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Abstract 

Tunable transmission filters are essential for various key terahertz applications including 

miniaturized spectrometers, hyperspectral imagers and channel selectors in high-speed wireless 

communication systems. However, tunable terahertz transmission filters have remained 

elusive, so far. Here, we report an electromechanically reconfigurable microcantilever 

integrated complementary metamaterial to function as a frequency-agile bandpass transmission 

filter at terahertz spectral region. A large tunable range of 70% at central frequency of 0.455 

THz is designed and the experimental results show switching of terahertz transmission 

frequency range of 54% at central frequency of 0.5 THz. The proposed electromechanically 

reconfigurable metadevice provides large tunable range, uses electrical control, and is 

fabricated using CMOS compatible materials and process, thus making it highly attractive for 

the realization of plethora of miniaturized high-performance terahertz components and devices. 
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Terahertz (THz) part of the electromagnetic spectrum spans from 0.1 – 10 THz and has 

immense potential to enable a wide range of disruptive applications, including next-generation 

high-speed wireless communication, non-destructive bioimaging, food quality inspection and 

fingerprint sensing of chemicals and explosives.[1] However, THz technological advancement 

has remained slow-paced, owing to the complexity in scaling of existing microwave electronics 

and infrared photonic solutions to THz frequencies. THz waves also have minimal interaction 

with naturally occurring materials, thus making it hard to realize efficient and compact THz 

devices. Recently, artificially engineered materials termed as “metamaterials” have shown 

great promise for strong interaction and enhanced manipulation of THz waves.[2] Metamaterial 

is an array of subwavelength structures, whose properties can be designed through unit cell 

geometrical shape and size. Metamaterials are functionally versatile, spectrally scalable, and 

extremely thin and lightweight. Further, the properties of the metamaterials can be dynamically 

varied, either by incorporating active material within the unit cell or through structural 

reconfiguration of unit cells by integrating microelectromechanical systems (MEMS)-based 

actuators. These metamaterials with dynamically reconfigurable properties are popularly 

termed as “THz metadevices”.[3] A wide range of THz metadevices have been reported for 

varied THz functionalities including amplitude modulation,[4] frequency tuning,[5] polarization 

switching,[6] phase control,[7] tunable group-delay,[8] and dynamic beam steering.[9] However, 

the realization of one of the most important functional devices - the tunable bandpass 

transmission filter has remained elusive. Tunable transmission filters are essential for wide 

array of compact THz systems including miniaturized spectrometers, hyperspectral imagers 

and channel selectors in next generation high-speed wireless communication systems. Wide-

band THz bandpass filters can be adopted for certain THz applications, however for 

aforementioned ones, narrowband filtering response with spectral tunability is essential.[10] 

Most of the reports on conventional metadevice-based tunable transmission filters are of band-

stop type.[5, 11] Alternatively, active control of bandpass transmission filters have also been 
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reported by integrating active materials with complementary metamaterials.[12] Various 

approaches reported for active control THz transmission filters using metamaterials, include 

electrical control of depletion region in Schottky diode,[13] electrical gating of graphene,[14] 

thermal control of superconducting hole array,[15] elemental doping of Si,[16] photodoping of 

semiconductors [17], and phase transition materials.[18] However, these approaches provide 

modulation of transmission amplitude at a specific frequency, rather than the desired spectral 

shift of the transmission peak. The demonstration of spectrally tunable THz metadevice is still 

lacking, mainly due the unavailability of natural material with large tunable refractive index at 

THz frequencies. Alternatively, spectrally tunable THz transmission filter has also been 

reported using Fabry-Perot filters and near-field coupled metallic grid lines and resonators, but 

they have large device footprint and require complex processing.[19] Here, we report an 

electromechanically reconfigurable cantilever integrated complementary electrical split ring 

resonator (CESRR)-based THz metamaterial as a tunable bandpass transmission filter. A large 

tunable range of over 70% with central frequency of 0.455 THz is designed. The proposed filter 

is fabricated using complementary metal oxide semiconductor (CMOS) compatible materials 

and process and hence will be a key step towards the realization of various miniaturized THz 

systems.  

