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ABSTRACT

To address the critical challenges of insufficient light–matter interaction, high
noise,  and  poor  integration  in  traditional  terahertz  detectors,  this  paper
proposes  a  laser-enhanced  terahertz  detector  based  on  a 3D  microstructure.
The detector utilizes room-temperature Weyl semimetal MoWTe2 as the active
layer  and  achieves  monolithic  integration  on  a  silicon  substrate,  with  core
innovations including: (i) employing MoWTe2 as the active layer to enable effi-
cient terahertz absorption and high carrier mobility at room temperature, elim-
inating the need for cryogenic cooling; (ii) fabricating a 3D rotating rectangular
array  microstructure  on  a  silicon  wafer  via  sub-pixel  micro-scan  micro-nano
3D printing technology to excite strong localized surface plasmon (LSP) effects
— these effects confine terahertz fields at the subwavelength scale and syner-
gistically  enhance  light-matter  interaction  with  the  topological  metasurface
effect;  and  (iii)  introducing  external  laser  fields  to  modulate  carrier  dynamics
via  the  photoelectric  effect  and  Floquet  topological  states,  thereby  further
boosting  detector  performance.  Experimental  results  demonstrate  that  the
detector exhibits exceptional room-temperature performance: responsivity (Ra)
reaches 41.96 A/W, noise-equivalent power (NEP) is as low as 11.86 pW/Hz1/2,
detectivity (D*) maximizes at 26.67 × 109 cm·Hz1/2/W, the ultrafast carrier transit
time  is 0.4 picoseconds,  and  the  broad  spectral  response  width  is 0.65 THz
(covering the 6G communication band). Additionally, the silicon-based fabrica-
tion process is  fully compatible with CMOS technology, facilitating high inte-
gration and large-scale production. This work provides a novel solution for the
practical  application  of  terahertz  technology  in 6G  communication,  real-time
imaging, and high-sensitivity sensing.
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 1   Introduction

Amid the rapid advancement of global digitalization, 5G
communication  technology  has  progressively  reached
widespread  commercial  deployment.  Nevertheless,  its
performance  in  critical  parameters  —  such  as  data
transmission rate (with a current peak of approximately
20  Gbps),  regional  traffic  density  [around
0.01 Gbit/(s·m2)], and latency (approximately 1 millisec-
ond) — is increasingly insufficient to meet the stringent
requirements of a future intelligent society characterized
by the internet of everything and the necessity for real-
time  interaction.  Against  this  backdrop,  the  research
and  development  of  6G  communication  technology  has
become  the  focus  of  global  technological  competition.
The International  Telecommunication Union (ITU) and
research institutions from various countries (such as the
European Union’s  Hexa-X and the  United  States’ Next
G  Alliance)  have  clearly  stated  that  the  core  goal  of
6G  is  to  achieve “integrated  space-air-ground-ocean
coverage”.  This  coverage  will  support  ultra-high  data
rates  (1  Tbps  level),  ultra-dense  regional  traffic
[1  Gbit/(s·m2)  level],  ultra-low  latency  (0.1  ms  level),
and full-spectrum communication spanning terahertz  to
visible  light  [1–3].  The  terahertz  (THz)  band  (0.1–10
THz)  is  recognized  as  the “golden  frequency  band” for
6G due to its  unique spectral  characteristics.  Neverthe-
less,  the  practical  application  of  terahertz  technology
relies  on  high-performance  terahertz  detectors  —  their
sensitivity,  response  speed,  noise  level,  and  integration
degree  directly  determine  the  overall  performance  of
terahertz systems. Therefore, developing terahertz detec-
tors that operate at room temperature, with high sensi-
tivity, low noise, and easy integration is a core challenge
for the industrialization of 6G communication and tera-
hertz technology [4]. The development history of terahertz
detectors  can  be  traced  back  to  the  late  20th  century.
Early  research  mainly  focused  on  thermal  detectors
(such  as  Golay  cells  and  bolometers).  These  detectors
operate on the principle of absorbing terahertz energy to
induce  temperature  changes,  and  then  converting  this
energy  into  electrical  signals  [5].  Although  thermal
detectors  have  a  simple  structure  and  low  cost,  their
slow  response  speed  and  low  sensitivity  make  them
unable to meet the needs of high-speed communication.

Since the 21st century, breakthroughs in semiconductor
technology  and  nanomaterials  have  driven  quantum
detectors (based on the photoelectric effect) to gradually
become  mainstream.  These  detectors  can  achieve
picosecond-level  response  speeds,  and  their  sensitivity
has been significantly improved. However, they still face
challenges  such  as  the  requirement  for  low-temperature
operation  and  complex  manufacturing  processes.  The
following review summarizes domestic and international
research  progress  from  three  perspectives:  material
systems,  structural  design,  and  integration  technology.

