IOP PUBLISHING

JOURNAL OF OPTICS A: PURE AND APPLIED OPTICS

J. Opt. A: Pure Appl. Opt. 11 (2009) 114018 (8pp)

doi:10.1088/1464-4258/11/11/114018

Metamaterial-induced band-gap of surface

plasmon propagation

E Popov, S Enoch and N Bonod

Institut Fresnel, Aix-Marseille Université, CNRS, Faculté St-Jérome,
13397 Marseille Cedex 20, France

E-mail: e.popov@fresnel fr

Received 28 January 2009, accepted for publication 27 March 2009
Published 16 September 2009
Online at stacks.iop.org/JOptA/11/114018

Abstract

Surface plasmon propagation along a periodically corrugated metallic—air interface can be
completely suppressed due to the formation of an equivalent dielectric metamaterial layer with a
large real part of its effective refractive index. The effect can be explained by the transformation
of the surface plasmon excitation conditions into a Brewster effect. This phenomenon leads to a

high absorption of the incident light over a very wide range of incidence. One-dimensional
periodicity (classical grating) leads to a single-polarization absorption, while two-dimensional
periodicity (crossed grating) results in omnidirectional absorption in unpolarized light.

Keywords: surface plasmon band-gap, total light absorption, diffraction gratings

1. Introduction

Historically, the studies of surface plasmons on corrugated
metallic surfaces can be divided into several periods. The
first one started with the discovery by Wood [1] of the
diffraction efficiency anomaly of classical metallic gratings,
and finished with the work of Fano [2] that linked Wood’s
anomaly to surface plasmon excitation. The second period
contained research in two main directions. The first aim
was to understand better the role of the surface plasmon
excitation in the formation of efficiency anomalies [3] and
to reduce the anomalies, because of their devastating effects
for spectral instrument performance. The second direction
consisted in increasing the strong resonant absorption for the
needs of photovoltaics and optical detection. The turning
point was the discovery of total light absorption by shallow
gratings with one- or two-dimensional periodicity (classical [4]
or crossed [5] sinusoidal gratings). While classical gratings
can support surface plasmons in only one (TM—transverse
magnetic) polarization, crossed gratings can excite them in
two perpendicular directions, thus permitting total absorption
in unpolarized light. Later, it was shown that a similar
effect can appear in deep sinusoidal gratings and in grazing
incidence [6, 7]. The third period started with the work of
Ebbesen et al [8], which attracted the attention of much larger
part of the scientific community. The explanation of enhanced
light transmission by a periodical array of holes in a metallic
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sheet was found to lie in the excitation of surface plasmons
on its surface [8, 9], together with the transmission through
the holes acting as hollow waveguides below the cut-off of
the fundamental mode [10]. This opened several directions for
surface plasmon studies. The first one is the study of the light
behavior in and around tiny apertures, aiming to increase the
field density and to reduce the observation volume for single-
molecule spectroscopy [11-13] and biophysical sampling [14].
The second domain is now called plasmonics, with one of
the aims being the revival of integrated optics on metallic
surfaces [15, 16] and metallic wires [17]. Recent studies
have shown that it is possible to compress light within several
nanometers in direction transversal to the propagation of the
plasmon wave confined between two metallic wires. The
second aim of plasmonics is the total control of the plasmon
surface wave, by tuning its properties and, in particular, its
speed, as necessary for achieving optical delay lines and
stronger interaction with matter. It has been shown that the
interaction between the surface plasmon and the cavity mode
in deep lamellar gratings can significantly modify the plasmon
propagation constant [18], but introduces important losses in
the visible [19]. In addition, this interaction can create total
suppression of the plasmon surface wave (PSW), that can
reappear for deeper grooves [20], similar to that observed for
sinusoidal grooves almost 20 years ago [21].

As a collateral result of these recent researches on PSW,
we observed the revival of plasmonic studies aiming at strong
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Figure 2. Map of the amplitude of the zeroth reflected order of the diffraction grating presented in figure 1(a) with d = 60 nm, ¢/d = 1/7 in
the TM polarization as a function of the longitudinal wavenumber k; and the normalized frequency w/cy, both given in um~". (a) Planar

surface, (b) A = 15 nm.

light absorption. The difference from the 1980s is the search
for ‘less’ resonant effects covering larger spectral or/and
angular intervals. Almost omnidirectional total absorption has
been demonstrated in metallic photonic crystals [22], by using
cavity (so-called localized plasmon) resonances in spherical
voids [23], or a completely aplasmonic effect in cylindrical
rods buried in a metallic layer [24], but although these cavity
resonances exhibit a large angular interval, as they are localized
in the real space and thus delocalized in the inverse space, the
cavities are characterized by a large finesse in the wavelength
domain.

