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Abstract: Metamaterials promise an exotic approach to artificially 

manipulate the polarization state of electromagnetic waves and boost the 

design of polarimetric devices for sensitive detection, imaging and wireless 

communication. Here, we present the design and experimental 

demonstration of an ultrathin (0.29λ) terahertz quarter-wave plate based on 

planar babinet-inverted metasurface. The quarter-wave plate consisting of 

arrays of asymmetric cross apertures reveals a high transmission of 0.545 

with 90 degrees phase delay at 0.870 THz. The calculated ellipticity 

indicates a high degree of polarization conversion from linear to circular 

polarization. With respect to different incident polarization angles, left-

handed circular polarized light, right-handed circular polarized light and 

elliptically polarized light can be created by this novel design. An analytical 

model is applied to describe transmitted amplitude, phase delay and 

ellipticitiy, which are in good agreement with the measured and simulated 

results. The planar babinet-inverted metasurface with the analytical model 

opens up avenues for new functional terahertz devices design. 

©2015 Optical Society of America 
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1. Introduction 

Metamaterials, artificial sub-wavelength scale structures, have attracted a great deal of 

research attentions due to their possibilities to engineer optical properties which cannot be 

obtained in nature materials, such as negative index [1, 2], perfect lens [3] and cloaking [4, 5]. 

Over the last few decades, a variety of functional metamaterial designs have been 

demonstrated to manipulate electromagnetic waves across the whole spectrum from 

microwave to visible light [6–10]. This is especially important in terahertz (THz) frequency 

range because many natural materials present weak response to THz wave, making it hard to 

construct THz devices. To bridge this gap, people have recently proposed a wide range of 

metamaterials based THz devices to control THz wave, such as modulators [11, 12], 

polarizers [13], filters [14], absorbers [15] and detectors [16]. 

In particular, manipulation of polarization state in THz range is of great importance 

because information conveyed by the polarization state promises applications for sensitive 

detection of explosive materials, THz imaging and THz wireless communication. 

Conventional approaches to manipulate the polarization of THz wave depend on the 

properties of birefringent materials [17], which have many limitations, such as limited 

available materials, bulky volume, high loss, specific device thickness and narrow band 

operation frequency. Recently, researchers have demonstrated THz polarization manipulation 

devices based on various metamaterial designs. Chiral metamaterials, as an analog of chiral 

molecules, are widely adopted to control THz polarization. Most of the demonstrated chiral 

metamaterials are complex with multilayer or 3D design [18–20]. These metamaterials need 

precise alignment fabrication techniques and their integration into a THz-optic system is 

challenging. On the other hand, simple geometric metamaterials have been investigated 

recently for THz polarization control, such as planar chiral structures [21], planar nonchiral 

metamaterials [22–24] and multilayer metamaterials [25, 26]. These designs are composed of 

periodic sub-wavelength metallic structures, which act as band stop resonators. The 

transmitted amplitude is small when THz wave interacts with these resonators. To overcome 

this issue, the majority of metamaterial designs are multilayers because multireflection among 

different layers can enhance the transmission coefficient [26]. Another approach is to design 

metasurface-based devices for polarization and phase modulation. In 2011, Capasso et al 

demonstrated the control of phase shift through a nano-antenna array [27]. Although the 

thickness is decreased to tens of nanometers, the phase shift is accompanied with polarization 

conversion, which would limit their practical applications. Babinet-inverted metasurfaces 

attract prominent research attentions recently because they are band pass resonators with an 

ultrathin device thickness and a maximum transmission at the resonance [28, 29]. The 

transmitted amplitude and phase of the metasurface can be manipulated by controlling the 

size, geometry, materials and relative orientations of the resonators [29, 30]. Extraordinary 

optical transmission (EOT) in babinet-inverted metasurface has been reported at different 

frequency regimes [31–35]. Meanwhile, the babinet-inverted metasurface only enables the 

resonant electromagnetic wave to pass through. It can be a free-standing metasurface, which 

eliminates optical losses due to substrates [36]. 

