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We experimentally demonstrate a micro-electro-mechanically tunable metamaterial with enhanced
electro-optical performance by increasing the number of movable cantilevers in the symmetrical
split ring resonator metamaterial unit cell. Simulations were carried out to understand the
interaction of the incident terahertz radiation with out-of-plane deforming metamaterial resonator.
In order to improve the overall device performance, the number of released cantilever in a unit cell
was increased from one to two, and it was seen that the tunable range was doubled and the
switching contrast improved by a factor of around five at 0.7 THz. This simple design approach
can be adopted for a wide range of high performance electro-optical devices such as continuously
tunable filters, modulators, and electro-optic switches to enable future photonic circuit
applications. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4871517]

Electromagnetic (EM) metamaterial is an array of subwa-
velength structures engineered to achieve material properties
that usually does not exist in nature, such as negative refractive
index,"? perfect absorption,”™ and sub-wavelength focusing.®”’
Owing to these exotic properties, metamaterials has become an
ideal candidate for a wide range of promising applications,
such as optical cloaking,®” perfect absorbers,”™ and super re-
solution imaging.®’ These extreme electromagnetic properties
are achieved through the interaction of the incident electro-
magnetic wave with the designed metamaterial pattern shape
and size. Hence, by changing the metamaterial pattern shape
through external stimulus, the interaction of the EM wave can
be actively controlled. Various mechanisms are used for exter-
nal control such as optical,10 electrical,“ mechanical,12 ther-
mal,"® and magnetic.'"* Most of these approaches use exotic
materials, adopt complex fabrication processes, or demand
bulky setup for providing external control. Very recently,
Micro-electro-mechanical systems (MEMS) based actively
tunable metamaterials have been reported either using electro-
static comb drive'>™7 or released cantilevers as micro-
actuators in the metamaterial unit cell' ' to change the meta-
material pattern dimension. Electrostatic comb drive provides
a wider tuning range and better switching contrast; however,
they are usually slower and are not suitable for high frequency
modulators owing to their larger moving mass. On the other
hand, MEMS cantilevers provide an alternative approach,
which is more suitable for high speed applications, but due to
the limited actuation distance between the released cantilever
and substrate, the tuning range and switching contrast is usu-
ally lower. In order to increase the electro-optical performance,
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the actuation distance can be increased, but this will adversely
affect the actuation voltage needed for tuning the cantilever
over the increased gap.

In this paper, we have experimentally demonstrated a
design approach to overcome the tradeoff between the limi-
tation of tunability or switching contrast and actuation volt-
age in MEMS metamaterial, by utilizing multiple movable
cantilevers in a single metamaterial unit cell for terahertz
(THz) spectral range. In order to comprehensively validate
the proposed design approach, symmetrical split ring resona-
tor (SSRR) with increased number of movable cantilevers in
the unit cell is considered. The proposed design approach
can be adopted for a wide range of electro-optic devices,
including THz filters, modulators, absorbers, and optical
switches, without adversely affecting the actuation voltage,
device footprint, and fabrication complexity of the devices.

The metamaterial pattern for the MEMS tunable meta-
material is a SSRR with two released cantilevers is shown in
Fig. 1(a). It consists of 100 x 100 array of unit cell with
pitch, P, of 120 um. The SSRR metamaterial pattern is
designed to have four geometrically identical cantilevers.
Two of these cantilevers (C, and Cg) are released and can
be actuated in out-of-plane direction, independently and
other two cantilevers are fixed to the substrate (Cc and Cp)
as shown in Fig. 1(a). The cantilever length (bl), tip length
(tl), and width (bw) of each cantilever are 40 um, 20 um, and
3 pum, respectively, as shown in Fig. 1(b). The in-plane gap
between the tip of cantilever and corner structure, g;, is
3 um. The cantilevers are made of 0.5 um thick aluminum
(Al) with a 40 nm aluminum oxide (Al,O3) dielectric layer,
fabricated on a silicon substrate using standard complemen-
tary metal oxide semiconductor compatible process.'®
Fig. 1(a) shows the SEM image of the fabricated MEMS tun-
able THz metamaterial unit cell with two released and unre-
leased cantilevers each. After the release process, the

