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�©æ^9�u{����B� Ag �â��Or.ù�., |^\�1f�B��âL¡d>f��p�^
Ån, -uÑpUL¡�lf-�, ÙL¡�lf/¤�pU “9:” å�L¡Or.ùÑ��J. ÏL'�ØÓ\
�1re�.ù¸r, �ÑB� Ag �â�Or.ùÑ��J�±¢y$&ÿ1re�pÑ�rÝ, =B� Ag �â
�L¡�lf-�äk��5�L¡Or.ùÑ��J, �ü$é�¬�1!9�ú, ±|uÿÐ.ùÑ�1Ì�
A^��. Ó�'�ØÓB� Ag �â�.�L¡Or.ùÑ��JL², æ^�9�uó²äk���ó²�Ý,

äk�r�ó²oN5.

'�c: B� Ag ��, L¡�lf-�, L¡Or.ùÑ�, ��5A5

PACS: 78.55.−m, 73.20.Mf, 78.40.Fy

1 Ú ó

�à�w�.ùäkûÐ��m©EÇ, �¬
©Û�ò\�1ÏLw�ºà���¬þ, l
�
±3ØÉ�¸Ô�Z6��¹e, °(¼�¤ì�
«�k'zÆ¤©!¬N(�!©f�p�^±
9©f����«.ù1Ì&E. Ó��±ÏLØ
Ó-1Å��ØÓà� �, ¢yé�¬p�þ�
(�&Eæ8. �à�.ùæ^pU���1��
-11
¿?1à�?n, du\�1
�pUþ,

�±��p�.ù&ÒrÝ9p&ÿ°Ý. �Ó�
p�\�1r�´E¤�¬�1!9�ú [1], AO
´¬ü$)Ô©f¹5 [2] 9¦��¬á�u)¬
z, l
E¤�¬��ú9&ÿ(J�ØO(. Ï
dæ^k���ª¢y$&ÿ1re�p.ùÑ
�rÝ, é?�ÚÿÐ.ù1Ì�¦^��äk­
�¿Â.

B� Ag �â3\�1�-ue, U
/¤1

f�L¡d>f���, -uÑpU�L¡�lf
-�, �L¡�lf-�mÏLÍÜ�^/¤pU
� “9:”(hot-spot)[3]. “9:” ?äkép�>^|
rÝ, U
JøûÐ�L¡Or.ùÑ� (surface

enhanced Raman scattering, SERS) �J, ��Jp
�ÿÔ.ùÑ�¸r [4]. SERS duÙp�&ÿ°
Ý, ®²¤���­��Ñ�1ÌEâ, �A^u
$ßÝ)·©f(�&ÿ��¡. p� SERS O
Ã�¦�.ù1Ì3ü©f&ÿ¥¤��U, ®k
��w«, SERS 1ÌEâ�¦ü©fuÿUå�
� 1014—1015 �OÃ�J [5,6]. 
|^B� Ag �
â� SERS �A¢y$&ÿ1re�pÑ�rÝ
�J���'5.

�©¥æ^9�u{����B� Ag �â�
�Or.ù�., |^ÙL¡�lf-�/¤�p
U “9:” å�L¡Or.ùÑ��J. ÏL'�
ØÓ\�1re�.ù¸r, �ÑB� Ag �â�
Or.ùÑ��J�±¢y$&ÿ1re�pÑ
�rÝ, =B� Ag �â�L¡�lf-�äk�
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�5�L¡Or.ùÑ��J.

2 ¢ �

�¢�À^Ûû² 6G(R6G)(SIGMA R4127-

5G) ��&�©f, æ^ LabRAM HR UV �à�
w�.ù1Ì¤?1.ùÑ�1Ìÿþ.

�¢�¥B� Ag �âæ^9�u��{��
��, Ù�È§Ý� 25 ◦C, �.ý� 9.8× 10−4 Pa,

�È�Ç 0.1 nm/s. 9�u®²�¢�y²´�«
{B�!­E5p�B� Ag �â���Eâ, Ï
LN!��ó²�±k�/¢yé Ag �â/m9
1ÆA5�N� [7,8], ������B� Ag �â
äkûÐ�.ùÑ�Or�J [7,9]. æ^¬N&Þ
é Ag ���þÝ?13�iÿ. ¬N&Þ�ân
�ëY���N�ÝO����È3Ùþ���
á����þÝ.

Ù1Æëêæ^Hm�Æ1>f¤g1�ï
�b	 — ��©11ÝO1Æ²�?1ßLÌ�
ÿþ. L¡/mæ^ JEOL Rigaku 6700F .×£>
fw�º (SEM) *ÿ.

