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Terahertz Switch Based on Waveguide-Cavity-
Waveguide Comprising Cylindrical Spoof
Surface Plasmon Polariton
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Abstract— This paper demonstrates a terahertz (THz) switch
that comprises a metallic perfect conductor in the form of
periodically corrugated cylindrical waveguides surrounding a
dielectric medium consisting of GaAs compound semiconductor.
The proposed switch deploys a composite waveguide-cavity-
waveguide structure. The switch controls its state by dynami-
cally altering the optical properties of an engineered nonlinear
material inside the cavity, while the corrugated waveguides on
both sides of the cavity are incorporated to limit the propagation
of electromagnetic (EM) waves at nearly THz frequencies only.
At the resonant frequency, the corrugated waveguide allows
strong EM confinement inside the grooves. The cavity has been
designed to achieve a high quality factor as well as to trap EM
waves for a significant period of time. Small changes in the GaAs
refractive index inside the grooves can alter the cavity resonant
frequency. Localized doping near the metal conductor inside the
cavity is implemented so that by applying a voltage between the
metal electrode and the depletion region in the dielectric medium,
the switch can be altered from the ON state to the OFF state, and
vice versa.

Index Terms—ZFree carrier concentration, spoof surface
plasmon polariton (SSPP), terahertz (THz), waveguide-cavity-
waveguide (WCW).

I. INTRODUCTION

HERE is significant interest in devices that work in

frequency ranges from 0.3 to 10 THz. Such devices
find applications in areas such as imaging, spectroscopy,
biomedical sensing, ultrafast computer circuits, astronomical
remote sensing, and hazardous chemical detection [1]-[10].
The confinement and concentration of terahertz (THz)
radiation in small volumes of subwavelength structures can be
utilized to control the transmission of electromagnetic (EM)
waves by enhancing interactions between the EM waves and
nonlinear materials [11], [12]. The strong mode of confinement
is achieved in this paper by confining the spoof surface
plasmon polariton (SSPP) waves to periodically corrugated
metallic structures [13]-[18]. This newly developed method
can overcome the group velocity dispersion of THz waves and
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weak guiding at THz frequencies. The SSPP modes exhibit
features such as field enhancement and localization. In this
technique, the transverse mode of SSPP mimics the behavior
of surface plasmon polariton at the metal-dielectric interface
in metallic wires [14]. The SSPP structures have multiple
passbands and stopbands. These bands can be engineered by
changing the geometric dimensions and materials inside the
structures. The proposed switch is inspired by [14] and [15].

THz generation and detection methods have been around
for many years, but generally THz systems have not suc-
ceeded in making commercial inroads until very recently [19].
The progress in THz engineering has been stymied due to
the lack of ability to control and manipulate THz signals.
Unlike charge-based field-effect and potential-effect devices,
both photonic and THz three-terminal switches are difficult
to build because of lack of controllability of THz waves
either optically or magnetically, especially within the confines
of device geometries. Metamaterial, liquid crystal (LC), and
nonlinear Kerr materials are potentially suitable for devising
the control of EM waves, as they can be manipulated for
absorption as well as resonance in the THz range. However,
there are still some challenges that need to be resolved before
those devices can be used in THz digital logic. For example,
distributed voltage needs to be applied along the LC to make
it uniformly polarized. Also, the switching speed of LCs is
significantly low. The metamaterial structures are comparably
big with respect to the LC structure and they work in free space
communications. Kerr materials need to be pumped by optical
signals to tune their loss or refractive index. This requires
mostly high-power optical pumping.

To overcome the above-mentioned difficulties in deploying
LCs and Kerr materials, semiconductors (Si, InSb) can be
used [20]-[22] so that by free carrier injection through a
p-i-n junction, the transmittance (or coupling efficiency) of
their proposed structures in THz frequencies can be controlled.
Due to the large imaginary part of Si permittivity in the
THz range, such design can only be effectively used up to
near-infrared frequencies.

In this paper, we propose a new THz switch comprising
a cylindrical SSPP (C-SSPP) structure. We demonstrate
that the C-SSPP has strong mode confinement, discrete
transmission bands, and high quality factor in THz domain.
The proposed switch works based on waveguide-cavity-
waveguide (WCW) structure. The cavity is connected to
identical corrugated cylindrical waveguides in both sides. The
new structure can work as an active switch or modulator.
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See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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Fig. 1. (a) Schematic of the corrugated cylindrical waveguide with different
dimensions labeled. (b) Cross section of unit cell of the structure. The structure
can be divided into two sections as shown in the sketch.

Furthermore, the high quality factor cavity and small effective
area enable the device to function at the small refractive
index modulation (dn4/ng4) induced by applying voltage to
the metal electrode connections.

