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Tunable metamaterial absorbers play an important role in terahertz imaging and detection. We propose a multi-
functional metamaterial absorber based on doped silicon. By introducing resonance and impedance matching into
the absorber, a broadband absorption greater than 90% in the range of 0.8–10 THz is achieved. At the same time,
the light regulation characteristics of the doped semiconductor are introduced into the absorber, and the precise
amplitude control can be achieved in the range of 0.1–1.2 THz by changing the pump luminous flux. In addition,
based on the principle of light-regulating the concentration of doped silicon carriers, the medium-doped silicon
material is replaced by a highly doped silicon material, and a sensor with a sensitivity of up to 500 GHz/RIU is
realized by combining the wave absorber with the microfluidic control. Finally, the broadband absorption char-
acteristics and sensing performance of alcohol and water on the prepared device are verified by experiments,
indicating that the absorber may have great potential in the field of sensor detection. © 2022 Chinese Laser Press

https://doi.org/10.1364/PRJ.476100

1. INTRODUCTION

In recent years, metamaterials/metasurfaces have attracted at-
tention for their unique properties, such as negative refractive
effects, the inverse Doppler effect, and the perfect lens effect
[1–10]. These effects have led to the attention to metamateri-
als/metasurfaces in the areas of perfect lenses [11], sensing
[12,13], and stealth [14,15], and so on [16–30]. The applica-
tion of metamaterials in the field of terahertz absorbers and sen-
sors is also one of the research directions. The structure of the
traditional terahertz metamaterial absorber is of a metal–
media–metal sandwich model, the uppermost layer of which
is a patterned metal layer, the middle layer is a layer of medium,
and the lowest layer is a complete metal layer. When electro-
magnetic waves are incident onto the surface of the structure
[31–37], the metal of the top structure and the underlying
structure will have an electrical response, and the reverse paral-
lel current distributed on it will produce a magnetic response
(that is, the Lorentz response). Under the mixed action of these
two responses, the structure and the electromagnetic wave will
have a strong coupling effect, achieving a strong absorption ef-
fect [38]. This metal–media–metal design approach guided the
design of metamaterial absorbers for a long time afterward.
Traditional metamaterial absorbers can often only achieve nar-
rowband absorption in a single-frequency band. Wideband ab-
sorption can be achieved by increasing resonance [39,40]
through the superposition of multiple layers of “metal-media,”

or by introducing complex structures [41,42]. However, multi-
layer superposition will undoubtedly increase the difficulty of
preparation, and it is difficult to ensure the accuracy of produc-
tion. With the development of semiconductor processes, it is
possible to etch tiny structures on silicon materials and make
metamaterial absorbers. Therefore, wideband absorption can
be achieved by using the high loss characteristics of doped
silicon, as well as the equivalent impedance and free-space
impedance-matching characteristics of metamaterial structures
[43–45].

With the development of absorbers, the problem of absorp-
tion bandwidth and angle can be solved by optimizing the de-
sign. However, the traditional metamaterial absorber can only
work at the frequency designed in advance, and if there is other
frequency demand, it has to be redesigned and processed, limit-
ing practical application. Tunable metamaterial absorbers en-
able dynamic regulation of electromagnetic wave absorption.
The principle is to use the tunable properties of the constituent
materials to change the electromagnetic properties of the meta-
material so as to achieve the effect of changing the absorption.
In 2018, Xu et al [46]. used the adjustable properties of gra-
phene to control the size of the applied voltage, so that the
absorber can achieve a “switch” function. Wang et al [47]. de-
signed a three-band perfect absorber based on liquid crystal,
and when the refractive index of the liquid crystal changes
under the action of the applied electric field, the resonant

2876 Vol. 10, No. 12 / December 2022 / Photonics Research Research Article

2327-9125/22/122876-10 Journal © 2022 Chinese Laser Press

mailto:jingxufeng@cjlu.edu.cn
mailto:jingxufeng@cjlu.edu.cn
mailto:jingxufeng@cjlu.edu.cn
https://doi.org/10.1364/PRJ.476100


frequency of the absorber also changes. In addition, there
are transfigured metamaterial absorbers using temperature-
sensitive material vanadium dioxide [48,49]. Not only electrical
and thermal regulation, but also optical regulatory devices are
hot topics: researchers place doped silicon at the interface of the
ring resonator, using pumped light to excite the photogenerated
carrier in the semiconductor to change the absorption charac-
teristics [50]. This diode-like regulation method is difficult to
achieve in the terahertz band, but it is feasible to make an all-
silicon tunable wave absorber based on the principle of semi-
conductor light regulation [51–53].

In order to further broaden the scope of use of the absorber,
researchers combined the narrowband absorber with sensing,
detection, etc., to achieve high-sensitivity detection of biologi-
cal samples [54] and pesticides [55,56]. The traditional detec-
tion method is to dissolve the sample to be measured in a
solvent such as petroleum ether or water [55,57], dry the sol-
ution after coating the surface of the metamaterial absorber, and
then use the interaction between the electromagnetic field on
the surface of the metamaterial and the substance to be mea-
sured to achieve detection. However, it is difficult to ensure the
uniformity of the detected substance by redrying the surface
of the metamaterial, and it is impossible to detect some sub-
stances that cannot be dried. Thus, the researchers combined
metamaterials with microflow channels [58,59] to solve the
problem of uniformity and drying, but also to achieve specific
detection of the substance to be measured [60,61].

In this paper, an ultrawide bandwidth angle-adjustable
metamaterial absorber based on doped silicon is proposed.
First, while achieving wide bandwidth angle absorption in the
range of 0.8–10 THz, the optical adjustable characteristics of
doped semiconductors are applied to the absorber, and the ab-
sorption amplitude in the range of 0.1–1.2 THz is adjusted.
Second, based on the principle of light-regulating the concen-
tration of doped silicon carriers, the medium-doped silicon
material is replaced with a highly doped silicon material to
achieve a narrowband absorber with a high Q. The combina-
tion of a wave absorber and microfluidics enables sensors with
sensitivities up to 500 GHz/RIU. The broadband absorption
characteristics and sensing performance of alcohol and petro-
leum ether are verified experimentally. The metamaterial
absorbers and sensors designed in this paper are simple in
structure, do not require complex and expensive dry etching
devices compared to vertical structures, and are compatible
with semiconductor processes, making them easy to integrate
and miniaturize.

2. ULTRAWIDE BANDWIDTH ANGLE
ADJUSTABLE ABSORBER

A. Design of Wide Bandwidth Angle Absorber
The schematic structural diagram of the terahertz metamaterial
broadband absorber designed herein is shown in Fig. 1(a).
Figure 1(b) is a schematic diagram of the element struc-
ture, wherein the structural parameters are p � 300 μm,
h � 500 μm, w1 � 160 μm, w2 � 20 μm, t1 � 70 μm,
and t2 � 110 μm.

In numerical simulations, the dielectric constant of doped
silicon is usually described by the Drude model [62],

ε � ε∞ −
ω2
P

ω2 � iγω
, (1)

where ε∞ is the dielectric constant of the intrinsic silicon, the γ
is the Drude collision frequency, and the ωp �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
nd e2∕ε0meff

p

is the plasma frequency. nd is the doped concentration of
silicon, e is the amount of electron charge, ε0 is the vacuum
dielectric constant, meff � 0.26me is the effective mass of
the carrier in the doped silicon, and me is the free-electron
mass. When the carrier concentration of doped silicon
nd � 3 × 1016 cm−3 and γ � 12.315 × 1012 s−1, the conduc-
tivity of the doped silicon is σ � 0.54 Ω · cm.

In order to optimize the design of the metamaterial absorber,
the reflectivity (R) and transmittance (T) of the absorber are
obtained by time-domain finite-difference method simulation,
and the absorption rate of the absorber is calculated by equation
A � 1−R−T [63–79]. In the simulation setup, periodic boun-
dary conditions are used in the x and y directions and perfectly
matched layers (PMLs) are used in the z direction.

