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�!�©E¤�±99ÏOrZ�1�Jø
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1 Ú ó

du7á¥L¡�lfN-� (SPPs) �-u
�^, 1Å37á/0�.¡�DÑL§¬�)�

ÛÉ�1Æy�, X�û�4�DÑ!C|O
r�, Úå
<�é SPPs y�9ÙA^�2�ï
Ä [1−4]. Õ��éuÙ¦7áäk���1DÑ
�Ñ, ¿3��1ÅãLyÑKò�Çá� [5] �
�
A5, ¤�<�ïÄ�©E¤� [5−7] �~^
á�. AO´Cc5, <�qÿÐ
ÄuÕ� SPPs
�A�A^, JÑ
�^u�¡È!$¤�\óB
�±Ï5(��Ãù� SPPs Z�1�Eâ [8−13]

Ú1Æ�©E¤�Eâ [14−22]. 3ù
A^Eâ
¥, 7áÕ�åX�'���^, Ù¤LyÑ5
�1ÆA5�\�1Å�!Õ�þÝÚ±�0�
�¸���', K�A^�J. 8c�,®k©z
éÕ���©E¤�Ú SPPs Z�1�?1
nØ
ïÄ [8−13], ��Ñæ^¥þê�O��{, Ø|u
éÔn5Æ�&ÄÚrº, ÿ�/¤�½�nØN
X. Ïd, éÕ�� SPPs ��Ú�©E¤���X
Ú�\�nØïÄ�~k7�. �©òlDÚ�1

Æ¤�nØÚVgÑu, ÏLïáÕ��ßº�1
ÆD4¼ê (OTF, P� FOT)[18,19,22] ïÄ SPPs �
�9Ùé�©E¤��J�K�, &?Õ��ß
º OTF �A:, ¿JÑéÕ��ßºC|¤��þ
�µd�{.

2 Õ��ßºC| OTF �ïá

�âFp�1Æ�n, �±rÔNË�Ñ5�
1Å (Ô1Å) ^>|��Å¥Fp�©þ�È©
5L« (duî>Åé SPPs �-uvk�z, �©
¤?Ø�¯KÑ´�éî^Åó):

Eo(r) =
∫

Ẽo(k) exp(i · k · r)dk, (1)

Ù¥, Å¥ k ÷vÚÑ�§

k2
x + k2

y + k2
z = εω2/c2, (2)

ª¥ ε�0>~ê, ω �1Å�ªÇ, c�ý�¥�
1�.

�ßº�¶�� z ¶, K

kz =
√

εω2/c2 − k2
x − k2

y, (3)

* oA���e�cÄ7 (1OÒ: 11ZB133)!Wì��Æ��ïÄ7 (1OÒ: Z1007) ÚWì½�EÛ�EÄ7 (1OÒ: 10GZD022) ]
Ï��K.

† E-mail: xiao scu@sohu.com

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

114201-1



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 11 (2012) 114201

���î�Å¥éAuDÑÅ¤©, d�

kz =
√

εω2/c2 − k2
x − k2

y (k2
x + k2

y 6 εω2/c2),

���î�Å¥éAu�²Å¤©, K

kz = i
√

k2
x + k2

y − εω2/c2 (k2
x + k2

y > εω2/c2).

dþª� (1) ª�±wÑ, �¹ÔN°[(���
²Å¬�lmÔN�ål¥�êP~, ��3�|
¤�L§¥�©E&E�¿�, Ïd�|¤�©E
ÇÉ���. Pendry[5] @�, ���ÔN°[(�
��²ÅÏLKò�Çá����²�ßº�, Ù
�ÌØ¬P~¬���, Ïd3²�,�ý�C
|�¢y�©E¤� [5]. ¦ïÆ^Õ��¤�ß
º, Xã 1 ¤« [18,19], ã 1 ¥ n��ßº0�ò�
Ç. � � � �� � � �

