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 <,,M q��2 H "2 <G� 1?�2 Q� Le2      2	H c2� 1�� �4 !��2 W3

22�#��22278� "222:<H� "2 9!�.22�  � .227��<7#� 1�/-��22�� � !322�

  ���? �! .,�D�5d�tt δ+      2$� "24 �2�? I�32R "4 2  �! �2/-T ���

 ���?t z34�� .�!3�

{
} {
} {
} )(,),(ˆ

),(ˆ),(ˆ),(ˆ)](ˆ[),(ˆ
),(ˆ),(ˆ),(ˆ)](ˆ[),(ˆ
),(ˆ),(ˆ),(ˆ)](ˆ[),(ˆ),(ˆ

91

122
131

3

311
121

2

233
111

11

tbrH

trHtarHtrHrtarH

trHtcrHtrHrtcrH

trHtbrHtrHrtrEttrE

rr

rrrrrrr

rrrrrrrr

rrrrrrr

−

+−−−+−

+−−−+−

+−−−+=+

−

−

−

ε

ε

εδ

×







−=+

2

0

0
11 Q

ct
trHttrH

δ
δ ),(ˆ),(ˆ rr

[ { }),(ˆ),(ˆ),(ˆ),(ˆ)](ˆ[ trEtcrEtrEtbrEr
rrrrrrr

2233
111 ++−−++ −µ

{ }),(ˆ),(ˆ),(ˆ),(ˆ)](ˆ[ trEtarEtrEtcrEr
rrsrrrr

3311
121 ++−−++ −µ

)�( ({ } ]),(ˆ),(ˆ),(ˆ),(ˆ)](ˆ[ trEtbrEtrEtarEr rrrrrrr
1122

131 ++−−++ −µ

 "aar �b
r

 � cr�/-��#� 1 782� 1����!�4 %/� �! W3D �  "2�#�� 

22�.�22��4. ��224 "22�#�� ��!�22$� S<��22M �22j- �! �2241�/-��22�� 1

,�D�5d���<g#�.4  " ��? I�3R]��[

)�((,( ) ( ) ( )∑ ++= rGk
r eGkhH

rrrrrrr .1
0

)�� (( ) 0=rE
r

�E�W��P����1?�� }3	4

)�& (,)(ˆ)(ˆ . rHeRrH rki rrrr rr

=+

)�� (,)()(ˆ . rEeRrE rki rrrr rr

=+

      #�3<� 1�/��M 1��4 �/-���� S�� .-��? W3Q6.    2� %H! "4 .T 2�� .

          �.,�D�5d� � .7��<7#� 1�/-���� �4 }3	4 1?�� P���� W��E� �4

          s32� ��!�24 � 1�32- "78� \��56k
r

     286�� q�� "24 �N  !��� 

.�   I�8H�Q� �! �T ���d6 �4 � !3�.�  s�32�� 1@�-� .l<,4 ��36

!3�- S��[6 �� s3� ��!�4 "4 .,�D�5d���<7#�.

  ��4 I�8H�Q� �M�1   �2/��M !��[6 1      ��2a 9?��2-� "24 .   _�
24 

) p�M ����
� (    !��[6 h~H � !!�M p�
-�1       �! U2V�� 9�M z�$- ?� 

 #�� W3	H   V�:6� I�3R "4 "�.   � �!3� \�+<-� . �4 ��36  ?� 9!�:<H�

�22286��3� Ie222� ���222� �U��222H "1222��[6�� .� 222��/-��1

D�5d���<g#��,.        2g6 �4 � !��T %H! "4 �� 2   ��24 I�82H�Q� ���1

!�$��2         ��32- ��<G�2H �s32� ��!�24 k	<+� �1  2	4 2  2- �32�31 �� 

[6��!3�- S.

 W��l<-� �!        Ii!�2[� ?� .-�2�? 1�2�M)n (  �)�( (  q�� �!

