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yk�ïÄL², |^1f¬N�±k�Jpu1�4+�1J��Ç. du3�E�1f¬N¥�U¬�3
"�Ú� , �©Äu��k��©{é1f¬N¥�"�Ú� éu1�4+u1�Ç�K�?1
ïÄ. ê�
�ý(JL²§1f¬N¥�þ"�½ö��� ¿Ø¬ü$u1�4+�1J��Ç, Ù¥,
"��UO
r1f¬Nu1�4+�1J��Ç. �©éÙÔnÅn�Ñ
�[�nØ©Û, ¿�O
�«äk"��1f¬
N, 3��¡�k� (lk� 20 nm) ��¹e, Ù1J��Ç��
�{1f¬N� 1.6 �. ÏLéù«"�1
f¬N��mªÌ©Û��, �±ÏL�OäkAÏ�mªÌ©Ù�1f¬N5Jpu1�4+�u1�Ç, ùé
�Op1J��Ç�1f¬N(�Ú�Ep�Ç�u1�4+k��¿Â.

'�c: u1�4+, 1f¬N, 1J��Ç, ��k��©

PACS: 85.60.Jb, 78.66.Fd, 78.20.Bh, 42.70.Qs

1 Ú ó

�X��13²¡w«!£Äì²Ú1p
é�û�+���þA^, r?
ép�Ý!p�
Ç�u1ì��ïÄ. 1993 c, ¥~?�3F�F
æzÆó�¿ª¬� (Nichia Corporation) Ò�Ï
m, Äu GaN mu
äkû�¿Â�p�Ý7Ú
u1�4+ (light emitting diode, LED), l¦�ç
Úw«¤��U, Å�� 460 nm NC�7Ú GaN
Äu1�4+(ÜF1® (F1®é-u1�Å
�kAÏ�¦, ��3 460 nm) �±�)x1. d
u LED äk½5p!Æ·�!!UÚ���A
:, �2�A^u¿	²�w«�¬�1!�Ï&
Ò�Ú¿Sì² [1] �+�.

du GaN ���Ná��ò�ÇÚ�í�ò
�Ç�3é��É, 1dì��k�u���í
L¡¬�)r����y� (�\�1�Ý�u�

����$�¬u)���), ù���u1�4
+k��)�1ØUp�/DÂ��í¥�, E
¤Ñ1�Çé$, ���k 3%—5%. IS	�ï
ÄöJÑ
ÃõJ, GaN Ä71 LED 1J��
Ç��{, XL¡�l-� [2]!1f¬N [3,4] ÚL
¡oz [5,6] ��{. {I\²�Æ�ïÄö David
� [4] é1f¬N LED ?1
�[�©Û, �Ñ

1f¬NOr LED 1J��Ç (light extraction
efficiency, LEE) �ÔnÅn, ¿3¢�þy²
ù
«nØ��(5. ���þ�ïÄL², |^1f
¬N�±k�/Jp LED �1J��Ç [7]. L¡
oz�U��Ú1f¬N��p�1J��Ç, �
´duoz"ynØ��, �E¥�Ø��5p,
éÐ�1���5��ØX1f¬NÐ, Ïd1f
¬N¤�Or LED 1J��Ç���'�Ð�À
J. du3�EL§¥1f¬N¥¬�3"�Ú�
 , Ò¬é LED �1J��Ç�3�½�K�.

�©Äké¢S� LED ?1
{z, ïá
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 GaN Ä71 LED �{Ùp-]Û�nª�., 3
dÄ:þ�Ñ
1f¬NOr LED 1J��Ç�
ÔnÅn. ,�^��k��©{ (finite difference
time domain, FDTD) �y1f¬Né LED �1J
��Ç, ¿é1f¬N¥�3�ØÓ"�?1
ï
Ä. ê��ý(JL², 1f¬N¥k
"��±
Or LED �1J��Ç, éd·��Ñ
�[�
nØ©Û. ·��O
�«äk"��1f¬N,
3��¡�k���¹e, Ù1J��Ç��

�{1f¬N� 1.6 �. éäk�«"��1f¬
N��mªÌ?1
©Û, ÏL©Û��1f¬N
���¥©Ùé1J��Çké�K�.

