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We report surface-plasmon-polariton-induced suppressed transmission through two-dimensional arrays of isolated
metal disks with a thickness comparable to optical skin depth of the metal. A transmittance dip of −17:5 dB is
achieved at the resonant wavelength of 1524 nm, compared to −12 dB for closed film. Coupling the light into
the surface-plasmon polariton results in enhanced absorption, which is potentially interesting in solar cell
applications. © 2010 Optical Society of America
OCIS codes: 050.0050, 240.6680, 260.3910, 260.5740.

It is well known that a high proportion of light can be
transmitted using an ultrathin metal film whose thickness
is comparable to its optical penetration depth. When the
film is periodically modulated by subwavelength aper-
tures, one intuitively expects that the ultrathin film could
transmit even more light because less material is block-
ing the light. Surprisingly, however, by means of anal-
ytical and numerical calculations [1], it was recently
predicted that the transmission can nevertheless be to-
tally suppressed. This nontrivial phenomenon is the com-
plete opposite of the widely known extraordinary optical
transmission of light through periodically modulated op-
tical thick metal films, which was first reported by
Ebbesen et al. [2]. Subsequently, the suppressed trans-
mission of light through ultrathin films pierced with
periodic arrays of subwavelength apertures was demon-
strated experimentally[3,4]. Numerical calculations [5]
also pointed out that near-zero transmission can be rea-
lized by a two-dimensional (2D) array of isolated metal
disks, while an ultrathin metal film modulated by a 2D
subwavelength hole array does not support a near-zero
transmission band. In this Letter, we experimentally de-
monstrate near-zero transmission of light through 2D ar-
rays of isolated metal disks with a thickness comparable
to their optical skin depth. The suppressed transmission
is associated with the resonance anomaly (one of Wood’s
anomalies [6–8]), which is attributed to the excitation of
the surface-plasmon-polariton (SPP) resonance.
Figure 1(a) illustrates a 2D array of isolated gold cir-

cular disks on a quartz substrate, where the thickness,
radius, and period of the disks are denoted by t, r, and
p, respectively. The inset in Fig. 1(a) indicates the propa-
gation direction and polarization of the incident plane
wave. Here we suppose that a plane wave illuminates the
structure at normal incidence. In our studies, we pre-
pared 2 cm × 2 cm2 samples with the standard electron
beam lithography (EBL) technique. First, a 100 nm
ZEP520A (3.6%, Zeon Corp., Tokyo, Japan) resist was
spin coated onto a 1 mm quartz substrate. Then a 15 nm
aluminum layer was thermally deposited on top of the
ZEP layer to prevent charging during EBL. The EBL ex-
posure was done with a 100 kV JEOL JBX-9300FS EBL
tool (200 μC=cm2 dose, 2 nA current, 6 nm spot size).

The aluminum layer was removed in undiluted MF-322
(Rohm and Haas, Coventry, UK), and the positive ZEP
resist was developed in ZED-N50 (Zeon Corp.) develo-
per. Then a brief descum process was carried out to re-
move any residual resist. Finally, 5 nm titanium and
15 nm gold were deposited before liftoff was performed,
concluding the fabrication process. The scanning elec-
tron microscope image is shown in Fig. 1(b), where
t ¼ 15 nm, r ¼ 262:5 nm, and p ¼ 700 nm. The fabri-
cated samples were characterized in a free space mea-
surement setup using a supercontinuum light source
(500–1750 nm, SuperK SCB-Compact 100-PC), as illu-
strated in Fig. 2(a). First, the emitted beam from the light
source was collimated and broadened via a parabolic
mirror. Then the light was linearly polarized by a polar-
izer before reaching the sample. The transmitted light
was reflected by a mirror and focused by another para-
bolic mirror, then finally collected by a fiber leading to a
spectrum analyzer (400–1750 nm, Ando AQ-6315E).

