
Optically Modulated Ultra-Broadband All-Silicon Metamaterial
Terahertz Absorbers
Xiaoguang Zhao,†,‡ Yue Wang,†,§ Jacob Schalch,∥ Guangwu Duan,‡ Kevin Cremin,∥ Jingdi Zhang,∥

Chunxu Chen,‡ Richard D. Averitt,*,∥ and Xin Zhang*,‡

‡Department of Mechanical Engineering, Boston University, 110 Cummington Mall, Boston, Massachusetts 02215, United States
§Department of Applied Physics, Xi’an University of Technology, South Jinhua Road, Xi’an, Shaanxi 710048, China
∥Department of Physics, University of California, San Diego, 9500 Gilman Dr., La Jolla, California 92093, United States

*S Supporting Information

ABSTRACT: Terahertz perfect absorbers represent an essential photonic component for detecting, modulating, and
manipulating terahertz radiation. We utilize single-layer H-shaped all-silicon arrays to demonstrate tunable ultra-broadband
terahertz wave absorption. Experiment and simulation reveal near unity absorption at 1 THz, with a bandwidth of ∼913 GHz
for ≥90% absorbance. The absorption is optically tunable, exhibiting a resonance frequency blueshift by 420 GHz, while the
peak absorbance remains over 99%. The dynamic response upon optical excitation depends on the penetration depth of the
pump beam in silicon, as demonstrated through simulations that take into account the depth dependence of the carrier
concentration in the all-silicon metamaterial perfect absorber. Notably, our all-silicon and ultrabroadband metamaterial perfect
absorber is compatible with CMOS processing, potentially facilitating the development of terahertz detectors. Furthermore, the
demonstrated tunable response may find potential applications toward creating dynamic functional terahertz devices, such as
modulators and switches.
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Terahertz (THz) technologies, referring the frequency
ranging from 0.1 THz to 10 THz, potentially enable a

wide range of applications, including wireless communication,1

biochemical sensing,2 and nondestructive imaging.3 One major
research direction is to construct compact and practical THz
systems, which depends on the development of miniaturized
components such as sources, detectors, modulators, switches
and absorbers. Advances in electromagnetic metamaterials4

have greatly improved our capabilities to manipulate THz
waves, which provides significant opportunities toward
constructing practical THz devices.
Over the past decade, in particular, THz metamaterial

perfect absorbers (MPAs) have attracted great interest due to
their potential applications in physics, medicine, material
science, and chemistry.5 Previous reports were mainly focused
on single-frequency6−8 and multiple-band9−11 THz absorbers
based on sandwiched layers of metallic resonators/dielectric
spacer/metal ground plane. Recently, all-dielectric12,13 and all
metal14 THz absorbers have been developed to construct the

MPAs using a single material with three-dimensional geo-
metries. One hurdle toward utilizing MPAs in some
applications, such as THz detection and imaging, is the
narrow bandwidth. Even though MPAs with a tunable
response may extend the absorption bandwidth,15−17 an
absorber that simultaneously absorbs across a broad bandwidth
is desirable.
Recently, broadband THz absorbers have been widely

investigated for various applications.18−25 One realization of
MPAs is through judicious stacking of several resonant
layers.18,19 However, the fabrication inevitably involves multi-
layer thin film deposition, which is too complicated to meet the
requirement of practical integration in modern thin, planar
THz devices. All-dielectric broadband absorbers provide
another approach. Notably, at infrared frequencies, all-silicon
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structures have been employed as broadband perfect
absorbers.26−29 Similar broadband perfect absorbers can be
employed for THz applications. For example, disordered
silicon metamaterials20 and double layered gratings23 have
been employed to construct broadband perfect absorbers, but
these structures require sophisticated design and fabrication of
the silicon structures. Meanwhile, the optical tunability and
nonlinearities that have been explored in narrow band all-
dielectric absorbers,30,31 have not been fully investigated for
broadband MPAs.
In this paper, we present an all-silicon MPA, consisting of a

