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Abstract: Terahertz (THz) wave modulation via metasurfaces exhibits considerable applications in THz
communications, imaging, and detection. In this study, a molybdenum disulfide (MoS,) metasurface is pro-
posed to realize THz amplitude modulation at very low trigger voltages. The unit micro-nanostructure is
characterized by a broken “H” shape linked by a MoS, layer. Simulation results indicate that the electrical
control of the phase transition at the “H” junction can enable substantial amplitude modulation at 0.58 THz
with a modulation rate of 98% and a low insertion loss of 20%. The modulation mechanism is elucidated by
analyzing the electric field distributions at different structural positions and the diffraction patterns before and
after the phase transition. To verify the design, electrical measurements in experiment are carried out on a
MoS, layer with the same thickness of 2 pm and the resistivity of the measured MoS, layer varied by nearly
six orders of magnitude with a minor change of the low trigger voltage from 0 to £1 V, validating the feasib-
ility of the interfacial metasurface control. This study is anticipated to offer a novel method for THz amp-

litude modulation, and promote the practical development of THz modulation devices.
Key words: terahertz modulator; molybdenum disulfide (MoS,); metasurface; phase transition; low trigger
voltage; diffraction pattern
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1 Introduction

Optical modulators are widely employed in
contemporary telecommunication systems to regu-
late beam parameters, encompassing amplitude!'-?),

phase™, frequency™, and polarization™®. The escal-
ating requirements for high data rate wireless net-
works”!, quantum communication capacities!'”, and
quantum key distribution''"! have substantially ex-
pedited the advancement of modulation technolo-
gies utilizing all-optical devices and circuits!'?, fa-
cilitating advanced communication within the vis-
ible and microwave spectra.

Terahertz (THz) waves (ranging from 0.1 to
10 THz) exhibit far - reaching significance for mul-
tiple disciplines, including molecular biology, med-
ical imaging, security detection, and next-genera-

[4, 13-19]

tion communication systems Functional

devices operating in the THz frequency range, such

21221 and modulators®®-?°! are

as filters®”, polarizers
crucial for the progress of applications related to
spectroscopy, imaging, and communication. As fun-
damental constituents for THz wave modulation.
THz intensity modulators are among the most cru-

cial functional devices.

doi: 10.3724/CO.EN-2026-0023

CSTR:32171.14.CO.EN-2026-0023

Recent research has reported a variety of THz
modulation techniques. Wu et al.’”? demonstrated
the high-performance characteristics of THz modu-
lators fabricated using a sandwich structure based
on ionic liquids (ILs) and graphene. When a 3V
gate voltage is applied, these modulators can
achieve a bandwidth coverage ranging from 0.1 to
2.5 THz, with a modulation depth up to 99%. Nev-
ertheless, such transmission wave modulation
devices manifest significant insertion loss®®. Chen
et al.”” developed a superior THz modulator that ex-
ploits the conductivity variations of graphene to at-
tain up to 99.6% reflection modulation. By electron-
ically exciting graphene to regulate its conductivity,
the device modulates the Brewster angle for high
phase and signal modulation. However, its opera-
tion is dependent on the Brewster angle, leading to
relatively high insertion loss, which renders it im-
practical for real world applications. Gaspare et al.>”!
proposed a gate-adjustable single-layer graphene
modulator operating within the 2-5 THz range. By
integrating graphene into a quarter-wave cavity and
utilizing an ionic liquid gate, an amplitude modula-
tion depth of 40% was attained. These investiga-
tions indicate that the performance of modulation

devices is seriously limited by the insertion loss and
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modulation depth.

Metasurfaces, which are two dimensional
nanostructured surfaces, facilitate multifunctional
wavefront-controlled light and are pivotal in regulat-
ing the amplitude, phase, and polarization of reflec-
ted/transmitted light®%. In addition to being not-
ably thinner than conventional optical components,
metasurfaces demonstrate sensitivity to alteration to
the dielectric environment, especially the alteration

139, Sensitivity of the metasur-

triggered by resonance
faces can be further augmented through the design
of plasmon resonance fields. One strategy to en-
hance adjustability of the metasurfaces is to com-
bine plasmonic metasurfaces with active materials.
By meticulously designing unit micro/nanostruc-
tures and selecting suitable tunable materials, dy-
namic regulation of light fields (e.g., phase and
amplitude) can be realized®”. Commonly employed

tunable materials include liquid crystals?***"

