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Switchable Metamaterial With Terahertz Buffering
and Absorbing Performance

Chenxi Liu", Yanlin Xu

Abstract—A terahertz metamaterial with switching character-
istics from optical buffering to absorbing performance is realized
by incorporating a phase-change film of vanadium dioxide. By in-
troducing the electromagnetically induced transparency behavior
based on simple strip pairs, the slow light effect with group delay
up to 3.5 ps is obtained. When vanadium dioxide is in the insulator
state, the remarkable delay can be observed as the incident pulse
transmits through the designed structure. Once the vanadium diox-
ide film is tuned to the metallic state, the metamaterial is switched
to a terahertz absorber and the maximum absorption rate of 94 %
is observed at 1.04 THz. The switching mechanism is discussed
by analyzing the electric field and power loss distributions, as
well as the impedance matching principle. Moreover, the buffering
capability and the absorption performance both remain noticeable
within a wide range of the incidence angle. This work offers a
strategy for the function-switching metamaterial which provides
potential applications in terahertz detecting, switching and slow
light devices.

Index Terms—Switchable metamaterial, vanadium dioxide,
buffering, absorbing.

1. INTRODUCTION

RTIFICIAL electromagnetic metamaterials have been in-
A tensively studied in the past decade for unique properties
which cannot be found in natural material [1]-[3]. Taking ad-
vantage of geometrical scalability, scientists have demonstrated
a variety of devices based on metamaterials such as filters,
absorbers, and modulators in a wide electromagnetic spectrum
ranging from radio to optical regimes [4]-[8]. Particularly,
metamaterials proved a significant method to manipulate the
propagation of the terahertz waves, which overcome the knotty
restriction that few materials in nature can be employed in THz
range [9]-[12]. The growth of metamaterial-based THz devices,
including metasurface waveplate, high-speed modulators and
high-sensitivity biosensors, promises potential applications in
wireless communications, imaging, detecting, and spectroscopy
[13]-[17].
For the dynamic control, active approaches have been in-
troduced to manipulate the response spectrum in metamaterial
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such as PIN diodes, microelectromechanical system (MEMS),
graphene, and semiconductors, etc [ 18]-[22]. Inrecent years, the
phase-change material based reconfigurable metamaterials have
been widely investigated. The typical phase-change materials in-
tegrated in metamaterial to realize dynamic response are GeSnTe
(GST) and vanadium dioxide (VOs) [23] —[27]. For instance,
Cao et al. demonstrated the control of double Fano resonances
with a broad spectral tunability (from 2124 nm to 3082 nm)
based on GST fishnet metamaterial through switching between
the amorphous and crystalline states [28]. Generally, the phase
transition of VO, is more preferable compared with GST due
to the lower critical temperature. The phase transition of VO,
from insulator state to metallic state can be enabled thermally,
electrically, and optically thus the metamaterials integrated with
VO, layer exhibit controllable characteristics [29]-[31].

Previous works have reported that the VOo layer can be
employed in metamaterials to tailor various performances such
as filtering, absorbing, and polarization converting, while com-
monly the resonant frequency, bandwidth, and transmission
or absorption magnitude are adjusted [32]-[39]. For example,
Wau et al. proposed an adjustable ultra-wideband metamaterial
perfect absorber based on VO, rings and the absorbing band-
width of more than 90% absorptance reaches up to 3.30 THz
[40]. Hu et al. demonstrated an electrically tunable terahertz
band-pass filter by applying bias current to the VO5 layer and the
modulation depth at resonance can reach 96% [41]. Particularly,
there has been growing interest in switchable metamaterials
which are capable of integrating completely different function-
alities into a single architecture by taking advantage of the
large-scale conductivity variation of VO3 [42]. By employing
the insulator-to-metal transition of VO, Ding et al. [43] and Li
et al. [44] proposed metasurfaces with diversified functionalities
that can be switched from a broadband absorber to a reflecting
plate. He et al. [45], Song et al. [46] and Zhang et al. [47]
presented bifunctional plasmonic metasurfaces integrated with
absorption and polarization-conversion capability working in
different frequency region.

