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NEMS-Based Infrared Metamaterial via Tuning
Nanocantilevers Within Complementary
Split Ring Resonators
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Abstract— Dynamic control of the electromagnetic properties
of metamaterials requires wide modulation bandwidth. Tunable
metamaterials with large tunability and fast speed are thus highly
desirable. Due to the small dimensions, subwavelength metaatoms or resonant elements that constitute a metamaterial in the
mid-to-near-infrared (IR) wavelength range are often not easy
to be tuned at a high rate of several tens of megahertz (MHz).
Here, we report on a nanoelectromechanical systems (NEMS)based tunable IR metamaterial realized by unique embedding
of nanocantilevers into complementary split ring resonators
(c-SRRs) suspended over individual wells. The optical field
confined in the air gap of the c-SRR is strongly influenced by electrostatically induced mechanical deflection of the nanocantilever,
thus modulating the reflection spectrum of the metamaterial.
With the easy-to-implement tunable meta-atom design, the IR
metamaterial with 800-nm-long cantilevers provides an ultrahigh
mechanical modulation frequency of 32.26 MHz for optical signal
modulation at a wavelength of 2.1 µm, and is rather easy to
manufacture and operate. We envision a compact, efficient, and
high-speed electrooptic modulation platform in the IR region
using this NEMS tunable metamaterial technology. [2017-0012]

Fig. 1. Schematic of the NEMS-enabled tunable metamaterial operating in
the near-to-mid-IR wavelength region.

Index Terms— Nanoelectromechanical systems (NEMS), metamaterial, nanocantilever, electro-optic modulation.

I. I NTRODUCTION

M

ETAMATERIALS are artificially-engineered resonant
structures that can be used to manipulate electromagnetic (EM) waves on subwavelength scales. They
are promising for a variety of applications such as
superlenses [1], [2], invisibility cloaks [3], [4], perfect
absorbers [5], [6], and biochemical sensors [7]–[9]. The
ever-increasing demand for active control of the EM properties of metamaterials has led to the development of
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tunable metamaterials [10], which are mainly realized by
hybridizing meta-atoms or resonant elements with nonlinear materials such as phase-change media [11]–[13],
liquid crystals [14]–[17] and semiconductors [18]–[20].
Alternatively, the microsystems technology has also enabled
the realization of tunable metamaterials [21] by using
thermally-actuated bimorph beams [22]–[25] and in-plane
electrostatic comb drives [26]–[29]. This type of tunable metamaterials can be realized via the complementary-metal-oxidesemiconductor (CMOS) fabrication process to enable flexible control with integrated circuits [21]. Nevertheless, both
the optical resonance wavelength and mechanical modulation
frequency of these metamaterials are usually limited by the
relatively large size of the tunable meta-atoms. For
example, tunable near-infrared (IR) metamaterial-based
absorbers [30], [31] have recently been developed via constructing diffractive nanohole gratings on a diaphragm with
dimensions of hundred microns. They rely on sophisticated
CMOS-compatible fabrication processes but only have modulation frequencies of the order of kilohertz. In order to improve
the modulation frequency, multiple pairs of tens-of-micronslong metallic strings were previously arranged in parallel, and
electrostatic [32] or optical [33] forces were applied to control
nanoscale strip displacements at a rate of 1-2 MHz. Despite
these efforts, tuning metamaterials at a rate of several tens
of MHz in the near-IR and shorter-wavelength spectral region
remains very challenging.
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Fig. 2. (a)-(f) Schematic of the fabrication process for the tunable IR metamaterial. (g)-(h) SEM images showing an unreleased cantilever after BOE etching
of buried oxide for 3.5 min (g), and a released cantilever after BOE etching of oxide for 5 min. The length of the cantilever in (g) and (h) is 800 nm.