This paper is organized as follows. In Section II,
a mathematical analysis of the C-SSPP is briefly described.
In Section III, we investigate the WCW structure, and in
Section IV, the depletion mode is studied to propose the final
design.

II. THEORETICAL ANALYSIS

Fig. 1 shows the overall view of the C-SSPP waveguide and
the unit cell of the structure. As can be seen, one period of the
waveguide has been divided into two regions. Region 1 acts
as a cylindrical waveguide, while Region 2 is a cylindrical
resonator. To calculate the dispersion relationship, vectorial
EM fields need to be expressed in both Regions 1 and 2.
Using rigorous mathematical analysis, the dispersion diagram
can be obtained using (1).

In our calculations, d is the period of the grooves, a and R»
stand for the width and radius of the grooves, respectively,
while R; is the radius of the smooth part of the waveguide.
ng represents the dielectric index inside the waveguide. Based
on Maxwell’s equations, mathematical expressions of the
TM-polarized and TE-polarized waves propagating in the
z-direction along the grooves can be explicitly written out for
both Regions 1 and 2. By satisfying the boundary conditions
for tangential fields at the interface of Regions 1 and 2, the
dispersion relation of the C-SSPP can be derived using (1).
It can be concluded from (1) that the dispersion diagram is a
function of the refractive index. Then, by modulating the ng4
with external stimuli, the dispersion diagram can be alerted.
The additional variables in (1) are defined as
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Fig. 2. (a) Dispersion diagram of C-SSPP with the dimensions

Ry =120 um, R; = 200 ym, d = 100 um, and a = 30 um. (b) Electric
field magnitude inside the smooth part of the waveguide and grooves at two
different frequencies.

where k' denotes the wavevector of m'-order Bloch—Floquet
mode along the z-axis
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where H,} ’2(kp2 p) are Hankel functions of the first and second
kind and I, (k,p) is the modified Bessel function of the first
kind. Fig. 2(a) shows the dispersion diagram for n = 0
and n = 1, and Fig. 2(b) shows the electric field inside
the C-SSPP waveguide at two different frequencies. When
the operating frequency is in the vicinity of the bandgap
[point A in Fig. 2(a)], it shows strong mode confinement
inside the grooves and slow wave propagation along the
structure. Increasing the operating frequency over the band
edge [point B in Fig. 2(a)], localization decreases and the
SSPP mode no longer exists. The localization of SSPP
modes inside the structure helps us to alter the dispersion
characteristics by inserting small changes in the refractive
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TABLE I
VARIABLES IN MODIFIED DRUDE DIELECTRIC CONSTANT MODEL

& Vacuum permittivity

£ Static dielectric constant

E Electron charge

Wi Longitudinal optical phonon resonance
Wro Transverse optical phonon resonance
r Free carrier coherent decay factor

m, Electron effective mass

y Phonon damping constant

N Free carrier density

index inside the grooves instead of changing it in the whole
structure.

In the following sections, the localization of SSPP modes
is used to enhance the effect of refractive index change in the
transmission characteristics of the C-SSPP.

III. DESIGN OF THE THz WAVEGUIDE-
CAVITY-WAVEGUIDE SWITCH

In this section, we investigate the WCW structure for THz
switches and the mechanism to control the flow of EM fields
inside the structure.

The dielectric constant of a semiconductor can be
described as a function of frequency using the Drude
model [23], [24]
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To implement the optical phonon vibrations of crystal lattice
in heteropolar semiconductor at higher frequency, the Drude
model needs some modifications. For the heteropolar semi-
conductors, the split of transverse and longitudinal phonon
energies at zero momentum give rise to an extra term in the
permittivity calculation formula. The modified Drude model
can be described as
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The variables in (5) are explained in Table 1. Using (5),
the dielectric constant of GaAs is calculated versus frequency
in Fig. 3(a). The effect of phonon resonances can be observed
by the sharp peak in the imaginary part of permittivity.
Fig. 3(b) shows the real and imaginary parts of the dielectric
constant as functions of carrier density (N) in semiconductor
at a frequency of 10.5 THz.

The Kramers—Kronig relationship dictates coupled evolution
of the real and imaginary parts of the dielectric constant. Then
a change in absorption must be accompanied by the shift in
phase accumulation or real part. In Fig. 3(b), it is shown that
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Fig. 3. (a) Real and imaginary parts of GaAs permittivity as functions
of frequency for free carrier density of N = 2 x 10° Cm—3.
(b) Real and imaginary parts of permittivity as functions of free carrier density
at a frequency of 10 THz.

by increasing the carrier density, the real part decreases and
the imaginary part increases. In other words, higher carrier
density results in higher loss. In this paper, the carrier density
for the doped region is set to be N = 2 x 10'7 ¢cm™ and
the corresponding permittivity is 16.69 + i4.67. As can be
observed in Fig. 3(a), there is an abrupt change in the real
part of permittivity around 8.0 THz. Our operational frequency
is set around 10.5 THz where the real and imaginary parts
of permittivity show milder change versus frequency. The
calculated permittivity at 10.5 THz is 8.01 4 i0.05. There are
other materials that can be used as a substitution for GaAs,
such as InSb or Si. However, GaAs is preferable because of
its low intrinsic free carrier density and higher carrier mobility
compared with other mentioned choices.

