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We propose and numerically investigate a directional coupler which consists of two dielectric load-
ed InSb based terahertz (THz) plasmonic waveguides. Owing to the permittivitly tunable property 
of InSb, the coupling strength between the two dielectric loaded plasmonic waveguides is affected 
by temperature, so the maximum power coupled from the input waveguide to the cross-waveguide 
and the correspondingly coupling length could be effectively tailored by altering temperature. Un-
der different temperatures, this directional coupler could act as a thermally controlled terahertz 
wave switch or a 3-dB terahertz splitter around the frequency of 1.17 THz. This ultracompact and 
thermally controlled plasmonic directional coupler may find potential important applications in the 
highly integrated photonic circuits for terahertz system and technologies. 
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1. Introduction 

Terahertz technology has drawn extensive attention in relation to various application 
fields such as biological science, medical imaging, security and space science [1–5]. 
Intensive studies fueled by emerging applications of THz frequency are now focusing 
on developing various functional devices such as emitters, modulators, filters, detec-
tors, and absorbers in efforts to realize THz systems with better performance and new 
functions [6–9]. Thus, it is necessary to find approaches to active control of  THz  wave  
with external elements such as voltage, magnetic field, and temperature. 

On the other hand, integrated photonic circuits have drawn extensive research inter-
ests aiming at realizing high-speed, large-capacity and low-power optical communica-
tion system. Surface plasmon polaritons (SPPs) are electromagnetic waves propagating 
along dielectric–metal interfaces and can be confined by metallic nanostructures beyond 
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the diffraction limit [10], which could benefit the development of highly integrated 
photonic circuits. And due to the development of the technologies that made the fabri-
cation of nanostructures possible as well as the increasing demand for computer chips, 
plasmon-polaritons based devices, such as plasmonic waveguide, filters, absorbers, and 
beam shaping [11–17], have attracted numerous interests of researchers over the past 
decade. In order to realize a highly integrated THz system, there is an urgent need to 
find a material that can support THz SPP mode. Graphene seems a good candidate for 
supporting THz SPP wave, and graphene has been introduced to construct terahertz 
plasmonic devices due to its exceptional properties, such as optical transparency, flex-
ibility, and tunable structures were several mm. However, the structures based on 
graphene are demanding in terms of costs and complexity, and the thickness of 
graphene is just about 0.34 nm so that it is fragile. Another alternative promising ma-
terial for terahertz plasmonic device is moderately doped semiconductor, which can 
be readily fabricated using conventional micro-fabrication techniques. Some semicon-
ductors have a permittivity at THz region close to that of metal at optical range. Such 
as InSb, whose permittivity can be modified by varying temperature, has been proposed 
for designing THz plasmonic devices [18–21], besides, it is easy to obtain and the man-
ufacturing process is simple, active control of THz wave utilizing InSb based plasmonic 
waveguide by tuning temperature seems interesting and promising. 

In this paper, we propose a dielectric-loaded InSb plasmonic waveguide (DLIPW) 
working at THz region, which is similar to the dielectric-loaded metal plasmon wave-
guide in a near-infrared range. Owing to the permittivity tunable property of InSb, the 
coupling strength between the two dielectric loaded plasmonic waveguide is affected 
by temperature, so the maximum power coupled from the input waveguide to the cross 
-waveguide and the corresponding coupling length could be effectively tailored by var-
ying temperature. At different temperatures, this directional coupler could act as a ther-
mal controlled terahertz wave switch or a terahertz splitter at the frequency of 1.17 THz. 
This ultracompact and thermal controlled plasmonic directional coupler may find im-
portant applications in the highly integrated photonic circuits for THz devices and tech-
nologies. 

2. Structure design and principle 

The schematic diagram of our dielectric loaded THz plasmonic waveguide is shown in 
Fig. 1. The whole size of the substrate is 1400 × 900 mm2, the inset is the xy plane side 
view of our structure. Two parallel identical straight DLIPWs with edge-to-edge sep-
aration d constitute the coupling region. And the coupling regions with a length of L 
are connected to the output waveguide (Ps and Pc) by a straight and bend waveguide, 
respectively. The width and height of the SiO2 rectangular waveguide are denoted as 
w and h. The thickness of the InSb layer and the Si substrate are defined as t1 and t2. 
The incident THz wave is illuminated from one port as depicted in Fig. 1, when neglect-
ing the waveguide loss, the incident power could be shared by the two output port Ps 
and Pc. Due to the fact that the permittivity of InSb could be tuned by varying temper-
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Fig. 1. Schematic diagram of THz plasmonic dielectric loaded waveguide, the inset shows the xy-plane 
side view of this waveguide. 