2 �n LED Ú1f¬N

LED �1J��ÇØpÌ�´du��N
á�Ú±�0��pò�Ç�Úå�, 'X GaN
Ä LED �ò�Ç3711Ì��S� 2.5. ã 1
´�� LED �¡�«¿ã, Ù©�n�, þ��
�í, e���., ¥m���Ná�, ùn�á
��¤
��{Ùp-]Û�n. �â Snell ò�
½Æ n1 sin θ1 = n2 sin θ2, �±��1l��Ná
��\�í¥������ θc = arcsin (n1/n2)
(n2 = 2.5 �, θc = 23.8◦). �\���u θc �, k
�uÑ�1Ul0�¥<ºÑ, ¿/¤��1<º
�I; �\���u θc �, k�uÑ�1ØUl
0�¥<ºÑ, du LED ��.��ò�Ç��
u��Ná��ò�Ç, l¦130�¥/¤�
Å, ØU<º��í¥«, Xã 1 ¤«.

ã 1 {Ùp-]Û�n LED (�«¿ã

�13�í¥DÂ�Å¥� k0, 3��N
0�á�¥�Å¥� β = n2k0, Å¥ β �±�
¤ β = βm + β⊥, � βm = βx + βy. dÅ�nØ
��, � k0 6 βm 6 n2k0 �, 1B¬30��/
¤��, Xã 2 ¤«�ü�¢����m�Ü©;
� βm 6 k0 �, 130��¥ØU/¤��, ¬C
¤Ë��, l0��¥Ë���í¥, Xã 2 ¤«

�¢����SÜ�Ü©. �1Å�ØÓ�´, ·
��'%�´Ë��, Ï��kË��âU¦1l
0��¥Ë�Ñ�. ��Jp LED �1J��Ç,
Ò�¦�õ���=z�Ë��. 1f¬N´�ä
k1f�YA5�<E±Ï5>0�(�, �Ù±
Ï� a, 3���¹eÙ>0�~ê�±�¤e¡
�/ª:

ε =
∞∑

p=−∞
εpe−ipG0x,

G0 =
2π

a
. (1)

dÙâânØ [8] ��, 131f¬N¥DÂ
�, ÙÅ¥�±�¤

βk = βm + pG0. (2)

ã 2 1f¬NSDÂ���Å¥«¿ã

βm �13þ!0�¥DÂ�Å¥�Y²©þ,
Ïd�kØUl0��¥û�Ñ����, du1
f¬N��^¬C�Ë��Ë���í¥�. X
ã 2 ¤«, Y²Å¥� βm (J���) �1ØUl
þ!0�¥<º��í¥�, � p = −1 �, Y²Å
¥ βm C�
 βk, �

βk = βm − G0 < k0. (3)

βk 3¢����S, ÙBUl0�Ë���í
¥�, Xã 2 ¤«. 1f¬N��¡�ÝÚ¬�~
ê�¬K���ÚË���m�ÍÜ�^.

3 ê��ý�©Û

�©æ^ FDTD {é1f¬N LED ?1�ý,
duO�þ'��, O���m'��, 3�ýL
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§¥æ^
ã/?nì (GPU) é FDTD §S?1

\�. 3·���ý(�e, O�Úê� 15000
Ú, ^ ü � ó 4 f O � � g CPU (Intel Core i7
2600K) ^�� 1528.95 min, GPU (2 � Nvidia Tesla
C2070) ^�� 119.93 min, Ù\�'� 12.75. GaN
Ä71 LED ¥þf²�16fEÜu1L§�±
ÏL u xoy ²¡�>ó4f5�� [9]. �
O(
�[ LED k��u1, I�3 xoy ²¡ (=k
�¤3�²¡) ��v
ê8�>ó4f, �ª
ÚO¤kó4f�Ó�^e�(JâU�ýý
¢� GaN Ä71 LED u1. É�uyk�O�Å
M�^����, ���õ�>ó4f�´Ø�
��. O��{1f¬N LED 1J��Ç�äN
Ú½Xe: 3k�S�� 200 nm×200 nm ��S
�ÅÀ� 10 �: (ØU�3�í��e¡), ,�
z��:©O^ x ��4zÚ y ��4z�>ó
4fO�üg LED �1J��Ç, ��rù 20
g�O�(J�²þ��� LED �1J��Ç.

