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Starting from thin film planar technology, we designed and fabricated a visible optical source that
produces a localized bright spot with nanometric dimensions. The structure consists of exciting
surface plasmons through the illumination of a subwavelength hole in a silver film and in confining
them at the vicinity of the aperture by surrounding the hole of Bragg mirrors resonant with the
plasmons generated. Both finite element method computations and experimental results evidence the
performances of this device that could find applications, for example, in nanolithography or optical
data storage. © 2009 American Institute of Physics. �DOI: 10.1063/1.3039075�

The ability to generate an optical nanosource is of great
importance in the area such as nanolithography or optical
data storage. The extraordinary optical transmission through
subwavelength apertures associated with the excitation of
surface plasmons by periodic corrugations has been shown to
be a very efficient way to achieve a directional light beam.1–5

Indeed, it has been evidenced that the addition of a corruga-
tion at the aperture input considerably enhances the structure
transmission,1–4 while the insertion of a corrugation at the
aperture exit leads to a lensing effect.1,5 However, the size of
the corresponding spots mainly belongs to the micrometric
range.

In this letter, we focus on the design and the experimen-
tal realization of an optical source that produces a light spot
of nanometric dimensions. The principle of the system is
schematized in Fig. 1. It consists of exciting surface plas-
mons through the illumination of a subwavelength hole in a
silver film and in confining them at the vicinity of the aper-
ture by surrounding the hole of Bragg mirrors resonant at the
generated plasmon wavelength.

From a physical point of view, this structure combines
several mechanisms. First, the illumination of the subwave-
length hole in the silver film generates a localized surface
plasmon at its edges. Then, this plasmon has been found to
efficiently couple to an antisymmetric bound plasmon mode
of the metallic film6 and thus propagates along the surface. In
order to confine this delocalized surface plasmon at the vi-
cinity of the hole and increase the field intensity at the exit,
we have added plasmonic Bragg mirrors around the aperture.
These mirrors consist of concentric metallic gratings with a
pitch a of �sp /2, where �sp is the wavelength of the reflected
surface plasmons. Indeed, previous works7 have shown that
this pitch corresponds to the maximum of reflectivity for
these structures. Finally, these gratings also form a plasmonic
microcavity around the hole, so to say a Fabry–Pérot-type
resonator. In order to obtain constructive plasmon interfer-
ences in the cavity and improve the system efficiency, we
chose the inner diameter �edge to edge� D of the first ring of
the gratings to match the expected resonance of the cavity.

Recent works8 indicate that this corresponds to a width D
multiple of �sp /2.

The device fabricated here was made to work at an illu-
mination wavelength of 532 nm. It was realized on a glass
substrate covered with a PMMA layer. In order to determine
the gratings characteristics, a first design without corruga-
tions or hole was considered consisting in a stack of glass
�n=1.48, thickness 3��, PMMA �n=1.49, thickness 150 nm�,
silver �n=0.055+3.43i, thickness 50 nm�, and air �n=1,
thickness 3��. By means of Rigorous Coupled Wave
Analysis9 we found the wavelength �sp of the less attenuated
supported plasmon eigenmode of the stack, �sp=320 nm,
and thus we chose a=160 nm and D=320 nm. Finally, the
depth of the grating h was initially set to 50 nm and the hole
diameter was fixed to 30 nm. In order to limit the computa-
tion time, we also restricted the number of periods for the
gratings to seven, the number from which we observed
�computations not shown� that the intensity of the generated
spot saturates.

To improve this basic design, which in fact does not take
into account the influence of the nanostructures on the plas-
mon eigenmode wavelength, we combined two-dimensional
�2D� finite element method �FEM� computations performed
with matched boundary conditions with a MATLAB optimiza-
tion loop. For each calculation step, the spot characteristics
�intensity and dimensions� are first extracted from the field
map of the structure provided by the FEM computations.
Then, the structure geometry �silver thickness, pitch, depth,
and position of the Bragg gratings� is slightly modified in
order to increase the resolution �decrease the size� and the

a�Authors to whom correspondence should be addressed. Electronic ad-
dresses: marianne.consonni@cea.fr and gilles.lerondel@utt.fr.

