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Abstract: Broadband terahertz (THz) phase shift engineering and zero-dispersion waveplates 

based on dielectric metasurface have been investigated, of which structure is a periodical 

rectangular scattering units on silicon substrates. By designing proper geometric parameters of 

metasurface structure, the value, dispersion and bandwidth of the phase shift curves can be 

effectively manipulated. Based on this, the broadband half waveplate (HWP) and quarter 

waveplate (QWP) have been designed and fabricated. The experimental results show that the 

HWP can work in the broad range of 0.7-1.35 THz with the polarization conversion ratio (PCR) 

of close to 100% and the transmission of over 70%. And the QWP can operate in the range of 

0.7~0.85THz with the PCR of over 90% and the transmission of over 70%. The method of phase 

shift engineering based on dielectric metasurfaces and these broadband zero-dispersion 

waveplates have great potential in promoting the performance of THz application systems. 
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1. Introduction 

Terahertz (THz) radiation is electromagnetic radiation whose frequency lies 0.1 to 10 THz 

between the microwave and infrared regions. THz technology has broad application prospects in 

fields such as spectral detection [1], sensing [2], imaging detection [3] and wireless 

communication [4]. THz modulators [5], filters [6], phase delays [7], polarization converters [8] 

and other THz functional devices have become key components of these THz applications. Phase 

and polarization as basic parameters of electromagnetic waves can not only carry useful 

information, but also manipulate the propagation and states of light.  

For further development of the THz application system, there is a high demand on efficient 

devices for guiding and manipulating THz waves in its phase and polarization. Polarization 

spectral analysis [9], polarization imaging [10], and polarized light communications systems [11] 

all require broadband, low insertion loss polarization converter. Conventional polarization optics 

generally depends on the birefringence of uniaxial crystalline materials [12,13]. But their 

birefringence is too small to satisfy the application in THz scale, for example, the birefringence 

of quartz crystal at 1 THz is only 0.046, and the absorption coefficient is about 0.2 cm
-1

. The 

thickness of a quartz THz wave plate reaches several millimeters or even centimeters [14]. The 

large thickness will bring high loss, high cost and low integration, and more importantly, such 

wave plates can only reach a specific phase shift at a specific frequency point, and the working 

bandwidth is very narrow. The commonly used multilayer quartz crystal glued achromatic wave 

plate will further increase the device thickness and cost [15], so conventional crystal cannot meet 

demands of broadband THz work. 
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In recent years, artificial metasurfaces and sub-wavelength gratings consisting of 

sub-wavelength metals or dielectric units have developed rapidly [16-18]. These microstructures 

can easily engineer the amplitude, phase, and polarization of light to realize artificial mode 

birefringence, chiral polarization rotation, or dichroism by manipulating their geometries [19-23]. 

Compared with natural birefringence crystals, metasurfaces have the superiority in ultrathin size, 

easy to integrate and flexible to control. The rise of these artificial structures has brought new 

opportunities for the development of THz wave phase control and polarization conversion 

devices [24]. The metasurfaces modulates the phase of the electromagnetic wave by using the 

phase change caused by the electric dipole resonance of the metal subwavelength scattering unit 

[25]. Although the single-layer metal metallic metasurface is easy to fabricate, its polarization 

conversion ratio (PCR) and working bandwidth are narrow in the THz regime [26, 27].   

Using multi-layer structures can significantly improve device performance. For example, in 

2013, H. Chen research group at Noah Lab reported a three-layer metal wire grid THz linear 

polarization converter, achieving >80% conversion efficiency and near 1 THz operating 

bandwidth [28]. Subsequently, L.Q Cong et al. made a series of outstanding work on the metal 

substrate superficial THz polarization conversion device on a flexible substrate, and obtained a 

quarter waveplate (QWP) with a bandwidth greater than 0.4 THz, and first began to focus on the 

device's dispersion control problems [29, 30]. Capasso et al. and D. Tsai et al. reported 

broadband metasurface for phase control or polarization convertor in the visible light range 

[31-33]. However, higher reflection and Drude loss of multi-layer metal structures results in 

lower transmission efficiency of these devices, making it difficult to use in transmissive THz 
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systems. 

