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On-demand terahertz surface wave generation with
microelectromechanical-system-based metasurface
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During the past decade, metasurfaces have shown great potential to complement standard optics, providing novel
pathways to control the phase, amplitude, and polarization of electromagnetic waves utilizing arrays of subwavelength
resonators. We present dynamic surface wave (SW) switching at terahertz frequencies utilizing a mechanically recon-
figurable metasurface. Our metasurface is based on a microelectromechanical system (MEMS) consisting of an array
of micro-cantilever structures, enabling dynamic tuning between a plane wave (PW) and a SW for normal incidence
terahertz radiation. This is realized using line-by-line voltage control of the cantilever displacements to achieve full-span
(2m) phase control. Full-wave electromagnetic simulations and terahertz time-domain spectroscopy agree with coupled
mode theory, which was employed to design the metasurface device. A conversion efficiency of nearly 60% has been
achieved upon switching between the PW and SW configurations. Moreover, a nearly 100 GHz working bandwidth is
demonstrated. The MEMS-based control modality we demonstrate can be used for numerous applications, including
but not limited to terahertz multifunctional metasurface devices for spatial light modulation, dynamic beam steering,

focusing, and beam combining, which are crucial for future “beyond 5G” communication systems. © 2021 Optica
Publishing Group under the terms of the Optica Open Access Publishing Agreement
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1. INTRODUCTION

The arbitrary control of electromagnetic (EM) waves is one of
the key aims in modern photonics and antenna research [1,2].
Moreover, the “on-demand” control of EM waves is a challenging
and important task to realize next-generation communication
systems [3—6]. Conventional optical components, such as lenses,
wave plates, optical modulators, and mirrors typically rely on
wave propagation over distances that are much greater than the
wavelength to shape wavefronts or change the wave amplitude,
phase, and polarization [7]. In contrast, metamaterials (MMs) are
subwavelength EM composites that have enabled new pathways
to control the propagation of EM waves [8—12]. Compared with
standard optical components, MM devices can be compact and
lightweight, an important goal for the increasingly demanding
requirements in miniaturization of modern EM and photonic
systems. MMs are typically created by designing an array of
subwavelength unit cells forming a composite with an effective
permittivity and permeability to achieve novel properties that have
enabled various applications and groundbreaking phenomena that
cannot be realized in natural materials [13—19].

In addition, metasurfaces (the two-dimensional analog of
MMs) have attracted considerable attention due to the relative
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ease of fabrication and versatility in manipulating EM waves
[20-25]. Notably, among different metasurface devices, an impor-
tant development is the implementation of phase-gradient unit
cells to realize functional Huygens’s surfaces in an ultrathin struc-
ture (~1/1001) [26-33]. However, the majority of phase-gradient
metasurfaces realized to date are static, responding to incident
waves in a prescribed manner and lacking real-time tunability.
Adding real-time on-demand functionality to metasurfaces would
enable dynamic control of EM waves and novel routes to recon-
figure optical components. Previous research has demonstrated
tunability in metasurfaces using various approaches. This includes
phase change materials (PCMs, like Ge;Sb,yTes and VO,) [34—
36], optically tunable semiconductors [37], electrical gating [38],
2D materials [39], among others. These tuning approaches enable
high-efficiency manipulation of the metasurface response by
controlling the constituent material properties to tailor the propa-
gation characteristics of EM waves at comparatively high speeds.
As a complementary approach, MEMS may also be employed
to modify the structure of the metasurface unit cells, providing
novel degrees of freedom to tune the metasurface response. For
example, by integrating basic MEMS components such as voltage
tunable micro-cantilevers [40—42], bi-material cantilevers [43],
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and comb-drive structures [44,45] with metasurfaces [46—48],
different tunable devices can be achieved. Importantly, recent
research has also demonstrated the considerable potential of
MEMS-tunable metasurface devices for wavefront engineering
and polarization control [49,50], giving rise to flat lenses for sub-
wavelength focusing [51,52], polarization conversion [53], and
arbitrary vector-beam generation [54].

