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Abstract: Bulk Dirac Semimetal (BDS) - a three-dimensional counterpart of graphene, prominently known for 
its topologically protected linear dispersion energy bands embraces remarkable plasmonic responses at terahertz 
(THz) frequencies, which can be well capitalized for its optoelectronic applications. Recently, we have 
demonstrated the BDS based THz plasmonic applications such as surface plasmon polariton assisted microparticle 
sensing, THz waveguiding with curved/bending geometries and all-optical THz logic gates. However, all of the 
demonstrations were restricted with 2-D BDS geometries where height of the BDS was assumed to be infinity. 
For practical applications, it is essential to consider the height dimension in device realization. In this work, we 
demonstrate 3-D numerical modelling results of BDS based THz applications by considering height dimension of 
the BDS in the design of curved waveguides, sub-wavelength waveguiding in tapered geometries and 3-D XOR 
logic gate. We anticipate that the above findings manifest BDS as a potential candidate for opening new avenues 
in the realization of THz optoelectronic devices. 
 
Keywords: Bulk Dirac semimetal (BDS), Sub-wavelength waveguiding, THz logic gate, 3-Dimensional, Surface 
plasmon polariton (SPP). 
 
 
 
1. Introduction 
 

Photonic circuits having high operating speed 
faces the challenge of critical low dimension sizes 
whereas electronic circuits in nanometer scales have 
very low operating speed. Therefore, achieving a 
circuitry device with sub-diffraction dimension and 
high operational speed is of prime importance.  Hence, 
an optoelectronic integrated circuit that provides 
enhanced operational speed, low power consumption 
and reduced interconnect delay in optical 
communications is highly warranted [1]. One of the 
key technologies to realize optoelectronic integrated 

circuit in 3-D geometries is plasmonics [2]. Surface 
Plasmon Polariton (SPP) are the quanta of quasi-
interaction between electromagnetic (e-m) wave and 
plasmons (collective excitations of electrons) at the 
interface between plasmonic material and a dielectric 
[3]. This light-matter interaction is best suited for 
miniaturized photonic circuits due to its sub-
wavelength features [4, 5]. At optical frequencies, 
bulk metals show negative dielectric permittivity and 
they exhibit plasmonic response [6]. However, 
extending conventional metals such as Au, Ag and Cu 
to excite SPP in THz regime is a cumbersome task as 
Lorentz-Drude model predicts a high value of 
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imaginary dielectric permittivity ( ''
rε ) [7]. The 

availability of natural materials with plasmonic 
response is also limited in the THz range (0.1 THz -10 
THz). It is to be mentioned that various different 
techniques such as periodic metal gratings [8] and 
artificial materials like metamaterials, graphene [9] 
are also employed for THz plasmonic applications. 

In the past few years, relativistic fermions were 
found to be emerged as low-energy excitations in 
materials known as Dirac semimetals [10]. Therefore, 
researchers are exploring the option of employing bulk 
Dirac semimetals (BDS) such as Cd3As2 [11], Na3Bi 
and ZrTe5 for SPP interaction in the THz regime. In a 
typical BDS, electronic states are extended in all three 
dimensions and therefore one can expect 3-D Dirac 
points (point at which valence and conduction bands 
meets) instead of 1-D Dirac points as in the case of 
graphene. Due to 3-D extension of dispersion in BDS, 
carrier mobility in BDS is very high [12–15] and this 
unique bandstructure constitutes BDS as a suitable 
material for optoelectronic applications at THz 
waveband [16-19].  

In our previous study, we have reported how the 
curved geometries of BDS sustain THz SPPs using 
Kretschmann–Raether and Otto configurations [20]. 
Moreover, in our latest report we also demonstrated 
the possibility of SPP waveguiding and all optical THz 
logical gates with BDS [21]. However, BDS were 
treated as 2-D geometries, in which height of the BDS 
was taken to be infinity. For practical consideration, 
one needs to take care of the height dimensions. In this 
work, we have performed 3-D numerical simulation 
with BDS for THz waveguiding in straight and curved 
geometries so that reliability of the results is not only 
validated, but also, we have attained a step towards 
device prototypes for novel THz optoelectronic 
applications. By exciting symmetrically coupled SPP 
in multilayer BDS, two different 3-D tapered 
geometries for sub-wavelength waveguiding are 
demonstrated in this work. Furthermore, a simple Y 
structured geometry for the functioning of THz 
plasmonic gate (XOR) is illustrated with the idea of 
integrating BDS with photonic circuits.  
 
