é1J��ÇJ,E¤����5��. d
d�±�½, ºÜ1f¬N�¡�Ý�`z��A
� 200 nm 6 d 6 300 nm.

·�|^��k��©�{O�
º�1f
¬N�¡�ÝØÓ�¹e LED 1J��Ç�Cz
�¹, Xã 4 ¤«.

ã 4 º�1f¬N�¡�ÝCzé LED 1J��Ç�K�

l ã ¥ � ± w Ñ, � X 1 f ¬ N � ¡ � Ý
� O \, 1 J � � Ç Å ì O \. 4 � � Ñ y
3 d = 250 nm ?, éA�1J��Ç� 27.86%.

ù�©z [7] �(Ø´���, =�º�1f¬N
�¡�Ý3 d ≈ λ/nPhCs � GaN 71 LED 1J�
�Çò�Ñ4��.

�º�1f¬N�¡�Ý?�ÚO\�, l
ã 2 �±uy��¡ GaN S|±���êþÅì
~�. ± t = 2 µm �~, d���¡ GaN �S|
± 16 �ØÓ� TE �ª, ���¡ GaN þÝ~�
� t = 1.4 µm �, =|± 11 �ØÓ� TE �ª. Ü
©Û�u GaN ¥�äk�é���k�ò�Ç�
p�����ä, ù³7��1J��ÇØ¬©
ª¥yO��³. nÜc¡�©Û�±�½, �X
p����g��ä, 1J��Çò¥y��G
� (Xã 4 ¤«).

�d, ·�`z
¹º�1f¬N GaN 7
1 LED ¥1f¬N��¡�Ý. ©ÛL², ��
=��¡�Ý÷v d ≈ λ/nPhCs �1J��Çä
k4��. � d L��, 
«�Uþ�Ü©=z�
$���Û�3 GaN «�S�ØU�º�1f¬
Nk��J�¶
� d L��, p�����ä
ò��1J��ÇÑy��, �Ø|u LED 5U

�J,.

3.2 iii\\\ªªª111fff¬¬¬NNN(((���ëëëêêê`̀̀zzz

ù�Ü©�`z�9ü�ëê, =i\ª1
f¬N�þÝ T Úi\ª1f¬Nålk
��
ål D. �©Äk?Øi\ª1f¬N�þÝ T

�K�. d�i\ª1f¬Nåk
��ål D

� 200 nm.

3.2.1 i\ª1f¬N�þÝ T �`z
ÏL�© 3.1 Ü©�©Û, ·�À�º�1f

¬N�¡�Ý� 250 nm, d� GaN Ä71 LED ä
k�p�1J��Ç. ª,, 1f¬NBßk
�
ò3�½§ÝþUC LED (�¥�>6©Ù. �
®k©zy² [22], ºà�Ý�¡1f¬N¿Ø¬
wÍK���5 LED �ÏSA5. Ó�, �©¤'
%�´ LED �1J��Ç, ù�k
�uÑ�o
Uþ´���'�. ã 5 �Ñ
º�1f¬N�¡
�ÝØÓ�k
�uÑ�oUþ�Cz�¹. lã
¥��, � 100 nm 6 d 6 200 nm �, k
�uÑ�
oUþ:ì~�, 
d�º�1f¬N¿�Bßk

�, �º�1f¬NBßk
��, k
�uÑ
�oUþ¥yþe2Ä. ù`², º�1f¬N�
�Ý�¡¿�Úåk
�uÑ�oUþUC�Ì
��Ï.

ã 5 º�1f¬N�¡�ÝCzék
�Ë�oUþ�K�

,	I�rN�´, �© 3.1 Ü©�`z�,
��Äi\ª1f¬N��3, �éuºà�Ý�
¡1f¬N��¹, i\ª1f¬N�Ú\Ø¬w
ÍUC� 3.1 ©Û¥éA�p$����©Ù, �
�© 3.1 �`z(J´�&�. �©��� FDTD
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O�ò�ÑùÜ©�Øy.

ã 6 �Ñ
i\ª1f¬NþÝ©O� 50 nm,

100 nm, 200 nm Ú 300 nm �éA� LED (�¥Û
�3 GaN �¥�$����Cz�¹. lã 6 ¥
�±wÑ, �X T �O\, GaN �¥�$���©
Ù/ª¿�u)wÍUC. �éò�Ç���"�,

����EÛ�3 GaN �S, ÙUþE��º�1

f¬Nu)éÐ�ÍÜ. �I�5¿�´, �X T

�O\, $����Û�3þÝÅì~�� GaN

�¥, Xã 6(c), (d) ¤«. �Ä�Ú\i\ª1f
¬N�, 1J��Ç��
?�ÚOr [7,8], �ì©
z [7] �(J, ·�?�ÚO�
i\ª1f¬N
�Ú\�3 LED (�¥-u� CLM �©Ù�¹,

Xã 7 ¤«.

