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Effects of a bar on optical transmission through Z-shaped
metallic slit arrays∗
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We investigate the effects of a bar on optical transmission through Z-shaped metallic slit arrays by using the finite-
difference time domain (FDTD) method. A new hybrid Fabry–Perot (FP) surface plasmon polariton (SPP) mode emerges
when changing the geometric parameters of the bar, and this mode can be viewed as a coupling between FP mode and
SPP mode. In addition, an obvious dip appears in a featured area when the bar deviates from the central line, and a small
displacement of the bar leads to tremendous change of the dip. These behaviors can be attributed to the phase resonance.
In short, the structure is very sensitive to the metal bar. Furthermore, it combines photonic device miniaturization with
sensitivity, which is useful for making optical switches.
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1. Introduction
In 1998, Ebbesen et al.[1] experimentally demonstrated

that an “extraordinary” transmission of light could be ob-
tained through subwavelength hole arrays in metallic films.
To date, several physical mechanisms behind the phenomenon
of enhanced transmission have been proposed.[2–5] Most re-
searchers believed that the enhanced transmission is attributed
to the resonant excitation of surface plasmon (SP) supported
by corrugations surrounding the aperture. Moreover, some
researchers thought that the resonances of Fabry–Perot (FP)
modes in the slit can also give rise to enhanced transmission.[6]

The transmission resonance peaks associated with standing
wave modes generally appear at λN ≈ 2nl/N,[7,8] where λN

is the wavelength of the N-th order mode, n is the effec-
tive refractive index in the slit, and l is the length of the
slit. Most importantly, Guillaumee et al.[9] found that an-
other type of transmission mode is a hybrid of Fabry–Perot
mode and SPP’s.[9] In 2004, Lezec and Thio proposed the
diffracted wave model which involves the interference of com-
posite evanescent waves generated by diffraction of incident
light at the constituent subwavelength surface structure.[10]

Almost all of the parameters have been discussed to adjust
the light transmission through slit arrays, such as the period of
the slit array,[11,12] interface medium,[13,14] film thickness,[6]

and so forth.[15–18] The influence of geometric parameters on
the transmission through gold bent slit arrays with Z-shaped
channels has also been discussed. It is found that the trans-
mission of the metallic grating with a Z-shaped bent slit ar-

ray behaves nearly the same as that with a straight slit array
with identical slit length.[19] This indicated that the transmis-
sion property is promising for reducing the size of photonic
devices. However, there exist many difficulties in regulating
the parameters of the Z-shaped channel. We need to introduce
new parameters to adjust transmission spectrum more easily.

In this work, we introduce a bar to tune the transmission
spectrum through gold bent slit arrays with Z-shaped channels
by the finite-difference time domain (FDTD) method. Sim-
ulation results show that our proposed structure can promise
plentiful transmission behaviors by varying the same param-
eters of the bar as the slit parameters, such as the length and
width. In particular, an obvious dip can only emerge in certain
areas, and slight movement of the bars leads to tremendous
change of the light travel path when the position of the bar
varies. Furthermore, the new hybrid FP–SPP mode emerges
upon changing the geometric parameters of the bar, and this
mode can be viewed as a coupling between FP modes and SPP
mode. These new findings are due to the introduction of the
bar. Therefore, our research opens a door to a more adjustable
and multifunctional metal grating.

2. Metallic structures and simulation method
Figure 1 depicts schematically a unit cell of the Z-shaped

metallic grating. The period and thickness of the grating are
p = 750 nm and h = 500 nm, respectively. A grating slit,
with width w and length s1, s2, or s3 is modified by a trans-
versely located bar parallel to the left part of the Z-shaped
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slit. The central length of the Z-shaped slit is defined as
l = s1 + s2 + s3− 2w. As shown in Fig. 1, the size and loca-
tion of the bar in this work are adjusted to disturb the grating
slightly. Hence, the width w′ and length s′ of the bar, as well
as the distance from the central line d, are changed in a certain
range.
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Fig. 1. (color online) Scheme of a unit cell of the period metallic
grating.

