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We investigate the plasmonic properties of gold nanorings in close proximity to a gold film. The
rings have been fabricated using nanosphere lithography and are optimized to boost their
near-infrared surface enhanced Raman scattering (SERS) effects. A SERS enhancement factor as
large as 1.4 X 107 has been achieved by tuning the separation between the gold nanorings and the
gold film. In addition, we have numerically and experimentally demonstrated an enhanced tunability
of the plasmon resonance wavelength and a narrowing of the plasmon linewidth for increasing
ring-film interaction. © 2010 American Institute of Physics. [doi:10.1063/1.3504187]

Strongly enhanced Raman scattering of adsorbates oc-
curs on the surfaces of metallic nanostructures that exhibit
local plasmon resonances and consequently an enhanced lo-
cal electromagnetic (EM) field at the wavelength of the
stimulating laser beam. In addition, the chemical interaction
between adsorbed molecules and the metallic nanostructures
may provide an additional enhancement based on the charge
transfer between the metal and the molecules. These two
mechanisms give rise to the well-known surface enhanced
Raman scattering (SERS) spectroscopy, which even has
single molecule resolution.’ Although early experiments gen-
erally were performed in the visible frequency range, there is
increasing interest in SERS-based sensing or imaging in the
near-infrared (NIR) optical ranges of 650-900 and 1000-
1350 nm, because they are the most appropriate wavelength
ranges for SERS experiments in the bovine plasma environ-
ment and in vivo detection.”

Gold (Au) nanorings have been proposed and demon-
strated for NIR SERS applicati0n3’4 because they have highly
tunable optical properties in the NIR region.“f6 E-beam li-
thography has been extensively applied to fabricate the nano-
rings but is limited by a low throughput and high cost.”™ As
an alternative, one turns to look for some simple, productive,
and cheap methods to grepare the nanorings such as nano-
sphere 1ithography.4’5’] In addition, depositing metallic
nanostructures in a close proximity to a metal film has been
proved to be an effective way to tune the Plasmon resonance
and to enhance the local electric field.''™"® For example,
Lévéque and Martin have reported on that the plasmon reso-
nance wavelength can be modified over 600-900 nm by
changing the spacer thickness between Au nanosquares and a
Au film."? Crozier et al."* also found that the strong coupling
between the localized and propagating surface plasmons in a
structure of a Au nanodisk array near a Au film could en-
hance the electric near-field largely. In this letter, we use the
nanosphere lithography method to fabricate Au nanorings
near a Au film on a substrate for the NIR SERS application.
By controlling the plasmonic interaction between the Au
nanorings and a Au film with different thicknesses of the
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SiO, spacer, the NIR SERS enhancement factor (EF) can
reach values as large as 1.4X 107, an improvement with a
factor of 50 times compared to the Au nanorings. We have
also numerically and experimentally demonstrated an en-
hanced tunability of the plasmon resonance position and a
narrowing of the plasmon linewidth in the composite struc-
tures.

Figure 1(a) and 1(b) show the schematic illustration
of Au nanorings on a Au film with a SiO, spacer
(Au nanorings—SiO,—Au film) and Au nanorings, respec-
tively. The Au nanorings—SiO,—Au film structure was fab-
ricated by performing nanosphere lithography onto a Au film
with a SiO, layer on the top. First, a quartz substrate was
covered by sputter deposition with a 50 nm thick Au film and
a SiO, layer with a variable thickness. Then 100 nm sized
polystyrene (PS) sulfate latex particles were deposited on the
functionalized SiO, surface by the electrostatic self-
assemblpl, followed by sputtering a 30 nm thick Au layer on
the top. % Next, a Xe ion milling process was performed on
the Au film. Finally, an oxygen plasma treatment was used to
remove the remains of the PS particles. Figure 1(c) displays
that the nanorings (around 130 nm in diameter) are distrib-
uted randomly with a constant density onto the SiO, surface
and are isolated with an interparticle spacing of around

—— . ——
FIG. 1.
Au nanorings—SiO,—Au film and (b) Au nanorings on quartz and their

corresponding electron micrographs in (c) and (d), respectively. Bottom
parts in (c) and (d) panels are the cross-section images.

