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Reconfiguration of Resonance Characteristics
for Terahertz U-Shape Metamaterial

Using MEMS Mechanism
Yu-Sheng Lin, Chia-Yi Huang, and Chengkuo Lee, Member, IEEE

Abstract—We present the design, simulation, fabrication, and
characterization of an out-of-plane reconfiguration of terahertz
(THz) U-shape metamaterial. The U-shape metamaterial is con-
sisted of bilayer cantilevers with different coefficient of thermal
expansion. The electromagnetic tunability of U-shape metamate-
rial is accomplished by using electrostatic actuation mechanism
to provide higher tuning range at lower driving voltage. The bi-
layer cantilevers are actuated toward the substrate by gradually
increasing the bias and, then, completely snapped down when the
bias reached the critical pull-in voltage. Therefore, this device can
control the resonant frequency actively. The experimental results
indicate that the device possesses 0.51-THz tuning range with po-
larization dependence compared to dc bias of 0 and 12 V. More-
over, this device can be a THz switch when rotated to different
angle with respect to the polarization of incident light. Hence, such
adaptive metamaterial device offers significant potential in realiz-
ing the multifunctionality in optical filter, polarization controller,
and optical switch applications.

Index Terms—Microelectromechanical systems (MEMS), elec-
tromagnetic propagation, tunable filters, optical switches.

I. INTRODUCTION

M ETAMATERIALS are artificial composites which ex-
hibit strong electric and magnetic responses to manip-

ulate the amplitude, direction, polarization, wavelength and
phase of electromagnetic waves. The unique characteristics of
electromagnetic metamaterial make diversified applications be-
come true where these applications include cloaking devices,
high-resolution superlenses, perfect absorber, security screen-
ing, medical imaging, and non-destructive testing [1]–[5], etc.
Research has been actively carried out in this field to charac-
terize how these extreme electromagnetic properties achieved
through the interaction of the incident electromagnetic wave
with shape and size of designed metamaterial patterns. One of
the classic metamaterial structures is considered as a ring with
a common split. This kind of metamaterial structure is named
as split-ring resonator (SRR). An inductive effect is attributed
to a current induced in the SRR ring, i.e., flowing around the
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Fig. 1. Five classical configurations of SRR. (a) Side by side of U-shape,
(b) gap to gap of U-shape, (c) back to back of U-shape, (d) orthogonal U-shape,
and (e) concentric U-shape, respectively. The black dash square indicates the
unit cell of each configuration.

ring, as well as a capacitive effect across the split. Therefore,
the SRR can be described qualitatively in terms of its equiva-
lent circuit. Among various SRR designs, there are five typical
U-shape SRR configurations such as side by side [see Fig. 1(a)]
[6]–[11], gap to gap [see Fig. 1(b)] [12]–[16], back to back [see
Fig. 1(c)] [3], [17], [18], orthogonal U-shape [see Fig. 1(d)]
[19], [20], and concentric U-shape [see Fig. 1(e)] [21]–[24]
as summarized in Fig. 1. Each of U-shape SRR comprises a
capacitor-like structure which is coupled to the electric field and
inductance is provided in the parallel-connected circuit with the
resonant frequency of ω =

√
1/LC as shown in Fig. 1(a). Here,

C = ε0εcwt/d and L = μ0 l
2/t refer to the respective capaci-

tance and inductance of SRR, where w is the width of SRR,
d is the width of capacitor split, t is the metal thickness, l is
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the size of the SRR, ε0 is the free space permittivity, and εc is
the relative permittivity of the materials in the capacitor split,
respectively [8].

