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ARTICLE INFO ABSTRACT

Keywords: Up to date, reconfigurable terahertz (THz) band-pass filters based on the design of metamaterials with vanadium
Metamaterial dioxide (VO,) have been investigated extensively. However, VOa-based THz metamaterials with high-quality
Filter

tunable narrowband transmission and good stop-band rejection have yet to be reported, which are essential
for THz wave filtering components or systems. Here, we propose a reconfigurable filter in combination with a
dielectric metastructure and a VO, thin film. Utilizing the optical tunneling effects of a cavity layer, the filter has
a high band-pass transmission up to 98% at 0.246 THz with a narrow bandwidth of 0.0009 THz, an ultra-high Q-
factor of 273, and two broad nearly-suppressed sidebands. The transmission intensity can be modulated by the
phase transition of VOg, and the modulation depth is as high as 96.4%. By efficiently tuning the cavity layer
thickness, the filter can be designed for a series of transmission wavelengths and further accomplish the switch
between the narrow band-pass filtering and wideband reflection. Moreover, the manipulation of the incident
angle and polarization can be adopted as an additional degree to achieve a similar switching function. Our study
implies a potential for developing various THz applications, where reconfigurable high-Q THz filtering is

Vanadium dioxide
Optical tunneling

required.

Introduction

Terahertz (THz) waves with the wavelengths in the range of
30-3000 pm have attracted significant research attention in recent de-
cades due to their potential applications in biosensing, security detec-
tion, imaging, spectroscopy, and communications [1-5]. Along with the
development of integrated THz systems, high-performance band-pass
filters have become essential [6-8]. In the past few years, THz filters
based on metamaterials (MMs) have been intensively studied [9-12]
because MMs provide a powerful tool to boost the filtering performance.
Typically, these filters are passive and do not support active modulation,
limiting their application in various THz fields.

Recently, VO, provides a good opportunity to develop active THz
devices. It is a phase change material with unique optical and electrical
switching properties due to the insulator-to-metal transition (IMT)
around the temperature of ~ 67 °C [13]. The transmission intensity of
the THz wave can be actively modulated through the dramatic change in

the conductivity of VO, (five orders of magnitude). Up to date, a variety
of advanced filters based on the combination of MMs and VO, have been
investigated [14-20]. Hu et al. have studied a reconfigurable band-pass
filter of VOs-based MMs by voltage tuning, and the transmission could
be modulated from 90% to 1% with the full width at half maximum
(FWHM) of 0.38 THz [14]. Similarly, by applying a DC-bias voltage to
the VO, film under a patterning slot antenna, Gyun et al. have observed
a 30% THz modulation [15]. Shin et al. have proposed an electrically
controllable square-loop MM based on a VO; film and achieved a
transmission with a Q-factor of 2.37 at the center frequencies of 0.47
THz [16]. However, the use of metallic materials in these filters usually
leads to high insertion loss, which results in broad transmission reso-
nances with low modulation depths and quality factors. Nowadays, the
THz MM filters with a reconfigurable ultra-narrow filtering band and
ultra-low sidebands are still quite in demand.

In this work, a reconfigurable narrowband filter based on the
dielectric MM is designed by using the IMT features of VO, at THz
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Fig. 1. (a) Schematic drawing of the proposed THz MM device. (b) Side view of the metastructure.

frequencies. When VO, is in the low-temperature insulating phase, the
MM behaves like a narrowband filter with a high transmission, which is
attributed to the optical tunneling effects of the dielectric MM. As the
VO, layer is switched to the metallic phase, the device blocks all the light
in a wide THz band. Unlike other VOg-based THz MM filters, the pro-
posed filter exhibits unique device performance, including narrowband
transmission filtering with an ultra-high Q-factor of 273, a high modu-
lation depth of 96.4%, and good rejection of sidebands. Furthermore,
the switch between the narrowband filtering and perfect reflection for
the designed MM can be implemented by changing the thickness of a
cavity layer. A similar switching function can be achieved by manipu-
lating the incident angle and polarization. The combination of dielectric
MM and VO, offers an alternative way for developing active miniatur-
ized filters with high-performance reconfigurable THz responses.