We present the design, fabrication, and characterization of a
MEMS-based metasurface with a controllable phase gradient that
can dynamically switch between plane wave (PW) and surface
wave (SW) states in the terahertz frequency band (measured using
terahertz time-domain spectroscopy, THz-TDS). Our theoretical
analysis based on coupled mode theory (CMT) [55], the gener-
alized law of reflection, and finite element simulations provide a
comprehensive view of the tunable EM response. Compared with
previous research using MEMS cantilever-based metasurfaces
[56-58], our work demonstrates that the line-by-line control (1D
control) can be realized. Importantly, the MEMS-based meta-
surface proposed here can effectively convert the PW to SW with
nearly 60% conversion efficiency over a ~ 100 GHz working
bandwidth. This work demonstrates that on-demand switching
capabilities can be realized with MEMS-based micro-cantilever
structures to manipulate the phase, amplitude, and directionality
of EM waves. The theoretical analysis, fabrication, finite element
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simulation results, and THz-TDS measurement results of our
MEMS-based metasurface are presented in the following sections.

2. COUPLED MODE THEORY DESCRIPTION OF
MEMS-BASED METASURFACE

The working principle of the MEMS-based metasurface is shown
in Fig. 1(a). The metasurface consists of a three-layer metal-
insulator-metal (MIM) structure. The top layer is a suspended
cantilever structure, which serves as the reconfigurable metallic
resonator, where the tip height (4) can be changed by applying
an electrostatic force with an external actuation voltage. The sili-
con substrate serves as the dielectric spacer, while the continuous
gold plane acts as a ground plane. Due to the existence of the gold
ground plane, the transmission is negligible, and we only need to
consider the reflection (R) in the following analysis. CMT is used
to analyze the response of the MEMS-based metasurface. CMT is
typically used to study the coupling of a resonator to one or more
ports, or to other resonators. However, in our metasurface device,
the resonances are spectrally separated, and the only resonance
of concern is that of the reconfigurable cantilever metasurface
(RCMS). As a result, a one-port single-mode model in CMT
can fully describe the EM response of the RCMS. The reflection
coefficient can be expressed by the following equation [42]:
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Fig. 1. Reconfigurable cantilever metasurface (RCMS) structure and working principle. (a) Schematic drawing of the RCMS in the SW “ON” state.
Inset: cross-sectional RCMS unit cell in the one-port system showing the incident (In) radiation and the corresponding reflection (R). (b) Reflection ampli-
tude (top) and phase (bottom) of RCMS for different resonance frequencies (w/wy) and quality factors (A Q = (Q, — Q,)/ Q,) calculated using CMT.
(c) The amplitude (blue) and phase response (red) versus resonance frequencies for A Q = —0.76 (solid lines) [corresponding to the vertical shaded band
in (b)] and A Q = 0 (dashed lines). (d) Schematic of RCMS operation. The left image depicts the "OFF" state with no voltage actuation; the middle image
depicts all cantilevers actuated (see data and simulations in Fig. 3 and 4); and the right image is with every other row of cantilevers actuated, enabling plane
wave to surface wave conversion (see Fig. 5 for details).
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where wy is the resonance frequency and Q, and Q, are the absorp-
tive and radiative quality factors, respectively. The resonance
frequency (wp) is determined by the mode supported by the meta-
surface unit cell. The absorptive quality factor (Q,) is defined as
the ratio of total stored energy in a metasurface unit cell to the time-
averaged energy, while the radiative quality factor (Q,) is the ratio
of the total energy and the energy radiated by the unit cell per oscil-
lation cycle. The radiative and the absorptive quality factors can be
numerically determined by Egs. (2) and (3), respectively [59]:
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where £ is the free space wavenumber, 4 is the spacer thickness, p
is the unit cell periodicity, and « is the slit width on the top layer
of the metasurface. As can be seen from Egs. (2) and (3), in addi-
tion to the geometrical and material parameters of the resonator,
the spacer thickness 4 plays a dominant role in determining the
radiative and absorptive quality factors, where the radiative quality
factor Q, scales inversely to 4 and the absorptive quality factor
Q, depends quasilinearly on 4. In our RCMS, by changing the tip
height (), the effective spacer thickness 4 + d can be changed,
which, in turn, modifies the radiative quality factor Q,, absorptive
quality factor Q,, and reflection coefficient.

