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The transmission of normally incident plane wave through an array of subwavelength metallic slits curved with a sin-
gle step or multi-step has been explored theoretically. The transmission spectrum is simulated by using the finite-difference
time-domain method. The influences of surface plasmon polaritons make the end of finite long sub-wavelength metallic
slit behaves as magnetic-reflecting barrier. The electromagnetic fields in the subwavelength metallic slits are the superpo-
sition of standing wave and traveling wave. The standing electromagnetic oscillation behaves like LC oscillating circuit
to decide the resonance wavelength. Therefore, the parameters of adding step may change the LC circuit and influence
the transmission wavelength. A new explanation model is proposed in which the resonant wavelength is decided by four
factors: the changed length for electric field, the changed length for magnetic field, the effective coefficient of capacitance,
and the effective coefficient of inductance. The effect of adding step is presented to analyze the interaction of two steps in
slit with multi-step. This explanation model has been proved by the transmission through arrayed subwavelength metallic
slits curved with two steps and fractal steps. All calculated results are well explained by our proposed model.
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1. Introduction

Since Ebbesen et al discovered the extraordinary optical
transmission (EOT) through a sub-wavelength hole array in an
optically thin metallic film,!" enhanced transmission through
sub-wavelength metallic structures has attracted great interest

S,[67]0

[2-31, Besides sub-wavelength hole array | the researches

s,[11=201 gych as the basic func-

of only one slit and slit array
tions of EOT, are topics of considerable fascination in achiev-
ing high transmission in several applications,!?'~23 including
superlenses and optical filters.

The initial work owes the EOT to surface plasmon po-
laritons (SPPs), which propagate along the interface between
the metallic film and dielectric, and are modulated by slits or
apertures in optical, infrared, terahertz and microwave regions.
From Maxwell’s equations, the SPP mode must be a transverse
magnetic mode. In a metallic slit structure the propagating TM
modes can be supported without cutoff. For an optically metal-
lic thin plate, the high transmission of slits is due to the SPP
intensification and the Fabry—Perot (F-P) interference. Up to
now, most researchers put their emphasis on the surface struc-
ture of the metal plate to modulate SPPs. However, the depen-
dence of transmission on the conformation inside apertures is
not fully investigated.

DOI: 10.1088/1674-1056/23/3/034202

As the nanotechnology develops, the experimental inves-
tigation on the conformation inside metal apertures is possi-
ble. Lockyear ef al investigated the transmission of a normally
incident plane wave through a singly stepped sub-wavelength

slit in the microwave region 4

. The existence of the step,
which is located in the middle of the slits, increases the reso-
nant wavelength substantially. The field at resonant frequen-
cies shows that the transmission maximum corresponds to the
fundamental F-P mode. Recently, we theoretically studied the
transmission spectra of periodic slits modified by the perpen-
dicular cuts in a metal plate in the near infrared region 2.
The existence of cuts in the middle of slits decreases the res-
onant wavelength of the even-order F—P mode, which is quite
different from the case of the odd-order mode. The param-
eters of cuts, including the location and width, change the
resonant wavelength complexly. In the following work, we
found that the added corner between the slit and waveguide

can also affect the resonant wavelength 26,

The symmet-
ric electromagnetic field distributed in the waveguide is de-
cided by the length of waveguide, which makes the location
of the waveguide change the resonant wavelength. The anti-
symmetric electromagnetic field distribution is also decided by
the length of waveguide, which makes that the location does

not change the resonant wavelength.
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From all the above research, it was found that the field in
the slit is the main factor in deciding the transmission wave-
length. The structure inside the slit can easily influence the
field in the slit. Therefore, in this paper, for investigating the
influence of the conformation inside the apertures, we study
the transmission of the normally incident plane wave through
an array of sub-wavelength metallic slits curved with a single
step or multi-step, theoretically.

This article is arranged as follows: Section 2 describes the
structure under investigation and the dispersion equation of the
metal. Section 3 presents the theoretical mode of the resonant
wavelength and the calculated transmission spectra by using
the finite-difference time-domain (FDTD) method. Finally, a
conclusion is drawn in Section 4.

2. Metallic structures and numerical tools

A schematic of a unit cell of the one-dimensional metallic
grating is shown in Fig. 1. The parameters are denoted by the
period of the slits p, the thickness of the metallic film 4, and
the width w; of the grating slit. The parameters of the modi-
fied step are width w», length h;, and vertical position A3, as
shown in Fig. 1. In this work, the influence of adding single or
multi-steps on transmission is investigated.

Two-dimensional EM fields inside and near the metallic
film are simulated by the FDTD 27?8 method. The calcu-
lated region is truncated by the perfectly matched layers on
the top and bottom boundaries. The left and right boundaries
are treated as periodic boundary conditions due to the period-
icity of the structure. The incident light is along the z direc-
tion with TM polarization, (i.e., the incident electric field Ey is
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along the x direction). When a pulsed plane wave is incident
upon the periodic metal structure, the time-domain field E(¢)
is recorded on the output plane. Then, the frequency spectrum
E () can be easily achieved via the Fourier transform method.
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Fig. 1. Schematic of a unit cell of the periodic metallic slit with perpen-
dicular step.

Since the dielectric response of the metal is mainly gov-
erned by its free electron plasmon, the frequency-dependent
permittivity of the metal is expressed by the Drude model as

o}

g(w)=1- o@+17) ()
where @, is the plasma frequency, Yy is the absorption coef-
ficient, and ® is the frequency. The metal investigated is
silver and the considered wavelength range is from 800 nm
to 1800 nm. The corresponding parameters are @, = 1.37 x
10'0 rad/s and Y=3.21x 1013 rad/s !, When o < oy, the
real part of the permittivity is negative, the standard time iter-
ation scheme of the FDTD method becomes unstable. How-
ever, this problem can be solved by introducing the current
density 331 into Maxwell’s equations.
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Fig. 2. (color online) The transmission spectra of single slit (a), the electric field (b) of the first transmission peak in panel (a), the magnetic field (c) of
the first transmission peak, the electric field (d) of the second transmission peak, the magnetic field (e) of the second transmission peak, and the equivalent

circuits diagram (f) of the slit.
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For an array of slits without a step, the parameters are
chosen as p = 900 nm, #; = 972 nm, and w; = 90 nm. The
thickness of the metallic film is prepared for the fractal struc-
ture. Two resonant wavelengths (956 nm and 1340 nm) are ob-
tained in the considered wavelength range by using the FDTD
method. Obviously, the slits act as the F-P cavities according
to Ref. [32], and the mode number is N = 3 for A = 956 nm
and N =2 for A = 1340 nm. Figure 2(a) presents the transmis-
sion spectra of the slit without any steps. Figure 2(b) describes
the electric field in the slit for the first transmission peak in
Fig. 2(a), figure 2(c) is the magnetic field for the first trans-
mission peak, figure 2(d) is the electric field for the second
transmission peak, figure 2(e) is the magnetic field for the sec-
ond transmission peak, and figure 2(f) presents the equivalent
circuit diagram of the standing oscillation.

3. Theoretical mode and calculated results
3.1. Electromagnetic field in an array of slits

In the infinite sub-wavelength metallic slit, the electro-
magnetic field can be represented by a TM waveguide mode

E(x,y,t) = Ep[exp(—ikyx) 4 exp(ikyx)]

x exp(ikyy —ior), 2)
= Hy[exp(—ikyx) + exp(ikyx)]

x exp(ikwy —iot+7/2). 3)

H(x,y,1)

In Egs. (2) and (3), the x direction wave vector is repre-
sented by ky = (kjeq —
the metallic slit waveguide ky, is a solution of transcendental
equation kyd = m7m+2arctan|gq (k2, — k3 &m ) 172 /€mky], €m and
€4 are the metal permittivity and the dielectric permittivity, re-

kZ)'/2. The propagation constant of

spectively, m is the waveguide mode number, 7 /2 is the phase
difference between the electric and magnetic field. When the
width of the waveguide is far less than the incident wavelength,
only a basic electromagnetic field exists.

For the case of a finite sub-wavelength metallic slit,
charge accumulation exists at the corners between the metal-
lic surface and slit. Electric field near the corner keeps very
strong, correspondingly. Magnetic field is approximately zero
because surface current is also approximately zero at the cor-
ner. Therefore, the end of the slit can be represented by
a magnetic-reflecting barrier, unlike the reflecting mirror in
Fabry—Perot etalon which acts as an electric-reflecting barrier.

At amicroscopic level, the electromagnetic field in the slit
looks like F-P interference. However, from waveguide theory,
the difference of reflectivity between the air in slit and the out-
side air is very small, the Q factor of the cavity can not sup-
port the wide spectrum. Liu ef al owed this phenomenon to the
scatters of the SPP and quasi-cylindrical wave (CW) 33!, They
also pointed out that the CW contribution is merely dependent
of metal dielectric, whereas the SPP contribution rapidly drops

with the increase of the metal conductivity. In this paper, the
CW contribution and the reflectivity of waveguide mode are
owed to basic reflectivity. The reflectivity and the transmit-
tance coefficients #4 and r4 (where A refers to all) for normal
incidence represent as

202
ra=r+ T—(p+7) 4)
B 203
fAa=t+ T —(p+7) Q)

where r and ¢ denote reflectivity and transmittance coefficients
of the CW contribution and the waveguide mode, & is the scat-
tering coefficient from the SPP mode to the waveguide mode,
B is the scattering coefficient from the SPP mode to the out-
going plane wave, p is the reflectance coefficient of the SPP
mode via the slit along the metallic interface, and 7 is the trans-
mittance coefficient of the SPP mode, u = exp(iksppp) is the
phase delay accumulated by the SPP over a grating period,

Emé&y
Em+ &

kspp = ko

is the complex propagation constant of a SPP on the flat metal-
dielectric interface; €y, and & are the metal permittivity and
the dielectric permittivity, respectively; ko is the propagation
constant of light in the air.

Because of the magnetic-reflecting barrier, there are for-
ward and backward waves in the slits. The field in the slits can

be represented by
E = 2E;rscos(kyy)exp(—iwr)
+ (1 —ra)Ejexp(ikyy —i0t), (6)
= 2Hiracos(kyy+ m/2)exp(—imr)
+ (1 —ra)Hexp(ikyy — it + 7 /2). 7

In Egs. (6) and (7), r4 is the total reflectivity coefficient,
which can be calculated from Eq. (4), E; (H,
electric (magnetic) field independent of the z coordinate. The

;) represents the

former signifies the standing wave field and the latter signifies
the traveling wave field. The standing wave decides the peak
wavelength of transmittance while the traveling wave mainly
carries the transmitted energy.

In a sub-wavelength metallic slit, the surface electromag-
netic wave is transmitted by surface charge and surface cur-
rent. The surface charge density and current density are de-
rived by the field near the metallic surface

c=n-D
= &4E; [2rs cos (kyy) + (1 — ra) exp (ikwy)]
x exp(—iot), (®)
j=nxH

Hi[2racos (kwy+7/2) + (1 —ra) exp (ikwy+ 7/2)]
x exp (—iwt), )]

034202-3



Chin. Phys. B Vol. 23, No. 3 (2014) 034202

where 7 is a unit normal vector directed from metal into air
in the slit, H and D are magnetic field and electric displace-
ment, 7 and o are surface current density and surface charge
density.

As the electric (or magnetic) field can be represented by
the superposition of the standing wave and traveling wave in
the slit, the surface charge density ¢ (or the surface current
density j) can also be represented by the superposition of the
standing oscillation and traveling oscillation. The standing
electromagnetic oscillation behaves like an LC oscillating cir-
cuit to select resonance frequency. While the traveling wave
has the function to transmit light energy. Because r4 is close
to one in the metallic grating, the electromagnetic field in the
slit is mainly a standing wave. Corresponding to this case, the
charge oscillation at the metallic wall is also mainly a standing
wave. As the charge accumulates at the corners of the upper
and lower ends of the slit, the upper and lower ends of the
slit must be represented by the imaginary capacitance. As the
phase difference between charge density and current, the cur-
rent locates at Ay /4 away from the place where the charge is
accumulated, Ay, = 27 /ky, is the effective wavelength of the
waveguide mode. Therefore, the equivalent circuit diagram
can be represented by the alternation of inductance and capac-
itance.

3.2. Transmission of slits with a single-step

If the mode volume of an additional step is smaller than
the incident light, this structure can be considered as the per-
turbation of optical field already formed in the slit. In this case,
the additional step can only affect one period of the equivalent
circuit diagram. The location of the step affects the values of
equivalent inductance and capacitance. For analyzing the in-
fluence of location and geometric dimension of the additional
step, we introduce the relative coefficient of capacitance 7)c
and the relative coefficient of inductance 7y, as

nC:/Gdy/ / ody, (10)

step period
m— | jdy/ | ia. (an
step period

where the integral subscript ‘step’ and ‘period’ represent the
step’s location and one period of the equivalent diagram, re-
spectively.

As the /2 phase difference between charge density and
current density, when the relative coefficient of capacitance 1c
achieves maximum, the relative coefficient of inductance 1.
must reach a minimum. In this case, the slit can be considered
as a parallel-plate capacitor and the step mainly influences the
accumulating charge. The charge on one of the metallic slit
walls must be opposite to that on the other. The corner be-
tween step and slit would accumulate charge. The charge has

the same sign on the same side of slit. For the traveling wave,
it looks like electromagnetic field transmits directly across the
step. From this point of view, the influence of the step is equiv-
alent to shortening the length of the slit. The decrement is de-
noted by Q. When the effective coefficient of the inductance
ML achieves maximum, the step mainly influences the surface
current. The step enlarges the length of current flow, and the
influence of the step is equivalent to extending the length of
the slit. The increment in the effective F-P cavity length can
be expressed as 8.J.

Actually, the step increases the effective length of the cur-
rent flow and shortens the effective length of charge distribu-
tion at the same time. These two mechanisms take effect on
the system simultaneously. For a small step as perturbation,
we may ascribe the resonant wavelength as follows:

_ koLest ko

~—— (Lp—p+1L0 —Ncdy) , (12)

Ares = Nky ~ Nky

where L is the effective length of the slit with a step, Lg_p is
the effective length of the bare slit, N is the mode number of
the F-P cavity, and ky, (ko) is the wave vector in the F-P cavity
(in vacuum).

When the structure parameters s, and w, of the step are
fixed, the values 8J and 8Q are constants. As the step moves
along the slit, the effective F-P cavity length L. is then de-
termined by the relative coefficient of capacitance 1c and the
relative coefficient of inductance 1. The n¢ and 7np, have a
sinusoid-like function with the location /3. From Egs. (8) and
(9), the phase difference between surface charge density ¢ and
current density j at the same place in the slit is 7/2, so the
phase difference between 1c and 7 is also 7/2, 1nc and N,
alternately reach maximum with the change of /3. As a result,
the effective F—P cavity length L. oscillates with the location
h3 and hence the transmission peak oscillates with respect to
the location h3, which is proved by Fig. 3.
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Fig. 3. (color online) Dependence of transmission spectra on the loca-
tion of step /3. Other parameters: the width wy is 270 nm, the length £,
is 90 nm. The two white lines mark the resonant wavelength of the bare
slit array.
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Figure 4 presents the electromagnetic field of the slit with
one step. Figure 4(a) describes the electric field in the slit for
the first transmission peak in Fig. 3, figure 4(b) is the magnetic
field for the first transmission peak, figure 4(c) is the electric
field for the second transmission peak, figure 4(d) is the mag-
netic field for the second transmission peak. All other param-
eters are the same as in Fig. 3, and the step is in the middle of
the slit 73 = 486 nm. The step in the slit plays different roles
for two transmission peaks. One decreases the effective length
L, as shown in Figs. 4(a) and 4(b). The other increases the
effective length, as shown in Figs. 4(c) and 4(d). This fact
proves our theory.

E H
H
(a) (b)
E H
(c) (d)

Fig. 4. (color online) The electric field (a) of the first transmission peak,
the magnetic field (b) of the first transmission peak, the electric field (c)
of the second transmission peak, the magnetic field (d) of the second
transmission peak. All other parameters are the same as Fig. 3, and the
step is in the middle of the slit 43 = 486 nm.

The dependence of the transmission on the step length %,
is described in Fig. 5. The step is located in the middle of
the slit in the z-axis direction, and other parameters are the
same as above. The step is located at the high magnetic field
for the first transmission peak, and the step is located at the
high electric field for the second one. To distinguish these two
transmission peaks, the first transmission peak and the sec-
ond transmission peak are named as the magnetic transmission
peak and the electric transmission peak, respectively.

For the magnetic transmission peak (the first transmission
peak in Fig. 5), the relative inductance coefficient 1 increases
with the step length h; increasing, the relative capacitance co-
efficient nc nearly approaches zero, the shortening length of
the current flow 8J does not change with h; and the short-
ening length of §Q enlarges. From Eq. (12), the resonant

wavelength A is mainly decided by the relative inductance
coefficient 1, M behaves like a sinusoidal function with /;
increasing, so the transmission wavelength behaves also sinu-
soidally with h; increasing. For the electric transmission peak
(the second transmission peak in Fig. 5), the relative capaci-
tance coefficient 7)¢ increases, the relative inductance coeffi-
cient 1. approaches zero, the shortening length of the current
flow 8J is unchanged, and the shortening length §Q linearly
enlarges with &, increasing. From Eq. (12), the resonant wave-
length A is mainly decided by the product of 1c and 60,
Ares mainly behaves as a sinusoid incline with A, increasing.
The phase difference between the two transmission peaks also
proving the phase difference /2 between the 1nc and 7.
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Fig. 5. (color online) Dependence of transmission spectra on the length
of step hy. Other parameters are 73 = 486 nm, and w, = 270 nm. Two
vertical dashed lines mark the resonant wavelength of the bare slit array.

The dependence of transmission on the step width w; is
shown in Fig. 6. The step location is also fixed in the mid-
dle of the slit. Other parameters are the same as they are in
Fig. 3. With the increase of the step width w,, the lengthening
of current flow 8J enlarges, and §Q almost does not change.
From Egs. (10) and (11), the relative inductance coefficient 1,
and the relative capacitance coefficient nc are fixed when wy
changes. For the magnetic transmission peak (the first trans-
mission peaks in Fig. 6), 1, keeps a large value, but 7n¢ keeps
a small value. The resonant wavelength A is mainly decided
by 8J, as predicted by Eq. (12). The transmission wavelength
increases nearly linearly with w, increasing, which is shown
as the first transmission peaks in Fig. 6. On the other hand, for
the electric transmission peak (the second transmission peak in
Fig. 6), nc keeps a large value while 1, keeps a small value,
Ares 18 mainly decided by § Q. Because of the unchanged value
of 8Q, the transmission wavelength almost does not change
with the length w,, which is shown as the second transmission
peak in Fig. 6. With w; increasing, these two peaks would
unite to a peak.
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Fig. 6. (color online) Dependence of transmission spectra on the width
wy. Other parameters are 43 = 486 nm, and /; = 90 nm. Two vertical
dashed lines mark the resonant wavelength of the bare slit array.

From the above analysis, all parameters of the step can af-
fect transmission wavelength through influencing effective F-
P cavity length Leg. From Eq. (12), the resonant wavelength
Ares 1s related with four coefficients. The location of the step
h3 only affects the relative inductance coefficient 1, and rel-
ative capacitance coefficient 1c, and does not affect effective
length 6J and 6Q. The step length &, affects 1y, nc, and 6Q,
but does not influence 8J. The step width wy only affects 6J,
and does not influence the other three coefficients.

3.3. Interaction of the multiple steps

If there are multi-steps in the slit, the effective length of
the slit with multi-steps Leg will be decided by this equation

1
Leff:LF—P'f‘ZALi“‘EZIijy (13)

where the Lr_p is the effective length of the bare slit, AL; is
the influence of the i-th step, and /;; is the interaction between
the i-th step and the j-th step.

The interaction of multi-steps is hardly calculable when
the number of steps is large. However, the standing wave in
the slit can be considered as a circuit diagram in Fig. 2(f), so
the effective length L. can be calculated by multiple adding
of the influence of each single step.

To testify this theory, we explore the transmission spectra
of the slit with two steps. One of these steps is fixed whose
parameters do not change in the simulation. The parameters
of the other are changed to testify the interaction between the
multi-steps. The parameters of the fixed one are i3 = 648 nm,
wpy =270 nm, and Ag, = 90 nm. Other parameters are the same
as they are in Fig. 2.

Figure 7 shows the dependence of the transmission spec-
tra on the location of the changed step A3, the width wc, is
270 nm, the length A, is 90 nm. Two white lines mark the res-
onant wavelength of the slit with a fixed step. The mode num-
beris N =3 for A =956 nm and N = 2 for A = 1446 nm. For
the changed step, 1c and 7, alternately reach the maximum

with the change of h¢3. As a result, the effective length Leg
oscillates with location h¢3 and hence the transmission peak
oscillates with respect to location /3. The behaviors of these
two transmission peaks are the same as they are in Fig. 3. The
edge to edge distance between the changed and fixed steps is
more than 36 nm. At this distance, there is not obvious cou-
pling between the two steps, which can prove that the influence
of adding the second step is the same as that of adding a single
step.
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Fig. 7. (color online) Dependence of transmission spectra of two slits
on the location of one change step /3. Other parameters: the width w¢y
is 270 nm, the length A, is 90 nm. The parameters of the fixed step are
hgz = 648 nm, wep = 270 nm, and Ay = 90 nm. The two white lines
mark the resonant wavelength of a slit with a fixed step array.

The dependence of the transmission spectra on the length
of the changed step A, is shown in Fig. 8. The width w; is
270 nm. For leaving enough interspace to vary the length of
the changing step, the location A¢3 is chosen at 324 nm. Other
parameters are the same as they are in Fig. 7. Like figure 5, the
two transmission peaks are also sinusoidal with A, increas-
ing. It is mainly owned to the resonant absorbance that the
first transmission peak disappears in the middle of the figure.
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Fig. 8. (color online) Dependence of transmission spectra of two slits
on the length of change step /. Other parameters: the width wc, is
270 nm, the location A3 is 324 nm. The parameters of the fixed step
are hgy = 648 nm, wyy = 270 nm, and hg; = 90 nm. The two white lines
mark the resonant wavelength of a slit with a fixed step array.
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The dependence of the transmission spectra on the width
we¢o 1s shown in Fig. 9. The location A3 is 486 nm, the length
heo is 90 nm. Other parameters are the same as they are in
Fig. 7. Like figure 6, the first transmission peak in Fig. 9
increases nearly linearly with the w¢, increasing; the second
transmission peak almost does not change with the length we,.

Transmittance
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< 300 :
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0.8 1.0 1.2 1.4 1.6 1.8
Wavelength/10™° m
Fig. 9. (color online) Dependence of transmission spectra of two slits
on the width w¢y. Other parameters: the location Ac3 is 486 nm, the
length h¢p is 90 nm. The parameters of the fixed step are /i3 = 648 nm,
wegp = 270 nm, and hp = 90 nm. The two white lines mark the resonant
wavelength of a slit with a fixed step array.

All of above simulations prove that the effect of the sec-
ond step in a slit with one step is the same as that of adding
a step to a bare slit. Therefore, this method can be used to
analyze the transmission of the multi-step in the slit.

3.4. Transmission of the fractal structure

Additionally, we explore the transmission spectra of a
zero-three level 1/3 fractal structure fabricated in the slit. This

Fractal zero-level
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structure is obtained through perforating steps on two walls of
the slit, whose length is equal to 1/3 length of the previous
level structure.

For slits with zero-level fractal steps, the parameters are
chosen as p =900 nm, #; = 972 nm, and w; = 90 nm. Two
resonant wavelengths (956 nm and 1340 nm) appear in the in-
vestigated wavelength range. Obviously, the slit acts as F-P
cavities according to Ref. [31], and the mode numberis N =3
for A =956 nm and N = 2 for A = 1340 nm. Figure 10(a)
presents the transmission spectrum of the bare slit.