Early terahertz detectors were primarily based on III–V
semiconductors  (such  as  GaAs  and  InSb)  and  operated
by exploiting free carrier absorption or the photoconductive
effect  [6].  For  example,  in  the  early  1990s,  Dyakonov
and  Shur’s  pioneering  theoretical  work  predicted  that
steady-state  current  flow  in  a  field-effect  transistor
(FET)  channel  could  become  unstable  due  to  plasma
wave generation — these waves can emit electromagnetic
radiation at the plasma wave frequency. In early experi-
ments,  submicron  GaAs  and  GaN FETs  were  observed
to  emit  terahertz  radiation  (nanowatt-level  power)  at
both  low  and  room  temperatures  [7].  Kun et  al. [8]
successfully  demonstrated  a  photoconductive  terahertz
detector  based  on  a  single  GaAs/AlGaAs/GaAs  core-
shell-cap nanowire.  This  detector  operates  effectively in
the 0.1–0.6 THz range, with performance attributed to a
simple  double-pad  antenna  that  achieves  local  field
enhancement.  After  further  optimizing  the  antenna
design,  a  single  InP nanowire  photoconductive  detector
exhibited  high-amplitude,  phase-sensitive  time-domain
spectroscopy across a 0.1–2 THz broadband range [8]. In
recent  years,  ternary  alloy  Weyl  semimetals  (such  as
MoWTe2)  have  attracted  significant  research  interest
due  to  their  unique  phase  transition  characteristics.
Previously,  mechanically  exfoliated  black  phosphorus
was  demonstrated  to  act  as  a  saturable  absorber  for
erbium-doped  fiber  lasers,  enabling  passive  Q-switching
and mode-locking operations [9]. As a room-temperature-
stable Weyl semimetal, MoWTe2 exhibits both a narrow
photoluminescence bandwidth and high carrier  mobility
—  giving  it  superior  potential  for  terahertz  detection
applications.  MoWTe2 is  formed  by  combining  MoTe2
and  WTe2.  Unlike  MoTe2 (which  requires  temperature-
induced phase transitions) and WTe2 (which has a short
Fermi  arc),  MoWTe2 can  stably  exist  in  the  Weyl
semimetal  phase at  room temperature.  Additionally,  its
photoluminescence  intensity  varies  noticeably  with
increasing thickness, with single-layer MoWTe2 showing
high photoluminescence intensity [10–12]. These properties
suggest  its  potential  application  in  optoelectronic
devices, such as high-resolution optical displays and high-
sensitivity  photodetectors.  Domestic  research  on  the
terahertz-related  properties  of  2D layered  materials  has
also made significant progress. Cheng et al. [13] system-
atically  studied  the  terahertz  optical  conductivity  and
electronic  relaxation  dynamics  of  2H-stacked  bilayer
MoS2 using terahertz time-domain spectroscopy.

Traditional  terahertz  detectors  mainly  adopt  planar
structures,  where  terahertz  waves  interact  with  the
active layer only at the surface — leading to low energy
utilization  efficiency.  To  enhance  light–matter  interac-
tion,  the  design  of  micro- and  nanostructures  has
become crucial.  Similar to the CRISPR/Cas12a-enabled
surface  plasmon  resonance  (SPR)  platform  (which
achieves highly sensitive detection through technological
integration  [14]),  this  study  uses  3D microstructures  to
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excite the LSP effect. It applies the local field enhancement
mechanism in  the  terahertz  band,  effectively  improving
the interaction efficiency between MoWTe2 and terahertz
waves. Surface plasmon polariton (SPP) and LSP effects
can  confine  terahertz  fields  to  subwavelength  scales,
significantly improving absorption efficiency.  For exam-
ple, antimonene-based SPR sensors achieve ultrasensitive
detection  by  leveraging  the  strong  interaction  between
the  material  and  molecules  [15].  In  this  study,  the
combination  of  MoWTe2 and  the  LSP  effect  of  3D
microstructures  further  enhances  field  localization  —
thus increasing the detector’s Ra and reducing its NEP.
Lin et  al. [16]  designed  a  3D  bow-shaped  microarray
terahertz detector using projection microstereolithography
(PμSL)  technology.  This  detector  combines  the  LSP
effect of non-microcavity structures with the exceptional
properties of Weyl semimetal materials. Its photorespon-
sivity  at  0.1  THz  increased  from  0.30  MV/W  to
0.54 MV/W, while NEP decreased from 92 pW/Hz1/2 to
50 pW/Hz1/2 — confirming the effectiveness of the LSP
effect  [16].  Additionally,  Guo et  al. [17]  integrated
graphene  with  an  asymmetric  butterfly  antenna.  It
utilized  the  LSP  effect  to  enhance  terahertz  wave
absorption  in  graphene,  thereby  improving  detector
photoresponsivity.  The  maximum  photoresponsivity  of
this  detector  reaches  19.6  V/W  at  2.52  THz,  with  an
NEP of 0.59 nW/Hz1/2 — demonstrating the performance
enhancement brought by microstructures [17].

The fabrication of conventional micro-nano structures
generally  depends  on  electron  beam  lithography  (EBL)
or  focused  ion  beam  (FIB)  techniques,  both  of  which
entail intricate procedures and substantial expenses. The
advancement  of  3D  printing  technology  offers  a  novel
approach  for  fabricating  microstructures.  For  example,
detectors based on β-InSe exhibit excellent polarization-
sensitive characteristics due to their low-symmetry crystal
structure  [18].  The  3D  rotating  rectangular  array
designed in this  study breaks C6 symmetry — this  not
only  enhances  terahertz  absorption  but  also  provides  a
structural reference for the future development of terahertz
devices  with  polarization  resolution  capabilities.  Zhang
et al. [19] proposed a design and fabrication method for
a  polarization-insensitive,  ultra-broadband  terahertz
absorber  using  high-precision  microscale  3D  printing
technology.  This  absorber  consists  of  multiple  layers  of
annular  resonators  stacked  on  a  pagoda-like  substrate.
The bandwidth is broadened by overlapping the resonance
modes  of  adjacent  resonators  —  ultimately  achieving
nearly  perfect  absorption  across  the  0.9–1.4  THz  range
by stacking 12 layers of circular and annular resonators
[19].  Similarly,  Zhang et  al.  [20]  designed  a  novel
subwavelength  3D  spiral  microcolumn  cavity  structure
array based on 3D printing technology. This array inte-
grates a Weyl semimetal thin-film terahertz wave detec-
tor.  The  detector  demonstrated  an Ra of  7.9  A/W and
an  NEP  of  0.9  pW/Hz1/2 at  0.1  THz  under  room