The aim of this paper is to study the behavior of PSW
for small-pitch shallow (and deep) lamellar metallic gratings,
extending the study made in [25] on the absorption properties
of such gratings. We show that the grating layer can behave
like a high-index lossy dielectric material that can completely
cut off the propagation of the PSW and transform its excitation
into a Brewster effect. Contrary to the previous studies, where
the PSW reappears for deeper grooves [18, 19], the cut-off
in our case is definitive, as far as the groove depth exceeds
the limit of several nanometers. As a particular consequence,
the metamaterial-induced Brewster effect has a non-resonant

nature and extends over a large angular and spectral interval.
When two-dimensional periodicity (crossed grating) is used,
the effect can be extended to unpolarized light.

2. Dispersion behavior and band-gap formation

The structures under study in this paper are shown in
figure 1. We consider a lamellar metallic grating having a
one-dimensional (a) or two-dimensional periodicity (b). The
substrate and the lamellae are made of silver, the period
is d, the channel width ¢ and its depth 4. The incident
light polarization is represented with respect to the plane of
incidence, so that TE is the transverse electric with its electric
field vector perpendicular to the plane of incidence, and TM,
transverse magnetic with its electric field vector lying in the
plane of incidence.

The reflectivity properties (amplitude of the zeroth
reflected order) of the grating of figure 1(a) are given in figure 2
for the plane silver—air interface (A = 0) (a) and for the case of
a grating only 15 nm deep (b). The longitudinal wavenumber
ky = k. is given in inverted microns, w is the circular
frequency, and c¢( the speed of light in vacuo. Commonly,
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Figure 3. Same as in figure 2 but for an infinite groove depth and two different periods, (a) d = 60 nm and (b) d = 0.6 nm. The full black line
is the light cone and the dotted line corresponds to the value of Re(e.s) = —1 in figure 4.

these maps are used to determine the dispersion relations of the
propagation constant k, of the PSW, because the maximum of
the reflected amplitude is considered to coincide with the real
part of k,. Later, we shall see that this is not always true. What
can be observed in figure 2(b) is the formation of a forbidden
gap around w/cy = 14 um™!, which is accompanied by strong
light absorption for real angles of incidence (kj > /cy).

Due to the lamellar profile, it is possible to model the
grating with the use of the eigenvalue/eigenvector technique,
as proposed by Moharam and Gaylord [26], improved in
1996 [27, 28] by using the factorization rules in the inverse
space, as formulated by Li [29].

Moreover, if we consider very deep lamellae, with the
grating depth increasing to infinity [30], we can observe
in figure 3(a) that the band-gap is extended to much lower
frequencies, and the phenomenon is only slightly affected by
the grating period, as observed for a period 100 times shorter
in figure 3(b). This fact indicates that the formation of the
gap is not due to the Bragg interaction between oppositely
propagating PSW. The explanation of this gap can be found
in figure 4, which presents the equivalent relative dielectric
permittivity e.f = &, of the metamaterial substance formed
by the grating structure.

The equivalent permittivity is calculated using the
homogenization formula for a one-dimensional periodic
structure, as explained here. When the grating period is much
smaller than the wavelength (as is the case in figure 3(b)) the
grating region is equivalent to an anisotropic material with
permittivity £&. &, and &, in the case of one-dimensional
periodicity can be represented for a lamellar profile in the
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Figure 4. Frequency dependence of the effective relative dielectric

permittivity according to equation (1). The dotted line is at
Re(eer) = —1.

form [31-33]:

i d
T A=) em+ /e M
By=8. = (d;c)sm+§ea )

where ¢, = 1 is the dielectric permittivity inside the channels,
air in our case, and &y, = &4, taken from [34]. The frequency
dependence of e is presented in figure 4 for ¢/d = 1/7.
As can be observed, around 14 um™!, there is a resonance
similar to the volume plasmonic resonances for bulk metals
close to the electron plasma frequencies. For frequencies lower
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Figure 5. Dispersion relations of the pole of the scattering matrix
representing the surface plasmon constant of propagation (k; = k)
for the grating given in figure 1(a) with d = 60 nm, ¢/d = 1/7, and
different groove depths as indicated in the figure. The lower axis and
curves on the right are for the real parts of the pole, the upper axis
and curves on the left are for the imaginary parts of the pole. All
units in um~". The dashed line is the light cone.

than 14 um™!, the real part of e becomes larger than —1, so
that the interface with air cannot support the plasmon surface
wave. This appears in figure 3 as a transition from a maximum
in the reflected amplitude for higher frequencies, into a deep
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T T T T T 1
5 10 15 20 25

Figure 6. Same as in figure 5, but for # = 16.5 nm. The dotted line
on the left indicates Im(k;) = 0.

figures 3 and 4). For larger periods, equation (1) holds only
approximately, and the transition frequency in figure 3(a) is a
little bit less pronounced.

