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Abstract We present detailed experimental and numerical
studies of plasmonic properties of gold nanoring (NR)
arrays with different slab thicknesses from 15 to 125 nm.
The hybrid plasmon resonances for the bonding and anti-
bonding modes in gold NRs exhibit a high slab thickness
dependence behavior in optical properties. For the thinner
slab thickness below 50 nm, both hybrid modes show large
spectral tunabilities by varying the slab thickness.
Furthermore, for such hollow NR structure, the enhance-
ments of electric field intensities at the inner and outer ring
surfaces when reducing the slab thickness are investigated.
We observe a significant transition of field distributions for
the antibonding mode. All these features can be understood
by surface charge distributions from our simulations. The
results of this study offer a potential strategy to design a
composite plasmonic nanostructure with large field en-
hancement for numerous applications.
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Introduction

In recent decades, noble metal nanostructures have been
widely studied since they can support localized surface
plasmon resonances (LSPR) which exhibit enhanced optical
fields surrounding metal nanoparticles when interacting
with incident electromagnetic waves [1]. This unique fea-
ture of near-field enhancement effect has been exploited in
many fascinating applications including surface-enhanced

spectroscopy [2, 3], chemical and biomedical sensing [4,
5], solar energy device [6, 7], and optical nanotrapping [8,
9]. However, the ability to generate high field enhancements
is strongly determined by nanoparticle geometry. Thus,
plasmonic properties of a train of nanostructure shapes have
been explored, such as nanoprisms [10], nanorods [11],
nanowells [12], and nanograils [13]. In particular, ring-
shaped nanoparticles have attracted great research interest
recently since such nanostructures can produce high local
fields arisen from strong coupling of inner and outer surface
plasmons [14–16]. In addition, they provide an additional
electric field in the cavity region of the ring structure, which
is particularly beneficial for practical applications that need
high volumes of enhanced fields such as sensing application
and surface-enhanced spectroscopy. Therefore, in the last
few years, many researchers have investigated the improve-
ments of index sensing [17] and surface-enhanced Raman
scattering [18] by using gold nanoring (NR) particles due to
their superior optical properties.

To explain the optical properties of metal NR, the plas-
mon hybridization model has been proposed [19, 20], which
is also used to describe the plasmon response of other hybrid
nanostructures successfully, such as nanoshells [21], nano-
eggs [22], nanomatryushkas [23], and nanorices [24]. For
the NR structure, the LSPR characteristics can be regarded
as the mixing of plasmonic behaviors of two elementary
geometries, a nanodisk and a nanohole [25]. This hybrid-
ization effect from both nanostructures gives rise to two
hybrid plasmonic modes in metal NR, referred to as anti-
bonding (A) and bonding (B) resonance modes, respectively
[14, 15].

Interestingly, the optical properties of both hybrid plas-
monic modes are very sensitive to the NR geometry, which
results from the strong interaction between nanodisk and
nanohole plasmons supported by the outer and inner surfa-
ces of metal NR. This indicates that the LSPR in metal NR
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can be easily tuned by the dimension and width of the ring.
This high tunability of plasmonic resonances in gold NR by
adjusting the ratio of the ring width to its radius has been
investigated by Aizpurua et al. [14]. However, the optical
behaviors of hybrid plasmonic modes in gold NR when
varying the vertical height of the slab have not been
studied yet. In this work, we report our experimental
and simulation investigations of the A and B modes in
gold NRs with different slab thicknesses. Moreover, we
focus on the field intensity enhancement at the inner
and outer gold NR surfaces as the slab thickness is
decreased. This work can advance our understanding
of the optical properties of the hybrid modes in a
plasmonic hollow structure with varied slab thickness
and greatly facilitate our abilities to design the hybrid
plasmonic nanostructure.

