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We experimentally report the bidirectional reconfiguration of an out-of-plane deformable

microcantilever based metamaterial for advanced and dynamic manipulation of terahertz waves.

The microcantilever is made of a bimaterial stack with a large difference in the coefficient of

thermal expansion of the constituent materials. This allows for the continuous deformation of

microcantilevers in upward or downward direction in response to positive or negative temperature

gradient, respectively. The fundamental resonance frequency of the fabricated microcantilever

metamaterial is measured at 0.4 THz at room temperature of 293 K. With decreasing temperature,

the resonance frequency continuously blue shifts by 30 GHz at 77 K. On the other hand, with

increasing temperature, the resonance frequency gradually red shifts by 80 GHz and saturates at

0.32 THz for 400 K. Furthermore, as the temperature is increased above room temperature, which

results in the downward actuation of the microcantilever, a significant resonance line-narrowing

with an enhanced quality factor is observed due to tight field confinement in the metamaterial struc-

ture. The thermal control of the microcantilever possesses numerous inherent advantages such as

enhanced tunable range (�37.5% in this work compared to previously reported microcantilever

metamaterials), continuous tunability, and repeatable operations. The microcantilever metamaterial

also shows high robustness to operate at cryogenic conditions and hence opens up the possibility of

using meta-devices in harsh environments such as space, polar, and deep sea applications.

Published by AIP Publishing. https://doi.org/10.1063/1.5006836

The advent of metamaterials has significantly aided in

bridging the terahertz (THz) technological gap owing to the

design versatility and large spectral scalability through engi-

neering of the metamaterial unit cell geometry. This has led

to the demonstration of various THz wave controls and

manipulation, such as artificial magnetism,1 unnaturally high

refractive index,2 perfect absorption,3 chirality,4 electromag-

netically induced transparency,5–9 high Q Fano resonances,10

and many more.11 With the advancement enabled by meta-

materials in interacting with THz waves, the focus has cur-

rently shifted to actively controlled THz metadevices.12

These THz metadevices are usually realized using active

materials that are integrated into resonator geometry. The

availability of large palette of naturally occurring active

materials that respond to various external stimulus such as

optical,13,14 thermal,15,16 electrical,17,18 and magnetic fields19

has enabled numerous THz metadevices with varying

electro-optic performances.20 Recently, the structural recon-

figuration of the unit cell geometry using microelectrome-

chanical systems (MEMS) technology provides a more

straightforward means of achieving resonance tunability in

metamaterials.21–27 The microscale size of MEMS actuators

matches with the unit cell dimension of THz metamaterials,

thereby perfectly complementing each other. The reported

THz MEMS metamaterials can be broadly categorized based

on the plane of reconfiguration as: in-plane and out-of-plane

reconfigurable metamaterials. In the case of in-plane recon-

figurable metamaterials, the direction of actuation is along

the plane containing the metamaterial resonators, and this

allows for the dynamic reshaping of unit cell geometry and

periodicity and hence the metamaterial response. Some of

the widely used actuators for the in-plane reconfiguration in

THz metamaterials include electrostatic comb drives,22,23,28

electroactive polymers,29 and mechanically stretchable

substrates.30 Alternatively, the out-of-plane reconfigurable

metamaterial is formed by releasing a part of any resonator

geometry from the substrate, which is then actively

deformed with external control along the normal incident

wave propagation direction. Various actuators are reported

for realizing out-of-plane reconfigurable metamaterials

such as electrostatically actuated microcantilevers and

plates,24–26,31–33 electrothermally actuated cantilevers,34

thermally actuated bimorph stages,21 pneumatically actu-

ated stages,35 and micro-spirals.36 The huge array of

MEMS actuators, combined with the possibility of using

complementary metal-oxide-semiconductor (CMOS) com-

patible materials and processes, makes the MEMS meta-

material greatly attractive for realization of functional THz

metadevices.23 However, most of these MEMS metamate-

rials that are proposed for miniaturized solutions can onlya)Author to whom correspondence should be addressed: ranjans@ntu.edu.sg
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provide unidirectional actuation relative to its initial rest

position and also need metallic interconnects to provide

the control signal, which greatly affects their electro-optic

performance. Hence, the bidirectional reconfiguration of

microcantilever metamaterials using thermal control will

circumvent the above mentioned limitations and is a prom-

ising candidate for realizing high performance THz

metamaterials.

