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Light absorbers available at present provide far from optimal
black-body performance. The need for more efficient
absorbers is particularly acute on the microscale, where they
can play a significant role in preventing crosstalk between
optical interconnects, and also as thermal light-emitting
sources. Several efforts have been made in this context to
achieve near-total but directionally dependent absorption
using periodic grating structures'~’. However, the ability to
absorb light completely for any incident direction of light
remains a challenge. Here we show that total omnidirectional
absorption of light can be achieved in nanostructured metal
surfaces that sustain localized optical excitations. The effect is
realized over a full range of incident angles and can be tuned
throughout the visible and near-infrared regimes by scaling
the nanostructure dimensions. We suggest that surfaces
displaying omnidirectional absorption will play a key role in
devising efficient photovoltaic cells in which the absorbed light
leads to electron—hole pair production.

Planar metals make excellent mirrors, but they become poor
reflectors when structured at subwavelength scales, as in the case
of black silver®'® and random particle arrays'!. This behaviour
can be largely attributed to absorption triggered by plasmon
excitations, although corrugation alone is capable of suppressing
reflection even in dielectrics, as in the ‘moth eye’ phenomenon
occurring at the interface between air and the cornea!?. There has
been sustained effort since the early 1970s to show that surface
excitations at optical"*®!3, infrared>'¥, and microwave
frequencies’ can produce full absorption using linear gratings.
These works have also been extended both theoretically»!>!® and
experimentally’ to doubly periodic gratings. However, absorption
in gratings relies on delocalized surface excitations, which are
highly sensitive to the angle of incidence. This directionality prevents
their application to photovoltaic cells and microscale lighting, where
wide collection and emission angles are generally required.

Here, we provide experimental and theoretical support for an
omnidirectional absorption effect that relies on the excitation of
localized plasmons. In an intuitive description, we can argue that
optical resonances trap light energy for a period of time
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proportional to their quality factor, and the trapped light is
absorbed as a result of dissipation in the metal when the dwell
time is sufficiently large. We specifically focus on localized
plasmon excitations, because they can be efficiently excited over
wide ranges of incidence angles, yielding a total absorption effect
that is not only omnidirectional but also polarization
independent. We demonstrate the feasibility of this concept using
nanoporous metal surfaces prepared by electrochemical
deposition of gold over a compact monolayer of latex spheres
supported on a gold substrate. The latex is later removed to leave
empty spherical voids buried in the gold (Fig. la). This sample
fabrication procedure has been extensively explained elsewhere!”.
The localized plasmons are coupled to the external light and
radiative decay contributes to their finite lifetime, so in that sense
they must be understood as resonances. However, it is customary
to refer to them as plasmons'®!®, because, like surface-plasmon
polaritons (SPPs), they involve the mixing of light and collective
valence electron excitations in the metal.

An optically thick sample exhibiting a surface resonance can be
made to absorb light completely if it is designed in such a way that
the radiative decay rate of the resonance equals the rate associated
with dissipation (rate equipartition condition), provided diffraction
and polarization conversion are suppressed. This stimulating result
finds its explanation in the general principles of the scattering
theory developed in quantum mechanics (see Supplementary
Information). Under these conditions, the reflectivity at a
frequency, w, reduces to

R— (w— wo)z
(0—w,) +T7/4

where I is the resonance width. As anticipated, the reflectivity
vanishes at the resonance frequency w,.

We first investigated the optical spectra of nanoporous metal
surfaces under normal incidence. For a fixed diameter of the
nanovoids (D = 500 nm), this system has a geometrical degree of
freedom that can be adjusted to fulfil the rate equipartition
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Figure 1 Total light absorption in nanostructured metal surfaces.

a, Sketch and scanning electron microscope (SEM) image of the mesoporous
gold surfaces used in this work, consisting of a layer of close-packed voids of
diameter D = 500 nm covered with gold to a thickness t. The SEM image is
taken at t < D to help visualize the inner part of the nanovoids. b, Measured
absorption spectra of samples with different thicknesses under normal
incidence. ¢, Calculated spectra under the same conditions as in b. The arrows
in b and ¢ mark the energy of the dipole plasmon of a single void in gold.

condition. The degree of freedom is the nominal thickness, t, of
metal covering the latex spheres in the fabrication of these
samples (see Fig. 1la), which is varied around values close to the
diameter of the spheres (t ~ D). As the metal grows around the
top of the spheres, the aperture on the top does not completely
close but smoothly decreases in a cone, allowing fine tuning of
the optical coupling to the outside. The corresponding measured
absorption spectra (Fig. 1b) show a prominent feature at photon
energies below the fully buried void dipolar plasmon (see arrow).
This redshift is caused by leakage of the void plasmons into the
light continuum of the half-empty space above the surface?,
which leads to the magnitude of the shift decreasing as ¢
increases (that is, as the void is buried deeper in metal). This
decrease in the redshift must be accompanied by a smaller
radiative decay rate, so that at a specific value (= 1.08 D) the
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Figure 2 Omnidirectional light absorption. a, Calculated incidence-angle
dependence of absorption by a layer of 500-nm close-packed silica-filled
inclusions buried in gold for p-polarized light incident along the "M direction
of the voids lattice. The metal extends 5 nm above the top of the inclusions to
maximize absorption over a wide angular range. b, Under the same conditions
as a, azimuthal dependence of absorption for 20° off-normal incidence. The
polar plot insets show the angular behaviour of absorption at the frequency of
the dipolar void plasmon w = 1.27 eV.

rate equipartition condition is fulfilled and the maximum
absorption becomes close to 100%.