For the sake of generality, we define two dimensionless factors
w/wyand AQ=(Q, — Q,)/Q, to describe the response of the
MEMS-based metasurface at an arbitrary frequency (w). As shown
in Fig. 1(b), the reflection amplitude and phase for different w/wy
and A Q demonstrate that the phase and amplitude response can
be fully controlled by tuning the frequency (w) for a given AQ
value. Importantly, in order to generate a SW (and, more generally,
realize other beam-forming control strategies with RCMSs), it is
desirable to have smooth control of the phase change over a full-
span of 27t while simultaneously achieving minimal changes in the
reflection amplitude in the RCMS. For example, when AQ =0,
the phase can be changed from — to 7w by sweeping the frequency
(w). However, the reflection amplitude varies from 1 to 0 (perfect
absorption) for A Q = 0, which is unwanted for SW generation.
When A Q > 0 (see Supplement 1), where the resonance of the
unit cell is overdamped by the strong absorption, the phase shows
a sudden jump from positive to negative for an increasing w,
thereby lacking a smooth phase change. However, when A Q <0,
an underdamped condition is achieved. For underdamping, a
gradual phase change from —7 to 7w can be achieved by changing
the frequency () [see the lower plot of Fig. 1(b)] which, as stated
above, is important in designing a RCMS to generate a SW. It is
noteworthy that the variation in amplitude is also minimized for
increasingly negative A Q values. However, if A Q is too negative,
the phase change as a function of w/w, may be too slow, requiring
a large frequency tuning range beyond the modulation range of
our current RCMS. As a result, a balance point for the selection
of A Q is required to optimize the phase and amplitude response.
Figure 1(c) shows the tuning range of the amplitude and phase for
a trade-off value of A Q= —0.76 (solid line). Comparing with
A Q =0 (dashed line), the amplitude modulation is dramatically
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decreased, and the phase variation becomes much smoother with
A Q=—0.76. As a result, in order to fulfill the requirements of
the underdamped condition (Q, < Q,, A Q < 0) and realize the
RCMS to generate SW, it is extremely important to choose the
right initial spacer thickness /4. However, owing to the trade-off in
mechanical strength, fabrication limitations, and the optimal A Q
value, the silicon spacer thickness is chosen to be 20 pm to achieve
the full-span (277) phase coverage, large resonance frequency shift,
and small variation in the reflection amplitude. (see Supplement 1
fora detailed study on choosing the right spacer thickness).

3. SURFACE WAVE GENERATION

In order to generate a SW from a normal incidence PW using the
RCMS, two requirements need to be fulfilled. First, the meta-
surface should remain in the underdamped condition (A Q < 0)
when the cantilevers deform. The underdamped condition ensures
a gradual phase change and the ability to cover the entire 27 range
with a relatively small change in the reflection amplitude. In our
RCMS structure, A Q ranges from —0.17 at the pull-in state to
—0.48 at the initial state, while staying in the underdamped region
without any phase discontinuity (see Supplement 1 for detailed
A Q values as a function of cantilever deformation).

The second condition requires a super cell periodicity () that
is smaller than the targeted free space wavelength (X). A super cell
is defined as the composite unit cell that spans a phase of 27r. The
second requirement is based on the intrinsic properties of the SW
and generalized laws of reflection. The lateral control of the surface
phase profile allows for momentum matching to enable the gener-
ation of a surface wave that propagates parallel to the surface. The
SW is a special type of EM wave that is bounded at an interface and
coupled with charge oscillations [60]. Consequently, the radiation
pattern of the metasurface can be obtained by solving the Maxwell
equations to obtain the following result:

E(r, 1) = (1o joc/2k) - (—\/ kg — 2% +5%)

Xezé;‘xgz kg—& Z, zwt’ (4)

where ky = 27 /1, is the free space wave vector possessed by the
normal incidence PW, and & =277/ P is the parallel wave vector
induced from the RCMS. From Eq. (4), when & < ky, the attenua-

tion term (¢’ V £ 7$2z) isa complex number, indicating the radiated
wave is a PW. However, when & > £, the attenuation term is a real
number, showing that the radiated wave becomes a SW. The same
results can also be realized with the generalized law of reflection.
Based on the Snell’s law and Fermat’s principle, the reflection angle
for a normal incidence beam is determined by 6, = arcsin(& /ko).
As a result, the SW is generated when & > kg, where the reflection
angle is larger than 90 °.

