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Abstract: Metamaterials, consisting of subwavelength
resonant structures, can be artificially engineered to yield
desired response to electromagnetic waves. In contrast to
the naturally existing materials whose properties are
limited by their chemical compositions and structures, the
optical response of metamaterials is controlled by the
geometrics of resonant unit cells, called “meta-atoms”.
Many exotic functionalities such as negative refractive in-
dex, cloaking, perfect absorber, have been realized in
metamaterials. One recent technical advance in this field is
the active metamaterial, in which the structure of meta-
materials can be tuned to realize multiple states in a single
device. Microelectromechanical systems (MEMS) technol-
ogy, well-known for its ability of reconfiguring mechanical
structures, complementary metal-oxide-semiconductor
(CMOS) compatibility and low power consumption, is
perfectly suitable for such purpose. In the past one decade,
we have seen numerous exciting works endeavoring to
incorporate the novel MEMS functionalities with meta-
materials for widespread applications. In this review, we
will first visit the fundamental theories of MEMS-based
active metamaterials, such as the lumped circuit model,
coupled-mode theory, and interference theory. Then, we
summarize the recent applications of MEMS-based meta-
materials in various research fields. Finally, we provide an
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outlook on the future research directions of MEMS-based
metamaterials and their possible applications.
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1 Introduction

Metamaterials, which consist of subwavelength resonant
structures, have garnered significant research attention
since the first experimental demonstration of negative
refractive index [1]. One of the unprecedented features in
such metamaterials is that their effective properties can be
artificially engineered, sharply different from the tradi-
tional naturally existing materials whose properties are
limited by the chemical compositions. Thanks to the design
flexibility offered by metamaterials, numerous intriguing
phenomena have been explored and investigated with
applications in a broad frequency range, such as perfect
absorption [2-5], slow light [6-8], metalens [9-11] and
chiral metamaterials [12-14]. As one of the recent advanced
technologies, active metamaterials hold the promise for the
dynamic modulation of light, including amplitude, phase,
beam shape and etc. To implement the active control of
electromagnetic (EM) wave, many materials have been
reported in the past a few years, such as liquid crystals [15,
16], graphene [17-19], phase change materials [20-22],
ferroelectric materials [23, 24] and semiconductors [25, 26].
These materials provide various tuning mechanisms.
Liquid crystals can orient itself from the anisotropic state
into the isotropic state electrically [27, 28], optically [29,
30], magnetically [31] and thermally [32], creating change
in the optical properties such as the refractive index. Liquid
crystal can be employed as either the ambient background
or the metasurface itself. Graphene has a low carrier den-
sity of states near the Dirac point so that the gate voltage
can tune the Fermi level [33], as well as the resonance
frequency. The graphene itself can also be patterned as
resonators [34]. Ferroelectric materials such as lithium
niobate (LiNbOs) and barium strontium titanate (BST) can
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tune the refractive index thermally and electrically a result
of their asymmetry crystal structure. The contrast in the
refractive index is more significant if ferroelectric materials
are operated around the Curie temperature. Two types of
phase change materials are recently emerging: chalco-
genide and vanadium dioxide (VO,). Chalcogenide phase
change material is a ternary compound consisting of
germanium (Ge), antimony (Sh), and tellurium (Te). It can
transit between the crystal state and amorphous state upon
the heating and cooling cycle and both of these two states
are nonvolatile with zero holding power [21, 22]. VO,, on the
other hand, can transit between metal and insulator state
upon heating [35, 36]. Semiconductor, which can be either
the substrate or part of the metamaterials, can photoexcite
the extra carriers by laser and thus tune the electric prop-
erties of the resonance.

Among these tuning mechanisms, the most straight-
forward and efficient method is to geometrically change
the configurations of the unit cells because the effective
properties of metamaterials are determined by these unit
cells. This reconfiguration is enabled by the mature actu-
ating schemes in microelectromechanical system (MEMS)
technology, which can induce the displacement inside or
between the unit cells [37]. MEMS actuators provide gen-
eral tuning methods that can be applied to a broad fre-
quency range from terahertz (THz) to mid-infrared (MIR)
and even visible light. Although the shrinking feature sizes
of the metamaterials requires the reduced dimension of
actuators and more advanced lithography techniques, the
overall tuning mechanisms remain unchanged. Besides,
the monolithic integration of the MEMS actuators and
metamaterials are compatible with the current Comple-
mentary-Metal-Oxide-Semiconductor (CMOS) fabrication
platform.

MEMS technology contains not only the actuators as
tuning methods in metamaterials but also various physical
sensors that transform stimulus signals from the ambient
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environment into the electrical domains. In particular, the
most promising physical sensor that can be integrated with
metamaterials is the MEMS radiation detector in MIR and
THz where the incident EM wave is absorbed and transduced
into heat. Because the conventional radiation detectors like
thermopiles and bolometers lack wavelength selectivity and
high absorption efficiency [38, 130], the incorporation of
metamaterials helps to overcome these two bottlenecks.

In this review, we start from a brief overview of recent
advances in the MEMS-based metamaterials, followed by
their fundamentals that include lumped equivalent circuit
model, temporal coupled-mode theory, interference theory
and MEMS actuating mechanisms. In Section 3, we will
introduce the MEMS actuated metamaterials, which can be
categorized into the modulation of EM waves, manipulation
of the wavefront, tunable metasurface-based holograms,
tunable emitters/ perfect absorbers and logic operations. In
Section 4, we will focus on the plasmonically enhanced
physical sensors, including radiation sensors, strain sen-
sors, spectrometer and etc. Finally, we will give an outlook
and discussion about future technologies in this field.

2 Metamaterials and MEMS

A large portion of MEMS technologies can be classified into
two categories: actuators and sensors, which are collec-
tively known as transducers. Actuators transform non-
mechanical energy into mechanical motion, force or tor-
que. On the contrary, sensors usually transform mechani-
cal motion, which is the result of ambient environment,
into electric or optical outputs. Therefore, the combination
of MEMS and metamaterials creates two applications as
shown in Figure 1: MEMS actuated metamaterials and
plasmonically enhanced physical sensors. In the MEMS
actuated metamaterials, actuators enable the structure
reconfiguration and the active control of the unit cell,

Plasmonically
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Sensor

Spectrometer  Strain Sensor
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Figure 1: A block-diagram illustration for the integration of microelectromechanical system (MEMS) and metamaterials: MEMS actuated
metamaterials and plasmonically enhanced physical sensors. Milestones for the former include tunable emitter/absorber [40], hologram [41],
tunable waveplate [41], and metalens [42] while milestones for the latter include IR detector [43], spectrometer [44], strain sensor [45] and

photoswitch [46].
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demonstrating advanced tunability in infrared emitters/
absorbers [39], holograms [40], waveplates [41], and met-
alens [42]. The plasmonically enhanced physical sensor
makes use of the engineered spectral response from met-
amaterials, such as extraordinary optical transmission,
wavelength selectivity, and enhanced absorption. Mile-
stones include metamaterial integrated IR detector [43],
spectrometer [44], strain sensor [45] and photoswitch [46].
Furthermore, we note that there could be certain ambigu-
ities when the terms “metamaterials” and “plasmon” are
used. Strictly speaking, metamaterials are defined as arti-
ficial materials with engineered effective permeability and
permittivity, while plasmon is a phenomenon of the col-
lective oscillation of electrons and photons. However,
since the unit cells of many metamaterials are plasmonic
structures, plasmonics are sometimes considered as one
type of metamaterials. Conventionally, either term can be
adopted based on the specific applications. For example,
the term “metamaterials” may be preferred when far-field
spectra are concerned, while “plasmon” can better illus-
trate the near field localization for enhanced absorption or
sensing applications.