The proposed MEMS integrated THz complementary metadevice consists of a 2D array of 

rectangular hole with a suspended “T”-shaped cantilever, as shown in Figure 1a. The 

metadevice unit cell is a complementary electrical spit ring resonator (CESRR). The 

geometrical dimensions of the CESRR are as follows – square periodicity (p) = 100 µm, hole 

length (hl) =60 µm, hole width (hw) = 40 µm, cantilever length (cl) = 58 µm, cantilever width 

(cw) = 5 µm, tip length (tl) = 20 µm, and in-plane gap (g) = 2 µm, as shown in Figure 1(b). 

The cantilevers are made of bimaterial stack consisting of 500 nm aluminum (Al) on top of 50 

nm aluminum oxide (Al2O3). The metadevice is fabricated on a lightly doped silicon (Si) 

substrate using a CMOS compatible process.[20] Silicon-di-oxide (SiO2) is used as the sacrificial 
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layer, which is isotropically etched using vapor hydrofluoric acid to selectively release the 

central “T”-shaped cantilevers of the CESRR unit cells.  The optical microscope (OM) image 

of the fabricated MEMS CESRR metadevice is shown in Figure 2a. Upon release, the 

suspended “T”-shaped cantilevers curve upwards, owing to the residual stress in the bimaterial 

Al/Al2O3 stack. The initial tip height of the released cantilever (δi) is measured to be ~ 6.2 µm, 

which is significantly higher than the sacrificial SiO2 thickness of 0.15 µm. Electrostatic 

actuation is adopted for active reconfiguration of released cantilevers. When the voltage 

applied between the Al layer of the released cantilevers and the Si substrate increases, the 

attractive electrostatic force continuously deforms the cantilevers toward the substrate. After a 

certain critical voltage, called the pull-in voltage (VPI), the cantilevers switch to make physical 

contact with the substrate. Hence, electrostatic actuation allows for deformation of the released 

cantilevers from δ = δi to 0 µm. These initial and final states are termed as the OFF-state and 

ON-state of the MEMS CESRR metadevice and are shown in Figure 2a and 2b, respectively.   

Electromagnetic simulations are performed using computer simulation technology (CST) 

software to elucidate the resonant THz transmission behavior of the proposed MEMS CESRR 

metadevice. Al is modelled as lossy metal with DC conductivity of 3.56x107 S/m, while Al2O3 

and Si is modelled as lossless dielectric with relative permittivity of 9.9 and 11.67, respectively. 

The incoming THz wave impinges at normal incidence with electric field polarized along the 

length of the cantilever i.e. EX, as shown in Figure 1a. The curvature of released cantilever is 

modelled by bending the cantilever with a predefined release angle (θ). The simulated 

transmission spectra of the MEMS CESRR metadevice with varying release angle (θ) for the 

spectral window of 0.2 – 0.95 THz is shown in Figure 3a. When θ = 0°, the cantilever lies flat 

on the substrate and the corresponding resonance transmission peak is observed at 0.296 THz. 

With increasing θ, the resonance frequency continuously blue shifts and at θ = 12°, the 

resonance is observed at 0.614 THz. The surface current and electric field confinement of the 

MEMS CESRR metadevice at θ = 0° and 12° are simulated at the respective resonance 
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frequency of 0.296 THz and 0.614 THz. At θ = 0°, a strong surface current is induced along 

the length of the “T”-shaped cantilever which is antiparallel with respect to the surrounding 

metallic regions, as shown in Figure 3c. The antiparallel circulating current configuration of 

the CESRR unit cell for EX-polarized THz incidence confirms the excitation of electrical 

inductive-capacitive (ELC) resonance mode.[21] A strong electric field confinement in the in-

plane gap (g) is observed for θ = 0°, as shown in Figure 3d.  With increasing release angle θ, 

the tip height δ of the cantilever increases. This leads to reduced THz field at the surface of Si 

substrate and majority of the field remains in the air region between the cantilever and the 

substrate. The lower refractive index of the air compared to Si substrate, causes the resonance 

frequency of the MEMS CESRR metadevice to blue shift with increasing θ, as shown in Figure 

