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Dynamic Terahertz Spoof Surface Plasmon–Polariton
Switch Based on Resonance and Absorption

Kyungjun Song and Pinaki Mazumder, Fellow, IEEE

Abstract—In this brief, a terahertz (THz) switch consisting of
perfect conductor metamaterials is demonstrated both theoreti-
cally and numerically. Specifically, we build a THz logic block
based on waveguide–cavity–waveguide, thus providing a strong
electromagnetic field accumulation inside a small cavity. Further-
more, this brief shows that the subwavelength metallic cavity can
confine light for a long time within a very small area. Therefore, an
arbitrarily designed cavity with the high quality factor Q and the
small effective area Aeff can be easily utilized for an efficient THz
switch. These promising results can be used to provide new switch
types and open up new vistas in the area of THz subwavelength
optics.

Index Terms—Absorption, cavity, dynamic circuit, filter, reso-
nance, spoof surface plasmon–polariton (SSPP), subwavelength,
terahertz (THz).

I. INTRODUCTION

R ECENTLY, there has been significant interest in de-
veloping subwavelength terahertz (THz) pulse propaga-

tion through the use of grooves, holes, and dimples created
on the surface of metallic structures [1]–[5]. Specifically,
a 1-D corrugated metallic structure provides spoof surface
plasmon–polariton (SSPP) localization and slow-light propa-
gation when the operational frequency is close to the band
edge. Furthermore, transverse magnetic (TM) SSPP modes
can be easily modulated by varying height h, as shown in
Fig. 1(a), thus providing efficient passive THz elements such
as guiding structures, focusing elements, and filters [1]–[5]. In
addition, the dynamic control of SSPP modes can be achieved
by altering the refractive index n, as illustrated in Fig. 1(b),
thereby yielding the feasibility of dynamic THz elements such
as switches, modulators, and multiplexers [6].

However, to increase the slow down factor S = vc/vg , which
is defined as the ratio of phase velocity and group velocity,
and utilize passband and stop-band characteristics similar to
photonic crystals, we use subwavelength metallic gap structures
with a periodic array of grooves. Specifically, resonant modes
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Fig. 1. TM dispersion relationships for SSPP modes are calculated by
(a) changing height h and (b) varying the refractive index n.

exist within the second band, thus providing a low group veloc-
ity, a small damping coefficient, and strong SSPP confinement.
Furthermore, the promising capability of SSPP modes is the
miniaturization of THz elements and devices on subwavelength
scale, which is expected to spur the development of compact,
ultrafast, and low-power digital THz circuitry.

In [6], we demonstrated how a metamaterial corrugated
structure consisting of a perfect metal and an anisotropic dielec-
tric composed of electrooptically controllable refractive index
materials such as a nematic liquid crystal (LC) can be uti-
lized to build dynamically controllable switching waveguides.
Nonetheless, significant challenges need to be resolved before
THz Boolean circuitry designs can be used to usher in THz
information processing. For example, a distributed electroop-
tic voltage needs to be applied along the length of the LC
dielectric, so that the LC is uniformly polarized. In addition,
the switching speed of the LC is currently significantly slower
than a THz SSPP signal, thereby limiting the application of the
switch to merely programmable waveguide networks.

In order to overcome these critical limitations, we propose a
THz switch design that involves modifications to the height of
the corrugated structure along the length of the waveguide. The
idea is to create a small narrow cavity connected to identical
waveguides on both sides, as shown in Fig. 2(a). The cavity,
which was made up of a small periodic unit cell array, was de-
signed carefully in order to solve the size issue of the switching
junction. Furthermore, the switching junction designed using
the high quality factor Q and the small effective area Aeff

enables us to obtain an efficient THz switching function at the
small refractive index modulation δn/n and the loss-induced
modulation δα.
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Fig. 2. (a) THz waveguide–cavity–waveguide with 1-D periodicity. (b) THz
waveguide can be regarded as a large resonator array with free space (n = 1),
and the cavity can be considered as a small resonator array with the different
height h and the refractive index n. (c) Schematic diagram illustrating the
essential physics used in the THz filters and switches.

