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Dual-Functional Terahertz Waveplate Based on All-Dielectric Metamaterial
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Terahertz technology has attracted wide attention because of its potential applications in diverse fields,
such as spectroscopy, imaging, and nondestructive evaluation, but the lack of functional devices, including
polarization convertors, is still a major hurdle for these applications. In previous studies on metamaterial-
based polarization convertors, only one single polarization conversion is generally achieved. This paper
presents a transmissive dual-functional terahertz waveplate based on an all-dielectric metamaterial com-
posed of periodic subwavelength pillars made of pure silicon that can achieve two different polarization
conversions (i.e., a combination of quarter- and half-waveplates) at the same operation frequency and for
x- and y-polarized incidences, respectively. Theoretical and numerical analyses are provided to illustrate
the design principle. A sample is fabricated and characterized, and the experimental results show that the
two polarization conversions are obtained at 1.01 THz, which is in good agreement with the corresponding
simulations. Such a dual-functional terahertz waveplate will find applications in terahertz systems and the
design strategy can be extended to other frequency ranges as well.
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I. INTRODUCTION

Terahertz (THz) waves usually refer to waves falling
within the electromagnetic frequency band of 0.1–10 THz.
Due to their unique properties, THz waves find important
applications in such fields as spectroscopy [1], imaging [2],
and communications [3] and have attracted great research
interest over the past decade. However, the diverse appli-
cations of THz technology call for the development of
efficient sources, detectors, and high-performance func-
tional devices, such as absorbers [4–6], filters [7], sensors
[8], modulators [9,10], polarizers [11], splitters [12], and
polarization convertors [13], many of which are achieved
with metamaterials.

Waveplates, as a basic polarization convertor, are widely
applied in THz systems. Traditional waveplates based on
material birefringence [14–16] have the disadvantage of
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being bulky due to the low birefringence of natural materi-
als, while metamaterials and particularly metasurfaces can
greatly reduce their thickness and provide a route towards
more compact and potentially integrated planar devices.

Metamaterials, which are artificial materials composed
of subwavelength elements [17–21], can be flexibly
designed to achieve various unusual functions that can-
not be fulfilled with traditional materials and are often
used to design functional devices required for THz waves.
Many THz polarization convertors based on metamate-
rials are designed to replace traditional waveplates [22–
32]. Grady et al. demonstrated metamaterial-based THz
polarization converters capable of rotating a linear polar-
ization state into its orthogonal one [22]. Yang et al.
achieved linear cross-polarization conversion with a meta-
surface reflectarray composed of high-refractive-index sil-
icon wires and a silver ground plane [23]. Liu et al. pro-
posed single-layer plasmonic metasurface half-waveplates
(HWPs) with a wavelength-independent polarization con-
version angle [25]. Ke et al. presented a THz quarter-
waveplate (QWP) composed of double-stacked hyperbolic
metamaterial waveguide arrays [26]. Woo et al. reported a
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cross-polarization conversion by a through-via connected
double-layer slot structure working in the THz frequency
range [27]. However, these passive convertors usually pos-
sess only one function at the operation frequency, whereas
the freedom of design and flexibility enabled by metama-
terials allow the fabrication of versatile polarization con-
vertors, which is highly attractive for device applications
with respect to miniaturization and integration.

Here, we present a transmissive dual-functional THz
waveplate based on an all-dielectric metamaterial (ADMM)
composed of periodic unit cells fabricated on a silicon
wafer. Unlike the ADMM devices previously synthesized
that use a single-polarization conversion, such as a QWP
or HWP, at the chosen frequency [33,34], the wave-
plate reported here can achieve two different polarization
conversions of linear-to-circular polarization and linear-
to-cross-polarization at the same frequency for x- and
y-polarized incidences, respectively. Numerical simula-
tions and experimental results are in very good agreement,
which validates our design strategy. The dual-functional
terahertz waveplate is expected to be of great value and
used in THz systems.

II. DESIGN STRATEGY

In this section, we present our design strategy of the
ADMM device using theoretical and numerical analyses.
Theoretical analyses for polarization conversion are typi-
cally done with the help of the Jones vectors [35]. In x,y
coordinates, the electric field is expressed as a 2D vector

E =
[

Ex
Ey

]
, (1)

where Ex (Ey) corresponds to the x-polarized
(y-polarized) component. For example, x-polarized,
y-polarized, and left-circular polarizations (LCPs) can be
simply expressed as

Ex−pol =
[

1
0

]
, (2a)

Ey−pol =
[

0
1

]
, (2b)

ELCP =
[

1
−i

]
. (2c)

The transmission matrix T of a polarization device can
be denoted by

T =
[

Txx Txy
Tyx Tyy

]
, (3)

where Txx (Tyy) is the complex transmission coefficient for
copolarization, and Txy (Tyx) is for cross-polarization.

