
Ô n Æ � Acta Phys. Sin. Vol. 61, No. 5 (2012) 054202

kkk���òòò���ÇÇÇ���666{{{ïïïÄÄÄüüü"""���111fff¬¬¬NNN²²²���
���nnn���555���*

±©�1)2)† �� 1) MÅ1) ÜÍ1) �ÓI1)

1) ( ¥I�Æ���NïÄ¤, ��Ná��Æ:¢�¿, �® 100083 )

2) ( �u�ÆÔnX, �® 100084 )
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�ò�Ç�±O(/O��n�n�ªÇ, �n��¥þ��k��©{�O�(Jé�C. éu�Ì. H1 �n,

±0��>���IO?��k�ò�ÇO���nn�ªÇØ���, éuÉÌ. H1 �n, ��IOKA�
��¥m�. k�ò�Ç�6{Q�±òO���Ýln�ü���, ��~�O�¤I�O�ÅS�Ú�m, q
�±�±O�(J�O(5, ùéu1f¬N�n�2�A^äk�~��d�.

'�c: 1f¬N²�, H1 �n, k�ò�Ç, n�ªÇ

PACS: 42.70.Qs, 78.20.Bh, 78.40.Fy, 78.20.Ci

1 Ú ó

1987 c, Yablonovitch 3ïÄXÛ��á��
guË� [1] ±9 John 3ïÄ1fÛ�z�A [2]

�, �gÕáJÑ
1f¬N�Vg. §��A
�´�31fB�, þB�>¡��í�, eB�
>¡�0��, B�¥%�¥m�. l³�ØI�
�guË��Ý5`, n� (3D) 1f¬N´�Ü
·�ÀJ [3,4]. �´, n�1f¬N�3E,�n�
ëÏ5Úî��ü��¦, 8c��n�1f¬N
�Eâ�Ø¤Ù, ¤±<�ïÄuÐ
1f¬N�
�²�(�. �íxª²�1f¬N´2�æ^�
�«(�, =d�í�¤þe�$ò�Ç��, ù
«(�3Y²��d1f�Y/¤é1���, R
�²¡��K|^Å��Ú�í�m��S��
/¤1��.

3��1f¬N²�þ���nkNõ`:,

äk(¹��OÚ{ü���L§, ÏLN�¬
��AÛ(�=��B/UC�n�ª!Å�!
 �A5ÚË���� [5−7]. �y3��, ®²�
�
õ«(�a.�²�1f¬N�n, '�k�

L5�´ H1, H2 Ú L3 ��n [8−12]. Ù¥ H1 �
n´�@m©ïÄ��«�n(�, §´3���
1f¬N(�¥UC¥m�����», e~��
»½�Kd�/¤�"�¡��Ì."� (ã 1(a)

¤«); O��»/¤�"�K¡�ÉÌ."
� (ã 1(b) Ú (c) ¤«). ü«a.� H1 .�n®
²k
õ�¡A^, ~X�n-1ì!�>-1ì,

��5u1!�)Å�1fé, �� [10,13−16].

^5O�1f¬N5���{®²kéõ«,

Ù¥Ì�kõÑ�{!��Ðm{!²¡ÅÐ
m{Ú��k��©{� [17−20]. ©zæ^�Ì�
´�¥þn���k��©{ [8−10], ù«�{�
±O(/ýÿ1f¬N�5�, �´I�é��O
�ÅS�Ú����O��m. �
�Ñù«(
J, <�¦^IOk�ò�Ç�{�ü$O���
Ý, =ln�ü���, |^Ø�31f¬N�í
��þ!0�²�Å�Ä��k�ò�Ç�O�
U�(�. �´ù«�{�·Üò�Ç����Å
�(�, épò�Ç��Å�(�k���O�Ø
� [21]. Ød�	, IOk�ò�Ç�{��ÄÃ1
f¬N�í��(�, ù����k�ò�Ç7,
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puÚ\�í���k�ò�Ç, �¬�����
O�Ø�. Ïd, 7Lék�ò�Ç?1N�.