, con-
ductive oxide materials™", two-dimensional materi-
als'¥ and phase-change materials™. In 2024, Xiao
et al." demonstrated that the printed Ag/MoS,/Ag
heterostructures can function as zero-electrostatic
switches for the radiofrequency/microwave spectro-
meters and fully integrated reconfigurable metasur-
faces. When combined with graphene, the device fa-
cilitates reconfigurable metasurfaces for electromag-
netic wave manipulation, wireless communication,
sensing, and hologram control. In their study, the
molybdenum disulfide (MoS,) layer exhibits a res-
istance variation of seven orders of magnitude at
low trigger voltage, indicating a phase transition of
MoS, from an insulating state to a conducting state.
Phase-transition in active materials (predominantly
VO,, chalcogenide, 2D materials, etc.) via heat,
voltage or light drastically alters the material’s com-
plex permittivity and conductivity, which either
modulates the optical path of propagating THz
waves in thin films or reconfigures resonant condi-
tions of integrated metasurface microstructures. The
resulting shift in wave interference, surface imped-
ance and resonant dispersion produces large, tun-
able phase and amplitude variations of transmitted

or reflected THz signals, with switching speed gov-

erned by carrier excitation, electron-phonon coup-
ling and lattice rearrangement kinetics of the phase-
change medium. In 2024, Hu et al."** put forward a
terahertz amplitude reflection modulation device via
P-N junction carrier mobility modulation and at-
tained a relative phase modulation of 270° and a re-
flection efficiency of 30% under the electrical con-
trol. This significant advancement inspires the ap-
plication of MoS, layers in the design of dynamic
metasurfaces. By leveraging the resonant properties
of these structures, it is possible to fabricate amp-
litude modulators with low insertion loss and high
modulation efficiency.

In this research, a dynamic metasurface amp-
litude modulator based on the electro-controlled
phase transition of MoS, is developed and the effi-
cient THz amplitude modulation at low driving
voltages while keeping the insertion loss at a low
level is verified by finite element simulations. The
modulation and the performance improvement
mechanisms of the metasurface are explained and
discussed according to the phase transition of MoS,
layers at low trigger voltages. The proposed electro-
controlled metasurface design is anticipated to offer
innovative methodologies for the development of

terahertz amplitude modulation systems.

2  Model

Figure 1 presents a schematic of our designed
metasurface micro-nano unit structure and the elec-
trically tunable grating developed using this design.
The metasurface consists of silver nanoelectrodes
and a MoS, layer with a thickness of 2 um, includ-
ing a phase change region under the electrical con-
trol highlighted by a red dashed square. The MoS,
phase transition can be triggered by the formation of
silver  conductive  wires during electrical
modulation*!, ensuring the phase change occurs ex-
clusively in the silver wire-formed areas. Although
MoS, coating covers the entire metasurface, phase
transitions are confined to the interelectrode gaps

between the silver electrodes. Each electrode row in
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the transmissive modulation grating operates inde-
pendently with a 120-um period. Through the
voltage control, individual rows can be precisely
modulated to adjust the transmission amplitude of
the incident terahertz wave, creating an amplitude
grating that modulates both the diffraction direction

and the order of transmitted light.

Schematic of the metasurface's micro-nano unit
structure (the red square marks the phase transition
region) and a demonstration of its transmission

modulation application.

3 Experiment results

3.1 Electrical-controlled phase transition measure-
ments of MoS,

To ensure the function of the designed THz

modulator, the electrical-controlled phase transition
of MoS, is crucial. As shown in Fig. 2a, an electric-
al-controlled phase transition test using a data
source table with two disconnected silver electrodes
and a drop-coated MoS, thick layer (Fig. 2b) is per-
formed. The resistance-voltage curve of the MoS,
layer under electrical control is displayed in Fig. 2c.
When the voltage varies from 0to -1.1 V, the in-
verse of MoS, resistance rises from 5x107° Q' to
0.5 Q', indicating the transition of MoS, from the
2H state to the 1T state. When the voltage varies
from —1.1to 1.0 V, the resistance remained stable,
demonstrating MoS, remains 1T state under the
voltage variation. Beyond 1.0 V, the inverse resist-
ance decreased to 5x10° Q', confirming MoS, re-
turns to the 2H state, as observed in the literature!**!.
This phenomenon not only illustrates the electrical-
controlled phase transition process but also valid-
ates the feasibility of such phase transitions of
MoS,.

(a) (

(b

1/Resistivity/(1/Ohm)

-1 0 1 2
Voltage/V

Fig. 2 (a) Schematic of electrical characterization of MoS, via digital source table; (b)The resistance measurement sample of a

MoS, layer with two disconnected silver electrodes; (c)Voltage-dependent resistance data of the MoS, layer.
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3.2 Performances of the designed metasurface

