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High-Speed Modulations of Guided Terahertz Waves via
2DEG Tiny Metasurfaces

Hongxin Zeng, Sen Gong, Lan Wang, Kesen Ding, Huajie Liang, Feng Lan, Tianchi Zhou,
Shixiong Liang,* Wei Wang, Yubin Gong, Ziqiang Yang, Tie Jun Cui, and Yaxin Zhang*

Metasurfaces have emerged as fascinating planar optical components and
devices, and, in particular, active metasurfaces confer more multifunctional
expansions. However, the metasurface research has mainly focused on
operating the light in free space, which hardly satisfies the system-level
compactness and miniaturization. The potential of the metasurface for guided
wave modulation remains to be further developed. Here, an integrated
electronic device is reported by embedding a tiny metasurface, which consists
of several patterned 2D electron gas (2DEG) microstructures in a waveguide.
This device suppresses excessive parasitism to improve the modulation
speed and enhances the electromagnetic field interaction to improve the
modulation efficiency. It is experimentally demonstrated that high-speed
modulations are electrically excited by the guided terahertz waves on a time
scale of 40 ps via the tiny metasurface. This scheme represents a new
platform for compact and high-speed integrated electronics.

1. Introduction

Developing dynamic manipulation of terahertz (THz) electro-
magnetic signals has always been a long-term goal. From the
early stage of terahertz technology development, the demand for
high-speed, high-contrast, and high-efficient modulation was
obvious.[1,2] Many researchers have been involved in this effort,
and various outstanding achievements have been reported.[3–6]

A common and valuable strategy is that the metasurface
combines with electromagnetic resonance characteristics and
the dynamic material with electromagnetic reconfigurable
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characteristics.[7–11] The use of large-area
dynamic materials on metasurfaces is
an effective method to increase modu-
lation bandwidth.[12–14] However, larger
areas necessitate correspondingly larger
excitation sources such as pumped light
or complex feeder systems, which make
miniaturization challenging while also
introducing parasitic effects on modu-
lation performance. Conversely, smaller
areas require greater sensitivity of cho-
sen dynamic material regions where it
affects resonant Q most significantly.
This requires careful design considera-
tions like those seen in narrowband am-
plitude modulation achieved via embed-
ding gate-controlled graphene blocks[15]

or Complementary Metal Oxide Semi-
conductor (CMOS) transistors[16] into
high-Qmetasurfaces. Based on this idea,

various active metasurfaces for THz wave modulation have
emerged employing doped silicon,[17–19] vanadium dioxide,[20–23]

graphene,[24–27] high electron mobility transistor (HEMT),[28–30]

liquid crystal,[31–33] and other dynamic materials.[34–36] The
dielectric properties of these dynamic materials are usually ad-
justed by external pulsed lasers or electrical signals to reconstruct
the resonant modes of active metasurfaces to modulate tera-
hertz waves. The all-optical modulation strategy uses the strong
interaction between pulsed laser and dynamic materials such
as doped silicon,[12,22,37,38] lead iodide,[39] germanium oxide,[40,41]

and vanadium oxide[13] to excite corresponding photogenerated
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carriers on the metasurface to modulate terahertz wave in
picosecond time scale. However, all-optical modulation relies
on pulse laser as a modulation signal, which will cause thermal
accumulation effect and degrade modulation performance after
a long time of operation. In addition, pulsed laser emission
equipment is usually large, which is difficult to achieve minia-
turization and integration of application systems. The strategy of
all-electric modulation uses all digital modulation signals, which
can operate efficiently for a long time compared with all optical
modulation, but its modulation speed still has a gap. To develop
a higher electrical modulation speed, GaN-based 2D electron
gas (2DEG) with high electron mobility, smaller resistance,
and gate charge as the dynamic material in the metasurface
for modulating the terahertz wave, which greatly improved the
electrical modulation speed. A representative achievement is
an optimized metasurface to effectively control the electron
transport in buried 2DEG to suppress the parasitic effect and
increase the modulation speed to 3 GHz.[28] Yet, this is still
far lower than the typical modulation speed of the electro-optic
modulator operating in near-infrared optical fiber.
One main reason for this gap lies in the fact that this modula-