In this paper, we experimentally demonstrate the bidi-

rectional reconfiguration of MEMS metamaterials by inte-

grating thermally reconfigurable bimaterial microcantilevers

into resonator geometry. The bimaterial microcantilever is

formed by selectively releasing the desired parts of the reso-

nator geometry from the substrate while keeping the other

part of the metamaterial fixed to the substrate. The bimate-

rial configuration of the microcantilever allows for the verti-

cal deformation along upward and downward directions

based on the gradient of temperature change. The resonance

frequency of the metamaterial scales with the vertical dis-

placement of the microcantilever. The opening up of an

additional direction of out-of-plane reconfiguration (i.e.,

upward direction) along with the conventional downward

reconfiguration, enhanced the tunable range by �37.5%,

compared to the conventional unidirectional and downward

movable microcantilever metamaterials reported so

far.21,25–27,31,32,34,37 These metadevices were also character-

ized at cryogenic temperature of 77 K and showed strong

resonance behavior. This crucial characteristic of the pro-

posed microcantilever metamaterial is essential for the

realization of high performance THz components such as

modulators, filters, absorbers, and detectors to be used in

rugged applications.

The proposed metamaterial is a 2D periodic array of

electrical split ring resonators (ESRRs) with the geometri-

cal dimensions shown in Fig. 1. The metamaterial is made

of 300 nm thick aluminum (Al) on top of 50 nm thick alu-

minum oxide (Al2O3) dielectric, fabricated on a lightly

p-doped silicon (Si) substrate with resistivity >1 X cm,

using CMOS compatible process. Silicon-di-oxide (SiO2) is

used as the sacrificial layer, which is isotropically etched

using vapor hydrofluoric acid to selectively release the cen-

tral and tip parts of the ESRRs to form a pair of “T” shaped

cantilevers in an ESRR unit cell as shown in Fig. 1(b).

Upon release, the bimaterial cantilevers will curve upwards

due to the residual stress between the Al and Al2O3 layers

and can be qualitatively observed as increasing out-of-focus

along the tip part in the optical microscopy image as shown

in Fig. 1(b). The maximum vertical distance between the

tip of the released microcantilever and Si substrate is

termed as “release height (d)” and was measured to be

2.7 lm at room temperature using a reflection based digital

holographic microscope. The desired value of release

height can be engineered by altering the length and thick-

ness ratio of Al and Al2O3 layers of the cantilever.37 The

bimaterial layers with a large difference in their coefficient

of thermal expansion allow for efficient control of release

height through thermal stimulus. A change in out-of-plane

displacement of the bimaterial cantilever (Dd) upon chang-

ing the temperature by DT with respect to room temperature

(293 K) is given by the following equation:

Dd ¼
3wmwdEmEdtmtd tm þ tdð Þ am � adð ÞDT:ðclÞ2

ðEmwmt2mÞ
2 þ ðEdwdt2dÞ

2 þ 2wmwdEmEdtmtd 2t2
m þ 3tmtd þ 2t2

d

� � ; (1)

where “w” is the width, “t” is the layer thickness, “E” is

Young’s modulus, “a” is the coefficient of thermal expansion

(CTE), and the subscripts “m” and “d” represent the metal

(Al) and dielectric (Al2O3) layers of the bimaterial cantile-

ver, respectively. From Eq. (1), the two parameters which

determine the direction of reconfiguration are the relative

difference between the CTE values of constituent materials

(i.e., Da¼ am � ad) and the gradient of temperature change

(DT¼ 293 K � T). The CTE value for thin film Al is am �
18.5� 10�6 K�138 and that of thin film Al2O3 is

