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ABSTRACT

We have studied the light transmission through hexagonal arrays of subwavelength holes in thin gold and aluminum films, varying the film
thickness between 20 and 120 nm while the hole diameter as well as the interhole distance have been kept constant at ∼300 and ∼500 nm,
respectively. The films were characterized by means of UV −vis spectroscopy and scanning near-field optical microscopy (SNOM).

The transmission properties of a subwavelength hole in a
metal film have been under investigation since the first
predictions by Bethe1 in 1944. In an attempt to understand
the transmission processes, which are essential in near-field
optical microscopy, many theoretical2-4 as well as experi-
mental5-8 studies had been carried out.

Extending the single hole to a periodic array of subwave-
length holes in a metal film results in an extraordinary
transmission through the film, as was shown by Ebbesen
and co-workers.9 This discovery has been followed by a large
amount of theoretical10-17 and experimental18-24 work.
Nowadays, the excitation of surface plasmons is widely
accepted to be responsible for this enhanced transmission.
Yet, the periodicity and the arrangement of the 2D lattice of
the holes also play a significant role for the observed amount
of maxima in the spectra.25 By changing these structural
parameters, it is possible to change the transmission proper-
ties to desired wavelength regions and therefore manipulate
the light propagation through the film, the latter being the
main aim of the field of plasmonics.26

In this work, we will present our experimental and
theoretical investigations on light transmission through a
hexagonal array of subwavelength holes in optically thin gold
and aluminum films with thicknesses in the range between
20 and 120 nm.

The outline of the paper is as follows: A brief discussion
on the experimental details will be followed by the discussion
of the theoretical and experimental data. Finally, the conclu-

sions will be summarized and an outlook on future experi-
ments will be given.

Experimental Section. The films under study were
prepared by using self-assembly lithography.27 In our experi-
ments, polystyrene (PS) latex spheres with a diameter of 470
nm (diluted in water) were dispersed in an ethanol-water
solution and slowly applied to a water surface in a petri dish
using a glass pipet. A reorientation of the spheres on the
surface then formed a hexagonal closed-packed, defect-free
monolayer of the spheres, which was deposited onto a clean
sapphire substrate by evaporation of the water. Because this
closed-packed structure prohibits the growth of a closed film,
the diameter of the PS-spheres had been reduced to ap-
proximately 250 nm by means of reactive ion etching.
Afterward, the obtained structure served as a mask for the
evaporation of the metal films. The gold and aluminum thin
films with thicknesses of 20, 50, and 120 nm, respectively,
were deposited on top of a 2 nm thick Ti buffer layer by
means of molecular-beam epitaxy at a base pressure of 10-7

mbar. Thereafter, the PS spheres were removed by thermal
and chemical treatment, leaving the metal film with an array
of ordered holes. The last step of the preparation included
the cleaning and rinsing of the surface with propanol and
drying under Ar flow.

The samples were routinely characterized with an UV-
vis spectrometer (Varian) and under an atomic force micro-
scope (AFM; Digital Instruments). The latter confirmed
formation of large area defect-free arrays of subwavelength
holes in the metal films. The near-field optical investigations
were performed by using a combined AFM/scanning near-
field optical microscope (SNOM; Nanonics Imaging Ltd.).
A schematic of the SNOM setup is shown in Figure 1. We
used a He-Cd laser operating at 442 nm as the illumination
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source. After passing a half-wave plate and a polarizer,
enabling us to control intensity as well as polarization, the
light was coupled into a multimode fiber with a tapered Al-
coated tip. The aperture diameter of the fiber tip was between
50 and 100 nm, offering us the opportunity to locally
illuminate the sample. Working in transmission mode, the
light was collected behind the sample through a microscope
and, after letting it pass a filter, it was directed to an
avalanche photodiode.

