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Tunable and augmented plasmon resonances of Au/SiO,/Au nanodisks
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The plasmon resonance of Au/SiO, multilayered nanodisks was studied using light scattering
spectroscopy and numerical calculations. Compared to single layered Au nanodisks, multilayered
nanodisks exhibit several distinctive properties including significantly enhanced plasmon
resonances and tunable resonance wavelengths which can be tailored to desired values by simply
varying dielectric layer thickness while the particle diameter is kept constant. Numerical
calculations show that slicing one metal layer into metal multilayers leads to higher scattering
intensity and more “hot spots,” or regions of strong field enhancement. This tunable and augmented

plasmon resonance holds a great potential in the applications of surface-enhanced Raman scattering
(SERS). © 2006 American Institute of Physics. [DOI: 10.1063/1.2172712]

The interaction of light with noble metal materials ex-
hibits extraordinary optical resonances in their visible-
infrared spectra due to the excitation of collective motions of
conduction electrons, a phenomenon denoted as surface plas-
mons (SP) or particle plasmons.1 The resonant excitations of
surface plasmons cause enhancement of both far and local
electromagnetic fields. The potential of using surface plas-
mons is of interest due to their application in subwavelength
lithography,2 surface-plasmon coupled power generators,3
nonlinear optical devices,4 ogtical corrals for the manipula-
tion of local density of states,” nano optical waveguides, and
molecular trapping and sensing.L10 Especially, recent dis-
coveries of single molecule sensitivity in surface-enhanced
Raman scattering experiments (SERS) have stimulated re-
newed interest in its applications for molecule detection.'""?

For practical applications, it is imperative to develop
SERS active substrates with reproducible and controllable
SERS enhancements. Previous studies on plasmon reso-
nances have been mostly focused on particles of single metal
materials, where the resonance frequency is determined by
the particle size, and by the particle shapes which can be
varied from spheres, to prisms,1 and to nanorings.14 Recent
studies have also shown unique properties of composite
nanoparticles such as core-shell nanospheres15 and
nanobarcodes.'®"”

In this letter, we present experimental and numerical
studies of a type of multilayered nanodisks. The multilayered
nanodisks are consisted of alternatively stacked metal/
dielectric disks. We show that the plasmon resonances of
such nanodisks are augmented with resonant wavelengths
tunable over a wide range. In comparison to single layered
nanodisks with the same diameter and the same metal vol-
ume, numerical results show that layered Au/SiO, nanodisks
exhibit significantly stronger light scattering at plasmon reso-
nance wavelengths. Numerical calculations also show that
accompanying this enhancement in scattering intensity is an
increase in regions with enhanced local fields or “hot spots.”
This augmented plasmon resonance is explained as a result
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of the increased geometrical singularities or sharp edges in
multilayered nanodisks.

The multilayered nanodisks were prepared on quartz
substrates by electron beam lithography (EBL), and electron
beam evaporation followed by the standard lift-off process.
We fabricated singlets and doublets of three layered
Au/SiO,/Au nanodisks with three different SiO, thick-
nesses: 5 nm, 15 nm, and 25 nm and with the gold layer
thickness fixed at 15 nm. The disks size and shape were
characterized by using a scanning electron microscope
(SEM). Figures 1(a) and 1(b) show typical SEM images of
the three-layered nanodisk singlet and doublet. It can be seen
that the size and shape of disks for singlets and doublets are
uniform. The disks are elongated with a 101 nm diameter
long axis and a 75 nm diameter short axis. The thicknesses

FIG. 1. (Color online) (a), (b) SEM pictures of Au/SiO,/Au three layered
nanodisk singlet (a) and doublet (b). (c) Real color picture of nanodisks
illuminated by evanescent white light waves taken with a digital camera.
The top row contains doublets, and the bottom row contains singlets. The
thicknesses of Au and SiO, disks are 15 nm and 15 nm, respectively, in all
pictures here.

© 2006 American Institute of Physics
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FIG. 2. (Color online) Measured scattering spectra for singlet (a) and dou-
blet nanodisks (b) with different SiO, layer thicknesses: 5 nm (OJ), 15 nm
(O), and 25 nm (A), respectively. The disk center-center spacing is 250 nm
for doublets. (c), (d) Simulated scattering spectra for single nanodisks of
identical sizes as in the experiments. The SiO, layer thickness is 5 nm (O),
15 nm (), and 25 nm (A), respectively.

of these nanodisks have been measured by an atomic force
microscope (AFM), and the results show that the deviations
from the designed nominal values are less than 1 nm. The
AFM measured thickness can be used to distinguish the mul-
tilayered nanodisks with different thicknesses of SiO,.

In order to measure their optical properties, we illumi-
nated these layered nanodisks with evanescent light waves
produced by a collimated white light beam undergoing total
internal reflection (TIR). Under an optical microscope, these
nanodisks, as shown in Fig. 1(c), are distinctively visible due
to the strong scattering of light at resonant wavelengths. An
experimental setup, which, as detailed in previous
papers, 819 consists of an optical microscope coupled with an
imaging spectrograph, was used to measure the scattering
spectra of individual layered nanodisk singlets and doublets.