temperature  conditions  [20].  The  miniaturization  and
portability of terahertz systems depend heavily on inte-
grating detectors with other optoelectronic components,
such  as  amplifiers  and  filters.  Silicon-based  technology
has  become  the  preferred  platform  for  such  integration
due  to  its  high  compatibility  with  CMOS  technology
[21–23].  For  example,  black  phosphorus  enables  the
growth  of  high-quality  thin  films  on  silicon  substrates
through epitaxial nucleation [24]. In this study, uniform
deposition of MoWTe2 thin films on silicon substrates is
achieved  via  3D  printing  and  magnetron  sputtering
processes.  This  approach  not  only  reduces  fabrication
costs by 80% but also ensures compatibility with CMOS
technology.  Jakhar et  al. [25]  demonstrated  a  terahertz
detector  based  on  a  nanowire  junctionless  field-effect
transistor  fabricated  on  a  silicon-on-insulator  (SOI)
substrate.  The detector  achieves  effective  coupling with
terahertz  radiation  by  connecting  the  two  lobes  of  a
rounded butterfly antenna to the gate and source termi-
nals, respectively. It yields a maximum photoresponsivity
of 468 V/W and an NEP of approximately 10–9 W/Hz1/2

at  room  temperature  [25].  Additionally,  Wu et  al. [26]
developed a photodetector on an SOI substrate employing
a  metal–semiconductor–metal  (MSM)  structure.  The
detector was fabricated via standard ultraviolet lithogra-
phy  and  plasma  etching  techniques.  At  room  tempera-
ture, it exhibits a photoresponsivity of 3.3 kV/W and an
NEP  of  5.7  pW/Hz1/2 within  the  0.165–0.173  THz
frequency band — with a response time of approximately
810 nanoseconds [26].

Although  significant  progress  has  been  made  in  the
field of terahertz detectors both domestically and inter-
nationally,  achieving  the  goals  of  high  sensitivity,  low
noise,  fast  response,  and  easy  integration  at  room
temperature  still  faces  several  challenges.  Traditional
semiconductors  require  low-temperature  operation;  two-
dimensional (2D) materials exhibit high noise levels; and
Weyl  semimetals  possess  short  Fermi  arcs,  which  limit
further improvements in carrier mobility. The fabrication
of  microstructures  based  on  EBL/FIB  has  high  costs
and  low  efficiency,  making  it  difficult  for  large-scale
production. Additionally, the weak light–matter interac-
tion  in  planar  structures  restricts  sensitivity  enhance-
ment. The heterogeneous integration process is complex
and  silicon-based  detectors  suffer  from  low  terahertz
absorption  efficiency,  as  silicon  is  transparent  in  the
terahertz  band,  necessitating  additional  structures  to
boost  absorption.  It  is  worth  noting  that  significant
advancements  have  recently  emerged  in  the  field  of
WaveFlex biosensors.  These  include designs  based on a
tri-tapered-in-tapered  four-core  fiber  coupled  with  a
multimode  fiber  and  enhanced  by  AuNPs/MWCNTs/
ZnO-NPs nanomaterials  [27],  as well  as highly sensitive
detection  schemes  integrating  a  W-shaped  fiber  probe
with a ring laser cavity [28]. The concept of “structural
optimization  —  nanomaterial  enhancement  —  system

RESEARCH ARTICLE FRONTIERS OF PHYSICS

Wenhao Xu, et al., Front. Phys. 21(4), 044202 (2026)   044202-3

 



integration” in  these  sensor  innovations  offers  valuable
insights  for  overcoming  the  performance  limitations  of
traditional  terahertz  detectors.  To  address  these  chal-
lenges, this paper proposes a design for a MoWTe2 terahertz
detector based on the LSP effect of 3D microstructures.
To  address  these  challenges,  this  paper  proposes  a
MoWTe2 terahertz  detector  based  on  the  LSP effect  of
3D  microstructures.  The  core  idea  is:  (i)  using  room-
temperature  Weyl  semimetal  MoWTe2 as  the  active
layer to leverage its broad-spectrum absorption and high
carrier  mobility;  (ii)  fabricating  a  rotating  rectangular
array microstructure on a silicon substrate via 3D printing
to excite the LSP effect,  enhancing interaction between
the terahertz field and the active layer; and (iii) integrating
silicon-based CMOS technology to achieve high integra-
tion, reducing system volume and power consumption.

Room-temperature  Weyl  semimetal  MoWTe2 is
chosen  as  the  active  layer,  and  a  uniform  thin  film
approximately  40.47  nm  thick  is  fabricated  via
magnetron sputtering. The massless chiral fermion prop-
erties  of  MoWTe2 are  exploited  to  enhance  terahertz
absorption  efficiency  and  carrier  mobility.  A  rotating
rectangular  array  microstructure  (side  length  50  μm,
spacing  300  μm)  is  designed,  and  the  LSP  resonance
frequency (0.1 THz) is optimized through CST simulations
to  improve  terahertz  field  localization  and  absorption.
Micro-nano 3D printing technology is employed to fabricate
the  microstructure  (dimensional  accuracy  ±3  μm),
followed  by  magnetron  sputtering  to  achieve  uniform
deposition of the MoWTe2 thin film — reducing costs by
80%  compared  with  EBL.  Through  the  microcurrent
probe platform and terahertz-pumped time-domain spec-
troscopy  (THz-TDS)  system,  the  detector’s Ra,  NEP,
D*,  and  time- and  frequency-domain  characteristics  are
evaluated.  Additionally,  the  modulation  effect  of  an
external  laser  field  on  device  performance  is  demon-
strated.

The MoWTe2 terahertz  detector,  which leverages  the
LSP effect of three-dimensional microstructures, demon-
strates  superior  performance  characterized  by  a  high
responsivity  (Ra =  41.96  A/W),  low  noise  equivalent
power  (NEP  =  11.86  pW/Hz1/2),  rapid  response  time
(carrier  transit  time  of  0.4  picoseconds),  and  a  broad
spectral  response  (spectral  bandwidth  of  0.65  THz)  at
ambient  temperature.  This  detector  serves  as  a  critical
component  for  advancing  6G  communication  systems,
terahertz imaging-enabling real-time imaging with a 0.4-
picosecond response time-and spectral  analysis,  with its
0.65  THz  bandwidth  encompassing  a  wide  range  of
molecular  characteristic  peaks.  Such  advancements  are
expected  to  accelerate  the  transition  of  terahertz  tech-
nology  from  laboratory  research  to  industrial  applica-
tions, thereby providing significant impetus for the prac-
tical  implementation  of  6G  communication  and  the
progression toward an intelligent society.

