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Active Terahertz Spoof Surface Plasmon
Polariton Switch Comprising the Perfect

Conductor Metamaterial
Kyungjun Song and Pinaki Mazumder, Fellow, IEEE

Abstract—The feasibility of realizing an active terahertz (THz)
switch by utilizing artificially corrugated perfect conductor meta-
materials is reported in this paper by demonstrating that the
strongly localized THz spoof surface plasmon polariton (SSPP)
modes can be easily controlled by changing the refractive index of
dielectrics inside a longitudinal metallic structure with a periodic
array of grooves. Specifically, this paper shows that incorporation
of electrooptical material such as a nematic liquid crystal into the
plasmonic gap leads to a highly compact and efficient THz switch
that is activated by a low-voltage control-signal. The optimal
design of the SSPP switch enabled by this novel method shows:
1) a strong subwavelength SSPP localization; 2) relatively high
extinction ratio; and 3) small damping attenuation. Furthermore,
the design flexibility associated with simple micrometer-scale ar-
chitecture provides a promising method toward controlling or
steering the subwavelength THz signal in the future SSPP-based
compact digital circuit.

Index Terms—Active circuit, bandwidth, nematic liquid crystal
(N-LC), spoof surface plasmon polariton (SSPP), terahertz (THz).

I. INTRODUCTION

EVEN THOUGH the terahertz (THz) frequency (0.1–
3 THz) remains an underexploited regime in the electro-

magnetic (EM) spectrum and very little commercial products
operating in the THz domain have penetrated in the market, the
THz EM spectrum has recently evoked a considerable interest
among device and circuit researchers. New investigations are
currently underway to identify future promising applications
like astronomical remote sensing, medical imaging systems,
military detection, and ultrafast computer logic circuit [1]–
[3]. Specifically, as a basic building block for THz family
of devices, passive elements such as waveguide, ring res-
onator, and filter are now being explored as components for
the next generation of integrated circuits. Unfortunately, the
conventional index-guiding methods such as plastic ribbons and

Manuscript received April 17, 2009; revised July 29, 2009. First published
September 25, 2009; current version published October 21, 2009. This work
was supported in part by an AFOSR grant FA9550-06-1-0493. The review of
this paper was arranged by Editor M. J. Deen.

K. Song is with the University of Michigan, Ann Arbor, MI 48109 USA
(e-mail: songk@umich.edu).

P. Mazumder is with the University of Michigan, Ann Arbor, MI 48109 USA,
and also with the U.S. National Science Foundation, 4201 Wilson Boulevard,
Arlington, VA 22230 USA (e-mail: mazum@eecs.umich.edu; pmazumde@
nsf.gov).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TED.2009.2030838

sapphire fibers are not suitable for THz guiding or focusing,
because of their high signal power loss [4]. As an alternative to
solving the damping problems, simple metal wire was recently
developed for guiding THz radiation in the form of surface
plasmon polariton (SPP) that propagates at the interfacial
surface between a dielectric and a metal [5]. Compared to
dielectric-based waveguides, the THz SPP wave offers low loss
and low dispersion. Therefore, metallic structures for carrying
THz signal have gained considerable attention for THz passive
elements.

However, a simple metal wire supports weakly guided THz
waves because of negligible field penetration into the metallic
side in comparison to the dielectric matrix surrounding the
metallic wire. To overcome the weak SPP confinement in the
THz domain, surface topology engineering can be employed
to create holes, grooves, and dimples which mimic realistic
SPP behavior at the visible or ultraviolet spectrum [6], [7]. The
resulting spoof SPP (SSPP) modes enhance the subwavelength
confinement on the metal surface by generating highly localized
surface bound modes in the perfect conductor [8]–[10]. In this
paper, we demonstrate how to build efficient THz passive circuit
by utilizing these mimicking SSPP bound modes [11], [12].
However, to perform more complex signal routing and process
arbitrary Boolean functions, the integrated circuit devices will
require dynamic control of the guided THz signal [13]. Specif-
ically, the active SPP circuit operating in the near infrared or
optical frequency spectrum have been demonstrated and cur-
rently being explored by using some innovative methods such
as electrooptical (EO), thermooptical, and all-optical devices
[14], [15]. Furthermore, dynamic control of SPP modes in the
lower frequency domain can be accomplished by using optical
or thermal control on corrugated semiconductor structure [16].
This will open a promising possibility for controlling SPP
signal and three-terminal SPP devices.