FIG. 1. �Color online� Scheme of the Fabry–Pérot-type plasmonic nano-
source �cross section�. A far-field illuminated subwavelength hole in a silver
film generates surface plasmons, which are confined at the vicinity of the
aperture by the Bragg mirrors surrounding the hole.
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contrast of the light spot. Then, FEM computations are
started again taking into account the new geometry and so
forth.

The structure resulting from this optimization loop is
finally composed of a 50 nm thick silver film perforated with
a 30 nm hole and surrounded by Bragg gratings of 150 nm
pitch and 75 nm depth. The width of the central cavity is 305
nm, which is about twice as much as the grating pitch and
should be close to the effective wavelength of the plasmons
excited in the complete structure. The result of the illumina-
tion of this system at normal incidence with a TM �perpen-
dicular to the grating axe� polarized plane wave at 532 nm is
presented in Fig. 2�a�. This 2D map of the field intensity �i.e.,
EE�� evidences a 70 nm wide hot spot localized at the vicin-
ity of the subwavelength hole leading to a directional light
beam. To verify the resonant nature of the structure, we also
calculated the field amplitude generated at 100 nm from the
exit of the hole as a function of the wavelength �graph given
in Fig. 2�b�� for structures with �full circles� and without
�empty circles� the Bragg gratings. For the first structure, a
threefold spot amplitude enhancement is obtained, as ex-
pected for the illumination wavelength of 532 nm ��sp

�305 nm�. The increase in the spot amplitude as a function

of the period number of the gratings �not shown� also con-
firms the resonant behavior of this structure.

In order to test the performances of the proposed 2D
optimized geometry on a pointlike source, we extended this
structure to a three-dimensional �3D� one by radial symme-
try. Indeed, considering the symmetry of the structure and an
incident radial polarized excitation, all in-plane directions
are equivalent. In addition, the grating mainly interacts with
delocalized plasmons, that is to say, with well-defined in-
plane k vectors, and thus we assume here that the 2D simu-
lation will be sufficient to evidence the reported effect of the
corrugation. However, to quantify the absolute efficiency of
the proposed geometry based on a 3D nanometric aperture,
3D numerical simulation will be needed.

In order to easily “visualize” the field at the exit of the
hole, we used the so-called photochemical imaging method.
This method, which has been described elsewhere,10 consists
of using a self-developing thin film of azo-dye polymer11

whose topography, as probed by atomic force microscopy,
was found to reflect the near field of metallic nano-objects.
Thus, the structure parameters were changed in order to ac-
count for the presence of a 70 nm thick photosensitive
azobenzene-dye polymer film of refractive index n=1.69
+0.015i. The resulting optimized structure is composed of a
Bragg grating of 165 nm of pitch and 80 nm of depth posi-
tioned on a 45 nm thick silver film and with a central cavity
width of 295 nm.

The structure was fabricated in several steps. First, the
mirrors were made by means of electron beam lithography in
a 150 nm PMMA layer spin coated on a glass substrate and
by evaporating silver on the corresponding patterns. Then,
focused ion beam �FIB� was used to perforate the silver film
and to obtain the final structure as shown in Fig. 3. A pho-
toresist layer was deposited on the sample by spin coating
and the system was finally exposed from the glass side using
a 532 nm linearly polarized laser diode at a power density of
100 mW /cm2 during 90 min. In order to approximate a ra-
dial polarized exposure, which is the most efficient incident
polarization for the considered geometry, two perpendicular
polarized exposures were performed. Although this approxi-
mation is theoretically inaccurate, it is valid if we consider
the amount of energy received by the photosensitive film and
is justified in our case by the fact that the azobenzene-dye
polymer is sensitive to the field intensity.

