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We measure the transmission of IR radiation through double-layer metal films with periodic arrays of subwave-
length holes. When the two metal films are placed in sufficiently close proximity, two types of transmission reso-
nances emerge. For the surface plasmon mode, the electromagnetic field is concentrated on the outer surface of the
entire metallic layer stack. In contrast, for the guided mode, the field is confined to the gap between the two metal
layers. Our measurements indicate that, as the two layers are laterally shifted from perfect alignment, the peak
transmission frequency of the guided mode decreases significantly, while that of the surface plasmonmode remains
largely unchanged, in agreement with numerical calculations. © 2010 Optical Society of America
OCIS codes: 050.2770, 240.6680, 240.6690, 310.4165, 310.6628, 310.6860.

Subwavelength features on metallic layers enable the re-
sonant excitation of surface waves by incident electro-
magnetic radiation, leading to remarkable properties,
such as extraordinarily high transmission [1] and beaming
capabilities [2]. By placing two such metallic layers in
close proximity, it is possible to control the coupling of
the strong evanescent fields to achieve novel optical char-
acteristics that are absent in single layers [3–17]. For
instance, double-layer fishnet structures have been de-
monstrated to exhibit negative refraction in themean field
regime [18–22]. Another example involves double-layer
slit arrays that enable the phase delay of the transmitted
radiation to be controlled through lateral displacement
between the two layers [23]. It is alsowell known thatmul-
tiple solid metal layers support guided modes that propa-
gate parallel to the surfaces in the air gap between them
[24]. The presence of subwavelength features could allow
the coupling of these guided modes to incident radiation.
Despite recent progress, the vast majority of optical

transmission measurements involve bilayer subwave-
length structures in which the two layers are perfectly
aligned [4,9,14,18,20]. In this letter, we report measure-
ments of the optical transmission through bilayer sub-
wavelength hole arrays with different lateral shifts
between the two layers. By comparing to calculations, we
identified two mechanisms of strong transmission at dif-
ferent wavelengths: The first mode is associated with
strong evanescent fields at the incident and exit surfaces,
resembling the field distribution of a single layer at reso-
nance. Maximum transmission occurs at a wavelength
that is largely independent of the lateral shift between
the two metal layers. For the second mode, in contrast,
the local field is concentrated in the gap between the
two metal layers. This mode has no analogue in single-
layer structures. The wavelength at which maximum
transmission occurs depends strongly on the lateral shift
between the two metal layers.
Our samples consist of single- and double-layer alumi-

num films patterned with a two-dimensional square array

of subwavelength holes [Fig. 1(a)] on a quartz substrate.
Each metallic layer is 0:39 μm thick. Hole arrays with x
and y periodicity of 1 μm are created by lithographically
patterning a photoresist layer, followed by reactive ion
etching into the aluminum. The circular openings have
slightly slanted sidewalls, so that their diameter is re-
duced from 0:5 μm on the top surface to 0:42 μm on the
bottom surface. Sample A consists of a hole array on a
single layer of aluminum. In the double-layer samples
(B1 and B2), the metal films are separated by 0:3 μm

Fig. 1. (Color online) (a) Structure of the double-hole array.
(b) Part of the top metal layer and the oxide spacer is removed
by focus ion beam to reveal the bottom hole array. (c) Measured
optical transmission of samples A (dotted curve), B1 (dashed–
dotted curve), and B2 (solid curve) for incident ~E polarized in
the x direction. The dashed curve represents the transmission
through sample B2 with ~E in the y direction. (d) Transmission
calculated with finite-difference time-domain (FDTD).
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to allow coupling of the evanescent fields on the two
layers. The metal layers in both the single- and double-
layer structures are completely surrounded by silicon
oxide. As illustrated in Fig. 1(a), the two hole arrays in
the double-layer samples are laterally shifted in the x di-
rection by distance L, ranging from 0 to 0:5 μm (half the
array period). Figure 1(b) is a scanning electron micro-
graph on a sample without the top insulating oxide layer
so that the hole array can be visualized.
We measured the transmission of linearly polarized

light through our samples using a Fourier transform IR
spectrometer. All transmission spectra have been nor-
malized by using the measured transmission through a
clear region adjacent to the subwavelength structures,
consisting of the quartz wafer and a layer of silicon oxide.
To identify and distinguish the different mechanisms for
transmission through the structures, we compared our
measurements to FDTD simulations (Concerto 6.5 by
Vector Field, Inc.). The exact experimental configura-
tions, including the plate thickness, size, and shape of
the apertures and properties of background materials,
were used in the simulations and the relative permittivity
of aluminum is modeled by the Drude model, whose
parameters are determined from the infrared optical con-
stant of aluminum [25].
Figures 1(c) and 1(d) show, respectively, the measured