ã 1 �ßºé�²Å����^ ��� �� � �� �� � 	 � 
	 � �
ã 2 �ßº(�«¿ã

r1ÅßL�ßº��Ìß�XêL«�\
�1Å¥�¼ê, ù�¼ê¡��ßº� OTF. �
Õ��þÝ� d, 0>~ê� εm, ü>0��0>
~ê©O� ε1 Ú ε2, O��¥, �é^�ÇÑ@�
´ 1 ØC. �?Ø¯K�B, b�\�1ÅÑ��

3 x-z ²¡S, K�0�¥�ÚÑ�§�L«�

kjz =
√

εjω2/c2 − k2
x (j = 1, 2),

km z =
√

εmω2/c2 − k2
x,

Ù¥, εm �d Drude úª εm = 1 −
ω2

p

ω(ω + iγ)
=

εr + iεi ¦Ñ, ωp Ú γ ©O��lfªÇÚ-Eª
Ç, εr Ú εi ©O� εm �¢ÜÚJÜ. ò εm �\þ
¡�ÚÑ�§, ���7á¥Å¥

kmz =
√

(εr + iεi)ω2/c2 − k2
x = k′

z m ± ik′′
loss, (4)

Ù¥, ω = ck0,�\�1Å��ªÇ, k0 �\�1
Å3ý�¥�Å¥, ± ���±�y7á��k�
Ñ� e−k′′

loss·d.
�â Maxwell �§|Ú>.^��±O��

�?¿î^Å��mÅ¥©þßL7áÕ���
E�Ìß�Xê� [18,22]

T = [4εmε2k1zkm z exp(ikm zd)]

×
[
(εmkz1 + ε1km z)(ε2km z + εmkz2)

+ (εmkz1 − ε1km z)(ε2km z − εmkz2)

× exp(2ikm zd)
]−1

. (5)

- (5) ª�©1�u", =�1Å3k�þÝ7á
0�¥�ÚÑ�§

(εmkz1 + ε1kzm)(ε2km z + εmkz2)

+ (εmkz1 − ε1km z)(εmkm z − εmkz2)

× exp(2ikm zd) = 0. (6)

b�B�ÔN��30� 1 ¥, �Õ�L¡�
ål� z1, Xã 2 ¤«, ÔN�Fp�Ì^ Ẽo(k)
5L«, ÏLÕ��ßº, ��0� 2 ¥�: z2  
�?�Fp�Ì� [18]

Ẽi(k) = Ẽo(k)·exp(i ·z1·kz1)·T ·exp(i ·z2·kz2), (7)

dFp�1ÆnØ��, ¤�����

Ei(r) =
∫

Ei(k) · exp(i · k · r)dk. (8)

½ Â � � F p � ª Ì �Ô� F p � ª Ì � '
� Ẽi/Ẽo��ßº� OTF, Kk

FOT =
Ẽi

Ẽo

= exp(i ·z1 ·kz1) ·T ·exp(i ·z2 ·kz2). (9)

d (9) ª�±wÑ, �7áÕ��ßº¤�XÚ
� OTF dnÜ©�¤: 1��´lÔ:��ßº
cL¡ (Ô�m) �D4¼ê; 1n�´l�ßº�
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L¡��²¡ (��m) �D4¼ê; 1�� T �
�ßºé�Å¥�E�Ìß�Xê. ��5¿�´,
(9) ª¥�Å¥ k �¹
ÔN¤k��mªÇ¤
© (DÑÅÚ�²ÅªÇ) . dÔN°[(�Ë��
�²Å, Ùî�Å¥ kx >

√
ε1ω/c, d�, kz1 �J

ê, d (9) ª1����, �X z1 �O\, �ÌP~,
�ål z1 ���, �²Å3v��Õ�L¡�c,
A�P~�", d�7,��ùÜ©�²ÅÃ{�
��¡ë�¤�; Ó�éu�²Å, (9) ª�1n�
�´��P~�. éu$�ª¤© (kx <

√
ε1ω/c),

1��Ú1n�Ñ�´��� DÂÏf. dd�
�, é�²Åå���^��kÕ��ß�Xê T .

e¡é T ?1{ü�C�, U��B/wÑÕ
�é1Å�DÑA5. ©O-

U =4εmε2k1zkm z,

M =(εmkz1 + ε1km z)(ε2km z + εmkz2),

V =(εmkz1 − ε1km z)(ε2km z − εmkz2), (10)