2.1 Theories and models of metamaterials

The key to designing tunable meta-devices with MEMS
technology is a comprehensive understanding of the
metamaterials. So far, the available theoretical methods
include lumped element circuit model [47-50], temporal
coupled-mode theory [51, 52], interference theory [53, 54],
etc. With their advantages and disadvantages, these
methods may be preferred for different aims. For example,
the lumped element circuit model allows ab initio calcu-
lation of the resonance frequency, bandwidth, and
extinction from the materials and structure geometries,
but the calculation process could be tedious and inaccu-
rate due to the non-uniform field charge and current
distribution in metamaterials. On the other hand, tem-
poral coupled-mode theory further simplifies the problem
into a model that only involves a few general parameters
such as coupling strength, external and internal damping
rates, making it useful for coupled systems with multiple
resonators [55-57]. Nevertheless, these parameters usu-
ally cannot be calculated directly but need to be extracted
from simulation or experiments. In addition to the above
two methods, metamaterials with planar structure may
also be explained by the traditional interference theory in
optics if the near-field coupling is negligible in the system.
Finally, despite the insights and valuable design rules
offered by these theoretical methods, the accurate
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calculation is still heavily dependent on numerical tools
based on the finite-difference time-domain method, finite
element method, etc. In the following, we will present a
more detailed discussion about these theoretical and
numerical methods.

2.1.1 Lumped equivalent circuit model

The lumped element model has been widely used in elec-
tronics, mechanical multibody systems, heat transfer,
acoustics, etc. because it can provide a simplified under-
standing of these spatially distributed systems. Especially,
microelectronic devices can usually be modeled into a
lumped RLC circuit that consists of three fundamental el-
ements, i. e., capacitor, inductor, and resistor. In meta-
materials, charges will be driven and displaced by the
electric field component of the incident light, forming a
dipole, which can be regarded as a micro/nano-scale
capacitor. Note that the external field is oscillating, cur-
rents flow inside metamaterials, where the inductance
should be considered. Lastly, the incident energy could be
dissipated through either Ohmic loss in metals or dielectric
absorption in the surrounding medium, which plays the
role of the resistor in the electronic circuit. Therefore,
metamaterials can be naturally modeled with an RLC cir-
cuit [48]. Considering a simple case where these elements
are connected in series. The resonance frequency, band-
width, and quality (Q)-factor are:

f=50vic ®
1 R
Af =57 @

Under illumination from free space, the reflection can
be calculated through the conventional transmission-line
model:

Z - Zo|?
R=
V4 +Zo (4)
where Z, = 377 Q is the impedance of free

space. Z is the impedance of the equivalent circuit
Z = R + j2afL + 1/( j2afC). In a more general case, the
elements may also be connected in a more complicated
way. An effective impedance should then be considered.
As an example, Chen et. al. reported a tunable terahertz
metamaterial using split-ring resonators (SRR) as shown
in Figure 2A [58]. The equivalent circuit is sketched in
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Figure 2: (A, B) Interpretation of a tunable
metamaterial with a lumped element circuit
model. D, G, Wand A are the dimensions of
designed split-ring resonator (SRR). L, C,
and R are the lumped elements, i. e.,
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inductor, capacitor and resistance,
respectively. Ry is the additional tunable
resistance which can be controlled by
external bias [58]. (C, D) Modeling of a
metamaterial perfect absorber with lumped
element circuit. The circuit is constructed
with only the information on materials and
structure dimensions [50]. (E) Analysis of
plasmonic resonance in the viewpoint of
temporal coupled-mode theory. By tuning
the absorptive and radiative losses, a
phase transition can be obtained between

the overdamped and underdamped regions [59]. (F) Interference theory of metamaterial perfect absorber. ry,, rag, 23, i, to; represent the
amplitude of reflection and transmission coefficients. @;,, @54, 055, 0,; denote the phase of reflection and transmission coefficients. 8 is the

propagation phase [54].

Figure 2B. In their design, an additional switchable
resistor can be introduced into the circuit by controlling
the depletion layer of the substrate via external bias. The
existence of this additional resistor certainly affects the
effective impedance of the equivalent circuit, leading to a
large modulation of THz transmission by 50%. This
lumped equivalent circuit model is widely applied in the
analysis of MEMS actuated metamaterials, especially the
pre-stressed cantilever-based metamaterials. The unit cell
of this type of metamaterial is a bimorph cantilever, where
the free end bends up and the other end is anchored at the
substrate. As in Eq. (1), the resonance frequency is
decided by the effective inductance and capacitance.
The former mainly comes from the metallic cantilever
while the latter is dominated by the air gap between
cantilever and substrate. When the cantilever is bent
down by external stimuli, the effective capacitance and
inductance are varied due to the change in the air gap and
projected length of cantilever, forming variable parts of
the LC circuit.

The disadvantage here is that the calculation of the
values of these elements is usually not straightforward.
Note that the charges and currents are oscillating in several
terahertz to hundreds of terahertz frequency, several ef-
fects including non-uniform charge/current distribution
and penetration in metal should be seriously considered.
Consequently, accurate closed-form formulas are usually
not available for the calculation of R, L, and C. Instead,
effective dimensions should be estimated, for example, by
adding an empirical scaling factor. Besides, the mutual
coupling between the neighboring elements should also be
considered to have good matching with simulated or

measured results. Figure 2C, D show an example of meta-
material perfect absorber which can be accurately modeled
with an equivalent circuit model by considering an effec-
tive length and mutual coupling between neighboring el-
ements [50].

2.1.2 Temporal coupled-mode theory

Another important method that has been widely used in
metamaterials is the temporal coupled-mode theory.
Unlike the lumped equivalent circuit model, the tem-
poral coupled-mode theory further simplifies the sys-
tems into multiple resonant modes with mutual
interactions. Since this method deals with mode instead
of elements, it provides clear and intuitive physical in-
sights that are especially useful in exploring new phe-
nomena. Starting from the simplest case where only one
resonator with one port exists, we can write the funda-
mental equations as [55]:

da 1 1 2
d_t = JWod — (T_O + T—e>a + T—e.5+ (5)
S. =8, +1 E.a (6)
Te

where |a|’ is the energy stored in the resonator, |s. |*and |s_|*
are the power of incident light and reflected light,
respectively. 1/, and 1/7, are the internal and external
decay rates of the mode. wy is the resonance frequency of
the mode. At a certain frequency w, the reflection
coefficient can be solved as
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From the equation, we can see that the perfect absorber at
the resonance frequency (w = w,) is achieved at a critical
coupling condition (1/7, = 1/7,). Besides, we can obtain the
modulated phase ¢ = arg(I'). This theory provides another
perspective to understand the pre-stressed cantilever-
based metamaterials, besides the above-mentioned lum-
ped equivalent circuit model. To form a one port single-
mode resonator, the metal-insulator-metal (MIM) cavity is
employed while the metamaterial on the top metal layer is
the bimorph cantilever. This electrostatically actuated
cantilever manipulates the radiative loss dynamically and
the intrinsic absorptive loss is fixed. By tuning the rela-
tionship between the two losses, an active phase transition
can be demonstrated as shown in Figure 2E [59]. Interest-
ingly, in the underdamped region (Q, = WoTo/2> Q, = WoTe/
2), the phase of I' changes by 27 for sweeping w; but in the
overdamped region (Q, = woTo/2< Q, = woT./2), the phase of
I’ changes less than 7.