3 (J�?Ø

.ùÑ��A´1�Ô��p�^��«/
ª, ÏL.ùÑ�1ÌL�ÑÔ��zÆ�(�9
Ôn(�, ¤�&ÿ©f� “�«£OXÚ”. 1f
ÏLÑ��^�©fu)�^. 3Ñ��^¥, 1
fØ2I�÷v>fU?m�É�¦, 
=ÏL
UC>f��©Ù (¦>f�u)4z) 9�fØ
��ÄG�, l
¦�©f�-u��«Ø­½
� “JG� (virtual state)”, ¿é¯��¡E. ©f
¥, du>f��þ��u�fØ��þ (10−4),

Ïd>f�$Ä�Ý���fØ� 102 �. 3Ø$
Ä��]m (�)k�UÏ�1�áÂ¤E¤�-
u$Ä), >f�¤3!©ÙoU��þØ3# �
þ¤/¤�³|. ��, XJdu,«�Ï (X1�
áÂ), >f�¤3½©Ùå
Cz, K�fØÒØ
Ué¯/$Ä�>f3# �!#©Ù¤/¤�
³|�¸¥�. 3ù�¿Âþ`, >f�-u�´
éØ­½� (��u©f�Ä�-u), §¬é¯/
Ò£� (µþ) �c�fØ¤�>f5½Ð�³|

¥�. lþfåÆ�*:5`, .ùL§´²L¤
k-u¥m��oÚ. .ù¸r Ij ���

Ij ∝ I0(ν0 − νj)4
(

∂α

∂Qj

)2

〈ϕf |Qj|ϕi〉2, (1)

ª¥, I0 �-11r, Qj �{��I, α �©f�
>4zÇ, ν0 �-1ªÇ. ϕf , ϕi �.ù�[�"
�ÚÐ�. νj �.ù £. �[È© 〈ϕf |Qj|ϕi〉
L«
3�fØ�I Qj ?, ©fdG� ϕi �[
�G� ϕf �VÇ, �L«
.ùÑ��ÀJ5,

� 〈ϕf |Qj|ϕi〉 = 0 �, .ù�AØUu).

d (1) ª½Â�.ù¸r Ij ��, .ùÑ�¸
�rÝ�\�1r I0 ¤�'. ÏdéuÊÏ��
à�.ù���p�&ÒrÝ, Ò7LO�\�1

rÝ. Xã 1 ¤«, �ØÓ\�1
rÝe�I
Oü¬7�¬�à�.ùÑ�1Ì&Ò, Ù¥-1
Å�� 488 nm.

ã 1 ØÓ\�1
rÝeü¬7�¬��à�.ùÑ�
1Ì

��, �X\�1
õÇ�eü, ü¬7�¬
3.ù � 520 cm−1 ?�.ùÑ�¸rÝÑy

�ÌÝ�eü. �
���*�L«Ù.ù¸r�
1
rÝ�Cz'X, L 1 ¥�Ñ
ØÓ1
rÝ
e�.ù¸r91
�.ù¸��grÝ�'.

L 1 .ù¸r�1
rÝ�Cz5Æ

\�1r /W .ù¸r \�1r�' .ù¸r�'

4 10219 1 1

1.6 3338 0.4 0.33

0.16 450 0.04 0.04

dþL��, .ùÑ�&Ò�rÝÄ�þ´�
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�X-y&ÒrÝCz�, = Ij ∝ I0. �Ò´`�
��prÝ�&Ò, Jp¸��E£Ý, 3ØUC
\�Å�!�ÿÔßÝ�cJe, ÒI�Jp&ÿ
1
�rÝ. 
éu�
AÏzÆ�¬!)·©f
�, prÝ�-1rÝ¬¦�¬u)1��ú!1
�Pò�y�, ü$)·N�¹5, é©få��
·5�»��^¶Ó�éu�
�¬���N�
�á�, prÝ�-11r�¬¦���á�u)
1�¬z, »�á�g��(�A5.

æ^9�uó², 3�±�.§Ý!�.ý
�9�È�Çþ�Ó�^�e, ��
ØÓ��
þÝ�B� Ag ��, Ù��þÝ©O� 6, 8, 10

9 12 nm, ©OéAã 2(a), (b), (c), (d). ���B
� Ag ��� SEM ×£>ºÿÿÁ(J (��Çþ
� 10 ��). dã 2 �±w�, æ^�u�{��
� Ag ��äk�ß�B��âGL¡/m, Ù�
â¥Øþ!©Ù, �Ùâ»�XB� Ag ����
þÝ�O\
O�.