© 2014 AIP Publishing LLC
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bimaterial cantilevers are bend up due to residual stress in
the structural layers (Al and Al,O3), thereby increasing the
air gap between the released cantilever and Si substrate, i.e.,
g, of about 15 um. In order to achieve active tuning, electro-
static actuation mechanism was used by applying voltage
across the released cantilever and Si substrate. As the voltage
is increased between the released cantilever and Si substrate,
the out-of-plane air gap, g,, will reduce until there is no
more air gap beneath the released cantilever.'® For simplic-
ity, the state in which the cantilever is bent up is termed as
state “1” (S1), while state “0” (S0) refers to the case where
there is no air gap between the cantilever and Si substrate.
State “0” can occur either due to the complete actuation of
released cantilever to the substrate or the cantilevers are not
released, thereby making it fixed to the substrate at all times.

To investigate the enhancement in tunable range for
metamaterial using multiple movable cantilevers, the device
was characterized in three configurations. In the first configu-
ration, no actuation voltage is applied, so two cantilevers are
in state SO and two in state S1. In second configuration,
actuation voltage is applied to one of the two movable canti-
levers and other is unactuated, so one of the cantilevers is in
state S1 and three in SO state. In the third configuration,
actuation voltage is applied to both the movable cantilevers,
so all four cantilevers are in SO state. In order to understand
the resonant behavior of the SSRR structure in different con-
figurations and analyze the effect of tuning air gap, with
respect to the incident THz radiation, finite difference time
domain (FDTD) modeling was carried out. Figure 2(a) shows
the device in third configuration with all four cantilevers at
SO state and is used to explore the resonant mechanism of the
planar SSRR metamaterial structure. The electric field of
incident THz radiation (E;) along X- and Y-direction is con-
sidered as TE and TM mode, respectively. For the simulation,
the TE incidence is considered, and the scattered Ey and E,
fields on the metamaterial surface for the third device config-
uration is shown in Figs. 2(b) and 2(c), respectively. The anti-
parallel currents induced in the SSRR structure in Fig. 2(b)
clearly indicate the electrically induced magnetic resonance
in the metamaterial structure. It can also be seen that there is
an E; field induced between the cantilevers and substrate as
shown in Fig. 2(c). To further understand the effect of chang-
ing air gap on the resonant behaviors of the SSRR structure,
the device in first configuration with two released cantilevers
(Ca and Cp) as shown in Fig. 2(d) is simulated. For TE inci-
dence, the induced Ey field along the Cp, tip is same as in the
previous case, where all the cantilevers are in SO state. But
unlike the earlier case, there is no Ey field induced in the

released cantilever, Cg, as shown in Fig. 2(e). There is also a
strong E field coupled to the air gap region between both the
released cantilevers (C, and Cg) and Si substrate irrespective
of polarization of the incident THz radiation, as shown in
Fig. 2(f). From simulation results, it is clear that for out-
of-plane actuated cantilevers based MEMS metamaterial, the
primary variable parameter that strongly influences the reso-
nant frequency is the out-of-plane capacitance (Cpa and
Cog) between the released cantilevers and Si substrate. The
magnetic resonance of SSRR metamaterial structure can be
considered as a LC model, and the resonant frequency of the
LC model is given by o, = 1/{(Legr.Cer), Where Leg and Cegr
are the overall effective inductance and capacitance of the cir-
cuit.?*?* This simplified LC model can be used to qualitatively
explain the experimental data in the following paragraph.