� © ¤ æ ^ � n � � ý � . � �
� 6 µm×6 µm×4 µm, Xã 3 ¤«, e¡¤k�
�ýÑæ^ù�����.. geþ�g�
þÝ 1000 nm �7���., n-GaN, k�Ú p-
GaN. Ù¥k�ålºàÑ1¡�ål� 200 nm,
�� GaN �þÝ� 2000 nm, L¡1f¬N��
¡�Ý� d , 71�¥%Å�À� 460 nm. 3
��O�«�o±V\
�{��� (perfectly
matched layer, PML), ^5áÂ	5ÅÚ;��>
^�� [10,11], ùÒ��
�ý��� LED 1J�
�Ç�'Á�(J$. ·�é©z [12] ¥�¢�
(�?1
�ý, �ý(J� 6.37%, ©z¥�
¢�(J��
 24%. �©�:3u?Ø1f¬
N¥�"�é LED �1J��Ç�K�, ±9�
E�«äk±Ï5"��1f¬N5Jp LED �
1J��Ç, Ïd�©�¡�O�Ñ±�{1f¬
N LED �O�(J��ë�.

ã 3 1f¬N LED n�«¿ã

�©¤æ^�1f¬N´äkn�¬��í
�Y�1f¬N. ù´Ï��'u�/¬�1f¬
N, n�¬��1f¬Näk�Ð�A5 [13]. 1f
¬N�¬�~ê� a, �í�Y��»� R, ÙW¿
Ïf�±L«�

f =
2πR2

√
3a2

. (4)

1f¬N���ëê, X¬�~ê!W¿'Ú�¡
�Ý�, é LED �1J��Ç�K�´E,�. �

Bu©Û��ëêé LED 1J��Ç�K�,
3�ýL§¥·�æ^�½Ù¦ëê, é,ü�ë
ê?1×£��{. 3�½1f¬N¬�~ê a =
200 nm Ú�¡�Ý d = 150 nm ��¹e, ÏLU
C�í���»5�[W¿Ïfé LED 1J��
Ç�K�. ã 4 �Ñ
1J��Ç�W¿'�m�
Cz'X. �W¿'3 0.4 �m�, W¿'é1J�
�Ç�K�'��, ù�©z [14] �Ñ�(J�Î
Ü. Ïd31f¬N�EL§¥, ��»�\óØ
���3�½��S, Ùé LED 1J��Ç�K
�'��.

ã 4 LED 1J��Ç�W¿Ïf�Cz'X

� © æ ^ � � { 1 f ¬ N � ë ê � R =
60 nm, a = 200 nm, W¿Ïf f ≈ 0.33, ©z [4]
3¢�þ®²y²
äkù«(�ëê�1f¬
N�±k�/Jp�n LED �1J��Ç. ·�
3 6 µm×6 µm �²¡þ�ÅE¤
 10 ��"�
(�, Ù¥o��í�ê8� 1010 �, Ù"�� 
�´�Å�, ã 5 ´Ù¥�Ü©�«¿ã. ã 6 ´
�{1f¬N LED Ú"�1f¬N LED �1J�
�Ç�1f¬N�¡�Ý�Cz'X, �:���
{1f¬N�1J��Ç�1f¬N�ÝCz�
'X. �[(Jw«1f¬N�±k�/Jp LED
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�1J��Ç, cÙ´�¡�Ý3 100—250 nm �
m, 1J��Ç��
×��J,. ��¡�Ý�
u 50 nm �, 1J��Ç�Cz'��, du�¡
��Ý'�f, d��1f¬N�w��â, du
âf�Ñ���1J��Ç���O\; ��¡�
Ý3 50—100 nm �m, 1J��Ç�Cz'�²
�´du1f¬N��Ý�u�����ÍÜ�
^�Ý [14], 1f¬N�����^'�f; ��¡
�Ý3 100—250 nm, 1f¬N��¡�Ý®²÷
v�õê���J�^�, ÏdÙ1J��Ç3�
¡�Ý� 250 nm � [12] ��
���. ��¡�Ý
�u 250 nm �, LED �1J��Ç¿vkUYO
�, Ñy
ÅÄ. e¡l LED ��ª5©ÛÑy
ÅÄ��Ï.