A drawback of the coupled-mode theory is that the
relevant parameters including resonance frequency, in-
ternal and external damping rates, need to be extracted
from numerical simulation or calculated by the lumped
element model. Even so, this method provides valuable
physical insights that can guide the design process which
is especially useful in coupled systems. For example, the
coupled-mode theory has been successfully used in
explaining electromagnetically induced transparency (EIT)
[52, 60], Fano resonance [56, 61] and plasmonically
enhanced molecule sensors [57].

2.1.3 Interference theory

In most cases, metamaterials consist of multiple layers that
have mutual interactions through the far-field interference
and near-field evanescent coupling. In the cases of negli-
gible near-field couplings, metamaterials can be conve-
niently modeled by the traditional interference theory [53,
54]. This method is especially suitable for materials with
multilayer structures. As the first step of the interference
theory, the complex transmission and reflection coefficients
of each interface are calculated from Fresnel equations or
extracted from simulations. Secondly, the total far-field
response is the interference of all the light field after
considering multiple internal reflections. Surprisingly,
although the magnetic mode and near-field coupling have
been believed to play a role in metamaterial perfect
absorber, Chen demonstrated that this phenomenon can be
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explained by the interference theory, as shown in Figure 2F.
P12, F12, 12 and £ are the complex transmission and reflection
coefficients. The complex nature of the coefficients indicates
a phase discontinuity at the interfaces which is dependent
on the resonance of plasmons. § is the propagation phase.
Note that the reflection coefficient of the back reflector is —1.
The amplitude coefficient of overall reflection is

(e}

r=rp+ 2‘12%21 Zl (exp (]2ﬁ))n (—l)n (i’21)n71
e flzfuexp (]Zﬁ)
ey #nexp (j.2B) (®)

The involved parameters can be extracted from simulations
by removing the back reflector. This work reports a good
match between the interference theory and simulated
results from numerical tools. The advantage of this
method is to understand the response of metamaterials in
a traditional framework. However, it is only valid at the
absence of near-field coupling. Besides, the interference
theory does not provide clear guidelines for structure
design or materials selection. Lastly, these complex
transmission and reflection coefficients at each interface
cannot be calculated straightforwardly but have to be
extracted from simulations. Therefore, although the
interference theory provides an important viewpoint of
metamaterials, it faces some intrinsic weaknesses for
practical applications. This interference theory is mostly
applied to the metamaterial absorbers of multiple layers,
which play a crucial part in the MEMS infrared radiation
sensor by enabling wavelength selectivity and enhancing
detectivity.

2.1.4 Numerical modeling

Although the above theoretical frameworks have achieved
great success in providing valuable physical insights and
guidelines for design, accurate modeling of metamaterials is
still heavily dependent on the numerical tools [51]. Currently,
there have been many commercial software in the market for
this purpose. This software provides user-friendly interfaces
and integrated packages. However, special care should also
be paid to obtain the correct results. For example, metals are
usually regarded as perfect electric conductor (PEC) in THz
range, but this could be wrong in shorter wavelengths such as
infrared or visible range. In such regions, Ohmic loss of
metals becomes not negligible, and complex permittivity
should be considered in the simulation. Besides, the proper
mesh is also important to avoid either too heavy computation
load or artifacts due to rough mesh.
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The numerical tools provide both the far-field and
near-field information. While far-field spectra are more
important for practical applications, near-field plays a
critical role in identifying the resonance mode and inves-
tigating the mutual coupling. The near-field information
includes the distribution of electric field, magnetic field,
charge, and current [62-64].

2.2 MEMS actuation methods for
metamaterials

Because the geometric structures of the unit cell decide
the effective properties of metamaterials, the most effi-
cient tuning method is to reconfigure these unit cells,
which is realized by the MEMS actuators. The in-plane and
out-of-plane displacement, as well as the rotation, can be
introduced by four actuator schemes: electrostatic actu-
ation, electrothermal actuation, piezoelectric actuation,
and electromagnetic actuation. Each of them has its
intrinsic advantages and disadvantages. The electrostatic
actuator features fast response, simplicity in fabrication
and large travel distance. Its basic structure can be
simplified as two closely-placed electrodes with one sta-
tionary and the other moveable. When the voltage is
applied, the Coulomb force actuates the moveable elec-
trodes towards the stationary one and is balanced by the
restoring forces from the supporting spring. Therefore,
the final displacement is determined. Another important
feature of the electrostatic actuator is the pull-in or so-
called “snap-down” effect, which refers to a sudden
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physical contact between two electrodes when the
moveable electrode travels 1/3 of the capacitive gap [65].
This pull-in effect can be leveraged for the on-off switch in
metamaterials [39, 66]. Electrostatic actuators can be
classified into parallel plates and interdigitated comb
drives, which can respectively generate out-of-plane and
in-plane displacements [67, 68]. These two types of elec-
trostatic actuators are widely adopted by various MEMS
tunable metamaterials because they are easy to fabricate.
The parallel plates usually consist of a fixed bottom plate
and a movable top plate, between which there is an air
gap. Surface micromachining and bulk micromachining
are the two typical fabrication methods to create such an
air gap, as illustrated in Figure 3A,B. In the surface
micromachining method, silicon dioxide (SiO,) is usually
deposited as the sacrificial layer which is etched away
later by the hydrofluoric acid (HF). If SiO, etching is per-
formed in the HF solution, a critical point dryer process is
required to avoid the stiction, where the top membrane
touches down due to the capillary force. Another choice is
to perform the etching by HF vapor [69]. In the bulk
micromachining method, the backside silicon (Si) from
the handle wafer is usually fully etched in the potassium
hydroxide (KOH) solution. Then this released movable
chip is bonded with another unreleased stationery chip.
As the bonding interface and spacer, photoresist (typi-
cally SU8), polyimide and metal can be deposited or
coated on the unreleased chip. In addition to this out-of-
plane parallel plate structure, the in-plane comb drive is
usually fabricated from silicon-on-insulator (SOI) wafers,
as illustrated in Figure 3C. The frontside Si is firstly

Figure 3: Fabrication process for several
typical MEMS actuated metamaterials. The
number indicates the sequence in
fabrication. (A) Electrostatically actuated
parallel plate fabricated from the surface
micromachining method. It works as a
reconfigurable metamaterial infrared
emitter. The MIM structures are stack-
deposited and the SiO, is deposited as the
sacrificial layer, which is etched away for
the air gap [39]. (B) Electrostatically
actuated parallel plate fabricated from bulk
micromachining method. It works as the
tunable dielectric metalens. The doublets
are fabricated separately and then bonded
together with SU8 as the bonding interface.

Electrostatic actuator

Electrothermal actuator

The backside of the movable doublet is released [42]. (C) Comb-drive actuated metamaterials. Firstly on the front side, the electrodes and
metamaterials are deposited and Si is patterned into the comb drive. Then a protection layer of SiO, is deposited. Finally, the backside is
released for the movement [85]. (D) Pre-stressed cantilever based tunable metamaterials. The cantilever anchors are firstly defined on the
sacrificial layer of SiO,, followed by the deposition of Al,05 and Al. The residue stress from the bimorph bends up the cantilever after SiO, is
released. The cantilever can be actuated electrostatically or electrothermally [70, 75]. c-Si: crystalline silicon. a-Si: amorphous silicon.
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patterned into combs, which are then protected by
deposited SiO, in the following backside release process.
Finally, the protection layer of SiO, and the buried oxide
layer are etched away together by HF.