In our two-dimensional (2D) FDTD calculations,[20,21]

we simulate the structure with a computational window of
Ly×Lz = 750 nm×5250 nm, where the structure in the x di-
rection is uniform and infinite. Periodic boundary conditions
are used above and below the slits along the y direction, while
perfectly matched layers (PMLs)[22] are applied on both the
left and right surfaces of the computational space, which re-
sults in a distance of 2250 nm from the interface of the gold
film along the z direction. The detecting location is set to
be 287.5 nm from the rear surface of the gold film, and the
transmission is normalized without a metallic structure. The
spatial mesh cells are set to be ∆y = ∆z = 3.5 nm, and the
time step is taken to be ∆t = ∆y/2c (c is the light velocity in
a vacuum). The prepared structure is excited by an ultrashort
linearly-polarized pulse. The incident light is considered to
polarize along the y axis and irradiate the structure along the
z direction in our work. Here, the metal is chosen to be gold
(Au). The frequency-dependent permittivity of the metal is
described by the Drude model as

ε(ω) = 1−ω
2
p/(ω

2 + iωγp), (1)

where the plasma frequency ωp = 1.37× 1016 Hz, the damp-
ing rate γp = 4.08×1013 Hz,[23] and ω is the angle frequency
of the incident wave.

3. Results and discussion
First of all, figure 2(d) depicts the calculated transmission

spectra of Z-shaped slit arrays with different values of width
w′ of the bar with the length s′ = 262.5 nm and the distance
d = 0 nm. As shown in Fig. 2(d), there are two transmis-
sion peaks in each of the transmission spectra of the bar bent

slit array. Based on Ref. [19], the shorter-wavelength trans-
mission resonance peak is mostly associated with the surface
plasmon resonance, while the longer-wavelength peak is rel-
evant to the localized waveguide resonance for the periodic
metal slit array with Z-shaped channels. The localized waveg-
uide resonance mode is characterized by constructive interfer-
ence along the channel between all partial transmitted waves,
in the way of FP cavity mode.[24] By introducing the bar, we
can see that a higher-order mode in the shorter wavelength
region appears as the bar width increases. Particularly, this
new mode is red-shifted and decreases with the other two res-
onance modes. The longer-wavelength resonance peak is red-
shifted obviously. Figures 2(a)–2(c) show electric field distri-
butions corresponding to three peaks at wavelengths of 812.9,
1082, and 1856 nm, respectively, with the bar width w′ be-
ing 50 nm. Based on Ref. [9], there is a continuous change
from FP-related peaks to SPP-related peaks, and the transmis-
sion modes are a hybrid of FP mode and SPP mode. The
coupling between the SPP mode and FP mode is apparently
enhanced, which is attributed to the constructive interference.
As shown in Figs. 2(a)–2(c), the intensity of electric field Ez

at λ = 1082 nm is stronger than that at λ = 812.9 nm and
1856 nm. We consider that the second peak is in the FP–SPP
mode, which results from the coupling between the SPP mode
and FP mode. Thus, the transmission peaks can be grouped
into three types: (i) surface resonance peak at λ = 812.9 nm
(judging from period p of this structure, it is 750 nm), (ii)
FP mode at λ = 1856 nm, and (iii) hybrid FP–SPP mode at
λ = 1082 nm.
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Fig. 2. (color online) Values of electric field Ez at (a) λ = 812.9,
(b) 1082, and (c) 1856 nm for width w′ = 50 nm. (d) Transmission
spectra through metallic grating with film thickness h = 500 nm,
central slit length l = 650 nm, and length s′ = 262.5 nm for differ-
ent widths of the bar.

The transmission behavior of the FP mode can be ex-
plained by the proposed model in Ref. [25]. It is universally
received that the resonance in a slit array with perpendicular
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cuts is attributed to three factors: the FP cavity, the surface cur-
rent flow, and the surface charge.[26] Even though the structure
considered here is different from that in Ref. [25], both struc-
tures have similar mechanisms. The bare metallic slit can be
treated as an FP cavity. The resonant wavelength of FP mode
in a bare slit array can be expressed by