For the case of two-dimensional periodicity (figure 1(b)),
the equivalent permittivity has a different form [35, 36], which
gives different values but similar behavior. In the Maxwell-
Garnet approximation the form is:

minimum. The transition for short periods (figure 3(b)) 5 o— (I+ fem+ (1 — fea 3)
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Figure 7. Trajectory of the normalized pole k,/ ko of the scattering matrix when the groove depth is varied, obtained for different groove
widths. (a) ¢/d = 1/10, (b) zoom of (a) for larger & values, (¢) ¢/d = 1/8, (d) ¢/d = 1/7. Solid line, pole, dashed line, zero of the zeroth

reflected order.
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As already mentioned, the reflectivity properties do not
always represent the PSW propagation constant very well. This
is more pronounced when the imaginary part of k, is large,
which would be the case when e has a large imaginary part
(see figure 4 close to 14 um~'). Much more precise are the
results obtained by the pole-searching procedure applied in
the complex k| plane. Figures 5 and 6 present the dispersion
relations for the real and imaginary parts of the poles of the
scattering matrix of the system for different groove depths,
starting from a plane silver—air interface (h = 0). For a flat
surface, the real part of the pole follows the maximum in the
reflectivity observed in figure 2(a) quite well. In addition, one
sees, in figure 5, the electron plasma resonance near 19 pum™"
(i.e., a wavelength of 330 nm), which gives a high-frequency
cut-off of the PSW.

With the presence of the grating (# = 5 nm), a spike
appears in the real part close to 15 um~', accompanied by
an increase of the imaginary part of kj. This behavior can
be understood in view of substituting the grating with a thin
anisotropic layer, having a metamaterial-induced plasmon cut-
off close to 14 um™~"' (figure 4). Its influence grows with h, so
that when 4 = 15 nm, the real part of the pole goes inside the
light cone and the PSW disappears, thus explaining the band-
gap observed in figure 2(b).

Even more surprising is the behavior of the pole for &7 =
16.5 nm (figure 6), where there is a region with a negative
imaginary part of the pole. There is no physical contradiction
(there are no gains), because at the same time the real part lies
inside the light cone and the PSW does not propagate. In fact,
the pole in that case is transformed into a zero of the zeroth
reflected order amplitude, as explained in the next section, so
that the PSW is transformed into the Brewster effect, which
explains the increase of absorption for real incident angles
close to 14 um~" in figure 2(b).

where

3. Pole/zero trajectories in the complex k| -plane and
total light absorption

In section 2 we present the behavior of the pole as a function
of the wavelength at fixed groove depth, which gives its
dispersion properties. Another way of presenting the PSW
propagation constant is to fix the wavelength and study the
trajectory of the propagation constant in the complex plane
when the groove depth is varied. Figure 7 presents the
trajectory of the normalized propagation constant a = k,/ ko,
where kg = 2m /A, for three different groove widths and at
A =457 nm (w/co = 13.75 um™").

At h = 0, whatever the groove width, the starting point
of the trajectory is the same, corresponding to « at the plane
silver—air interface. The increase of groove depth leads to an
increase of the imaginary part of «, as the losses inside the
grating region increase. More interesting is that for groove
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Figure 8. Same as in figure 7, but for two close groove width values,
(a) ¢ = 9.67 nm, (b) ¢ = 9.68 nm. (c) zoom close to the origin of the
two curves (no distinction is made here between the pole and the
Zero).

channel values lying between 0 < c¢/d < 1/5, there is a
turning point of the trajectory close to 4 = 10 nm, so that for
deeper grooves the imaginary part of « diminishes. However,
when this happens, the imaginary part of « is smaller than 1,
so that the solution is not localized close to the grating surface,
because the real part of o corresponds to the sine of the angle
of reflection. When Re(e) < 1, the pole of the scattering
matrix corresponds to a Fabry—Perot lossy resonance, rather
than to a PSW. For narrow grooves (c/d = 1/10, figure 7(a)),
the trajectory of « lies inside the first quadrant, and tends in
a spiral towards the value of « that corresponds to infinitely
deep grooves (figure 7(b)). However, with an increase of the
channel width, inside a certain interval of h, the trajectory
of o crosses the real axis and its imaginary part becomes
negative. However, this does not mean that we obtain Fabry—
Perot resonance with gain, as already mentioned with respect
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Figure 9. Same as in figure 7, but for ¢/d = 1/6.