Recently, the electromagnetic tunability of metamaterial has
attracted intense research interest, since the electromagnetic re-
sponse of the metamaterial can be actively controlled through
external stimulus, which is of great significance in real time
applications [24]–[26], [28], [29]. Such active control of meta-
material characteristics is crucial in order to provide a flexi-
ble and versatile platform for mimicking fundamental physical
effects. To realize the electromagnetic tunability, various ap-
proaches have been demonstrated based on the U-shape patterns
to increase the flexibility in applications, such as changing the
effective electromagnetic properties via dielectric layers [16],
[21], semiconductor diodes [7], thermal control [9], [17], [24],
liquid crystals [11], laser light illuminating [10], [14], [19] and
magnetic field [23], etc. Alternatively, microelectromechanical
systems (MEMS) based techniques are well developed for the
realization of movable microstructures. The structural reconfig-
uration is a straightforward way to control the electromagnetic
properties including amplitude, polarization, and directional-
ity for the metamaterial structures. The metamaterial properties
can be directly modified by reconfiguring the unit cell which is
the fundamental building block of metamaterials. Among these
MEMS approaches, electrostatic comb drive actuator has been
utilized to change the in-plane spacing of metamaterial unit
cell [15], [30]–[32], while surface-micromachined out-of-place
stress beams in each metamaterial unit cell can be deformed
toward the substrate due to the attractive force from a parallel-
plate electrostatic actuator [33]–[38]. On the other hand, the
electrothermal actuation mechanisms have been reported as well
[27], [39]. Therefore, MEMS-based metamaterials are not only
promising in tunability but also good at widespread applications
[30]–[39].

To increase the tuning range of metamaterial resonance, our
previous report [34] has demonstrated the concentric U-shape
metamaterial using out-of-plane actuation [see Fig. 1(e)] with
larger tuning range (0.50 THz) than above-mentioned data.
However, there is no literature demonstrated the SRR offer-
ing multi-functionality in optical filter, polarization controller,
and optical switch simultaneously. In this study, we explore
and demonstrate a reconfiguration of U-shape metamaterial
with a comparable tuning range to reference [34] by using
an out-of-plane MEMS mechanism. Herein, the proposed U-
shape metamaterial design is demonstrated to possess the multi-
functionality simultaneously. This design exhibits not only in-
creasing the tuning range of resonant frequency, but also having
the polarization dependence property. Furthermore, this device
can be used as an optical switch when the device is rotated to
different angle with respect to the TE polarized incidence, hence
allowing this device to be effectively used for optical switches
and filters applications.

II. DESIGN OF U-SHAPE METAMATERIAL

The most effective way of adjusting metamaterial unit cell is
making MEMS actuation structures as the U-shape metamaterial

Fig. 2. Schematic drawings of an actively controlled U-shape metamaterial
(a) without dc bias and (b) at pull-in voltage, respectively.

itself. Fig. 2(a) shows the schematic drawing of the proposed
U-shape metamaterial unit cell without driving voltage, where
the U-shape metamaterial unit cell has four bilayer cantilevers.
The composition of each bilayer cantilever is Al/Al2O3 /SiO2
multilayers with 500/20/100-nm thickness on an n-type sili-
con wafer. The SiO2 layer was patterned as anchors for four
bilayer cantilevers. In order to create the upward-bending struc-
tures, vaporized hydrofluoric acid was used to etch SiO2 layer
and then release the bilayer cantilevers so as to create out-of-
plane bending cantilevers for U-shape metamaterial unit cell
because of residual stress owing to the different coefficient of
thermal expansion (CTE) of Al and Al2O3 films. The detailed
fabrication process flow can be referred to our previous re-
sults [34], [35]. The electromagnetic tunability of metamaterial
device is achieved by changing the air gap between the flexi-
ble bilayer cantilevers of metamaterial and the substrate. This
gap is changed due to the electrostatic force by applying a dc
voltage on the bilayer cantilevers and the substrate. The series
capacitance of the U-shape metamaterial device depends on the
position or bending degree of the bilayer cantilevers. Regarding
an intermediate state, the deformation of the bilayer cantilevers
is determined by the balance between the electrostatic force and
the restoring force of cantilever. When the dc voltage between
the cantilevers and the substrate exceeds the critical pull-in volt-
age (Vpi), the cantilevers become unstable and will be pulling
down to the substrate as shown in Fig. 2(b). Hence, the electro-
static tunability of U-shape metamaterial device can be actively
and continuously controlled via a driving voltage less than Vpi .
Here, the geometry parameters of U-shape metamaterial unit
cell are shown in Fig. 3(a). The unit cell is a square with an edge
length of 104 μm. An inductive effect is introduced when the
current induced in the connected U-shape flows around as well
as a capacitive effect across the split. Therefore, the U-shape
metamaterial device can be described qualitatively in terms of
an equivalent circuit of a capacitor-like structure coupled to
the electric field and connected in parallel providing inductance
as shown in Fig. 3(b). Fig. 3(c) shows the SEM image of the
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Fig. 3. (a) Layout of U-shape metamaterial unit cell and corresponding geom-
etry parameters. (b) The equivalent circuit of U-shape metamaterial. (c) SEM
image of U-shape metamaterial after releasing microstructures.