single-layer of uniformly distributed “H-shaped” metamaterials
patterned on a silicon substrate. In addition to static
characterization, we investigate the dynamic response under
optical excitation. In measurements of the static state, the MPA
exhibits near-perfect absorption at 1 THz and a 90%
absorbance bandwidth of 0.9 THz. We employ the effective
medium theory and finite difference time domain simulations
to analyze the physics of the perfect absorption and attribute
the broadband response to the overlap of different resonant
modes. Excitation with ∼100 fs 800 nm pulses results in a
resonance mode shift and modulation of the bandwidth and
absorbance as the pump fluence increases from 0 to 4000 μJ/
cm2. The results can be explained using multilayer carrier
dynamics in the metamaterial structure arising from the pump
light penetration depth. Our work demonstrates using single-
layer all-dielectric metamaterials to construct a MPA for
CMOS-compatible THz detection and imaging. In addition,
the optically tunable response demonstrates flexibility to
manipulate THz waves for potential applications as modulators
and switches.

■ RESULTS AND DISCUSSION

Design and Effective Medium Theory. The THz
absorber design is illustrated in Figure 1a, consisting of a
metamaterial (MM) layer on a silicon substrate. The unit cell
of the MM layer is a H-shaped microstructure with two
rectangular cavities on each side bar, that are deeply etched
into the silicon wafer, which is p-type boron doped with a
carrier density of 3.0 × 1016 cm−3. The overall thickness of the
wafer is 300 μm and the thickness of the MM layer is designed
as 50 μm. Details of the geometrical parameters can be found
in Figure S1 of the Supporting Information. The cavities in the
side bars of the H-shaped unit cell are designed to increase the
absorption bandwidth, as shown in Figure S2 in the Supporting
Information. In order to design and optimize the structure of
the MPA, we obtain the reflectance (R) and transmittance (T)
of MPAs with different geometries using finite difference time
domain (FDTD) simulations and calculate the absorbance (A)
with the equation A = 1 − R − T. Figure 1b is the simulated
spectra of a MPA design with the geometry listed in Table S1
in the Supporting Information. In the simulation, the
permittivity of silicon is modeled with a Drude response and
the polarization of the incident terahertz pulses is along the x-
axis, as shown in Figure 1a and as detailed in the Methods
section. The simulation results reveal that near unity
absorbance is achieved at 1 THz and a bandwidth for 90%
absorbance of approximately 900 GHz, yielding a broadband
perfect absorber. The perfect absorption frequency is highly
related to the thickness of the MM structure. That is, the
thicker (thinner) MM layers result in lower (higher) perfect
absorption frequencies, as illustrated by Figure S3 in the
Supporting Information. The simulations demonstrate that it

Figure 1. (a) Schematic of all-dielectric broadband THz metamaterial perfect absorber. For the H-shaped unit cell, the periodicity is p = 140 μm,
side-width a = 110 μm, thickness of the MM layer h = 53 μm. For the holes in the bars of the H-shaped unit cell, the width of the hole is b = 82 μm,
and the length of the hole is l = 12 μm. Inset: Effective medium theory model of the MPA, in which the MM layer is considered as a homogeneous
thin film. (b) FDTD simulated reflectance and absorbance of a MPA structure and corresponding calculated spectrum using effective medium
theory (EMT). In the FDTD simulation, more than 90% absorbance is achieved from 0.59 THz to 1.49 THz. (c) Simulated reflectance,
transmittance, and absorbance of free-standing MM layer for effective parameter extraction. (d) and (e) are the effective permittivity and
permeability extracted from the spectrum of the MM layer (c): R, reflectance; T, transmittance; and A, absorbance.
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should be possible to experimentally achieve broadband
perfect absorption with an all-silicon MPA.
For our all-dielectric MPA, the MM unit cells are

