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We proposed a vanadium dioxide (VO;)-integrated multi-functional metamaterial structure that consists of three
metallic grating layers and two VO, films separated by SiO; dielectric spacers. The proposed structure can be flexibly
switched among three states by adjusting temperature, incident direction, and polarization. In state 1, the incident wave is
strongly transmitted and perfectly converted to its orthogonal polarization state. In state 2, the incident wave is perfectly ab-
sorbed. In state 3, incident wave is totally reflected back. The working frequency of the multi-functional metamaterial can
be arbitrarily tuned within a broad pass band. We believe that our findings are beneficial in designing temperature-controlled

metadevices.
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1. Introduction

Recently, the optical properties of metamaterial have been
widely studied in scientific community. Various metamaterials
have been presented to achieve novel functions such as asym-
metric transmission, '/ polarization conversion,*>! and per-
fect absorption.!®7! In conventional metamaterials, metal is
used in the structure construction, which usually results in
great difficulties in dynamic control once fabricated. To over-

8-16] Dirac semimetal,l'’21 and

come this issue, graphene,[
strontium titanate!??! are introduced in metamaterial design
to achieve dynamic control via applying bias voltage, dop-
ing, and temperature. However, these works mainly concern
about the control of working frequency or intensity of only
one metamaterial function. Most recently, metamaterials that
are integrated with phase change materials have been widely
studied. Among the phase change materials, vanadium diox-
ide (VO,) is more interesting because its reversible insulator—
metal phase transition around the temperature of 340 K,
accompanied with structural variation from the monoclinic
phase to the rutile phase VO, is particularly interesting be-
cause its reversible phase transition can be achieved through
various external stimuli such as thermal heating,**! applied
current,!”! and optical pumping.*®! Song et al. proposed a
VO,-integrated metamaterial which can achieve the transition
of absorption-electromagnetically induced transparency.!?’!
Ding et al. presented a VO;-integrated metamaterial that re-

alizes the switching between two functions of broadband ab-
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sorption and reflecting broadband half-wave plate.!?®! In these
works, two functions switched by temperature are concerned.
However metamaterials possessing two more switchable func-
tions are seldom studied.

In this paper, we numerically investigate the multi-
functionality of a VO;-based terahertz metamaterial structure
by using the finite-difference time-domain (FDTD) method.
The proposed structure consists of three metallic grating lay-
ers and two VO, films separated by SiO, dielectric spac-
ers. We first investigate the optical properties of the struc-
ture when VO3 is at insulator phase. Simulation results show
that two pass bands that possess perfect polarization conver-
sion effect can be achieved when illuminated with y-polarized
wave, while for x-polarization incidence the incident wave is
reflected back over the whole interested pass band. Then we
investigate the performance of the structure when VO, is at
metal phase. The incident wave is totally absorbed for y-
polarization incidence and reflected back for x-polarization
incidence. Thus, three effects (state 1 transmitting with per-
fect polarization conversion, state 2 perfectly absorbing, and
state 3 totally reflecting) are achieved. We optimize the ge-
ometric parameters to adjust the three effects to work at the
same frequency, and finally acquire the multi-functional meta-
material that can be flexibly switched among three working
states. Results also show that the working frequency of the
multi-functional metamaterial can be arbitrarily tuned within
a broad pass band by adjusting the geometric parameters of
the structure.
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2. Structure design and simulation method

Figure 1 shows the schematic diagram of the proposed
metamaterial. As shown in Fig. 1(a), the proposed metamate-
rial consists of three metallic layers and two VO, films sepa-
rated by dielectric spacers. The three metallic layers are grat-
ing structures as shown in Figs. 1(b)-1(d). The grating rib-
bons of front and back layers are parallel to the x axis and the
y axis, respectively. The grating ribbons of the middle layer
are oriented at 45° with respect to the x axis. In the simula-
tion, the metallic grating is made of gold with a conductivity
of 6 =4 x 107 S/m.[?”! The dielectric spacers are chosen as
SiO, with a refractive index of 1.95.5% VO, is modeled as
a phase change material, the conductivity of VO, at differ-
ent temperatures can be acquired from Ref. [31]. Though the
conductivity changes with frequency, it varies within a narrow
range. Approximatively, we model its metal phase and insula-
tor phase respectively by the conductivity of ¢ = 2 x 10° S/m
and the dielectric permittivity of 12 with a conductivity of
o = 0 S/m.?") Thus, the phase change process of VO, can
be simulated by switching between the two cases. The thick-
nesses of the metallic layers and the VO, films are 0.2 pm and
1 um, respectively. In the original structure, the other parame-
ters shown in Fig. 1 are #; = 5.5 pum, t; = 57 um, wy = 56 pm,
g1 = 14 um, wp = 16 um, and g, = 8.75 um. The proposed
structure is possible to be fabricated by repeating deposition
and transfer processes and the gold grating layers can be ac-