In this paper, we present a novel way to obtain an active
THz SSPP switch or modulator in the perfect conductor. More
recently in the literature, it is reported that the highly localized
SSPP bound modes along the corrugated metallic wire can be
controlled by varying its geometrical dimensions such as radius
or height [12], [17]. In addition to the geometry-based method,
the dynamic control of the SSPP modes can be achieved by
changing the refractive index of the indentation of the grooves
or the host matrix. Here, we demonstrate that the TM dispersion
relation of surface-bound modes in the perfect conductor limit
can be tailored by changing the refractive index of the grooves.

0018-9383/$26.00 © 2009 IEEE
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Fig. 1. (a) Dispersion diagram of SSPP modes calculated from (7).
(b) Dispersion diagram of SSPP modes calculated from FDTD. The structure
is supported by a 1-D array of grooves with geometrical parameters a/d = 0.1
and h/d = 0.5.

Specifically, the incorporation of nematic liquid crystal (N-LC)
into the plasmonic gap structure, where the SSPP bound modes
propagate in the dielectric gap between two textured perfect
conducting surfaces, allows the device to modulate the resonant
frequency of the Fabry–Pérot-like wave [18] depending on
the LC orientation. This simple principle enables us to design
active THz SSPP switches and modulators that are activated by
electrically or optically controlled birefringence.

II. DISPERSION DIAGRAM OF SSPP ALONG THE

CORRUGATED PERIODIC METAMATERIAL

The inset of Fig. 1(a) schematically shows a perfectly con-
ducting surface that is corrugated periodically with the linearly
spaced rectangular grooves that are infinite in y-direction and
have height h, width a, and periodic lattice distance d. More-
over, the permittivity of Region I and grooves have anisotropic
permittivity (nx, ny, nz). First, we are interested in calculating
the dispersion relation of TM-polarized waves propagating in
the x-direction along the corrugated wave structure bounded
by anisotropic dielectric material (nx, ny, nz). To analyze the
TM dispersion analysis as a quasi-analytical form, the EM
modes can be expanded in terms of Floquet modes that are
characteristic waves for periodic structures. The H field with
TM polarization (magnetic field perpendicular to the plane of
grating structure in Region I) may be expressed in terms of
modes

HI
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y = (ω/c)2 represents the TE polar-
ization wave. The detail derivation of the normal surfaces in
anisotropic media is described in the Appendix. Notably, in
Region II, all fields are zero except inside the grooves (−a/2 ≤
x ≤ a/2) of the perfect conductor, thus Hy within the grooves

can be written as a linear combination of the backward and
forward z-directional TM modes

HII
y = A+ exp(jkz,IIz) + A− exp(−jkz,IIz) (2)