According to the structural parameters and settings above,
the silicon-based metamaterial absorber is simulated and veri-
fied. Figure 1(c) is a simulation diagram of the R, T, and ab-
sorption rate of the all-medium metamaterial absorber; the
absorber designed herein can achieve greater than 90% absorp-
tion in the range of 0.8–10 THz and can even achieve approx-
imately 100% “perfect absorption” in the wideband range,
achieving the design goal of ultrawideband in the terahertz
band. Table 1 compares this paper with the published meta-
material absorber, and the structure designed in this paper
has obvious advantages in the broadband, tunable, and produc-
tion process.

In order to analyze the contribution of each component to
ultrawideband wave absorption, we simulated the absorption
effect of the substrate without structure, the inverted pyramid
structure, the quadrangle structure, and the ring structure on
the 300 μm substrate. Figure 2(a) shows the absorption char-
acteristics of a flat substrate to terahertz waves, and the bare
substrate does not produce high absorption due to the mis-
match between silicon wafers without any structure and free-
space impedance. Figure 2(b) is a simulation diagram of the
quadrangle structure; although the effect of broadband absorp-
tion can be achieved, only about 90% of the absorption can be
achieved in the narrowband before 1.1 THz. Figure 2 (c) is the
absorption efficiency of the inverted pyramid structure, which
does not reach more than 90% in the range of 0.1–3 THz,
but has an absorption rate of about 80% after 0.93 THz.

Fig. 1. (a) and (b) are schematics of arrays and element structures,
respectively. (c) Absorption rate, reflectivity, and transmittance of
metamaterial absorbers.
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Therefore, as shown in Fig. 2(d), the two structures are com-
bined so that the impedance of the entire metamaterial matches
the impedance of the free space, which increases the bandwidth
and also improves the absorption efficiency.

Obviously, we can explain wideband absorption from the
propagation characteristics of electromagnetic waves in inverted
pyramidal and V-shaped cavities [63], but the absorption
mechanisms at low and high frequencies are not the same.
Therefore, in order to further understand the physical mecha-
nism of the metamaterial broadband absorber designed in this
paper, we plotted the electromagnetic field distribution at 0.8,
1.5, and 2.4 THz under the current incidence of TE polariza-
tion (electric field parallel to the x axis) electromagnetic waves,
with the red arrow as the average power flow. At 0.8 and
1.5 THz, the cavity structure is first matched to the free-space
impedance, and the incoming electromagnetic waves smoothly
enter the high-loss substrate from both sides of the ring struc-
ture, as shown by the red arrow in Figs. 3(a) and 3(c). Second,
the two sides of the ring structure generate magnetic resonance
under the action of terahertz waves, and the introduction of
resonance makes the absorption bandwidth wider while in-
creasing the absorption, as shown in Figs. 3(b) and 3(d).
At 2.4 THz, the sidewall tilt angle of the ring structure is
greater than 45°, which causes the sidewall of the cavity not
to reflect the incident electromagnetic wave in reverse, but to

reflect it downward along the cavity; finally, the incident wave
undergoes multiple reflections into the doped silicon and is de-
pleted. In addition, we also studied the transmission diffraction
efficiency at h � 150 μm, and the incident electromagnetic
waves were diffracted to different orders and then absorbed by
doped silicon. At the same time, it can be seen from Fig. 3(g)
that there is absorption jitter in the high-frequency band. This
is because our thickness h at this time is only 150 μm, and the
incident electromagnetic wave generates Fabry–Pérot (F–P)
resonance inside the structure, which causes jitter.

In practice, the direction of the electromagnetic wave inci-
dence is uncertain. This requires that the metamaterial absorber
we designed can also have excellent performance at a wide an-
gle. Figures 4(a) and 4(b) show the absorption spectra of 0°–70°
under TE and TM polarization conditions, respectively. As can
be seen in Fig. 4(a), the absorption rate after the frequency
point of about 1 THz decreases with the increase of the inci-
dence angle, but the absorption rate before 1 THz jumps at an

Table 1. Comparison Table of Different Types of All-Media Absorbers

References Structure Material Absorption Band (A > 90%) Switchable Etching Process

[77] Square silicon ring Silicon 0.5–5.7 THz No No experimental validation
[69] H-shaped Silicon 0.59–1.49 THz Yes Dry etching
[78] Rings and cylindrical disks Silicon 0.95–2 THz Yes Dry etching
[44] Double-layer binary gratings Silicon, SU-8 0.44–10 THz No Dry etching
[79] Binary grating Silicon, SU-8 0.3–3 THz No No experimental validation
This work Square silicon ring Silicon 0.8–10 THz Yes Wet etching

Fig. 2. (a) Absorption of terahertz waves by the substrate; (b) absorp-
tion of terahertz waves by the quadrangle structure; (c) absorption of
terahertz waves by inverted pyramid structures; (d) absorption of
terahertz waves by the combination of a quadrangle in a pyramidal
structure.

Fig. 3. (a), (c), (e) Distribution of electric fields and time-averaged
power flow (red arrows) in the xoz plane; (b), (d), (f ) magnetic field
distribution and time-averaged power flow diagram in the yoz plane
(red arrow); (g) is a diffraction efficiency (DE) plot in the range of
0.1–3 THz.

Fig. 4. (a) and (b) are absorption spectra of different incident angles
in TE and TM modes, respectively.
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incident angle of 40°, because as the incidence angle increases,
the magnetic resonance also increases, resulting in increased ab-
sorption. In Fig. 4(b), under TM incidence conditions, the ab-
sorption rate decreases with the increase of the incidence angle.
Although the absorption rate of TM polarization at large-angle
incidence is not as good as that of TE polarization, wideband
absorption at wide angles is achieved in both polarization cases.

In order to explore the effects of structural parameters on
absorption performance, the effects of t1, t2, w1, and w2 on
the absorption spectrum were studied and plotted, as shown
in Fig. 5. As can be concluded from Figs. 5(a) and 5(b), chang-
ing t2 and w1 does not have a great impact on the absorption
rate because the high absorption in the low-frequency band
is mainly caused by the external cavity of the ring structure.
The absorption rate of the quadrangle structure in Fig. 2(b)
also indicates that the contribution of the center inverted cone
structure is small. When changing the size of t1, the absorption
peak is redshifted with the increase of t1, and at t1 � 90 μm,
the absorption can be achieved in the broadband range of 0.58–
10 THz above 90% because the increase of t1 makes it easier to
couple low-frequency electromagnetic waves into doped sili-
con, reducing reflection. When the parameters are scanned
for w2, it can be seen that the absorption increases as a function
of incident frequency. This is because when t1 is constant, the
increase of w2 makes the inclination angle of the sidewall of the
annular cavity larger, and the incident wave is more easily
coupled into the doped silicon.

B. Light Modulation of Broadband Absorber
Semiconductors in a thermal equilibrium state have a certain
carrier concentration at a certain temperature [64]. This ther-
mal equilibrium state downloads the flow subconcentration
known as the equilibrium carrier concentration [65]. When we
apply external effects to semiconductors, such as changing tem-
perature, illumination, or applying voltage, we will destroy the
conditions of thermal equilibrium and cause it to deviate from
the thermal equilibrium state, which is called the nonequili-
brium state. The concentration of carriers in nonequilibrium

semiconductors will be more than the concentration of equi-
librium carriers, and these additional carriers are called unbal-
anced carriers or excess carriers.

At a certain temperature, when we use light of an appropri-
ate wavelength to irradiate doped silicon, as long as the energy
of the photon is greater than the bandgap width of the semi-
conductor, then the photon can excite the valence band elec-
trons to the guide band, resulting in an electron-hole pair [66].
Light injection by an unbalanced carrier causes the conductivity
of the semiconductor to increase, which changes the electro-
magnetic properties of the semiconductor. When we stop illu-
mination, the valence band electrons cannot be excited to the
conduction band and the electrons that were originally excited
to the conduction band return to the valence band, the non-
equilibrium carrier disappears, and the semiconductor returns
to equilibrium. It has been shown that the generation and dis-
appearance of nonequilibrium carriers often require only the
order of microseconds or nanoseconds.