 
2. Bulk Dirac Semimetal  
 

The Dirac semimetal is an unusual material in 
which the nodes of the bulk electronic states are 
protected against the gap formation by crystalline 
symmetry leading to high carrier mobility and 
dramatically reduced intrinsic Ohmic losses. We 
observe that BDS is a promising candidate for THz 
plasmonic applications in the regime (0.5 THz –  
2 THz) by theoretically analyzing its dielectric 
response. The dielectric response of a BDS is 

expressed as 
0

( )
( )r

iσ ωε ω ε
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 where 300 KT =  

is the temperature, 1.2 psτ =  is the relaxation time, 

Bk  is the Boltzmann constant, 6 10.9 10Fv ms−= × is 

the Fermi velocity, 1 4g = is the degeneracy factor and 

0.1 c eVμ = is the chemical potential [22].  At lower 

THz regime, intraband conductivity dominates and 
thus contribute to the SPP formation, and hence the 
interband conductivity has not been taken into account 
in ( )σ ω equation mentioned above.  

One striking advantage of BDS is its tunability and 
it is usually achieved by varying the Fermi energy that 
can in turn alter the dielectric permittivity of BDS. To 
what extent the Fermi energy can be varied at room 
temperature (such that linear dispersion of energy 
band still holds) is a question of experimental analysis. 
However, under low temperature and long wavelength 
limit, theoretically the EF can be varied from 0.03 eV 
– 0.15 eV in order to maintain the linear dispersion 
regime. Additionally, it is noteworthy to mention that 
relaxation time of charge carriers in BDS also plays an 
important role in the dielectric permittivity of BDS. 
Fig. 1(a) shows the dielectric permittivity of BDS at 
EF = 0.1 eV for above mentioned parameters. Fig. 1(b) 
is plotted for three varying EF as 0.06 eV, 0.10 eV and 
0.14 eV. Fig. 1(c) emphasizes how the relaxation time 
influences the dielectric permittivity of BDS when 

0.157 pssτ = (experimental reference [23]) and

1.2 pssτ = . One can infer from Fig. 1(a) that BDS is 

an excellent candidate for supporting SPP in 0.1 THz 
– 2 THz regime because the imaginary part of rε  is 

considerably small. To comprehend it, as an example 
one can witness from Table 1 and 2 how Fermi energy 
and relaxation time manifest dielectric response of 
BDS at f = 0.9 THz. This frequency is chosen for 
demonstrative purposes. However, one can chose any 
value from 0.1 – 2 THz. 
All the numerical simulations performed in this work 
are performed at Ef = 0.1 eV and sτ = 1.2 ps. 
 
 

Table 1. Ef vs rε at f = 0.9 THz and sτ = 1.2 ps. 

 
Fermi Energy Ef  

(eV) 
r 'ε  r ''ε  

0.06 - 555.2 81.83 

0.10 - 1485 218.8 

0.14 - 2880 424.3 
 
 

Table 2. sτ vs rε at f = 0.9 THz and Ef = 0.1eV. 

 

Relaxation Time sτ (ps) r 'ε  r ''ε  

0.157 [23] -657.9 755.7 

1.2 -1477 219.6 
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Fig. 1. a) Dielectric permittivity of BDS at Ef = 0.1 eV and sτ = 1.2 ps; b) varying Ef at sτ = 1.2 ps;  

c) varying sτ at Ef = 0.1 eV. 

 
 

3. THz SPP Waveguiding in 3-D Curved 
BDS Geometry 
 

One of the main limitations in guiding geometries 
are the radiation leakages along sharp bends and 
corners. Here we demonstrate how SPP in BDS can 
overcome the issue of losses along corners and bends. 
It is known that when the separation between two 
adjacent BDS sheets is smaller than the skin depth, 
SPP at each BDS boundaries can interact together to 
form a coupled propagating (symmetric or anti-
symmetric) SPP mode. In our previous work [20, 21], 
detailed analysis of THz SPP sustainment in single and 
multilayer BDS curved geometries have been 
examined. In order to deduce whether anti-symmetric 
or symmetric mode SPP is most suitable for long range 
waveguiding, eigen mode analysis were performed in 
single and multilayer BDS geometries. It was found 
that the real part of the wave vector ( Re( )β ) of the 

symmetric mode is higher than anti-symmetric mode 
and this concluded why symmetrically coupled THz 
SPP mode are preferred over anti-symmetric SPP 
mode [21]. Here we extent our analysis to 3-D BDS 
geometries. Firstly, BDS-Air-BDS multilayer with 
optimized air gap (g) of 50 µm between two BDS slabs 
of height 850 µm and optimized thickness of 7 µm 
(shown in Fig. 2(a)) is modelled with scattering 
boundary conditions in all three directions and solved 