(Color  online)  Schematic illustrations  of  (a)
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FIG. 2. (Color online) (a) Simulated and (b) experimental reflection spectra
of Au nanorings—SiO,—Au film with different thicknesses of the SiO, layer
(top) and transmission spectra of Au nanorings (bottom).

200 nm. The maximum area of a single continuous nanoring
domain can reach a few square centimeters after optimiza-
tion. Furthermore, a cross-section electron micrograph [bot-
tom part in Fig. 1(c)] shows the smooth and flat Au and SiO,
film under the nanorings and all free standing Au nanorings
possess sharp edges and opened surface morphology, which
is favorable for SERS. For a comparison, nominally identical
Au nanorings were fabricated directly onto the quartz sub-
strate without a Au film and a SiO, film underneath [Fig.
1(d)].

To investigate the optical properties of the
Au nanorings—SiO,—Au film structure, simulated and ex-
perimental reflection spectra are analyzed in Fig. 2. Numeri-
cal simulations were performed by employing a finite differ-
ence time domain method.'*™'® The structure was excited by
normally incident light with its polarization along the
x-direction [Fig. 1(a)]. The empirical dielectric functions of
Au and SiO, have been described in our previous work.'®
For the sake of simplicity, we assumed periodic boundaries
although the structures are randomly distributed in our
samples. We have observed some periodicity induced effects,
which we will discuss later, but in general there is good
agreement with the experimental results. Experimental spec-
tra were measured by a Bruker spectrometer (Vertex 80 V)
with a Hyperion 2000 microscope.

Figure 2(a) (top) presents the simulated reflection spec-
tra of the Au nanorings—SiO,—Au film structures with dif-
ferent thicknesses of the SiO, spacer. We can observe a
strong reflectance dip in the NIR range for all structures,
which is attributed to the coupling and the plasmon hybrid-
ization between the localized surface plasmon (LSP) of
nanorings and the delocalized surface plasmon (DSP) of the
Au film. With the decrease in the SiO, spacer thickness from
70 to 10 nm, the dip shifts to longer wavelengths and be-
comes narrower.'’ The transmission spectrum of Au nano-
rings onto the quartz substrate is shown in Fig. 2(a) (bottom)
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FIG. 3. (Color online) (Left) EFE (log|E/E,|?) and (right) charge distribu-
tion of (a) Au nanorings and Au nanorings—SiO,—Au film with (b) 50 and
(c) 10 nm SiO, layer at resonance wavelengths of 872 nm, 932 nm, and
1138 nm, respectively. Dashed lines in (b) and (c) panels indicate the posi-
tion of the 50 nm thick Au film. The maximum value of EFE (|E/Ey?) of
each structure in shown in [(a)—(c)].

for comparison, where only a LSP peak of nanorings at a
shorter wavelength (872 nm) is observed. To better under-
stand the nature of the dip’s shift and narrowing, the electric
field enhancement (EFE, log|E/E|?) and charge distribution
were simulated and are depicted in Fig. 3. It is apparent that
a bonding dipolar LSP is excited in bare nanorings [Fig.
3(a)].'"° When the nanorings and the Au film are separated
with 50 nm [Fig. 3(b)], the dipolar LSPR of nanorings
strongly couples to its own image charges on the Au film,
which generates a quadrupolelike resonance. The coupling
leads to a maximum EFE that is almost three times larger
compared to the bare nanorings. More importantly, this en-
hancement is spread over the nanoring’s surface, which is
particularly useful for SERS-based molecular detection.
When the separation is reduced to 10 nm [Fig. 3(c)], the
coupling becomes much stronger and the EFE is mostly con-
fined in the gap between the nanoring and the Au film, re-
sulting in a reduction of the total dipole moment and conse-
quently significant reduction of radiative scattering of the
nanostructure. By doing so, a higher quality factor and a
better confinement of optical energy in the nanostructure can
be obtained. This also explains the reasons of the redshift
and the linewidth narrowing of the reflectance dip.17 The
latter is potentially helpful to improve the figure of merit
for LSP resonance biosensing.18 The enhanced tunability of
the resonance by changing the spacer thickness also helps us
to match the wavelength of the nanostructure’s resonance to
the laser excitation. In addition, we have observed some
small dips in the range of 600-800 nm for the
Au nanorings—SiO,—Au film structure, which is caused by
the grating-induced excitation of DSPs at the Au film." All
experimental spectra qualitatively reproduce the simulated
spectra except for a broader linewidth of the plasmon reso-
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FIG. 4. (Color online) SERS spectra of 4-ATP molecules on Au nanorings
(bottom) and Au nanorings—SiO,—Au film with the thickness of SiO, layer
from 10 to 70 nm.