2kLFP +θ = 2Nπ, (2)

where k = 2nπ/λ is the wave number, LFP is the length of the
cavity, θ is the total phase reflected at the ends of the slits, and
N is the correlation integer. For the smooth slit, current den-
sity standing waves are established with opposite signs on both
metal walls of each slit by oscillating incident light. The slit
can be considered as a parallel-plate capacitor and the capac-
itance is used to describe the ability to accumulate charges.
Introducing the bar is equivalent to shortening the length of
current flow. The decrement in the effective FP cavity can be
expressed as δJ. Besides surface current flow standing waves,
surface charge standing waves are also established on the walls
of the slit. The appearance of the bar is equivalent to the in-
crease in the length of the slit, the increment is denoted by δQ.
The total effect of the bar on the effective length of the FP cav-
ity is determined by Leff = LFP+δQ−δJ. If δQ > δJ, the effec-
tive length is larger than the actual length, the resonant wave-
length becomes larger. If δQ < δJ, the resonant wavelength
becomes smaller. The charge densities and surface currents on
the slit walls can be obtained from 𝑛×𝐻 = 𝐽 and 𝑛 ·𝐷= σ ,
respectively, where 𝑛 is the unit normal vector directed from
metal into air in slit, 𝐻 and 𝐷 are the magnetic field and elec-
tric displacement, and 𝐽 and σ are the surface current density
and charge density, respectively. When the bar is located in
the center of the antinodes (nodes) of the electric (magnetic)
field, the bar has the strongest influence on the charge density
but a weak effect on the current density, so that δQ > δJ and
the effective length of the FP cavity increases. As a conse-
quence, corresponding wavelength of the resonance peak be-
comes larger for the same order FP mode based on Eq. (2),
and the FP mode is red-shifted. In addition, the reduction of
the FP mode is associated with the energy loss inside the slit.

Compared with the FP mode, the surface plasmon reso-
nance mode is red-shifted slightly. The wavelength that cor-
responds to an in-plane surface plasmon resonance can be ex-
pressed as[27]

λ =
p√

i2 + j2

√
εd εm

εd + εm
, (3)

where p is the grating period, i and j are integers, εd and εm

are the relative dielectric constants of metal and dielectric, re-
spectively, and

√
εd εm/(εd + εm) is the effective refractive in-

dex. Effective refractive index of the structure increases with
bar width increasing, so λ becomes larger, which means that
the surface plasmon resonance mode is red-shifted, and the

decrease of the surface plasmon resonance transmission mag-
nitude is attributed to the weak lateral coupling between slits
as the bar width increases.

Based on Ref. [28], far from the crossing point, the modes
have either a well defined FP-mode or surface-mode charac-
ter. Conversely, close to the crossing point, the modes are in
the strong coupling regime and cannot be called either sur-
face modes or FP modes. Hence, the concept of coupled mode
is introduced. This concept allows the reconciliation of the
different points of view given in the literature to explain this
phenomenon. As shown in Fig. 2(d), the coupled mode is red-
shifted, and its value decreases accompanied by the other two
modes. The FP–SPP mode is a hybrid of FP mode and SPP
mode. As a consequence, its nature is influenced by FP mode
and SPP mode. Both the FP mode and SPP mode are red-
shifted and apparently decrease, which resembles the scenario
of the coupled mode.

Figure 3 shows the transmission spectra for Au metallic
slit arrays with Z-shaped channels with different bar lengths,
bar width w′ = 50 nm , slit length l = 650 nm, slit width w=
150 nm, and film thickness h= 500 nm. It is found that the
FP mode red-shifts compared with the transmission spectrum
of the Z-shaped metallic bent slit and then it keeps the same
wavelength 1856 nm until the bar length increases to 325 nm
(s′ = s1). By changing the length s′, a new coupled mode ap-
pears and red-shift takes place with the increase in length. As
shown in Fig. 3, the surface plasmon resonance mode is blue-
shifted when the bar length s′ > 175 nm and its value first
decreases and then increases.
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Fig. 3. (color online) Transmission spectra through metallic grat-
ing with film thickness h = 650 nm, central slit length l = 650 nm,
and bar width w′ = 50 nm for different lengths of the bar.