Fabrication and Measurement

The scheme of a gold NR structure with average ring
width w, diameter d, and slab thickness t is shown in
Fig. 1a. In our fabrication, commercial indium tin oxide
(ITO) glass was utilized as the substrate since such
electrically conductive substrate can preclude the charg-
ing effect during electron beam lithography (EBL) pro-
cess. First, the ITO glass substrate was cleaned by
ultrasonication in acetone and isopropyl alcohol fol-
lowed by rinsing with deionized water and blow-
drying with nitrogen. Each of the sonication steps was
carried out at room temperature for 5 min. The substrate
was then spin-coated a 150-nm polymethylmethacrylate
(PMMA) layer, and NR array patterns with areas of
300×300 μm2 were defined on the PMMA layer by
the EBL method. After exposure and development, the
substrate was deposited with a gold thin film using
thermal evaporation. Then, the standard lift-off proce-
dure was accomplished by immersing the sample in
acetone for a few hours. Figure 1b shows a selected
scanning electron microscope (SEM) image of the fab-
ricated gold NR array with the slab thickness of 50 nm.
The average ring width and diameter of fabricated gold
NRs are fixed at 160 and 500 nm, respectively.
Importantly, the period of gold NR array was set at
1,000 nm which was large enough to reduce the near-
field coupling between each gold NR particle. In addi-
tion, to confirm the slab thickness of each gold NR
array, the morphological features of gold NR arrays
were analyzed using atomic force microscopy (AFM).
Figure 1c shows a typical 2D AFM micrograph of gold
NR array with the slab thickness of 50 nm. We make
sure that the slab thicknesses of gold NRs can be well
controlled during the metal deposition process.

The optical properties of gold NR arrays with different
slab thicknesses were studied using upright transmission
spectroscopy which uses a halogen lamp as the light source.
Light was focused on gold NR arrays through a ×20 objec-
tive lens. To minimize edge effect, a spot size of around
150 μm in diameter on the sample surface sufficiently
smaller than the dimension of the fabricated array was
attained by using the iris diaphragms and collimating lens.
The transmitted light was then collected by another ×20

Fig. 1 a Schematic diagram of the gold NR structure design. The
structural key parameters are defined as w=average ring width, d=
diameter, and t=slab thickness. b Top view SEM image of the fabri-
cated gold NR array with w=160 nm, d=500 nm, and t=50 nm on ITO
glass. The period of plasmonic array is fixed at 1,000 nm. c Typical 2D
AFM micrograph of the gold NR array with the slab thickness of
50 nm
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objective lens and focused on a multimode optical fiber
connected to an optical spectrum analyzer. The extinction
spectra can be obtained using the following equation:

Extinction lð Þ ¼ �log
Iout lð Þ
Iref lð Þ

where Iout(l) and Iref(l) are the intensities of the transmitted
light with and without the gold NR array.

Results and Discussions

To investigate the influence of thickness on the optical behav-
iors of the A and Bmodes in gold NRs, the slab thickness twas
varied systematically for a wide range from 15 to 125 nm.
Figure 2a shows the measured extinction spectra of gold NR
arrays with various slab thicknesses. The gold NR arrays ex-
hibit two well-defined LSPR modes in the visible and near-
infrared ranges corresponding to the A and B modes, respec-
tively. Moreover, we observe a blue-shifted shoulder in the B
mode around 1,100 nm, which is the grating-induced mode
attributed from a periodic array. This phenomenon has been
investigated experimentally in the previous work for gold nano-
particle arrays [26]. To further investigate the trends of peak
wavelength shifts, the measured peak wavelengths of both A
and B modes in gold NRs with different slab thicknesses are
plotted in Fig. 2c. For both A and B modes, remarkable red-
shifts are observed by reducing the slab thickness. This redshift
behavior of the LSPR mode with decreasing height of the

plasmonic nanostructure has been investigated, such as nano-
plate [27], nanohole [28], and nanocrescent [29]. Moreover, we
find experimentally that the A modes are shifting more while
the B modes are less redshifting, which indicates that the B
mode is less sensitive to thickness changes in a periodic array.
This result can be ascribed to the grating-induced mode in a
periodic array, since the restoring force in gold NR could be
strengthened due to the in-phase addition of radiation fields
from the grating-inducedmode when the grating-induced mode
is coupled to the B mode. We would expect the suppression of
the redshifting for the B mode. Interestingly, we find that the A
mode at around 690 nm does not exhibit any distinguishable
shift as the slab thickness is decreased gradually from 125 to
50 nm, which differs from the B mode. The disparity be-
tween these two modes is related to plasmonic charge
distributions. For the thicker slab thickness, the restor-
ing force of the electric dipole in gold NR is cancelled
from the antisymmetric charge distribution of the A
mode, which leads to the unvaried plasmon frequency.
The analysis of corresponding charge distributions will
be discussed in detail later.

