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Abstract: The diffractive properties of gold films with a periodic
lattice of sub-micron voids beneath the surface are investigated. It has
been shown that nanoporous metal surfaces exhibitfrequency-selective
non-dispersive diffraction enhanced by Mie plasmons in nanovoids, which
leads toabsolute angular tolerance of the diffracted beam intensity that can
be useful for a variety of applications covering angle-tolerant optical filters,
deflectors, absorbers, and beam splitters. Diffraction spectra are measured
and calculated to support these conclusions, showing good qualitative
agreement.

© 2006 Optical Society of America

OCIS codes:(050.1950) Diffraction gratings; (240.6680) Surface plasmons; (290.4020) Mie
theory; (290.4210) Multiple scattering; (160.3900) Metals

References and links
1. R. W. Wood, “Anomalous diffraction gratings,” Phys. Rev.48, 928–936 (1935).
2. S. Coyle, M. C. Netti, J. J. Baumberg, M. A. Ghanem, P. R. Birkin, P. N. Bartlett, and D. M. Whittaker, “Confined

plasmons in metallic nanocavities,” Phys. Rev. Lett.87, 176801(1)–176801(4) (2001).
3. O. D. Velev, P. M. Tessier, A. M. Lenhoff, and E. W. Kaler, “Aclass of porous metallic nanostructures,” Nature

401, 548 (1999).
4. J. E. G. J. Wijnhoven, S. J. M. Zevenhuizen, M. A. Hendriks,D. Vanmaekelbergh, J. J. Kelly, and W. L. Vos,

“Electrochemical assembly of ordered macropores in gold,” Adv. Mater.12, 888–890 (2000).
5. W. Dong, H. Dong, Z. Wang, P. Zhan, Z. Yu, X. Zhao, Y. Zhu, andN. Ming, “Ordered array of gold nanoshells

interconnected with gold nanotubes fabricated by double templating,” Adv. Mater.18, 755–759 (2006).
6. N. Stefanou, A. Modinos, and V. Yannopapas, “Optical transparency of mesoporous metals,” Solid State Com-

mun.118, 69–73 (2001).

#75620 - $15.00 USD Received 2 October 2006; revised 20 November 2006; accepted 20 November 2006

(C) 2006 OSA 11 December 2006 / Vol. 14,  No. 25 / OPTICS EXPRESS  11964



7. T. V. Teperik, V. V. Popov, and F. J. Garcı́a de Abajo, “Void plasmons and total absorption of light in nanoporous
metallic films,” Phys. Rev. B71, 085408(1)–085408(9) (2005).

8. T. A. Kelf, Y. Sugawara, J. J. Baumberg, M. Abdelsalam, and P.N. Bartlett, “Plasmonic Band Gaps and Trapped
Plasmons on Nanostructured Metal Surfaces,” Phys. Rev. Lett. 95, 116802(1)–116802(4) (2005).

9. T. V. Teperik, V. V. Popov, F. J. Garcı́a de Abajo, M. Abdelsalam, P. N. Bartlett, T. Kelf, Y. Sugawara, and J. J.
Baumberg, “Strong coupling of light to flat metals via a buried nanovoid lattice: the interplay of localized and
free plasmons,” Opt. Express14, 1965–1972 (2006).

10. A. P. Hibbins, J. R. Sambles, and C. R. Lawrence, “Couplingof near-grazing microwave photons to surface
plasmon polaritons via a dielectric grating,” Phys. Rev. E61, 5900–5906 (2000).

11. F. Lemarchand, A. Sentenac, E. Cambril, and H. Giovannini,“Study of the resonant behaviour of waveguide
gratings: increasing the angular tolerance of guided-mode filters,” J. Opt. A: Pure Appl. Opt.1, 545–551 (1999).

12. D. Felbacq, M. C. Larciprete, C. Sibilia, M. Bertolotti,and M. Scalora, “Multiple wavelengths filtering of light
through inner resonances,” Phys. Rev. E72, 066610(1)–066610(6) (2005).

13. L. Zhao, K. L. Kelly, and G. C. Schatz, “The extinction spectra of silver nanoparticle arrays: influence of array
structure on plasmon resonance wavelength and width,” J. Phys. Chem. B107, 7343–7350 (2003).

14. M. E. Abdelsalem, P. N. Bartlett, J. J. Baumberg, and S. Coyle, “Preparation of arrays of isolated spherical
cavities by polystyrene spheres on self-assembled pre-patterned macroporous films,” Adv. Mater.16, 90–93
(2004).