The electrothermal actuator is another common
actuating method in MEMS tunable metamaterials. It
usually consists of a pair of stacked materials with
different thermal expansion coefficients (TEC), such as
aluminum oxide (Al,05) and Si [70], silicon nitride (SiN)
and gold (Au) [71]. The major features are large actuation
force, slow response, and high power consumption.
Although in-plane displacements can also be realized by
the U-shape thermal actuators [72, 73], most of the elec-
trothermal actuators in metamaterials are cantilevers or
rings that leverage residue stress to realize out-of-plane
movements [70, 74]. Specifically as shown in Figure 3D, a
sacrificial layer of SiO, is deposited beneath the bimorph
and the residue stress builds up because bimorph mate-
rials are deposited at different elevated temperatures and
then cooled down to room temperature. After the removal
of the sacrificial layer, the mismatch in TEC manifested
itself as the initial vertical displacement at the free end.
The temperature variation from the current flow or the
ambient environment leads to the different expansion of
each material layer and thus the deformation towards the
material with smaller TEC [75, 76]. It is also feasible to
bend down the suspended cantilevers or rings by elec-
trostatic forces. A fundamental study has been performed
to characterize how the geometrical parameters of canti-
levers affect the residue stress and thus the tip displace-
ments [70].

Comparing to the electrostatic and electrothermal
actuators, piezoelectric actuators and electromagnetic
actuators are less employed. In the piezoelectric actuator,
an applied DC voltage across the electrodes of a piezo-
electric material, such as lithium niobate (LiNbOs),
aluminum nitride (AIN), zinc oxide (ZnO) and lead zirco-
nate titanate (PZT), results in a net strain that is propor-
tional to the magnitude of the electric field and leads to
the displacement. Although the piezoelectric actuator can
also tune the unit cell of metamaterials [77], it causes
unnecessary difficulties in the wafer-level fabrication
without introducing unique advantages so that it is hardly
employed as the actuating method. However, the piezo-
actuated MEMS metamaterials can be applied to portable
and compact devices when high density integration is not
necessary. The electromagnetic actuators, which involve
non-COMS materials [78, 79], are also rare for similar
reasons. Besides, microfluidics technology is also a
practical method to guide the liquid metal as the unit cell
[80-82]. The pneumatic valve can vary the shape of

Y. Chang et al.: MEMS and metamaterials —— 3055

each unit cell to tailor the response of the incident EM
wave [83, 84].

3 MEMS actuated metamaterials

3.1 Modulation of amplitude, frequency,
and polarization

In the early stage of the MEMS actuated metamaterials,
most of the demonstrations modulate EM waves homoge-
neously across the whole metamaterials. The unit cells at
different reconfiguration states tune the amplitude [86—
89], frequency [75, 90-92] and bandwidth [93]. The very
first MEMS reconfigurable metamaterial was demonstrated
in 2009 by Tao et al [71]. The transmission is modulated by
the stimulus of external temperature. As described by
Figure 4A, an array of SRRs is attached to a freestanding
substrate, which is supported by bimorph cantilevers of Au
and SiN. The SRRs are in-plane at the initial state and bend
upwards upon the increase of ambient temperature,
because of the mismatch in the TEC of Au and SiN. When
the magnetic field (H) of incident EM waves is parallel to
the gap in SRRs, magnetic dipoles are driven. The reso-
nance strength is increased when the SRRs bend up and a
larger area is pierced by the magnetic field, resulting in a
decrease in the transmission. When the electric field (E) is
parallel to the gap in SRRs, the upwards movement de-
creases the projection of the electric field and thus the
circulating currents also decrease. This leads to an increase
in the transmission, as shown in Figure 4B. Besides this
unidirectional displacement, a bidirectional pre-stressed
cantilever is modulated from 77 to 400 K, achieving a fre-
quency tuning of 110 GHz and a quality factor tuning of
35% [76]. The major application of the amplitude modu-
lation is switch. An isotropic switch was demonstrated by
stress beam based octagon rings while an anisotropic
digital metamaterial was proposed to switch either only x-
polarized incidence or only y-polarized incidence or both
x- and y-polarized incidence or neither x- nor y-polariza-
tion of incidence THz waves, gaining full control over
anisotropy [66, 94].

Figure 4C is an example of the comb-drive actuated
metamaterials [95]. Its unit cell is a pair of asymmetric split-
ring resonators (ASRRs) with one placed on a fixed post and
the other on a movable frame. Three states (face-touch,
separate and back-touch) are defined based on their rela-
tive positions. Under the illumination of TE waves (H par-
allel to the gap in ASRRs), the face-touch state shows no LC
resonance because no current loop forms. The surface
currents on the contact arms cancel each other and the



3056 —— Y. Changetal.: MEMS and metamaterials

— In plane
- 350°C
e 400°C
— 450 °C
e 500.C
=-.550°C

04 06 08
Frequency (THz)

F

Diff. ellipticity angle # -, (°)

Frequency (THz)

DE GRUYTER

093THz 0.88THz 082THz 0.71THz 0.64 THz

Figure 4: (A) Scanning electron microscope (SEM) image of the first thermally reconfigurable SRR metamaterial based on the pre-stressed
beam and (B) its modulation in the amplitude [71]. (C) SEM image of a comb-drive actuated ASRR metamaterial and (D) its modulation in the
frequency and surface current distribution at the corresponding displacement [95]. (E) Pneumatic-actuated helix metamaterials placed inside
a pressure chamber and (E) its modulation in the polarization [84]. (G) Schematic of a pre-stressed cantilever based metamaterial and (H) its

application in quarter waveplates [41].

currents on the outer arms oscillate parallelly. In the
separate state as in Figure 4D, magnetic dipoles are excited
in both ASRRs and the surface currents oscillate in phase,
resulting in a dip of quality factor of 13.8. The larger sep-
aration distance blueshifts the resonance frequency. At the
back-touch state, the currents on the contact arms cancel
each other but the currents on the outer arms form a loop,
leading to a broad dip. Under the illumination of TM waves
(E parallel to the gap in ASRRs), the surface currents are
always excited by the electric field while the net of mag-
netic dipoles is zero. The resonance peak with a quality
factor of 7.8 redshifts with the increasing distance. A fre-
quency tuning of 31% for TE polarization and 22% for TM
polarization is achieved. In general, the comb-drive actu-
ated metamaterials reconfigure the structures within or
between meta-atoms by introducing lateral displacements
[96-101]. Such a displacement either breaks the symmetry
and leads to polarization-dependent behaviors, or changes
the surface currents and leads to the modulations of
amplitude and frequency. Zhao et al vertically stacked two
layers of SRRs with an air gap and the top suspended layer
is actuated by the comb drive [85]. Altering the coupling
distance between two SRRs layers varies the mutual
conductance and mutual inductance, leading to a 74%
modulation in the transmission amplitude and 60 (50) GHz
blueshift (redshift) in symmetric (asymmetric) mode.
More advanced demonstrations involve the polari-
zation conversion of EM waves. The asymmetrically
structured unit cells introduce anisotropic behaviors for
different polarization angles and imposes different re-
sponses in the phase and amplitude. A pneumatic-

actuated Archimedean spiral is described in Figure 4E to
rotate the polarization [84]. This helix is in-plane initially
under the non-pressure condition and is bent upwards
(downwards) to be left-handed (right-handed) by the high
N, pressure in the bottom (top) chamber. The advantage of
this pneumatic actuation mechanism is that it does not
require metal lines to provide stimuli, which may cause
interferences. Meanwhile, the actuation is bidirectional
with continuous displacements. When the helix is
deformed upwards as left-handed, the surface currents
for the left circularly polarized (LCP) light are 4.5-fold
higher than those for the right circularly polarized (RCP)
light. The LCP light is reflected so that the transmission
difference produces ellipticity value. In Figure 4F, a
maximum ellipticity angle of 28° is demonstrated at
1.0 THz. In another comb-drive actuated Maltese-cross
metamaterials, a fourfold symmetry is broken by moving
one of the trapezoid metal beams. When this movement is
aligned with the E field of incident waves, the change in
capacitance coupling between the fixed and moveable
beams induces 30° phase differences between o-polariza-
tion and e-polarization [97].