�
N�k�ò�Ç¦Ù·^uïÄpò�
Ç��1f¬N²��n, <�}Á
õ«�{,

XªÇÖ�{!Or�k�ò�Ç{Úk�ò�
Ç�6{ (EIP) � [22−24]. Ù¥, k�ò�Ç�6{
´�«k���{, §±IO�k�ò�Ç{�Ä
:, ÏL��n�²¡Å{Ú��²¡Å{���
1f�Y, ék�ò�Ç?1?�, ,�|^?�
��k�ò�Ç±��O��{ïÄ²�1f¬
N9Ù�n�5�. �´, ®���(JÌ�A^
ù«�{ÐÚïÄ
�Ì"�.� H1 �n, @�
|^0��>����IO?���k�ò�Ç
�±�(/�[ÙB�Ún�ªÇ, �´vkéÙ
�ÑÜn�)º, �éÉÌ"�. H1 �n�ï
Ä�����. 3�ó�¥, ·�òA^k�ò�
Ç�6{(Ü��/n�²¡Å{XÚ/ïÄ�Ì
ÚÉÌ.� H1 �n5�.

ã 1 H1 .�n«¿ã (a) �Ì"�., ¥m�K���,
�C��8�� �¿�	²£; (b) ÉÌ"�., ¥m��
�»O�; (c) ÉÌ"�., �C�ÚgC����»O��
�¥m���»��. �ÞL« X Ú Z ��, 3�©¥Ñ´
æ^ù«L«

2 �[�{

2.1 IIIOOOkkk���òòò���ÇÇÇ{{{ [25]

IOk�ò�Ç{´òk�þÝ���1f
¬N²�(�^1n� (R���) Ã���n�
��1f¬N5Cq, ù«n���1f¬N0�
�ò�Ç���Ø�31f¬N�í��þ!0
�²�Å�Ä��k�ò�Ç. ù«�{�¢�´
òÅ�é1f¬N�ª�K�^þ!²���D

Ñ���k�ò�Ç5�O, ,�|^��O��
{ïÄ1f¬N9Ù�n�5�.

2.2 kkk���òòò���ÇÇÇ���666{{{ [24]

�
ék�ò�Ç�Ñ�(�?�, �©æ
^
n«��IO, {z�O�Ú½Xe: 1) æ
^n�²¡ÅÚ����(Ü��{, O�k�
þÝÃ"���²�1f¬N�U�(�, �Y
�0��>!¥m� �Ú�í�>éA�ªÇ
©OP� ω3D

d , ω3D
mid Ú ω3D

a ; 2) ò��²�1f¬
N=�¤1n�Ã���n���1f¬N, §
�ò�Ç�IOk�ò�Ç{���Ä��k�
ò�Ç (n0

eff )[21,25], æ^��²¡Å{, O�n�
��1f¬N�U�(�, �Y�0��>!¥
m� �Ú�í�>éA�ªÇ©OP� ω2D

d ,

ω2D
mid Ú ω2D

a ; 3) ü«�{�B�O�Ø��±L«
� δωi = (ω2D

i − ω3D
i )/ω3D

i , (i = d, mid Ú a, ©O
�L0��>!¥m� �Ú�í�>), XJ δωi

�ýé��u 0.5%, Òék�ò�Ç?1?�:

(nk
eff)i = (1 + δωi) × (nk−1

eff )i, (k = 1, 2, 3 . . ., k �
S�gê, � (n0

eff)d = (n0
eff)mid = (n0

eff)a = n0
eff),

,�|^?���k�ò�Ç#O�Ú½ 2)

¥ n � � � 1 f ¬ N � U � ( �, � � � Ø
� |δωi| 6 0.5% �Ê�; 4) |^?��÷v^�
�k�ò�Ç (nk

eff)i, æ^��²¡ÅÚ����
(Ü��{O��k"����1f¬N�U�
(�, ù�Ò�±�� H1 �n�n�ªÇÚ�ª
©Ù.