Enhancement and depletion modes are known as a working
mode based on injection and depletion of free carriers in the
doped semiconductor. These two modes are being used in this
section and the following section to describe the THz switch
states.

Here, we focus on the WCW structure with potential
application as THz switch or filter. Fig. 4(a) shows the
schematic view of our proposed WCW THz switch, consisting



AGHADJANI AND MAZUMDER: TERAHERTZ SWITCH BASED ON WAVEGUIDE-CAVITY-WAVEGUIDE

(a) Cavity

Reflected

Fig. 4. (a) Schematic of the THz WCW structure. (b) THz waveguide and
cavity can be assumed as an equally spaced cylindrical resonator array. The
coupling frequencies for waveguide and cavity resonators are w,, and wy,
respectively.

of two parts: 1) cavity and 2) waveguide. The waveguide can
be assumed as equally spaced cylindrical resonators, which
are placed along the cylindrical waveguide. Fig. 4(b) shows
the wave propagation mechanism in the WCW structure.
As shown, the structure can be regarded as equally spaced
resonator array. The resonators in the waveguide are coupled
at w,, and the coupled frequency for the cavity’s resonators
is w.. When the resonant frequencies of both parts are the
same, the EM wave can couple from the waveguide to cavity
and vice versa. Then to obtain the highest transmission in
the switch, it is essential that w,, and w, coincide. In the next
paragraph we use a mathematical model to describe the power
transmission in the proposed structure, and then we investigate
the parameters that are taking effect in the power transmission
characteristic.

Using temporal coupled-wave analysis, the transmission
and the reflection of waveguide-cavity can be described
as [26], [27]

1"2
T =———5-—— 6
@) = oot 12 ©
(o — CUW)2

R(w) = ————. 7
@ (0 — wy)? +T? M

And I'; can be described using

1)
I = i (8)

In (6) and (7), the cavity decay rate (I'g) is assumed to be
smaller than the cavity coupling ratio (I';). This assumption
is acceptable in our case as the loss is very small. The . is
the resonant frequency of the cavity that can be controlled by
changing the groove’s height or altering the refractive index
inside the dielectric. The groove’s height is predetermined and
cannot be changed after design so the only option to tune the
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resonant frequency is changing the refractive index. In this
design, when there are no stimuli and the operating frequency
is far from the cavity’s resonant frequency compared with T,
(Jo — wc| > T.), all the power reflects back and the switch is
in the OFF-state. When the operation frequency is close to the
cavity’s resonant frequency (|w — w.| < I'¢), the transmission
in (6) is approximately 1 and the switch is in the ON-state.

To introduce the parameters that can enhance the switching
ratio, we approximate (8) as

- (I = R)v,

r
‘ Lcay

©)

The I’ is described as a function of reflective coefficient R
and group velocity vg. Based on (6) and (7), to enhance the
switching ratio, we need to increase the reflective coefficient
and decrease group velocity by employing slow waves. Then
to achieve the high switching ratio, two main parameters
of the cavity should be considered: the quality factor that
is inversely proportional to cavity decay rate in (7) and
the effective volume Vg that controls the cavity’s photon
intensity [25].

The proposed C-SSPP structure can support the slow waves
that have a small group velocity. Additionally, the cavity can
trap EM waves for a significant period of time, resulting in
a high quality factor. Then based on what was discussed
in the previous paragraph, this structure can have a high
switching ratio.

In our design, the cavity and waveguides portions are
identical, but they are separated from the waveguide through
inserting a circular iris between the waveguides and the cavity.
As shown in Fig. 2(a), if there is no iris between the cavity
and waveguides, the structure acts like a band reject filter.
However, by inserting the iris between the waveguide and
the cavity, it acts as a band pass filter. By changing the iris
radius, we can adjust the passing bandwidth. In other words,
inserting the iris and changing its radius alter the effective
volume and, as a result, the quality factor and the cavity’s
bandwidth change. The simulations show that by decreasing
the iris radius, the bandwidth is also reduced. It is noteworthy
that the relative bandwidth in the switch with a longer cavity
lengths is bigger due to the higher loss. The iris radius for
both cases in Fig. 5 is set to be R;/1.5 and the iris length is
set to be a/4. In the next section, the depletion mode is used
to alter the resonant frequency of the cavity.

