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We present a transmissive all-dielectric terahertz (THz) metamaterial half-wave plate with a dou-

ble-working-layer structure. One layer works as a half-wave plate to enable polarization conversion

of the incident THz wave, and the other layer functions as an antireflection layer to improve the

transmission. The device is made of pure silicon only and can realize a high-performance polariza-

tion conversion at the designed THz frequency. Numerical simulations have been performed to

show how the polarization properties of the THz wave can be adjusted by the structural parameters

of the metamaterial. With appropriate structural parameters, the transmission for cross-polarization

can reach 90%, and the polarization conversion rate can reach almost 100% at the designed opera-

tion frequency of 1 THz in simulation. Several samples have been fabricated and characterized, and

the experimental results show a cross-polarized transmission of about 80% and a polarization con-

version rate of almost 100% and agree well with the simulations. Published by AIP Publishing.
https://doi.org/10.1063/1.5042784

Terahertz (THz) waves usually refer to the electromag-

netic (EM) waves within the frequency band of 0.1–10 THz.

Thanks to their unique physical properties, THz waves have

been widely applied in various fields such as imaging,1 spec-

troscopy,2 and communications.3 However, the lack of effi-

cient THz functional devices such as modulators,4–6 sensors,7,8

multipole oscillators/microcavities,9,10 filters,11,12 absorb-

ers,13–15 and splitters16 still hinders the rapid development of

the THz technology.

Wave plates, as a basic device to modulate the polariza-

tion of EM waves, are also very important for the THz tech-

nology. Traditional wave plates use material birefringence to

realize polarization conversion. However, they can hardly

avoid the disadvantages of low birefringence, huge loss, and

high cost.17–19 For example, a quarter-wave plate (QWP) of

crystalline quartz has a thickness over 1 mm at an operation

frequency of 1 THz due to its low birefringence.20 Obviously,

bulky devices cannot satisfy the future trends of development

towards miniaturization and integration.

Metamaterials are artificial materials composed of sub-

wavelength elements.21–25 With the help of flexible struc-

tural design, metamaterials can realize a variety of unusual

properties and provide alternative solutions to solve the

problems in high-performance device design in the THz

band. Many THz polarization converters based on metamate-

rials have been reported. Reference 26 proposed an aniso-

tropic metamaterial to work as a reflective half-wave plate

(HWP) with a polarization conversion rate (PCR) over 85%

in the frequency band of 0.67–1.66 THz. An HWP with a

cut-wire-pair structure was designed to realize a high-

amplitude helicity conversion rate over 80% at 0.5 THz.27

Reference 28 reported a polarization converter with a trans-

mission of 49% and a PCR of 51% at 0.66 THz based on a

double-chain-ring structure metamaterial. Reference 29

achieved a cross-polarization converter based on a through-

via connected double-layer slot structure with a PCR of

99.9% and a transmission over 80% in the frequency band of

0.3–1.4 THz. A reflective metamaterial was used to realize

controllable polarization conversion for all polarization

states at 2.32 THz.30 The phase-change property of VO2 was

utilized to achieve a switchable THz QWP with a transmis-

sion of 59% at 0.468 THz.31 Reference 32 described a

single-layer metasurface working as an HWP with a PCR

over 90% and a transmission under 30% at 0.91–1.45 THz.

An all-dielectric gradient grating was proposed to realize

cross-polarization conversion at 1.06 THz,33 and its trans-

mission and PCR can reach 69% and 99.3%, respectively.

However, these metamaterial devices usually have a low

transmission and PCR or work in the reflective mode, and

therefore, higher performance devices are still desirable.

In this paper, we report a transmissive THz HWP based

on an all-dielectric metamaterial consisting of two working

layers. The working layers are fabricated on the two surfaces

of a silicon wafer separately. One layer works as an HWP to

convert the polarization state of the incident THz wave, and

the other layer is an antireflection layer (ARL) to improve

the transmission. Different from our previous work where

elliptical air holes in silicon are used to achieve the birefrin-

gence,34 the current design employs silicon pillars for
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birefringence, but most importantly with the addition of an

ARL, it enables an obviously higher transmission efficiency.

Numerical simulations show that the all-dielectric metamate-

rial can realize a high-performance cross-polarization con-

version at the operation frequency. Several samples of the

metamaterial polarization converter have been fabricated for

test, and the experimental results agree well with the corre-

sponding simulations.

As shown in Fig. 1(a), the all-dielectric metamaterial

designed is made of pure silicon, and both working layers

are composed of a periodic subwavelength pillar array based

on a square unit cell. The HWP layer (HWPL) is based on

elliptical pillars, and the ARL corresponds to square pillars.

