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Optical transmission of a two-dimensional array of subwavelength holes in a metal film has been
numerically studied using a differential method. Transmission spectra have been calculated showing a
significant increase of the transmission in certain spectral ranges corresponding to the excitation of the
surface polariton Bloch waves on a metal surface with a periodic hole structure. Under the enhanced
transmission conditions, the near-field distribution of the transmitted light reveals an intensity enhance-
ment greater than 2 orders of magnitude in localized (~40 nm) spots resulting from the interference of
the surface polaritons Bragg scattered by the holes in an array.
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Recent experimental discovery of the enhanced optical
transmission through metal films with periodic subwave-
length holes has given rise to a considerable interest in the
optical properties of such structures due to their possible
numerous applications in optics and optoelectronics as well
as rich physics behind the phenomenon of the transmission
enhancement [1—4]. The transmission of a subwavelength
aperture is very low and proportional to the fourth power
of the ratio of its diameter and light wavelength. How-
ever, if a metal film is perforated with a periodic array
of such holes, the optical transmission can be significantly
enhanced [1]. Being normalized to the total area of the illu-
minated holes, the transmission coefficient corresponds to
an enhancement up to 3 orders of magnitude compared to
the transmission of the same number of individual holes.
This enhancement depends on the array geometry (hole
diameter and periodicity), light wavelength, angle of inci-
dence, as well as material of a film.

The analysis of the experimental situation has shown
an importance of the surface plasmon polariton excitation
on the film surfaces that becomes possible due to a peri-
odic structure. Numerical modeling of the enhanced trans-
mission has been performed only for a one-dimensional
structure of subwavelength slits in a metal film [4]. These
numerical results are in qualitative agreement with the ex-
perimental observations for two-dimensional arrays con-
firming the role of surface polaritons (SP). The distribution
of the transmitted light in the near-field proximity to a sur-
face has been calculated showing the electromagnetic field
enhancement in the regions close to the slit edges. Never-
theless, in a one-dimensional model the important details
of the SP behavior at real two-dimensional structures may
be hidden. An understanding of physical processes behind
the phenomenon of the enhanced transmission is vital for
an optimization of the array parameters to achieve a high
transmission in a chosen spectral range that is crucial for
applications of these structures.

The SP behavior on periodically structured surfaces
attracts a growing attention itself due to the possible ap-
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plications in surface polariton optics [5-9] as well as
because of the SP localization phenomena and related sur-
face enhanced optical processes such as Raman scattering
and second-harmonic generation.

In this paper the spectral dependencies of the enhanced
transmission and its relation to the resonant excitation of
surface polaritons on a periodic hole structure have been
studied. We have considered a 20 nm thick silver film
[10] deposited onto a glass substrate (n = 1.46). The
film is perforated with an infinite, fourfold symmetry ar-
ray of holes of diameter d and periodicity D (Fig. 1). The
parameters of a hole array used in the calculations have
been chosen to be close to those used in the experiment
[1]. Optical transmission has been calculated for a linear-
polarized (E || y) plane wave illuminating a substrate at
normal incidence (Fig. 1).

We have employed a differential formalism of the elec-
tromagnetic theory of gratings frequently used in the past
to calculate a diffraction pattern from different periodic
structures [11,12]. A periodic hole array is treated as an
infinite bigrating of cylindrical cavities in a thin metal
film. The parameters of the bigrating under consider-
ation fall in with the small grating amplitude approxi-
mation (h/D =< 0.1) for which the differential method is
developed [11]. The electric and magnetic fields above the
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FIG. 1. Geometry of a hole array in a metal film.
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bigrating are presented as an expansion over Rayleigh
waves. To find their complex amplitudes, the propaga-
tion equations are to be solved with the boundary con-
ditions at the two surfaces of the metal film. When the
amplitudes are calculated, the transmitted intensity as well
as the electric and magnetic field distributions can be ob-
tained by summation over all the modes. A finite number
of modes (N) in the calculations was chosen accordingly
to the stability of the numerical procedure. The numerical
results were checked by calculating the energy conserva-
tion and convergence of transmittance with the increase of
a number of modes. For a 20 nm thick film it was found
that the variation of a transmittance is less than 0.1% for
N > 30. The stability of the method becomes worse for
thicker films.

The transmission spectra obtained for different parame-
ters of a hole array are presented in Fig. 2 together with the
transmission curves of a continuous Ag film of the same
thickness. The transmission of a continuous film increases
as the wavelength of light decreases towards the bulk
plasmon wavelength (A, =~ 360 nm) at which a metal
film is significantly transparent. The spectral dependence
of the transmission of a hole array has complex behavior
revealing the enhanced as well as suppressed transmission
compared to the continuous film. The magnitude and
spectral dependence of the transmission depend strongly
on the array parameters. For the 150 nm size holes the
observed enhancement is relatively low (Fig. 2). The
enhancement increases with a hole diameter and its
spectral position shifts towards the longer wavelengths.
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FIG. 2. Normal incidence transmission spectra of a continuous
silver film (dotted lines) and a film perforated with a periodic
hole array (solid lines) of 900 nm periodicity for different hole
diameters (1-5) 150, 225, 250, 275, and 300 nm, respectively.
Please note that the curves (2—5) are shifted with respect to
the transmittance scale. The film thickness is 20 nm. The
excitation spectra of surface polaritons on a smooth Ag surface
are indicated by arrows with corresponding (p, ¢) parameters.