ã 5 �k�þ"��1f¬N«¿ã

ã 6 �{1f¬NÚ"�1f¬N LED �X1f¬N�¡
�Ý�Cz'X

ã 7 ´1f¬N LED �R���þ��ª
©Ù«¿ã, 1f¬N��ò�Ç^Ù²þò�
Ç nPhC 5�O, nPhC ≈ 2.1, Ù²þ0>~ê

εPhC = F + (1 − F ) εGaN. (5)

ã 7 ¥�ª., /´��, �ª0�Ë��.
βm > nPhCk0 ��� (X�ª.) �û�Xê (=
�1f¬N�ÍÜ�^) �X�¡�ÝÅìO�;
βm < nPhCk0 ��� (X�ª/) �û�Xê (=�
1f¬N�ÍÜ�^) äkÅÄ5 [13], ù�Ò´�
�¡�Ý�u 250 nm �, 1J��ÇÑyÅÄ�
�Ï. Ïd, 1f¬N�¡��½�Ý�, UYO\
�¡�Ý, ¿ØUO\ LED �1J��Ç, �¬
K� LED �Å�5U.

ã 7 1f¬N LED �R���þ��ª©Ù«¿ã

ã 8 1f¬N�B�(�

ã 6 ¥��¬:�� u1f¬N"�¥�
u1:�1J��Ç��¡�ÝCz�'X. �
�{1f¬NØÓ�´, ��¡�Ý�u 50 nm
�, "�¥�1J��ÇÒ��þ,, d�1f
¬Né���Ë��^�'�f, du1fB
���^, ¦1f#©Ù, ÷ç���Ð�, l
O\
 LED �1J��Ç [15,16]. lã 8 1
f¬N�B�(��±wÑ, 1f¬NB�Ñy
3 0.28 6 a/λ 6 0.35, = 1.63k0 6 βm 6 2.0k0. l
B�(�w, 1f¬N�B�'�Ä, ��k TM
�ªeâ�3B�, Ïd��1f¬N�B�5
Jp LED �1J��Ç¿Øn�. ��¡�Ý�
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u 100 nm �, 1f¬Nm©å�^, 3B�	��
�du1f¬N��^Ë���í¥�, LED �
1J��ÇUYO�, ����¡�Ý� 160 nm
�, ��
4�, UYO\�¡�Ý1J��ÇÑ
y
ÅÄ.

Ó���±lAÛ1Æ��Ý5©Û, ��u
1:�Ñ���u θc, 3ç�<º1I��S, 1
²L�êAgò�Ú���ÑU<º��í¥, X
ã 9 ¥�ç�¤«. du1f¬N��^, 1�±
ÏL���1<º�I<º��í¥, Xã 9 ¥�
ù�¤«. lã 9 ¥�±wÑ, ��¡�Ý'�f
��ÿ,  u"�¥�u1: B uÑ�1' u1
f¬N¥�: A uÑ�1<º��í¥�VÇ�
�, �Ò´��¡�Ý'�f�"�S�1J��
Ç'1f¬N�J��Çp��Ï. �X�¡�Ý
ÅìO\, 1<º��í¥�VÇ����. XJ

UYO\�¡�Ý, ��k�±e, 13�í�
¥õg��, âU�� LED �þL¡, 3���L
§¥qkÜ©1ò�� GaN �¥�, ùÒE¤3
���½�¡�Ý�1J��ÇØ2UYO\. Ó
�å13ØÓ�¡�Ý��¹e�� LED �þL
¡¤I����gêØÓ, <º� LED þL¡�
Uþ�ØÓ, Ò¬E¤1J��Ç�ÅÄ.

ã 9 LED k�uÑ�1Ð���í¡�AÛ«¿ã

ã 10 (a), (b), (c) 1f¬N¥n«ØÓ"��«¿ã; (d) u1:©O uùn«"�S1J��Ç��¡�Ý�Cz'X

¢S)�¥���¡�k��½�Ý�, Ø
¬UY�¡, Ï�UY�¡¿ØUUYJp LED
�1J��Ç. ÃØ´�{1f¬N�´"�1f

¬N, ���¡� LED �k�, Ò¬~� LED k
��¡È. 1f¬N¥�:"�¬¦1f¬N3
Ø»�k���¹eÒ����ép�J��
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ã 11 (a) �{1f¬N�«¿ã; (c), (e), (g), (i) �o«"�1f¬N; (b), (d), (f), (h), (j) ´ (a), (c), (e), (g), (i) �Fp�C�,
=�mªÌ
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Ç. 3�¡�Ý� 180 nm �,  u1f¬N"�S
u1:�1J��Ç´ u�{1f¬NSu1
:� 1.58 �, Ïd�±31f¬NÚ\Ün�"�
5Jp LED �u1�Ç.

