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Terahertz (THz) wave manipulation, especially the beam deflection, plays an essential role in various 
applications, such as next-generation communication, space exploration, and high-resolution imaging. 
Current THz optical components and devices are hampered by their large bulk sizes and passive responses, 
limiting the development of high-performance, miniaturized THz microsystems. Tunable metasurfaces 
offer a powerful dynamic optical platform for controlling the propagation of electromagnetic waves. 
In this article, we presented a mechanically tunable metasurface (MTM), which can achieve terahertz 
beam deflection and vary the intensity of the anomalous reflected terahertz wave by changing the air 
gap between the metallic resonator (MR) array with phase discontinuities and Au ground plane. The 
absence of lossy spacer materials substantially enhances deflection efficiency. The device was fabricated 
by a combination of the surface and bulk-micromachining processes. The THz beam steering capability 
was characterized using terahertz time domain spectroscopy. When the air gap is 50 μm, the maximum 
deflection coefficient reaches 0.60 at 0.61 THz with a deflection angle of ~44.5°, consistent with theoretical 
predictions. We further established an electrically tunable miniaturized THz device for dynamic beam 
steering by introducing a micro voice coil motor to control the air gap continuously. It is shown that our 
designed MTM demonstrates a high modulation depth of deflection coefficient (~ 62.5%) in the target 
steered angle at the operating frequency. Our results showcase the potential of the proposed MTM as a 
platform for high-efficiency THz beam manipulation.

Introduction

�e terahertz frequency range (0.1 to 10 THz) has garnered sig-
ni�cant attention due to the promising application in high-speed 
wireless communication [1–3], high-resolution imaging [4–6], 
space exploration [7,8], biological sensing [9–11], and security 
detection [12,13], among others. �erefore, dynamic terahertz 
beam manipulation technologies, including beam steering and 
beam modulation, have become crucial for advancing these 
applications [14–17]. Conventional terahertz beam steering 
techniques involve recon�guring electromagnetic (EM) wave 
propagation through various mechanisms, such as mechanic 
scanning lenses [18], �ip mirrors [19], or phased arrays [20]. 
How ever, these conventional devices su�er from drawbacks like 
large bulky sizes, high power consumption, and complex signal 
feeding systems, posing signi�cant challenges for achieving tera-
hertz wavefront modulation at a subwavelength scale and achiev-
ing miniaturized systems or microsystems [21,22].

Metasurfaces, consisting of subwavelength meta-atoms, 
o�er extensive design �exibility for developing compact func-
tional devices to manipulate the EM waves [23–25]. �e intro-
duction of generalized Snell’s law also provides a convenient 
and e�ective design methodology for ultrathin metasurfaces 
to control the propagation of EM waves, such as beam steering, 
focusing, and orbital angular momentum generation [26]. In 
the microwave range, active electronic devices (varactors, 
diodes, and semiconductor switches) were employed to change 
the phase response distribution of metasurface array, enabling 
the dynamic THz beam steering and focusing [27,28]. However, 
when the operating wavelength shi�s to the THz regime, the 
stimulated response of the electron becomes relatively weak, 
and the high losses of active electronic devices may constrain 
the phase shi� [29].

Tunable metasurfaces have been extensively studied in the tera-
hertz band, and they can be categorized into 2 main approaches: 
(a) tuning the properties of constituent materials by external 
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excitations [30–32], and (b) changing the dimension parame-
ters and geometric structures of meta-atoms by mechanical 
deformation [33–35]. In comparison to terahertz tunable meta-
surfaces enabled by modifying the constituent material proper-
ties, mechanically dynamic metasurfaces have shown great 
development prospects due to the high-power handling capabil-
ity [36]. �e mechanical approach can manipulate the near-�eld 
interactions between meta-atoms signi�cantly to achieve large 
tunability, especially the high modulation depth and broad 
frequency tuning range [37]. Dynamic metasurfaces based on 
micro-electro-mechanical system (MEMS) have shown great 
development prospects for realizing e�cient, broadband, and 
fast wavefront shaping in the optical regime [38,39]. Besides, 
the absence of constituent materials will be conducive to reduce 
dissipated energy and intrinsic losses inside the meta-atom, 
improving the e�ciency of terahertz beam manipulation. �ere-
fore, dynamic metasurfaces based on the mechanically tunable 
approach provide a �exible and e�cient platform for manipu-
lating THz waves with minimized parasitic e�ects [40].

