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Abstract

®
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In this paper, squeezing and tunneling of spoof surface plasmon polaritons (SSPPs) are
realized by introducing an effective epsilon-near-zero (ENZ) material channel between two
plasmonic waveguides constructed from dielectric filled rectangular waveguide etched with
deep sub-wavelength periodical transverse slots on the upper wall. The tunneling frequency
can be flexibly tuned by changing the relative permittivity of the effective ENZ material

and the SSPPs can tunnel efficiently through a straight or an arbitrarily bent effective ENZ
channel with ultra-low loss. This simple design holds great promise in significantly increasing
the propagation length or arbitrarily tuning the propagation direction of the SSPPs in the

microwave and terahertz frequencies.
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1. Introduction

Surface plasmon polaritons (SPPs) are surface waves tightly
confined at the interface between metal and dielectric at optical
frequencies [1-3]. SPPs have been widely used in sensors, plas-
monic waveguide and miniaturization of photonic circuits due to
great field enhancement and deep sub-wavelength field confine-
ment [4-7]. However, at microwave and terahertz frequencies,
SPPs cannot be supported at this interface since metal behaves
like a perfect electric conductor (PEC). In 2004, Pendry and
co-workers proposed a new concept of spoof surface plasmon
polaritons (SSPPs) to mimic the SPPs characteristics at lower
frequencies by etching the metal surface with sub-wavelength
periodical grooves or holes [8, 9]. Experimental verifications
have also been conducted later on [10]. The SSPPs have inher-
ited most of the exotic features of real SPPs and a large number
of plasmonic transmission structures based on SSPPs have been
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presented for the routing of microwave and terahertz waves with
high field confinement and enhancement [11-15]. At optical
frequencies, tunneling of the SPPs has already been realized
[16]. However, to the best of our knowledge, squeezing and
tunneling of spoof surface plasmon polaritons at microwave or
terahertz frequencies have not been reported yet because ENZ
or effective ENZ materials cannot be easily incorporated in con-
ventional SSPPs waveguides.

In recent years, Engheta et al have proposed the concept
of tunneling of electromagnetic energy through ultra-narrow
channels and bends filled with ENZ or effective ENZ mat-
erials [17-21]. Later on, squeezing and tunneling energy in
an ultra-narrow waveguide were verified experimentally [22].
In 2016, Engheta numerically demonstrated that waves in a
rectangular waveguide can tunnel through an effective ENZ
material realized with only positive dielectric based on the
effective medium theory in a bounded waveguide [23].

© 2017 IOP Publishing Ltd  Printed in the UK
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Figure 1. (a) Sketch of the unit cell of the plasmonic waveguide. (b) The dispersion curve of the SSPPs (the red line) and the corresponding
decay length (the blue line) in the -y direction, and the electric lines of force of the eigenmode in the cross section (xy plane) are shown in

the inset.

In this work, borrowing nearly the same idea from Engheta,
we realize the squeezing and tunneling of SSPPs through a
straight or an arbitrarily bent effective ENZ channel bridged
between two plasmonic waveguides. The trick is that the judi-
ciously designed plasmonic waveguide not only support high
efficiency and broadband transmission of the SSPPs, but can
be seamlessly connected with an effective ENZ channel to
realize energy squeezing and tunneling as well. In this way, the
propagation length of the SSPPs can be significantly increased
and the power flow can be directed towards any direction.

2. Design of the plasmonic waveguide

To begin with, the dispersion characteristics of the SSPPs sup-
ported on the proposed plasmonic waveguide are investigated.
As shown in figure 1(a), the unit cell with the period p of the
plasmonic waveguide is assumed to be filled with an isotropic
and homogeneous dielectric of relative permittivity e, = 4,
and relative permeability p, = 1. The dimensions in the cross
section are g = 22.86 mm and b = 10.16 mm respectively,
and the thickness of the metal wall is set as t = 0.05 mm. The
upper metal wall of the unit cell is partially subtracted and
replaced with a symmetrically positioned metallic strip with
lateral length w and width d. The dispersion curves and field
distributions of the SSPPs supported on the unit cell are cal-
culated by the eigenmode solver of the commercial software
CST microwave studio. The dispersion curve and the corre-
sponding decay length d; are both shown in figure 1(b), in
which the decay length is defined as the penetration depth of
the SSPPs into the plasmonic waveguide vertically in the -y
direction when the magnitude of the electric field | E | right at
the interface decays to| E | e~'that| E | e %% =| E | e~!,in

