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Combining simulation and experiment, we demonstrate that a metal nanoparticle dimer on a
gold film substrate can confine more energy in the particle/film gap because of the hybridization
of the dimer resonant lever and the continuous state of the film. The hybridization may even
make the electric field enhancement in the dimer/film gap stronger than in the gap between
particles. The resonant peak can be tuned by varying the size of the particles and the film
thickness. This electromagnetic field redistribution has tremendous applications in sensor,
photocatalysis and solar cell, etc., especially considering ultrasensitive detection of tracing
molecule on substrates. © 2013 AIP Publishing LLC [http://dx.doi.org/10.1063/1.4802267]

Thanks to modern material synthesis techniques, the fast
development of modern nanofabrication technologies and high
precision characterization techniques, plasmonics has during
the last ten years become an innovative, vigorous, Cross-
disciplinary scientific field, involving physics, chemistry, biol-
ogy, etc.'™ The huge electric field enhancement which is
caused by surface plasmons has numerous applications in vari-
ous research fields, such as single molecule detection,®’ photo-
catalysis,® photovoltaics,” surface enhanced spectroscopies,'®
enhanced transmission,'' sensing,' optical trapping,'” etc.

Since the plasmonic properties are highly related to the
metal nanostructures’ composition, geometry, and dielectric
function,14 the field enhancement has been studied in differ-
ent plasmonic systems, such as individual particles,'’
dimers,lﬁ’20 trimers,21 and films.??> Because of the good
application prospect, the particle-film system has aroused the
interest of researchers from all over the world.>>> Even
though a lot of particle-film system configurations have been
studied, the enhancement in those works was mainly attrib-
uted to the coupling between particles, particle tips or
between the particle and the film using an out-of-plane
polarization.”*>* However, the hybridization between parti-
cle interactions and the film with an in-plane polarization is
seldom considered. In this paper, the redistribution of elec-
tromagnetic (EM) energy in a metal particle-film system is
studied using a normal incidence illumination configuration.
The difference between the EM field distribution in a single
particle-film system and that in a dimer particle-film system
is described. The redistribution of EM field is explained by
simulated energy density and surface charge distributions
combining with experimental results of Surface Enhanced
Raman Spectroscopy (SERS) measurements. The hybridiza-
tion of the particle dimer and the film causes redistributions
of the local electric (E) field, which in turn creates stronger
field enhancement factors in the particle-film gap than in the
gap between the particles. The hybridization is investigated
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by varying the diameter of the particles and the thickness of
the film. The system investigated in this paper gives a basic
idea and indication of field enhancements in particle-film
systems.

All systems considered in this work were simulated
using the finite element method (comsoL 4.3A commercial
package). The studied geometry is comprised of a gold film
on top of a glass substrate, with one or two silver spheres
located 1 nm above the film, with a 1 nm edge-to-edge dimer
separation. The illumination was incident from the particle
side, normal to the substrate, with a polarization along the
dimer axis and an electric component 1V/m. Figure 1(a)
shows the electric field distribution of an R =30nm silver
sphere on a 30 nm thick gold film. The incident direction and
polarization are shown in the figure with red and blue
arrows, respectively. The excitation wavelength is 633 nm.
The electric field is mostly confined in the gap between the
particle and the film. However, since the lobes of the dipole
mode, modified by the gold film, are still on the two sides of
the silver sphere, parallel to polarization, the electric field in
the narrowest position of the gap is not the strongest. If two
particles are put above the film with a 1 nm dimer separation,
as seen in Figure 1(b), the electric field between the two par-
ticles is much stronger than the single particle’s maximum
enhancement. Surprisingly, the electric field between the
particle and the film is also very strong, even though the
polarization is parallel to the film. By studying the electric
field in the gaps A, B, and C (Figures 1(a) and 1(b)), we find
that not only is the electric field in the gaps of a dimer-film
system much stronger than in a single particle-film system
(Figure 1(c)) but also, in a broad wavelength range, the E
field in B is even stronger than in C. The maximum enhance-
ment is more than 160 at 680nm, giving a SERS enhance-
ment factor more than 6.5 x 10°. The SERS signals should
be doubled in experiment because there are two particle-film
gaps in the system. Figure 1(d) shows the ratio of the E field
in points B and A. In most of the condition, the E field in B
is stronger than in A, with a maximum ratio at 680 nm of up
to 45 times. If the molecules cannot be adsorbed on a
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FIG. 1. (a) Electric field distribution of an R =30nm Ag particle on a 30 nm
thick Au film with a 1nm gap. (b) Electric field distribution of two
R=30nm Ag particles on a 30nm thick Au film with Inm gaps. (c)
Electric field enhancement from the gaps indicated in (a) and (b) as A, B,
and C. The data in A correspond to the strongest enhancement in (a), slightly
deviating from the middle point. (d) The ratio of the electric field in B and
A. The vertical dashed line is positioned at 633 nm.

particle, but only on a film, particle dimers can be used to
enhance a SERS signal to a much larger extent than only
using one particle.