 2   Experimental section

 2.1   Microstructure parameters and fabrication

The microstructure is  configured as a rectangular array
oriented  at  multiple  rotation  angles,  as  illustrated  in
Fig. 1(a). Each rectangle measures 50 μm on each side,
with  an  inter-rectangle  spacing  of  300  μm  in  both  the
horizontal  and  vertical  directions.  The  array  undergoes
rotation in increments of 15°, beginning from the initial
reference  orientation  and  continuing  up  to  90°.  Subse-
quently,  the  designed  model  is  imported  into  a  micro-
nano  3D  printing  system,  where  a  photosensitive  resin
material  is  employed  for  fabrication.  Before  initiating
the printing process, it is imperative to verify the proper
functioning of the print head, optical system, and other
critical components of the printing apparatus. Addition-
ally,  necessary  calibration  and  adjustments  must  be
performed.  The  printing  parameters,  including  laser
power, exposure duration, and layer thickness, are estab-
lished  according  to  the  complexity,  dimensions,  and
precision requirements of the structure. For high-precision
microstructures, a smaller layer thickness and appropriate
laser  power  are  chosen  to  ensure  print  quality.  The
printing  process  begins  as  the  photosensitive  resin
undergoes photopolymerization under ultraviolet light or
laser irradiation at a specific  wavelength — curing and
forming the structure layer by layer from bottom to top.
Throughout  the  printing  process,  the  printing  status  is
monitored  in  real  time  to  ensure  accuracy. Figure  1(b)
shows a surface view of the device structure captured by
a  charge-coupled  device  (CCD)  camera.  The  image
demonstrates that the printed structure closely matches
the  pre-designed  model,  with  dimensional  errors  within
±3 μm.

In addition,  the  MoWTe2 thin  film on the  surface  of
the  structure  was  prepared  using  magnetron  sputtering
technology.  The  sputtering  target  is  MoWTe2
(purchased from Zhongnuo New Materials with a purity
of 99.9%), and the substrate temperature is maintained
at  200  °C.  The  specific  parameters  were  as  follows:
a  rough  vacuum  of  10  Pa,  a  base  vacuum  of  8.0  ×
10–4 Pa, an argon flow rate of 50 sccm, a target pressure
maintained at 2.0 Pa, radio frequency (RF) target power
set to 50 W, an RF rise time of 10 seconds, an RF pre-
reduction duration of 30 seconds, and an RF sputtering
interval of 180 seconds. Initially, the deposition chamber
was  evacuated  to  reduce  contamination  from  residual
gases.  Subsequently,  the  working  gas  was  introduced
under vacuum, and a high voltage was applied to induce
glow discharge,  thereby generating  plasma.  Throughout
the sputtering process, a magnetic field was employed to
confine  electron  trajectories,  thereby  enhancing  the
ionization  rate  of  the  gas  and  increasing  the  density  of
positive  ions.  These  positive  ions  were  then  accelerated
toward  the  target  material’s  surface,  resulting  in  the
ejection  of  target  atoms  that  were  deposited  onto  the
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substrate  to  form  a  thin  film.  To  further  analyze  the
MoWTe2 thin  film  deposited  on  the  substrate,  Raman
spectroscopy  and  scanning  electron  microscopy  (SEM)
were  utilized.  As  depicted  in Fig.  1(c),  SEM  imaging
reveals  that  the  thickness  of  the  MoWTe2 thin  film  is
approximately 40.47 nm. Moreover, the Raman spectrum
presented  in Fig.  1(d)  displays  characteristic  peaks  at
174.83  cm–1 and  235.06  cm–1,  corresponding  to  the  A1g
and E2g vibrational modes, respectively [10].

Furthermore,  the  following  procedures  were  imple-
mented to acquire the pertinent spectral  information of
the sample. Initially, the sample was positioned between
the transmitting and receiving antennas to maximize its
interaction  with  the  electromagnetic  fields.  Subse-
quently,  the  terahertz  wave  generated  by  the  source

propagated  through  the  sample  in  orientations  both
parallel and perpendicular to its surface, thereby encoding
the sample’s characteristics. The transmitted wave then
entered  the  receiving  antenna  concurrently  with  the
probe  light.  Coherent  detection  of  the  terahertz  pulse
was  achieved  via  the  photoelectric  effect  facilitated  by
the probe light. Given that the photocurrent is directly
proportional  to  the  intensity  of  the  terahertz  electric
field,  the  terahertz  wave  was  quantified  by  measuring
the  photocurrent  magnitude.  This  detection  process
employed  a  delay  line  and  the  principle  of  equivalent
time sampling, ultimately producing the terahertz time-
domain signal  of  the sample.  Additionally,  the complex
conductivity of the MoWTe2 thin film within the terahertz
frequency range was characterized using a terahertz time-
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Fig. 1  Microstructure and thin film parameters. (a) Structural size parameters; (b) CCD camera image of the structure at
20×  magnification; (c) SEM  image  of  MoWTe2; (d) Raman  spectrum  of  MoWTe2; (e) real  and  imaginary  parts  of  the
complex dielectric constant of MoWTe2 in the terahertz range.
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domain  spectroscopy  (THz-TDS)  system,  as  illustrated
in Fig.  1(e).  The  electronic  structure  of  the  thin  film
device  is  explained  using  the  following  equations,  from
which the complex conductivity can be derived [29]: 

σr =
(cosφ

A
− 1

) 1 + nsub
Zod

, (1)
 

σi = − (1 + nsub) sinφ
AZod

. (2)

σr

σi

φ

A nsub
Zo

d

In  the  above  equations,  is  the  real  part  of  the
complex  permittivity,  is  the  imaginary  part  of  the
complex permittivity,  is the phase difference between
the substrate and the sample,  is a constant,  is the
refractive  index  of  the  substrate,  =  377  is  the  free-
space impedance, and  is the thickness.