ã 2 ØÓ��þÝ�B� Ag �� SEM (J (a) 6 nm; (b) 8 nm; (c) 10 nm; (d) 12 nm

Ø Ó � � � � È þ Ý e, Ï � � ¼ � � B
� � â â » 9 m å � Ø Ó, ¦ Ù L ¡ � l f -
� � � 9 Í Ü A 5 Ø Ó, L y Ñ Ø Ó � 1 á Â
A5 [10,11]. �â Mie nØ, �\�1f�ªÇ
� 7 á B � á � � L ¡ � l f N � Ä ª Ç �
�, u)���, \��1fò�7áB�á�
¤ á Â, - u Ñ p U � 7 á L ¡ � l f � � -
�, ¦�\�1��Ñ, LyÑ²w���áÂ
A5, Ù¥�11 Ì�¹Ñ��áÂüÜ©U
þ (extinction=scattering+absorption)[12,13]. l ã 3

¥�±wÑ, éu�����B� Ag �âþ=

Ñy
ó4���ª (dipole plasmon resonance), Ù
L¡�lf-���¸ Ñy3 500—520 nm Å
ã��S, ���Å��B� Ag �ââ»�O�

O�.

B� Ag �â�L¡�lf-�Ø=äkÕA
�1ÆA5, �U
3B��â±��)pU�Û
�>|, ÍÜ/¤pU “9:”. ÏL·��ïÄ®
²L², B� Ag �â�1áÂA5�¹
L¡d
>f�\�1fm��p�^, �±ûÐ/L�Ñ
B� Ag �â�L¡pU>|A5 [7,14]. �¢�¥,

o�¬3 488 nm ?þäkûÐ���áÂA5,
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ÙáÂrÝ�u 50%, L²Ù3TÅ�-ueäk
ûÐ�L¡pU>|A5.

æ^þão�¬©O�� SERS ��.á�,

À^ 10−5 mol/L �Ûû² 6 G �&�©f, æ
^ 488 nm &ÿÅ�, ØÓ-1õÇe���Ûû
² 6 G �Or.ùÑ�&ÒXã 4 ¤«. dã 4

��, �,1
õÇd 4 W ~�� 0.16 W, ~��
�5� 0.04, �´æ^B� Ag �â��Or�.
� SERS 1Ì%LyÑ
�ã 1 ¥ü¬7�à�
.ù1ÌØÓ�A5, Ù.ùÑ�&ÒrÝvk�
\�1
rÝ�~�
Ñy�'~�ü$. �

�\²w/L«ÑÙ.ùÑ�&ÒrÝ�\�1
õÇ�Czª³, L 2 �Ñ
ØÓ�¬3 0.16 W

1
õÇ� 4 W 1
õÇ-ue�.ù¸r�'.

3ùp·�ÀJ
 610 cm−1, 767 cm−1, 1182 cm−1

� 1362 cm−14 �.ù £?�A�¸r��'�
&Ò.

ã 3 ØÓ��þÝ�B� Ag ��1ÆA5

ã 4 ØÓ-1rÝe�oB� Ag �â�¬ SERS 1Ì (a) ��þÝ� 6 nm B� Ag �â SERS 1Ì; (b) ��þÝ� 8 nm

B� Ag �â SERS 1Ì; (c) ��þÝ� 10 nm B� Ag �â SERS 1Ì; (d) ��þÝ� 12 nm B� Ag �â SERS 1Ì

L 2 -1õÇ~$� 1/25 �, .ù¸rÝ�' (I0.16 W/I4 W)

�¬ 610 cm−1 767 cm−1 1182 cm−1 1362 cm−1 Iave
0.16 W/Iave

4 W

(a) 0.66 0.74 0.74 0.8 0.73

(b) 0.69 0.8 0.79 0.8 0.77

(c) 0.88 0.68 0.76 0.84 0.79

(d) 0.82 0.69 0.98 1.1 0.9
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dþL���æ^B� Ag �â�� SERS �
.�, �X\�1õÇd 4 W eü� 0.16 W � (½
ÂõÇeüÝ�üö�', = 0.16/4 = 1:25), �.
ù £?�¸r=Ñy
�½§Ý�eü, Ù²
þ¸r�ü$ÌÝ� 0.73—0.9, eüÌÝ� 1:1.25,

���u\�õÇeü�' (1:25). T(JL², Ï
B� Ag �â�Û�pU>|�^¦�$\�õÇ
e.ùÑ�rÝ��¦^ SERS �.��&Òr
ÝO�
 18—22 �, =3é��1
õÇe½U
����Ñ�&ÒrÝ, d�.ù¸��ÿÁ¤^
-1õÇ�'XC��~ “tµ”.