According to the Beer–Lambert law, the incident flux on the
surface of the silicon wafer varies with depth under 800 nm
pump light illumination in accordance with the formula:
f �z� � f 0e

αz , wherein the f 0 is the flux at depth z � 0,
the α is the proportion coefficient independent of the light in-
tensity, also known as the absorption coefficient of pumped
light, and α � 1020 cm−1 [67,68]. Assuming that all incident
light is converted into in-semiconductor unbalanced carriers
and is uniform, the distribution of carrier concentrations in
silicon in the z direction is formulated as [69]

nd �z� �
1

Ep
·
df �z�
dz

� αf 0e
−αz

Ep
, (2)

where Ep (�hν) is the energy of the incident pump light.
Figures 6(a) and 6(b) show the distribution of doped silicon
carrier concentration and plasma frequency with depth under
pumped light at 25−3200 μJ∕cm2 energy, and it can be seen
that even small light can cause a large change in carrier concen-
tration, thereby changing the electromagnetic material proper-
ties of doped silicon.

In the numerical simulation, we have to discretize the carrier
concentrations that vary continuously in space, as shown in
Fig. 6(a). In order to be closer to the actual situation, the gra-
dient of carrier concentration change should not be too large.
Therefore, we divide the metamaterial structure with a depth of
50 μm into ten layers, each with a thickness of 5 μm, as shown
in Fig. 7. We approximate the carrier concentrations of each

Fig. 5. Absorption spectra of different structural parameters.

Fig. 6. (a) and (b) show the relationship between the doped silicon
carrier concentration and the plasma frequency and the depth z under
different pump lights, respectively.
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layer to obtain a carrier concentration distribution map that
matches the metamaterial structure.

In order to simulate and verify the tunable properties of the
metamaterial designed in this paper, we simulated the absorp-
tion rate change plot in the range of 0.1–1.2 THz with an in-
cident angle of 10°, as shown in Fig. 8(a). As the pump light
energy increases, it is indeed possible to adjust the absorption
performance. In order to be able to more intuitively and clearly
study the performance of the tunable absorber we designed, we
introduce the modulation depth,

D � Amax − Amin

Amax � Amin

: (3)

Amax and Amin represent the maximum and minimum val-
ues of light absorption under different incident pumps. We
plotted the change in modulation depth at the two absorption
peaks of 0.8 and 1.1 THz according to Eq. (3). As shown in
Fig. 8(b), for 0.8 THz, as the pump light energy increases, the
absorption rate decreases sharply, and the modulation depth
reaches a maximum at 3200 μJ∕cm2, which is 77%. For
1.1 THz, the modulation depth also reaches 71%, which meets
our requirements for tunable devices. This may be due to the
fact that regions of high carrier density are completely shielded
from electromagnetic waves, which cannot pass through the
structure into the material and are converted into other
modes and reflected back, while low carrier concentrations
allow electromagnetic waves to propagate and dissipate [69].
However, in the 0.8–1.1 THz band, with the increase of in-
cident pump light, the absorption rate changes nonlinearly,
the position of the absorption peak also changes, and the
absorption peak appears at 0.8 THz under the excitation
of 800 μJ∕cm2 pump light. This is due to the fact that
the structure produces a strong diffraction on the incident

electromagnetic waves, and the change in the refractive index
of the dielectric material leads to an offset in the position of the
diffraction peak.

C. Experimental Preparation and Testing
In order to verify the actual performance of the ultrawide-
band absorber we designed, this paper uses lithography and
etching to produce 70 × 70 cycle structures on 2.5 cm ×
2.5 cm × 0.5 mm silicon wafers. The resistivity of doped
silicon used in the manufacture of broadband absorbers is
σ � 0.1−0.5 Ω · cm. Figure 9 draws a production flow dia-
gram of the ultrawideband absorber designed in this paper:
(1) cleaning, oxidation; (2) uniformly coated photoresist;
(3) exposure (contact exposure technology is used in exposure,
which can greatly reduce errors caused by lithography), and de-
velopment; (4) etched silica; (5) degluing; (6) etched silicon;
(7) removal of the silica mask.

In the above process, there is a serious convex angle cutting
phenomenon in the anisotropic wet corrosion of step (7). Due to
the presence of convex angle corrosion, when the Si(100) table
surface is corroded, there will be a serious cutting phenomenon
at the convex angle, resulting in a change in structural properties.
Therefore, it is necessary to protect the convex angle.

In previous studies, changing the type and concentration of
the corrosive fluid can reduce the occurrence of convex angle
cutting to a certain extent [70–72], but this method will fail
when the corrosive structure has a certain depth. By adding
surfactants, such as IPA and Triton x-100, the convex angle
cutting can be suppressed, but its effect is also limited. In
the manufacturing process, predictable defects can theoretically
be compensated in advance [73], so adding a specific compen-
sation structure to the convex angle of the structure allows it to
be consumed during the etching process, thus directly protect-
ing the structure we designed. In past studies, researchers have
usually added compensating triangles, squares, or h110i bars to
the convex angles [74,75], although these structures can obtain
better compensation effects according to certain theoretical de-
signs, but often need to occupy a large space. The spacing be-
tween the four right-angle structures applied to the structure we
designed is difficult to meet.

Therefore, we use a h100i bar compensation structure. The
single-strip compensation structure shown in Fig. 10(a) begins
with a tangential effect from C and D during corrosion, result-
ing in two corrosion lines h110i direction. However, as the
drilling deepens, it will inevitably corrode the triangular area
surrounded by ABC. To solve this problem, we add a branch

Fig. 7. Calculated carrier concentration (curve) approximated to
the carrier concentration in the hierarchical model (histogram).

Fig. 8. (a) Absorption spectra under pump light regulation of differ-
ent energy densities; (b) modulation depth at two frequency points of
0.8 and 1.1 THz. Fig. 9. Flow chart of the production of the absorber.
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vertically, as shown in Fig. 10(b). Convex corrosion starts at the
same time by the free ends F and D, E, but the corrosion start-
ing from point F preferentially reaches point C, so that it does
not cause the cutting effect of Fig. 10(a), but the effective
length of this L-shaped compensation structure is too short.
As shown in Fig. 10(c), the L-shaped structure is changed
to a T-shaped structure, and the length of the T-shaped left
horizontal bar is smaller than that on the right. The compen-
satory structure of this design begins to corrode at the convex
angle by the four free ends of H, I, E, and D when corrosion
occurs, and the left side of the T-shaped structure will reach
the center bar before the right side, which not only lengthens
the effective length of the compensation structure but also
avoids the cutting effect of Fig. 10(a). In the structure we de-
signed, the length on the right side of the T-shaped compen-
sation structure cannot be greater than 50 μm, which greatly
reduces the effective length of the compensation structure.
Therefore, in the comprehensive design principle and structural
dimensions, the h100i strip compensation structure shown in
Fig. 10(d) is designed, wherein L1 � 80 μm, L2 � 50 μm,
and L3 � 45 μm. Although the case of L1 > L2 appears in
Fig. 10(d), L2 can be regarded as infinitely long in the periodic
structure shown in Fig. 10(e), so that the overall effective length
is greatly increased by the complementary design of each struc-
ture, and the longer compensation structure can adapt to differ-
ent types of corrosive liquids.