quired by electric beam evaporation and conventional optical
29]
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Fig. 1. (a) Cross section view of the proposed metamaterial. The thickness
of the upper part is the same as that of the lower part. (b) Front, (c) middle,
and (d) back metallic grating layers of the proposed metamaterial. The front
grating is parallel to the x axis, the middle grating is oriented at 45° with
respect to the x axis and the back grating is vertical to the x axis.

In the investigation of the optical properties of the
structure, we performed the simulations by using the finite-
difference time-domain (Lumerical FDTD solutions) method.
In the simulations, the structure is placed in the air. Perfectly

matched layer (PML) boundary conditions that absorb light
waves with minimal reflections are applied in the +z direc-
tions to mimic an infinite space. Periodic boundary conditions
with a period of 70 um are applied in the x and y directions.
In the simulation, we show the results for forward propagation
(—z direction) only, because the forward propagated x- (y-)
polarized wave meets the same structure as that of backward

propagated y- (x-) polarized wave. 3]

3. Optical characteristics and the realization of
multi-functionality

3.1. A switchable polarization convertor and perfect re-
flector when VO is at insulator phase

When VO, is at insulator phase (298-K room tempera-
ture), the VO, film acts as a dielectric film that is transparent
for THz wave.[?8] For the originally proposed structure, the
simulation results are shown in Fig. 2. Figure 2(a) shows the

moduli |T;;| of the T matrix coefficients. 3!

t T Ty i e [

(0)=EE)(5)=m(i) o
where i and ¢ represent the complex amplitudes of the in-
cident and transmitted waves, the subscripts x and y repre-
sent the polarization directions, lin represents the linear po-
larization state, and the superscript f indicates the forward
propagation (defined as the —z direction in this work). We
can see that there are two bands around the frequencies of
0.453 THz and 1.058 THz present high cross-polarization co-
, which

indicates strong transmission with polarization conversion ef-

efficient ‘Txy’ and low co-polarization coefficient |T;y

fect for y-polarized incident wave. While the transmission
coefficients | Ty| and ‘Tyx’ for x-polarization incidence are si-
multaneously low, indicating a blocking for x-polarized wave.
Therefore, for y-polarization incidence, the incident wave is
mostly transmitted when incident from the front side and the
transmitted wave can be converted to its orthogonal polariza-
tion state (x-polarization). The conversion efficiency can be
expressed as the polarization conversion ratio (PCR)
2
PCR, = % 2)
[Tl + [T

The transmittance and PCR curves are shown in Fig. 2(b). We
can see that the PCR shown by the red dashed curve is near
unity in the whole interested band, indicating a perfect po-
larization conversion effect. The total transmission is shown

by the black solid curve in Fig. 2(b) which shows two working
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Fig. 2. (a) Moduli of the T matrix coefficients for forward propagation.
(b) Transmission and PCR spectra for y-polarization (y-pol.) incidence. In-
sets are z-component electric field distributions in the middle x—y plane of
the middle grating structure at the frequencies of 0.453 THz and 1.058 THz,
respectively. (c) Reflection and PCR spectra for x-polarization (x-pol.) inci-
dence.
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pass bands of high transmittance for perfect polarization con-
version effect around 0.453 THz and 1.058 THz. The insets
in Fig. 2(b) show the z-component electric field distributions
obtained from the surface of the middle metallic grating at
0.453 THz and 1.058 THz, respectively. The two kinds of elec-
tric field distributions indicate different transmitting modes at
the two working frequencies. For x-polarization incidence,
as analyzed above, the incident wave is mostly blocked. We
show, in Fig. 2(c), the reflectance by the black solid curve,
from which we can see that the incident wave is perfectly
reflected back (by the metallic grating!**!). We also show
the PCR, by the red dashed curve in Fig. 2(c), for the re-
flected wave calculated based on the reflection matrix®! (not
shown here). There is no polarization conversion effect for
x-polarization incidence. Therefore, when VO, is at insula-
tor phase, y-polarized incident wave along —z direction can
be converted to x-polarized wave in two pass bands, while x-
polarized incident wave can be totally reflected back without

polarization conversion.

