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Very recently, in a short letter [Appl. Phys. Lett. 91, 111111 (2007)], we outlined some important results of
electromagnetic transmission in dual-metallic grating structures composed of two identical single-metallic
gratings with periodic subwavelength slit arrays. Here we describe and explain our theoretical study on the
propagation property of the electromagnetic radiation in such structures in detail. The results manifest that the
longitudinal interval and lateral displacement between the two single-metallic gratings strongly influence the
electromagnetic transmission behavior in the dual-metallic grating structures. We discover some interesting
phenomena such as the frequency shift and splitting of the high transmission peak, and the transmission
suppression over a broad frequency region. We reveal that the coupling between the two single-metallic
gratings is responsible for those phenomena. In addition, the case of oblique incidence is also explored.
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I. INTRODUCTION

Extraordinary electromagnetic (EM) transmission through
metallic slab with subwavelength hole or slit arrays has be-
come a hot realm, due to rich physics and potential applica-
tions (such as subwavelength photolithography,' near-field
microscopy,” optical modulator,®> and flat-panel display?),
since highlighted by Ebbesen e al.> Sharp transmission
peaks were observed at wavelengths much larger than the
diameter of the holes, and the transmittance could be several
orders greater than that predicted by standard aperture
theory.” This phenomenon, which is termed the extraordinary
EM transmission in metallic slabs with subwavelength mi-
crostructures, has been extensively investigated in a variety
of geometric configurations, with different periods, surface
structures, materials, or hole shapes.”!” Subwavelength me-
tallic microstructures have been proposed to develop novel
photonic devices and to explore unique physical effects, such
as in nonlinear optics and quantum optics.'8-22

An effective-medium model was proposed, which can de-
scribe well the property of the EM transmission in one-
dimensional metallic gratings with subwavelength slits for
the far-field case.?>?* In particular, this model is valid when
the grating period is much larger than the silt width. It should
be pointed out that the influence of diffracted evanescent
waves is neglected in this effective-medium theory, which is
acceptable in the far-field situation, because the evanescent
fields decay exponentially away from the surface of the me-
tallic slab. However, as is well known, the evanescent fields
carry the fine information of the subwavelength structure,
and play an important role in the guided-mode resonance
inside the slits.? It is of great interest to the investigation on
the EM transmission behavior in cascaded metallic structures
composed of two or more subwavelength gratings.

If two adjacent gratings have an appropriate interval, the
diffracted evanescent fields from different gratings would
feel and couple with each other. Chan et al.?® reported their
experimental results of the transmission of infrared radiation
in a kind of bilayer metallic structure, i.e., dual-metallic grat-
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ing (DMG) composed of two single-metallic gratings
(SMGs). The results revealed that the transmission is surpris-
ingly high at some particular wavelengths, even when a lat-
eral displacement L between the two SMGs forbids the direct
line of sight through the whole structure. The maximum of
transmission occurs when L is zero or half of the period, and
the minimum occurs when L is a quarter of period.”® Re-
cently, we briefly reported the EM transmission behaviors in
DMGs with subwavelength slit arrays.?” It is necessary to
describe and explain theoretically the extraordinary EM
transmission phenomena in such a kind of structures in de-
tail, which is the purpose of the present article. The finite-
difference time-domain (FDTD) simulation results present
here include not only the transmission spectra, but also the
spatial distributions of magnetic field H and the Poynting
vector S.

In our FDTD simulations, a mesh size about 2 nm is used
and the time step is less than 0.0045 fs in order to satisfy the
FDTD stability criteria (convergence). The perfectly matched
layer is used at the boundaries in the z direction. The peri-
odic boundary condition is used in the other boundaries. Two
periods of the grating are included during simulation. The
source used is a p-polarized plane EM wave with a
Gaussian-profile broadband frequency spectrum. The trans-
mission spectra are recorded in the far-field region.

II. NORMAL INCIDENCE

The DMG structure treated here is the same as that in Ref.
27, composed of two identical periodic SMGs. Any SMG has
a period of d=1000 nm, a slit width of =100 nm (in the x
direction), and a thickness of #=500 nm (in the z direction).
The two SMGs can be longitudinally separated by G and
laterally displaced by L. The whole structure is placed in air
surrounding, and the metal is silver (Ag), whose dielectric
constant obeys the following lossless Drude model?”-?

