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Abstract: We numerically propose the plasmon-induced 

transparency (PIT) and slow light effect based on terahertz (THz) 

chipscale plasmonic semiconductor-insulator-semiconductor (SIS) 

waveguide system. Via the coupling between two stub resonators, 

PIT is introduced due to the destructive interference, which can be 

theoretically described by the transmission-line Method (TLM). 

Meanwhile, the strong dispersion within the transparent window 

will lead to the slow light effect. Via tuning the geometric 

parameters, the profile of PIT as well as group delay line can be 

arbitrarily tailored. Moreover, active control of both PIT and slow 

light can be realized by changing the ambient temperature. 

Especially, by integrating monolayer graphene into the structure, 

PIT and slow light can also be electrically modulated via applying 

voltage. This work provides geometrical, thermal and electrical 

approaches to manipulate THz transmission and group delay in 

subwavelength scale, and can find potential applications as filters, 

sensors, modulators and active optical delay lines in THz 

ultracompact circuits. 

 

Keywords: plasmonic waveguide, plasmon-induced transparency, 

terahertz, slow light, graphene 

 

1. Introduction 

Terahertz (THz) is at the region between microwave and optical 

frequency, and related technologies have not been widely explored 

due to a lack of lab-based sources until mid-1980s [1]. In recent 

decades, significant progress has been made in efficient and 

compact THz sources, which leads to great demand for THz 

devices [2-3]. Especially, THz on-chip integrated circuits have 

drawn more attention owing to the potential applications in 

communication, imaging and chipscale sensing [4-6]. As a basic 

component of chipscale systems, THz waveguides have also been 

focused [7]. Up to now, various THz waveguides have been 

introduced such as polymer waveguides [8-9], silicon waveguides 

[10-14] and metallic waveguides [15-16]. However, the footprints 

of these conventional waveguides are restricted by the diffraction 

limit, therefore cannot meet the requirement of ultracompact 

circuits. 

It is known that electromagnetic waves can propagate beyond 

the diffraction limit in the form of surface plasmon polaritons 

(SPPs) [17]. Generally, SPPs can exist on the dielectric-metal 

interface in optical and near-infrared frequencies, since waves 

within such frequencies can stimulate collective oscillations of 

electron plasma in the metal. However, metal will be a perfect 

 
 

electric conductor for THz waves and cannot support THz SPPs. 

To mimic SPPs, THz spoof SPPs are introduced based on 

corrugated metal surfaces [18-21]. However, spoof plasmonic 

waveguides suffer from integration difficulty, as well as non-

arbitrary length due to the periodic structures [22]. Recently, it has 

been reported that semiconductors, such as Indium Antimonide 

(InSb), can support SPPs in THz band due to the similar optical 

property in THz with that of metals in optical band [23-25]. 

Resembling infrared plasmonic metal-insulator-metal (MIM) 

waveguides, THz plasmonic semiconductor-insulator-

semiconductor (SIS) waveguides are also introduced [26]. SIS 

waveguides can deliver THz waves in deep-subwavelength scale, 

meanwhile possess flexible integration and easy fabrication, 

consequently are suitable for highly integrated THz circuits.  

Recently, plasmon-induced transparency (PIT), an analogue of 

the electromagnetically induced transparency (EIT) in three-level 

atomic system, has drawn more attention due to promising 

photonic applications [27-28]. PIT can produce the transparent 

peak via the destructive interference between directly-excited 

(bright) and indirectly-excited (dark) modes, and slow light effect 

can happen within the transparent window due to the intense 

dispersion [29]. Up to now, PIT-based slow light effect has been 

widely proposed based on metamaterials [30-32] and chipscale 

system [33-37], which can play an important role in optical signal 

buffering and time-domain processing [38]. 

