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Abstract—Plasmonic nanopatterned structures that can work as
highly efficient surface-enhanced Raman scattering (SERS) substrates are presented in this study. A “coupled” concentric ring
structure has been designed, fabricated, tuned, and compared to
an “etched” concentric ring structure and plain gold film via SERS
experiments. The proposed design gives Raman signal intensity
630 times larger than plain gold film and 8 times larger than an
“etched” concentric ring structure. The surface plasmons were
imaged with the fluorescence imaging technique and supporting
numerical simulations were done.
Index Terms—Concentric ring, fluorescence imaging, surfaceenhanced Raman spectroscopy (SERS), surface plasmon (SP).

I. INTRODUCTION
URFACE-enhanced Raman spectroscopy (SERS) is a type
of vibrational spectroscopy used for the fingerprinting and
quantitation of molecular species. It overcomes the inefficiency
of Raman spectroscopy and provides highly resolved vibrational
information of the Raman-active molecules adsorbed on roughened metallic surfaces. Among its two primary enhancement
mechanisms, electromagnetic enhancement, which states that
the SER signal is enhanced proportionally to the fourth power
of the local electric field intensity [1], [2] is commonly believed
to be more influential than the chemical enhancement, although
the subject is still under debate [3]–[6].
The nanoscale surface roughnesses serve for the electromagnetic enhancement mechanism via the propagating and/or localized surface plasmons (SPs) that they support. Classical methods such as oxidation–reduction cycling, use of metal colloids,
metal island, or cold deposited films result in a heterogeneous
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distribution of nanoparticles with various sizes, shapes, and arrangements. However, nano roughnesses specifically designed
by lithographic methods can overcome the unpredictable and
irreproducible nature of SERS while increasing the Raman signal intensity [7]. Moreover, this type of controlled fabrication
enables the tuning of the plasmon resonances to the desired
excitation wavelength [8].
Among other lithographic methods, electron-beam lithography (EBL) offers a highly controllable means to fabricate nanostructured arrays with minimum disparity in the shape and size of
the nanoparticles. It also enables different dimension arrays to be
fabricated on the same substrate at once which further facilitates
the parameter optimization process and reduces the fabrication
time. There are numerous reports employing EBL for SERSactive substrate designs with different nanoparticle geometries,
particle shapes, sizes, and spatial arrangements yielding high
SERS enhancements [7], [9]–[11].
In this study, SERS active substrates are fabricated with EBL
to assemble reproducible arrays that can tailor the SERS efficiency and enable parameter optimization. Two different designs
are prepared for comparison. The first set constitutes circular
concentric rings etched from a planar gold film. In the second
set, the etched portions are filled with a dielectric spacer and a
second layer of golden rings are deposited only at the top of the
dielectric spacer forming a coupled ring structure. The performance of “coupled ring” samples are compared to those with
“etched ring” samples and “plain gold” film via SERS experiments and simulations. It is also shown that the design can be
tuned physically for better SERS performance.
Similar designs such as concentric arcs [12] and concentric
rings [13] are also available in the literature. These designs
mainly depend on focusing the propagating SPs at the center
of the rings. However, our motivation in this study is to show
that the proposed dual layer concentric ring structure can provide
increased electric field intensity due to the coupling of plasmons
localized between the rings and the center disk and, therefore,
be used as an efficient SERS substrate.
II. MATERIALS AND METHODS
A. Fabrication
The fabrication of the concentric ring samples start
with the spin coating of the sapphire substrate with
Poly(methylmethacrylate) (PMMA 950 A-2) resist at
2500 r/min for 40 s. It is baked for 90 s at 180 ◦ C and the
hydrogen silsesquioxane (HSQ), negative tone electron-beam

1077-260X/$31.00 © 2012 IEEE

4601605

IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 19, NO. 3, MAY/JUNE 2013

Fig. 2. Optical microscope image (a) under white light illumination (b) imaging of surface under LED excitation. The scale bar corresponds to 2 μm for both
figures.