Results and Discussion.The film materials were chosen
for their different electronic and, consequently, their different
optical properties. Gold is a high-conductive noble metal with
strong d-s interband transitions and a well-pronounced bulk
plasmon excitation, strongly contributing to the optical
response in the visible.28 Aluminum, on the other hand, is a
high-conductive free-electron metal (only a weak interband
absorption in the visible) with the bulk and regular surface
plasmon excitations in the far-UV range.29 Typical transmis-
sion spectra of the different samples, covering a range of
wavelengths between 200 and 2500 nm, are shown in Figure
2a for the gold and Figure 2b for the aluminum films,
respectively. The influence of the sapphire substrate has been
subtracted by taking a spectrum of the bare substrate as
reference. Both graphs also include the spectra of solid 20
nm thick films (black lines) for comparison. The hole
diameter is 250 nm, and the interhole distance 470 nm.

The solid gold film (black line, Figure 2a) shows the
expected spectral features with a strong peak due to d-p
interband transition at 2.5 eV. This can also be seen in the
spectra of the perforated films (open symbols). A significant
number of additional spectral features are visible for the gold
arrays with holes. These additional peaks also show a red-
shift as well as a broadening with decreasing film thickness.
The most interesting features are the two pronounced ones
in the strong subwavelength regime, above 1000 nm wave-
length (the holes are 250 nm in diameter): one at 1200 nm
and the other at 2100 nm, respectively. With decreasing film
thickness, these features seem to exchange their oscillator
strengths and, for the 20 nm film, only the first, strongly
enhanced peak survives. Such oscillator-strength exchange
is typical of mode anticrossing. Corresponding subwave-
length features are absent in the perforated aluminum films.

All the additional (hole related) features can be attributed
to surface plasmons (SP) and Wood anomalies18-20,30due to
the periodicity of and the coupling of the light to the array.
Considering only zero-order transmission, the coupling of
the light to the grating obeys the conservation of momentum
kBSP) KB0 + ibBx + jbBy, where the in-plane projected component
of the light wave vectorkB0 is KB0 ) (ω/c)(kB0/|kB0|) sin ϑ, with
ω the light’s frequency,c the speed of light,bBx andbBy the
reciprocal unit vectors for a hexagonal lattice,ϑ the incident
angle of the light, andi and j integers. The equation of the
eigenmodes of a single planar metal-dielectric interface is
given by:31

with εm the real part of the dielectric constant of the metal
and εd the dielectric constant of the dielectric. Combining
eq 1 with the conservation of momentum, SP resonances
are expected at wavelengths:31

Figure 1. Schematic of the experimental setup for the illumination-
mode SNOM measurements in transmission.

Figure 2. UV-vis transmission spectra: (a) Gold film with a
thickness of 20 nm (black line) as well as three films with hole
arrays. The film thickness varies between 20 and 120 nm,
respectively (open symbols), showing differences in their spectral
features. (b) Aluminum film with a thickness of 20 nm (black line)
and the hole array Al films with thicknesses between 20 and 120
nm, respectively (open symbols).
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with a0 the periodicity of the array and the integersi and j
denoting the order of the SP resonances. Because we have
asymmetric conditions, i.e., air on one side and sapphire on
the other side of the metallic hole array, the expected
wavelengths have to be calculated for each interfaces. The
peak positions for gold using eq 2 are indicated by dotted
lines in Figure 2a. The upper line, denoted by A, shows the
peak positions for the metal-air interface, while the lower
line, denoted by S, gives the positions for the metal-sapphire
interface.

These considerations explain the features above 500 nm
in the case of the two thicker gold hole arrays (Figure 2a,
open triangles and squares), including the two features in
the strongly subwavelength regime, discussed above. At the
wavelength region of the bulk plasmon, at around 500 nm
(2.5 eV), the transmission is totally intermixed with Wood-
anomaly-related peaks, creating a complex pattern. Because
this very simple single-interface-at-a-time approach is justi-
fied only for films that are much thicker than the field
penetration depth (∼20 nm), some discrepancy is expected
for the 20 nm film. For this very thin film, a direct
transmission strongly contributes as well.

The origin of the aforementioned peak-shift is probably
an effect of the aspect ratio of the holes and the resulting
strength of the coupling of the surface plasmons on both
sides of the metal film, being in agreement with experiments
for thick films.32 For a more thorough understanding of this
peak-shift in the thin-film regime, experiments are currently
in preparation.

