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Bandwidth-tunable terahertz metamaterial half-wave plate component
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Abstract: We propose a “leaf-type” hybrid metamaterial to realize bandwidth-tunable half-wave plate based
on vanadium dioxide (VO,) phase transition. The hybrid metamaterial is regarded as a hollow “leaf-type”
metallic structure and act as a dual-band half-wave plate when VO, film is in the insulating phase. Within 1.01—
1.17 THz and 1.47-1.95 THz, it can accomplish y- to x-polarization conversion with a polarization conver-
sion rate over 0.9 and an average relative bandwidth of 26%. The metamaterial becomes a solid core “leaf-
type” metallic structure when VO, is in the metallic phase. Within 1.13—2.80 THz, it can act as a broadband
half-wave plate with a relative bandwidth of 85%. The working principle of the bandwidth-tunable half-wave
plate is explained by the instantaneous surface current distribution and electric field theory in detail. The pro-
posed “leaf-type” hybrid metamaterial half-wave plate has potential application prospects in THz imaging,

sensing and polarization detection.
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1 Introduction

Terahertz (THz) waves usually refers to elec-
tromagnetic waves with frequencies in the range of
0.1 to 10 THZz!", which are the transition region
between electronics and photonics and occupy an
important position in the electromagnetic spectrum.
With the rapid development of THz science and
technology, high-performance THz devices (e.g.,
filters, wave plate, beam splitters, and polarization
apparatus) are of great research value as key com-
ponents in THz application systems. In particular,
THz polarization converter can effectively control
the polarization state of THz waves and has prom-
ising applications in polarization spectrum analysis,
polarization imaging and THz communication®*,
The conventional methods for manipulating the po-
larization state mainly use the birefringence effect in
uniaxial natural crystals to achieve the modulation
of the optical field by controlling the phase delay of
the two orthogonal polarization components. How-
ever, these devices often exhibit narrow operating
bands, large losses, large volume and expensive
price, which seriously hinder their integrated devel-
opment and large-scale applications in THz photon-
ic systems.

The emergence of metamaterials has provided
a completely new idea to effectively control the po-
larization state of terahertz waves™’). Metamaterials
are artificially designed periodic subwavelength
structures whose physical properties depend mainly
on its structural design and can achieve extraordin-
ary physical properties that natural materials do not

1014 "such as stealth, inverse Doppler effect,

possess!
and meta-lenses. Currently, terahertz polarization
converter based on metamaterials have received ex-
tensive attention. Grady N K et al. achieved reflect-
ive polarization conversion function in the terahertz
band using a simple metal cut-wire structure!”. The
cross-polarized reflection is higher than 80%

between 0.8 and 1.36 THz, and the co-polarized re-

flection is lower than 5%. Cheng Y Z et al. pro-
posed a reflective half-wave plate device based on
multiple resonant responses with a polarization con-
version rate higher than 0.8 in the range of 0.65 to
1.45 THz and a relative bandwidth of 76%!'*. Cong
L Q et al. proposed a metamaterial design consist-
ing of a three-layer inhomogeneous wire grid struc-
ture, which can achieve a good polarization rotation
function!"”. The efficiency is higher than 80% in the
range of 0.6—1.2 THz, and the higher conversion ef-
ficiency mainly originates from the Fabry-Perot in-
terference effect in the multilayer structure. On the
other hand, the dynamically tunable polarization
converter is also a hot research topic. The exquisite

design of metamaterials combined with active ma-

18-19] 20-21

terials (including graphene!*'"), silicon™!, Dirac

22] 23-25])

semimetals™, and phase change materials!
provides richness and diversity for polarization tun-
ing. VO, (Vanadium dioxide), as a typical revers-
ible phase change material, has unique advantages
in the design of tunable terahertz devices. It has a
phase transition temperature of 68 °C and the con-
ductivity change is 4—5 orders of magnitude during
the phase transition under three external excitations:
optical, electrical, and thermal, and modulation
speeds under optical excitation can reach the sub-pi-
cosecond.