�4.22� 10�6 K�1.39 Here, the Al layer is placed on top of

Al2O3, and hence, Da is always positive. Hence, the gradient

of temperature change is exploited for achieving the bidirec-

tional reconfiguration in microcantilevers. The room temper-

ature of 293 K is considered as the reference point, as there

is no external control signal provided. The optical image of

the ESRR at 293 K is shown in Fig. 1(e). As the temperature

is decreased from room temperature, the gradient of DT

becomes positive, and the cantilever curves in the upward

direction are shown in Fig. 1(d) for DT¼þ143 K. With the

increasing value of DT, the upward curvature increases and

is seen as the larger out-of-focus of the cantilever for

DT¼þ216 K in Fig. 1(c). Alternatively, when the tempera-

ture is increased above room temperature, DT becomes nega-

tive and the cantilever deforms in the downward direction.

When the temperature is increased to 350 K from 293 K, the

cantilevers move closer to the Si substrate as shown in Fig.

1(f), and for 400 K, the cantilevers completely come in phys-

ical contact with the Si substrate and the entire ESRR along

with released cantilevers, optically comes in-focus as shown

in Fig. 1(g). This defines the limit for the maximum negative

temperature gradient that can be utilized for the reported

metadevice.

The THz response of the fabricated microcantilever meta-

material was characterized using the THz time domain spec-

troscopy (THz-TDS) system. A liquid nitrogen cryostat

incorporated with a heating stage was integrated into the THz-

TDS system to probe the positive and negative gradients of

thermal stimulus. The cryostat with a temperature controller

allowed for precise controlling of temperature from 77 K to

400 K. The THz wave excites the sample at normal incidence

with the polarization direction along the in-plane gap of the
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ESRR (Ey). The transmission through the metamaterial was

normalized with the transmission through the bare Si substrate

of the same thickness to eliminate the influence of the Si sub-

strate from metamaterial response. The normalized transmis-

sion response of the microcantilever metamaterial is shown in

Fig. 2. At room temperature of 293 K, the fundamental reso-

nance frequency (fr) of ESRR was measured at 0.4 THz. With

decreasing temperature, the resonance frequency continuously

blue shifted to 0.42 THz at 77 K. On the other hand, with

increasing temperature, the resonance frequency red shifted

and saturated at 0.32 THz for 400 K. The change in resonance

frequency of the fabricated metamaterial was calculated to be

0.02 THz for the complete range of positive gradient of tem-

perature, DT¼þ216 K. On the other hand, for the negative

gradient range, the change in resonance frequency was

0.08 THz for the temperature change of DT¼�107 K. Hence,

the shift in resonance frequency with the negative temperature

gradient was significantly higher than that for the positive

temperature gradient for the fabricated metamaterial. The

measured electrical inductive-capacitive (ELC) resonance fre-

quency (fr) at varying temperatures is also shown in Fig. 3(a)

that clearly highlights a larger shift in resonance frequency for

the negative temperature gradient, relative to the case of the

positive temperature gradient. The enhancement in the tunable

range (DTR) due to the bidirectional (upwardþ downward)

reconfiguration compared to the conventional microcantilever

metamaterials which provides only the downward reconfigura-

tion is calculated as DTR¼ (TRupþdown � TRdown)/(TRdown)

� 100%. The enhancement in the tunable range (DTR) was

calculated to be 37.5%, and this can be further altered by engi-

neering the microcantilever dimensions and metamaterial

design.37 Additionally, temperature dependent resonance line-

width (Df) and quality factor (Q¼ fr/Df) variations were also

observed from the measured transmission spectra as shown in

Fig. 3(b). With decreasing temperature, the linewidth and Q of

the ELC resonance remained relatively unchanged. However,

with increasing temperature, there was a strong narrowing of

the resonance linewidth and an increase in the Q factor. In

order to support these experimental observations, Finite

Differential Time Domain (FDTD) based simulations were

carried out.