3.2. A switchable perfect absorber and reflector when VO,
is at metal phase

When VO, is at metal phase (378 K), the VO, films act as
two reflection mirrors, along with the metallic grating struc-
tures on both sides of the metamaterial, two metal—insulator—
metal (MIM) structures are generated, which are usually de-
signed to perfectly absorb light incident from the air side. Fig-
ure 3(a) shows the absorption spectra for y-polarized incident
wave when incident from front side. We can see that a reso-

nance absorption peak locates at the frequency of 1.155 THz
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Fig. 3. (a) Absorption spectrum for y-polarization incidence. (b) Reflection spectrum for x-polarization incidence. (c) The z-component electric
field distribution in the x—y plane of the front grating layer, (d) the z-component electric field distribution in the y—z plane of the structure, and
(e) the magnetic |H,| field distribution in the y—z plane at the frequency of 1.155 THz when illuminated with y-polarized wave.
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with an absorptivity of 99.9%. While for x-polarization in-
cidence, as shown in Fig. 3(b), the incident wave is also to-
tally reflected back (by the metallic grating!*3!). We present,
in Figs. 3(c)-3(e), the field distributions of y-polarization inci-
dence for forward propagation to reveal the absorption mech-
anism. Figures 3(c) and 3(d) show the z-component electric
field distributions at the resonance frequency of 1.155 THz. It
is obvious that a dipole resonance parallel to the y axis is ex-
cited on the metallic grating structure. The electric dipole is
strongly coupled with the metal phased VO, film, resulting a
magnetic polariton that induces a strong magnetic resonance
as shown in Fig. 3(e). Then, in the proposed structure, perfect
absorption can be achieved. ¥
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4. Optimization for the multi-functionality of
the metamaterial

For y polarization, when VO, is at metal phase, the ab-
sorption intensity of the structure is mainly determined by the
dielectric layer thickness #,[3°! as shown in Fig. 4(a). We can
see that the absorption peak value first rises then descends
when f, changes from 4.5 pum to 7.5 um, and f; = 5.5 um
is the optimal parameter for near perfect absorption at the fre-
quency of 1.155 THz. Thus, we keep the thickness #; = 5.5 um
unchanged in the optimization process. Then we optimize the
parameters of the metamaterial to ensure that the metal-phased
absorption and insulator-phased transmission work at the same
frequency.
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Fig. 4. (a) The absorption spectra with different ¢, when VO; is at metal phase, and (b) the cross-polarization coefficient }Tn| with different 7, when
VO, is at insulator phase for y-polarization incidence. (c) The absorption spectrum at metal phase and the cross-polarization coefficient at insulator
phase for the optimized structure with w; = 56 um, f; = 49 um when illuminated with y-polarized wave. (d) The reflection spectra of the optimized
structure with w; = 56 um, f; =49 um at metal phase and insulator phase when illuminated with x-polarization wave.

Generally, the MIM absorption structure is independent
of the middle dielectric spacer due to the segregation of the
metal-phased VO, film, i.e., the thickness of the middle di-
electric spacer f; has no impact on the reflection effect of the
MIM structure. Figure 4(b) shows the cross-polarization co-
efficients |7}y’ for forward propagation at insulator phase with
different values of #;, from which we can see that the polar-
ization spectrum undergoes a redshift as ¢ increases. Thus, in
Fig. 4(b), we shift the mode located at the higher frequency of
the insulator phase to match the perfect absorption frequency
(1.155 THz) of the metal phase by adjusting #; to 49 pm from
the original designed structure (keeping 7y = 5.5 um). As a
result, we plot, in Fig. 4(c), the cross-polarization coefficient
’7}0,| and absorption spectrum for insulator and metal phases,

respectively. Obviously, at the frequency of 1.155 THz, the
optimized metamaterial can be flexibly switched between two
states by changing the phase of VO, via temperature change.
In state 1, y-polarized wave is strongly transmitted and per-
fectly converted to x-polarized wave. In state 2, y-polarized
wave is perfectly absorbed. Moreover, for x-polarization in-
cidence as shown in Fig. 4(d), whatever the phase of VO, is,
the incident wave is totally reflected back by the front metallic
grating, which is defined as state 3.