The specific structural parameters of the unit cells are

defined in Figs. 1(b) and 1(c). For the HWPL, the period of

the unit cell is P, the height of the elliptical pillar is H, and

the major and minor axes are denoted by D and d, respec-

tively; moreover, the major axis is at an angle of 45� relative

to the x axis and is along the v axis. For the ARL, the period

of the unit cell is p, and the height and side length of the

square pillar are h and a, respectively. The thickness of the

substrate is HS. In our work, the size of the unit cells is much

smaller than the wavelength of the incident THz wave, and

hence, both the HWPL and ARL work in the effective

medium regime.35 Due to the anisotropy of the elliptical pil-

lars of the HWPL, the phase difference is realized between

the u and v polarizations, and similar to a traditional HWP,

an x-polarized incidence along the z axis will be converted

into a y-polarized output when the phase difference satisfies

p at a specific frequency. As demonstrated in Ref. 36, a sub-

wavelength square pillar array can achieve an antireflection

effect and the ARL on the side opposite to the HWPL is used

to improve the THz wave transmission, and it makes no con-

tribution to the polarization conversion due to the isotropy of

the square pillars.

For an HWP, we usually characterize its performance

with the transmission and PCR, defined by

txx ¼ Exðf Þ=ERðf Þ; (1a)

txy ¼ Eyðf Þ=ERðf Þ; (1b)

PCR ¼
t2
xy

t2
xx þ t2

xy

; (2)

where f is the frequency of the incident wave, Ex(f) and Ey(f)
are the transmitted E-fields of the x- and y-components,

respectively, and ER(f) is the reference E-field through air.

Thus defined, txx and txy correspond to co- and cross-polarized

transmissions, respectively. Further, the phase difference

between u and v polarizations can be obtained by

Dd fð Þ ¼ dv fð Þ � du fð Þ; (3)

where du(f) and dv(f) are the phases of u and v polarizations,

respectively.

In order to investigate the properties of the metamaterial

designed, the simulation of 3D-models with appropriate

structural parameters has been done with CST Microwave
Studio. The relative dielectric constant of silicon is set to

11.9. A linear x-polarized plane-wave along the z direction is

used as incidence in the time-domain solver, and periodic

boundary conditions are applied in both x and y directions

to simplify the calculation. For reference, a group of struc-

tural parameters have been selected to be P¼ 100 lm,

H¼ 300 lm, D¼ 80 lm, d¼ 35 lm, p¼ 50 lm, a¼ 40 lm,

h¼ 45 lm, and HS¼ 1000 lm.

As shown by the detailed simulations in Sec. 1 of the

supplementary material, we first demonstrate that the sub-

strate has no effect on the performance of the metamaterial

and that there is no coupling between the two working layers.

Then, the operation of the HWPL and ARL can be investi-

gated independently, adjusted and optimized by changing the

structural parameters. Further, it is demonstrated that the

metamaterial HWP with an ARL has an obvious improve-

ment of transmission at the operation frequency, but the ARL

makes no contribution to the polarization conversion.

The simulation results for the reference structure, which

is optimized for an operation frequency of 1 THz, are shown

in Fig. 2. It can be seen that the transmission txy reaches a

maximum of 90% at 1 THz, and meanwhile, the transmission

txx is very close to zero in Fig. 2(a), which means that the x-

polarized incidence can be converted into a y-polarized out-

put at this operation frequency. According to Eq. (2), the

PCR can reach almost 100% if the transmission txx is very

close to zero, as the results show in Fig. 2(b). A PCR of

100% means that the output just has a polarized component

in the y direction but there is no component in the x direction

and further proves that the cross-polarization conversion is

complete. Moreover, the metamaterial HWP induces a phase

difference due to the anisotropy of the elliptical pillars, and

the phase difference between the u and v polarizations is

plotted in Fig. 2(c), where a value of p is observed at the

operation frequency of 1 THz, just like a traditional HWP

based on a birefringent material.

In order to visualize the polarization conversion process,

the E-field amplitude distributions and phases for the refer-

ence structure at 1 THz are displayed in Fig. 3. Because of

the periodic boundary conditions in the simulation, all these

FIG. 1. Structure design of all-dielectric metamaterial HWP (a) and unit cells

of HWPL (b) and ARL (c). A group of reference structural parameters have

been chosen to be P¼ 100 lm, elliptical pillar height H¼ 300 lm,

D¼ 80 lm, d¼ 35 lm, p¼ 50 lm, a¼ 40 lm, square pillar height h¼ 45 lm,

and substrate thickness HS ¼ 1000 lm.
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distributions are shown just for one unit cell. Figures

3(a)–3(d) correspond to the y-z cross-sections of the unit

cell, and Figs. 3(e)–3(h) correspond to the x-y cross-sections

at the arrow-indicated HWPL-substrate interface. From Figs.

