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ABSTRACT: We investigate the optical properties of gold nanoring (NR) dimers in both simulation and experiment. The
resonance peak wavelength of gold NR dimers is strongly dependent on the polarization direction and gap distance. As the gold
NR particles approach each other, exponential red shift and slight blue shift of coupled bonding (CB) mode in gold NR dimers
for longitudinal and transverse polarizations are obtained. In finite element method analysis, a very strong surface plasmon
coupling in the gap region of gold NR dimers is observed, whose field intensity at the gap distance of 10 nm is enhanced 23%
compared to that for gold nanodisk (ND) dimers with the same diameter. In addition, plasmonic dimer system exhibits a great
improvement in the sensing performance. Near-field coupling in gold NR dimers causes exponential increase in sensitivity to
refractive index of surrounding medium with decreasing the gap distance. Compared with coupled dipole mode in gold ND
dimers, CB mode in gold NR dimers shows higher index sensitivity. This better index sensing performance is resulted form the
additional electric field in inside region of NR and the larger field enhancement in the gap region owing to the stronger coupling
of collective dipole plasmon resonances for CB mode. These results pave the way to design plasmonic nanostructures for

practical applications that require coupled metallic nanoparticles with enhanced electric fields.
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anoscale light confinement and localization by noble

metallic nanostructures is one of the critical aspects of
nanophotonics. The plasmonic properties of metallic nano-
structures are dominated by the oscillations of the free
electrons of the nanostructure in resonance with the incident
electromagnetic field. This so-called localized surface plasmon
resonance (LSPR) results in a strongly enhanced electric near-
field localized at the particle surface,"”” which has received
enormous interest because of its potential for various
technological applications such as optical waveguiding,®> nano-
trapping,” nonlinear optics,” and field enhancement spectros-
copy.’”” During the past decade, a great number of
investigations of coupled metallic nanoparticles includin% gold
particle chains,'? silver cube clusters,"* gold disk trimers, 2 and
gold necklaces™ have been carried out to understand the
plasmon coupling between metal nanoparticles. The local
electric field enhancement resulted from the nearly adjacent
two metallic particles is much larger than those associated with
spatially isolated ones.'* More importantly, the enhanced
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optical field confined in nanogap region of two adjacent
nanoparticles can be used to monitor the response of LSPR to
environmental change. This feature provides remarkable
opportunities to improve single-molecule detection'>'® and
have profound significance for probing biochemistry including
chemical reactions'” and molecular bonding'® to serve as a
nanoreactor.

Coupled metallic nanoparticle pairs are referred to as
plasmonic dimers, which give rise to very large field
enhancements in their gap region because of the near-field
coupling as two particles are close enough. Since the condition
of LSPR oscillations is sensitively dependent on the geometry
of the nanostructure, the control of particle shape for plasmonic
dimers is a crucial issue, which can significantly influence the
performance of field enhancement. Up to date, various types of
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Figure 1. (a) Scheme of gold NR dimers array design. (b) SEM image of fabricated gold NR dimers array with w = 100 nm, d = 400 nm, g = 15 nm, ¢
= 50 nm, p; = 2 pm, and p, = 1 pum. The inset shows a magnified SEM image of single gold NR dimer for the measurement of the gap distance.
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Figure 2. (a) SEM images of gold NR dimers with different gap distances within a range of 15—287 nm. (b,c) Measured and (d,e) simulated
extinction spectra of gold NR dimers with different gap distances for (b,d) longitudinal and (c,e) transverse polarizations.