THz modulator

The FDTD Solution is employed to simulate
the metasurface micro-nano unit structure with spe-
cific dimensions shown in Figure 3a.The fre-
quency-domain results of transmission simulations
for the metasurface micro-nano unit structure are
presented in Fig. 3b. The analysis reveals that when
MoS; is in the 2H state, the metasurface exhibits a
resonance absorption peak at 0.58 THz; When MoS,
transforms from the 2H state to the 1T state, the ab-
sorption peak shifts to 0.32 THz, leading to the ab-
sorption amplitude at 0.58 THz increases from
0.02 to 0.8 as shown in Fig. 3b. This transition res-
ults in a highly modulated amplitude at 0.58 THz
with a modulation rate of 98% and an insertion loss
of only around 20% seen from Fig. 3b. To explain
this phenomenon, we analyzed the electric field dis-
tribution across the parallel cross-section of the "H"
-type silver electrode at 0.58 THz, as shown in
Figures 3¢ and d. When MoS2 is in the 2H phase, it
exhibits a high resistance, creating an open circuit in
the "H" -type silver electrode gap. The strong field
intensity demonstrates intense resonance absorption
of the metasurface, corresponding to the absorption
peak at 0.58 THz in the frequency-domain spec-
trum. When MoS, transforms to the 1T phase, it
enters a low-resistance state, making the open "H" -
type silver electrode short-circuit. This leads to a

sharp decrease in electric field intensity at the open

10 um 10 um

> —

120 pm

120 pm

junction, indicating minimal resonance absorption at
this frequency, which corresponds to the increased
amplitude observed at 0.58 THz in the spectrum.
Since the designed THz modulator can also be
regarded as a grating along the direction of the two

173 ”

parallel legs of the “H” shape, an 18-mm modula-
tion plane composed of 150x150 modulation units
which can generate a 1x150 single-row transmis-
sion amplitude grating is simulated to validate the
diffraction performances of the designed modulator.
We simulate terahertz wave diffraction patterns of
the designed device with different grating constants
0f 600, 1200, and 1 800 pm, respectively. Figures 4a,
b, and ¢ show transmission amplitude distributions
at these grating constants (only 15 rows of amp-
litude data are displayed for better visualization).
When the grating constant d is 600 pm, the device
exhibits 30 grating periods, with diffraction angle
distributions shown in Figures 4d and g. Results
show a first-order diffraction peak at £58° and no
second-order diffraction. At d=1200 pm, the device
has 15 grating periods, as shown in Figures 4e
and h. This configuration produces a first-order peak
at+25°andsecond-orderdiffractionat+58°.Ford=1 800
um, the device contains 10 grating periods with dif-
fraction patterns in Figures 4f and i. The results
demonstrate a first-order peak at +16°, second-or-
der diffraction at £25°, and third-order diffraction at

+58°, respectively.

| (b)

0.8

<
=)
T

<
'S
T

Amplitude/(a.u.)

02r

0.2 0.4 0.6 0.8 1.0
Frequency/THz
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18.5 2.04
154 1.7
12.3 1.36
g 9.24 1.02
=
6.16 0.679
3.08 0.34
0 0
—-60 —40 20 0 20 40 60
x/pm
2H

Fig. 3 (a) The unit micro-nanostructure of the electrically controlled MoS, metasurface where the white region represents the
Ag electrode, the blue region represents the SiO, layer under the layer of the Ag electrode and the grey region repres-
ents the MoS, layer; (b) Resonance spectra of the unit micro-nanostructures before and after the electrical-controlled
phase transition (the light red region indicates the operating frequency); (c) Electric field distribution at the interface of
the unit micro-nanostructures when MoS, is in the 2H phase. (d) Electric field distribution at the interface of the unit
micro-nanostructures when MoS, is in the 1T phase.

1.0 1.0 1.0
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Fig. 4 THzAmplitude variation with position of gratings with different grating constants: (a) 600 um, (b) 1 200 pm, and (c) 1 800 um
and the corresponding simulated diffraction patterns of frequency (d)-(f) and intensity at 0.58 THz (g)-(i).



% x

SHEN Yan-chun, ef al. : A highly efficient terahertz amplitude modulator based...... 7

4 Conclusion

In this research, an electrically controlled tera-
hertz metasurface was developed based on the phase
transition of MoS,, which was capable of modulat-
ing the amplitude of terahertz (THz) wave via an ex-
ternal excitation voltage. The micro-nano unit struc-
ture is composed of an "H"-shaped silver electrode
with an intermediate gap which is coated with a
MoS, layer. The electrically controlled phase trans-
ition of MoS, was measured by means of a digital
oscilloscope. Results indicated that MoS, could
transition from the 2H state to the 1T state under
voltage excitation, and the reverse transition occurs
when the reverse excitation is applied. Finite ele-
ment simulations were performed to analyze the fre-
quency-domain amplitude changes of the metasur-
face before and after the MoS, phase transition. A
modulation depth of 98% and an insertion loss of
20% were achieved at 0.58 THz. Based on this
design, a one-dimensional modulated THz grating
with 150 units was fabricated, and the diffraction
patterns of the device with different grating con-
stants of 600, 1200, and 1800 um were simulated
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