"86��Ν    .��[6�� 1���� S��[6 %V! �! 1��	= �$- A��E �! �

 �:��.��55=:

�v       p�2M �2� "24 z324�� .-�2�? "	2R�� )t∆:(   1i�24 �2;t∆

 222222286�� q�� .2222222���l�� z�222222� ?� �N .22222225[� �
1

2
3

2
0

2
2

2
0

2
1

2
0

−














++<∆

Q

c

Q

c

Q

c
t)(   � �; �   S���t∆   _�
24 �4   S��26

 .H��4 !�3� h-�=��
t

f
∆

=
1

max.� S��[6!3�.

&v       .-�2�? 1�2/��M !��[6 )tΝ :(        !�32� .-�2�? 1�2/��M !��2[6

 "86�� q�� �! "8H�Q�N   %2H� %2���� 
��2; b�Q# �! ?� 
�-  .

 �T W��    ���
�� �4 "=tΝ         "2��3� A��286 q�� �2�7:6 I��2V 

    .2� ���
2�� U��H �24��)        � �2�7:6 I��2V .l<,24tΝ   �2� 

%22H� .22]G .l<,224 ( �224 I�822H�Q� O22
; .22#�tΝ "22]4�� 

         !��Q� �� ��7:6 I��V S���4�54 � "<��! .]G��� .2� �25= . ?�

      ���
2�� �2l�! b�Q#tΝ          �! .2H��4 !�32� h-�2=�� AV��2; 

.� S��[6 �� 1�3- "78� O<,�H�5=)( min
t

f
Ν

∝
1.

       `3� �<����� �! JH�5<� S��[6 �4.�      .,2-�=�� 9�<,2M ��326

!3�- S��[6 �� �j- !�3� .6�8H�Q� %V! � .H��4 !�3� .

9 .�:� � 7�+'�)� %;�	;-� <
        ��<G�2H �! "�#�� W3	H �� �M� �2�       �2j- �! �25��3#T .2�3M

    y4�]� �!3� "<��MA7�) � (     %2H� 
��6 A4�V "�;�- "H :  �9�2:;

;�-��  ���G ��,=� .  �;�- � �  .	G�! ��,=�  . ��; 9�:;1    � �32� 

���!1 �K � ! J1   %2H� �� ���<g#� .   ��,2=� "2�;�-   ?� .2	G�!

        %2H� "<,2� ?�� ��!
- � 9�� A�7B6 p3�5��3#T Z#�G ��,=�

     !��; .<��+K 1���! �)(    1! J��K �4 �<�3-�-   %4�� ���<7#�

%H� .       1�/-3�-T .F#�G�- 1���! .���G ��,=� "�;�-−3
4PO�

−OH   � −2O   �3�H�
��-T ?� .��-         ���:,2� ��2H� P�2Q� �! 

      .� O�5��3#T .#�lm ���= �E�4 "= %H�!3� .      S2�� "24 "�36 �4

Archive of SID

www.SID.ir



 ������� 	
��
 �� �
�� ������ ���� � �����
 �������� �������� ���� !"7

 81
!.a)(- 9�:; 1�5��3#T �! O�5��3#� ��,=� k	<+� .;�3 ��!)b (3	��4 W�� "$]5���T k	<+� z�$- � .�3M �� "78� 1��4 S.

  "=−3
4PO   �<�= %,7� ���- 1���!       �2/-3�-T �2l�! "4 %8,- 1

.�            �32�-T \^2� �T �24 9�e2E � ���4−3
4PO      �24 ",2��$� �! 

−OH � −2O.22� I�322R .22���T "22422�;�- ���! �! �!�22�M�

   �3�-T �.���G−3
4PO     .� ��B- �� 1�<B�4 U�
6      S2�� � �2�!

 �= �E�4      .� "�;�- S�� �! %,7� ���- ��        "24 "2m �2� � !3�

  ��!
- "<,� ?�� .� �6        ���- "
�<- �! � 9�� �<�= �/-3�-T �O�3�

  .� ���
�� %,7��4�� .   �!3=3� PH36 ��<G�H S��N   .2��=�6 � t

 W�22H �!�n�o9�22� !�/5B22�� %22H�]�� ,��[ I�22��
� .22#� �

          �B2- "<G�5� A��= �3D "4 ?35� I����d6 S�� "4 z34��  %2H� 9 .