dimers structures have been investigated, such as circular and
elliptical disk dimers,"”*° nanoshell dimers,”" nanorod
dimers,”* and triangular bowtie dimers.”®> In addition, to
investigate the nanoantenna effect at the gap region, most
previous studies have focused on its plasmon frequency and
coupling strength tuning by varying the gap distance for
incident light polarized perpendicular and parallel to the dimer
axis.**">% When incident polarization is parallel to the dimer
axis, an apparent exponential red shift of the plasmon resonance
occurs with decreasing the separation of nanoparticles.
However, a weak blue shift for perpendicular polarization is
obtained. This highly gap-dependent behavior of collective
plasmon modes has been theoretically demonstrated using
plasmon hybridization model by many researchers.””**
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Recently, nanoring (NR) structures are particularly attractive
since such structures produce high local electric field resulting
from plasmons strongly coupled at the inner and outer surfaces.
Furthermore, NR exhibits highly tunable plasmonic resonance
from the visible to near-infrared (NIR) region by changing the
dimension and width of the ring.*>** These properties of NR
have been used widely in applications including surface-
enhanced Raman scattering (SERS),*! biosensing,32 and
plasmonic waveguide.*® In general, the plasmon behaviors in
NR structures can be explained by a simple universal physical
model,>”** which has been vitally successful to describe the
optical characteristics of other hybrid glasmonic nanostructures,
such as nanoshells*® and nanorice.>** For NR structures, the
plasmonic properties can be seen as the electromagnetic
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interaction between the nanodisk (ND) and the nanohole
plasmons.>” This hybrid coupling leads to the splitting of the
plasmon mode into two resonance modes, which are the low
energy “bonding” mode and the high energy “antibonding”
mode. However, bonding mode is preferred since the charge
distribution of such mode can be regarded as a strong dizpolar
mode which strongly enhances the field intensity in NR.””

In this work, we present experimental and simulation
investigations of the coupled bonding (CB) mode in gold
NR dimers for different polarizations. The gap distance
between two adjacent gold NR particles is systematically varied
for probing the near-field interaction of CB modes. Moreover,
to demonstrate the excellent plasmonic properties for gold NR
dimers, optical behavior of typical coupled dipole (CD) mode
in gold ND dimers with different gap distances are studied (see
Supporting Information) and their sensing characteristics are
also investigated for comparison. We show that index
sensitivities of CB and CD modes in gold NR and ND dimers
both exhibit an exponential relationship with gap distances. In
particular, gold NR dimers have a significantly better sensing
performance resulting from higher local field intensity in the
gap region. This work can advance our understanding on the
plasmon interactions between hybrid plasmonic nanostructures
and greatly facilitate our abilities to design plasmonic
nanoparticle dimers.

The scheme of gold NR dimers array with average ring width
w, diameter d, gap distance g, thickness t, periods along the
dimer axis p,, and along the perpendicular direction p, is shown
in Figure la. In our fabrication, gold NR dimers arrays were
manufactured on commercial indium tin oxide (ITO) glass
substrate since conductive substrate can eliminate the charge
accumulation effect during electron beam lithography (EBL).
First, ITO glass substrate was cleaned by consecutive 5 min
sonication cycles in acetone, isopropyl aclohol, and deionized
water, after which the substrate was blown dry by N,. The
substrate was then spin-coated a 150 nm polymethylmethacry-
late (PMMA) layer, and the NR dimers arrays consisting of 45
451 unit cells with dimensions of 300 X 300 ym? were defined
on the PMMA layer by EBL. After the development process,
the substrate was covered with a 50 nm gold thin film using
thermal evaporation followed by a lift-off procedure (Supple-
mentary Figure S1, Supporting Information). The average ring
width w, diameter d, thickness t, periods p; and p, of fabricated
gold NR dimers arrays are fixed at 100, 400, 50, 2000, and 1000
nm. Figure 1b shows a top-view scanning electron microscope
(SEM) image of the fabricated gold NR dimers array with gap
distance of 15 nm.