TABLE I
MATERIAL PROPERTIES

Materials
Young’s
Modulus

(GPa)

Poisson’s
Ratio

CTE
(×10−6 K −1 )

Electrical
Conductivity

(×106 S ·
m−1)

Density
(g · cm−3)

Silicon 169 0.30 2.568 0.025 2.33
Al2 O3 530 0.30 8.10 – 3.95
Al 70 0.30 23.1 35.5 2.70

U-shape metamaterial array after the bilayer cantilevers were
released, the curve was calculated with an initial height of
15 μm. This gap between the metamaterial and substrate is
an important tuning parameter, since different configurations of
the unit cell can be obtained by simply adjusting the value of
initial gap.

III. SIMULATION AND EXPERIMENT RESULTS

OF U-SHAPE METAMATERIAL

The correlation between the carrier excitations and incident
electromagnetic waves of proposed U-shape metamaterial unit
cell structure was used a commercial finite-difference time do-
main solver, CST Microwave Studio. The finite element sim-
ulations were performed using the material parameters listed
in Table I. The program simulates a single unit cell shown in
Fig. 3(a) with appropriate boundary conditions, i.e., perfect elec-
tric boundary condition in the yz plane and perfect magnetic
boundary condition in the xz plane. Fig. 4 shows the simulation
results of U-shape metamaterial at TE and TM polarized inci-
dence, respectively, and with cantilevers under different bending
states owing to different driving voltages. The TE polarization
state represents the case in which the electric field is perpendic-
ular to the split side of the ring, while TM occurs as the electric
field is parallel to the split side. When we gradually shrink down
the gap between U-shape metamaterial and substrate, the res-
onances are shifted. At TE polarized incidence, there are two
resonant frequencies as shown in Fig. 4(a). The lower resonance
is the inductive-capacitive (LC) resonance, where oscillating
charges generate circulating currents throughout the entire struc-
ture and results in a pure electric response. The surface current
and electric field distributions are shown in Fig. 5(a) and (c),
respectively. There is no significant electric field distribution

Fig. 4. Simulation results of U-shape metamaterial with different cantilever
height at (a) TE and (b) TM polarized incidence, respectively.

Fig. 5. Numerical simulation results of U-shape metamaterial at TE mode.
(a) and (b) are the surface current densities at the lower and second resonances,
respectively, where the blue arrows denote the surface current directions. (c) and
(d) are the corresponding electric field distributions of (a) and (b), respectively.

along the connecting metal lines between U-shape metamate-
rial at the fundamental resonant frequency. It indicates that the
U-shape metamaterial operates in the LC resonance. This reso-
nance shifts from 0.64 to 0.11 THz in comparison with the initial
state (cantilevers at an initial height of 15 μm) to the snap-down
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Fig. 6. (a) Driving voltages versus the displacement of U-shape metamaterial
and corresponding SEM images of U-shape metamaterial without dc bias and
at pull-in voltage. Left-bottom inset shows the schematic drawing of cantilever
profile of U-shape metamaterial after releasing and under driving voltage.

state. The second resonance is the dipole type electric resonance
caused by in-phase dipolar current along the U-shape metama-
terial sides or components parallel to the incident electric field.
The surface current distribution is shown in Fig. 5(b) and the
corresponding electric field distribution is shown in Fig. 5(d).
The resonance shifts from 1.27 (initial state) to 0.75 THz (snap-
down state). At TM polarized incidence, because the electric
field is oriented along a mirror plane for the U-shape structures,
the resonance is purely attributed to the electrical response. The
resonance is shifted from 0.78 (initial state) to 0.27 THz (snap-
down state) as shown in Fig. 4(b).