�
�Ð/�äÄuÛ«��IO?���
k�ò�Ç·^u�ÌÚÉÌ. H1 �nA5��
[, ��
�B�Ù¦O��{�(J?1'�,

·�æ^
®²���(�ëê, ©z¥Ñ´A
^
�¥þn���k��©{ (3D FDTD ) ?1

�[. éu�Ì. H1 �n [8], �Ø
¥%��
�. �
¢yén�ªÇ�N�, 3�±é¡5�
cJe, ~�
¥%�C�8��í���», Ó
�é§�?1
�	²£. ²L²£�, �C�8
��í���²£�����, äNëêXL 1 ¤
«. éu1�«ÉÌ. H1 �n [9], ¥%��»�
½, �´UC
±��í���»; éu1�«É
Ì. H1 �n [10], C��üü���»O��¥
%���»��, �±��í����»�O�½
� 20 nm, äNëêXL 2 ¤«.
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L 1 �Ì. H1 �n�äNëê

¬�~ê ��» ²�pÝ ¥%��» �C���» �C��²£

a/nm r/nm h/nm r′/nm r′′/nm s/nm

350 109 249 0 109 0

350 109 249 0 95 14

350 109 249 0 84 25

350 109 249 0 74 35

L 2 ÉÌ. H1 �n�äNëê

a. ¬�~ê ��» ²�pÝ ¥%��» �C���» �C��²£

a/nm r/nm h/nm r′/nm r′′/nm s/nm

. 410 123 308 185 123 0

. 410 144 308 185 144 0

/ 390 94 281 114 114 0

/ 390 105 281 125 125 0

/ 390 117 281 137 137 0

/ 390 129 281 149 149 0

3 (J�?Ø

�
µ d | ^ ? � � k � ò �ÇO � �
n � ªÇ° Ý, ò n � ªÇØ � ½ Â � δωi =
(ωEIP

i − ω′)/ω′, (i = d, mid Ú a, ©O�L0�
�>!¥m� �Ú�í�>), ùp ωEIP

i �L|
^?��k�ò�ÇO����n�ªÇ, ω′ �L
©z¥A^ 3D FDTD �[���n�ªÇ. ã 2

w«
ÄuØÓk�ò�Ç��Ì"�.�n�
�YÚn�ªÇ�O�Ø�, ©O|^
IOk
�ò�Ç�{��k�ò�Ç, ±9©O��0�
�>!¥m�Ú�í�>?���k�ò�Ç. l
ã 2(a) �±wÑ, ��C���»� ��, �k
��n�Ñy, =ó4�. éuIOk�ò�Ç{
���Ä�k�ò�Ç (n0

eff = 2.944), ó4��O
�Ø�� −2.5%. ��0��>!¥m�Ú�í�
>?���k�ò�Ç©O´ 2.829, 2.797, 2.772,

�A�ó4��O�Ø�©O� 1.1%, 2.1%, 2.9%.

�±wÑ, |^0��>��IO?���k�ò
�ÇO��ó4��Ø���. ��C���» 
�� 74 nm �, ko��ªÑy, ©O´ó4�!
84�!o4�Úü4�, Xã 2(b) ¤«. lã¥
�±wÑ, o«�ªÑ´3|^0��>��k�
ò�Ç�?�IO�O��Ø���, �ã 2(a) �
(J��. ã 3 ´�Ì"�.�n����ª�O
�Ø�Ú�C���»º��'X. z��ªÑ©
OA^
5uIOk�ò�Ç{�k�ò�Ç,

±9��0��>!¥m�Ú�í�>?��k
�ò�Ç. lã¥�±wÑ, Ø
84�	, ¦+�
C���»3Cz, Ù¦�ªÑ÷v±0��>�
�k�ò�Ç�?�IO�O��Ø���, ù:
é¢SA^´é��, k|uA^�Ó���I
O¢yé H1 �n�«n��O�. o�, éu�
Ì"�. H1 �n, 0��>��k�ò�Ç�?
�IO�O��n�ªÇØ���, �©z [24] (
J��.