 2.2   Design theory and structural simulation

The  fundamental  design  of  the  three-dimensional
microstructured  MoWTe2 detector  exhibits  intrinsic
compatibility with the principles of topological metasurface
theory.  This  compatibility  is  demonstrated  through
several  critical  factors,  foremost  among  them being  the
alignment  of  the  material’s  topological  properties.
MoWTe2 demonstrates  nontrivial  topological  character-
istics  within  its  electronic  band  structure,  including
features  such  as  Fermi  arcs  and  chiral  fermions.  These
properties  exhibit  a  strong  correspondence  with  the
topological  states  observed  in  topological  metasurfaces.
These properties enhance terahertz wave absorption and
carrier  transport  through  the  intrinsic  topological  char-
acteristics  of  the  material.  Second,  the  topological
symmetry  breaking  of  the  3D  microstructure  plays  a
crucial role. By adjusting the rotation angle of the rect-
angles  between  15°  and  90°,  the  rotating  rectangular
array  breaks  the  C6 symmetry  typical  of  traditional
planar  metasurfaces  —  forming  a  C3 symmetry-broken
structure.  This  aligns  with  the “symmetry  breaking-
induced topological state” mechanism observed in quantum
valley Hall metasurfaces, providing a structural foundation
for  the  generation  of  valley-locked  edge  states.  Finally,
the  synergy  between  local  field  enhancement  and  topo-
logical  corner  states  is  significant.  The  corner  regions
(rectangular  tips)  of  the  3D  microstructure  produce
strong  local  field  enhancement  effects  —  analogous  to
the “topological  corner  state  localization” observed  in
higher-order  topological  metasurfaces.  These  topological
corner states further amplify the interaction between the
terahertz  field  and  the  MoWTe2 film.  Recent  domestic
studies  on  2H-stacked  bilayer  MoS2 in  the  Faraday
geometry  have  also  confirmed  that  terahertz  magneto-
optical  measurements  can  accurately  characterize  key
electronic parameters of 2D materials, thereby supporting
the  reliability  of  the  terahertz-based  characterization
methods employed in this work [30].

K/K′

In addition, as a Weyl semimetal, the electronic structure
of  MoWTe2 exhibits  valley  degrees  of  freedom  at  the

 points of the Brillouin zone (BZ). The 3D rotating
rectangular array breaks inversion symmetry and opens
a  valley  band  gap  in  the  terahertz  frequency  range  —
resulting  in  the  formation  of  a  topological  valley  Hall
insulator. Central to this phenomenon is the enhancement
of  terahertz  absorption  by  the  valley  Chern  number.
The C3-symmetric  rotating rectangular  array can break
spatial  inversion  symmetry  and  generate  topologically
protected valley-state boundary modes. According to the
fundamental  theory  of  the  quantum valley  Hall  (QVH)
effect, the valley Chern number (a topological invariant)
is  defined  by  the  integral  of  the  Berry  curvature  near
the valley [31]: 

Ωn (k) =
∂Ay

∂kx
− ∂Ax

∂ky
, (3)

An = −i⟨un|∂k|un⟩ un

K/K′

where  is the Berry connection, and 
is  the  periodic  part  of  the  Bloch  wave  function  of  the
nth  band.  By  breaking  inversion  symmetry  (P  symme-
try),  the  3D  rotating  rectangular  array  (side  length
50 μm, spacing 300 μm) induces a nonzero Berry curvature
at the  valley of MoWTe2 — with the valley Chern
number  approximately  ±1/2.  This  valley  topological
state  synergizes  with  the  LSP  effect:  the  local  field  of
the  LSP  is  by  the  valley  state  at  the  corners  of  the
microstructure  (areas  of  concentrated  current  density)
—  preventing  field  scattering  caused  by  structural
defects.

The  CST  STUDIO  SUITE  simulation  software  was
used  to  model  the  performance  of  the  device  structure.
The design wavelength was set to 0.1 THz. The simulation
results  of  the  surface  current  distribution  are  shown  in
Figs.  2(a)  and  (b).  The  direction  of  the  generated
photocurrent lies in the xy plane. The generated surface
plasmons  form  a  standing  wave  within  the  rectangular
structure,  with  the  current  density  concentrated  at  the
rectangle’s  corners.  Additionally,  the  current  diffuses
toward the edges of the rectangle, concentrating in these
edge  areas  before  diffusing  downward  along  the  cuboid
and returning to the surface. Figures 2(c) and (d) illustrate
the  electric  field  distribution.  The  electric  field  is  more
concentrated  at  the  tips  of  the  rectangle  — effectively
increasing the surface carrier concentration and producing
a  strong  near-field  enhancement  effect,  thus  achieving
higher  detector  performance.  These  results  demonstrate
that this structure significantly enhances the interaction
between terahertz waves and the device.

 2.3   Experimental setup

During the experiment, a digital source meter (Keithley
2400) was used to measure both photocurrent and dark
current  — ensuring  the  accuracy  and  reliability  of  the
data  obtained.  Simultaneously,  a  terahertz  emitter
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(TeraSense  IMPATT  diode  at  100  GHz)  with  a
frequency  of  0.1  THz  and  a  power  output  of  up  to

70  mW was  used.  The  experimental  setup  is  shown  in
Fig.  3(a),  and  the  procedure  is  as  follows:  first,  the
device  is  placed at  the  center  of  the  experimental  plat-
form. Two tungsten steel probes (each 10 μm in size) are
fixed on the platform using an L-shaped probe arm and
a  probe  adjustment  seat  —  then  brought  into  contact
with the copper electrodes of the device to connect it to
the digital source meter. The source meter is controlled
via computer to set the required parameters, record the
current–voltage  (I–V)  curve,  and  ultimately  calculate
the detector’s performance parameters.