In this study, we proposed a terahertz beam de�ector based 
on the mechanically tunable metasurface (MTM) composed 
of 2 silicon chips spaced by an air gap. �e MTM is designed 
to manipulate terahertz wavefronts and enable continuous 
modulation of de�ection amplitude. Using the equivalent cir-
cuit model (ECM), we theoretically demonstrated that meta-
atoms within the MTM exhibit re�ection coe�cient exceeding 
0.95, covering a phase span of 360° when a substantial air gap 
(≥50 μm) is maintained. A subarray consisting of 6 air-spaced 
meta-atoms with a uniform phase gradient is selected for pre-
cise THz beam steering. �e device was fabricated by 2 wafer 
processes, and characterized using an angle-resolved terahertz 
time domain spectroscopy (THz-TDS) system. Our device 
achieves a maximum de�ection coe�cient of 0.60 at the oper-
ating frequency of 0.61 THz with an output angle of approxi-
mately 44.5°. In addition, we demonstrate anomalous re�ection 
coe�cient modulation depth of 62.5% at 44° by continuously 
adjusting the air gap through applied currents ranging from 
40 to 80 mA. �is work presents a practical and e�ective solu-
tion for active terahertz beam steering through the utilization 
of a metasurface-based microsystem featuring a tunable air 
gap. We believe that the concept of MTM o�ers a general solu-
tion for recon�gurable intelligent surfaces (RISs) at terahertz 
and higher frequencies, which potentially have vast applica-
tions in high-speed communication and other information 
technologies.

Results

Design
�e proposed tunable terahertz beam de�ector is composed of 
a metallic resonator array chip (Chip 1), a gold-coated silicon 
substrate (Chip 2), a micro voice coil motor (VCM), and a 
3-dimensional (3D) printed skeleton structure, as shown in 
Fig. 1A. Chip 1 is attached to the backside of the top cap, while 
Chip 2 is connected to the VCM by a solid stud. As shown in 
Fig. 1B, the metallic resonator array is located on the back of 
Chip 1, and Chip 2 can move upward and downward in the Z 
direction by applying currents to the VCM. �e air gap between 
the metallic resonator array and Au ground plane can be varied 
and continuously driven by electrical stimulation, forming an 
MTM. �e terahertz beam is normally incident onto the MTM 
through a window. When the air gap is equal to the optimal 

design value, the phase gradient of meta-atom is uniform, and 
the phase response can cover 360°. According to the generalized 
Snell’s law, the THz beam will de�ect to a designed angle (α), 
as shown in Fig. S1A. Owing to the removal of the lossy spacer 
materials, the de�ection e�ciency of air-spaced metasurface 
can be improved signi�cantly. When the air gap is close to zero, 
the phase responses of all meta-atoms are approximately equal, 
and phase discontinuities in the meta surface vanish. In such 
condition, the THz beam will re�ect vertically, and the intensity 
of the de�ected beam in the angle (α) will drop particularly 
low, as shown in Fig. S1B. �erefore, we can vary the amplitude 
of the de�ected THz beam by changing the air gap between the 
metallic resonator array and Au ground plane. As shown in Fig. 
1C, the air-spaced meta-atom consists of a cross-shaped metal-
lic resonator patterned on the backside of a high-resistivity 
(HR) silicon, which is covered by a silicon nitride membrane.

To investigate the resonance nature of the metasurfaces, we 
calculated the surface current and electric �eld distributions 
of meta-atom at the corresponding resonance frequencies by 
numerical simulation. A unit cell boundary condition and nor-
mal incidence were applied to the simulation model. �e permit-
tivity and conductivity of the HR silicon were set as 11.9 and 
0.005 S/m, respectively. �e permittivity of the silicon nitride 
was 7.6 + i0.04 [41]. Gold was modeled as lossy metal with a 
conductivity of 4.56×107 S/m, and the interlayer was considered 
as vacuum. �e periodicity of meta-atom (P) was set as 120 μm, 
and the air gap (g1) between the metallic resonator and Au 
ground plane was 50 μm. �e length (l1) and width (w1) of the 
metallic resonator were 100 μm and 90 μm, respectively. �e 
thickness values of each structural layer are listed in Table S1.

