
OPTOELECTRONICS LETTERS                                                      Vol.10 No.5, 1 September 2014 

Terahertz polarization beam splitter based on photonic 
crystal and multimode interference∗ 
 

LIU Han (刘汉) and LI Jiu-sheng (李九生)∗∗ 
Centre for Terahertz Research, China Jiliang University, Hangzhou 310018, China 

 

(Received 20 June 2014) 

©Tianjin University of Technology and Springer-Verlag Berlin Heidelberg 2014 

 

We design a compact terahertz (THz) polarization beam splitter. Both plane wave expansion method and fi-

nite-difference time-domain method are used to calculate and analyze the characteristics of the proposed device. The 

designed polarization beam splitter can split TE-polarized and TM-polarized THz waves into different propagation di-

rections. The simulation results show that the extinction ratios are larger than 18.36 dB for TE polarization and 13.35 

dB for TM polarization in the frequency range from 1.86 THz to 1.91 THz, respectively. The designed polarization 

beam splitter has the advantages of small size and compact structure with a total size of 4.825 mm×0.400 mm. 
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Terahertz (THz) wave refers to the wave with frequency 

from 0.1 THz to 10 THz, which has attracted extensive 

attention and investigation due to its potential applica-

tions in a variety of areas, such as physics, chemistry, 

electronic information, biology, free space communica-

tion and materials science[1]. These applications have 

dramatically accelerated the study of THz functional 

devices, including switches[2], filters[3], modulators[4,5] 

and splitters[6]. At present, the development of an effi-

cient control of THZ wave power splitter is still chal-

lenging. But, over the past decades, most of the polariza-

tion beam splitter researches focus on optical frequency 

region. According to the device structure, the polariza-

tion beam splitters can be roughly divided into four types 

of Mach-Zehnder interferometer structure[7], directional 

coupler structure[8], photonic crystal structure[9] and mul-

timode interference structure[10]. However, among these 

polarization beam splitters, some devices have very long 

size, while others have relatively complex structure. 

Fortunately, photonic crystals provide a new opportunity 

for this critical issue due to the existence of photonic 

band gap. Photonic crystals have been proven both theo-

retically and experimentally to be an effective way to 

perfectly transmit and flexibly control electromagnetic 

wave. 

In this paper, we propose a novel compact THz po-

larization beam splitter by combining photonic crystal 

and multimode interference structure. In the proposed 

scheme, the power splitter structure consists of multi-

mode interference section and photonic crystal. Both the 

plane wave expansion method and finite-difference 

time-domain method are used to analyze and simulate 

the characteristics of the proposed device. The polariza-

tion extinction ratio is more than 13 dB, and the efficient 

frequency range covers the band from 1.86 THz to 1.91 

THz. By using the internal photonic crystal structure, the 

total size of the polarization beam splitter is reduced 

dramatically. Furthermore, the proposed THz polariza-

tion beam splitter made of single silicon material is suit-

able for the integration with other THz wave devices. 

The schematic diagram of the structure of the pro-

posed polarization beam splitter is shown in Fig.1. In 

Fig.1, part I is the input waveguide, and part II is the 

multimode interference section in which a photonic 

crystal structure is located in the middle region. Parts III 

and IV are the output waveguides for TM polarization 

and TE polarization. The structure is made of a 

high-resistivity silicon material due to its transparency 

and low absorption in THz region, and its refractive in-

dex is 3.42. The two-dimensional silicon photonic crystal 

is high-resistivity silicon substrate with air holes in tri-

angular lattice. The radius of the photonic crystal air 

column is set to be r=0.26a. 
 

 

Fig.1 Schematic diagram of structure of the THz po-

larization beam splitter 
 
When a single mode electromagnetic wave is input 
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into a multimode waveguide, the total field ψ(x, z) can be 

calculated by the superposition of exited modes as fol-

lows[11,12] 

1

j

0

( , ) ( )e n

p

z

n n

n

x z c x
βψ ϕ

−
−

=

=∑ ,                     (1) 

where c
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 is field excitation coefficient, p is the number of 
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propagation constant of the nth mode. For the direct and 

mirrored images, which are reproduced at z=Ld and z=Lm 

respectively, the positions can be expressed as  
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Fig.2 shows the TE and TM band diagrams of the 

photonic crystal. By using plane wave expansion method, 

we find that there is an absolute photonic band gap for 

TM polarization in the frequency range from 0.210(a/λ) 

to 0.247(a/λ), while there is no band gap for TE polariza-

tion. The photonic crystal exhibits a high transmission 

for the TE polarization but a large reflection for TM po-

larization. When both the TE polarization and the TM 

polarization THz waves are input into the multimode 

interference section and transmitted to the photonic 

crystal, it can be noted that the TE polarization THz 

wave is transmitted through the photonic crystal region, 

while TM polarization THz wave is reflected, and then 

they are separated into two output waveguides. Assum-

ing that T is transmission coefficient and R is reflection 

coefficient, the backward propagating field ψ1(x, 0) at 

ouput1 and forward propagating field ψ2(x, Lt) at output2 

can be given by[13] 
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where Lr is the distance between the start of the multimode 

