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|^L¡�lfN���AnØ97á - 0�EÜ��AÏB�1Æ�Aé²¡õ���©E1�Eâ?1

ïÄ. 3Í11
� 365 nm ��¹e, ¢y±Ï 230 nm, �° 100 nm ��©E1�¤�. ?Ø
þ!7á - 0�
õ���(�ëêÀJ, ¿ÏLê��ý��k��1rÝÚé'Ý, ,�^�lfNB�1�?1Á��y, Ï
L�`zÀJ, �ª��
æÅ�(�õ����«����©E¤�.
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1 Ú ó

û�4���3´y�1Æ¤�Eâ�Ì�
æN, DÚ1Æ¤�XÚU©E�ü:m�ålo
´�u\�Å����. ù´Ï�§�UDÑ$ª
�DÂÅ, 
��ÔN°[(�&E�pªÎ²Å
Ü©ØUk�DÑ, �ÒØUë�¤�. �
¢y
�Å�±e�1Æ�©E¤�, <���3Ø�ã
å. Cc5¯�uÐ��ßºEâ���«�»û
�4��#�{É�ïÄ<
�ÊH'5. §´
�â Pendry[1] JÑ�Kò�Ç�{ßºnØ: 3O
·>^�e, �7á�þÝé��, ÔNuÑ�D
ÂÅÜ©ÚÎ²ÅÜ©Ñ�±3Kò�Ç0�¥
DÑ��¡, lnØþ�±¢y�{¤�. \²�
Æ Berkeley ©��ïÄ�|l¢�þ�y
7á
²�éuß�Î²Å���y� [2,3]. Ïd, ù«
Kò�Ç5��á��±^u�©E¤�. du<
ó��ù«AÏá�éó²^��¦�~��, 8
c<��,®²�±��3�ÅªãäkK0>
~êÚK^�Ç�á� [4], �31ªã�Kò�Ç
á����¡�é��(J. �5 Pendry �JÑæ
^OÃ0�½ö7á - �íþ!©��7á²�(

�Jp�ßº�©EÇ [5,6]. ù«�{�éü�7
áØ=O\
Ô��m�ål, �~�
Å37á
¥���, �duü�7á�¦é�, ¢�¥J±
��, 
V\7áù�1»�±¦ TM 4zÅÏL
¿YÖ�DÑÅ, ¿­y½��Î²Å [7], ¦�ß
º©EÇ��é�Jp. Berkeley ©��ïÄ�|
^ü� Ag �ßº¢y
3\�1Å�� 365 nm
�©E 60 nm �°ã/ [8], 
úô�Æ�ïÄ<

^Cq(���
±Ï 500 nm, �° 100 nm ã/
��©E¤� [9]. ÏLUCõ��(�Ú\�Å
� Belov Ú Hao[10] 3nØþ��
3 600 nm Å�
e�©E 30 nm �°ã/, Yang � [11] �ê�O�
(J�´��
3 193 nm Å�e� 21.5 nm �©
EÇ. 8c, �ßº¤�©EÇnØþ®²�±�
� 20 nm, $��$, �A�ÑÛ�unØO��
�[, "�¢S¢�(J|±. �©òé²¡õ
��ßº?1nØ©ÛÚ�ýO�, ��Ünë
ê, ¿|^�lfNB�1�Eâ [12] é Ag-SiO2

EÜ(�?1¢��y, �ª��
ÔNâ»û
�4���©E¤�. ù«nØ(Ü¢��g´
k|u�YmÐ1Æßº9�p©EÇ¤��
ïÄ.
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2 �©E(��.

7á²�ßºU
¢y�©E��Ï3u	
\�>^Å3R�u7áL¡üý�>|©þu
)âC, -u7áL¡gd>f$Ä/¤aA>Ö,
XJ§�É�²1u©.¡�>|�^Ò¬37
áL¡��l
�)L¡�lfN. XJ7á²�
'��, 7á²�üý�L¡�lfNÅu)ÍÜ,
3.¡NC, L¡�lfNÅ�|rér, U
�
ÖlÔNuÑ�Î²Å3gd�m¥�P~.

éu-u>^Å�ÀJ·��Xe?Ø: b
½ z = 0 ´7á�0��©.¡, z < 0 Ü©�7
á, z > 0 Ü©�0�, εm Ú εd ©O�7áÚ0�
�0>~ê (ã 1).

