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Metamaterials interact with incident electromagnetic waves through their consisting subwavelength
metamolecules. In this paper, we reported a reconfigurable metamaterial which tunes its THz response
experimentally from a single mode resonance at 2.99 THz to a dual mode resonance at 2.94 THz and
2.99THz. The reconfiguration is realized through a micromachined actuator, and the tunability is
achieved by breaking the symmetry of the metamolecule. An abrupt change in the transmission is
experimentally observed when the gap between two metallic structures is closed, and a decrease in
transmission from 40% to 5% at 2.94THz is obtained. Such a tunable metamaterial promises
widespread applications in optical switches, filters, and THz detectors. Published by AIP Publishing.
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Metamaterials are artificial materials consisting of engi-
neered subwavelength structures namely metamolecules.'™
Metamolecules are usually designed in special structures
such as split ring resonators,*> fishnets,®’ and paired slabs®
to induce desired interactions with incident electromagnetic
(EM) waves. The interaction leads to optical properties
rarely found in natural materials, such as negative refrac-
tion,g’lO extraordinary transmission,''™"* and abnormal
refraction.'*'> Numerous applications are accordingly real-
ized including invisible cloaking,'®™'® superlens,'® perfect
absorption,”®*? and flat lens focusing.?*~**

The ever-increasing demand on the optical information
transmission and processing inspires various active optical
devices like optical switches,”> phase shifters,”® and light
modulators.?’ Metamaterials, which control EM waves with
high flexibility, have gained high research interest for active
manipulation on the amplitude,®?® phase,>® and polariza-
tion’! of light in either single bands or multi-bands. Many
works focus on tuning the consisting material properties of
metamaterials through different excitation methods. For
example, electrical bias,>*>* optical pumping,”*** and ther-
mal effect™ are applied to manipulate the refractive index of
the consisting material. These methods usually simply shift
the resonant frequency of the metamaterial. A more flexible
method is to reconfigure metamaterials. Different techniques
are developed such as deforming soft material based sub-
strates,36’37 controlling cantilevers in metamolecules,38 or
shifting metamolecules through a micromachine.**™*' The
reconfiguration changes metamolecule shapes and tailors the
coupling between different segments in the metamolecule.
As a result, the metamaterial’s response to EM waves is
manipulated significantly in real time.
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In this paper, we demonstrated the tuning of a single
mode resonance to a dual mode resonance in the THz regime
through a reconfigurable metamaterial (RMM). The tuning is
realized by breaking the symmetry of the metamolecule
structure. The consisted metallic strips in the metamolecule
are driven by a micromachined actuator, and the metallic
strip movement effectively manipulates the coupling condi-
tion in the metamaterial. Moreover, by closing the gap
between two metallic strips, an abrupt resonance switch is
obtained. The promising tunability of the RMM has potential
applications such as high sensitive THz detectors, optical
switches, and switchable filters.

The designed RMM consists of a planar array of meta-
molecules with three metallic strips as shown in Fig. 1(a).
One strip is along the y-axis and located at the center of the
metamolecule. The other two are along the x-axis and

FIG. 1. Schematic of the reconfigurable metamaterial: (a) perspective
review; (b) metamolecule before L-strip shifting; (c) metamolecule after the
L-strip shifts and breaks the metamolecule symmetry; (d) L-strip in contact
with the C-strip.
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located at the two sides of the center strip. The three strips are
named the L-strip, the C-strip, and the R-strip when viewed
from the left to the center and to the right, respectively. The
lattice constant of the metasurface is 45 um x 25 um in the
xy-plane. The L-strip and the R-strip are 12 ym in length and
6 um in width. The C-strip is 16 um in length and 6 um in
width. The gaps between adjacent strips in one metamolecule
are 4 um initially, which makes the metamolecule a symmet-
ric structure as shown in Fig. 1(b). The C-strip and the R-strip
are patterned on a bulk substrate, while the L-strip is on a sus-
pended beam and can be moved along the x-direction through
a micromachined actuator. Therefore, the gap between the
L-strip and the C-strip can be changed during the L-strip
movement. The symmetric state of the metamolecule is then
broken, and the L-strip continues to move until it comes into
contact with the C-strip as illustrated in Figs. 1(c) and 1(d),
respectively. Couplings between the strips are changed, and
the THz response of the metasurface is tuned.