The measured transmittances at normal incidence for
different-sized structures are shown in Fig. 2(b), where
the dashed curve illustrates the transmittance spectrum
through a metal film with the same thickness as that of
the gold disks. As represented inFig. 2(b), one can observe
that the transmission is significantly suppressed, espe-
cially for the case with p ¼ 700 nm and r ¼ 285:0 nm.

Fig. 1. (Color online) (a) Schematic illustration of a two-
dimensional periodic array of metal disks on a quartz wafer,
where the thickness, radius of the disks, and period are denoted
by t, r, and p, respectively. Axis shows the propagation direc-
tion and polarization of the incident plane wave. (b) Scanning
electron microscope image of the structure, where t ¼ 15 nm,
r ¼ 262:5 nm, and p ¼ 700 nm.
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The transmittance is almost totally suppressed, around
−17:5 dB, at the resonant wavelength λ0 ¼ 1524 nm. Com-
pared to the case of unstructured metal film of the same
thickness (shown by the dashed curve), the transmittance
drops from−12 to−17:5 dB.Note that in this case themetal
surface coverage is only around 52%. The result shows a
phenomenon opposite to the extraordinary optical trans-
mission of light through film that is perforated by sub-
wavelength holes [9–12]. Intuitively, one expects that
the metal disk array, compared with the closed film, will
transmit more light. However, we emphasize that the mea-
surement demonstrates less light transmitted through the
array of gold disks. When p or r is varied, the resonant
wavelength changes slightly, as does the transmittance.
The resonant wavelength related to the suppressed trans-
mission is redshifted when increasing both p and r.
Like the result for the reflectance of the surface-

corrugated metal film [6–8,13], the strongly suppressed
transmission is related to the resonance anomaly (one
of Wood’s anomalies), which is due to the excitation
of the SPP resonance along the surface. The periodic
structure of the gold disk array enables light to couple
to the SPPs via reciprocal wave vectors [14]. The SPP re-
sonance appears when the wave vector of the surface
plasmon matches the wave vectors of the incident
photon and grating as in ksp ¼ k∥ � nGx �mGy, where
ksp is the surface-plasmon wave vector, k∥ is the compo-
nent of the incident wave vector in the plane of the grat-
ing, and Gx ¼ Gy ¼ 2π=p is the grating’s reciprocal
vector for the square array. For an ultrathin film with
a thickness, t, of 15 nm, the SPP modes guided by the
two interfaces strongly hybridize owing to the overlap
of their fields inside the metal. From Maxwell’s equations
and boundary conditions, the dispersion relation for the
ultrathin film can be derived for these coupled modes
[15]:

tanhðαmtÞ ¼ −

εmαmðεd1αd2 þ εd2αd1Þ
εd1εd2α2m þ ε2mαd1αd2

: ð1Þ

Here α2d1 ¼ k2sp − εd1k20, α2m ¼ k2sp − εmk20, and α2d2 ¼ k2sp−
εd2k20, with k0 being the incident photon wave number
in a vacuum. For the structures we investigate here, εd1 ¼
1 (air) and εd2 ¼ 2:088 (fused glass), and therefore
εd1 < εd2. For this strongly asymmetric geometry, the

Fig. 2. (Color online) (a) Free-space measurement setup. (b)
Measured transmittance spectra for periodic arrays of metal
disks (shown by the solid curves) when tuning the structure
parameters. As a reference, the dashed curve shows the trans-
mittance spectrum through a metal film with the same thick-
ness as the disks.

