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Experimental study of the interaction between
localized and propagating surface plasmons
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The interaction between localized and propagating surface plasmons is investigated in a structure consisting
of a two-dimensional periodic gold nanoparticle array, an SiO4 spacer, and a gold film. The resonance wave-
lengths of the two types of surface plasmons supported by the structure are tailored by changing the gold
nanoparticle size and the array period. An anticrossing of the resonance positions is observed in the reflec-
tion spectra, demonstrating the strong coupling between localized and propagating surface plasmons.
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Surface plasmons (SPs) are a collective oscillation of
electrons at the boundaries between materials and
are often categorized into two classes: propagating
surface plasmons (PSPs) and localized surface plas-
mons (LSPs) [1]. PSPs are propagating electromag-
netic waves bound to the interfaces between metals
and dielectrics. They can be excited on a metal sur-
face by prism coupling or by grating coupling over a
large range of frequencies. LSPs, on the other hand,
are nonpropagating excitations of the electrons in
metal nanoparticles that are much smaller than the
incident wavelength. The resonance wavelength of
LSP is dependent on the size, shape, and dielectric
function of the nanoparticle as well as the dielectric
environment [2]. Both types of SP have attracted a
lot of interest owing to their great potential for appli-
cations, such as surface-enhanced Raman scattering
(SERS) and biosensors. It is therefore natural to con-
sider how LSPs and PSPs interact, as structures
combining both phenomena could offer favorable
properties. Holland and Hall [3] observed a dipole—
surface interaction by measuring the shift of the LSP
resonance when randomly arranged silver nanopar-
ticles were placed near a silver film. Stuart and Hall
[4] pointed out that, in the same structure as that of
[3], the PSP excited on the silver film enhanced a
dipole—dipole interaction between individual nano-
particles. Cesario et al. [5] reported multiple reso-
nance modes in the extinction spectra resulting from
the coupling between LSP and PSP in a hybrid struc-
ture that combined a two-dimensional gold nanopar-
ticle array and a thin gold film. Recently, theoretical
studies have predicted that strong coupling between
LSPs and PSPs occurs when their resonance frequen-
cies are approximately equal [6,7].

In this Letter, we investigate the LSP—-PSP inter-
action numerically and experimentally, using a struc-
ture combining a gold nanoparticle array with a gold
film. A strong coupling between LSP and PSP is ob-
served, as indicated by an anticrossing behavior of
the resonance positions in the reflection spectra.

The geometry of the sample is shown in Fig. 1(a). A
100-nm-thick gold film is deposited on an indium-—
tin—oxide coated glass substrate by thermal evapora-
tion with a 5-nm-thick chromium film used as an ad-
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hesion layer. A 20-nm-thick SiO4 spacer is deposited
on the top of the gold film by plasma-enhanced
chemical-vapor disposition. Finally, a two-
dimensional gold nanoparticle array is fabricated by
e-beam lithography and lift-off on top of the SiO,
spacer, yielding the structure shown in Fig. 1(b). The
gold nanoparticle arrays are square lattices
(130 um X 130 um) of gold disks with periods varying
from 620 to 880 nm. The diameters of the gold disks
vary from 100 to 170 nm. The gold disks are 40 nm
thick.

