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Abstract: Polarization conversion dichroism is of particu-
lar interest in manipulating the polarization state of light, 
whereas high-performance asymmetric transmission 
(AT) of linearly polarized waves is still inaccessible in the 
terahertz range. Here, a bilayer chiral metamaterial con-
sisting of orthogonally chained S-shaped patterns with 
broken symmetry along the light propagation direction 
is proposed and demonstrated experimentally to realize 
a dual-band dichroic AT effect for linearly polarized tera-
hertz waves. The AT effects are robust across a wide range 

of incident angles. The observed strong AT can be theo-
retically explained by a multiple reflection and transmis-
sion interference model and the transfer matrix method. 
The proposed bilayer chiral metamaterial may have broad 
applications in polarization manipulation, chiral biosens-
ing and direction-dependent information processing.

Keywords: asymmetric transmission; chiral metamaterial; 
dichroic devices; THz applications.

1  �Introduction
Over the past decades, many attempts have been devoted 
to manipulating the polarization, phase, amplitude and 
propagation direction of electromagnetic waves using 
metamaterials [1–9], exploiting their flexible structural 
designs and potential for compact integrated optical 
components. Meanwhile, various intriguing phenomena 
have been reported in metamaterials, including anoma-
lous refraction [4, 5], invisibility [6], ideal Weyl point and 
surface state [7], optical activity [8, 9], and asymmetric 
transmission (AT) [10, 11]. Conventional methods such as 
the Faraday media can generate a nonreciprocal one-way 
effect by breaking the time-reversal symmetry with the 
aid of a static magnetic field. However, the presence of a 
static magnetic field prevents miniaturization and inte-
gration of photonic devices. To circumvent this, Fedotov 
et al. [10] proposed to achieve an AT effect for circularly 
polarized waves in an intrinsically 2D chiral metamaterial, 
which belongs to a family of reciprocal systems. The AT 
phenomenon in a lossy metamaterial refers to the differ-
ence in the total transmission intensity between forward 
and backward propagation directions for linearly or circu-
larly polarized waves. The AT effect arises from different 
polarization conversion efficiencies along two opposite 
propagation directions. The AT effects can also be found 
in planar photonic metamaterial [12, 13], single plasmonic 

aTingting Lv and Xieyu Chen: These authors equally contributed to 
this work.
*Corresponding authors: Chunmei Ouyang, Center for Terahertz 
Waves and College of Precision Instrument and Optoelectronics 
Engineering, Key Laboratory of Opto-electronics Information and 
Technical Science, Ministry of Education, Tianjin University, Tianjin 
300072, China, e-mail: cmouyang@tju.edu.cn; Shuang Zhang, 
School of Physics and Astronomy, University of Birmingham, 
Birmingham B15 2TT, UK, e-mail: s.zhang@bham.ac.uk; and  
Jinhui Shi, Key Laboratory of In-Fiber Integrated Optics of Ministry  
of Education, College of Science, Harbin Engineering University, 
Harbin 150001, China, e-mail: shijinhui@hrbeu.edu.cn.  
https://orcid.org/0000-0002-7701-8247 
Tingting Lv: Key Laboratory of In-Fiber Integrated Optics of Ministry 
of Education, College of Science, Harbin Engineering University, 
Harbin 150001, China; and School of Electronic Science, Northeast 
Petroleum University, Daqing 163318, China
Xieyu Chen, Meng Liu, Jiaguang Han and Weili Zhang: Center 
for Terahertz Waves and College of Precision Instrument and 
Optoelectronics Engineering, Key Laboratory of Opto-electronics 
Information and Technical Science, Ministry of Education, Tianjin 
University, Tianjin 300072, China
Guohua Dong, Zheng Zhu, Yuxiang Li and Chunying Guan: Key 
Laboratory of In-Fiber Integrated Optics of Ministry of Education, College 
of Science, Harbin Engineering University, Harbin 150001, China
Dongming Liu: School of Electronic Science, Northeast Petroleum 
University, Daqing 163318, China

 Open Access. © 2020 Chunmei Ouyang, Shuang Zhang, Jinhui Shi et al., published by De Gruyter.  This work is licensed under the Creative 
Commons Attribution 4.0 Public License.

