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We have demonstrated a three-dimensional movable metamaterial (MM) with reconfigurable electric split-ring res-
onators (eSRR) at terahertz frequencies. This is accomplished by making planar arrays of eSRR with movable stress
curved beams (eSRR-MSCBs) which are actuated out-of-plane by electrostatic force. Our results have demonstrated
that the eSRR-MSCBs possess blueshifting capabilities and polarization dependent state at terahertz frequencies,
while such adaptive MMs offer significant potential in realizing electromagnetic functionality with diversified ap-

plications, such as sensors, switches, and filters.
OCIS codes:
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Recently, electromagnetic metamaterials (MMs) have
attracted considerable interest owing to their potential
applications, such as high-resolution superlenses, invis-
ibility cloaking devices, and perfect absorbers [1-3].
The realization of such extraordinary optical properties
relies on the properties of MMs to create independently
tailored electric and magnetic responses to incident ra-
diation. Moreover, a unique property of terahertz waves
is that they transmit through most nonaqueous and non-
metallic materials. Plenty of works on MMs have been
performed in the terahertz frequency range and tunable
terahertz MMs have also received significant attention
because of their potential applications as MM devices [4].

Currently, tunability of MMs using different structures
to realize negative refractive index properties have been
demonstrated by various fabrication technologies and
optimized designs [56-16]. With the aid of tunability, re-
configurable MM devices become feasible in many appli-
cations, such as sensors, switches, and filters [17].
Voltage variable capacitances have been generally used
to achieve electronic tuning in resonators. Such variable
capacitances, which contribute to the overall capaci-
tance of the resonators, have been implemented by
means of semiconductor diodes [5,6] or by changing
the surrounding media [7-9]. These tuning methods
are often used to adjust the resonant frequency, which
is highly dependent on the nonlinear properties of the
nature material. However, the tuning ranges in the tera-
hertz frequency are only 0.07 and 0.15 THz by means of
semiconductor diodes [5,6] and liquid crystal [8,9], re-
spectively. These methods suffer from a limited tuning
range as the variation of material properties of surround-
ing media is usually very small. Meanwhile, microelectro-
mechanical systems (MEMS) technology has been well
developed for the realization of three-dimensional (3D)
movable micromechanical devices, hence providing an
ideal platform to directly reconfigure unit cells [10-16].
MEMS-based MMs having bulk-micromachined unit cells
demonstrate tunable characteristics because of variable
in-plane gap [l1-13]. This approach overcomes the
limitations of changing MM composition.

In this Letter, we report a 3D movable MM and inves-
tigated its optical properties. Other than in-plane gap
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tuning mechanism within the unit cells [11-13], we have
also developed a tuning mechanism to actively control
the MMs by changing the air gap between the metallic
structures and the substrate. These 3D movable MMs
were designed based on electric split-ring resonators
with movable stress-curved beams (eSRR-MSCBs) and
fabricated using surface micromachining. This fabrica-
tion process enables monolithic integration of tunable
MMs with standard CMOS process.

