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Summary

In this paper, we present near-field optical images of

nanostructures exhibiting an extraordinary transmission.

These structures consist of annular aperture arrays engraved

in a metallic film: they are quite promising structures for

nanophotonics because of their high transmission directly

linked to a guided mode mediated by each annular aperture.

We first briefly explain our fabrication process (focused ion

beam milling), then we expose the experimental setup of the

near-field optical microscope working both in reflection and

transmission modes. For the reflection mode, the ‘coffee-bean’

structure of the electromagnetic field predicted by the theory

has been quite well reproduced. For the transmission mode,

we present preliminary experimental results concerning the

influence of the wavelength and the polarization of the incident

beam on the obtained near-field images.

Introduction

It is well known now that light can substantially pass

through subwavelength nano-apertures in a thick metallic

film (Ebbesen et al., 1998; Martin-Moreno et al., 2001), unlike

the hasty predictions that can be deduced from the ‘classical’

theory (Bethe, 1944; Bouwkamp, 1954). A transmission

peak in the visible range can be obtained and it reaches

10% (Ebbesen et al., 1998): this transmission is due to a

surface plasmon resonance mediated by the nanostructures

(Popov et al., 2000). Many applications made the most of

this phenomenon in different domains: fluorescence (Liu

& Blair, 2003), nanophotonics (Shinada et al., 2003) or

chemical sensors (Brolo et al., 2004). In order to increase
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the light transmission in the visible range, Baida and Van

Labeke proposed in 2002 a new geometry that consists of

annular apertures arranged in a bi-periodic array (Baida & Van

Labeke, 2002). This structure was named AAA for annular

aperture array. A similar idea has been already developed by

Roberts and Mac Phedran in the case of perfect conductors

(Roberts & McPhedran, 1988). For specific dimensions, the

AAA can theoretically lead to a transmission peak of around

90% in the visible range of the spectrum (Baida & Van

Labeke, 2003). This high value of the transmission is directly

connected to the existence of a guided mode inside the coaxial

apertures (Baida et al., 2004; Baida et al., 2006). The aim

of this paper is to study these kind of nanostructures in

the near-field domain. After having explained our fabrication

process and our calculation method, we present experimental

results obtained with a reflection scanning tunneling optical

microscope(RSTOM).Asalreadymentionedinapreviouswork

(Poujet et al., 2006), the same ‘coffee-bean’ light distribution

is observed with other geometries of the AAA. Finally, original

experimental near-field images obtained with a scanning near-

field optical microscope (SNOM) working in transmission mode

are presented for different polarizations and wavelengths.

Fabrication process

The fabrication process is the same as described elsewhere

(Elsner & Meyer, 2001). The substrate consists of a

120-μm thick fused silica cover slide, on which a 5-nm

adhesion layer (titanium or chromium) and a metallic film

(silver or gold) are evaporated. A low evaporation rate prevents

from grain formation onto the metallic layer. The surface

roughness, measured by atomic force microscopy, is then

about 2 nm. A NOVA 600 dual-beam system from FEI

Company with installed focused ion and electron beam was

used for the milling experiments. Compared to focused electron
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Fig. 1. Example of an AAA (diameters: 200/100 nm and period: 350 nm) made by FIB milling: (a) top view of two periods, (b) view with a 52◦ tilt and

(c) view of the whole matrix.

Fig. 2. Far field image of three different AAAs in real colours obtained by conventional microscope working in transmission mode. The AAAs are engraved

on a 100-nm thick silver layer. The inner diameter (d i), the outer diameter (do) and the period p are d i = 100 nm, d o = 200 nm, p = 350 nm for matrix

(1) (7 × 7 μm2); d i = 230 nm, d o = 330 nm, p = 500 nm for matrix (2) (10 × 10 μm2) and d i = 100 nm, do = 200 nm, p = 500 nm for matrix (3)

(10 × 10 μm2).

beam (FEB) lithography, focused ion beam (FIB) milling is an

adequate technique for rapid fabrication of prototype optical

nanostructures (Perentes et al., 2005). Nanoscale structures

are obtainable with perfectly tuned FIBs, and parameters such

as dwell time, overlap, astigmatism and focus are determining

for the final structure quality. The fine tuning of the beam

focus and the stigmator was done by milling test structures

and painstaking readjustments have been carried out prior

to the realization of the arrays. The FIB operated at 30 keV

and 10 pA (beam diameter around 12 nm) for all structures.

An overlap of 50% in the x- and y-directions has been

introduced to ensure a homogeneous milling. A short dwell

time (200 ns) and a large number of passes have been chosen to

minimize the redeposition effects. FIB drift due to charging on

the underlaying silica insulating substrate was minimized by

irradiating the surface using the electron beam. The adequate

ion dose to reach the designated depth and to investigate the

size and the shape was determined by cross-cutting of the test

structures after covering them with a platinum-containing

material using FEB-induced deposition. This layer protects the

structure of interest during FIB milling and offers a better

contrast for the subsequent scanning electronic microscope

imaging.

