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We report in this Letter that when radiation is incident on a metal surface perforated with an array of

ring-shaped subwavelength apertures, the phase difference between the propagating surface Bloch wave
and the localized surface wave can be tailored by the geometrical parameters of the array so as to affect the
shape of the transmission spectrum. Above the resonant frequency of the aperture, interference between
the two kinds of surface waves leads to a minimum in the transmission spectrum, whereas below it, the

interference leads to a maximum. We suggest that this feature provides flexibility in engineering surface-

wave-based all-optical devices.
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The extraordinary optical transmission through arrays of
subwavelength apertures on metal films has recently at-
tracted much attention [1-13]. This phenomenon was ini-
tially suggested to be associated with surface plasmon
polariton (SPP). With the help of the reciprocal lattice
vectors provided by periodic arrays of subwavelength
apertures (ASWA) on a metal surface, a surface Bloch
wave can be excited by the incident light [1-9]. More
recently, it was also proposed that due to the dynamic
diffraction of the incident wave by interfacial microstruc-
tures, composite diffracted evanescent waves are generated
and contribute to the extraordinary light transmission [10].
Now the physical processes governing the extraordinary
transmission can be understood as follows. The excited
surface electromagnetic Bloch wave on the structured
metal surface enhances the evanescent field at the apertures
and thus contributes to funneling light through the aperture
array [12,13]. We denote this transmitted field of the
propagating surface modes (PSM) as Epgy. In addition
to the propagating surface wave, there also exists a regional
resonant excitation around each aperture, which is known
as the localized surface mode (LSM) [14-18]. The incident
light may partially transmit through the subwavelength
apertures on metal film, bearing the phase configuration
contributed by LSM around the aperture [14]. We denote
this portion of light as Ejqy. Although the interaction of
interfacial waves on metallic surfaces has been investi-
gated before [10,19-24], previous studies have focused
either on the interference of incident wave with PSM
[10,19,20], or on the coupling of surface waves associated
with SPP [14,17,21-24]. The detailed coupling process of
these waves, however, has not been directly addressed.

We report here that the transmission spectrum can be
tuned by the geometrical parameters of an array of sub-
wavelength ring-shaped apertures, which can be ascribed
to the change of phase difference between the excited
propagating surface wave Epgy; and the localized surface
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wave Ejgy. Above the resonant frequency for the ring-
shaped aperture, destructive interference between the two
kinds of surface waves leads to a minimum in the trans-
mission spectrum, whereas below the resonant frequency,
constructive interference leads to a maximum.

Two types of aperture arrays are prepared on gold films
by photolithography [25]. The first type consists of open
square apertures. The edge of each square aperture is
2.0 um, and the lattice parameter is 6.0 um [Fig. 1(a)].
The second type is a square aperture centered with a
compact square metallic patch, forming a ring-shaped
evacuated region. The outer edge of the aperture is
2.0 um long, the central patch is 1.0 wm [Fig. 1(b)], and
the lattice parameter is the same as that of Fig. 1(a). The
transmission spectrum of an individual aperture of each
type is calculated by finite-difference time-domain
(FDTD) method [26]. For the open square aperture, in
the midinfrared frequency range, the transmission in-
creases monotonically as the wave number increases
[Fig. 1(c)]. For the ring-shaped aperture, a distinct resonant
peak appears at v, = 968.75 cm ™! [Fig. 1(d)]. The phase
shift of light transmitted through an individual aperture on
a metallic film with respect to that propagating in free
space, ¢(v), is calculated. For an isolated open square
aperture, ¢(v) varies from 0.4687 to 0.0127 [Fig. 1(e)].
For an isolated ring-shaped aperture, ¢(v) varies from
0.4617 to —0.2647, and zero phase shift occurs near the
resonance frequency v, [Fig. 1(f)]. The resonance behav-
ior of an aperture is analogous to an inductive-capacitive
circuit [27], where ¢(v) varies in the range of [7/2, 0] for
an open aperture, and in [—7/2, 77/2] for a ring-shaped
aperture [28].

The transmission spectra of the aperture array on gold
film are shown in Fig. 2. The FDTD calculation for an open
aperture array is illustrated by the solid line in Fig. 2(a).
Four distinct peaks are located at 476.56 cm™!,
667.97 cm™!, 953.13 cm™!, and 1058.59 cm™', respec-
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FIG. 1. SEM micrographs of arrays of open square apertures
(a) and ring-shaped apertures with a central solid square metal
patch (b). The bar represents 2.0 um. (c) and (d) are the FDTD
calculated spectra of an open aperture and a ring-shaped aper-
ture, respectively. (e) and (f) show the phase shifts of an
electromagnetic wave passing through an individual open square
aperture and a ring-shaped aperture with respect to the free
propagation wave, respectively.