ã 12 o«"�1f¬N LED 1J��Ç��¡�Ý�Cz
'X

ã 10(a), (b), (c) ©O´n«ØÓ�"�(�,
3 6 µm×6 µm 1f¬N¥��3��ù��"
�(�, ã 10(d) �u1:©O uùn«"�S

1J��Ç��¡�Ý�Cz'X. �ý(JL
², 1f¬N"����¬K� LED �1J��
Ç. 3�¡�Ý�u 150 nm �, "��1J��Ç
Ñ�pu1f¬N��Ç, �X�¡�Ý�O\,
"� (c) �1J��Ç�±��²�ª³, "
� (a) Ú"� (b) �1J��Ç�±��O��ª
³, ¿�Ñpu1f¬N�1J��Ç, ���k
�� �. ��¡�Ý�� 250 nm �, "��1
J��ÇÑ��u1f¬N�1J��Ç. "� (c)
é LED �1J��ÇØp, ´du u"� (c) �
u1:uÑ�1�õg��âU�1f¬N�^,
·�3�ý(��o±¦^
 PML, k
1�
vk�1f¬N�^Ò� PML áÂ
, lü$

 u"� (c) �u1:uÑ�1�1f¬N�
�^. oN5`, 3�¡�Ý� 180 nm �, "� (c)
¬~� LED 1J��Ç, "� (a) Ú"� (b) ¬O
\ LED 1J��Ç. Ïd, �±31f¬N¥�E
ã 10(a) ¤«�"�5O\1f¬Né LED �1
J��Ç.

ã 13 (a) ´äk 10%�� �1f¬N, Ù¬�må3 180—220 nm �m, (b) ´ (a) ��mªÌã

ã 11(a) ´�� 6 µm×6 µm ����{1
f ¬ N « ¿ ã, ã 11(c), (e), (g), (i) © O ´ 4
« 6 µm×6 µm ä k ± Ï 5 " � ( � � 1 f ¬
N«¿ã. ã 11(b), (d), (f), (h), (j) ´ã 11(a), (c),
(e), (g), (i) ¤ « 1 f ¬ N 0 > ~ ê � F p � C
� (=�mªÌ), Ù¥�?�:éAXÙÌ��
¥ G0, �?�:�rÝL«ÙéA���¥é
1�û�rÝ [13,16]. 3n�¬�1f¬N¥, �
�Ì�´du��¥ G0 ��^, ÙÅ¥ βk C¤


 βm − G0 < k0, lUË���í¥�, Ù¦
p���¥ G =

√
3G0, 2G0 ��û��^'�

f [13], ��¥ G0 �©ÙÚ��é LED �1J�
�Çké��K� [16]. ã 12 �ã 11(c), (e), (g),
(i) n«"�1f¬N LED 1J��Ç��¡�
Ý�Cz'X. ã 11(c) ¤«�"�1f¬NÚ�
{1f¬N�1J��Ç�C. duÙ"�é�,
Ù�mªÌã 11(d) Ú�{1f¬N��mªÌ
ã 11(b) �q, Ì����¥ G0 ���. ã 11(e)
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¤«�"�1f¬N, 3�¡�Ý�u 200 nm �,
Ù1J��Ç'�{1f¬N�1J��Ç�p;
��¡�Ý3 250 nm �, Ù1J��Ç��
4
�, �'�{1f¬N�1J��Ç$. ã 11(f) ´
ã 11(e) ¤«�"�1f¬N��mªÌ, ÙªÌ
�)
éõ�g?�, �Ì��¥ G0 �å��,
ù
g?����3o��¥¥�'~O\, é
1J��Ç��^éf, Ïd��
Ù1J��Ç
�~�. ã 11(g) Ú (i) ¤«�ü«1f¬N3�
¡�Ý�u 200 nm �, Ù1J��Ç�pu�{
1f¬N�1J��Ç. 3�¡�Ý� 180 nm �,
Ù1J��Ç©O��
�{1f¬N� 1.4 �
Ú 1.6 �, ùéu LED ��E´k¢SA^d�
�. ã 11(h) Ú (j) ©O´ã 11(g) Ú (i) ¤«�"
�1f¬N��mªÌã. ã 11(h) Ú (j) ��)