 Compared with metallic structures, all-dielectric subwavelength gratings have obvious 

advantages in terms of transmittance. For example, S. Saha et al. fabricated THz silicon gratings 

to achieve a 1.5 THz QWP and use the SU8 anti-reflection layer to increase the transmittance by 

21% [34]. However, conventional equal-period sub-wavelength gratings can only achieve a 

specific phase delay at a single frequency and hardly obtain a broadband wave plate. 

In this paper, broadband phase shift engineering method for THz waves has been proposed 

based on subwavelength rectangular scattering units in the dielectric metasurface. We designed 

and fabricated two waveplates on high resistance silicon substrates using silicon deep etching, 

and experimentally confirmed that one of the structures can achieve a phase delay of about 180° 

in the range of 0.67-1.35 THz to achieve the function of a broadband half waveplate (HWP), and 

the other structure can achieve a QWP from 0.7 to 0.85 THz.  

2.  Structure and design 

 

Figure.1 The schematic diagram of the device structure: (a) The top view and (b) 3D view of dielectric 

metasurface. (c) Simulative field distributions of fundamental TM and TE eigenmode in the metasurface. 
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The schematic diagram of the dielectric metasurface we proposed is shown in Figs. 1(a) and 

1(b), which consists of rectangular dielectric scattering elements. The period along x direction is 

m+n and along y direction is fixed at p=500μm. The blue part is the rectangular scattering unit of 

silicon, of which width is m; the white part is the air slot, of which width is n along x axis and q 

along y axis; the thickness of rectangular scattering unit is 200μm, and the silicon substrate 

thickness is 300μm.  

In order to better analyze the birefringence and phase shift characteristics of the metasurface, 

we use the finite element method (FEM) to simulate the eigen mode field distribution by 

COMSOL, and the effective refractive index of each eigen mode can be given by this simulation 

software. We build the structure model of q=120 μm, m=50 μm, and n=20 μm with a pair of 

periodic boundaries as shown in Fig. 1(a). The FEM results are shown in Fig. 1(c) that is the 

electric field distributions of the fundamental TM and TE modes at 0.9 THz. The red and blue 

colors represent the positive and negative normalized amplitudes of electric fields, respectively; 

the arrows show the polarization direction of the waves. The mode patterns indicate they are both 

dipole resonances with the polarization direction along y axis for TM mode and along x axis for 

TE mode, respectively. The birefringence of the metasurface is the difference between the 

effective refractive index of the TE and TM modes TM TEn n n   , which mainly originates 

from the asymmetric geometry of the metasurface scattering unit along x and y direction. The 

phase shift of the structure is the phase difference between TM and TE modes expressed as 

follows: 
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TM TE( ) ( ) ( ) ( ) /n d c                             (1) 

where φTE or TM is the phase of the TE or TM mode, d is the total thickness of the device, c is the 

speed of light in vacuum, and ω is the circular frequency of THz waves.  

Designing a broadband wave plate requires that the birefringence phase shift of the structure 

should not be significantly dependent on the frequency over a wide frequency band, that is, it has 

a characteristic of zero dispersion phase shift. We used the single variable method to simulate 

and analyze the principle of the phase shift of the metasurface by using the time domain solver of 

CST Microwave Studio. Figure 2 shows the influence of different structural parameters on the 

phase shift curve. The curves show positive dispersion in the low frequency range and negative 

dispersion in the high frequency. Under the certain structural parameters, there is a band with a 

relatively flat phase shift between the positive dispersion and the negative dispersion bands, 

which is just the zero-dispersion phase shift band. 