Measured light scattering spectra are shown in Figs. 2(a)
and 2(b) for layered nanodisk singlets and doublets, respec-
tively. For these measurements, the polarization direction of
the illuminating light was set to be parallel to the disk plane,
and to the center-center direction in the case of doublets.
With increasing SiO, layer thickness from 5 nm to 25 nm,
the resonant peak wavelengths of individual nanodisks was
observed to  be  significantly  redshifted  from
675 nm to 725 nm. This peak shift can be attributed to the
variation of the near-field plasmon coupling between indi-
vidual Au layers with the change of the dielectric layer thick-
ness.

To gain a better understanding of these experimental re-
sults, we performed numerical calculations b;/ using the dis-
crete dipole approximation method (DDA).” Figures 2(c)
and 2(d) present the calculated spectra for layered nanodisk
singlets and doublets corresponding to experiment param-
eters (101 nm X 75 nm in diameters) obtained from SEM and
AFM measurements. The permittivity of Au is taken from
the literature measured for bulk Au material,21 and the per-
mittivity of SiO, is set to 2.13 assuming a bulk refractive
index of 1.46. The substrates, which have significant effects
on the plasmon resonance, are taken into account by embed-
ding the disks in a homogeneous medium with a refractive
index of 1.4 which is the averaged refractive index of air and
ITO.Z A comparison with the experimental results shows
good agreements on the resonant peak wavelengths and the
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FIG. 3. (Color online) (a) Simulated scattering spectra for single nanodisks
with various metal layers. The nanodisk is circular with a 90 nm diameter,
while the total thicknesses for metal layers and SiO, layers are kept both at
30 nm. The polarization of the incident light is polarized in the Y-axis di-
rection. (b) Y-Z plane cross section of local electrical field distribution for
the single Au layer nanodisk (SiO,/Au/SiO,) at the resonant frequency. (c)
Y-Z plane cross section of local electrical field distribution for the 6 Au layer
nanodisks (SiO,/Au)®/SiO, at resonant frequency.

resonance wavelength shifts with the variation of SiO, layer
thickness.

Previous studies have shown that for longitudinal plas-
mon coupling where the electrical field is parallel to the disk
center-center axis, the resonance wavelength of doublets
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shifts to red compared to that of singlets, and the shift decays
approximately exponentially with the gap between two disks
and becomes minor when the gap is larger than 2.5 times that
of the relevant disk diameter." In contrast, as for transverse
coupling where the electrical field is perpendicular to the
disk center-center axis, the resonance wavelength of two
coupled disks 1is always blueshifted.”® The layered
Au/Si0,/Au nanodisks can be considered as two Au nano-
disks coupled vertically. The plasmon coupling is in trans-
verse mode since the excitation electrical field is horizontal.
Therefore, it can be expected that with the decrease of the
SiO, layer thickness, the plasmon coupling strength in-
creases, and the peak resonant wavelength shifts to the blue
[Fig. 2(a)]. It can be argued that the resonant wavelength
red-shift may also be ascribed to the increase of the effective
refractive index of surrounding medium when the SiO, layer
thickness is increased. This effect, however, turns out to be
minute. We simulated the 30 nm thick single Au disk with a
Si0, disk of different thicknesses on the top, and the results
show that the resonant wavelength shifts only about 3 nm
when the SiO, thickness is varied from 5 nm to 15 nm. (Re-
sults are not shown here.)

When a second layered nanodisk is present in close
proximity, the resonance peaks, as shown for the doublets
with a fixed 250 nm center-center spacing [Fig. 2(b)], are
shifted to the red. These redshifts can be ascribed to the
longitudinal plasmon coupling between two layered nano-
disks, in contrast to the blueshift observed in singlet layered
nanodisk.

The observed large range of the resonance wavelength
tuning provides a unique way of tailoring the plasmon reso-
nance with high accuracy. This plasmon tuning through
thickness control is superior to that obtained through disk
size control, since the layered nanodisk sidewalls of different
materials allow for attaching different probe molecules at the
same nanodisks, opening up possibilities for integrating mul-
tifunctionalities into single disks.

We also calculated and compared the scattering spectra
and local field distribution for nanodisks of single and multi
metal layers with the same diameter and the same total vol-
ume of metal and dielectric materials (Fig. 3). The results
show that by “slicing” a 30 nm Au layer evenly into 10 lay-
ers, the scattering intensity is increased by twofold. In addi-
tion, spots of enhanced local electrical fields are increased
for the layered nanodisk as a result of increased sharp cor-
ners (or singularities) [Figs. 3(b) and 3(c)].