ã 6 i\ª1f¬NØÓþÝ� LED (�S$���©Ù�¹ ((�¥1f¬N� GaN .¡3ã¥±y�I£) (a)

T = 50 nm; (b) T = 100 nm; (c) T = 200 nm; (d) T = 300 nm

lã 7 ¥�±wÑ, 3 1.6 µm 6 x 6 1.8 µm

«�)¤
#���, d= CLM. �i\ª1f¬
NþÝ���, CLM ��Ü©UþòBßi\ª
1f¬N«�� GaN �'ß, ¦�Û�3CX�
Ú�º�1f¬NÍÜ�Uþ~�, l
��1
J��Çeü. '�ã 7(a) Ú (b) �±uy, i\
ª1f¬NþÝ��, CLM Bßi\ª1f¬N
� GaN ��¦�Uþ�õ, l
�±íä�i\
ª1f¬NþÝé��, LED 1J��ÇJ,ò¬
éØ²w.

d	, CLM ��Ì�Xi\ª1f¬NþÝ�
O\
ÅìO\, �� T > 200 nm �, '�ã 7(c)

Ú (d), CLM ��Ìªu½�, ã 7(c) Ú (d) ¥Ùâ
â�ª�©ÙA��Ó, �ùü«(��1J��
Ç��Ø�, d��±�ä3 T > 200nm �, O\
i\ª1f¬NþÝJ±?�ÚÚå LED 1J�
�Ç�J,. '�ã 7(b) Ú (d), �, T = 300 nm

� CLM ��Ì��, �´d�Ùââ�ª�Uþ
�õ/8¥ui\ª1f¬N, 
Ø´�º�1f
¬N'ß, � T = 300 nm �� LED 1J��ÇØ
¬²w`u T = 100 nm �J��Ç.

nÜ±þ�©Û�±?�Ú�ä, T > 100 nm

�, LED 1J��Ç�J,Ø¬�)wÍ�UC.

��©�Ñ3ºà p-GaN �¡þÝ d = 250 nm

127807-6
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1f¬N, ¿3ålk
�eÜ D = 200 nm ?
Ú\i\ª1f¬N�� GaN Ä71 LED (�
¥, i\ª1f¬NþÝ`z��� 100 nm 6
T 6 300 nm. ·�ÏL FDTD �{O�
i\ª

1f¬NþÝCz�¹eØÓ GaN 71 LED �
1J��Ç, ��'�, �º�1f¬N�¡�
Ý d = 150 nm �éA�¹�?1
O�. �'(J
Xã 8 ¤«.

ã 7 i\ª1f¬NØÓþÝ� LED (�S CLM ÚÙââ�ªÌÝ©Ù�¹ (ã¥ç�L« CLM, ���Ùââ�ª. (
�¥1f¬N� GaN .¡3ã¥±y�I£) (a) T = 50 nm; (b) T = 100 nm; (c) T = 200 nm; (d) T = 300 nm

ã 8 i\ª1f¬N�þÝ T é LED 1J��Ç�K�

lã 8 ¥�±wÑ, �Xi\ª1f¬NþÝ
�Cz, º�1f¬N��¡�Ý� 250 nm ��
1J��ÇCzª³��¡�Ý� 150 nm �1J

��ÇCzª³Ä���. �Ò´`, �Ø©ké
º�1f¬N?1ëê`z?
`zi\ª1f
¬N(�´Ün�. Ó�·�5¿�, éu?¿�
i\ª1f¬N�¡�Ý T , d = 250 nm 1J��
Çþ`u d = 150 nm 1J��Ç. ù��© 3.1 Ü
©�©Û´�����.

d	, lã 8 ¥�±wÑ, �Xi\ª1f¬
N�¦^, LED �1J��Ç��
?�Ú�O
\, � d = 250 nm, T = 200 nm �, 1J��Çk�
�� 40.18%. I�5¿�´, éuº�1f¬Nþ
ÝØÓ�üa(�, � T > 100 nm �, Ù1J��
Ç�X�¡�Ý�O\þ¥�Ì��G�, d� T

�CzéJ��ÇK�Ø�.

3�e5�©Û¥, ·�À�i\ª1f¬N
þÝ T = 300 nm, ?�Úéi\ª1f¬Nlk
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�� � D ?1`z.

3.2.2 i\ª1f¬Nåk
�ål D �
`z

ã 9 �Ñ
 D �ØÓ��¹e LED (�
S CLM �©Ù�¹. lã¥�±wÑ, �i\ª1
f¬Nålk
��C�, CLM 8à
�r�Ë
�Uþ, �Ù�Ü©8¥3�Ck
��«�, X
ã 9(a), (b) ¤«. �X D �ÅìO\, CLM �¸�

~�, �Åì�lk
�, Xã 9(c)—(f) ¤«. ��
5¿�´, �X D �ÅìO\, CLM ��éò�Ç
�ÅìC�. ùÑ¦� CLM �º�1f¬NÍÜ
��JÅìC�, l
�� LED 1J��ÇÅì
eü. ?�Ú'�ã 9(a) � (b) uy, �i\ª1f
¬N�k
�LC�, )¤� CLM òk�Ü©U
þBLi\ª1f¬N��C�.Ü©� GaN �
'ß. l
Ø�;���f
T�ª�º�1f¬
N�ÍÜ, �� LED 1J��Çeü.