In order to verify the simulated results, experimental
SERS measurements were conducted using a similar geome-
try. Silver nanoparticle colloids were synthesized by citrate
reduction of AgNO5,>* centrifuged to get the particles, and
then diluted with distilled water. For the SERS measurement,
first, a glass substrate with a 30nm thick gold film was
immerged in a 1 x 107> M 4-nitrobenzenethiol solution for
2h and then rinsed at least 10 times (2 min each time) with
distilled water in order to avoid thick clusters of molecules
on the surface. Then, the particle sol (R~30nm) was
dripped and dried on the surface. The Raman spectra from
one or two particles were measured with a micro Raman
spectrometer with a 633 nm laser. The results are shown in
Figure 2. The red curve is from a dimer-film system and the
black curve is from a single particle-film system. If the back-
ground is subtracted from the curves, the peak height at
1580cm ™" enhanced by a dimer, and a single particle is
12000 and 1000, respectively. The integrated peak signal,
indicated as a blue area in Figure 2, is 48 times larger in the
dimer case, which is smaller than the simulated ratio. The
discrepancy may be due to enhancement factor variations
depending on shape and surface roughness effects of the
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FIG. 2. (a) SERS of 4-nitrobenzenethiol adsorbed on Au film from one or
two Ag particles on Au film. (b) Scheme of the samples.
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particles and the film, respectively. Additionally, the ratio of
peaks increases with larger Raman shifts, in agreement with
the simulation.

For a deeper understanding on the mechanism of the
huge enhancement in the gap between the particle dimer and
the film, simulations illustrating surface charge and energy
density distributions are plotted in Figure 3. Figure 3(a)
shows the surface charge distribution of a single 60 nm diam-
eter silver particle on a gold film with a 1 nm gap, which
describes the dipole oscillation of the system. Due to the
dipole induced in the sphere and the image dipole in the gold
film, the effective field is like two coupled dipoles as shown
in Figure 3(a) with dashed arrows. Since the gap is not
located at the positions of two effective dipoles but in the
middle of them, there is no efficient charge induced in the
gap, resulting in modest E field strength at this position. In
the system comprised of a particle dimer on the film (Figure
3(b)), a much stronger dimer dipole, formed by the two
spheres, is coupled to the image dipole in the film. The total
effect equals to two effective dipoles coupled together in the
direction normal to the film, as the dashed arrows illustrates.
Superimposing the effects of gaps and effective dipoles leads
to the much stronger enhancement in the dimer-film system.
Figure 3(c) shows the electromagnetic energy flows on a par-
ticle’s surface. It is slightly stronger in the polarization direc-
tion. For a silver sphere dimer on the gold film, as shown in
Figure 3(d), the two spheres focuses more energy, resulting
in more energy confined in the dimer/film gap.

Now, we investigate the mechanism from a hybridiza-
tion point of view and study the properties of the dimer
particle-film system with different sizes of the particles and
thickness of the film. Figure 4(a) shows the E field in a gap