Figure 2b shows the spectra for the aluminum. Again, the
black line displays the spectrum for a 20 nm thick solid film,
showing the known interband transition at 800 nm (1.5 eV).
Unlike the spectra for the gold hole arrays, the spectra for
the perforated films of aluminum are essentially identical
for the different thicknesses, except for the overall scaling.
The peaks at 800 nm are due to the interband transition still
persist, but in contrast to the case of gold, there are no
features in the strongly subwavelength regime, i.e., for
wavelengths greater than 1000 nm. The features below 700
nm are most likely due to Wood anomalies. The minimum
near 400 nm has a Fano profile, pointing toward Wood
anomalies mediated by surface plasmons.

After the far-field characterization of the metallic hole
arrays, we studied the near-field optical behavior of the light
transmission to determine the major transmission channel
for the light through the film. The experiments were
performed in illumination mode, giving us the opportunity
to locally illuminate the sample using a wavelength of 442
nm. Figure 3 shows the results for the three gold arrays with
a thickness of 20 nm (Figure 3a,b), 50 nm (Figure 3c,d),
and 120 nm (Figure 3e,f), respectively, the hole diameter
being 250 nm. Thereby, the pictures of the topographic (left
column) and the optic signal (right column) were taken
simultaneously. By comparing the topography with the
optical signal, the measurements reveal a high transmission
at the position of the holes for all thicknesses. This observed
contrast might be explained by the direct light transmission
through these marginally subwavelength holes, enhanced by

the excitation of surface plasmons. A closer look at the
optical images reveals an elongation of the circular holes.
This is not a tip artifact but the result of the incoming light
polarization. The elongation is parallel to the direction of
the polarization33 and indicates coupling to surface plasmons.
A strong demonstration of this is shown in Figure 3d, where
a higher transmission is not only observed at the position of
the holes but also in between them, in the direction of the
polarization.

Because the films are optically thin, the contrast of the
optical pictures in Figure 3 had to be enhanced to make the
enhanced transmission visible. To show that the interpretation
of the contrast is correct, a scratch in a 100 nm thick Au
film was measured (Figure 4). Here, only the optical image
is shown. On the left-hand side of the picture, the gold film
has been removed and the bare sapphire substrate is visible.
The line indicates the position of the scan shown in the graph
at the right-hand side. The black line shows the topographic
signal where the step of the scratch is visible. The gray line
indicates the optical image. One can see that, on the left-
hand side, the optical signal is stronger than that on the side
with the film. The large intensity enhancement at the border
is an artifact of the measurement technique. Comparing the
position of the intensity maxima with the position of the holes

Figure 3. SNOM images of the hole arrays in the Au films. Left
column: Topography images of the samples indicating an interhole
distance of∼500 nm and a hole diameter of 250 nm. Right
column: Near-field optical images taken at a wavelength of 442
nm. The recorded light intensity shows an enhanced transmission
through the subwavelength holes. The thickness of the deposited
films is 20 nm (a,b), 50 nm (c,d), and 120 nm (e,f), respectively.
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(minima in the topographic signal), our interpretation of the
contrast in Figure 3 is confirmed because the intensity
maxima lie at the position of the holes.

For a more thorough understanding of the underlying
physical processes, we used a 3D finite-difference time-
domain (FDTD)34 numerical simulation to model the trans-
mitted field distributions. We used periodic boundary
conditions associated with the hexagonal hole structure and
absorption conditions to truncate the directions parallel to
the film surface. The thickness of the film was taken to be
50 nm, the interhole distance is 500 nm, and the diameterd
) 250 nm, as in the experiment. The discretization step size
of 2 nm assures good numerical convergence. The time-
domain auxiliary differential equation approach was used to
implement the FDTD method to our case of the dispersive
metal. The frequency-dependent permittivity of Au was taken
from ref 35. The in-plane field intensity profiles shown in
Figure 5 are calculated in a single unit cell, at 10 nm away
from the film surface, on the far side of the film. The chosen