The extinction spectra of gold NR dimers arrays were
measured using upright transmission spectroscopy with halogen
lamp as a light source. Light was polarized and focused on gold
NR dimers arrays through a linear polarizer and a 20X objective
lens. The spot size was around 150 pm in diameter. The
transmitted light was then collected by another 20X objective
lens and fed into a multimode optical fiber connected to an
optical spectrum analyzer (Supplementary Figure S2, Support-
ing Information). To investigate the influence of coupling effect
on the optical behavior of CB mode, the gap distance g between
two gold NR particles is varied. Figure 2a shows the SEM
images of fabricated gold NR dimers with gap distances of 287,
240, 145, 93, 47, and 15 nm. Measured extinction spectra of
gold NR dimers arrays with different gap distances are shown in
Figure 2b,c. Two different polarization directions of the
incident light were chosen. Longitudinal and transverse
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polarizations correspond to the polarization of incident light
parallel and perpendicular to the NR dimers axis, as shown in
the insets of Figure 2b,c. In the NIR spectral region, gold NR
dimers exhibit a strong optical resonance that can be identified
as the CB mode. The spectral behavior of CB mode is in strong
disparity for different polarization directions. For the
longitudinal polarization, the CB mode shows a considerable
red shift as the gap distance of NR dimers is reduced. However,
only very slight blue shift is obtained for transverse polarization.
This polarization dependence of CB mode can be explained by
a dipole—dipole coupling model****** since bonding mode in
gold NR structure can be regarded as a dipole mode from the
charge distribution. Generally, when two plasmonic nano-
particles approach one another in dipole-dimers system for
longitudinal polarization, the strengthened attractive force
between two dipolar particles would weaken the repulsive
forces within each particle, which results in the reduction of the
plasmon frequency. On the contrary, two dipolar particles
collectively enhance the repulsive forces for transverse
polarization, which causes the growth of plasmon frequency.
Additionally, the peak around 1100 nm for gold NR dimers
with gap distance of 15 nm is evidently observed. This
resonance mode is associated with the coupling of high-order
quadrupole plasmon modes, which has also been investigated in
previous work for gold ND dimers with nearly touching
particles presented by Jain et al.*®

To verify the effects of gap distance on peak wavelength for
longitudinal and transverse polarizations, we calculated the
extinction spectra of gold NR dimers with various gap distances
using three-dimensional finite element method (FEM). In our
simulation, the dielectric function of gold NR was described by
the Lorenz—Drude model.*” The dimensions of simulated NR
structure were chosen to match those of fabricated NR. The
gap distance of gold NR dimer was varied for a wide range from
10 to 350 nm to investigate the gap effect thoroughly. The
refractive index of surrounding medium was set to be 1.0 for air
and the dispersion of ITO substrate was considered. Figure 2d,e
shows the simulated extinction spectra of gold NR dimers with
different gap distances for longitudinal and transverse polar-
izations. With decreasing the gap distance, a strong red shift
and a very weak blue shift are obtained for longitudinal and
transverse polarizations. Moreover, under longitudinal polar-
ization, a shoulder in the spectral range from 1050 to 1150 nm
for extremely small gap distance is observed, which can be
ascribed to high-order interactions. These features of the
simulated results are clearly reproduced in our experiments.
Furthermore, we show the measured and simulated extinction
spectra of gold ND dimers with different gap distances for
comparison (see Supporting Information for details). As
expected, when two gold ND particles approach each other,
red shift and blue shift of the extinction peaks associated with
the CD mode as decreasing the gap distance are observed for
longitudinal and transverse polarizations. The trends are
analogous to those obtained for gold NR dimers with the
same diameter.

To further investigate the peak wavelength shift trend for
longitudinal polarization, the measured and simulated peak
wavelengths of CB mode in gold NR dimers with different gap
distances are plotted in Figure 3. The experimental
observations are in good agreement with the simulation results,
which both show the exponential red shifts of the plasmon
resonance with decreasing gap distance. The measured peak
resonances are at 1212, 1214, 1222, 1234, 1254, and 1335 nm
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Figure 3. (a) Measured and (b) simulated peak wavelengths of CB
mode in gold NR dimers with various gap distances g for longitudinal
polarization. The dotted lines are the best-fit exponential decay
function to the data.

for the gap distances of 287, 240, 145, 93, 47, and 15 nm. Also,
the simulated peak resonances are at 1267, 1274, 1298, 1342,
1384, and 1500 nm for the gap distances of 350, 200, 100, 50,
30, and 10 nm. The larger gap distance causes the higher
plasmon frequency because of the weaker coupling in
plasmonic dimers. The peak wavelengths are slightly larger
for simulation results since the idealized slab-like NR dimers
with homogeneous sizes and gaps were assumed. This is
deviated from the true experimental situation.