FIG. 3. (a) and (b) Simulated surface charge distributions of one and two Ag
spheres (R=30nm) on an Au film (D=30nm) with 1 nm gap. Cube root
scale is used for a better contrast. The red arrows show the induced dipoles
and the dotted arrows show the equivalent dipoles. (c) and (d) Simulated
energy density distributions of one and two Ag spheres (R =30nm) on Au
film (D=30nm) with a 1nm gap. Logarithmic scale is used for a better
contrast. The red arrows show the power flow direction.
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FIG. 4. (a) Simulated electric field from
gap C of Ag sphere(R =30nm) dimers
on different thickness of Au film. The
insets are the surface charge distribution
of silver particles on glass substrate at
the peak wavelength indicated by the
black arrows to show the original
resonance without the gold film. (b)
Simulated electric field from gap B of Ag
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between particles (gap C in Figure 1) in an R =30 nm dimer
particle-film system with the thickness of the film varying
from 10 nm to 100 nm. The black dashed curve is the E field
from the same gap between two particles on a glass substrate
(thickness of Au film D=0nm). The peak at 410 nm of the
dashed curve corresponds to a single un-hybridized particle
resonance in the dimer, and the peak at 510 nm of the dashed
curve is the resonant peak of the hybridized bonding mode
(we call this the dimer mode, for convenience). The inset in
Figure 4(a) show the surface charge distribution of two
R=30nm particles on a glass substrate. Because of the
influence of a dielectric substrate, these two modes, indicated
by the peak of dashed line, red shift a little bit compared to
the pure dimer system. The surface charge distribution on
the glass thus helps us to distinguish the single particle mode
and the dimer mode in a dimer system. When a layer of gold
film is added on the glass substrate, an additional peak
appears at longer wavelength because of the strong coupling
between the particles and the film. The peak at 510 nm repre-
sents the coupling between single particle mode and film,
and the peak at 410nm belongs to coupling of high order
mode of dimer and film. As shown in Figure 4(d), when the
particle dimer is put on a thin film, additional hybridized
modes 1’ and 2/, with lower energy, appear because of the
hybridization of the bonding mode of the film and the par-
ticles (the mode of the film can be distinguished by the
charge distribution on the other side, data not shown). When
the film becomes thicker, the bonding lever of the film will
have larger energy that pushes the hybridized levers to larger
energies. The additional peak in Figure 4(a) blue shifts as the
thickness of the film increases, and when the thickness is
over 40nm, the shift becomes very small as the coupling
between the two sides of the film becomes very weak.
Compared to the dashed line in Figure 4(a), which only rep-
resents the coupling between particles, this additional peak
mainly reflects the coupling between the dimer mode and the
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sphere(R =30nm) dimers on different
thickness of Au film. The insets are the
surface charge distribution(D = 30nm) at
the peak wavelength indicated by the
pink arrows. (c) Simulated electric field
from gap B of different sizes of sphere
dimers on 50nm thick Au film. (d)
Scheme of the hybridization of the dimer
and the film. The red lever is the hybri-
dized bonding mode of the two particles.
The blue lever is still the lever of one par-
ticle, but slightly modified by the other
one because of the coupling. The pink
levers are hybridized states of the particle
levers and film mode.

900 1000

film. The resonant peak of the dimer mode (~510nm) van-
ishes slowly as the film becomes thicker; as the effective
density of state is larger in thick films make the dimer mode
too weak in comparison. There are mainly two peaks emerg-
ing from gap between particles and film (gap B, Figure 4(b)).
From the charge distributions, we find that the peak at
650-800nm is from the coupling between the dimer mode
and film, which is at the same position as in Figure 4(a).The
peak at about 550 nm is from the coupling between the reso-
nant mode of a single particle and the film. If the thickness
of the film increases, the dimer-film mode blue shifts while
the particle-film mode is stable. But from the black curve in
Figure 4(b), which is from the gap between a dimer and a
10 nm thick film, four main peaks are still visible, which are
attributed to the hybridization of levers 1 and 2 with the
bonding and anti-bonding modes of the film, as shown in
Figure 4(d). When the film becomes thicker, the levers 1’
and 2’ will blue shift, and lever 1” and 2” red shift because
the energy splitting gap between bonding and anti-bonding
modes decreases. When the film is thicker than 25 nm, the
single particle mode hardly feel the anti-bonding mode of
the film,*® so levers 1” and 2 vanish. By tuning the thick-
ness of the film, the resonant peak of the gap between dimer-
film can be tuned to fit the laser wavelength. For a fixed
50nm thickness, we investigated the effect of the dimer’s
radii. As shown in Figure 4(c), the splitting of the two peaks
increases as the radius becomes larger. However, for spheres
smaller than R =20nm, the peak from single particle-film
coupling slowly disappears because the image dipoles in the
film are too close and will start to interact. The high
enhancement wavelength range for a freshly made sample
can be deduced from the peak shift trend shown in Figures
4(a) and 4(b), combined with Figure 4(c). For the excitation
polarization vertical to the axis of the two particles, the cou-
pling between two particles is so weak that the system
behaves like two independent single particle-film systems as
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in Figures 1(c) and 3(a). Any other polarization state is a
combination of these basic components.

In conclusion, additional resonant modes are generated
in a particle-film system by the hybridization between modes
of particles and the continuous surface plasmon state of the
film. These hybridized modes, which can be tuned by vary-
ing the size of particles and the thickness of the film, will
lead to huge electric field enhancements in gaps between par-
ticles and film. This work gives a clear picture of the plas-
mon resonance conditions of a particle dimer/film system,
with amazing properties that have applications in several
research fields, such as, sensing, photocatalysis, and various
surface enhanced spectroscopies.
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