The electromechanical design of U-shape metamaterial is
used stress-induced cantilever to form an out-of-plane U-shape
beams for the electrostatic tunability. We used an external dc
power supply to actuate the U-shape metamaterial cantilevers.
The relationship of driving voltage and cantilever height is plot-
ted in Fig. 6. Due to the CTE of two materials mismatch, the
strain developed in the two materials must be equal at the bound-
ary, which leads to [40], [41]

α1(ΔT ) +
P

E1(wt1)
+

t1
2ρ

= α2(ΔT ) − P

E2(wt2)
− t2

2ρ
(1)

where subscripts 1 and 2 refer to parameters for Al and Al2O3
layers of the composite of cantilever, respectively. E is Young’s
modulus, α is CTE of material, ΔT is the change of temperature,
w is the width of cantilever, t is layer thickness of material,
respectively. Thus, the change in radius of curvature is expressed
as [40]

1
ρ
− 1

ρ0
=

2ΔαΔT

t1C
(2)

where

C =

(
1 + E2 I2

E1 I1

)(
1 + E2 t2

E1 t1

)

6E2
E1

t2
t1

(
1 + t2

t1

) +
(

1 +
t2
t1

)
. (3)

The initial deflection of the cantilever beam along the length,
D(x) is given by

D (x) =
x2

2

(
1
ρ
− 1

ρ0

)
. (4)

Therefore, the initial deflection of the cantilever can be mod-
eled if the geometry parameters and materials properties of two
layers are known. The electrostatic force acting on the cantilever
is given by F = (εAV 2)/2g2 , where ε is the permittivity of the
medium, A is the area of the electrodes, V is the driving voltage,
g is the gap distance between the cantilever and substrate. This
force equation equals to the sum of initial gap distance D(x) and
displacement y. We consider the force per unit length along the
cantilever for a given bias voltage:

EI
d4y

dx4 = f (x, V ) = − ε0wV 2

2 [D (x) + y]2
(5)

where f(x,V) denotes the static electrostatic force per unit can-
tilever length as a function of the position x and the driving
voltage V. ε0 is the permittivity of free space. The electrostatic
force per unit length along the cantilever is inversely propor-
tional to the square of gap between metamaterial and substrate.
The capacitance between the metamaterial and substrate can be
expressed as

C(x) =
∫ L

0

ε0wdx

[D(x) + (1/k)t2 ]
(6)

where L is cantilever length and k is the relative permittivity of
Al2O3 layer. This stress-induced cantilever exhibits a very small
gap at the joint of cantilever and substrate, i.e. the thickness of
sacrificial layer, SiO2 , is 100 nm thick in this study. The strong
electrostatic force occurred at this small gap due to the applied
dc bias will firstly pull down the portion of cantilever nearby
the joint. Then the adjacent gap becomes small as well and the
portion of cantilever on top of this gap will be pulled down to
substrate. Gradually more portion of cantilever is at down state.
Hence, the above calculations can be assumed the neglecting
fringing electric field. The final balanced position and shape of
cantilever is subject to the balance between electrostatic force
and cantilever restoring force. By leveraging this unique curved
cantilever structure, the driving voltage is reduced. This design
significantly increase the moving range of the SRR structures
compared with the counterparts using in-plane movable MEMS
structures. The cantilever displacement of the deformed can-
tilever is the most important factor for tuning the equivalent
capacitance of U-shape metamaterial device, and consequently
the resonance frequency of the resonators. Hence it is neces-
sary to study the relationship between the cantilever profile and
driving voltages. During the operation, the cantilever profile is
proportional to the driving voltage by using equation (5). The
U-shape metamaterial cantilevers starts from height of 15 μm
and deforms gradually to the substrate by increasing the driving
voltage. Ultimately, the cantilevers forced and snapped down to
substrate, which initial state and snap-down state are shown in
the inset SEM images of Fig. 6.

The electromagnetic response of U-shape metamaterial de-
vice was measured by using the transmission spectra us-
ing terahertz time domain spectroscopy (THz-TDS, TeraView
TPS 3000) system in transmission mode. Under various actua-
tion states, the THz signal was measured in the time domain
after transmitting through the U-shape metamaterial device,
which were transformed to frequency domain and normalized by
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Fig. 7. Experimental results of U-shape metamaterial at different dc bias.
(a) and (b) are U-shape metamaterial at TE and TM polarized incidence,
respectively.