In this work, we demonstrate an ultrathin THz quarter wave plate (QWP) for polarization 

control based on planar babinet-inverted metasurface. The quarter wave plate is constructed 

by arrays of asymmetric metallic cross apertures, which can support two orthogonal resonant 

modes in THz range. Each resonant mode gives rise to extraordinary optical transmission 

accompanied by a specific phase shift at the resonance. According to the dispersion equation 

of surface plasmon in metallic slots, the propagation constants as well as the phase delays are 

tunable by varying the width and length of the slots [37, 38]. By properly choosing the size of 

the asymmetric cross aperture, two resonant modes superpose with each other, producing 

equal transmitted amplitudes with a phase difference of 90 degrees at a certain frequency and 

operating as a THz quarter wave plate. When the incident polarization angle changes, the 
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transmitted THz wave can be elliptically polarized with an ellipticity from 1 to −1. A simple 

Lorentz oscillator model is employed to analytically describe the performance of the quarter 

wave plate, which is in good agreement with our experimental and simulation results. 

2. Design and fabrication 

The unit cell of the babinet-inverted resonator arrays is schematically shown in Fig. 1(a), 

which consists of two slots perpendicular to each other in a copper film. The lengths of two 

slots are lx = 105 μm and ly = 125 μm, respectively. The width of both slots is w = 6 μm. The 

periodicity of the babinet-inverted resonator arrays is P = 150 μm. The copper film is 200 nm 

thick deposited on a flexible polyethylene naphthalate (PEN) film, which is transparent to 

THz wave at a thickness of 100 μm. When THz wave polarized at θ = 45 degrees to x-axis is 

normally irradiated on the two slots, two resonant modes inside the slots can be excited 

simultaneously, resulting in the same transmitted amplitudes along both x- and y- axes with 

90 degrees phase delay at a certain frequency. Therefore, the device operates as a QWP, 

converting a linearly polarized light into a circular polarized light as shown in Fig. 1(b). 

 

Fig. 1. (a) Schematic of one unit cell. (b) Schematic of working principle of the QWP. The 

normal incident THz wave is polarized at θ = 45 degrees to x-axis. (c) Microscope image of 

the fabricated asymmetric cross apertures with a zoomed image as the insert. The scale bar is 

100 μm. (d) Photograph of the fabricated THz QWP. 

The THz QWP was fabricated on the PEN film by photolithography. First, positive 

photoresist S1813 was coated onto the PEN film by a spin coater at a spin speed of 3000 rmp 

for 30 s, followed by hot plate baking at 110 °C for 1 minute. The asymmetric cross shape 

was defined on photoresist surface by photolithography (MA6, Karl Suss). After photoresist 

development in MF319 for 1 minute, an adhesion layer of 5 nm thick chromium was coated 

on the samples followed by depositing 200 nm thick copper in a thermal evaporator (Edwards 

Auto 306). The last step to pattern the designed structure was a lift-off process in the acetone. 

The microscope image of the fabricated asymmetric cross aperture is shown in Fig. 1(c) with 

a zoomed image as the insert. The photograph of the fabricated sample is shown in Fig. 1(d), 

indicating its good flexibility. 
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3. Characterization and simulation 

The THz QWP was characterized by a polarimetric THz time domain spectroscope (TDS) 

[39]. In this system, a 10 fs laser pulse with a center wavelength of 800 nm and a repetition 

rate of 80 MHz is split into two beams. One beam with an average power of 28 mW was 

focused onto the photoconductive antennas in the THz emitter for THz wave generation. The 

other beam with an average power of 32 mW was focused onto the photoconductive antennas 

in the THz detector to detect THz wave. A wire-grid THz polarizer is placed in front of the 

THz emitter for a linearly polarized input THz wave. Another wire-grid THz polarizer is 

positioned in front of the THz detector. Both polarizers can be rotated at any direction by the 

rotation stage, which is controlled by a computer, enabling us to measure the polarization 

states of the output THz wave. 

The system is put inside a sealed purging box, which is filled with nitrogen gas to 

minimize water absorption in THz range. During the measurement, the incident THz wave 

was polarized at θ = 45 degrees to the two slots in the QWP. After transmitted through the 

QWP, electric field of THz wave was measured along x- and y-axes, which were denoted as 