Figure 10(b) describes the transmission of the slit with
one-level fractal steps. The structure has only one step in the
middle of the slit. This level fractal structure’s parameters are
listed as: The width of the additional step is three times the
width of slit wg; = 3w = 270 nm, the length of the step is one
third of the length of slit 45 = h; /3 =324 nm. The location of
the step is in the middle of slit [;; = 486 nm. The other parame-
ters are the same as that of the zero-level fractal structure. The
schematic of a unit cell is shown in the inset of Fig. 10(b). For
the transmission peak with mode number N = 3 (the first trans-
mission peak in Fig. 10(b)), the one-level fractured structure is
located at the antinode of the magnetic field, and thus the rel-
ative inductance coefficient 1, achieves maximum. From the
above analysis, this transmission peak is the magnetic trans-
mission peak, and the resonant wavelength slightly moves
to long-wavelength direction under the influence of one-
level fractal structure. For the transmission peak with mode
number N = 2 (the second transmission peak in Fig. 10(b)),
the structure is located at the antinode of the electric field,
the relative capacitance coefficient 1nc achieves maximum.
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Fig. 10. (color online) Transmission spectra of the slit with fractal steps for different fractal levels. (a) Zero-level; (b) one-level; (c) two-level; (d) three-level.
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The relative capacitance coefficient 71¢c achieves maximum.
This transmission peak is the electric transmission peak, and
the resonant wavelength moves to the short-wavelength direc-
tion due to the influence of structure.

Figure 10(c) is the transmission spectrum of the slit with
two-level fractal steps. The two-level fractal structure is
gained through adding another two steps to the previous struc-
ture. The additional steps have the same width as the one-
level structure wgy = 270 nm. The length of the adding step
is one third of the one-level structure hgy; = hg; /3 = 108 nm.
The location of step is in the middle of the bare slit parts
lsp = 243 nm, and 729 nm. The other parameters are the same
as that of the one-level fractal structure. The schematic of its
unit cell is shown in the inset of Fig. 10(c). The two-level frac-
tal steps are located at the antinode of the magnetic field for the
two transmission peaks. The relative inductance coefficient 1,
increases compared with the one-level fractal structure. From
the above analysis, both transmission peaks move in the long-
wavelength direction under the influence of the two-level frac-
tal structure.

Figure 10(d) gives the transmission spectrum of the slit
with a three-level fractal structure. Four steps are added
to the two-level structure fractal structure to form the three-
level fractal structure. The three-level additional steps have
the same width as that of the previous level structures wg; =
270 nm. The length of the additional step is one third of the
two-level structure hs3 = hsp /3 = 36 nm. The location of the
step is in the middle of the bare slit parts /i3 = 121.5 nm,
364.5 nm, 607.5 nm, and 850.5 nm. Other parameters are the
same as that of the two-level fraction structure. The schematic
of the unit cell is shown in the insert of Fig. 10(d). For two
transmission peaks, two of the three-level fractal structures are
located at the antinode of magnetic field, the other two steps
are located at the antinode of the electric field, respectively.
The change in the relative inductance coefficient 17 will be
counteracted by the change in 7n¢. Therefore, these transmis-
sion peaks do not move obviously, compared with the peaks
for two-level fractal structure. Compared with the previous sit-
uation, as the adding steps become more and more, the effec-
tive F-P cavity length L. of this complex structure increases.
Therefore, a new transmission peak for mode number N = 4
appears in the transmission spectrum.

4. Summary

In summary, the transmission spectra of a normally in-
cident plane wave through the sub-wavelength metallic slits
curved with a single step or multi-steps are theoretically inves-
tigated. The influences of the SPP make the end of the finitely
long sub-wavelength metallic slit behave as a magnetic-
reflecting barrier. Because of the magnetic-reflecting barrier,
the electromagnetic field in the slit is mainly a standing wave.
The standing electromagnetic oscillation behaves like an LC

oscillating circuit to select the frequency. The parameters of
the step may change the transmission wavelength. Compared
with previous research works, two new effective coefficients
are introduced to explain the change of resonant wavelength.
The parameters of the additional step that influence four effec-
tive coefficients on the transmission wavelength are discussed
in detail. The influences of multi-adding steps is presented to
analyze the interaction of two steps in the slit with multi-step.
Finally, this theoretical model is verified through investigating
the sub-wavelength metallic slits curved with a fractal struc-
ture. The proposed model can explain all the calculated results
well.
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