&(w) =1.999 - w)/?, (1)

where ®,=1.34639 X 10'® Hz is the plasma angular fre-
quency. Our FDTD simulations validate that the transmission
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FIG. 1. (Color) Transmission spectra of the SMG structure with
the thickness 4 ranging from 500 to 1000 nm.

of the p-polarized EM radiation with the magnetic field H
being parallel to the slits (along the y direction) is allowed
only. In contrast, the s-polarized radiation can never be trans-
mitted because the grating structures we investigated are
composed of the subwavelength slits. This fact implies that
the transmission in the DMG structures is associated with the
surface-plasmon polariton (SPP). We thereby only investi-
gate the p-polarized radiation in this work.

We divide this section into three subsections. In Sec. 1A,
the EM transmission through SMG will be discussed. In Sec.
1B, we devote to exploring the dependence of the extraordi-
nary EM transmission property on the longitudinal interval G
in DMG, without the lateral displacement (i.e., L=0). Fi-
nally, in Sec. 1C, the EM transmission through DMG with
both longitudinal interval and lateral displacement will be
investigated. It is noted that in this section only normal inci-
dence is explored. The oblique incidence will be briefly dis-
cussed in Sec. III.

A. In SMG structures

As a DMG contains two identical SMGs, it is necessary to
investigate the EM transmission property in SMG first. SMG
has been well investigated,”®7 and the results revealed that
the periodicity and thickness mainly influence the wave-
length of extraordinary EM transmission peak, and the width
of slit mainly influences the amplitude and linewidth of

FIG. 2. (Color online) Distributions of magnetic field at the
transmission peaks at (a) 2678 nm and (b) 1386 nm for a 1000-nm-
thick SMG, respectively. The dotted lines are the transverse distri-
butions of magnetic field at a half of thickness.
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FIG. 3. (Color) Transmission spectra in the DMG structure, with
the different longitudinal interval G ranging from O to 260 nm and
without the lateral displacement L=0.

transmission peak. By changing these grating parameters,
many interesting phenomena have been discovered and some
important applications have been found. For example, the
periodic, quasiperiodic, and aperiodic aperture structures in
thick metal film possess the extraordinary transmission
resonance.*” Slits perforated in the silver slab are designed
with variant widths to produce desired optical phase
retardations.!

In the present work, the transmission spectra of SMGs are
investigated for different grating thickness / ranging from
500 to 1000 nm, to seek the dependence of the wavelength of
the transmission peak on the thickness 4, with the goal for
revealing the physical mechanism behind the extraordinary
EM transmission. It should be noted that the 1000-nm-thick
SMG is in fact equivalent to a DMG structure without the
lateral displacement and the longitudinal interval (L,G=0),
i.e., the two 500-nm-thick SMGs are closely stacked to-
gether. The investigation of SMGs could provide the useful
information for understanding the EM transmission behav-
iors in DMGs. Here we fix the grating period
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FIG. 4. (Color) Distributions of magnetic field of (a) TPy at
1471 nm and (c) TP, at 1662 nm for G=100 nm. (b) and (d) are
the corresponding distributions of Poynting vector.
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(d=1000 nm) and the slit width (=100 nm) of SMG.

The calculated transmission spectrum of SMG is plotted
in Fig. 1. When A=500 nm, only one extraordinary EM
transmission peak (labeled as TP;) at ~1560 nm exists. TP,
exhibits the redshift as the grating thickness /4 increases, and
its spectral linewidth becomes broader. When £ is greater
than ~700 nm, the second extraordinary EM transmission
peak appears in the shorter wavelength regime, which is la-
beled as TPy, with the narrower spectral width than TP;. The
wavelengths of TP; and TPy exhibit the redshift as & further
increases. It should be pointed out that there exists another
narrow transmission peak at a much shorter wavelength
close to the period of 1000 nm, which originates from the
excitation of SPPs at both surfaces of SMG. We give a brief
discussion for this short-wavelength transmission peak in the
case of oblique incidence.

