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Abstract: We present an exhaustive exploration of the parameter space
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and theoretically. By studying the resonance intensity variations associated
with the different geometrical features, several parameters are seen to be
interlinked and scale laws emerge. From the results it is possible to give a
simple recipe to design a bull’s eye structure with optimal transmission
properties.
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1. Introduction

In the last decades, surface plasmons (SPs) have generated considerable interest because they
offer new opportunities in fundamental research and applications in a variety of fields from
sensing to opto-electronics [1-4]. Among the possible SP supporting structures,
subwavelength apertures in metal films provide much potential for devices as they combine
several advantageous features such as high contrast and extraordinary transmission [4]. A
variety of aperture structures have been designed and studied and here we are focusing on the
so-called bull’s eye structure which consists of a sub-wavelength aperture surrounded by
periodic concentric rings as shown in Fig. 1(a). The periodic structure at the interface behaves
like an antenna which collects and couples the incident light into SPs at a given wavelength A,
resulting in very high fields above the aperture and therefore in high transmission efficiencies
under appropriate conditions [4—7]. The transmission normalized to the hole area can even be
larger than the intensity per unit area of the incident light. If the output surface around the
aperture is also structured it can give rise to beaming with small angular divergence [8—11].
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Fig. 1. (a) SEM image of a bull’s eye structure. (b) Schematic representation of the structure
under study. It consists of a metal film of thickness t deposited on a glass substrate. The film is
structured by n circular grooves of width w, depth s, separated by a period p. A single hole of
diameter d is milled through the film at a distance a from the center of the first groove.

The potential of bull’s eyes as device elements has been well recognized. It has already
been implemented for instance within photodetector architectures where it improves the signal
to noise ratio [12], within VCSEL and QCL lasers [13—16] to control polarization and mode
definition, as genuine sub-wavelength optical wave plates [17], for photon sorting [18] and as
a subwavelength source in the context of nanolithography [19].

Much work has been performed to understand how such bull’s eye structures enhance and
focus the transmitted light [9-11,20-31], sometimes using as model a slit flanked by parallel
grooves. It is clear that the maximum transmission is obtained when the SP field generated at
the metal interface interferes constructively above the aperture. Furthermore the coupling
between groove and aperture modes is essential for strengthening the field at the aperture [29].
Experimentally, the dependence of the transmission intensity on parameters such as groove
width, hole diameter and depth have been reported [5-8]. In spite of such studies, a systematic
exploration of the parameter space defining the optical properties of bull’s eyes is still needed
as the effect of many geometrical features are interlinked as shown theoretically for slit and
groove structures [30]. Here we report the results of such analysis which is especially
important when considering the numerous applications just discussed. It allows for the
formulation of a simple recipe for preparing regular bull’s eye with optimal transmission at a
given wavelength in the visible range.

2. Results

Since it is known that the efficiency of the transmission intensity is controlled mainly by the
input corrugation and the hole depth (i.e. film thickness) [8,11], we concentrate here on
varying all the geometrical parameters on the input surface shown in Fig. 1(b) keeping the
hole depth constant. As demonstrated earlier, the transmission intensity is an exponential
function of the hole depth in the subwavelength regime [11]. We compare experimental
results with theoretical simulations to validate our findings.

For the experimental studies, the structures were milled in a 280 nm thick Au film
deposited on a glass substrate using an FEI DB 235 focused ion beam (FIB). Subsequently,
the sample was illuminated with collimated white light and the far-field transmission spectra
were recorded with an optical microscope Nikon TE200 coupled to an Acton spectrometer
and a Princeton instruments CCD camera.

For the theoretical simulations we have made use of the Coupled Mode Method (CMM)
formalism [32] for the electromagnetic (EM) field, where the dielectric response of the metal
is given by applying surface impedance boundary conditions (SIBC). However, SIBC is only
applied at the horizontal surfaces, but not at the vertical walls (inside the cavities), where we
consider a perfect metal. To improve this approximation, inside the cavities we consider the
propagating constant along the z direction of an infinite annular hole made of real metal. On
the other hand, having Perfect Metal inside the cavities let us know analytically the waveguide
eigenmodes. In our calculations we consider just the fundamental mode, TE11. To check the
validity of our formalism when it is applied to the Bull’s eye geometry, we compared FDTD
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simulations and ME ones for structures similar to the ones investigated here. In the
comparison, the number of annular grooves was reduced to 3 since the actual system (6
grooves) is too large for the FDTD simulation. The good agreement found between the FDTD
and CMM results, both in the position with a difference of approximately 25nm, and the
relative magnitude of transmission peaks, justify the use of the latter for large systems.

In order to find the optimal transmission intensity the following geometrical parameters
were varied: number n of grooves, groove width w, groove depth s, periodicity p of the
grating, hole diameter d and the distance a between the first groove and the hole aperture (Fig.
1(b)). The actual values that are explored are confined to those giving rise to transmission
resonances in the visible and near IR regions that can be detected by the experimental setup.

