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The local field distribution around gold nanosphere-gold plane junction has been studied using the finite- 
difference time-domain (FDTD) electrodynamics calculation procedure. We find that both the in-plane and 
out-of-plane polarized excitation produce enhanced field strong enough to explain the observed SERS activities 
of the junctions. Comparison with a simple dipole-image dipole model shows that the enhanced field primarily 
originates from the multipole-image multipole interaction, which indicates that the detailed fine-structures of 
the nanoparticles also play a significant role in the SERS activities as well.
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Introduction

It is widely accepted that the local electromagnetic (EM) 
field enhancement at metallic junctions is mo아ly responsible 
for the single-molecule level surface-enhanced Raman 
scattering (SERS) signals.1'3 However, microscopic 아ructures 
of the usual SERS substrates such as self-assembled m여al 
nanoparticles or roughened surfaces do not offer reproduci
bility and homogeneity in SERS activities that are required 
for the routine trace-level chemical analyses. Furthermore, 
definite nano-optical correlations among the SERS activi
ties, local morphologies, and the local field intensity are hard 
to e아ablish because of the stochastic 아ructures of the 
commonly used SERS substrates. For these reasons, many 
different forms of the 아mcture・controlled SERS active 
metal junctions, such as the rafts of nanowires,4^ hexa
gonally close packed nanospheres,6 and nanosphere-plane 
junctions,7-9 have been inve아igated fbr consistent SERS 
activities.

Here we examine the SERS activities of nanoparticle
molecule-plane junctions via numerical electrodynamics 
simulation of the local field. The nanoparticle-molecule- 
plane self-assembled nano아mcture is a particularly at- 
tractke candidate because of the geometrical simplicity. 
Experimentally observed 105-107 fold enhancement of 
Raman signals from the particle-plane junctions appear 
significantly lower than those observed from the sin이e 
nanoparticle-nanoparticle junction3 (enhancement factors of 
1012-1014), although these two types of junctions share 
similar physical origins of local field enhancement. In addi
tion, the ensemble-averaged SERS measurements employed 
in-plane (parallel to the surface) polarization of the excita
tion light. However, far-field Rayleigh scattering spectra 
such as the ones measured by Porter and co-workers10 
indicate that the coupling between the particle and the 
surface may be ne이 igibly small for in-plane polarized 
excitation.

Method

We attempt to resolve these seemingly contradictory 
experimental results by carrying out a 2-dimensional finite- 
difference time-domain (FDTD) electrodynamics simulation11 
of the localized field formed between the nanoparticle and 
the plane. In our simulation, the gold nanoparticle is model
ed as a perfect sphere (radius = 100 nm) placed above a thin 
film of gold (thickness = 50 nm). The gap distance (d) 
between the particle and the surface is varied from 1 nm to 
50 nm. A plane wave of 632.8 nm wavelength propagates 
along the z- or y- axis (see Figure 1), and the resulting local 
field distributions are evaluated after the full propagation of 

Figure 1. Local field intensity (|E|2 = E^2 + 砂)distributions 
around nanosphere-plane junction (d = 5 nm) excited with y- 
polarized light (a and c) and z-polarized light (b and d). The (a) and 
(b) are the results of rigorous FDTD calculations. The (c) and (d) 
are the results from dipole-image dipole model calculations. Also 
shown are the propagation (k) and polarization (E) directions of the 
excitation field.
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the input pulse through the system. The perfectly matched 
layer (PML) method12 is employed as an absorbing boun
dary condition. In order to follow the essential physics of the 
local field enhancement, we also carried out a simplified 
dipole-image dipole coupling model?3 In this model 
calculation, we consider the gold nanoparticle as an 
isotropically polarizable sphere and the dipole polarizability 
tensor is approximated by the quasi・electro아atic approxi
mation of the perfect dielectric sphere. In the image dipole 
model, we assume that the coating is infinitely thick such 
that the surface can folly accommodate the image dipole.

