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We present a nanofabrication method which combines bottom-up and top-down techniques to
realize nanosized curved Fabry–Pérot cavities. These cavities are made of a hexagonal closed
packed monolayer of silica particles enclosed between flat and curved metallic mirrors. They exhibit
geometric cavity modes such as those found in gold shell colloids. These modes manifest as dips in
the reflection spectra which shift as a function of the diameter of the used nanoparticles. An
excellent agreement is found between experiment and theory which allows us to properly interpret
our data. The work presented here constitutes a further step to the development of curved
photonics. © 2010 American Institute of Physics. �doi:10.1063/1.3493691�

Noble metal structures with dimensions smaller than or
comparable to the wavelength of light exhibit interesting op-
tical properties due to the collective oscillation of conduction
electrons �surface plasmons�. In the case of small particles,
this localized surface plasmon mode causes confinement of
the electromagnetic field near the surface and leads to strong
extinction in the visible and near infrared, depending on the
geometry, size, and shape of the metal particle.1,2 The en-
hanced local fields can be used to enhance the fluorescence
emission,3,4 the Raman signals,5,6 or the photostability of lu-
minescent dyes close to the metal surface by shortening the
excited-state lifetime.7–11 Beyond these noble metal nanopar-
ticles, core-shell colloids, composed of a dielectric core sur-
rounded by a metallic shell are particularly interesting to
investigate. The plasmon frequency of these particles can be
tuned throughout the visible and near-infrared part of the
spectrum by varying either the core diameter or the shell
thickness.12–14 Besides these well-known collective extinc-
tion resonances the geometric cavity modes,15,16 which result
from the confinement of light inside the dielectric core while
the cavity boundaries are determined by the metal shell, have
not yet received much attention up to now.

In this letter, we aim to investigate such geometric cavity
modes and demonstrate the possibility of designing efficient
nano-optical devices, such as curved nanosized Fabry–Pérot
resonators by a unique combination of sol-gel chemistry and
top-down deposition techniques. The enhanced local field to-
gether with the focusing effect due to the curvature itself
allows us to strengthen the cavity properties. The main fea-
tures of such a cavity are analyzed numerically, using the
finite-difference time-domain �FDTD� algorithm.

The optical cavities described here are obtained by depo-
sition of a monolayer of monodisperse silica �SiO2� particles
arranged in a hexagonal closed packed �hcp� structure �di-

electric layer� in between two reflecting slabs. The front mir-
ror is a curved thin gold �Au� slab while the back mirror is
either a silicon substrate �Si� or a thin gold-coated silicon
substrate �Si+Au�. Figure 1�a� shows the scheme of these
two types of cavities. The gold layers, of 20 nm thickness,
were deposited by reactive magnetron sputtering using pure
Au �99.99%� target. The silica nanoparticles were synthe-
sized following the Stöber–Fink–Bohn method17 from tetra-
ethoxysilane �Fluka� and ammonia �29% in water, J.T.
Baker�. The two-dimensional �2D� particle arrays were gen-
erated following the procedure previously described by
Wang et al.18 This procedure was applied for various sizes of
silica nanoparticles ranging from 180 to 470 nm. The sput-
tering deposition parameters were set to get a reproducible
deposition rate �around 12.5 nm min−1�, ensuring a good
uniformity of the film thickness for all substrates. The optical
properties of the cavities were investigated by reflection
spectroscopy using a home-made system equipped with a
deuterium tungsten–halogen fiber optic light source mikro-
pack dh-2000 as sample excitation source. For collection, the
reflected light was sent to a Horiba Jobin-Yvon HR800 spec-
trometer equipped with a 150 grooves mm−1 grating and a
Symphony CCD detector providing a 2 nm resolution. In the
spectra, the reflection signal was always normalized with re-
spect to the corresponding one of either a pure silicon sub-
strate or a 20 nm gold-coated silicon substrate. The FDTD
simulations19 were performed with a freely available soft-
ware package.20 The computational cell, in which the incom-
ing wave propagates along the z direction with a linear po-
larization in the x direction, has been implemented with
periodic boundary conditions in x and y directions and per-
fectly matched layers in the z direction. The dielectric per-
mittivity of gold was specified by using the Drude–Lorentz
model with parameters determined by Vial et al.,21 based on
the best fits, following a FDTD approach, to the relative
permittivity of gold as tabulated by Johnson and Christy.22a�Electronic mail: vallee@crpp-bordeaux.cnrs.fr.
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Figure 1�a� shows photographs of the various samples
obtained with silica particles of diameter D decreasing from
left D=350 nm to right D=180 nm. Two series are exhib-
ited depending on whether the particles have been deposited
directly on the silicon wafer �Si, top� or on the 20 nm thick
gold-coated silicon wafer �Si+Au, bottom�. In both cases,
the considered structures have been closed �left part of each
sample� with a thin gold film �Au, 20 nm thick�, which
adopted the curvature of the silica particles underneath, thus
forming a semicurved cavity. A rich panel of colors is exhib-
ited, depending on the diameter D of the silica particles.
Furthermore, a progressive extinction is observed as the
angle � is decreased from �=90° to �=0° �from top to
bottom�. The uniformity of the color areas extending on cen-
timeter square can only be reached for perfectly designed
micro/nanocavities, the quality of which is further exempli-
fied in the scanning electron microscope �SEM� picture pre-
sented in Fig. 1�b�.