tion strategy usually depends on converting collective resonance
modes of the large-area metasurfaces, which always suffers from
an unavoidable parasitic effect. As we all know, the parasitic ef-
fect brings variation in electrical characteristics such as parasitic
capacitance and inductance, especially the accumulation of par-
asitic capacitance limit on upper modulation speed.[9,42] In addi-
tion, the impedance matching of hundreds or thousands of units
in a metasurface hinders the increase of modulation speed. Dur-
ing the large-scale preparation of dynamic components, it is dif-
ficult to ensure that the electrical performance of each dynamic
component is consistent, which increases the parasitic parame-
ters of the metasurface, making it difficult to calculate thematch-
ing impedance for broadband modulation signal. Traditional so-
lutions always reduce the number of units on the metasurface to
reduce parasitic effects, but this also decreases the coupling effi-
ciency of spatial terahertz waves with the metasurface, declining
the modulation depth. Meanwhile, such metasurface devices re-
quire normal or oblique incidence for the incoming THz wave in
free space, which presents significant obstacles to system com-
pactness.
Considering these concerns, more compact modulation strate-

gies for guided waves have attracted the attention of researchers
to reduce parasitic effects while ensuring coupling efficiency. The
combination of ultrafast adjustability of graphene electromag-
netic parameters with a terahertz waveguide opens a way for ter-
ahertz waveguide modulators.[43–45] Recently, the terahertz high-
precision phase modulator implemented by the combination of
guided wave and metaunit has successfully demonstrated the
potential of the metaunits in the guided wave system.[46] Other
guided wave modulation efforts depend on the optical switch,[47]

which makes it less compatible with compact integration. Here,
we describe a new approach to integratedmetasurface-guided ter-
ahertz waves, which significantly suppresses the parasitic effect
in the metasurface to improve the modulation speed. By combin-
ing the controllable transport of charge carriers within a 2DEG
based on GaNHEMTwith a tiny metasurface whose design is in-
spired by the earlier work on metasurface arrays, our device can
simultaneously realize high modulation speed and high modula-

tion depth in a waveguide platform. After packaging, the device
exhibits more than 16 GHz monophonic modulation speed, up
to 94% modulation depth.

2. Results and Discussion

2.1. Structure and Design

Different from earlier work onmetasurfaces, the proposed struc-
ture depicted in Figure 1a is not a collective resonant structure
composed of a subwavelength array. Instead, it contains several
microstructures nested with 2DEG nanostructures provided by
GaN HEMT, which share the gate electrode, source electrode,
and drain electrode, respectively. The schematic of the tiny meta-
surface is depicted in Figure 1b. The latticed metal metamate-
rial structure is prepared on a GaN layer, and a 160 μm SiC layer
acts as a substrate. The latticed metal metamaterial structure is
composed of five dumbbell structures in series. The 3 nm 2DEG
nanostructures induced from the spontaneous polarization and
piezoelectric polarization effect of the AlGaN/GaN heterostruc-
ture (25 nm Al0.27GaN0.73 barrier layer and a 1.5 μm GaN layer)
are buried in the gaps of the latticedmetalmetamaterial structure
as dynamic switches. The two ends of the heterostructure are con-
nected with themetal metamaterial by Ohmic contact to form the
source and drain of HEMTs. The metal wire covering the center
of the heterostructure forms a Schottky contact with HEMT as an
electrical control gate. Therefore, the latticed metal metamaterial
structure and several 2DEGnanostructures controlled by the gate
together constitute the active tiny metasurface. The tiny metasur-
face is perpendicularly embedded in the rectangular waveguide
(xy plane), stands in the waveguide cavity, and is parallel to the
waveguide port. The microstrip line installed on the side wall of
the rectangular waveguide is used as the modulation signal feed
circuit. The gate electrode of the tiny metasurface is connected
with the microstrip line for modulation signal loading, and the
source–drain electrode links the inner wall of the waveguide via
bond wires for ground connection. The fed terahertz waves prop-
agate along the waveguide with TE10 mode and interact with the
tiny metasurface to form a surface resonant mode. By applying
diverse bias voltages, as shown in Figure 1c, the carrier concen-
tration of the 2DEG is controlled to vary the interaction intensity
between the terahertz waves and the tiny metasurface resulting
in a high-speed modulation.

