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ABSTRACT: Charge  density  wave  (CDW),  which  typically  opens  a
narrow  energy  gap  near  the  Fermi  level,  is  highly  sensitive  to  low-
energy  photon  excitations,  providing  a  compelling  basis  for  infrared
detectors.  Here,  we  systematically  investigated  one-dimensional  (1D)
NbTe4 and TaTe4,  as  well  as  two-dimensional  (2D)  NbTe2 and TaTe2,
from  the  binary  Nb/Ta-Te  systems  for  mid-  and  long-wave  infrared
detection.  They  all  exhibit  notable  infrared  photoresponse  under
zero-bias (self-powered) operation governed by the photothermoelectric
effect.  NbTe2,  in  particular,  achieves  detectivities  of  1.64  ×  108  and
1.29  ×  108  Jones  under  illumination  of  4  and  8.47  μm  infrared  lights,
respectively. Using artificial intelligence, super-resolution reconstruction
was  realized  to  enhance  images  obtained  from  photodetector-based
single-pixel  imaging,  laying  an  important  foundation  for  computing-in-
memory  integration.  This  work  highlights  Nb/Ta-Te  phases  as
promising  candidates  for  infrared  detectors,  paving  the  way  for  next-
generation room-temperature, low-power intelligent infrared optoelectronic systems.
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 1    Introduction
Charge  density  wave  (CDW),  as  a  symmetry-breaking  ordered
state,  manifests  as a periodic spatial  modulation of the conduction
electrons  that  is  coupled  with  periodic  lattice  distortion  [1−7].
CDW is closely related to some emergent phenomena in condensed
materials,  such  as  unconventional  superconductivity,  mott

insulator,  etc.  [8, 9].  The  weak  CDW  state  is  sensitive  to  external
perturbations—including electrical field, gating voltages, and optical
excitation—offering  intriguing  opportunities  for  electronic  and
optoelectronic  applications  [3].  The  periodic  modulation  induced
by lattice  distortion establishes  a  potential  landscape  that  folds  the
Brillouin zone, couples electronic states near the Fermi surface, and
thereby  opens  a  band  gap  or  pseudo-gap,  endowing  the  material
with specific responsiveness to low-energy photons such as infrared
light [10, 11]. Moreover, the fluctuation of CDW exhibits collective
excitations [12], in which electrons no longer behave as independent
entities but instead form a coherent quantum condensate [13, 14].
Under  photon  irradiation,  this  collective  coherence  and  quantum
transport  can  facilitate  the  motion  of  additional  charge  carriers,
leading to giant photocurrent gain, and enabling detectors to sense
weak optical signals [12, 15].
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CDW  materials  offer  unique  potential  for  realizing  high-
performance,  broadband photodetectors.  To date,  there  have  been
some  reports  on  photodetectors  based  on  CDW  materials.  For
instance,  (TaSe4)2I  photodetectors  exhibit  a  high  responsivity  of
1.18 × 103 A/W in the mid-infrared region under a bias of 3 V [13].
Devices  fabricated  from  2H-VSe2 achieve  a  responsivity  of
75.26  A/W  with  detectivity  exceeding  1010 Jones  in  the  visible  to
near-infrared  range  under  1  V  bias  [16].  Rare-earth  tritelluride
based  broadband  photodetectors  operating  in  self-powered  mode
exhibit  spectral  response  from  ultraviolet  to  mid-wave  infrared,
showing a detectivity of 1.26 × 109 Jones at 3500 nm, comparable to
graphene-based photodetectors  dominated by photothermoelectric
(PTE)  effects  [10].  These  CDW-based  photodetectors  not  only
demonstrate  superior  optoelectronic  performance  but  also  show
exceptional  sensitivity  across  the  communication  band  as  well  as
the mid- and long-wave infrared regions. Among the diverse CDW
materials, the binary Nb/Ta-Te family stands out due to its unique
low-dimensional structures and robust CDW properties, offering a
potential  platform  for  broadband  photodetection.  This  family,
comprising  1D NbTe4 and TaTe4 as  well  as  2D NbTe2 and TaTe2,
represents  a  class  of  materials  exhibiting  pronounced  CDW
behaviors [17−21]. Both NbTe4 and TaTe4 crystallize in the P4/mcc
space group, where each Nb or Ta atom is coordinated with eight
Te  atoms,  forming  face-shared  square  antiprismatic  chains  along
the c-axis [18, 22]. This bonding configuration leaves sufficient free
charge in the d-band of Nb or Ta atoms for electrical  conduction,
while  the  low-dimensional  nature  of  the  structure  provides  a
favorable  environment  for  CDW  transitions  [23].  The  CDW
transition  temperatures  of  NbTe4 and  TaTe4 are  520  and  475  K,
respectively [22−24]. In contrast, NbTe2 and TaTe2 adopt monoclinic
structures  with  the C2/m space  group  [17, 25].  Their  CDW
transition  temperatures  are  about  550  K for  NbTe2 and 400  K for
TaTe2,  respectively  [26, 27].  The  intriguing  interplay  between  low
dimensionality  and  strong  CDW  order  in  this  material  family
renders  them  highly  promising  for  optoelectronic  applications.
However,  systematic  investigations  into  their  broadband
photodetection  remain  scarce,  with  only  a  few  studies  reporting
photoresponse of NbTe4 and TaTe2 in the near-infrared range (355
to 2715 nm), showcasing their latent potential [28, 29].

