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We present the design, simulation, fabrication, and characterization of a continuously tunable

Omega-ring terahertz metamaterial. The tunability of metamaterial is obtained by integrating

microactuators into the metamaterial unit cell. Electrothermal actuation mechanism is used to

provide higher tuning range, larger stroke, and enhanced repeatability. The maximum

achieved tuning range for the resonant frequency is around 0.30 THz for the input power of

500 mW. This shows the potential of using electrothermally actuated microactuators based

tunable metamaterial design for application such as filters, absorbers, sensors, and spectral

imagers. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4871999]

Metamaterials have received intense attraction due to its

ability to achieve electromagnetic (EM) properties which

does not occur in nature.1,2 Metamaterial is an array of sub-

wavelength structures that can be designed to achieve spe-

cific EM properties and has diversified applications such as

superlenses,3–6 cloaking devices,7 field enhancement,8–10

and toroid responses.11 More interestingly, the EM response

of the metamaterial can actively controlled through external

stimulus, which is of great significance in real time applica-

tions.12 In order to realize tunability of metamaterials, typi-

cal methods employ the inclusion of a semiconductor diode

to change the capacitance of the resonators media13,14 or by

changing the property of the surrounding media through op-

tical, electrical, magnetic, or thermal means.15–17 However,

such tuning methods face a serious limitation in the tuning

range and also an increased complexity in fabrication as the

materials used are not CMOS compatible.15,16 These limita-

tions hinder the usage of tunable metamaterial in practical

applications.

To overcome these drawbacks, microelectro-mechanical

system (MEMS) techniques, which are well developed for

the realization of three-dimensional movable structures in

microscale, are integrated with metamaterial designs to

achieve active tuning. Micromachined MEMS metamaterial

has been demonstrated to display larger tuning range through

electrostatic actuation by either changing the in-plane

gap18,19 or the structural layout of the unit cell.20,21

However, electrostatic actuators suffer from pull-in phenom-

enon and so are not an ideal choice for continuously tunable

metamaterial application. Thermal based actuation is of great

potential as it offers larger stroke and higher repeatability.

Tao et al. have reported thermally tunable MEMS metamate-

rials which consist of suspended silicon nitride plate with a

single split-ring resonator (SRR) patterned on a gold film.22

A pair of bimorph cantilevers is then used to support the

SRR to complete the unit cell. Due to difference in the coef-

ficient of thermal expansion (CTE) of silicon nitride and

gold, when the device is heated using rapid thermal anneal-

ing (RTA), the bimorph cantilevers bend upwards and rotate

the suspended metamaterial unit cell. However, the fre-

quency tuning range presented is less than 0.02 THz and the

maximum change in the transmission intensity is 45%. More

importantly, the out-of-plane actuation of the device cannot

be actively tuned and requires a RTA machine which is

bulky. Similar thermal based actuation on the metamaterial

unit cells is explored by Ou et al.,23 where silicon nitride and

gold are used to realize bimaterial bridges. To achieve bend-

ing of alternating bridges when heat is supplied, symmetric

and asymmetric layer sequences are used. The experimental

setup involved a heating stage and a maximum change of

50% in transmission was shown. Active control of the ther-

mal actuation is, however, still not possible. This limitation

decreases the feasibility of such devices in practical

applications.

In this Letter, we present an electrothermally actuated

microactuators integrated into an Omega-ring metamaterial

unit cell to provide continuous tuning. Electrical current is

used as the control signal to provide thermal energy to the

movable microactuators through Joule heating. The contin-

uous tuning range of 0.3 THz is experimentally achieved.

The effect of current flow through the metamaterial, which

leads to a temperature increase within the structure, and the

spectral response to the incident THz waves are examined.

The polarization dependent characteristics of the metamate-

rial are also studied which is important for the analysis

of bi-anisotropic effects in Omega-ring metamaterial

structures.24,25

Fig. 1(a) shows the top view of the unreleased metama-

terial pattern shape which consists of an Omega-ring with an
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inner disk. The feature size of the Omega-ring is chosen with

the following parameters: unit cell pitch with Px and

Py¼ 120 lm, outer ring radius Ro¼ 60 lm, inner disk radius

Ri¼ 40 lm, beam width w¼ 5 lm, g1¼ 10 lm, and

g2¼ 5 lm. Fig. 1(b) shows the schematics of the metamate-

rial pattern with fixed central disk with released omega ring.

The center of the inner disk coincides with the center of the

unit cell.

Using purely CMOS compatible processes and materials,

the metamaterial patterns are made of bimaterial layers—Al

with a thickness t1 of 500 nm on a thin layer of Al2O3 with a

thickness t2 of 40 nm as shown in Fig. 1(c).20 In order to ena-

ble electrothermal actuation, continuous Al lines forming the

released omega ring of the metamaterial are used to pass cur-

rent when voltage is applied as shown in (d).

Fig. 2(a) shows the SEM image of the fabricated device.