We assume that the ADMM device can convert an x-
polarized incidence into an LCP output at the operation
frequency of 1 THz and convert a y-polarized incidence
into an x polarization at the same frequency. We then
obtain

k1ELCP = T · Ex−pol, (4a)

k2Ex−pol = T · Ey−pol, (4b)

where k1 and k2 are arbitrary nonzero complex num-
bers corresponding to an overall conversion efficiency and
phase that have no effect on the polarization state. We sub-
stitute Eqs. (2a)–(2c) and (3) into Eqs. (4a) and (4b) and
obtain

Tyx = −iTxx �= 0, (5a)

Txy �= 0, (5b)

Tyy = 0. (5c)

That is, to realize the expected dual-functional perfor-
mance, the transmission matrix T of the ADMM needs to
satisfy the above conditions.

The transmission matrix T is determined by the unit cell
of the ADMM. From our previous work [33,34], we know
that an ADMM with a single subwavelength anisotropic
pillar (hole) as the unit cell works in the effective medium
regime [36] and that it can result in birefringence. Accord-
ing to symmetry, the main axes of the unit cell are along the
two symmetric axes of the pillar (hole). These two main
axes can be denoted as the a and b directions. The inci-
dences polarized along the a and b axes will have different
phase delays and no cross-polarized output. The transmis-
sion matrix, Tab

single pillar, of such a single-pillar unit cell
(SPUC) in a,b coordinates can be represented as

Tab
single pillar =

[
taeiδa 0

0 tbeiδb

]
, (6)

where ta (tb) and δa (δb) correspond to the transmission
amplitude and phase for a-polarized (b-polarized) inci-
dence, respectively. Moreover, the difference in transmis-
sion amplitudes is usually small, and it can be assumed that
ta = tb = t, which is nonzero. If the a,b coordinates have an
in-plane anticlockwise rotation angle θ with respect to the
x,y coordinates, the transmission matrix in the x,y coor-
dinates can be obtained by performing matrix rotations in
Eq. (6),

T xy
single pillar =

[
cos θ − sin θ
sin θ cos θ

] [
taeiδa 0

0 tbeiδb

]

×
[

cos θ sin θ
− sin θ cos θ

]

=
[

eiδa cos2θ + eiδb sin2θ (eiδa − eiδb) sin θ cos θ

(eiδa − eiδb) sin θ cos θ eiδa sin2θ + eiδb cos2θ

]
t.

(7)
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We can see that the cross-polarized transmission coef-
ficients Txy and Tyx are identical for T xy

single pillar. According
to Eqs. (5a)–(5c), if a SPUC-based ADMM can realize the
desired performance, it has to satisfy

t(eiδa − eiδb) sin θ cos θ = −it(eiδacos2θ + eiδbsin2θ) �= 0,
(8a)

t(eiδasin2θ + eiδbcos2θ) = 0. (8b)

Because t is nonzero here, Eq. (8b) can be transformed into

ei(δa−δb)sin2θ + cos2θ = 0. (9)

Obviously, Eq. (9) can be satisfied only with δa−δb =
±180° and θ =±45° or ±135°. However, these conditions
cannot satisfy Eq. (8a). Thus, it can be concluded that a
SPUC-based ADMM cannot achieve the dual-functional
performance.

Evidently, there are not enough degrees of design free-
dom to perform a dual-functional polarization conversion
with the single-structure unit cell (SSUC), which has only
one kind of subwavelength structure. Multistructure unit
cells (MSUCs), containing several subwavelength struc-
tures, will enable higher degrees of design freedom to
solve this problem; several MSUC-based metamaterials
have been reported to fulfil different functions [37–42].
Yang et al. used an ADMM based on dual-pillar unit cells
(DPUCs) with a phase gradient to obtain a polarization
rotation and a separation of linearly polarized incident
waves [37]. Yu et al. demonstrated a metasurface QWP
composed of an array of plasmonic antennas with spa-
tially varying phase and polarization responses [38]. Ding
et al. achieved a HWP with a supercell-based plasmonic
metasurface [39]. Deng et al. demonstrated the concept
of vectorial holography based on a diatomic metasurface
consisting of metamolecules formed by two orthogonal
meta-atoms [40].