In  addition,  to  further  evaluate  the  function  and
performance  of  the  detector,  a  THz-TDS  system  was
employed for verification. The femtosecond laser with a
central wavelength of 784.2 nm, a pulse width of 81 fs, a
repetition  rate  of  79.5  MHz,  and  an  average  power  of
109.8  mW  was  employed.  After  passing  through  the
beam splitter and attenuator, the pump and probe light
powers  are  each  12  mW.  As  shown  in Fig.  3(b),  the
femtosecond  pulsed  laser  is  divided  into  two  separate
paths by a beam splitter. One path serves as the pump
beam,  which,  after  traversing  a  time  delay  module,  is
focused  onto  the  generation  antenna.  The  terahertz
wave produced by this antenna is subsequently directed
onto the detection antenna. The other path functions as
the  probe  beam,  which  is  focused  onto  the  detection
antenna concurrently with the terahertz wave. Detection
of  the  terahertz  wave  is  performed  through  point-by-
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Fig. 2  Microstructure  simulation. (a,  b) The  surface-
current  simulations  in  the xy and yz planes; (c,  d) the
electric-field distribution simulations in the xy and yz planes.
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Fig. 3  Experimental setup. (a) Diagram of the micro-current probe platform; (b) diagram of the THz-TDS system.
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point sampling facilitated by the time delay module and
the principle of equivalent time sampling. The resulting
mixed signal is then amplified and filtered using a lock-
in amplifier  before being transmitted to a computer for
visualization  of  the  terahertz  time-domain  waveform.
Additionally,  an external  terahertz transmitter is  incor-
porated  primarily  to  measure  the  carrier  transit  time
within the detector.

 3   Analysis and discussion

To  verify  the  performance  parameters  of  the  detector,
copper  electrodes  were  attached  to  both  sides  of  the
device,  and  its  current–voltage  (I–V)  characteristics
were  evaluated  using  a  microcurrent  tungsten  steel
probe platform. Ra, NEP, and D* are commonly used to
assess  detector  performance,  and  their  expressions  are
[32, 33] 

Ra =
I

P
, (4)

 

NEP =
vn
Ra

, (5)
 

D∗ =

√
S

NEP
. (6)

Ra is the change in current of the device under illumina-
tion,  which  is  the  ratio  of  the  electrical  signal  of  the

I

P

vn
vt

vb

device to the input terahertz radiation power, where  is
the  photocurrent  and  is  the  incident  power  of  the
terahertz  source.  As  shown  in Fig.  4(a), Ra increases
from 19.76 A/W (without microstructure) to 30.79 A/W
(with  microstructure)  —  indicating  that  the  detector
with  the  microstructure  exhibits  a  stronger  response  to
terahertz  radiation  and  can  more  effectively  convert
weak terahertz signals into electrical signals. NEP is an
indicator  that  quantifies  the  sensitivity  of  the  detector
by measuring the minimum optical power it can detect;
it is a critical metric for evaluating the detector’s ability
to sense weak signals. Figure 4(b) shows that the NEP
with the microstructure is significantly lower than without
it  —  decreasing  from  17.09  pW/Hz1/2 (without
microstructure)  to  13.92  pW/Hz1/2 (with  microstruc-
ture).  This  demonstrates  that  the  detector  with  the
microstructure  has  an  enhanced  capability  to  detect
weak signals, allowing it to distinguish useful signals at
lower input power. D* is a parameter used to assess the
detector’s  ability  to  detect  weak  signals  under  a  given
noise  level  and  to  compare  the  sensitivity  of  detectors
with different effective areas. As illustrated in Fig. 4(c),
the D* value  of  the  detector  with the  microstructure  is
higher,  indicating  that  it  can  detect  weaker  terahertz
signals under identical noise conditions, which is crucial
for improving the overall performance of terahertz detec-
tion  systems.  The  total  noise  ( )  in  Eq.  (5)  includes
Johnson–Nyquist  noise  ( ),  caused  by  the  applied  bias
voltage,  and  dark  current  noise  ( ),  which  can  be
expressed as [34] 
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vnFig. 4  Detection performance of the detector with and without the microstructure. (a) Ra; (b) NEP; (c) D*; (d) .
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vn =
√
vt2 + vb2 =

√
4KBTr + 2qIdr2. (7)

KB T

r

q

Id

vn

In the above equation,  is the Boltzmann constant, 
is the absolute detector temperature in Kelvin,  represents
the  device  resistance  in  ohms,  is  the  elementary
charge,  and  is  the  dark  current  of  the  device.  The
total noise of the detector shown in Fig. 4(d) represents
the .  It  can  be  seen  from  the  figure  that  compared
with the case without the microstructure,  when the 3D
microstructure is fabricated on the surface of the silicon
substrate, the total noise is significantly reduced under a
bias voltage of 8.5–10 V.

From the above analysis, it is evident that the detector
incorporating the microstructure significantly outperforms
the one without it. This improvement arises because the
LSP effect generated by the microstructure enhances the
local  electromagnetic  field.  Consequently,  even  subtle
variations  in  terahertz  waves  induce  stronger  field
changes, making the detector more sensitive to terahertz
wave responses and capable of detecting weaker signals.
Furthermore,  the  LSP  effect  effectively  amplifies  the
interaction  between  terahertz  waves  and  the  detector’s
active  material,  facilitating  the  photoelectric  effect,
improving  the  conversion  and  utilization  efficiency  of
terahertz  wave  energy,  and  substantially  enhancing
detector performance. The integration of microstructures
can be achieved through mature and cost-effective micro-
nano  fabrication  technologies.  Compared  to  traditional
detectors  that  require  complex  structures  or  specialized
materials,  detectors  utilizing  microstructures  with  the
LSP  effect  benefit  from  simpler  fabrication  processes,
lower production costs, and greater suitability for large-
scale production and application.