The simulations were performed using Computer

Software Technology (CST) under unit cell boundary condi-

tions. For the material property, aluminum (Al) was mod-

elled as a lossy metal with a DC conductivity of 3.56 � 107

S/m.40 Aluminum oxide and silicon were modelled with

dielectric constants of 9.5 and 11.7, respectively. The change

in the release height (Dd) was analytically calculated using

Eq. (1) and is shown as a green-circle plot in Fig. 4(a).

Furthermore, finite element modelling (FEM) was carried

out to confirm the analytical results, and the simulated results

are shown as a pink-square plot in Fig. 4(a). The analytical

method slightly overestimates the release height due to the

approximation of the actual “T” shaped cantilever as a

straight cantilever with a larger effective length of 42 lm.

The bending profiles of the cantilever from FEM simulations

are shown in insets for 77 K, 293 K, and 400 K, and they

clearly show the upward deformation, reference deformation

angle, and downward deformation of the microcantilever,

relative to room temperature, respectively. In order to intro-

duce the out-of-plane deformation in the FDTD simulations,

a new parameter termed as the “release angle (h)” was used,

which defines the rotation angle between the microcantilever

and the flat Si substrate based on the release height of the

microcantilever at different temperatures. The inset of Fig.

4(b) shows the schematic definition of release height “d” and

release angle “h.” The release angle was calculated as

h¼ sin�1 (d/cl) for varying temperatures and is shown in

Fig. 4(b). With the calculated values of release angles at dif-

ferent temperatures, the resonance frequency of metamaterial

was then simulated. The simulated resonance frequency of

the ESRR microcantilever metamaterial at varying tempera-

tures are shown along with the measured values in Fig. 3(a).

The observed trend in the resonance frequency shift with

FIG. 2. Measured THz transmission response of the ESRR microcantilever

metamaterial at varying temperatures. DT is defined as (293 K � T), and

hence, temperature higher than 293 K represents negative DT and the reso-

nance frequency is red shifted, whereas temperature lower than 293 K repre-

sents positive DT and the resonance frequency is blue shifted with respect to

room temperature. The curves are plotted with vertical offset for better

visibility.

FIG. 1. Optical microscopy image of the fabricated ESRR microcantilever

metamaterial—(a) ESRR array at room temperature with periodicities of

Px¼ 120 lm and Py¼ 120 lm and (b) ESRR unit cell with geometrical

parameter definitions: bl¼ 80 lm, cl¼ 34 lm, tl¼ 20 lm, g¼ 4 lm, and

w¼ 4 lm. The OM image of the ESRR unit cell at (c) 77 K, (d) 150 K, (e)

293 K (reference point), (f) 350 K, and (g) 400 K is shown.
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temperature is identical for simulated and measured results.

The resonance frequency of the ESRR is given by fr¼xr/

2p¼ (2p2�Leff�Ceff)
�1/2, where Leff and Ceff are the effective

inductance and capacitance of the ESRR.24,41 Also, Ceff¼Ci

þCo, where Ci is the in-plane capacitance due to the split

gap between the central part of ESRR, while Co is the out-

of-plane capacitance due to the air gap between the released

cantilever and the Si substrate. Qualitatively, it can be under-

stood that with increasing (decreasing) air gap, Co will pro-

portionately decrease (increase), which in turn causes the

resonance frequency to blue shift (red shift). The mismatch

between the simulated and measured values of fr at all tem-

peratures, except 400 K is primarily due to the assumption of

the linear cantilever profile in simulation, but in reality, there

is a non-linear curvature to the cantilever when it is released

as shown in the left inset of Fig. 4(b). This approximation

underestimates the Co value compared to the actual case, and

hence, the simulated fr values are higher compared to the

measured value. However, the measured and simulated reso-

nance frequency of ESRR matches well for 400 K, when

there is no out-of-plane air-gap (h¼ 0), since the simulation

model represents the actual device more accurately as shown

in the right inset of Fig. 4(b). It is important to note that even

with mismatch in the exact values, this assumption of linear

cantilever profile in simulation provides the necessary

insights for elucidating the physical mechanism of the light-

matter interaction of the microcantilever metamaterial with

incident THz waves at varying temperatures.