Results and Discussion

In Figures la and lb, we show the FDTD-simulated local 
field intensity distributions around a nanosphere-plane junc
tion with gap-distance, d = 5 nm. The propagation and 
polarization directions of 632.8 nm plane wave are also 
denoted in the Figure 1. We find that both the in-plane 
(Figure la) and out-of-plane (Figure lb) polarized excita
tions induce locally enhanced field. Analysis of vector 
directions (not shown) of the field reveals that the field is 
mostly polarized perpendicular to the gold plane (z-direc- 
tion). In this particular configuration, we find the field 
enhancements (ratio of local field, Eig versus input field, 
Eo) of |Eioc/Eo| = 12.2, and 11.2 for y- and z- polarized 
excitations, respectively. The z-polarized excitation leads to 
a uni-modal intensity distribution similar to those of the 
usual particle-particle junctions.14 On the other hand, the y- 
polarized excitation induces a peculiar bimodal field distri
bution. A dipole model calculation (Figures 1c and Id) of 
the same system provides a quasi・electro아atic interpretation 
of the local field induced by the y-polarized excitation: an 
induced dipolar charge distribution on the sphere creates 
(oppositely signed) image charge distribution on the plane. 
The Coulombic interaction between the real and image
charge distributions necessarily induces z-polarized local 
field. Although the approximate dipole-field and the rigor
ous FDTD-field have the same symmetry, the FDTD- 
derived field is more strongly enhanced within a smaller 
region than is predicted by the dipole-image dipole model. 
This difference indicates that the degree of field enhance
ment in nanoparticle-plane system cannot be quantitatively 
explained by the simplified dipole-image dipole interaction. 
Instead, particle-plane coupling occurs via the multipole
image multipole interaction. Additionally, FDTD calculation 
reveals that the local field 아rength is also influenced by the 
thickness of the film. Analogous calculation with the film 
thickness of 10 nm yield significantly weaker local field 
(data not shown).

We observe equally strong field enhancement with both y- 
and z- polarized excitation of the junction. This is in stark 
contra아 to the nanoparticle-nanoparticle case in which the 
local field is sensitive to the input polarization direction.14 
The diflference originates from the fact that flat metallic 
surface is indirectly excited via the image-charge formation, 
whereas the metallic particle is directly excited by the

Figure 2. Comparison of particle-particle coupling (a and b) and 
particle-surfece coupling (c and d) with two different excitation 
polarization directions. Also shown are the propagation (k) and 
polarization (E) directions.

excitation field. In addition, particle-particle coupling is 
dependent on the propagation direction as well as the 
polarization direction of the excitation beam.15 This results 
in the in-phase oscillation (see Figure 2a) of the charges for 
particle-particle case (we assume that the propagation 
direction of the excitation beam is perpendicular to the inter
particle axis. An excitation beam with parallel propagation 
can lead to out-of-phase oscillation as pointed out by 
Kottmann et al. '>), and out-of-phase oscillation of charges 
for particle-surface case (Figure 2c). In particle-particle 
coupling cases, the in-phase charge oscillation leads to weak 
and strong local field for excitation polarization perpendi
cular (Figure 2a) and parallel (Figure 2b) to the interparticle 
axis, respectively. On the other hand, in particle-surface 
cases, opposite charges are always brought close together 
(Figures 2c and 2d) irrespective of the excitation polari
zation direction, resulting in equally strong local field. Our 
results may seem contradictory to the results of for-field 
Rayleigh scattering experiment (white light plasmon scatter
ing) by Porter et al,10

However, we note that the far-field Rayleigh scattering 
spectra only represent wavelength dependence of the overall 
dipole polarizability of the sphere-plane system.

As can be seen in Figure la, the localized electric field has 
two maxima that are 180 degrees out of phase with each 
other. Therefore, the contribution from the local field to the 
overall polarizability is cancelled, and hence the coupling 
induces ne이igible change on far-field scattering spectrum. 
On the other hand, the Raman scattering from the molecules
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Figure 3. The Raman enhancement factor (EF = |E|OC/Eo|4) versus 
gap-distance, d: solid squares (FDTD, y-polarized), open circles 
(FDTD, z-polarized), dash-dot line (dipole model, y-polarized) and 
dotted line (dipole model, z-polarized). Also shown (in black solid 
lines) are the experimental EF values of Orendorff et al?(〜10’) 
and Rim etal^ (〜5 x 105).

is an incoherent process. Therefore, the SERS radiation from 
the junction is not canceled and hence can be detected in the 
for-field region. Therefore, the observations of the strongly 
enhanced field, and the invariant far-field spectra10 upon 
particle-plane coupling are not contradictory to each other. 
In fact, the independence of SERS and the for-field Rayleigh 
scattering has been already experimentally demonstrated by 
Michaels etal}6 in particle-particle system.