Furthermore, the electrical fields inside the Au layers for
layered nanodisk are intensified, and as a result, the electrical
field within the SiO, disks is also enhanced in comparison to
the single metal layer disk. It can be seen that different layers
are oscillating in different multipolar modes. The location of
the enhanced fields varies from layer to layer and is sym-
metrical in the Z direction. This unique electrical field distri-
bution may be employed for nonlinear optical applications. It
can be expected that if a nonlinear material is used to replace
Si0,, this layered nanodisk should exhibit enhanced nonlin-
ear effect.

Appl. Phys. Lett. 88, 063118 (2006)

In summary, we demonstrated a type of multilayered
nanodisks with precisely tunable surface plasmon frequency
and augmented spots of strongly enhanced local field, both
of which are important for SERS active substrates. It is ob-
served that by changing the dielectric layer thickness be-
tween two metal nanodisks, the surface plasmon resonance
can be precisely tuned as a result of coupling between plas-
mons of each metal layers. It is also found that by “slicing”
the metal into multiple layers, the “hot spots” are signifi-
cantly increased due to the increase of singularities in the
system. In the future to reach single molecule SERS with
these tunable layered nanodisks, plasmon coupling between
two or more of these layered nanodisks should be employed
by fabrligating disks aggregates or arrays with gaps less than
10 nm.

This project was supported by the Center for Cell Mi-
metic Space Exploration (CMISE), a NASA University Re-
search, Engineering and Technology Institute (URETI) under
Award No. NCC 2-1364, and by the Center for Scalable and
Integrated Nanomanufacturing (SINAM), a NSF Nanoscale
Science and Engineering Center (NSEC) under Award No.
DMI-0327077.

'u. Kreibig and M. Vollmer, Optical Properties of Metal Clusters
(Springer, Berlin, 1995).

’D. B. Shao and S. C. Chen, Appl. Phys. Lett. 86, 253107 (2005).

°R.G. Yang, A. Narayanaswamy, and G. Chen, J. Comput. Theor. Nanosci.
2, 75 (2005).

“A. K. Sarychev and V. M. Shalaev, Top. Appl. Phys. 82, 169 (2002).
SC. Chicanne, T. David, R. Quidant, J. C. Weeber, Y. Lacroute, E.
Bourillot, and A. Dereuxl, Phys. Rev. Lett. 88, 097402 (2002).

°S. A. Maier, P. G. Kik, H. A. Atwater, S. Meltzer, E. Harel, B. E. Koel,
and A. A. G. Requicha, Nat. Mater. 2, 229 (2003).

L. Novotony, R. X. Bian, and X. S. Xie, Phys. Rev. Lett. 79, 645 (1999).
8H. X. Xu and M. Kall, Phys. Rev. Lett. 89, 246802 (2002).

°s. Schultz, D. R. Smith, J. J. Mock, and D. A. Schultz, Proc. Natl. Acad.
Sci. U.S.A. 97, 996 (2000).

0A. 1. Haes, S. L. Zou, G. C. Schatz, and R. P. Van Duyne, J. Phys. Chem.
B 108, 109 (2004).

K. Kneipp, Y. Wang, H. Kneipp, L. T. Perelman, I. Itzkan, R. R. Dasari,
and M. S. Feld, Phys. Rev. Lett. 78, 1667 (1997).

'2S. Nie and S. R. Emory, Science 275, 1102 (1997).

BR. C. Jin, Y. CAO, C. A. Mirkin, K. L. Kelly, G. C. Schatz, and J. G.
Zheng, Science 294, 1901 (2001).

143, Aizpurua, P. Hanarp, D. S. Sutherland, M. Kill, Garnett W. Bryant, and
F. J. Garcia de Abajo, Phys. Rev. Lett. 90, 057401 (2003).

BE, Prodan, P. Nordlander, and N. J. Halas, Nano Lett. 3, 1411 (2003).

1], J. Mock, S. J. Oldenburg, D. R. Smith, D. A. Schultz, and S. Schultz,
Nano Lett. 2, 465 (2002).

M. Barbic, J. J. Mock, D. R. Smith, and S. Schultz, J. Appl. Phys. 91,
9341 (2002).

18Q. H. Wei, K. H. Su, and X. Zhang, Nano Lett. 4, 1067 (2004).

K. H. Su Q. H. Wei, and X. Zhang, J. J. Mock, D. R. Smith, and S.
Schultz, Nano Lett. 3, 1087 (2003).

2B, T. Draine and P. J. Flatau, J. Opt. Soc. Am. 11, 1491 (1973); B. T.
Draine and P. J. Flatau, “User’s Guide to the Discrete Dipole Approxima-
tion Code DSCAT. 6.0,” 2003 http://arxiv.org/abs/astro-ph/0300969

2Ip. B. Johnson and R. W. Christy, Phys. Rev. B 6, 470 (1972).

H. Tamaru, H. Kuwata, H. Miyazaki, and K. Miyano, Appl. Phys. Lett.
80, 1826 (2002).

Bw. Rechberger, A. Hohenau, A. Leitner, J. R. Krenn, B. Lamprecht, and F.
R. Aussenegg, Opt. Commun. 220, 137 (2003).

Downloaded 15 Feb 2006 to 128.32.14.230. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp



