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Abstract: We propose a compound metallic grating with perpendicular
bumps in each slit and investigate its transmission property theoretically. As
the bumps are set symmetrically in the slits, the waveguide resonant peaks
for the even (odd) modes exhibit a red-shift (blue-shift) compared with the
resonant peaks of grating composed of bare slit. As the bumps are set
asymmetrically, we show that the dips in transmission spectrum can be
tuned by shifting the position and changing the size of bumps in the slit. The
corresponding physical mechanisms for above phenomenon are discussed,
followed by some qualitative explanations in terms of field distribution. We
also investigate the optical transmission through a compound metallic
grating with perpendicular bumps in one slit and cuts in another slit, and
find that the dips in transmission spectrum are more sensitive to the
simultaneous change of the bumps and cuts.
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1. Introduction
Enhanced transmission through subwavelength metallic openings has aroused great interest
[1,2] since the work of extraordinary optical transmission (EOT) through a subwavelength
hole array [3], not only for the rich physical mechanisms, but for their potential applications in
optics and optoelectronics [2]. Though to date the physical mechanism behind the
phenomenon of EOT remains controversial [3–5], it has been widely accepted that the
enhanced transmission is mainly attributed to surface plasmon excitation and waveguide
modes of the slit. It also has been understood as a resulting from a subtle surface wave
dynamical scattering process on the film interfaces [6] or residual waves [7] and surface
plasmon is not the solely factor contributing to the EOT.
In recent years, the phase resonances have received much attention. It is established that
the phase resonances appear in compound metallic gratings [8]. Experimentally, Skigin et al.
provided evidence of phase resonances in metallic periodic structures in the millimeter wave
regime [9]. In the microwave range, Rance et al. also demonstrated the electromagnetic
response of metal transmission gratings comprised of identical but alternately orientated
tapered slits [10]. Theoretically, phase resonances are extended to transmission through the
subwavelength compound periodic hole arrays, such as square and rectangular holes [11,12].
The dips in the transmission peak are predicted by recent calculation based on modal
expansion theory [13].
Recently, Wang et al. explored the transmission of light through an array of
subwavelength metallic slits modified by perpendicular cuts [14], and He et al. discussed the
light transmission through metallic slit with a bar [15]. They found the influence of cuts or
bars in the slit on odd and even modes of slit are different. Zhai et al. introduced perpendicular
cuts into the compound metallic grating [16], and found the phase resonances can be
alternately realized by shifting the cuts along the vertical slits or changing the size of one cut
in the cell. Whether transmission spectrum shows transmission dips in an asymmetry
compound metallic grating with perpendicular bumps or cut-bumps? In this paper, we propose
a compound metallic grating with perpendicular bumps in each slit or with perpendicular
bumps in one slit and cuts in another slit. It is shown that the dips of transmission spectrum
for this compound periodic grating can be adjusted by shifting the position and changing the
size of bumps in the slit, and the transmission dips are more sensitive to the simultaneous
change of the bumps and cuts.
2. Model and method
A unit cell of a compound metallic grating with two slits engraved perpendicular bumps in
each slit is shown in Fig. 1(a). The period, thickness and slit width of the grating are p =
700nm, h = 1500nm, and w = 100nm, respectively, which are fixed in the whole paper. The
position of bump can be changed by adjusting the parameters h1 and h2. The lengths and
widths of the bumps are denoted with w1, w2 and w31, w32, w41, w42, respectively. Twodimensional FDTD method is used to simulate the results [17,18], the frequency dependent
permittivities of the gold are approximated by the Drude model, which defines as: ε(ω) = 1#139024 - $15.00 USD
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ωp2/(ω2 + iωγp), where ωp = 1.37 × 1016s1 is the bulk plasmon frequency and 1/γp = 245f
represents the electron relaxation time. These values are obtained by fitting the experimental
results [19]. And the calculated region is truncated by using perfectly matched layer(PML)
absorbing boundary conditions on the top and bottom surfaces of the computational space
along the y direction. The left and right boundaries along x direction are treated by periodic
boundary conditions. The incident light is along the y direction with TM polarization.
3. Results and discussion

Fig. 1. (a) Scheme of a unit cell of the compound metallic grating. (b-d) Transmission spectra
as a function of wavelength for different positions of bumps. The blue solid curve denotes the
transmission spectra of grating without bumps. The lengths and widths of bumps are w1 = w2 =
200nm, w31 = w32 = w41 = w42 = 25nm, the value of insets shows the position (h2) of one bump
and another bump is located at the center of slit (h1 = 750nm).

Figures 1(b-d) show the transmission spectrum by adjusting the positions of perpendicular
bumps, where only one of the bumps in the unit cell is shifted. In order to understand the
transmission spectrum well, we give the transmission spectrum of metallic gratings consisting
of bare slit without perpendicular bumps (blue solid curve, denoted by “no bump” in the inset
of Fig. 1(b)), in which other geometry parameters are the same as the compound metallic
grating with perpendicular bumps in the slits. The transmission spectrum shows transmission
peaks at wavelength 1929nm,1287nm,974nm and 778nm, which correspond to the waveguide
modes resonances according to previously reported results [14,16], labeled as N = 2, N = 3, N
= 4 and N = 5, respectively. They are associated with different standing wave modes of the
slit, and the detailed discussion can be found in the following.
Then we simulate the transmission spectrum of symmetric cases, namely all the
perpendicular bumps lie in the center of slit h1 = h2 = h/2 = 750nm. The transmission peaks for
the Fabry-Perot cavity odd modes(N = 3 and N = 5) exhibit a blue-shift, while for even
modes(N = 2 and N = 4) shift to region of longer wavelength compared with the transmission
peak of metallic grating composed of bare slit arrays due to the introduction of bumps in the
slits.
The above phenomenon can be explained by the theory in Ref [14,15]. as follows. The
resonant wavelength of F-P mode in a bare slit array can be obtained by 2kLFP + θ = 2Nπ,
where k = 2nπ/λ is the wave vector (where λ is the wavelength of the Nth order mode [20,21],
n is the effective refractive index of the fundamental Bloch mode propagating in the slit, it
strongly depends on the slit width), LFP is the length of the cavity, and θ is the total phase
reflected at the ends of the slits and a N dependent value. The length of the F-P cavity varies
with the distribution of surface current flow and surface charge due to the introduction of
bump or cut in the slit. We definite this length of the slit with bumps or cuts as the effective
length of the F-P cavity. For the bare slit, current density standing waves are established with
opposite signs on both metal walls of each slit by incident oscillating light [21]. The existence
of the bump is equivalent to shortening the length of current flow. The decrement in the
effective F-P 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 slit can be
considered as a parallel-plate capacitor, the capacitance is the ability of accumulating charges.
Introducing bump causes an increase in the ability to accumulate charge. Increasing the length
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of the slit can also increase the ability to accumulate charge. Thus the appearance of bump is
equivalent to increasing the length of the slit. The increment is denoted by ΔQ. The total
effects of the bump on the effective length of the F-P cavity are determined by Leff = LFP +
ΔQ-ΔJ. If ΔQ>ΔJ, the effective length is larger than the actual length, the resonant wavelength
gets larger. If ΔQ<ΔJ, the resonant wavelength becomes smaller. In addition, According to
Maxwell's equations, the surface currents and charge densities on the slit walls can be
obtained from n × H = J and n﹒D = σ, respectively, where n is a unit normal vector directed
from metal into air in slit, H and D are the magnetic field and electric displacement, J and σ
are surface current density and charge density, respectively. If the bump locates at the center
of the antinodes (nodes) of the electric (magnetic) field, the bump has the most influence on
the charge densities, while the current density is least influenced by the bump reaches its
minimum, which means ΔQ>ΔJ, the effective length of the F-P cavity increases. Therefore the
resonance wavelength is greater than the corresponding wavelength of the bare slit. The
resonances of this kind corresponds to the transmission peaks N = 2 and N = 4 (even modes)
in Fig. 1(b) (red solid curve, denoted by “750nm” in the inset). When the bump locates at the
center of the node (antinode) of the electric (magnetic) field, ΔQ reaches its minimum and ΔJ
reaches the maximum (ΔQ<ΔJ), the effective length gets smaller. Hence the resonance
wavelength of becomes smaller. The transmission peaks N = 3 and N = 5(odd modes)
correspond to this kind of case. Now, let us make a comparison between our results and Ref
[16]. Both the bump and cut influence the surface charge and surface current flow on the slit,
but it should be noted that the existence of the bump results in an increase in the ability to
accumulate surface charge and a decrease in the length of surface current flow, while the
introduction of a cut leads to an increase in the length of current flow and a decrease in the
ability to accumulate charge.
In addition, we can find that almost all the waveguide resonance peaks exhibit dips in the
transmission spectrum when one of the bump shifts to the position h2 = 650nm, shown in Fig.
1(b) (black solid curve), and the transmission spectra show obvious dip at the peak for mode
N = 4, while the dips for waveguide modes N = 2, N = 3, N = 5 are smaller. As h2 deviates
from the center position 750nm, the dips are further deepened. However, no dips appear for
the peak corresponding to the waveguide mode for N = 4 as h2 = 300nm shown in Fig. 1(c)
and N = 3 as h2 = 200nm shown in Fig. 1(d). The results in Figs. 1(b-d) show that the dips for
phase resonances can be tuned by shifting the positions of perpendicular bump in the
proposed compound metallic gratings. And it is easy to imagine that the dips also can be
adjusted by the width and length of perpendicular bumps in the proposed compound metallic
grating. Similar phase resonance dips occur in the spectrum for waveguide mode (not shown
here).
The physical origin of the transmission dips can be explained in terms of phase resonances
as follows. On one hand, for a single periodic slit array, the translation invariance can reduce
the field degrees of freedom to just a unit cell. Therefore, the fields in all slits are equal when
a light is normally incident. As for compound periodic grating arrays, it can also reduce the
degrees of freedom to a unit cell, but it cannot ensure that the fields of different slits in a unit
cell are identical. On the other hand, the F-P resonances arise from individual cavities, so the
addition of extra cavities to each unit cell can introduce new F-P modes. These modes induced
by different slits in a unit cell are degenerate if the slits have identical size, and nondegenerate
if these sizes are different. For the nondegenerate case, it is understandable that the field
phases in different slits are unequal [13,16,22]. As for our structure, if all the bumps lie at the
center of the slit, namely, symmetric case, it is equivalent to a single periodic slit array, the
field phases in the two slits are equal due to the symmetry. If the bumps lie at the different
positions, they affect the current density and charge density in a different way due to the
asymmetry. Therefore, the effective lengths for two slits with bumps are different, which
provide new degrees of freedom for the field phase distribution. When the phase difference
between adjacent slits approaches π, an obvious dip resulting from destructive interference
between adjacent slits presents in the transmission spectrum.
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Fig. 2. (a-b) The magnitudes of electric (magnetic) field |Ex| (|Hz|) of gratings composed of bare
slit without bumps for waveguide mode N = 2. (c-d) The magnitudes of electric (magnetic)
field |Ex| (|Hz|) for λ = 2067nm in Fig. 1(c). (e-f) The magnitude of electric field |Ex| at λ =
2183nm and λ = 1962nm in Fig. 1(d).

In order to understand the dependence of phase resonance on the position of bumps well,
we also draw the electronic and magnetic field distributions in Fig. 2. The distributions of
electric field (Fig. 2(a)) and magnetic field (Fig. 2(b)) for the resonance mode peak N = 2 with
λ = 1929nm of gratings composed of bare slit without bumps are also shown for comparison.
In Fig. 2(c), it shows one bump (h1 = 750nm) exists at the antinode of electric field (the center
of grating at y direction), while another bump (h2 = 300nm) locates at the node of electric
field. Correspondingly, in Fig. 2(d), the effects of bumps on the magnetic field are contrary to
the case of Fig. 2(c). For bumps lie at the center of antinode of electric field in slits (h1 =
750nm), the charge density affected by the bumps reaches its maximum, but its influence on
the current density reaches the minimum [15,16]. If the bumps located at the antinode(node)
of magnetic(electric) field, they affect the current density and charge density in a contrary
way. Therefore, the effective lengths of two slits with bumps are different. Additionally, in
Figs. 2(e) and (f), we draw the electric field distributions for two peaks at wavelength 2183nm
and 1962nm in Fig. 1(d). We can find that the electric field is mainly concentrated on the right
slit with bump (h2 = 200nm) for resonant wavelength 2183nm and the resonant peak at
1962nm is determined by another slit with bump h1 = 750nm. It is because the resonant
wavelength for each slit relies on the effective length, which is affected by the position of
bumps in the slit. The results confirm that the interference behavior of phase resonances
between adjacent slits is modulated by the arrangement of compound grating, which may lead
to many new applications. For example, the proposed method to adjust transmission spectra
and field is proposed as a new method of selecting output channel, new types of activelycontrolled nanooptic devices, frequency selector or filter, and optical switching, etc.
In Ref [16]. Zhai et al. demonstrated the transmission dips for the compound grating with
perpendicular cuts in the slit. We introduce perpendicular bumps into the compound grating,
and find the transmission dips can be tuned by shifting the position and changing the size of
bumps. Whether compound grating with perpendicular cuts and bumps shows transmission
dips? Then we propose a compound metallic grating with perpendicular bumps in one slit and
with cuts in another slit. The width w31 and w32 of two bumps in one slit equal the depth w41
and w42 of two cuts in another slit, all the bumps and cuts lie in the same position h1 = h2 = h/2
= 750nm in slits, and other parameters are the same as in Fig. 1, a scheme of a unit cell of this
compound grating is displayed in Fig. 3(a). Figures 3(b) and (c) show that the dips are
sensitive to the change of the width of bumps and the depth of cuts. All the resonance peaks
exhibit dips in the transmission spectra when w31 = w32 = w41 = w42 = 10nm, compared with
the transmission peak of metallic grating consisting of bare slit. When the width of bumps and
the depth of cuts change to w31 = w32 = w41 = w42 = 30nm, the dips are further deepened, and
almost all the values of the dips are near to zero. Compared with the spectra in Fig. 1, it seems
that phase resonance is more sensitive to the simultaneous change of bumps and cuts.
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Fig. 3. (a) Scheme of a unit cell of the compound metallic grating with bump in one slit and
with cut in another slit. (b-c) Transmission spectra as a function of wavelength for different
widths of bumps and cuts. The lengths and positions of bumps and cuts are w1 = w2 = 200nm,
h1 = h2 = 750nm, the value of insets shows the widths of bumps and cuts.

4. Conclusion
To summarize, we propose a compound metallic grating with perpendicular bumps in each slit
and a compound grating with perpendicular bumps in one slit and cuts in another slit. The
introduced bumps or cuts in metallic grating act as a structure defect. We find that the dips of
transmission spectrum for this compound periodic structure can be realized by shifting the
position, adjusting the size of bumps and changing the bumps and cuts simultaneously in the
slit. The underlying physical mechanisms are discussed. We expect that our findings are
useful for the design of optical devices, and contribute to more applications in the future.
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