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D
eveloping highly sensitive optical
sensors based on localized surface
plasmon resonance (LSPR) or surface-

enhanced Raman scattering (SERS) still at-
tracts much attention1,2 due to these types
of sensors' noninvasive character and their
high sensitivity. Since its discovery3 on pyr-
idine molecules adsorbed on rough silver
surfaces, SERS has particularly received a
great deal of attention as a powerful analy-
tical technique for molecular spectroscopy,
biomolecule recognition, and ultrasensitive
detection, down to a single molecule.4,5 To
exploit the giant enhancement of electro-
magnetic coupling at the vicinity of metallic
nanoparticles (NPs), one has tomaximize the
coupling matrix element between light and
electronic excitations. According to the so-
called “golden rule” for the transition prob-
ability between two quantum states, one
also has to enhance in the appropriate spec-
tral range and at the appropriate position the
density of intermediate or final states. The
coupling reaches its maximum value in re-
sonant conditions, thus defining the appro-
priate energy range of the incident and
scattered photons, and the spatial density
of states of these photons is considerably
increased by their interaction with localized
surface plasmons.
In practice, the patterning6�10 of the

supporting devices has to be controlled at
different scales (“3S”): (i) the device pattern-
ing must thus be controlled at the nano-
meter scale because both mechanisms
generally invoked11 for SERS, the so-called
“electromagnetic” and “chemical” ones,
are efficient when the distance between
the metal surface and the scatter center is
in the tunneling or “near-field” range;12

(ii) the damping of the plasmon resonance

is reduced when the size of the NPs exceeds
a few tens of nanometers; and (iii) the en-
hancement can be considerably increased
by exploiting bilayer interference-enhanced
Raman spectroscopy (BIERS):13 in this “far-
field” regime, layer thicknesses are of few
hundreds of nanometers. In this context
it is particularly interesting to develop no-
vel approaches for simultaneously control-
ling the geometry at the submicrometer
scale and at the nanoscale. These ap-
proaches will offer new opportunities for
the design of optoelectronic devices ope-
rating not only in the far field (guiding,
interference, and grating effects) but also
in the near-field regime (electron and pho-
ton tunneling, localized vibrational modes,
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ABSTRACT A strategy to design and fabricate hybrid metallic-dielectric substrates for optical

spectroscopy and imaging is proposed. Different architectures consisting of three-dimensional

patterns of metallic nanoparticles embedded in dielectric layers are conceived to simultaneously

exploit the optical interference phenomenon in stratified media and localized surface plasmon

resonances on metal nanoparticles. These structures are based on a simultaneous control of opto-

electronic properties at three scales (3S) (∼2/20/200 nm) and along three directions (3D). By

ultralow energy ion implantation through a microfabricated stencil we precisely control the size,

density, and location of silver nanoparticles embedded in silica/silicon thin films. Elastic (Rayleigh)

and inelastic (Raman) scattering imaging assisted by simulations were used to analyze the optical

response of these “3S�3D” patterned layers. The reflectance contrast is strongly enhanced when

resonance conditions between the stationary electromagnetic field in the dielectric matrix and the

localized plasmon resonance in the silver nanoparticles are realized. The potential of these 3S�3D

metal�dielectric structures as surface-enhanced Raman scattering substrates is demonstrated.

These novel kinds of plasmonic-photonic architectures are reproducible and stable; they preserve flat

and chemically uniform surfaces, offering opportunities for the development of efficient and

reusable substrates for optical spectroscopy and imaging enhancement.

KEYWORDS: silver nanoparticles . plasmon resonance . optical spectroscopy . SERS .
optical reflectance contrast . ion implantation . dark-field imaging
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localized plasmons, localized density of photon states
in “hot spots”).12