Nanophotonics 2020; 9(10): 3235–3242

Published online February 21, 2020

https://doi.org/10.1515/nanoph-2019-0507
mailto:cmouyang@tju.edu.cn
mailto:s.zhang@bham.ac.uk
mailto:shijinhui@hrbeu.edu.cn
https://orcid.org/0000-0002-7701-8247


nanostructures [14], achiral metamaterial showing extrin-
sic 2D chirality at oblique incidence [15] and multilayer 
structures [16]. Drawing inspiration from the abovemen-
tioned works, the AT effects for both circularly [16–23] and 
linearly [24–32] polarized waves have been extensively 
reported. Among these, dual-band and active AT effects 
have attracted much interest [18–20, 31, 32]. Most of them 
are composed of multilayer coupled resonators with a few 
exceptions of single layer structures [17, 20]. These find-
ings show that multilayer chiral metamaterials can greatly 
increase the polarization conversion and consequently 
enhance the AT effects. In particular, introducing sym-
metry breaking along the propagation direction has been 
regarded as a prerequisite in pursuit of the AT behavior of 
linear polarized waves [11, 29].

Following the initial experimental demonstration of 
the circular AT effect at ~11 GHz [10], the AT phenomena 
in terahertz metamaterials have also received much atten-
tion [33–40]. Although many efforts have been made to 
improve the performance of the AT effects, there are still 
some limitations including single polarization conversion, 
ultra-narrow bandwidth and low AT efficiency, which 
have not yet been addressed simultaneously [33–40]. In 
addition, complex structures or auxiliary grating layers 
in some designs hamper flexibility and robustness of 
the AT applications [35, 36, 39]. For instance, numerical 
studies showed that bilayer E-shaped metamaterial with 
embedded VO2 could exhibit a tunable AT phenomenon 
for linear polarized waves in the THz regime, but they 
are not broadband and suffer from a single polarization 
conversion [34]. While polarization functional devices are 
key components for the prosperous progress of THz pho-
tonics and THz technologies, existing THz metamaterials 
are not compatible with high efficiency, broadband and 
dichroic polarization manipulation in practical applica-
tions. Therefore, it is of great significance to investigate 
and realize high-performance THz polarization devices 
exhibiting an AT phenomenon.

In this work, we theoretically and experimentally 
demonstrated dual-band dichroic AT of linearly polar-
ized waves in terahertz chiral metamaterial. The proposed 
chiral metamaterial consists of twisted S-shaped pat-
terns with symmetry broken along the light propagation 
direction. The orthogonal arrangement between the two 
layers gives rise to a strong coupling between orthogo-
nal linearly polarized states in two separated frequency 
bands. It is worth mentioning that the so-called dichroic 
AT effects are robust within a wide angle of incidence up 
to 60° and suitable for manipulating different linearly 
polarized waves. The multiple reflection and transmis-
sion interference model and the transfer matrix method 

(TMM) provide theoretical explanations to the enhanced 
AT properties. In comparison with previously reported 
metamaterials, S-shaped chiral metamaterial offers an 
opportunity to realize high-efficiency dichroic nanopho-
tonic devices with a wide range of potential applications 
in optical polarization manipulation, chiral biosensing 
and polarization information processing.

2  �Results and discussion
Dichroic devices such as dichroic beamsplitters, filters and 
mirrors are widely used for controlling transmission and 
reflection of light as a function of wavelength in optical 
systems. Metamaterials have been utilized to realize dichroic 
polarization devices in the microwave regime [41, 42], but 
dichroic polarization manipulation is more desirable and 
significant in THz and optical ranges. An S-shaped metal-
lic resonator, as a typical building block of metamaterial, 
has been investigated to accomplish enhanced polariza-
tion rotation, broadband bandpass filter and weak circular 
polarization conversion. Here, S-shaped metallic resona-
tors are used to construct a chiral metamaterial showing a 
high-efficiency dichroic polarization effect. The proposed 
freestanding metamaterial configuration is schematically 
illustrated in Figure 1. A polyimide film with the thickness 
of t = 24 μm is embedded between the bilayer S-shaped alu-
minum resonators. The S-shaped metallic resonators in the 
front and back layers are identical in all structural para-
meters except that the back layer is mirrored along the x 
axis and then twisted by 90° around the z axis with respect 
to the front one. Furthermore, two additional polyimide 
layers with the same thickness of t1 = 10 μm are coated on 
both sides of the metamaterial to protect the S-shaped reso-
nators from the external environment. Each metamaterial 
layer seems to be chained S-shaped resonators that are 
made from tm = 200 nm thick aluminum. Each unit cell is 
equivalent to a combination of an L-shaped resonator with 
an asymmetrical U-shaped resonator, with dimensions of 
w = 10 μm, g1 = 10 μm and g2 = 10 μm, as shown in Figure 1B. 
Conventional photolithography is employed to fabricate 
the metamaterial sample, which consists of 300 × 300 unit 
cells with a square period of a = 60 μm. The optical micro-
scope image of the fabricated sample is shown in Figure 1C.