interference section and the beginning of the photonic crys-

tal region, and Lt is the total length of the multimode inter-

ference section. Here, Lt and Lr are set to be TM

t d
L L=  and 

TE

r m
/ 2L L= , where TM

d
L  is the first direct image position 

for TM polarization, while TE

m
L  is the first mirrored im-

age position for TE mode. Lπ is the length of the lowest 

two order modes, which is expressed as 
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where nr is the effective refractive index of the multi-

mode interference coupler’s material, We is the width of 

the photonic crystal region, and λ0 is the incident wave-

length of the THz wave.  

 

Fig.2 Band diagrams of the photonic crystal 

 

In order to ensure the high quality of self-imaging, the 

width of multimode interference coupler should guarantee 

that the multimode waveguide needs to support enough 

guided modes. Here, the width of multimode interference 

section is set to be 400 µm, the length and width of the input 

and output waveguides are set to be 125 µm and 200 µm, 

respectively. According to Eqs.(1)–(7), we obtain TE

π
L =4 825 

µm and TM

π
L =4 485 µm, respectively. Then, we can also 

obtain TE

t π
L L= =4 825 µm and TM

r π
/ 2L L= =2 242.5 µm. 

The photonic crystal structure is made up of seven col-

umn air holes. The working frequency point is set to be 

0.232(ωa/2πc), the lattice constant is assumed to be a=37 

µm, and the corresponding working frequency is f=1.881 

THz. Fig.3 shows the steady-state electric field distribu-

tions for both TE and TM polarizations obtained by fi-

nite-difference time-domain method. According to 

Fig.3(a), it can be seen that the TM polarization THz 

wave is reflected by the photonic crystal with high re-

flection efficiency and finally collected by ouput1. For 

TE polarization THz wave, according to Fig.3(b), it is 

transmitted through the photonic region with high trans-

mission efficiency and finally collected by output2. The 

simulation results show that the input THz wave can be 

successfully split into output1 with TM polarization and 

ouput2 with TE polarization. Furthermore, the simulated 

propagation pattern of electric field agrees well with the 

theoretically calculated length, where the positions of 

TM polarization direct images and TE mirrored images 

satisfy Eqs.(2)–(4). Fig.4 shows the cross section of 

steady-state electric field distributions, and the location 

of the cross section is selected at the fifth column of air 

holes in the photonic crystal region. It can be noted that 

the TM polarization THz wave can’t be transmitted 

through the fifth column of air holes, while TE polariza-

tion THz wave can, with high transmission efficiency.  

The normalized output power transmittance spectra of 

two output branches are shown in Fig.5. It can be seen 

from Fig.5 that insertion losses of TE and TM polariza-

tion are 2.23 dB and 2.02 dB in the frequency range from 

1.86 THz to 1.90 THz, respectively. In order to investi 

gate the structure quantitatively, we numerically deter-

mine the power flows of the two output waveguides by 

simulation using finite-difference time-domain method. 

For TM and TE polarization, the polarization extinction 
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ratios of transmission are defined as –10log(TTM/TTE) and 

–10log(RTE/RTM), respectively. Fig.6. shows the extinc-

tion ratios for TE and TM polarization. The polarization 

extinction ratio of the transmission for TE polarization is 

larger than 18.36 dB, whereas the corresponding polari-

zation extinction ratio of the reflection for TM polariza-

tion is larger than 13.35 dB. According to the proposed 

scheme, the total device size of our polarization beam 

splitter is only 4.825 mm×0.400 mm. 

 

 

(a) TM polarization 

 

(b) TE polarization 

Fig.3 Steady-state electric field distributions at f=1.881 

THz 
 

 

(a) TM polarization 

 

(b) TE polarization 

Fig.4 Steady-state electric field distributions in cross 

section at f=1.881 THz 

 
(a) Output1 

 
(b) Output2 

Fig.5 Normalized output power of the two branches 
 

 

Fig.6 Polarization extinction ratios of the proposed THz 

wave polarization beam splitter 
 
A compact THz wave polarization beam splitter com-

bining multimode interference coupler and photonic 

crystal structure is proposed and numerically demon-

strated. The simulation results show that the extinction 

ratios are larger than 13 dB for both TE and TM polari-

zation in the frequency range from 1.86 THz to 1.91 THz. 

Numerical simulation results agree well with the theo-

retical calculation. Besides simplicity and small size, this 

novel THz wave polarization beam splitter can work in a 

broad frequency range, and it can be fabricated on a wa-

fer and integrated with other planar THz-wave circuits. 
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