In  this  work,  we  systematically  investigated  the  photodetection
performance of 1D NbTe4, TaTe4, and 2D NbTe2, TaTe2 for the mid-
to-long-wave  infrared  detection.  High-quality  single  crystals  were
successfully  synthesized  via  chemical  vapor  transport,  and  their
structures  were  characterized  in  detail.  Optoelectronic
measurements show that  all  materials  exhibit  a  significant  mid- to
long-wavelength infrared response dominated by the PTE effect in
the  self-powered  (zero  bias)  mode.  For  NbTe2,  its  responsivity
and detectivity at 4 μm wavelength reached 2.76 mA/W and 1.64 ×
108 Jones, respectively. We have constructed a single-pixel imaging
system  centered  on  a  self-powered  Nb/Ta-Te  detector.  Using  this
system, we successfully  reconstructed a series  of  target  images and
applied  a  U-Net-based  deep  learning  network  for  image  super-
resolution  reconstruction.  The  model  effectively  enhanced  the
clarity of images obtained through single-pixel imaging, achieving a
high  accuracy  of  96.4%  and  a  low  loss  value  of  0.035.  This
technology  preliminarily  establishes  a  complete  technical  chain
spanning  from  materials  and  devices  to  system  applications,
providing  a  feasible  material  platform  and  solution  for  the
development of a new generation of room-temperature, low-power,
intelligent infrared optoelectronic systems.

 2    Results and discussion

 2.1    Synthesis  and  characterizations  of  Nb/Ta-Te  CDW
materials
Since  its  proposal,  the  theory  of  CDW  has  inspired  extensive
research  and is  now recognized  as  a  universal  electronic  collective
phenomenon in condensed matter  physics  [30].  For  1D materials,
the  CDW  phase  transition  can  be  explained  by  Peierls  theory.
When each atom contributes  one  electron,  the  resulting  half-filled
energy band leads to metallic behavior. However, upon considering
electron–phonon  interactions,  the  1D  atomic  chain  becomes
unstable  at  low  temperatures,  causing  a  periodic  lattice  distortion.
During  this  distortion,  adjacent  atoms  move  closer  together,
doubling  the  lattice  periodicity  and  opening  a  bandgap  at
π/(2a)—the  new  Brillouin  zone  boundary—thereby  driving  the
system from a metallic to an insulating state [30−32]. The origin of
CDWs  in  two-dimensional  (2D)  materials  is  more  complex  and
remains  under  debate.  While  Fermi  surface  nesting  and  saddle-
point mechanisms can account for certain systems [33−36], studies
of prototypical materials such as 2H-NbSe2 suggest that wavevector-
dependent strong electron–phonon coupling is likely the dominant
driving  force  [37, 38].  In  contrast,  other  transition-metal
dichalcogenides,  such  as  1T-TiSe2,  may  involve  multifaceted
mechanisms including the Jahn–Teller effect or excitonic-insulator
formation  [39, 40]. Figure  1(a) schematically  illustrates  the
collective  excitation  characteristics  of  CDWs.  Under  illumination,
the  coherent  quantum  condensate  formed  in  CDW  materials  can
channel additional electrons through the circuit, resulting in a giant
photocurrent gain.