3a.[22] This elucidation is further verified by the exponential dependence of the spectral shift of 

resonance frequency with release angle θ, as shown in Figure 3b. The simulated surface current 

for θ = 12° at 0.614 THz also shows an antiparallel circulating current configuration, which 

confirms the resonance to be the ELC mode, as shown in Figure 3e. However, the field 

confinement for θ = 12° is significantly weakened due to the large out-of-plane gap between 

the cantilever and the Si substrate, as shown in Figure 3f. The normalized spectral shift is 

calculated as Δfnorm = Δf/fC x 100%, where Δf is the maximum spectral shift and fC is the central 

frequency of the tunable range. The simulated Δfnorm for the MEMS CESRR metadevice is 70% 

with fC at 0.455 THz.  It is important to note that the spectral shift can be further increased by 

increasing the initial release angle, which can be achieved by reducing the thickness of Al layer 

of the bimaterial cantilevers.[23] However, the exponential dependence of release angle will 

limit the enhancement of achievable spectral shift. Additionally, the Al thickness scaling will 

be ultimately limited by the skin depth of Al at THz frequencies which is ~120 nm at 0.45 THz.  

Apart from the spectral shift of resonance frequency, the resonance transmission amplitude and 

quality (Q)-factor are also varied with increasing θ, as shown in Figure 3g. Increasing θ, 

increases the mode volume i.e. the volume in which the resonance mode is confined. [22] As the 
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mode volume increases, the radiative loss increases which lead to an increase in the far-field 

resonance transmission accompanied by a corresponding decrease in Q-factor. For the MEMS 

CESRR metadevice, changing release angle from θ = 0° to 12°, shows an increase in resonance 

transmission amplitude from 0.55 to 0.68, while the corresponding Q-factor reduced from 9.5 

to 5.5. Hence, the resonance transmission amplitude and Q-factor forms trade-off design 

parameters and should be designed appropriately based on the application needs for the 

proposed THz filters.  

Electromechanical characterization of the fabricated metadevice is carried out using 

sensofar metrology tool. The released metadevice is wire bonded to a printed circuit board with 

leads, to apply voltage between the Al layer of the cantilever and Si substrate. A power supply 

is used to apply variable input voltage (Vi) and the deformation profile of a single cantilever is 

measured at each Vi. The tip height of a released cantilever (δ) with varying input voltage Vi is 

shown in Figure 4a. The initial δ of the fabricated metadevice in OFF state i.e. for Vi = 0 V, is 

measured to be ~6.2 μm. The corresponding OM image of the OFF-state cantilever is shown 

as the top-left inset in Figure 4a. The OM image clearly shows increasing out-of-focus from 

the anchor region to the cantilever tip, which confirms the upward curvature of the released 

cantilever. When Vi is increased between the Al layer of the released cantilevers and Si 

substrate, opposite charges accumulate on either surface. This leads to an attractive electrostatic 

force, which continuously deforms the suspended cantilevers toward the fixed substrate.  

However, the range of continuous deformation is limited by the pull-in instability of the 

electrostatic actuator, beyond which the cantilever cannot have a stable displacement and will 

move rapidly towards the substrate until it comes in physical contact with it.  The pull-in 

voltage (VPI) is determined by the geometrical parameters and constituent materials of the 

cantilever as well as the tip height (δ) of the released cantilever. The pull-in voltage (VPI) of a 

fabricated cantilever is measured to be 20.7 V and corresponds to ON state where the cantilever 

comes in complete contact with the Si substrate i.e. δ = 0 μm, as shown in Figure 4a. The flat 
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profile of the ON-state cantilever is also confirmed by the OM image shown as the bottom-

right inset in Figure 4a. To study the influence of fabrication-related non-uniformities, the 

released metadevice is placed under an OM with a wide field of view covering 192-unit cells. 

OM images of the metadevice are captured at varying input voltage. In the initial state, when 

no input voltage was applied i.e. for Vi = 0 V, most of the cantilevers are suspended and  

representative 4 x 4 unit cells are shown as the left inset in Figure 4b. Even for Vi = 0 V, ~15% 

of the cantilevers are not released and remained flat i.e. touching the substrate. This could be 

caused due to inconsistency in the fabrication process. When Vi is increased to 17 V, the 

released cantilevers move down towards the substrate with δ ~ 5.5 μm. However, when Vi is 

greater than 18 V, some of the cantilevers switch to ON state (δ = 0 μm), due to pull-in effect. 

With further increase in Vi, the number of switched cantilevers increased, as shown in the 

middle inset of Figure 4b for Vi = 20 V. At Vi = 24 V, all the cantilevers are switched to ON 

state, as shown in right inset of Figure 4b. Hence, the pull-in voltage of the released cantilevers 

within a single fabricated metadevice varied between 18 V to 24 V. This variation in pull-in 

voltage of cantilevers within a single metadevice is caused due to the fabrication-related non-

uniformities and could adversely affect the continuous tunability of the resonance frequency of 

the fabricated MEMS CESRR metadevice.  