By implementing line-by-line voltage control of the tip-pad
displacement (&) of the RCMS, the phase difference between the
adjacent cantilever-based unit cells is approximately 7. As shown
in Fig. 1(d), when the metasurface is in the “OFF” state (left), all of
the cantilevers are at the initial state. When the voltage is applied
to all lines simultaneously, the metasurface is in the “ON” state
(middle) with all of the cantilevers pulled to the surface. For this
“OFF” and “ON” state, the incident PW will reflect to free space
(and the detector). However, when the metasurface is in the SW
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“ON? state [right and Fig. 1(a)], the external voltage is applied to
every other line of cantilevers, while no voltage is applied to the
other lines of cantilevers (i.e., every other row of cantilevers is dis-
placed). By doing so, a nearly 7 phase difference between adjacent
lines is achieved.

4. MATERIALS AND METHODS

The RCMS device was fabricated using surface and bulk micro-
machining as shown in Figs. 2(a)-2(f). The slightly doped
silicon-on-insulator (SOI) wafer was first coated with 400 nm
of silicon nitride (SiNx) on both sides. The SiNx layers serve as an
insulator and mask layer for the following processes [Fig. 2(a)].
Next, photolithography was performed on the top side of the
wafer, followed by reactive ion etching (RIE) to open windows
for the ground electrodes [Fig. 2(b)]. The ground electrodes were
deposited with 400 nm aluminum through e-beam evaporation
and annealing in H,//N, mixing gas to obtain ohmic contact
between the metal and silicon. Subsequently, the ground pads and
the interconnection wires were patterned with a second round

(a) (b)

(d) (e)

@Au
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of photolithography, e-beam evaporation, and lift-off using gold
[Fig. 2(c)]. Afterwards, an 800 nm thick polyimide film was spin-
coated on the surface as a sacrificial layer and then etched through
at the anchor position [Fig. 2(d)]. In the next step [Fig. 2(e)],
900 nm copper cantilever structures were patterned on top of the
polyimide film using lift-off processing. The rectangular hole on
the beam facilitates releasing of the sacrificial layer. Subsequently,
the handle layer of the SOI wafer was etched using the potassium
hydroxide (KOH) solution resulting in a 20 pum device layer under
the metasurface area. The gold ground plane was coated with
another e-beam evaporation process to eliminate the transmission.
Finally, the sacrificial polyimide layer was completely removed
by using O, plasma etching [Fig. 2(f)]. Optical microscopy and
scanning electron microscopy (SEM) images of the MEMS-based
RCMS are shown in Fig. 2(g). The periodicity of the unit cell struc-
ture is 120 pm, while for the cantilever beam, the length, width and
thickness are 42, 20, and 0.9 pm, respectively. Of note, as shown
in Fig. 2(g), due to the residual stress within the beam, the free end
of the cantilever tends to bend upwards. Therefore, the initial tip

height (4) is~1.2 pm.
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Fig.2. (a)—(f) Fabrication process flow of the MEMS-based RCMS. (g) Optical microscopy (top) and scanning electron microscope (SEM) image of
the MEMS-based RCMS. The E with an arrow shows the e-field polarization direction for the THz-TDS characterization. (h) Photograph of the fabricated
device. (i) The measured tip height versus applied DC voltage (blue thombus). The dashed red line shows the predicted values from simulation (COMSOL

5.3a). The pull-in voltage (Vpy) is ~52 V for our design.
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As shown in Fig. 2(h), the area of the RCMS is 0.8 x 0.8 cm?.
After the wafer-scale fabrication, the RCMS is electrically con-
nected to the anode of the source-meter unit (SMU, Keithley
2400 Source-Meter-Unit) through the rectangular gold pads,
while the ground electrodes on the corners are connected to the
cathode of the SMU. Of note, the top and bottom rectangular pads
connect to the different lines on the metasurface, which enables
line-by-line control, which is needed for SW control as described
above. When an external voltage is applied to the cantilever beams
and thessilicon substrate, the electrostatic force pulls the suspended
cantilevers closer to the substrate. The tip height (&), which is the
distance between the bottom side of the cantilever’s free end and
the top of the gold capacitive pads, is measured with a white-light
interferometer (ZYGO NewView 9000). As shown in Fig. 2(i), the
tip height decreases with increased DC voltage. However, due to
the intrinsic properties of the cantilever structure, the tip height
cannot change continuously (see Supplement 1 for mechanical
properties of cantilever structure). As a result, beyond a critical
voltage (pull-in voltage Vp; ~ 52 V), the cantilever snaps down to
the capacitive pad, and the RCMS reaches its modulation limit.