Here,
we
report
on
a
nanoelectromechanical
systems (NEMS)-based reconfigurable metamaterial operating
in the near-to-mid-IR region which affords ultrafast electrooptic modulation and is rather easy to fabricate and operate.
II. D EVICE S TRUCTURE AND P RINCIPLE
Fig. 1 schematically illustrates the working principle of the
proposed metamaterial. The metamaterial is composed of an
array of gold−silicon (Au−Si) bilayer complementary split
ring resonators (c-SRRs) at the top and an array of Au solid
SRRs (s-SRRs) at the bottom of SiO2 wells. The c-SRR
has an inverse shape to the s-SRR. An in-plane cantilever is
embedded in the c-SRR and surrounded by a 200 nm-wide
U-shaped air gap. The top c-SRRs are positioned 250 nm
above the bottom of the SiO2 well formed in a 1 μm-thick
buried SiO2 layer of a silicon-on-insulator (SOI) substrate. The
cantilever is composed of 20 nm-thick Si and 20 nm-thick
Au layers. One end of the cantilever is anchored while the
other end is free to move. The cantilever is 800 nm long and
500 nm wide. The entire top Au layer serves as an electrode,
while the Si handling layer of the SOI substrate is the
other electrode of an electrostatic actuator. Depending on the
polarization direction of incident light, different eigenmodes
of the c-SRR or s-SRR structures of the metamaterial can be
excited. When a voltage is applied between the top Au and
bottom Si handling layers, the generated electrostatic force
bends the embedded nanocantilever towards the bottom of the
SiO2 well (see Supplementary Movie 1). The electrostatically
induced mechanical deflection of the nanocantilever changes
the shape of the U-shaped air gap, thus allowing tuning of the
characteristics of the optical resonant modes of the c-SRR or
s-SRR. Profoundly, due to the compact design and small
dimensions of the nanocantilever, the proposed metamaterial
can be synchronously driven at modulation frequencies up to
several tens of MHz to tune its reflection spectrum in the IR
region, thus providing much faster electro-optic modulation
than many other counterpart metamaterials [26]–[34]. Note
that in this paper subwavelength meta-atoms refer to the
c-SRR or s-SRR resonant units shown in Fig. 1.

III. M ETHODS
A. Metamaterial Fabrication
The metamaterial design was implemented on a SOI wafer.
Fig. 2 shows the schematic of the fabrication process for the
metamaterial. The SOI wafer consisted of a 340-nm-thick
device silicon layer, a 1-μm-thick buried oxide layer, and
580-μm-thick handling silicon wafer (Fig. 2a). First, the top
silicon layer of the SOI substrate was thinned down to
∼20 nm by thermal oxidation, with subsequent wet-etching
of SiO2 using a buffered oxide etch (BOE) solution (Fig. 2b).
Subsequently, the thinned silicon layer was doped with phosphorous ions (5 × 1019 cm−3 ) to increase electrical conductivity for serving as a top electrode. U-shaped air gaps were
then patterned in the thinned silicon layer by means of e-beam
lithography (Fig. 2c) and subsequent reactive-ion etching of
silicon (Fig. 2d); thus, the patterns of the nanocantilever array
were formed. Next, the wafer was immersed into the BOE
solution for 5 min to totally remove the SiO2 underneath the
nanocantilevers, while retaining most of the SiO2 underneath
the frame structure between neighboring c-SRRs (Fig. 2e).
This design prevented possible collapse of the entire metamaterial surface under an applied voltage. Finally, a ∼20-nmthick Au thin film was evaporated onto the surface of the
device through evaporation. Thus, the Au/Si c-SRRs on the
top and Au solid SRRs at the bottom of the air cavities were
formed (Fig. 2f). The resulting vertical separation between the
c-SRRs and SRRs was ∼250 nm. Fig. 2g and 2h show
the unreleased and released cantilever after BOE etching of
the buried oxide for 3.5 min and 5 min, respectively.
B. Numerical Simulation
Optical simulations were carried out using finite-elementmethod-based software (COMSOL Multiphysics). The geometrical parameters used in the simulations were extracted
from the SEM images of the fabricated device. In the simulations, the thick handling Si layer of the SOI substrate was not
included in the computed region due to limited computation
power. For simplicity, the rounded 90 degree corners and
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Fig. 3. SEM images of the metamaterial before (a) and after (b) coating with
a 20 nm-thick Au layer. The scale bars represent 1 μm. In (a), the cantilevers
are released. In (b), the metamaterial is formed. A closed-up of the c-SRR
without an Au layer is displayed in (c).