Zheng X X et al. used the phase transition prin-
ciple of VO, to propose a temperature-controlled
broadband reflective polarization converter, which
can realize the switching functions in the range of
4.95-9.39 THZP%. Shu F ZH et al. combined VO,
and dispersion-free metamaterial to demonstrate ex-
perimentally the electrical tuning of broadband po-

larization effect for the first time™!

. During the
phase transition of VO,, the metamaterial was trans-
formed from reflective wave plate to reflective lens.
Ding F et al. proposed a multilayer hybrid metama-
terial design based on the phase transition principle
of VO,, which was able to realize the flexible
switching of broadband half-wave plate and broad-

band absorber devices?”, and the bandwidth of half-
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wave plate was 0.49 THz with reflectivity greater
than 60% and polarization conversion rate higher
than 95%. Luo J et al. used metal-VO, hybrid
metamaterial design to achieve switchable broad-
band quarter-wave plate and broadband half-wave
plate®™. Yang Z H et al. proposed a reflective sin-
gle-band & broadband half-wave plate device with a
relative bandwidth shift from 1.9% to 27% using the
voltage-modulated VO, properties™. Most of the
reported tunable polarization components are mostly
focused on the switching function of a single polar-
ization effect or the conversion function between
different polarization effects. However, a relatively
little research work has been done on bandwidth-
tunable polarization modulation devices, and some
of the polarization components have limited band-
width tuning capability. Bandwidth-tunable wave
plate devices have important applications in the
fields of polarization detection, polarization ima-
ging and terahertz communication, and deserve
more attention.

In this paper, a bandwidth-tunable "leaf-type"
hybrid metamaterial is proposed based on the phase
transition principle of VO,, which can realize a flex-
ible switching from dual-band to broadband half-
wave plate. When VO, is in the insulating state, the
average relative bandwidth of dual-band half-wave
plate with PCR greater than 0.90 is 26%. When VO,
is in the metallic state, the relative bandwidth of
broadband half-wave plate with PCR greater than
0.90 is 85%. The physical mechanism of the dual-
band and broadband polarization conversions is elu-
cidated using the surface current distribution at the
resonance. The modulation law of the polarization
properties by the oblique incidence angle and the

polarization angle is investigated in detail.

2 Structural design and numerical
simulation

The design of the bandwidth-tunable half-wave

plate is derived from the typical sandwich structure,

which consists of a hybrid micro-nano structure lay-
er, a polyimide dielectric layer and a continuous
metallic aluminum mirror coating (Fig. 1 color on-
line). The hybrid micro-nano structure layer con-
sists of a hollow "leaf-type" metal structure and a
solid "leaf-type" VO, structure. The hybrid metama-
terial demonstrates bandwidth-tunable reflective
half-wave plate and implements a switchable effect
between dual-band and broadband cross-polariza-
tion conversion of linearly polarized light during the
phase transition of VO,. The solid "leaf-type" VO,
structure is composed of the intersection of two cyl-
indrical structures with mirror symmetry about the
plane x = —y. Assuming that the coordinates of the
center point O of the unit cell structure in the plane
z=0 are (x =0 pm, y = 0 pm), the coordinates of the
corresponding cross-sectional circle centers of the
two cylindrical structures in this plane are (x; =
=80 um, y; =—50 um) and (x, = 80 um, y, = 50 um),
respectively. The radius and thickness of the cyl-
indrical VO, structure are » = 75 um and ¢, =
200 nm, respectively. Similarly, the hollow "leaf-
type" metallic structure is obtained from a cylindric-
al shape with radius R = 80 um and thickness ¢,, =
200 nm by a similar process. The thickness of the
polyimide is = 20 pum, side length of unit cell is a =
65 um and the thickness of the metal mirror layer is
t, =200 nm. The polarization properties of the hy-
brid metamaterial are solved using CST full-wave
simulation software, with the directions x and y set
as the unit cell boundary conditions and the direc-
tion z set as the perfectly matched layer boundary
condition. The conductivity of metallic aluminum is
3.62 x 107 S/m, and the dielectric constant of poly-
imide is 3 and the loss tangent is 0.03%, The Drude
model is used to describe the material properties of