The RCMS was measured using THz-TDS in reflection.
The THz pulses were generated with a standard photoconduc-
tive antenna and a titanium sapphire laser (800 nm, 25 fs pulses,
80 MHz repetition rate). The THz pulses were focused on the
metasurface at normal incidence, and the reflected pulses were
measured with a second photoconductive antenna. The time-
domain response was Fourier transformed to the frequency
domain [E, (w)]. The reference pulses [ £, (w)] were measured
with a gold coated silicon substrate. The resolution of the measured
reflection datawas ~ 6 GHz from 0.5 to 0.75 THz.

The EM response (both amplitude and phase) of the RCMS
only changes with applied voltage (i.e., when the spacing 4 is
changed) for x polarization [Fig. 2(g)]. As such, the reflection spec-
tra are presented for x polarization only. The E-field polarization
direction is accordance with the arrow direction shown in Fig. 2(g).
In order to measure the reflection response of the RCMS, both the
rectangular pads are connected to the SMU, and all the cantilever
beams are under the same external voltage. However, for the SW
measurement, only one pad connected to the SMU, and the other
one is not. By doing so, the cantilevers connected to the pad can be
deformed under the electrostatic force between the beam and the
substrate.

5. RESULTS AND DISCUSSION

As described above, a DC voltage applied to the RCMS actuates
the cantilevers. In turn, the deformation of the cantilevers (cor-
responding to a change in &) modulates the amplitude and phase
of the reflected wave. For the initial characterization, we applied
a uniform DC voltage to the RCMS using both rectangular pads
so that all of the cantilevers are actuated in every column and mea-
sured the change in reflectivity from 0 to 52 V. Figures 3(a)-3(c)
shows the experimentally measured reflectivity and phase at differ-
ent DC voltages with the THz pulses at normal incidence (dashed
blue lines). The simulation results (red solid lines) use full wave
simulations (CST Microwave Studio 2020). In our model, the
20 pm slightly N-doped silicon substrate serves as the spacer layer
and is treated as a lossy dielectric material with a permittivity of
11.6 and aloss tangent of 0.07 from 0.5 to 0.75 THz. The 400 nm
silicon nitride film served as an insulating layer and was modeled
as a lossless dielectric material with permittivity & = 7. The copper

cantilever structure was modeled as a lossy metal with conductivity
0 =5.8 x 107 S/m. The ground plane and pads were made with
gold and modeled as a lossy metal with 0 = 4.6 x 10" S/m. The
tip height was adjusted in simulation to match the experimental
results for different applied voltages. The simulated amplitude and
phase of the reflection response are depicted in Figs. 3(a)-3(c) with
solid red lines.

As can be seen from Figs. 3(a)-3(c), the experimental (dashed
blue lines) and simulation results (solid red lines) agree well with
each other. The slight difference in the reflectivity and phase
between the experimental and simulation results arise from fabri-
cation imperfections and measurement errors. At the initial state
(V'=0V), the resonance is at 0.67 THz, and a full-span (277)
phase shift is achieved from 0.5 to 0.75 THz [Fig. 3(a)]. As shown
in Figs. 3(b) and 3(c), the resonance frequency of the metasurface
redshifts from 0.67 THz (V =0V) to0 0.64 THz (V =45V) and
finally to 0.56 THz (V41 = 52 V). Importantly, at ~0.6 THz, with
our RCMS design, we can achieve the full-span phase modula-
tion from the initial state to the pull-in state without any phase
discontinuity from the underdamped region (AQ <0) to the
overdamped region (A Q > 0), meaning gradual phase change and
full-span (27) coverage for all cases. The simulated surface current
and electric field distribution [Figs. 3(d) and 3(e)] provides insight
into the EM response of the RCMS. For the initial state (V =0V,
the on-resonance current is mainly on the copper cantilever, cor-
responding to a LC resonance. The electric field distribution in
Fig. 3(e) shows that the electric field is concentrated between the
gold pad and the cantilever structure, and the tip-pad structure is
the dominant capacitance. The tip-height distance () is changed
in the simulations to match the experimental results with different
applied voltages, indicating that the reflectivity and phase change
originate from the increase in the applied voltages and deformation
of the cantilever structures. That is, the change in the EM response
arises from the voltage-induced change in the tip-pad capacitance.