ã 4 ¤«�ÄuØÓk�ò�Ç�ÉÌ"�
.�n��YÚn�ªÇ�O�Ø�. lã 4(a)

�±wÑ, éu1�«ÉÌ.�n, �±����
» r = 123 nm �, éuIOk�ò�Ç{O��
Ä�k�ò�Ç (n0

eff = 2.967), n�ªÇ�O�Ø
�� −3.2%. ��0��>!¥m�Ú�í�>?
���k�ò�Ç©O´ 2.885, 2.853, 2.825, �A
�n�ªÇ�O�Ø�©O� −0.6%, 0.5%, 1.4%.

�±wÑ, |^¥m���IO?���k�ò�
ÇO��n�ªÇ�Ø���. ã 4(b) ¤«�1�
«ÉÌ.�n�n�ªÇ�O�Ø��k�ò�
Ç�'X. �±wÑ, �±����» r = 94 nm,

C���» r′′ = 114 nm �, |^5uIOk�
ò�Ç{�Ä�k�ò�Ç, ±9��0��>!
¥m�Ú�í�>?���k�ò�ÇO���
ªØ�©O´ −3.4%, −1.1%, −0.07%, 1.0%. �±
wÑ, |^¥m���k�ò�Ç�?�IO�O
��n�ªÇØ�E,´��, �ã 4(a) �(J�
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�. ã 5 ´ü«a.�ÉÌ.�n�n�ªÇO�
Ø�Ú�»º��'X. z�a.Ñ©OA^
Ä
��k�ò�Ç, ±9��0��>!¥m�Ú�
í�>?��k�ò�Ç. lã¥�±wÑ, ü«
ÉÌ.�n�n�ªÇÑ÷v±¥m���k�
ò�Ç�?�IO�O��Ø���, �±�ÚC
��»º����'XØ�. o�, éuÉÌ"�
. H1 �n, ¥m���k�ò�Ç�?�IO�
O��n�ªÇØ���, ��Ì"�.÷v��
�IOØ�Ó.

ã 2 �Ì"�.�n��YÚn�ªÇ�O�Ø� ©O
A^
5uIOk�ò�Ç{, ±9��0��>!¥m
�Ú�í�>���k�ò�Ç, ç�J�¤«��A�¹
�k�ò�Ç�; (a) �C���» r′′ = 109 nm; (b) �C�
��» r′′ = 74 nm

l±þ�©Û�±wÑ, �æ^Ü·���I
Oék�ò�Ç?1?��, A^��O��{�
�±�O(/���ÌÚÉÌ"�. H1 �n�
n�ªÇ; éu�<>Mó, O�¤I�m��

�A���, ¤IS�Ø� 1 Gb. n�O��{
¤IS���3 10 Gb ±þ, ¤IO��m���
þz��, ���<>MÃ{�?. ¤±, ù«�
{·^u3O�]k���¹eé1f¬N?
1�[.

�â>^|C©nØ [26,27], ���ª��u
ò>|rÝ�UþÌ�8¥upò�Ç«�, l
ü$ÙUþ, Ó��±����ª���'X.

éuþ!0�²�Å�, 3Ù¥�±DÂ���
����ê´ék��, §�±/¤�@Ä¥¦
) Maxwell �§, l��1f¬N9Ù�n�5
�. �����±3Å�¥?1DÂ, vkUþ�
�p=£. ��í��Ú\�²�Å��, ��u
�«�6, ù¬��Å����ª��p�^, �
)#��ª. éuIOk�ò�Ç{, �´A^

þ!0�²�Å�Ä��k�ò�Ç��O��
1f¬N�0�ò�Ç. �A^ØÓ��IOék
�ò�Ç?1?��, p�������^���
¹�
O�L§¥, ¤±k�UJpn�ªÇ�O
�°Ý.