2.2. Modulation Principle

The modulation of the proposed device is based on the in-
teraction between the TE10 mode in waveguide and the tiny
2DEG active metasurface, which is distinctively different from
the traditional free space metasurface. To reveal the physics of
the modulation, the instantaneous electromagnetic field of the
entire structure is monitored and analyzed to extract persuasive
information regarding the characteristics of electromagnetic
interaction. The tiny metasurface is numerically simulated with
a commercial software CST STUDIO SUITE. The tiny metasur-
face is placed on a SiC substrate with a relative permittivity of
9.8. In the simulation software, we use the classic Drude model
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Figure 1. Device’s architecture and its high-efficiency terahertz modulation. a) Schematic diagram of the overall structure. b) Schematic diagram of tiny
metasurfaces and 2DEG nanostructures, and the relevant geometric parameters are as follows: s = 6 μm, l = 140 μm, w = 142 μm, dx = 24 μm, and dy
= 18 μm. c) Schematic diagram of modulation with different 2DEG concentrations. When the total gate electrode is unloaded with voltage, the carrier
density is maintained at a high level in the 2DEG channel under the gap of the source and drain. The interaction of the terahertz wave TE10 mode with the
surface resonance mode is weak and hardly affects the transmission. When the total gate electrode is loaded with negative voltage, the carrier density
decreases in the 2DEG channel, and the electron-transport path at the gap of the source and drain is pinch-off, showing a strong interaction with the
terahertz wave, destroying the waveguide TE10 mode.

to characterize the electron-transport characteristics of 2DEG
with different carrier concentrations. The equivalent permittivity
is expressed as follows

𝜀 (𝜔) = 𝜀∞ + i𝜔2
p

𝛾𝜔
−1

𝜔2 + 𝛾2
(1)

The real part of the equivalent permittivity 𝜀∞ is equal to the
relative permittivity of GaN (𝜀∞ = 9.8), In the imaginary part,
𝜔
2
p = e2 Ns∕𝜀0m∗d is the plasma frequency, 𝛾 = 2𝜋 × 1.4 is the

collision frequency, which is calculated with the relation 𝛾 =
e/m*µ. Where µ, e, and m* are the electron mobility of the chan-
nel, the electron charge, and effective mass, respectively. For
the expression of plasma frequency, Ns is the 2D carrier con-
centration and d is the thickness of the channel layer. There-
fore, we can equivalently simulate the process of depleting the
2DEG from the actual applied gate voltage by changing the value
of 𝜔p.
The modulation process is mainly composed of two states:

high-transmission state and low-transmission state. In the high-
transmission state, the interaction between the terahertz wave
and metasurface is weak, and the TE10 mode of guided terahertz
wave transmits the metasurface. In the low-transmission state,
terahertz wave interacts with the metasurface, and the guided
wave TE10 mode is converted to the surface dipole resonantmode

of the metasurface, which hinders the transmission of terahertz
wave. The electromagnetic field induced by metasurface dipole
resonance is reversed from the accompanying electromagnetic
field, which weakens the incident accompanying electric field
and magnetic field intensity, disrupting the TE10 mode transmit-
ted within the waveguide and preventing electromagnetic waves
from propagating forward. Traditional metasurfaces are mainly
realized by the principle of electric field cancellation. The mag-
netic field in free space is parallel to the metasurface, and it is
difficult to eliminate the circular magnetic field induced by the
metasurface.[28–30] The circularmagnetic field of TE10 mode prop-
agated by the waveguide can further enhance the magnetic field
cancellation effect to prevent more electromagnetic wave trans-
mission. As shown in Figure 2a, for the fed terahertz waves, its
electric field vector is along the y-axis, and the magnetic field
vector is distributed in a ring. For example, when the incident
electric field vector is in the −y direction, the accompanied mag-
netic fields form a counterclockwise ring in the xz plane. In-
duced by the incident electric field, an induced current is caused
along the −y direction in the dumbbell microstructure, which in-
duces a clockwise magnetic field near the structure, as shown
in Figure 2b. This reverse magnetic field behavior shows that in-
duced electromagnetic metasurface can destroy TE10 electromag-
netic mode and prevent terahertz guided wave from propagating
forward.

Laser Photonics Rev. 2023, 2300122 2300122 (3 of 9) © 2023 The Authors. Laser & Photonics Reviews published by Wiley-VCH GmbH
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Figure 2. Electromagnetic simulation results are calculated by the commercial simulation software CST Studio Suite. a) Schematic diagram of elec-
tromagnetic interaction. The accumulated positive (black ball) and negative charges (purple ball) at the ends of the gap on the tiny metasurface. b)
Magnetic field distribution of tiny metasurfaces in the xy plane. The surface current distribution of tiny metasurfaces under high carrier concentration.
c) The surface current and electric field distribution during long dipole resonance. d) The surface current and electric field distribution during short
dipole resonance. e) The surface current and electric field distribution during weak resonance. f) Normalized electric and magnetic field tuning ratio
(FTR, the ratio of the electric field or magnetic field intensity normalized by its maximum field value, respectively.) and modulation depth as a function
of 2DEG carrier concentrations. The electromagnetic field intensity and modulation depth are normalized with the maximum carrier concentration. g)
Transmission as a function of frequency.