To achieve our goal, a DPUC similar to that in Ref. [37]
is used instead. As shown in Fig. 1(a), each unit cell of
the ADMM consists of two parts, both made of pure sili-
con only and thus forming an all-dielectric metamaterial.
The bottom part is the substrate, which has no effect on the
polarization conversion process. The top part is composed
of periodic subwavelength pillars, which can be named
the metamaterial layer (MML). The MML can convert
the polarization of the THz wave propagating along the z
direction. As schematically shown in Fig. 1(b), the DPUC
of the MML has two subcells, i.e., pillars A and B. The
periods of the DPUC are P along the x axis and 2P along
the y axis. The pillar height is h, and the substrate thick-
ness is H. For pillar A, the length and width are a1 and b1,
respectively, and the a1 side is at an angle of θ1 relative to
the x axis. For pillar B, the corresponding parameters are
a2, b2, and θ2.

(a) (b)

FIG. 1. (a) Schematic of the ADMM. (b) DPUC of the MML.
Parameters are indicated in the figure.

Similar to Eq. (7), the transmission matrix TA (TB) of
subcell A (B) in the x,y coordinates can be represented as

TA =
[

cos θ1 − sin θ1
sin θ1 cos θ1

] [
t1eiδ1 0

0 t2eiδ2

]

×
[

cos θ1 sin θ1
− sin θ1 cos θ1

]

=
[

eiδ1cos2θ1 + eiδ2sin2θ1 (eiδ1 − eiδ2) sin θ1 cos θ1

(eiδ1 − eiδ2) sin θ1 cos θ1 eiδ1sin2θ1 + eiδ2cos2θ1

]
t,

(10a)

TB =
[

cos θ2 − sin θ2
sin θ2 cos θ2

] [
t3eiδ3 0

0 t4eiδ4

]

×
[

cos θ2 sin θ2
− sin θ2 cos θ2

]

=
[

eiδ3cos2θ2 + eiδ4sin2θ2 (eiδ3 − eiδ4) sin θ2 cos θ2

(eiδ3 − eiδ4) sin θ2 cos θ2 eiδ3sin2θ2 + eiδ4cos2θ2

]
t,

(10b)

where t1 (t2) and δ1 (δ2) are, respectively, the transmission
amplitude and phase for a1-polarized (b1-polarized) inci-
dence on pillar A, and t3 (t4) and δ3 (δ4) are, respectively,
the transmission amplitude and phase for a2-polarized (b2-
polarized) incidence on pillar B. Again, the sizes of pillars
A and B are very close to each other, so we assume that
t1 = t2 = t3 = t4 = t is satisfied. Thus, the total transmission
matrix of the DPUC can be represented as

Tdual pillar = TA + TB. (11)

As previously stated, Tdualpillar should satisfy Eqs. (5a)–
(5c) to achieve a dual-functional polarization conversion.
We then obtain four real equations with six variables [θ1,
θ2, δ1, δ2, δ3, δ4], and because there are more variables
than equations, there is theoretically an infinite number
of solutions for [θ1, θ2, δ1, δ2, δ3, δ4]. There is not
much constraint on [θ1, θ2], except some special cases,
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such as θ1 (θ2) being equal to 0°, ±90°, or ±180°. For
easy fabrication and simplification of equations, [θ1, θ2]
will be fixed to [60°, 30°]. Finally, the equations can be
solved to yield [δ1, δ2, δ3, δ4] = [176°, −51°, −103°, 31°]
within the (−180°, 180°) range. However, it should be
noted that the key to solutions is the relative phase rela-
tionship, not the absolute values. More details on how to
solve the equations are provided in Section 1 within the
Supplemental Material [43].