nance probably induced by inhomogeneous broadening in
the sample and the absence of small grating-induced dips in
the visible range due to the disordered structure [Fig. 2(b)].

We employed 4-aminothiophenol (4-ATP) as a Raman
probe to evaluate the SERS performance of the
Au nanorings—SiO,—Au film structure. Raman spectra were
recorded on a Horiba Jobin Yvon LabRam HR 800 system
with a 100X objective and a 785 nm diode laser (0.8 mW). A
monolayer of 4-ATP molecules was adsorbed onto the nano-
rings surface by soaking in a 0.3 mM ethanol solution over-
night. Figure 4 shows the SERS spectra of 4-ATP on the Au
nanorings and on the Au nanorings—SiO,—Au film with dif-
ferent thicknesses of the SiO, layer. Although the Raman
signal amplitudes vary, all spectra have the same shape with
the Raman shifts at 1080, 1143, 1179, 1436, and 1589 cm™!,
which correspond to the vibration modes of »CS(al),
SCH(b2), SCH(al), ¥CC(b2), and »CC(al), respectively.”’
The average EF of 4-ATP on the Au nanorings was calcu-
lated to be 2.6 X 10° by using the Raman peak at 1080 cm™!
according to the method of Wang.21 Obviously, the EF gets
improved when the 4-ATP molecules are absorbed on the
Au nanorings—SiO,—Au film structure. In particular, the EF
is increased when the SiO, spacer becomes thicker and
reaches the maximum value of 1.4X 107 with a 50 nm in
thickness then decreases again when the thickness is larger
than 50 nm. We strongly believe that the improved SERS
effect on the Au nanorings—SiO,—Au film structure is
caused by the EM mechanism due to the strong coupling of
the LSP of the Au nanorings and the DSP of the Au film.
When the Au nanorings and the Au film are separated with a
small gap, e.g., 10 nm, the SERS EF is only slightly in-
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creased because the structural resonance wavelength (1070
nm) is far away from the laser excitation wavelength
(785 nm) and the enhanced electric field is extremely con-
fined in the gap, which is difficult to access by the molecules.
When the gap becomes larger, e.g., 50 nm, the EF is further
improved because the electric field is less confined and be-
comes much easily accessible by the molecules. More impor-
tantly, the largely blueshifted structural resonance wave-
length (914 nm) is closer to the laser excitation wavelength,
which leads to a stronger electric field. However, the EF will
decrease when the gap is larger than 50 nm due to a weaker
plasmon coupling effect.

In conclusion, we have demonstrated the fabrication of
the Au nanorings—SiO,—Au film structures by using nano-
sphere lithography technique. An enhanced tunability and
linewidth narrowing of plasmon resonances of the structures
have been realized by controlling the thickness of the SiO,
spacer. Moreover, we can tune the plasmonic coupling be-
tween the Au nanorings and the Au film and we have
achieved a maximum NIR SERS EF as large as 1.4 X 107.
We believe the Au nanorings—SiO,—Au film structure has a
promising commercial prospect for SERS substrates due to a
simple, low cost and high throughput manufacturing method,
and a large EF.

The authors acknowledge Physics Department of Katho-
lieke Universiteit Leuven for the reflection spectra measure-
ment.
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