As stated above, the FP mode is red-shifted due to the in-
troduction of the bar, then kept at 1856 nm until the length of
the bar reaches 325 nm. This is because the FP mode is influ-
enced by the FP cavity. The introduction of the bar changes the
shape of the cavity, which causes the red-shift of the FP mode.
By changing the length, the FP cavity varies slightly and the
FP mode is kept at 1856 nm. However, when the length s′
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is equal to s1, the FP resonance mode decreases and is blue-
shifted because all light from the above cavity is prevented by
the bar.

The bar divides the left top section of the Z-shaped
waveguide into two parts and propagation behaviors of the sur-
face plasmon in these two parts are alike when the length s′ is
not larger than 175 nm (s4 = 175 nm). As a result, the sur-
face plasmon resonance peak is kept at 963.7 nm. Once s′ >
175 nm, the surface plasmon resonance peak is blue-shifted,
while both a forbidden band and an FP–SPP coupled mode ap-
pear. As the coupled mode is red-shifted, the forbidden band
width increases accordingly. Finally, the mode is gradually
combined with the FP mode when the bar length approaches
325 nm. These transmission behaviors can be explained by the
variation of coupling between FP mode and SPP mode under
the condition of s′ > 175 nm. The top and bottom cavities are
different when s′ > 175 nm, which leads to the variation of
coupling.

In Fig. 4(a), we fix the bar length s′ = 262.5 nm and the
width w′ = 50 nm and vary the distance d from 0 to 50 nm.
The FP resonance peak splits into two peaks in the transmis-
sion spectrum when distance d achieves 45 nm, and an obvious
transmission dip emerges. From Fig. 4(a), we can find that the
separation between FP resonance modes, the coupled mode,
and the surface resonance mode can be tuned by shifting the
position of the bar. The coupling between FP mode and SPP
mode gives rise to the coupled mode, and regulating the posi-
tion of the bar can lead to a red-shift of the coupled mode.

The physical origin of the transmission dip can be ex-
plained in terms of phase resonance as follows.[29,30] On the
one hand, it is well known that for a single periodic hole ar-
ray, the translation invariance can reduce the field degrees of
freedom to just a unit cell. Therefore, the fields in all holes are
equal when a plane wave is normally incident. As for com-
pound periodic hole arrays, this translation invariance can also
reduce the degrees of freedom to a unit cell, but it cannot en-
sure that the fields of different holes in a unit cell are identi-
cal. On the other hand, the FP resonance arises from individ-
ual hole slits, so the addition of extra hole slits to each unit
cell can introduce new FP modes (new degrees of freedom).
The FP modes induced by different holes in a unit cell are de-
generate if the holes have identical area, or non-degenerate if
these hole areas are different. For the non-degenerate case, it
is understandable that the field phases in different holes are
unequal.[29,30] As for the structure displaced in this work, if
the bar is located at the central line of the slit (d = 0 nm), the
two sections separated by the bar are equal. It is equivalent
to a single periodic slit array, and the field phases in the two
sections are equal due to the symmetry. If the bar lies at dif-
ferent positions, it affects the current density and charge den-
sity in a different way due to the asymmetry, which provides

new degrees of freedom for the field phase distribution. When
the phase difference between the two sections approaches π ,
an obvious dip resulting from destructive interference between
these two slits is present in the transmission spectrum.

In order to understand the dependence of phase resonance
on the position of the bar well, we proceed with more subtle
distance variation from d = 40 to 50 nm with a step of 2.5 nm
(see Fig. 4(b)). It is found that an obvious dip appears in a
featured area from d = 45 to 49 nm, which leads to the split-
ting of FP resonance peak. Furthermore, a new coupled mode
with a small value occurs near the surface resonance mode in
this area, which cannot be observed in an area of 0–45 nm.
Therefore, the slight movement of the bar causes tremendous
change of FP resonance mode. At this point, the structure can
be used in an optical switch. Moreover, there is a zero trans-
mission wave all the time in the featured area, and this result
may be useful for making adjustable filters.