The limitation for fabricating such plasmonic sub-
strates is due to the drastic requirement of controlling,
on large areas in a reproducible way, a well-defined
spacing between metallic nanostructures and mole-
cules. Then controlling their shape, ordering and spac-
ing at different scales is a real challenge, particularly at
the nanoscale.
Important requirements also concern the sensitivity,

uniformity, and reproducibility of the response, high
stability, and low cost for commercial applications. The
use of silver nanoparticles (Ag-NPs) instead of gold
NPs offers the advantage of a better plasmonic en-
hancement because of lower interference between
intraband and interband electronic transitions.14 Many
effective ways have been explored9,15,16 for the syn-
thesis of Ag plasmon-active surfaces as an aggregation
of colloids, electrochemically roughened electrodes,
atom beam sputtering, or pulsed laser deposition.
Most of the currently available lithographic techniques
are developed for the fabrication of two-dimensional
(2D) metallic nanostructure arrays and often carry with
them limitations that prohibit their widespread use for
biological spectroscopy and imaging.15�17 Recently
we have shown that low energy ion implantation can
be a promising technique for the wafer-scale fabrica-
tion of Ag NPs planar arrays embedded in a silica (SiO2)
on a silicon substrate.18,19 We have shown that a
postannealing process strongly limits the silver oxida-
tion process which otherwise excludes the use of Ag
NPs on free surfaces.20 Second, controlling the kinetic
energy of the implanted ions in the keV range offers
the possibility to control in the nanometer range the
subsurface positioning of the metal nanostructures
(Z-patterning).
In this work, we propose a novel class of plasmonic

substrates containing subsurface gratings (1D and 2D)
made of Ag NP assemblies. These are obtained by
combining low energy ion implantation with a soft
lithography stencil technique. We show by theoretical
analyses and experiment how such three scale�three
dimension (“3S�3D”) patterns of metal-dielectric
composites can be exploited as substrates for enhanc-
ing the efficiency for light scattering, diffraction, or
imaging.

RESULTS AND DISCUSSION

Growth and Structural Properties. Typical transmission
electron microscopy (TEM) cross-section and plane-
view images of the Ag NPs embedded in the dielectric
film are shown in Figure.1. Figure 1a is a 3D montage
combining the cross-section view (z axis) and the
plane-view (x, y) for the lowest implantation dose.
One observes a delta-layer of single crystalline (as
revealed by high resolution TEM) spherical Ag NPs.19

Their mean diameter and spacing, and the distance

between the layer and the free surface of silica, are all in
the nanometer range (Figure 1). This distance is con-
trolled by the kinetic energy of the implanted ions, thus
offering an original way to define an optical spacer
between metallic particles and the free surface of the
sample over a large area. The size and density of the
particles can be tuned by modifying all the implanta-
tion parameters: kinetic energy, dose, and current. In
Figure1 panels b and c, one sees that the size of the
particles can be increased by 1 order of magnitude
(from a few nanometers to 15 nm), while preserving a
localization of the built-in plasmonic antenna at the
very near vicinity of the surface. The inset in Figure 1b
shows that at low energy implantation, the particles
are crystalline and spherical; this shape is expected
from a diffusion process in a homogeneous matrix. In
this paper we shall be concerned only with samples
obtained with different Agþ doses, but with a constant
very low energy of implantation (3 keV), and using the
same current (5 μA); the low value of the acceleration
voltage ensures negligible matrix and sputtering ef-
fects during the implantation process. In Figure 1b, one
observes in the cross-section image the preservation
of a dielectric spacer (few nanometers) between the
metallic particle and the free surface of the layer; in
the plane view, one notes that the mean separation
distance is much larger than their diameter D, with a
factor around 10; this will support in our calculations
the approximation of a negligible interparticle cou-
pling for both vibrational and electronic properties.

The destructive interference of the waves reflected
at the different interfaces of the dielectric slab gives
rise to Fabry�Pérot oscillations in the reflection. By
choosing an appropriate dielectric thickness, the re-
flectance is at minimum at specific wavelengths and
simultaneously the electric field is at maximum at the
free surface. This will favor the coupling of incident
photons of well-defined energy with both the Ag NPs
which are buried at the vicinity of this surface and any
nano-object (molecule, quantum dot, etc.) deposited

Figure 1. (a) 3D montage coupling the cross-section view
(z axis) and the plan-view (x, y) of our composite system;
(b) cross-sectional TEM image (defocusedbright field) of the
sample implanted at 3 keV with 4.7 � 1015 ions/cm2 and
(c) at 20 keV with 3.1 � 1016 ions/cm2. In inset of panel b,
HREM image of an isolated Ag nanocrystal; (d and e)
associated plan-view observations.
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on it. Because of the high value of the refractive index
of the Si substrate, the appropriate energy of reflec-
tivity minima are essentially defined by the thickness
t and effective refractive index n of the deposited
dielectric layer, and by the refraction angle θr. These
minima are assigned to the different orders m of the
bilayer destructive interference phenomenon and the
respective photon energies Em are given by

Em ¼ mþ 1
2

� �
hc

2nt cos θr
(1)

where h is the Planck constant and c the light velocity
in vacuum.