In this work, we present a function-switchable metamaterial
achieving both terahertz buffering and high absorption by in-
corporating VO, layer, which has seldom been reported. The
classic bright-bright coupling structure is employed to generate
electromagnetically induced transparency (EIT) which results
in prominent slow light effect. The incident Gaussian pulse can
be noticeably delayed by the metamaterial compared with the
bare substrate. By inducing insulator to metal transition, the
buffering capability is switched to absorbing functionality while
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Fig. 1. (a) The perspective view of the proposed metamaterial and (b) the front

view of the unit cell.

the terahertz absorption up to 0.94 at 1.04 THz is accomplished.
Compared with the analysis of the switchable EIT metamaterial
reported in [42], the practical function of optical buffering is
investigated and demonstrated. And the classic but simple unit
cell exhibits an uncomplicated geometry which is more feasible
to fabricate in practice. Additionally, the proposed metamaterial
exhibits stable optical buffering and absorbing performance
within a wide range of incidence angles.

II. STRUCTURE DESIGN AND SIMULATION MODEL

A schematic diagram of the proposed metamaterial and its unit
cell are depicted in Fig. 1(a) and (b). The structure consists of a
stack of three layers including a patterned gold array, a polyimide
substrate and a thin VO film at the bottom. The periodic length
of the metamaterial is P, = P, = 120 pm. The first layer is a
typical EIT coupling structure which contains two gold strips
serving as the bright mode resonators. The parameters of the
metal strips are /; = 80 um, I = 100 pm, and w = 8 pum. The
thickness of the metal layer is 0.2 pm. The separation distance
between the adjacent resonators is s = 18 pm. The thickness of
the polyimide substrate is #; = 30 pum. The dielectric constant
and loss of the polyimide layer are £, = 3.5 and tané = 0.0027
respectively. The thickness of the VO, film is o = 1.0 um. The
terahertz wave illuminates on the metamaterial with an incidence
angle of 6 in the xz plane.

In low THz band, the gold is considered as lossy metal with
conductivity of 4.561 x 107 S/m. Generally, the varying dielectric
properties of VOo can be acquired by the Drude model [48],
which indicates nearly frequency-independent conductivity in
low THz region. The relative permittivity of VOg in insulator
state is about 12. For simplicity, the varying conductivity of the
VO, film in different state can alternatively qualify the insulator-
to-metal phase transition. In our calculations, we assume that
ovo, = 200S/mwhen VOs is in the insulator state, and oy 0, =
20000S/m when it is in the metallic state [39]. Two order of
magnitude variations is relatively simple to achieve in practical
experiment via various tuning methods [49], [50].

Taking the practical application into account, the fabrication
procedure of our designed structure could be carried out as fol-
lows: firstly, the polyimide substrate is spin-coated with a resist
which is patterned using photolithography. After development
of the resist, Au layer is deposited, generating strip arrays with
high aspect ratios and well-defined dimensions after removal of
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Fig. 2. (a) Transmission spectra of the single metal strip on either side of the
unit and the hybrid structure (b) Surface current distributions at transmission
peak and dips.

the resist. Subsequently, the VO, layer is synthesized on the bot-
tom by magnetron sputtering technique from a pure vanadium
target and an Ar/Oy gas mixture. Finally, by applying thermal,
electrical or optical stimuli, the insulator-metal transition can
be induced and the actively controlled conductivity of the VOo
layer can be realized [51]-[53].

The performance of the proposed structure is numerically
calculated by the electromagnetic simulation software CST
Microwave Studio based on finite element method. The unit
cell boundary conditions are adopted in x and y directions to
simulate the periodic structure. Initially, the electromagnetic
wave illuminates perpendicularly on the metamaterial along the
z direction. The transmission coefficient So; and the reflection
coefficient S;; can be calculated by the software. The absorption
of the proposed EIT metamaterial can be obtained through the
equation A = 1 — |Sa;|? — |S11]?. The investigated frequency
range is from 0.7 to 1.4 THz.