Next we investigate the alterable working frequency of
the multi-functional metamaterial. According to the LC circuit
model, the working frequency of the absorber can be derived
byl33!

_ 1 N 1
2w\ /IC/2  wivVEd

fm 3
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with wy, L, C, and &4 being the metallic grating width, the
inductance, the capacitance, and the dielectric constant of di-
electric layer. We can get the conclusion that the working fre-
quency of the absorber is inversely proportional to the value of
wi. We simulate the absorption spectra of the structure for dif-
ferent values of w; with the period of the grating P = 70 pum
remaining unchanged. The simulation results are shown in
Fig. 5(a). When the grating width increases from 42 pm to
68 pm, the dipole moment is lengthened, resulting in redshift
of the absorption peak, which agrees well with the theoretical
analysis. In addition, a much wider or narrower grating will
shift the dipole resonance out of the Fabry—Perot resonance
band, resulting in the weakening of the Fabry—Perot enhanced
absorption. Thus, the working frequency of the metal-phased
perfect absorption can be arbitrarily tuned within a specified
pass band by changing the grating width. And we can also
adjust the middle dielectric spacer thickness #; to achieve the
multi-functionality at each specific working frequency follow-
ing the steps illustrated above.

Taking the structure with w; = 62 pum for example.
The working frequency of the metal-phased absorption is
1.035 THz as shown in Fig. 5(a). In Fig. 5(b), we shift the
mode located at the higher frequency at insulator phase by
tuning the middle spacer thickness #; (from the structure with

w1 = 62 pum) to match the perfect absorption frequency of the
metal phase. When the middle spacer thickness t; = 56 pum,
the peak frequency possessing strong transmission with per-
fect polarization conversion reaches also 1.035 THz, which
agrees well with the perfect absorption frequency of the metal
phase, as shown in Figs. 5(c). We also present the reflec-
tion spectra for x-polarization incidence at insulator and metal
phases in Fig. 5(d). The total reflection effects can be achieved
at both the phases of VO, film. Based on Figs. 5(c) and 5(d)
we can conclude that another multi-functional metamaterial
with the working frequency of 1.035 THz is achieved.

Therefore, by adjusting geometric parameters, the work-
ing frequency of the multi-functional metamaterial can be ar-
bitrarily tuned within a broad pass band. At the working fre-
quencies, three states (state 1 transmitting with perfect polar-
ization conversion, state 2 perfectly absorbing, and state 3 to-
tally reflecting) can be flexibly achieved by adjusting the con-
ditions of polarization state and temperature. Moreover, all
results presented above are acquired through forward propaga-
tion, however due to the symmetric property of the proposed
metamaterial, an exactly opposite result can be acquired for
backward propagation. The specific conditions corresponding
to each state are listed in Table 1.

Table 1. The corresponding conditionsfor the three states.

Conditions for state 1

Conditions for state 2 Conditions for state 3

Forward propagation y-pol. and 298 K

Backward propagation x-pol. and 298 K

y-pol. and 378 K
x-pol. and 378 K

x-pol.
y-pol.

1.0
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Fig. 5. (a) The absorption spectra with different w; when VO, is at metal phase, and (b) the cross-polarization coefficient |TXV| with different #; when
VO, is at insulator phase for y-polarization incidence. (c) The absorption spectrum at metal phase and the cross-polarization coefficient at insulator
phase for the optimized structure with w; = 62 um, f;, = 56 um when illuminated with y-polarized wave. (d) The reflection spectra of the optimized
structure with w; = 62 um, £, = 56 um at metal phase and insulator phase when illuminated with x-polarization wave.
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5. Conclusion

In summary, we have proposed a VO;-integrated meta-
material structure that can be flexibly switched among three
states by adjusting temperature, incident direction, and polar-
ization. The metamaterial consists of three metallic grating
layers and two VO, films separated by SiO, dielectric spac-
ers. FDTD simulations show that the proposed structure can
be flexibly switched among three working states. In state 1, the
incident wave is strongly transmitted and perfectly converted
to its orthogonal polarization state. In state 2, the incident
wave is perfectly absorbed. In state 3, incident wave is totally
reflected back. The working frequency of the multi-functional
metamaterial can be arbitrarily tuned within a broad pass band.
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