geometrical irregularities of the fabricated c-SRRs occurring
in the experiments were not considered.
C. Electro-Optical Characterization
The reflection spectra of metamaterials were measured
via the Fourier transform IR (FTIR) microscope system
(Hyperion 2000, Bruker) for normal incidence of light. Transverse magnetic (TM) and transverse electric (TE) polarizations were obtained using the built-in polarizers of the
FTIR microscope. A D.C. voltage was applied between
the gold-coated top surface of the device and the silicon handling layer of the SOI wafer to electrostatically tune the metamaterials during the reflection spectra
measurement.
Electro-optical modulation of the metamaterials was conducted by measuring the reflectance change in a 2.1 μm laser
beam (Ho:YAG end-pump laser) reflected from the metamaterials, while modulating the metamaterial with a function
generator (FG; Agilent 81101A) and a voltage amplifier. The
reflected laser beam was detected by an InGaAs photodetector (818-BB-51, Newport) and a lock-in amplifier (SR830,
Stanford Research). The whole optical setup for the electrooptical modulation is displayed in the Results and Discussion
section.
IV. R ESULTS AND D ISCUSSION
Fig. 3 shows the SEM images of the metamaterial before
and after gold coating at the surface of the device. Fig. 4a

Fig. 4. (a) Measured and simulated reflection spectra of the metamaterial
under TM and TE polarizations. Notations 1S −3S and 1C −3C represent the
different orders of the s-SRR and c-SRR modes, respectively. (b) Simulated
field distributions of c-SRR and s-SRR modes. The intensity of incident
electric field is E 0 = 1 V/m. The units of the electric field strength (E z ) and
magnetic field strength (Hz ) are V/m and A/m, respectively. The arrows in
the field distributions denote the electric field, where their directions indicate
the vector directions of surface currents.

presents the measured and simulated optical reflection spectra
of the metamaterial under TM and TE polarizations when no
voltage is applied to the metamaterial. Conspicuous resonance
dips are observed at different wavelengths. In general, when
the incident field is polarized along the parallel (TM) or perpendicular (TE) directions to their gaps, odd or even eigenmodes will be excited for SRRs [35]. In contrast, even or odd
eigenmodes of c-SRRs will be excited by TM- or TE-polarized
fields, respectively. Therefore, for TM polarizations (Fig. 4a;
left panel), one even c-SRR mode and two odd s-SRR resonance modes appear as reflectance dips. Here we mark these
resonance modes with ‘1S ’ at a wavelength of 6.8 μm, ‘3S ’
at 3.3 μm, and ‘2C ’ at 2.1 μm in the spectrum, where the
superscripts ‘S’ and ‘C’ denote the modes of the s-SRR and
c-SRR, respectively. The origins of these resonances are
unveiled by the computed field distributions in Fig. 4c, where
the orders of eigenmodes can be defined by the number of
nodes in the electric- or magnetic-field component normal to
the surface of the s-SRR or c-SRR structure [35], [36].
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Fig. 5. NEMS-enabled tuning of spectral characteristics of the metamaterial using 0.8 μm-long cantilevers. (a, b) Reflection spectra for different applied
voltages under TM (a) and TE (b) polarizations. At 65 V, the cantilevers of the metamaterial are in the pull-in state. (c, d) Spectra of relative reflectance
change R/Ro for different applied voltages under TM (c) and TE (d) polarizations.