subwavelength. Thus, the MM layer can be treated as an
effective medium with the same thickness on top of the silicon
substrate. In order to extract the effective properties, we
simulate the reflection and transmission response of a free-
standing MM layer, identical to the MPA except without the
silicon substrate as shown in Figure 1c. The MM layer exhibits
sharp resonance at ∼1.4 THz with a transmission minimum
value and local maximum value in reflection, which induces a
narrow band absorption in the vicinity of the resonance
frequency. This resonance corresponds to the transverse
magnetic mode of the H-shaped resonator, as shown in Figure
S4. The peak absorbance of the standalone MM layer is ∼0.7.
Comparing to the all-silicon MPA with the silicon substrate
(Figure 1b), the standalone MM layer absorbs less of the THz
wave over a much narrower bandwidth. When a silicon
substrate is introduced underneath the MM layer, multiple
reflection arises inside the MM layer due to the existence of
substrate, resulting in a broadband near-unity absorbance. In
other words, the MM layer with its effective permittivity acts
like a broadband antireflection coating on the silicon substrate.
Meanwhile, the high imaginary refractive indices of the MM
layer and silicon substrate absorb the incident wave. To verify
this hypothesis, we first perform the parameter retrieval to
extract the effective permittivity and permeability based on the
transfer matrix method (TMM).32 Details of the parameter
retrieval may be found in the Methods section. The Drude
model for the silicon has been tailored to exhibit dispersive
effective permittivity and permeability, as shown in Figure 1d,e.
At lower frequencies, the effective permittivity (both the real
and imaginary part) is much smaller than bare silicon since
much of the silicon has been removed, as illustrated by
comparing Figure 1d and Figure S5 in the Supporting
Information. In the vicinity of 1.42 THz, there is a peak in
the effective permittivity associated with the resonance of the
H-shaped unit cell. The effective permeability is close to one at

low frequencies, similar to bare silicon, as there is no magnetic
response in the structure. However, at higher frequencies, the
permeability exhibits dispersion attributed to the bianisotropic
response in the MMs.33

We use effective medium theory (EMT) to calculate the
response of the all-dielectric MPA quantitatively. In the model,
we use the retrieved effective parameters for the MM layer to
calculate the reflection coefficient and transmission of the
system including the substrate using the TMM.34 The stacked
(1/2/3/4) layers are configured as air/MM/Si/air. The
reflection (r) and transmission (t) coefficient for normal
incidence are
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in which rm,m+1 and tm,m+1 are the reflection and transmission at
the interface between layer m and m + 1, and δm = nmkdm is the
phase delay in layer m, where nm (nm = ε μm m ) and dm are the

refractive index and thickness for layer m respectively, k is the
wavenumber, and εm and μm are the relative permittivity and
permeability of layer m, respectively. Based on the Fresnel
equations, the reflection (rm,m+1) and transmission (tm,m+1)
coefficient for waves propagating from layer m to layer m + 1
can be calculated by
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The refractive index of the MM layer is calculated using the
effective permittivity and permeability, as shown in Figure 1d,e.

Figure 2. (a) Picture of the all-silicon MPA. The absorber area is 1 cm × 1 cm. (b) Optical microscope image of the MPA. (c) Scanning electron
microscope (SEM) image of the all-silicon MPA. Inset: false color SEM view of the unit cell. The green part is the etched silicon and the purple
part is the silicon substrate. (d) The reflectance and absorbance spectrum of the fabricated MPA, comparing EMT and FDTD with experiment.
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The calculated spectrum based on EMT is plotted in Figure
1b, which agrees well with FDTD results. At low frequencies,
EMT accurately captures the FDTD results, with slight
deviation for frequencies above 1.1 THz. In particular, a
weak absorption peak can be seen in the EMT mode in the
vicinity of 1.5 THz, corresponding to the resonance frequency
of the MM layer, which is absent in the FDTD simulation. It
may be that the presence of the substrate dampens the
resonance of the MM layer through near field coupling, which
is neglected in the EMT model. The qualitative agreement
between TMM calculation and FDTD validates EMT. Of
course, EMT overlooks some details of the near field
interactions, but nonetheless provides an overall macroscopic
understanding of the MPA response. Therefore, in the all-
dielectric MPA, the MM layer can be considered as a
homogeneous material with effective properties that function
as a broadband antireflection coating. At the same time, the
large imaginary refractive indices in the MM layer and silicon
substrate lead to high absorption of the incident THz
radiation. In short, EMT is a generic model that can be
applied not only to our specific case, but also to the design of
other metamaterial based devices working at arbitrary
frequencies.
Experimental Results of Broadband Absorption. In