where A+ and A− are constants and kz,II = nxω/c (in the
case of TE polarization: kz,II = nyω/c). It is straightforward
to show that the dispersion relation of TM polarized surface
wave propagating in x-direction along the periodically corru-
gated metamaterial can be rigorously derived by applying the
boundary conditions: tangential E and H fields at the interface
between Region I and II, tangential E fields vanishing at the
perfect conductor surface and E-fields at the bottom of the
grooves (z = h). From the boundary condition, the following
equations can be obtained by:
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The TM dispersion relation can be obtained in the condition of
det Q = 0, i.e.,
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where j is
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x a/2). With the
help of the surface bound condition (kx > nzω/c) and the
subwavelength limit (λ � d and h), the zero order (n = 0)
dominates among all other diffraction modes. Thus, the TM
dispersion relation of surface bound modes can be sim-
plified as√
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In the limit kxa � 1, (6) becomes
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As a simple form, in the case of nx = ny = nz = 1, (7)
coincides with that in [19, eq. (14)], explaining the behavior for
ω(kx) in the air grooves (n = 1). Note that the TM dispersion
relation of SSPP modes not only depends on the geometrical
parameters but also relies on the refractive indices of grooves
and on Region I. In detail, the cutoff SSPP frequency ωc =
πc/2nxh calculated from (5) is controlled by the depth of
grooves h and the x-directional refractive index nx. Recently,
the cutoff frequency ωc on periodically corrugated metal wires
also shown to be inversely proportional to the depth of radial
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grooves [12]. To demonstrate the effect of the refractive index,
Fig. 1 shows the TM dispersion relation for SSPP bound
modes supported by a periodically corrugated perfect conductor
with geometrical parameters a/d = 0.1 and h/d = 0.5. Three
different isotropic refractive indices are analyzed: nx,y,z = 1,
nx,y,z = 1.501, and nx,y,z = 1.680. For SSPP modes, at the
long wavelength (λ � d), the dispersion curves asymptotically
approach the light line kx = nzω/c because the EM wave
does not recognize the fine periodic structure. However, as the
frequency increases up to the cutoff frequency ωc, the highly
localized surface bound modes are generated along the textured
structure. In addition, Fig. 1(b) shows the dispersion diagram of
SSPP modes calculated from FDTD. These band diagrams can
be analyzed in the form of periodic Bloch modes, which means
the EM field satisfies the Bloch periodic boundary condition.
Even though the results of FDTD much like that of analytical
method, the small difference between analytical calculation and
FDTD is explained by the multiple order terms (abs(n) > 0) in
(5). In Fig. 1(a), we disregard the high-order terms (abs(n) >
0) in (6) and (7), thus pulling up the dispersion curve.

III. DISPERSION DIAGRAM OF SSPP ALONG THE

SANDWICHED METAMATERIAL

In the previous section, it has been shown that the SSPP
bound modes in a corrugated perfect conductor can be con-
trolled by changing the refractive index of the grooves. We
now focus on a realistic THz micrometer-scale switch device.
The inset of Fig. 2(a) shows a schematic picture of an active
THz plasmon switch consisting of a dielectric plasmon gap
between two corrugated perfect metamaterials with geometrical
parameters a/d = 0.1, h/d = 0.5, and t/d = 1/3, thus con-
fining the localized THz pulse and demonstrating the highly
miniaturized active THz switch. For a complex geometry, the
SSPP dispersion curves and mode profiles of the sandwiched
structure can be obtained by FDTD. In contrast to 1-D corru-
gated structure, the sandwiched structure exhibits interesting
features [17]. To be specific, the reflection symmetry through
the plane z = 0 generates multiple SSPP modes along the
signal line, as shown in Fig. 2(a). The dispersion of first-band
mode closely matches with that of 1-D array grooves calculated
from (7). In addition, the periodic x-directional transition sym-
metry creates the SSPP band-gap similar to photonic crystals.
Furthermore, the second mode with a flatband is located at the
region between the SSPP band-gap. Thus, this mode becomes
a slow light in which the velocity of SSPP modes physically
can be lowered. Furthermore, slow light enabled by resonant
mode operation is promising method for shrinking the size of
THz devices and controlling THz signal in the time domain
[20]. In contrast to periodic dielectric (n > 0) waveguide, the
resonant frequency exists in the region of second-band mode.
As shown in Fig. 2(b), the existence of structural resonant
modes can be understood intuitively by considering the unit
periodic cell act like a THz cavity with small quality factor Q
and periodic unit cells are connected to each other with cou-
pling coefficient. Physically, the periodic dielectric corrugated
gap structure with refractive index (n > 0) cannot support the
localized field because of the boundary condition. However, the

Fig. 2. (a) Dispersion diagram of SSPP bound modes supported by the
sandwiched conductor metamaterials with geometrical parameters a/d = 0.1,
h/d = 0.5, and t/d = 1/3. (b) Quality factor Q for SSPP switch with the
grooves (N = 15) is obtained by FDTD. (c) Mode profiles for SSPP switch
with the grooves (N = 15) at three different operating frequencies: first-band
mode (ω = 0.420 πc/2h), second-band mode (ω = 0.680 πc/2h), and third-
band mode (ω = 0.994 πc/2h).

metallic structure provides the structural resonant frequency,
thus supporting confined SSPP modes, as shown in Fig. 2(a).