As shown in Fig. 2A, surface currents can be excited in the 
metallic resonator by the electric �eld component at the reso-
nant frequency, and red arrows indicate the �ow direction for 
y-polarized THz pulses. Surface currents along the metallic 
resonator are equivalent to a resistor and an inductor. �e elec-
tric �eld is concentrated in the gap between 2 adjacent metallic 
resonators, indicating the contribution to the capacitance in the 
serially connected resistor-inductor-capactor (RLC) circuit. 
�e electric �eld distribution of the air-spaced meta-atom in 
the y–z cross section is shown in Fig. 2B. �e arrows (the direc-
tion of �eld lines) illustrate that meta-atom supports electric 
dipole moments with a separation of g1. �us, an electric dipolar 
resonance mode appears due to the interlayer coupling between 
the metallic resonator and Au ground plane.

An ECM of meta-atom was further investigated to obtain 
a comprehensive understanding of the amplitude and phase 
responses, as shown in Fig. 2C. �e top metallic resonator can 
be simpli�ed as a circuit with a serially connected resistor (R1), 
inductor (L1), and capacitor (C1). A paralleled impedance (Z2) 
represents the interlayer coupling induced by the air gap. �e 
re�ection coe�cient (r) of the meta-atom can be calculated from 
the impedance mismatch [42] (see Note S3 for derivation):

where ω is the operation frequency in radians, Z0 is the wave 
impedance of vacuum, c is the velocity of light, g1 is the air gap 
between the metallic resonator and the Au ground plane, and 

r =

(1)
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μ0 and ε0 are the permeability and permittivity of the vacuum, 
respectively. For our designed meta-atom with a 50-μm air gap, 
calculated results were resistance R1 (1.09 Ω), self-inductance 
L1 (0.11 nH), and capacitance C1 (0.69 fF) retrieved by Eq. 1.

To investigate the mechanism of the tunable response, we 
varied only one of the electrical parameters in Eq. 1 without 
changing other values to study its in�uence on the EM responses. 
�e paralleled impedance (Z2) can be directly calculated by 
plugging the air gap (g1) into Eq. S2. As the air gap increases 
from 0 to 100 μm, Z2 increases and the resonant frequency of 
the meta-atom blueshi�s as shown in Fig. 2D. �e re�ection 
coe�cient at the resonance frequency, or namely the r dip, 
reaches a minimum at a critical separation (~4.6 μm) indicating 
a perfect impedance match (shown as the star), and then 
increases above 0.9 when the air gap is larger than 30 μm. Figure 
2E illustrates that the phase response transits from the over-
damped region to the underdamped region at this speci�c air 
gap (represented by the star). �e phase span of the meta-atom 
can undergo a 360° coverage in the underdamped state, while 
it is less than 180° range in the overdamped state. As shown in 
Fig. 2F, the increase in capacitance C1 (0.1 to 0.8 pF) contributes 
to a decrease in resonance frequency, and the re�ection coef-
�cient is consistently larger than 0.97. It can be observed that 
when the air gap is large enough, the phase span can cover a 
360° range across the resonant frequency without reducing the 
re�ection coe�cient. �erefore, the theoretical analysis based 
on ECM is instructive for designing high-e�ciency THz beam 
de�ection metasurface.

Numerical simulations were then conducted to investigate 
the e�ects of structural parameters (g1, l1) on the re�ection coef-
�cient and phase of the meta-atom. We changed only one of them 
while keeping other parameters as constant values. �e initial 
geometrical sizes of the meta-atom were the same as previously 
(P = 120 μm, t1 = 60 μm, t2 = 0.2 μm, and t3 = t4 = 0.15 μm). 
As shown in Fig. 3A, increasing the air gap (g1) will lead to con-
tinuous blueshi�s of the resonant frequency due to the increase 
in paralleled impedance Z2, which aligns with the calculated 
responses of meta-atoms based on the ECM shown in Fig. 2D. 
At a very small separation (<5 μm), the r dip reaches a minimum 
of approximately 0.02, and the phase spectrum undergoes an 
abrupt transition from the overdamped state to underdamped 
state as shown in Fig. 3B. When the air gap (g1) exceeds 10 μm, 
the re�ection coe�cient will be higher than 0.8, and the phase 
span can still cover a range of 360°. To achieve high de�ection 
e�ciency, a large air gap of 50 μm can be chosen.