To reveal the physical mechanism behind the high trans-
mission, we would like to explore the spatial distributions of
magnetic field H at the wavelengths of TP; and TPs. Figures
2(a) and 2(b) depict the field distributions of TP; at 2678 nm
and TPg at 1386 nm, respectively, for the 1000-nm-thick
SMG. The magnetic field H in the z direction indicates the
character of the Fabry-Pérot-like guided-mode resonance in-
side the finite-length slit.!>?731:38 The transverse field distri-
bution across the slit (in the x direction), as sketched by the
dotted lines in Fig. 2, has a salient feature that the field
intensity at the midline of the slit is lower than that at the two
Ag-air boundaries, representing the emblematical character
of the symmetrically coupled-SPP modes. Therefore, the two
high transmissions should be associated with the Fabry-
Pérot-like guided-mode resonance of coupled-SPP modes in-
side the slits. Of course, the propagation behavior of the EM
wave inside the slits can be indeed given by a closed-form
solution.!?3!-3 According to a number of nodes inside the
slits, TP; and TPy are related to the zeroth-order and first-
order guided modes, respectively, in the 1000-nm-thick
SMG.

In the present work, we devote to the DMG structures
composed of two identical periodic SMGs with the grating
period of d=1000 nm, the slit width of =100 nm and the
thickness of #=500 nm only, and the wavelength range we
concerned is larger than the grating period. Thereby only the
zeroth-order Fabry-Pérot-like coupled-SPP mode inside the
slits is allowed. Of course, if the thickness of SMG is in-
creased, higher-order modes can also be supported, which
have the very similar properties with the zeroth-order mode.

B. In DMG structures without lateral displacement

After investigating the extraordinary EM transmission in
the SMG structures, we now focus on the DMG structures
without the lateral displacement (L=0), i.e., the two 500-nm-
thick SMGs are longitudinally displaced only. The simulated
transmission spectra are shown in Fig. 3 at different longitu-
dinal separation G ranging from O to 260 nm.

When G=0, the DMG structure is equivalent to a 1000-
nm-thick SMG. As mentioned in Sec. IA, there have two
extraordinary EM transmission peaks, as TPg at 1386 nm and
TP, at 2678 nm, which are associated with the first- and
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zeroth-order Fabry-Pérot-like guided-mode resonance of
coupled-SPP modes inside the slits, respectively. As G in-
creases, TP and TP; move toward each other gradually, and
exhibit the redshifts and blueshifts, respectively. In particu-
lar, when G is about 160 nm, TPy and TP; degenerate into a
single transmission peak located at a wavelength of about
1550 nm, which is almost identical to that of extraordinary
EM transmission in a 500-nm-thick SMG. The wavelength
of this single transmission peak hardly changes when G fur-
ther increases to 260 nm, while the transmittance monoto-
nously decreases, because the two SMGs have almost decou-
pled.

The distributions of magnetic field H and Poynting vector
S in the x and z directions are calculated. Figure 4 furnishes
the simulation results for G=100 nm, at two high transmis-
sion peaks of TP¢=1471 nm and TP;=1662 nm. Figure 5
shows the case of G=200 nm, in which only a single degen-
erate high transmission peak at 1550 nm exists. We can see
from Figs. 4 and 5 that at these high transmission peaks, the
magnetic field H is strongly confined inside the slits, corre-
sponding to zeroth-order Fabry-Pérot-like guided-mode reso-
nance of coupled-SPP modes inside the slits. For the Poyn-
ting vector S, one can see the EM radiation flows into the
slits from the entrance and then flows out from the exit in the
first SMG. Due to the coupling among the fields inside the
gap, the EM radiation flows into the slits of the second SMG
and then flows out. Such an EM transmission process is very
similar to the “conflux” and “distributary” of water in the
river. All these characters imply that any slit acts as an EM
flux channel or can be termed an “EM river,” and the high
transmission is mediated by the Fabry-Pérot-like guided-
mode resonance of coupled-SPP modes inside the slits. Not-
ing that for TPy and TP;, the H and S distributions have
some differences. Inside the gap, TP; has relatively higher
magnetic field H than TP and the energy flux for TP, is also
stronger (see Fig. 4). Of course, the EM field could also
penetrate into the metal Ag, in which the direction of the
Poynting vector S is opposite to that inside the slit and the
gap. This opposite energy flux is confined very close to the
Ag-air interface, and is difficult to be directly observed in the
figures.