VO, films at terahertz frequencies as

2

S %0,

W)= ———
w? +iyw

where ¢, = 12 is the dielectric constant at infinity
frequency and y = 5.75x10" rad/s is the collision

frequency. The plasma frequency w, canbe ex-
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pressed as

Ovo
w§=w§(a'o) =, (2)
o)

where 0, = 3x10° S/m and w, (5p) = 1.4 x 10" rad/s.
Ovo, 1s the conductivity of VO,, and the phase states
of VO, at different temperatures can be character-
ized by conductivity values of 10 S/m and 2 x
10° S/m for the insulating and metallic states, re-
spectively®!. The reflection coefficient is denoted as
R (rj = |R;), and the subscripts i and j represent the
polarization states of the reflected and incident light,
respectively. In order to ensure the temperature uni-

formity of the "leaf-type" metamaterial, a temperat-

ure-controlled heating plate with holes is introdu-
ced for the actual polarization performance meas-
urement, considering the temperature-controlled ph-
ase transition of VO,. The temperature control is
achieved by means of Pt resistors and temperature
sensors inside the heating plate and a temperature
control unit connected to them®?. Moreover, it is
important to emphasize that the temperature regula-
tion of VO, generally operates at temperatures
between 25 °C and 88 °CP"*) and this operating
temperature range does not affect the material prop-
erties of the dielectric layer polyimide and the metal

structure.

(b) %

__| Aluminum [l VO, [ Polyimide

Fig. 1 Operation principle of “leaf-type” hybrid metamaterial and it’s structural diagram. (a) Schematic diagram of half-wave

plate (The polarization angle ¢ and incident angle 6 are marked in the inset); (b) structural parameters of a unit cell in

the proposed metamaterial

FL1 RS 5 A BRI TAE BN S5 R BIE . (a) PR AR (IR IR TERS /1 o FIBURLA S /1 0 EAEH

HbRiE ) (b) SEA TR S5 H S 4L

At room temperature, the VO, film is in the in-
sulating state, and the hybrid metamaterial can be
seen as a hollow core "leaf-type" metallic structure.
In the ranges of 1.08—1.83 THz and 2.48—-2.63 THz,
the reflection coefficient r,, is greater than 0.8 and
the maximum value is 0.92, while r,, is less than
0.44, as shown in Fig. 2(a). To further evaluate the
polarization conversion ability of the metamaterial,
the Polarization Conversion Rate (PCR) is used to

describe as

2

Xy

PCR = .
L |Ryy’2

(3>

R,

The higher PCR indicates that the ability of
cross-polarization conversion is more powerful. The
PCR of the hybrid metamaterial stays above 0.9 in
the ranges of 1.01-1.17 THz and 1.47-1.95 THz,
and even approaches 1 at 1.22 THz and 1.68 THz,
as shown in Fig. 2(c), indicating that the incident y-
polarized light can be efficiently converted to x-po-
larized light in the range of dual frequency bands.
Further, to clarify the advantages and disadvantages
of the operating bandwidth of the device, the relat-
ive bandwidth of the component is defined as the ra-
tio of the bandwidth width (Af) to the center fre-
quency fy, i.e., Aflf;. The average relative bandwidth
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_ 1.0 Insulating VO, Metallic VO, analogous to that of a half-wave plate device. To

0 " "
0.5 1.0 2.0 3.0
Frequency/THz

0 " "
0.5 1.0 2.0 3.0
Frequency/THz

Fig. 2 Reflection polarization properties of “leaf-type” hy-
brid metamaterial when the VO, film is in different
phase states. (a) and (b) Reflection coefficients of
co- and cross-polarization; (c) and (d) Polarization
Conversion Ratio (PCR)