III. RESULTS AND DISCUSSIONS
A. EIT Phenomenon and Optical Buffering Performance

To obtain the buffering performance, an EIT phenomenon
is generated by a typical design consisting of strip pair array
[54]. This simple strip array is utilized here to achieve a rather
uncomplicated design of bifunctional metamaterial compared
with previous works. The transmission spectra of the single
metal strip on either side of the unit and the hybrid structure
with VO film in insulator phase are depicted in Fig. 2(a). The
single metal strip on either side of the unit exhibits evident trans-
mission dip at different resonant frequency, indicating prominent
radiative mode. As the strips are assembled in the same structure,
the transparency window appears at the frequency between two
original transmission dips. Fig. 2(b) indicates the surface current
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distributions of the hybrid structure at transmission peak and
dips. The strips with lengths of 80 ym and 100 pm are excited
strongly at 1.14 THz and 0.93 THz respectively. At 1.01 THz, the
strips on both sides are simultaneously evoked due to resonance
detuning, and the excited surface currents on two strips are
almost antiphase. This leads to the destructive interference of the
radiative fields, which consequently results in the transparency
peak. Apparently, in the generation of the transparency window,
the thin VO- film serves as a general dielectric which has little
influence on EIT behavior.

The coupled oscillator model is employed to further investi-
gate the EIT effect [S5]-[57]. Since the EIT effect in our work is
induced by bright-bright coupling between two detuned electric
dipole resonators, generally the radiative two particle model can
be employed to illustrate the coupling mechanism. This model
is described analytically by the following equations [55].

{ﬁl(t) +pi(t) +wi*pi(t) — K exp(ip)pa(t) = f1(t)
Pa(t) + v2p2(t) + wa?pa(t) — k? explip)pa (t) = f2(t)(1)
Where (w1, ws) and (71, 72) represent the resonance frequen-
cies and damping rates of the two radiative excitation particles
(p1(t), p2(t))respectively. k2 exp(ip) is the complex coupling
coefficient and ¢ is the phase shift between two particles.
The coupled particles are subjected to the external force f(t)
and f5(t). For simplicity, the circumstance of normal incidence
is assumed and the discussion is restricted to the case that ¢ = 0
and f1(¢) = fa(t). This assumption is reasonable as the phase
shift stemming from retardation effect can be neglected under
normal incidence. Therefore the different part of the metamate-
rial suffered the same external electromagnetic field. By assum-
ing a solution p;(t) = Py exp(—iwt), p2(t) = Psexp(—iwt)
and f(t) = fexp(—iwt) , the above coupled equations can be
solved by
P - k? + (w3 — w? —iwye) i@

(W? —w? —iwm) (W3 — w? —iwys) — k*

k? + (w? — w? —iwy)

(@7 — o — i) (@] — & — iwn)

Py = —l ©
Treating the proposed design as a thin film, the current density
J of the metamaterial can be described as: J = —n,w(P; +
Py) = 0. E,, where o, is the surface conductivity, ng represents
the averaged electron density, and Es denotes the spatially
averaged electric field on the sheet. Assuming f = C'E,, we
obtained
2k? 4+ (w? — w? —iwy) + (W3 — w? — iwye)
(W? —w? —iwy ) (w? — w? —iwye) — k*
“)
C is the proportionality constant. Hence, the scattering pa-
rameters can be obtained by considering the metamaterial as
two-dimensional sheet with the surface conductivity:

—Z00se o 2
2+Z00'se’ - 2+ Zyose
where Zy is the impedance of the incident waves. By fit-

ting with the EIT spectra in Fig. 2(a), the parameters in
the coupled oscillation model can be obtained. Fig. 3 shows