�e simulated coe�cient and phase of the re�ection res-
ponse for varied l1 are shown in the colormaps in Fig. 3C and 
D, respectively. �e metallic resonator length (l1) ranges from 
15 μm to 115 μm with a step of 0.5 μm, and the metallic resona-
tor width is de�ned as w1 = l1 − 10 μm. As the length (l1) 
increases, the dipolar resonance frequency decreases due to the 
increase of C1, and the r dip is consistently greater than 0.95 as 
shown in Fig. 3C. Figure 3D illustrates that the meta-atom with 
a 50-μm air gap operates in the underdamped region, and the 
phase span at resonance can cover a constant 360° range from 
0.5 to 0.7 THz. �us, the proposed ECM (Fig. 2F and G) can 

A B

C

Fig. 1. Introduction of the mechanically tunable metasurface (MTM). (A) Exploded view of the developed MTM. (B) Illustration of the beam steering by the tunable air gap. The 
blue and black THz beams represent deflected waves with high and low intensities, respectively. The HR silicon layer in Chip 1 is set as a transparent material to facilitate the 
view of the metallic resonator array below. (C) Schematic diagram of air-spaced meta-atom in the planar (x–y) and cross (x–z) section.
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be employed to explain the in�uence of length (l1) on the EM 
responses of meta-atom (g1 = 50 μm). �is is very advantageous 
for the design and optimization of highly e�cient terahertz 
beam de�ection devices.

Next, we selected 6 air-spaced meta-atoms (g1 = 50 μm) with 
a high re�ection coe�cient (>0.95) to form a subarray with a 
linear phase gradient of 60° at 0.6 THz, as shown in Fig. 3E to 
G. Detailed geometric parameters of these meta-atoms are listed 
in Table. Quantitative �tting parameters, including R1, L1, and 
C1, in the ECM are described in Table S2. �e agreement between 
the calculation (dashed lines) and simulation (solid lines) vali-
dates the ECM, as illustrated in Fig. 3E and F. According to the 
generalized Snell’s law, the de�ection angle (θd) of an air-spaced 
metasurface can be expressed by

where θ0 is the specular re�ection angle, λ0 is the operating 
wavelength, n is the number of meta-atoms in a subarray, and 
P is the periodicity of the meta-atom. For our designed devices, 
λ0 = 500 μm, n = 6, and P = 120 μm. Based on Eq. 2, the de�ec-
tion angle of the THz beam under normal incidence was cal-
culated as approximately 44° at 0.6 THz.

According to the actual area size of devices (7.2×7.2 mm2), 
a full-wave simulation model including 60×60 meta-atoms 
has been established to analyze the terahertz energy distribu-
tion. A plane wave with linear polarization was set as source 
excitation to incident into the metasurface array normally. 