The electric field confinement in the ESRR microcantile-

ver metamaterial was simulated for varying release angles. The

electric field at each release angle was readout at the tip of the

microcantilever, where the field confinement is the maximum

and is shown in Fig. 5(a). The field confinement decreases log-

arithmically, signifying a more delayed decay due to the persis-

tent coupling between the microcantilevers and Si substrate

even at a larger release angle as shown in Fig. 5(a).42 The abso-

lute values of electric field confinement will vary in the actual

device owing to the losses in the Si substrate, fabrication

errors, inaccuracy in material properties, cantilever curvature

profile, and other environmental factors that may arise in the

experiments. The simulated electric field profile at varying

release angles of 0�, 4�, 8�, and 14� is shown in Figs.

5(b)–5(e), respectively, and confirms the significant decrease

in field confinement at larger release angles. The strong field

confinement at a lower release angle is majorly due to the pres-

ence of high refractive index Si substrate. Due to this tight con-

finement of electric field at negative gradient of temperature,

the radiative losses in the system are reduced significantly,

thereby enabling higher quality factor resonance. However,

when the cantilever moves away from the substrates, the field

confinement is much lower and hence the resonance becomes

highly radiative and hence reduces the quality factor as

observed in the case of resonances for positive temperature

gradient. Additionally, the conductivity of thin Al metal is also

impacted by temperature but is not as significant as in the case

of bulk Al and hence is neglected.43

In summary, a bidirectional reconfigurable microcantile-

ver is experimentally reported as an active element, which is

integrated into electrical split ring resonator geometry for

advanced manipulation of terahertz waves. The access to the

additional reconfiguration direction through thermal stimulus

enabled enhancement in the tuning range by 37.5%, continu-

ous tunability, and repeatable operation. The proposed

approach is highly versatile in design, provides enhanced

electro-optic performance, uses CMOS materials and pro-

cesses, and is highly robust in operation, thus making it

highly attractive for numerous high performance THz devi-

ces not only for commercial applications but also for niche

and harsh environments such as space, deep-sea, and polar

applications.

FIG. 3. (a) Simulated (black-dashed-square) and measured (red-solid-circle)

resonance frequency, fr, of the ESRR microcantilever metamaterial at vary-

ing temperatures from 77 K to 400 K. The inset shows the out-of-phase cir-

culating current in the two SRRs forming the ESRR unit cell for Ey

polarization of incident THz waves, signifying the excitation of the electrical

inductive-capacitive (ELC) resonance mode of ESRR. (b) Linewidth, Df

(green-solid-square), and quality factor, Q¼ fr/Df (blue-hollow-square), of

the measured ELC resonance at different temperatures.

FIG. 4. (a) Depicts the analytically calculated values (green-circle) and

FEM simulated (pink-square) values of change in the release height (Dd)

with respect to temperatures. The insets show the FEM simulated change in

the deformation profile of the microcantilever at 77 K, 293 K, and 400 K. (b)

Depicts the analytically calculated values of the release angle with respect to

temperature. The left inset shows the fabricated microcantilever suspended

on top of the Si substrate at room temperature and the simulation model

designed by assuming a linear profile of the cantilever with a specific release

angle, h. The right inset shows the fabricated microcantilever at 400 K and

the accurate simulation model by using h¼ 0�.

FIG. 5. (a) Simulated (orange-star) maximum electric field in the ESRR unit

cell for varied release angles. The dotted green curve is fitted for the simu-

lated values using the logarithmic function. The simulated electric field dis-

tribution for the ESRR unit cell for different release angles—(b) h¼ 0�, (c)

h¼ 4�, (d) h¼ 8�, and (e) h¼ 14�.
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