ã 1 7á - 0�©.¡�)�lfN

éuî^Å (transverse magnetic wave, TM), Ù
^|©þR�u\�¡, >|©þ²1u\�¡,
�L«�

z > 0Ü©

 H1 = (0,Hy1, 0)ei(kxx+kz1z−ωt),

E1 = (Ex1, 0, Ez1)ei(kxx+kz1z−ωt);
(1)

z < 0Ü©

 H2 = (0,Hy2, 0)ei(kxx−kz2z−ωt),

E2 = (Ex2, 0, Ez2)ei(kxx−kz2z−ωt);
(2)

Ù¥Å¥ kx, kz1, kz2 ÷v±e'X:

k2
x + k2

z1 = k2
1 = εd

(ω

c

)2

,

k2
x + k2

z2 = k2
2 = εm

(ω

c

)2

.

(3)

|^ Maxwell �§¥�^|^Ý'Xª¿(
Ü>^|>.^�, �±��:

kz1

kz2
= − εd

εm
, (4)


 kz1 Ú kz2 Ñ ´ � �, ¤ ± εd Ú εm A T �
K��.

éuî>Å (transverse electric wave, TE), Ù^
|©þ²1u\�¡, >|©þR�u\�¡, �
L«�

z > 0Ü©

 H1 = (Hx1, 0,Hz1)ei(kxx+kz1z−ωt),

E1 = (0, Ey1, 0)ei(kxx+kz1z−ωt);
(5)

z < 0Ü©

 H2 = (Hx2, 0,Hz2)ei(kxx−kz2z−ωt),

E2 = (0, Ey2, 0)ei(kxx−kz2z−ωt);
(6)

Ù¥Å¥ kx, kz1, kz2 � (3) ª¥�'X��, |
^ Maxwell �§¥�>|^Ý'Xª¿(Ü>^
|>.^� (3d·�b�¤k�á�Ñ´�^5
�, Ïd�±�^�Ç µ = 1), �±��:

Ey1(kz1 + kz2) = 0, (7)

du kz1 Ú kz2 Ñ´��, K Ey1 = 0, ù� z > 0
Ü©Ø¬�3�k^|�>^Å, z < 0 Ü©�Ø
¬�3>^Å, Ïd TE ÅØU-uL¡�lfN
Å.

¤±, �k TM ÅU-uL¡�lfN, k'
õ�7á0��ßº�O��¢���U^ TM
Å. 3b	1Åã, B7á�0>~êäkK�¢
êÜ©, 
0� SiO2 á�äk��0>~ê, �

�Ð���, ·��7áÜ©ÀJ Ag. lþ¡O�
`² Ag-SiO2 õ��(�U�-uÑL¡�lf
N, �Ò´`�±���E�ßº�á�. ·�À
^þ!þÝ�õ��, �¦z�þÝþ�u>^Å
37á¥�Bß�Ý, ¿^ Cr 7á���1»ù
�5-u�lfN.

U ì Drude � . n Ø, · � � ± ^ ε(ω) =
ε0 − ω2

p/[ω(ω + iVc)] 5O� Cr Ú Ag �0>~
ê [13]. éu Cr, � ε0 = 3.2, ωp = 2.2 × 1016 rad/s,
Vc = 3.8×1015 rad/s, Kk εCr = −8.5734+8.6632∗
i. éu Ag, � ε0 = 4.2, ωp = 1.3 × 1016 rad/s,
Vc = 9.1×1013 rad/s, k εAg = −2.4012+0.2488∗ i.

õ�7á0�(��±^��0�nØ��
{5©ÛÙ>^A5 [14,15]. ù�õ�����0
>~ê�L«�

ε = ε0


εx 0 0

0 εy 0

0 0 εz

 , (8)
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Ù¥

εx = εy = (hmεm + hdεd)/(hm + hd),

εz = (hm + hd)εmεd/(hdεm + hmεd),
(9)

εm Ú εd ©O´7á0��0>~ê, 3d=
´ εm = εAg, εd = εSiO2 = 2.13, hm Ú hd ©O´
ü�7áÚ0��þÝ. �
¦þ~�DÑ��
Ú�B��\ó, 3d·��ü�þÝÑ´ 10 nm,
òêâ�\ (9) ª�� εx < 0, εz > 0. ù´�«
ék¿Â��¹, �â��É50�¥�ÚÑ'
X k2

x/εz + k2
z/εx = (ω/c)2 = k2

0 , d�õ���|
±Å¥þ kx �pª©þDÂ, ù�pª�Î²Å
©þÒ�±3Ù¥DÂ, ¿�ØÉ$ª©þ�Z
6 [16], ù�~k|u?1p©EÇ¤�.

,	éu Cr ù�, ·�|^1»�û��A,
\�1²L1»�î�Å¥� Cr ù�±ÏkXe
'X:

kx = k0 sin θ ± 2πn/l, (10)

Ù¥ k0 ´gd�mÅ¥, θ ´\��, n ´û�?
g, l ´ù�±Ï. ·��\�1� 365 nm � TM
ÅR�\�, ±9¿° 100 nm, ±Ï 230 nm � Cr
7áù�, éu1�?û�, O���:

kx = ±2πn/l ≈ 1.6k0, (11)

?g�pÅ¥��. Å�3 365 nm NC�, pªÚ
$ª�ÚÑ­�ªu­Ü (ã 2), �lfN�3�
°�Å¥ª��� [17], ·�|^ù�Å�U3�
°�ª�S-uL¡Å¦pªÅ¥©þÑDÑ�
�¡ë�¤�, k|u¢y�©E¤�.