The set of values [δ1, δ2, δ3, δ4] depends on the structural
parameters of pillars A and B. To get the structural param-
eters corresponding to the required values, as determined
above, the amplitude and phase of the transmission from
a silicon pillar is obtained via simulation, using the com-
mercial software CST Microwave Studio. A silicon pillar is
simulated with periodic boundary conditions in both x and
y directions (corresponding, respectively, to a and b coor-
dinates for an unrotated pillar), at an operation frequency
of 1 THz, and the relative dielectric constant of silicon is
set as 11.9. The period P, pillar height h, and substrate
thickness H are set at 150, 200, and 1000 µm, respec-
tively. A linear x-polarized plane-wave propagating along
the z direction is used as the incidence in the time-domain
solver. Figures 2(a) and 2(b) show the distributions of the
normalized transmission amplitude t and phase δ as a func-
tion of the side lengths a and b. The star markers show the
best structural parameters to be used for device fabrication.
From Fig. 2, we obtain [δ1, δ2, δ3, δ4] = [54°, −168°, 138°,
−87°], when a1 = 81 µm, b1 = 53 µm, a2 = 69 µm, and
b2 = 48 µm. As mentioned above, it is the relative phase
values that matter in the polarization conversion, and this
set differs from the previous numerical one by about 120°.
Additionally, t1, t2, t3, and t4 are very close to each other,
and therefore, can be assumed to be equal, which justifies
our previous approximation.

A discussion and justification of the working principle
of our design is in order. Our structure is periodic and,
using the grating equation, one can show that there is no
high-order diffraction from it. Therefore, there is only the

zeroth transmission order and the wave front experiences
a periodic modulation. In addition, our structure with sub-
wavelength subunits does not depend on Mie resonances,
and therefore, falls into the effective medium type [36],
where the THz wave will experience an effective index
of refraction. Each silicon pillar behaves like an individ-
ual elliptical waveguide, as described in Refs. [44–46],
and a difference in the effective refractive indices of the
eigenmodes leads to an accumulated phase difference. The
simulated eigenmodes of a unit cell are shown in Fig. S1
within the Supplemental Material [43], where it can be
seen that there is a very weak interaction between subcells,
justifying our use of Eq. (11) as the transmission matrix for
the dual pillar. More importantly, it is also proved in the
Supplemental Material [43] that the dual-pillar structure is
not a simple combination of a QWP and HWP. Although
pillars A and B act as individual waveguides, it is their
interference as a whole that gives the overall polarization
response.

III. RESULTS AND DISCUSSION

To verify the dual functions of the ADMM device,
a three-dimensional (3D) model with structural parame-
ters a1 = 81 µm, b1 = 53 µm, a2 = 69 µm, b2 = 48 µm,
h = 200 µm, H = 1000 µm, P = 150 µm, θ1 = 60°, and
θ2 = 30° is built for simulation. Due to the periodic nature
of the ADMM, the 3D model has only one unit cell, with
periodic boundary conditions set in the x and y directions.
Linear x- and y-polarized THz plane waves propagating
along the z direction are used as incidences in the time-
domain solver, respectively. Moreover, an air reference is
used for normalization. Transmission amplitude tij , phase
difference �δi, and ellipticity EPi are used to character-
ize the polarization properties of the ADMM, and they are
defined by

tij (f ) = Eij (f )

ER(f )
, (12)

(a) (b) FIG. 2. (a) Simulated transmis-
sion amplitude t and (b) phase δ

from a silicon pillar for THz wave
at 1 THz.
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�δi(f ) = δiy(f ) − δix(f ), (13)

EPi(f ) = 2EixEiy sin �δi

Eix
2 + Eiy

2 , (14)

where f is the frequency of the THz wave, Eij (f ) is
the amplitude of the transmitted electric field through the
ADMM, and subscript i (j ) represents the linear polar-
ization direction of incidence (detection). For example,
subscript xy means x-polarized incidence and y-polarized
detection. ER(f ) is the electric field amplitude of the refer-
ence, and δix (δiy) is the x-polarized (y-polarized) phase of
the transmitted electric field through the ADMM.

Simulated results are shown in Figs. 3(a)–3(c). We can
see that txx, txy , and tyx are equal to approximately 0.36
at 1 THz, but that tyy is close to zero. This means that
the x-polarized incidence can be converted into x- and
y-polarized components with the same intensity, and the
y-polarized incidence can be converted almost completely
into the x-polarized component at 1 THz. Furthermore, the
phase difference of �δx at 1 THz is approximately −90°
for an x-polarized incidence, which is a necessary condi-
tion for LCP. The ellipticities of EPx and EPy at 1 THz
are equal to −1 and 0, corresponding to a LCP and a linear
polarization, respectively. To characterize the output polar-
izations more clearly, we plot the corresponding simulated
trajectories of the output polarized electric fields at 1 THz
in Fig. 4(a). The arrows indicate the moving directions of
the polarized electric field vectors. Obviously, x- and y-
polarized incidences can be converted into LCP and linear
x-polarization at 1 THz, respectively.