which k, = 1/kZ — €,k} and ¢, is the relative permittivity of

the medium filled in the rectangular waveguide. It is obvious
from figure 1(b) that the higher the operating frequency is, the
tighter field confinement can be obtained. The decay length d,
is far less than the height of the waveguide b when frequency

approaches the asymptotic frequency of the SSPPs. The decay
length 04,5 guz = 1.794 mm at 5 GHz is less than b = 10 mm
and shown as the green dotted line in figure 1(b). From the
eigenmode electric field distributions in the xy plane of the
unit cell in figure 1(b), we can clearly observe that the fields
are tightly confined at the interface between the dielectric in
the waveguide and the air above. And with the help of the
metallic strip, the electric lines of force point towards opposite
directions in the dielectric and air, perfectly mimicking the
behavior of the real SPPs at optical frequencies.

Then, we analyze the dispersion relations of the SSPPs
with the variations of four parameters (w, p, b, d/p ) in
figure 2. From figures 2(a) and (b), we can clearly observe
that the asymptotic frequency of the SSPPs can be tuned by
the lateral length w of the strip and the period p of the unit cell.
With the decrease of w from a to 0, the asymptotic frequency
of the SSPPs increases and approaches infinity considering
that the unit cell itself becomes a segment of a conventional
rectangular waveguide which has no asymptote above its
cutoff frequency. Thus, we can fully utilize this character-
istic to smoothly convert the TE 9o mode to the SSPPs with
gradient increase of w. In addition, the dispersion relations
are not sensitive to the variations of the height b of the wave-
guide and the width ratio d/p of the metallic strip according to
figures 2(c) and (d). Thus, analogous SSPPs can be expected
to be supported on the substrate integrated waveguide with
periodical transverse slots on the surface. And, we can choose
proper value of the ratio d/p not to complicate the structure
fabrication.

Thus, we can use the unit cell in figure 1(a) to construct a
plasmonic waveguide shown in figure 3(a). Although nearly
the same structure has been investigated in [24], the SSPPs
supported on this structure have not been clarified and ana-
lyzed in detail. The whole waveguide is filled with an iso-
tropic and homogeneous dielectric with relative permittivity
e, =4, and composed of three regions with the length
li =Is=a,l, =1y =2aand I = 3arespectively. Region I is
a conventional rectangular waveguide. Region II is the mode
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Figure 2. (a)-(d) The evolution of dispersion curves for the SSPPs supported on the unit cell with the variation of w, p, b and d/p, in which

other parameters are fixed.

conversion section with gradient increasing width strips from
w = 0to w = T7a/9, which can realize smooth mode conver-
sion from the TE;p mode in the rectangular waveguide to
the SSPPs. Region III is the plasmonic waveguide. Here, the
period of the strip is setas p = a/20 and the width of each strip
is set as d = a/100. In order to obtain superior transmission
performance and appropriate bandwidth, the lateral length
of the strips in Region III is set as w = 7a/9. The simulated
transmission coefficient Sp; (red curve) and reflection coef-
ficient S (black curve) are shown in figure 3(b), from which
we can observe that the SSPPs spectrum lies between 3.28
GHz and 5.33 GHz. The asymptotic frequency of the plas-
monic waveguide 5.33 GHz agrees quite well with that in the
dispersion curve. In the passband, S;; is lower than —15 dB
from 3.32 GHz to 5.24 GHz indicating that no more than 6%
power is reflected. Figures 3(c)—(e) show the distributions
of the y-component of electric fields in the yz (x = 0 mm)
and xz (y = 8 mm, 12mm) planes at 5 GHz respectively. It
is evident from figure 3(c)that the TE;op wave is smoothly
converted into the SSPPs and tightly confined at the inter-
face between the plasmonic waveguide and the air above.
Figures 3(d) and (¢) show the E, distributions inside and out-
side of the plasmonic waveguide in two xz planes, in which
the SSPPs exhibit great field enhancement compared with
the TE;y waves in the rectangular waveguide on both sides.