Figures S1(a) and S1(b) in the Electonic Supplementary Material
(ESM)  present  the  phase  diagrams  for  the  Nb-Te  and  Ta-Te
systems, respectively. The Nb-Te system includes stable phases such
as  Nb5Te4,  Nb3Te4,  NbTe2,  and  NbTe4,  whereas  the  Ta-Te  system
contains the stable phases of TaTe2 and TaTe4. In our investigation
into  the  photodetection  properties  of  NbTe2,  NbTe4,  TaTe2,  and
TaTe4,  we  synthesized  these  four  single  crystals  using  chemical
vapor transport. Figure 1(b) schematically depicts the CVT growth
process.  I2 serves  as  the  transport  agent,  while  Nb  or  Ta  and  Te
powders  act  as  raw  materials.  The  powder  X-ray  diffraction
(PXRD)  patterns  (Fig.  1(d))  demonstrate  that  the  primary  peaks
closely match the standard diffraction patterns for NbTe2 (PDF #21-
0605),  Nb3Te4 (PDF  #72-1122),  TaTe2 (PDF  #21-1201),  NbTe4

(PDF #18-0926), and TaTe4 (PDF #18-1314) crystals. All diffraction
peaks perfectly match their respective standard patterns with sharp
peak  shapes  and  no  impurity  peaks,  confirming  the  successful
acquisition of highly phase-pure single-crystal  samples. Figure 1(e)
presents an optical  photograph of a typical  single crystal,  revealing
plate-like  or  rod-shaped  crystals  with  dimensions  reaching
hundreds  of  micrometers  and  smooth  surfaces,  laying  the
foundation for subsequent micro-nano device fabrication.

Figure  1(c) presents  the  crystal  structure  models  of  these  four
compounds.  NbTe2 and  TaTe2 exhibit  typical  layered  two-
dimensional  structures,  while  NbTe4 and  TaTe4 feature  1D  chain-
like structures. NbTe2 is a transition metal dichalcogenide belonging
to the C2/m space group, where Nb atoms are sandwiched between
Te atoms. TaTe2 exhibits a similar structure. NbTe4 crystallizes in a
tetragonal  structure  within  the P4/mcc space  group,  with  each
niobium atom coordinated by eight  Te atoms,  forming 1D chains
along  the c-axis.  The  structure  of  TaTe4 is  analogous  to  that  of
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Figure 1    Synthesis, structures, and basic optical properties of Nb/Ta-Te binary system. (a) Schematic of CDW collective excitation. (b) Schematic diagram of the CVT
method  used  to  synthesize  Nb/Ta-Te  single  crystals.  (c)  Schematic  crystal  structures  of  NbTe2,  TaTe2,  NbTe4,  and  TaTe4 demonstrating  2D  layered  and  1D  chain
structures,  respectively.  (d)  Comparison  of  the  PXRD pattern  of  the  as-synthesized  Nb/Ta-Te  single  crystals  with  the  standard  pattern.  (e)  Optical  photograph  of  the
synthesized NbTe2 crystals. The image was taken on standard graph paper, where the side length of each grid square corresponds to 1 mm. (f) Broad-spectrum absorption
spectra of the four compounds from the UV to the far IR.
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NbTe4.  To  verify  the  composition  of  the  single  crystals,  we
employed  scanning  electron  microscopy  (SEM)  combined  with
energy-dispersive X-ray spectroscopy (EDS) for elemental mapping.
The SEM images clearly reveal  the crystal  morphology,  while EDS
elemental maps demonstrate uniform distribution of Nb and Te in
a  1:2  ratio  (Fig.  S2  in  the  ESM),  confirming  the  chemical
composition.  Similarly,  elements  in  NbTe4,  TaTe2,  and  TaTe4 are
uniformly distributed throughout the synthesized samples.

To provide direct structural evidence of the charge density wave
(CDW)  state,  single  crystal  X-ray  diffraction  (SCXRD)  was
performed. As shown in the reciprocal space reconstruction of the
(011)  plane  for  TaTe4 (Fig.  S3  in  the  ESM),  distinct  satellite
reflections are observed surrounding the fundamental Bragg peaks.
These  satellite  spots  originate  from  the  periodic  lattice  distortion
associated  with  the  CDW superlattice  modulation,  confirming  the
existence of the distorted structural phase at room temperature. To
explicitly  verify  the  CDW  phase  transition,  we  performed
temperature-dependent resistance measurements. As shown in Fig.
S4 in the ESM, the resistivity exhibits a typical metallic behavior in
the  low-temperature  regime.  Upon  heating,  a  pronounced
resistivity  anomaly  appears  at TCDW ~  550  K.  This  characteristic
transition  temperature  is  in  excellent  agreement  with  previous
reports  for  the  monoclinic-to-rhombohedral  structural  phase
transition in NbTe2 driven by CDW formation. The observation of
such  a  sharp  transition  feature  serves  as  robust  evidence  for  the
high  phase  purity  of  our  synthesized  crystals.  Complementing  the
transport  data,  Fig.  S5  in  the  ESM displays  the  room-temperature
Raman spectrum of the NbTe2 sample.