To obtain an efficient THz switch, we focus on the resonant
SSPP modes for two fundamental reasons: small damping
mechanism and strong SSPP confinement. First, to verify the
small damping system at resonant frequency, we conduct the
computation of the quality factor Q ≈ ω0/γ where γ is
the loss rate. The quality factor Q is useful in determining the
system behavior in the resonant system. In our system, the
net dimensionless decay rate can be rewritten as sum of two
dominant decay rates: 1/Q = 1/Qr + 1/Qw, where 1/Qr and
1/Qw denotes the radiative and waveguide decay rates, re-
spectively. To eliminate the radiative loss and estimate the
waveguide decay, we excite the Gaussian point source at the
center of sandwiched structure with groove numbers (N = 15)
and analyze the response with the help of filter diagonalization
method [21]. In this case, Q has a sharp peak at the specific fre-
quency, thus verifying resonant modes and narrow bandpass fil-
ter. Similar to the extraordinary transmission of subwavelength
metallic holes [22], [23], the enhanced transmission through a
corrugated sandwiched structure can be achieved by operating
the resonant mode. Second, to demonstrate the subwavelength
SSPP confinement at the resonant modes, the field profiles at
three different frequencies are shown in Fig. 2(c). These figures
show the magnetic-field (Hz) patterns of states localized about
a corrugated metallic gap. By examining the field profiles, the
first-band mode (ω = 0.420 πc/2h) shows the equally field
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distribution in the y–z plane. However, the third-band mode
(ω = 0.994 πc/2h) exhibits the alternating two different field
concentrations in the y–z domain. In particular, at the second-
band mode (resonant mode: ω = 0.680 πc/2h), the EM fields
are mainly concentrated on the grooves, thus demonstrating
strong SSPP subwavelength localization. Therefore, these fea-
tures increase the high EM field intensity and sensitivity in a
small volume, thus enhancing nonlinear optical effects for THz
active devices such as switch and multiplexer.

In addition, for a more practical THz design, we need to opti-
mize guiding parameters that SSPP resonant modes are located
in the THz domain. The key design rule is that SSPP resonant
frequency is inversely proportional to the refractive index (n)
and height (h) as similar to cutoff frequency ωc = πc/2nxh
in the 1-D SSPP structure. Fig. 3(a) shows the TM dispersion
relations of sandwiched conductor metamaterial supported by
geometrical conditions: a = 6 μm, d = 60 μm, h = 30 μm, and
t = 20 μm. In detail, at n = 1.501 and n = 1.680, the reso-
nant frequencies are about ω = 1.60 THz and ω = 1.45 THz,
respectively. This resonant frequency modulation in our THz
architecture enables us to control or steer the THz signal by
manipulating the refractive indices of periodic grooves.

IV. ACTIVE SPOOF THz SWITCH

BASED ON METAMATERIAL

In this section, we apply the theoretical approach to practical
implementation. To turn signal lines ON and OFF based on a
shift of resonance frequency, a large birefringence is warranted
at a low control signal, thus offering significant flexibility into
existing optoelectronic devices. For example, the refractive
index change can be achieved by several methods such as
conventional electrooptic and nonlinear optical bistable mate-
rial. In this paper, we introduce the N-LC with the dielectric
anisotropy defining as Δn = ne − no, where ne and no are
refractive indexes parallel and perpendicular to the molecular
axis [24], [25]. Furthermore, the LC birefringence can be easily
controlled by changing alignment of LC based on a low voltage.
In this way, the orientations of LC induced by electric field or
optical excitation determine the three fundamental refractive
indices of x-, y-, and z-axis, thus modifying the artificially
engineered SSPP modes in the active THz switch.

