Supplementary Information
Omnidirectional absorption in nanostructured metal sur-
faces

T. V. Teperik!? F. J. Garta de Abajo,? A. G. Borisov} M. Abdelsalant P. N. Bartlett! Y.

Sugawara& J. J. Baumberg

!Instituto de()ptica - CSIC, Serrano 121, 28006 Madrid, Spain

2Donostia International Physics Center, Aptdo. 1072, 20080 San Sebastian, Spain
3Laboratoire des Collisions Atomiques et Moulaires, UMR 8625 CNRS-UnivegsiParis-Sud,
91405 Orsay Cedex, France

4School of Chemistry, University of Southampton, Southampton, SO17 1BJ, United Kingdom
5School of Physics and Astronomy, University of Southampton, Southampton, SO17 1BJ,

United Kingdom

General conditions for total light absorption

We find it appropriate to use a Hamiltonian formalism to recast Maxwell’s equations in the form
of Schibdinger equation. Then, the general principles of formal scattering theory developed in
the context of quantum mechanics can be applied to analyze the interaction of light with resonant

nanostructures?2
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The solution of our scattering problem (i.e., light reflection on a nanostructured surface tai-

lored in an opaque substrate) can be written in the form of Lippmann-Schwinger egiation

U =Wy + GH(w)(H — Hy)¥ = Uy + Ut (1)

wherew is the light frequency, acting here as theantumenergy, H and H, are Hamiltonians
representing structured and planar metal surfaces, respectivelg an outgoing wave function
containing all components of electric and magnetic fields for the structured subfaissthe wave

function of theunperturbedplanar-surface system that satisfiés — w)¥, = 0 and corresponds

to specific angle of incidence and polarization, &dw) is the retarded Green function £f.

The whole energy flux in the system is distributed in differgpantumchannels, among
which we single out thelasticone (channel 1) describing the incident light and its specular reflec-
tion without polarization conversion. Other channels include specular reflection with polarization

conversion and diffracted beams.

Neglecting absorption in the flat metal surface, the asymptotic magnetic field of channel 1
can be written

éi eXp(—i/ﬂ_Z) + érsll eXp(ikJ_Z)] ) (2)

whereg; , defines the polarization direction for incident (i) and reflected (r) waveskarnsd the
wave vector component perpendicular to the structure (along the diregtidhe first term in Eq.
(2) represents the incident light, wheregs is the scattering amplitude. In the vicinity of a pole

associated with a localized resonance, the Breit-Wigner multichannel scattering theory permits
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approximatingS;; by 4

1M T
w— wqy + ZF/2

511 = exp(?z’éll) - exp(2i511), (3)

where the second term describes resonant scattering. Hieaedl” are the frequency and width

of the resonance, respectively; is a non-resonant scattering phase, ahgd is a constant.

Flux conservation in the system implies

S+ J =1, (@)

where/J is the flux associated to channels other than 1. In what follows we assume that the partial
decay rate into channel 1 (i.e., the releveadiative decay rate) equals the sum of rates into all

other channels:

. MHF
/= w—wy+1I'/2 ©)
Now, using Egs. (3), (4), and (5), we obtain
|M11|2F = Re{z’Mu(w — wo) + MHF/Q} (6)

Equation (6) should hold for all frequencies, so that = 1/2, and the specular reflection coeffi-
cient (reflection into channel 1) reduces to

(W — wp)?

_ 2 _
R =S (W—wp)? +T2/4

(7)

Clearly, R drops to zero at the resonance frequency wy, at which the incident flux is completely

transferred into polarization conversion, diffraction, and absorption.
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This allows us to assess the conditions for total resonant light absorption assisted by a local-
ized resonance as follows: (i) there is only specular reflection with no diffracted beams; (ii) there
is no polarization conversion; and (iii) the radiative decay rate of the resonance equals its dissi-
pative decay rate (rate equipartition condition). Under these conditions the incident light is fully
transformed into losses in the metal, such that the absorgdtienl — R is 100% at the resonance

frequencyw = wy.

Interaction between surface-plasmon polaritons and localized plasmons

The total absorption effect that we are discussing, which is assisted by localized plasmons, can be
damaged by interaction with delocalized surface plasmons of the planar surface above the voids,
as shown in Fig. S1. This interaction has been considered in recent litet&fuaed we show it

here under the specific conditions of our study (see Fig. 1 in the main text).

The absorption is dominated by interaction with two types of plasmons: modes localized at
the voids, which produce angle-independent absorption features, and delocalized planar-surface
plasmons. These two types of modes can be relatively close in frequency, as shown in Fig. S1,
where an avoided crossing is clearly observed, involving hybridized plasmons of mixed charac-
ter 8. The interaction becomes apparent for angles of incidence aliSyavhere absorption

omnidirectionality is destroyed.

This problem is solved in the main text by filling the voids with a dielectric, so that the

void plasmon is brought down in energy to a region where it does not interact with planar-surface
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plasmons (see Fig. 2).

1. Borisov, A. G., Garta de Abajo, F. J. & Shabanov, S. V. Role of electromagnetic trapped modes

in extraordinary transmission in nanostructured materRhgs. Rev. B1, 075408 (2005).

2. Gippius, N. A., Tikhodeev, S. G. & Ishihara, T. Optical properties of photonic crystal slabs with

an asymmetrical unit celPhys. Rev. B2, 045138 (2005).

3. Lippmann, B. A. & Schwinger, J. Variational principles for scattering process&sys. Reuv.

79, 469-480 (1950).

4. Landau, L. D. & Lifshitz, E. M. Quantum Mechanics: Non-Relativistic ThedBergamon

Press, Oxford, 1981).

5. Teperik, T. V.et al. Strong coupling of light to flat metals via a buried nanovoid lattice: The

interplay of localized and free plasmor@pt. Expres44, 1965-1972 (2006).

6. Kelf, T. A. et al. Localized and delocalized plasmons in metallic nanovoRIsys. Rev. B4,

245415 (2006).

© 2008 Nature Publishing Group



Absorption
0 02 04 06 08 1

Photon energy (eV)

Photon energy (eV)

0 20 40 60 80

Angle of incidence (deg)

Figure S1. Measured (top) and calculated (bottom) absorption of samples considered in Fig.
1A, represented for p-polarized light incident along the I' — M direction of the void lattice
(see insets). The thickness of the nanoporous layer (t = 1.08 and ¢ = 1.024 times the void
diameter, respectively) is chosen to realize the total light absorption condition (i.e., the rate
equipartition) at normal incidence. The surface plasmon folding over the void lattice and the
dipolar single-void plasmon mode are shown as black curves.
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