   1! J��K I����d6 A7�    9�2:; 1�5��3#T �! ���<7#�   �2$- ��!

�
,4�            �T S��[6 � !��! 1�3- �3	4 S�� 1��3- ��<G�H S��[6 �! .

.�     "<H! 1��3- ��<G�H I�8H�Q� �! �-�36     1�32- 1���3	4 ?� 1�

"4          9�2:; �!�2= �2� ?� "= !3� "<��M ��=       !�32� �24 �25��3#T 1�2�

1!6 �l�! 1
	� � ���<7#����4 9�� ��#3 .

9?��-�          1�<2H�� �! 1��32- L�2M 1�2/���MXΓ   W�� "2$]5�

S�3	��4)  A7�� (   �37H��7�� ?� 9!�:<H� �4uFTIR    "25��? S�� 

                � 1��32- ��<G�2H I�82H�Q� �24 ��3<4 "= %H� 9!��T O���� ��

         1! J��2K I��2��d6 A72� 1��3- L�M S��[6    �! �� �2��<7#�

  1�5��3#T9�:;  !�= S��[6 ��! .         x32:- W�� "���� �4 �� f�H� S�� �4

              � 1��32- ��<G�2H I�82H�Q� p�2
-� � .���G "�;�- �! �/-3�-T

            U2�?36 U4�6 S��[6 .� �! .4�
6 w��<- �4 I�8H�Q� w��<- ",��$�

____________________________________________
.� Fukuda

.& Takahashi

.� Fourier Transform Infra Red

22�;�- �! �22/-3�-T "225�/4�224 � .���22G ��,22=�  " �!��T %22H!

,� "�;�- S�� �! %,7� ���- I����d6 .l-3lmO�<.

             �2� "2<��M �j- �! I�3R S�� "4 %,7� ���- U�?36 W��

  ��3�! �]H "=�            ��2�- "2= %2H� "26����� 1�5��3#T A��� 9�:; 

    ��8��$6 �T %,7���/�.�  ���4]�)[      ��32�! y�E ���
�� �4 � �

    1�/-3�-T %j	� �9�:;−3
4PO       "
�<- �! � "<��� ���
�� 1x3:- 

    ���= %,7� ���-.��4�� .        .F2#�G�- �24 �25��3#T %,7� ���-

     ��!��2; I�:,� 1�/-3�)o/� .2� �2��4 .      U2�?36 1��24 S���4�254

  1�/-3�−3
4PO            ��2� "2<��M �2j- �! .2H��M U2�?36 U4�6 �� 

            �24 9�2:; �]H ?� %,7� ���- "= I�3R S��4a��/( = r  ?� 

  ���$���/�             AV��2; ���2$� "24 .2H��M %�[4�6 �� �4 )o/�  �! 

        %2�[4�6 S��� �4 h~H � "<��� ���= I�:,� 1�/-3� x3:- y�E

              �T "5�B2�4 ���2$� "4 .���G � .	G�! ��,=� "�;�- ?�� �6��/�

)ao/(= r ( ���
��.��4�� . .	G�! ��,=� "�;�- �! %,7� ���-

 �4��4 � %4����/�%H� 9�� "<��M �j- �!  .

       78� ?� "�#�� W3	H �� I�8H�Q� p�
-� 1��4   .2�3M �� "

     "<��M �j- �! �5��3#T.�   �T 
=�� �! 9�:; �� "= 1�3D "4 !3�

���4 .     "78� �� "�#�� W3	H S�� 1��4)(×)( � �� ���<G� 9�M 

    �! W3,=�� Ii!�[�&)((   "<,,M �T "]$-   �2� 1?�H .  ���2$�

                ?� �2� �2� �! "2<:M ��2� W�� f�H� �4 ���<7#� 1! J��K

   9�M z�$-     1�� 1��M PH3<� �4o((     "24 �T L��D� "]$-   %2H!