To confirm the active switching operating at THz frequency
based on the LC orientations, we conducted HFSS simulation
based on the finite-element method (FEM). In the FDTD sim-
ulation, we investigated the basic principles of SSPP guiding
2-D structure based on the isotropic medium. However, in
the FEM simulation, for a more realistic physical model, we
designed a 3-D THz switch. The spatial snapshots of magnitude
E field in the x–z plane along the active 3-D finite THz switch,
as shown in Fig. 3(b)–(d). Basically, the 2-D structure has
one mirror symmetry plane z = 0, thus classifying the TM
modes and TE modes. However, the 3-D structure has two
mirror symmetry plane z = 0 and y = 0, thus all modes have
symmetric (even) and antisymmetric (odd) with respect to two
planes. Therefore, the guiding width w is important factor to
determine the dispersion curve and resonant frequency. For
example, for the case of thin structure with small width w,

Fig. 3. (a) Dispersion graphs of the spoof surface plasmon supported by
the sandwiched conductor metamaterial with geometrical parameters for a =
6 μm, d = 60 μm, h = 30 μm, and t = 20 μm. (b)–(d) Spatial distributions of
the E-field along the active THz switch devices for three different fundamental
LC orientations at 1.25, 1.45, and 1.6 THz, respectively. The geometrical
configurations for a = 6 μm, d = 60 μm, h = 30 μm, t = 20 μm, no =
1.501, and ne = 1.680.

the EM field modes are imposed by the two mirror symmetric
conditions (z = 0 and y = 0). However, for the case of thick
structure with large width w, the EM field modes almost
constrained by the one mirror symmetric condition (z = 0). To
verify the previous analytical method based on 2-D analysis,
we use large width w = 160 μm (y-direction) and the structure
has the same geometrical parameters of 2-D guiding structure
containing 16 grooves. Furthermore, contrast to FDTD simu-
lation, we use biaxial medium from N-LC with no = 1.501
and ne = 1.680 [26]. Therefore, we consider three funda-
mental LC orientations: (nx = ne, ny = no, nz = no), (nx =
no, ny = ne, nz = no), and (nx = no, ny = no, nz = ne). As
expected from the TM dispersion analysis, the THz guided
wave along the guiding gap is engineered by different LC
orientations. In particular, at 1.6 THz, the y alignment (ny =
ne) of LC generates strongly coupled SSPP resonant modes,
thus meaning ON-state. This field pattern is very similar to the
resonant mode of FDTD simulation, as shown in Fig. 2(c). This
extraordinary transmission can be explained by TM dispersion
analysis, as shown in Fig. 3(a), because the SSPP modes based
on the anisotropic medium are constrained by nx and nz as
illustrated in (7). Therefore, the THz guided wave can be
characterized by the isotropic medium (n = 1.501), thus the
resonant modes are located at 1.6 THz. On the other hand,
x or z alignment of LC prohibits THz pulse signal about the
metamaterials, thus denoting OFF-state.
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Fig. 4. (a)–(c) E field amplitude versus frequency calculated at the output of THz switch in which the periodic lattice (d = 60 μm) and groove width (a = 6 μm)
are fixed, and at the heights of 20, 30, and 40 μm, respectively. (d) Magnitude of E field, evaluated at f = 1.6 THz, along the x-direction at different locations of
the metamaterials corresponding to three different fundamental LC orientations.