ã 2 �ßº¥^|©þ�ÚÑ©Ù [17]

3 ê�O�

ÏLþ¡�©Û·�o(�.(� (ã 3): \

�1À 365 nm �b	1, ��ßº(��)8�
þ!þÝ� Ag-SiO2 EÜ(� (� 60 nm), ó²þ
I�W²ù�, ·�\�� 10 nm þ�� Ag �
0>~ê¢Ü����à`ÄZL�`| (poly-
methylmethacrylate, {¡ PMMA) á�. �
�Ð/
¤�·�^þ 60 nm ��=Ä., 40 nm þ� Cr 7
áù�, 50 nm þ�1��, Y ��þ¤k©þÑ
w��Ã¡�. Ï�b�¤k�á�Ñ´�^5�,
¤±ùp�I'5 ε. PMMA, 1���0>~ê©
O´ εPMMA = 2.4, εpr = 2.56. ù«(�e, �,>
^Å37ápDÑk��, �3z�©.¡?0>
~êUCÎÒ, ¦�L¡�lfNÅØä-u, z
���ÍÜ-uÑ3�½§Ýþ��
Î²Å©
þ, ¤±ù«(��ßº�±¦ÔNuÑ��k°
[&E�Î²ÅéÐ/DÑ��¡, ?
���©
E�8�.

ã 3 õ��ßº(�ã

ã 4 n«ØÓ�¹e� OTF ­�

1 Æ D 4 ¼ ê (optical transfer function, {
¡ OTF) ´3�½î�Å¥ kx �, ��^|rÝ�
ÔN^|rÝ�'�. ã 4 ´ OTF �î�Åê�¼
ê'X, J�´^ TE Å\�, ¢�^ TM Å\�,
:�´ò Ag �¤ PMMA ¿^ TM Å\�. �±
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wÑn«�¹e$ªÅDÑ�åØ�, J�Ú¢�
­Ü�Ñ$u:�´du7á�Ñ. 
pªÅ¢�
¤«DÑ�¹²wÐuÙ¦, cÙ3 1.5k0—3k0 «
�. ù`²ã 3 ¤«XÚ�(�±-uL¡Å, ?

DÑÎ²Å��¡ë�¤�.

·�^Äuk��{� COMSOL ^�5�
ý. ^ TM  �1R�\��Ä.þ, ¤�XÚS
Ü^ëY>.^�, ý¡^��>.^�, 1��
.¡^Ñ�>.^�. �ý�(JXã 5 Úã 6.

ã 5 ßº>|rÝ©Ùã

ã 6 1��S 30 nm ?�1r©Ùã

�±wÑ, �[(JÎÜýÏ�J. ·�^ü
�­�ëê1rÝ I Úé'Ý C 5`²(J, r
Ý I ´�²¡1�� 30 nm ?��¡¤�, 
é'
ÝL«�

C = (Imax − Imin)/(Imax + Imin)

= (E2
max − E2

min)/(E2
max + E2

min), (12)

� â � [ ( J ê â � � r Ý I ≈ 2.1×
105 m2· kg2/

(
s6 · A2

)
, é ' Ý C ≈ (2.1 − 0.2)/

(2.1 + 0.2) = 0.83. 
�ã/�?þ!, UéÐ
/�N�©E¤�A5, ·�@�d�Oëê�^
u¢����ßº.

4 ¢�L§9(J©Û

�âþ¡��Oëê·�5���ßº. �
é�ªI����8I, ·�é��Tßºì�
�½
±eó²6§, �N�8B�n�ó²�
ã: ù����!Ø%Ü©õ�����±9�©
E1�.

^-1Z�1�¡{U
��B/31��
þ��A�º� 100 nm, ±Ï 230 nm, �é'Ý�
Ð�ã/. �XÏL�Alfå (ion beam etching,
IBE) �¡òã/=£�e¡7á�þ, =���I
��B�º��ù� [18,19].

ù����.�, ^ PMMA W²ù��åÏ
l
¦ÙL¡��²�. �e5´õ�����,
¢�¤æ^^�í��{Û�, T¢�Ó�æ^Õ
qÚ��z7q. éÕ�æ^�6í�, é��z
7�æ^�ªí�. ¢�¥��y��Ñ�²¡õ
��÷vé�þ!��5!9þ!5�¤k�¦.