For TE polarizations, two odd-order c-SRR resonances
(1C at 5.3 μm and 3C at 2.5 μm) are excited (Fig. 4a;
right panel), as confirmed by the magnetic field distributions
in Fig. 4b. However, no distinct resonance dip associated
with an even-order s-SRR resonance is observed. Actually,
an asymmetric Fano line shape is exhibited near mode 3C . This
originates from the plasmon mode overlap between modes 2S
and 3C , as confirmed by the electric field distribution of
mode 2S in Fig. 2d, where two amplitude nodes of the electric
field are observed. It is worthy to note that no obvious coupling
is observed between 1C or 1S modes. This is because the
s-SRRs are formed with the use of the c-SRRs as shadow
masks during deposition of the Au layer, the s-SRRs and
c-SRRs are identically shaped and orientated as a solidinverse structure [37]. It should be noted that the discrepancies
between the simulated and experimental results may be caused
by the imperfection of the simulation model. The modeling
accuracy mainly depends on how accurate the extracted geometric parameters of the c-SRR and s-SRR are. The geometric
errors of the model influence the optical resonances of the
device, particularly more significant for high-order resonances.
The removal of the handling Si layer of the SOI substrate

Fig. 6. Simulated mechanical deflection of the cantilever with the length
of 0.8 μm under various applied voltages.

from the limited computed region (mentioned in Section III.B)
also impacts the reflection intensity. In addition, due to the
nanofabrication, the inevitable non-uniformity of the fabricated
meta-atoms may be another cause of the discrepancies between
the simulated and experimental spectra. Nevertheless, the
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Fig. 7. Effect of applied voltage on resonance modes and field distributions. (a) Summary of the relative changes in reflection intensity for different c-SRR
and s-SRR modes as functions of the applied voltage. (b) Magnetic field distributions in the 1C −3C modes on the sidewalls of the air nanoaperture under
the initial state (left column), with 50 nm deflection (middle column), and the pull-in state (right column) of the nanocantilever. The arrows in the field
distributions indicate the vector directions of surface currents. (c) SEM photographs of the metamaterial in the three states shown in (b). The scale bars present
500 nm.

Fig. 8.
Normalized modulation depth of the tunable metamaterial as
a function of driving frequency. The metamaterial utilizes 0.8 μm-long
cantilevers. The inset illustrates the setup. MI – mirror; PL – polarizer;
BS – beam splitter; PD – photodetector; LIA – lock-in amplifier; DAQ –
data acquisition; FG – function generator; AMP – amplifier; PC – personal
computer.

simulations still provide a useful prediction in the wavelengths
and line shapes of the resonances that help us to identify the
origin of the resonance modes.
We now discuss the influence of applied voltage on the
resonance characteristics for the major resonance modes of
the metamaterial. As shown in Fig. 5a and b, as the voltage
increases from 0 to 55 V, the reflectance dips, assigned
to the 1C , 2C , and 3C modes, all exhibit positive changes
consistently. The changes of optical signals are caused by the
bending of nanocantilevers that change the shapes of c-SRRs.
In order to highlight the voltage induced variations, we plot
in Fig. 5c and d the relative changes in reflectance at different
voltages: R/Ro = (R − Ro )/Ro , where R and Ro represent

the reflection intensities at a given voltage and no voltage,
respectively. Here one can see that the spectra of R/Ro show
peak-like features. As voltage increases, all the c-SRR modes
exhibit a positive change in reflectance. For example, when
the applied voltage increases from 0 V to 55 V, the reflectance
at the 2C mode progressively increases from 9.8% to 13.5%
(Fig. 5a). This corresponds to a relative reflectance change of
R/Ro = 38% (Fig. 5c). Accordingly, the values of R/Ro
at the 1C and 3C modes are 15% and 5% respectively when
applying a voltage of 55 V (Fig. 5d). At higher voltages,
the pull-in effect of the nanocantilever occurs due to the
strongly nonlinear increase in the electrostatic force, thus
causing abrupt deflection and stiction of the nanocantilever
to the bottom of the SiO2 well. The pull-in voltage V P for a
bilayer nanocantilever beam with dimensions of L (length)
× w (width) × t (thickness) can be estimated using the
following equation [38], [39]:

Eq. (1)
V P = 8kef f (d + toxide /εr )3 /(27ε0 wL)
where ke f f represents the effective stiffness of the nanocantilever, d = 250 nm the distance between the nanocantilever
and the bottom of the well, toxide = 750 nm is the thickness of
the remaining SiO2 layer at the bottom of the well, εr = 3.9
is the dielectric constant of SiO2 , and εo is the permittivity of
vacuum. For the given design parameters of L = 800 nm,
w = 500 nm, and t = 40 nm, the calculated pull-in
voltage was V P = 66 V, which is close to the experimental result of 65 V. Fig. 6 shows the simulated deflection
of the nanocantilever under various applied voltages. The
result shows the deflection increases slowly below the pull-in
voltage, but changes drastically when the voltage approaches
the pull-in voltage. In the pull-in state of the nanocantilevers,
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Fig. 9. Tunable metamaterial using 1.6-μm-long cantilevers. (a) SEM photographs of the metamaterial with 1.6-μm-long cantilevers before (left) and after
(right) coating of Au layer. The scale bars represent 1 μm. (b) Measured and simulated reflection spectra of the metamaterial for TM (left) and TE (right)
polarizations. Notations 1S − 3S and 1C − 4C indicate the different orders of the s-SRR and c-SRR modes, respectively. (c) Simulated field distributions of
the c-SRR or SRR resonance modes. The intensity of incident electric field is E 0 = 1 V/m. The units of the electric field strength (E z ) and magnetic field
strength (Hz ) are V/m and A/m, respectively. The arrows in the field distributions indicate the electric field, where their directions indicate the phase relation.

the reflectance of the metamaterial at the 2C mode dramatically
increases to 25.5% (Fig. 5a) and thus the corresponding value
of R/Ro reaches 160% (Fig. 5c).
In Fig. 7a, we summarize the reflection intensity modulations for the resonance modes of the metamaterial for
different applied voltages. Here one can see that, when
applying voltages, the even-order (2C ) c-SRR modes exhibit
more significant changes in reflectance than odd-order
modes (1C and 3C ). As the s-SRR structure is unchanged, only
minor reflectance changes are observed. For example, the 1 S
mode of s-SRR is hardly influenced by the applied voltage
and the 3S mode exhibits only a 3% reduction in R/Ro .
To understand the changes of the c-SRR modes caused
by the deflection of the nanocantilever, we computed the
field distributions corresponding to the 1C , 2C , and 3C resonance modes under different nanocantilever bending conditions, as shown in Fig. 7b. The incident EM field leads
to currents flowing in opposite directions on the concave
and convex surfaces of the nanoapertures, thus forming a
waveguide mode inside the nanoaperture [40]. Alternatively,
the c-SRR resonances can essentially be understood as Fabry–
Pérot resonances of guided waves propagating perpendicular

to the nanoaperture [36]. The widening gap of the nanoaperture under an applied voltage leads to blue-shift of the resonance wavelength and reduced reflection intensity, owing
to weakened near-field interactions around the sidewalls of
nanoaperture. The even-order c-SRR modes are more sensitive
to the shape change of the nanoaperture compared to the oddorder modes. A plausible explanation for this observation is
given below. The field strength is the highest at the amplitude
node. For the odd-order modes, the current flow starts at the
front sidewall of the nanocantilever and ends at the opposite
surface across the gap. The magnetic field intensities at these
surfaces are low (close to zero). In contrast, for the even-order
modes, the current flow starts and ends at the corners of the
nanoaperture, and thus, the front sidewall of the nanocantilever
serves as one of the amplitude nodes, where the nanocantilever
has strong near-field interactions with its opposite surface. As a
result, these even-order modes are more sensitive to changes of
the nanoaperture size. As shown in Fig. 7b, a 50 nm deflection
at the tip of the nanocantilever causes significant changes in
the current and magnetic field density in the 2C mode at the
front sidewall of the nanocantilever, whereas very little change
is observed in the 1C and 3C modes. In the pull-in state,
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Fig. 11.