15. M. E. Abdelsalam, P. N. Bartlett, J. J. Baumberg, S. Cintra,T. A. Kelf, and A. E. Russell, “Electrochemical SERS
at a structured gold surface,” Electrochemistry Communications7, 740–744 (2005).

16. N. Stefanou, V. Yannopapas, and A. Modinos, “Heterostructures of photonic crystals: frequency bands and trans-
mission coefficients,” Comput. Phys. Commun.113, 49–77 (1998).

17. N. Stefanou, V. Yannopapas, and A. Modinos, “MULTEM2: A new version of a program for transmission and
band-structure calculations of photonic crystals,” Comput. Phys. Commun.132, 189–196 (2000).

18. P. B. Johnson and R. W. Christy, “Optical constants of thenoble metals,” Phys. Rev. B6, 4370–4379 (1972).
19. The experimental and theoretical Mie energies do not exactly coincide, and the assumption for a non-unity

effective dielectric constant inside the nanopores ensures their agreement. Currently we are investigating the
origin of this effect.

20. T. V. Teperik, V. V. Popov, and F. J. Garcı́a de Abajo, “Radiative decay of plasmons in a metallic nanoshell,”
Phys. Rev. B69, 155402(1)–155402(7) (2004).

The optical properties of metallic gratings have been the subject of extensive research for
over a century. One of the early achievements of the optics ofmetal gratings was the dis-
covery and understanding of the Wood anomalies [1] in the reflection spectra, which have
been assigned later into two types. One type of anomaly is caused by excitation of surface
plasmon-polaritons propagating on the planar metal surface. Another type is the diffractive
anomaly which is associated with the opening of new diffraction orders into surrounding me-
dia (also called Rayleigh anomalies). Considerable advances in assembly of microporous and
nanoporous metal structures [2, 3, 4, 5] have prompted the investigation of their optical prop-
erties and renewed the interest in these problems. A latticeof voids beneath the metal surface
can act as a coupling element, which couples incoming light to the surface plasmon-polaritons
and diffracted beams. In this specific type of resonant grating coupler, the inherent confined
resonances in the voids (Mie plasmon resonances) can be excited. Therefore, one can expect a
complex optical response associated with different types of plasmon excitations in the periodic
porous metal structures. The role of surface plasmon-polaritons and Mie plasmons in mold-
ing reflection, transmission, and absorption spectra has been discussed in recent publications
[6, 7, 8, 9]. In particular, remarkable effects of extraordinary transmission [6] and absorption
[7] caused by excitation of Mie plasmons in nanopores (localized void plasmons) have been
predicted. The interaction between surface-plasmon polaritons and Mie plasmons localized
in buried voids has been observed in reflectivity spectra of nanoporous metal surfaces in [8]
and theoretically explained in [9]. However, the interaction between diffracted beams and Mie
plasmons on the surface of nanoporous metal has not been studied either experimentally or
theoretically.

Rayleigh anomalies become more pronounced when resonancessuch as surface plasmons
are involved [10]. However, a periodic corrugation of the metal surface is needed to excite the
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surface plasmons. In this case, both the surface corrugation symmetry and the surface plasmon
dispersion relation are important to determine the frequencies for strongest plasmonic response,
which become very sensitive to incident beam tilt angles. The lack of angular tolerance prevents
practical applications of these structures as guided-modes resonant grating filters [11, 12]. This
is also the case for localized plasmons in metallic particles arranged in periodic lattices, where
pronounced dispersion effects due to inter-particle interaction take place [13]. In contrast to
that, plasmons in voids are so strongly localized [2, 9] thateven when the voids are arranged in
close-packed lattices the coupling through the metal between voids is weak and they appear as
nearly dispersionless resonances [2, 9].

In this paper we show that nanoporous metal surfaces exhibitfrequency selective diffraction
enhanced by Mie plasmons in nanovoids, which leads toabsolute angular tolerance of the
diffracted beam intensity that can be useful for a variety ofapplications ranging from angle-
tolerant optical filters, deflectors, absorbers, and beam splitters. We study the plasmonic and
photonic properties of a hexagonal two-dimensional (2D) lattice of spherical nanovoids buried
below a planar metal surface (Fig. 1) both experimentally and theoretically.