To verify the effect of slab thickness on the optical response
of gold NRs, the extinction spectra of such plasmonic structure
with varied slab thickness were calculated using the 3D finite
element method by COMSOL Multiphysics simulation soft-
ware. We set up the simulated domain for a single gold NR and
employed the Lorenz–Drude model for the dielectric function
of gold NR. The environmental refractive index was set to be
1.0 for air, and the dispersion of the ITO substrate was consid-
ered. Furthermore, the structural dimensions of NRs used in

Fig. 2 a Measured and b
simulated extinction spectra of
gold NRs with varied slab
thickness t within a range of
15–125 nm. c Measured and d
simulated peak wavelengths of
the A and B modes in gold NRs
with different slab thicknesses t
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these simulations were identical to those of fabricated NRs.
Panels b and d of Fig. 2 show the simulated extinction spectra
and peak wavelengths of gold NRs with the slab thicknesses
varied from 15 to 125 nm. It is clear that the computational
results are in good agreement with the experimentally observed
trends. As the slab thickness decreases, two distinct peaks
identified as the A and B modes exhibit apparent redshifts.
Particularly, the peak wavelength of the A mode does not shift
when the slab thickness is varied within the range of 50 to
125 nm. The feature of such simulated result is clearly repro-
duced in our experiment. Furthermore, we can see that the line
widths of the measured bonding modes are obviously narrower
than those of the calculated ones. This is because the grating
effect in a periodic array results in the reducing of the line width
owing to the coherent interactions of nanostructures [30].
However, in our simulation, the scattering boundary condition
for all the external boundaries of the computational domain is
used to study the thickness effect without considering any
optical couplings.

It is also interesting to study the near-field changes when we
vary the slab thickness of gold NR. The field intensity distribu-
tions of both A and B modes in the vertical cross sections and
horizontal middle planes of gold NRs with different slab thick-
nesses are shown in Fig. 3a and b, respectively. For the Bmode,
the electric field distribution at the outer and inner surfaces of
gold NR resulting from the symmetric charge pattern [14] is
observed. However, the near-field profile of the A mode is
obviously dissimilar to that of the B mode. The strong near
fields of the A mode are spatially concentrated in the cavity
region of the gold NR for the greater slab thickness. As the slab

thickness is decreased gradually, an obvious transition in field
distribution of the A mode can be clearly seen, which exhibits
an apparent enhancement of the electric field at the inner and
outer surfaces of gold NR when the slab thickness is less than
50 nm. Such electric field intensity profile of the A mode with
the thinner slab thickness is analogous to that of the B mode,
which is caused by the symmetric charge pattern on the top
surface of the ring due to the redistribution of surface charges.

To understand the intensity enhancement properties of gold
NR, we further focus on the electric field intensities of the A
and B modes at the inner and outer surfaces of gold NRs with
different slab thicknesses, as shown in Fig. 4a and b. For the
outer NR surface, the intensity enhancements of around eight
and three times for the A and B modes, respectively, are
obtained as the slab thickness is decreased from 125 to
15 nm. Furthermore, the field intensity of the B mode is always
larger than that of the A mode for gold NR at a certain slab
thickness. This phenomenon can be explained by the strong
coupling from the symmetric charge distribution at the inner
and outer surfaces of the ring for the Bmode. For the inner NR
surface, the intensity enhancements of around 2.5 and 4 times
for the A and B modes are obtained as slab thickness is
reduced from 125 to 15 nm. Apparently, whether at the outer
or inner surface of the NR, the field intensities exhibit expo-
nential growth with decreasing slab thickness for both A and
B modes. This significant intensity enhancement is caused by
the enhanced coupling of the electric field at the top and
bottom surfaces of gold NR.