ature, thus, by properly choosing temperature, the output power in the two output port 
could be activity controlled. Inspired by this mechanism, we think that the coupling 
between two parallel straight DLIPWs could be dynamically controlled, leading to 
thermal tunable directional coupler (DC). Assisted by this DC, active THz plasmonic 
devices such as THz switch and splitter could be achieved. InSb is a semiconductor that 
can support THz SPP wave, the permittivity of InSb can be approximately given by the 
simple Drude model approximation [22] 

2ωp   ε --- -- -- ---ε ω  = – -- ------ ------ -- (1)
ω2 + iγω  

where, ε denotes the high-frequency permittivity, ω is angular frequency, and γ is the 

damping constant. The plasma frequency ωp = Ne2/ε0 m* depends on the intrinsic 
carrier density N, the electronic charge e, the vacuum permittivity ε0, and the effective 
mass m* of free carriers. The intrinsic carrier density N  (in m–3) of InSb can be ex-
pressed as [23] 

N = 5.76 × 1020 T1.5exp(–0.26/2kB T ) (2) 

where, kB is the Boltzmann constant and T is the temperature in kelvin. It should be 
noted that the damping constant γ of InSb is proportional to the electron mobility μ as 
γ = em*/μ, which in turn depends on the temperature. Thus, while changing the tem-
perature, γwill change as well and then it will influence the absorption property of InSb. 
However, when the temperature ranges from 160 to 350 K within the frequency regime 
from 0.1 to 2.2 THz, the electron mobility μ changes slightly. Consequently, the damp-
ing constant can be seen as a constant, which is consistent with the experimental re-
sults in [24, 25]. For InSb, ε = 15.6, m* = 0.015me (me is the mass of electron), and 
γ = 5 × 1010 Hz [26–28]. 

Here, we first consider a single SiO2 waveguide placed on the InSb semiconductor, 
the geometry parameters are set as w = h = 100 μm, t1 = 400 μm, and t2 = 600 μm. In 
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Fig. 2. (a) Real part of the effective mode index as a function of the frequency for different temperatures. 
(b) The propagation length of the SPP mode in this waveguide as a function of frequency for various tem-
peratures. 

this paper, all numerical calculations have been performed by using the commercial 
FEM software COMSOL Multiphysics. The simulated effective refractive index and 
the propagation length as a function of frequency for various temperature are shown in 
Figs. 2a and 2b, respectively. Seeing from Fig. 2a, it shows that the effective refractive 
index of the SPP mode in this THz plasmonic waveguide gets smaller when increasing 
temperature. It worth mentioning that the loss of this waveguide is determined by the 
imaginary part of the effective refractive index of the SPP mode in the waveguide, and 
it refers to the propagation length that is defined as the length over which the power 
carried by the wave decays to 1/e of its initial value Lspp = λ0 / [4π  Im(neff )] [29], the 
corresponding propagation length is shown in Fig. 2b, it can be seen that the SPP wave 
can propagate tens of millimeters for lower frequency and several millimeters for high-
er frequency. We can also see that the propagation length gets longer while increasing 
temperature, which means this waveguide has lower loss for high temperature system. 

Due to the fact that the effective index of the SPP mode supported by the InSb-dielec-
tric surface, so by varying temperature, the coupling effect between the two DLIPWs 
could be actively controlled. Transmission characteristics of the DC could be analyzed 
by the well-established coupled-mode theory (CMT), in which electromagnetic field 
distribution in the DC can be expressed as the superposition of the symmetrical and 
anti-symmetrical supermodes. For a fixed coupling length, the power coupled from one 
waveguide to the other is determined by the effective mode index of symmetrical 
n = n' – in''   and anti-symmetrical n = n' – in''  supermodes.s s s a a a 

Numerical modeling technique results presented in this paper are based on the finite 
-difference time-domain (FDTD) method. In the two dimension (2D) simulations, the 
width and thickness of the DLIPW are both 100 μm, which ensures single mode op-
eration from the wavelength of 0.8 to 1.2 THz. The distance between  the two SiO2 
waveguides is chosen as 150 μm. The refractive index of SiO2 and Si are assumed as 
1.45 and 3.48, respectively. The temperature is assumed as room temperature 290 K. 
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Fig. 3. (a) Real part of the effective mode index of symmetrical and anti-symmetrical modes as a function 
of the frequency of the incident source. (b) and (c) show that the y-direction electric filed component Hy
of the mode corresponds to symmetrical mode and anti-symmetrical mode at 1 THz, respectively. 