This can be confirmed further by the details of the progress. In
high-carrier-concentration scenarios, electrons move smoothly
through the electron channel and oscillate throughout the central
line forming a long dipole resonance (LDR) with a resonance
frequency at 0.23 THz, as shown in Figure 2c. This results in
less electron accumulation in source and drain regions with
field concentrated at edges of the metasurface, while surface
current shows a uniform distribution. On the other hand, the
low carrier concentration leads to electron channel pinch-off,
which prevents the free electrons from moving around the
microstructure and causes the central long line to split into two
short lines. This suppresses the LDR while inducing a new bipo-
lar short dipole resonance (SDR) as observed in Figure 2d with
a resonance frequency point of 0.35 THz. Electrons gather at the
source and drain to form a powerful induced electric field and
induced current. The electric fields are mainly concentrated in
the gaps of the dumbbell-shaped microstructure, and the electric
field distribution is weak in other regions. This indicates that
the additional parasitic capacitance is reduced and weakens the
parasitic effects caused by the electromagnetic coupling between

the microstructures in the normal metasurface. By changing
the concentration of 2DEG carriers in the gaps, the resonant
modes can be switched between LDR and SDR, resulting in
frequency shifts of the resonant peaks from 0.23 to 0.35 THz. At
high electron concentrations, as shown in Figure 2e, the meta-
surface is unable to interact with electromagnetic waves near
0.35 THz, and the induced electric fields at the source and drain
electrodes, as well as the induced current on the metal arm, are
not significant, forming a weak resonance (WR). In addition, to
further elucidate the impact of this electromagnetic mechanism
on modulation depth, we extracted the electric and magnetic
field intensities near the microstructure at different 2DEG
concentrations. As shown in Figure 2f, as the concentration
of 2DEG carriers decreases, the induced electric and magnetic
field strengths increase and the field tuning ratio (FTR) reaches
nearly 70%. As the induced electromagnetic field increases,
the modulation depth gradually increases from 0 to 15 dB
(equivalent to 93%). Therefore, the intensity of the induced elec-
tromagnetic field can be changed to modulate terahertz waves
by changing the concentration of 2DEG carriers. The simulated

Laser Photonics Rev. 2023, 2300122 2300122 (4 of 9) © 2023 The Authors. Laser & Photonics Reviews published by Wiley-VCH GmbH
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Figure 3. The preparation process and the packaging of the tiny metasurface. a) Process flow for the fabrication of tiny metasurface embedded with the
nanostructured 2DEG layer. b) Microscope photograph of tiny metasurface. c) The assembled tiny metasurface. d) Top and bottom waveguides before
assembly. e,f) The top and bottom waveguide slots for placing tiny metasurfaces, respectively. g) Overall structure of packaged modulator.

terahertz wave transmission spectrum (Figure 2g) indicates that
the electromagnetic induction effect of the embedded waveguide
tiny metasurface leads to significant amplitude modulation.
When the electron concentration remains at high concentrations
of 20.3 × 1011 cm−2, significant resonance characteristics (LDR)
appear in the low-frequency range. As the carrier concentration
gradually decreases to 0.65 × 1011 cm−2, the resonant frequency
shifted to around 0.35 THz, and a maximum modulation depth
of 15 dB was obtained at that frequency.

2.3. Processing and Assembly

We adopt micro–nano processing technology to prepare the tiny
metasurface. The manufacturing process is mainly divided into

the following steps, as shown in Figure 3a. First of all, the metal–
organic chemical vapor deposition (MOCVD) method is used to
grow AlGaN (25 nm)/GaN (1.5 μm) heterojunction films on a
150 μm SiC substrate. Next, a positive photoresist layer with a
thickness of 1.2 μm is spin-coated on the AlGaN film, and the
active region of 2DEG is limited by photolithographic develop-
ment using a mask. The AlGaN film outside the active region
is overetched using an inductively coupled plasma (ICP) mixed
with Cl2-BCl3 to obtain a 2DEGnanostructure with a thickness of
25 nm. Ti/Al/Ni/Au (20 nm/120 nm/70 nm/100 nm) composite
metal layers were successively deposited at both ends of the active
region as source and drain electrodes through photolithography,
electron beam evaporation, and stripping processes. The source
electrode and drain electrode form Ohmic contact with 2DEG by
rapid annealing (100 s) from 900 °C to room temperature in an