color-coding scheme shows high-intensity regions as a darker
color. The light wavelength isλ ) 442 nm in Figure 5a,
and λ ) 1000 nm in Figure 5b. The insets show the
corresponding in-plane electric field amplitude profiles across
the film. In the marginal subwavelength regime (d < λ,
Figure 5a), the overall transmission of light through the film
and holes is very high (largely due to the plasmon enhance-
ment), as shown in the inset. The corresponding in-plane
intensity map shows that the transmission is larger in the
holes, in agreement with the experiment. In the strongly
subwavelength regime (d , λ, Figure 5b), the light propaga-
tion through metal is marginal (in part because little plasmon
enhancement occurs in this range) but is quite large through
the holes. This is obvious from the inset, as well as, the
corresponding in-plane intensity map. An overall transmis-
sion coefficient through this film is at this wavelength (λ )
1000 nm), much smaller than that forλ ) 442 nm, as
evidenced by the insets in Figure 5a,b. A maximum in
transmission coefficient is indeed observed atλ ) 442 nm
in all curves in Figure 2a, followed by a smaller, much
broader maximum atλ ) 1000 nm.

For a better comparison, we had studied the near-field
optical transmission through aluminum films with the same
thickness as the gold films, i.e., 20 nm (Figure 6a,b), 50 nm

Figure 4. SNOM image of a scratch in the hole array of the 100
nm thick Au film. The measured contrast indicates a light
transmission through the holes. This is confirmed by the line scan
given on the right. The maxima in optical transmission fall into
the minima of the topography signal.

Figure 5. Simulation of the light transmission through the Au film
with an array of holes. Parameters: interhole distance: 500 nm,
hole diameter 250 nm, film thickness 50 nm, wavelength of the
light is 442 nm (a) and 1000 nm (b). Main figures show light
intensity 10 nm away from the film surface on the far side. Darker
regions represent higher intensity. Insets show the corresponding
in-plane electric field amplitudes.

Figure 6. SNOM images of the hole arrays in the Al films. Left
column: Topography images of the samples indicating an interhole
distance of∼500 nm and a hole diameter of 250 nm. Right
column: Near-field optical images at a wavelength of 442 nm. The
recorded light intensity again shows an enhanced transmission
through the subwavelength holes. The thicknesses of the deposited
films are 20 nm (a,b), 50 nm (c,d), and 120 nm (e,f), respectively.
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(Figure 6c,d), and 120 nm (Figure 6e,f). As before, the left
column represents the topographic signal and the right
column the simultaneously measured optic signal.

As in the case of gold, the observed contrast shows an
enhanced transmission of light through the holes and is the
result of a direct photon penetration through these, only
marginally subwavelength holes, with a possible surface
plasmon enhancement. Even though aluminum is considered
a nonplasmonic metal in the visible range, surface plasmon
polaritons, or “spoof plasmons” (coupled photon-plasmon
modes), could be generated.36 Whether the native oxide layer
has an influence on the transmission properties of the hole
array could not be clarified. Further experiments and
calculations with regard to this are being prepared.

Summary and Outlook. In our experiments, we were able
to show that the transmission of the light through a hexagonal
array of subwavelength holes in a metallic film is highly
dependent on the optical properties of the metal. The
transmission is governed by surface plasmons and Wood
anomalies, which determine the position of the transmission
maxima. Our near-field measurements showed that, although
the films were optically thin and despite the huge back-
ground, it was possible to identify the propagation path of
the light. We clearly saw a plasmon-assisted enhanced
transmission through the subwavelength holes, which is in
excellent agreement with our theoretical calculations.

Further investigations concerning the wavelength depen-
dence of the transmission in the near field as well as the
dependence on the hole diameter and interhole distance are
currently being prepared.
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(33) Sönnichsen, C.; Duch, A. C.; Steininger, G.; Koch, M.; von Plessen,

G. Appl. Phys. Lett.2000, 76, 140.
(34) Taflove, A.Computational Electrodynamics: The Finite-Difference

Time-Domain Method, 2nd ed.; Artech House: Norwood, MA, 2000.
(35) Palik, E. D.Handbook of Optical Constants in Solids; Academic

Press: Boston, 1991; Vol. 1.
(36) Pendry, J. B.; Martin-Moreno, L.; Garcia-Vidal, F. J.Science2004,

305, 847.

NL0712973

2930 Nano Lett., Vol. 7, No. 9, 2007