II. DESIGN OF THE THZ SSPP WAVEGUIDE

AND THE CAVITY

In this brief, we focus on the waveguide–cavity–waveguide
structure for THz filters or switches, where an example of
which is shown in Fig. 2(a) [7]–[10]. As shown in Fig. 2(b),
the THz waveguides can be considered as equal-space coupled
resonator arrays with the single-cavity resonant frequency ΩW ,
thus providing the maximum field concentration at the specific
frequency ωa behaving like a THz filter. In addition, a small
resonator array with the different height h and the refractive
index n can be regarded as a cavity with the resonant frequency
ωo. Because the cavity is formed by reducing the height of
the corrugated structure adjacent to the THz waveguides, there
are three main physical mechanisms to determine the ON–OFF

switching function: by tuning the resonant frequency ωo, the
waveguide–cavity coupling rate Γc, and the intrinsic cavity
decay rate Γo, as shown in Fig. 2(c) [11], [12].

First, we consider the SSPP dispersion of THz waveguides
consisting of two sandwiched SSPP gap structures with geo-
metrical parameters of a/d = 0.1, h1/d = 0.8, t/d = 1/3, d =
100 μm, and n = 1, as shown in Fig. 3(a). We use the air
waveguides of n = 1 rather than the dielectric waveguides of
n > 1 to eliminate inherent loss inside the THz waveguides.
The SSPP dispersion curves of these structures show multi-
ple SSPP-confined modes, thus providing photonic bandgap
management. In addition, we conduct a finite-element method
(FEM) simulation, as shown in Fig. 3(b), to verify the THz
signal propagation along the corrugated sandwiched metama-
terial structure. For instance, the frequency lies in the vicinity
of the first band edge at 0.72 THz, thus generating a relatively
strong SSPP confinement. However, at 0.9 THz, the frequency
is located at the photonic bandgap region, thus prohibiting THz

Fig. 3. (a) TM dispersion curves of SSPP modes supported by the sandwiched
metamaterial conductor with geometrical parameters of d = 100 μm, a =
10 μm, h = 80 μm, t = 100/3 μm, and n = 1. (b) Finite-element simulation.
Spatial distributions of the electromagnetic field (e-field) across the THz
waveguides for four different frequencies of 0.72, 0.9, 1.04, and 1.5 THz,
respectively. To explain the theoretical concept, we conducted a FEM simu-
lation based on a 3-D architecture with open sides (width = 500 μm from the
y-direction). Because of a large width, there are negligible differences between
3-D and 2-D simulations.

signal propagation. As we increase to 1.04 THz, the THz signals
are strongly localized at the grooves within the sandwiched
structure, thus realizing slow light propagation along the peri-
odic gap structure. If we increase the frequency up to 1.5 THz,
the THz signals provide small localization, as shown in
Fig. 3(b). Therefore, the operational frequency of our device is
1.04 THz with λ of ∼288 μm. At the given frequency, the THz
design parameters have metamaterial conditions of a = ∼λ/30
and t = ∼λ/9, in contrast with conventional metallic grating
waveguides [13], [14].

Next, we introduce linear localization with a grating period
of N = 2 into the background THz filters by reducing the
height of the THz structure, as shown in Fig. 2(a). To obtain
efficient transmission across the THz filter, it is essential that
both the resonant frequency ωo of the cavity and the specific
frequency ωa of THz waveguides coincide, as demonstrated
in Fig. 2(b). Furthermore, the resonant frequency of SSPP
modes is almost inversely proportional to height h and the
refractive index n; therefore, the height of the cavity structure
with the dielectric material (n > 1) should be smaller than
the THz waveguides. Specifically, we designed a cavity struc-
ture with geometrical parameters of l = 2d, a/d = 0.1, t/d =
1/3, h2/d = 0.5, and n = 1.414, as shown in Fig. 2(a). With
these conditions, we obtain a resonant frequency ωo value of
∼1.38πc/2d with a Q factor of ∼690 using the finite-difference
time-domain method (FDTD).