to figure 6. In fact, there is a cut in the complex plane that starts
from the branching point @ = 1, goes along the real axis down
to the origin, then comes up to infinity along the imaginary
axis. A symmetrical cut exists in the third quadrant of the
complex «-plane with a branch point at —1. This cut is due to
the necessity to chose the sine of the square root in determining
the normalized wavenumber 8 of the reflected zeroth order in
air along the vertical y-axis, given by:

B ==+V1-0al

This wavenumber has to have a nonnegative imaginary part in
order to ensure that the diffracted wave in the cladding does not
diverge when going away from the surface; i.e., when crossing
the real «-axis, it is necessary to invert the choice of the sign
in equation (6), which is expressed mathematically by a cut in
the complex «-plane.

When the pole of the scattering matrix crosses this cut, it is
transformed into a zero of the zeroth reflected order. Interested
readers can find details in [37—40], but here is a brief idea how
to explain this simply. Let us consider a single plane interface
between two media, numbered with 1 and 2. The Fresnel

(6)

1.0 4
a
d =60 nm
0.8+ —A—TM
—a—TE
d=120 nm
> 0.6 A TM
2 —0—TE
O
Q
®

angle of incidence (deg)

If, for a given value of o and choice of the sign of the
square root in equation (6), there is a zero of the denominator
in equation (7), this zero corresponds to a pole of rry,
called PSW. The change of the choice of the sign in (6) that
happens when crossing the cut, will permute the nominator and
denominator in equation (7), transforming the pole into a zero
of r TM -

Returning to figure 7, the trajectory of the zero is
represented by a dashed line. The crossing point with the real
axis corresponds to a zero in reflection for real incident angles,
i.e. total light absorption, provided the period is sufficiently
short to not allow diffraction orders other than zero. Similar
behavior was found 20 years ago in the case of sinusoidal
profiles, which required somewhat deeper grooves [41, 42].

With an increase of the groove width, the loop of the
trajectory becomes larger and starts to pass near the origin.
There is a symmetrical loop that starts from the propagation
constant of the surface plasmon propagating in the opposite
direction. When these two trajectories tend to cross for some
groove depth values and wider grooves (figure 8), there is a
repulsion between the curves (sometimes called anticrossing),
due to the interaction of the two solutions. This leads to the
exchange of the curves between the two poles, as seen in detail
in figure 8(c) for two consecutive, very close, values of ¢. A
further increase of ¢ leads to a separation of the exchanged
curves, as seen in figure 9 for ¢/d = 1/6.

As discussed above, the crossing of the trajectory and the
real axis means total absorption of incident light. Because of its
non-resonant nature (the pole has disappeared and transformed
into a zero), one can expect a large angular and spectral interval
with low reflectivity. However, this can be expected in only
one (TM) polarization. In order to obtain strong absorption
in unpolarized light, it is possible to use a crossed grating
that has a periodicity in two directions (figure 1(b)), so that
one polarization can be absorbed due to the periodicity in one
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Figure 10. Angular (a) and spectral (b) dependence of the reflectivity of two gratings of type given in figure 1(b) with d = 60 nm, ¢ = 15 nm,
and & = 21.5 nm, and d = 120 nm, ¢ = 30 nm, and 2 = 27.5 nm, respectively. The wavelength in (a) is 457 nm, and the incidence in (b) is
normal; the polarizations are given in (a), and in (b) the light is unpolarized.
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direction, while the other polarization can be absorbed through
the periodicity in the other direction. We have optimized
the grating parameters ¢ and /& for two different periods
d = 60 and 120 nm using Fourier-modal method [43], which
represents an extension to the 2D periodical case. The angular
dependence of the reflectivity at A = 457 nm is presented in
figure 10(a) for the following parameters, d = 60 nm, ¢ =
15 nm, and 2~ = 21.5 nm, and d = 120 nm, ¢ = 30 nm, and
h = 27.5 nm. The reflectivity remains lower than 5% within
an angular interval from —40° to 40°. At normal incidence, the
spectral width at a half-height is larger than 80 nm, as seen in
figure 10(b).

4. Conclusion

We have demonstrated that even very shallow short-
period lamellar diffraction gratings can completely cut the
propagation of a plasmon surface wave on a metal-air
interface, by forming an effective metamaterials equivalent to a
lossy high-index dielectric layer, thus transforming the surface
plasmon resonance into a Brewster effect that can lead to
strong light absorption over a large range of angles of incidence
and wavelength. The question remains open whether, in
larger-period grating, this transformation is accompanied by a
formation of a localized plasmon wave or not.
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