Figure 4 demonstrates the simulation results of the far-�eld scat-
tering patterns of the air-spaced metasurface array with 3 di�er-
ent air gaps (6 μm, 50 μm, and 100 μm). For the metasurface-based 
de�ector with a 6-μm air gap, the strong normal re�ection 
appears in the far-�eld scattering pattern as shown in Fig. 4A 
and B. �e anomalous re�ection beam does not exist mainly 
because all the meta-atoms in the subarray have almost equal 
phase responses, and a 360° phase coverage is not achieved at 
0.6 THz, as depicted in Fig. S2A. As the air gap increases to 50 μm, 
an oblique re�ection beam can be observed at about +44° rela-
tive to the normal incidence, and the 3-dB beamwidth is around 
8° as shown in Fig. 4C and D. It is noticed that the entire electric 
�eld is almost concentrated in this re�ection angle, and the nor-
malized magnitude of a normal re�ection beam is less than 0.2. 
For the 100-μm air gap metasurface array, 3 re�ection beams 
can be observed simultaneously at +44°, 0°, and −44° as shown 
in Fig. 4E and F. Due to the non-uniform phase gradient between 
the meta-atoms (Fig. S2B), the electric �eld is not perfectly 
restricted in the target re�ection angle, and the THz beam leak-
age occurs. �us, the magnitude of the electric �eld for the 
anomalous re�ection beam at +44° decreases as the air gap 
changes from 50 μm to 100 μm. Moreover, the e�ects of air gap 
on the terahertz beam at other di�raction orders (m = 0 and 
−1) have also been calculated through the full-wave simulation 
(see Note S6). As g1 increases from 6 to 200 μm, the increase of 
the 0 order di�raction coe�cient is accompanied by the decrease 
of the +1 order di�raction coe�cient, while the −1 order dif-
fraction coe�cient remains less than 0.2. By changing the air 
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Fig. 2. Equivalent circuit model of the air-spaced meta-atom. (A) The simulated surface current in the plane of metallic resonator (x–y plane). (B) Simulated electric field 
distribution of meta-atom in the cross-section (y–z plane). (C) The presented equivalent circuit model (ECM). (D) Calculated reflection coefficient and (E) phase responses 
versus air gaps (g1) and frequency. The star in panel D represents the point of perfectly impedance matching (lowest amplitude of reflection coefficient), while it represents 
the transition point from the overdamped region to the underdamped region in panel E. (F) Calculated reflection coefficient and (G) phase responses versus capacitances 
(C1) and frequency.
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gap, we can achieve the e�ective beam steering and adjust the 
intensity of the de�ection beam continuously at the target angle.

�e metasurface was fabricated using surface and bulk micro-
machining processes, and Fig. 5A illustrates the fabrication 
process �ow of Chip 1. �e �rst wafer was a double-sided pol-
ished silicon wafer with HR (>104 Ω·cm). It was coated by 
200-nm-thick silicon nitride (SiNx) membrane on both sides by 

low-pressure chemical vapor deposition (LPCVD). �e bottom 
SiNx layer was etched by inductively coupled plasma (ICP) etch-
ing to open windows for the potassium hydroxide (KOH) wet 
etching. Next, photolithography was performed on the top SiNx 
layer, and an array of metallic resonators were patterned using 
e-beam evaporation and li�-o� processes. �e �rst silicon wafer 
was then etched through using KOH anisotropic wet etching 
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from the backside. A�erward, we can easily dice the �rst silicon 
wafer into small chips along the etched traces on the edge, as 
shown in Fig. S4. �e surface morphology of the �rst silicon 
wafer a�er wet etching was measured by a 3D optical pro�lom-
eter, and the thickness of the structural layer under the metallic 
resonator array was approximately 60 μm, as depicted in Fig. S5. 
Figure 5B illustrates that the metallic resonator array is consti-
tuted by 72 × 72 meta-atoms; i.e., there are 12 × 72 subarrays.

�e 150-nm-thick gold ground plane was deposited on the 
second silicon wafer (500 μm thick) through e-beam evapora-
tion. �en, the second silicon wafer was sliced into square pieces 
as Chip 2, which has the same area as Chip 1. To demonstrate 
the e�ect of the air gap on the beam steering, we bonded 2 sili-
con chips and fabricated several samples with 3 di�erent air gaps 
(6 μm, 50 μm, and 100 μm) (see Note S8 for the speci�c descrip-
tion of the process �ow). �e SEM images of the cross-section 
of the fabricated devices are shown in Fig. 5C and Fig. S7. Figure 
5C illustrates that the air gap between the 2 silicon chips was 
measured as approximately 50 μm.

We employed the optical �ber-based THz-TDS system to 
characterize the far-�eld angular distribution of air-spaced 
metasurfaces, as illustrated in Fig. 5D. �e THz emitter and 

receiver modules were mounted at the ends of two arms in the 
rotation stage. �e fabricated device was �xed at the center of 
the rotation stage. �e THz broadband pulse radiated by the 
�xed emitter is incident perpendicular to the metasurface 
through a collimator lens, while the anomalous re�ection wave 
is collected by the rotated THz receiver. Note that the de�ection 
angle (α) cannot be less than 20° to prevent the THz emitter 
and receiver from colliding.