Figure 1(a) shows the scanning electron microscopy
(SEM) image of the eSRR array. The lattice parameters
of an eSRR unit cell are indicated in Fig. 1(b). The lattice
constants are 130 pm along the x direction and 110 pm
along the y direction. The gaps and line width of each
beam within the eSRR unit cell are 4 pm. The area of
a square unit cell is 88 pm x 88 pm. Surface microma-
chining is developed to demonstrate eSRR-MSCBs with
out-of-plane motion capability as shown in Fig. 1(c).
First, SiO, thin film 100 nm thick was deposited and pat-
terned on standard silicon wafer as an anchor for MSCBs.
Second, an Al,O5 thin film was deposited on surface by
using atomic layer deposition 20 nm thick, and a stressed
layer of Al was evaporated to 500 nm thick by physical
vapor deposition. Finally, the device was patterned to
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Fig. 1. (a) SEM image of eSRR array. (b) Dimensions of unit
cell in layout. (c) Fabrication process flow of eSRR-MSCBs.
(d) Schematic diagram of eSRR-MSCBs after microstructures
are released.
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open etching holes for releasing the structures. Then va-
por hydrogen fluoride (VHF) was applied to release the
MSCBs. Figure 1(d) shows the 3D schematic diagram of
the MSCBs, which were connected to the anchor and can
be simultaneously actuated downward from the original
bending position (up state) to the snap-down position
(down state). The eSRR-MSCBs have two inductive loops
connected in parallel, in which the resonant frequency of
the circuit model is w,c = 1/v/LC = (co/l/Ec) v/ d/w.
Here, C = gyecwt/d and L = pyl? /t are used for calculat-
ing the respective capacitance and inductance of the gap
within the eSRR, where ¢, is the velocity of light in vac-
uum, w is the width of metal, d is the width of capacitor
gap, t is the metal thickness, [ is the size of the eSRR, ¢ is
the free space permittivity, and & is the relative permit-
tivity of the materials in the capacitor gap [18]. A resona-
tor was designed with four capacitor plates (the splits)
which couple strongly to the electric field, while the in-
ductive element (the frames of the loops) does not. Tun-
ability of the resonant frequency of the eSRR-MSCBs can
be achieved by replacing the fixed capacitor with six
flexible cantilever beams; that is, the adjustable deflected
shape of the cantilever beams will modify the capacitor.

The MSCBs curl upward because the Al,Os is under
compressive residual stress while the Al film is under ten-
sile residual stress. To actuate the MSCBs, a voltage is
applied between the MSCBs and the substrate. Electro-
static force lowers the MSCBs from the up state to the
down state. In Fig. 2, the radius of curvature and bending
height of MSCBs as a function of Al layer thickness is
expressed by the equation [19]
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where subscripts 1 and 2 refer to Al;O5 and Al materials,
respectively; ¢ is the thickness of thin films (¢; = 20 nm
and ¢, = 500 nm); E is the Young’s modulus (F; =
530 GPa and E; = 70 GPa); a is the coefficient of
thermal expansion (a; =8.1x107° K™!, a, =23.1x
1076 K-1); I is the area moment of inertia; A is the area
of curved beam; and AT is the temperature difference
within the fabrication process. After the eSRR-MSCB
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Fig. 2. Radius of curvature and bending height of eSRR-
MSCBs as a function of layer thickness.
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device is released by VHF, the bending height of
the stressed beam is given by the equation & =
2R sin?(/2) x R « ty. The radius of curvature and bend-
ing height are proportional to the thickness of the Al
layer. This indicates that the MSCBs which have a thicker
Al layer can achieve larger radius of curvature. The inset
of Fig. 2 shows the schematic drawing of curved beams.
The cantilever beam will be curved extremely if 6 is ex-
ceeded 90°. Because the effective electrostatic force on
AB is dominated than the one extremely curved on the
top of AB, the @ is within the range of 0 ~90° can effec-
tively contribute on the electrostatic force. Thus, the
maximum bending height of the cantilever beam is con-
sidered as R. Here, we chose the thickness of the Al layer
to be 500 nm. The inset SEM image of Fig. 2 shows the
radius of curvature of MSCBs and bending height are 320
and 8 pm, respectively, which are comparable with the
modeling results.