Figure 11 shows the corrosion process diagram of the struc-
ture. As shown in Fig. 11(a), first of all, a 33% potassium
hydroxide solution was used to corrode for 30 min at 80°C,
and an appropriate amount of IPA solution was added to
the corrosion solution. Potassium hydroxide corrosion fluids
are used to quickly release structures and shorten corrosion
time, and IPA is added to smooth the etched surfaces [76].
Next, replace the potassium hydroxide solution with a 25%
tetramethyl ammonium hydroxide solution (TMAH) and
add 3 mL of IPA solution to the 20 mL TMAH to ensure
a smooth etching structure. Theoretically, potassium hydroxide
could continue to be used as a corrosion solution, but the se-
lection ratio of potassium hydroxide to silicon and silica was too
small [77], resulting in silica being completely corroded before

it had corroded to the required depth, so the TMAH solution
with a larger selection ratio was used instead. Figure 11(b) is
a structural diagram of 1 h continuous corrosion at 80°C.
Most of the compensatory structures are corroded and reach the
predetermined corrosion depth, but there are still structural re-
mains at the junction of the four structures. Finally, the TMAH
solution with Triton x-100 added to it corrodes for 1 h at a
70°C water bath, with the aim of using the small cutting effect
on the convex angle under this ratio to achieve the removal of
the remaining structure. Figure 11(c) is the final corrosion re-
sult figure; the structure is angular, there is no tangential angle,
the surface is smooth, and the structure is complete.

To test the depth of the sample prepared by the experiment,
the sample in Fig. 12(a) was measured using a profiler, with a
V-shaped groove corrosion depth of approximately 79 μm and
an inverted pyramid corrosion depth of approximately 87 μm,
as shown in Fig. 12(b). There is an error in the test process. If
the probe of the step meter does not walk along the lowest point
of the structure, it will make the measured depth inaccurate.
The sample was tested using a terahertz time-domain spectrom-
eter (THz-TDS), and the test data were processed and plotted
together with the simulation data in Fig. 12(c), from which it
can be seen that the experiment and the simulation curve trend
are the same. However, the absorption rate of the actual test is
slightly lower than the simulated absorption rate; on the one
hand, the doped concentration of the silicon used in the sim-
ulation is lower than the doped concentration of the actual sil-
icon used, resulting in a blueshift of the absorption peak, and
on the other hand, there are unavoidable errors in both the
preparation and testing.

3. MICROFLOW CHANNEL SENSOR BASED ON
METAMATERIAL ABSORBER

A. Microflow Channel Sensor
As can be seen from Fig. 8(a), when the concentration of doped
silicon increases, a sharp absorption peak can be generated
in the range of 0.6–1.2 THz. This makes the metamaterial

Fig. 10. (a) Single-bar compensation structure; (b) L-type compen-
sation structure; (c) T-type compensation structure; (d) compensatory
structural element structures; (e) compensatory structural periodic
structures.

Fig. 11. (a) KOH � IPA corrosion for 30 min; (b) TMAH � IPA
corrosion for 60min; (c) TMAH�Triton x-100 corrosion for 60min.

Fig. 12. (a) Physical view of a metamaterial absorber; (b) step meter
measured depth map; (c) simulation and experimental testing of ab-
sorption rates.
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absorber we designed promising for use in sensors. We intro-
duce refractive index frequency sensitivity (S), quality factor
(Q) and figure of merit (FOM) descriptions,

S � Δf
Δn

, (4)

Q � f 0

FWHM
, (5)

FOM � S
FWHM

: (6)

Among them, Δn is the amount of refractive index change,
Δf is the amount of absorption peak movement caused by the
change of Δn, FWHM is the width of the curve at half of
the absorption peak, and f 0 is the frequency point where the
absorption peak is located.

Many biomolecules have refractive indices in the range
of 1.0–1.8, so we simulated absorption spectra at different
refractive indices on heavily doped silicon with a resistivity
of 0.002 Ω · cm. Figure 13(a) shows the analyte to be measured
adsorbed on the metamaterial in a coated manner, and we an-
alyzed the sensor performance of the 1 μm, 3 μm, and 5 μm
thicknesses of the substance to be measured, respectively.
Figure 13(b) shows the absorption spectra of the substance
to be measured at 5 μm, and it can be seen that as the refractive
index of the substance to be measured increases, the absorption
peaks are significantly redshifted. In order to visualize the in-
fluence of refractive index and thickness on frequency move-
ment, the resonant frequency at different thicknesses is plotted
in Fig. 13(c) with the refractive index of the substance to be
measured, and it can be seen that when the film thickness
of the substance to be measured is less than 5 μm, the frequency
movement is nonlinear, and the sensitivity and FOM values are
very low; when the thickness of the substance to be measured is
5 μm, the frequency offset is approximately linear, and the S
reaches 17.5 GHz/RIU, FOM � 0.49, Q � 24.2.

It can be seen that the doped silicon metamaterial absorber
can realize the detection of the substance to be measured at
different refractive indices. However, we can see from its refrac-
tive index and FOM value that the sensing performance of the
sensor is limited. This is because the resonant electromagnetic
field of the sensor is mainly bound in the void of the structure,
only the edge field is in contact with the analyte to be mea-
sured, and the strength of the edge field directly determines
the sensitivity of the sensor.

In summary, we can only improve the sensing performance
of the sensor by loading the analyte to be measured into a

strong electromagnetic field. Therefore, we designed an inte-
grated microflow channel sensor based on a metamaterial
absorber; the structure is shown in Fig. 14(a), where the analyte
to be measured fills the structure and is higher than when the
thickness of the structure is h1 � 50 μm, the top cover thick-
ness is 20 μm, and the material is PDMS (n � 1.41). Its sen-
sitivity to the environmental refractive index was simulated by
software, and the S, Q, and FOM of this sensor are listed in
Table 2. As can be seen from Fig. 14(b), the frequency move-
ment is approximately linear and is capable of achieving larger
movements. By changing the surface coating detection of the
object to be measured to microflow channel detection, the sens-
ing performance of the absorbing wave sensor can be greatly
improved, especially for the sensitivity S and FOM values
by more than 100 times.

To explore the effect of the height h1 of the microchannel
and the thickness of the top cover h2 and refractive index ncap
on the sensing performance, we simulated the effect of various
parameters on the performance of the sensor. First of all, we
studied the effect of the height h1 of the microflow channel
and the refractive index of the substance to be measured on
the absorption peak displacement, and it can be seen from
Fig. 15(a) that when the thickness of the substance to be mea-
sured gradually increases, the absorption peak displacement
also increases. However, the substance to be measured in the
actual detection will have a high absorption of terahertz waves,
and the thinner the substance to be measured, the less effect
there is on the peak amplitude of absorption. Therefore, the
thickness of the microflow channel h1 is 50 μm, taking into
account the sensitivity while ensuring a large absorption ampli-
tude. Second, we studied the effect of cap thickness h2 on sensor
performance and found that the top cover thickness h2 hardly
affected the performance of the sensor, as shown in Fig. 15(b).
Finally, we studied the effect of the refractive index of the cap
on the sensing performance and found that when the refractive
index of the top cover becomes larger, it will lead to many
spurious absorption peaks near the main peak, and the Q value

Fig. 13. (a) Schematic diagram of the material to be measured
coated on the surface of the metamaterial; (b) refractive index detec-
tion characteristics of the sensor; (b) refractive index detection char-
acteristics of the sensor under different thicknesses of the substance to
be measured.

Fig. 14. (a) Integrated microflow channel sensor based on a meta-
material absorber; (b) relationship between the absorption peak of the
microflow channel sensor and the refractive index.

Table 2. Performance Parameters of Microfluidic
Sensors at Different Refractive Indices

Refractive Index FWHM (THz) S (GHz/RIU) Q FOM

1.0 0.021 41.843
1.2 0.031 567 24.529 18.173
1.4 0.039 441 17.362 11.307
1.6 0.047 337 13.082 7.232
1.8 0.052 270 10.583 5.143
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and sensitivity S are significantly reduced, as shown in
Fig. 15(c).

B. Preparation of Microflow Channel Sensors
The preparation process of the integrated microflow channel
sensor based on the metamaterial absorber is shown in
Fig. 16(a), wherein we (1) prepare the microflow channel
substrate; (2) prepare the top cover and punch the holes;
and (3) install the steel needle and seal it. The preparation
method of the metamaterial structure before process (1) is con-
sistent with Fig. 9. Figure 16(b) shows a physical diagram of
the microflow channel sensor, and the acrylic glass fixture is
designed to avoid leakage and fix the steel needle.