To understand the optical properties of this struc-
ture, we use the finite-difference time domain
(FDTD) method to calculate the near-field intensity
spectra. The side view of the structure that is mod-
eled in the simulations is shown in the inset of Fig.
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Fig. 1. (Color online) (a) Sketch of the structure’s configu-
ration. (b) Scanning electron micrographs of the gold disk
array on the SiO4 spacer and the gold film. (c) Near-field
spectra of an isolated disk and a disk array (a=780 nm).
Black solid line, near-field intensity at position 1 for an iso-
lated disk. Blue square, near-field intensity at position 1
for the gold disk array case. Red triangle, E, amplitude at
position 2 for the gold disk array case. Dashed curves, reso-
nance wavelengths of the (1,1) and (1,0) PSP modes. Inset,
side view of the structure.
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1(c). The indexes of the glass substrate and the SiO,
spacer are 1.517 and 1.46, respectively. The dielectric
permittivity of gold used in the calculations is de-
scribed by the Lorentz—Drude model, whose experi-
mentally determined parameters are taken from [8].
The structure is excited by a linearly polarized plane
wave from the top at normal incidence. Since the en-
hanced electromagnetic field of the LSP on a gold
disk is mainly confined in a small area near the gold
disk [9], we monitor the field intensity (E?) at the
edge of the gold disk on the bottom surface [position 1
in the inset of Fig. 1(c)] to measure the LSP on the
gold disk. In the nanoparticle array case, the periodic
array provides an additional momentum G
=(2m/a)\p?+q?, where a is the grating constant and
p and g are integers, to couple the incident light into
the PSP on the gold film. The distribution of surface
charges arising from the grating induced PSP
reaches a maximum at a quarter period away from
the center of the gold disk [position 2 in the inset of
Fig. 1(¢)] [7]. Therefore, we monitor the amplitude of
E, at position 2 to measure the PSP on the gold film.
In Fig. 1(c), we plot the near-field spectra as a func-
tion of wavelength for an isolated gold disk and for an
array of grating constant of 780 nm. The gold disks
are 150 nm in diameter and 40 nm thick. All the
spectra are normalized by the corresponding spectra
of incident light. The isolated gold disk on the SiO,
spacer and gold film has a single resonance at X\
=948 nm [black solid curve in Fig. 1(c)] that is red-
shifted from the resonance of the same isolated gold
disk on a glass substrate (746 nm, not shown). This
strong redshift is due to the near-field interaction be-
tween the gold disk and its image [3,10]. In the gold
disk array case, as discussed above, PSPs on the gold
film are induced by the periodic array. The decay
length of the PSPs in gold with air as the top half
space can be expressed as [=(c/w)+/(e,, +¢;)/ &,,, Where
e, and g; are the permittivities of gold and air, re-
spectively [11]. The decay length is ~42 nm at
600 nm. For a 100 nm gold film, the PSPs on the two
surfaces are decoupled. Here we only consider the
PSPs on the top surface of the gold film. To calculate
the theoretical frequencies of the PSP modes, we cal-
culate the dispersion relation for PSPs for a structure
consisting of a gold half space, an SiO, layer (20 nm
thick), and a vacuum half space [1]. As discussed, the
grating provides an additional momentum G
=(2m/a)\p?+q? to couple into the PSP modes. From
the dispersion relation, we find that the (p,q)=(1,0)
and (1,1) PSP modes are coupled with free-space
wavelengths of \j=810 and 605 nm, respectively, for
a period of ¢=780 nm [dashed curves in Fig. 1(c)].
Compared with the isolated disk case, the near-field
intensity spectrum of the disk array has an addi-
tional resonance at 807 nm [blue square curve, Fig.
1(c)]l, which is close to the wavelength of the (1,0)
PSP mode from theory. In the spectrum of E, ampli-
tude on the gold film [red triangle curve, Fig. 1(c)],
three resonances can be seen. The first two reso-
nances at 811 and 617 nm correspond to the (1,0) and
(1,1) modes of the PSP on the gold film, respectively.
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The third resonance occurs at a very similar wave-
length to that of the isolated disk and corresponds to
the LSP of the gold disks. It can be seen that the
near-field enhancement at resonance for an isolated
gold disk on the SiO4 spacer and gold film is ~5000,
which is much higher than the peak intensity en-
hancement of the same gold disk on a glass substrate
(~300, not shown). The interaction of the gold disk
and its image enhances the local-field intensity. The
near-field intensity for the array of gold disks on the
Si0, spacer and gold film at the LSP resonance is
about twice as large as that of the isolated disk on
the SiO, spacer and gold film, indicating that the
gold film PSP enhances the LSP in the gold disks fur-
ther.