The simulated wavelength of the SSPPs 10.51 mm (0.175X)
obtained from the field distributions on the plasmonic wave-
guide agrees quite well with the theoretically predicted wave-
length Agpp, 5 GHz = 27 /kspp = 10.55 mm (0.176¢) obtained
from the simulated dispersion curve, in which )\ is the free
space wavelength at the operating frequency f, = 5 GHz.

3. Tunneling of SSPPs in a straight effective ENZ
channel

According to the former work [23], the tunneling of TEiq
mode in a conventional rectangular waveguide can be realized
by incorporating an effective ENZ material channel. Here,
borrowing nearly the same idea, we would test if the proposed
SSPPs could also tunnel through an effective ENZ channel.
The plasmonic waveguide shown in figure 3(a) is cut in the
middle with one half connected with the input port and the
other half connected with the output port. Then we connect
these two halves with a narrow channel filled with a positive
dielectric of relative permittivity €,,, which acts as an effec-
tive ENZ material. First we consider three straight narrow
channels, including an inverted U-shaped channel (Model 1),
an H-shaped channel (Model 2) and a U-shaped channel
(Model 3) shown as the purple regions in figures 4(a)—(c).
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Figure 3. (a) The schematic illustration of the plasmonic waveguide and the front view of the unit cell. (b) The S-parameters of the
plasmonic waveguide. (c)—(e) The simulated E, (V m~!) distributions in the yz plane (x = 0 mm) and two xz planes (y = 8 mm, 12mm) at

5 GHz, respectively.

The lengths of Regions I, II, and III are the same with those
set in figure 3(a) and the total length L of Model 1, 2, and 3 is
16a. The plasmonic waveguides on both sides are filled with
a dielectric with relative permittivity €,; = 4 (orange region),
and the narrow channel is filled with a dielectric with rela-
tive permittivity €, = 2.4 (purple region). The height of the
channel in the y direction is set as w, = b/4. A series of thin
metallic strips with width a/100 are placed uniformly along
the interface between these two dielectrics. As stated in [25],
the effective relative permittivity of a dielectric with regard to
mode TEjq can be calculated by €, = £, — A\§/4a?, in which
€, is the relative permittivity of the dielectric filled in the
waveguide, a is the lateral length of the waveguide, and g
is the free-space wavelength. Thus, at 4.24 GHz, the effective
relative permittivity of these two dielectrics are gefr ;| = 1.6

and efr 2 = O respectively. As expected in figure 4(e), two
transmission peaks occur in the simulated S-parameter curves
of all three models, in which the first peak at 4.24 GHz is
associated with the tunneling effect of the SSPPs through the
effective ENZ channel and the second transmission peak is
due to the Fabry—Perot effect. Although the three channels
are positioned quite differently along the y direction, they
exhibit nearly the same tunneling effect at 4.24 GHz and
slightly different Fabry—Perot effect at 4.38 GHz from the
agreement degrees of the S-parameter curves. To confirm that
the second peak is due to the Fabry—Perot effect, we consider
the same waveguide with a longer channel (I4 = 5a) shown
in figure 4(d). As expected, the second transmission peak
redshifts due to lower resonant frequency of the Fabry—Perot
effect with the first transmission peak unchanged, which is the
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Figure 4. Tunneling of SSPPs in a straight effective ENZ channel: (a)—(c) the cut planes (x = 0 mm) of two plasmonic waveguides
connected by an inverted U-shaped channel, an H-shaped channel and a U-shaped channel respectively, in which [} = a, [, = 2a,

I3 = 3a and Iy = 4a. (d) The cut plane (x = 0 mm) of two plasmonic waveguides connected by a longer inverted U-shaped channel.