The changes in dispersion of phase shift originate from the guided mode resonances in 

periodic scattering structures of the metasurface [35-38]. The mode patterns of these resonances 

are shown in Fig. 1(c). The strong resonance leads to the anomalous dispersion in phase. Due to 

the artificial birefringence between TE and TM polarization, the resonance position and strength 

of them are different, so the band of zero dispersion phase shift can be present by the 

superposition of the positive dispersion in TE phase and negative dispersion in TM phase with 

the proper geometries.  

Through the structural design, the birefringence phase shift may be effectively uniform over a 

wide range of frequencies, which is determined by two factors. Frist, the artificial birefringence 
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(or phase shift) comes from the anisotropic geometry in the metasurface in two orthogonal 

directions, so the asymmetry of scattering element m/(p-q) mainly determines the value of 

artificial birefringence. The m mainly determines the asymmetric rate m/p-q of scattering element 

when the value of long side p-q is fixed, the larger m makes the larger phase shift. As shown in 

Fig. 2(a) when we increase the rectangular width m, the phase shift curve in the band of >0.6THz 

gradually converts from positive dispersion to negative dispersion. When m=50μm, the 

zero-dispersion phase shift of 180° occurs from 0.6 to 1.1THz. 

 

Figure. 2 Phase shift of the metasurface varying with the structure parameters. (a) Varying with m (width of 

rectangular scattering unit) when q=120μm and n=20μm; (b) Varying with q (the air slot width along y axis) 

when m=50μm and n=20μm; (c) Varying with n (the air slot width along x axis) when q=120μm and m=50μm. 

Second, the coupling strength of resonances between adjacent scattering units is determined 

by the air slot width q and n. When the distance q and n between adjacent two scattering units 

decreases, the coupling of resonances becomes stronger. The guided mode resonance of single 

scattering unit becomes less prominent, and thus the phase shift curve becomes more flat without 

resonance valley. When the air slot width q along y direction increases as shown in Fig. 2(b), the 

curve gradually forms two resonances at 0.6THz and 1.6THz, which affects the flatness of the 

band edge of the zero-dispersion range. These resonances are just the strong guided mode 
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resonances when the q becomes large. Figures 2(c) shows the effect of the width n of the air slot 

along x direction. The increase of n makes the curve becomes flatter but a lower phase shift, so 

selecting a proper value of n can get a certain phase shift value of the zero-dispersion band. From 

the above results, we can adjust the size and position of zero dispersion band and even the value 

of the phase shift by changing the geometric parameters. Therefore, broadband zero dispersion 

can be achieved by selecting suitable geometric parameters and obtaining a phase shift of 180° 

for HWP or 90° for QWP.  

3.  Fabrication and Experimental Results 

 

Figure.3 The SEM images of the device structure with (a) 60, (b) 88, and (c) 398 magnification. (d) Schematic 

diagram of the dielectric metasurface in the experimental configuration. 

Based on the above design, we chose q=120 μm, m=50 μm, and n=20 μm as the optimized 

geometry for THz HWP. The dielectric metasurface is fabricated by the silicon deep etching in 
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micro-electromechanical systems (MEMS) technology. A 500 μm thickness Si wafer with a high 

resistivity of 10 KΩ cm  is cleaned and a 5 μm layer of photoresist is spun onto the wafer. Then, 

the wafer is exposed by UV light through a designed mask to yield the expected structure, and is 

shaped by the inductively coupled plasma etching. The etched depth is controlled by the different 

etching time, about 70 min for 200 μm. Then, it is measured by a step profiler. Figure 3 shows 

the SEM photos of the fabricated metasurfaces. 