Fig. 3. (Color online) (a) Measured (solid curve) and simu-
lated (dashed curve) transmittance spectra for the case of
t ¼ 15 nm, r ¼ 285 nm, and p ¼ 700 nm. (b) Simulated trans-
mittance spectra as a function of the period p. (c) Simulated
transmittance spectra as a function of the thickness t.
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ultrathin metallic film supports only a single strongly
damped short-range surface-plasmon mode. For exam-
ple, when λ0 ¼ 1524 nm, the effective refractive index of
the SPP mode is around 1:50 − 0:011j. Of course, for an
in-plane modulated thin film, Eq. (1) will be subject to the
band-folding phenomena associated with the finite value
of the reciprocal lattice vector, G.
In Fig. 2(b), one observes that cusps occur around

1013 nm, in the case of p ¼ 700 nm, the cusps being in-
dependent of the radii of the metal disks. Previous stu-
dies [6,13] have shown that the cusps are related to the
threshold phenomenon associated with light diffracted
parallel to the surfaces, the so-called Rayleigh anomaly
(RA), which happens when λRA ¼ p

ffiffiffiffiffiεd
p

. When the wave-
length is above the RA point, the in-plane wave vector is
always larger than the wave vector of the light, thus in-
dicating that the reflection and transmission of high or-
ders can be negligible. Instead of transferring energy to
the high-order diffractions, the transmission of light is
suppressed because of the coupling of light into the SPPs
along the surface. Obviously, the structure determines
the coupling efficiency between the incident wave and
the SPP. When the structure is properly designed, the
transmission can be totally suppressed. Naturally, the
Rayleigh anomaly is determined entirely by the period,
p, of the structure and the permittivity of the surrounding
medium, εd, while having no dependence on the struc-
ture’s material and parameters. The wavelength of the
RA related to the (1,0) diffraction order appears at
λRA ¼ 700 × 1:445 ¼ 1011:5 nm, showing a good agree-
ment with the wavelength observed from the measure-
ment. We emphasize that the dips around 1065 nm in
Fig. 2(b) are artifacts arising from the supercontinuum
light source.
The nontrivial effect, i.e., near-zero transmission, was

also verified by numerical simulations (performed with
the aid of a commercially available finite integration
method [16]). For the optical properties of gold, we used
the experimental data from [17]. Figure 3(a) represents
the measured (solid curve) and simulated (dashed curve)
transmittance spectra when r ¼ 285 nm and p ¼ 700 nm,
illustrating a good agreement. The inset in Fig. 3(a)
shows the power flow at the resonance. For a gold disk
array at the resonance λ0 ¼ 1524 nm, the transmittance
(T), reflectance (R), and absorption (A) are 0.51%,
88.23%, and 11.26%, respectively. Note that T ¼ 10:21%,
R ¼ 85:16%, and A ¼ 4:63% for the case of the closed
film. We emphasize that the excitation of the SPPs results
in the suppression of transmission and the increase of
absorption as well as reflection. The transmittance as
a function of the period is shown in Fig. 3(b). The trans-
mittances are nearly zero at the resonant positions, and
the RAs coincide with the predicted spectral position.
Figure 3(c) illustrates how the resonances shift when
tuning the thickness of the gold disk. The resonances
are blueshifted when the thickness is increased. As

mentioned above, the SPP modes guided by the two in-
terfaces strongly couple, while they are almost de-
coupled for a thick film, i.e., t ¼ 200 nm. Under this
circumstance, the SPP resonance is related only to the
mode for a single interface. From the dispersion of the
SPP at an interface between a dielectric and a metal,
one knows that the SPP resonance is very close to the
RA, as shown by the dashed curve in Fig. 3(c). Mean-
while, the transmittances for all cases are nearly zero
at the resonances. Besides, it can be seen in Fig. 3(c) that
the RAs are independent of the film thickness.

In summary, we have experimentally demonstrated
near-zero transmission of light through gold disk arrays
whose thickness is on the order of its skin depth. The
experimental results have been verified by numerical si-
mulations, and the suppressed transmission is attributed
to the excitation of SPP waves. We have also shown the
Rayleigh anomalies, which have the same positions as
those predicted theoretically. The suppressed transmis-
sion results in enhanced absorption, which is potentially
interesting in the context of energy harvesting for solar
cells and photocatalysis.
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