THz characterization of the fabricated MEMS CESRR metadevice is carried out using 

Picometrix THz- time domain spectrometer placed inside a nitrogen gas filled chamber. The 

THz transmission through the metadevice is normalized with transmission through bare Si 

substrate. The normalized THz transmission of the fabricated metadevice with increasing input 

voltage (Vi) is shown in Figure 5a. At Vi = 0 V, a resonance transmission peak can be clearly 

observed at 0.64 THz. The normalized resonant THz transmission amplitude at 0.64 THz is 

~0.15, which is significantly lower than the simulated value of ~0.68 at 0.614 THz. The 

mismatch in the transmission amplitude arises from the large difference between the two Si 

test wafers used for fabrication of the metadevice and reference, in terms of resistivity (> 1 
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Ohm cm) and thickness variation of ±25 µm. Hence, with proper referencing, the normalized 

resonance THz transmission amplitude through the metadevice will closely match with the 

simulated values of ~0.68. Upon increasing Vi from 0 V to 21 V, a strong change in resonance 

transmission amplitude is observed along with a small red shift in the resonance frequency. 

When the Vi is increased to 22 V, the resonance transmission around 0.64 THz dropped by 

60% and a new peak emerged around 0.37 THz. With further increase in Vi, the transmission 

amplitude at 0.64 THz continued to drop, while the resonance peak at 0.37 THz grew stronger. 

The transmission amplitude at 0.64 THz and 0.37 THz for varying Vi is shown in Figure 5b 

and it shows the active switching of the resonance frequency from 0.64 THz to 0.37 THz within 

the pull-in window of 18-24 V. The observed THz experimental result matches with the 

electromechanical experimental result shown earlier in Figure 3b. Hence, quasi-continuous 

tunable range of 54% at fC ~ 0.5 THz was experimentally achieved with the proposed MEMS 

CESRR metadevice. To further validate the switching behavior of the metadevice due to the 

fabrication-related inhomogeneity, detailed simulations are carried out by considering a 4 x 4 

unit cells as a metadevice super cell. The initial model consisted of 16 unit cells with cantilevers 

deformed at θ = 12°, mimicking the as-fabricated metadevice configuration. Gradually, the 

number of unit cells in switched states i.e. θ = 0° is increased and the simulated transmission 

is shown in Figure 5c. The trend in the simulation result matches quite well with the 

experimental results shown in Figure 5a.  The slight mismatch between the measured and 

simulated values can be attributed to the variation in the cantilever profile of the fabricated 

metadevice, material properties used in simulations as well as the measurement-related 

inaccuracies. However, the resonance switching from 0.614 THz to 0.296 THz can be clearly 

observed as the number of switched cantilevers within a supercell increases, as shown in 

Figure 5d. Hence, it is evident that the fabrication related inhomogeneity limited the 

continuous tunability of the fabricated MEMS CESRR metadevice. It is important to note that 

extensive process optimization can aid in the narrowing of the pull-in range and thereby enable 
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a more gradual deformation of the cantilever, which will lead to quasi-continuous tuning of 

resonance frequency [24]. Alternatively, thermal actuation can be directly employed to achieve 

continuous reconfiguration in dual direction, which could enable much larger tunable range for 

the narrowband transmission window.[22] However, this needs bulky setup to enable both 

heating and cooling of the metadevices. Electrothermal approach provides a miniaturized 

solution for thermal actuation but is limited to single reconfiguration direction, albeit a 

continuous one.[5b]  However, electrothermal approach is power hungry and slow. Piezoelectric 

actuation could be the potential direction going forward to enable continuous and bi-directional 

reconfigurability for THz MEMS metadevices but will have limited tunable range and requires 

complex processing.[25] Additionally, the non-uniformity of the cantielvers in the fabricated 

metadevice and stiction issue, limits the switching speed and reliability of the metadevice. 

Detailed co-optimization across THz metasurface design, MEMS actuator design and 

fabrication process can enable MEMS THz CESRR metadevice with microsecond switching 

time with high reliability. 