The detection effect of the microflow channel was sub-
sequently verified using a reflective terahertz time-domain spec-
trometer. As shown in Fig. 17, we test the reflected spectra
of terahertz waves by the microflow channel when entering
air, alcohol (ε � 2.4� 0.47i), and water (ε � 4.8� 1.98i).
During the experimental test, the terahertz wave was normally
incident on the metamaterial, and the direction of the electric
field was parallel to the x axis in Fig. 1(a). What we have de-
signed is an absorber type sensor, so we can calculate the ab-
sorption rate using the formula A � 1 − R − T . The test curve
of the air in Figs. 17(a) and 17(d) differs significantly from the
simulation curve, possibly because we are not passing through
dry air, and the moisture in the air absorbs a large number
of terahertz waves and causes a change in peak position.
Figures 17(b) and 17(e) are the test spectra of alcohol. It can
be seen that there is a certain frequency shift in the experimen-
tal and simulation results, which may be caused by the differ-
ence between the dielectric constant of alcohol and the actual
one. The sample water tested in Figs. 17(c) and 17(f ) is a
strongly polar molecule with strong absorption of terahertz
waves, resulting in insignificant peak changes in the test or sim-
ulation. If water is used as a biomolecular carrier, the height

of the microfluidic channel needs to be reduced, which can
minimize the thickness of the water, reduce the absorption
of terahertz waves, and improve the resolution. Our proposed
sensor may be applied to other areas [80–87].

4. CONCLUSIONS

We designed and prepared an ultrawideband and wide-angle
metamaterial absorber based on silicon, which achieves an ab-
sorption effect greater than 90% in the range of 0.8–10 THz by
combining the quadrangular structure with the inverted pyra-
mid structure. Combined with the electromagnetic field dia-
gram and energy loss at the absorption peak, the physical
mechanism for achieving broadband absorption is analyzed.
Semiconductor materials were used to generate excess carriers
under specific wavelength light excitation conditions, and the
dynamic regulation of the absorption amplitude of metamate-
rial absorbers was realized so that broadband absorption and
narrowband absorption can be switched at will. In addition,
in order to broaden the practical application of the metamate-
rial absorber, the absorption peak with a highQ is realized with-
out changing the structural parameters, and combined with the
microflow channel detection, the high-sensitivity sensor was
designed and realized. Finally, the preparation of metamaterial
absorber and microfluidic sensor was discussed, and the com-
pensation structure in wet corrosion was designed by using the
compensation principle, which solves the problem of convex
angle cutting in the wet corrosion process. The ultrawideband
absorbent material proposed in this paper has a wide angle, is
easy to make, has the same preparation process as the comple-
mentary metal oxide semiconductor (COMS) process, and is
easy to integrate and to miniaturize. Electromagnetic stealth,
terahertz imaging and sensing, and other fields are potential
application prospects.
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Fig. 16. (a) Microflow channel sensor preparation flow chart;
(b) physical drawing of the microflow channel sensor.

Fig. 17. (a), (b), and (c) are the simulated (black) and test (red)
reflectance plots for air, alcohol, and water, respectively; (d), (e),
and (f ) are the simulated (black) and test (red) absorbance plots for
air, alcohol, and water, respectively.

Research Article Vol. 10, No. 12 / December 2022 / Photonics Research 2883



Disclosures. The authors declare no conflicts of interest.

Data Availability. No data were generated or analyzed in
the presented research.

REFERENCES
1. N. Kaina, F. Lemoult, M. Fink, and G. Lerosey, “Negative refractive

index and acoustic superlens from multiple scattering in single neg-
ative metamaterials,” Nature 525, 77–81 (2015).

2. J. B. Pendry, “Negative refraction makes a perfect lens,” Phys. Rev.
Lett. 85, 3966–3969 (2000).

3. X. He, “Tunable terahertz graphene metamaterials,” Carbon 82,
229–237 (2015).

4. X. He, X. Zhong, F. Lin, and W. Shi, “Investigation of graphene
assisted tunable terahertz metamaterials absorber,” Opt. Mater.
Express 6, 331–342 (2016).

5. X. He, F. Liu, F. Lin, and W. Shi, “Tunable 3D Dirac-semimetals sup-
ported mid-IR hybrid plasmonic waveguides,” Opt. Lett. 46, 472–475
(2021).

6. X. Jing, S. Jin, Y. Tian, P. Liang, Q. Dong, and L. Wang, “Analysis of
the sinusoidal nanopatterning grating structure,” Opt. Laser Technol.
48, 160–166 (2013).

7. X. Jing, Y. Xu, H. Gan, Y. He, and Z. Hong, “High refractive in-
dex metamaterials by using higher order modes resonances of
hollow cylindrical nanostructure in visible region,” IEEE Access 7,
144945–144956 (2019).

8. L. Jiang, B. Fang, Z. Yan, J. Fan, C. Qi, J. Liu, Y. He, C. Li, X. Jing, H.
Gan, and Z. Hong, “Terahertz high and near-zero refractive index
metamaterials by double layer metal ring microstructure,” Opt.
Laser Technol. 123, 105949 (2020).

9. H. Lv, X. Lu, Y. Han, Z. Mou, and S. Teng, “Multifocal metalens with a
controllable intensity ratio,” Opt. Lett. 44, 2518–2521 (2019).

10. H. Wang, L. Liu, C. Zhou, J. Xu, M. Zhang, S. Teng, and Y. Cai,
“Vortex beam generation with variable topological charge based on
a spiral slit,” Nanophotonics 8, 317–324 (2019).

11. S. A. Ramakrishna and J. B. Pendry, “Refining the perfect lens: lay-
ered media and optical gain,” in 32nd European Microwave
Conference (2002), pp. 315–318.

12. D. Shin, Y. Urzhumov, Y. Jung, G. Kang, S. Baek, M. Choi, H. Park, K.
Kim, and D. R. Smith, “Broadband electromagnetic cloaking with
smart metamaterials,” Nat. Commun. 3, 1213 (2012).

13. R. Schittny, M. Kadic, T. Bückmann, and M. Wegener, “Invisibility cloak-
ing in a diffusive light scattering medium,” Science 345, 427–429 (2014).

14. T. Chen, S. Li, and H. Sun, “Metamaterials application in sensing,”
Sensors 12, 2742–2765 (2012).

15. Y. Lee, S.-J. Kim, H. Park, and B. Lee, “Metamaterials and metasur-
faces for sensor applications,” Sensors 17, 1726 (2017).

16. M. R. Akram, G. Ding, K. Chen, Y. Feng, andW. Zhu, “Ultra-thin single
layer metasurfaces with ultra-wideband operation for both transmis-
sion and reflection,” Adv. Mater. 32, 1907308 (2020).

17. J. Zhang, X. Wei, I. D. Rukhlenko, H.-T. Chen, and W. Zhu,
“Electrically tunable metasurface with independent frequency and
amplitude modulations,” ACS Photon. 7, 265–271 (2020).

18. B. Fang, Z. Cai, Y. Peng, C. Li, Z. Hong, and X. Jing, “Realization of
ultrahigh refractive index in terahertz region by multiple layers coupled
metal ringmetamaterials,” J. Electromagn.Wave 33, 1375–1390 (2019).

19. B. Fang, B. Li, Y. Peng, C. Li, Z. Hong, and X. Jing, “Polarization in-
dependent multiband metamaterials absorber by fundamental cavity
mode of multilayer microstructure,” Microw. Opt. Technol. Lett. 61,
2385–2391 (2019).

20. W. Wang, X. Jing, J. Zhao, Y. Li, and Y. Tian, “Improvement of accu-
racy of simple methods for design and analysis of a blazed phase
grating microstructure,” Opt. Appl. 48, 183–198 (2017).

