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Demultiplexers play an important role in wavelength division multiplexing optical transmission systems and
constitute an essential component of future terahertz integrated circuits. In this work, we propose a terahertz
spoof surface plasmonic demultiplexer, which is capable of distinguishing between three different frequencies by
exploiting the band-stop effect of the waveguide units. The waveguide units are composed of metallic pillars of

different sizes, where the transmission of spoof surface plasmons in the terahertz range is strongly influenced by

the pillar size. The frequency-splitting feature can be achieved by selecting waveguide units with proper parameters

that allow the passbands of the waveguides to be completely non-overlapping. As the effective working section,
the length of the band-stop units is 1 mm, and extinction ratios of 21.5 dB, 18.0 dB, and 23.9 dB are obtained at
0.578 THz, 0.632 THz, and 0.683 THz, respectively. The proposed band-stop unit and its tunable characteristics
have important applications for further development of terahertz integrated communication systems and terahertz

on-chip plasmoniccircuity. ©2022 Optica Publishing Group

https://doi.org/10.1364/A0.455430

1. INTRODUCTION

Terahertz (THz) waves are characterized by many unique prop-
erties, including high transmission through opaque materials,
low photon energy, and the ability to discriminate between
materials, which make them of great value in imaging, spectros-
copy, biosensing, and security screening applications [1-6]. In
addition, due to their broadband nature and the capability to
carry massive information, THz waves are supposed to play an
important role in next-generation ultra-high-speed communi-
cations [7—10]. However, the development of THz technology
is still constrained by the lack of functional devices, the size of
the devices is typically large accompanied by phase mismatch,
and the free-space optical path occupies too much space [11,12].
Therefore, it is essential to develop miniaturized and compact
functional components in the THz band.

Surface plasmon polaritons (SPPs) are a form of localized
surface waves induced by the collective oscillations of electrons
coupled with electromagnetic fields at a metal-dielectric inter-
face [13]. Due to their remarkable local field enhancement
and surface confinement properties, SPPs contribute to the
significant reduction of optical device sizes and fine-tuning of
THz waves at subwavelength scales, which is currently a frontier
of research interest in the field of THz science and technology
[14-17]. However, because metals behave almost as perfect
electric conductors in the THz band, well-confined surface
electromagnetic waves cannot be obtained in this important
frequency range [18,19].

1559-128X/22/220G21-07 Journal © 2022 Optica Publishing Group

It has been shown that by fabricating periodic grooves or
structures on the surface of ideal conductors, bound-state
electromagnetic waves with properties similar to those of SPPs
in the visible band can be obtained in these structured metallic
surfaces in the THz band. Such well-bound electromagnetic
surface waves are defined as spoof surface plasmon polari-
tons (SSPPs) [20-25] and are currently implemented mostly
by domino structures, one-dimensional groove arrays, two-
dimensional hole arrays, V-shaped grooves, and many others
[26-29]. Spoof plasmonic devices based on these structures can
contribute to potential miniaturized and compact functional
components in the THz band.

Wavelength division multiplexing (WDM) technology is
crucial in optical transmission systems because of its ability
to satisfy the rapidly growing demand for high-capacity data
transmission, and is also essential for future THz integrated
circuits [30,31]. Currently, it is common to adopt diffraction
grating coupling or micro-ring resonator filtering to achieve
frequency differentiation, while directional couplers have also
been used for wavelength duplexer functions [32-34]. However,
among the above solutions, the diffraction grating coupling and
directional coupling approaches in the THz band can currently
only distinguish between and generate two-wavelength outputs
simultaneously, while micro-ring resonators are limited by
the free spectral range and have a large bending loss [35]. To
reduce the device size and improve compactness, particle swarm
optimization and inverse design algorithms are also used in the
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Demultiplexer design and waveguide unit. (a) Three-dimensional view of the device and zoomed-in waveguide unit and (b) two-

dimensional detailed view of the whole structure. Different colored arrows delineate the propagation paths of SSPPs at three different wavelengths

(frequencies).

design of demultiplexers [36—39]. However, the design process
of these algorithms is quite complex and limited in bandwidth.

In this work, we report a three-port THz demultiplexer
based on SSPP waveguide units with a band-stop function. The
basic idea is to exploit the fact that the SSPP transmission in a
rectangular metallic pillar waveguide is determined by the wave-
guide dimensions. The function of separating three different
frequencies is achieved by combining band-stop waveguide
units with proper parameters that allow the passbands of these
waveguides to be completely non-overlapping. Our design strat-
egy is expected to be of great use for other key THz plasmonic
devices.