A typical UV�visible reflectivity spectrum recorded
in backscattering geometry (θr ≈ 0) on a SiO2/Si
heterostructure, is shown in Figure 2 (blue line). On
bare SiO2 (n ≈ 1.46), from the first-order (m = 1)
reflectivity minimum observed at E1 = 2.63 eV, one
gets t ≈ 245 nm, in agreement with the value mea-
sured by TEM (t≈ 240 nm; see Figure 1a). As amatter of
fact, one gets the same value of t from the other ob-
served reflectivity minima, E2 = 4.1 eV and E3 = 5.7 eV.

The presence of buried Ag NPs is indicated in the
reflectivity response (red line in Figure 2) by a deepen-
ing of the reflectance minima. One clearly observes
that a single plane of Ag NPs greatly affects the anti-
reflective effect because of its location at a depth
where the electric field is at maximum. This strong
perturbation is more evidenced by evaluating the
contrast Cr of the reflectivity signal, defined as follows:

Cr ¼ R0 � R

R0
¼ AAg þΔASi

R0
with

ΔASi ¼ (A � A0)Si (2)

where R0(A0) is the reflectivity (absorption, respec-
tively) corresponding to a nonimplanted sample and
R(A) its value for an implanted sample. Equation 2

shows that the Cr spectrum will reflect the absorption
by both the Ag NPs (AAg) and the Si substrate (ΔASi)
because theplane of AgNPs induces optical changes in
the bilayer. Moreover, according to eq 2 one notes that
the signature of NPs in the reflectance contrast will be
greatly enhanced at the vicinity of the antireflection
condition because R0 is at minimum. This offers an
efficient way to check themodifications of the real and
imaginary parts of the effective index n of the dielectric
layer, as illustrated in Figure 3 where the Cr experi-
mental spectra corresponding to three Agþ doses are
reported . In all the spectra, the localized surface plas-
mon resonance (LSPR) of the monolayer of dispersed
Ag NPs develops as a well-defined peak around 3.0 eV
with a Lorentzian shape. This energy coincides with
the expected value for absorption by an isolated Ag
spherical particle embedded in SiO2,

14 and retardation
or collective effects are expected to be negligible
for nanometer sized and highly dispersed particles. In
normal incidence (θr ≈ 0), the plasmon peak is clearly
shifted from the m = 1 interference maximum, and
one can thus estimate its full-width at half-maximum
(fwhm) for the three samples: Γ ≈ 0.5 eV.

When the diameter D of a metallic nanoparticle is
much lower than the electronic mean free path (52 nm
in Ag at room temperature) and greater than the Fermi
wavelength (λF ≈ 0.5 nm in Ag) which defines the
classical-quantum transition, that is, typically 50.D.
1 nm, the intrinsic dominant channel for a plasmon
decay in electron�hole pairs (Landau damping) is the
electron surface scattering process (τS). Taking into
account that radiation damping is negligible in such
particles which sizes much lower than the wavelength,
the plasmon lifetime is written as follows:14

τ�1 ¼ τ0
�1 þ τS

�1 with τS
�1 ¼ 2gS

vF
D

(3)

in which τ0 = p/Γ0 is the bulk contribution and gS
a numerical factor. Using the Fermi velocity in silver,

Figure 2. Reflectance spectra of a SiO/Si sample implanted
at 3 keV with 9.4 � 1015 ions/cm2. The reflectance contrast
(black line) is deduced from the spectra of an implanted
zone (red line) and that of a nonimplanted one (blue line), as
described in the text (eq 2). The dotted line is a Lorentzianfit
of the data to extract the plasmon resonance contribution.