However, there are few works to investigate THz PIT-based 

slow light effect in SIS waveguide system up to now. Therefore, 

in this work, we numerically and systematically investigate PIT as 

well as slow light effect based on THz plasmonic SIS waveguide 

system. Utilizing two side-coupled stub resonators, PIT is realized, 

and the induced strong dispersion within the transparent window 

will bring about the slow light. Via tuning the length or position 

of stubs, the profile of PIT can be flexibly modulated, and the slow 

light is tailored at the same time. Especially, PIT as well as slow 

light can also be actively adjusted by the temperature due to the 

temperature-dependent optical properties of InSb. Furthermore, 

by integrating monolayer graphene in the system, PIT and slow 

light can also be dynamically tuned via applying voltage on 

graphene. This work realizes geometrical, thermal and electrical 

approaches to manipulate THz transmission and group delay in 

subwavelength scale, and can find potential THz on-chip 

applications as filters, sensors, modulators and active optical delay 

lines. 
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2. Structure, material and method 

 
Fig. 1 The 2D schematic of proposed structure. 

 

The proposed structure is shown in Fig. 1, including an input 

waveguide and two side-coupled stub microcavities. The 

geometric parameters are as follows: w= 50 μm, L1= 280 μm, L2= 

240 μm, d= 600 μm, and D= d2-d1, which is the distance between 

two stubs. In practice, such structure can be fabricated by applying 

laser micro-machining process on InSb wafer [39], and the 

measurement can be fulfilled via THz time-domain spectrometers 

[23]. The permittivity of InSb can be described as follows [23, 40-

42]: 

 

2

2

p

InSb
i

ω
ε ε

ω γω∞= −
+

  (1) 

where ε∞  is the permittivity at infinite frequency, which is 15.68. 

ω  is the angular frequency of the incident wave, γ  represents 

damping constant, which is 0.1π THz. pω  is the plasma frequency 

and is defined as follows: 

 
2 *

0
/

p
Ne mω ε=   (2) 

here, e is the electronic charge, 
0ε  is the permittivity of vacuum, 

and m*= 0.015me, where m* is the effective mass of free carriers, 

and me is the mass of electron, which is 9.1×10-31 kg. N is the 

intrinsic carrier density, which can be calculated by the following 

equation: 

 
20 1.55.76 10 exp( 0.26 / 2 )

B
N T k T= × −   (3) 

where kB is the Boltzmann constant, and T is the temperature in 

Kelvin (K). Obviously, the plasma frequency of InSb can be 

influenced by temperature. The real and imaginary part of 

permittivity for InSb under different temperatures from 0.6 to 1 

THz are depicted in Fig. 2(a) and (b), respectively. It is shown that 

higher temperature will make the real part of permittivity decline, 

while will increase the imaginary part. 

Similar with MIM waveguides, SIS waveguides only support 

THz SPPs with transverse-magnetic (TM) mode. Besides, there is 

only fundamental TM mode because the width of waveguide w is 

much smaller than the incident wavelength [43]. The dispersion of 

the fundamental TM mode follows this equation [44]: 

 

2 2 2 2

0 0

2 2

0

tanh( ) 0
2

i InSb i

InSb i

k w k

k

ε β ε β ε

ε β ε

− −
+ =

−
  (4) 

here, 
iε  is the permittivity of insulator, 

0 02k π λ=  is the 

wavevector in the free space. β  is the wavevector of SPPs in SIS 

waveguides, and the effective refractive index is 0effn kβ= . The 

calculated real and imaginary part of neff under different 

temperatures are shown in Fig. 2 (c) and (d), respectively. 

Apparently, SPPs in SIS waveguides possess a temperature-

dependent optical property. 

The monolayer graphene can be expressed by 2D surface 

conductivity model, the conductivity of which is ���� = ����	� +

������ , where ����	�  and ������  are interband and intraband 

conductivity, respectively. In THz region, the conductivity of 

graphene is described by Kubo formula [45]: 

 
2

2
( , , , ) [ 2 ( 1)]

( )

F

B

E

k TB F

gra intra F

B

e k T E
E T i ln e

k Ti
σ σ ω

π ω
−

≈ Γ = + +
+ Γℏ

 (5) 

here, ℏ is the reduced Planck’s constant, EF is the Fermi level. Γ =

1 �⁄  is the carrier scattering rate, where �  describes carrier 

relaxation time which is defined as � = ��� ���
�⁄ , and �  is the 

carrier mobility and �� is the Fermi velocity. Here, we assign � =

3000 ���/� ∙ � and �� = 1.1 × 10! �/�, which accord with the 

experimental measurements [46-47]. 