Laser Photonics Rev. 2023, 2300122 2300122 (5 of 9) © 2023 The Authors. Laser & Photonics Reviews published by Wiley-VCH GmbH
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Figure 4. Experimental measurement results of prototype device. The scattering parameters of the two-port network are measured by changing the DC
power supply voltage (from 0 to −10 V). a) Transmission and modulation depth ratio for different gate voltages. b) Transmitted phase for different gate
voltages. c) Phase modulation and transmission amplitude fluctuation. d) Modulation depth ratio and time fluctuation.

environment full of nitrogen. Using similar photolithography,
electron beam evaporation, and stripping processes, a 200 nm
gold layer with a 50 nm nickel adhesive layer is deposited on
the GaN layer to form a latticed metal metamaterial structure
and source/drain electrode pad. Finally, precision electron beam
lithography fabricated Au/Ni (150 nm/50 nm) gates. The manu-
factured tiny metasurface is shown in Figure 3b. The length of
this metasurface is 1112 μm and the width is 340 μm. In order
to reduce the contact resistance of the bonding wires, both total
electrodes on the metasurface were treated with rapid thermal
annealing treatment tomake the electrode pads formOhmic con-
tact with the substrate. Figure 3c is the assembly diagram of tiny
metasurface and microstrip line. The gate general electrode on
the tiny metasurface is connected with the central wire of the mi-
crostrip line through two bonding wires, and the two gold wires
connecting the source and drain general electrodes are bonded
on the side of the waveguide wall. Thismetasurface was packaged
in a metallic cavity composed of a top waveguide and a bottom
waveguide (Figure 3d). The inner surface of the bottom waveg-
uide is provided with slots for assembled tiny metasurface and
microstrip lines (Figure 3e). The top waveguide is also grooved
at the position corresponding to the tiny metasurface and the mi-
crostrip line to convenient the assembly of gold wire bonding and
SubMiniature version A (SMA) connector probes (Figure 3f). The
complete prototype device is assembled from the top and bottom

waveguides (Figure 3g). The SMA adapter is fixed on the side-
wall of the waveguide, and the central probe of the coaxial line is
connected to the central wire of the microstrip line for feeding in
external modulation signals.

2.4. Experimental Results

To characterize the modulation spectrum characteristics of the
device, the frequency domain spectrum is measured using a
THz vector network analyzer (VNA, AV3672B). The VNA used
in the experiment covers the frequency range from 10 MHz to
26.5 GHz. After the external spread spectrummodule (AV3649B)
is connected, the spectrum measure range is increased covering
0.325–0.50 THz to meet the measure requirements. The input
and output ports of the device are standard rectangular waveg-
uides, which are, respectively, connected to the spread spec-
trum module, and DC voltage is applied to the device through
the SMA connector. We define the modulation depth ratio as
T−10V − T0V∕T−10V × 100% to characterize the modulation effect
of the device, where T−10V and T0V are the transmission under
the gate voltages of −10 and 0 V, respectively. The transmission
spectra and modulation depth ratio results for different DC gate
voltages are shown in Figure 4a. Under zero gate voltage, the
transmission spectrum is flat without obvious resonances. With

Laser Photonics Rev. 2023, 2300122 2300122 (6 of 9) © 2023 The Authors. Laser & Photonics Reviews published by Wiley-VCH GmbH
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Figure 5. Modulation speed experiment. a) Experimental block diagram of the modulation speed system. b) Demodulation waveforms of different tone
modulation signals in the oscilloscope. c) Function of demodulation frequency and equivalent output voltage.

the increase of gate voltage, 2DEG channel is gradually blocked,
and an obvious resonant peak appears near 0.35 THz. The 2DEG
is completely depleted at ≈−10 V with a 94% modulation depth
ratio at 0.354 THz (Figure 4a, yellow dotted line). It is worth not-
ing that the operating bandwidths with modulation depth ratios
above 90% and 80% are 14 and 24 GHz, respectively. In addition
to amplitude modulation, phase modulation is demonstrated in
Figure 4b. The variations of carrier concentration in the 2DEG
lead to corresponding changes the electron motion time in the
tiny metasurface, exhibiting terahertz wave overshoot and lag.
The electrons take some time to aggregate between the chan-
nels, causing the terahertz wave to exhibit phase lag. As shown in
Figure 4c, the amount of phase lag gradually increases to 45°with
the gate voltage increasing from 0 to −10 V, while the amplitude
changes stay within 3 dB. A low-transmission amplitude fluctua-
tion ismaintained while phasingmodulation. On the other hand,
as shown in Figure 4d, amplitude modulation needs to suppress
unnecessary phase modulation. The experimental results show
that 90% of the modulation depth ratio has only 22° of phase
fluctuation, effectively ensuring terahertz amplitude modulation
stability.
Next, a modulation speed experiment is performed to demon-