The distributions of magnetic field H and Poynting vector
S inside the gap indicate the coupling between the two
SMGs. When G is greater than 160 nm, TPg and TP; degen-
erate into a single transmission peak at ~1550 nm, which is
close to the wavelength of the high transmission in a 500-
nm-thick SMG (~1560 nm). The coupling is very weak in
this larger gap case. When G decreases, the increase in split-
ting between TP¢ and TP; implies that the coupling becomes
stronger. When G is zero, i.e., the two SMGs form an insepa-
rable physical object, the coupling reaches the strongest
strength, and the interval between TPg and TP; gets its maxi-
mum value.

It is very useful to explore what mechanism contributes to
the coupling. Due to the subwavelength structure of SMGs,
inside the gap, only the zeroth-order diffraction is propagat-
ing mode, while the other higher-order diffractions are eva-
nescent fields in the z direction. Since evanescent fields de-
cay exponentially away from the surfaces of SMGs, the
propagating mode has no change in amplitude when propa-
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FIG. 5. (Color) (a) Distribution of magnetic field for the single
transmission peak at 1550 nm for G=200 nm and (b) the corre-
sponding distributions of Poynting vector.

gating in air, the increase in coupling strength with the de-
crease in G implies that the coupling should involve the dif-
fracted evanescent waves. It has been proposed that the
interaction of evanescent waves can influence the propaga-
tion behavior of EM radiation in the subwavelength slits.?
So the EM transmission phenomena observed in DMGs can
be understood by the interaction of evanescent waves from
the subwavelength slits of two SMGs. Of course, we can
understand this problem from an more intuitive physical pic-
ture. At the rear surface of the first SMG and the front sur-
face of the second SMG, the SPP modes can be supported,
respectively. When the two SMGs close with each other, the
two SPP modes will couple to form a coupled-SPP mode
propagating along the infinite-length gap. Based on this cou-
pling effect, the EM radiation from the first SMG can tunnel
into the second SMG through the gap. The increase in cou-
pling strength with the decrease in G results in the splitting
of the transmission peak.

The above discussions are limited within the case of G
<260 nm. When G is further increased from 260 nm, the
situation is quite different, and the calculated result is shown
in Fig. 6. For instance, when G~ 300 nm, the transmission
spectrum exhibits an unexpected transmission suppression
within a broad spectral region. When G is further increased
from G=300 nm, the high transmission emerges again. The
transmission peaks can be grouped into two types. Type I is
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FIG. 6. (Color) Transmission spectra in the DMG structure, with
the different longitudinal interval G ranging from 0 to 2000 nm and
without the lateral displacement L=0, where the open circles are the
results given by the effective-medium theory.
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FIG. 7. (Color online) Distributions of magnetic field simulated
by the FDTD method, at the wavelength of 2000 nm and with G
=900 nm, (a) in the real DMG structure and (b) in the equivalent
structure from effective-medium model with each effective-medium
thickness of 78 nm.

the transmission peak that occurs always around 1560 nm.
Type II includes all of other transmission peaks.

We now would like to reveal the physical mechanisms
behind the Type-I and Type-II transmission peaks. For Type-I
transmission peak, it is readily understood that it originates
from the cascaded transmission of the Fabry-Pérot-like
guided modes inside the slits in the two SMGs. For any
Type-II transmission peak, it cannot be explained by the cou-
pling effect among the evanescent fields inside the gap (or
coupled-SPP mode inside the gap), due to the short propaga-
tion distance of the evanescent fields in the z direction. To
get insight into the physical origin behind the Type-II peaks,
the effective-medium theory pioneered in Ref. 23 might be
valid. Based on the effective-medium model, the two SMGs
can be equivalent to two homogeneous slabs with the same
effective refractive index of d/a (=10 here) and the same

|||||‘IIIIII[I||ilEEEEEEE‘||||'Max
=1 ‘Min

FIG. 8. (Color) Distribution of magnetic field at the wavelength
of 1560 nm for G=300 nm, in this case, the EM transmission is
suppressed.
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FIG. 9. (Color) Dependence of the transmission spectra on the
lateral displacement L for the different longitudinal intervals G of
(a) 100 nm, (b) 130 nm, (c¢) 160 nm, and (d) 200 nm.