�e de�ected wave was detected at an angle resolution of 
0.5° by rotating the THz receiver in the range of 30° to 60°. Next, 
fast Fourier transform was applied to the measured time-
domain signals to obtain the frequency spectra. �e calculated 
frequency-domain signals were normalized with the reference 
signal from the transmission spectrum of air (see Note S10 for 
the speci�c measurement and calculation of re�ection coe�-
cient). Figure 5E to G show the far-�eld re�ection frequency 
spectra over the frequency range of 0.3 to 0.9 THz for the 
3 samples (g1 = 50 μm, 100 μm, and 6 μm) at various output 
angles. As shown in Fig. 5E, when the air gap is 50 μm, the 
maximum de�ection coe�cient can reach 0.60 at 0.61 THz, 
and the de�ection angle is around 44.5°, which agree well with 
the predicted results calculated by the generalized Snell’s law. 
As can be seen, the di�erence between the measured and cal-
culated results is within 1°, indicating that our fabricated meta-
surface can achieve beam de�ection as we design. Compared 
with the designed operation frequency of 0.6 THz, there is a 
tiny frequency shi� of about 7 GHz, which can be attributed to 
the fabrication errors of the metallic resonator array and the 
non-uniform air gap. With the change of the air gap, the de�ec-
tion coe�cient distinctly reduces as shown in Fig. 5F and G. 
�e experimental de�ection spectra of the devices with a 50-μm 
and a 100-μm air gap exhibit a similar characteristic, and the 
de�ected angle of the anomalous re�ection beam remains 

Table. Geometric parameters of meta-atoms

#1 #2 #3 #4 #5 #6

l1 (μm) 19 60 65.5 69 75 101

w1 (μm) 9 50 55.5 59 65 91
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Fig. 4. Simulated far-field scattering patterns of the metasurface array with different air gaps. 3D patterns: (A) 6 μm, (C) 50 μm, and (E) 100 μm. 1D polar charts: (B) 6 μm, 
(D) 50 μm, and (F) 100 μm.
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almost unchanged, showing a good agreement with the simula-
tion results.

At the operating frequency of 0.6 THz, the de�ection coef-
�cients of the devices with 3 di�erent air gaps with respect to 
the scan angles (30° to 60°) are plotted in Fig. 5H. When the 
air gap is 50 μm, a de�ection coe�cient peak is around 0.56 at 
a de�ected angle of 45°, and the 3-dB beamwidth is approxi-
mately 5°, indicating that it has good beam directivity. Besides, 
the anomalous refection coe�cient of the device with a 100-μm 
air gap was measured as 0.37 at 45°. When the air gap decreases 
to 6 μm, the magnitude of the de�ection beam dropped to a 
low level (<0.1), and the experimental results exhibit a high 
degree of agreement with the simulation results. �e modula-
tion depth for the de�ection coe�cient is de�ned as MD = 
(Dmax − Dmin)/Dmax (D is the value of de�ection coe�cient). By 
changing the air gap, a modulation depth of de�ection coe�-
cient as high as 89.3% at 0.6 THz is achieved. �e e�ect of the 
air gap on the THz beam de�ection capability is further veri�ed 
by these experimental results.

Please note that the actual THz beam de�ection e�ciency 
may be higher than the measured results. �e e�ective area of 
the fabricated device is only 7 × 7 mm2, which is much smaller 

than the area of the collimated terahertz wave (radius ~11 mm). 
Further optimization of the structural design and fabrication 
process to enlarge the e�ective area may improve the e�ciency. 
In addition, the THz beam de�ection e�ciency of this device 
is still higher than that of previously reported metasurfaces 
with lossy dielectric materials, as illustrated in Table S4. �is 
demonstrates that the large air gap design of metasurface is 
very e�ective in improving the THz beam steering e�ciency.