First, we analyzed the THz response from the metamate-
rial only consisting of the L-strip and the R-strip. The trans-
mission spectra under x-polarized THz wave incidence are
numerically analyzed by using Microwave Studio of
Computer Simulation Technology (CST) in the periodic
boundary condition. The gap between the L-strip and the R-
strip is noted as go as shown in Fig. 2. With a small gap of
go=2um, a strong resonant dip is observed at 2.87 THz.
The resonant frequency shifts to 2.88 THz and 2.89 THz
when g increases to 4 um and 8 um, respectively. As well
known, the resonant frequency f o< 1/ VLC, where L and C
are the effective inductance and the effective capacitance of
the metamolecule, respectively. Therefore, the resonant fre-
quency is blue shifted as the capacitance between the L-strip
and the R-strip decreases. As g, further increases from
14 um to 20 um, however, the resonant frequency decreases
from 2.89 THz to 2.86 THz. The resonant frequency is red
shifted because the coupling between the L-strip in one
metamolecule and the R-strip in the next metamolecule
begins to dominate. In this periodic structure, the gap
between the two strips becomes smaller as g, increases and
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FIG. 2. Calculated transmission spectra of the metamaterial composed of
the L-strip and the R-strip with gy increasing from 2 um to 20 um (black
solid line) and the spectrum of the metamaterial composed of the C-strip
(red dashed line).
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the effective capacitance becomes larger. The Q factor is
reduced at a smaller g, because the EM wave is easier to be
coupled in between the slabs with a smaller gap. To induce a
multi-mode resonance, we integrated a different oriented
C-strip to the structure with the L-strip and the R-strip. The
transmission of the single C-strip is first calculated, and a
sharp resonance is observed at 2.88 THz as shown in the red
line of Fig. 2, which is in the same resonant regime with the
L-strip and R-strip structure.

The C-strip is integrated at the center of the L-strip and
the R-strip. The gaps between the strips in one metamolecule
are the same and are noted as g;. The transmission spectra of
the structure are calculated as shown in Fig. 3(a). Only one
resonance is induced in the symmetric structure with differ-
ent g; values. However, unlike the resonance shifting in
Fig. 2, the resonance in the symmetric three-strip structure is
fixed at 2.87 THz when g; increases from 1 um to 5 yum and
slightly shifted to 2.86 THz when g, further increases to
6 um. It is also noticed that the Q factor of the resonance
becomes larger when g; increases from 1 um to 3 yum and
then gets smaller when g; further increases from 4 um to
6 um. To understand the gap dependence of the resonant
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FIG. 3. (a) Calculated transmission spectra with gl increasing from 1 um to
6 um; (b) electric field and (c) magnetic field at 2.87 THz of the metamole-
cule when the L-strip moved with g; =1 um; (d) electric field and (e) mag-
netic field at 2.86 THz of the metamolecule when the L-strip moved with
g1 =6 um. The black arrow indicates the surface current flow direction.
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frequency, the induced electric field and magnetic field
on the metamaterial are investigated and compared for
g1 =1 um at 2.87 THz [Figs. 3(b) and 3(c)] and g; =6 um at
2.86 THz [Figs. 3(d) and 3(e)], respectively. The field inten-
sity is indicated using the color map. Strong electric field
coupling is observed between the strips at the resonant fre-
quency of 2.87 THz when g; =1 um. Large surface currents,
indicated by the black arrow, are induced on the three strips
and flow in the same direction. Therefore, the resonant dip is
due to the total coupling effect of the three strips. When
g1 ="06 um, the electric coupling between the L (or R)-strip
and the C-strip decreases. However, the coupling between
the L (or R) strip in one metamolecule and the R (or L)-strip
in the next metamolecule increases. Meanwhile, the surface
current on the C-strip deceases significantly, which indicates
that the resonance depends mainly on the current oscillation
on the L-strip and the R-strip.