B2 VO, Iy A Rl AH 2 I W 207 57 5 B A AR Y

B AR . () 71 (b) 3 i Hk A0 1E 5 i H S S &
B (o) AN(d) P4 %

of the hollow "leaf-type" metamaterial at room tem-
perature with a PCR greater than 0.90 is 26%. When
the temperature reaches above the phase transition
temperature of the VO, film, the VO, film has met-
al-like properties and the hybrid metamaterial is
transformed into a solid "leaf-type" metallic struc-
ture. Within the frequency range from 1.10to
2.69 THz, the reflection coefficient r,, is greater
than 0.8 and the maximum value is 0.91, while r,, is
less than 0.37, as shown in Fig. 2(b). The PCR is
higher than 0.9 in the range of 1.13—-2.80 THz, and
approaches to lat 1.95THz and 2.71 THz, as
shown in Fig. 2(d). The relative bandwidth is 85%
with PCR above 0.90 for the solid "leaf-type"
metamaterial.

The polarization ellipse of the hybrid metama-
terial at the PCR resonant frequency is given in Fig. 3.
when VO, is in the insulating state, the polariza-
tion state of the reflected electric field is approxim-
ately x-polarized light at 1.22 THz and 1.68 THz,
indicating that the metamaterial is able to convert
the incident y-polarized light almost completely in-

to its cross-polarization state, and its function can be

clarify the polarization information of the output re-
flected light, the polarization elliptical azimuth an-

gle y and ellipticity angle n can be used to quantify:

tan(2y) = 1irr2 cos(Ag) (4)
sin(27) = 1irr2 sin(Ag) (5)

where » = r,/r,, represents the amplitude ratio
between the two orthogonal components, and A =
¢,y — @, Tepresents the phase difference between
them. The polarization elliptical azimuth (ellipticity)
angles of reflected x-polarized light at 1.22 THz and
1.68 THz are 3.7° (—0.04°) and —2.9° (1.3°), re-
spectively, and the polarization elliptical azimuth
angle and ellipticity angle at 2.61 THz are —0.5° and
16.8°, respectively. The above results quantitatively
explain the cross-polarization conversion of the
metamaterial. The polarization elliptical azimuth
(ellipticity) angles at the three PCR resonant fre-
quencies are 5.4° (0.6°), —1° (=0.3°), and 7.7°
(—4.18°) with metallic VO, at high temperature, re-
spectively. These results further indicate that the
solid metal "leaf-type" hybrid metamaterial has the

functional properties of a half-wave plate.

1 1
1.22 THz 1.68 THz 2.61 THz

(a) Polarization ellipses when VO, is in
the insulating state

(a) VO, FHEZRZS TG I I i b

122 THz 1.95 THz 2.71 THz

= 00— O f——m—— |2 0} ——

o1 0 1 -1 0 1 -1 0 1
X X X

(b) Polarization ellipses when VO, is in
the metallic state

(b) VO, Sy 4 Jm AT X8 1 (14 i i i 15
Fig. 3 Polarization ellipses of reflected lights at the six

specific frequencies under y-polarized illumination.

B3y IdRGHUZ T 6 ANREE AR AL B fit RA 5
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3 Analysis of the working principle
of the half-wave plate

In order to explore the working principle of the
half-wave plate in detail, the normally incident y-po-
larized light is decomposed into two electric field
components along the axes u and v, and the incident

and reflected electric fields are

Ei = ﬁEiM + f’EiV (6)

E. = (ﬁ Fun€ + f)rwei“"‘“) E, + (f}rwei“’”' + ﬁrwe%) E;,.
VP)

Since the structure of the "leaf-type" metama-

terial is perfectly symmetric about the axes u and v,

the cross-polarization conversion reflection coeffi-

cients r,, and r,, are zero, and the polarization state

of the reflected light depends mainly on the co-po-

Insulating VO,

Reflection
(=]
~

—180

-360

Phase/(°)