0. = —Cnyw

R= (5)
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Fig. 4. Phase shift and group delay spectra as the incident wave transmits

through the proposed structure when VOs is in the insulator state.

the fitted EIT curve based on analytical model, which ex-
hibits good agreement with the simulated results. This re-
sult verifies the validity of the coupled oscillation model.
The corresponding fitting parameters of the analytical mod-
els arey; = 0.19rad/ps, 2 = 0.18rad/ps,k= 0.1rad/ps. The
nearly equivalent damping rates of two radiative particles man-
ifest similar resonance strength of the electric dipole evoked by
metal strips, which coincides with the resonance curve depicted
in Fig. 2(a). It is worthy to note that the value of the coupling
coefficient is rather small. This result is consistent with the
plasmon-hybridation-scheme, in which the better transparency
window is attributed to weaker hybridization.

A remarkable feature of the EIT phenomenon is the strong
phase dispersion which manifests noticeable slow light effect.
The terahertz buffering performance accompanying with the EIT
phenomenon is investigated. The group delay is a significant
index which is used to measure the velocity retardation of the
terahertz wave transmitting through the metamaterial. Generally,
the group delay can be calculated by 7 = —d¢/dw, where ¢ is
the transmission phase shift. Fig. 4 shows the transmission phase
shift and the group delay spectra of the proposed metamaterial.
Evidently, a sharp slope of the phase shift can be observed while
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a region of the positive group delay is realized in the vicinity
of the transparency window. A maximum value of 3.5 ps can
be obtained at 0.98 THz. Therefore, a high performance of
terahertz buffering capability is fulfilled simultaneously with
the EIT effect.

To demonstrate the terahertz buffering capability of the pro-
posed metamaterial, we simulate a situation where a Gaussian
pulse centered at 0.98 THz propagates normally through the
designed structure [58]. The planewave with y-polarization is
set in the z-axis direction as the excitation source. The periodic
boundary conditions are used in x- and y- directions. The electric
field probe is placed behind the metamaterial to record the trans-
mitted terahertz wave for transient analysis. For comparison, the
same signal is simulated to transmit through the bare substrate.
Fig. 5 shows the transmitted pulse waveform recorded by the
electric field probe. It can be observed that the peak of the
transmitted pulse locates at 89 ps as the incident wave propagates
normally through the bare substrate. Whereas the peak of the
transmitted pulse emerges at 92 ps as the incident wave propa-
gates through the metamaterial. The incident Gaussian pulse is
delayed by approximately 3 ps by the designed metamaterial,
which coincides with the results in Fig. 4. Thus, the incident
terahertz wave can be effectively buffered. In addition, it is
worthy to note that the peak amplitude and the pulse width of the
transmitted wave through the metamaterial is slightly different
compared with that through the bare substrate, which can be
attributed to the dispersion feature of the metamaterial.

B. Switchable Characteristics and Absorption Capability

As mentioned above, the proposed structure turns to a ter-
ahertz absorber as the VO3 film undergoes phase transition to
the metallic state. Fig. 6 represents the transmission, reflection
and absorption spectra of the metamaterial under normal in-
cidence as the VO film turns to the metal phase. It can be
seen that the incident wave almost cannot be transmitted in
the investigated frequency region. The increasing conductivity
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1e08

Fig. 7. Cross section of the electric field distribution at 1.04 THz as the phase
of incident wave rises from 0° to 90° when the VO3 film is (a) in the insulator
state and (b) in the metallic state respectively.

of VO, film dramatically depresses the terahertz transmission.
Meanwhile, a reflection dip simultaneously with an absorption
peak appears at 1.04 THz. The maximum absorption reaches
up to 94% under normal incidence and the relative bandwidth
of 90% absorption is 5%. Therefore, the switchable function
between terahertz buffering and absorbing is accomplished with
the insulator—metallic phase transition of VOs. Interestingly, we
can find that the shape of the transmission window remains
unchanged despite of the rapid decreasing magnitude. This
phenomenon can be explained that the destructive interference
still occurs though the intensity of the radiative field is weakened.