 
Fig. 2 (a) The real part of permittivity for InSb under different temperatures. (b) 

The imaginary part of permittivity for InSb under different temperatures. (c) The 

real part of effective refractive index under different temperatures. (d) The 

imaginary part of effective refractive index under different temperatures. 

 

2D Lumerical Finite-Difference Time-Domain (FDTD) 

solution is utilized to do the simulation. In the domain of 

simulation, mesh sizes are both set as 1 μm in x- and y-direction to 

maintain the accuracy, and perfectly matched layers (PMLs) are 

used as absorbing boundary conditions to ensure the convergence. 

Plane wave source with y-direction electric field is set at x= 0, and 

two power (P) monitors are placed at x= 0 and x= d respectively. 

The transmission is calculated by T= Pout/Pin. 

3. Results and discussion 

The numerical transmission spectrum for three different 

structures are shown in Fig. 3(a). Here, we firstly consider D= 0 

μm and the temperature T is kept as 300 K. When only single upper 

stub (stub I) exists, there is one transmission dip at 0.71 THz as 

shown in blue line in Fig. 3(c), and the corresponding |H| field 

distribution is given in Fig. 3(e). There will also be one dip at 0.81 

THz if only single lower stub (stub II) exists as depicted in green 
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line, and the corresponding field distribution is shown in Fig. 3(g). 

Such stub microcavity can be regarded as a semi Fabry-Perot (F-

P) resonator, and the resonant condition is as follows [48]: 

 (2 1 ) 4 Re( ) ,  0,1...effn n L n
ϕ λ
π

+ − = =   (6) 

where n is the mode order, which is an integer. ϕ  is the phase shift 

caused by the reflection on the interface between insulator and 

InSb at the end of the stub. λ is the resonant wavelength, and L is 

the length of the stub. The field distributions indicate that for both 

cases, n= 1. 

 
Fig. 3 (a) The analogue of three-level atom EIT system. (b) The equivalent 

transmission-line model. (c) The numerical transmission spectrum for three 

different cases: only stub I, only stub II as well as a combination of stub I and II, 

and the PIT transmission spectra from TLM. (d) The transmission phase shift and 

group delay line of the double stub system. (e) The |H| field distribution at 0.71 

THz when there is only stub I. (f) The |H| field distribution at 0.73 THz when there 

are double stubs. (g) The |H| field distribution at 0.81 THz when there is only stub 

II. 

 

When stub I and II are introduced simultaneously as shown in 

Fig. 1 when D= 0 μm, PIT happens as presented in red line in Fig. 

3(c). There is a transparent peak at 0.73 THz, which is PIT effect. 

Here, a single stub microcavity can be directly excited and serves 

as the bright mode, while F-P resonance can be formed between 

the two stubs, behaving as the dark mode in the PIT system [49]. 

Therefore, such system constructs an analogue of three-level atom 

system as shown in Fig. 3(a), and the transparent peak is induced 

via the destructive interference between bright and dark modes.  

The corresponding field distribution is shown in Fig. 3(f).  

Considering that the width of SIS waveguide is much smaller 

than the THz wavelength and only single fundamental mode exist, 

such transmission spectrum of PIT can also be theoretically 

described by the transmission-line method (TLM), which is the 

photonic analogy of subwavelength waveguiding in electronics 

[50], and the equivalent transmission-line model is shown in Fig. 

3(b). In this model, the electric and magnetic field of SPPs are 

analogized by the voltage V and current I, and the waveguide as 

well as stub resonators are characterized by the effective 

impedances Z. For the waveguide, which is the infinite 

transmission line, the corresponding effective impedance is as 

follows [51]: 

 
0

y

SIS

z i

E w w
Z

H

β
ωε ε

≈ =   (7) 

here, 
0ε  is the permittivity of vacuum, Ey and Hz are y-component 

electric field and z-component magnetic field of SPPs, 

respectively. For the stub resonator, which is a finite transmission 

line, the effective impedance is given by a ZSIS terminated by a 

load ZL: 

  n

tan( )
,     ,  

tan( )