ã 9 i\ª1f¬Nåk
�ål D ØÓ� LED (�S CLM ©ÙCz�¹ (LED (�¥k
� �^ç¢�IÑ, y�
IP GaN �1f¬N�.¡ �) (a) D = 50 nm; (b) D = 100 nm; (c) D = 200 nm; (d) D = 300 nm; (e) D = 400 nm; (f)

D = 500 nm
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nÜ±þ�©Û, ·��±�½, � D = 50 nm

�, du CLM ¬Bßi\ª1f¬N��C�.
� GaN «�'ß, �d�� LED 1J��ÇA�
u D = 100 nm ���¹¶� D > 200 nm �, d
u CLM �©Ù�l
«��éò�ÇC����
º�1f¬N�ÍÜCf, 1J��Ç7,eü.

�d�±�½i\ª1f¬Nåk
�ål�`
z��� 100 nm 6 D 6 200 nm.

ã 10 �Ñ
|^ FDTD O��º�1f¬N
��¡�Ý� 250 nm �i\ª1f¬Nåk

�ål D é LED 1J��Ç�K �. ã¥: �!
y�Ú¢�©OL« T = 100 nm, T = 200 nm

Ú T = 300 nm ��¹.

ã 10 i\ª1f¬Nåk
�ål D é LED 1J��Ç
�K�

lã 10 ¥�±wÑ, �X D �O\, 1J
� � Ç k ´ w Í þ , � � � ú e ü. é u ã
¥¤«�na LED, 1J��Ç�¸�þÑy
3 100 nm 6 D 6 200 nm ��S. ù��©ÏL�

ª©Û�Ñ�`z��´���.

��5¿�´� d = 250 nm, T = 300 nm

� D = 100 nm �, ·��� LED �1J��Ç
� 43.66%, �'ÊÏ GaN 71 LED 9.16%�1J
��Ç, ¼�
 4 ��Or. ù¿©`²�©�(
�`z´k��.

4 ( Ø

�©æ^1f¬N��ò�ÇCq��{é
äkV�1f¬N(�� GaN 71 LED �ý�.
?1
{z. {z�� LED �ý�.�±$^{
ü��ª©Û?1(�ëê`z, l
k�/;�

�ê�O��{éT(�`z¤I�E,ï�
�ý, 4��~�
$��mÚ$�E,Ý. �©
�Ñ
ØÓ(�ëêe LED SØÓ�ª©Ù�U
C�¹, ¿�[?Ø
ØÓ�(�ëêÚå��ª
©ÙUC?
é LED 1J��Ç�K�, �V1
f¬N GaN 71 LED (�ëê`z±J,1J�
�Ç�Ñ
²(�nØ��.

�ªÏL�ª©Û9ëê`z, ·���

äkV�n�¬��í�Y1f¬N� GaN 7
1 LED �., Ù�Ü©ëê`z���: 1f¬N
¬�~ê a = 200 nm, �Y�» R = 60 nm, º�
1f¬N�¡�Ý d ≈ λ/nPhC, i\ª1f¬N
þÝ�� 100 nm 6 T 6 300 nm, Ùålk
��
ål 100 nm 6 D 6 200 nm. Ó�, ·�ÏL��
k��©�{�y
�©�`z��. O�(J�
², `z��V�1f¬N GaN 71 LED �1J
��Ç¼�
 4 ��J,, l
ép5U GaN Ä7
1 LED ��O�EJø
­��nØë�d�.
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Abstract

The GaN-based blue light LED with double layer photonic crystals is designed to enhance the vertical light extraction efficiency.

The effective index approximation method is proposed and used to solve the distribution of the modes in the LED model. The ge-

ometrical parameters including the depth of the top photonic crystal d, the thickness of the embedded photonic crystal T , and the

distance between the active layer and the embedded photonic crystal D are optimized. Compared with other numerical optimization,

the mode analysis used in this work can dramatically save computation time and reduce complexity. In addition, it can provide more

theoretical details about the influence of these geometrical parameters on light extraction efficiency. It can be found that when the

surface photonic crystal satisfies the condition of d ≈ λ/nPhCs, high order modes localized in the structure are still not cut off but the

low order modes obtain less power since they are pushed away from the active layer. Hence, the light extraction efficiency reaches its

maximum. The cap layer modes can be excited by the embedded photonic crystals, when this layer satisfies 100 nm 6 T 6 300 nm

and 100 nm 6 D 6 200 nm, the cap layer modes gather much power from the active layer and interact with the surface photonic

crystals more efficiently. Hence the light extraction efficiency is dramatically improved. With our optimized parameters, the light

extraction efficiency can be achieved to be up 4 times that of ordinary LED. These results shows a significant promise of designing a

high-efficiency GaN-based blue light LED.
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