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Metals structured by nanocavities have recently been demonstrated to efficiently absorb
light in a wide range of angle of incidence. It has been assumed that nanovoid plasmons
are at the origin of the strong absorption. It is shown in this paper that it is possible to
totally absorb incident light without plasmons. To avoid their excitation, a diffraction
grating consisting of cylindrical cavities in a metallic substrate is illuminated in transverse
electric (TE) polarization. It is found that cylindrical cavities can sustain cavity resonances
with a high enhancement of the light intensity, provoking a total absorption of light in a

wide range of incidence. © 2008 Optical Society of America
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Structuring of metals at nanometer scales can lead to strong modifications of their optical
properties [1-2]. If a metallic plane can reflect more than 98% of the incident light,
nanostructured metals can strongly absorb light. Wood observed more than one century ago
anomalies in the reflection of light by metallic gratings [3]. It is nowadays well known that such
anomalies are due to the collective oscillation of free electrons, called surface plasmons [4-7].
Excitation of surface plasmons induces a strong enhancement of the electric field at the surface
of metals [8]. This field enhancement attracts the attention of a wide scientific community
interested by the light-matter interaction [1,8]. In this context, absorption of light is a very
interesting topic with great applications in solar cells, in the surface enhanced Raman
spectroscopy (SERS), as well as in nonlinear optics. Recently, an efficient optical device has
been reported that consists of a two-dimensional array of nanocavities in a gold substrate [9-10].
It must be stressed that the manufacturing of this device does not require lithographic technique
since it is obtained by the coating of gold over an ensemble of latex spheres, positioned
periodically on a plane surface. This structure permits a full absorption of unpolarized light in a
wide range of incidence. It is assumed that such absorption occurs due to the excitation of void
plasmons in the nanocavities. But electric field map shows that light intensity does not occur at
the metallic surface [9], and is maximum inside the cavity as it happens in the case of cavity
resonances [11-12]. In deep metallic gratings illuminated in TM polarization (electric field
vector perpendicular to the grooves), surface plasmons are coupled with transverse-electric-
magnetic (TEM) mode that can propagate inside the grooves [13-18], a coupling that can also
lead to total absorption of light. An interesting question that remains open is whether cavity

resonances alone would be able to provide a total light absorption.



Nanocavities in a gold substrate can be considered as crossed gratings. Such gratings can couple
incident light to surface plasmons simultaneously for both fundamental polarizations [19-20]. To
avoid the excitation of surface plasmons, a non-crossed diffraction grating consisting of
cylindrical cavities in a metallic (Al or Au) substrate is considered. This grating has to be
illuminated in transverse electric (TE) polarization. Fig. 1 is a schematic display of the device
under study. It can be manufactured by depositing a metallic coating upon an ensemble of latex
or silica cylinders put in contact, the period d of the system is fixed only by the diameter of the
cylinders. It has to be stressed that with cylinders in place of spheres, the contact is infinite in z-
direction so that the grating is split in two pieces. To avoid that, grooves have to be filled with a
solid material, in our case, silica. After applying a suitable metal coating over the cylinders, it is
polished together with the top part of the cylinders in order to obtain the structure presented in
Fig.1 with the height of the cavities denoted as 4. The light absorption is optimized in normal
incidence with respect to the two parameters, d and 4, with the use of the differential method
[21-22]. This method develops the electromagnetic fields in Fourier series, which permits the
reduction of Maxwell equations onto a set of first order differential equations. Its integration
from the substrate to the superstrate permits to calculate the electric field in both homogeneous
media, and a second integration with the known field components in the superstrate determines
the electromagnetic field components inside the modulated area (see for example Figs.3 and 5).
The convergence of the results have been thoroughly studied with respect to the number of
Fourier components. For this study, 65 Fourier components have been used, and the convergence
is ensured for the ensemble of the presented results. In the case of aluminum, numerical
optimization shows that with values of the two parameters d — 270 nm and h = 255 nm, the

reflected efficiency falls down to 1.5%. Fig. 2 shows the calculated reflected efficiencies as a