FIG. 2. �Color online� Characteristics of the nanosource after optimization.
It is composed of a 50 nm thick silver film perforated with a 30 nm hole
and surrounded by Bragg gratings �a=150 nm, h=75 nm, and D
=305 nm�. �a� 2D map of the field intensity in the nanosource. The field
generated by the structure without gratings is also shown in the inset. Both
computations were done with a FEM with a 532 nm TM polarized plane
wave coming from the glass side. �b� Field amplitude taken at 100 nm from
the hole exit as a function of the incident wavelength. For comparison, the
results obtained for the structure without gratings are also given.

FIG. 3. Top view �scanning electron microscopy image� of the nanosource
structure. The dimensions of the Bragg gratings are a=165 nm, h=80 nm,
and D=295 nm.
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In order to properly analyze the experimental results, we
have calculated the theoretical profile induced in the photo-
sensitive film by the illumination of the structure. It was
shown in previous works that the azobenzene-dye polymer is
polarization sensitive10,12 and undergoes topographic modifi-
cations proportional to the following quantity:13

V = − ExEx
� − EyEy

� + EzEz
�, �1�

where Ex, Ey, and Ez are, respectively, the x, y �sample
plane�, and z �perpendicular to sample plane� components of
the electric field in the polymer. Figure 4�a� shows the cor-
responding profile �extracted from the 2D FEM computa-
tions of the structure� calculated at the top of the resist layer.

A deep hollow located at the vertical of the subwavelength
hole in the silver film is clearly evidenced.

The atomic force microscopy �AFM� image of the
sample surface after exposure is shown in Fig. 4�b�. It first
exhibits a rectangular swelling at the center of the structure
which we believe is due to the electron beam exposure of the
PMMA layer during the FIB process �a dual beam system
was used here�. More interestingly, it reveals the presence of
a hole roughly located at the center of the system. Although
slightly larger than expected �cf. the theoretical profile in
Fig. 4�a��, probably because of the structure imperfection,
this photoinduced feature clearly evidences the ability of the
structure to generate a visible hot spot with dimensions in the
nanometric range.

In conclusion, we have shown both numerically and ex-
perimentally that the association of a subwavelength hole
with resonant plasmonic Bragg mirrors was efficient to gen-
erate a nanometric localized hot spot. Most direct applica-
tions of such optical nanosources lie in low cost and high
resolution optical lithography or data storage.

The authors are grateful to Sergei Kostcheev from the
LNIO for his support during the sample fabrication and
David Troadec from IEMN who was in charge of the focused
ion beam process. The “Région Champagne-Ardenne” and
the European Social Found are also acknowledged for their
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FIG. 4. �Color online� Theoretical and experimental topographies photoin-
duced at the surface of the photosensitive layer. �a� Expected theoretical
profile provided by FEM. �b� AFM measurements of the sample surface
after exposure. Bragg gratings are delimited by the dotted lines and the inset
on the right is a zoom taken at the center of structure.

051105-3 Consonni, Hazart, and Lérondel Appl. Phys. Lett. 94, 051105 �2009�

Downloaded 09 Nov 2012 to 77.236.37.83. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions

http://dx.doi.org/10.1063/1.1631384
http://dx.doi.org/10.1103/PhysRevLett.99.043902
http://dx.doi.org/10.1126/science.1071895
http://dx.doi.org/10.1364/OPEX.12.003694
http://dx.doi.org/10.1364/OE.14.003503
http://dx.doi.org/10.1021/jp065942q
http://dx.doi.org/10.1103/PhysRevB.70.235406
http://dx.doi.org/10.1021/nl070403y
http://dx.doi.org/10.1364/JOSAA.18.002865
http://dx.doi.org/10.1021/nl047956i
http://dx.doi.org/10.1063/1.371393
http://dx.doi.org/10.1364/OL.31.000613
http://dx.doi.org/10.1364/OE.15.004238