P3m1

To  accurately  identify  the  vibrational  modes,  the  raw  spectrum
was  deconvoluted  using  Lorentzian  peak  fitting.  The  analysis
resolves  three  dominant  peaks  centered  at  84,  117,  and  137  cm−1,
along  with  a  broad  feature  around  218  cm−1.  The  detection  of  the
low-frequency  mode  at  84  cm−1 is  critical  for  phase  identification.
This  feature  corresponds  to  the  Ag

3 lattice  breathing  mode  of  the
distorted  monoclinic  phase C2/m,  in  excellent  agreement  with  the
theoretical  frequency of  86 cm−1 predicted by DFT calculations.  In
the high-temperature undistorted 1-T phase , Raman activity
in this low-frequency region is symmetry-forbidden. Therefore, the
emergence of the 84 cm−1 mode serves as a spectral  fingerprint for
the  phonon  zone  folding  effect,  confirming  the  formation  of  the
CDW superlattice.  The  peaks  at  117  and 137 cm−1 are  assigned to
the Ag

4 and Ag
5 modes,  respectively,  with their  positions consistent

with the phonon characteristics of few-layer NbTe2 [41, 42].
We systematically investigated the surface chemical composition

and valence state evolution of NbTe2 single crystals before and after
Ar+-ion  sputtering  using  X-ray  photoelectron  spectroscopy  (XPS).
The results reveal that the Nb 3d spectra of pristine samples exhibit
characteristic  signals  of  Nb4+ along with  a  minor  Nb5+ component,
which originates from a superficial oxidation layer (Fig. S6(a) in the
ESM).  Following  Ar+-ion  sputtering  treatment,  the  Nb5+ signature
shows significant  attenuation in  the  Nb 3d spectra,  while  the  Nb4+

state  becomes  predominant,  demonstrating  effective  removal  of
surface  oxides  and  exposure  of  the  intrinsic  NbTe2 crystalline
structure (Fig. S6(d) in the ESM). It is worth noting that the Te 3d
spectrum  maintains  a  consistent  peak  shape  throughout  the
process,  and  no  new  valence  states  are  detected  before  and  after
sputtering and no Te vacancies are observed (Figs.  S6(c) and S6(f)
in the ESM).

To  evaluate  the  photodetection  potential  of  these  materials,  we
measured  their  absorption  spectra  from  the  ultraviolet  to  the  far-

infrared  region,  with  results  shown  in Fig.  1(f).  Most  notably,  all
four  compounds  exhibit  strong,  flat,  broadband  absorption
spanning  from  the  UV–visible  region  to  the  mid-to-long-wave
infrared  band  up  to  approximately  16  μm.  This  broadband  light
absorption  behavior  originates  from  the  intrinsic  zero  bandgap
electronic  structure  of  the  semimetal,  where  the  conduction  and
valence  bands  cross  at  the  Fermi  level,  endowing  NbTe2 with
superior  light  absorption  capabilities  across  a  broad  wavelength
range.  Particularly,  its  strong  absorption  in  the  8–14  μm
atmospheric  window  band  (critical  for  detecting  human  thermal
radiation)  directly  demonstrates  that  the  Nb/Ta-Te  series  CDW
materials selected in this work are highly promising candidates for
room-temperature,  broadband,  and  especially  mid-to-long-wave
infrared photodetection.

To  assess  the  thermal  stability  of  the  synthesized  crystals,
differential  scanning  calorimetry  (DSC)  measurements  were
performed over a wide temperature range.  As shown in Fig.  S7 in
the ESM, the DSC curves for NbTe2, TaTe2, NbTe4, and TaTe4 remain
smooth with a flat baseline across the low-to-medium temperature
region (200–600 °C). Distinct endothermic or exothermic peaks are
only  observed  at  elevated  temperatures  exceeding  600–700  °C,
corresponding to the melting or decomposition of the crystals. The
absence  of  thermal  anomalies  below  600  °C  demonstrates  the
excellent  thermal  stability  of  these  materials,  ensuring  their
durability  under  PTE  device  operation  conditions  where  local
heating occurs.

 2.2    Spatially resolved photocurrent response of 1D NbTe4
and TaTe4
To investigate  the  infrared  photoresponse  properties  of  1D NbTe4

and  TaTe4 crystals  in  depth,  we  fabricated  dual-electrode  devices
with a metal-semiconductor-metal (MSM) structure (Fig. 2(a)) and
systematically studied their spatially resolved photocurrent response
under  zero  bias.  All  measurements  were  conducted  using  mid-to-
long-wave  infrared  lasers  at  4  and  8.47  μm,  directly  verifying  the
materials' detection capability in this wavelength range.