III. SSPP SWITCHING BASED ON RESONANCE

We designed a narrow SSPP bandpass filter with a
waveguide–cavity–waveguide structure. Next, we will consider
how this structure can be extended to dynamic THz switches.
In principle, as n increases, ωo shifts to a lower frequency.
In contrast, as n decreases, ωo moves to a higher frequency.
For example, let us assume that the intrinsic cavity decay rate
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Γo is negligible; thus, Γo → 0. The transmission and reflection
can then be described using temporal coupled-wave analysis
(TCWA) [15], [16] as follows:

T (ω) =
(Γc)2

(ω − ω0)2 + (Γc)2
and R(ω) =

(ω − ω0)2

(ω − ω0)2 + (Γc)2
.

(1)

Specifically, (1) leads to two fundamental limiting switching
conditions. In one case, |ω − ωo| = Δωo � Γc. Equation (1)
illustrates that almost all power from waveguide 1 can be
transferred to waveguide 2, thus demonstrating an ON-state.
For the opposite case, |ω − ωo| = Δωo � Γc. The frequency
of the SSPP mode has a large shift from the resonant frequency
ωo. The reflection almost approaches unity, thus achieving an
OFF-state.

Specifically, we obtain Δωo of ∼0.0104πc/2d at δn =
0.01 by using the SSPP dispersion analysis. Next, Γc can be
obtained by

Γc =
ωo

2Q
∼ (1 − R)υg

Lcav
. (2)

The FDTD simulation yields a Q factor of ∼690 within
the cavity structure with length Lcav = 2d, thus providing
Γc = 0.001015πc/2d. Therefore, the switching function can be
realized by modulating the refractive index at δn/n = 0.01 due
to Γc � Δωo. As shown in (2), Γc can be determined by the
group velocity νg and the reflective coefficient R of the cavity.
Thus, the ON-OFF switching ratio can be enhanced if we create
slow-light waves and high-reflection structures. Therefore, it
is essential to consider optimal switching when building an
efficient THz switch constrained by two fundamental cavity
parameters, i.e., a Q factor inversely proportional to the decay
rate of a cavity photon and the small effective volume Veff

determining the photon intensity inside the cavity [17].
First, a high Q factor is needed to decrease Γc and increase

the switching function at small δn/n, as provided in (2). For
example, we can design the cavity structure by placing the
blocking structures, as shown in the inset in Fig. 4(a). The Q
factor increases correspondingly to the small gap size of the
blocking structures as the increased potential barriers of the
cavity allow a small energy leakage from the cavity to the wave-
guides. Thus, the switching functionality can be elevated if
we construct cavity structures with a high Q factor, as shown
in the inset in Fig. 4(a). To confirm the THz switching us-
ing the refractive index modulation, we used the FEM, as
shown in Fig. 4(a). As shown, the resonant mode of a cavity
(n = 1.421) with no gap (g = t) allows us to achieve almost
100% transmission, which indicates an ON-state. The small
difference in resonant frequency between the FDTD method
and the FEM originates from numerical noise. Furthermore,
the ON–OFF function can be enhanced using high Q design
structures (w = 0.2d and g = d/12), thereby yielding a 3-dB
switching extinction ratio at a δn/n value of ∼0.002.

However, the intrinsic losses in the metal affect the Q factors
in the cavity, thus limiting the switching performance. For
example, we use Ag properties with a conductivity value of

Fig. 4. (a) The magnitude of an e-field of f = 1.04 THz in a metallic groove
located at 800 μm, corresponding to the refractive index modulation inside the
switching junction. The THz waveguides and cavity have the same geometrical
parameters, as shown in Fig. 3. The blocking structures have geometrical
parameters of w = 0.2d and g = d/3, d/6, and d/12, respectively. (b) Spatial
snapshots of the e-field show an ON-state at n = 1.422 and an OFF-state at
n = 1.418, respectively.

σ = 6.1 × 107 Ω−1m−1. Furthermore, the 3-dB switching ex-
tinction ratio of a switch with Ag blocking structures of w =
0.2d and g = d/12 can be achieved at a δn/n value of ∼0.007
through FEM simulation.