using COMSOL RF module [24] with boundary mode 
analysis. The choice of BDS height after optimization 
is taken as 850 µm with the aim that there is minimum 
amount of transmission losses. Using industrial 
chemical vapor deposition technique and 3-D laser 
printing one can coat BDS over a large area substrate 
and therefore the choice of 850 µm height for BDS 
sheet may be possible to realize in near future. The Hz 
field profile at 1.9 THz given in Fig. 2(b) shows the 
sustainment of SPP mode in BDS parallel waveguide. 
When a perturbation is introduced in the form of a 
macrobend (radius of curvature is 500 µm) as shown 
in Fig. 2(c), SPP still sustained along the bend. At  
f =1.9 THz, the S21 for straight and curved BDS is 
93.67 % and 91.32 % respectively. For a curved 
geometry with radius of curvature 500 µm, the 
transmission loss is negligible (~0.0235 %) when 
compared to straight geometry and the corresponding 
Hz field profile at 1.9 THz given in Fig. 2(d) ascertains 
that symmetric SPP can evade bends efficiently 
without much losses, as SPP is confined within the 
BDS walls. 

 
 

4. Sub-wavelength THz SPP Waveguiding 
 

The control of electromagnetic wave at sub-
wavelength scale for channeling light in fibre-optics 
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and surface-wave waveguides are of great interest 
among researchers [25]. Our earlier work analysed 
how tapered geometries in 2-D support symmetrically 
coupled SPP mode within BDS walls where aperture 

miniaturization of ~
6

λ
 were achieved [21]. Here we 

extend the 2-D geometry in order to understand the cut 
off dimension for the tapered geometry in which the 
coupling from high aperture to low aperture is 
controlled by gradually reducing the separation gap (g) 
between the BDS film.  Fig. 3(a) shows a parallel BDS 
waveguide with dimensions 50 μm 300 μm× tapered 

to a width of 80 μm on both input and output. The 

corresponding transmission plot in Fig. 3(b) shows 
that the THz beam propagation is allowed in tapered 
geometry with above 83% transmission efficiency for 
the range of 0.85 THz - 2 THz. The inset in Fig. 3(b) 
shows the Hz field map at f = 1 THz exhibiting sub-
wavelength behavior. However, when the dimension 
of BDS waveguide is reduced to 1 μm 300 μm×  with 

the tapering geometry dimension of 80 μm as shown 

in Fig. 3(c), all frequencies from 0.85 THz – 2 THz are 
completely forbidden which is evident from the S21 
plot (Fig. 3(d)) and Hz field map at f = 1 THz (inset of 
Fig. 3(d)). This indicates that the tapered geometry has 

a cut off at g =1 μm . It is noteworthy to mention here 
that the cut off characteristics has been studied with 2-
D BDS geometries. Because retrieving S21 parameter 
for a large range of frequencies is cumbersome for 3-
D case. Nevertheless, we try to solve field map for a 
particular frequency proficiently in 3-D geometry by 
choosing a single frequency from the S21 plot of 2-D 
geometry. Two different tapered 3-D geometries are 
modelled for studying the sub-wavelength guiding of 
BDS waveguide. In Fig. 4(a), an air-filled perfect 

magnetic conducting (PMC, ˆ 0n H× =


) waveguide of 
dimension 300 μm 50 μm 850 μm× ×  is connected 

with two tapered geometries with dimension of 
350 μm 80 μm 850 μm× × at both input and output 

interfaces. As a support, SiO2 substrate ( 4.2rε = ) of 

dimension 1020 μm 600 μm 50 μm× ×  is placed at the 

bottom. In Fig. 4(b), Hz field pattern at 1 THz shows 
that PMC tapered waveguide does not allow beam to 
pass through it. However, in case of parallel BDS 
waveguide of same dimensions shown in Fig. 5(a), 
THz beam propagation is allowed with 96 % 
transmission at f = 1 THz. The field pattern given in 
Fig. 5(b) at 1 THz reveals sub-wavelength guiding 
behaviour of multilayer BDS system.  

 
 

 
 

Fig. 2. BDS-Air-BDS configuration a) Straight 3-D geometry; b) Hz field map at 1.9 THz in straight geometry; c) Macro 
bend 3-D geometry; d) Hz field map at 1.9 THz in macro bend 3-D geometry. 