2.1. SP resonance and hole diameter
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Fig. 2. Effect of the hole diameter on the transmission of a bull’s eye (n = 7, s = 90nm, w =
220nm, t = 280nm). (a) Relative transmission intensities versus the ratio of hole diameter d and
groove periodicity p for the three series periods (the transmissions have been normalized to the
hole area). (b) Theoretical simulations for same systems as in (a). (c) Relative transmission
spectra of a bull’s eye at three different periods (p = 580nm, 660nm, 760nm) d = p/2.

The Fig. 2(c) shows the transmission spectra for bull’s eyes with three different
corrugation periods. A strong transmission peak, resulting from the excitation of SPs, is
evident around a wavelength slightly larger (ca. 10%) than the period of the structures. This
shift is due to the slight increase in the effective index at the interface which in turn defines
SP wavelength Agp roughly equal to the period.

The presence of localized modes [33] in or at the aperture can enhance the transmission
but the contribution of such modes to the overall transmission is small compared to that of the
SP mode provided by the concentric grooves [5,27]. The difference in the transmission
intensities for the 3 different resonance wavelengths in Fig. 2(c) can be explained by a
combination of two opposite effects. First, the dielectric constants of the Au in the wavelength
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range considered becomes increasingly unfavourable to SPs as the resonance wavelength
decreases and approaches the Au interband transition at 550 nm [34]. Secondly as the
resonance wavelength increases with p for a fixed hole diameter, the aperture will cut the
transmission more strongly.

In other words, we expect that the effect of the hole diameter is sensitive to the resonance
wavelength since the diameter defines the cutoff wavelength of the aperture. Therefore we
have studied the maximum transmission as function of d/p for a series of bull’s eyes with
different period in which we change only the hole diameter and keep the other parameters
fixed. In Fig. 2(a) and 2(b) are plotted both the calculated and experimental results and as can
be seen the transmission intensity (corrected for hole area) versus d/p gives a maximum for
d/p ~0.5 for all the curves. This can be understood as follows. At diameters smaller than half
the period, and therefore half the resonance wavelength, the cutoff function of the hole
becomes significant and reduces rapidly the transmission [11]. Beyond the cutoff, the
transmission is mainly defined by the area of the aperture as compared to field distribution on
the surface. The absolute transmission increases but the intensity normalized to the hole area
(as plotted in Fig. 2(a) and 2(b)) decreases because the field is maximum in the center of the
structure.

Note that the structures analyzed in Fig. 2 can give rise to transmission intensities
normalized to the hole area, greater than 1, in other words, the flux per unit area through the
hole is greater than the corresponding incident beam, demonstrating unequivocally the
antenna effect of the grooves. When compared to that of a single hole without corrugation, the
enhancement at resonance is even greater [35].

2.2. Groove structure
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Fig. 3. Relative transmission intensities as a function of the number of grooves for three
different periods (p = 500nm, 600nm, 700nm with d = 250nm, s = 90nm, w = 220nm, t =
280nm).

As mentioned above, the role of the periodic corrugation is to couple the incident light to
SPs which concentrate the electromagnetic fields above the aperture leading to very high
transmissions. The efficiency of the coupling is directly linked to the geometrical parameters
of these grooves. Period p and number of grooves n are two geometrical parameters that
directly define the dimension of the structure and play a key role in miniaturization of the
active area. Both of these parameters were first varied in order to understand their
interdependence and effect on the transmission enhancement. In Fig. 3, the spectral maxima
are plotted as a function of n for three different values of p. As can be seen, the intensity
saturates at a given n for all three curves. The saturation limit is defined by the SP
propagation length in the corrugated surface where it is significantly reduced due to scattering
as compared to a flat metal surface [35]. The saturation point and therefore the SP propagation
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length is seen to increase with period. This apparent period dependence is mainly due to the
fact that the other parameters, such as groove depth, were kept constant as we will see further
down.
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Fig. 4. Relative transmission intensities as a function of the ratio w/p for a series of three
periods (p = 500nm, 600nm and 700nm with s = 90nm, d = 250nm, n = 8).

When considering just the groove width w, the maximum transmission intensity has been
found for w close to half the period (w/p ~0.5) [5] which is confirmed in the present study for
3 different periods as can be seen in Fig. 4. This optimal ratio defines a profile which power
spectrum is peaked at the SP resonance condition determined by the period. In addition, w is
interlinked to the groove depth s of the corrugations as shown in Fig. 5 where s was varied for
three different values of w, the other parameters being constant. All the curves, both
calculated and experimental, show an optimum at the same s/w ratio around 0.4, in agreement
with theoretical predictions [27]. It indicates a competition of light coupling to SPs and
scattering by the grooves versus the damping of the SPs in the grooves [36-38]. The fact that
the maximum intensity is found for the s/w curve corresponding to w = 300 nm is probably
due to the existence of a mode in the grooves in resonance with the SP mode which has been
observed in slit and groove structures [39].
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Fig. 5. (a) Effect of shape ratio of the groove s/w on the transmission (a = 600nm, d = 230nm,
p = 600nm, n =7, t = 280nm). (b) Theoretical simulations for the same system than (a).