The increase of a hole periodicity leads to a blueshift of
the enhanced transmission spectra but less important for
the transmission magnitude.

The crucial difference between the smooth and peri-
odically structured metal film is that when the latter is
illuminated even at normal incidence a surface plasmon
polariton can be excited on either surface of a film under
certain conditions. To excite a surface polariton with light
the difference of the in-plane wave vector of light, k¢, and
the SP wave vector, kgp, must be compensated by diffrac-
tion on a periodic surface structure. The spectrum of the
SP excitation is given by [13]

2 2
ksp = K sinf ipgllx i‘]j“y’ (D)
where 6 is the angle of incidence, u, and u, are the unit
reciprocal lattice vectors of a periodic structure, D is its pe-
riodicity, and p and g are integer numbers determining the
SP propagation direction. On the other hand, surface po-
laritons satisfying Eq. (1) correspond to Bloch-type waves
at a two-dimensional periodic structure [14]. The SPs can
be excited only if a metal surface can support them [13]:
|ksp| = 277//\<€7 (2)
Here, A is a wavelength of the excitation light, and €,, and
€; are dielectric constants of metal and adjacent medium,
respectively. In addition, due to the longitudinal nature of
the SP field inside a metal the excitation light must have a
component of the electric field parallel to the direction of
the SP propagation or perpendicular to a surface.

The spectra of the resonant SP excitation calculated with
Egs. (1) and (2) are shown in Fig. 2 for air/metal and
glass/metal surfaces of an Ag film. One can see a good
agreement in the spectral position of the SP resonances
and the enhanced transmission of the 150 nm hole array
but the transmission spectra are significantly redshifted for
the holes of 300 nm diameter.

According to Egs. (1) and (2), a variation of an array
periodicity results in different spectral positions of the SP
resonances while a hole size is irrelevant. Above men-
tioned resonant conditions are valid for the excitation of
SPs by a periodic structure but propagating along a smooth
surface of semi-infinite metal [dispersion relation is given
by Eq. (1)]. To account for the situation under consider-
ation (thin metal film perforated with holes) one should
consider a coupling between the SPs excited at air/metal
and metal/glass surfaces of a film as well as an additional
radiation damping due to SP scattering on holes [15]. In
our case the coupling due to the finite thickness of the
film is small (k,d ~ 1) and does not result in a significant
shift of the SP resonances that is confirmed by good agree-
ment between the SP spectral positions calculated without
coupling and numerically calculated for the film with the
150 nm size holes. A radiation damping (i.e., scattering of
SPs into light) appears to be more important and depends
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strongly on the scatterer parameters [8,13]. As one can see
from Fig. 2, the SP resonances move to a long-wavelength
spectral range with the increase of a hole diameter. For dif-
ferent angles of incidence the transmission enhancement
occurs in different spectral ranges as the resonant excita-
tion of the SPs is angular dependent [Eq. (1)].

Thus, the spectral ranges of the enhanced transmission
correspond to the excitation of surface polaritons on a
metal film with periodic holes which are in fact the SP
Bloch waves. A shift of the SP resonances from the posi-
tions predicted for a continuous film and the transmission
enhancement are caused by the same reason—the scat-
tering of surface polaritons into light by subwavelength
holes in a film. Because of the weaker scattering of
SPs by smaller holes, both the displacement of the SP
resonances and the transmission magnitude are smaller in
this case.

It should be noted that the efficiency of the SP scattering
into light depends nontrivially on the scatterer parameters
[8] and the consideration presented above is simplified to
demonstrate the physics of light transmission through an
array of nanoscopic holes. The SP Bloch waves behavior
has been recently described on 1D gratings demonstrat-
ing the modulation-depth dependent interplay between the
coupled and reradiated light intensity [6,7].

To understand the physical processes leading to
the enhanced transmission and mechanisms of the SP
interaction with holes we have studied a near-field distri-
bution of transmitted light above a surface of the array
exhibiting pronounced transmission enhancement (d =
300 and D = 900 nm. The near-field images of the
intensity distribution have been calculated for the wave-
lengths of A = 800 and 1420 nm which approximately
correspond to the SP Bloch wave excitation as well as
for the wavelength of A = 330 nm at which no surface
polaritons exist.

In the latter case, the transmitted intensity distribution
is related to the hole itself (Figs. 3a and 3b). In the near
field additional lobes of the field distribution are observed
in the direction of polarization of the excitation light which
are probably related to the localized electronic oscillations
close to the edge of a hole excited by the incident light.
These distributions can be obtained from continuity con-
ditions of the electromagnetic field for an individual hole.
The intensity of transmitted light exhibits a weak distance
dependence in the near-field region indicating that propa-
gating components of the diffracted field are most im-
portant for light transmission at this wavelength while a
contribution of evanescent components is negligible. With
the further increase of the distance from the surface, the
Talbot effect related to the far-field diffraction might be
expected.