A sample of the ADMM is fabricated through stan-
dard electron beam lithography, as described in detail in
Ref. [34], for experiments. The MML has a total area of
15 × 15 mm2 etched on the surface of a 1-mm thick sili-
con wafer. The scanning electron microscopy image of the
sample is shown in the inset of Fig. 5, and the actual mea-
sured structural parameters are a1 = 81 µm, b1 = 53 µm,
a2 = 69 µm, b2 = 48 µm, h = 191 µm, H = 795 µm,
P = 150 µm, θ1 = 60°, and θ2 = 30°. A THz time-domain
spectroscopy system [34] is used to characterize the polar-
ization conversion performance of the sample, as schemat-
ically shown in Fig. 5. Our transmitter and detector are
both horizontally polarized in the experiment, and we
assume that the horizontal (vertical) direction corresponds
to the x (y) direction. P1–P4 are wire-grid linear polar-
izers, where the polarization conversion processes for a
lineally polarized wave follows the Malus law. P2 and
P3 are placed at either 0° or 90° with respect to the hor-
izontal direction to get an x- or y-polarized component,
respectively; the former is for the wave incident onto the
sample and the latter is for the wave transmitted through
the sample. P1 and P4 are placed at 45° to ensure an
equal polarization projection into the x and y directions;
the former is for the required linearly polarized incident
wave and the latter is for the measurement of the cross-
polarization conversion. The THz signal is measured in
the time domain, and a Fourier transform is performed to
convert it into the frequency domain. The material prop-
erties can thus be extracted by comparing the spectra of
the THz beams going through the sample and through
an air reference. Experimental results are presented in
Figs. 3(d)–3(f) and 4(b), which show that the x- and

(a)

(b)

(c)

(d)

(e)

(f)

FIG. 3. Simulated (a)–(c) and
experimental (d)–(f) results of the
ADMM for (a) and (d) the trans-
mission amplitudes, (b) and (e)
the phase differences, and (c) and
(f) the ellipticities.
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(a) (b) FIG. 4. (a) Simulated trajecto-
ries of output polarized electric
fields at 1 THz. (b) Experimen-
tal trajectories of output polarized
electric fields at 1.01 THz.

y-polarized incidences are converted into LCP and linear x
polarization at a frequency of 1.01 THz, respectively. The
agreement between experiment and simulation is excellent.
The minor differences are mainly caused by the dimen-
sion discrepancies of the fabricated sample. A 3D model
with the actual structural parameters of the sample is sim-
ulated to verify the difference; the corresponding results are
shown in Fig. S2 within the Supplemental Material [43].

Polarization plays a vital role in a wide range of fields,
including chiral responses in chemical and biological sub-
stances [47], polarization-division-multiplexing in opti-
cal communications [48], and spin-dependent light-matter
interactions [49]. In such applications, a linear-to-circular
polarization conversion is often required. Our proposed
design fulfills not only this requirement, but also per-
forms an extra linear-to-linear polarization conversion;
thus two functions are combined into a single device.

FIG. 5. Schematic of the experimental setup for polarization
conversion characterization. Our transmitter and detector are
both x polarized. P2 and P3 are placed at either 0° or 90° with
respect to the x direction to get an x- or y-polarized wave, respec-
tively. P1 and P4 are placed at 45° to ensure an equal polarization
projection into the x and y directions.

More importantly, aside from the dual-functional device
itself and the advantage of being compatible with cur-
rent silicon technology, the design strategy of DPUC has
a wider applicability. Metamaterials are widely utilized to
design different kinds of functional devices and are typi-
cally SSUC-based. However, due to the limitations of the
single subwavelength structure, such metamaterials gen-
erally have few degrees of design freedom and cannot
realize more complex functions. Our DPUC design can
be extended to MSUCs, which enables higher degrees of
design freedom for functions that cannot be achieved with
SSUCs.

IV. CONCLUSION

Here, we report a design strategy of a DPUC-based
ADMM that can perform two different linear-to-circular
and linear-to-cross-linear polarization conversions at the
same operation frequency. As an example, an ADMM
designed to operate at 1 THz can convert x- and y-
polarized THz incidences into LCP and x polariza-
tion, respectively. An ADMM sample is fabricated and
the desired dual-functional performance is achieved at
1.01 THz. The design principle of DPUC has wide appli-
cability for functional metamaterial device designs and
can be extended to more complex scenarios. The reported
dual-functional polarization converter and the associated
design strategy will be of significance in the development
of versatile THz devices.
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