To understand the optical properties of the device, 3D
finite difference time domain (FDTD) calculations were
carried out using software package FDTD solutions to
calculate the transmission spectra and the entire electric
and magnetic field strength distribution. Figure 3 shows
the simulated (red curves) and measured (black curves)
transmission spectra of eSRR-MSCBs at 0, 5, and 10 VDC
bias, respectively, for both TE and TM polarized inci-
dence. Those transmission spectra were extrapolated
and normalized from the ratio of the Fourier-transformed
amplitude spectra of the sample to the reference, which
is a blank slab identical to the substrate. A terahertz time
domain spectroscopy was employed for the optical
characterization of the fabricated 3D movable MMs when
the gap between the eSRR-MSCBs and the substrate
changes. In Figs. 3(a)-3(c), there is one resonant peak
being transmitted through the eSRR-MSCBs. The spectral
peak was shifted from 0.51 THz [Fig. 3(a)] via 0.63 THz
[Fig. 3(b)] to 0.73 THz [Fig. 3(c)] when actuated from
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Fig. 3. Simulated (red curves) and measured (black curves)
results of eSRR-MSCBs for (a) through (¢) TM and (d) through
(f) TE polarized incidence at 0, 5, and 10 V DC bias,
respectively.



3128 OPTICS LETTERS / Vol. 38, No. 16 / August 15, 2013
initial state (0 V DC bias) to downward states (5 and 10 V
DC bias). The electric field is along the «x direction and
the corresponding electric field distributions are shown
in the inset of Figs. 3(a)-3(c). The spectrum of the device
has one resonant peak due to the electric field that is
perpendicular to the four capacitor plates being coupled
to the capacitive elements, which resulted in a transmis-
sion peak. On the contrary, the TE polarized incidence
has two resonant peaks as shown in Figs. 3(d)-3(f).
The two resonant peaks of eSRR-MSCBs were blue-
shifted by 0.03 THz (peak 1) and 0.13 THz (peak 2) when
compared with the device without driving voltage [0 V
DC bias, Fig. 3(d)] to pull-in voltage [10 V DV bias, Fig. 3
(0)]. That electric field is along the y direction while the
corresponding electric field distributions are shown in
the inset of Figs. 3(d)-3(f). These two resonant peaks
are originated from these two current loops. This indi-
cates that reconfigurable and movable 3D MMs can be
achieved by adjusting the gap between the MSCBs and
substrate. Such tunable ranges for TM and TE polarized
incidence are 0.22 and 0.13 THz, respectively. They are
comparable with those reported in literature that used
MEMS-based MMs [10-13] but did not effectively over-
come the limitations by means of semiconductor diodes
[5,6] and liquid crystal [8,9] owing to the air gap of eSRR-
MSCBs between the metallic structures and the substrate
not being large enough. The effective improvement
method can increase the thickness of the Al or Al;Oq
layer for larger bending height of MSCBs referred to in
the modeling results in Fig. 2. Furthermore, the intensity
ratio of the first and second resonant frequency of eSRR-
MSCB:s for TE polarized incidence is increased 2.50-fold
and 1.25-fold operated at 10 V DC bias compared to the
device without and 5 V DC bias, respectively. The first
and second resonant frequency of eSRR-MSCBs can be
shifted from 0.23 to 0.26 THz and 0.81 to 0.94 THz; that
is, the tuning range is 0.03 and 0.13 THz for the first and
second peak, respectively.

In conclusion, a 3D movable MM is demonstrated
along with active control of tunable THz filter by using
MSCBs to adjust the gap between metallic eSRR struc-
tures and substrate. Although the tuning range of reso-
nant peaks for TM and TE polarized incidence are
only 0.22 and 0.13 THz, respectively, the variation of first
and second peaks for transmission intensity at TE mode
is enhanced 2.50-fold. This device will not only promise
practical applications in polarization control of light, but
it may also be implemented in optical filter and sensor
applications. The optimization of 3D movable MMs at
specific wavelengths can be made based on the relation
of capacitance and inductance, which are proportional
to the size of MMs. Furthermore, the large radius of

curvature and small gap between MSCBs and substrate
resulted in small driving DC bias. However, the small
gap will restrict the tunable range of eSRR-MSCBs, re-
sulting in a trade-off between the driving voltage and tun-
able range of eSRR-MSCBs. Therefore, an optimized
design with desirable operation voltage, that is, DC bias,
and enlarged tuning range could be conceptualized and
developed upon the application needs in the future.
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