dd��, �æ^B� Ag �â�� SERS �
.�, /Ï\�1f�B��â�L¡d>f��
p�^�)Ñ�pUL¡>|, ¦�.ùÑ�rÝ
�\�1rmäk��5Cz'X. �-uÑpU
½�L¡�lf-��, (1) ª¥^uL�>f�
3·>å9����dÚå�^e��Ä4zÇ
Ïf

∂α

∂Qj
ò�©f¤? �>|rÝ�UC
u

)UC, �±�>|rÝÏÍÜ/¤pU “9:”


¼�Jp�, 4zÇ9.ù¸ròu)XeC
z [15]:

∂α

∂Qj
∝

∣∣∣∣Eloc

E0

∣∣∣∣2, (2)

Ij ∝
∣∣∣∣Eloc

E0

∣∣∣∣4, (3)

=d��.ù¸rØ=�6u\�1r, Ó��
>|Or�J���'. ��, �æ^ SERS �.
�, $&ÿ1re�pr.ù&ÒrÝ´du>
|rÝCz�\�1rØ¥�5Cz'XE¤�.

3 SERS �^Ån¥, >|Or�JÉ�ÃõÏ�
�K�, Ù¥�¹B� Ag �âL¡�lf-�p
U½�pU>|rÝ9ÍÜOr�J [3], 
ÍÜO

r�JqÓ�É�1f����J [15] 9Z��
J [16] ��K�, Ù�^Ån�~E,. �\�1

rÝ���, �Ü1f�^u-uB� Ag �â�
½�L¡�lf-�, ¿ÍÜ/¤pU “9:”; �
\�1
rÝwÍO��, L¡�lf-���r
Ý���Ú, d�Ü©�{1f¬Ï7áSÜ9á
Â����Ñ
ØU�k�|^, Ó�pUÛ�>
|m�U�3��Z�
Ñy “d«” y�, E¤
ÍÜOr�J~f. Ïd$\�1r�|u\�1
f�p�|^, ¼�ûÐ>|Or�J, l
¢y
3$�ü�þ?\�1õÇ^�e¼�p.ùÑ
�&ÒrÝ�8�.

4 ( Ø

�©æ^B� Ag �â�� SERS �., |^
\�1f�B��â�L¡d>f��p�^Å
n, -uÑ�pUL¡�lf-�, U
3B��
âL¡/¤ér�Û�>|rÝ, �±¢y3é�
�\�1õÇ�^�e���p�.ùÑ�&Ò
rÝ, ¢y
.ùÑ�&Ò�\�1
���5C
z'X, l
¦�.ùÑ�1Ì&ÿEâ�±3)
Ô&ÿ!zÆ©Û�|^¥¦�U�u�Ù�^,

¿;�é�¬�1!9�ú, ¦�.ùÑ�1Ì�
��\2��A^. Ó�A��Ñ, 3�¢�¥·
�æ^ØÓ���^���
/m�1ÆA5þ
k���É� 4 �B� Ag �â�.á�, �,§
��^u R6G � SERS 1Ì�3�½��É, �þ
¢y
$\�1rÝe�.ù&Òk���. L²
�¢y.ùÑ�&Ò�\�1
���5Cz, 

æ^�9�u{���B� Ag �âäk���ó
²�Ý, äk�r�ó²oN5.
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Nonlinear phenomenon of surface enhanced Raman
scattering caused by surface plasmon∗

Huang Qian† Xiong Shao-Zhen Zhao Ying Zhang Xiao-Dan

( Institute of Photo Electronics thin Film Devices and Technique of Nankai University, Key Laboratory of Photo Electronics thin Film Devices and

Technique of Tianjin, Key Laboratory of Opto Electronic Information Science and Technology, Ministry of Education, Tianjin 300071, China )
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Abstract

Silver nanoparticles are synthesized through thermal evaporation for molecular detection using surface enhanced Raman scattering

microscopy. The optical properties of silver nanoparticles are obtained by ultraviolet-visible spectrometry, which show the resonance

wavelength near the detecting wavelength of Raman scattering (488 nm). Using rhodamine 6G as a test molecule, the results in this

paper show that the detected Raman peak intensity has a nonlinear relationship with the incident power density when surface plasmon

of silver nanoparticles was excitated by incident photon. This nonlinear phenomenon of surface enhanced Raman scattering caused by

“hot spot” with high electromagnetic field strength provides an effective way to obtain high scattering intensity without high incident

power density, which may expand the scope of Raman scattering application.

Keywords: silver nano-structures, surface plasmon, surface enhanced Raman scattering, nonlinear phenomena
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