Wavelength/mm

Wavelength/mm

1.0 1.5 2.0 2.5 3.0
0

0.2

0.4

0.6

0.8

1.0

T
ra

n
sm

is
si

o
n

d=0 nm
d=15 nm
d=30 nm
d=45 nm
d=50 nm

(a)

1.0 1.5 2.0 2.5 3.0
0

0.2

0.4

0.6

0.8

1.0

T
ra

n
sm

is
si

o
n

d=40 nm
d=42.5 nm
d=45 nm
d=47.5 nm
d=50 nm

(b)

Fig. 4. (color online) (a) Transmission spectra for different posi-
tions of the bar with s′ = 262.5 nm and w′ = 50 nm. (b) Transmis-
sion spectra for subtle variation of the distance d with s′= 262.5 nm
and w′ = 50 nm.

Under the condition of the bar length s′ = 262.5 nm,
width w′ = 50 nm, and d = 45 nm, the transmission spectra
are shown in Fig. 5(d). It is found that the maximal (mini-
mum) transmission always accompany the minimum (maxi-
mal) reflection. Figures 5(a)–5(c) show the contour profiles of
field Hx for two FP resonance peaks and the transmission dip
at λ = 1752, 1974, and 2181 nm, respectively. From these pro-
files, the filtering effect is clearly observed. The center wave-
length of the transmission dip is 1974 nm that is the same as
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that of the reflection peak. The coupling between resonators is
strongly confined by destructive interference, and promoted by
constructive interference. The cooperative coupling effect in-
duces the electromagnetic energy to be coupled back in the Z-
shaped waveguide, destructive interference, and a suppressed
state in the cavity with much weaker magnetic field. This sug-
gests that the lost energy is reflected back to the left side. It can
also be shown from Fig. 5(b) that intense magnetic fields exist
on the left side of the incident plane for λ = 1974 nm, which
indicates large reflection.[31] Figures 5(a) and 5(c) show the
values of magnetic field Hx at 1752 and 2181 nm, respectively,
which correspond to the central wavelengths of the two peaks
that result from the splitting of the FP resonance peak. How-
ever, in Fig. 5(a), the effects of the bar on the magnetic field
are contrary to those in Fig. 5(c), which indicates that the main
reason for the occurrence of the transmission dip is related to
the circumstance that the two slits resonate out of phase with
each other at the intermediate frequency of λ = 1974 nm. It is
the destructive interference between the electromagnetic fields
in the two slits that destroys the interference pathway forming
the transmission peak and allows the incident light to propa-
gate through the structure uninhibited.
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Fig. 5. (color online) Values of magnetic field Hx at wavelength of
(a)1752 nm, (b) 1974 nm, and (c) 2181 nm. (d) Transmission and re-
flection spectra when the bar length s′ = 262.5 nm, width w′ = 50 nm,
and separation between central lines d = 45 nm.

In the proposed structure, we introduce a transversely lo-
cated gold strip as a bar for tuning the effective refractive index
and controlling the phase change. Thus, the structure prepared
in this work can have a promising application to optical switch
by SPP excitation, which is tunable and has strong modulation
ability and compact footprint. Some relevant studies have re-
ported applications of the proposed structure by the modern
technology. Srituravanich et al.[32] reported on a technology
of flying plasmonic lens in the near field for high-speed nano-
lithography and nanoscale metrology and imaging. Hence, the

position of the bar can be moved and the transmission of the Z-
shaped metallic slit array can be controlled accurately. Above
all, the proposed structure can be fabricated and could find im-
portant applications for highly integrated optical circuits.

4. Conclusion
In this paper, we investigate the transmission properties of

a Z-shaped metallic slit array with a transversely located gold
bar by using 2D FDTD method. It is found that the surface res-
onance peak and FP resonance peak are adjusted easily by the
bar. All peaks are red-shifted and decrease with the increase of
the width of the bar. These behaviors can be explained by the
FP cavity theory. In addition, the variation of the bar length
causes the coupled mode to be red-shifted while the FP reso-
nance peak remains unchanged. The results confirm the FP–
SPP mode theory. Most importantly, an obvious dip emerges
when the bar deviates from the central line and gradually ap-
proaches the top slit edge. This transmission behavior results
from the phase resonance arising from the coupling between
these two new slits, which are characterized by the π phase
difference between adjacent slits and indicated by a sharp dip
in the transmission spectrum. The slight variation of the bar
leads to a tremendous change of transmission, which provides
a promising application in optical switches and filters.
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