Ēx and Ēy. A bare PEN substrate was measured as a reference sample with transmitted 

electric field Ēx(ref) and Ēy(ref). The amplitude transmission of the QWP can be obtained as 

|tx̃| = | Ēx/ Ēx(ref)| and |tỹ| = |Ēy/ Ēy(ref)|, which are shown in Fig. 2(a). The phase difference 

between two orthogonal slots was calculated from the measured data with φ = φy – φx = 

arg(tỹ) – arg(tx̃), which is shown in Fig. 2(d). From the measured results, we can observe two 

resonant peaks at 0.806 and 0.925 THz, which correspond to fundamental resonant modes 

under x- and y- axes polarized incident light. The superposition of these two peaks presents an 

equal transmitted amplitude of ~0.545 at 0.870 THz along both x- and y- axes. The measured 

phase difference between x- and y- axes is around 90 degrees at 0.870 THz. This indicates 

that the incident linearly polarized THz wave is converted into a circular polarized THz wave 

at 0.870 THz. Our THz QWP has an ultrathin device thickness (100.2 μm ≈0.29λ, much 

thinner than commercial available birefringent materials based THz QWP of mm scale device 

thickness [40, 41]) with a high transmission (0.545) and good flexibility. 

Numerical simulation was carried out by finite-difference time-domain (FDTD) method 

(FDTD Solutions 8.9, Lumerical Inc.) to confirm our measured results. The copper film in the 

QWP was treated as a lossy metal with an electrical conductivity of 5.8 × 107 S/m and the 

PEN substrate was modeled as a lossless dielectric with εpen = 3.15. The simulated amplitude 

transmission and phase difference are shown in Figs. 2(b) and 2(e). At 0.874 THz, transmitted 

amplitude of ~0.628 with a phase delay of around 90 degrees is presented, which is in good 

agreement with the measured results, indicating a good polarization conversion in our 

designed THz QWP. A small resonance frequency shift is observed between the experimental 

and simulation results, due to size fluctuation during our fabrication. The absolute amplitude 

difference between the simulation and experimental results corresponds to loss introduced in 

the metal film and PEN substrate. 

In order to investigate the polarization state of the THz wave transmitted through the 

QWP, Stokes parameters were calculated based on the measured and simulated results [13, 

25, 42]. As the incident THz wave is polarized at θ = 45 degrees to x-axis, the incident 

electric field can be noted as: 

 cos sin .x y x yE E E t tθ θ= + = +    
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Fig. 2. (a) Measured, (b) numerical simulated and (c) analytical model calculated transmission 

and phase delay between two resonant modes for (d) experimental, (e) simulation and (f) 

theoretical results. 

Therefore, Stokes parameters can be calculated as: 

 

2 2

0

2 2

1

2

3

,
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2 cos ,
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x y
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Figures 3(a) and 3(b) show the measured and simulated S0 parameters, which are the 

output electric field powers. At 0.870 THz, the QWP presents an output power of 0.297 in 

experiment, while in simulation the output power is 0.394 at 0.874 THz. The difference 

between experiment and simulation may be due to loss induced in the substrate and metal, 

which can be further improved by designing freestanding metal structures and optimizing 

parameters, such as decreasing the periodicity. Even though the output power is not high 

enough, the measured transmission amplitude of the electric field at 0.545 for our THz QWP 

is still quite applicable in a THz system. The ellipticity of the transmitted THz wave is 

defined as χ = S3/ S0. When χ = 1, the transmitted THz wave is a left-handed circular polarized 

(LCP) light and when χ = –1, the transmitted THz wave is a right-handed circular polarized 

(RCP) light. The ellipticities calculated from our measured and simulated data are shown in 

Figs. 3(c) and 3(d). In the experiment, the ellipticity at 0.870 THz is χ = 1, indicating the 

output THz wave is a perfect LCP light. The simulated ellipticity presents similar results with 

χ = 0.999 at 0.874 THz. Therefore, this ultrathin device shows good performance as a THz 

QWP. 
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Fig. 3. (a) Measured and (b) simulated Stokes parameter S0, and calculated ellipticities for (c) 

experiment and (d) simulation. 

To further investigate the performance of our THz QWP, ellipticities with respect to 

different incident polarization angles were also calculated based on THz-TDS measured and 

numerical simulated results, which are shown in Fig. 4. As can be seen, when the incident 

polarization angle is 45 degrees, the output THz wave is a pure LCP light. When the incident 

polarization angle is 135 degrees, the output THz wave is a pure RCP light. This device can 

generate both LCP and RCP light by simply changing the incident polarization angle or, in 

equivalence, rotating the THz QWP. When the incident polarization angle changes to other 

degrees, ellipticities between 1 and −1 can be obtained. This means the output THz wave is 

elliptically polarized. When the incident polarization angle varies from 45 degrees to 135 

degrees, the corresponding ellipticities gradually decrease from 1 to −1. Therefore, this 

property can be used to predict the incident polarization angle with respect to different 

ellipticities. 
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Fig. 4. (a) Measured, simulated and (b) analytical model calculated ellipticities with respect to 

different polarization angles of the incident wave. 

