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We present two-dimensional arrays of silver nanoparticles embedded in amorphous silicon,
fabricated by a sequential Si/Ag/Si electron-beam evaporation process. The particle arrays exhibit
surface plasmon resonance spectra in the near-infrareds0.9 eVd, with tails extending below 0.5 eV.
The data are compared with calculations that take into account measured particle size, shape
anisotropy, and separation. It is concluded that the large redshift is mainly due to the high refractive
index of the matrix, with shape anisotropy and interparticle coupling contributing several tenths of
an electron volt. This work enables plasmon-related applications at the telecommunication
wavelength of 1.5mm s0.8 eVd. © 2004 American Institute of Physics. [DOI: 10.1063/1.1784542]

Metal nanoparticles have been the subject of extensive
research for many years because of their anomalous electro-
magnetic properties originating from the resonant interaction
between light and collective conduction electron oscillations,
so-called surface plasmons.1,2 These properties, in particular
local electric field enhancements, enable applications such as
single molecule detection using surface-enhanced Raman
scattering3 and the synthesis of composite materials exhibit-
ing an enhanced nonlinear optical response.4 In addition,
resonant energy transfer between closely spaced metal nano-
particles enables transport of electromagnetic energy at
length scales below the diffraction limit.5

Since all these applications rely on the resonant behavior
of localized surface plasmons, they are restricted to a limited
frequency range determined by the dielectric functions of the
involved media, the size and shape of the particles, and the
electromagnetic interaction between them.1 For composites
consisting of isolated spherical noble-metal nanoparticles
embedded in glass, constituting the most extensively inves-
tigated metallo-dielectric materials, the surface plasmon
resonances occur in the visible regime. In order to employ
localized surface plasmon properties in the near-infrared,
e.g., for telecommunication, a number of methods have been
investigated to lower the resonance frequency: using high-
index matrices such as GaAs6 or TiO2,

7 applying nanolithog-
raphy to define anisotropically shaped nanoparticles,8 and
aligning nanoparticles to induce electromagnetic interaction,
by methods such as nanolithography9 or ion irradiation.10 In
this letter, we report on the experimental realization of two-
dimensional silver nanoparticle arrays embedded in amor-
phous siliconsa-Sid, in which these three mechanisms(i.e.,
high-index matrix, anisotropically shaped nanoparticles, and
interparticle coupling) are combined to shift the surface plas-
mon resonance spectrum well into the near-infrared, peaking
at 0.9 eVs1.4 mmd, with tails below 0.5 eVs2.5 mmd.

Two-dimensional Ag nanoparticle arrays embedded in
a-Si were fabricated by sequential Si/Ag/Si electron-beam
evaporation on both glass and NaCl substrates, resulting in

samples as schematically illustrated in Fig. 1(a). The Ag
depositions were varied in duration in order to fabricate
samples with evaporated Ag thicknesses of 0.6, 1.0, and
2.2 nm, respectively, as was monitoredin situ using a crystal
thickness monitor and verified afterwards by Rutherford
backscattering spectrometry(RBS). Ag nanoparticles formed
during deposition by Volmer-Weber type growth, and surface
plasmon resonances were observed in samples made using
deposition ratesø0.05 nm/min. For all samples, the Ag
nanoparticles were positioned in the center of a 14-nm-thick
a-Si layer by performing the Ag deposition in between two
separate a-Si depositions. After eacha-Si deposition,
300 eV Kr ion etching was applied to reduce the surface
roughness to,0.3 nm.11 X-ray reflectrometry was used to
monitor thea-Si thickness during both deposition and etch-
ing steps. The substrates were kept at room temperature
throughout the entire process.
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FIG. 1. (a) Schematic representation of the sample geometry, and(b)–(d)
plan-view bright-field TEM images of the Ag nanoparticle arrays embedded
in a-Si prepared with(b) 0.6 nm, (c) 1.0 nm, and(d) 2.2 nm Ag, respec-
tively. Evaporated silver thicknessshevd, mean equivalent diameterskDld,
mean aspect ratioskdld, and mean interparticle spacingskdld are indicated
for each sample. The inset in(d) shows a SADP pattern, revealing the
crystalline structure of the Ag nanoparticles.
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The thin films deposited on NaCl were used to investi-
gate the shape, size, and separation of the Ag nanoparticles
by plan-view transmission electron microscopy(TEM). For
this purpose, the Si/Ag/Si films were separated from the
NaCl in water and subsequently put on carbon-coated copper
grids. A Philips CM30T and a Philips CM30UT-FEG elec-
tron microscope, operated at 300 keV, were used to take
bright-field images, high-resolution images, and selected-
area diffraction patterns(SADP). Elemental composition was
investigated by energy-dispersive spectroscopy(EDS). Opti-
cal transmittanceT and specular reflectanceR were mea-
sured at normal incidence in the energy range 0.5–4 eV with
a Perkin-Elmer Lambda 900 spectrophotometer for the
samples deposited on glass. AbsorptanceA was calculated
from: A=1−T−R, neglecting diffuse scattering.