The mode dispersion relations (real part of the effective mode index) of the supermodes 
for different width of SiO2 layers are shown in Fig. 3. 

3. Results and discussions 

The permittivity of InSb is dependent on temperature, so the effective index of the 
SPP mode in the InSb-medium surface depends on both the width of the insulator slit 
and the temperature according to Eq. (3). To simplify the model, we choose the insulator 
as air (εd = 1) at first. The effective index in the InSb–air surface with 1 THz incident 
source calculated from Comsol Multiphysics based on the finite element method (FEM) 
is plotted in Fig. 2. Seeing from Fig. 2, it is evident that the effective refractive index 
of the SPP mode in our structure changes dramatically when varying the width of the 
air slit. In addition, for a fixed air slit width, the effective index depends on the tem-
perature. Therefore, controlling the plasmonic THz planar lens by altering temperature 
seems possible and interesting. 

The coupling efficiency plays an important role in a coupled waveguide system. 
Here, the coupling efficiency between the two SiO2 waveguides is estimated by cal-
culating the vector overlap integral in the following form [30]: 

(3)h 
E1 H2 ẑ dx d y

A E2 H1 ẑ dx d y
A

E1 H1 ẑ dx d y
A E2 H2 ẑ dx d y

A
-------------------------------------------------------------------------------------------------------------------------= 

According to the above equation, the simulated coupling efficiency between the two 
SiO2 waveguides as a function of frequency for various coupling distances is shown 
in Fig. 4. Obviously, the coupling efficiency is inversely related to the distance between 
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Fig. 4. The coupling efficiency as a function of the coupling distance between the two SiO2 waveguides, 
the temperature is kept as 270 K. The inset shows an example of the maximum power coupled from the 
straight SiO2 waveguide to the bend SiO2 waveguide at a special coupling condition; the geometric pa-
rameters are set as w = h = 100 μm, L = 500 μm, t1 = 400 μm, t2 = 600 μm and d = 10 μm. 

the two SiO2 waveguides. Thus a smaller value of d is better for achieving high cou-
pling efficiency. It is worth noting that the coupling length L is quite important in the 
coupling process between the two waveguides. In this paper we choose L = 500 μm to 
make sure that the two waveguides can be fully coupled. And the inset shows the mag-
netic field along the y direction of our coupler with d = 10 μm as a special frequency 
corresponds to the condition of maximal power coupled from one waveguide to the 
other. It shows that at this condition nearly all of the incident power has been transferred 
from the straight waveguide to the bend one. So it is possible to manipulate THz wave 
on this type dielectric loaded waveguide by properly choosing geometric parameters 
and the temperature of the surroundings. It should be noted that the distance between 
the two waveguide plays an important role in the structure, thus the smaller the sepa-
ration distance d, the stronger the coupling strength, but too close spacing will increase 
manufacturing process difficulties. So a reasonable d is crucial in our structure. 

Here, aiming to achieve a high efficiency coupler while keeping low crosstalk be-
tween the two dielectric waveguides, the distance between the two dielectric loaded 
waveguides is set to be 10 μm, and the other parameters are the same as in Fig. 4. 
The simulated transmission of the two output ports and the side view of the magnetic 
field component along z direction (Hy) at several frequencies are displayed in Fig. 5. 
Seeing from Fig. 5a, we can notice that the output power of the straight SiO2 wave-
guide (Ps) decreases when increasing the frequency of the incident THz wave, while 
the output power of the bend one (Pc) increases when increasing the frequency of the 
incident wave. Figures 5b–5d shows the magnetic field along z direction at three dif-
ferent frequencies such 0.4, 1.15 and 1.38 THz, respectively. Apparently, at the fre-
quency of 0.4 THz, there is little energy coupled to the bend waveguide and most power 
is transmitted to the Ps. When the frequency of the incident wave increases, the cou-
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Fig. 5. (a) The transmission of the two output ports as a function of frequency. (b)–(d) shows the side 
view of the y-direction magnetic field component Hy at the frequency of 0.4, 1.15, and 1.38 THz, respec-
tively. 

pling condition for the maximal power coupled from the straight waveguide to the bend 
one is satisfied, leading to most power coupled from Ps to Pc at 1.38 THz. Thus the input 
power can switch from the straight SiO2 waveguide to the bend one when increasing the 
frequency of the incident source. Meanwhile, we can see that the two transmission lines 
have an intersection at the frequency close to 1.15 THz, and the corresponding Hy is 
shown in Fig. 5c. It is obvious that the power is nearly transmitted equally to the two 
output ports, so this dielectric loaded waveguide can also act as a THz wave splitter if 
the parameters are properly designed. It is worth noting that at the frequency of 1.38 THz, 
the value of the Pc is smaller than the value of Ps at 0.4 THz. This is due to the coupling 
loss and larger propagating loss when increasing the frequency of the incident THz wave. 