The experimental sample of nanoporous gold was prepared using a nanoscale casting tech-
nique with electrochemical deposition of metal through a self-assembled latex template. Tem-
plates were produced using a capillary force method, by which the latex spheres were initially
deposited onto a gold-coated glass slide from colloidal solution, allowing a monolayer of well-
ordered spheres to be produced. Electrodeposition, while measuring the total charge passed,
allows the accurate growth of metal to a required thicknesst. The resulting metallic mesh re-
flects the order of the self-assembled close-packed template, allowing convenient control of the
pore diameters and regularity of the array. After deposition the template is dissolved, leaving
the free-standing structure. This allows the production ofshallow well-spaced dishes as well as
nearly encapsulated spherical voids on a single sample. Optical and electron microscopy shows
that the resulting surfaces are smooth on the sub-10 nm scale. The sub-3% size dispersion
of the latex spheres results in an identical size dispersionof voids, while detailed diffraction
measurements confirm the single-domain nature of the samples. The detailed description of the
technique is given elsewhere [14, 15].

To calculate the optical spectra of a nanoporous metal surface we use a self-consistent elec-
tromagnetic multiple-scattering layer-Korringa-Kohn-Rostoker (KKR) approach [6, 7, 16, 17]
that makes use of a re-expansion of the plane-wave representation of the electromagnetic field
in terms of spherical harmonics. This approach involves thefollowing steps. First, we divide the
whole structure into parts separated by parallel planes that form two homogeneous semi-infinite
media and a planar layer in between that contains the periodic lattice of voids or spheres. The
semi-infinite medium below the periodic layer is a homogeneous metal, while the homogeneous
semi-infinite medium above the periodic layer is vacuum. Theperiodically structured layer is
treated within the KKR method in a spherical-wave representation, whereas the interaction be-
tween the field in the periodic layer and the field in the homogeneous semispaces is treated
separately in a plane-wave representation. We describe thedielectric function of goldε(ω) by
optical experimental data [18]. Our electromagnetic approach allows us to elucidate the interac-
tion of localized Mie plasmons in voids, delocalized surface plasmon-polaritons, and diffracted
photons. We focus here on the effect of Mie plasmons on the diffracted photon beams originat-
ing in the opening of new diffraction channels (which are projected as the Rayleigh anomalies
in the specular reflection spectra). Mie plasmon resonancesare shown to result in strong fea-
tures in the non-specular diffracted beam spectra, where both theory and experiment exhibit
good qualitative agreement.

Let us consider light incident at an angleθ to the surface normal, upon a planar surface of
metal that contains a 2D hexagonal lattice of voids with primitive vectorsa andb (|a| = |b|)

#75620 - $15.00 USD Received 2 October 2006; revised 20 November 2006; accepted 20 November 2006

(C) 2006 OSA 11 December 2006 / Vol. 14,  No. 25 / OPTICS EXPRESS  11966



f x

y

a

b

top view

h d Au

light q

side view

n

z

( )a

( )b

Fig. 1. (a) SEM image of nanoporous metal structure with close-packedvoid lattice grown
up to a thicknesst (b) the theoretical model of nanoporous metal surface with a 2D hexag-
onal lattice of spherical voids.
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Fig. 2. The first Brillouin zone and the photons wavevectors. Plane of incidence is along
Γ−M direction.

just beneath the surface. The plane of incidence of externallight is defined by the azimuthal
angleφ measured with respect to thex-axis (Fig. 1b).

The diffracted beams emerge at the frequencies of the grazing photons, which can be esti-
mated in the ‘empty lattice approximation’ as

ω = c|qpq|, (1)

whereqpq = k‖ + gpq, gpq = pA + qB are reciprocal void-lattice vectors,A and B are the
primitive vectors of the reciprocal 2D void lattice (Fig. 2),p and q are integers, andk‖ =
(ω sinθ)/c is the in-plane component of the incident light wavevector,which is equal to zero
in the case of normal incidence. Note that the frequencies ofgrazing photons are close to (they
fall just below) the frequencies of surface plasmon-polaritons [9],

|qpq|
2 = (ω/c)2(ω2−ω2

p)/(2ω2−ω2
p), (2)

whereωp is the free electron plasma frequency, in high-conductivity metals (whenωp >> ω).
The frequencies of void plasmons can be estimated in the framework of a simple model of

plasmon modes supported by a spherical void in an infinite metallic medium [2]:

h(1)
l (ρ0)[ρ1 jl(ρ1)]

′ = ε(ω) jl(ρ1)[ρ0h(1)
l (ρ0)]

′, (3)
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whereρ0 = ωr
√

ε(ω)/c, ρ1 = ωr/c, r is the radius of the void,jl(x) is a spherical Bessel

function of the first kind ofl-th order (l is the orbital momentum quantum number),h(1)
l (x) is a

spherical Hankel functions of the first kind, and the prime denotes differentiation with respect
to the argument.

