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A thin gold film perforated with an array of subwavelength holes is known to exhibit extraordinary trans-
mission at normal incidence, irrespective of the state of polarization of illumination �T. W. Ebbesen et al.,
Nature �London� 391, 667 �1998��. We report that, at slightly non-normal incidence ��8°�, a properly de-
signed inductive metal nanogrid may act as a window �with enhanced transmittance of 70%� or a mirror �with
zero transmittance and enhanced reflectance� at a given wavelength, depending on the state of polarization of
incident light. Experimental and numerical investigations reveal the role of surface plasmons as the underlying
physical mechanism of this effect.
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The extraordinary transmission effect mediated by surface
plasmons in periodically perforated metal films has invoked
much interest since its discovery1 and has led to many im-
portant applications.2 The debate on the physical mechanism
of this effect �especially the positive or negative role of sur-
face plasmons� is still ongoing,3–6 but it is commonly agreed
that the transmission effect involves two major contributions:
the resonant excitation of propagating surface plasmon po-
laritons �SPPs� on the continuous metal surface and the di-
rect scattering of light through the nanoholes.7–10 The latter
one is a nonresonant diffraction process, in which the local-
ized fields within the volume of the holes are termed by
different authors as cavity surface plasmons �CSPs�,7 propa-
gating modes,10 etc. Regardless of the difference of terminol-
ogy, the field bounded to the metallic hole walls is in nature
built up by collective oscillation of electrons7 and is there-
fore also referred to as CSPs in this paper. The incident light
can be coupled, via the diffraction Bloch modes of the grat-
ing, to both the SPPs and CSPs; it is the interference between
the resonant and nonresonant processes that leads to the
Fano-type profile of the transmission spectrum.8,9

Recently, Braun et al. reported on a suppressed transmis-
sion effect in a perforated ultrathin metal film where the
strong coupling of SPPs on the upper and lower interfaces of
the film is dominant.11 It shows that perforated metal films
may also produce suppressed transmission besides the well-
known enhanced transmission effect.

In this paper, we report that a properly designed inductive
metal nanogrid can exhibit a polarization-selective window-
mirror effect at slightly non-normal incidence. That is, by
altering the polarization direction of incident light, the induc-
tive grid may act as a window �with enhanced transmission�
or a mirror �with fully suppressed transmission and enhanced
reflection� at a given wavelength. Different from Braun’s
structure,11 the inductive grid studied in this work is thick
enough to prevent the coupling of SPPs on the two inter-
faces; it is the interference of the lower-interface SPPs with
the CSPs that leads to the window-mirror effect. We present
experimental and theoretical explorations to reveal the un-
derlying physics. The work may be helpful to the full under-
standing of the role of surface plasmons in the light trans-

mission effect in perforated metal films and may lead to new
applications such as light-switching plasmonic devices.

The investigated inductive grid, shown in Fig. 1�a�, is a
thin gold film perforated with an array of square holes on a
fused silica substrate. The incident light lies in the Oxz plane
containing one periodic direction and the grating normal,
with the electric field vector perpendicular to �s-polarization�
or in �p-polarization� the Oxz plane. The structure was de-
signed to exhibit the polarization-selective transmission ef-
fect at a telecommunication wavelength �=1300 nm, by us-
ing the rigorous Fourier modal method for crossed gratings12

for numerical optimization. The refractive index data of gold
film used in simulation, which are considerably different
from those of bulk gold, were measured by ellipsometry on a
100-nm-thick homemade gold film.13

We fabricated the inductive nanogrids by standard elec-
tron beam lithography and lift-off technique. Figure 1�b�
shows a fabricated sample, whose parameters were measured
as d=800 nm, h=65 nm, and w=375 nm. Its transmittance
and reflectance were characterized at various incident angles
by spectroscopic ellipsometry �with a variable angle spectro-
scopic ellipsometer VASE produced by J. A. Woollam Co.�
in the wavelength range 1000�1600 nm for the two polar-
ization cases.