—540

=720 |

=== Py
== Puw

___A¢

0.5 1.0

1.5 2.0
Frequency/THz

larization reflection coefficients and phase informa-
tion. At room temperature, within the frequency
range of 1.13~1.81 THz and 2.52~2.67 THz, the
amplitudes of the two co-polarization coefficients
are almost equal (r,, = r,,) and the phase difference
(Ap = @, — ¢,,) shows £180° (£30°), as shown in
Figs. 4(a) and 4(c) (color online). Therefore, when
the VO, film is in the insulating state, the "leaf-
type" hybrid metamaterial can be regarded as a dual-
band half-wave plate device. Fig.s 4(b) and 4(d)
(color online) show that the co-polarization trans-
mission coefficient and phase difference also satis-
fy the two key conditions for realizing the half-wave
plate in the range of 1.13—2.80 THz at high temper-
ature. Therefore, the hybrid metamaterial is capable
of realizing the broadband half-wave plate when the

VO, film is in the metallic state.

Metallic VO,

————

Reflection
S
2
&
;/
y
&=

—180

-360

Phase/(°)

—540

_750 1 1 1
0.5 1.0 1.5 2.0 2.5 3.0

Frequency/THz

Fig. 4 Reflection coefficients and phases of the hybrid metamaterial for normal u# and v polarization incidences when the VO,

film is in different phase states. (a) and (b) Reflection coefficients r,,, r,, and r,,, r,,; (c) and (d) reflection phases ¢, ,

»,,and phase difference Ap (normal u and v polarization incidences, as depicted by the inset)

Kl 4 VO, BN A RIS, T B AN B9 w AR IRAT v iRk it 207 52 5B B B S 2R BRI (S0 14

(a)Fn

(0) S ZH ris 7 T 1 7 ()N o, N 0y B 2E Ao Cu SIRFN v iR N8R 1L 75 )

In order to investigate the physical mechanism

of the polarization conversion effect of the "band-

width-tunable" half-wave plate device, the instant-

aneous surface current distribution of the "leaf-type"
hybrid metamaterial at the PCR resonant frequency

is shown in Fig. 5 (color online). When VO, is in
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the insulating state, the surface currents at resonant
frequencies of 1.22 THz, 1.68 THz, 2.10 THz and
2.61 THz are shown in Fig. 5(a) to (d). At 1.22 THz,
the surface currents are mainly concentrated in the
inner and outer sides of the hollow "leaf-type" struc-
ture, and the current direction is opposite to the cur-
rent of the underlying mirror coating, which excites
the magnetic dipole response, as shown in Fig. 5(a).
At 1.68 THz and 2.61 THz, the surface currents are
mainly distributed at the inner ends of the hollow
"leaf-type" structure, and the current direction of the
top "leaf-type" structure is opposite to that of the un-
derlying mirror coating at 1.68 THz, resulting in a
magnetic dipole response. At 2.61 THz, the surface
currents are in the same direction to that of the un-
derlying mirror coating and the electric dipole re-
sponse is excited, as shown in Fig. 5(b) and 5(d).
For the resonant valley position at 2.10 THz, the

surface currents are distributed at the inner end of

Insulating VO, Metallic VO,
() @ W .
() O
(© ® 9
'é\.\_'.,‘.} '
) ® s

Fig. 5 Instantaneous surface current distributions at critical
frequencies. (a) 1.22 THz, (b) 1.68 THz, (¢) 2.10 THz,
(d) 2.61 THz for VO, film in the complete insulat-
ing state; () 1.22 THz, (f) 1.95 THz, (g) 2.10 THz,
(h) 2.71 THz for VO, film in the complete metallic
state
IS8R W 0 i e T o L < B O
%50}, (a)1.22 THz, (b)1.68 THz, (¢)2.10 THz,
(d)2.61 THz; VO, h 4 J& A1, (e) 1.22 THz, (f)
1.95 THz, (g)2.10 THz, (h)2.71 THz