According to the EM-mechanism proposed for the SERS, 
the effective cross section for the SERS process is propor
tional to the fourth power of the local field under which the 
molecules are situated, and therefore the SERS enhancement 
factor (SERS signal versus un-enhanced Raman signal, EF) 
should correspond to: EF =旧饥/位「. Figure 3 displays the 
simulated SERS enhancement factors (EF) as a function of 
the particle-surface distance (d), obtained with y- and z- 
polarized excitation field, together with the experimentally 
measured EF values of Kim et al^ and Orendorff et al.9 At 
the smalle아 gap-distance, d = 1 nm, we find that the EF 
values are 1.5 x 107 and 3.6 x 106 fbr parallel (y) and per
pendicular excitation polarizations, respectively, These e아i-
mates are in reasonable agreements with the experimental 
EF values of 5 x 105 (Kim et 况.&) and 1.2 x 107 (Orendorff et 
况.9), which verifies that both the in-plane polarized (y) and 
out-of-plane (z) polarized excitation of the junction indeed
produce intense field sufficient to explain experimentally
measured EF values. The EF values rapidly decay within the 
gap-distance of 5 nm, again confirming the multipolar nature 
of the particle-plane interaction (a dipole-image dipole

coupling 아rength decays at the distance scale of the overall 
particle radius of 〜100 nm. Also, see Figure 3).

Conclusion

In conclusion, we find that both the in-plane and out-of1 
plane polarized excitation produce enhanced field strong 
enough to explain the observed SERS activities of the 
junctions. The 아rength of the local enhanced field primarily 
originates from the multipole-image multipole interaction, 
which indicates that the detailed fine-structures of the nano
particles may play a significant role in the SERS activities as 
welt In fact, Orendorff et al? recently reported additional 
increase in SERS efficiencies with nanocube-plane junctions, 
corroborating our prediction. More sy아ematic theoretical 
inve아igations of the particle-plane junctions, including the 
effects of the particle shape and film thickness on SERS 
efficiencies, are currently underway.

Acknowledgment This work was supported by the 
Ministry of Science and Technology (MOST) grant funded 
by the Korean government (No. RH0-2005-000-01004-0, 
2007), Korea Research Foundation Grant funded by the 
Korean Government (MOEHRD, Basic Research Promotion 
Fund) (KRF-2007-331-C00134), and by Korea Science & 
Engineering Foundation through the Nano R&D program 
(Grant Ml 0703001032-07M0300-03211).

References

1. Kneipp, K.; Kneipp, H.; Itzkan, L; Dasari, R. R.; Feld, M. S. 
Chem. Rev. 1999,99,2957.

2. Kneipp, K.; Kneipp, H.; Kartha, V B.; Manoharan, R; Deinum, 
G; Itzkan, L; Dasari, K K; Feld, M. S. Phys, Rev. E1998,57, R6281.

3. Nie, S.; Emory, S. R. Science 1997,275,1102.
4. Jeong, D. H.; Zhang, Y X.; Moskovits, M. J, Phys, Chem. B 2004, 

108,12724.
5. Moskovits, M.; Jeong, D. H. Chem. Phys, Lett. 2004, 397,91.
6. Wang, H.; Levin, C. S.; Halas, N. J. J. Am. Chem. Soc. 2005,127, 

14992.
7. Braun, G.; Lee, S. J.; Dante, M.; Nguyen, T. Q.; Moskovits, M.; 

Reich, N. J. Am. Chem. Soc. 2007,129,6378.
8. Kim, K.; Ybon, J. K. J, Phys, Chem. B 2005,109,20731.
9. Orendorff, C. J.; Gole, A.; Sau, T. K.; Murphy, C. J. Anal. Chem.

2005, 77,3261. “
10. Driskell, J. D.; Lipert, R. J.; Porter, M. D. J, Phys, Chem. B 2006, 

110^ 17444.
11. Sullivan, D. M., Electromagnetic Simulation Using the FDTD 

Method^ IEEE press: New York, 2000.
12. Berengei; J. R <Z Comput. Phys, 1994,114,185.
13. Ohtsu, M.; Kobayashi, K. Optical Near Fields^ Springer: Berlin,

2004. “
14. Xu, H.; Kaell, M. ChemPkysChem 2003,4,1001.
15. Kottmann, J.; Martin, O. Opt. Express 2003, & 655.
16. Michaels, A. M.; Ninnal, M.; Brus, L. E. J, Am. Chem. Soc. 1999,

121, 9932.