With a hexagonal lattice of period 500 nm, the wavelength of
the onset of diffraction (433 nm) is well below the minimum
wavelength explored in Fig. 1 (689 nm). Furthermore, polarization
conversion during specular reflection is forbidden along the
12 high-symmetry azimuthal directions of the hexagonal lattice as
is the contribution arising from the excitation of localized dipole
modes of the voids. Therefore, the incident light is either absorbed
or specularly reflected with preservation of polarization, so that
the rate equipartition condition is sufficient to guarantee total
absorption (see Supplementary Information).

We have simulated absorption spectra by the rigorous solution
of Maxwell’s equations using a layer Korringa—Kohn—Rostoker
(KKR) approach for fully buried voids!®*"?2. However, our
samples have openings at the top of the voids (Fig. la) and
possibly also in the touching region between adjacent voids. The
effect of partial penetration of the electromagnetic field through
these openings has been phenomenologically explained by
describing the metal using a Maxwell-Garnett dielectric
function® formed by 55% empty pores embedded in gold, with
the gold represented by measured optical data®. The calculated
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results (Fig. 1c) show good qualitative agreement with the
measurements, although the redshift and width of the resonant
absorption features are larger in the experiment, presumably as a
result of stronger interaction of the void plasmon with SPPs and
the half-empty space above the sample through the openings.
Nonetheless, the same evolution of the maximum absorption
with f is observed in experiment and theory, with an optimum
metal thickness at which absorption reaches 100%.

The nanoporous metal surfaces of Fig. la can simultaneously
support delocalized SPPs and localized void plasmons. The SPPs
cannot couple directly to incident light?, although the array of
voids provides an efficient interaction mechanism?®?’. However,
it is the localized void plasmons that will provide the
omnidirectionality that we are pursuing.

The phenomenon of near total absorption observed in Fig. 1
persists for a relatively large range of incidence angles up to
~40°, above which the effect of SPPs in the flat metal interface
becomes apparent and produces non-vanishing absorption (see
Supplementary Information, Fig. S1). This problem can be solved
by infiltrating the voids with a dielectric medium so that the void
plasmon is brought down in energy to a region where it does not
interact with the delocalized SPPs, as illustrated in Fig. 2 for gold
containing a compact layer of silica inclusions (dielectric
permittivity, € = 2.1).

Without the influence of SPPs, the total absorption effect
extends much further away from normal incidence (Fig. 2a) for
arbitrary azimuthal directions (Fig. 2b). This behaviour is
observed both for transverse-magnetic (Fig. 2) and for
transverse-electric (TE) polarization (not shown). The behaviour
or TE polarization is particularly clear after total absorption is
achieved at normal incidence, because the electric field continues
to be directed parallel to the surface for any direction of
incidence. These results demonstrate that the effect is nearly
omnidirectional and independent of polarization.

An additional advantage of staying away from SPPs is that light
diffraction is prevented, because it involves non-zero-order
scattering into external light modes assisted by momentum
transfer to the lattice, but the SPPs lie very close to the light
dispersion relation of gold at near-infrared frequencies.

Photovoltaic cells constitute a natural field of application for
total omnidirectional light absorption (with absorbing
semiconductors, rather than metals) because they require broad
collection angles. In this regard, the localized plasmons of
randomly arranged, polymorphic metallic nanoparticles have
recently been found to enhance the observed photocurrent!?, and
we expect this effect to be further improved by relying instead on
regular structures exhibiting plasmons that have a well-defined
wavelength, such as those used here for omnidirectional total
absorption. However, the effect takes place within a relatively
narrow spectral range, although this could be widened by
combining layered structures of different periodicity. Light
shielding of microphotonic devices can also benefit from the
reported effect, for instance to prevent crosstalk between optical
interconnects in highly integrated architectures. Finally, as a
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consequence of Kirchhoff’s law?, our nanostructured metal
surfaces should exhibit omnidirectional black-body emission at a
resonant frequency that can be tuned by varying the size of the
dielectric inclusions, thus resulting in efficient, spectrally narrow,
wide-angle, thermal emitters.
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Supplementary Information accompanies this paper at www.nature.com/naturephotonics.

Acknowledgements

The authors would like to thank V. Popov for valuable suggestions and fruitful discussions. This work was
supported by the Spanish Ministerio de Educaciéony Ciencia (MEC), under contract MAT2007-66050, the
EU-FP6, under contract NMP4-2006-016881 ‘SPANS’, the Russian Academy of Sciences, Russian
Foundation for Basic Research (grant 07-02-91011), and the UK Engineering and Physical Sciences
Research Council (EPSRC) NanoPhotonics Portfolio EP/C511786/1.

Author information
Reprints and permission information is available online at http://npg.nature.com/reprintsandpermissions/.
Correspondence and requests for materials should be addressed to T.V.T.

© 2008 Nature Publishing Group


www.nature.com/naturephotonics
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
www.nature.com/naturephotonics

	Omnidirectional absorption in nanostructured metal surfaces
	Figure 1  Total light absorption in nanostructured metal surfaces.
	Figure 2  Omnidirectional light absorption.
	References
	Acknowledgements
	Author information


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue true
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly true
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.30000
    0.30000
    0.30000
    0.30000
  ]
  /PDFXOutputIntentProfile (OFCOM_PO_P1_F60)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition (OFCOM_PO_P1_F60)
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <FEFF004e00500047002000570045004200200050004400460020004a006f00620020004f007000740069006f006e0073002e0020003100350030006400700069002e002000320032006e0064002000530065007000740065006d00620065007200200032003000300034002e002000500044004600200031002e003400200043006f006d007000610074006900620069006c006900740079002e>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 782.362]
>> setpagedevice