and calculated transmission spectra of our structures at
wavelengths much larger than the hole diameter. The
dotted curve in Fig. 1(c) shows the measured transmis-
sion through the single-layer hole array (sample A) with
the electric field ~E of the incident light polarized in the x
direction. Even though the fractional area of the holes is
less than 15%, the peak transmission at a wavelength of
1:53 μm reaches about 50%. Taking into account the re-
fractive index of the silicon oxide (1.47) surrounding the
structures, the peak transmission occurs at a wavelength
slightly higher than the 1 μm periodicity of the holes. This
transmission peak has been extensively studied, and its
origin has been attributed to the excitation of surface
plasmons [1] or diffracted evanescent waves [26]. Com-
parison of the measured single-layer transmission to cal-
culations in Fig. 1(d) indicates good agreement in both
the peak position and the transmission magnitude.
Next, we study the transmission properties of double-

layer hole arrays. We fabricated a set of samples with dif-
ferent lateral shifts L between the hole arrays in the two
layers, ranging from 0 (perfect alignment) to 0:5 μm (half
the period) in the x direction. The dashed–dotted curve in
Fig. 1(c) shows the transmission of linearly polarized light
with ~E in the x direction through sample B1 with L ¼ 0.
Comparing the measurement results to FDTD calcula-
tions reveals the existence of two transmission peaks,
one at 1:53 μm with transmission of 30%, and another
at 1:6 μm with transmission of about 10%. As explained
later, we identify the former as the surface plasmon (SP)
mode and the latter as the guidedmode. The guidedmode
peak is barely visible in measurements due to additional
losses from sample inhomogeneity but is well resolved in
calculations. For sample B2, with L ¼ 0:5 μm, the two
peaks are clearly distinguishable in the measured trans-
mission curves, as shown in Fig. 1(c) by the solid curve
and the dashed curve for ~E of the incident light along
the x and y directions, respectively. Comparing the mea-

surement results to FDTD calculations in Fig. 1(d) gives
good agreement. An important difference between the SP
mode and the guided mode is that, as the lateral shift be-
tween the two layers increases, the wavelength of the for-
mer remains largely unchanged, while the guided mode
peak shifts to longer wavelengths.

The different behaviors of the SP mode and the guided
mode can be understood by examining the electromag-
netic field distributions obtained from the FDTD simula-
tions. Figure 2(a) shows the z component of the electric
field distribution Ez for the aligned sample B1, for the SP
mode with the incident electric field along the x direction
and the magnetic field along the y direction. The regions
with strong Ez field are associated with large surface
charge densities. Strong surface electromagnetic fields
are present on the outer surfaces of the double layer,
with a field distribution similar to that on the two sur-
faces of a single-layer structure. As the total double-layer
structure is thick, the surface wave has a lower intensity
on the exit surface than that on the incident surface.
When the hole array in the two layers are laterally offset
by 0:5 μm (half the periodicity), the fields remain concen-
trated on the outer surfaces and are essentially the same,
as shown in Fig. 2(b). The resonance wavelength is al-
most unchanged by the lateral shift.

For the guided mode, the field distribution depends
strongly on the lateral shift. Figure 2(c) shows that, in
the aligned sample B1, Ez on the outer surface is signifi-
cantly weaker. Instead, the surface charge is confined to
the gap between the two metallic layers. We refer to this
resonance as the guided mode because the propagation
of the field inside the gap is along the gap in a direction
orthogonal to the incident light [24], just like the trans-
verse electromagnetic mode existing between two metal-
lic plates in proximity. In the literature, this mode has
also been called a gap SP or internal SP [16,21]. The hole
arrays on the metal plates enable the guided mode to be
coupled to incident light of appropriate wavelength,
giving rise to the transmission maximum. When the
two hole arrays are misaligned, the mode profiles are

Fig. 2. Longitudinal Ez field distribution for (a) the SP mode of
sample B1, (b) the SP mode of sample B2, (c) the guided mode
of sample B1, and (d) the guided mode of sample B2. The in-
coming wave is polarized along the x direction from the bottom
with unit amplitude. Field with intensity exceeding unit ampli-
tude is plotted in the same color as unit amplitude. The dashed
lines enclose the metallic region.
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changed, leading to a shift of the resonant wavelength of
the guided mode.
Recently, the optical transmission through double-

layer slit arrays has also been investigated [11,23]. Like
subwavelength hole arrays, SP resonance is found to play
an important role. The main difference is that individual
slits with sufficient thickness support propagating wave-
guide modes, whereas such modes are evanescent in sub-
wavelength holes. As a result, the optical properties of
single- and double-layer slit arrays are qualitatively differ-
ent from hole arrays. In particular, calculations indicate
that the guided mode observed here in double-layer hole
arrays are absent in double-layer slit arrays, consistent
with previous experiments [11,23].
Our results demonstrate that the relative lateral displa-

cement could have a strong influence on the optical prop-
erties of multilayer subwavelength metallic structures.
Apart from the effect on the resonant wavelength of var-
ious transmission modes shown here, it appears likely
that lateral shift of the two metal layers could also modify
the time delay of optical pulses transmitted through the
structure. With the proper design, bilayer hole arrays
have been shown to exhibit negative refraction at speci-
fic wavelengths [18–22]. The effect of the lateral shift on
negative refraction is an interesting topic that warrants
further investigation.
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