Figure 3. Reflectivity contrast spectra of three samples
implanted at 3 keV with different doses 4.7, 7.05, and 9.4 �
1015 ions/cm2 (from bottom to top): experiment results in
continuous black lines; theoretical results in red dots. The
curves have been vertically translated for clarity.
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vF = 1.39� 106m 3 s
�1, one finally obtains the following

relation between the diameter D of a particle and the
fwhm of the plasmon resonance curve:

D (nm) � gS
3:6

(Γ � Γ0) (eV)
(4)

The linear dependence of the width of the plasmon
resonance versus the inverse of themean size has been
well verified experimentally for various metallic nano-
particles.14 However very different values of the key
parameters, Γ0 and gS, have been reported both
experimentally and theoretically,21 thus limiting the
possibility of extracting absolute values of sizes from
optical data. On one hand, the value of Γ0 is greatly
affected by the crystalline quality and surface rough-
ness22 of the bulk samples, and accurate data on noble
metals are still missing.23 On the other hand, theore-
tical determinations of gS are model dependent, and
reported values spread from 0.5 to 3.14 For silver
particles embedded in SiO2, the most accurate deter-
mination of Γ0 and gS has been recently obtained by
spectroscopic measurements on a single particle, lead-
ing to gS = 0.7( 0.1 and Γ0 = 0.125( 0.010 eV.21 Using
Γ = 0.50( 0.05 eV in eq 3 one getsD = 7.0( 1.9 nm for
an average diameter of the AgNPs in the three samples
of Figure 3; this is in fairly good agreement with the
mean size determined by TEM (see Table 1).

Simulation of the Optical Response and Size Determination.
To get more accurate information at the nanoscale on
the metallic particles, we have performed simulations
of the reflectance contrast Cr. These will allow an
understanding of the interplay between the photonic
and plasmonic interactions in the 3S�3D structures
and will define the most efficient architecture for
enhancing the optical coupling at the plasmon fre-
quency. Let us resume our approach that has been
already reported in details elsewhere.24 A composite
layer of Ag NPs embedded in SiO2 with a thickness
equaling themean diameterD of the NPs is considered
at the vicinity of the free surface. Its effective dielectric
constant is calculated within the quasi-static approx-
imation of the classical Maxwell�Garnet theory, in
which the electronic confinement effect is accounted
for by introducing the surface plasmon damping ac-
cording to eq 3. In the model the volume fraction of
silver is expressed as a function of the incorporated silver
amount f of atoms per surface unit. The propagation of

electromagnetic waves in the multilayer system is de-
scribed using a matrix formulation. The input data are
the complex dielectric constants of substrate (Si), di-
electric layer (amorphous SiO2), and embedded metal
(Ag). As recently underlined by Drachev et al.,23 the
optical response of an Ag-based plasmonic architecture
is greatly dependent on the input data for Ag,25,26 and
one has to take care of spurious artifacts by an appro-
priate choice of the input data.

At a first step, the total thickness t of the dielectric
layer is extracted from the bilayer interference effect in
the UV range (3�6 eV): that gives for all the samples t =
242 ( 1 nm. Second, the mean diameter D and the
incorporated silver amount f are extracted by adjusting
the shape of the theoretical curve with the experimen-
tal one. The sensitivity of the adjustment is very high
because of the strong mixing between the Ag-LSPR
mode and the quasi-stationnary optical mode in SiO2:
they lie in the same energy range and are both spatially
confined at the vicinity of the surface. This is illustrated
in Figure 4. Keeping D as a constant, the reflectance
contrast increases over the whole range when increas-
ing the incorporated silver amount f; otherwise by
keeping f as a constant, the plasmon resonance pro-
gressively separates from the interference reflectivity
minimum, when increasing the mean size; at the same
time the interference pattern remains unchanged in
the UV range.

The comparison between theory (red dots) and
experiment (black curves) presented in Figure 3 shows
a remarkably good agreement, both on energy position
of the different features and on their intensities. In our
specific samples this offers thus thepossibility of an accu-
rate determination of themean size of the particles, posi-
tion of the delta layer, and dielectric layer thickness.