order to validate the all-dielectric MPA design experimentally,
we fabricated a MPA sample using bulk micromachining
processes and characterized the resultant device using THz
time domain spectroscopy (TDS). We used photolithography
and subsequent deep reactive ion etching (DRIE) to pattern
silicon, forming the MM layer. The fabricated absorber is
shown in Figure 2a and the metamaterial structure is shown in
Figures 2b and 2c. The etching depth is approximately 53 μm
and other geometries are the same as the designed value (see
section S1 in the Supporting Information). The etching
process is well controlled to avoid errors and defects in the
fabrication.
The experimental reflectance and absorbance spectrum of

the all-dielectric MPA is shown in Figure 2d. Details of the
characterization can be found in the Methods section. The
peak absorbance (∼99.99%) occurs at 0.97 THz, with a
bandwidth of ∼900 GHz for 90% absorbance. In the vicinity of
2.0 THz, another resonance mode appears, leading to an
increase in absorbance to 96%. The merger of two resonance
modes broadens the absorbance bandwidth, resulting in
broadband absorption. The FDTD simulation result matches
the experimental spectrum over the entire spectrum range from
0.2 THz to 2.1 THz, which validates our numerical model. In
order to understand the experimental results, we performed
full-wave simulations to identify the resonance modes of the
all-dielectric MPA as shown in Figure 3. The resonance modes
correspond to waveguide modes, which are hybrid of magnetic
(EH) and electric (HE) modes, similar to a narrow band all-
dielectric perfect absorber.13 An EH mode represents a hybrid
mode in which the transverse magnetic (TM) mode
dominates, whereas a HE mode represents a hybrid mode in
which the transverse electric (TE) mode dominates.35

Examining the field distribution at a resonance frequency
permits identification of which mode (i.e., EH or HE) is being
excited. The first and second column in Figure 3a,b
demonstrate the electric and magnetic field distribution for
0.97 THz and 2.0 THz, respectively, to classify the resonance
modes in the MPA. The lower frequency mode, as shown in
the left two columns of Figure 3a, is dominated by the TE field

in the metamaterial layer, indicating a HE mode. The higher
frequency mode is dominated by the transverse magnetic
mode, indicating a EH mode, as shown in the left two columns
of Figure 3b. The incident waves couples into the all-dielectric
MPA structure with little reflection through these waveguide
modes and is absorbed in the MM layer and the substrate. The
third column in Figure 3 shows a cross-sectional view of power
loss density for the two resonance modes. For the lower
frequency mode, most of the power is dissipated in the MM
layer, while part of the power is dissipated in the substrate even
though the MM layer absorbs the majority of the power for the
higher frequency mode. In short, the broadband absorption
results from the two resonance modes where both the MM
layer and silicon substrate contribute to the absorption of the
incident energy.

Photoexcitation of the All-Dielectric MPA. We have
also investigated the tunable response of the all-dielectric MPA
under optical excitation using optical-pump THz-probe
(OPTP) spectroscopy.31 For our experiment, the THz beam
is at a 30° angle of incidence and the optical pump beam is
normally incident. The pump beam is 800 nm near-infrared
light with pulse duration of 35 fs, which arrives the sample 10
ps prior to the THz probe beam to ensure quasi-equilibrium of
the electrons excited into the conduction band.
Figure 4a shows the OPTP spectra of the all-dielectric MPA.

When there is no pump beam, the spectrum is similar to the
THz-TDS measurement results shown in Figure 2d, even
though the probe beam is obliquely incident (which can be
verified by simulation results presented in Figure S6 of the
Supporting Information). The peak absorption frequency is
approximately 1.04 THz with bandwidth of 770 GHz, slightly
different from the result for normal incidence. As the fluence of
the pump beam increases to 4000 μJ/cm2, the peak absorption
frequency blueshift to 1.48 THz due to photoexcitation of
carriers in silicon. At the same time, the bandwidth of 90%
absorption decreases to 600 GHz and the peak absorption
decreases from 99.6% to 97.2%, as illustrated in Figure 4b.
When the fluence is higher than 400 μJ/cm2, weak resonances
arise at 0.45 THz and 0.92 THz, indicating new modes are
present in the pumped condition. The absorbance at 0.5 THz
is modulated from 80% to 36%.
It is interesting that additional resonance modes emerge

under high optical pump fluence. In order to understand the

Figure 3. Electric (first column) and magnetic (second column) field
distribution and power loss density (third column) for (a) 0.96
THz and (b) 2.0 THz resonance modes, respectively.
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physics behind this phenomenon, we have analyzed the carrier
dynamics induced by the optical pump and simulated the
absorbance spectra to compare with the experimental results.
We first considered a homogeneous increase in the carrier
densities in the silicon (including the MM layer and substrate)
induced by the optical excitation. However, the simulated
results fail to capture the resonance peaks at 0.45 THz and
0.92 THz, indicating that modeling the carrier concentration as
homogeneous is inaccurate. Therefore, we consider nonun-
iformity in the distribution of carrier density. According to the
Beer−Lambert law, for the 800 nm pump beam, the fluence
decays exponentially along the propagation direction, with f(z)
= f 0e

−αz. In this equation, f 0 is the fluence at the top surface of
the silicon structure (z = 0), α (≈1020 cm−1) is the absorption
coefficient for the pump beam,36 and z is the depth in the
silicon. We assume that all of the absorbed photons are
converted to carriers in the silicon. The carrier density
distribution in silicon along z direction can be estimated by

α
= · =

α−

n z
E

df z
dz

f e

E
( )

1 ( ) z

d
photon

0

photon (5)

where Ephoton (= hv) is the photon energy of the pump beam, h
is Planck’s constant, and v is the frequency of the pump beam.
The carrier density (nd) distribution is shown in Figure 4c for
different pump fluences, indicating that the maximum carrier
density is achieved at the top surface and decays exponentially
into the surface. The carrier density at the top surface of silicon
is related linearly to the pump fluence, as shown in the inset of
Figure 4c, and the maximum carrier density is approximately

16 × 1018 cm−3 for the maximum pump fluence (i.e., 4000 μJ/
cm2), which is of the same order as previously reported
values.31,36

The analysis of carrier density distribution indicates that we
are unable to excite the all-dielectric MPA structure
homogeneously using the pump beam. The height of the
MM layer is 53 μm, which necessitates a carrier density
gradient to be considered in our simulations. However, it is
difficult to include spatially distributed carrier densities in the
numerical simulations. Therefore, we divide the MM layer into
ten slices with each slice having a thickness of 5.3 μm, as
shown in the inset of Figure 4c. The top of the substrate is also
divided to ten slices with identical thickness (5.3 μm). We
approximate the different carrier density in each slice to model
the gradient distribution of the carrier density. For example, we
set the top two layers with a carrier density of 0.1 × 1018 cm−3

but the other slices without any changes to fit the measured
absorbance under 25 μJ/cm2, as shown in Figure 4d. As the
pump fluence increases, we observe that the absorbance
spectrum shift is similar to the experimental results when we
use the carrier density listed in Table S2 in the Supporting
Information. When the pump fluence is higher than 800 μJ/
cm2, the simulation results with a gradient carrier density
distribution match the experimental results well, indicated by
the appearance of the resonance at 0.45 THz. For the highest
pump fluence, the carrier density distribution in the simulation
follows the theoretical carrier density gradient, as shown in
Figure 4c, and the spectrum exhibits three resonance
frequencies, agreeing with the experimental results. In Figure

Figure 4. (a) OPTP spectra of the all-dielectric MPA for different pump fluences. Inset: incident direction of the beams; the optical pump beam is
at normal incidence and the THz probe beam is at 30° angle of incidence. (b) The peak absorption frequency, 90% bandwidth, peak absorbance
amplitude and absorbance at 0.5 THz vs pump fluence. (c) The theoretically calculated carrier density distribution along the z-axis in the all-
dielectric MPA for different pump fluences. The bar plot represents the carrier density for each slice used in the simulation to match the spectrum
for the maximum pump fluence. Inset: the carrier density at the top surface of the silicon as a function of fluence. Graphic inset: the slice
configuration used in the simulation to represent the gradient carrier density. (d) Simulation results with layered carrier density distribution to
match the measured spectrum for different pump fluences in (a). Insets: the power loss density distribution for each resonant mode.
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4c, a plot of the power loss density for each resonance
frequency is shown. We can see that the power loss is low in
the top layers that have a higher carrier density, and the
majority of the power is dissipated in the bottom layers that
have a lower carrier density. This may be a result of the high
carrier density regions screening electromagnetic waves
entirely whereas the low density regions allow the wave to
propagate and dissipate. For intermediate pump fluences, the
carrier densities used in the simulation also follow the
theoretical gradient, as shown in Figure S7 in the Supporting
Information. The agreement between simulation and experi-
ment provides compelling evidence that the carrier density
gradient induced by the pump modulates the absorbance of the
all-dielectric MPA with three-dimensional unit cell structures.
This finding implies that the variations in the pump fluence

along the vertical direction in the MMs induces a carrier
density gradient, providing a route for versatile control or fine-
tuning of the MM or MPA response. Indeed, in our all-
dielectric MPA, the emergence of multiple resonance modes at
high pump fluence results from the gradient of the carrier
density distribution. It may be possible to control the response
of MMs with large vertical dimension using a spatial gradient
pump beam. For example, two pump beams would interfere
along the vertical direction to form a grating-like carrier
distribution in the MM layer to manipulate the MM response.
By tuning the vertical grating-like interference pattern of the
pump beam, it may be possible to modulate the MM response
temporally and spatially, which could enable exploration of
ideas such as nonreciprocal MMs that only allow unidirectional
light (probe beam) propagation.37

■ CONCLUSION

We have reported an all-dielectric THz metamaterial perfect
absorber exhibiting broadband absorption. We designed and
fabricated a metamaterial structure on doped silicon substrate
to form the MPA. Near 100% absorbance is achieved at 1.0
THz and the 90% absorbance bandwidth is approximately 914
GHz for normal incidence. We utilized effective medium
theory to interpret the perfect absorption response qualita-
tively, providing a general analytical tool to design and
optimize all-dielectric perfect absorbers. The all-dielectric MPA
is directly etched using a doped silicon substrate, which is
compatible with CMOS-based THz detectors. Moreover, the
dynamic response of the MPA has been investigated under
optical pump beam excitation. In order to fit the experimental
results, we have analyzed the carrier density distribution
induced by the pump light absorption in the three-dimensional
MM structure and included this gradient in our numerical
simulations. The agreement between simulation and measured
results indicates that the carriers are not uniformly distributed
in the 3D MM structure, but varies with the penetration depth
of the pump light. In summary, we present a broadband all-
dielectric MPA with an optically tunable response that can be
applied to constructing CMOS-compatible devices for THz
sensing and imaging applications.