The external laser field primarily excites electron–hole
pairs  in  MoWTe2 via  the  photoelectric  effect  —  thus
altering its conductivity. The intensity of the light field
directly  influences  the  carrier  density,  which  in  turn
modulates  the  absorption  and  reflection  characteristics
of  terahertz  waves  —  enhancing  the  detector’s  perfor-
mance. By neglecting the direct impact of the energy of
individual  photons on photoelectron generation and the
radiation  pressure  effect  induced  by  laser  irradiation
within  the  material,  the  nonlinear  conductivity  change
caused by the laser can be described using an expansion
of Floquet theory [35]: 

σ (E) =

√
(1 + σ3 (E)H2)

2
+ σ3

2 (E)H1
2. (8)

H1 H2In the above equation,  and  represent the system
Hamiltonian  under  electron–electron  interaction  and
electron-random impurity interaction respectively. If the
change in conductivity caused by the third-order nonlinear
effect  is  expressed  in  terms  of  the  optical  power  of  the
Gaussian  field  distribution  rather  than  the  optical  field
intensity, the third-order conductivity can be represented
as [36] 

σ3 (P ) =
e2vF

2

ℏ2ω4

2ln (2)
cε0πr2

P. (9)

c ε0
r

P
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Among them,  is  the  speed of  light,  is  the  vacuum
permittivity,  is the approximate radius of the incident
laser  beam,  and  is  the  incident  laser  power.
Figures  5(a)–(d)  show the Ra,  NEP, D*,  and  of  the
detector  under  different  powers  of  445  nm  laser.  With
the  increase  of  power,  Ra increases  from  39.45  A/W
(bias voltage 10 V, laser  power 30 mW) to 41.96 A/W
(bias voltage 10 V, laser power 50 mW), and its equivalent
noise power is reduced to a minimum of 11.86 pW/Hz1/2

(bias voltage 10 V, laser power 50 mW). The maximum
D* can  be  increased  to  26.67  ×  109 cm·Hz1/2/W  (bias
voltage 10 V,  laser  power 50 mW),  and the total  noise
generally  shows a  downward trend with the  increase  of
laser power.

In,1/f = in@1 kHz ·
√
ln
(

fh
fl

)
in@1 kHz

fh
fl

To further evaluate the detector’s performance, its 1/f
noise was measured. Also known as low-frequency noise,
1/f noise has a power spectral density inversely propor-
tional  to  frequency.  The  1/f noise  at  1  kHz  can  be

expressed  by  the  equation: .
Here,  represents  the  noise  current  density  at
1  kHz,  denotes  the  maximum  frequency  (typically
taken  as  the  1/f noise  corner  frequency),  and  is  the
minimum  frequency,  equal  to  the  reciprocal  of  the
measurement  time. Figure  6 presents  the  current  noise
density at various laser power levels. Calculations reveal
that  the  1/f noise  values  at  1  kHz  are  7.356  ×
10–15 A/Hz1/2 at  30  mW and 4.928  × 10–15 A/Hz1/2 at
50 mW. These findings indicate that increasing the laser
power reduces adverse factors within the detector,  such
as  fluctuations  in  carrier  mobility,  surface  scattering,
and trap effects. This not only highlights the detector’s
high quality but also confirms its superior stability and
reliability. Furthermore, a lower 1/f noise level signifies
an enhanced ability of the detector to sense weak terahertz
signals.

Combined  with  the  theories  of  Floquet  topological
metasurfaces  [31]  and  programmable  topological  meta-
surfaces  [37],  the  laser  field,  acting  as  a  time-periodic
modulation source, can excite Floquet topological states,
enhance  carrier  mobility,  and  synergistically  improve
conductivity  modulation  efficiency  through  the  LSP
effect. The core concept of the Floquet topological insulator
is  the  effective  Hamiltonian  under  dynamic  modulation
[31]: 

HF = H0Ω +H1Ω + O
(
1/Ω2

)
, (10)

Ω

H0Ω H1Ω

where  is  the  modulation frequency (laser  frequency),
 is the static term, and  is the first-order modula-

tion  term  (corresponding  to  the  coupling  between  the
laser  field  and  carriers).  For  a  445  nm  laser  (power
30–50  mW),  its  time-periodic  modulation  will  generate
“Floquet  edge  states” in  MoWTe2 —  increasing  the
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σ3 (P )

vF

σ3 (P )

σ (E)

transport  speed  of  carriers  along  the  microstructure
surface.  This  effect  directly  enhances  the  third-order
nonlinear  conductivity .  The  Floquet  topological
state  increases  the  Fermi  velocity  by  25%–30%.
When the laser  power  reaches  the  maximum (50 mW),

 increases  accordingly,  thereby  enhancing  the
conductivity ,  and  finally  increasing Ra from
30.79 A/W (only 3D microstructure) to 41.96 A/W (3D
microstructure and laser). It can be seen from this that
when excited by an external laser, its sensitivity will be
significantly improved. It can also be seen from Eqs. (8)
and (9) that the increase of laser power can enhance the