To confirm the CB and high-order CB modes in gold NR
dimers, the near-field vector distributions in a horizontal plane
are obtained. Figure 4a shows the simulated extinction spectra
of gold NR dimers with gap distance of 10 nm for longitudinal
and transverse polarizations, and the corresponding near-field
vector distributions of resonance modes are shown in Figure
4b—d. The extinction spectrum for longitudinal polarization
exhibits two well-defined peaks resulted from the strong
coupling of bonding modes. Obviously, the electric field
intensity is enhanced at the gap region of the gold NR dimers
for longitudinal polarization. According to the electric field
vector distributions, the sign of local surface charges can be
defined by the directional arrows. For NR structure, the charge
distributions of the bonding mode show the same signs at the
inner and outer ring surfaces. Figure 4b,c shows a dipole—
dipole-like charge pattern for the CB mode at 1500 nm and a
quadrupole—quadrupole-like charge pattern for the high-order
CB bonding mode at 1095 nm for longitudinal polarization.
The CB mode at 1298 nm for transverse polarization also
exhibits a dipole—dipole-like charge pattern, as shown in Figure
4d. However, there is no enhanced field in the gap region since
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Figure 4. (a) Simulated extinction spectra of gold NR dimers with gap
distance of 10 nm for longitudinal and transverse polarizations. Electric
field intensity distributions with flux lines and the surface charge
distributions of (b) CB mode, (c) high-order CB mode for
longitudinal polarization, and (d) CB mode for transverse polarization
in gold NR dimers with gap distance of 10 nm.

the surface charges are excited along the direction perpendic-
ular to dimer axis.

Then we study the gap effect on electric field intensity
distribution of the CB mode in gold NR dimers under
longitudinal polarization. The field intensity distributions on
top surface of gold NR dimers with different gap distances for
longitudinal polarization are shown in Figure Sa. It is evident
that when two adjacent gold NR particles come in close
proximity, collective dipolar-like NR plasmons result in
extremely enhanced fields in the gap region. The cross sections
of the field intensity distributions along the dimer axis for gold
NR dimers with different gap distances were displayed, as
shown in Figure Sb. The strong near-fields are spatially
concentrated in the gap region and the electric field intensity is
significantly augmented as reducing the gap distance. The
intensity of electric field at the center of gap region of the gold
NR dimers as a function of gap distance was investigated, as
shown in Figure Sc. The field intensity exponentially increases
with decreasing gap distance for longitudinal polarization.
When the gap distance is decreased from 350 to 10 nm, the
intensity enhancement of around 60 times is obtained.
Furthermore, the highest electric-filed intensity of 1132 X
107 V/m at the gap center for gold NR dimers is 23% larger
than that for gold ND dimers with identical size (see

dx.doi.org/10.1021/n1300012m | Nano Lett. 2012, 12, 1648—1654
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Figure 5. (a) Electric-field intensity distributions on top surface and (b) their cross sections along the solid black line of gold NR dimers with
different gap distances for longitudinal polarization. (c) Electric-field intensity of the CB mode as a function of gap distance at the gap center
(denoted by the point monitor) of gold NR dimers. The dotted line is the best-fit exponential decay function to the data.

Supporting Information) at the gap distance of 10 nm. This
stronger enhancement of field intensity for gold NR dimers is
attributed to the enhanced coupling for CB mode.