21. L. Jiang, B. Fang, and Z. Yan, “Improvement of unidirectional scatter-
ing characteristics based on multiple nanospheres array,” Micro. Opt.
Technol. Lett. 62, 2405–2414 (2020).

22. J. Zhang, H. Zhang, W. Yang, K. Chen, X. Wei, Y. Feng, R. Jin, andW.
Zhu, “Dynamic scattering steering with graphene-based coding meta-
mirror,” Adv. Opt. Mater. 8, 2000683 (2020).

23. X. Bai, F. Kong, Y. Sun, F. Wang, J. Qian, X. Li, A. Cao, C. He, X.
Liang, R. Jin, and W. Zhu, “High-efficiency transmissive programable
metasurface for multi-mode OAM generations,” Adv. Opt. Mater. 8,
2000570 (2020).

24. X. Jing, X. Gui, P. Zhou, and Z. Hong, “Physical explanation of Fabry-
Pérot cavity for broadband bilayer metamaterials polarization con-
verter,” J. Lightwave Technol. 36, 2322–2327 (2018).

25. R. Xia, X. Jing, X. Gui, and Y. Tian, “Broadband terahertz half-wave
plate based on anisotropic polarization conversion metamaterials,”
Opt. Mater. Express 7, 977–988 (2017).

26. J. Zhao, X. Jing, W. Wang, Y. Tian, D. Zhu, and G. Shi, “Steady
method to retrieve effective electromagnetic parameters of bianiso-
tropic metamaterials at one incident direction in the terahertz region,”
Opt. Laser Technol. 95, 56–62 (2017).

27. Y. Tian, X. Jing, H. Gan, X. Li, and Z. Hong, “Free control of far-field
scattering angle of transmission terahertz wave using multilayer split-
ring resonators’ metasurfaces,” Front. Phys. 15, 62502 (2020).

28. C. Zhou, Z. Mou, R. Bao, Z. Li, and S. Teng, “Compound plasmonic
vortex generation based on spiral nanoslits,” Front. Phys. 16, 33503
(2021).

29. G. Dai, “Designing nonlinear thermal devices and metamaterials
under the Fourier law: a route to nonlinear thermotics,” Front.
Phys. 16, 53301 (2021).

30. L. Lan, Y. Gao, X. Fan, M. Li, Q. Hao, and T. Qiu, “The origin of ultra-
sensitive SERS sensing beyond plasmonics,” Front. Phys. 16, 43300
(2021).

31. X. Lu, X. Zeng, H. Lv, Y. Han, Z. Mou, C. Liu, S. Wang, and S. Teng,
“Polarization controllable plasmonic focusing based on nanometer
holes,” Nanotechnology 31, 135201 (2020).

32. H. Lv, X. Lu, Y. Han, Z. Mou, C. Zhou, S. Wang, and S. Teng,
“Metasurface cylindrical vector light generators based on nanometer
holes,” New J. Phys. 21, 123047 (2019).

33. B. Fang, D. Feng, and P. Chen, “Broadband cross-circular polariza-
tion carpet cloaking based on a phase change material metasurface in
the mid-infrared region,” Front. Phys. 17, 53502 (2022).

34. J. Leng, J. Peng, A. Jin, D. Cao, D. Liu, X. He, F. Lin, and F. Liu,
“Investigation of terahertz high Q-factor of all-dielectric metamateri-
als,” Opt. Laser Technol. 146, 107570 (2022).

35. X. He, F. Liu, F. Lin, and W. Shi, “3D Dirac semimetal supported tun-
able TE modes,” Ann. Phys. 534, 2100355 (2022).

36. L. Zhu, Y. Cao, Q. Chen, X. Ouyang, Y. Xu, Z. Hu, J. Qiu, and X. Li,
“Near-perfect fidelity polarization-encoded multilayer optical data stor-
age based on aligned gold nanorods,” Opto-Electron. Adv. 4, 210002
(2021).

37. T. Zhao, X. Jing, X. Tang, X. Bie, T. Luo, H. Gan, Y. He, C. Li, and Z.
Hong, “Manipulation of wave scattering by Fourier convolution oper-
ations with Pancharatnam-Berry coding metasurface,” Opt. Laser
Eng. 141, 106556 (2021).

38. H. Tao, C. M. Bingham, A. C. Strikwerda, D. Pilon, D. Shrekenhamer,
N. I. Landy, K. Fan, X. Zhang, W. J. Padilla, and R. D. Averitt, “Highly
flexible wide angle of incidence terahertz metamaterial absorber: de-
sign, fabrication, and characterization,” Phys. Rev. B 78, 241103
(2008).

39. Y. Shang, Z. Shen, and S. Xiao, “On the design of single-layer circuit
analog absorber using double-square-loop array,” IEEE Trans.
Antennas Propag. 61, 6022–6029 (2013).

40. F. Costa and A. Monorchio, “A frequency selective radome with
wideband absorbing properties,” IEEE Trans. Antennas Propag.
60, 2740–2747 (2012).

41. J. Sun, L. Liu, G. Dong, and J. Zhou, “An extremely broad band meta-
material absorber based on destructive interference,” Opt. Express
19, 21155–21162 (2011).

42. H. Xiong, J.-S. Hong, C.-M. Luo, and L.-L. Zhong, “An ultrathin
and broadband metamaterial absorber using multi-layer structures,”
J. Appl. Phys. 114, 064109 (2013).

43. M. Pu, M. Wang, C. Hu, C. Huang, Z. Zhao, Y. Wang, and X. Luo,
“Engineering heavily doped silicon for broadband absorber in the
terahertz regime,” Opt. Express 20, 25513–25519 (2012).

44. J. Yuan, J. Luo, M. Zhang, M. Pu, X. Li, Z. Zhao, and X. Luo, “An ultra-
broadband THz absorber based on structured doped silicon with anti-
reflection techniques,” IEEE Photon. J. 10, 5901010 (2018).

2884 Vol. 10, No. 12 / December 2022 / Photonics Research Research Article

https://doi.org/10.1038/nature14678
https://doi.org/10.1103/PhysRevLett.85.3966
https://doi.org/10.1103/PhysRevLett.85.3966
https://doi.org/10.1016/j.carbon.2014.10.066
https://doi.org/10.1016/j.carbon.2014.10.066
https://doi.org/10.1364/OME.6.000331
https://doi.org/10.1364/OME.6.000331
https://doi.org/10.1364/OL.415187
https://doi.org/10.1364/OL.415187
https://doi.org/10.1016/j.optlastec.2012.10.008
https://doi.org/10.1016/j.optlastec.2012.10.008
https://doi.org/10.1109/ACCESS.2019.2945119
https://doi.org/10.1109/ACCESS.2019.2945119
https://doi.org/10.1016/j.optlastec.2019.105949
https://doi.org/10.1016/j.optlastec.2019.105949
https://doi.org/10.1364/OL.44.002518
https://doi.org/10.1515/nanoph-2018-0214
https://doi.org/10.1038/ncomms2219
https://doi.org/10.1126/science.1254524
https://doi.org/10.3390/s120302742
https://doi.org/10.3390/s17081726
https://doi.org/10.1002/adma.201907308
https://doi.org/10.1021/acsphotonics.9b01532
https://doi.org/10.1080/09205071.2019.1608868
https://doi.org/10.1002/mop.31890
https://doi.org/10.1002/mop.31890
https://doi.org/10.1364/AO.48.000183
https://doi.org/10.1002/mop.32328
https://doi.org/10.1002/mop.32328
https://doi.org/10.1002/adom.202000683
https://doi.org/10.1002/adom.202000570
https://doi.org/10.1002/adom.202000570
https://doi.org/10.1109/JLT.2018.2808339
https://doi.org/10.1364/OME.7.000977
https://doi.org/10.1016/j.optlastec.2017.04.001
https://doi.org/10.1007/s11467-020-1013-1
https://doi.org/10.1007/s11467-020-1032-y
https://doi.org/10.1007/s11467-020-1032-y
https://doi.org/10.1007/s11467-021-1048-y
https://doi.org/10.1007/s11467-021-1048-y
https://doi.org/10.1007/s11467-021-1047-z
https://doi.org/10.1007/s11467-021-1047-z
https://doi.org/10.1088/1361-6528/ab62d0
https://doi.org/10.1088/1367-2630/ab5f44
https://doi.org/10.1007/s11467-021-1148-8
https://doi.org/10.1016/j.optlastec.2021.107570
https://doi.org/10.1002/andp.202100355
https://doi.org/10.29026/oea.2021.210002
https://doi.org/10.29026/oea.2021.210002
https://doi.org/10.1016/j.optlaseng.2021.106556
https://doi.org/10.1016/j.optlaseng.2021.106556
https://doi.org/10.1103/PhysRevB.78.241103
https://doi.org/10.1103/PhysRevB.78.241103
https://doi.org/10.1109/TAP.2013.2280836
https://doi.org/10.1109/TAP.2013.2280836
https://doi.org/10.1109/TAP.2012.2194640
https://doi.org/10.1109/TAP.2012.2194640
https://doi.org/10.1364/OE.19.021155
https://doi.org/10.1364/OE.19.021155
https://doi.org/10.1063/1.4818318
https://doi.org/10.1364/OE.20.025513
https://doi.org/10.1109/JPHOT.2018.2882126