We analyzed the potential photoelectric response mechanisms of
the photodetector. Typically, the photoresponse of a photodetector
can  arise  from  one  or  more  effects,  including  photoconductivity
(PC), bolometric (BOL), photovoltaic (PV), or PTE effects. Among
these,  the  PC  and  BOL  effects  generally  require  an  external  bias
voltage to generate photocurrent,  while devices relying on PV and
PTE effects  can  operate  without  a  bias  voltage.  Firstly,  we  visually
revealed the spatial distribution characteristics of the photoresponse
through  scanning  photocurrent  imaging. Figure  2(b) displays  the
photocurrent  mapping  of  the  TaTe4 device  under  infrared
illumination. It is clearly observable that the magnitude and polarity
(positive/negative)  of  the  photocurrent  signal  strongly  depend  on
the precise position of the laser spot on the channel.  Specifically,  a
positive  current  is  measured  when  the  spot  is  near  one  electrode,
while  the  current  becomes  negative  when  the  spot  scans  near  the
other  electrode.  This  typical  spatially  symmetric  distribution  is  a
hallmark of the PTE effect.

To  quantitatively  analyze  this  phenomenon,  point-scanning
measurements were performed along the channel  axis. Figure 2(c)
plots  the  position-dependent  photocurrent  measured  for  NbTe4

and  TaTe4.  Both  exhibits  highly  consistent  trends:  photocurrent
values transition from a negative maximum at one electrode end to
a  positive  maximum  at  the  opposite  end,  approaching  zero  at  the
channel  midpoint.  This  curve  demonstrates  the  theoretically
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predicted  linear  positional  variation  of  photocurrent  for  the  PTE
effect.  Specifically,  a  photothermal  voltage  (PVTE = −SΔT)  arises
from the temperature gradient (ΔT) between the laser spot and the
electrodes at either end, driven by the material's Seebeck coefficient
(Fig.  S8  in  the  ESM).  This  voltage  induces  current  flow  within
the circuit.

To  further  confirm device  contact  quality  and validate  the  PTE
effect  mechanism,  we  measured  current–voltage  (I–V)  curves  at
four positions (P1–P4) under 4 μm laser irradiation with fixed laser
power (Fig. 2(d), and Figs. S10(a), S10(b), and S10(c) in the ESM).
All  curves  exhibited  linear  behavior  and  were  mutually  parallel.
This result first confirms the formation of excellent ohmic contacts
between the metal electrodes and the Nb/Ta-Te crystals, ruling out
the  possibility  of  Schottky  junctions  dominating  the  optical
response.  More  importantly,  the  parallel I–V curves  indicate  that
the device's internal resistance remains constant under illumination
at  different  positions.  Notably,  devices  based  on  the  photovoltaic
effect  are  often  influenced  by  complex  factors  within  the  internal
junction  region,  leading  to  nonlinear  output  characteristic  curves.
However,  our  device  exhibits  a  distinctly  linear  output,  suggesting
that  its  photoresponse  is  primarily  driven  by  the  PTE  effect.  The
current  exhibits  change  in  both  sign  and  magnitude,  which
provides further compelling evidence for the PTE effect.

The device's dynamic response characteristics were evaluated via
current–time  (I–t)  curves.  As  shown  in Figs.  2(e), 2(f),  and 2(h),
and  Figs.  S10(d)  and  S10(f)  in  the  ESM,  laser  modulation  was
achieved  using  a  signal  generator  to  implement  switching
operations.  The  device  exhibited  rapid,  stable,  and  reproducible
optical switching characteristics at all points P1–P4. The polarity of
the photocurrent also varied with position, fully consistent with the
static  measurements  in Fig.  2(c),  demonstrating  reliable  response
speed and stability in self-powered mode.

Next, we examined the dependence of photocurrent on incident
laser power. At a 4 μm wavelength, Fig. 2(g) shows that both NbTe4

and  TaTe4 exhibit  good  linearity  between  photocurrent  and  laser
power  at  zero  bias.  This  linear  dependence  is  a  hallmark  of  PTE
detectors,  indicating  stable  photothermal  conversion  efficiency
across  the  tested  power  range  without  saturation  or  damage—for
quantitative light intensity detection in practical applications.