We used the terahertz time domain spectroscopy (THz-TDS) system to measure the 

birefringence and polarization properties of the metasurfaces at room temperature. THz pulse is 

generated by a low-temperature grown GaAs photoconductive antenna (PCA). The excitation 

source is a Ti:sapphire laser with 75fs duration of 80MHz repetition rate at 800nm. A ZnTe 

crystal is used for detection. All the experiments are carried out at room temperature with the 

humidity of less than 5%. The detection method is shown in Fig. 3(d). The linearly polarized (LP) 

THz wave of which polarizing direction is along y axis is incident into the metasurface rotated as 

45°, and time domain signals of the two orthogonal polarization components (TE and TM LP 

modes) can be obtained by rotating a THz polarizer behind the metasurface. The amplitude 

( TE( )A   and TE( )A  ) and phase ( TE( )   and TM ( )  ) of them can be calculated by Fourier 

Transform of time domain signals shown in Fig. 4(a). The phase shift can be calculated by Eq. (1) 

as shown in Fig. 4(b). And the effective refractive index TE or TMn and artificial birefringence n  

can be calculated by: 

          
 T E  o r  T M

T E  o r  T M

( ) ( )
( ) 1

a i r c
n

d

   





  , =

TM TE
n n n                   (2) 
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where φair is the phase of the air reference, d=500μm is the total thickness of the device.  

 

Figure.4 Birefringence and phase shift characteristics of the HWP structure. (a) Experimental time domain 

pulses of TE and TM modes and air reference; (b) Experimental and simulative refractive index, (c) amplitude 

transmission, and (d) phase shifts of TE and TM mode. 

Figures 4(a) and 4(b) show the THz time-domain signals and refractive index of the TE and 

TM modes of the metasurface. In the range of 0.2-1.6 THz, we can see the effective refractive 

index of the TE mode is always smaller than the effective refractive index of TM mode, and the 

birefringence is over 0.4. Figures 4(c) and 4(d) show the amplitude transmission spectra and 

phase shift of the TE and TM modes obtained in our simulations and experiments. We can find 

that the two orthogonal LP components are close to each other in the broadband frequency range, 

and experimental results show that zero dispersion phase shift can be obtained in the range of 

0.67-1.43 THz. The range of the zero dispersion phase shift is defined as the band of ±5° 
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deviated from 180°. In addition, the experimental results are in good agreement with the 

simulation results. The difference between experimental and simulated results mainly comes 

from machining error of the device. 

 

Figure. 5 Polarization conversion characteristics of the HWP structure. (a) Ellipticity and polarization rotation 

angle curve v.s. THz frequency; (b) PCR and total transmission spectra in the THz regime; (c) Polarization 

states of the output light vector at 0.5~1.5THz when the incident wave is a LP light along y axis and the 

metasurface is rotated as 45°. 

The polarization conversion characteristics of this HWP metasurface can be further 

characterized by some key parameters: ellipticity  , polarization rotation angle   and PCR. 

All these parameters can be derived from the measured amplitude TE( )A  , TM ( )A   and phase 

difference ( )  : 

tan 2 sin 2 sin                                  (3) 
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tan 2 tan 2 cos                                 (4) 

where TM TEtan /A A  . As shown in Fig. 5(a), the ellipticity and polarization rotation angle 

curve are calculated by Eqs. (3) and (4), respectively.  =0 means the output light is a LP, 

45   means a left-handed circularly polarized light (LCP) and 45  is a right-handed 

circularly polarized light (RCP).   indicates the rotated angle to the original LP. Therefore, in 

the range of 0.67~0.14THz, 0  and 0  , the output light is close to a LP with 90° rotation 

angle. This metasurface can rotate a LP to 90° from y axis to x axis. The total transmittance T of 

this metasurface and the PCR for HWP and can be expressed as: 

2 2
2 2 2

2 2

TE TM
total y y y x

air air

A A
T T T

A A
                               (5) 

  

2

2

2 2
for HWP =

y x

y y y x

T
PCR T

T T




 




( ) ( cos )                     (6) 

By the above Eqs. (5) and (6), we can find that the PCR of this HWP is over 99% from 0.73 to 

1.35THz, and the total transmission of the device is over 70% in this range, as shown in Fig. 5(b). 

Notice that all the word “transmission” in this paper means “amplitude transmission” T not 

“intensity transmission” T 
2
. 