Fig. 1. (a) Illustration of fabrication steps for a five-ring “coupled” structure
(b) conceptual image of “coupled” concentric rings (c) conceptual image of
“etched” concentric rings (d) SEM image of the coupled structure. Inner ring
diameter 965 nm, period 500 nm. The scale bar corresponds to 2 μm.

resist, is spin coated at 2000 r/min for 40 s. The substrate is then
baked again for 90 s at 150 ◦ C and aqua-save (polymer) coating is
done to reduce the charging effects during e-beam exposure. After lithography is performed with the “RAITH E-Line” system,
the substrate is developed in tetramethyl ammonium hydroxide
(TMAH) for 75 s. A TMAH developer removes the unexposed
parts of HSQ resist, leaving behind the ring patterns residing on
the preserved PMMA resist layer. To remove the PMMA under
the HSQ mask, O2 plasma etch is done by the “Sentech SI 500
ICP-RIE Dry Etching System” at a 50 W RF and 100 W ICP
power for a duration of 30 s. Finally, 5-nm Ti adhesion layer
and 40 nm Au is evaporated on the patterned sample by “Leybold Univex 350 Coating System.” This ends the fabrication
of the “coupled ring” structure as shown in Fig. 1(b). For the
“etched ring” sample shown in Fig. 1(c), a final lift off step in
acetone is necessary to resolve the remaining PMMA under the
upper rings. The fabrication steps are visualized in Fig. 1(a) for
a 5-ring “coupled” structure. The SEM image of the resultant
structure is shown in Fig. 1(d).
Physically different structures that have varying dimensions
are fabricated to optimize the SERS signal intensity. The number of rings for different samples are chosen as 18 considering
that the increased number of rings is expected to increase the
resultant E-field intensity [14]. The inner disk diameter changes
from 0.965 to 1.750 um. The period of slits vary between 500
and 860 nm.
B. Imaging of SPs
There are several methods to visualize the plasmon fields
accompanied by nanostructures. The most convenient method
for SP imaging is to use near-field optical microscopy [15]. A
more practical way is to distribute fluorescent molecules homogeneously close to the metal surface and use optical microscopy [16]. The fluorescent molecules should be positioned

at a distance from the metallic surface preferably by a few
nanometers thick dielectric layer since fluorescence can quench
in direct contact with the metal.
In the experimental setup, a high flux red LED is used for
excitation purposes. A Leica optical microscope and its integrated charge-coupled devices are used to observe and image
the surface. The 100× objective with numerical aperture 0.9
is used. The thin dielectric spacer is maintained by the benzenethiol monolayer coated for SERS measurements. No other
means of dielectric deposition was necessary and no fluorescence quenching effect was observed. A monolayer of Rhodamine 6G molecules were deposited on the spacer layer by
incubating the samples for 1 h and postcleaning several times
with deionized water (DI) to remove any residue after incubation. Momentum matching between light and SPs is maintained
by the corrugations on the gold surface. The images obtained in
this way represent the SPs qualitatively rather than in a quantitative way [16]. The data presented in Fig. 2 are in accordance
with the near-field energy density distribution measurements
done with near-field scanning optical microscopy for a plasmonic lens structure made of multiple concentric metallic rings
similar to our proposed design [15].
C. Simulations
A commercial software package called “Lumerical” relying
on finite-difference time-domain technique is used in the simulations. All the physical boundary conditions are chosen as perfectly matched layer to avoid undesired reflections from boundaries. A maximum mesh size of 5 nm is used in the simulations
to save computation time while preserving accuracy. Two-ring
counterparts of the proposed structures are used for comparison
to save computational sources. The physical dimensions of the
disk and the rings are the same as the fabricated structures except
the number of rings. The 5-nm Ti adhesion layer is excluded and
a 45-nm gold layer is assumed in the simulations considering
the maximum mesh size would not resolve the Ti layer. The
material data for sapphire and gold are taken from the works
of Palik [17] and Johnson and Christy [18], respectively. The
structures are illuminated with a single wavelength plane wave
source at 632.8 nm that matches the laser excitation wavelength.
Two-dimensional cross-sectional monitors are used to visualize
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Fig. 4. SER spectra of Benzenethiol from the “coupled ring” structures and
“plain gold” film. No background correction is done. Spectra are shifted for a
better view. A horizontal axis break is applied to save space. In the legend, the
letter “P ” denotes period and the letter “D” denotes diameter.