K (5) ª�{z�

T =
U e ikm zd

M + V e i2km zd
. (11)

é (11) ª?1{ü�êÆC�, �òÙL«�±e
/ª:

T = A e ikm zd + B e−ikm zd, (12)

Ù¥

A =
UM

(M + V )2 − 4MV sin(km zd)
,

B =
UV

(M + V )2 − 4MV sin(km zd)
. (13)

ò (12) ª�\ (9) ª��

FOT =e i·z1·kz1 · (A e i·km z·d + B e−i·km z·d))

× e i·z2·kz2 . (14)

UYò (4) ª�\ (14) ª��

FOT =e i·z1·kz1 · [A e i·(k′
m z+ik′′

loss)·d

+ B e−i·(k′
m z−ik′′

loss)·d)] · e i·z2·kz2

=e i·z1·kz1 · (A e−k′′
loss·d e i·k′

m z·d

+ B e−k′′
loss·d e−i·k′

m zd)) · e i·z2·kz2 . (15)

d (15) ª�±wÑ, 3Õ�¥DÑ�, ÃØ´DÑ
Å�´�²ÅÑ�3�k��Ñ. éuDÑÅ (k′

mz

�¢ê), 37áÕ¥DÂ��kP~ÃOr�
^, éu�²Å (k′

m z �Jê), 37áÕ�¥Q

kOr�A, qk7á�k��ÑÚå�P~�^,
�Or�A�u7á��k�Ñ�, âUé�²Å
å����^; Ó�l (15) ª��wÑ, éu�½
�mªÇ����²Å, 7á¥Ó��3XuÑ¥
¡ÅÚ¬à¥¡Å, ùL²3÷véÐ�¤���
^��, Õ��ßºäk�g¤�A5.

3 �ßº SPPs ��A5©Û

3.1 ÕÕÕ������ßßßºººþþþÝÝÝééé SPPs ���������KKK���

d (15) ª�wÑ, OTF �Õ�þÝ d 9±�0
�ò�Ç���', �©©OÀJÅ� λ = 441.6
Ú 365 nm �ü«\�1, é�ßº OTF A5?
1?Ø. 3d\�Å�^�e, Õ��0>~ê©
O� εm = −6.5 + 0.19i Ú εm = −2.41 + 0.20i.
�Õ�üý�Ô�ò�Ç n1 = 1.57, ��ò�
Ç n2 = 1.64, ã 3 ´3þã^�e��� OTF �
Ì�Õ�þÝ�m�Cz'X, ã¥î�Iü  k0

�\�1Å3ý�¥�Å¥.
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ã 3 OTF �Õ�þÝ d �Cz'X (a) λ = 441.6 nm;
(b) λ = 365 nm

lã 3 �±wÑ, Õ�éu$ª1Å (DÑÅ)
�kP~�^ (FOT < 1), éup�mªÇ�1
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Å (�²Å), �3Or�A. \�1Å�� 441.6 nm
�, Õ�0>~ê�ýé� |εm| ��u±�0�
�0>~ê, d��´�) SPPs ��. lã 3(a)
��, �Õ����, OTF �3ü�¸�, ù´d
uÕ����, ÙþeüL¡�)� SPPs �pÍ
ÜE¤ SPPs �����©�, ü�¸�©OéA
ü�©�� SPPs ����. Õ���ü�©�¸
�å��, 1��¸�Ð°���. Õ�þÝO\
�, 1��¸��m£, 1��¸���£, ü©�
¸�p�C, Ó�1��¸�Cr, ¸�°Ý�Ø
 , �Õ����½�þÝ (d > 80 nm) �, ü�
¸�U, �¦1��¸��� (Ñy SPPs ���
��{¿), ���£�Õ��Ã�þCq�¹.
�æ^ 365 nm �\�1Å�, Õ��0>~êý
é� |εm| (εm = −2.41 + 0.20i) �±�0��0>
~ê��C, d�V��¸y���. �XþÝ�
O\, ��¸m£, Ó�¸�rÝ~�, ¸�Ð°C
�. �Õ�þÝ d > 80 nm �, SPPs é�²Å�O
r�A��k�ÑA���, d�Ä�ØÑy��
¸. du\�1Å�� 365 nm �, Õ��0>~
ê¢Ü�ýé��Ï~�0����C, XJUì
�Ã���.5Cq�� SPPs ��^�, ÙL�

ª� kx = ksp ≈ ω

c

√
εm(ω)ε2

εm(ω) + ε2
, � ε2 → |εm| �,

kx = ksp → ∞, ù���^�¢SþéJ��. �
lã 3(b) �±wÑ, OTF E,�3��¸, ùÌ�
´duÕ��k�þÝ¤Úå�.

3.2 ±±±���000���ééé SPPs ���������KKK���

�½Õ�þÝ� 35 nm, d (15) ª�wÑ, OTF
�Õ�þÝ9±�0�ò�Ç���'. ã 4 �Ñ

 OTF ¸��Õ�ü>0�ò�Ç�Cz'X, Ù
¥î�I�Ô�m0��ò�Ç n1, p�I��
�m0��ò�Ç n2, ØÓôÚL«ØÓ��¸
�rÝ�. dã 4 �±wÑ, ��¸rÝ����
©Ù3é��NC, �Ñ é��±e, L²��
� SPPs Or�AA÷vÔ�m�ò�Ç���m
�ò�Ç��C, ��Ñ�u��m�ò�Ç. Ó
�, �����¸©Ù3ò�Ç���«�, ùL
², |^��ò�Ç0�U
¼���� SPPs �
�Or�A. 5¿�ã 4(a) Úã 4(b) �Ú�I, ¦
^ λ = 441.6 nm �\�1Å, Ù SPPs �Or�A
��u¦^ λ = 365 nm �\�1Å.

nþ¤ã, ± ?Ø�L¡�lfN���é

AuÕ� OTF �¥¸�?���AÏ:, �
Ä�þÑ�|^
1��¸�?� SPPs ���¹,
é��9é1����¸�ïÄ!?ØÚ|^. |
^ OTF �{N´¼�Õ�ØÓ�mªÇ1Å (�
)�²Å) �ß�&E, é��Z� SPPs ��Or
^�, ùéC|1DÑ�nØO�Ú©Ûäk��
ÊH�¿Â.
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ã 4 ��¸�Õ�ü>0�ò�ÇCz�©Ùã
(a) λ = 441.6 nm; (b) λ = 365 nm

4 Õ��ßº¤�©Û

ÏLÕ��ßº� OTF �±�~�B/
)
Õ�é1Å�ß�A5, ¿�±d OTF �¸�5
(½ SPPs ���Or�A. OTF ¸�éA SPPs �
OrÏf, ¸�?� kx� SPPs ������Å¥.
Õ��ßº�¤�¿Ø�é����Å¥©þ?
1¤�, ´é¦�Uõ��ª¤©?1¤�, �
±^��orÝ5L«¤��J [22], =

η =
∫

�Å¥
F 2

OT Agdkx. (16)

duÕ��´é�½�mªÇ��S��²Åâ
kOr���^, �FOT < 1�, Õ��ßºé�²
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Å�Or�^��, Ïd�r FOT = 1 ��mªÇ
½Â���ªÇ, u´�±r (16) ª��k��È

©«m. ã 5 ´Uì (16) ª½ÂO�Ñ5�Õ�é
ÔN¤��þ�ü>0��Cz�¹.

(a)

1.0 1.5 2.0 2.5 3.0

2.2

2.0
1.2 

0.6

0.4

0.2

0.8

1.0
1.8

1.6

1.4

1.2

1.0

(b)

1.0 1.2 1.4 1.6 1.8 2.0 2.2

n
2

n n

n


3.0

2.5

2.0

1.5

1.0

3.0

2.5

2.0

1.5

1.0

0.5

ã 5 Õ��ßºéÔN�¤��þ�ü>0�ò�Ç�Cz (a) λ = 441.6 nm; (b) λ = 365 nm

      

(a)
 

(b)
 