In order to obtain the optimal THz switching, Fig. 4(a)–(c)
shows the E field amplitude calculated at the output of THz
switch in which the periodic lattice (d = 60 μm), groove width
(a = 6 μm), and thickness (t = 20 μm) are fixed, and at the
heights (h) of 20, 30, and 40 μm, respectively. As shown, the
transmittance of the SSPP bound modes along the plasmonic
gap can be controlled by the guiding geometry, operation fre-
quency f , and refractive index n [18]. Additionally, a dramatic
dependence of the height of the corrugated structure is clearly
visible. The increase in E magnitude with increasing height
between 1 and 2 THz is due to the large depth of indenta-
tion leading to strong EM field penetration into the metallic
side. Furthermore, the optimal guiding switching can be ob-
tained at 1.6 THz with h = 30 μm, thus obtaining approxi-
mately maximum 10.51-dB extinction ratio defined as re =
10 log(PON/POFF) with ON-state (Y alignment) and OFF-state
(X or Z alignment), as shown in Fig. 4(b). In addition, Fig. 4(d)
shows the signal attenuation at different locations of metama-
terials with a height of 30 μm at 1.6 THz corresponding to
three different LC orientations. As apparent from the figure,
the extraordinary SSPP resonance between grooves, in the ON

(Y alignment)-state, leads to small signal attenuation, thus hav-
ing 3.21 dB/cm. However, in the OFF-state (X or Z alignment),
the signal loss is almost equal to 18.51 dB/cm.

More importantly, this simple linear structure designed for
the optimal switching condition can be easily extended to more
complex logic elements. Fig. 5(a) shows the equivalent circuit
model of a Y-junction THz switch containing four grooves in
each section and independent control signal line. As shown
in Fig. 5(b), this THz circuit model can be easily realized by
manipulating the combination sets of LC orientation. In the case

Fig. 5. (a) Equivalent circuit of the THz Y-junction switch with three control
signals. (b) Spatial distributions of the E-field along the active Y-junction THz
switch with geometrical configurations for a = 6 μm, d = 60 μm, h = 30 μm,
and t = 20 μm at 1.6 THz.

of Y-junction switching, we can obtain intuitively understand-
ing of signal transmission by applying coupled mode theory.
Since each junction can be considered as a weak resonant
cavity which is adjacent to THz waveguides, the transmission in
ON-state or OFF-state depends on the specific junction geome-
try. In practical realizations, we need to consider the impedance
matching issues between each junctions and THz corrugated
waveguides. Additionally, the signal lines consisting of small
grooves can solve the possible issues such as uniform LC
alignment under an electric field or inherent LC damping.
Furthermore, the geometry is simple to fabricate and can be
easily implemented to execute THz Boolean logic algorithm.

V. CHALLENGES AND SUMMARY

In this paper, we have demonstrated that active control of
SSPP signal at THz frequencies can be accomplished by mod-
ulating the refractive index of N-LC material. However, further
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Fig. 6. Dispersion diagram of SSPP bound modes supported by the sand-
wiched conductor metamaterials with geometrical parameters a/d = 0.1,
t/d = 1/3, and n = 1.501 for three different choices of h/d. (a) At h/d = 0.3,
the bandwidth of second band is large. (b) At h/d = 0.5, the bandwidth goes
to zero. (c) At h/d = 0.7, the bandwidth of second band is large.

consideration must be given for practical implementation of the
core idea proposed in this paper.

1) First, the main physical issue stems from limited band-
width [27]. In principle, dramatic signal slow down and
efficient energy transfer can be achieved by using reso-
nant modes. However, the operation of resonance modes
imposes significant bandwidth constraints, thereby lim-
iting the range of available operational frequencies. For
example, as shown in Fig. 2(a), the bandwidth of second-
band mode is almost zero. To increase the bandwidth
of second-band mode, we can design the bandwidth by
choosing appropriate waveguide structures. For exam-
ple, we can change geometrical parameter h/d based
on the guiding parameters a/d = 0.1, t/d = 1/3, and
n = 1.501, as shown in Fig. 6. More specifically, for
small height h/d = 0.3 and large height h/d = 0.7, the
bandwidth of second mode is large. However, for medium
height h/d = 0.5, the bandwidth of second mode goes to
zero, thus compressing the bandwidth of THz pulse, as
shown in Fig. 6(b). Even though bandwidth compression
enables designers to spatially compress the pulsewidth
and increase the internal fields, the small bandwidth is not
desirable in THz applications. Therefore, it is essential
to consider the delay-bandwidth product for an efficient
THz switching device [28].