effective thickness of ah/d (=50 nm here), when the permit-
tivity of the metal is large enough (or in the perfect conduct-
ing metal case). However, it seems unlikely that the effective
refractive index and the effective thickness of SMG could
take 10 and 50 nm here, respectively, because the two SMGs
are not constructed by the perfect conducting metal. In the
frame of the effective-medium model, the DMG structure
with G>300 nm can be equivalent into a sandwich struc-
ture composed of a gap (with the refractive index n=1 and
the thickness G) separating two equivalent slabs (with the
refractive index ngy and the effective thickness hgg). Of
course, such a sandwich structure can be considered as a
multiple Fabry-Pérot cavity. Based on this model, we fit the
transmission peaks calculated by the FDTD simulations, as
shown in Fig. 6, and then obtain n. =10 nm and h.y
=78 nm. One can see that the fitted results, as shown by
open circles in Fig. 6, is in good agreement with the FDTD
results, suggesting that the Type-II peaks are caused by the
resonance of the Fabry-Pérot cavity modes. To further rec-
ognize the physical origin behind the Type-II peaks, we com-
pare the magnetic-field distribution of the DMG structure
with the effective-medium model. As an example, Figs. 7(a)
and 7(b) show the magnetic-field distributions simulated by
the FDTD method in the real DMG structure and in the
equivalent structure from the effective-medium model, re-
spectively, with G=900 nm and at a high transmission
wavelength of 2000 nm. One can see that the magnetic field
inside the gap exhibits indeed the typical field distribution
form of the Fabry-Pérot cavity, with a node at the midline of
the gap.

To understand the transmission suppression when G
~300 nm, the magnetic-field distribution is calculated, as
shown in Fig. 8. The field in the entrance of each slit of the
second SMG is extremely weak. Naturally, no EM radiation
can flow into the slit of the second SMG, resulting in the
transmission suppression. This weak-field region is due to
the completely destructive interference among all orders of
diffracted fields from the first SMG and their reflected fields
from the second SMG. It has been proved that any single-
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FIG. 10. (Color online) Dependence of Lg on G, where open

circles and open squares are from the FDTD simulations and the
theoretical model, respectively.

order diffracted field and its reflected field cannot give rise to
the completely destructive interference at the entrance of any
slit in the second SMG.

C. In DMG structures with lateral displacement

We now investigate the situation when the two SMGs are
laterally displaced, so that no direct line of sight exists be-
tween the slits.?%?7 Such an arrangement forbids directly EM
propagation through the slits of the first and second SMGs,
and would provide much information about the roles of the
diffracted evanescent fields inside the gap.

The dependence of the transmission spectra on the lateral
displacement L is explored at four different longitudinal in-
tervals G, and the FDTD simulation results are shown in Fig.
9, in which (a), (b), (c), and (d) correspond to G=100, 130,
160 and 200 nm, respectively. For example, we can see from

G =100 nm G =200 nm
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FIG. 11. (Color) Distributions of magnetic field at the transmis-
sion peaks when L=300. (a) TP¢=1494 nm and TP;=1700 nm
when G=100 nm. (b) TP¢=1488 nm and TP;=1592 nm when
G=200 nm.
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FIG. 12. (Color) Distributions of Poynting vector at the wave-
length of (a) TPg=1494 nm and (b) TP,=1700 nm, when L
=300 nm and G=100 nm. The insets in right side indicate the
energy flux directions in the structure.