Design and method

The proposed structure is illustrated in Fig. 1. The MM consists of a
periodic subwavelength silicon (Si) connected grating reflector (CGR), a
polyethylene cyclic olefin copolymer (Topas) cavity layer, a distributed
Bragg reflector (DBR), a silica (SiO3) layer, and a VO, film layer from top
to bottom. We perform optical simulations based on the rigorous
coupled-wave analysis (RCWA) for the proposed device and further
analyze the field distribution using the finite element method (FEM,
COMSOL Multiphysics). In the simulations, periodic boundary condi-
tions are adopted in the x- and y- directions. The dielectric materials of
Si, SiO2 and Topas are assumed to be nonmagnetic (4 = po) and their
optical parameters are obtained from the references [21,22]. The optical
permittivity of VO3 can be described by the Drude model [13],

w,zy (ovo,)

T 0+ oy

(€8]
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where ¢,,=12 is the relative permittivity at the infinite frequency and y
= 575 x 10" s7! is the damping constant. The plasma frequency
wp(ovo2) as a function of oypy can be expressed by,
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Fig. 2. Dispersive relative permittivity of VO, in the THz range.
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where 69 = 3 x 10° S/m is the reference conductivity and wp(cp) = 1.4 x
10 s7! is the corresponding plasma frequency of . In this study, the
imitation of the phase-transition of VO, is described by changing the
conductivity oyo2 from 2.76 x 10°S/m to 0 S/m. The two conductivities
correspond to the metallic and insulating phases, respectively. We plot
the permittivity dispersion of VO, with the conductivity of oyoz = 2.76
x 10°S/m in the THz range of interest in Fig. 2. The transition boundary
condition is used in the FEM simulation of VO, with a thickness of 0.2
pm to reduce the mesh number and simulation time. The period of the
unit cell is set as P = 660 pm. For the Si CGR, the rod diameter is D = 394
pm, the rod height is Hp = 453 pm, and the homogeneous layer thickness
is H = 157.5 pm. The thicknesses of Si and Topas in the DBR structure
are Ty = 67.21 pm and T, = 150.24 pm, respectively. T, = 360 pm and
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Fig. 3. (a) Simulated transmittance of the THz MM filter for two different VO,
phases under normal incidence of TE and TM waves, respectively. Inset:
detailed spectrum at the peak point. (b) Reflectance for the DBR, CGR and
whole MM structure, respectively.

T; = 273 pm are the thicknesses of the Topas cavity layer and SiO;, layer,
respectively. The design scheme of CGR and DBR will be discussed in
“Results and discussion” section.

Results and discussion

Based on the phase transition of VOo, the transmittance (T) spectra
are shown in Fig. 3(a). For the axisymmetric structure, the transmittance
spectra for both polarizations are completely the same, which implies a
polarization-insensitive property. When VO, is in the insulating phase,
the spectrum exhibits a sharp resonance peak with the transmittance of
98% at 1220 pm (fy = 0.246 THz). The transmission peak has two
sidebands with the near-zero transmittance in the wavelength range of
743-1456 pm. This is attributed to the optical tunneling effects in the
dielectric MM. The narrow transmission band possesses the FWHM of
0.0009 THz and Q-factor of 273 calculated by Q = fo/FWHM in the THz
range, as observed in the inset of Fig. 3(a). The transition of VO; from
dielectric to metal induces a considerable reduction of transmittance (as
low as 1.6%) at 1220 pm. The intensity modulation depth (My) in this
study is defined as below [23],

My =|Ty — T| x 100% 3
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Fig. 4. Normalized magnetic field distributions of the whole MM structure
when for two different VO, is in the (a) insulating phase and (b) metallic phase,
respectively.