function of ~ with the optimized period d = 270 nm. It can be deduced that the open cavities, 1.
e., small A, do not lead to strong absorption, in fact, the cavities have to be closed enough to
sustain cavity resonances. However, since the skin depth of aluminum illuminated at A = 632.8
nm is quite small, it is necessary to have an opening of the cavity to couple incident light with
the cavity resonance. As a consequence, a trade-off has to be found, and values close to /# ~
0.94d results in an almost total light absorption. The reconstruction of the electric field map in
Fig. 3 with optimized absorption (d = 270 nm and 4 = 255 nm) shows the existence of a strong
enhancement of the electric field in the center of the cavities. Due to the cylindrical symmetry of
the cavities, such resonances are expected to be poorly sensitive to angles of incidence [12]. This
study is carried out in Fig. 4 where the reflected efficiency is calculated as a function of the angle
of incidence with the optimized parameters obtained in normal incidence. It is shown that the
absorption of light is higher than 90% over a range of angles of incidence [-20;+20] degrees.

To go further in the study, aluminum is replaced by gold. In that case, maximum of light
absorption (> 99%) occurs with a much smaller period (d = 215 nm) and, more surprisingly, with
an entirely closed cavity (2 = d), and with a gold layer of 13 nm thick coating the dielectric
cylinders (Fig. 5). Thus the configuration with gold as cavity walls differs significantly from the
first case studied (with aluminum as wall material), and this difference can be explained by the
fact that in the studied spectral region, the skin depth of gold (=16 nm) is much larger than with
aluminum (=7 nm). As a consequence, the cavity can be entirely closed and the coupling with the
incident wave occurs via tunneling effect through the thin gold layer. The dependence of the
reflected efficiency with respect to the angle of incidence is displayed in Fig. 6. Absorption is

higher than 99 % in a range of angle of incidence equal to [-9;9] degrees.



It has been shown that total light absorption by buried metal cavities can occur without aid of
surface plasmons. This absorption happens in TM polarization and the role of cavity resonances
in the light absorption has to be taken into account in photonic device studies. Light absorption
phenomenon reported here depends weekly on the angle of incidence; in addition, the range of
incidence giving strong absorption can be widened by optimizing the absorption in oblique

incidence.
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Figure captions

Figure. 1. Sketch of the grating under study. Cylinder cavities are invariant with respect to the z
axis. Grooves are filled with silica (7 = 1.45), metals are Au (optical index n =0.197 + 13.0901)
and Al (n = 1.374 + 17.62). The grating period is d and is equal to the diameter of the cylinders
cross-section, /# denotes the distance between the bottom of the cavities and the top of the
grating. Superstrate is air (n = 1). The plane of incidence is Oxy, angle of incidence is 6, and the
incident wavelength is A = 632.8 nm. The grating is illuminated in TE polarization.

Figure 2. Reflected efficiency as a function of /4 (see Fig. 1) with optimum period d = 270 mn.
Metal is aluminium.

Figure 3. Map of the field intensity (JE|*) when the grating is illuminated in normal incidence. d =
270 nm, A = 255 nm, absorption of 98.5 %. Metal is aluminium.

Figure 4. Reflected efficiency as a function of the angle of incidence 0, with d=270 nm, & = 255
nm. Metal 1s aluminium,

Figure 5. Map of the field intensity (|E|”) when the grating is illuminated in normal incidence
with d = h =215 nm, gold as coating layer with thickness of 13 nm. Absorption reaches 99.9 %.
Figure 6. Reflected efficiency as a function of the angle of incidence 0. Same parameters as in

Fig. S.
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Fig.3

Y in nm

T
100

T
200

T
300

T
400
Xin nm

11

T
500

T
600

T
700

1
800



Fig.4
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Fig.5

—ALOANN-OOTOLNO
OOLOLOON-LOMCON-OYNLN 0 MONOWOO
OOIN-MIHIONNNTTALD—HONLOOWONO

—H0OLOTMANN OO0 00000000

wu ur A

Xin nm

13



Fig.6
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