L SIS n

stub SIS

SIS L n

Z iZ L
Z Z n I II

Z iZ L

β
β

−
= =

−
  (8) 

where L InSb i SISZ Zε ε= , accounting for damping and phase shift 

of SPPs caused by the reflection at the end of the stub. According 

to transfer matrix method [52], the input (at x= 0) and output (at 

x= d) voltages are related as follows: 

 
0

in out

in

V V

V

+ +

−

   
=   

   
T   (9) 

where the transfer matrix T is described by: 

 
1   2( ) ( ) ( ) ( ) ( )stub I stub IId Z D Z d d= −T A B A B A   (10) 

here, the transfer matrix A(x) refers to the SPP propagation in the 

waveguides, while the matrix B(stub) describes the coupling 

between backward- and forward-propagating SPPs induced by the 

effective impedance Zstub. The detail expressions of A and B can 

be found in [51]. Finally, the transmission can be calculated by:  

 
2 2

2

  II   II

exp(2 )
(1 )(1 ) exp( )

2 2 4

out SIS SIS SIS

stub I stub stub I stub sppin

V Z Z Z i D d
T

Z Z Z Z dV

β
−+

+= = + + − −  

 (11) 

where 0
(4 Im( ))

spp eff
d nλ π= . The transmission spectra calculated 

from TLM with D= 0 μm is plotted in Fig. 3(a), showing a good 

fitting with numerical results. 

Meanwhile, such sharp peak indicates a strong dispersion 

within the transparent window, which will manipulate the 

transmission phase and lead to the slow light effect. The group 

delay of slow light can be assessed by the group index ng [53]: 

 
( )

g

c d
n

d d

ψ ω
ω

= ×   (12) 

where c is the light speed, and d is the length of the device. ( )ψ ω  

is the transmission phase shift and is provided in blue line in Fig. 

3(d). The group index is illustrated in green line in Fig. 3(d), and 

there is a relatively higher group index 5.11 at the position of 

transparent peak, which indicates the emergence of group delay, 

i.e., the slow light effect. 

The impacts brought by geometric parameters on PIT profile as 

well as group delay line are investigated. At first, the length of stub 

I L1 is changed from 260 to 300 μm, while the length of stub II L2 

remains at 240 μm. The corresponding transmission spectrum in 

Fig. 4(a) show that, with the increasing L1, the transparent peak 

will have a red shift, the full width at half maximum (FWHM) of 

the peak will be wider, and the peak amplitude will rise. Such 

profile evolution comes from the change of resonant frequency 

detuning between the two coupled resonators. Meanwhile, as 

illustrated in Fig. 4(b), the position of group delay will follow the 
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peak. However, wider peak will lead to the decline of the group 

index within it, which is up to 9.45 when L1= 260 μm while only 

3.40 when L1= 300 μm. This is because narrower peak will be 

sharper, consequently brings about a stronger dispersion within 

the transparent window [54]. Fig. 4(c) and (d) present the 

transmission spectrum as well as group index line when changing 

L2 from 220 to 260 μm, while L1 is kept as 280 μm. It is shown 

that longer L2 will also lead to a red shift of peak, however, the 

peak will be narrower and lower. The induced behavior of group 

index is similar as depicted in Fig. 4(d), and the group index at the 

peak can reach 10 when L2= 260 μm. Therefore, the profile of PIT 

as well as group delay line can be tailored via changing the length 

of stubs. However, there is a trade-off between the transmittance 

and group index at the peak. 

 
Fig. 4 (a) The transmission spectrum with different L1, and L2 remains at 240 

μm. (b) The group delay line with different L1, and L2 remains at 240 μm. (c) The 

transmission spectrum with different L2, and L1 remains at 280 μm. (d) The group 

delay line with different L2, and L1 remains at 280 μm. 

 

Besides, the influences of the distance D between the two stubs 

in the x direction are also studied. Here, L1 and L2 remain at 280 

and 240 μm respectively, T is kept as 300 K, and D is varied from 

0 to 50 μm. Fig. 5(a) shows that the amplitude of transparent peak 

will drop with increasing D, while the position of peak will remain 

unchanged. This is because SPPs will accumulate phase when 

propagating between the two stubs, which is described by 

/
eff

n D cφ ω= . The phase match between the two coupled 

resonators will be modified, which in turn affects the interference 

process [55]. Notably, the second term of Eq. (11) also describes 

such interference process [51]. In the meantime, the group index 

at the peak position will also decline from 5.11 to 2.68 without any 

frequency shift. Therefore, the amplitude of PIT as well as slow 

light can be tailored via changing the distance between the two 

stubs. 

