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Tunable ultra-wideband terahertz filter based on three-dimensional
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A face-to-face system of double-layer three-dimensional arrays of H-shaped plasmonic crystals is proposed, and its
transmission and filtering properties are investigated in the terahertz regime. Simulation results show that our design has
excellent filtering properties. It has an ultra-wide bandgap and passband with steep band-edges, and the transmittance of
the passband and the forbidden band are very close to 1 and 0, respectively. As the distance between the two face-to-face
plates increases, the resonance frequency exhibits a gradual blueshift from 0.88 THz to 1.30 THz. Therefore, we can
dynamically control the bandwidths of bandgap and passband by adding a piezoelectric ceramic plate between the two
crystal plates. Furthermore, the dispersion relations of modes and electric field distributions are presented to analyze the
generation mechanisms of bandgaps and to explain the location of bandgaps and the frequency shift phenomenon. Due
to the fact that our design can provide many resonant modes, the bandwidth of the bandgaps can be greatly broadened.
This paper can serve as a valuable reference for the design of terahertz functional devices and three-dimensional terahertz

metamaterials.
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1. Introduction

Terahertz (THz) radiation has broad applications in many
fields—THz sensing, imaging, spectroscopy, communication,
and so on.l'"*l However, due to the scarcity of THz func-
tional devices that can be used to control and manipulate
THz waves, practical technology in the THz range is still
far less developed than that in other frequency ranges. It
was recently shown that this limitation can be overcome by
the use of metamaterials.>®! Many intriguing phenomena
based on metamaterials have been studied intensively,!'” such
as negative index of refraction,!!!l diffraction-limit break-

3] THz metamaterials are a

ing imaging,'?! and cloaking.
new class of artificial electromagnetic materials which consist
of periodically arranged subwavelength units which work at
THz frequencies. Among these THz metamaterials, photonic
bandgap devices, especially plasmonic crystal devices, have
been confirmed to be an effective means to manipulate THz
waves. 14151

Recently, periodically structured plasmonic crystal films
embedded in a metallic parallel-plate waveguide (PPWG) have
attracted much attention because of specific electromagnetic
properties and strong confinement of THz waves.[!®1°] The
bandgaps of plasmonic crystals, which resemble the photonic
bandgaps of photonic crystals, are actually Bragg reflection

bands. Plasmonic crystal structure is mainly made of metal,
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which shows high transmittance and has very steep rising and
falling edges. Therefore, a plasmonic crystal structure is ex-
cellent for filtering THz waves.

Conventional single-layer plasmonic crystal films etched
on the surface of PPWG have many defects. For example,
the resonance strength is insufficient; filtering and modula-
tion depth is also inadequate; and the filter bandwidth (reso-
nance frequency range) is relatively narrow (~ 0.1 THz).[!8]
At present, the properties of plasmonics have been studied ex-
tensively in the optical regime,?>>>! and most of the studies
are based on Bragg grating structures?*! or a one-dimensional

21-231 However, the transmission perfor-

T shaped groove.!
mance and electromagnetic properties of three-dimensional
(3D) plasmonic crystal in the THz range are still poorly under-
stood, and to our knowledge, a double-layer system of face-to-
face 3D plasmonic crystals has never been proposed before.
In this paper, we first present a system of face-to-face 3D
arrays of H-shaped plasmonic crystals and numerically simu-
late its characteristics in the THz regime by employing the 3D
finite difference time-domain (FDTD) method. The simula-
tion results show that the 3D plasmonic crystal exhibits excel-
lent ultra-wideband THz filtering characteristics. The relation-
ship between the structural parameters and the filtering prop-
erties has also been investigated. The design yields an ultra-
wideband blueshift from 0.88 THz to 1.30 THz as the distance
between the two plates is increased. If a piezoelectric ceramic
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plate is embedded between the two crystal plates, tunability
of the bandgap, and the passband can be achieved easily. We
also find that the resonant frequency has a significant redshift
with the change of the groove depth. In addition, according to
the dispersion relation, we provide the band structure of our
3D plasmonic crystal, and also offer a reasonable explanation
for the frequency shift phenomenon. Lastly, for an intuitive
understanding of the resonance, the electric field distributions
are presented succinctly.

2. Structures and material properties

In this review, aluminum films are assumed to form the
3D inverted H-shaped plasmonic crystal. In the THz regime,
aluminum has low loss and high reflectivity, similar to the
ideal conductor. The permittivity of aluminum can be de-
scribed by the Drude model ¢!

2
wP

E(0)=b0— —5——,
(@) 0’ +io/t

ey
where @ is the angular frequency of incident THz, T is the
relaxation time of free carriers, and €. is a constant that repre-
sents the high-frequency limit of permittivity.