Another application of the polarization modulation is a
transmission quarter waveplate using cantilever based
metamaterials, as shown in Figure 4G [41]. These cantile-
vers are initially bent upwards because of the residual
stress and then gradually pulled down by the electrostatic
force. For the x-polarization (E parallel to the cantilever),
the LC resonance is excited. The strong electric confine-
ment in the gap between cantilever tips and substrates
indicates that the major contribution to the overall
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capacitance is from tip-pad structures. The capacitance
from the beam-pad plays a minor role. At each applied
voltage, the gap between cantilever and substrate is
continuously decreased, which induces the increase in
capacitance and redshifts of the resonance. When the
incident wave is y-polarized (E perpendicular to the
cantilever), the cantilevers do not modulate transmission
amplitude and phase because there is no electrical reso-
nance. This anisotropic behavior produces the phase
retardation and converts the circularly polarized light into
a linear polarized light. A normally incident wave at
0.82 THz of 34° polarization angle is converted to linear
polarization at the 40 V bias, at which the pull-in effect
occurs, as shown in Figure 4H.

In addition to the modulation functions above, some
other fundamental phenomena are also studied. EIT is
actively controlled at 0.65 THz by selecting the dark mode
excitation pathways in a cantilever based metamaterial
[102]. Two bright cut wire resonators (CWRs) are placed on
both sides of the dark SRRs. EIT is activated when only one
CWR is at a pull-in state and inductively coupled to the
SRR. In another cantilever based metamaterial, the near-
field coupling is also actively switched by two conductively
coupled SRRs [103].

3.2 Manipulation of wavefront: metalens
with tunable focus

The metalens recently shows great potentials to replace the
conventional bulky and expensive optical lens [11, 104, 105].
Instead of accumulating the phase difference by propagating
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through a parabolic lens, the wavefront is manipulated by
the periodic subwavelength unit cells on an ultrathin sub-
strate. The working principles of metalens are governed by
the generalized laws of refraction [106],

Ao d

2 dx ©)

sin (6,)n; — sin (6;))n; =

where 6; is the refraction angle; 6; is the incident angle; n;
and n; are the refractive index of the two media; A is the
vacuum wavelength; d¢/dx is the gradient of the phase
discontinuity along the interface. To focus the incident
beam at a distance of f, the phase discontinuity across the
metasurface needs to follow the equation below,

P(x,y) = —%(\/XZ +y2 +f? —f)

(10)

If the phase discontinuity is tuned by changing the shape,
orientation or position of the unit cell, a tunable metalens is
realized. A flat lens with random access reconfigurable
metamaterial (RARM) is demonstrated in Figure 5A [81]. Each
unit cell consists of two metal gratings and an SRR, which is
filled by the liquid metal mercury through microfluidic
channels. Two metal gratings enhance the cross-polarization
transmission due to the Fabry—Pérot resonance. A small part
of the mercury is replaced by the air bubble. By changing the
air and mercury pressure with pneumatic valves, the opening
of the air bubbles can be varied row by row from 0° to 150°
and 2nt phase difference along the x-direction is created [107].
Meanwhile, over 70% of transmission can be maintained. As
a proof of concept, the focal length is adjustable from 5.14 to

Figure5: Metalens with tunable focal length.
(A) Photography image of a random access
reconfigurable metamaterial (RARM)
consisting of a 60 x 60 square array of
SRRs, partially filled with mercury. (B)
Measured electric field distributions of the
beam cross-section at the focal length of 5,
10 and 15 A (top to bottom) [81]. (C)
Schematic of the MEMS-tunable dielectric
metalens and SEM image of the bonded
doublet. The inset is the zoom-in of the
metasurface and shows the Si posts. (D)
Imaging results that show the tuning of
focal length [42]. (E) Schematic of the
dielectric elastomer actuated (DEA)
metalens with five electrodes (F) Measured
intensity profiles along the propagation
direction (left) and their beam cross-
section at corresponding focal lengths
(right) [117].
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15.2A with the full width at half maximum (FWHM) of 2.1A.
Figure 5B shows the experimental cross-section of the elec-
tric field at different focal lengths. The diffraction efficiency
was measured to be around 10%. A similar concept is
employed in another adaptable metasurface, where the
liquid metal fills the SRR and the air gap manipulates the
wavefront [80]. A fixed anomalous reflection of —45° is
demonstrated for normal incident waves at 10.5, 12 and
14 GHz. Besides regulating the liquid metal, microfluidics
technology also can be incorporated for the liquid flow
sensing [108]. The cantilever-based T-shape metamaterials
are curved-up initially and then pushed down by the liquid
force, which is proportional to the volumetric flow rate. The
flow rate changing from O to 5 mL/min corresponds to a
resonance frequency shift of 0.3 THz.

In addition to the metallic metalens, all-dielectric
metasurfaces attract lots of attention since dielectric ma-
terials avoid the ohmic loss and thus promise a high
transmission efficiency and subwavelength resolution. A
doublet of tunable focus is shown in Figure 5C [42]. The Si
posts of high refractive index are deposited on both the
stationary and the movable metasurfaces, which are
bonded together. Two metasurfaces are designed such that
a small actuation displacement between them induces a
considerable change in the focal length. When 85 V is
applied, the top metasurface moves 4 pm downwards and
the effective focal length is tuned from 44 to 122 mm as
described in Figure 5D. An electrically tunable microscope
consisting of three metasurfaces is also demonstrated as a
prototype with ultra compactness (1 mm) and large cor-
rected field of view (500 pm). The scanning frequency can
potentially reach a few kHz.

Besides tuning the orientation of the unit cells and
moving the doublets longitudinally, varying the relative po-
sition of each scattering element in metasurfaces also alters
the phase discontinuity. One method is to fabricate the met-
asurface on flexible substrates and to stretch it mechanically
[109, 110]. The centrosymmetric Au nanorods are stripped
into polydimethylsiloxane (PDMS) to generate a spherical
wavefront [110]. By isotopically stretching the substrate and
increasing the lattice distance by 30%, the focal length is
tuned from 150 to 250 um and the beam size is also increased
from 1.6 to 2.3 um due to the decreased numerical aperture
(NA). The all-dielectric counterpart is demonstrated in 2016,
where the Si posts encapsulated in the elastic PDMS achieve a
focal distance tuning from 600 to 1400 pm [111]. More meta-
materials and metasurfaces on flexible substrates are
demonstrated to realize the functions of half or quarter
waveplate [112] and frequency tuning [113-115].

The dielectric elastomer actuator (DEA) or “artificial
muscle”, which can be stretched by electric fields, is
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another actuation method in addition to mechanical
stretchings [116]. As shown in Figure 5E, Si metasurface
is bonded to the stacked layers of DEA (polyacrylate)
and electrode (single-walled carbon nanotubes,
SWCNT), which are both transparent in the visible range
[117]. The SWCNT is transferred through masks to form
five electrodes so that the DEA can be actuated in
different directions. The focal length can be either
increased or decreased, subjecting to the expansion or
compression of the metasurface. Astigmatism and im-
age shift can also be realized by selectively applying
voltages to certain electrodes. The focal length is
experimentally tuned by 15 mm (30%) under the applied
voltage of 3 kV. The measured intensity profiles along
the propagation direction, as well as the spot profiles at
two focuses, are in Figure 5F.