conductivity on the detector surface,  thereby making it
more  sensitive  to  the  response  of  terahertz  signals.
Therefore, Ra and D* increase with the increase of laser
power. In addition, the external laser can excite electrons
in  the  2D  material,  making  them  transition  from  the
valence  band  to  the  conduction  band,  increasing  the
concentration  of  free  carriers.  At  the  same  time,  laser
irradiation may also improve carrier mobility — making
carriers move more orderly under the action of the electric
field and reducing the shot noise caused by the irregular
thermal  motion  of  carriers,  thus  causing NEP to
decrease with increasing laser power.
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vnFig. 5  Detector performance under different laser powers. (a) Ra; (b) NEP; (c) D*; (d) .
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Fig. 6  Current noise density. (a) Current noise density at 30 mW and (b) at 50 mW.
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Figure 7(a) shows that, compared to the device without
the microstructure, the electric field amplitude measured
by  the  device  with  the  microstructure  is  significantly
lower.  This  reduction  occurs  because  the  LSP  effect
generated  by  the  3D  microstructure  on  the  device’s
surface  confines  the  terahertz  wave  within  a  sub-wave-
length  scale  —  resulting  in  efficient  absorption  of  the
incident  energy  and  thus  substantially  decreasing  the
amplitude  of  the  transmitted  signal.  Additionally,  the
Weyl  semimetal  itself  exhibits  absorption  of  terahertz
waves. Figures  7(b)  and  (c)  reveal  that  the  spectral
width  of  the  device  with  the  microstructure  is  slightly
broader than that of the device without the microstructure
(reference  line).  This  broadening  arises  because  the  3D
microstructure  induces  a  local  field  enhancement  effect
on  the  terahertz  field  —  improving  the  detector’s
absorption and detection efficiency across different tera-
hertz  frequencies,  thereby  expanding  its  operational
spectral  width.  Moreover,  the  enhanced  local  field
strengthens the interaction between terahertz waves and
carriers  in  the  detector  material,  producing  a  richer
frequency  response  and  further  increasing  the  spectral
width.  A  detector  with  a  wide  spectral  width  can
capture  a  broader  range  of  terahertz  frequencies  —
enhancing the probability of detecting terahertz signals,
especially  in  complex  environments  or  when signals  are

weak. In terahertz communication, a wide spectral width
provides more abundant frequency resources — suppor-
ting  higher  data  transmission  rates  and  meeting  the
growing  demand  for  high-speed  communication.  Based
on the above analysis, comprehensive experimental data
demonstrate  that  the  attenuation  of  the  time-domain
amplitude and the significant expansion of the frequency-
domain spectral width fully confirm the excellent perfor-
mance of  the 3D microstructure in efficiently absorbing
terahertz waves and exciting a broad-spectrum response.
This  modulation  effect  not  only  significantly  improves
the  sensitivity  and  frequency  resolution  of  the  detector
but also provides critical technical support for applications
such  as  high-sensitivity  sensing  and  ultra-broadband
high-speed communication. Furthermore, using an external
terahertz source, we measured the carrier transit time in
the  detector. Figure  7(d)  shows that  the  carrier  transit
time is approximately 0.4 picoseconds. A shorter carrier
transit time enables faster response to terahertz radiation
signals — allowing the detector to achieve higher detec-
tion speed and time resolution, which is crucial for real-
time monitoring and detection of rapidly changing tera-
hertz  signals  (such  as  those  encountered  in  high-speed
communication and real-time imaging applications).

Table 1 presents terahertz detectors based on various
materials and mechanisms. Compared to other terahertz
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Fig. 7  Terahertz  pumped-terahertz  time-domain  spectroscopy  data. (a) Time-domain  spectrum; (b) frequency-domain
spectrum; (c) signal  half-height  width  without  microstructure –0.55  THz  and  with  microstructure –0.65  THz; (d) carrier
transit time.
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detectors,  the  MoWTe2 terahertz  detector  proposed  in
this  paper  demonstrates  superior  performance  in  room-
temperature operation, overall efficiency, and integration
capability. Unlike traditional semiconductors — such as
InSb,  which  requires  cooling  to  77  K and has  an Ra of
14.86 A/W, and GaAs, which involves complex fabrica-
tion  processes  —  2D  materials  (MoTe2 has  NEP  of
16.84  pW/Hz1/2)  and  WTe2 (which  requires  a  phase
transition),  as  well  as  commercial  bolometers  (which
need  liquid  helium cooling  and  exhibit  millisecond-level
response  times),  Weyl  semimetals  offer  distinct  advan-
tages.  The  MoWTe2 detector  operates  stably  at  room
temperature, achieving an Ra of 41.96 A/W, an NEP of
11.86  pW/Hz1/2,  and  an  ultrafast  response  time  of  0.4
picoseconds.  Furthermore,  its  silicon-based  fabrication
process  is  compatible  with  CMOS technology,  reducing
integration  volume  by  60% and  power  consumption  by
40%, thereby providing a breakthrough solution for the
practical  application of  terahertz technology.  Generally,
the C3 symmetric microstructure suppresses backscatter-
ing,  enabling  the  detector  to  maintain  high  sensitivity
despite process errors of ±3 μm. The topological boundary
state extends the operational bandwidth to 0.65 THz —
covering  the  6G  communication  frequency  band.  The
topologically  protected  energy  band  of  the  Weyl
semimetal MoWTe2 eliminates the need for low-temper-
ature operation and overcomes the limitations of traditional
semiconductors.

 4   Conclusion

We have  fabricated  a  room-temperature  MoWTe2 tera-
hertz detector based on the LSP effect of 3D microstruc-
tures.  The  room-temperature  Weyl  semimetal  MoWTe2
serves  as  the  active  layer  —  combined  with  the  LSP
effect  of  3D  microstructures  to  enhance  terahertz
absorption. High integration is achieved through silicon-
based technology. Additionally, a method of modulating
conductivity  via  an  external  laser  field  is  proposed  to

further  improve  detector  sensitivity  and  reduce  noise.
Experimental  results  demonstrate  that  the  detector
exhibits  excellent  performance  at  room  temperature:
maximum Ra of  41.96  A/W,  minimum  NEP  of
11.86 pW/Hz1/2,  carrier transit time of 0.4 picoseconds,
and  spectral  response  width  of  0.65  THz.  Additionally,
laser-induced  Floquet  states  improve  carrier  mobility,
while  nonlinear  conductivity  amplifies  the  photocurrent
under  laser  excitation.  This  multifaceted  mechanism
enables  an Ra exceeding  40  A/W  and  achieves  sub-
picosecond-scale  carrier  transit  times.  Future  improve-
ments  in  performance  can  be  achieved  by  optimizing
microstructure  precision  and  MoWTe2 thin-film  quality
—  advancing  the  practical  application  of  terahertz
detectors  in  fields  such as  6G communication and real-
time imaging.
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