The excellent agreement between experiments and simulations
in Fig. 3 is such that we can further analyze the EM response, where
we will consider changes in the reflected amplitude and phase at
an operational frequency of 0.6 THz. As we will show, this is a fre-
quency where a large change in the phase and with relatively minor
changes in the reflection occur. Figure 4(a) replots the reflection
simulations from Fig. 3 in a single panel, while Fig. 4(c) shows a
color plot of the reflectivity, which shows that by increasing the
applied DC voltage (corresponding to a continuous decrease of the
tip height ), the resonance frequency continuously redshifts from
0.67 to 0.56 THz. There is, of course, a corresponding change
in the phase as shown in Figs. 4(b) and 4(d). Importantly, the
observed changes with voltage are continuous since AQ < 0 is
maintained (see Section 2 above for discussion). However, due
to the pull-in effect of the cantilever structure, the tip height (4)
cannot continuously change. This is evident from Fig. 2(i), where
the experimental measurement of the cantilever tip height changes
quite rapidly for voltages above ~40 V, making precision control
difficult (Supplement 1). In particular, between 0 to ~50V, the
cantilever tip displacement decreases from 1.2 pm, which is the
initial tip height, to 0.7 um. At the pull-in voltage (Vp; =52V),
the cantilevers are pulled down to the gold capacitive pad on the
substrate, preventing further deformation of the beam.

Because of the sensitivity of the tip height of & with voltage,
the amplitude and phase response in the black shaded region of
Figs. 4(c) and 4(d) cannot be utilized with our current RCMS.
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(a)—(c) Amplitude (left) and phase (right) of the reflectivity for the RCMS at different voltages. (a) V'=0V; (b) V=45V; (c) V=52V. The

solid red lines are simulations, while the dashed blue lines are experimental results. (d)—(e) On resonance simulated current and electric field distribution,

respectively, for the initial state (applied voltage V' =0V).

Nonetheless, the RCMS still achieves a full-span (277) phase modu-
lation over a certain frequency band. As shown in Figs. 4(a) and
4(c) with red, green, and blue stars at 0.6 THz, the amplitude
changes in the range of 0.3 to 0.7 between the pull-in state (blue)
and the initial state (red). The amplitude change could be further
minimized with optimized cantilever structures (i.e., by making
A Q even smaller). Meanwhile, as shown in Figs. 4(b) and 4(d), the
phase changes from -100° (V; =0V) to —120° (V, =45 V) and
finally to —306° at the pull-in voltage (V3 =52V). Importantly,
most of the phase change occurs between the green and blue stars,
where the cantilever changes to the pull-in state. Although the

mechanical limits of the cantilever restricts a large tuning range,
the RCMS can still act as an on/off switch where phase difference
between the initial state (red star) and the pull-in state (blue star)
is almost 7t at 0.6 THz. As we now discuss, this is sufficient to
create an on/off surface wave switching for normal incidence THz
radiation over a specified frequency band.

The RCMS can realize the switching between a PW and a SW
with controlled external voltage on each line. As we discussed above
in Section 3, only the cantilevers connected with the top pad will be
pulled in, while the other cantilevers remain at the initial position
(see Supplement 1 and Visualization 1 for detailed SW generation
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the red, green, and blue stars corresponding to three different voltages, Vi, V,, and V3, respectively.