The quality of the final result is checked by imaging the

structure thanks to a scanning electron microscope (see

Fig. 1). A conventional optical microscope (REICHERT-JUNG)

has been used to observe three different AAAs made in the

same silver layer. Figure 2 shows the three far field images

obtained in transmission mode (magnifying = ×50). The

whole sample was illuminated by a thermal white light source.

As already shown elsewhere (Barnes et al., 2003; Kanamori et

al., 2006), one can notice the spectral filtering possibilities of

our structure.

The far field response of such a structure depends both on the

geometrical parameters of one aperture and on the period of

the whole array. More quantitative experiments are in progress

with these samples made in silver but we already showed and

compared theoretical and experimental transmissions in the

case of AAAs in gold (Salvi et al., 2005).

Let us note here that, in the following, the presented

experimental data are often compared with theoretical ones.

These latest data are found through a finite difference

time domain (FDTD) method that directly solves Maxwell’s

equations. It is a 3D home-made code where space and time

are both discretized. In order to describe the fine features of

the structure, a non-uniform meshing is implemented. This

2



400 600 800 1000 1200 1400 1600 1800
0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

λ (nm)

Z
e

ro
o

rd
e

r
tr

a
n

s
m

is
s
io

n

632,8

Fig. 3. Theoretical spectral response of the AAA studied in near-field optics

(reflection mode): d i = 200 nm, d o = 280 nm, p = 500 nm.
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Fig. 4. Scheme of the experimental RSTOM setup.

leads to a decrease in the total number of nodes (spatial steps:

� = 5 nm for the metallic film and � = 25 nm for the rest

of the calculation window). This mesh variation is carried

out gradually to avoid parasitical reflections. In addition,

the Berenger’s perfectly matched layers are incorporated into

this code to cancel the reflection on the external edges of

the computational window. More details on the numerical

simulations can be found in references (Baida & Van Labeke,

2002; Poujet et al., 2006). All the theoretical results presented

in this paper are made with this code.

Near-field optics: reflection mode

The AAAs under study in this section have been made by

FIB milling in a 100-nm thick gold layer deposited on a glass

substrate with a thin chromium adhesion layer (5 nm). The

period of the structure is 500 nm, the inner diameter of the

coaxes is 200 nm and the outer diameter is 280 nm. It’s

theoretical spectral response is plotted in Fig. 3.

The near-field experiments are achieved with a commercial

SNOM (SMENA model). The experimental setup is described in

Fig. 4. The sample is illuminated at λ = 632.8 nm thanks to a

dielectric tip. The light diffracted by the sample is detected by

the same tip and a coupler is used to separate the incident and

thebackwardsignals.Thenear-fieldsignal is thenrecordedbya

photomultiplier (PM) and analyzed by an appropriate software.

The shear-force and the near-field optical images are shown

in Fig. 5: the optical image is blurred by fringes. The origin

of these fringes is not completely understood but they are

very common in this kind of experiments. The interferences

may be due to the interaction between the incident and the

reflected light, the coupling between the tip and the sample

and/or the tip shape or size. This image has been filtered in

order to eliminate the fringes. This filtering simply consists

in a 2D fast fourier transform (FFT), which allows us to

cancel the spatial frequency corresponding to the fringes

by means of a binary filtering function. A ‘coffee-bean’-like

distribution of the electric field then becomes apparent, as

shown in Fig. 6(a). The zone marked with a white square is

magnified and displayed in Fig. 6(b). We also marked with

white circles the position of some annular cavities deduced

from the simultaneously recorded shear-force image. This

result demonstrates, if necessary, the connection between the

annular cavity geometry and the two-lobe light distribution.

A similar result has been already obtained with another AAA

having different dimensions (Poujet et al., 2006).

This two-lobe structure is typical of the TE11-like mode

(Baida et al., 2004, 2006). The theoretical calculation (3D-

FDTD) presents the same distribution of the electromagnetic

field (see Fig. 6c). This image corresponds to the square

modulus of the transversal components of the electric field

recorded 30 nm above the structure. The polarization of the

incident field is along the two maxima of light. There is a good

agreement between the experimental and the theoretical

images if we consider that the dielectric tip is thin enough to

act as a dipole that only extracts the tangential components of

the electric field even if the normal one is larger (Van Labeke

& Barchiesi, 1993; Grosjean & Courjon, 2003). Note that the

illuminating wavelength is out of the high transmission region

of the spectrum as shown in Fig. 3 (red arrow). So, the cavity

mode cannot propagate inside the annular aperture and it is

completely reflected: it just settles at the entry of the cavity

and its intensity exponentially decays when penetrating inside

the aperture.