2. STRUCTURE DESIGN AND DEVICE
CHARACTERIZATION

As schematically illustrated in Fig. 1, our demultiplexer is based
on waveguide structures composed of rectangular metallic pil-
lars of different sizes, which are used to implement the function
of frequency selection. The whole device consists of two parts,
the transmission section (Part 1) and the frequency selection sec-
tion (Part 2), as shown in Fig. 1(b). In the transmission section,
the excited SSPPs propagate to the input port of the frequency
selection section using a rectangular metallic pillar waveguide

with a gradually increasing width. It is worth noting that the size
and shape of the transmission section can be flexibly adjusted
in practical applications. The frequency selection section con-
sists of three rows of concave-shaped waveguide units [inset in
Fig. 1(a)] with a rectangular metallic pillar waveguide attached
behind each of them, and all the structures are arranged in a
domino configuration. The concave-shaped waveguide units
play the role of frequency selection, and the rectangular metallic
pillars serve as the output waveguides.

The concave-shaped structure unit of our design is sche-
matically depicted in the inset of Fig. 1(a) with all the structural
parameters defined. It consists of two higher square metallic
pillars on both sides and a lower rectangular pillar in the mid-
dle, where the higher pillar height is 4, = 120 pum, the lower
pillar length is 72 = 120 pm, and the width of both pillars is
n =50 um. The interval between two pillars is g = 15 um in
the y direction for each concave-shaped unit, and the period is
2 =100 pm in the transmission direction (i.e., the x direction).
The heights of the middle lower pillars 41 from top to bot-
tom are finally chosen to be 90, 70, and 110 pm, respectively;
the order is selected to avoid crosstalk between two adjacent
frequencies. The basis for the selection of the above specific
parameters will be given in the subsequent discussion. The
total length is 2.4 mm for the transmission section and 1.8 mm
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Fig. 2.

Dispersion analysis of the waveguide unit and transmission property of the band-stop waveguide. (a) Dispersion curves for metallic pillars

of different heights and for different modes supported by the concave-shaped waveguide unit, where the horizontal dashed line is the cutoff frequency
for the concave-shaped unit. (b) Transmission of a band-stop waveguide composed of concave-shaped units with parameters as defined in the inset.
The electric field is calculated at 100 pm (which is much smaller than the penetration depth of the exponentially decaying field) above the waveguide
by the time-domain solver of CST Microwave Studio. (c)—(e) Normalized electric field distributions in the y z cross section for the symmetric mode
(c) [mode 1 in (a)] and anti-symmetric mode (d) [mode 2 in (a)] at 0.48 THz and the fundamental mode (e) [mode 3 in (a)] at 0.71 THz. These two
frequencies are respectively chosen to be at the centers of the low- and high-frequency transmission bands, shown by the dashed lines in (b).

for the frequency selection section. As the effective working
section, the length of the concave-shaped waveguide units
is only 1 mm, which is 7.6% of a conventional wavelength
duplexer [40]. When broadband SSPPs enter the input port,
the three output ports export SSPPs at 0.632 THz, 0.683 THz,
and 0.578 THz from top to bottom, respectively. The detailed
working principles are discussed below.

The basic unit of the SSPP waveguides is a subwavelength
metallic rectangular pillar on a metal plate [41-44]. The
domino structure is adopted for the following reasons: (1)
Compared with coplanar strip designs [29,45,46], the elec-
tric field of the 3D structure is mainly in the z direction, thus
enabling direct measurement and characterization of the SSPP
propagation process using a near-field scanning THz micro-
scope, as described elsewhere [47]. (2) This structure supports
the propagation of well-confined SSPPs, and its dispersion can
be adjusted by changing the unit parameters such as its height,
width, and period, facilitating the realization of complex and
diverse functions. (3) Additional functions such as SSPP excita-
tion and focusing can be integrated onto the same platform by
standard lithography, etching, and metal sputtering fabrication
techniques, as shown in [34,40].

The dispersion curves of a rectangular metallic waveguide
unit cell with period p =100 um, length 7 =120 um, and
width # =50 pum for different pillar heights are studied by the
eigenmode solver of the commercial software CST Microwave
Studio. Periodic boundary conditions are used in the simulation
of a unit cell, and metal is treated as a perfect electric conductor,
which is a valid assumption in the THz frequency range, as a
typical metal exhibits very low loss and allows a propagation

length of hundreds of meters [48]. The phase 6 in the propaga-
tion direction is calculated from 0° to 180° with a step of 10°,
and the value of the propagation constant 4, can be calculated
accordingto b, =0 x 7 /(180 x p).