At normal incidence, the observed zero-order transmit-
tance of the sample �not shown here� does not depend on the
polarization direction of incident light, as expected, due to
the symmetry of the configuration. However, when the angle
of incidence deviates slightly from normal direction, the
transmittance exhibits a sensitive dependence on polariza-
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FIG. 1. �Color online� �a� Geometry of the inductive gold grid.
�b� Scanning electron microscope image of a fabricated sample.
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tion. Figure 2 shows the measured transmittance spectra of
the sample at an incident angle �=8° under s- and
p-polarized illuminations, which are in good agreement with
the numerical simulations. For s-polarization, the transmit-
tance curve is almost the same as in the normal incidence
case, exhibiting an enhanced transmission peak of 70%
around wavelength �=1300 nm. Whereas, for
p-polarization, a fully suppressed transmittance dip �nearly
0%� appears at the same wavelength. This indicates that, on
the same sample at the same incident angle, we can switch
between an extremely enhanced and suppressed transmission
just by altering the polarization direction of incident light.
For reference, a uniform gold film with the same thickness of
65 nm has a transmittance below 0.1%.

To understand the underlying physics, we first revisit the
light-matter interaction process in metallic gratings. When
light penetrates the metallic grid, it excites Bloch modes in-
side the grating layer, which are then coupled directly �a
nonresonant process� or via SPPs �a resonant process� to ra-
diative diffraction orders at the output surface of the
grating.14 In the inductive grid, the signature of nonresonant
excitation of quasiperiodic Bloch modes can be observed as
the periodically distributed CSPs localized on the walls of
square holes �because the holes behave as effective electric
dipoles under external electromagnetic excitation�. Since this
is a nonresonant process, the CSPs should be visible in a
wide wavelength range, despite the variation of its field
strength. The SPPs, however, can only be excited at certain
wavelengths. The excitation condition of the �p ,q�th-order
SPP mode on a metallic grating surface is6

�kx + pKx̂ + qKŷ� = k0 Re��m�d/��m + �d� , �1�

where kx=k0 sin �x̂ is the projection of incident wave-vector
on the grating plane, K=2� /d, x̂ and ŷ are unit vectors in
two periodic directions, k0=� /c is the vacuum wave-
number, and �m and �d are the permittivities of metal and
dielectric �air or silica�, respectively. When the resonance
condition of Eq. �1� is satisfied, one may observe a resonance
feature �i.e., the rapid variation of intensity� in the diffraction
spectra of the grating.

In addition, by replacing the right-hand-side of Eq. �1�
with ��dk0, we can obtain the occurrence condition of Ray-
leigh anomaly �RA� �Ref. 15� corresponding to the cutoff of
the �p ,q�th diffraction order in the upper or lower space with
permittivity �d.

Figure 3 demonstrates the measured and calculated trans-
mittance spectra of the sample in the kx−� plane, where the
dispersion curves of SPPs and RAs calculated with Eq. �1�
and its revised form are superimposed. The positions of SPPs
and RAs at �=8° are also indicated in Fig. 2 on the trans-
mittance spectra. It is seen that the dispersion curves of SPPs
match perfectly with the traces of transmission dip, which is
not fortuitous because the SPP mode of a flat metal film still
survives on the residual metal surface of a perforated film as
if it does not “see” the array of nanoholes.4,7 The so-called
modified SPP dispersion of a perforated metal film calculated
with the S-matrix-pole method4 is actually linked to the reso-

FIG. 2. �Color online� Measured �symbols�, numerically calcu-
lated �solid lines�, and Fano-profile fitted �dashed lines� zero-order
transmittance of the sample under �a� s- and �b� p-polarized illumi-
nations at incident angle �=8°. The dashed and solid vertical ar-
rows indicate the positions of RAs and SPPs. The insets show the
incident polarization configurations.
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FIG. 3. �Color online� Measured and calculated zero-order
transmittance of the inductive grid as a function of the in-plane
wave-number kx and angular frequency �. The superimposed white
solid and dashed lines are the dispersion curves of SPPs and RAs
calculated with Eq. �1� and its revised form, respectively. “sub” and
“up” indicate the substrate and upper interfaces.
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nance of the whole geometry, involving the contribution of
smooth-surface SPPs, CSPs, and other possible effects �such
as the Fabry-Pérot resonance�. The RAs are blueshifted a bit
with respect to the SPP modes of the same order, which
corresponds to the abrupt turning points on the transmittance
spectra in Fig. 2.