Figure 3(a) shows the measured intensity of the zero-order reflected beam (specular reflection
spectrum) as a function of photon energyh̄ω and angle of incidenceθ for a nanoporous gold
surface formed by the periodic arrangement of close-packedspherical nanovoids (withd =
500 nm) grown up to the void diametert = d (Fig. 1a). Note that there are residual void openings
and interconnection of voids in the sample, which are not described by our theoretical model,
although their effect seems to lie more in the details than inthe qualitative optical response.
The incident light hasp-polarization with its plane of incidence along theΓ −M direction
of the first Brillouin zone (see Fig. 2), which corresponds tozero azimuthal angle (φ = 0).
Calculations (Fig. 3b) are performed for a single 2D hexagonal lattice (|a| = 515 nm) of close-
packed voids of diameterd = 500 nm buried just beneath a planar gold surface. The distance
from the planar metal surface to the top of the voids,h, is chosen to be 5 nm, which is much less
than the skin depth (25 nm for gold), in order to model a strongcoupling of incoming light to
the nanoporous metal surface. We also assume that there is a residual dielectric material inside
the nanopores, which we account for by a non-unity effectivedielectric constant (εvoid = 1.3)
inside the nanopores [19].

The reflectivity spectra exhibit dips that are associated with excitation of Mie plasmons in the
voids, as well as surface plasmon-polaritons (see Fig. 3). The stronger and almost dispersion-
less resonances are associated with excitation of Mie plasmons in the voids [7]. The frequencies
of these Mie-plasmon resonances are close to the frequencies of the Mie-plasmon modes with
orbital quantum numbersl = 1 andl = 2 of a single void in bulk gold given by Eq. (3) (marked
by horizontal lines in Fig. 3). The other (dispersive) resonance in the reflectivity spectra origi-
nates from the excitation of surface plasmon-polariton mode [8, 9] with wavevectorq−1,−1 on
the planar metal surface. The frequency of this mode is closeto that of the corresponding sur-
face plasmon-polariton mode estimated in the ‘empty lattice approximation’ given by Eq. (2)
for (p,q) = (−1,−1) (marked by black lines labelled asq−1,−1 in Fig. 3). This mode exhibits
an avoided crossing with the first and the second Mie modes at angles of incidence≈ 20◦ and
≈ 45◦, respectively [9]. The onset frequencies of the Rayleigh anomaly given by Eq. (1) (white
lines labelled asq−1,−1 in Fig. 3) is slightly higher than the frequencies of the respective sur-
face plasmon-polariton mode. One can see in Fig. 3 that the Mie plasmon resonances in the
specularly-reflected beam quench abruptly (Rayleigh anomaly occurs) starting with the onset
of the diffracted beam with in-plane wavevectorq−1,−1. The reason for this is that the diffracted
beam takes a certain amount of energy out of the specularly reflected beam.

The Mie plasmon resonances in the calculated specular reflection spectra become stronger
near grazing incidence [see Fig. 3(b) forθ ∼ 70◦−80◦]. This behavior can be explained for
the l = 1 dipolar mode, where the dipole orientation should follow approximately the incident
electric field polarization (p-polarization in our case). Therefore, at normal incidencethe dipole
is buried beneath the metal surface at a depth roughly equal to a half of the void diameter,
whereas increasing the angle of incidence produces rotation of the dipole in such a way that
its pole becomes closer to the surface of metal, which in turnleads to stronger coupling of the
Mie mode with the incident light. Similar arguments can be applied to explain thel = 2 mode
behavior. However, such an effect is smeared out in the experimental spectra because the light
incident at grazing angles is more sensitive to imperfections of the metal surface that lead to
additional scattering and this, in turn, results in increased divergence of the reflected beam (see
Fig. 3a).