131f¬N¥�DÂ5�´d Maxwell �
§û½�. ò�Ç��m±Ï5Cz�)
1fB
�, ò�Ç�Cz�±K�1f�Y� �Ú°Ý
�. 3��1f¬N¥Ú\"�, Ò¬Úåò�Ç
�Cz, ��uéò�Ç��«�6. �â>^|
C©nØ [27], du0>~ê��6 ∆ε(r) Úå
�ªÇ�Cz ∆ω �±L«�

∆ω = −ω

2

∫
d3r∆ε(r)|E(r)|2∫
d3rε(r)|E(r)|2

+ O(∆ε2), (1)

Ù¥, ω Ú E(r) ´�Ú\�6�0>~ê� ε �
�ªÇÚ>|rÝ, O(∆ε2) �p��, ���¹Ñ
�±�Ñ. �±wÑ, (1) ª�©f�NÈ©�k3
��6«�âk�z. Ï�ò�ÇÚ0>~ê�'
X� n =

√
ε, ¤± ∆ε ≈ ε · 2∆n/n, 3ùp·�@

�3���6«�S ∆n/n ��ØC, ¤±�±ò
§JÑ�È©Ò	, (1) ª�±C/�

∆ω = − ω · ∆n

n

×

(∫
d3r′ε(r′)|E(r′)|2∫
d3rε(r)|E(r)|2

+ O(∆ε2)

)
, (2)

Ù¥, �)ÒS©f�L3�6«�S�È©, ©
1K�L3�«�S�È©. l (2) ª�±wÑ, ò
�Ç�O\¬¦�ªªÇeü, �Ò´`, éÓ�
«(�ëê, ò�Ç��, O���ªªÇ��.
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ã 3 �Ì"�.�n����ª�O�Ø�Ú�C���»º��'X z��ªÑ©OA^
5uIOk�ò�Ç{,
±9��0��>!¥m�Ú�í�>���k�ò�Ç; (a) ó4�; (b)84�; (c) o4�; (d) ü4�

ã 4 ÉÌ"�.�n��YÚn�ªÇ�O�Ø� ©OA^
5uIOk�ò�Ç�{, ±9��0��>!¥m�
Ú�í�>���k�ò�Ç, ç�J�¤«��A�¹�k�ò�Ç�; (a) ã 1(b) ¤«(�, ±���» r = 123 nm; (b)
ã 1(c) ¤«(�, ±���» r = 94 nm, �C���» r′′ = 114 nm

·�ïÄ
n«(�ëê� H1 �n, é§
��k�ò�Ç�?�Ñ´3��1f¬N¥
?1�. éuz�«(�ëê, IOk�ò�Ç
{ � Ä � k � ò �Ç, ± 9 | ^ 0 � � > ! ¥

m�Ú�í�>?���k�ò�Ç���Ñ
÷v n0

eff > (neff)d > (neff)mid > (neff)a. ±n
�²¡Å{O����1f¬NB� ��ë
� (ã 6(a)), |^IOk�ò�Ç{�Ä�k�
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ò�Ç9ØÓ��IO?���k�ò�Ç±
��²¡Å{O����1f¬NB� �X
ã 6(b)—(e) ¤«. �ã 6(a) �', |^Ä��k�
ò�ÇO��B� � (ã 6(b)) 'Ù$éõ, ù
Ò`²
|^Ä��k�ò�ÇO���nn�
ªÇØ�����Ï. ?�k�ò�Ç�, ±0�
�>�IO?��k�ò�ÇO��0��>�
ã 6(a) ¤«�0��>����, � uÙe�,

±¥m�Ú�í��IO?��k�ò�ÇO�
�0��>�ã 6(a) ¤«�0��>����, �
 uÙþ�. éu H1 .�n, ·�é¥%�9Ù
±��»?1
N�, Ú\
ò�Ç�Cz, ¤±
7,¬��B�ªÇ�Cz. éu�Ì. H1 �n,