To have a deep insight into the switching mechanism, the
electric field distribution of the structure is further investigated
at 1.04 THz with different phase state of the VO, film. Fig. 7(a)
depicts the sectional view of the field distributions along with the
propagation direction as the phase of the incident wave increases
from 0° to 90° when the VO, film is in the insulator state. As can
be seen, the incident wave moves from one side of the hybrid
metamaterial to the other side with slight intensity attenuation.
By contrast, when the VO, film is in metallic state, the electric
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Fig. 8. Cross section of the power loss density at 1.04 THz when the VO3
film is in (a) the insulator state and (b) the metallic state respectively. (c) Top
view of the surface current distribution on the metal layer at 1.04 THz when the
metamaterial behaves as an absorber.

field locates mainly on the metamaterial while the radiative field
and transmitted field in the free space are both weakened as
can be found from Fig. 7(b). In addition, the intensity of the
field distribution on the metamaterial manifests a pronounced
distinction compared with the field intensity in the free space.

For deeper understanding of the absorption mechanism, the
power loss density at 1.04THz is calculated as shown in Fig. 8(a)
and (b). An unambiguous concentration of power loss can be
found in the whole metamaterial observed from Fig. 8(b) when
VOs is in the metal phase, which is distinctive with the circum-
stance when VOx is in the insulator phase as shown in Fig. 8(a).
As the VO, turns more metallic, the multiple reflections between
the metal resonators and the bottom film cause the prominent
transmission loss in the lossy metal and dielectric, which conse-
quently leads to the evident absorption behavior. Meanwhile, we
calculate and plot the top view of the surface current distribution
in Fig. 8(c) when VOs is in the metallic state. Compared with
the current distributions at transparency peak in Fig. 2(b), it is
interesting to note that the similar antiphase distributions can
be observed when the metamaterial behaves as an absorber. The
destructive interference still occurs regardless of the weakened
electromagnetic energy caused by the variations of the VO,
conductivity. This well explains the maintained EIT window
in the transmission spectrum despite the low transmission rate
observed in Fig. 6.

The absorption performance is further investigated by em-
ploying the impedance matching principle. The designed meta-
material is considered as an isotropic uniform medium charac-
terized with effective impedance Z.g normalized to the value of
vacuum. The effective impedance can be obtained through the
S-parameter retrieved method described as:

e i 2

The real and imaginary parts of the effective impedance as a
function of frequency when VOs is in different state are calcu-
lated and plotted in Fig. 9(a) and (b). When VOs is in the metal
phase, it is observed from Fig. 9(a) that the real part approaches
to 1 and the imaginary part is close to 0 around 1.04 THz, which

(14 511)* — 82,

(6)
1-511)* — 53,
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Fig. 9. Real and imaginary parts of the retrieved effective impedance when
the VO3 film is in (a) the metallic state and (b) the insulator state respectively.

indicates impedance match between the metamaterial and the
free space. Thus, the reflection is minimized and the absorption
peak is achieved. Whereas when the VO, is in the insulator
state, the absorption condition cannot be matched as shown in
Fig. 9(b).

C. Parameter Analysis

Following the above discussions, the dependence of the
buffering and absorbing performance on the thickness of the
polyimide dielectric 4 is investigated. Fig. 10(a) and (b) depict
the group delay with VO- in insulator state and the absorption
spectra with VOg in metallic state as a function of h. It is
noticed from Fig. 10(a) that the maximum value of the group
delay appears at different position, which indicates that the
slow light region can be customized by adjusting the dielectric
thickness. The absorption behavior when VO is in metallic state
manifests evident dependence on the dielectric thickness. As
shown in Fig. 10(b), the absorption peak displays red shift with
the increasing s. With the rising thickness of the substrate, the
resonant frequencies caused by the metal strip array are changed
owing to the increased propagation length of the transmitted
wave in the dielectric. We note that a rapid decrease of the
absorption peak can be found as 7 = 15 pum. The impedance
mismatch between the free space and the metamaterial results
in strong reflection. Moreover, the relatively shorter distance



4600408

Group delay (ps)

0.8 0.;) 1 i.l i.Z 1.3
Frequency(THz)

(b) !