where Ty and T are the maximum transmittance for the insulating and
metallic phases of VO, respectively. A distinct intensity modulation
with My = 96.4% of the narrowband transmission peak can be obtained
as a result of the phase transition of VO,. To reveal the transmission
mechanism of the proposed filter, the reflectance (R) spectra of the DBR,
CGR, and the whole MM structure are shown in Fig. 3(b). The DBR acts
as a wideband perfect reflector in the short wavelength range, with a
central wavelength (4¢) of 921.6 pm, as modeled by the quarter-wave
design [24]. The thicknesses of Si and Topas layers for the DBR can be
calculated by A¢/4n, where n is the refractive index of the corresponding
layer. The CGR is originally designed based on the previous work [25],
which exhibits a perfect reflection in the long-wavelength range. The
low-index cavity layer is used to improve the edge features of the
passband by superimposing different reflectors to suppress undesired
electromagnetic responses and increase the frequency selectivity of the
filter.

In order to further reveal the device filtering physics, we analyze the
normalized magnetic field distributions under TM wave excitation for
two different phases of VO3 in Fig. 4. At the shorter wavelength of 906
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Fig. 5. (a) Transmittance for different conductivities of VO,. (b) THz trans-
mission peak value as a function of the conductivity of VO,.

pm, the field distributions are the same for two different VO, phases. The
THz wave propagates through the CGR and cavity layer, and the field is
localized and enhanced within the Si CGR due to its high refractive
index. Due to the multiple reflections of the quarter-wave stack, the field
amplitude within the DBR is almost zero, which implies that the THz
wave is suppressed and cannot penetrate the DBR vertically. At the
longer wavelength of 1350 pm, the field distributions for both phases of
VO, show that the Si CGR has a remarkable optical magnetic field
convergence. This could be attributed to the excitation of the guided-
mode resonance of the high-index Si CGR, which supports perfect
wideband reflection across the long-wavelength range. The THz wave is
blocked into the cavity layer and DBR, and the field amplitude is almost
zero. We next investigate the field distributions at the transmission peak
of 4 = 1220 pum for both VO, phases. For the insulating phase, the field
amplitude in the entire structure is much smaller than that in the perfect
reflection case. The field phase plane along the negative z- direction
suggests that the THz wave propagates through the MM from the top air
layer to the bottom air layer. On this condition, the wavelength of 1220
pm is located at the overlap region between the longer-wavelength
sideband of DBR and the shorter-wavelength sideband of CGR, as
shown in Fig. 3(b). At this wavelength, the impedance of MM is perfectly
matched with the air, which leads to the perfect transmission. In
contrast, for the metallic phase at 4 = 1220 pm, the field amplitude in
the MM is enhanced compared to that of the insulating phase, and the
field amplitude in the bottom air layer is almost zero. The result implies
that the phase change induces the reflection and the block of the THz
wave. Our further calculation indicates that the reflectance is about 45%
and the THz absorbance is about 53.4% at 4 = 1220 pm.

Results in Physics 39 (2022) 105740
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the perfect wide reflection band with T, = 420 pm.

To illuminate the device reconfiguration property, we plot the
transmittance spectra with the conductivity change of VO, in Fig. 5(a).
The loss can be introduced by the transition of VO, from the insulating
monoclinic phase to the metallic rutile phase. One can modulate the
transmission intensity by manipulating the thermal excitation on VOa.
The peak transmission and the corresponding modulation depth of the
passband derived from Fig. 5(a) are presented in Fig. 5(b). The peak
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Fig. 7. Transmittance of the device with T, = 420 pm under different incident angles for (a) TM and (b) TE wave excitation, respectively.

transmittance changes from T = 96.9% at 2 x 102S/m to T = 2.7% at 2
x 10° S/m. According to Equation (3), the maximum modulation depth
is 94.2%. The modulating capability of the device is attributed to the
IMT features of VO,.