Comparing the two polarization cases, we can see that the
polarization-dependent transmission behavior arises from the
lift of degeneracy of the SPP modes at oblique incidence. For
s-polarization, in the spectral range of interest, only the
�0, �1�sub SPP modes on the gold-silica interface are excited
�consistently with the TM-excitation condition of SPPs �Ref.
6��, whose dispersion is still degenerate due to the symmetry
of the two modes with respect to the incidence plane and
exhibits small dependence on the incident angle �. For
p-polarization, however, the ��1,0�sub SPP modes are ex-
cited, whose dispersion is further split due to the asymmetri-
cal excitation condition of the two modes in the incidence
plane and is therefore very sensitive to �. Consequently, as
the transmittance of s-polarized case remains almost un-
changed with respect to the normal incidence case with the
increase of � in the Oxz plane, the transmission peak of the
p-polarized case turns drastically to a dip. By adjusting the

splitting of SPP dispersion by incident angle �, we can
thereby achieve the polarization-switching enhanced and
suppressed transmission at a given wavelength.

Now we proceed to analyze in depth the cause of the
transmission peaks and dips. As stated before, the transmis-
sion behavior of a perforated metal film �whose resonance
spectra usually have asymmetric profiles, as seen in Fig. 2�
can be interpreted by Fano analysis16 that accounts for the
interference between a discrete process �in our case, the reso-
nant excitation of SPPs� and a continuum �the nonresonant
CSPs�. With Fano’s model,16 the transmittance can be
expressed as

T��� = A
�q�/2 + � − �res�2

�� − �res�2 + ��/2�2 , �2�

where q is an asymmetry factor defining the ratio of the
resonant process over the nonresonant one, �res and � are the
central wavelength and width of the resonance, and A is a
free parameter normalizing the transmittance. Obviously, the
s-polarized spectrum in Fig. 2 has one resonance and the
p-polarized has two, due to the presence of different SPP
modes. By fitting the spectra with Fano’s model �for
p-polarized case, Eq. �2� is extended as a sum of two terms
depicting two resonances�, we can draw the fitted curves
�dashed lines in Fig. 2�, with the fitting parameters listed in
Table I, in which the last two columns correspond to the two
resonances in p-polarized case. It is seen that the fitted
curves can well reproduce the resonant features of the trans-
mittance spectra, verifying that the transmission is indeed
governed by the interference of a resonant and a nonresonant
processes in the weak coupling regime17 when the upper-
surface SPPs of the metallic film do not couple with the
lower-surface SPPs.

TABLE I. Fitting parameters of the Fano-profile transmittance
of the inductive grid for s- and p-polarization cases.

s-pol. p-pol.�1� p-pol.�2�

�res �nm� 1252 1212 1332

q 1.71 56.96 1.73

� �nm� 83.37 95.73 43.24

A 0.186 1.17	10−4 0.142

FIG. 4. �Color online� Numerically calculated zero-order transmittance T, reflectance R, total loss L, as well as the normalized amplitude
modulus of the corresponding resonant diffraction orders for �a�,�b� s- and �c�,�d� p-polarization cases, in which the coincidence of the loss
peaks with the amplitude peaks of diffraction orders is indicated by vertical arrows and ellipses.
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However, it is noticed that the fitted central wavelengths
of resonance ��res in Table I� coincide with neither the trans-
mittance peak nor the dip, which appears difficult to under-
stand at first sight. To reveal the underlying physics, we re-
call that the grating resonance is caused by energy transfer
from the Bloch modes via the “resonant diffraction orders”
�Ref. 15� to some guided or surface modes �in our case, the
SPP modes�. Therefore, the variation of strengths of the
��1,0� and �0, �1� transmitted orders that excite the corre-
sponding SPP modes at the gold-silica interface must be
examined.