The polarization ellipse of the output light vector is expressed as  

22
2

2 2
2 cos( ) sin ( )

y x yx

TE TM TE TM

E E EE

A A A A
                        (7) 

The results are drawn in Fig. 5(c), and we can visually see that the LP light along y axis is rotated 

to the x axis, remaining a close LP state from 0.7 to 1.3THz. Therefore, this structure can achieve 

linear polarization conversion with a phase shift of about 180° in a bandwidth of 0.66 THz, 
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thereby effectively realizing the function of the broadband HWP. 

 

Figure.6 Birefringence and phase shift characteristics of the QWP structure. (a) Experimental time domain 

pulses of TE and TM modes and air reference; (b) Experimental and simulative refractive index, (c) amplitude 

transmission, and (d) phase shifts of TE and TM mode.  

Similar to the HWP, we selected the appropriate structural parameters and fabricated the 

QWP in the same way. Structural parameters q=100μm, m=76μm, and n=10μm. The experiment 

and simulation results are shown in Fig. 6, and the experimental results also fit well with the 

simulation results. In the range of 0.2-0.6 THz, the birefringence coefficient increases 

monotonically with frequency and decreases in 0.6-1.6 THz. The structure can achieve phase 

shift of about 90° from 0.5 to 0.85 THz. In this range, the LP light can be converted into a 

circularly polarized light by this THz QWP metasurface. 
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Figure. 7 Polarization conversion characteristics of the HWP structure. (a) The transmission spectra of LCP 

and RCP components calculated by the experimental TE and TM LP components. (b) Ellipticity curve v.s. THz 

frequency; (c) PCR and total transmission spectra in the THz regime; (c) Polarization states of the output light 

at different THz frequency from 0.6 to 1THz when the incident wave is a LP light along y axis and the 

metasurface is rotated as 45°. 

The polarization conversion characteristics of this QWP metasurface are also derived by 

experimental data. Different from the orthogonal LP conversion of HWP, the PCR should be 

defined by the transmission of the output LCP light or RCP light, which is expressed as  

LCP  RCP TE TM

LCP or RCP

2 2 2 2 2

2

2
(for QWP) ,

total

total

T T T T T

T
PCR

T

   


                           (8) 

where the measured orthogonal TM and TE LP components can be equivalently transformed as 

the forms of the orthogonal LCP and RCP components as follows: 
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                         (9) 

By these equations, we can find that the RCP is much higher than the LCP, especially at 0.78THz 

as shown in Fig. 7(a). And Fig. 7(b) shows that 45    at 0.78THz, which also indicate this is 

a perfect RCP light. The PCR is over 90% from 0.7 to 0.85THz, reaching 99.5% at 0.78THz. 

And the transmission of this QWP metasurface is over 70% in this frequency range, as shown in 

Fig. 7(c). Finally, we also show the polarization ellipse of the output light vector in Fig. 7(d), 

which shows that the good circles are obtained at 0.7THz, 0.78THz, and 0.85THz, especially to 

be perfect at 0.78THz. Therefore, this metasurface can work as a broadband THz QWP from 0.7 

to 0.85THz.  

4. Conclusion 

In summary, broadband THz phase shift engineering and zero-dispersion waveplates based on 

dielectric metasurface have been investigated. By designing the proper geometric parameters of 

the metasurface structure, the value, dispersion and bandwidth of the birefringence phase shift 

can be effectively manipulated. Based on this, we designed and fabricated the THz broadband 

HWP and QWP metasurfaces. The results show that the HWP can work in the broad range of 

0.67-1.35 THz with the PCR of close to 100% and the transmission of over 70%. And the QWP 

can operate in the range of 0.7~0.85THz with the PCR of over 90% and the transmission of over 

70%. The method of phase shift engineering based on dielectric metasurfaces and these 

broadband zero-dispersion waveplates have great potential in promoting the performance of THz 
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application systems. 
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