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We demonstrate that the surface plasmon polariton (SPP) properties of the silver composite films
can be tuned by modest additions of silicon oxide or silicon. The dispersion relations deviate from
that of pure silver films, and exhibit the capability to shift the surface plasmon frequency and
provide larger SPP wave vectors at longer wavelengths. The effective permittivities are modeled
phenomenologically by taking into account both filling ratios and size effects. These types of
tunable composite films have various useful applications in areas, such as superlens imaging, SPP
based sensing, enhanced photoluminescence, and SPP based photovoltatics. © 2011 American

Institute of Physics. [doi:10.1063/1.3600661 ]

Recent studies on the fundamental properties of surface
plasmon polaritons (SPPs) have provided better understand-
ing of physical phenomena in the field of plasmonic science
and have inspired exciting applications of SPP based struc-
tures and devices.'> SPPs are quasiparticles excited at
metal—insulator interfaces through resonant coupling of elec-
tromagnetic (EM) waves to the free electrons in the metal.*
The dispersion curve of SPP lies below the light line in the
corresponding surrounding medium, resulting in a concentra-
tion of EM energy into the subwavelength scale.” Due to the
reduced length scales and quick response speed of SPPs,
applications include light guiding and manipulation at the
nanoscale,®” subdiffraction-limited optical imaging,g‘9 highly
sensitive detection,lo ultrafast optoelectronic devices,ll 12
highly efficient light emission,”” and enhanced solar energy
efﬁciency.14 All these applications rely on the unique
wavelength-dependent SPP mode properties and the disper-
sive permittivity profiles associated with a set of existing
materials, which limits the applicability of SPP technologies.

To address this limitation of material properties, artifi-
cially nanostructured materials often exhibit extraordinary
properties not found in nature.'>'® Theoretical descriptions
and experimental results detailing the optical properties of
metal clusters have been extensively discussed as a pathway
to modify material properties.15 Recent investigations on
silver-gold clusters reveal that their plasmonic band evolves
with the particle size and relative concentrations, which are
well predicted by a model based on the time-dependent
local-density approximation.17 The tunability of metal alloys
has been utilized to optimize the enhanced emission from
semiconductors.'® Metals mixed with dielectrics provide an
alternative route toward engineered SPP properties.19 It has
been proposed that a composite metal-dielectric films en-
ables superlenses working at any desired wavelength with a
designed metal filling factor.’ Efforts have been made to
fabricate smooth metal-dielectric nanocomposite films but
their absorption spectra and retrieved material properties do
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not agree well with effective medium theory.m’22

In this letter, we describe modifying the optical proper-
ties of metals by adding a small percentage of dielectrics or
semiconductors. We have studied Ag films mixed with SiO,
or Si where the SPPs are excited and measured. Angular-
resolved reflection spectra at different wavelengths are ob-
tained in the Fourier space and agreed well with a theoretical
model. Effective material properties of such composite films
are also derived and discussed.

The optical properties of composite films can be charac-
terized by measuring their angular-resolved reflection spectra
at different wavelengths using an oil-immersion optical mi-
croscope as illustrated in Fig. 1. The numerical aperture
(NA) of the oil immersion objective is NA=1.4. Monochro-
matic waves produced by passing a broadband light source
through a series of bandpass optical filters are incident onto
the composite film samples from the glass substrate side. A
charge coupled device (CCD) camera located at the back-
focal plane of the objective lens captures the reflection in the
Fourier space. At a certain wave vector, phase matching con-

Composite film
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FIG. 1. (Color online) Schematic configuration of an oil-immersion optical
microscope system for characterizing the SPP properties of composite films

at different wavelengths. The inset picture gives a typical reflection at the
back-focal plane of the system captured by a CCD camera.
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FIG. 2. (Color online) SEM images for the fabricated composite films: (a)
Ag-SiO, composite film of 30 nm thick with 4.7% atom SiO,; (b) Ag-Si
composite film of 40 nm thick with 5% atom Si; with the scale bar to be 100
nm. Measured angular-resolved reflection spectra (open circles, open tri-
angles, and open squares) and theoretical fit curves (solid lines) for (c)
Ag—SiO,; and (d) Ag-Si at the wavelengths N\=405 nm, 523 nm, and
633 nm, respectively.

ditions are satisfied to excite SPPs at the film—air interface by
the P-polarized light. This excitation is visualized as a dip in
the captured reflection intensity. A linear polarizer is used to
filter out the S-polarized component.