Fig. 10. Spectra of relative reflectance change R/Ro of the tunable metamaterial using 1.6 μm-long cantilevers for TM (a) and TE (b) polarizations
under different applied voltages. The voltages applied here are below the
20.5 V pull-in voltage of the embedded cantilever.

both 1C and 3C c-SRR modes still exist but are insensitive
to the deflection of the nanocantilever, as confirmed by the
EM simulation.
Following the above discussions of the device tunability,
we examine the electro-optical modulation of the IR metamaterial. As illustrated in the inset of Fig. 8, a 2.1 μm-wavelength
laser beam in mode 2C was made normally incident on
the metamaterial. A square-wave driving voltage switching
between 0 and 55 V was applied to the metamaterial. The
incident laser beam was thus modulated by the metamaterial, and the reflected light was detected by a photodetector. No stiction of the nanocantilevers was observed in this
experiment because here, the applied highest voltage was
lower than the pull-in voltage of 65 V. At 55 V, the obtained
deflection is ∼20 nm (Fig. 6), which is insufficient to cause
stiction of the cantilever to the bottom of the 250 nm-deep
air cavity. Fig. 8 shows the frequency dependences of electrooptic modulation for the metamaterial. The spectral responses
exhibit an initial roll-off until 10 MHz and the mechanical
resonance frequency exhibits at 32.26 MHz, which agrees well
with the simulated frequency of 31.35 MHz. Here, the normalized modulation depth at the mechanical resonance frequency
is 24%, in which the reflectance obtained at the mechanical
resonance frequency of 31.35 MHz is normalized to the one
obtained at 55 V DC input. The absolute modulation depth can

7

SEM photo of the metamaterial with 3-μm-long cantilevers.