The LSPR is popularly known to be sensitive to the medium
surrounding the metallic nanoparticle. Recently, the effect of
the surrounding medium on the optical properties of noble
metal nanostructures has attracted much attention and been
utilized for chemical and biological sensing applications.**~*
Several researches on the optical response of complex metallic
nanoparticles to medium refractive index changes have been
in\festigzited.36’43’44 However, the effect of the medium on the
plasmon resonance coupling in dimers based on hybrid
plasmonic nanoparticle has not been entirely elucidated.
Thus, we continue by investigating the index sensitivity of
gold NR dimers by varying the refractive index of the
surrounding medium and comparing with gold ND dimers by
simulations. For gold NR dimers with the gap distance of 10
nm, the peak wavelength of the CB mode shifts from 1500 to
1663 nm as refractive index of surrounding medium is
increased from 1.00 to 1.15. A very high sensitivity of 1084
nm per refractive index unit (RIU) is obtained by calculating
the slope of the peak fitting curve. In addition, the index
sensitivities of both gold NR and ND dimers with different gap
distances were studied. Figure 6 shows a plot of the simulated
index sensitivities of the CB and CD modes in gold NR and
ND dimers as a function of the gap distance. The sensitivities of
gold NR and ND dimers significantly increase at a near-
exponential rate with decreasing gap distance. We attribute the
sensitivity enhancements in both dimers systems to electro-
magnetic coupling between the nanoparticles. For gold NR
dimers, the index sensitivity is greatly enhanced from 547 to
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Figure 6. Simulated index sensitivities of the CB and CD modes in
gold NR and ND dimers with different gap distances. Solid lines
represent the fitting curves with exponential decay function.

1084 nm per RIU when the gap distance is reduced from 350 to
10 nm. Furthermore, the sensitivity of gold NR dimers is larger
than that of gold ND dimers with the same gap distance. This
phenomenon can be explained by the field intensity and
distribution of plasmon resonance mode. Gold NR dimers
exhibits larger field enhancement than gold ND dimers in the
gap region because of the charge distribution of bonding mode.
Moreover, unlike in ND structure, there is an electric field
distributed in inside region of the NR structure, which is
accessible to the environmental change, in turn making NR
structure additional advantage for index sensing applications.
Thus, compared to conventional solid metallic nanostructures
such as sphere and disk dimers, our proposed sensitivity

dx.doi.org/10.1021/n1300012m | Nano Lett. 2012, 12, 1648—1654
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enhancement in gold NR dimers suggests that CB mode in
hybrid plasmonic nanostructure-based dimers is more suitable
for LSPR sensing.

In summary, we have investigated the optical behavior of
plasmon coupling and near-field localization properties for gold
NR dimers with different gap distances in experiments and
simulations. The peak wavelength of CB mode in gold NR
dimers is strongly dependent on polarization direction. For
longitudinal and transverse polarizations, the peak wavelengths
show exponential increase and slight decrease respectively
when gold NR particles approach each other. This phenom-
enon can be illustrated using dipolar-coupling model since the
bonding mode in NR structure can be regarded as a dipolar-like
mode. From the electric field intensity distribution, gold NR
dimers exhibit increased field intensity in the gap region when
decreasing the gap distance owing to near-field coupling.
Compared to gold ND dimers with the same gap distance, gold
NR dimers show a higher field intensity in the gap region
resulted from the strong coupling of collective dipole plasmon
resonances for CB mode. For index sensing, plasmon couplings
in gold NR and ND dimers result in exponential sensitivity
increase when reducing the gap distance. However, the index
sensitivities of gold NR dimers are substantially larger than
those of gold ND dimers with similar sizes. This results from
larger field enhancement in the gap region for CB mode and
additional sensing provided by the electric field in the inside
region of NR for the detection of the environmental change.
These results indicate that CB mode in gold NR dimers has a
great potential and is highly attractive for many applications,
such as chemical and biological sensor, field-enhanced spec-
troscopy, and nanoparticle trapping.
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Supporting Information includes figures showing fabrication
process of gold NR dimers and upright transmission spectros-
copy and details of the measured and simulated results for gold
ND dimers. This material is available free of charge via the
Internet at http://pubs.acs.org.
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