The results extracted from the adjustments of the
reflectance contrast are compared in Table 1 with those
deduced from other experiments (TEM and Raman).
Because the amount of embedded silver and the ab-
sorption cross-section of a nanoparticle are proportional
to its volume, the mean diameter D has been defined
from the histograms of the NPs volumes measured by
TEM, namely:

D ¼ 1
N∑i

NiDi
3

 !1=3

(5)

TABLE 1. Comparison between Optical Spectroscopy (Reflectance Contrast and Raman) and TEM Observations for

Different Si/SiO2 Samples Implanted with Agþ Ions

thickness t (nm) dose f (1015 cm�2) diameter D (nm)

sample TEM reflectance implanted TEM reflectance TEM reflectance Raman

D1 238(12) 242(1) 4.70 1.8 (0.5) 2.8 4.6 (0.5) 3.0 (0.2) 3.8 (0.2)
D2 238(12) 242(1) 7.05 4.0 5.8 (0.5) 4.0 (0.2) 3.9 (0.2)
D3 234(12) 242(1) 9.40 4.5 5.4 (0.5) 4.4 (0.2) 4.5 (0.2)
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One sees in Table 1 that the mean diameter of the par-
ticles deduced from the optical data is in good agree-
ment with that deduced from TEM plane view obser-
vations. Finally the amount of silver incorporated in
the NPs has also been determined from adjusting the
theoretical spectra to the experimental ones. The values
are around 40% lower than the implanted dose. This
result is also in good agreement with the TEM observa-
tions. This canbedue to either an indetermination in the
nominal implanted dose or to an incomplete aggrega-
tion on all the Ag atoms in pure Ag NPs.20

The theoretical evolution of the spectrum of reflec-
tance contrast versus the effective optical thickness
t cos θr is reported in Figure 5. It clearly shows evidence
of the contrast enhancement when plasmons and
photons having the same energy are simultaneously
confined in the same zone. As a matter of fact, in
Figure 5 the maxima are localized at crossing points
between lines expressing the condition for stationary
electromagnetic field in the SiO2 dielectric matrix (see
eq 1) and the line at 3.1 eV corresponding to LSPR in
the metallic particles. The plasmon�photon coupling
is strongly enhanced because the particles that sup-
port the plasmon oscillations are localized at maxima
of the standing wave pattern. Figure 5a presents three
selected horizontal cross sections through the map in

Figure 5b. A remarkable effect is observed by analyzing
these spectra: when an effective optical thickness of
140 nm is chosen for the SiO2 layer containing Ag NPs,
no clear signature is observed in the spectrum around
3.1 eV. Although the same amount and localization of
the Ag NPs is considered, the signature of the Ag NPs
LSPR becomes visible only when resonant with the
bilayer interference effect. In particular this is verified in
the present experimental observations (see Figure 3)
where a single plane of Ag NPs located near the surface
of the antireflective bilayer leads to a large modifica-
tion of the reflectance contrast at the plasmon wave-
length. This result demonstrates the importance of
the precise 3D patterning and the potential of these
metal�dielectric architectures for imaging very thin
films deposited at the surface, for example, graphene
monolayers.

Resonant Raman Measurements. The enhancement of
the LSPR by localizing the AgNPs in the zone where the
electromagnetic field is atmaximum can be used for all
processes mediated by plasmonic excitations. This is
the case for surface enhanced Raman scattering (SERS)
by the collective atomic vibrations of the particles
themselves. Following eq 1 one sees that using an
oblique incidence (near 50�), the first-order (m = 1)
reflectivity minimum is expected at E1 = 3.0 eV in the

Figure 4. Evolution of the reflectance contrast of a Si/SiO2 bilayer structure in which a plane of Ag NPs is buried at the vicinity
of the free surface: (a) effect of the implanted fluence, (b) effect of the AgNPs mean diameter.

Figure 5. Simulationof the reflectance contrastCr of a Si/SiO2 bilayer structure inwhich aplaneof AgNPs (D=5nmand f=5�
1015 ions/cm2) is buried at the vicinity of the free surface; (a) reflectance contrast spectra calculated for three typical values of
the thickness corresponding to a reflectivity minimum (200 nm) or maximum (140 nm), and at the experimental record of
Figure 3 and 4 (240 nm); (b) Contrast reflectancemap on the plane definedby the photon energy and the total layer thickness.
The vertical white dotted line corresponds to the plasmon energy, the black dotted lines correspond to the different ordersm
for a destructive interference.
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240 nm thick SiO2 layer, in coincidence with the
plasmon resonance. Therefore conditions for targeting
amaximum, a “hot spot” in Figure 5, have been realized
using in this specific geometry the 413 nm line (3.0 eV)
of a Krypton laser as excitation.