2) Second, the switching speed of LC is significantly lower
than conventional EO materials such as KH2PO4 or
LiNbO3. This difficulty can be addressed by using other
methods such as nonlinear EO, optically controlled,
or loss-induced material [29]. Recently, SPP signals in
metallic on dielectric waveguides can be controlled by
using the phase transition of crystalline gallium [18].
As an alternative for SSPP routing, this phase transition
owing to the temperature change or external optical ex-
citation provides strong modulation strength (δn/n) and
relatively fast switching speed.

3) Third, the inherent attenuation of LC in the THz do-
main may have an influence on SSPP dispersion, thereby

Fig. 7. Schematic of the THz Y-junction switching: electric contacts placed
directly onto the electrically disconnected metallic lines.

changing resonant modes, bandwidth and quality factor
(Q). In general, the SSPP dispersion mode strongly de-
pends on the dispersive modulation (δn) and absorptive
modulation (δα). Since absorption is strongly related to
signal attenuation, absorption modulation is not broadly
considered as a switching mechanism. However, absorp-
tion modulation (δα) may extend the degree of freedom
for signal routing similar to absorptive optical bistability
method.

4) Fourth, the device performance depends on the polariza-
tion of the incident THz field. Therefore, the THz circuit
system requires the TM polarizer at the input port.

5) Fifth, the insertion loss at the input port has a large value
because the input port and subwavelength gap structure
have a significant impedance mismatch. To decrease the
momentum mismatch, we can design the THz waveguide
or switching system with a periodic arrangement of cut-
through corrugated slits [30]. This arrangement may lead
to solve the momentum mismatch between the gap struc-
ture and input port.

6) Finally, the device implementation such as electrical con-
tacts cannot be easily made. For example, in the case of
Y-junction switch, if we assume that the electric contacts
placed directly onto corrugated metallic structures, the
metallic structure has physically the same voltage value.
To obtain the different voltage configurations between
signal lines, the device designers need to obtain electri-
cally disconnected metallic lines, as shown in Fig. 7. In
addition, electric contacts in the immediately vicinity of
confined SSPP modes may result in additional signal loss.
Therefore, it is essential to find a way to minimize the
signal loss.

However, even though there remain many unresolved chal-
lenges to design experimental plasmon logic gates, the basic
method presented here provides promising possibilities for the
active THz device occupying an area of several micrometer-
meters square. In particular, the proposed linear Y-junction
switching devices operate as a 2 : 1 multiplexer, a fundamental
building block in the digital systems. This paper concludes
that the unique properties of SSPP modes having strong sub-
wavelength EM confinement, low signal attenuation, and high
extinction ratio will open a new vista for the next generation
subwavelength active THz devices.

APPENDIX

NORMAL SURFACE OF ANISOTROPIC MEDIA

We assume a monochromatic plane wave of angular fre-
quency ω propagating in anisotropic medium with an electric
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field and a magnetic field

E exp [i(ωt − k · r)]
H exp [i(ωt − k · r)] .

From the Maxwell equation, we obtain

k × (k × E) + ω2μεE = 0.

The fundamental dielectric tensor ε is given by ε =
(εx, εy, εz). This leads to a constitutive relation between ω
and k

det

∣∣∣∣∣∣
ω2μεx − k2

y − k2
z kxky kxkz

kykx ω2μεy − k2
y − k2

z kykz

kzkx kzky ω2μεz − k2
y − k2

z

∣∣∣∣∣∣=0.

In the case of ky = 0, we obtain two normal surfaces(
k

(n)2
x,I + k

(n)2
z,I

)
/n2

y = (ω/c)2 : TE polarization

(
k

(n)
x,I /nz

)2

+
(
k

(n)
z,I /nx

)2

= (ω/c)2 : TM polarization.
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