with RCMS). By doing so, a 7w phase difference between the adja- Fig. 5(a) as dashed blue lines. Clearly, compared with the “OFF”
centlines isachieved. state, the reflectivity is decreased when the metasurface is in the
The metasurface response under “ON” and “OFF” states are “ON” state since, for a range of frequencies, the light is directed
measured with the THz-TDS system, and the results are shown in along the surface and not toward the detector. The working
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dashed black line shows the working region, where over 50% of the incident energy is converted to a SW. (b) Conversion efficiency from PW to SW (red
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bandwidth is shown in Fig. 5(a) between the two dashed vertical
black lines (0.57 THz to 0.66 THz). The working bandwidth (P
to SW) is determined by the conversion efficiency between the
PW and SW [Fig. 5(b) red dots], the phase difference between the
adjacent cantilevers [Fig. 5(c)], and finally confirmed with finite
element simulation results showing the /, component of the field
[Fig. 5(d)]. As shown in Fig. 5(b), the reflectivity change is first
calculated using the reflectivity spectrum measured in Fig. 5(a).
The reflectivity change is defined as (Rofr — Ron)/ Rofr, Where Ry
(green line) and R,, (red line) are the reflectivity of the “OFF”
and “ON? states, respectively. The conversion efficiency between
the PW to SW is further calculated using CST Microwave Studio
with the power flow monitor at ten different frequency points.
We illuminate the “ON” state RCMS by a normal incidence
PW with total power P, and integrate the SW energy within the
air—metasurface region to obtain the total outgoing power P
carried by the SW. The calculated PW-SW conversion efficiency
is defined as P,/ Py, and is shown as red dots in Fig. 5(b). The
results demonstrate that when the RCMS is on the “ON” state,
it can efficiently convert an incident PW to a bounded SW with
~ 60% at 0.65 THz and greater than 30% over the operational
bandwidth (0.57-0.66 THz). Figure 5(c) shows the phase differ-
ence between the two adjacent cantilevers as the function of the
frequency in the “ON” state. Clearly, the maximum conversion
efficiency occurs at the equalization point [dashed orange line
and blue stars in Figs. 5(b) and 5(c), respectively], where the phase
difference equals to 7 (180°). Also, when the phase difference is
larger than 0.86m (~150°, dashed pink line), more than 30% of
the energy from the PW can be converted into the SW. Figure 5(d)
shows the simulated /, field (including phase information) in the
“ON?” state metasurface under normal incidence PW at 0.65 THz.
From the H,-field distribution in Fig. 5(d), we can clearly see from
the patterns that the /), field has a well-defined 27 periodicity
&. =1.91ky. The simulated H, field also exhibits a well-defined
parallel % vector at the air—metasurface interface. The simulation
results indicate that when the PW illuminates the RCMS in the
“ON?” state, the “reflected” wave cannot reflect back to the free
space and becomes a SW and trapped by the metasurface due to
& > ko (see Supplement 1 for a detailed field distribution and the
pure scattered field pattern). The simulation results also explain the
changes in the reflectivity between the “ON” and “OFF” state in
Fig. 5(a).

Further optimization of our MEMS-based metasurface can
be pursued to increase the reflection amplitude, tuning range,
and realization of finer control at the unit cell level with well-
designed signal routing strategies. For example, there have been
efforts to increase the reflection amplitude and increase the tuning
range with novel cantilever designs and larger tip-height distances
[53,61]. Moreover, silicon via (TSV) and other well-designed
routing strategies are mature in most CMOS applications [62] and
can, in future designs, be used in MEMS-based metasurfaces to
realize precision control at the single unit cell level.

6. CONCLUSION

In conclusion, we have successfully demonstrated that surface
waves can be generated on demand with our RCMS by realizing
full-span (27) phase modulation and single line control of the
cantilever-based unit cell. By realizing the line-by-line control of
the metasurface, we can achieve a 7w phase difference between the
adjacent cantilevers and with two-unit cells, covering the entire 27

phase range. The conversion efficiency, from the PW to SW;, of our
RCMS is nearly 60% at the maximum point and over 30% over
an approximately 100 GHz bandwidth. Compared with previous
works on MEMS-based metasurfaces, our work has realized line-
by-line control (1D control) of the metasurface, which is a crucial
step toward realizing future dynamical beamforming and focusing
devices. More importantly, this work presents a MEMS-based
metasurface that can efficiently switch the normal incidence PW to
the SW at the air—metasurface interface. Our results will facilitate
the development and applications of THz wave modulation and
future MIMO 5G communication systems.
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