Surface plasmon polaritons (SPPs) are electromagnetic
excitations propagating along the interface between dielectrics
and metals. Their electromagnetic fields are evanescently con-
fined in the perpendicular direction and decay exponentially

e.[27] In terms of an ideal metal,

away from the planar interfac
whose electron system behaves as a free-electron gas, SPPs
arise via the coupling of the electromagnetic fields to the os-
cillations of the conductor’s electron plasma. The dispersion

of the SPPs mode can be described by

ed (1 -0 /0?) ]1/2
] ;

&+ (1 -0}/ w?
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where f3 is the wave vector of the SPPs, ® and kg are the fre-
quency and wave vector of the incident light, and &4 is the
permittivity of the dielectric. By Eq. (2), the dispersion of
the SPPs will follow the light line only near the long wave-
length limit @ <@y, the dispersion of the SPPs will follow the
light line. Otherwise, a mismatch between the surface plas-
mon wave vector and the wave vector of incident light always
exists.

A periodic structure, such as a sinusoidal grating, on a
surface can scatter incident light through Bragg reflections. 28]
In fact, the 3D double-layer oppositely arranged inverted H-
shaped plasmonic crystal we designed could be treated as a
3D Bragg grating. This scattering elongates the region in mo-
mentum space which enables the incident light to couple with
the conductor’s electron plasma. The periodic structure with
a period lg could offer an additional wavenumber k,, so the

scattering can compensate additional momentum to the inci-
dent light.[*]

Figure 1 shows a schematic view and geometric param-
eters of the 3D double-layer plasmonic crystal system, which
is composed of two monolayers arranged face-to-face. Fig-
ure 1(a) is a perspective view of a single-layer plasmonic crys-
tal. The monolayer plasmonic crystal can be considered to
have two sections: the lower metal plate layer and the upper
periodic structure, H is the height of the periodic structure
(groove depth) and L is the distance between the two plas-
monic crystal plates. We assume THz waves propagate along
the gap between the two plates, and the direction of polariza-
tion of the incident THz electric field is perpendicular to the
two plates, E/, H, and k (in Fig. 1(c)) represent electric field,
magnetic field, and wave vector, respectively.

30 um

metal

160 pm

THz H

(c)

Fig. 1. (color online) Schematic view and geometric parameters of
the double-layer system of 3D H-shaped plasmonic crystal arrays on
plasmonic crystal film inside a metallic parallel-plate waveguide. (a)
Schematic view of a single layer. (b) The geometric structure of unit
cell. (c) Lateral view of the 3D double-layer plasmonic crystal system,
which is composed of two oppositely arranged single-layer plasmonic
crystals.

3. Theoretical calculation and analysis

The transmission spectra with various distances L from
20 pm to 100 um and a fixed height H = 30 um are simu-
lated using the FDTD method, as shown in Fig. 2. It can be
learned from Fig. 2 that our design has excellent filtering char-
acteristics: the passband and bandgap are both ultra-wide; the
transmittance of the passband and the forbidden band are very
close to 1 and 0, respectively; and the band-edge is very steep.
As can be seen from Fig. 2, when the distance is relatively
small (L < 60 um), the bandwidth of the bandgap is more than
2 THz; however, as the distance increases, the first cut-off fre-
quency blueshifts gradually from 0.88 THz to 1.30 THz. Con-
sequently, the bandwidth of the bandgap will be significantly
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reduced and the bandwidth of the passband at low frequency
will increase correspondingly. If a piezoelectric ceramic plate
with a high piezoelectric coefficient is added between the two
crystal plates, the distance L can be tuned by applied electric
field. Through this method, we can dynamically control the
bandwidths of bandgap and passband, and dynamically regu-
late the ratio between the passband and bandgap. Therefore,
our design can be used as a tunable filter, and in fact, it can
also be used as a voltage-controlled THz switch, operating at
0.88-1.30 THz, that can achieve a transition of transmittance
almost from 0 to 1 (corresponding to off-state and on-state,

respectively).

Transmission

0 1 2 3
Frequency/THz

Fig. 2. Simulated transmission spectra of the 3D plasmonic crystal with
different distances L between the two plates. The groove depth is con-
stant, at H = 30 um.

Plasmonic crystals also have a bandgap structure similar
to that of photonic crystals. The electromagnetic waves in the
bandgaps have strong resonances. Since our 3D plasmonic
crystal structure can be regarded as a 3D Bragg grating, the
dispersion relation of the transverse magnetic (TM) mode is
described by 3"

ko
B3

(\/B2—k3)/ko — (a/d)tanh(L,/ B2 — k3)tan(koH )

(\/B2—k3)/kotanh (L\/B% —k3) — (a/d)tan(koH )

where [ is the mode propagation constant, kg is the free space

1= gtan (koH)

» 3)

X

wave vector, and a, d, H, and L are the geometric parameters
shown in Fig. 1.