The dual-band dichroic polarization effect of S-shaped 
chiral metamaterial is verified theoretically, numeri-
cally and experimentally. Firstly, the THz responses 
of the metamaterial are investigated by performing 3D 
full-wave numerical simulations (CST Microwave Studio, 
Dassault Systèmes, Paris, France) with periodic boundary 
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conditions along both x and y directions, to be consistent 
with the THz-time-domain spectroscopy (TDS) experi-
ment. Here, a lossy metal model of aluminum is adopted 
with a conductivity of 3.56 × 107 S/m, and the polyimide 
layers can be treated as a lossy dielectric with εp = 3 + 0.09i. 
The calculated transmission coefficients are denoted as 

d
ijT  in terms of Jones matrix ( ).d d

ij ijt T=  The subscripts i and 
j correspond to the polarization states of the transmitted 
and incident waves, which could be either x or y linearly 
polarized waves in our case. The superscript d refers to 
forward (f, along the +z axis) or backward (b, along the 
−z axis) wave propagations. The transmission spectra are 
illustrated in Figure 2A, B for forward (+z) and backward 
(−z) propagating waves at normal incidence. One can 
conclude that the co-polarized transmission coefficients 
(txx and tyy) are equal due to the structural rotational sym-
metry and the off-diagonal transmission coefficients 
interchange with each other along the opposite propa-
gation directions based on the reciprocity theorem [43]. 
The cross-polarization coefficient f

xyt  has two remarkable 

resonant peaks with maxima of 0.80f
xyt =  and 0.82 at 0.53 

and 0.90 THz, respectively, which shows a full width half 
maximum (FWHM) bandwidth of 0.57 THz. Likewise, the 
curve of f

yxt  exhibits a maximum of 0.71 near the reso-
nance at 1.42 THz with the FWHM bandwidth of 0.43 THz. 
In addition, the magnitudes of the co-polarization coef-
ficients are small, ranging between 0.1 and 0.3 across the 
whole investigated frequency band. For x- and y-polar-
ized wave incidence, the resonant absorption limits the 
transmission efficiency. Choosing a low loss substrate 
may improve the cross-polarization conversion ratio.

The experimental characterization is performed 
by utilizing a broadband (0.2–4 THz) THz-TDS with an 
8-F confocal collimation system. A normally incident 
linear polarized terahertz beam is focused to a spot with 
an approximate 5  mm diameter and illuminated onto 
the center of the 18 × 18  mm2 metamaterial sample. The 
measured transmission coefficient Tm of the S-shaped 
metamaterial is extracted by taking the ratio between 
the measured sample transmission spectrum Esample and 
the referenced transmission spectrum Ereference without 
the metamaterial sample, such that Tm = Esample/Ereference, as 
shown in Figure 2C, D. The measurement data of the cross-
polarization transmission coefficients txy and tyx are in good 
agreement with the simulation ones. However, there is a 
noticeable difference between the amplitudes of txx and 
tyy, which may arise from the dimension deviations and 
misalignment of the bilayer metamaterial in the sample 
fabrication. These results reveal that the proposed meta-
material has a pronounced dual-band cross-polarization 
conversion and dichroic polarization manipulation.

Figure 1: Structure and schematics of asymmetric transmission 
effect.
(A) Artistic rendering of the dichroic asymmetric transmission for 
the proposed chiral metamaterial. The normally forward incident x 
and y polarized waves can be transmitted and converted into their 
cross-polarization in two adjacent frequency bands, whereas they 
are blocked in the reversed direction. The polarization angle ϕ and 
incident angle α are marked in the inset. (B) Stereogram of a unit 
cell in the proposed metamaterial. Two 90° twisted and mirrored 
chained S-shaped aluminum layers are separated by a polyimide 
layer. (C) Optical microscope image of the fabricated sample.

Figure 2: The results of simulation and measurement.
Simulated (A), (B) and measured (C), (D) spectra of the four 
transmission coefficients along the forward (A), (C) and backward 
(B), (D) propagations. Curves txx and tyy are completely identical in 
Figure 2A and B.
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The AT response is usually characterized by the dif-
ference of transmission between forward and backward 
propagation for an incident beam of fixed polarization 
state [43].