In order to complete the study of the groove parameters, we investigated separately the
relationship between s and w as a function of n. The resulting curves shown in Fig. 6 all
exhibit a saturation point. As can be seen in Fig. 6(a), the deeper the groove the earlier the
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saturation intensity occurs in agreement with the s/w dependence. Note that with s = 80nm we
obtained a better efficiency because this value is close to the optimal shape ratio (i.e. s/'w =
0.4). Interestingly the saturation occurs approximately at the same value of n for different
groove widths (Fig. 6(b)) indicating that in the parameter range studied, w does not influence
much the SP propagation length. Again the highest intensity is obtained the structure closest
to the optimal s/w.
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Fig. 6. Effect of the number of corrugations for different values of s and w. (a) Relative
transmission intensities as a function of the number of grooves for a series of three groove
depths (s = 40nm, 80nm, 120nm with p = 600 nm, w = 220nm). (b) Relative transmission
intensities as a function of the number of grooves for a series of three groove widths (W =
125nm, 220nm, 350nm with p = 600 nm, s = 80nm).

2.3. Distance a

The last parameter that we consider is a defined as the distance between the center of aperture
to the center of the first groove (see Fig. 1). As can be seen in Fig. 7, the maximum intensity
is obtained when a is close to the period as might be expected since the aperture is then in
phase with the surrounding grating. There is a good agreement between the experimental and
the calculated spectra despite a slight shift which we attribute to possible imperfections of the
fabricated structures, but also to the approximations done within the CMM formalism
regarding the boundary conditions at the groove and the hole walls. Various a values have
been argued to be optimal [30,31], in particular for slit and groove structures it has been
calculated that a maximum transmission intensity is expected at the period, among various
possible maxima [31], in agreement with our findings. From a practical point of view, the
more important information is that the shape and the position of the resonance changes quite
significantly with a. It is therefore a parameter that can be used to tweak the resonance once
the other features have been optimized.

#124329 - $15.00 USD  Received 24 Feb 2010; revised 1 May 2010; accepted 3 May 2010; published 13 May 2010
(C) 2010 OSA 24 May 2010/ Vol. 18, No. 11/ OPTICS EXPRESS 11298



T T T T T T T T T y
1,0 (a) E 1,04 (b) g
P
Oy
0,84 | \ L 0,84 e
| \
! M 0,64 4
0,64 I \, 1 - a= 450 nm
Ll ’ \ ~ — = a= 500 nm
. \ . a= 400 nm . a= 625 nm
0,44 od AR — — a=450 nmd 044 P \ — - -a=550 nm 9
AN KT a= 500 nm N D a= 575 nm
« AR — . =2a=550 nm N _i'\‘\ [ ----a=600 nm
024 a= 600 nm | 024 M4 [\ X' \ a= 625 nm 4
2 ----2a=650 nm ', , \ 2 —=:=--a= 650 nm
a=700 nm [T Nl .
0,04 =R T T N S p
0,0 - e g
v v v v L) v v v v L) v I v v v
550 600 650 700 750 800 850 550 600 650 700 750 800 850

Wavelength (nm) Wavelength (nm)

Fig. 7. Effect of distance a on the transmission (p = 600nm, w = 220nm, s = 80nmn, n = 6). (a)
Experimental data: the distance a is varied. (b) Theoretical simulations for the same system
than (a).

3. Discussion and conclusions

From the above results it is clear that the geometrical parameters controlling the transmission
efficiency of bull’s eyes are strongly interlinked. Nevertheless the basic optimization criteria
for bull’s eye structures can formulated in a straightforward manner. The first item to define is
the desired resonance wavelength which in turn determines the period of the structure. The
choice of the hole diameter will then be determined whether one would like optimal efficiency
as normalized to hole area or highest absolute transmission. For the former, the diameter
should be about half the period but for the latter the aperture size can be increased. It should
be noted that as the hole size increases relative to the period the spectrum will eventually
broaden which is a trade-off. The groove width should also be around half the period with a
depth to width ratio at 0.4. The number of grooves should be just enough to reach saturation
which is typically around 6 to 10 grooves depending on the geometrical parameters and which
reflects the SP propagation length in such optimized structures. This simple optimization
recipe should be useful for many applications that can be envisaged for these structures.

Nevertheless other refinements have been conceived that can be useful in certain specific
applications. For instance, geometrical features such as sharp ridge and groove profile [23],
different hole shapes [20] and non-periodic grooves [28], groove depth gradients [18] or phase
shifts for polarisation control [17] have been used or proposed to modify the field distribution
and therefore the properties of the bull’s eye. There are also questions that remain, notably
about the details of the physics at play in these structures which need to be elucidated.
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