For characterization of different configurations of the
devices, transmission spectra were measured using Terahertz

T—>X, Ei

FIG. 2. (a) Schematics of the tunable metamaterial in third configuration
with all cantilevers in state SO. (b) Y- and (c) Z-component of the scattered
electric field, respectively, for TE incidence on device configuration shown
in (a). (d) Schematics of the tunable metamaterial in first configuration with
two cantilevers in state S1 (C4 and Cg) and two cantilevers in state S1 (Cc
and Cp). (b) Y- and (c) Z-component of the scattered electric field, respec-
tively, for TE incidence on device configuration shown in (d).
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time-domain spectroscopy (THz-TDS) system over the THz
range of 0.3—-1 THz and were normalized to the free space
transmission. To systematically characterize the devices at
TE and TM incidence, two set of measurement were made,
one by continuously actuating one of the released cantilever,
while other is unactuated and in the other case, both the
released cantilevers are actuated continuously. In order to
facilitate the voltage input for the MEMS tunable metamate-
rial device, the fabricated devices were released using vapor
hydrofluoric acid. Then, the released devices were wire-
bonded onto a printed circuit board (PCB) with a center hole
that allow the transmission of THz signal during THZ-TDS
testing. The entire chip size was 1cm x 1cm. Three bond-
wire connections are made for actuation of cantilever Cg,
actuation of cantilever Cg, and the Si substrate, which will
act as ground. Since the electrical connections are separated
between cantilever C, and Cg, they can be actuated inde-
pendently. The PCB with the THz MEMS metamaterial is
held in position by a holder and THz signal was incident nor-
mally to the surface after passing through a polarizer, which
controls the polarization of incident THz signal as shown in
Fig. 3(a). All the measurements were carried out in nitrogen
environment and Si substrate was used as the transmission
reference. The transmission measurement was made by
applying different voltages to cantilevers, C5 and Cg at TE
and TM mode of incidence. Figure 4(a) shows the transmis-
sion spectra for TE incidence at different actuation voltage
from OV to 25V in steps of 5V, applied across the cantile-
ver, Cg and Si substrate. When there is no voltage applied to
any cantilever, a resonant frequency dip is observed at 0.69
THz and the resonant frequency red shifts to 0.515 THz on
increasing the actuation voltage to 25 V. For single cantile-
ver actuation and TE incidence, the corresponding resonant
frequency shift is about 0.175 THz. This can be qualitatively
understood using the equivalent LC model as follows: when
the actuation voltage is increased, the out-of-plane air gap

Appl. Phys. Lett. 104, 151104 (2014)

decreases, causing the corresponding out-of-plane capaci-
tance, Cog, to increase, which results in the red shift of the
resonant frequency as seen from the measurement data in
Fig. 4(a). More interesting, in case of TM incidence, a simi-
lar red shift in resonant frequency is observed from 0.71 THz
to 0.54 THz for an increase in actuation voltage from 0V to
25V for same single cantilever actuation (Cg) as shown in
Fig. 4(b). This is caused due to the strong coupling of E,
field in both the released cantilevers C, and Cg at TE inci-
dence as shown in Fig. 2(f). Therefore, irrespective of the
cantilever actuated or polarization of the incident THz radia-
tion, the resonant frequency will redshift with increasing
actuation voltage. However, at TE incidence, the intensity of
induced E; field in the air gap under the cantilever C, is
slightly lower than Cp, and should be the reason for the
slight reduction in tuning range between TE (0.175 THz) and
TM (0.17 THz) mode of THz incidence.

For the second configuration of the device testing, where
both the cantilevers are actuated at the same time by applying
voltage of OV to 25V, the resonant frequency shifts from
0.65 THz to 0.35 THz for both TE and TM incidence as
shown in Figs. 4(c) and 4(d), respectively. The tuning range
is around 0.3 THz, which is almost double compared to the
case of single cantilever actuation. When both the cantilevers
are actuated, capacitance due to both cantilevers and the Si
substrate, Coa and Cgp, decreases. Therefore, the overall ca-
pacitance change is amplified by approximately two-fold and
so does the spectral shift in the resonant frequency for the
case of two cantilever actuation. Additionally, when both the
cantilevers are actuated, the effect of tuning will be the same
for the TE and TM polarization of the incident radiation.
Hence, by adopting this simple design principle of utilizing
multiple released MEMS cantilevers in a SSRR configura-
tion, the tuning range of the device can be doubled under the
same actuation voltage. It can be seen that there is a slight
difference in the initial resonant frequency value at 0 V, and