Investigation of the simulation results for an individual
metallic pillar in Fig. 2(a) shows that the SSPP dispersion curve
is strongly affected by the pillar height, as can be seen in the
dashed curves in Fig. 2(a). In particular, the higher the pillar
height, the greater the curve deviates from the light line, and
meanwhile the lower the cutoff frequency. Higher-frequency
signals above the cutoff frequency cannot propagate through the
waveguide pillars. Therefore, by placing pillars with a suitable
height difference within a waveguide unit [as shown in the inset
of Fig. 1(a)], itis possible to induce a band-stop effect by creating
a blocked frequency range between the cutoff frequency of the
higher pillar and the strongly bound frequency of the lower
pillar.

The transmission of a waveguide composed of such concave-
shaped units is simulated and presented in Fig. 2(b), where
the detailed parameters are given in the inset. A band-stop
function is clearly observed and can be understood as follows.
The dispersion curves for such a composite unit are plotted in
Fig. 2(a) as the colored solid line and dashed—dotted lines. In
the low-frequency transmission range with a cutoff frequency
range around 0.57 THz, this concave-shaped structure unit is
capable of supporting the propagation of two modes, modes 1
and 2. These two modes can be understood as the symmetric
and anti-symmetric modes that propagate along the two higher
pillars, respectively. These two higher pillars are separated by
the lower pillar and are weakly coupled, and this explanation
in terms of super-modes is well understood in coupled mode
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Fig. 3. Variation of the transmission of a band-stop waveguide composed of concave-shaped units when the (a) lower pillar height, (b) width of
both pillars, (c) higher pillar height, or (d) interval between pillars in the waveguide unit is varied. The default parameters in the simulation are p =
100 pm, 72 = 120 um, 41 = 80 um, 7» = 50 um, », = 120 um, and g = 20 pm.

theory. The mode field distributions are exemplified in Figs. 2(c)
and 2(d), respectively, at the center frequency of 0.48 THz of
the low-frequency transmission band of Fig. 2(b). The two
modes gradually approach a single cutoff frequency. This is
understandable as these two modes will no longer be coupled
and resemble the mode supported by a single higher pillar.
However, the cutoff frequency of this composite structure is
larger that of a single metallic pillar with 4 = 120 pm due to the
presence of the central lower pillar. At the same time, one can
observe from Fig. 2(a) that another mode (mode 3) is also sup-
ported by the composite structure. From the field distribution
shown in Fig. 2(e) at the center frequency of 0.71 THz of the
high-frequency transmission band of Fig. 2(b), this mode is the
fundamental mode supported by the central lower pillar in the
unit. This is also supported by the fact that its dispersion curve is
close to that of a singular pillar with 4/ =70 pum, as can be seen
in Fig. 2(a). When the frequency of the SSPPs exceeds the cutoff
frequency of the higher pillars, they cannot propagate through
the unit even through the lower pillar, because the dispersion
curve of mode 3 is so close to the light line that the localization
of the SSPPs by the structure is too weak. With a further increase
of frequency, the central pillar starts to support a well-localized
field and the SSPPs can propagate mainly through the lower
pillar alone. In particular, the two higher pillars form a kind
of cavity, which helps to confine the SSPP field in the middle.
This explains why the higher-frequency transmission is sharper.
In short, the band-stop effect is attributed to the combined
transmissions through the bilateral pillars and the central pillar.

To understand the transmission (i.e., band-stop) properties
of the waveguide based on the concave-shaped units and its
application in THz WDM technology, we have further inves-
tigated the influence on the stop band by the variation of the
multiple parameters of the concave-shaped structure. Since the
concave-shaped structure is composed of three independent
metallic pillars of two kinds, the sizes of each kind of pillar and
the interval between the pillars can be varied independently. The
effects of the variations of the parameters on the stop band are
shown in Fig. 3, where the default parameters are p = 100 pm,
m =120 um, h; =80 um, »=>50 um, b, =120 um, and
¢ =20 pm. It is found that among all these parameters, the
change in height of the lower pillar 41 has the most significant
effect on the stop band [Fig. 3(a)]. If the other parameters are
fixed, the width of the stop band is narrowed as the height of the
lower pillar is increased because the lower-frequency passband
is roughly unchanged whereas the higher-frequency passband
has a continual red shift. The change of the pillar width 7 mainly
shifts the high-frequency passband [see Fig. 3(b)]. On the other
hand, the height variation of the higher pillar 4, mainly has a
modulating effect on the width of the stop band, as can be seen
in Fig. 3(c). In addition, the change of the interval ¢ between the
pillars can simultaneously affect the amplitude, bandwidth, and
center frequency of the high-frequency passband [Fig. 3(d)].
The impact of these parameters on the stop band can be under-
stood from the previous discussion related to the results of Fig. 2.
In view of the results of Fig. 3, the parameters of the waveguide
units can be chosen such that the target transmission frequen-
cies fall within the highly tunable higher-frequency passband
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plexer at the output port.

to achieve a narrowband and efficient WDM function. The
center frequency range is set around 0.6 THz and the lower
pillar heights in the waveguides from top to bottom in Fig. 1 are
specifically chosen to be 90, 70, and 110 pm, respectively. As
can be seen from Fig. 3(a), the high-frequency ranges over which
the SSPPs are allowed to pass through the three waveguides do
not overlap, and thus such a device can act as a highly efficient
frequency selector.