4. Analytical model 

For a better understanding of the physics behind the THz QWP, a Lorentz oscillator model 

was employed to analytically describe the transmitted amplitude, phase delay and ellipticity. 

Based on Babinet’s principle, a slot antenna can be depicted by a Lorentz oscillator model 

similar to a rod antenna [43]. We can assume in our THz QWP the apertures harmonically 

oscillate along the incident electric field and present a transmission peak in far field. For x 

polarized incident wave, the transmitted amplitude can be described as [36]: 

 2

0 0 exp( ),
x x x x x

t t t g E i tγ ω ω+ + =   (2) 

where tx and γx are the amplitude and damping rate of transmitted electromagnetic field. gx is a 

geometric factor, revealing the coupling between the resonator and the incident 

electromagnetic field. ω0 is the fundamental resonance frequency of the aperture and 

E0exp(iωt) is the incident electromagnetic field. The solution of Eq. (2) can be derived as: 

Transmitted amplitude: 

 0

2 2 2 2

0

,
( )

x

x

x

g E
t

ω ω ω γ
=

− +
 (3) 

Phase change: 

 
2 2

0

tan .x

x

ωγ
ϕ

ω ω
=

−
 (4) 

Similarly, transmitted amplitude ty and phase change φy can be obtained when the incident 

electromagnetic wave is y polarized. When the incident electromagnetic wave is polarized at 

θ degrees to x-axis, the total output electric field can be treated as a superposition of two 

orthogonal components. With fitting parameters gx = 3.26, gy = 3.66 and γx = γy = 0.75 THz in 

Eqs. (3) and (4) based on the simulation results, the transmission amplitude along x- and y-

axes in our THz QWP can be analytically described as shown in Fig. 2(c). A transmitted 

amplitude of 0.60 at 0.874 THz is presented along both x- and y-axes. The phase delay 

between two axes φ = φy – φx is shown in Fig. 2(f). At 0.874 THz, the phase delay is 90 
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degrees, meaning the transmitted THz wave is circularly polarized. Based on the fitting 

results, the geometric factor g mainly depends on the resonance frequency and transmitted 

amplitude. In our case, the resonance frequency at 0.925 THz is larger than that at 0.806 THz. 

The transmitted amplitudes at two resonance frequencies are almost the same. Therefore, the 

corresponding geometric factor gy is larger than gx. The damping rates for two orthogonal 

slots are the same, indicating that this parameter depends on the phase delay in the slots. This 

is in agreement with previous reports that the length and width of metallic slots determine the 

propagation constants and phase delays [37, 38]. The ellipticity can also be calculated based 

on the superposition of these two resonant modes. As the incident THz wave is polarized at θ 
degrees to x-axis, the incident electric field can be described as Ē = Ēx + Ēy = tx̃ cosθ + tỹ 

sinθ. At the QWP working frequency, the transmitted amplitudes along x and y are the same 

|tx̃ | = |tỹ| with phase retardance of φ = φy – φx = 90°. The ellipticity χ = S3/ S0 can be 

simplified as χ = 2sinθcosθ based on Eq. (1). When the incident polarization angle θ changes 

from 0 to 180 degrees, the ellipticity can be calculated as shown in Fig. 4(b), which is in good 

agreement with our previous measured and simulated results shown in Fig. 4(a). 

5. Conclusions 

We have experimentally and numerically demonstrated an ultrathin flexible THz quarter-

wave plate using asymmetric cross shape babinet-inverted metasurface. At 0.870 THz, the 

quarter-wave plate presents a transmitted amplitude of 0.545 along two orthogonal axes with 

90 degrees phase delay and is able to convert a linearly polarized incident THz wave into a 

pure circular polarized light. With respect to different incident polarization angles, right-

handed circular polarized light, left-handed circular polarized light and elliptically polarized 

light can be created flexibly. A Lorentz oscillator model is employed to analytically describe 

the spectral properties of the quarter-wave plate, which are in good agreement with our 

measured and simulated results. The planar babinet-inverted metasurface for THz polarization 

manipulation and the analytical model can be applied to the designs and description of novel 

functional THz devices and can also be extended to other frequency regimes. 
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