In Fig. 4, we plot the numerically calculated zero-order
transmittance T, reflectance R, total loss L, as well as the
normalized amplitude modulus of the first transmitted orders.
Two important facts are observed. First, the transmission
peaks always correspond to the reflection dips and vice
versa; while the loss peaks may be shifted away from the
peak/dip positions of the transmittance and reflectance spec-
tra �especially at the resonance around 1330 nm�. Second,
the amplitude peaks of the resonant diffraction orders are
always in accordance with the loss peaks, just at the reso-
nance wavelengths �res predicted by the Fano-fit. Specifi-
cally, in p-polarization case, the �+1,0� and �−1,0� orders
contribute to the loss peaks around 1210 nm and 1330 nm,
respectively; in s-polarization case, both the ��1,0� orders
contribute to the loss peak around 1250–1270 nm.

The fitted q values in Table I imply that in this inductive
grid the SPPs have strong interference with CSPs at each
resonance except for the one at 1210 nm �for which q�57�,
but the SPPs are dominant �for q
1�. As a result of the Fano
interference, the transmission peak is redshifted from �res
and a dip appears before �res simultaneously.

Based on the above analysis, we can conclude an intuitive
physical picture of the light-matter interaction in the induc-
tive grid. At resonance �res, the energy in Bloch modes
couples strongly to SPPs and CSPs via the corresponding
resonant diffraction order, which should cause a strong field
confinement on the gold-silica interface and naturally raises
the energy dissipation leading to the loss peak. At an offset
wavelength smaller than �res, the resonance gets weaker
while the excitation condition of SPPs on the residual
smooth surface of the metal film is perfectly satisfied; the
SPP-dominant field gives rise to a suppressed transmission
and enhanced reflection. In contrast, at a wavelength longer
than �res, CSPs should take a dominant role, compared with
the weaker SPPs, which facilitates the enhanced transmission
and suppresses the reflection. This conclusion is consistent
with that of a recent study conducted with another analytical
model.7

To corroborate the above explanation, we have numeri-
cally calculated the field distribution and energy flow �the
time-averaged Poynting vector� on the upper and lower in-
terfaces of the inductive grid. Figure 5 shows the distribution
of electric field components E	 
�Ex

2+Ey
2�1/2 and Ez above

the two interfaces for p-polarized case at �=1330 nm �a loss
peak position�. We can intuitively see the stronger field con-
finement on the lower interface �due to the excitation of the
�−1,0�sub SPP mode� and a signature of the interference of
the SPP mode �indicated by the left-propagating energy flow
and the widely distributed Ez component on the residual

smooth metal surface� with the CSPs �indicated by the di-
polelike localized E	 component within the holes�.

At other wavelengths, we can calculate the near-field dis-
tribution likewise. Since in the spectral range of interest the
lower-interface SPPs are dominant �as seen from Figs. 2 and
3�, we show in Fig. 6 only the Ez distribution and energy
flow on the lower interface at six typical wavelengths. It is
seen that, in p-polarization case, when � deviates from the
resonance wavelength 1330 nm, the near field becomes
weaker �leading to less energy dissipation� and exhibits a
pure SPP-like feature at 1300 nm �corresponding to a trans-
mission dip� and an evident electric-dipole-like CSP feature
at 1345 nm �corresponding to a transmission peak�, indicat-
ing the dominant SPP mode and CSPs, respectively. At 1065
nm �the other transmission dip�, the right-propagating energy
flow indicates the presence of the �+1,0�sub SPP mode. In
s-polarization case, the fields at the transmittance peak �1270
and 1300 nm� and dip �1170 nm� also exhibit the dominant
CSP feature and SPP feature �the standing wave pattern
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FIG. 5. �Color online� Distribution of the amplitudes of E	 and
Ez �color plot, in the unit of incident field amplitude� and the energy
flow �arrows with the arrow length proportional to the magnitude of
the time-averaged Poynting vector� on the upper and lower inter-
faces for p-polarized case at �=1330 nm.
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caused by the interference of the �0, �1�sub SPP modes�,
respectively. These intuitive near-field calculations coincide
with the explained physical process very well.

In conclusion, we have reported a polarization-switching
enhanced/suppressed transmission effect in an inductive
metal nanogrid operating at a telecommunication wavelength
of 1300 nm under small incident angle. By exploring the
underlying mechanism, we revealed the contributions of
SPPs and CSPs in this effect. The study is helpful to the full

understanding of the role of surface plasmons in the light
transmission effect in perforated metal films and may lead to
new applications such as light-switching plasmonic devices.
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