3.3 Manipulation of wavefront: beam
steering

Beam steering holds wide applications in the light detection
and ranging (LiDAR), free-space optical communications
and holography. The working principle of beam steering is
similar to that of metalens. The phase profile is manipulated
locally by each unit cell to deflect incident beams. The
schematic of a 160 x 160 large-scale optical phased array
actuated by comb drives is demonstrated in Figure 6A [118].
In each unit cell, the grating element is integrated on top of a
comb drive to increase the filling factor. All these grating
elements are individually addressable. Comparing to the
conventional piston mirrors where 2rt phase is achieved only
by the large vertical displacement of half-wavelength [119],
this grating is designed to move laterally along the grating-
vector direction and 2m phase shift is realized with 955 nm
movement. Figure 6B shows the SEM image of the optical
phased array and the grating element. Holes are etched on
the gratings to facilitate the wet HF release. When 10.5 V
voltage is applied, the beams can be steered within the
6.6° x 4.4° field of view (FOV), as shown in Figure 6C. The
waterfall image demonstrates the beam profile with main-
to-sidelobe suppression ratio of 10.8 dB. The diffraction ef-
ficiency is 16% on the uncoated silicon gratings and the
response time is 5.7 ps. Besides, by fabricating the fixed-
grating arrays with predetermined lateral offsets, hologram
in the far-field can also be measured. Another example of
beam steering is demonstrated with the Si nanowire array,
which is fabricated from the SOI platform [120]. The buried
oxide is released to create a suspension gap. The width of the
nanowire array is tapered from 80 to 160 nm. As shown in
Figure 6D, Si nanowire supports the Mie resonance as the



DE GRUYTER

A
o<

Wigth (om)
80 120 wu\

o W M
'y oode 2

Fabry -Pérot H\ Mie Resonances 5

450 500 550 600
Height (nm)

OV 2 Deflection

e )|

S e
T e

1430 nm

individual dielectric antenna. Meanwhile, this Mie reso-
nance is coupled with the Fabry Perot resonance that exists
between the substrate and nanowire array. A 2m reflection
phase can be controlled over a broad range by tuning the
gap, where the interplay between the Mie and Fabry—Pérot
resonances is manipulated. The SEM image of the Si nano-
wire array is in Figure 6E. The actuating voltage of 3.2 V
decreases the gap and therefore the diffracted beam is
continuously redirected from 2° to 12°. The beam profiles and
their Fourier images in the angular space are shown in
Figure 6F. The operation frequency is expected to be as high
as 1 MHz. This device does not degrade noticeably after 10
cycles, showing excellence robustness. This is also a ver-
satile platform, which can also realize the temporal color
mixing and light focusing by varying nanowire designs.

3.4 Tunable metasurface-based holograms

Metasurface holograms are emerging due to their impor-
tance in the communication and information storage. A

A
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RORE AR Figure 6: (A) Schematic of the MEMS grating

B optical phased array. The grating element is
3 = integrated on top of a comb drive in each

' : ; unit cell. (B) SEM image of the optical
phased array and the grating unit cell. Holes
are etched on the grating for wet HF release.
(C) Overlay of steered beams within the FOV
(left) and the waterfall images showing
beam profiles (right) [118]. (D) Working
principle and (E) SEM image of a Si nanowire
array (F) Diffracted beam profiles (top, scale
bar is 3 pm) and corresponding Fourier
images of the steered beams steering
showingthe continuous deflection from 2°to
12° (bottom, scale bar is 8°) [120].

multiplexed metasurface hologram is demonstrated on the
stretchable substrate in Figure 7A [40]. Its working mecha-
nism is similar to that of the flexible metalens mentioned
above [110]. The Au nanorods with different orientations
introduce the position-dependent phase discontinuity,
which manipulates the transmitted wavefront. When the
phase discontinuity is changed by the isotropic stretching
(stretching ratio s), the image displaying plane f is shifted
farther to s*f and the images also become bigger. Leveraging
such a concept, the phase distribution is designed with the
computational techniques [121] so that three images: a
pentagon, a square, and a triangle are embedded simulta-
neously in the unstretched substrate. Their image planes are
sparsely placed to avoid the interference from other image
planes. As shown in Figure 7B, the stretching moves the
hologram farther, crossing the observation plane. Therefore,
all three images can be observed when the substrate is
stretched by the ratio of 1, 1.12 and 1.3.

Another possibility of the metamaterial hologram is
proposed with the cantilever based metamaterials in THz

Dab phase encodmg 1

Figure 7: (A) Schematic of the multiplexed metasurface holograms on a stretchable substrate. (B) Reconstructed images that are captured at
the observation plane when the substrate is stretched to different ratios [40]. (C) SEM image of the pre-stressed cantilever based metamaterial

and the (D) computational results of holographic image [122].
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as shown in Figure 7C [122]. By applying electrostatic
forces, the cantilevers bend downward and each cantilever
with different tip displacements can induce the phase dif-
ferences from —-75° to —340°. With the assumption that each
of the cantilever is controlled independently, this pixel-
level manipulation enables real-time rewritable hologram.
Figure 7D shows the holographic image of a six-digit phase
encoding, which is numerically calculated by Rayleigh—
Sommerfield diffraction theory.

3.5 Tunable emitter and perfect absorber

The tunable absorber in infrared and THz range is of great
importance due to its applications in single-pixel imaging
and spectroscopy. In the perfect absorber consisting of the
MIM structures [5], changing the distance between the
metamaterial elements and the ground metal substrate is a
feasible method to modify its impedance and thus its
resonance response. In the very first demonstration of the
tunable absorber, a top layer that combines babinet met-
amaterials and the dielectric layer is freestanding on the
metal ground with the support from eight springs [123]. The
perfect absorption at 6.2 pm is switched on when the top
layer is brought into the physical contact with the ground
at 16 V, which is called “snap-down” state. The restoring
force from the supporting springs pulls the top layer back
to the free-standing state when the applied voltage is off so
that the perfect absorption is switched off. The modulation
index is 56%. The similar MEMS tuning mechanism is
applied to another THz perfect absorber, as shown in
Figure 8A [124]. Nine mutually-coupled electric split-ring
resonators (ESRRs) on a SiN membrane are supported by
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actuation arms. ESRRs are selected because their modes
are localized, leading to a lower radiative loss and a higher
quality factor. The resonance shift of 165 GHz and an ab-
solute absorption change of 65% are achieved at a snap-
down state under the voltage of 250 V, as illustrated in
Figure 8B. However, in this case the snap-down irreversibly
damages the devices because of the lack of anti-stiction
layers.