� � �� � �� � �� � �� � � � � � � � � � � �� � �� � � � � 	 
 � � � � � � � ������ ��� � � � � � � � � �� � � �
ã 6 |^ FDTD �{O�Õ�é:1�¤�Ú SPPs �� (λ = 365 nm, d = 35 nm) (a) n1 = n2 = 1.57;
(b) n1 = 1.0, n2 = 1.1; (c) ã (a) ¥Ô:Ú�:�¡þ�1rÝ©Ù; (d) OTF �

dã 5 �±wÑ, ü>0��0>~ê�Õ
�0>~ê�ýé� |εm| ��C, ¤��þ�Ð,
� ε1 = ε2 = |εm| �, ¤��þ�Z, ù�®k�
'uÕ��©E¤�nØÚ¢�(J�ÎÜ. é'
ã 4 �ã 5 N´uy, ¦Õ��ßºk�p� SPPs
��¸¤éA�0��¸, Ù¤���J%Ø´
�Z. �`² SPPs ���¤��ØÓ, �©|^
��k��© (FDTD) ?1
�[, ��Xã 6 ¤

«�(J. Ù¥ã 6(a) ´¤�L§� FDTD �[,
Õ�ü>�ò�Çþ� 1.57, ÷v�Z¤���
^� ε1 = ε2 = |εm|. l�[(J�±wÑ, Õ�
�ßºäk�Ð�¤��þ, k�1U|^Ç�
� 80%±þ. ã 6(b) ´ SPPs ��L§��[, Õ�
ü>�ò�Ç©O� n1 = 1.0 Ú n2 = 1.1, d�÷
v-u SPPs ��0���^�, �l�ßº¤
���Z0���^�. lã 6(b) �±wÑ, :1
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ØU3Õ��,�ý¤�, �dud��0��
¸�C-u�� SPPs ��Or���^�, k�
~²w� SPPs ��-u. ã 6(c) ´ÔÚ���¡
�é1rã, �±wÑ, �÷v�Ð�¤�0��
�^��, Õ��ßºUéB�ÔN?1�Ð�¤
�. ã 6(d) ü�©O´ÏL FDTD �{Ú (15) ª
O����Õ��ßº� OTF �, ü«�{��
� OTF �Ä���, L²d (15) ª�Ñ�Õ�
�ßº OTF ´���.

d±þ?Ø��, SPPs ��¸���^�ÚÕ
��©E¤���^�k¤ØÓq�péX3�
å, kX�g�A^. ÏL OTF �±��ß/
)
Õ�� SPPs ��Or�AÚ�©E¤��^, é
N´¼��g��Z��^�, �y�Z�A^�
J, ù�ÄuÕ� SPPs ���Z�1�!�©E
¤�9Daì��OJø
�~kÃ��Ï.

5 ( Ø

�©|^ OTF ?Ø
Õ��ßº� SPPs ��
Ú�©E¤�, ��Xe(Ø: �Õ�ü>0��
0>~êÄ���, ���uÕ�0>~ê�ýé
��, k��� SPPs Or�A; -u1¤30�
�ò�ÇÑ�uÑ�1�0�ò�Ç�, SPPs äk
���Or�A; ÏLÕ��©E¤��µd¼ê
��Õ��ßº¤��þ�Z��0���^�,
�÷v0���^��, SPPs ���AOr�Aé
Ø²w, ��±éÐ/¤�, ��l¤�0���
^��, N´�� SPPs ��, �¿ØUéÐ/¤�.
OTF �©Û�{��Äu7á��� SPPs Daì
�!�©E¤�±9 SPPs 9ÏOrZ�1�Jø
¯�ëê`z�{.
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Abstract

Silver superlens has a great influence on super-resolution lithography, imaging and the biosensing based on surface plasmon

polaritons. In this paper, the surface plasmon resonance and the imaging of silver film are discussed in detail with optical transfer

function of silver superlens. And the imaging process of silver superlens has also been simulated with the finite difference time domain.

The simulation results are in agreement with those from the theoretical formulas, which fully proves the optical transfer function to

be reliable. This may be an effective method of rapid parameter optimization for sensors, super-resolution imaging and enhance the

interference lithography based on surface plasmon polaritons.
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