45. N. Nguyen-Huu, M. Cada, and J. Pištora, “Investigation of optical
absorptance of one-dimensionally periodic silicon gratings as solar
absorbers for solar cells,” Opt. Express. 22, A68–A79 (2014).

46. Z. Xu, D. Wu, Y. Liu, C. Liu, Z. Yu, L. Yu, and H. Ye, “Design of a
tunable ultra-broadband terahertz absorber based on multiple layers
of graphene ribbons,” Nanoscale Res. Lett. 13, 1 (2018).

47. L. Wang, S. Ge, W. Hu, M. Nakajima, and Y. Lu, “Graphene-assisted
high-efficiency liquid crystal tunable terahertz metamaterial absorber,”
Opt. Express. 25, 23873–23879 (2017).

48. Z. Song, K. Wang, J. Li, and Q. H. Liu, “Broadband tunable terahertz
absorber based on vanadium dioxide metamaterials,” Opt. Express
26, 7148–7154 (2018).

49. L. Qi, C. Liu, X. Zhang, D. Sun, and S. M. A. Shah, “Structure-
insensitive switchable terahertz broadband metamaterial absorbers,”
Appl. Phys. Express. 12, 062011 (2019).

50. H. R. Seren, G. R. Keiser, L. Cao, J. Zhang, A. C. Strikwerda, K. Fan,
G. D. Metcalfe, M. Wraback, X. Zhang, and R. D. Averitt, “Optically
modulated multiband terahertz perfect absorber,” Adv. Opt. Mater.
2, 1221–1226 (2014).

51. Y. Cheng, J. Liu, F. Chen, H. Luo, and X. Li, “Optically switchable
broadband metasurface absorber based on square ring shaped pho-
toconductive silicon for terahertz waves,” Phys. Lett. A 402, 127345
(2021).

52. L. Yue, Y. Wang, Z. Cui, X. Zhang, Y. Zhu, C. Yang, X. Wang, and S.
Chen, “Highly sensitive detection of optical tunable terahertz multi-
band absorber based on all-dielectric grating,” in 45th International
Conference on Infrared, Millimeter, and Terahertz Waves (IRMMW-
THz) (2020), pp. 1–2.

53. L. Yue, Y. Wang, Z. Cui, X. Zhang, Y. Zhu, X. Zhang, S. Chen, X.
Wang, and K. Zhang, “Multi-band terahertz resonant absorption
based on an all-dielectric grating metasurface for chlorpyrifos sens-
ing,” Opt. Express 29, 13563–13575 (2021).

54. Q. Guo, H. Zhu, F. Liu, A. Y. Zhu, J. C. Reed, F. Yi, and E. Cubukcu,
“Silicon-on-glass graphene-functionalized leaky cavity mode nano-
photonic biosensor,” ACS Photon. 1, 221–227 (2014).

55. P. Nie, D. Zhu, Z. Cui, F. Qu, L. Lin, and Y. Wang, “Sensitive detection
of chlorpyrifos pesticide using an all-dielectric broadband terahertz
metamaterial absorber,” Sens. Actuators B Chem. 307, 127642 (2020).

56. Y. Hua and H. Zhang, “Qualitative and quantitative detection of
pesticides with terahertz time-domain spectroscopy,” IEEE Trans.
Microw. Theory Tech. 58, 2064–2070 (2010).

57. X. Yang, X. Zhao, K. Yang, Y. Liu, Y. Liu, W. Fu, and Y. Luo,
“Biomedical applications of terahertz spectroscopy and imaging,”
Trends Biotechnol. 34, 810–824 (2016).

58. S. Yin,W. Huang, and L. Guo, “Terahertzmetamaterial sensor integrated
with microfluidic channel,” in Cross Strait Quad-Regional Radio Science
and Wireless Technology Conference (CSQRWC) (2019), pp. 1–2.

59. S. J. Park, S. A. N. Yoon, and Y. H. Ahn, “Dielectric constant mea-
surements of thin films and liquids using terahertz metamaterials,”
RSC Adv. 6, 69381–69386 (2016).

60. Z. Geng, X. Zhang, Z. Fan, X. Lv, and H. Chen, “A route to terahertz
metamaterial biosensor integrated with microfluidics for liver cancer
biomarker testing in early stage,” Sci. Rep. 7, 16378 (2017).

61. S. P. Mickan, A. Menikh, H. Liu, C. A. Mannella, R. MacColl, D. Abbott,
J. Munch, and X. C. Zhang, “Label-free bioaffinity detection using
terahertz technology,” Phys. Med. Biol. 47, 3789 (2002).

62. N. Liu, L. Langguth, T.Weiss, J. Kästel, M. Fleischhauer, T. Pfau, and H.
Giessen, “Plasmonic analogue of electromagnetically induced transpar-
ency at the Drude damping limit,” Nat. Mater. 8, 758–762 (2009).

63. X. You, A. Upadhyay, Y. Cheng, M. Bhaskaran, S. Sriram, C.
Fumeaux, and W. Withayachumnankul, “Ultra-wideband far-infrared
absorber based on anisotropically etched doped silicon,” Opt. Lett.
45, 1196–1199 (2020).

64. O. Muscato and V. Di Stefano, “Local equilibrium and off-equilibrium
thermoelectric effects in silicon semiconductors,” J. Appl. Phys. 110,
093706 (2011).

65. M.-J. Sher and E. Mazur, “Intermediate band conduction in femtosecond-
laser hyperdoped silicon,” Appl. Phys. Lett. 105, 032103 (2014).

66. L. A. Woldering, L. Abelmann, and M. C. Elwenspoek, “Predicted pho-
tonic band gaps in diamond-lattice crystals built from silicon truncated
tetrahedrons,” J. Appl. Phys. 110, 043107 (2011).

67. K. Fan, J. Zhang, X. Liu, G.-F. Zhang, R. D. Averitt, and W. J. Padilla,
“Phototunable dielectric Huygens’ metasurfaces,” Adv. Mater. 30,
1800278 (2018).

68. A. J. Sabbah and D. M. Riffe, “Femtosecond pump-probe reflectivity
study of silicon carrier dynamics,” Phys. Rev. B 66, 165217 (2002).

69. X. Zhao, Y. Wang, J. Schalch, G. Duan, K. Cremin, J. Zhang, C. Chen,
R. D. Averitt, and X. Zhang, “Optically modulated ultra-broadband all-
silicon metamaterial terahertz absorbers,” ACS Photon. 6, 830–837
(2019).

70. P. Pal, K. Sato, M. A. Gosalvez, and M. Shikida, “Study of rounded con-
cave and sharp edge convex corners undercutting in CMOS compatible
anisotropic etchants,” J. Micromechan. Microeng. 17, 2299 (2007).