As mentioned earlier and shown in Fig. 2(a), to have
the SSPP mode propagating along the structure, the oper-
ating frequency must be around 0.5 THz, but to use the
GaAs properties in our structure, the operating frequency
should be 10.5 THz. By scaling the C-SSPP structure
in Fig. 2(b), the new dimensions are: 1) Ry = 3.8 um;
2) Rp = 634 ym; 3) d = 3.7 um; and 4) a = 2.2 um.
Fig. 5 shows the power transmission of the switch versus
frequency for two different cavity lengths. As depicted, both
structures are acting as a band pass filter with a high quality
factor. In the longer cavity length, the EM wave experiences
higher loss as the wave and material interaction is higher, and
as a result, the maximum transmission is lower compared with
the smaller cavity length.
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IV. DEPLETION MODE

As explained in Section III, by tuning the waveguide-cavity
coupling ratio, the power transmission can be adjusted. Based
on (8), the ', is a function of the cavity resonant frequency.
Utilizing the depletion mode to change the dielectric refractive
index inside the cavity, the resonant frequency can be altered.
As the cavity quality factor is high, the small change in
refractive index can change the resonance frequency such that
the WCW switches from one state to another state.

Fig. 6 shows the power transmission for two different refrac-
tive indices inside the cavity. In this plot, the GaAs refractive
index is assumed to be constant over the entire cavity. The
cavity length is set to be three periods to increase the interac-
tion of EM waves with the refractive index inside the cavity.
By changing the real part of permittivity from 8.05 to 8.1,
the resonant frequency shifts from 10.78 to 10.72 THz.
In principle, as permittivity increases, the resonant frequency
of the cavity shifts to lower frequencies. Likewise, when the
permittivity decreases, the resonant frequency shifts to higher
frequencies.
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Due to technological constraints, it is not practical to alter
the refractive index value in the entire cavity. As mentioned
earlier, by setting the operating frequency near the groove’s
resonant frequency, most of the EM power concentrates inside
the grooves. Then by changing the refractive index in a portion
of the groove’s cavity, it is possible to control the flow of
EM waves.

In the final design, the free carrier concentration of GaAs
inside the groove’s cavity is set to N = 2 x 10'® Cm™3.
Since the doping concentration is higher than its intrinsic
carrier density (N = 2 x 100 Cm_3), we can utilize the
depletion mode in our structure. Where the metal electrode
in the cylindrical resonator and the GaAs dielectric contact,
a Schottky contact is formed. By applying a voltage to the
electrodes, the depletion zone below the metals will appear.
The depletion thickness can be calculated using [24]

2e580(Vbi + V)
Ddepletion = —e N .

Here, V is the applied voltage to the patches and Vy; is
the built-in voltage of the semiconductor metal junction.
Other variables are described in Table I. For the GaAs-metal
junction, the V4 = 0.75 V. By changing the voltage across
the electrodes, the depletion depth will be formed and the
effective permittivity of GaAs can be tuned. The switch state
can alter from ON to OFF and vice versa by controlling
the depletion region in a layer of GaAs that is thin relative
to the groove’s width. Fig. 7 shows the resonant frequency
versus different voltages. The permittivity of the depletion
region can be calculated setting N = 0 in (4). This results
in ¢ = 8.051 +i0.05, which is close to the intrinsic value
of permittivity with N = 2 x 10° Cm~3. By increasing the
voltage, the depth of the depletion region increases, which
leads to a decrease in the effective permittivity of the dielectric
inside the cavity. As mentioned earlier, decrease in permittivity
will shift the resonant frequency to the higher side.

Fig. 8 shows the power transmission for two different
voltages across the metal contacts and the electric field
magnitude at two different frequencies when the voltage is
set to 2 V. As shown in Fig. 8(b), when the operating frequency

(10)
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is at 10.58 THz, the power transmission has its maximum
value and the electric field concentration is maximum inside
the grooves. By increasing or decreasing the frequency from
10.58 THz the power transmission is reduced. Fig. 8(c) shows
the electric field magnitude at 10.59 THz. As can be seen, the
electric fields are weaker in the cavity.

V. CONCLUSION

In this paper, propagation of SSPP along a periodically
corrugated cylindrical waveguide has been investigated. It has
been demonstrated that the propagation of SSPP signals
can be controlled by modulating the refractive index of the
dielectric material. At resonant frequency, it supports strong
EM confinement inside the resonating grooves. The cavity
has a high quality factor. Small changes in dielectric inside
the cavity can change the resonant frequency. It is shown
that by implementing localized doping near the metal con-
ductor inside the cavities, by applying voltage to the metal
electrode, and by depleting the free charges in the dielec-
tric directly underneath the contact, the structure can switch
between the ON-state and the OFF-state. The proposed switch
can be used in implementing THz Boolean gates. Also, the
WCW structure can be utilized to design the Mach—Zehnder
interferometer [6], multiplexers, and demultiplexers in
biosensing architectures [28].
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