the hollow "leaf-type" structure, as shown in Fig. 5(c).
However, the current of the top and bottom struc-
tures will not produce significant dipole response, so
the cross-polarization conversion effect at this res-
onant frequency is weak. For VO, in the metallic
state, the magnetic dipole response is excited at
1.22 THz, which is the same response mechanism as
that in the insulating state at this frequency. The
only difference is that VO, in the metallic state
causes the surface currents to be distributed mainly
on the outer side of the solid "leaf-type" structure, as
shown in Fig. 5(e). At the resonant frequencies of
1.95 THz and 2.71 THz, the efficient cross-polariza-
tion conversion effects are derived from magnetic
dipole and electric dipole response, respectively, as
shown in Fig. 5(f) and 5(h). In particular, it can be
seen from Fig. 5(g) that the solid "leaf-type" hybrid
metamaterial also excites a significant electric di-
pole response at 2.10 THz, which is completely dif-
ferent from the resonant response at this frequency
in the insulating state. Therefore, the bandwidth-tun-
able half-wave plate device is mainly realized by the
superposition of multiple electric and magnetic di-

pole resonant responses.

4 Angle modulation law of half-
wave plate characteristics

The relationship between the half-wave plate
properties of the "leaf-type" hybrid metamaterial
and the incident angle and polarization angle is
shown in Figs. 6 and 7 (color online). When the
VO, film is in the insulating state, the half-wave
plate characteristics with the cross-reflection coeffi-
cient r,, greater than 0.8 are applicable from 0° to
46° in the range of 1.22 to 1.68 THz. In particular,
the r,, is greater than 0.8 and the PCR is greater than
90% at the center of 1.22 THz in the incident angle
range of 0°=70°, as shown in Fig. 6(a) and 6(c). The
properties of the half-wave plate at high frequencies
have good polarization conversion in the range of
0°-30°. When the VO, film is in the metallic state,
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Fig. 6 Incident angle dependence of bandwidth-tunable
half-wave plate components when VO, film is in the
complete insulating and metallic states. (a) and (b)
Ty (¢) and (d) PCR
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Fig. 7 Polarization angle dependence of bandwidth-tun-
able half-wave plate components when VO, film is
in the complete insulating and metallic states. (a)
and (b) ry,; (c) and (d) PCR
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the broadband half-wave plate do not have good

working performance at oblique incidence angles, as

shown in Fig. 6(b) and 6(d). However, the proper-
ties in the range of 1.20 to 2.20 THz are similar to
the angle-dependent properties at low frequencies of
the insulating state. Regardless of whether the VO,
film is in the insulating or metallic state, it has signi-
ficant multiband angular dispersion properties at
high frequencies, which originate from the near-
field coupling effect between the unit cells®. Fig. 7
shows that the bandwidth-tunable half-wave plate
devices exhibit a significant angular dependence of
polarization. Interestingly, the half-wave plate prop-
erties between 0°—45° and 45°-90° polarization
angles satisfy symmetry with respect to 45° polariz-
ation, while the cross-polarization conversion effect
completely disappears as the polarization angle ap-
proaches 45°. This is closely related to the two-fold
rotational symmetry of the "leaf-type" structure with

respect to the —45° polarization direction.

5 Conclusion

In this paper, a "leaf-type" hybrid metamateri-
al design is proposed to realize the function of re-
flective half-wave plate with tunable bandwidth
through the temperature-controlled phase transition
of VO,, and the hybrid metamaterial can realize the
switching of dual-band and broadband half-wave
plate during the phase transition, and the relative
bandwidth is changed from 26% to 85% with the
PCR greater than 0.9. The physical mechanism of
the bandwidth-tunable half-wave plate is explained
using the surface current distribution at the resonant
frequency, and the effective superposition of mul-
tiple electric and magnetic dipole resonance resp-
onses achieves the bandwidth-tunable half-wave
plate function. The modulation law at oblique incid-
ent angle and polarization angle of half-wave plate
is investigated in detail. The proposed bandwidth-
tunable terahertz metamaterial facilitates the design
of polarization-modulated devices and provides an
idea for the development of miniaturized and integ-

rated terahertz systems.
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