From the inset, the zoom-in image of the Omega-ring along

with an inner disk design is more clearly shown. The

released Omega-ring bends upwards with an angle of h, as

shown in Fig. 2(b), after the vapor hydrofluoric acid (VHF)

release step due to the residual stress in Al2O3 and Al layers.

When a potential difference is applied to the bond pads, a

current will flow through the Al metal lines and the device

will heat up due to Joule heating. This causes Al and Al2O3

to expand at different rate and since Al2O3 has a lower CTE

relative to Al, the suspended structures will bend downwards

with increasing temperature. The vertical displacement, d, of

the tip of the Omega-ring from the Si substrate can be esti-

mated by the following equation:

d ¼
3W1W2E1E2t1t2 t1 þ t2ð Þ a2 � a1ð ÞDT � L2

E1W1t1
2ð Þ2 þ E2W2t2

2ð Þ2
þ 2W1W2E1E2t1t2ð2t1

2 þ 3t1t2 þ 2t2
2Þ

 ! ; (1)

where subscript 1 and 2 refer to Al and Al2O3; W is the

width; E is the Young’s modulus (E1¼ 70 GPa and

E2¼ 530 GPa); a refers to CTE (a1¼ 23.1� 10�6 K�1 and

a2¼ 8.1� 10�6 K�1); DT refers to the change in tempera-

ture; L is the length of the suspended beam.

To better understand the change in the EM properties of

the Omega-ring metamaterial when electrothermally actu-

ated towards the substrate, 3D finite-difference time-domain

(FDTD) calculation is performed. In the simulations, the rel-

ative permittivity of Si and Al2O3 are set to 11.9 and 9.9,

respectively. For Al, the permittivity, e, is considered as a

function of the resonant frequency x. Using Drude-

Lorentz’s model,26 e can be estimated as

e xð Þ ¼ 1�
x2

p

x2 � x2
LC þ iCx

� � ; (2)

where xp is the plasma frequency, xLC is the resonant fre-

quency, and C is a damping factor. In the simulations,

TE-polarized incidence is defined with the electric field

aligned to the y-axis and the magnetic field aligned to the

x-axis. Conversely, in TM-polarized incidence, the electric

field aligned to the x-axis and the magnetic field aligned to

the y-direction.

As shown in Fig. 3(a), when the electric field is along

the y-direction, i.e., TE-polarized incidence, the electric field

at resonant frequency is coupled across the gap of the

Omega-ring. Under TM-polarized incidence, the electric

field is coupled across the gap between the omega-ring and

the inner disk structure. As predicted by Aydin et al.,25 the

resonance frequency of TM-polarized incidence is higher

than that of the TE-polarized incidence. This is shown in (c)

and (d) where the resonance frequency of the device, when

h¼ 0�, is 0.42 THz for TE-polarized incidence and 0.52 THz

for TM-polarized incidence.

FIG. 1. (a) Design of Omega-ring metamaterial on the (b) unit cell. (c)

Cross-sectional view of the device and (d) the Omega-ring metamaterial

array with a metal line connecting the unit cells for MEMS operation.

FIG. 2. (a) SEM image of the fabri-

cated metamaterial device. The inset is

the zoom-in image of the Omega-ring

design and (b) cross-sectional view of

released Omega-ring showing angle of

curvature, h, and bending height d.

161104-2 Ho et al. Appl. Phys. Lett. 104, 161104 (2014)
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As mentioned above, after the Omega-ring part of the

metamaterial unit cell is released, a current can be passed to

induce electrothermal effects. Based on the analysis above,

the Omega-ring will bend towards the substrate, thus

decreasing h in the process. By using different h, an attempt

is made to simulate the tunability of the device. It can be

seen that the resonance frequency of the device decrease as h
decreases from 10� to 0�, where 10� is the initial state of the

Omega ring after VHF release and 0� indicates a physical

contact of the Omega-ring and the substrate. This resonant

frequency of the metamaterial structure can be given as,

x ¼
ffiffiffiffiffi
1

LC

q
, where L and C refer to the effective inductance

and capacitance in the metamaterial structure that enables

coupling of the incident THz wave.27–31 It can be quantita-

tively seen that as the Omega-ring bends towards the sub-

strate, the gap between the metal and the substrate decreases.

This increases the capacitance and hence the resonance fre-

quency decreases.

Measurement of the EM response of the device for nor-

mal incident THz waves is done using TeraView TPS 300,

which is a THz time domain spectroscopy (THz-TDS,) in its

transmission mode. In all the measurements, the chamber is

filled with nitrogen and the EM response is taken at room

temperature. As shown in Fig. 4, for TE-polarized incidence

response, the resonance frequency is around 0.67 THz when

the Omega-ring is suspended after VHF release (10� case).

This corresponds to a current supply of 0 mA. In order to

actuate the released omega-ring, the input voltage was fixed

at 5 V and the current was varied in steps of 20 mA.