Near-field optics: transmission mode

The near-field optical images in transmission mode have been

carried out with an AAA made in a 125-nm thick silver

layer. The period is 500 nm, the inner ring and the outer

ring diameters are 100, nm and 200 nm, respectively. As

previously described, the AAAs have been made by following

the same FIB milling process. To our knowledge, this is the first

study concerning the polarization effect and the wavelength

influence for such a structure. As shown in Fig. 7, a powerful

white light source generated by a pulsed laser at λ = 532 nm

is focused into a dispersion shifted fiber (Mussot et al., 2003).

A microscope objective collimates the emerging beam, which
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Fig. 5. Shear-force and optical images (14 × 14 μm2) of an AAA in a 100-nm thick gold film. The inner diameter is 200 nm, the outer diameter 280 nm

and the period 500 nm.

Fig. 6. (a) Filtered optical image of the near-field optical image in Fig. 5; (b) closeup of the white square in picture (a) (6 × 6 μm2) and (c) theoretical

response obtained by FDTD calculation (polarization in the upper right corner).

illuminates the sample. The polarization direction is controlled

with a Glan-Taylor polarizer and an interferential filter allows

us to choose the incident wavelength. The images are recorded

with the same SMENA commercial SNOM using a dielectric tip.

Shear-force and optical images of the same sample but for

two different polarization directions are shown in Fig. 8. The

theoretical spectral response of this sample is plotted in Fig. 9.

The shear-force images that give the topography of the sample

are identical: they correspond exactly to the same area of the

sample. The optical images are recorded at λ = 622 nm. The

range of intensities is the same for both optical images so that

we can quantitatively compare the obtained intensities.

The two polarizations used in the experiments are first

along the y-axis (top image in Fig. 8) and second at 45◦

from the y-axis (bottom image in Fig. 8). The ‘coffee-

bean’ light distribution is not resolved in these images.

Nevertheless the two optical images are very similar, which

is in good agreement with theoretical findings of reference Fig. 7. Scheme of the experimental SNOM setup.
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Fig. 8. Topographic and near-field optical images (15 × 15μm2) with the same wavelength λ = 622 nm at different polarizations.
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Fig. 9. Theoretical transmission of the studied AAA. The arrows mark the

wavelengths used in the experiment.

(Baida & Van Labeke, 2002). This is mainly due to the fact that

the cylindrical symmetry of the annular apertures is insensitive

to the polarization direction.

Near-field optical responses of one AAA matrix at different

wavelengths (576 nm, 608 nm and 622 nm, see Fig. 9)

have been also recorded in Fig. 10. The polarization is kept

along the y-axis for all images. The intensity of each image

is normalized to the source spectrum because the incident

power can differ from one wavelength to another (Fig. 11).

The grey level scale is the same for each optical image of

Fig. 10. First, there is some light outside the AAA and the

expected ‘coffee-bean’ distribution of the electric field is not

resolved: as it is mentioned above, it may be due to the

tip shape and/or to surface plasmons excited besides/on the

matrix. Moreover, the transmitted zero order can also smear

our SNOM images. Using a metallized tip could increase the

resolution of our SNOM, preventing in this way the detection

of the transmitted far field: the ‘coffee-bean’ structure of the

near field could be then resolved. Second, we observe that the

average value of the detected light intensity decreases when

the wavelength increases. This behaviour is still unclear

because recent theoretical calculations (not presented here)

show a contradictory evolution for the intensity. More

experimental and theoretical works are still in progress to

completely understand these results.

Conclusion

In this paper, we qualitatively show the ability of AAAs to

filter the light. More quantitative spectra are in progress to

validate the high transmission in the visible range (80%).

However, the main part of this paper is dedicated, to our

knowledge, to the first experimental near-field studies of

such nanostructures. For the reflection mode, the experiment

is in good accordance with the theory: we experimentally

highlight the existence of the TE11-like mode by retrieving the

typical two-lobe structure of light intensity above the coaxes.

For the images obtained in transmission mode, we demonstrate

that the polarization has no significant influence on the near-

field response. Nonetheless, the ‘coffee-bean’ structure of the

electromagnetic field has not been resolved. In addition, the

variation of the detected intensity according to the wavelength

does not fulfil the theoretical predictions. These works are

still in progress in order to clarify all the underlying physical

phenomena.
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Fig. 10. Topographic and near-field optical images (15 × 15μm2) with the same polarization at different incident wavelengths λ; from left to right λ =

576 nm, 608 nm and 622 nm.
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Fig. 11. Source spectrum. The arrows mark the wavelengths used in the

experiment.
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