In most cases, resonance in a nanostructure can be
probed with far-field signals.23 In this study, the entrance
surfaces of the cavities were illuminated with a nearly colli-
mated white light, and the backscattering spectrum was only
measured from a selected area �50 �m� of each semicurved
cavity. The measured quantity, hereafter simply called reflec-
tance, is depicted in Fig. 2 �solid lines� as a function of
wavelength and diameter of the silica particles deposited ei-
ther directly on the silicon wafer �a� or on the gold-coated
silicon wafer �b�. Dips are observed in the reflection spectra
and they systematically shift to the long wave range as a
function of D. The same dips are observed while slightly
shifted and with distinct amplitudes in case the used back
mirror is either the pure silicon wafer or the gold-coated
silicon wafer. The simulated reflection spectra �dashed lines�
are superimposed on each figure. The good agreement be-
tween these spectra and the ones obtained experimentally is
clearly observed and points to the usefulness of subsequent
simulations to explain some behavioral characteristics.

Let us perform a close inspection to the case of silica
particles with D=300 nm enclosed by the gold-coated sili-
con wafer and the front gold curved mirror. The usual inter-

band transition exhibited by gold at around 500 nm manifests
clearly as a dip in the reflectance �Fig. 2�b��. It barely
changes its position as a function of the cavity thickness.
Besides this “pure” plasmonic resonance, the two extradips
�at 654 nm and 828 nm, Fig. 2�b� exhibit a shift in their
positions as a function of the cavity thickness, which is a
clear sign of coupling of a cavity mode to some plasmonic
collective oscillation. Furthermore, the simulated reflection
and transmission spectra �Fig. 3�a�� of this structure exhibit
some peculiar behavior: while the reflectance dip �detected at
the entrance surface of the structure, Fig. 3, inset� shown at

FIG. 1. �Color online� �a� Scheme of the designed cavities and photographs
illustrating their change in color as a function of the increasing �from right
to left� diameter D of the hcc-arranged particles and inclination of the
samples with respect to the direction of acquisition �90°, 45°, 0° from top to
bottom�. The top �bottom� scheme pertains to silica �SiO2� particles depos-
ited on a pure silicon substrate �Si� �20 nm gold-coated silicon substrate
�Si+Au��. In both series, the right part of each sample has been masked
before final gold sputtering. �b� SEM top view of a gold-coated monolayer
of 470 nm silica particles.

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

4
5
0

5
0
0

5
5
0

6
0
0

6
5
0

7
0
0

7
5
0

8
0
0

8
5
0

9
0
0

R
ef

le
ct

an
ce

(a
.u

.)

Wavelength (nm)

a)

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

4
5
0

5
0
0

5
5
0

6
0
0

6
5
0

7
0
0

7
5
0

8
0
0

8
5
0

9
0
0

R
ef

le
ct

an
ce

(a
.u

.)

Wavelength (nm)

b)

FIG. 2. Experimental �solid lines� and simulated �dashed lines� reflection
spectra of the semicurved cavities for particles diameters D ranging from
180 nm to 240, 280, 300, and 350 nm, from bottom to top deposited either
directly on the silicon wafer �a� or on the gold-coated silicon wafer �b�. The
spectra are offset by 1.0 from one another for visibility.