Continuous tuning is observed in the resonant frequency

with respect to the input current. When the current is

100 mA, the resonant frequency is at 0.37 THz. After

100 mA, any increment of current does not change the trans-

mission spectrum, hence, indicating that the Omega-ring is

in physical contact with the substrate (0� case). For

TM-polarized incidence as depicted in Fig. 5, the resonance

frequency when the Omega-ring is suspended is slightly

higher at 0.73 THz at 0 mA compared to the TE-polarized

incidence case (0.67 THz at 0 mA). When the Omega-ring is

heated using 100 mA of current and the physical contact

is made with the substrate, the resonance frequency is

shifted to 0.43 THz. In both TE-polarized incidence and

TM-polarized incidence, it was demonstrated to have a tun-

ing range of 0.30 THz. From the comparison with the

FIG. 3. Distribution of the electric resonance in the (a) TE-polarized

incidence and (b) TM-polarized incidence. (c) and (d) are the simulated

transmission spectra for different h with TE-polarized incidence and

TM-polarized incidence, respectively.

FIG. 4. Measured transmission spectra of Omega-ring metamaterial in the

TE-polarized incidence response when the voltage bias is set to 5 V.

FIG. 5. Measured transmission spectra of Omega-ring metamaterial in the

TM-polarized incidence when the voltage bias is set to 5 V.

161104-3 Ho et al. Appl. Phys. Lett. 104, 161104 (2014)
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simulation results, the Omega-ring metamaterial displays a

more linear frequency shift. This can be attributed to the cur-

vature of the Omega-ring after release which causes the

Omega-ring to come into contact with the substrate gradually

as current increases. The device is then cooled to room tem-

perature and it is realized that the device is able to return to

its original state, i.e., Omega-ring design being suspended

over the substrate with an air gap between them. This high-

lights the repeatability of the device.

In order to study the effect of input current flowing

through the metamaterial structures on the EM properties,

electrostatic actuation was utilized to perform the tuning and

the result is compared with the electrothermal case. For elec-

trostatic actuation, a potential difference is applied between

the Omega-ring and the substrate and there is no current

flowing through the metamaterial structures. Similar to the

concept shown by Lin et al.,20 the electrostatic force pro-

duced will pull the suspended Omega-ring towards the sub-

strate. When there is no bias difference between the bond

pads and substrate, the Omega-ring is suspended freely and

the device has a resonance frequency of 0.66 THz for

TE-polarized incidence and 0.73 THz for TM-polarized inci-

dence. As the DC bias difference increases, the suspended

Omega-ring is pulled towards the substrate and hence h
decreases. At 25 V, the structure is snap-down and the reso-

nance frequency shifts to 0.37 THz for TE-polarized inci-

dence and 0.44 THz for TM-polarized incidence, indicating

0.30 THz tuning range for electrostatic actuation for both

TE-polarized and TM-polarized incidence. Hence, the per-

formance of the device when driven using electrostatic

actuation is very similar to the case of electrothermal actua-

tion. This shows that the introduction of DC current into the

device and the high temperature induced in electrothermal

actuation do not affect the EM response of the Omega-ring

metamaterial. It is also noted that in electrostatic actuation,

the device is not recoverable after coming into contact with

the substrate. In electrothermal actuation, the device returns

to its original state upon cooling down. This is a huge

advantage of using electrothermal actuation as in the case of

electrostatic the device can be tuned only once; however, in

case of electrothermal, the repeatability of the device is

much higher and hence more suitable in practical applica-

tions. At the same time, electrothermal actuation also offers

larger stroke.

To characterize the polarization dependent characteristic

of the Omega-ring metamaterial, another chip is released and

its transmission spectra are measured with no input DC cur-

rent. The input electric field and magnetic field are aligned

with TE-polarized incidence as shown in the in the inset of

Fig. 6. It is observed that when the device is not rotated, the

resonance frequency is 0.67 THz. At a rotation angle of 45�,
the device loses the TE-polarized incidence resonance char-

acteristic and approaches the TM-polarized incidence reso-

nance with an increase in the resonance frequency. At a

rotation angle of 90�, the TM-polarized incidence resonance

of the device is displayed.

In conclusion, a continuously tunable THz metamaterial

design using electrothermal actuation is fabricated and dem-

onstrated as a tunable THz filter. By using electrothermal

actuation, the Omega-ring metamaterial has been shown to

display a tuning range of 0.30 THz in both TE and

TM-polarized incidence. The device also shows high repeat-

ability and potentially large stroke. Electrostatic actuation is

also experimentally studied and it displays very similar EM

response as the results from electrothermal actuation. This

shows that while harnessing the advantages of electrothermal

actuation, the device did not face any limitation due to the

high temperature induced or the DC current introduced dur-

ing its operation. Electrothermal actuation also allows the

device to recover to its original state after cooling. The polar-

ization dependent state of the Omega-ring metamaterial is

also characterized. This device also uses purely CMOS com-

patible processes and materials, with the innovation of using

electrothermal actuation, is promising to many practical

applications such as optical filters and sensors where large

tuning range and high repeatability are desired.
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