Finally,  we  further  validated  the  universality  of  the
aforementioned  mechanism  and  device  performance  at  longer
infrared wavelengths (8.47 μm). Figure S10(e) in the ESM displays a
family of I–V curves measured at position P4 of the NbTe4 device as
the  laser  power  varies.  A  linear  and  parallel  relationship  is  again
observed,  reaffirming  the  validity  of  the  ohmic  contact  and  PTE
mechanism in the long-wave infrared band. Figure 2(i) records the

 

Figure 2    Spatially  resolved  photocurrent  properties  of  1D  NbTe4 and  TaTe4 crystals.  (a)  Schematic  diagram  of  the  device  structure  of  the  one-dimensional  material.
(b) Photocurrent mapping of the TaTe4 device. (c) Steady-state photocurrent versus position curves for NbTe4 and TaTe4. (d) Current–voltage curves of the TaTe4 devices
at different light positions (P1–P4) under a 4 μm laser. (e) Current–time response curves of NbTe4 at points P1–P4. (f) Current–time curves at different powers for the P4
position of the TaTe4 device under 4 μm laser irradiation. (g) Linear dependence of photocurrent on laser power at 4 μm. (h) Current–time response curves of TaTe4 at
points P1–P4. (i) Current–time curve of TaTe4 at 8.47 μm with fixed position of P4 and varying power
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I–t curve of TaTe4 at the P4 position under varying laser power at
8.47 μm. Figure S10(a) in the ESM shows the I–t curves of TaTe4 at
different  positions  under  the  same  power.  The  light  current
amplitude  increases  monotonically  with  power,  exhibiting  an
excellent signal-to-noise ratio. This fully demonstrates the material's
highly  efficient  and  stable  photothermal  energy  conversion
capability in the mid-to-long infrared region.

 2.3    Spatially resolved photocurrent response of 2D NbTe2
and TaTe2
We further investigated the optoelectronic properties of 2D NbTe2

and TaTe2 crystals. As shown in the MSM device structure depicted
in Fig.  3(a),  we  systematically  evaluated  their  optical  response
characteristics in the mid-to-long infrared wavelength range under
self-powered  mode  at  zero  bias. Figure  3(b) displays  the  spatially
resolved photocurrent mapping of the NbTe2 device under infrared
illumination. Similar to 1D materials, the magnitude and polarity of
the photocurrent signal strongly depend on the laser spot position,
exhibiting a  typical  spatial  distribution with positive response near
one electrode and negative response near the other. This preliminary
observation suggests a PTE effect as the response mechanism.

To quantitatively  analyze  this  spatial  dependency,  similar  to  1D
materials,  we  performed  point-scanning  measurements  along  the
channel  axis. Figure  3(c) plots  the  steady-state  photocurrent

measured  for  both  NbTe2 and  TaTe2.  Both  materials  exhibit  a
transition  of  photocurrent  values  from  negative  to  positive  with
positional  change,  fully  consistent  with  PTE  effect  theory
predictions.  Combined  with  the  Seebeck  coefficients  measured  in
the supporting information (Fig. S8 in the ESM), this confirms that
the  response  of  2D  materials  is  also  driven  by  laser-induced
temperature gradients.

We  further  validated  the  device  contact  quality  and  intrinsic
mechanism (Fig. 3 and Fig. S11 in the ESM). We performed identical
characterizations.  Under  4  μm  laser  irradiation  at  fixed  power,
Fig.  3(d) shows  that  all I–V curves  of  NbTe2 devices  measured  at
positions  P1–P4  are  linear  and  parallel  to  each  other.  This  first
demonstrates  excellent  ohmic  contacts.  Second,  the  parallel I–V
curves  indicate  that  illumination  introduces  only  a  position-
dependent  photothermal  voltage  while  the  device  resistance
remains constant, providing crucial evidence for the PTE effect.

The  dynamic  response  of  the  devices  was  evaluated  via I–t
curves. Figure 3(e) shows the response of NbTe2 at positions P1–P4
to  modulated  laser  light,  exhibiting  fast,  stable,  and  reproducible
switching  characteristics  with  the  photoelectric  current  polarity
changing  regularly  according  to  position. Figure  3(h) records  the
I–t curve  of  TaTe2 under  identical  conditions,  demonstrating
excellent  stability.  The  dependence  of  photocurrent  on  incident
laser  power  is  shown  in Fig.  3(g).  At  the  4  μm  wavelength,  both

 