On the contrary, the perfect absorber can also work as
an emitter according to Kirchhoff’s law. The ability to control
the emissivity of materials has been highly desired because
of its various applications in energy harvesting and thermal
control. In the conventional thermal emitters, the emissivity
is temperature independent and the radiation is tuned by the
device temperature based on Stefan-Boltzmann law.
Therefore, the disadvantages include high-temperature
operation, slow modulation speed and lack of wavelength-
dependent emissivity. The metamaterial has the potential to
overcome this bottleneck since the artificially engineered
geometry instead of composites determines the emissivity
[125]. The incorporation of MEMS actuators offers the high-
speed modulation of the thermal emission (around tens of
kHz). Leveraging the same structures as the perfect
absorber, a reconfigurable metamaterial emitter is realized
in Figure 8C [39]. The absorptivity at 8.9 pm is tuned by 70%
in Figure 8D and the inset shows the optical image of the
devices at free-standing and snap-down states. The emitted
power density is measured as 12.9 Wm™ at off-state (free-
standing) and 16.9 Wm” at on-state (snap-down). If
comparing to the conventional thermal emitters, this tuning
in emitted power density can be achieved equivalently by
changing the temperature of 18.9°C. Then this emitter is
made into an 8 x 8 array to display the letter “D” as a proof of
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Figure 8: (A). Schematic of the THz tunable
electric split-ring resonators (ESRRs). The
distance d between the metamaterial layer
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and the substrate can be tuned
electrostatically. (B) Measured absorption
at different driving voltages and snap-down
states [124]. (C) SEM image of the babinet
metamaterial-based tunable infrared
emitter (D) Measured absorptivity at the
freestanding state and snap-down state.
Optical microscope (OM) images of these
two states are in the inset. (E) An 8 x 8 array
of the tunable emitter displaying letter “D”
for the battlefield identification [39].
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concept for battlefield identification (Figure 8E). Another
thermochromic infrared metamaterial is also demonstrated
using babinet structures [126]. Instead of being actuated by
the electrostatic force, these metamaterial elements are
supported by the bimorph arms of Au and SiN. The
increased ambient temperature bends down the meta-
material layer due to the difference in the TEC of Au and SiN,
thus the spectral emissivity is monolithically increased. The
peak emissivity is tuned from 0.5 (at 4.8 pm, room temper-
ature) to 0.81 (at 5.2 um, 623 K). From 273 to 623 K, its power
density is increased by 215 times while the counterpart from
blackbody radiation is increased by only 90 times.

The major challenge for this out-of-plane actuation
scheme is to maintain the metamaterial layer flat during
movements. The imperfections in the fabrication, such as
the non-uniform deposition of the sacrificial layer and the
residue stress caused by the deposition recipe, may lead to
the tilting and curvature of the freestanding layer [124]. The
design of actuators has a significant influence on the flat-
ness of the top membranes and the actuating voltage. The
curvature of the metamaterial layer may induce the non-
uniform emissivity or absorptivity across the membrane
and degrade the overall performances.

3.6 Logic operation

The logic operations in THz are realized by stress-beam
based metamaterials [127, 128]. In Figure 94, its unit cell
comprises of two SRRs laterally separated by a gap, which
are bent up initially and can be controlled independently as
two electric inputs [127]. The sharp and weak Fano reso-
nance at 0.56 THz is excited and tuned by the asymmetric
structure when one SRR is snapped down into the contact
with the substrate and the other one is gradually pulled
down by the electrostatic force. The exclusive-OR (XOR) is
demonstrated in Figure 9B. The pull-in voltage (35 V) and
zero applied voltage represent binary inputs “1” and “0”
respectively, while the Fano resonance amplitude in the far-
field represents the optical binary outputs “1” and “0”.
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Exclusive-NOR (XNOR) is exhibited by the Q-factors of the
Fano resonance. Besides the characterization of far-field
amplitude, the near-field electric amplitude between two
cantilever tips also reveals the NAND operation in the
simulation. Similar concepts of binary coding are also
applied in the ESRRs, which function as meta-bits for the
logic gate [128]. Three input states are shown in Figure 9C
while the transmission outputs analogous to NOR and AND
are demonstrated at 0.26 and 0.36 THz respectively in
Figure 9D.

4 Plasmonically enhanced
physical sensor

Besides the role of actuator which transforms electric po-
wer into mechanical motion, the MEMS technology also
plays a role of sensor that transforms stimulus signals from
the ambient into the electrical output. One of the MEMS
physical sensors that integrate with metamaterials is the
infrared or THz radiation detector. Unlike the III-V or 2D
material based photodetector, there are no electron-hole
pairs generated in the MEMS-based radiation detector.
Instead, the heat generated by the incident EM wave
changes the properties of the materials, which are lever-
aged to characterize the radiation power. The advantage is
that cryogenic cooling is not required to reduce thermal
noise. However, the lack of the wavelength selectivity and
low absorption efficiency are the intrinsic drawbacks and
necessitates the incorporation of metamaterials. Conven-
tional MEMS radiation detectors include bolometer and
thermopile [38, 129, 130]. The bolometer measures the
temperature-dependent resistance while the thermopile
measures the voltage output that is a result of the tem-
perature difference between the hot junction (absorber
area) and cold junction (substrate).

Figure 10A is a very early demonstration of micro-
bolometer that is integrated with metamaterials [131].
50 nm conductive Si sensing layer is sandwiched between

Figure9: (A) SEMimage of the unit cell where
two SRRs are at different input states. (B)
The Fano resonance output shows the
behaviors of exclusive-OR (XOR) logic
operation. The inset is the corresponding
electric input [127]. (C) OM image of the
ESRRs at three different input states (D)
Measured transmission spectra at three
states, with NOR at F1(0.26 THz) and AND at
F2 (0.36 THz) [128].
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two layers of SiN, on the top of which the square-shape
MIM absorbers are deposited. The peak absorption of 0.8 is
realized at 6.4 um. The wavelength tailoring and tuning are
feasible by varying the unit cell of absorbers [132]. MIM
absorbers are also applicable to the thermopile [133]. Since
the multilayer absorbers require precise thickness control,
two-dimensional (2D) plasmonic crystals with better
fabrication tolerances are employed in the thermopile in
Figure 10B [134]. 250 nm Au layer is deposited as the
anisotropic nanoholes and the responsivity of 160 mV/W is
achieved around 5 pm. The geometrical structures of this
bolometer and thermopile are similar because both of them
need thermal isolation to reduce the heat dissipation into
the substrate. The polarization-dependent absorption can
be realized by integrating the one-dimensional (1D) grating
structures into the thermopile [135]. Although the low-
quality factor is the intrinsic drawback of the plasmonic
resonance, which limits the resolution of the infrared de-
tector, an MIM perfect absorber is demonstrated recently
with an ultranarrow band, approaching the physical limits
[50]. The full-width-half-maximum (FWHM) is 3% at
5.83 pm while the absorption is larger than 99.7%. Based
on this advancement, a prototype of a chip-scale multi-
spectral infrared detector is realized and shows the great
potential for the ultra-miniaturized spectrometer [136].

In addition to the bolometer and thermopile, the heat
generated by the incident EM wave can also be converted to
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the displacement of bimorph cantilevers, which is read out
by another off-chip probing light [141]. A focal plane array
consisting of 256 x 256 bimorph cantilevers shows its
capability for IR imaging [137]. Figure 10C is the top view and
cross-section of each unit cell, which contains the MIM ab-
sorbers, bimorph cantilevers, and thermal isolation legs. To
form the MIM absorbers, metals are deposited on both sides
of the SiN membrane. Meanwhile, the bottom metal layer
also works as a mirror to deflect the incident probing light so
that the mechanical loading is reduced. The bimorph can-
tilevers provide out-of-plane displacements when the heat is
generated from the incident EM wave and thermal isolation
legs reduce heat dissipation into the substrate. During the
imaging, the device is illuminated by the IR radiation and
the displacement of the whole array is probed simulta-
neously by a beam of parallel visible light. The integration of
metamaterial absorber improves absorption and imaging
quality. The detection of THz and microwave is also
demonstrated with this mechanism. An array of bimorph
cantilevers integrated with SRR achieves the responsivities
as high as 16,500 V/W and noise equivalent powers of 10°
® W/Hz" at single-pixel [142]. Figure 10D shows another
suspended bimorph nanobeam with nanoslit nanoantennas
for IR detection [138]. The noise equivalent power (NEP) is
measured to be 5 nW/Hz" at 1 kHz.