�¤
²¡õ���(��, B�±?1��
��©E1�
. ùpæ^�NªÍ1��ª. �

*	�1��\�¡é1r�aA, ÀJK51
��. �¢�¤¦^�Í11
´Å� 365 nm � I

�þ�1
.
²L�EõgÁ�ÚN�, `zÍ1ÚwK�

m!Jþ�ëê, �ª�¤�©E1�, ��¢�
(JXã 7.

ã 7 A�º�� 100 nm ��©E1�ã/ (�� 50k �)

l ¤ � ( J 5 w, � � 
 ' � � ß � �
° 100 nm, ±Ï 230 nm 1�ã/, 
��^þ
!ó�!é'Ý�Ð, ûÐ�¡.ÌÝ��f�þ
? (1—2 cm), ��¤õ/¢y
�é��û�©E
1�¤�. ¤±, �âc¡nØ©ÛÚê��[�
O�ëê
���²¡õ��ßº, 3¢�¥y²

§�±���Kò�Ç�<ó0�á�, ÙéÎ
²Å�DÑÚ���^�±¢y�©E1�. lp
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�Ç�ã/5w, ÙA�º�U
��î���y,
=¦l$�Ç�ã/5w, Ù3é�«���SE
U�±ûÐ�¡., ¤±T¢��YäkéÐ��
15ÚÜn5.

5 ( Ø

ÏLnØí�Ú�ý�O���1�¢�ë

ê, ,�?1î>�¢�ö�, ¢y
�kù�(
��õ� Ag-SiO2 ßº�©E¤�, ¿��
A�
º� 100 nm ��¡È1�ã/. ù�X�ïÄó
�´�Ñ�p©EÇã/�Ä:, nØ��¢��
Ä:q��
¢��|±. �&TïÄ¬éæÅ�
�©E¤�k­�K�, ¿é±���B1fì�
�Ok�½�/�¿Â.

[1] Pendry J B 2000 Phys. Rev. Lett. 85 3966
[2] Liu Z W, Fang N, Yen T J, Zhang X 2003 Appl. Phys. Lett. 83

5184
[3] Fang N, Liu Z W, Yen T J, Zhang X 2003 Opt. Express 11 682
[4] Shelby R A, Smith D R, Schultz S 2001 Science 292 77
[5] Ramakrishna S A, Pendry J B 2003 J. Modern Opt. 50 1419
[6] Pendry J B, Ramakrishna S A 2003 Physica B 338 329
[7] Bloemer J M, D’Aguanno G, Scalora M, Mattiucci N, de Ceglia D

2008 Opt. Express 16 19342
[8] Fang N, Lee H, Sun C, Zhang X 2005 Science 308 534
[9] Shen S 2006 Ph. D. Dissertation (Hangzhou: Zhejiang University)

(in Chinese) [�� 2006 Æ¬Æ Ø© (É²: úô�Æ)]
[10] Belov P A, Hao Y 2006 Phys. Rev. B 73 113110
[11] Yang X F, Zeng B B, Wang C T, Luo X G 2009 Opt. Express 17

21560

[12] Luo X G, Ishihara T 2004 Appl. Phys. Lett. 84 4780

[13] Johnson P B, Christy R W 1972 Phys. Rev. B 6 4370

[14] Tretyakov S 2000 Analytical Modeling in Applied Electromag-
netic (Norwood MA: Artech House) p12–36

[15] Liu B C, Yu L, Zhang K 2010 Chin. Phys. B 19 097303

[16] Wood B, Pendry J B, Tsai D P 2006 Phys. Rev. B 74 115116

[17] Xu T, Fang L, Ma J X, Zeng B B, Liu Y, Cui J, Wang C T, Feng
Q, Luo X G 2009 Appl. Phys. B 97 175

[18] Chen X, Zhao Q, Fang L, Wang C T, Luo X G 2011 High Power
Laser and Particle Beams 23 806 (in Chinese) [�!, ë�, ��,
��7, Ûkf 2011 r-1�lfå 23 806]

[19] Li H H, Chen J, Wang Q K 2010 Chin. Phys. B 19 114203

104203-5



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 10 (2012) 104203

Research of subwavelength grating based on
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Abstract

Based on the theory of suface plasmon resonance and the special nano-optical effect of metal-dielectric composite, we study

super-resolution photolithography using multilayer films. The main point is to use 365 nm exposal light to realize super-resolution

imaging by using a mask with a period of 230 nm and linewidth of 100 nm. We discuss the selection of the parameters multi-film with

equal thickness, and achieve a sufficient contrast and high intensity through numerical simulation, then verify the obtained results by the

plasmon nanolithography technique. Choosing the best scheme, we achieve large-area super-resolution images with the subwavelength

structure.

Keywords: suface plasmon, super-resolution imaging, nanolithography technique
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