To realize the continuous adjustment of the de�ected beam 
amplitude, we utilized a micro VCM (TVF-8101KD; TDK, 
Japan) to carry the Chip 2 moving in the Z direction, as shown 
in Fig. S9. Figure 6A and B show the physical diagrams of the 
fabricated MTM for the manipulation of the terahertz beam. 
�e Chip 1 was �xed at the center of the backside of the 3D 
printed cap, and the incident THz beam can arrive at the device 
through the square window (1 cm × 1 cm). A direct current 
supply was utilized to drive the micro VCM, and the vertical 
shi� was measured by a spectral confocal microscope. Figure 
6C illustrates that the vertical displacement (Y) exhibits a linear 
dependence on the applied current (I), which can be expressed 
as Y = 7.97× I − 285.2 (μm). �e maximum displacement of the 
micro VCM with load was measured as approximately 342.4 μm 
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at a driving current of 80 mA. Figure 6D shows the dynamic 
mechanical responses of the micro VCM in the assembled state 
for 3 di�erent driving currents (I = 40, 60, and 80 mA). �e 
response time for higher applied current (129 ms for 80 mA) 
is smaller than that for lower applied current (165 ms for 40 mA). 
�us, the air gap between the Au ground plane and the metallic 
resonator array can be controlled with a fast switching time by 
applying driving currents to the micro VCM. When the applied 
current is 80 mA, the response time measured from 10% to 
90% displacement is τ ≈ 100 ms. �us, the 3 dB cuto� maxi-
mum modulation speed is approximately 3.5 Hz (BW = 0.35/τ) 
[43]. �e rapid upward and downward movements of the Chip 
2 driven by a square current signal are demonstrated in Movie S1 
(Supplementary Materials).

�e experimental setup shown in Fig. 5D was also employed 
to measure the THz beam de�ection capability of the MTM. 
�e fabricated MTM was �xed at the center of the rotation 
stage, and the THz receiver is �xed at an output angle of 44°. 
Figure 6E shows the measured de�ection spectra ranging from 
0.5 THz to 0.7 THz for I = 40, 50, and 60 mA. It can be seen 
that there is a certain frequency shi� (~30 GHz) in the experi-
mental and simulation results, which may be related to the 
assembly error. When the operating frequency is 0.63 THz, the 
measured de�ection coe�cient decreases from 0.48 to 0.18 as 
the applied current increases from 42 mA to 80 mA, as shown 
in Fig. 6F. �e modulation depth of the de�ection coe�cient 
reached about 62.5% at the frequency of 0.63 THz. Consequently, 
the de�ection coe�cient can be tuned continuously by using 
the presented MTM on the basis of realizing beam steering 
function. Besides, the de�ection e�ciency of the THz beam 
can be increased by improving machining accuracy.In the 

future, we aim to combine a large-stroke MEMS actuator and 
the metasurface to achieve a miniaturized tunable THz beam 
de�ector, shrinking the overall size of the advanced THz system. 
Integrated fabrication of the 2 components will greatly reduce 
the errors generated in the assembly process, improving the e�-
ciency of terahertz beam steering. Furthermore, constructing 
the demonstrated MTM as a large array structure can enrich 
the terahertz wave manipulation function, thereby expanding 
its potential for various applications such as THz communica-
tion, imaging, and space technology.

Conclusion
In summary, we have developed an MTM for high-e�ciency 
terahertz wave manipulation on the basis of changing the sepa-
ration distance between the metallic resonator array and Au 
ground plane. By analyzing the EM responses of the designed 
air-spaced meta-atom based on the ECM, we uncovered that 
the phase span can cover 360° with high re�ection coe�cient 
(>0.95) when the air gap is su�ciently large (g1 = 50 μm). �en, 
we fabricated the silicon chips (Chip 1 and Chip 2) using the 
surface and bulk-micromachining processes. Measurement 
results show that the presented MTM can greatly improve the 
de�ection coe�cient to a remarkable maximum value of 0.60 
for a de�ection angle of 44.5° at 0.61 THz, agreeing well with 
the calculation by generalized Snell’s law. �e de�ection e�-
ciency can be further improved by increasing the area of meta-
surface array and reducing the fabrication error. Moreover, we 
built a mechanically tunable THz metasurface, which consists 
of a metasurface layer (Chip 1), a gold-coated Si substrate 
(Chip 2), and a micro VCM. �e air gap was varied by applying 
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currents to the micro VCM, and thus, the de�ection coe�-
cient can be changed continuously. A de�ection coe�cient 
modulation depth of approximately 62.5% at the operating 
frequency is reached at a de�ection angle of 44°. Our results 
have showcased the multifunctionality of the MTM, encom-
passing terahertz beam steering and continuous anomalous 
re�ection coe�cient regulation capabilities, achieving the multi-
functional RIS. Our design provides a promising platform for 
realizing high-e�ciency dynamic THz beam steering and mod-
ulation by utilizing the miniaturized meta-device.
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