We then change the gap between the L-strip and the
C-strip while fixed that between the R-strip and C-strip to
induce asymmetric couplings in the two gaps. Initially, the
gaps at both the left side and the right side are 4 um. The left
side gap, noted as g5, then decreases from 4 um to 0 by mov-
ing the L-strip to the positive x-direction until coming into
contact with the C-strip. The transmission spectra during the
movement are calculated as shown in Fig. 4(a). Initially, a
single resonance is observed at 2.87 THz. When g, is
decreased to 2 um, a new resonance at 2.84 THz is excited,
while the resonance at 2.87 THz remains the same. The new
resonance gets stronger and shifts to 2.83 THz when g, is
further decreased to 1um. The transmission spectrum is
changed significantly when g, becomes 0, and only one reso-
nance at 2.87 THz is excited. In this condition, the L-strip
comes into contact with the C-strip, the capacitive coupling
between them is vanished, and the electrons can directly
flow between the two strips.

The electric and magnetic fields at the resonances of
2.84 THz when g, =1 um [Figs. 4(b) and 4(c)] and 2.87 THz
when g, = 0 [Figs. 4(d) and 4(e)] are investigated. When
g»=1 pm, strong electric couplings are induced between the
L-strip and the C-strip, while almost no coupling is observed
between the R-strip and the C-strip as indicated by the calcu-
lated electric field. It is also noted that the surface current on
the L-strip and the R-strip flows in opposite directions, which
is due to the asymmetric coupling with the C-strip. As g
becomes O and the L-strip comes into contact with the
C-strip, the capacitive coupling only exists between the
C-strip and the R-strip. The surface current concentrates on
the R-strip and the contacted corners in L- and C-strips.
The current flows in the same direction and is due to the
capacitive coupling. Therefore, during the movement of the
L-strip, a single mode resonance is tuned to a dual mode res-
onance by breaking the symmetry of the capacitive coupling
and is tuned to one mode again when one side capacitance is
shorted.

The tunable asymmetric coupling is demonstrated by a
micromachined fabricated RMM. The SEM graph of the
RMM is shown in Fig. 5(a). Metallic strips are fabricated by
patterning a 500-nm-thick aluminum layer on a SOI (silicon
on insulator) substrate through optical lithography processes.
The L-strip is isolated with the other two by etching a gap
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FIG. 4. (a) Calculated transmission spectra with g, decreasing from 4 ym to
0; (b) electric field and (c) magnetic field of the metamolecule at 2.84 THz
when the L-strip moved with g, =1 um; (d) electric field and (e) magnetic
field of the metamolecule at 2.87 THz when the L-strip moved with g, =0.
The black arrow indicates the surface current flow direction.

between them through the deep reactive ion etching process.
The oxide layer under the L-strip is then released from the
substrate by HF vapor, and the L-strip becomes movable.
The movement is fulfilled through an electrical voltage con-
trolled micromachined actuator. In the initial state, both the
gap between the L-strip and the C-strip and the gap between
the R-strip and the C-strip are 4 um. The L-strip is moved to
the right side and comes into contact with the C-strip with a
total displacement of 4 um with an electric bias of 10 V.

The transmission spectra of the RMM are measured
using FTIR in different L-strip moving states as shown in
Fig. 5(b). When g, is 4 um, the strips are in the symmetric
structure and a resonant dip at 2.99 THz is induced. A weak
resonance at 2.94THz is also observed. This resonance
comes from the asymmetric of the substrate, which is a sus-
pended beam under the L-strip, while a bulk solid under the
C-strip and the R-strip. When the L-strip moves to the right
side and g, decreases to 2 um and 1 um, due to the stronger
coupling between the L-strip and the C-strip, the resonance
at 299 THz remains the same, while the resonant dip at
2.94THz becomes deeper. When the two strips come into
contact, the transmission spectra change significantly with a
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FIG. 5. (a) SEM graph of the reconfigurable metamaterial (inset: metamole-
cules of the metamaterial); (b) measured transmission spectra at different g,
values.

large resonance at 2.94 THz induced, which stems from the
coupling between the R-strip and the contacted two strips.

In conclusion, we discussed the tunability in a RMM by
changing the coupling between metallic strips in the meta-
molecule. The resonant frequency shifting and the Q-factor
of the resonance are effectively manipulated through the
coupling change. A switching between a single resonance
and a dual resonance in the THz regime is demonstrated by
breaking the symmetric of the metamaterial. The switchable
metamaterial can be widely applied as optical switches, fil-
ters, and THz detectors.
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