Fig. 9(a) that as the lateral displacement L increases from
zero, the two transmission peaks TPy and TP; exhibit the
redshifts and blueshifts, respectively, and then degenerate
into a single peak at wavelength of ~1582 nm when L
~120 nm, which is very close to the wavelength of the
transmission peak in the 500-nm-thick SMG. If L increases
from 120 nm, the position of the single peak has almost no
change while the transmittance decreases, and then when L
increases to about 160 nm, the high transmission is sup-
pressed in a broad wavelength regime and the highest trans-
mittance decreases sharply from about 90% to 10%.2” This
suppression phenomenon is most prominent at Lg=170 nm.
As L increases further, the high transmission peak emerges
again at L~200 nm, and ultimately splits into two separated
peaks of TPy and TP, if L>250 nm. The separation be-
tween TPy and TP; becomes greater as L increases. We can
see from Fig. 9 that the phenomena as mentioned above are
universal properties for different longitudinal intervals G (at

FIG. 13. (Color) Distributions of magnetic field (a) and Poyn-
ting vector (b), at the wavelength of 1560 nm when L=170 nm and
G=100 nm (the EM transmission is suppressed).
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FIG. 14. (Color) Dependence of the transmission spectrum on
the lateral displacement L for the different incident angles, when
G=100 nm. (a) 5°, (b) 10°, (c) 20°, and (d) 40°.

least within the range of G<<200 nm). For instance, when
G=130 nm in Fig. 9(b), 160 nm in Fig. 9(c), and 200 nm in
Fig. 9(d), the transmission suppression is also observed,
which is most distinct at Lg=164, 154, and 142 nm, respec-
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tively. The FDTD simulation results indicate that Lg has a
decreasing tendency as G increases, as shown by circles in
Fig. 10.

To understand the high transmission in detail, the distri-
butions of the magnetic field H at some selected high trans-
mission wavelengths are calculated, as shown in Fig. 11(a)
for L=300 nm and G=100 nm as well as in Fig. 11(b) for
L=300 nm and G=200 nm. Obviously, for all the high
transmission, there is a common property that the magnetic
field H is very strong inside the slits, as a typical behavior of
the Fabry-Pérot-like guided-mode resonance of coupled-SPP
modes, similar to Fig. 2(a). In contrast, the field distributions
inside the gap have some differences. We can see from Fig.
11 that at the short-wavelength transmission peaks TPg
=(1494 and 1488 nm), the magnetic field H is weak at the
exit of each slit in the first SMG; while for the long-
wavelength transmission peaks TP;=(1700 and 1592 nm),
the magnetic field H is relatively strong. Distributions of
Poynting vector S are also calculated, as an example, Fig. 12
plots the results for TP¢=1494 nm and TP,=1700 nm for
L=300 nm and G=100 nm, corresponding to Fig. 11(a). In
Fig. 12(a) for TPy, the direction of energy flux inside the gap
is always along the —x direction, while in Fig. 12(b) for TP;,
opposite energy flux can be observed inside the gap. The EM
energy flux confined in the slits of the first SMG flows along
the gap into the slits of the second SMG. Since a nonzero
lateral displacement L forbids directly the EM propagation
through two slits, the coupling of EM fields inside the gap
should play an important role in the EM transmission. The
coupling strength is a function of G and L. This is the reason
why the EM transmission property in DMG depends not only
on the longitudinal interval G but also on the lateral displace-
ment L.

We now explore the physical mechanism behind the trans-
mission suppression (shown in Fig. 9) in the DMG structure
with the lateral displacement. Although the coupling of EM
fields inside the gap can explain the splitting and shift of the
transmission peak, the transmission suppression within a
broad frequency range is difficult to be understood in a simi-
lar way. We calculate the distributions of magnetic field H
and Poynting vector S, and the results are shown in Fig. 13
for G=100 nm and L=Lg=170 nm. Evidently, the strong
EM field and the energy flux exist inside the gap and the slits
of the first SMG, while there has almost no EM field and
energy flux inside the slits of the second SMG.