3(a) and 3(c), one can clearly observe how the x-polarized

incidence is gradually converted into a y-polarized output.

Further, according to Figs. 3(e) and 3(g), the incidence has

completed the conversion process at the arrow-indicated

position, and Fig. 3(h) shows a uniform distribution of the y-

polarization phase, which proves that the polarization

conversion relies on the HWPL. From the figures, one can

also see how the wavelength changes in each region as deter-

mined by the (effective) material index. Incidentally, the

bright and dark patterns observed in the substrate are caused

by the interference between the incidence and reflected

waves from the ARL-air interface. All these results prove

that the metamaterial HWP designed can realize a high-

performance cross-polarization conversion at a specific oper-

ation frequency.

With standard lithography, several metamaterial sam-

ples have been fabricated for experiment. The specific fabri-

cation process is described in Sec. 2 of the supplementary

material. Both the HWPL and ARL have a total area of

15� 15 mm2 etched on the opposite surfaces of a silicon

wafer with a thickness of 1 mm, and the scanning electron

microscopy images and the actual structural parameters of

the samples have been measured and are given in Fig. S5

and Table S1 of the supplementary material. A THz time-

domain spectroscopy system,33 as schematically shown in

Fig. S6 of the supplementary material, is used to characterize

the properties of the samples. A femtosecond laser beam is

split into two beams. One beam excites a photoconductive

antenna to generate the linear-polarized THz incidence, and

after going through the sample, the output THz beam carry-

ing the material information reaches the detection photocon-

ductive antenna. Another femtosecond beam is applied to

detect the THz signal arriving at the detection antenna. In the

set-up, four polarizers are used to control the polarization of

the THz beams before being incident onto and after going

through the sample. The THz signal is measured in the time-

domain, and a Fourier transform is performed to convert it

into the frequency domain. The material properties can thus be

extracted by comparing the spectra of the THz beams going

through the sample and through a reference. The experimental

data have been collected and processed in this way. Moreover,

in order to compare with the experiment, 3D-models with the

actual structural parameters are built to do the simulations. The

experimental and simulation results of sample 6 are compared

in Fig. 4 as an example, where the actually measured parame-

ters are P¼ 100 lm, H¼ 274 lm, D¼ 82 lm, d¼ 39 lm,

p¼ 50 lm, a¼ 40 lm, and h¼ 56 lm, and the agreement is

good. The results are similar and close to the reference struc-

ture described in Fig. 2; the transmissions txy reach about 80%

at 1 THz, and meanwhile, the transmissions txx are very close

to zero in Fig. 4(a). The PCR can reach almost 100% in Fig.

4(b). Furthermore, the phase differences between u and v
polarizations are seen to be p at the operation frequency of

1 THz in Fig. 4(c). The discrepancies between experiment and

simulation are believed to be mainly due to the inhomogeneity

of the sample parameters. In spite of this, sample 6 can achieve

a cross-polarization conversion with a cross-polarized trans-

mission txy of about 80% and a PCR of almost 100% at the

operation frequency of 1 THz. More results for different sam-

ples are compared in Fig. S7 of the supplementary material.

In conclusion, we have designed a transmissive all-

dielectric metamaterial HWP with a double-working-layer

structure. One of the layers consisting of an elliptical pillar

array works as an HWP to enable polarization conversion of

the incident THz wave, and the other composed of a square

pillar array acts as an ARL to enhance the transmission.

FIG. 2. Simulation results for the reference structure with parameters given

in Fig. 1. (a) Transmission, (b) PCR, and (c) phase difference between u and

v polarizations.

FIG. 3. Amplitude distributions and phases of polarized E-fields for the ref-

erence structure at 1 THz. (a)–(d) y-z cross-sections of the unit cell and (e)

and (f) x-y cross-sections at the arrow-indicated position.
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Simulations show that the operation frequencies of both layers

can be adjusted by the structural parameters. With appropriate

structural design, the metamaterial HWP can realize a high per-

formance cross-polarization conversion with a cross-polarized

transmission of 90% at the operation frequency of 1 THz in

simulation, and meanwhile, the PCR can reach almost 100%.

Furthermore, several samples have been fabricated. The experi-

mental results show a cross-polarized transmission of about

80% and a PCR of almost 100% and agree well with the corre-

sponding simulations, proving our antireflection-assisted polari-

zation convertor design. This high performance all-dielectric

metamaterial HWP will be of great significance in future THz

systems and applications.

See supplementary material for more details on numerical

analysis of structural parameters, sample fabrication, experi-

mental procedure, and comparison of data for more samples.
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