Figures 1(b)–1(d) show plan-view bright-field TEM im-
ages of the Ag-containing samples. Clearly distinguishable
nanoparticles can be observed. EDS on a large particle con-
firmed the composition to be Ag. The TEM images reveal
that increasing the evaporated Ag thickness leads to larger
particle sizes. Quite irregular shapes can be observed for the
large particles in Fig. 1(d). SADP patterns, one of which is
displayed in the inset of Fig. 1(d), show rings indicating the
presence of finely dispersed crystalline material(sharp rings)
and amorphous material(broad rings). The sharp rings are
found to correspond to crystalline Ag lattice spacings, while
the broad rings are mainly attributed toa-Si. The crystalline
structure of the Ag nanoparticles is confirmed in HREM im-
ages(not shown), in which multiple crystals can be recog-
nized in each nanoparticle.

Characteristic parameters for the three sample topologies
are listed in Figs. 1(b)–1(d). The Ag areal density has been
measured by RBS with an accuracy better than 5%. Subse-
quently, the evaporated Ag thicknesshev has been derived
from the areal density by using the bulk density for Ag; the
mean in-plane equivalent particle diameterkDl from TEM,
whereD is defined as the diameter of a circle with the same
in-plane area as the particle under consideration. Combining
hev with the areal particle density, the characteristic particle
heighthob, was determined by assuming an oblate ellipsoidal
shape. The mean particle aspect ratiokdl (major over minor
diameter) increases from 1.0(spherical particles) for the
thinnest film to 1.5 for the thickest film. The mean center-to-
center interparticle spacingkdl increases from 5 to 13 nm.
These numbers indicate that significant particle coarsening
occurred for the thicker films.

Figure 2(a) shows the optical absorptance spectra for all
three Ag evaporated samples and a reference sample without
Ag. The latter shows a broad feature above 1.5 eV, due to
the intrinsic band-to-band absorption ina-Si. The samples
with Ag exhibit additional absorptance, mainly at energies
below 2.5 eV, which is attributed to the surface plasmon
absorption by the Ag nanoparticles. This contribution is
more clearly shown in Fig. 2(b) in which absorption by
a-Si has been corrected for. The surface plasmon absorptance
spectrum is shown to be rather broad(,1 eV full width at
half-maximum), and increases in magnitude and shifts to-
ward lower energies for increasing Ag content. The absorp-
tance peak energies are plotted versus evaporated Ag thick-
ness in Fig. 3(closed squares).

In order to calculate the relative importance of the
mechanisms contributing to the redshift of the surface plas-
mon resonance, we first evaluate the effect of shape aniso-

tropy and refractive index of the matrix. The ensemble-
averaged resonance frequency was obtained by averaging the
calculated plasmon resonance frequencies of a large number
of particles(103, 98, and 48, for the 0.6, 1.0, and 2.2 nm
depositions, respectively) taking the TEM data(shape aniso-
tropy and volume) as input. Each particlei was approxi-
mated as an oblate with minor axishob and major axes equal
to Di.

The surface plasmon resonance frequencyv0,i of nano-
particle i, found by evaluating the resonance condition of its
polarizability in the quasistatic limit,1 is described by

v0,i = vpÎ Li

«m − Lis«m − «`d
, s1d

with «m=nm
2 the dielectric constant of the embedding me-

dium, Li a geometrical factor determined by the aspect ratio
di

2, and«` andvp parameters of a modified Drude model for
the real part of the dielectric function of Ag:«8svd=«`

−svp/v)2, determined by fitting the model to experimental

FIG. 2. Optical absorptance spectra of Ag nanoparticle arrays embedded in
a-Si: (a) raw data,(b) Ag-related absorptance. The evaporated Ag thick-
nesses are indicated in nm. The surface plasmon absorption peak increases
in magnitude and shifts toward lower energies for increasing Ag content.