(a) (b) Cp
P g A

Incident THz ‘

(i) C,—S1.Cy—S1
« V-0V

. Vg-0V

« GND-0V

Polarizer

Polarized THz

(i) C, — S0, Cz — S1

¢ Vi-VV

¢ V-0V FIG. 3. (a) Schematics.of. experirpental
setup for THz transmission testing at

* GND-0V

different actuation voltage and (b)

C,
Gy
Transmitted THz
Polarizer C, ITI

shows the four device configurations
by applying different voltage combina-
tion for the two released cantilevers,

(iii) C, — S1. Cz — S0

THz detector

¢« V,-0V
A Ca and Cg.
* V=V V
« GND-0V
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may be attributed to the variation of release height of the
bimaterial cantilevers and the difference in measurement
spectra for TE and TM mode may be caused due to the
non-symmetry in the routing metal lines along X and Y
directions.

In order to further explore the impact of the proposed
scheme in application level performance, the tunable meta-
material was also characterized as an electro-optic switch.
The key performance parameter for an electro-optic switch
is to have a striking switching contrast, which is described as
SC = (T,0-Ty)/Ty, where T, and T,q is the transmission
spectra at 0V and 20 V, respectively.** In order to character-
ize the performance improvement of the metamaterial device
as a switch, three sets of transmission spectra measurement
were made—(1) Initial condition: C, and Cg in state S1 and
Cc and Cp in state SO, (2) single cantilever actuated: C, in
state S1 and Cg, C¢ and Cp, in state SO, and (3) both cantile-
vers actuated: Cu, Cg, C¢, and Cp in state SO. The transmis-
sion spectra for the single cantilever actuation and two
cantilevers actuation at 0V and 20V for TE incidence are
measured. The switching contrast is then calculated for these
two cases, as shown in Fig. 5, where the grey and red region
show the switching contrast of single and two cantilevers
actuation, respectively. It can be seen that the switching con-
trast for the two cantilever actuated case is enhanced over
the major portion of the spectral range compared to the sin-
gle cantilever actuation. A maximum enhancement of around
5 times in switching contrast is achieved at 0.7 THz. The
proposed approach of utilizing multiple cantilevers to
achieve enhanced electro-optic performance can be further

Frequency (THz)

re-designed for any spectral region of interest without affect-
ing the device footprint, actuation voltage, material selec-
tion, and the process complexity.

In summary, we investigated and demonstrated a design
approach of using multiple MEMS cantilevers to improve the
overall electro-optic performance, such as tunability and
switching contrast, without adversely affecting the size,
actuation voltage, and complexity of the fabrication process.
It was experimentally verified that the tuning range was

250 T
200 @ cC,or C,: S1—S0

C,and C: SI—S0
150

100

50

Switching Contrast (%)

02 03 04 05 06 07 08 09

1.0
Frequency (THz)
FIG. 5. Electro-optic switching contrast for MEMS tunable metamaterial

with single cantilever actuation (grey-crossed region) and two cantilever
actuation (red-shaded region).
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doubled, when the number of cantilevers actuated was
increased from one to two. The device was also characterized
as an electro-optic switch, which shows a maximum enhance-
ment in switching contrast of about 5 times achieved at 0.7
THz for two cantilevers actuation. This simple design princi-
ple is of great value to achieve enhanced electro-optic charac-
teristics and is completely scalable to any electromagnetic
spectral region of interest. This approach can enable high per-
formance, continuously tunable, optical devices ranging from
sensors, filters, modulators to the striking electro-optic
switches for future photonic circuit applications.

The authors acknowledge the financial support from
research Grant No. AcRF Tier 2 - MOE2012-T2-2-154 at the
National University of Singapore.
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