As mentioned above, in the case of G<260 nm, the EM
field inside the gap is the coupled-SPP mode propagating
along the infinite-length gap. Such a kind of coupled-SPP
mode can propagate along +x or —x direction inside the gap,
therefore, the counter-propagating coupled-SPP modes along
the infinite-length gap will certainly form a standing-wave
coupled-SPP mode, based on the interference principle. As
shown in Fig. 13, the entrance of each slit in the second
SMG matches nicely to a node of the standing-wave coupled
SPP. The most possible mechanism contributing to the trans-
mission suppression should be the destructive interference
among the counter-propagating coupled SPPs inside the gap.
For the extraordinary EM transmission and the directional
emission,'® it was proposed that each opening of subwave-
length metallic structures, including slits,>® holes,* and
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grooves,*! can be regarded as a source of coupled SPPs. In

the DMG structure, the exit of each slit in the first SMG can
be regarded as a source of coupled SPPs. The field at the
entrance of each slit in the second SMG determines the prob-
ability of exciting the Fabry-Pérot-like coupled-SPP modes
(as mentioned above) in the slits of the second SMG, which
can be converted into free-space EM radiation at the rear
surface of the second SMG. Due to the coupling effect be-
tween the two SMGs, the interval G will affect the propaga-
tion property of the coupled-SPP modes inside the gap. Con-
sequently, the suppressed transmission caused by the
destructive interference depends on the parameters of G and
L.

We now seek the necessary condition when a node of the
standing-wave coupled SPP inside the gap is nicely placed at
the entrances of each slit in the second SMG. We label dif-
ferent slits in the first and second SMGs by the integral in-
dices m. With the nonzero lateral displacement L, the posi-
tion of the mth slit in the second SMG is between the mth
and (m+1)th slits in the first SMG. The coupled-SPPs emit-
ted by a pair of slits in the first SMG, the (m—j)th and
(m+j+ 1)th slits, lead to a phase difference at the entrance of
the mth slit in the second SMG, as

Ag(m,j) ={[(m+j+1)—m]d — Lg}K s
—{[m—(m—j)]d+ Lg}K
= (d - 2LS)Keff’ (2)

where K is the effective wave vector of the coupled SPP in
the x direction inside the gap.** Clearly, A¢(m, j) is indepen-
dent of m and j, implying that the coupled SPPs emitted
from any pair of the (m—j)th and (m+j+1)th slits in the first
SMG have the identical phase difference at the entrance of
the mth slit in the second SMG. Therefore, the destructive
interference between the counter-propagating coupled SPPs
emitted from the exits of any pair of the (m—j)th and
(m+j+1)th slits in the first SMG will always occur at the
entrance of the mth slit in the second SMG, provided that

A¢(m’]) = (d - 2LS)Keff= (Zp + l)’JT, (3)

where p is an integer. Here we use the dispersion relation of
the coupled-SPP mode in a metal-dielectric-metal structure
with the smooth interfaces*? to approximately determine K,
of the coupled-SPP mode propagating along the x direction
inside the gap in the DMG structure, as follows

(8mﬁ - Sd’}’)exp(— IBG) = smﬁ +e47, (4)

where &, and &, are the permittivity of the diclectric (air)
and the metal (Ag), B=VK —egkg and y=\K—e,k5, ko
=2m/\ is the wave vector in vacuum, respectively. For the
concerned case here, p in Eq. (3) can take p=0 only, so Ly is
determined by

LS = (d - W/Keff)/z. (5)

Thus the dependence of Ly on G is easily calculated by
Egs. (4) and (5), and the results are plotted by the squares in
Fig. 10. Evidently, the theoretical results are in good agree-
ment with the FDTD simulations, although Eq. (4) is impre-
cise for treating our problem (because the two boundaries of
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the gap are not smooth surfaces). Therefore, the destructive
interference of counter-propagating coupled-SPP modes in-
side the gap may be the most responsible mechanism for the
transmission suppression.