71. V. Jovic, J. Lamovec, and M. Popovic, “Investigation of silicon aniso-
tropic etching in alkaline solutions with propanol addition,” in 26th
International Conference on Microelectronics (2008), pp. 355–358.

72. T. P. Kuehn, S. M. Ali, S. C. Mantell, and E. K. Longmire, in Reliability,
Packaging, Testing, and Characterization of MEMS/MOEMS VI (SPIE,
2007), p. 196.

73. N. Marenco, W. Reinert, S. Warnat, P. Lange, S. Gruenzig, G. Allegato,
G. Hillmann, H. Kostner,W. Gal, S. Guadagnuolo, A. Conte, K. Malecki,
and K. Friedel, “Investigation of key technologies for system-in-
package Integration of inertial MEMS,” in Symposium on Design,
Test, Integration & Packaging of MEMS/MOEMS (2009), pp. 35–40.

74. B. Puers andW. Sansen, “Compensation structures for convex corner
micromachining in silicon,” Sens. Actuators A Phys. 23, 1036–1041
(1990).

75. R. Divan, N. Moldovan, and H. Camon, “Roughning and smoothing
dynamics during KOH silicon etching,” Sens. Actuators A Phys. 74,
18–23 (1999).

76. Z. Y. Niu, X. Z. Wu, P. T. Dong, D. B. Xiao, Z. Q. Hou, Z. H. Chen, and
X. Zhang, “Design and empirical study for coner compensation in
25% wt TMAH etching on (100) silicon wafers,” Key Eng. Mater.
483, 9–13 (2011).

77. M. Jiang, Z. Song, and Q. H. Liu, “Ultra-broadband wide-angle
terahertz absorber realized by a doped silicon metamaterial,” Opt.
Commun. 471, 125835 (2020).

78. Y. Wang, D. Zhu, Z. Cui, L. Hou, L. Lin, F. Qu, X. Liu, and P. Nie,
“All-dielectric terahertz plasmonic metamaterial absorbers and high-
sensitivity sensing,” ACS Omega. 4, 18645–18652 (2019).

79. S. Yin, J. Zhu, W. Xu, W. Jiang, J. Yuan, G. Yin, L. Xie, Y. Ying, and Y.
Ma, “High-performance terahertz wave absorbers made of silicon-
based metamaterials,” Appl. Phys. Lett. 107, 073903 (2015).

80. H. Zhao, S. Liu, Y. Wei, Y. Yue, M. Gao, X. Zeng, X. Deng, N. Kotov, L.
Guo, and L. Jiang, “Multiscale engineered artificial tooth enamel,”
Science 375, 551–556 (2022).

81. Y. Yue, Y. Gao, W. Hu, B. Xu, J. Wang, X. Zhang, Q. Zhang, Y. Wang,
B. Ge, Z. Yang, Z. Li, P. Ying, X. Liu, D. Yu, B. Wei, Z. Wang, X. Zhou,
L. Guo, and Y. Tian, “Hierarchically structured diamond composite
with exceptional toughness,” Nature 582, 370–374 (2020).

82. J. Kang, X. Qiu, Q. Hu, J. Zhong, X. Gao, R. Huang, C. Wan, L. Liu, X.
Duan, and L. Guo, “Valence oscillation and dynamic active sites in
monolayer NiCo hydroxides for water oxidation,” Nat. Catal. 4,
1050–1058 (2021).

83. K. Chen, X. Tang, B. Jia, C. Chao, Y. Wei, J. Hou, L. Dong, X. Deng, T.
Xiao, K. Goda, and L. Guo, “Graphene oxide bulk material reinforced
by heterophase platelets with multiscale interface crosslinking,” Nat.
Mater. 21, 1121–1129 (2022).

84. J. Kang, Y. Xue, J. Yang, Q. Hu, Q. Zhang, L. Gu, A. Selloni, L. Liu,
and L. Guo, “Realizing two-electron transfer in Ni(OH)2 nanosheets for
energy storage,” J. Am. Chem. Soc. 144, 8969–8976 (2022).

85. J. Nai, Y. Tian, X. Guan, and L. Guo, “Pearson’s principle inspired
generalized strategy for the fabrication of metal hydroxide and oxide
nanocages,” J. Am. Chem. Soc. 135, 16082–16091 (2013).

86. H. Zhao, Y. Zhu, F. Li, R. Hao, S. Wang, and L. Guo, “A generalized
strategy for the synthesis of large-size ultrathin two-dimensional metal
oxide nanosheets,” Angew. Chem. Int. Ed. 56, 8766–8770 (2017).

87. Z. Cai, L. Li, Y. Zhang, Z. Yang, J. Yang, Y. Guo, and L. Guo,
“Amorphous nanocages of Cu-Ni-Fe hydr(oxy)oxide prepared by pho-
tocorrosion for highly efficient oxygen evolution,” Angew. Chem. Int.
Ed. 58, 4189–4194 (2019).

Research Article Vol. 10, No. 12 / December 2022 / Photonics Research 2885

https://doi.org/10.1364/OE.22.000A68
https://doi.org/10.1186/s11671-017-2411-3
https://doi.org/10.1364/OE.25.023873
https://doi.org/10.1364/OE.26.007148
https://doi.org/10.1364/OE.26.007148
https://doi.org/10.7567/1882-0786/ab213b
https://doi.org/10.1002/adom.201400197
https://doi.org/10.1002/adom.201400197
https://doi.org/10.1016/j.physleta.2021.127345
https://doi.org/10.1016/j.physleta.2021.127345
https://doi.org/10.1364/OE.423256
https://doi.org/10.1021/ph400073w
https://doi.org/10.1016/j.snb.2019.127642
https://doi.org/10.1109/TMTT.2010.2050184
https://doi.org/10.1109/TMTT.2010.2050184
https://doi.org/10.1016/j.tibtech.2016.04.008
https://doi.org/10.1039/C6RA11777E
https://doi.org/10.1038/s41598-017-16762-y
https://doi.org/10.1088/0031-9155/47/21/317
https://doi.org/10.1038/nmat2495
https://doi.org/10.1364/OL.382458
https://doi.org/10.1364/OL.382458
https://doi.org/10.1063/1.3658016
https://doi.org/10.1063/1.3658016
https://doi.org/10.1063/1.4890618
https://doi.org/10.1063/1.3624604
https://doi.org/10.1002/adma.201800278
https://doi.org/10.1002/adma.201800278
https://doi.org/10.1103/PhysRevB.66.165217
https://doi.org/10.1021/acsphotonics.8b01644
https://doi.org/10.1021/acsphotonics.8b01644
https://doi.org/10.1088/0960-1317/17/11/017
https://doi.org/10.1016/0924-4247(90)87085-W
https://doi.org/10.1016/0924-4247(90)87085-W
https://doi.org/10.1016/S0924-4247(98)00327-6
https://doi.org/10.1016/S0924-4247(98)00327-6
https://doi.org/10.4028/www.scientific.net/KEM.483.9
https://doi.org/10.4028/www.scientific.net/KEM.483.9
https://doi.org/10.1016/j.optcom.2020.125835
https://doi.org/10.1016/j.optcom.2020.125835
https://doi.org/10.1021/acsomega.9b02506
https://doi.org/10.1063/1.4929151
https://doi.org/10.1126/science.abj3343
https://doi.org/10.1038/s41586-020-2361-2
https://doi.org/10.1038/s41929-021-00715-w
https://doi.org/10.1038/s41929-021-00715-w
https://doi.org/10.1038/s41563-022-01292-4
https://doi.org/10.1038/s41563-022-01292-4
https://doi.org/10.1021/jacs.1c13523
https://doi.org/10.1021/ja402751r
https://doi.org/10.1002/anie.201703871
https://doi.org/10.1002/anie.201812601
https://doi.org/10.1002/anie.201812601

	XML ID funding
	XML ID funding