Figure 3    Spatially resolved photocurrent properties of 2D NbTe2 and TaTe2 crystals. (a) Schematic of the device structure of the 2D materials. (b) Photocurrent mapping
of the NbTe2 devices. (c) Steady-state photocurrent versus position curves for NbTe4 and TaTe4. (d) Current–voltage curves of NbTe2 devices at different light positions
(P1–P4) under a 4 μm laser. (e) Current–time response curves of TaTe2 at points P1–P4. (f). Current–time curves at different powers for the P4 position of the NbTe2

device  under  4  μm laser  irradiation.  (g)  Linear  dependence  of  photocurrent  on laser  power  at  4  μm.  (h)  Current–time response  curves  of  NbTe2 at  points  P1–P4.  (i)
Current–time curve of TaTe2 at 8.47 μm with fixed position at P4 and varying power.
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NbTe2 and TaTe2 exhibit good linearity between photocurrent and
laser power at zero bias, indicating stable photothermal conversion
efficiency  across  the  tested  power  range  and  suitability  for
quantitative light intensity detection.

We  similarly  validated  this  behavior  using  an  8.47  μm  laser.
Figure S11(e) in the ESM displays the I–V curves of TaTe2 at different
positions  (P1–P4),  maintaining  linear  and  parallel  relationships.
Figure  3(i) records  the  evolution  of  TaTe2 photocurrent  with
increasing  laser  power  at  8.47  μm  when  fixed  at  position  P4.  It
clearly shows the photocurrent amplitude monotonically increasing
with power,  proving that  2D materials  also  possess  high-efficiency
photothermal-to-electric energy conversion capabilities in the long-
wave infrared region. Furthermore, quantitative analysis of the time-
resolved photoresponse at symmetric channel positions (P1 and P4)
reveals  that  the  photocurrent  magnitude  deviation  is  less  than  5%
(Fig. S12 in the ESM). This exceptional spatial uniformity across the
macroscopic  device  channel  serves  as  robust  evidence  for  the
high  crystalline  quality  and  phase  homogeneity  of  the  synthesized
single crystals.

 2.4    Optoelectronic  performance  of  Nb/Ta-Te  assembled
devices
In  summary,  through  systematic  spatially  resolved  optoelectronic
measurements of 1D (NbTe4, TaTe4) and 2D (NbTe2, TaTe2) Nb/Ta-
Te  series  crystals,  we  confirm  that  the  PTE  effect  dominates  their
mid-infrared  response.  This  conclusion  is  supported  by  key
evidence,  including  spatial  polarity  reversal,  excellent  ohmic
contact,  rapid  dynamic  response,  and  good  power  linearity.  This
research  not  only  unifies  our  understanding  of  the  photovoltaic
behavior of this material series across different dimensions but also
highlights its application potential. 1D materials hold great promise
for  developing  novel  self-powered  broadband  detectors,  while  2D
materials  with  layered  structures  lay  the  foundation  for  integrated
optoelectronic  devices.  The  responsivity  (R)  of  a  photodetector
measures its ability to convert light signals into electrical signals. It
is defined as Eq. (1)

R=
Iph
PA

(1)

where Iph is the photocurrent, P is the light power density, and A is
the effective area of the photodetector [43, 44]. Our device exhibits
excellent responsivity across the mid to long wave infrared ranges,
highlighting  its  potential  for  broadband  photodetection
applications. Furthermore, the specific detectivity (D*) is crucial for
assessing  a  photodetector's  capacity  to  detect  feeble  signals. D* is
defined as Eq. (2) [43−45]

D*= R
√
A
Sn

(2)

where R is  the  responsivity,  and Sn represents  the  current  noise
density from the noise spectrum (Fig. 4(b) and Fig. S13 in the ESM).

Having  confirmed  the  dominant  PTE  mechanism,  we
systematically  evaluated  key  performance  parameters  of
photodetectors  based on Nb/Ta-Te series  single  crystals,  including
response  time,  detectivity,  responsivity,  and  stability,  to
comprehensively  assess  their  application  potential  in  mid-to-long-
wave infrared detection. Since the responses of all devices originate
from the  PTE effect,  their  speeds  are  mainly  limited  by  the  lattice
thermal relaxation process, and thus the response times are on the
order  of  tens  of  milliseconds  [46]. Figure  4(a) illustrates  a  typical

response time profile of the best-performing NbTe2 device with rise
and fall times of 69.9 and 70.1 ms, respectively, demonstrating good
transient  response  repeatability.  The  response  times  of  the  other
materials are slightly slower, but in line with what is expected from
the PTE mechanism (Fig. S14 in the ESM). Although this response
rate is not suitable for ultrafast detection applications, it is sufficient
for  many  steady-state  or  slow-varying  optical  signal  detection
scenarios, such as thermal imaging and environmental monitoring.