Moreover, for a low frequency shift resonant con-
ditions can be simultaneously achieved for both inci-
dent and scattered photons, leading to doubly resonant
Raman spectroscopic signals for the quasi-acoustical
modes. Typical spectra are reported in Figure 6. Only
the Stokes side of the low-frequency range will be
discussed in this paper. Two main observations are in
order: (i) the signal has been recorded at very low
wavenumbers (down to 4 cm�1) and the Brillouin signal
originating in Si substrate is clearly visible (at 6.8 cm�1),
(ii) the large intensity coming from a single plane of Ag
NPs demonstrates the concomitant effect of plasmon
resonance and optical interference. It is only in these
resonant conditions that such a low density of nano-
meter-sized Ag NPs can be identified and analyzed by a
Raman measurement. The signature of the Ag NPs
consists in an asymmetric band. Its low frequency part
is due to collective coherent oscillations of the Ag
atoms,27whereas the tail versushigh energy is attributed
to single particle electronic excitations.28 The frequen-
cies of the different eigen modes of an isolated sphere
increase with the inverse of its diameter, as follows:27

ωl, n ¼ ηl, n
vL
D

(6)

where l and n are the angular and radial quantum
numbers, respectively, and vL is the longitudinal sound
velocity in Ag. The numerical factor ηl,n depends on the
symmetry and confinement of the mode. It is now well
established that the scattering is dominated by the con-
tribution of the fundamental quadrupolar mode (n = 0,
l = 2) leading to the following simple scaling relation
between the diameterD of theNPand the Raman shiftσ
of the most intense mode:27

D (nm) � 47
σ (cm�1)

(7)

From the data reported in Figure 6 one can deduce a
“Raman mean diameter” associated with the different
samples. The results reported in Table 1 show good
agreement with the TEM results. Once more one must
take into account that we are concerned with a distribu-
tion of sizes. Consequently an inhomogeneous broad-
ening affects the optical response; moreover because
this response is recorded in resonant condition, the
size distribution effect will concern both electronic and
vibronic excitations, and their coupling.29 It would be
thus very hazardous to get accurate information
solely from line shape analysis. Nevertheless, one notes
in Figure 6 that the intensity increaseswith the implanted
dose. This will be very valuable information for a quanti-
tative Raman imaging of the buried silver amount.

Raman Imaging and Optical Resolution. By implantation
through a stencil, different buried plasmonic architec-
tures (1D and 2D gratings) made of Ag NP assemblies
have been fabricated. By a careful design, all three
effects described above (optical interference, plasmon
resonance, and near-field coupling) can be then con-
currently combined in order tomaximize the efficiency
of optical field enhancement at the SiO2 surface. All the
size parameters have to be adapted to a specific appli-
cation. We have already underlined the benefit that
can be obtained from a 3D patterning at sub-micro-
meter and nanometer scales. For that purpose, we
showed that we can get quantitative information at both
scales by analyzing simultaneously elastic (Rayleigh) and
inelastic (Raman) scattering, respectively.

An example is reported in Figure 7, for a 2D array of
1 μmwide squares, with a lattice parameter of 5 μm. In
Figure 7b, one observes that the dark-field image of the
embedded Ag NP assemblies perfectly mirrors the
stencil image contour reported in panel a; the elastic
scattering dominates in the blue range testifying that it
is mainly due to resonant scattering at the plasmon
frequency of the Ag NPs.

The Raman spectrum of a nonimplanted area on
this 2D buried grating is essentially due to the silicon
substrate (Figure 8d). On the contrary, on the implanted

Figure 6. Raman and Brillouin spectra for samples im-
planted at 3 keV with different doses (see Table 1).

Figure 7. Optical imaging of embedded arrays of Ag NPs:
(a) SEM image of the stencil used; (b) dark-field image of
elastic scattering in the visible range (true colors) due to the
presence of Ag-NPs sample obtained by implantation at
20 keV of 3.1 � 1016 Agþ ions/cm2.