III. OBLIQUE INCIDENCE

We also simulate the dependence of the transmission
spectrum on the lateral displacement L for three incident
angles of 5°, 10°, 20°, and 40°, respectively, at G=100 nm.
The calculated results are shown in Figs. 14(a)-14(d). As the
incident angle increases, the transmission behavior at around
L=150 nm will experience an evolution from transmission
suppression to the appearance of single peak, and to the split-
ting of peak. The essential difference of the oblique inci-
dence from the normal incidence is the disappearance of the
transmission suppression around L=150 nm. The physical
origin can be still understood by the interference effect of the
coupled-SPP modes inside the gap. Referencing to the case
of normal incidence in Sec. II, in the case of oblique inci-
dence, the coupled SPPs emitted by a pair of slits in the first
SMG, the (m—j)th and (m+j+ 1)th slits, lead to a phase dif-
ference at the entrance of the mth slit in the second SMG, as
follows

Ayp(m,j) ={[(m+j+1) —m]d — Lg}K
—{lm—=(m-j)ld + LK 4+ (2j + 1)dk, sin 6
= (d - 2LS)Keff+ (2] + l)dko Sin 6, (6)

where the term of (2j+1)dk, sin 0 is an additional phase
caused by the oblique incidence with an incident angle of 6.
Clearly, the phase difference depends on j while is indepen-
dent of m. If assuming the phase difference of the coupled
SPPs emitted from the two most adjacent slits in the first
SMG with respect to the mth slit in the second SMG,
Aoy (m,0)=(d-2Lg)K 4+dky sin 6 when j=0; to be , it is
difficult to make Agy,(m,j) for any j be 7 or 2p+1)m
simultaneously. We thereby can never expect that all
A, (m,j) for any j are in phase and equal to 7 or (2p
+ 1)7r. Inasmuch as the perfect destructive interference is for-
bidden, the transmission suppression phenomenon disap-
pears under the oblique incidence. We also find that the
transmission peaks (both TPy and TP;) exhibit the redshift as
the incident angle increases, as shown in Fig. 14. Moreover,
when the incident angle is large enough, the lateral displace-
ment has weak influence on TPy and TP; in the transmission
spectrum, unlike in the situation of smaller incident angle.
In addition, in the short-wavelength region, a narrow
transmission peak is also observed, as shown in Fig. 14. As
is well known, such a transmission peak is caused by the
excitation of surface resonance mode of SPPs,>~’ which is
labeled as TP t,ce- The TPy .cc curve has the bowlike shape
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and exhibits the symmetry about L=d/4=250 nm, which
implies that TPy, is influenced by the lateral displace-
ment. In the case of larger incident angle, the TP, curve
becomes a nearly straight line, suggesting that the lateral
displacement has almost no influence on TPy, .. As the
incident angle increases, TP,,.. exhibits the redshift mov-
ing faster than that of TPy and TP;. When the incident angle
is very large, for instance, as shown in Fig. 14(d), the part of
TPg has been swallowed down by TPg,... In particular,
when the incident angle is large enough, TPg will completely
disappear due to the strong interaction between SPP and
Fabry-Pérot resonances at large angles.®

IV. CONCLUSION

We devote to investigating the EM transmission property
of the DMG structures composed of two identical SMGs
with the periodic subwavelength slit array in detail. Using
the FDTD method, we calculate the transmission spectra, the
distributions of magnetic field H and Poynting vector S, for
different lateral displacements and longitudinal intervals be-
tween the two SMGs under the normal incidence. Some in-
teresting phenomena are found, including the frequency shift
and splitting of transmission peak as well as the transmission
suppression within a broad spectral region. The physical
mechanisms behind these phenomena are revealed. In addi-
tion, under the oblique incidence, we explore the EM trans-
mission property of the DMG structures, and discover the
disappearance of the transmission suppression phenomenon
and recognize its physical origin.

These interesting properties make the DMG structures
may be a kind of promising important photonic elements in
future nanophotonic systems. The DMG structures have
some advantages with respect to the SMG structures. For
example, the transmission peak of a SMG is very sensitive to
any parameter (such as period and slit width) fluctuations
that are unavoidable in practical fabrication. Once a SMG is
fabricated, it is difficult to tune the wavelength of high-
transmission peak. However, if the DMG structure is used,
the transmission window can be easily controlled by tuning
the lateral displacement or/and longitudinal interval between
the two SMGs. The transmission wavelength of the DMG
structure can be precisely adjusted before solidified into a
photonic circuit or chip.
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