For application and verification of the principles described
above, we connect three rows of such waveguides with different
dimensions to the excitation and output ports of the SSPPs,
as illustrated in Fig. 1(b). All the parameters in the three pil-
lars of these waveguides are the same except the height of the
lower pillars. To verify the functionality of the demultiplexer,
simulations are performed with the time domain solver. The
simulated results for the normalized | E,|? distributions of the
demultiplexer with a scan area of 5mm X 2 mm are shown
in Figs. 4(a)-4(c) at f=0.578 THz, f'=0.632THz, and
(c) f=0.683 THz, respectively. As can be seen in these dis-
tributions, the demultiplexer function is effectively achieved
by the frequency selection section (Part 2 in Fig. 1), i.e., the
waveguides composed of concave-shaped units. The normal-
ized electric fields are shown in Fig. 4(d), where three narrow
non-overlapping passbands are clearly separated. The input
and output spectra are calculated respectively along the dashed
lines in Fig. 4(a), and the probes are placed at 100 pm above the
device.

The performance of this demultiplexer is evaluated by the
extinction ratio (ER), insertion loss (IL), and transmission effi-
ciency within each operation frequency range. The extinction
ratio is calculated as ER = 10log (P, / P2), where P; indicates

the power at an output port for the corresponding transmission
frequency and P, represents the larger energy at this particular
frequency at the other two output waveguides. Values of ER of
21.5 dB, 18.0 dB, and 23.9 dB can be acquired at 0.578 THz,
0.632 THz, and 0.683 THz, respectively. And within a 30 GHz
bandwidth range, the extinction ratios are higher than 15.5 dB,
15.3 dB, and 16.1 dB, respectively. The IL of each channel in
Part 2 is derived by comparing the loss of the structure with
that of a straight waveguide of the same length, and the loss is
calculated as 10log ( Py / Pou:), where Py, and Py, are the input
and output powers calculated along the white lines indicated
in Fig. 4(b), respectively. The IL values are 0.88 dB, 0.87 dB,
and 0.75 dB at 0.578 THz, 0.632 THz, and 0.683 THz, respec-
tively. In addition to the IL of each channel, the total loss of the
device also includes the transmission loss of Part 1 and the beam-
splitting loss at the connection between Part 1 and Part 2. Since
the equivalent refractive index of the SSPP mode is insensitive
to the lateral width change of the waveguide pillar, the SSPPs
are able to transmit efficiently in the straight waveguide and the
funnel-shaped waveguide with a lateral mode size transition.
The losses in the straight and funnel waveguide sections are
calculated to be 1.34 dB/mm and 1.47 dB/mm, respectively.
The beam-splitting loss is estimated to be around 4.7 dB, due
to the very simple design with the wide waveguide in Part 1
connected to the three channels in Part 2, and can in principle
be eliminated or reduced with an improved approach. The
efficiency for the three waveguides is shown in Fig. 4(e), which
is calculated as Puy/ P,y for each waveguide. The calculation
of power is performed by integrating the longitudinal compo-
nents of the Poynting vector in the vertical planes [indicated
as the dashed lines in Fig. 4(b)] placed near the input and the
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output of the demultiplexer. The integration regions have an
identical size of 400 m x 400 pm, which is chosen to be larger
than the maximum size of the mode so as to guarantee accurate
calculation of the power distribution. The performance of the
device for WDM demultiplexing is well validated by the results
presented in Fig. 4.

Previously, domino structures were fabricated on silicon
wafers using photolithography and deep reactive ion etching,
followed by metal sputtering [34,40]. Since the demultiplexer in
this design requires different waveguide heights, its fabrication is
very challenging but can be envisaged by using other techniques
such as 3D printing techniques or direct laser writing.

3. CONCLUSION

In summary, we propose and design a compact and high-
extinction-ratio demultiplexer that enables effective control
of SSPPs in the THz band. The device is mainly composed
of plasmonic waveguides based on a combination of three
metallic pillars, which form a concave structure and induce
a band-stop effect. Multiple frequencies can be filtered out
by selecting waveguide units with proper sizes. The effective
working length of the device is only 1 mm, and the extinction
ratio is up to 23.9 dB. In addition, the proposed structure can
be integrated into THz plasmonic on-chip systems, and these
components are expected to be of significant value for future
THz communication applications.
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