A
RTIC

LE



CARLES ET AL . VOL. 5 ’ NO. 11 ’ 8774–8782 ’ 2011

www.acsnano.org

8780

square zones, one notes that the silicon signal is
reduced and superimposed on a rather continuous
background revealing thus the presence of AgNPs. The
Raman signal coming from the substrate is indeed
resonantly absorbed by the NPs, whereas resonant
inelastic scattering by single particle excitations in
these NPs occurs. Therefore we introduce here two
original ways to map the presence of the embedded
Ag NP architectures. First, by plotting the intensity of
the optical phonon scattering of the Si substrate (480�
560 cm�1) one obtains the map of the buried Ag NPs
due to the Ag NP resonant absorption (Figure 8a).
Second by plotting the intensity of the vibrational
and electronic scattering by the Ag-NPs (50�160 cm�1)
the same 2D maps are obtained. It is particularly rele-
vant to use such noninvasive optical techniques to
directly control the geometrical parameters at each
step of the plasmonic device fabrication.

An example of a buried 1D grating of Ag NPs
obtained through a stencil made of 100 nm-wide slits
periodically spaced by P = 600 nm is illustrated in
Figure 9a. The corresponding Raman scan of the AgNP-
based grating is reported in Figure 9b. The intensity
profile was fitted in Figure 9c by the convolution
product of the square-wave transmission function of
the stencil with a Gaussian function that accounts for
the intensity profile of the focused laser beam. The
chosen value of the Gaussian fwhmwas 280 nmwhich
is the resolution limit of the microscope (�100; NA =
0.9; λ = 413 nm). The very good agreement between
the calculation and the experiment is a clear indication
that the diffusion of Agþ ions is negligible, validating
the stencil technique for designing such 3S�3D multi-
ply resonant buried plasmonic architectures.

This could open new possibilities for developing
plasmonic sensors based on periodic arrays of nano-
structures, with a selectivity and sensitivity improved
by diffractive effects. Elastic scattering is expected to
be concentrated in specific Bragg directions, and its
spectral dependence should follow the resonant plas-
mon profile (Figures 3 and 5).

SERS Effect. Finally, Figure 10 displays results on the
Raman signal originating in a micrometer-sized droplet
of pure pyridine that have been deposited on the free
surface of one of our plasmonic devices. The Raman
signal originating from implanted areas is compared to
that recorded on Ag NPs-free zones. The pyridine
spectrum reported on the nonimplanted zone is similar
to that of pyridine in solution: threemodes at 992, 1005,
and 1035 cm�1 are observed.30 This spectrum is mod-
ifiedwhen the laser spot is positioned on a zonewith Ag
NPs: the modes located at 992 and 1035 cm�1 are en-
hanced. This evolution is difficult to analyze, since it has
been shown that the surface enhancement is greatly
affected by the character of the surface and the ar-
rangements of the molecules.9,30 If one takes into
account that most of the signal comes from the volume
of the liquid located around the focal point of the
microscope objective (around 1 μm-thick), one can
deduce that the enhancement of the signal coming
from molecules located at the near vicinity of the sub-
strate (in a sub-nanometer range), is of several orders of
magnitude (around 103�104). This is typical of a SERS
gain expected from the solely electromagnetic field
mechanism. Indeed, in our case the chemicalmechanism

Figure 8. (Left) Raman images of embedded arrays of Ag built with the signals (same sample as in Figure 9) coming from (a)
the optical phonon scattering of the Si substrate and (b) the vibrational and electronic scattering by the Ag-NPs (the vertical
scale refers to intensities integrated over the spectral ranges indicated on the right). (Right) Typical Raman spectra recorded
on an implanted (c) and nonimplanted zone (d) are shown (for clarity the spectra have been smoothed by averaging over
several pixels of the image and the Raman intensity is presented with a log scale).

Figure 9. (a) SEM image of stencil used for fabricating an
embedded grating of Ag NPs; (b) corresponding high
resolution Raman image; and (c) fit of the Raman intensity
profile (black dots) with the transmission function of the
stencil convoluted by a Gaussian (continuous red line).
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is excluded due to the presence of a dielectric spacer
between the metal surface and the molecules (see
Figure 1b). In any case, it would behazardous to calculate
any enhancement factor owing to the uncertainty on
the number of molecules involved in this SERS process.
Although these preliminary results are promising further
efforts have tobedone for a precise quantitative analysis.