  "4 � ��T"4 I�8H�Q� W3D �! %4�� �3D   �2� "2<��M ��2= .  p�2M

�4 �4��4 .-��? W3Q6a/c (�/(  "2<��M �2j- �!    I�82H�Q� � �2�

  1��4�(&o × &)�   �� p�
-� .-��? p�M .      I��2V J2�6�6 S��24

����

����	 ��
��   

����� ��
��

ab
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  81
#.        �! �5��3#T 1�3- �3	4 1@�-� L�M ���d6 ��!3�-    1�<H�� XΓ

)(a�� 1��4 TE )b ( �� 1��4.TM

          2]$- �! S�24 h-�2=�� Le<G� �� � ��7:6�      k2�D �! .#�32<� 

 �4��4 "��3�cπ&a/ω(((���/(.� ���4.

 1�<22H�� �! �225��3#T 1�322- �322	4 1��322- L�22MΓΧ 1��224 

9�:;    1�/E�[� �4 1��a��/(   �6 ao/(       �2� �! 1��24 TE   � TM

 ��!�M "8H�Q� .      9!�! �24 y8]5� "8H�Q� !�3� z�$-    .24�
6 1�2�

 �� \�+<-�]�)[ .       x3:- y�E \�+<-� �4 I�8H�Q� S��a&)/(   �26 

a�&/(      �� �! �� 1��4 TE   � TM    �2� p�2
-�  .     �! "2-3�- 1��24

A7�) &(a  � )&(b9!�! 4 .4�
6 1�� 24 .6�8H�Q� w��<- 9���� " "

 x3:- y�E �4 9��T %H!a&n/( �  a�/(  1���2� 1��4 J�6�6 "4 

TE � TM%H� 9�� 9!�! ��B-  .

              w��2<- L��2Q-� I�2[4�� >32�
� "25�/4 U2�?36 S��[6 1��4

  81
$.           x3:- y�E "4 %8,- .6�8H�Q� � .4�
6 w��<- ���[� L��Q-� 

 I�:,� 1�/-3�)(a�� �!  TE )b ( �! ��TM)    J,2; �24 x3:- y�E

	R���9�:; S�4 %H� 9�� S��[6 ��.(

        1��4 .4�+<-� 1��x3:- y�E p��6 1��4 .4�
6 w��<- � .6�8H�Q�

 �22� �! �22�TE � TM ��3225E "224 �T �^22� � �22�!�M "822H�Q� 

      �! J�6�6 "4 ���[� L��Q-�A7�) �(a   � )�(b      9�2� 9!�! ��B2- 

%H� .   9���B� "7-�5m.� ��[� L��Q-� !3��� �! �� 1��4 �TE

  �TM  ��28��$6 ��<�� x3:- y�E ���d6 "4 %8,-    ��B2- �� .-�,27� 

.���! .             �2� 1��24 �<����2� S2�� ���2$� "m �MTM    !��2; �(

     �� ?� �<�= �R�!TE        w��<- �</4 y��36 9�5�! ��B- S�� � %H�

       1��24 �T ���2$� .#� �%H� �� S�� �! .4�
6 w��<- �4 I�8H�Q�

 1����TE �  TM"4   x32:- y2�E �! J�6�6 a&n/( �  a�/(  "24 

 !3G ���$� S��<�=.��H� .
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 ������� 	
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 �� �
�� ������ ���� � �����
 �������� �������� ���� !";

  81
7.      �� �! 1��3- ��<G�H TE        I�:,2� 1�2/-3� .H��M U�?36 �4 

)(a      9�2:; >�[� �! a��/() b (    9�2:; >�[2� �!a&n/()c (  >�[2� �!

 9�:;ao/( .

 �36 �42  <- "4 "2 R�; w��2       �24 �.2H��4 S2�� ?� A     S<��2M �2j- �! 

 "5�/4 ���$� �4 �4��4 x3:- y�E a&n/( �  a�/(<G�H �2- ��2 1��3

-2        �2� �! �2� 1��4 1�3TE   � TM         �24 1�32- 1�2��3	4 1��24 

[�2 :; 1�/E�2  9�a��/(  �a&n/(   � ao/(  ��!�M "8H�Q�  . w��2<-

  81
:.       �� �! 1��3- ��<G�H TM  -3� .H��M U�?36 �4   I�:,2� 1�/

)(a      9�2:; >�[� �! a��/() b (    9�2:; >�[2� �!a&n/()c (  >�[2� �!