�Ø
¥%���, 0��O
d�, Úå
ò�
Ç�O\, �éu���1f¬N�U�5`, §
�B�ªÇ¬�Ìeü, Xã 6(f) ¤«. lã¥�
±wÑ, §��U�±0��>�IO?��k�
ò�ÇO��B�ªÇ�Î, ¤±éu�Ì. H1

�n, ±0��>���IO�O���nn�ª
ÇØ���. éu¥%�í�'±����ÉÌ
. H1 �n, �éuÃ"��1f¬N, Úå
ò�
Ç�~�, ù�Ò��
B� ���Ìþ,, X
ã 6(g) ¤«. lã¥�±wÑ, §k�U�¥m�
Ú�í��IO?��k�ò�ÇO��B� 
��Î. é'ã 6(d) Ú (e) �±wÑ, ±�í�>�
IO?��k�ò�ÇO��B� �²wpu
±¥m��IO?��k�ò�ÇO��B� 
�. 3ÉÌ. H1 �n¥, "�Úå�ò�Ç�UC
é�, =�U��B� ���Ìþ,. ¤±, ±¥

m����IO�O��ÉÌ.�n�n�ªÇ
Ø���.

ã 5 ÉÌ"�.�n�ªªÇ�O�Ø�Ú�C���»
º��'X z��ªÑ©OA^
5uIOk�ò�Ç
{, ±9��0��>!¥m�Ú�í�>���k�ò�
Ç; (a) ã 1(b) ¤«(�; (b) ã 1(c) ¤«(�

ã 6 Ó�«(�ëê�1f¬NØÓ�¹e�B� �'X (a) n�²¡Å{O����1f¬NB�; (b) |^Ä��k
�ò�Ç±��²¡Å{O����1f¬NB�; (c) ±0��>���IO?�k�ò�Ç�, ��²¡Å{O����1
f¬NB�; (d) ±¥m����IO?�k�ò�Ç�, ��²¡Å{O����1f¬NB�; (e) ±�í�>���IO?
�k�ò�Ç�, ��²¡Å{O����1f¬NB�; (f) Ú\�Ì. H1 �n�, n�²¡Å{O��1f¬NB�; (g) Ú
\ÉÌ. H1 �n�, n�²¡Å{O��1f¬NB�
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4 ( Ø

�©A^k�ò�Ç�6{(Ü��/n�²
¡Å�{ïÄ
�ÌÚÉÌ"�. H1 �n�5
�, ¦^?���k�ò�Ç�±O(/O��n
�n�ªÇ. äNó, éu�Ì. H1 �n, ±0
��>���IO�?��k�ò�ÇO���
nn�ªÇØ���, éuÉÌ. H1 �n, ��

IOKAT���¥m�. ��ÀJÜ·���I
Oék�ò�Ç?1?�, |^ÙO���nn�
ªÇ�n��¥þ��k��©{�O�(Jé
�C. A^k�ò�Ç�6{Q�±òO���Ý
ln�ü���, ��~�O��¤I�S�Ú�
m, q�±�±O�(J�O(5, ùéu1f¬
N�n�2�A^´�~��.
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Abstract

In this paper the effective index perturbation technique in combination with two-dimensional (2D)/three-dimensional (3D) plane

wave expansion methods is used to predict resonant mode frequencies of donor-like and acceptor-like H1 photonic crystal slab cavity,

and their results are very close to the ones obtained by three-dimensional finite difference time domain method. For donor-like H1

photonic cavity, when the perturbed effective index by matching dielectric band edge is used, there is a relatively small frequency

difference; however, for acceptor-like H1 photonic cavity, the matching criterion should be set at middle band position. The effective

index perturbation method can not only save computation time and computer memory with reducing dimensionality (from 3D to 2D),

but also ensure the accuracy of the simulation results, which is substantially important for the extensive application of photonic crystal

slab cavity.
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