tively. The open circles are the experimental data, which
are in agreement with the calculation. The solid line in
Fig. 2(b) is the calculated result for the ring-shaped aper-
ture array. Three peaks are located at 476.56 cm™!,
667.97 cm ™!, and 953.13 cm™!, respectively, and a dip
appears at 1058.59 cm™'. The wide bump around », =
968.75 cm™! is due to the resonance of LSM. The experi-
mental data are in good agreement with the calculation,
except near 1108.9 cm™! (as indicated by the open arrow),
where the absorption of the silicon substrate [29] obscures
the detailed features that appear in the calculation. Figure 2
(b) shows that below the resonance frequency of the aper-
ture (v(), enhanced transmission (peak) appears at the
specific frequencies, whereas above v, suppressed trans-
mission (dip) occurs instead. By changing either the aper-
ture configuration or the lattice parameter of the array, both
the position of transmission extrema and the value of v
can be tuned.

As normal incident light interacts with the periodic
aperture array at the air-metal interface, extraordinary

transmission occurs at Ve = nLﬁG,- j [1], where ngg is
o b

the effective refractive index of the perforated metallic
film, ¢ is the vacuum light velocity (for convenience, ¢ is
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FIG. 2. The transmission spectra of arrays of open square
apertures (a) and ring-shaped apertures (b). The solid lines are
the calculated spectra and the open circles are the experimental
data. The scale on the left side of the figure is for experimental
data, and that on the right side is for the calculated spectra (the
same in Figs. 3 and 4).

taken as unity), G;; = (i* + j*)/P is the reciprocal lat-
tice vector of ASWA, P is the spatial period of the array,
and i and j are integers. Accordingly, the extrema located
at 47656 cm™!, 667.97 cm™!, 953.13cm™!, and
1058.59 cm™!, as shown in Fig. 2(a), are indexed as
(1, 0), (1, 1), (2, 0), and (2, 1), which correspond to the
reciprocal lattice vectors Gy o, Gy 1, Gy, and G, of the
array, respectively. Note that for an open square aperture,
there is no resonance peak in the midinfrared frequency
range [Fig. 1(c)]. Therefore, four peaks emerge, as shown
in Fig. 2(a). For the ring-shaped aperture in Fig. 1(b), the
resonant peak appears at v, = 968.75 cm~!. Therefore,
the modes indexed as (1, 0), (1, 1), (2, 0) are enhanced,
whereas mode (2, 1) is suppressed [Fig. 2(b)].

We suggest that the detailed features of the extrema in
the transmission spectrum are determined by the difference
between the interference amplitude of Epgy and Ej gy and
the amplitude of Ejgq only. For a given ASWA, at the
frequency corresponding to G;;, the interference of Epgy
and Ej g\ gives

ijs

Eo(v) = Ersm + Epsm
= a(»)e’*E;,(v) + BefnEy,(v), (1)

where E;,(v) is the electric field of the incident light. Since
interference occurs only at frequencies corresponding to
G;j, the amplitude and the phase shift of PSM, g and 6;,
are taken as constants. Yet the amplitude and phase shift of
LSM, a(v), and ¢(v) are frequency dependent [28]. It
follows that the difference between the interference inten-
sity and the background, £, can be written as
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{ = Equ(V)Equ(v)" — ErsmEfgm
= B2 + 2aBcos[e(v) — byl (2)

If £ is positive, a peak appears in the transmission spec-
trum; if { is negative, a dip appears instead. Since the
cosine term in Eq. (2) has a range of [—1, 1], { is always
positive when o < 8/2 and dips do not appear in the
transmission spectrum. When « is comparable to S,
whether the extremum is a peak or a dip in the spectrum
depends on the phase shift between Ejq and Epgy,
(¥) = Oin-

We have numerically calculated ¢(») for the different
types of apertures [Figs. 1(e) and 1(f)]. The value of 6,
can be estimated from the behavior of extrema in the
transmission spectrum accordingly. Bearing in mind that
for the structure shown in Fig. 1(b), the interaction of
the surface waves is constructive below v ({ > 0) and is
destructive above v4({ < 0), and the transition occurs at v,
with {(»y) = 0; one may get 6;,, from Eq. (2). Meanwhile,
we apply ¢(vy) = 0 based on Fig. 1(f). It follows that 6,
equals to arccos(— %) for the ring aperture, which is within
[7/2, 7r]. If we suppose that the amplitude of Epgy; equals
to that of Ej gy, we get 6;, = %77.

By changing the configuration of the aperture array, the
extremum in the transmission spectrum can be tuned from
a peak to a dip, and vice versa. For example, consider
preserving the shape of each individual aperture while
increasing the lattice parameter of the array. The resonant
frequency of each individual aperture, v, is unchanged,
whereas the frequency of the resonant excitation indexed
as (i, j) decreases. Once a dip indexed as (i, j) shifts to the
left of vy, it changes to a peak, meaning that a previously
destructive interference becomes a constructive one. If,
however, we keep the shape of each individual aperture
and decrease the lattice parameter, the extrema move to
higher frequencies. In this way, more dips appear.