In order to comprehend the surface charge distributions of
gold NRs, we calculated charge distribution profiles of the

Fig. 3 Electric field intensity
distributions of the a B and b A
modes in the cross sections and
middle planes of gold NRs with
different slab thicknesses
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corresponding resonance modes in gold NRs with slab thick-
nesses of 125 and 15 nm, as shown in Fig. 5a and b. In Fig. 5a,

the charge distribution of the B mode shows the same signs at
the inner and outer NR surfaces corresponding to symmetric
charge distribution, which exhibits a typical dipole-like charge
pattern. Furthermore, the surface charges for the B mode main-
tain their distribution as the slab thickness is decreased from
125 to 15 nm. Oppositely, the antisymmetric charge distribution
of the A mode on the inner and outer NR surfaces for the slab
thickness of 125 nm is observed. From the cross-sectional
view in Fig. 5b (top), antisymmetric charge distribution
corresponding to the reversed dipole moments for the
top and bottom NR surfaces is found. This feature of
the A mode is in good agreement with the calculation
results obtained for silver nanoring [25]. Such antisym-
metric distribution of surface charges causes the cancel-
lation of restoring force in gold NR, which results in
invariant resonance frequency of the A mode when
varying the slab thickness. In particular, the charge
distribution of the A mode shows a noticeable transfor-
mation as the slab thickness is decreased below 50 nm.
The same trend is also observed from the peak wave-
length shifts and field intensity distributions. We as-
cribed this transformation to the charge redistribution
resulted from the moving of surface charges. From the
charge distribution of the A mode on the top surface for
the slab thickness of 125 nm, high charge densities are
located at the inner surface of gold NR, as shown in
Fig. 5b (top). These high-density surface charges on the
inner surface would move to the outer surface when the
slab thickness is decreased. Thus, as shown in Fig. 5b
(bottom), the charge distribution on the inner surface for
the slab thickness of 15 nm exhibits lower density
compared with that for the slab thickness of 125 nm,
and the redistributed positive and negative charges occupy the
two sides of the top surface, respectively, which leads to the
symmetric charge distribution on the top surface of NR. This
result further elucidates that the mode profile for the A mode

Fig. 4 Electric field intensities of the A and B modes at the a outer and
b inner surfaces (denoted by the point monitors) of gold NR as a
function of slab thickness. The dotted lines show the best fit of these
data to the exponential decay function

Fig. 5 Charge distribution profiles of the a B and b A modes in gold NRs with slab thicknesses of 125 nm (top) and 15 nm (bottom) for the cross-
sectional view (left) and top surface (right)
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of gold NR with thinner slab thickness is similar to that of the
B mode, which exhibits field enhancements at both inner and
outer surfaces.

Conclusion

We study experimentally and numerically the slab thickness
effect on the optical behaviors of hybrid plasmonic modes in
gold NRs. By changing the slab thickness, both hybrid modes
in gold NRs exhibit high spectral tunabilities. From experimen-
tal observations, both A and B modes of gold NRs display
redshift behavior as the slab thickness is decreased, which is
confirmed by our numerical studies. Particularly, the resonance
wavelength of the A mode in gold NRs for a greater slab
thickness above 50 nm does not show an apparent shift, which
is due to the mutual cancellation of dipole force from the
antisymmetric charge pattern of the A mode. This feature has
been verified by surface charge distribution profiles from nu-
merical calculations. Moreover, the slab thickness dependence
of associated electric field intensity is also numerically investi-
gated and discussed, especially on the inner and outer NR
surfaces. By reducing the slab thickness, we find that the field
intensities of these two hybrid modes at both positions can be
improved and also observe an obvious transition in field distri-
bution of the A mode due to the redistribution of surface
charges. These results further advance our understanding of
the characteristics of hybrid plasmonic structures with varied
vertical slab thickness and render a useful design principle to
fabricate such nanoparticles with a highly enhanced field for
practical applications that require large localized field en-
hancement, such as nanolasing, plasmonic-based sensors for
chemical and biomedical applications, surface-enhanced spec-
troscopy, and nanoparticle trapping.
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