Fig. 3. Cross-sectional E-field distributions (|E|2 ) of the coupled resonant
(a, d), coupled nonresonant (b), (e) and etched ring (c), (f) structures, respectively. The same color scale is used for (d), (e) and (f).

the E-field distributions. Different sized coupled structures that
provide the best and worst signal intensity (corresponding to the
resonant and nonresonant conditions) and etched ring structures
are compared.
In accordance with the SERS experiments, the coupled structures end up with a higher E-field intensity distribution and
hence higher SER intensity as can be seen in Fig. 3. In the
resonant-coupled structure, the upper rings are coupled to the
bottom rings which results in the increase of “hot spots” responsible for the enhancement. This is degraded for the nonresonant
structure and minimized for the etched-ring structure.
The experimentally obtained enhancement obtained from the
coupled structures with respect to the etched structures is also
validated by simulations. The SERS intensity is considered to
be proportional to |E|4 at the laser excitation frequency for this
calculation. The E-field distributions obtained through simulations are integrated over the gold surfaces for both designs
using 4 μm spot size. The resultant ratio gives total |E|4coupled /
total |E|4etched ∼12 which is close to the experimentally derived
8 times larger signal intensity.
III. SERS EXPERIMENTS AND RESULTS
The SERS data are collected under excitation with an He–
Ne laser at 632.8 nm with the Horiba LABRAM system. The
100× objective with a 0.9 numerical aperture is used throughout
the measurements. A slit size of 200 μm and a hole size of
1100 μm ended up with the best resolution. The samples to be
measured are incubated in 100 mM benzenethiol in an ethanol
solution for 2 h and then thoroughly rinsed with ethanol to
ensure a self-assembled monolayer formation on the surface
and to remove residues. The measurements are taken right after
the coating. The missing S–H bonds (at 2550–2600 cm−1 , not
shown in the graphs) in the SER spectrum verify that Au–S
bonds are formed and indicates the formation of a monolayer
[19]. Benzenethiol was purchased from Sigma-Aldrich and used
as is in the Raman experiments. It has a known packing density

and it is a widely used molecule in SERS studies, which makes
it an ideal candidate for enhancement factor (EF) calculation
and comparison with previous reports in the literature.
The same integration and exposure times are used for all
the samples except for the “plain gold” sample. Although four
times larger integration time is used for the “plain gold” sample, no distinguishable signal is observed. Considering the maximum intensity obtained from “coupled ring” structures and the
minimum detectable intensity throughout the experiment, it is
derived that patterned structures have 630 times larger SER intensity when compared with “plain gold” film. The data are
presented in stack form in Fig. 4 for easy visual comparison.
For all the fabricated samples, the number of rings is the
same and the slit widths are at close proximity. Therefore, the
change in signal intensity may be due to the inner ring diameter
and the period. The acquired SER signal from different samples
shown in Fig. 4 indicates that the sample with the smallest inner
ring diameter has the largest signal intensity. One reason for
this situation may be the increase in the number of rings (and,
therefore, the number of hot-spots) that is included within the
laser spot area, as the inner radius decreases. The increased Efield intensity is considered to be mainly due to the interaction
(coupling) of the upper rings residing on dielectric and lower
rings residing on sapphire. This coupling can also be visualized
from the simulation results presented in Fig. 3. The period does
not seem to have a major impact on the resultant signal for this
design.
The effect of coupling between the upper and lower rings
is also studied by comparing the “coupled” and “etched” ring
structures. The coupled structures shown in Fig. 1(b) have upper
and lower rings separated by a dielectric spacer layer, whereas
the etched ring structures only have the lower rings as shown
in Fig. 1(c). The “etched ring” structures are similar to the
plasmonic lens designs that exist in the literature [14]. In a plasmonic lens structure, the period has to be chosen so as to match
the SP wavelength to maximize the focusing and, therefore, the
E-field intensity that dominates the resultant SERS signal intensity [20], [21]. Accordingly, the period of the “etched ring”
structure is chosen to match the SP wavelength (calculated as
605 nm corresponding to the incident wavelength of 632.8 nm)
in order to maximize the focusing. The SERS experiments show
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Fig. 5. SER spectrum of Benzenethiol from the “coupled” rings and the
“etched” rings. No background correction is done. A horizontal axis break
is applied to save space. In the legend, the letter “P ” denotes period and the
letter “D” denotes diameter.

than an optimally designed “etched-ring” plasmonic lens structure. There is still room for improvement through tuning the
physical dimensions of the structures.
Future study includes the investigation of the optical responses through reflection-transmission measurements and tuning the resonance of the structures for a better match with the
laser excitation frequency to obtain a better SER signal. Under
such resonant excitation, the enhancements obtained thus far
are expected to increase significantly [30]. The relationship between the signal intensity and the physical sizes and parameters
such as slit width, number of rings, thickness, and material of
the separation layer and period should also be further studied.
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