Instead of changing lattice parameter, the transmission
spectra can also be tuned by changing the aperture con-
figuration. For example, if the size of each central square
patch of ring-shaped aperture shrinks, v, increases.
Consequently, some dips in previous transmission spec-
trum become peaks.

To verify the above analysis, we have fabricated arrays
of ring-shaped apertures with different structural parame-
ters. In the first series of samples, the size of the central
patch is fixed at 1.0 wm, and the lattice parameter for the
array changes from 4.0 um to 8.0 um. For the second
series of samples, the lattice parameter is kept at 3.0 pum,
and the size of the central patch changes from 0.6 um to
1.0 pm. In the first series, the aperture shape is fixed,
so the resonant feature of LSM is kept, whereas the sur-
face diffraction of the PSMs is tuned when the lattice
parameter of the array is changed. Meanwhile, the calcu-
lated and the measured transmission spectra are shown in
Fig. 3. We focus on four resonant modes indexed as (1,0),
(1,1), (2,0), and (2,1). For the array with lattice parameter

8.0 wm, the resonant modes (1, 0), (1, 1), (2, 0), and (2,1)
appear at 358.59 cm™!, 503.13 cm™!, 713.28 cm™!, and
791.41 cm™!, respectively, all below the resonant fre-
quency of the individual aperture v, (968.75 cm™!).
Consequently, four distinct peaks are generated [Fig. 3
(a)]. When the lattice parameter of the array is decreased
to 6.0 um, resonant modes (1, 0), (1, 1), and (2, 0) appear
at 476.56 cm™', 667.97 cm™!, and 953.13 cm™!, which
are all below v,. The mode (2, 1) appears at 1066.41 cm™!,
which is above v. Consequently, mode (2, 1) tunes to a dip
while the others are peaks, as shown in Fig. 3(b). When the
lattice parameter is further decreased to 4.0 um, the
modes (1, 1), (2, 0), and (2, 1) appear at 1017.97 cm™!,
1432.03 cm™ !, and 1592.19 cm™!, respectively, which are
all higher than v,. So, three dips occur [Fig. 3(c)]. The
experimental data are consistent with the calculations.
For the second series, LSM resonance is tuned by chang-
ing the shape of each aperture, whereas the surface diffrac-
tion process is fixed since the lattice parameter of the array
remains the same. Meanwhile, the transmission spectra are
shown in Fig. 4. The calculated resonant frequency v, of
each individual aperture with patch size 0.6 pwm, 0.8 wm,
and 1.0 wm appears at 1684.57 cm ™!, 1240.63 cm™!, and
968.75 cm ™!, respectively, as illustrated by the dotted lines
in Fig. 4. The modes (1, 0), (1, 1), and (2, 0) for the array of
lattice parameter 3.0 um appear at 959.38 cm™!,
1350.00 cm™!, and 1916.41 cm™!, respectively. The
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FIG. 3. The transmission spectra of ring-shaped aperture ar-
rays with different lattice parameters: (a) 8.0 um, (b) 6.0 wm,
(c) 4.0 um. The bar in the inset represents 3.0 um. The solid
lines are the calculated spectra and the open circles are the
experimental data.
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FIG. 4 (color online). The transmission spectra of ring-shaped
aperture arrays with different central patch sizes: (a) 0.6 um,
(b) 0.8 wm, (c) 1.0 wm. The lattice parameter is kept at 3.0 um
and the outer rim of the aperture is fixed at 2.0 pm for all cases.
The resonant feature of each individual aperture is illustrated by
the dotted line, with the gray arrow indicating the resonant
frequency. The solid lines are the calculated spectra, and open
circles are the experimental data. The bar in the inset represents
2.0 um.

mode (1, 0) is below v, for all cases. So a peak always
emerges for the (1, 0) mode in these scenarios. When the
patch size is 0.6 um, the frequency of resonance mode
(1, 1) is below vy (v, = 1684.57 cm™!); hence, the trans-
mission is enhanced. When the patch size is increased to
0.8 um and 1.0 pum, the frequency of the (1, 1) mode
becomes higher than v(; hence, a dip appears for the
(1, 1) mode in these two scenarios. For mode (2, 0), its
frequency is always higher than v, for all cases; therefore,
only dips are observed for the (2, 0) mode.

It is noteworthy that in Figs. 3 and 4 the amplitude of the
interference peaks and dips is less pronounced than the
bump corresponding to LSM. Although adjusting the pa-
rameters of ASWA does induce an evident interchange of
peaks and dips, in the midinfrared region, the change of
intensity is unfortunately limited. However, this effect will
be enhanced when the wavelength is shortened.

To summarize, we demonstrate that the interference of
the propagating surface Bloch mode and localized surface
mode affects the transmission through ASWA; hence, the
extrema in the transmission spectrum can be effectively
tuned. We suggest that it provides additional clues to

understand the nature of extraordinary transmission
through subwavelength-aperture arrays.
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