The composite films were fabricated by doping a small
amount of SiO, or Si into pure silver. The Ag—SiO, (30 nm
thick with 4.7% atom SiO,) and Ag-Si (40 nm thick with 5%
atom Si) composite films were prepared by cosputtering onto
ambient temperature glass substrates from magnetron sput-
tering sources. Corresponding scanning electron microscope
(SEM) images are given in Figs. 2(a) and 2(b), respectively.
Sputtering rates for dc-sputtered Ag and Si at 50 W were 1.6
A/s and 0.16 A/s, respectively. SiO, was rf sputtered at 90 W
at a rate of 0.17 A/s. The sputtering rates were determined by
low angle x-ray reflectivity measurements of total film thick-
nesses versus time. The base pressure of the chamber was
5—-8X 107 Torr and the Ar pressure during sputtering was
fixed at 2.5 mTorr. Average compositions are determined sto-
ichiometrically based on material deposition rates.

The inset in Fig. 1 gives a typical reflection intensity
profile at the back-focal plane of the microscope (this case
N=523 nm). The radius of the reflected intensity disk is lim-
ited by the NA of the oil-immersion objective corresponding
to a free-space wave vector, i.e., NA=1.4k,, while the sym-
metric dark rings inside the bright disk indicates the position
of the SPP excitation in the k space. The reflection images at
the Fourier plane for different wavelengths across the optical
spectrum are taken for both Ag—SiO, and Ag-Si composite
films. After normalized by the corresponding incident light
intensity, the reflection spectra are retrieved along the k, axis
for each wavelength. Three experimental curves for the
wavelengths A=405, 523, and 633 nm obtained following
this method are plotted as open symbols in Figs. 2(c) and
2(d) for Ag—SiO, and Ag-Si composite films, respectively.
The intensity peak around k, in each curve corresponds to
where total internal reflection takes place while the intensity
dip afterwards indicates the excitation of SPPs when the par-
allel wave vector k, matches the wave vector of SPP reso-
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nances at the film—air interface. Similar to those in pure met-
als, the SPPs in the composite films shift to higher wave
vectors with broadened resonance bandwidths when the in-
cident wavelength blueshifts.

To get a better understanding of the effective material
properties of the metal film after being doped with a small
percentage of dielectrics or semiconductors, a simple phe-
nomenological model was investigated to fit the experimen-
tal results. The effective dielectric function of the metal-
dielectric composites was assumed to follow the Maxwell—
Garnett formalism or the Bruggerman mixing theory.20 In the
case of a small fraction of dielectrics, the percolation of
metal dominates the optical properties of the composite
films. Therefore, we approximate the effective dielectric
function &,¢(w,x) for the composite film Ag;_,D, as the
volumetric average of the metal Ag and the doping D com-
ponents as follows:'"*

Eert(@,x) = £ag(@) (1 = x') + ep(w)x’, (1)

where D stands for the doped dielectric or semiconductors,
whose volume percentage x’ can be calculated from its mole
fraction x in the composite film as x'=xVp/[xVp+(1
—x)V ] with V as the volume per mole. The permittivity
ep(w) for SiO, and Si are taken from Refs. 24 and 25, re-
spectively. The Drude model is used to characterize the metal
Ag in the optical spectral range; & Ag(w)=ew—wl2)/ (o?
—iy' w), where for Ag, the high-frequency permittivity &,
=6.0, the plasma frequency w,=1.5X 10'® rad/s obtained
by fitting the model to the experimental data taken from Ref.
26, and 7' is the relaxation frequency.