As the permittivity of InSb can be controlled by varying temperature, so we believe 
that the THz wave in this InSb based dielectric plasmonic can be tailored by altering tem-
perature. Here, in order to investigate the dependence of the function of our structure 
on temperature, we chose the geometric parameters to be the same as Fig. 5, and the 
working frequency is set to be 1.17 THz. At first, the temperature is assumed as 260 K, 
which is lower than room temperature, the simulated transmission of the two output ports 
is shown in Fig. 6a. Seeing from Fig. 6a, we found that at the frequency of 1.17 THz, 
Ps is close to zero and Pc reaches its maximum, which means that the power can only 
be transmitted to the bend coupling waveguide. It is consistent with Fig. 6d, which 
shows the magnetic field along the y direction (Hy), when nearly all of the input power 
is coupled to the bend waveguide; this phenomenon corresponds to the optimal cou-
pling state. We investigate the thermal property of our structure by observing the trans-
mission property of the two output ports when varying temperature. The results for 
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Fig. 6. (a) The transmission property of the two output ports for various temperature, the geometric param-
eters are the same as Fig. 5. (b)–(d) shows the side view of the y-direction magnetic field component Hy
for the frequency of 1.17 THz with T = 260  K,  T = 271 K and T = 300 K, respectively. 

T = 271 K and T = 300 K are displayed in Figs. 6b and 6c, respectively. We can see 
that when T = 271 K, the two transmission lines for Ps and Pc intersect near 1.17 THz, 
and seeing from Fig. 6e, it is obvious that the power transmitted to the two output ports 
is nearly equal; so at this condition this structure can act as a THz wave splitter. How-
ever, when we further increase the temperature to 300 K, the corresponding results at 
1.17 THz are shown in Figs. 6c and 6f. Obviously, at this condition, the power can 
hardly be coupled from the straight waveguide to the bend one, so most of the input 
power is transmitted to the straight output port. In other words, as the temperature in-
creases, the coupled power in the bend waveguide can be released and come back to 
the original transmission route. So we can see that at the frequency of 1.17 THz, our 
structure has different function when altering the temperature. When T = 271 K, our 
structure can be regarded as a THz splitter. While, when the temperature changes from 
300 to 260 K, the power can be switched from the straight to the bend one. At this con-
dition, our structure can be regarded as a temperature-controled THz switch. Thus, one 
can manipulate THz wave in our structure by controlling temperature without needing 
to alter the geometric parameters. And our structure is prior to graphene in terms of 
simpler fabrication procedure and cheaper material, so our structure may find potential 
important applications in THz plasmonic system and devices. 

Last but not least, for practical applications, the fabrication process of our structure 
should also be taken into account. At first, we can place the molten semiconductor InSb 
on the silicon substrate, and then we can use the electron beam lithography (EBL) tech-
nology to obtain a cubic Si-InSb substrate. At last we can lay the molten cuboid-shaped 
silica waveguide on the Si-InSb substrate, and after the air drying process, we can ob-
tain the model as shown in Fig. 1. 
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4. Conclusion 

In this paper, we proposed and numerically investigated a dielectric-loaded InSb based 
plasmonic waveguide, which can support THz SPP wave. The dispersion relationship of 
this waveguide is analyzed and discussed, and it can support two kinds of THz SPP wave, 
including symmetrical mode and anti-symmetrical mode. The simulated results reveal 
that the power can be selectively transmitted to the output port at different frequency. 
Due to the fact of the permittivity tunable property of InSb, the maximum power cou-
pled from the straight SiO2 waveguide to the bend one can be effectively tailored by 
varying temperature. Under different temperature, this directional coupler could act 
as a thermal controlled terahertz wave switch or a terahertz splitter at the frequency of 
1.17 THz. This ultracompact and thermally controlled plasmonic directional coupler 
may be beneficial for the development of the highly integrated photonic circuits for 
THz devices and technologies. 
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