As an alternative method, we can increase the energy ac-
cumulation inside the cavity if we decrease the size of the
switching junction area Aeff , as shown in the inset in Fig. 5.
As expected, a switching junction with a small dimension
requires a large refractive index of n = 1.961 for its resonant
frequency. Although a size reduction induces a small propa-
gation length due to the large potential barriers between the
cavity and waveguides, this structure allows us to obtain a 3-dB
switching extinction ratio at a δn/n value of ∼0.0025, thus
demonstrating the usefulness of energy accumulation for
switching functionality.

IV. SSPP SWITCHING BASED ON ABSORPTION

As a different approach, absorption modulation can be con-
sidered as a new method for THz signal control and routing.
To verify loss-induced THz switching, let us now turn to the
case of purely absorptive modulation, in which the input field
frequency ω coincides with both the cavity resonance ωo and
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Fig. 5. Magnitude of an e-field of f = 1.04 THz in a metallic groove located
at 800 μm, corresponding to the refractive index modulation inside the switch-
ing junction. THz waveguides have the same geometrical parameters shown
in Fig. 4. In addition, the cavity has geometrical parameters of d = 50 μm,
a = 10 μm, h = 25 μm, and t = 100/6 μm.

the specific frequency ωa of the waveguides. Thus, TCWA gives
the following:

T (ω) =
(Γc)2

(Γc + Γo)2
and R(ω) =

(Γo)2

(Γc + Γo)2
. (3)

The only dependent parameters for determining transmission
and reflection are Γo and Γc. More specifically, we consider
two fundamental limiting cases: In the first case, Γo � Γc,
and the switching state is on. In the second case, Γc � Γo,
and the switching state is off. As such, we assume that Γo

only depends on the extinction coefficient α of the dielectric
material inside the cavity. Hence, Γo can be approximately
given by a Γo value of ∼2ωα/n with a dielectric material
permittivity value of ε = (n + jα)2. At a resonant frequency
ωo value of ∼1.38πc/2d, where n = 1.421 and α = 0.01, the
intrinsic cavity decay rate is almost equal to a Γo value of
∼0.0194πc/2d, which means Γo � Γc (i.e., Q is ∼690, and
Γc = 0.001015πc/2d); thus, T (ω) is ∼0 and R(ω) is ∼1, as
provided in (3). The FEM simulation validates THz switching
using the loss-induced method. As illustrated in Fig. 6, the
inherent loss-free systems yield an ON-state from a resonant
matching condition of ω = ωa = ωo. On the other hand, as α
increases, the output power is significantly reduced, as expected
in (3). Similar to the resonance modulation, a high Q factor is
useful for obtaining a switching function at a small δα value.
For example, a switch with blocking structures of w = 0.2d
and g = d/12 allows us to obtain a 3-dB extinction ratio at a
δα value of ∼0.0015.

V. CONCLUSION

In this brief, we focused on THz switches using subwave-
length channels composed of perfect conductor metamaterials
based on resonance and absorption. In addition, dielectric ma-
terials such as n-GaAS or SI-GaAS are possible candidates
for THz switching. Similarly, dynamic THz switching can be

Fig. 6. Magnitude of an e-field of f = 1.04 THz in a metallic groove located
at 800 μm corresponding to the extinction coefficient α inside the switching
junction. All geometrical configurations are the same as those in Fig. 4.

achieved using GaAS [18]. However, the performance of SSPP
devices is highly robust against fluctuations in geometrical or
material parameters due to a subwavelength tunneling mecha-
nism t value of ∼λ/9. In addition, we note that, although a high
Q factor is desirable for an ON–OFF switching function, it is
essential to consider resonant matching issues (ω = ωa = ωo)
resulting from a small bandwidth.

Nevertheless, we expect that the proposed idea can be im-
plemented to future THz devices such as Mach–Zehnder in-
terferometers, amplifiers, nonlinear switches, and biosensors.
Furthermore, SSPP architectures can be applied to slow-light
devices operating at radio-to-microwave frequencies.
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