CONCLUSIONS

We have shown that a 3D patterning of composite
materials made of metallic nanoparticles buried in a
dielectric layer can be obtained in a single-step process
using ion implantation through a stencil. Using lowkinetic
energy, ordered plasmonic architectures can be localized
at the vicinity of, but below the surface, thus providing
near field couplingwith objects deposited on the surface.
Simulations have been performed to highlight the

interplay between the photonic and plasmonic inter-
actions in the 3S�3D structures and to identify the
routes for maximizing the optical coupling for both

near- and far-field. Specific substrates have thus been
designed for efficient low frequency Raman and re-
flectance contrast spectroscopies. By exploiting simul-
taneously optical interference and plasmonic reso-
nance in these substrates, to enhance both elastic
(reflectivity) and inelastic (Raman) scattering, accurate
characterizations of the assemblies of silver nanocrys-
tal have been performed. Determination of pertinent
parameters at the nanoscale by these rapid non-
destructive techniques was possible for appropriately
designed architectures. In particular the potential for
evaluating the size of the Ag nanoparticles by Raman
analysis or from a simple reflectivity measurement was
made possible by localizing the plasmon-resonant Ag
NPs at maxima of the interference standing wave
pattern. Moreover buried plasmonic architectures with
subwavelength lateral sizes were fabricated, and their
imaging with a resolution down to the limit of confocal
optical microscopy was demonstrated.
Finally, the possibility to use these “3S�3D” substrates

for SERS sensing has been demonstrated. They offer the
advantage of exploiting in the visible range the strongest
enhancement of silver nanoparticles, because they are
buried in a matrix that avoids the dissemination of these
highly toxic particles and simultaneously limits their
alteration, while preserving their plasmonic properties.
Another important advantage of these novel kinds of
plasmon-active substrates is that they maintain flat and
chemically inert surfaces. It is also interesting to note that
standard wafers coming from Si-based technologies can
be used. Here, the focus was put on the fabrication of
optical sensing devices; however, most of the technical
andphysical ingredients couldbeeasily employed for the
fabrication of various plasmonic devices for nonlinear,
photovoltaic, or wave-guiding applications.

METHODS
Embedded Ag Nanoparticle Patterns. Silver ions (Agþ) of low

energy (3�20 keV) have been implanted in a silica layer with
fluencies ranging between 1015 and a few 1016 ions/cm2. This
was achieved by means of a specially modified Varian 200A2
implanter. The embedding dielectric is a silica layer thermally
grown on silicon. Its thickness (240 nm) was chosen to obtain an
amplification of the Raman efficiency under an oblique inci-
dence. Different stencils containing different sized and shaped
apertures (squares, slits, dashed slits) were prepared by focused
ion beam milling of a 200 nm thick Si3N4 membrane, and then
placed in contact with the SiO2 surface.

Transmission Electron Microscopy. Cross-sectional (XS) and plan-
view (PV) specimens were prepared for transmission electron
microscopy (TEM) examination, by the standard procedure
involving grinding, dimpling, and Arþ ion beam thinning until
electron transparency. An FEI Tecnai microscope equippedwith
a field emission gun and a spherical aberration corrector and
operating at 200 keV was used for imaging.

Optical Analyses. Reflectivity measurements were perfor-
med in quasi-normal incidence by using a Varian Cary 5000
spectrophotometer. The Raman signals have been collected in
the far-field regime using a standard confocal microscope and a

Jobin-Yvon Horiba T64000 spectrometer. The spectra were
recorded with an unusual very large frequency range down to
few centimeter�1 and using specific experimental conditions.
The incident beam was focused under an oblique incidence,
whereas the scattered beam was collected under the normal
incidence. The 413 nm line (3.00 eV) of a Krypton laser was used
as excitation light because it coincides with the plasmon
resonance of the Ag NPs. During the scans, the laser power
was fixed at 1 mW on the sample, the integration time was 0.2 s
and the step 0.2 μm. Dark-field optical images have been
recorded using a Jobin-Yvon Horiba Xplora spectrometer.
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