Figure 4 shows the measured and calculated intensity of the first-order diffracted beam with
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Fig. 3. Specular reflectivity as a function of photon energyh̄ω and angle of incidenceθ
(a) measured from and (b) calculated for a surface of nanoporousgold formed by a hexag-
onal arrangement of close-packed spherical voids of diameterd = 500 nm buried just be-
neath the metal surface. The plane of incidence is along theΓ−M direction (azimuthal
angleφ = 0). Black and white lines labeled withq−1−1 mark the frequencies of surface
plasmon-polaritons and grazing photons, respectively, estimated in the ‘empty lattice ap-
proximation’. The horizontal white lines mark the energy of the fundamental (l = 1) and
the second (l = 2) Mie-plasmon mode of a single void in bulk gold. The calculated and
measured reflectivity spectra are normalized to the reflectivity of a homogeneous planar
surface of bulk gold.

in-plane wavevectorq−1,−1 as a function of photon energȳhω and angle of incidenceθ . Nat-
urally, the diffracted beam appears only in the frequency/angle-of-incidence region to the right
of the dispersion curve for grazing photons with wavevectorq−1,−1. However, its intensity
becomes strong only at the frequency of the dispersionless resonances associated with excita-
tion of Mie plasmons in the voids. The theoretical results agree qualitatively with experimental
data, demonstrating that the diffracted beam takes significant intensityonly at the Mie plasmon
resonances: the intensity of the diffracted beam at Mie plasmon resonance is two orders of
magnitude stronger than that off the resonance.

Note that the width of plasmon resonances in the experimental plot is broader than pre-
dicted by the theory [cf. Figs. 4(a) and (b)]. One possible reason for such broadening of the
plasmon resonances may be the scattering of electrons from the void boundaries [20] in thin
membrane-like metal regions between the close-packed voids (not accounted for by the theory
here), although the role of additional inhomogeneous plasmon broadening caused by imper-
fections in the experimental sample (e.g., residual void openings and interconnection of voids)
cannot be also ruled out. Our experimental data confirm that the Mie plasmon resonances are
much stronger pronounced in samples with thickness,t, approaching the void diameter,d, be-
cause the localized Mie plasmon modes are well moulded in almost fully enclosed voids [8].
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Fig. 4. Intensity of the diffracted beam with in-plane wavevectorq−1,−1 as a function of
photon energȳhω and angle of incidenceθ (a) measured from and (b) calculated for a
surface of nanoporous gold formed by a hexagonal arrangementof close-packed spherical
voids of diameterd = 500 nm buried just beneath the metal surface. The plane of incidence
is along theΓ−M direction (azimuthal angleφ = 0). White lines labeled withq−1−1 mark
the frequencies of grazing photons, estimated in the ‘empty lattice approximation’. The
horizontal white lines mark the energy of the fundamental (l = 1) and the second (l = 2)
Mie-plasmon mode of a single void in bulk gold. The calculated intensity of the diffracted
beam is normalized to the intensity of the incident light. The right panels show the measured
and calculated spectra corresponding to two angles of incidence, 30◦ (blue line) and 50◦

(red line), marked by dashed white vertical lines in the contour maps.

The frequencies of Mie-plasma resonances can be tuned by varying the diameter of the voids.
Figure 5 shows the calculated intensity of the first-order diffracted beam with in-plane wavevec-
tor q−1,−1 as a function of photon energȳhω at a given angle of incidence,θ = 50◦, for a sur-
face of nanoporous gold with a hexagonal arrangement of spherical voids of different diameter.
Resonances of the diffraction beam intensity follow the blue shift of Mie-plasmon resonances
(l = 1 andl = 2) with decreasing void diameter [7]. The diffracted beam intensity goes down
with decreasing void diameter, since fewer electrons (per unit surface area) participate in the
void-plasmon mode oscillations.

In the case under consideration the diffracted beam with thein-plane wavevectorq−1,−1

preserves the polarization of the incident wave (p-polarization) with respect to the plane of
diffraction (which is the plane comprising the wavevector of the diffracted beam and the normal
to the metal surface). The plane of diffraction coincides with the plane of incidence,Γ−M
plane, which is a plane of the mirror symmetry of the structure (see Fig. 2). It can be easily
perceived from Fig. 2 that the polar angle of diffraction decreases with increasing the angle of
incidence.
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Fig. 5. Calculated intensity of the first-order diffracted beam with in-plane wavevector
q−1,−1 versus photon energȳhω for a surface of nanoporous gold formed by a hexago-
nal arrangement of spherical voids of different diameterd: from 380 to 500 nm (from right
to left, in steps of 20 nm). The angle of incidence is 50◦. The lattice constant (|a|= 515 nm)
is kept unchanged in these calculations.

In conclusion, the diffracted beam intensity on nanoporousmetal surfaces has been shown
to be hugely enhanced by excitation of Mie plasmons localized in the voids. Non-dispersive
Mie plasmon resonances in voids trigger angle-tolerant frequency-selective excitation of in-
tense diffracted beams in these structures. These effects could be used for characterization of
nanoporous metals as well as in the design of various devicesfor diffraction optics in optoelec-
tronics.
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