be calculated as (1 + 0.24) × (R/Ro) = 1.24 × 38% = 47%,
where R/Ro = 38% is the relative reflectance change at the
2C resonance mode of the metamaterial (Fig. 5c). This result
indicates that the metamaterial can be driven to its fundamental
resonance frequency. In essence, the electro-optic effect of
the tunable metamaterial originates from the electrostatically
induced mechanical deformation of the c-SRRs, affecting the
effective refractive index of each optical resonant element
and thus the resonance characteristics of the metamaterial.
In contrast, conventional electro-optic materials such as electrified crystals often have millimetre-scale dimensions and
use birefringence-induced polarization effects with the aid of
polarizers [41]. Meanwhile, liquid-crystal-based electro-optic
modulators [15], [42], [43] provide slow responses due to
the slow reorientation process of the liquid-crystal molecules,
which limits their modulation frequency. In contrast, via
constructing c-SRRs with free-standing Au–Si nanocantilevers
at the subwavelength scale, we can tune the optical resonances
of the formed metamaterials to modulate the incident waves by
applying an electrical potential. The complementary structural
feature of the optical resonators also simplifies the nanomanufacturing processes and the driving method for electro-optic
modulations in the near-to-mid-IR spectral regime. Further,
the resulting small dimensions of the meta-atoms lead to high
mechanical resonance frequencies of the order of several tens
of MHz, i.e. one to three order of magnitude higher than
almost all existing reconfigurable metamaterials [21]–[29].
An optomechanical dielectric metamaterial [44] was recently
reported to exhibit a higher modulation frequency; however,
owing to the weak optical force, the metamaterial provided
a limited maximum modulation depth of 0.2% (normalized
value) [44]. In comparison, our metamaterial, when operating
at its mechanical resonance frequency, offers the normalized
modulation depth of 24%, about two orders of magnitude
higher than the metamaterial using the optical force [44].
This is because the electrostatic actuation method used in
our device allows larger deflections of the cantilever than the
optomechanical actuation method.
Although the nanocantilever stiction at pull-in is irreversible
due to van der Waals interactions, the stiction could be avoided
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by some methods such as using closed-loop control and
proper surface treatment to extend the range of travel for the
nanocantilever [39]. In addition, to achieve larger tunability
of the EM resonances with lower driving voltages, design
improvements can be made. Possible optimization includes
introducing appropriate structural symmetry breaking between
the c-SRR and s-SRR structures to generate stronger coupled
resonances in their fundamental modes [37], [45]–[47], thus
improving resonance sensitivity of the cantilever deflection.
The symmetry breaking could be achieved via formation
of overlapping shadow areas between the c-SRR and SRR.
Moreover, it is flexible to adjust optical resonance wavelengths of the metamaterial by adjusting the geometries and
dimensions of nanoapertures and cantilevers. For example,
Fig. 9a shows the metamaterial with 1.6 μm-long cantilevers
embedded in the c-SRRs. The resonance wavelength of the
2C c-SRR mode for this metamaterial redshifts to a longer
wavelength at 3.41 μm (Fig. 9b; left panel), compared to
the mode wavelength of 2.1 μm for the above-mentioned
metamaterial using 0.8 μm-long cantilevers. Similarly, to
identify the origins of the resonance dips displayed in Fig. 9b,
we computed the field distributions of the c-SRR or SRR
resonance modes in Fig. 9c. Further, Fig. 10 shows the TE
and TM spectra for the relative reflectance change R/Ro of
the metamaterial with 1.6 μm-long cantilevers under different
applied voltages before the pull-in effect occurs at 20.5 V.
As expected, with increasing applied voltages from 0 to 17 V,
the 1C and 3C c-SRR modes for TE polarizations and the
1S s-SRR mode for TM polarizations exhibit relatively low
sensitivities to the applied voltages. The maximum value of
R/Ro is found to be 58% at the 2C mode at 17 V (Fig. 10).
The electro-optic modulation experiment indicates that due
to the longer cantilevers embedded in the c-SRR structures,
this metamaterial exhibits a lower mechanical modulation
frequency of 5.32 MHz, compared to the above-described one
using 0.8 μm-long cantilevers (i.e., 32.26 MHz).
Lastly, it should be noted that in this design, the length
of the Au-coated cantilevers should be no more than
3 μm to avoid significant initial bending. Fig. 11 shows
that when the metamaterial has 3 μm-long cantilevers,
even in the absence of voltage application the thin cantilevers (20-nm-thick silicon and 20 nm-thick gold) are already
bent into the wells, perhaps owing to the initial stress of the
cantilevers.
V. C ONCLUSIONS
In summary, we have demonstrated the NEMS-enabled
tunable metamaterials operating in the near-to-mid-IR range
by electromechanically tuning the nanocantilevers embedded
in the c-SRR units. As the nanocantilevers bend downward
towards the substrate, the U-shaped air gaps in the c-SRRs
are geometrically changed, thus altering the surface-current
flows on the sidewalls of the nanoapertures and varying the
resonance intensity. The deflection of the nanocantilevers leads
to significantly larger changes in the even c-SRR modes,
while this change is less impactful in the odd c-SRR and
SRR modes. With the compact and easy-to-implement metaatom design, the present tunable metamaterial can provide fast

electro-optic modulation at frequencies of several tens of MHz.
In addition, this technology will find many applications in
optical modulators, infrared sensors [48], and transformation
optics [49]. Our tunable metamaterial design may also shed a
light on a reconfigurable metamaterial where each resonant
element may be individually controlled via integration of
CMOS based integrated circuits within the top silicon device
layer of SOI substrate.
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