FIG. 3. �a� Simulated reflection �0, dashed� and transmission �8, solid� spec-
tra of an array of hcp arranged monodisperse silica particles of diameter
D=300 nm enclosed in between a front gold curved mirror and a gold-
coated silicon wafer. �b� Simulated transmission spectra through flux planes
situated at distances 5 �1�, 30 �2�, 50 �3�, 70 �4�, 90 nm �5� from the curved
front mirror, in the center �6�, at the back of the cavity �7� and at the outlet
of the structure �8�. Inset: geometry of the simulated structure with indica-
tion of the positions of the planes used for flux detection. The source origi-
nates from plane O and goes upwards. It is partially reflected/transmitted by
the cavity. The reflected flux is detected back through plane O. The trans-
mitted flux goes through the cavity, entering at the front mirror, is detected
successively through planes 1 �5 nm after the front mirror� to 7 �back mir-
ror� prior to continue through the substrate to be finally detected through
plane 8 �outlet of the structure�.
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828 nm coincides with a transmittance peak �detected at the
outlet of the structure, Fig. 3, inset�, the reflectance dip at
654 nm also exhibits a transmittance dip. Following the
usual formula T+R+A+Dif =1, where T, R, A, and Dif
stand for the transmittance, reflectance, absorbance, and dif-
fusion, respectively, a minimum in both transmittance and
reflectance clearly indicates a strongly absorbant and/or dif-
fusive mode at 654 nm.

The fluxes transmitted through planes situated at various
depths from the front gold curved mirror are presented in
Fig. 3�b�. Close to the front mirror �plane 1�, a broad peak
extending from about 600 nm to more than 900 nm emerges
as a manifestation of a highly diffusing collective plasmon
oscillation. As the distance from the front mirror increases,
the extension of this peak reduces and it splits into two parts:
a dip and a peak which reinforce and localize at �
=654 nm and �=828 nm, respectively. The transmission
spectra are almost indistinguishable as detected in the middle
�plane 6� or at the back �plane 7� of the cavity. The behavior
exhibited by the mode at �=654 nm is reminiscent of a
quadripolar plasmon resonance mode, mainly localized to
the near field of the front mirror. The incoming light at that
wavelength is completely absorbed/scattered by the front
gold curved mirror and accordingly shows a dip in reflec-
tance as in transmittance far from it. On the contrary, the
mode at �=828 nm. looks like a dipolar plasmon resonance
mode, able to propagate on longer distances. The fact that
these modes are coupled to the cavity is best illustrated by
the shift they exhibit as a function of the cavity length �Fig.
2�.

Finally, we simulated FDTD snapshots of the
x-component of the electric field of a very narrow Gaussian
pulse propagating in the z-direction of the structure shown in
Fig. 3 for the three wavelengths of interest. The resonance at
�=828 nm clearly exhibits �Fig. 4� a dipolar character, very
similar �while stronger� to the one of the interband transition
at �=489 nm. This indicates that this resonance is due to a
cavity mode coupled to the dipolar collective mode. On the
contrary, the FDTD snapshot �Fig. 4� corresponding to the
dip at �=654 nm is more quadripolar in nature and points to

a resonance due to a cavity mode coupled to a collective
quadripolar mode.

In conclusion, we have presented a simple nanofabrica-
tion method which combines bottom-up and top-down tech-
niques to realize nanosized curved Fabry–Pérot cavities.
These cavities exhibit geometrical cavity resonances that de-
pend on the size of the dielectric core. Contrarily to our
investigations, Yu et al.24 reported the effect of the Al2O3

coating thickness on the reflectance properties of a similar
structure. Owing to FDTD simulations, we could discrimi-
nate between dipolar and quadripolar resonances which re-
sult from the coupling of cavity modes and plasmonic col-
lective modes. The strong exaltations observed �Fig. 4� in the
vicinity of the front gold curved mirror are of particular in-
terest: potential emitters could be inserted by functionaliza-
tion at these positions and benefit of the maximum field. This
feature could prove very important for applications as nano-
scale light sources, sensors, or lasers. In this respect, the
variation in the thickness of the metal shell will be a param-
eter of choice to increase the cavity quality factor.

Jean-Pierre Manaud �ICMCB� and Isabelle Ly �CRPP�
are acknowledged for gold sputtering and SEM observations,
respectively.
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FIG. 4. �Color online� FDTD snapshots of the x-component of the electric
field of a very narrow Gaussian pulse propagating in the z-direction of the
curved cavity shown in Fig. 3. for wavelengths corresponding to the three
reflectance dips observed.
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