 
Fig. 5 (a) The transmission spectrum with different D. (b) The group delay line 

with different D. 

 

Furthermore, we also investigate the relation between 

temperatures and PIT as well as slow light. Fig. 6(a) shows the 

transmission spectrum under different temperatures, L1 and L2 are 

kept at 280 and 240 μm, respectively, and D= 0 μm. It is shown 

that the whole spectrum will have a blue shift with increasing 

temperature, and the profile of PIT is almost unchanged except for 

a little rise of the transparent peak. The shift is due to the decrease 

of Re(neff) of the fundamental mode, and the increasing peak 

attributes the decrease of Im(neff), which indicates lower loss. 

Simultaneously, the group index will also have a blue shift as 

given in Fig. 6(b). Since there is little change of PIT profile, the 

group index at the transparent peak is stable. Therefore, active 

control of the position of PIT as well as slow light can be realized 

via changing the ambient temperature. 

 
Fig. 6 (a) The transmission spectrum with different ambient temperatures. (b) The 

group delay line with different ambient temperatures. 

 

Finally, a monolayer graphene is integrated into this system as 

shown in the inset of Fig. 7(a). Via applied voltage, the Fermi level 

of graphene can be actively tuned [56]. Here, L1 and L2 are still 

280 and 240 μm respectively, D= 0 μm, and T is kept at 300 K. 

The transmission spectrum under different Fermi levels of 

graphene are shown in Fig. 7(a), and the corresponding different 

group index are depicted in Fig. 7(b). It is shown that the 

increasing Fermi level, from 0.2 eV to 0.6 eV, will significantly 

suppress the transmission peak from 73% to 15%. The |H| field 

distributions at the transparent peak when there is no graphene, 

graphene with 0.3 eV and 0.6 eV are presented in Fig. 7(c-e) 

respectively, from which we can see that the energy is partly 

reflected as well as consumed on the interface of graphene, which 

attributes to the fact that graphene becomes more conductive with 

the rise of Fermi level, meanwhile more loss is also introduced on 

the graphene surface. Meanwhile, the group index within the peak 

can be lifted from 5.11 to 7.35 due to the modification of the 

dispersion within the transparent window, however, suffering a 

low transmission. Here, we just provide a proof of the concept for 

the active modulation of graphene in this structure. In practice, the 
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SIS waveguide can be filled with low loss materials in THz such 

as silicon [57], and graphene can be embedded into it. Such 

graphene-loaded structure can be utilized as an active filter, 

modulator and spacer in THz chipscale system. 

 

 
Fig. 7(a) The transmission spectrum under different Fermi levels of graphene. The 

graphene-embedded system is shown in the inset. (b) The group delay line under 

different Fermi levels of graphene. (c) The |H| field distribution at 0.71 THz when 

there is no graphene. (d) The |H| field distribution at 0.71 THz when Fermi level 

of graphene is 0.3 eV. (e) The |H| field distribution at 0.71 THz when Fermi level 

of graphene is 0.6 eV. 

4. Conclusion 

In summary, we numerically propose the slow light tailor based 

on the THz plasmonic SIS waveguide system. Utilizing two 

simple stub resonators, PIT is introduced to realize the group delay 

within the transparent window. Via tuning the geometric 

parameters, the PIT profile as well as group delay line can be 

adjusted at will. Besides, the position of PIT as well as slow light 

can be actively controlled by the ambient temperature. 

Furthermore, by embedding monolayer graphene into the 

waveguide, the applied voltage can be utilized to modulate the 

amplitude of the transparent peak. This work introduces 

geometrical, thermal and electrical control of THz transmission 

and group delay in subwavelength scale and have potential 

applications in THz highly integrated circuits such as filters, 

sensors, modulators and active optical delay lines. 
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