In summary, an electromechanically reconfigurable complementary metadevice is reported 

for continuous tuning of narrowband terahertz transmission. The simulated tunable range of 

70% at the central frequency of 0.455 THz is designed, while the experiments show a frequency 

switching behavior from 0.64 THz to 0.37 THz. Further design and process optimization will 

enable a continuous and large tunable range for the MEMS-based narrowband THz 

transmission filters. The proposed approach is highly versatile in design, consumes low power 

and uses CMOS-compatible processes, thus making it highly attractive for numerous high-

performance THz filtering applications including miniaturized spectrometers, hyperspectral 

imagers, and channel selectors in next generation high-speed wireless communication 

networks. 

 



  

10 

 

Acknowledgement 

This study was supported by the Advanced Manufacturing and Engineering Programmatic 

Grant no (A18A5b0056). 

 

Data Availability 

The data that support the findings of this study are openly available in DR-NTU (Data) at 

https://doi.org/10.21979/N9/UCSDQF, reference number [UCSDQF]. 

 

 

Figures 

 

 

 

Figure 1: Schematic of MEMS complementary electrical split ring resonator (CESRR) 

metadevice – (a) CESRR array after release with the input voltage (Vi) applied across the Al 

layer and the Si substrate and (b) CESRR unit cell with geometrical parameter definitions, p = 

100 µm, hl = 60 µm, hw = 40 µm, cl = 58 µm, cw = 6 µm,  tl = 20 µm, g = 2 µm, and δ ~ 6.2 

µm, respectively. The curved up released cantilever (dark orange) shows the OFF-state 

configuration, when Vi = 0 V and flat cantilever (light orange) shows the ON-state 

configuration of the cantilever, when Vi > VPI.  
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Figure 2: Fabricated MEMS CESRR metadevice – (a) Optical microscope (OM) image of the 

fabricated MEMS CESRR metadevice at Vi = 0 V. Inset shows the corresponding CESRR unit 

cell with a curved-up cantilever in OFF-state. (b) OM image of the MEMS CESRR metadevice 

at Vi = 24 V.  Inset shows the corresponding CESRR unit cell with a flat cantilever indicating 

the ON-state.  
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Figure 3: Electromagnetic simulation of MEMS CESRR metadevice - (a) Simulated THz 

transmission spectra for the MEMS CESRR metadevice with varying release angle, θ. (b) 

Simulated resonance frequency of the MEMS CESRR metadevice with varying release angle , 

θ showing the exponential dependence (dotted line) and inset showing the linear dependence 

of release angle, θ and tip height of the released cantilever, δ. Simulated surface current of 

CESRR unit cell for (c) θ = 0° at 0.296 THz and (e) θ = 12° at 0.614 THz, respectively. The 

antiparallel circulating current configuration confirms the electrical LC resonance mode for 

Ex-polarized THz incidence. Simulated value of absolute electric field confined in CESRR unit 

cell at the Si surface for (d) θ = 0° at 0.296 THz and (f) θ = 12° at 0.614 THz, respectively. (g) 

Simulated THz transmission amplitude and Q-factor of the MEMS CESRR metadevice with 

varying release angle, θ.  
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Figure 4: Electromechanical characterization of MEMS CESRR metadevice - (a) Tip height 

of the cantilever (δ) with varying input voltage (Vi). A gradual deformation of the cantilever is 

observed until Vi = 20 V, after which the cantilever snaps and comes in physical contact with 

the Si substrate. The top-left inset shows the OM image of the CESRR unit cell in OFF-state 

for Vi = 0 V and bottom-right inset shows the OM image of the CESRR unit cell in ON-state 

for Vi = 22 V.  (b) Percentage of number of cantilevers in ON-state i.e. switched cantilevers 

with increasing voltage in an array of 192 unit cells. The left, middle and right inset shows the 

OM image of representative 16 unit cells at 0 V, 20 V and 24 V, respectively.  
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Figure 5: THz characterization of MEMS CESRR metadevice - (a) Measured THz 

transmission of the MEMS CESRR metadevice with increasing input voltage, Vi. (b) The 

transmission amplitude of the metadevice at 0.64 THz and 0.37 THz with increasing voltage, 

showing a switching behavior within the pull-in window highlighted in grey color. (c) 

Simulated THz transmission of the MEMS CESRR metadevice with 4 x 4 unit cells as a super 

cell and varying the percentage of switched (ON-state) cantilevers. (d) The simulated THz 

transmission amplitude at 0.614 THz and 0.296 THz with percentage of switched cantilevers.  
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