The transmitted light distribution at the wavelengths of
the SP resonances is far more complex in the near field
revealing a rich fine structure over the holes (Figs. 3c
and 3e). The lowest energy surface polariton that can be
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FIG. 3 (color). Lateral distribution of the transmitted light in-
tensity over a hole calculated for (a),(b) 330 nm, (c),(d) 800 nm,
and (e),(f) 1420 nm wavelengths at the distance of (a),(c),(e) 15
nm and (b),(d),(f) 100 nm above the surface. The array parame-
ters are d = 300 and D = 900 nm. Polarization of the incident
light is along a vertical axis of the images. The color-scale nor-
malization is the same for all images.

launched by the array under consideration corresponds to
(p,q) = (0, =1) modes at a glass/metal surface (Asp =
940 nm) excited with the 1420 nm wavelength light. The
other two modes (*1, 0) at this wavelength are forbidden
due to polarization of the excitation light. Two excited
SP modes propagate along a y axis undergoing scattering/
reflection [16] by the holes in a film (Fig. 4a). The re-
flected SPs produce a multiple beam interference pattern
of the symmetry determined by the orientation of the
hole rows playing a role of a diffraction grating for the
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FIG. 4. Schematics of the SP Bragg reflection demonstrat-
ing a buildup of a near-field distribution of the transmitted
light for different surface polariton modes: (a) p = 0, ¢ = =1
(cf. Fig. 3e) and (b) p = *1, g = =1 (cf. Fig. 3c).
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SPs or, in analogy with a crystalline lattice of solids, a
two-dimensional Bragg reflector. The hole rows of differ-
ent orientations with respect to the SP propagation direc-
tion reflect the SPs in a given direction, determined by a
diffraction order, with different efficiencies. In addition,
surface polariton decays during propagation due to losses
in metal. These two factors result in the intensity variation
of the observed interference maxima related to different
propagating directions.

Two strongly localized spots of the highest intensity
correspond probably to the reflection from the hole rows
perpendicular to the SP propagation direction (zero-order
diffraction). The SP reflection in this direction is most
efficient. In the localization spots the intensity enhance-
ment of up to 500 times is observed. The size of the
localization is of about 40 nm suggesting a good qual-
ity factor of the structure with respect to the SP reflec-
tion processes. The SP propagation length along a smooth
metal/glass surface at this wavelength is of about 280 um
that corresponds to more than 100 rows of the hole array
efficiently contributing to the interference. Different sur-
face polariton modes propagate in the different directions
determined by the (p, g) parameters. Therefore, symme-
try of the near-field distribution of the transmitted light
should be different for the wavelengths at which the en-
hanced transmission is related to different SP modes. The
SP modes with (p,g) = (*1, *1) on the air/metal sur-
face (Asp = 780 nm) are excited with light of 800 nm
wavelength. Despite the complex lateral variations of
the near-field intensity (Fig. 3c) its fine structure corre-
sponds to the symmetry of the Bragg grating orientations
(Fig. 4b). The same as above, the maximum intensity is
observed for the spots corresponding to zero-order diffrac-
tion of the SP Bloch wave.

In contrast to the transmission without SP excitation, the
field at the wavelengths of the enhanced transmission con-
ditions has strong inhomogeneous components related to
surface polaritons. With the increase of the distance from
a surface the localization pattern is smoothed out but the
overall symmetry of light above a hole is still determined
by the symmetry of scattered SP modes (Figs. 3d and 3f).

In conclusion, numerical modeling of the optical trans-
mission through an array of periodic subwavelength holes
has shown that the enhanced transmission observed in the
experiment is a collective effect related to an electromag-
netic coupling between holes in an array via surface plas-
mon polaritons propagating on the periodically structured
surface (SP Bloch waves). Calculated spectra are in good
agreement with the experimental data [1] describing spec-
tral dependencies of the enhanced transmission.

The near-field distribution of light over a surface under
the enhanced transmission conditions reveals the strongly
localized spots of high intensity. The localization is caused

by the SP scattering in a periodic hole array. The parame-
ters of the localization indicate on a high quality factor re-
lated to the high efficiency of the SP reflection from holes.
This makes it possible to create the SP reflectors and other
elements of SP optics (Bragg mirrors, resonators, polari-
tonic crystals, etc.) employing periodic hole structures in
a metal film. The interference of SP Bloch waves has re-
cently been observed at a diffraction bigrating on a metal
film using scanning near-field optical microscopy [9].
Additional parameters for controlling the surface polariton
resonant excitation and as a result the spectrum and mag-
nitude of the enhanced transmission can be provided by
“quasi-3D” polaritonic crystals based on a hole array in
multilayered thin film structures.
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