■ METHODS

Simulation of the All-Dielectric MPA. The finite
different time domain (FDTD) solver, CST Microwave Studio,
is used to simulate the response of the all-dielectric MPA. In
the simulation, periodic boundary conditions are employed in
conjunction with waveguide ports. The silicon is modeled with

a Drude response, that is, εSi(ω) = ε∞ − ωp
2/(ω2 + jωΓ),

where ε∞ (=11.68) is the high-frequency permittivity of
silicon, ωp is the plasma frequency and Γ is the collision
frequency. The plasma frequency (ωp) is given by

ω ε= *n e m/( )p d
2

0 , where nd is the carrier density, e is the
charge of an electron, ε0 is the permittivity of free space, and
m* (= 0.37m0, m0: the mass of an electron) is the effective
mass of the carriers in silicon. The collision frequency is given
by Γ = μm*/e, where μ (= 386 cm2 V−1 s−1) is the mobility of
carriers based on empirical results.38 For the original
unpumped state, the carrier density is approximately 0.03 ×
1018 cm−3, obtained from the nominal DC conductivity of the
silicon wafer.39 Under optical pump excitation, carriers are
excited in silicon and the carrier density gradient is generated
in the structure, as shown in Figure 4. We neglect changes in
the mobility and effective mass to simplify the modeling.

Effective Parameter Extraction of the Metamaterials.
In order to extract the effective properties of the metamaterial
layer, we first simulated the metamaterial layer without the
substrate in a vacuum environment to obtain the reflection and
transmission coefficient parameters, that is, S-parameters.
Then, we converted the S-parameters to a transfer matrix
and de-embedded the MM response from the overall
response.33 Finally, we calculated the effective parameters,
including the permittivity and permeability, using the formulas
described in.33,34 We verified the extracted parameters by
applying them to the transfer matrix model as illustrated in eqs
1 and 2 to calculate the extracted spectrum, which agrees well
with the FDTD results.

Fabrication of the All-Dielectric MPA. The all-dielectric
MPA was fabricated from a commercially available p-type
doped silicon wafer (300 μm thick) using conventional
photolithography and deep reactive-ion etching (DRIE)
based on large-scale microfabrication techniques. A 5 μm
thick layer of photoresist (AZ9260, Microchemicals GmbH)
was spin coated on top of the wafer followed by photo-
lithography (MA6, Suss Microtec Group) to achieve the
pattern of the microstructure. Then DRIE (Surface Technol-
ogy Systems) was employed to etch the “H-shaped” unit cell
arrays on the substrate to desired depth. The DRIE process
was implemented via the Bosch process, in which SF6 was
employed as the etching gas and CF4 was the passivation gas.
There were 60 cycles in total to etch the designed pattern
down to the desired thickness. Each cycle includes 8s for
etching and 4s for passivation. The wafer was cleaned with
acetone to remove the photoresist after DRIE. Afterward, the
depth of the sample was measured with surface profiler. The
total size of a sample is 1.0 × 1.0 cm2, including ∼71 × 71 unit
cells.

Characterization of the All-Dielectric MPA. The static
response of the all-dielectric MPA was characterized using THz
time domain spectroscopy (TDS) based on photoconductive
antennas, as shown in Figure S8a in the Supporting
Information. A near-infrared (800 nm) Ti:sapphire laser with
pulse duration of 25 fs and repetition rate of 80 MHz
illuminates a biased photoconductive antenna to generate THz
pulses. The THz pulses were focused on our MPA sample
through a set of parabolic mirrors and the transmitted and
reflected pulses were measured by another photoconductive
antenna. In the measurement, the electric field was polarized
perpendicular to the side bars of the H-shaped unit cell, that is,
along the x-axis, as shown in Figure 1a. We obtained the
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temporal response of the sample, which is converted to
frequency spectrum via Fourier transform. A gold mirror was
used as a reference for the measurement of reflection response.
The experiments were performed in a dry air chamber in order
to avoid the THz radiation absorption of the water vapor. In
the optical pump THz probe (OPTP) spectroscopy to
measure the dynamic response of the all-dielectric MPA, the
800 nm optical pump beam was incident normally and the
probe beam is 30° obliquely incident to the sample, as shown
in Figure S8b in the Supporting Information.
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