FIG. 3. Calculated(open circles and triangles) and experimental(closed
squares) absorptance peak energies for Ag nanoparticle arrays ina-Si. The
resonance energy for spherical Ag nanoparticles in silica glass is indicated
for reference. The three mechanisms contributing to the redshift are
indicated.
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data for Ag.12 The refractive index of thea-Si matrix nm
determined from transmittance and reflectance measurements
of the reference sample without Ag and found to be 3.7 in
the spectral range under consideration. For nanoparticles em-
bedded in the center of a 14-nm-thicka-Si layer, it is appro-
priate to use this bulk value for the refractive index of the
matrix.13 The average absorptance peak frequencyvpeakwas
calculated by summing over the particle ensembles taking
into account the oscillator strength for each particle using its
volume as a normalization factor.

The open circles in Fig. 3 show the calculated absorp-
tance peak energiess"vpeakd for the three nanoparticle en-
sembles embedded ina-Si. Data for the surface plasmon
resonance energy of Ag nanoparticles in silica glass(index
1.46) are shown for reference. Clearly, the largest contribu-
tion to the redshift is due to the high refractive index of the
a-Si matrix compared to silica. The anisotropy for the 1.0
and 2.2 nm films adds another 0.2–0.3 eV to the redshift.

To model the influence of interparticle coupling, the
nanoparticles were considered as ideal dipoles that are
coupled by near-field interaction. Under the assumption that
the dipoles are oscillating in phase(far-field excitation), the
resonance frequency of nanoparticlei is given by

vi =Îv0,i
2 −

vp
2

4p«m
o
jÞi

Vjs3 cosui,j − 1d
di,j

3 , s2d

wherev0,i is the resonance frequency if there would be no
interaction, as described by Eq.(1), and ui,j the angle be-
tween the orientation of the dipoles(i.e., incident polariza-
tion) and the interparticle axis. In this summation we have
taken the particle coordinates derived from TEM as input
parameters(evaluating the same particles as in the analysis
above). Only particlesj , with volumeVj at distancedi,j from
particle i, with di,j ,30 nm were taken into account, as cou-
pling is negligible for larger distances. By averaging over the
particle ensembles, the absorptance peak energiess"vpeakd
are derived as plotted in Fig. 3(open triangles). As can be
seen, interparticle coupling adds a relatively small redshift of
,0.1 eV.

Comparing the experimental data to the calculation, a
discrepancy of,0.2 eV is observed for all samples. This
may be due to inaccuracies in the optical data for Ag and
a-Si, and to the approximations of oblate-shaped particles
and resonantly interacting ideal dipoles in our model. Finite-
difference time-domain calculations of the relaxation of ex-
cited nanoparticle ensembles could be used to remove the
necessity of making these approximations. Note that the cal-
culated contribution of shape anisotropy(the decreasing
trend with increasing thickness in Fig. 3) is in good agree-
ment with the experiment.

The bandwidth of the measured absorptance peak
s,1 eVd is significantly larger than the homogeneous line-
width of surface plasmon resonances in Ag nanoparticles

s0.2–0.3 eVd.1 Possible causes are the presence of optical
inhomogeneities in thea-Si matrix13 and variations in par-
ticle shape and orientation.

In conclusion, we have shown that a sequential
Si/Ag/Si electron-beam evaporation process enables the
fabrication of two-dimensional Ag nanoparticle arrays that
exhibit surface plasmon resonances in the near-infrared. A
model is described for the ensemble-averaged plasmon ab-
sorption, with experimentally determined Ag nanoparticle
size and shape as input, Taking into account the refractive
index of the matrix, shape anisotropy, and interparticle cou-
pling, the experimental data are quite well described. It is
concluded that the main origin of the plasmon shift
s,1.5 eVd, regarding spherical Ag nanoparticles in silica as
a reference, is the high refractive index of thea-Si matrix;
shape anisotropy(kdl up to 1.5) contributes another
0.2–0.3 eV, while the influence of coupling effects is limited
to ,0.1 eV. The data indicate that an increased Ag deposi-
tion thickness leads to larger shape anisotropy and thus larger
plasmon redshift. By further increasing the Ag layer thick-
ness even larger plasmon redshifts may thus be observed.
The achievement of infrared surface plasmons in silicon now
enables the use of electromagnetic field enhancements,
surface-enhanced Raman scattering, spontaneous emission
enhancement, nanoscale energy transfer, and several other
plasmon-related applications at the important telecommuni-
cation wavelength of 1.5mm.
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