We perform a detailed investigation of the influence of the cavity
layer thickness (T.) on the filtering performance when VOs is in the
insulating phase. The introduction of the low-index cavity layer between
the CGR and DBR can tune the coupling and create the photonic
bandgap, allowing the optical tunneling with a high-Q narrow resonance
[26,27]. We plot the transmittance of the hybrid structure as a function
of the wavelength and T, in Fig. 6(a). The obtained results illuminate
that the central wavelength of the narrow transmission (T > 50%) shifts
from 1205 pm to 1235 pm as the layer thickness rises from 338 pm to
391 pm. As the thickness of the cavity layer increases, the photonic
oscillation space changes, resulting in the change of the resonant
wavelength and transmittance. Remarkably, the transmittance can
exceed over 97% when the layer thickness is between 358 pm and 363
pm, as shown in Fig. 6(b). A maximum transmittance of 98% at the
central wavelength of 1220 pm for T, = 360 pm can be observed.
Moreover, the switch from a narrowband filter to a wideband reflector
can be accomplished by tuning the value of T.. The reflectance and
transmittance spectra of T, = 420 pm in Fig. 6(c) illustrate that the
perfect wideband reflection (R > 97%) is achieved in the wavelength
range of 758-1460 pm, which is attributed to the optical reflection
properties of the CGR and DBR.

Additionally, the influence of the oblique incidence on the filtering
performance of the device is studied. Based on the perfect reflection with
the cavity layer thickness T, set as 420 pm, we perform a series of
simulations with different incident angles 6. We find that the impedance
matching between the air and the structure is enabled for the perfect
transmission by designing a proper 6. Under TM wave excitation, it is
unable to achieve impedance matching and perfect transmission by
tuning the value of 6, as shown in Fig. 7(a). On the contrary, a sharp
transmission peak of 96.2% with narrow bandwidth is obtained under
TE wave excitation for § = 12°, as presented in Fig. 7(b). The result

Table 1
Performance Comparison between THz VO,-based metamaterial filters.
Q-factor Max Transmittance Modulation Depth Refs.
1.315 90% 89% [14]
2 36% 30% [15]
2.37 85% 84.7% [16]
1.5 4.1% 4.1% [19]
6.6 80.6% 80.6% [20]
273 98% 96.4% Our work

implies that the impedance of the air and the equivalent impedance of
the MM are almost perfectly matched at the transmission wavelength of
1310 um for TE wave excitation. Based on the above discussions about
Figs. 6 and 7, we conclude that one can optimize the cavity thickness and
incident conditions to reconfigure the device performance of VO2-based
MM filters and reflectors.

Finally, the properties of the THz band-pass MM filters based on VO,
with the center frequencies below 1 THz are summarized in Table 1 to
indicate the importance and novelty of the proposed device. It is
observed that the Q-factor and modulation of the filter have been greatly
improved over previous work. This implies that our design has the po-
tential to develop high-performance active filters.

Conclusion

In summary, we have investigated a reconfigurable high-Q filter
based on the dielectric MM with VO,. The filter has a narrow passband
with the ultra-high Q-factor of 273 and high peak transmission
exceeding 98% due to the optical tunneling effects. In our proposed
design, two different kinds of reflectors are efficiently combined to
achieve the transmission, which suppresses undesired electromagnetic
responses and increases the frequency selectivity of the filter. The
simulation results suggest that the proposed device has good perfor-
mance, including high transmission at a specific frequency, sharp edges,
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adjustable resonant wavelength, good sideband frequency rejection, and
large transmission modulation based on VO,. By changing the thickness
of the cavity layer or incident conditions, the functions of the device can
be switched between the wideband reflector and narrowband filter. The
design will facilitate the development of THz functional devices like
narrowband filters, sensors, switches, and modulators.
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