 
 

Apart from tapered geometry, we have also tested 
whether any shape of BDS waveguide sustains SPP 
confinement. For this purpose, an arch of radius  
500 μm and 50 μm × 850 μm dimension is designed 
with two tapered geometries with dimension  
437 μm × 80 μm × 850 μm at both input and output 
interfaces as shown in Fig. 6(a). To support the 

configuration, SiO2 substrate ( 4.2rε = ) of dimension 

2010 μm 700 μm 50 μm× ×  is placed at the bottom. In 

order to see the response of arch geometry, initially S21 
plot is obtained for 2-D geometry. As the arch 
geometry is a semicircle of resonating nature, one 
expects periodic dip in S21 plot and it is evident from 
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Fig. 5(b). From S21, two frequencies are chosen such 
that one frequency is allowed and other is prohibited 
and these two specific frequencies are solved in 3-D 
geometry. Hz field pattern in Fig. 5(c) corresponds to  
f = 0.948 THz in which maximum transmission 
efficiency of more than 85 % is observed and in  

Fig. 5(d) Hz profile at 1.152 THz is given, where 
transmission efficiency is observed to be less than  
48%. Hence, from the above results it is clear that 
coupled SPP modes can be guided for any tapered 
geometry with good efficiency for larger bandwidth. 

 
 

 
 
Fig. 3. (a) 2-D geometry of tapered multilayered BDS waveguide of 50 µm; (b) corresponding transmission plot and Hz field 

at 1 THz shown in the inset; (c) 2-D geometry of tapered multilayered BDS waveguide of 1µm; (d) corresponding 
transmission plot and Hz field at 1 THz is shown in the inset. 

 

 
 

Fig. 4. (a) 3-D geometry of air filled PMC waveguide; (b) Hz field map of 3-D geometry at 1 THz.  
 

 
 

Fig. 5. (a) 3-D geometry of multilayer BDS waveguide; (b) Hz field map of 3-D geometry at 1 THz. 



Sensors & Transducers, Vol. 258, Issue 4, July 2022, pp. 10-17 

 15

 
 

Fig. 6. (a) 3-D geometry of multilayered BDS arch waveguide; (b) transmission plot obtained from 2-D arch geometry,   
and (c) and (d) Hz field map at 0.948 and 1.152 THz for 3-D arch geometry. 

 
 

5. Plasmonic Terahertz Logic Gates 
 
Logic gates have potential applications especially 

in the field of information processing because of its 
high speed performance with minimum power 
consumption. They serve as basic components of an 
optical signal processing system and act as a bridge 
between electrical and optical calculations [26]. 
Various research groups have achieved logic gates 
using metamaterials [27] and photonic crystals [28]. 
One notable contribution was in developing sub-
wavelength graphene-based plasmonic 3-D 
waveguide that performs THz AND/OR logic gate 
[29]. In this section, the waveguiding feature (Fig. 2) 
shown already in parallel BDS system with circuit 
miniaturization can be extended to the realization of 
logic gates as it is an essential component for the 
empowerment of THz optoelectronics. Considering 
the evading nature of symmetric mode SPP in macro 
bend geometry, one can very well reach out its 

application to logic gate. Fig. 7(a) shows the geometry 
of XOR gate in the form of Y-structure whose input 
arms are separated by 136 µm and the continuing arm 
of length 600 µm serves as an output. When symmetric 
coupled SPP modes in each input arm are in phase 
with each other, constructive interference occurs and 
when they are 180˚ out of phase with each other, 
destructive interference takes place which cancels out 
the output signal in the detection port. To support the 
Y configuration, SiO2 substrate ( 4.2rε = ) of 

dimension 1500 μm 600 μm 50 μm× ×  is placed at the 

bottom. The norm of magnetic field strength ( H


) 

patterns shown in Fig. 4(b), 4(c) and 4(d) demonstrate 
XOR gate at frequency 1.192 THz. The output 
transmission level less than 50 % can be marked as a 
threshold for OFF state. Interestingly, the destructive 
interference of coupled SPP modes corresponds to low 
transmission level of 15.60 % at 1.192 THz. Table 3 
shows the truth table for XOR gate at 1.192 THz. 

 

 
 

Fig. 7. (a) 3-D logic gate design formed by parallel BDS structure; (b) - (d) represent norm of H


field patterns  
for XOR gate at 1.192 THz. 
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Table 3. Truth table for XOR gate. 
 

Input Output (S21%) 
A B XOR (1.192 THz) 
0 0 0 

1 0 62.90 
0 1 62.91 
1 1 15.60 

 
 

6. Conclusions 
 

To conclude, 3-D modelling of BDS multilayer 
system in straight and bending geometries were 
studied. By exploiting coupled SPP modes, 
subwavelength THz waveguiding in two different 
tapered geometries were illustrated. A 3D THz XOR 
logic gate has been successfully demonstrated by 
utilizing the interference nature of SPP. The above 
reported 3D waveguide, logic gate and along with 
the advent of operating room temperature BDS [24, 
30], we believe that designing BDS based THz 
optoelectronics devices will open new horizon on 
chip scale circuitry levels. 
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