using a bare silicon substrate as the reference. All the measure-
ments were done at room temperature and in a dry atmosphere
to mitigate water vapor absorption. Fig. 7(a) and (b) show the
measurement results of U-shape metamaterial device operating
at TE and TM polarized incidence, respectively. The polariza-
tion of the incident wave is indicated in Fig. 2(a). The TE and
TM polarization states represent the case in which the electric
field is perpendicular and parallel to the split side of the U-
shape, respectively. For TE polarized incidence, there are two
distinct resonances in the spectrum as shown in Fig. 7(a). The
resonant frequencies are shifted by 0.51 THz for LC and dipolar
resonances, respectively in comparison to the device without
driving voltage and it is snapped down to substrate at 12 V dc
bias. In Fig. 7(b), it is because the electric field is oriented along
an entire U-shape structures, the resonance is purely due to the
electrical response. By applying dc bias on device, the trans-
mission dip is shifted from 0.86 to 0.31 THz at 12 V dc bias,
resulting in a tuning range of 0.55 THz. It evidently shows the
U-shape metamaterial device is polarization dependent for TE
and TM polarized incidence, while a large tuning range of 0.51
and 0.55 THz for TE and TM mode, respectively, compared the
device without dc bias to snap-down state. For easy compari-
son, the measured resonant frequencies of U-shape metamaterial

Fig. 8. (a) Schematic drawing of U-shape metamaterial with different ro-
tated angle at TE polarized incident beam. (b) Experimental results of U-shape
metamaterial measured by using THz-TDS system.

device are further summarized in the inset table of Fig. 7. These
results are comparable with the simulation results of TE and
TM polarized incidence in Fig. 4. The experimental results of
U-shape metamaterial device indicate that the U-shape meta-
material is not only polarization-dependent but providing larger
tuning range as well. It demonstrates the unique potential of
out-of-plane movable metamaterials in filter with large tuning
range for electromagnetic response.

IV. CHARACTERIZATIONS OF U-SHAPE METAMATERIAL

To characterize the polarization dependent characteristic of
the U-shape metamaterial device, another chip is released and
its transmission spectra were measured with no input dc bias
using a THz-TDS system. The device was oriented vertically
along the z-axis with a normal TE polarized incidence as shown
in Fig. 8(a). The transmitted light was then measured along the
x and y axes with respect to θ = 0 or θ = 90, respectively. In
Fig. 8(b), the black curve shows the resonance frequency is 0.65
and 1.29 THz for LC and dipolar mode, respectively, when the
device is not rotated. This result is identical with that of mea-
surement at TE polarized incidence as shown in Fig. 7(a). At
a rotation angle of 45°, the resonances are shifted to 0.39 and
0.91 THz for LC and dipolar mode, respectively. When con-
tinuously rotated the device to 90° with respect to the z-axis
in the xy plane, the device loses the resonance of TE polarized
incidence characteristic and approaches to the resonance at TM
polarized incidence, where the resonance is 0.84 THz compa-
rable to the results of Fig. 7(b). In Fig. 8(b), the resonances of
U-shape metamaterial device are similar at a rotation angle of
0°, 180°, and 360°, that resonant behavior is comparable to the
TE resonances in Fig. 7(a). While the device was rotated to 45°,
315°, 225°, and 315°, those TE resonances loss gradually, and
then transmission characteristic approaches to TM resonances



2700207 IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 21, NO. 4, JULY/AUGUST 2015

with 90° and 270°. Notably, the optical behavior of U-shape
metamaterial has a switch function at a gray-shaded region in
Fig. 8(b) by rotating the device with 0° to 90°, or 90° to 180°,
individually, i.e. the amplitude transmission is switched from
1 (0°) to 0 (90°) and 0 (90°) to 1 (180°) at 0.8–0.9 THz fre-
quency range.

V. CONCLUSION

In conclusion, a U-shape metamaterial using out-of-plane
MEMS actuation mechanism is developed and characterized.
Such an out-of-plane motion of cantilevers enables the control
of resonant frequency by changing the gap between the bilayer
cantilevers of metamaterial and the substrate. The experimen-
tal results show that the U-shape metamaterial device is a THz
tunable filter and a polarization controller. The polarization de-
pendent results of U-shape metamaterial demonstrate a tuning
range of 0.51 and 0.55 THz with respect to resonances of TE
and TM mode, respectively. Furthermore, the U-shape metama-
terial device can be an optical switch at THz frequency range
when operated without dc bias and with a different rotation an-
gle. This U-shape metamaterial device does not only promise
in polarization control of light, but also creates inspirations in
active switching and optical filters applications.
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