In contrast with the pure metal film, the optical proper-
ties of the composite film depend strongly on the details of
the nanostructures, especially the critical length scales of the
heterogeneities.17 The relaxation frequency 3’ is no longer a
constant but depends on the particle or grain size and doped

. 222728
media,” "

/ UF

Y =y+AL, ()
where y=7.73X 10" rad/s is the relaxation frequency for
bulk Ag when fitted to the experimental data in Ref. 26, vg
=1.39X 10% m/s is the Fermi velocity. R corresponds to the
averaged particle or grain radius obtained from SEM pictures
in Figs. 2(a) and 2(b) as R=10 nm and 5 nm for Ag-SiO,
and Ag-Si composite films, respectively. The characteristic
parameter A includes both the quantum size effect in ex-
tremely small particles of free surface and the dynamic in-
terface charge transition effect between Ag particles and the
embedded dopant,27 and therefore is used as the only fit pa-
rameter in this model to capture the resonance positions and
bandwidths of SPPs.

With the effective dielectric functions for the composite
films assigned, the multilayer system in the simulation is a
composite film sandwiched between two infinite dielectric
claddings, glass (n=1.5) and air (n=1.0). The thickness of
the composite film is set according to the fabricated samples
(30 nm for Ag—SiO, and 40 nm for Ag-Si). Reflection spec-
tra for different wavelengths at the glass side are calculated
using a transfer matrix method.” The simulated reflection
curves are plotted as solid lines alongside the experimental
data in Figs. 2(c) and 2(d). The simulations reproduce the
key features of the experimental data, accurately depicting
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FIG. 3. (Color online) SPP dispersion relations for Ag—SiO, (red line with
open circles) and Ag-Si (blue line with open triangles) composite films.
Pure Ag film is present in black line with open squares as a comparison.

the approximate positions of total internal reflection peaks
and SPP resonances. The fit parameter A=1.5 and 0.6 are
used for Ag—SiO, [Fig. 2(c)] and Ag-Si [Fig. 2(d)] compos-
ite films, respectively. Therefore the relaxation frequency 7y’
for Ag mixed with a small amount of SiO, and Si are found
to be 138.73 X 103 rad/s and 112.53 X 10'3 rad/s, respec-
tively, which are about one order of magnitude larger than
that for bulk Ag. It thereby indicates a stronger scattering
loss in the composite films. By using the modified relaxation
frequency, this theoretical model well characterizes the SPP
resonances at different wavelengths for both doped samples.

The SPP dispersion relation at the film—air interface can
be obtained from the effective dielectric function of the com-
posite film by kxzko\/sairseff(w)/ [eairtee(@)]. As a com-
parison, the permittivity for a pure Ag film is also retrieved
following the same method. Figure 3 shows the dispersion
relation for the fabricated Ag—SiO, (in red) and Ag-Si (in
blue) composite films as well as for the Ag film (in black).
The SPP dispersion of Ag film after being doped with a
small amount of SiO, or Si deviates from that of a pure Ag
film. For Ag—SiO, composite films, the surface plasmon
frequency redshifts to Agp~385 nm from originally Agp
~355 nm while for Ag-Si composite films, it goes even
further to Agp~400 nm. In principle, larger-percent dopants
will enable even larger shifts toward possibly green wave-
lengths. This designable SPP property opens up the possibil-
ity of applications at different wavelengths. In addition, at
wavelengths longer than 425 nm, the composite films have
the advantage to provide larger SPP wave vectors than the
pure metal film, and therefore a higher EM field confinement
is expected.

In the composite film fabrication, the film thickness has
been optimized to provide a pronounced measurement.
Highly doped composite films produce unidentifiable wide
resonances. Losses in such highly doped composite films be-
come pronounced, leading to very wide bandwidths and less
conspicuous resonance dips. A potential solution for more
flexible tunability of the SPP dispersion in composite films is
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to investigate binary or ternary alloy systems, such as Ag—Au
or Ag—Al.

In conclusion, by charactering the optical properties of
composite films, we demonstrate a promising way to tune the
SPP properties of existing metal films by adding additional
dielectrics or semiconductors. A phenomenological model
that takes into account the filling ratio and particle size effect
describes the effective material properties of the measured
composite films, and shows their distinct difference from
pure metal films. The ability to tune these material properties
opens the door toward various useful applications, such as
superlens imaging, SPP based sensors, enhanced photolumi-
nescence, and SPP based photovoltatics, etc.
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