0.8

S
)

Absorption
e
-

0.2

0.8 0.9 1 1.1 1.2 1.3
Frequency(THz)

Fig. 10.  (a) The group delay and (b) the absorption spectra as a function of &
when VOs is in the insulator and metallic state respectively.

055

05

045
08 0.9 1.3

1 1.1 1.2
Frequency (THz)

(a)
70

a~
S

)

n
S
e
=

Incidence angle 6 ( °
w -
— ]
e o o =
S Koo
o b
Transmission

)
S

o

b3

53
e

e
e
o

e

15

(b)

70 ) ‘

60 ‘ 10
50 5%
N &

3
R 03
H] ]
@ =3
o 30 =
Ew o
10 -10
0 -15

0.8 0.9 13

1 1.1 1.2
Frequency (THz)

Fig. 11. The dependence of (a) the EIT curve and (b) corresponding group
delay spectra on the incidence angle 6.

IEEE PHOTONICS JOURNAL, VOL. 13, NO. 5, OCTOBER 2021

e

Y

=
ot
E

= 2
S e e
hn &> 9

‘>
=
Absorption

<
=

o
=

Incidence angle 0 ( ° )
s

v

o

08 09 1 1.1 1.2 1.3
Frequency (THz)

Fig. 12. The dependence of the absorption spectra on the incidence angle 6.

leads to the lower power loss and the electromagnetic energy
cannot be confined as before.

For realistic applications, the influence of the illumination
direction is an important index that should be considered.
Fig. 11(a) and (b) depict the variations of the EIT window and the
accompanying group delay with the incidence angle 6 increasing
from 0° to 75°, when VO, is in the insulator state. It can be seen
from the evolution contour figure that the EIT window exhibits a
red shift and shows an excellent stability until the incidence angle
is over 60°. The transparency peak manifests a sharp decrease at
0 = 75°. Nevertheless, the group delay remains relatively large
value at # = 75° which indicates more stable behavior of the
terahertz buffering capability. The maximum value of the group
delay is 3.5 ps at # = 0° and it changes to 7.3 ps at = 75°. Thus,
the prominent slow light effect is well maintained. Fig. 12 reveals
the dependence of the absorption spectra on the incidence angle
when VO is in the metallic state. The position of the absorption
peak is almost invariable. The maximum absorption falls down
less than 90% when the incidence angle is up to 60°, and then
decreases rapidly as 6 increases further. Therefore, the incidence
angle-roust feature can be obtained in both terahertz buffering
and absorbing state of the metamaterial.

IV. CONCLUSION

In summary, a switchable metamaterial with optical buffer-
ing and absorbing functionalities is proposed and numerically
investigated in terahertz range. The evident slow light effect
is achieved accompanying with the EIT phenomenon based on
bright-bright mode coupling. The coupled oscillation model is
used to analyze the mechanism of the EIT effect. The noticeable
delay can be observed as the incident pulse transmits through
the proposed metamaterial. By enabling the insulator-to-metal
transition of the incorporated phase-change film, the buffering
performance can be switched to the pronounced absorbing
behavior. The electric field and power loss distributions are
calculated to explore the switching mechanism, and the influence
of the thickness of the dielectric is also analyzed. Furthermore,
the buffering capability and the absorbing performance can
sustain over a wide range of the incidence angle. Consisting
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of a classic but simple EIT structure and a thin layer of VO,
material, the presented design has an uncomplicated geometry
and is easy to be integrated with other terahertz devices. The
proposed metamaterial may provide potential applications in a
wide range such as optical buffering, sensing, detecting, and
switching.
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