strate the real-time modulation characteristics further. The mod-
ulation speed measurement system is composed of three key
components: THz generator, THz device, and THz receiver. The
system block diagram is shown in Figure 5a. The terahertz wave
is generated by the radio frequency (RF) signal generator after
a frequency tripler and three frequency doublers. The device is
directly connected to the last-stage frequency doubler to mod-
ulate the input terahertz carrier signal. The measured modula-
tion signal is provided by an RF signal generator (1–25 GHz)
and loaded into the device after the bias connector to complete
high-speed modulation. The modulated signal is radiated to free

space from the transmitting horn antenna (gain: 25 dbi). The re-
ception of the signal adopts the direct detector receiving scheme.
The receiving antenna captures the modulated signal of space
propagation to the THz high-speed detector (WR2.8ZBD-F, Vir-
ginia Diodes Inc.) to detect the envelope of the modulated signal
and output the demodulated signal. Themeasurement results for
modulation frequencies of 1–12 GHz (the corresponding time
scale is 83–1000 ps) are shown in Figure 5b. If the modulation
speed is slower than the time scale of the loaded sinusoidal sig-
nal, the response time displayed on the oscilloscope causes severe
signal distortion. This phenomenon does not occur in this de-
vice from 1 to 12 GHz, and all demodulated signals are standard
sinusoidal waveforms. However, the demodulated waveform of
higher speed cannot be displayed correctly because the exper-
imental oscilloscope’s bandwidth and sampling speed cannot
meet the acquisition of signals larger than 12 GHz. Therefore, a
spectrum analyzer with a broader response frequency (response
bandwidth: 25 GHz) is employed to perform a spectrummeasure
of the demodulated signal and convert it into an equivalent out-
put level according to the output power. As shown in Figure 5c,
it can be found that the measured half-voltage drop bandwidth
is 16 GHz. In addition, the valid output level can be detected in
the entire spectrum analyzer bandwidth, with a minimum level
of 1.5 mV at 25 GHz, corresponding to a time scale of 40 ps.
Benefitting from the properties of parasitism suppression, the

waveguide-embedded tiny metasurface exhibits fast modulation
performance, almost one or several orders of magnitude higher
than the conventional metasurface.[28,29] In addition, a small
number of microstructures are beneficial to the impedance
matching of the modulation signal, making it easier to load the
high-speed modulation signal onto the metasurface, especially
if the modulation speed is beyond GHz. With the increase in
modulation signal speed, the loss loaded on the device increases,

Laser Photonics Rev. 2023, 2300122 2300122 (7 of 9) © 2023 The Authors. Laser & Photonics Reviews published by Wiley-VCH GmbH
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resulting in the decreased amplitude of the received demodu-
lated signal. This issue will be solved in the follow-up technical
work, such as replacing the existing SMA with a higher cutoff
frequency coaxial and applying a heterogeneous integration
technique to integrate the modulation signal feed circuit and
the tiny metasurface on a single chip. Nonetheless, the excellent
guided wave modulation has experimentally been demonstrated,
verifying the advantages of the tiny metasurface and guiding
wave electromagnetic interaction mechanism and significantly
improving the direct modulation speed.

3. Conclusion

In summary, we experimentally demonstrate high-speed mod-
ulation for guided terahertz waves via a tiny metasurface. This
strategy exhibits strong parasitism suppression properties, high
speedmodulatingwith electrically excited on a time scale of 40 ps.
This work has great potential for terahertz device or system ap-
plications. For example, combine the metasurface with different
resonant characteristics and waveguide multiplexer to select the
signal channel to achieve high-speed time-division or frequency-
division communication. Furthermore, combined with a multi-
channel concept achieves higher order andmore dimensional ter-
ahertz modulation. This combination of waveguide andmetasur-
face has a qualitative leap for terahertz modulation and provides
a new platform for terahertz-integrated systems.
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