 9�:;ao/(.

� 1���� 1��4 I�8H�Q� S�TE �  TM   �! J2�6�6 "24 	72� 1�/

)o (  �)) (  9��!.� !32� .             >�[2� ���
2�� �24 �2� �! �2� 1��24

9�:;      ��!�2$� p��6 1�?� "4 .��[6�� �� �! "	R�� ���k 2��  ���


.�     �� �! Le<G� S�� "= �4��TE ��l�B2m  %2H� �6 .���  S�25
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 .� 9��!     �2� 1��24 "= !3�TM 24    ��!�2$� p�2�6 1�?� "r  L�2M �

A��= 1��3-)Full band gap (.�- 9��! �2� 1��4 .#� �!3�TE

 >�[22� �!ao/( h-�22=�� ?� �22���4 A22��= 1��322- L�22M �22� 

 cπ&a/ωo��/( �6 cπ&a/ωo��/(.� 9���B� !!�M.

= .:��4>?���
      9!�! 9���� "4 1�3- 1��3- ��<G�H I�8H�Q�   .��� .4�
6 1��

   [#�]� � .H��4 1��4�        1�2��3	4 �! �2/7��<7#� 1! ��<G�H y�V! 

    O���� �� 1�3-.�!��T .   2
-� I�82H�Q�2  �2� p�     ?� 9!�:<2H� �24 9

 86�� q���N   ��B- .� 4 %V! �4 q�� S�� "= ��!2 S��[6 �! i�

"8# - 1��2         �3	4 %,7� ���- J�=�6 �! �m3= I����d6 "4 ����3

 ��= 1�3-2�e   f�,; .�          I�82H�Q� AV��2; �24 S���4�254 � ���4

      <G�H y�V! S��[6 �! .43G ���,4 ��362    1�3- 1���3	4 1��3- ��

!��! 1�[4 �!.

�@$��

1. E Yablonovitch, J. Opt. Soc. Am. B 10 (1993) 283.
2. J B Pendry, J. Phys.: Cond. Mat. 8 (1996) 1085.
3. R D Meada, A Devenyi, J D Joannopoulos, O L 

Alerhand, D A Smith and K Kash, Appl. Phys. 75
(1994) 4753.

4. E Yablonovitch, Phys. Rev. Lett. 58 (1987) 2059.
5. U Gruning, V Lehrnann, S Ohow and K Busch, Appl. 

Phys. Lett. 68 (1996) 747.
6. S Noda et. al., Science, 289 ( 2000) 604.
7. L Prodan et al., Nanotechnology 15 (2004) 639.
8. F G Santamaria, H T Miyazaki, A Urquía, M Ibisate, 

M Bel-. monte, N Shinya, F Mesequer, C Lopez,
Adv. Mater. 14 (1990) 1144.

9. Z Zhang and S Satpathy, Phys. Rev. Lett. 65 (1990)
2650.

10. J B Pendry, Mod. Optics 41 (1994) 209. 
11. J Choi, Y Luo, R B Wehrspohn, R Hillebrand, J 

Schilling, U Gosele, J. Appl. Phys ., 94 (2003) 4757.
12. A J Ward, J B Pendry, Mod. Optics. 43 (1996) 773.
13. C T Chan, Q L Yu, K M HO, Phys. Rev., B 51 (1995)

16635.
14. J Choi, J Schiling, K Nielsch, R Hillebrand, M 

Reiche, R B Wehrspohn, U Gosele, Mat. Res. Soc. 
Symp. Proc. 722 (2002).

15. O Jessensky, F Muller, U Gosele, Appl. Phys., 72
(1998) 1173.

16. Y Fukuda, Nippon Kagaku Kaishi, 1868 (1974).
17. H Takahashi and M Nagayama, Nippon Kagaku 

Kaishi, 453 (1974).

Archive of SID

www.SID.ir