Besides the displacement in the bimorph cantilevers,
heat from the radiation can also induce the resonance shift
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Figure 10: MEMS radiation detectors in infrared and THz range, integrated with metamaterials (A) SEM image of the microbolometers with the
square MIM absorbers [131]. (B) SEM image of the thermopile with the two-dimensional plasmonic crystals [134]. (C) Schematic of the focal
plane array with MIM absorbers [137]. (D). Schematic of nanobeam with nanoslit resonators [138]. (E) Schematic of the AIN piezoelectric
resonator based IR detector and its (F) temporal response. The comparison with dummy resonator without metamaterials shows 4-fold
enhancement [139]. (G) SEM image of the meta-atom: bilayer asymmetric SRR with GaAs and metal (H) Amplitude and phase response when
the THz frequency is swept around the mechanical resonances a and 8 [140].
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in the piezoelectric resonator [139]. In Figure 10E, the thin
aluminum nitride (AIN) film is sandwiched by metals with
the bottom layer as an interdigitated transducer (IDT) and
top layer as square plasmonic resonators. The IDT actuates
and senses the high order of vibrations (quality factor of
1116) in the AIN film while the plasmonics resonator in-
creases the absorption to 80% around 8.8 pm. Comparing
to the resonator without the metasurface in Figure 10F, the
responsivity is enhanced by four times. The response time
is 440 ps and NEP is measured around 2.1 nW/Hz" at the
designed wavelength. Another example to detect THz
involving optomechanics is in Figure 10G, where the single
meta-atom is a bilayer asymmetric SRR of GaAs and metals
[140]. By focusing the near-infrared laser onto the device,
two mechanical modes are identified as the results of the
Brownian motion: in-plane (a) and out-of-plane (8). When
the single meta-atom is illuminated by the THz radiation,
the charges with opposite signs oscillate on both sides of
the gap, creating a Coulomb force that attracts the in-plane
mode. However, as in Figure 10H, the out-of-plane mode is
also varied because of the photothermal effect, where the
heat deforms the bilayer cantilever. The overall signal is a
linear superposition of both in-plane and out-of-plane
modes.

In addition to the infrared and THz detector, meta-
materials and plasmonics are also employed in other
MEMS physical sensors. A zero-power plasmonically
enhanced micromechanical photoswitch is in Figure 11A.
Two symmetric cantilevers are made face to face. In each
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cantilever, there is a head, an inner pair of thermally sen-
sitive bimaterial legs and an outer pair of bimaterial legs
connected to the substrate. The inner and outer bilayer legs
are connected by thermal isolation links. One head of the
cantilever is integrated with plasmonics absorbers while
the other one is covered by Au. The head with an absorber
is integrated with a bowl-shaped Pt tip. This tip is con-
nected with one electrode and is suspended above the
other contact pad, which is connected with the other
electrode. When the incident radiation that matches the
spectrum of plasmonic resonators impinges the absorber,
heat bends down the bimorph cantilever and the Pt tip
touches with the contact pad below. Therefore, the circuit
is tuned from open to closed. With such a photoswitch, the
sensor can remain in a dormant state with zero power
consumption until being awakened by the external radia-
tion that is related to a certain event. The threshold is as low
as 500 nW and there is no failure in 1000 consecutive
switchings.

An array of rectangular gold holes that exhibits
extraordinary optical transmission is leveraged as the
reflector in the MEMS tunable Fabry—Pérot spectrometer in
Figure 11B. These rectangular gold holes are supported by
the bilayer of poly-Si and gold and are suspended on the
other gold reflector. As the suspended layer is pulled down
by the electrostatic force, the resonance condition shifts
the dips in reflectance in Figure 11C. The decreased dis-
tance between two gold layers eliminates the higher-order
resonances so that the number of dips drops. The quality
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Figure 11: (A) SEM image of a zero-power

1000 2000 3000 4000 5000 plasmonically enhanced micromechanical

@ photoswitch [46]. (B) MEMS tunable Fabry—
Perot spectrometer that leverages
extraordinary optical transmission and its
(C) measured reflectance under different
cavity lengths [44]. (D) Optical image of a
strip dipole antenna. The inset shows a
meta-atom with microcracks that are
located at the edges of the two pads and
the bowtie-shaped center. (E) Cross-
polarimetric transmission (CPT) measured
at the pixels with corresponding colors in
the inset [45].
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factor of the dip around at 3820 cm™ is lower because the
extraordinary optical transmission shows the minimum
reflectance at this wavenumber.

As the counterpart of the strain-actuated meta-
materials, the metamaterials on stretchable substrates can
sense the external force or displacement by observing the
resonance frequency shift [143-150]. An asymmetrical strip
dipole antenna in Figure 11D is encapsulated in the PDMS
layers to locate and record the region of stress and fatigue
[45]. When the strip dipole antennas experience the strain
that is higher than the designed threshold, the cross-bar
junction will be irreversibly broken as shown in the inset of
Figure 11D. Consequently, the cross-polarimetric trans-
mission (CPT) is destroyed. An array of such dipole an-
tennas is distributed across the PDMS and maps the strain
history. Black, green and red lines in Figure 11E are the
spectral CPT measurements at the pixels (inset) with cor-
responding colors. The black pixel is the position where
cross-bar junctions are intact and CPT is maintained, while
the green and red pixels are where junctions are broken
and CPT disappears.

5 Conclusion and outlook

MEMS technology has been incorporated into the meta-
materials and plasmonics as sensors and actuators for the
past decade. In the MEMS actuated metamaterials, the
electrothermal actuators and electrostatic actuators are the
most widely-used methods. Thanks to the mature MEMS
technology, the research in tunable metamaterials has
progressed rapidly from the demonstration of fundamental
modulations of frequency, amplitude, and bandwidth, to
more advanced applications such as the manipulation of
the wavefront, tunable emitter/perfect absorber, and logic
operations. Currently, most of the demonstrated tunable
metamaterials are controlled in a relatively simple way.
Either there is only an on-off state for all the unit cells or the
independent control of unit cells is only possible for row by
row tuning [80, 122, 151]. This control method satisfies some
needs like switches, waveplates and anomalous reflection
that requires only 1D phase discontinuity. However, the
rand access is highly desired. The independent control of
each unit cell shows great potentials in various applica-
tions such as the dynamical beam steering, the light
detection and ranging (LiDAR) and real-time rewriteable
holographic imaging. Although the step from 1D control to
2D control is straightforward theoretically, engineering
efforts are required to overcome the challenge in the so-
phisticated fabrication. Another challenge emerges when
the working wavelength of metamaterial moves from the
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THz to the infrared or even the visible range. The smaller
feature size of the unit cell needs to shrink the size of ac-
tuators from the micrometer scale to the nanometer scale,
which is mainly limited by the fabrication techniques.

In the plasmonically enhanced physical sensors, the
most promising research direciton could be MEMS-based
radiation detectors. Because of the limitation in the
bandgap of popular photodetectors materials like III-V
and germanium, the on-chip uncooled detector working
beyond 2 pm is still under research. While the 2D materials
like graphene and black phosphorus recently emerge as
solutions [152-155], the thermopiles and bolometers have
been commercially available for decades. However, their
performances can be further enhanced with the integra-
tion of the metamaterial perfect absorbers, which offer
almost unity absorption and satisfying wavelength
selectivity [50]. Comparing to the conventional non-
dispersive infrared system (NDIR) which involves the
Fabry Perot filters [156-158], the plasmonically enhanced
radiation sensors integrate the spectral filter with the
detectors without significantly increasing the fabrication
difficulties. It shows great potentials in the ultracompact
MIR spectroscopic sensing. Besides the radiation detec-
tor, the cantilevers integrated with metamaterial ab-
sorbers can also work as the zero power photoswitch,
which is turned on by the external radiation that is asso-
ciated with a certain event [46]. It can find applications in
the event-driven sensors, which is a necessary part of the
Internet of Things (IoT).
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