In accordance with Eq. (3), we obtain the dispersion dia-
gram of our 3D double-layer plasmonic crystal with distance
L =20 pm and height H = 30 pum, as shown in Fig. 3(a). In
Fig. 3(b), we plot its transmission spectrum on a logarithmic
scale. It can be seen from Fig. 3(b) that our 3D double-layer
plasmonic crystal contains two resonant modes, the center fre-
quencies of which are 1.52 THz and 2.90 THz, respectively.
This is consistent with the bandgaps shown in Fig. 3(a).

5

Frequency/THz

1 2 3

/105 m—1

T/dB

Fig. 3. (a) Dispersion diagram of the 3D double-layer inverted H-
shaped plasmonic crystal, calculated according to Eq. (3), with the dis-
tance L =20 pm and the groove depth H = 30 um. (b) The correspond-
ing transmission spectrum (dB), when L = 20 pm and H = 30 pm.
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Fig. 4. Simulated transmission spectra of the 3D plasmonic crystal with
various groove depths H and fixed distance L = 60 um.
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Fig. 5. (a) Dispersion diagram of our 3D double-layer plasmonic crystal
with different groove depths H and fixed distance L = 60 um. (b) The
corresponding transmission spectra (dB).

Next, we study the influence of groove depth H on filter-
ing characteristics of the 3D plasmonic crystal, and figure 4
shows the transmission spectra with various H with distance
L = 60 pm unchanged. A phenomenon to be noted in Fig. 4 is
that the cut-off resonance frequency moves to lower frequen-
cies with increased groove depth H: the cut-off frequency is
1.51 THz for H =20 pm and 0.64 THz for H = 60 um. We can
also learn from Fig. 4 that a height H of the plasmonic crystal
that is either too large or too small will affect the resonances
adversely, especially high frequency ones, because there are
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many irregularly guided modes in the high frequency range,
which show up in a spectrum as protrusions. However, when
the groove depth is moderate (for example, H = 30 wm), there
will be few protrusions at high frequency and the bandwidth
of the bandgap is the biggest. This indicates that an optimal
coupling height that would bring about the strongest resonance
may exist.

Figure 5(a) is the dispersion diagram of the 3D double-
layer plasmonic crystal with different groove depths H and

V/m V/m
9.05X10° 5.21x105
6.50x10° 3.74X10°
4.24x10° 2.44%105
1.98X105 1.14x105

0 0

(a) (b)

fixed distance L = 60 um, and figure 5(b) is its transmission
spectra on a logarithmic scale. From Fig. 5(a), we can find
that as H increases, the first order bandgap redshifts gradually.
(When H increases from 20 pm to 60 pum, the frequency range
of the first order bandgap gradually shifts from 1.41-1.90 THz
to 0.74-1.26 THz.) The dispersion curves in Fig. 5(a) are basi-
cally consistent with the right transmission spectra in Fig. 5(b),
and they provide a reasonable explanation for the redshift phe-
nomenon in Fig. 4.

V/m
5.89x10°

4.23X10°
2.76x10°

1.29X10°

(c)

Fig. 6. (color online) Electric field distributions of the 3D plasmonic crystal with groove depth H = 30 um and distance L = 40 pum at

three typical frequencies: (a) 1.5 THz, (b) 2.0 THz, and (c) 2.9 THz.

Lastly, we want to have an intuitive understanding of the
resonance of our 3D plasmonic crystal. Figure 6 shows the
electric field distributions of the 3D plasmonic crystal with the
groove depth H = 30 um and the distance L = 40 pum at three
typical frequencies (1.5 THz, 2.0 THz, and 2.9 THz, respec-
tively). From Fig. 6, it can be seen that the transmission of
THz waves is close to zero in the off-state, and the modulation
depths are all over 40 dB according to the detailed spectral
data. Although 1.5 THz, 2 THz, and 2.9 THz are all within
resonance frequency range, the electric field distributions and
the resonance modes are different, so several resonant modes
for surface plasmon resonance exist in this system. It is pre-
cisely because the double-layer 3D plasmonic crystal structure
can provide more resonant modes that the resonant bandwidth
can be greatly broadened.

4. Conclusion

In summary, the transmission and filtering properties of
the 3D plasmonic crystal have been investigated in the THz
regime. We find that, for our design, both the passband and
the bandgap are ultra-wide, and their transmittances are very
close to 1 and 0, respectively. Furthermore, the transition be-

tween the passband and the bandgap is very rapid. Therefore,
our design’s filtering characteristics are far superior to those of
the traditional single-layer structure. The resonant frequency
blueshifts gradually from 0.88 THz to 1.30 THz as the dis-
tance L increases. As a result, we can dynamically control
the bandwidths of the bandgap and passband. In addition, for
an intuitive understanding of the resonance, the dispersion re-
lations of these modes and electric field distributions are pre-
sented to analyze the mechanisms generating the bandgaps and
frequency shifts. Our design and work can be applied to a tun-
able THz filter and switch, and it also has significant reference
value for the design of other THz functional devices.
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