	

2 2 2 2

2 2 2 2

| | | | | | | |
| | | | | | | |

x f f b b
xx yx xx yx

y f f b b x
yy xy yy xy

T T T T
T T T T

∆ = + − −
∆ = + − − = − ∆

� (1)

These simulated and measured AT parameters Δx and Δy 
for forward propagating waves are exhibited in Figure 3A. 
Apparently, they are exactly opposite to each other. It can 
be clearly seen that a pronounced dichroic AT response 
is demonstrated in the proposed S-shaped metamaterial, 
where two resonant peaks in the lower frequency band 
confirm that the metamaterial allows forward y polar-
ized waves to pass through, while it prevents the forward 
propagation of x polarized waves. In the higher frequency 
band, the AT is exactly reversed, with a higher transmis-
sion of forward x polarized waves than that of forward 
y polarized waves. In the experiment, the AT parameter 
Δy reaches maxima of 0.73 and 0.71 at around 0.51 and 
0.82 THz, respectively, and Δx reaches a maximum of 0.45 at 
around 1.44 THz. The simulation and measured AT results 
agree well with each other. Further numerical simulations 
reveal that the dichroic AT property is robust against the 
change of incident angles α (see Figure 1A), maintaining 
a high efficiency over a wide range of incident angles up 

to 60°, as shown in Figure 3B. The dichroic AT effect is 
also suitable for a wide incident polarization angle ϕ. 
Interestingly, the AT effect between 0–45° and 45–90° 
polarization angles satisfies an antisymmetric property 
with respect to 45°, while it vanishes when the polari-
zation angle is close to 45°, as shown in Figure 3C. The 
absence of the AT can be attributed to a particular sym-
metry, where the bilayer S-shaped metamaterial structure 
has two-fold rotational symmetry along an axis aligned to 
a 45° polarization angle.

In order to elucidate the enhanced dichroic AT prop-
erties and polarization coupling mechanism, a multi-
ple reflection and transmission interference model is 
employed, which takes into account the air-polyimide 
interface and the two S-shaped resonator layers, as 
depicted in Figure 4A, in which the S-shaped arrays are 
treated as zero thickness impedance-tuned surfaces. This 
model neglects the near field coupling between the inter-
faces. To implement this concept, we employ a 4 × 4 TMM 
based on reflection and transmission coefficients on each 
side of the interface. Generally, for a planar metamate-
rial structure between two boundary media a and b, the 
4 × 4 transfer matrix Mba can be expressed in terms of the 
forward and backward propagating fields [44]:

	
( , ,  ,  ) ( , ,  ,  )f f b b T f f b b T

bx by bx by ba ax ay ax ayE E E E M E E E E= � (2)

For a multilayer metamaterial composed of several inter-
faces, the overall transfer matrix M is expressed as a 
multiplication of the transfer matrices of each individual 
interface:

	

1

11 12 13 14 33 34 31 32

21 22 23 24 43 44 41 42

m m m m m m m m
M

m m m m m m m m

−
       

= −       
       

� (3)

where mmn denotes the mth row and nth column element 
of the overall 4 × 4 transfer matrix M. Based on the TMM 
and numerical simulation, the calculated spectra of the 
cross-polarization transmission coefficients for forward 
propagation are presented in Figure 4B.

In order to characterize the polarization properties of 
the transmitted wave, the polarization rotation angle θ, 
the ellipticity angle η and circular dichroism (CD, referred 
to the difference in transmittance between right-handed 
circularly polarized and left-handed circularly polarized 
waves) are calculated as:

	

2 2

2 2

2 2

1 [arg( ) arg( )]
2

| | | |1 arcsin
2 | | | |

CD | | | |

T T

T T
T T

T T
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++ −−

= − −

 −
=  + 

= −

θ

η � (4)