To investigate the coupling of localized and propa-
gating PSPs, in both theory and experiment, we tune
the resonance wavelengths of the PSP mode on the
gold film by changing the period of the array, with the
size of the gold disks constant (diameter 120 nm and
thickness 40 nm). In Fig. 2(a), the calculated reso-
nance wavelengths of the (1,0) PSP mode and the
LSP are plotted as a function of period (dots). The
dashed line indicates the free wavelengths for cou-
pling to the (1,0) PSP modes calculated by theory and
the dotted curve indicates the free space resonance
wavelengths for coupling to the LSP of an isolated
disk obtained from FDTD simulations. An anticross-
ing behavior can been seen when the resonance
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Fig. 2. (Color online) Resonance positions of the LSP and
the (1,0) PSP mode (a) as a function of the grating period
and (b) as a function of the diameter of the gold disk. Dots,
simulation results of the near-field intensity at position 1.
Triangles, experimental results obtained by reflection mea-
surements. Dashed curves, resonance wavelengths of the
(1,0) PSP mode (calculated by theory). Dotted curves, reso-
nance wavelengths of isolated gold disks on the SiO, spacer
and the gold film (calculated by simulations).
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wavelengths of the isolated gold disk and the PSP are
approximately equal, at a period of 780 nm. Simi-
larly, we tune the free-space resonance wavelengths
for coupling to the LSP on the gold disk by changing
the size of the gold disk while keeping the period con-
stant at 780 nm. The results are shown in Fig. 2(b). A
clear anticrossing is seen at a disk diameter of
~120 nm. The anticrossing implies strong coupling
between PSPs and LSPs.

To observe this strong coupling experimentally, we
carry out reflection measurements on fabricated de-
vices. The setup is shown in Fig. 3(a). The sample is
illuminated at normal incidence by a collimated and
polarized beam through a beam splitter. The reflected
light is collected by a long working distance micro-
scope objective and coupled into a spectrometer. An
iris placed at the image plane of the objective ensures
that only the light reflected by the array is detected.
The reflection spectra are normalized by the spec-
trum of a region of the sample away from the gold
disk array, i.e., consisting of the SiO, spacer on gold.
Measured and FDTD-calculated spectra of arrays of a
780 nm period with varied gold disk sizes are shown
in Figs. 3(b) and 3(c). Good agreement can be seen in
the comparison between the experimental results
and the simulations. The blueshift of the resonances
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Fig. 3. (Color online) (a) Reflection measurement setup.
(b) Measured and (c) calculated reflection spectra. Grating
constant ¢=780 nm, disk diameter d=100 nm (solid), d
=120 nm (dashed), and d=150 nm (dotted); disk thickness
=40 nm.

in the experimental spectra with respect to the simu-
lated spectra could be due to the fabrication imper-
fection and/or differences in the dielectric constants
of gold and SiO, between simulation and experiment.
The resonance at 595 nm in the experimental spectra
is independent on the size of the gold disk, corre-
sponding to the (1,1) PSP mode. In the spectrum of
the sample consisting of 100 nm diameter gold disks
[solid curve in Fig. 3(b)]l, the broad resonance at
672 nm is attributed to the resonance of LSP on the
gold disks, and the relatively sharp resonance at
791 nm is attributed to the (1,0) PSP mode on the
gold film. As the gold disk diameter increases, the
resonance of the LSP moves to a longer wavelength
and interacts with the (1,0) PSP mode. When the di-
ameter of the gold disk is 120 nm [dashed curve in
Fig. 3(b)], the resonances of the LSP and (1,0) PSP
mode exhibit a repulsion behavior. For the spectrum
of 150 nm in diameter [dotted curve in Fig. 3(b)], the
LSP resonance occurs at A=899 nm, which is a longer
wavelength than the (1,0) PSP mode (A\;=810 nm).
The resonance wavelengths of the LSP and (1,0) PSP
mode are plotted in Figs. 2(a) and 2(b) as red tri-
angles. The experimental results clearly indicate the
anticrossing behavior predicted by simulations, dem-
onstrating the strong coupling between the LSP on
the gold disks and the PSP on the gold film.

In summary, we study the interaction of gold nano-
particle arrays with a gold film that is in close prox-
imity to the arrays. An anticrossing behavior of the
resonance positions in the reflection spectra indicates
a strong coupling between the LSP on the gold nano-
particles and the PSP on the gold film. The large
near-field enhancement could make this structure
useful for SERS and biosensors.
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