g?�, �ã 11(e) �'�, ù
g?��Ì��
¥ G0 �åléC, Ùé1J��Ç��zé�, Ï
dÙ1J��Ç�������{1f¬N�1
J��Ç�C, 3��¡�k���¹eJ�
�Ç©O��
�{1f¬N� 1.4 �Ú 1.6 �,
¿�äkù«�mªÌ©Ù�1f¬N LED �Ñ
1��5�pun�¬�1f¬N [17]. Ïd�±

ã 14 äk 10%�� �1f¬NÙ1J��Ç��Ý�
Cz

ÏL©Û1f¬N��mªÌ©Ù5©Û1f¬
Né LED 1J��Ç�K�, ��±�OäkAÏ
�mªÌ©Ù�E,(��1f¬N5Jp LED
�1J��Ç. ùé�Op1J��Ç�1f¬N
(�Ú�Ep�Ç� LED kX��¿Â.

ã 13(a) ´äk 10%�� �1f¬N, Ù¬
�må3 180—220 nm �m, ã 13(b) ´Ù�mª
Ìã, ��{1f¬N�ªÌ�q. ã 14 ´Ù1J
��Ç��Ý�Cz'X, �ý(JL²Ù��{
1f¬N�1J��ÇÄ���. Ïd\ó¥��
�� ¿Ø¬ü$ LED �1J��Ç.

4 ( Ø

�©Äké¢S� LED ?1
{z, ïá

 GaN Ä71 LED �{Ùp-]Û�nª�., 3
dÄ:þ�Ñ
1f¬NOr LED 1J��Ç�
ÔnÅn. ¿^��k��©{é1f¬N¥�3
�ØÓ"�é LED 1J��Ç�K�?1
ïÄ,
¿3�ýL§¥|^ GPU ?1
\�. �ý(J
L², 1f¬N�þ"�½ö��� é LED �
1J��Ç�)�K�'��. Ù¥k
"�UO
r1f¬Né LED �1J��Ç. �©éÙÔn
Ån?1
�[�©Û, ¿|^ù
"��O
�
«äk"��1f¬N. 3��¡�k���¹
e (lk� 20 nm), Ù1J��Ç��
�{1
f¬N� 1.6 �. ÏLéäk�«"��1f¬N
�mªÌ©Û��, 1f¬N���¥©Ùé1J
��Çké��K�, Ïd�±ÏL©Û1f¬N
��mªÌ©Ù5©Û1f¬Né LED 1J��
Ç�K�, ��±�OäkAÏ�mªÌ©Ù�E
,1f¬N5Jp LED �1J��Ç. ùé�O
p1J��Ç�1f¬N(�Ú�Ep�Ç�u
1�4+k��¿Â.
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photonic crystals∗

Yue Qing-Yang Kong Fan-Min Li Kang† Zhao Jia

( School of Information Science and Engineering, Shandong University, Jinan 250100, China )

( Received 13 February 2012; revised manuscript received 9 May 2012 )

Abstract

Many studies have shown that the photonic crystals and surface nanostructures can improve the light extraction efficiency of light

emitting diode (LED). The defects and disorders exist in photonic crystals inevitably as the manufacturing technology limitations, and

so the light extraction efficiency of LED will be changed correspondingly. In this work we perform a simulation study on defects and

disorder of photonic crystals by the finite-difference time-domain (FDTD) method, and we speed up the FDTD by GPU acceleration

technology. Simulation results show that a small number of defects in photonic crystals LED do not reduce the LED light extraction

efficiency. Instead, the light extraction efficiency of LED will be increased by adding some defects into the photonic crystals. We give

a detailed analysis of its physical mechanism. We design a kind of photonic crystals with defects, and its light extraction efficiency

achieves 1.6 times that of the perfect photonic crystals.
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