Figure 3: Analysis of asymmetric transmission properties.
(A) Simulated and measured asymmetric transmission parameters 
along the forward propagation. Simulated asymmetric transmission 
of the metamaterial as a function of (B) incident angle α and  
(C) polarization angle ϕ, in which only one parameter is variable  
and the others are kept unchanged.
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where T++ and T− − are the transmission coefficients for 
right-handed circularly polarized and left-handed cir-
cularly polarized waves. The theoretical results and 
simulated data for these three parameters are shown in 
Figure  4C, D. It is noted that all the transmission fields 
are elliptically polarized at the three resonant frequen-
cies since the ellipticity angle η is 14.9°, −21.4° and 34° 
at 0.53, 0.90 and 1.42 THz, respectively. In-between the 
resonant frequencies, the transmitted wave appears lin-
early polarized since η is close to 0 and the corresponding 
polarization rotation angle θ reaches −45° and 69° at the 
frequencies of 0.64 and 1.20 THz, respectively, indicating 
a strong optical activity. Furthermore, the proposed multi-
layer metamaterial exhibits 3D chirality, with the highest 
circular dichroism reaching 26% at around 1.42 THz. A 
large circular dichroism can be expected by the introduc-
tion of strong 3D chirality that leads to a large difference 
between two circularly polarized waves [45, 46]. Overall, 
there is an excellent agreement between the numeri-
cal and theoretical results, validating the use of a multi-
ple reflections and transmissions interference model in 
understanding the multilayer metamaterial-light interac-
tion and the enhanced dichroic AT phenomenon, despite 
the negligence of the near-field interaction between the 
layers. In order to gain insight into the physical mecha-
nisms of the dichroic AT effect, the distributions of the 
Z-component magnetic field at the three resonances are 
presented. In the case of a normally incident y-polarized 
wave as shown in Figure 5A, B, the antisymmetric and 

symmetric modes are excited at 0.53 THz and 0.90 THz, 
respectively. In contrast, the symmetric mode dominates 
the AT effect at 1.42 THz for a normally incident x-polarized 
wave, as shown in Figure 5C.

To investigate the influence of structural parameters 
on the proposed AT properties, the cross-polarization trans-
mission curves are investigated for three different vertical 
distances g1 between L-shaped and asymmetrical U-shaped 
resonators. The simulated and measured results of the three 
cases are shown in Figure 6A, B. All resonant peaks are sen-
sitive to the vertical distance g1, and an appropriate distance 
enables a good AT performance with high efficiency and 

Figure 4: The theoretical analysis of the multiple reflection and transmission interference theory.
(A) Schematic of the multiple reflection and transmission interference model in the bilayer metamaterial with chained S-shaped resonators 
(CSR). (B) Theoretically calculated and numerically simulated cross-polarization transmission coefficients. (C) Polarization rotation azimuth 
angle θ and ellipticity η. (D) Circular dichroism.

Figure 5: Z-component magnetic field distributions at three 
resonant asymmetric transmission (AT) peaks.
The resonant frequencies are (A) 0.53 THz, (B) 0.90 THz and (C) 1.42 
THz.
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broadband operation. For a monolayer S-shaped structure 
with a distance of g1 = 0, the metamaterial does not show 
cross-polarization conversion, but it has an anisotropic 
response. The corresponding T matrix is given:

	
CSR_up

0
0

xx xy

yx yy

t t A
T

t t D
   

= ∝   
     

� (5)

The bottom layer structure is related to the top layer by 
rotating an angle of 90° with respect to the z axis, fol-
lowed by another rotation of 180° with respect to the y 
axis. The T matrix of the bottom layer structure is shown:

	

1 1

CSR_bottom

CSR_up

1 0 0 1
0 1 1 0

0 1 1 0 0
1 0 0 1 0

xx xy

yx yy

t t
T

t t

D
T

A

− −     − −
= ∝     

         
     − −

∝     
          

� (6)

The T matrix of the layer-by-layer metamaterial is propor-
tional to the product of the two matrices as shown:

	
CSR_hybrid

0
0

xx xy

yx yy

t t AD
T

t t DA
   

= ∝   
     

� (7)

Hence, the bilayer S-shaped structure with a simple rota-
tion has no cross-polarization conversion according to the 
T matrix method [43, 47]. Remarkably, the vertical distance 

is an important parameter for realizing dual-band dichroic 
polarization manipulation and it controls the on and off of 
the dichroic cross-polarization conversion, which offers a 
practical approach to develop tunable AT of linearly polar-
ized waves in polarization modulation applications.

3  �Conclusion
In summary, we theoretically and experimentally demo-
nstrate a dual-band dichroic AT for linearly polarized 
waves in S-shaped chiral metamaterial. The results indi-
cate that a strong dichroic AT response can be imple-
mented with a maximum of Δy = 0.73 and Δx = 0.45 along 
the forward direction. The broadband and high-efficiency 
AT properties are robust over a wide angle of incidence 
up to 60°. Meanwhile, the anisotropy and chirality of the 
metamaterial give rise to cross-polarization conversion 
with a ratio over 0.8 and an FWHM greater than 0.50 THz. 
The dual-band dichroic AT properties can be well under-
stood based on the multiple reflection and transmission 
interference theory, and the concept is validated quantita-
tively through the 4 × 4 TMM. The proposed bilayer chiral 
metamaterials have potential applications in design-
ing THz polarization devices for practical polarimetry 
applications.
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