(e) S-parameters of the four models in (a)~(d). (f)—(h) The simulated E, (V m~") distributions in the plane (x = 0 mm) of the three models

in (a)—(c).

tunneling frequency. The simulated near-field distributions of
E, at 4.24 GHz on the yz plane (x = 0 mm) of Models 1-3
are shown in figures 4(f)—(h). It can be observed that the TEq
mode is smoothly converted to the SSPPs and tightly con-
fined at the interface between the dielectric in the rectangular
waveguide and the air above. When the SSPPs approach the
interface between the plasmonic waveguide and the effective
ENZ channel, the energy of the SSPPs is squeezed and tunnel
through the channel and replicate themselves at the other side
of the channel. The SSPPs are directly squeezed and tunnel
through the effective ENZ material channel due to the high
confinement and localization characteristics of the SSPPs. It

seems that there are some fields outside the waveguide, how-
ever, most energy tunnel through the effective ENZ channel
efficiently.

To test the flexibility of the tunneling frequency tuning
of SSPPs, we consider another case when the effective
ENZ channel is filled with a dielectric with relative permit-
tivity €, = 1.72 (tunneling frequency at 5 GHz) and all other
parameters keep unchanged. The simulated E, distributions
in the yz plane (x = 0 mm) of all three models are shown in
figures 5(a)—(c). It can be observed that although at 5 GHz the
SSPPs waves exhibit much shorter decay length and tighter
confinement they can still tunnel through the three channels
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Figure 5. Tunneling of SSPPs in a straight effective ENZ channel filled with a dielectric with relative permittivity €, = 1.72.
(a)—(c) The simulated E, (V m™") distributions in the yz plane (x = 0 mm) of Models 1-3 in figures 4(a)—(c) at 5 GHz.
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Figure 6. Tunneling of SSPPs in a 90-degree-bent effective ENZ channel. (a) Two plasmonic waveguides are connected by a 90-degree-
bent channel. (b) The simulated near electric-field distributions in the yz plane at x = 0 mm.

efficiently. According to the analysis of the unit cell, tight con-
finement and localization of the SSPPs can be still obtained
at high operating frequency. Thus, at 5 GHz, the SSPPs can
still squeeze into the effective ENZ channel and then tunnel
through it.

4. Tunneling of SSPPs in a bent effective ENZ
channel

To further validate the performance of the tunneling of SSPPs
through arbitrarily bent channel, a 90-degree-bent effec-
tive ENZ channel is designed as shown in figure 6(a). The
dielectrics in the plasmonic waveguide and the dimensions of
the channel keep all the same as those in the third case in
figure 5. The whole structure is symmetrical about the black
dashed line in figure 6(b) and the half length of the ENZ
channel is /4 = 2a. The simulated E, distributions on the left-
hand side of the dashed line and E, distributions on the right-
hand side of the dashed line at 5 GHz are shown in figure 6(b),
it is obvious that the SSPPs efficiently squeeze into and tunnel
through the bent effective ENZ channel with ultra-low loss.
Thus, we believe this judiciously designed plasmonic wave-
guide can realize the tunneling of SSPPs in arbitrarily bent
effective ENZ channel.

5. Conclusions

In summary, with the same tunneling idea of TE;y mode
in conventional rectangular waveguide, squeezing and tun-
neling of SSPPs are realized by bridging two judiciously
designed plasmonic waveguides with an effective ENZ
channel. The tunneling frequency can be flexibly and easily
tuned by changing the relative permittivity of the effective
ENZ material and the SSPPs can tunnel efficiently through
a straight or an arbitrarily bent effective ENZ channel with
ultra-low loss. Although the feasibility of using the struc-
ture is only exhibited in the GHz region, we believe that
the structure can be scaled down and extended to higher
frequencies regime, such as millimeter-wave and terahertz
regime. Thus, this simple design may have potential appli-
cations in increasing the propagation length and tuning the
propagation direction of the SSPPs at microwave and tera-
hertz frequencies.
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