The key indicator of  the sensitivity of  the detector, D*,  depends
on the noise level of the device. Figure 4(b) and Fig. S13 in the ESM
show the noise current spectra of devices based on four materials at
a frequency of 1 Hz, from which the noise equivalent power (NEP)
is  calculated. Figure  4(c) summarises  the  responsivity  and
detectivity  of  NbTe2 at  4  μm  wavelength  for  different  incident
optical  powers.  It  can  be  seen  that  the  responsivity  reaches
2.76  mA/W  in  self-powered  mode,  and  the  detection  rate  reaches
up to  ~ 108 Jones  order  of  magnitude (1.64  × 108 Jones).  Notably,
the  device's  responsiveness  and  detection  rate  remain  stable  at
different power levels, demonstrating reliable performance.

As shown in Figs. 4(d) and 4(e) and Fig. S15 in the ESM, in both
the  4  and  8.47  μm  bands,  NbTe2,  TaTe2,  NbTe4,  and  TaTe4 all
exhibit considerable responsivity and detectivity (all in the order of
107–108 Jones), which fully demonstrates that this class of materials
generally possesses effective photoelectric conversion capabilities in
the  broad-spectrum  mid- and  long-wave  infrared  region.  Among
them,  the  2D  materials  NbTe2 and  TaTe2 have  relatively  better
performances. For example, at 4 μm, the response rate of TaTe2 also
reaches 2.47 mA/W.

To further assess the stability of the device, we stored it in an air
environment at room temperature for an extended period. After 60
days, the photoresponse characteristics remained highly consistent,
with the self-driven photocurrent decreasing only slightly to 96.7%
of  its  initial  value  (Fig.  4(d)).  Finally,  the  photoresponse  under
incoherent  blackbody  radiation  was  characterized  to  evaluate  the
detection limit for passive imaging applications (Fig. S17 and Note
S1 in the ESM). This result highlights the exceptional environmental
stability  and  long  service  life  of  NbTe2-based  photodetectors,
demonstrating  outstanding  environmental  stability  and  providing
key  assurance  for  practical  device  implementation.  Despite  the
intrinsic limitation of the response speed of detectors based on the
PTE mechanism, the Nb/Ta-Te series of detectors reported in this
work  exhibits  universal,  stable  and  comparable  detection
performance  (D* ~  108 Jones)  and  excellent  long-term  stability  in
the mid- and long-wavelength infrared bands from 4 to 8.47 μm in
the  room-temperature,  self-powered  operating  mode.  These
performance indexes indicate that this class of CDW materials, as a
novel mid- and long-wavelength infrared sensitive material system,
has  a  unique  application  value  in  the  field  of  low-power  infrared
sensing without refrigeration and external bias. The significance lies
in  expanding  the  diversity  of  infrared  photovoltaic  materials  and
providing  a  promising  material  platform  for  the  development  of
low-cost  and  easy-to-integrate  infrared  detection  solutions  in
specific application scenarios.

 2.5    AI-driven  super-resolution  reconstruction  for  single-
pixel photodetector imaging
Image  super-resolution  reconstruction  is  a  powerful  technique  for
recovering  high-resolution  images  from  low-resolution  inputs,
which is particularly valuable for single-pixel imaging systems [47].
Such  systems,  while  compact  and  versatile,  often  suffer  from
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environmental  disturbances—including  noise,  temperature
fluctuations,  and  operator-induced  variability—that  compromise
image clarity.  Deep learning-based super-resolution reconstruction
effectively  addresses  these  limitations  by  leveraging  spatial  feature
extraction and nonlinear mapping.

As  shown  in Fig.  5(a),  a  single-pixel  imaging  system  was
constructed using an Nb/Ta-Te self-powered detector. By controlling
a  2D  translation  stage  to  perform  point-by-point  scanning  of  the
target  mask  and  recording  the  photocurrent  response  of  the
detector  under  zero  bias,  we  successfully  reconstructed  a  "DHU"
image corresponding to the mask pattern. The reconstructed image
was  then  uploaded  to  a  computer,  further  processed  via  a  deep
neural  network  for  super-resolution  reconstruction,  and  finally
distributed to end-users. During measuring (Fig. 5(b)), images were
fed into the network, which employed 3 × 3 convolutional kernels
and  2  ×  2  pooling  layers  within  its  encoder-decoder  architecture.

Thanks  to  the  high  clarity  of  the  material-derived  photographs,
features  in  the  images  could  be  successfully  identified  after
processing  through  the  encoder  and  decoder  sequences.  During
training,  the  model  achieved  a  high  accuracy  of  96.4%  and  a  low
loss  value  of  0.035.  As  a  result,  the  U-Net  model  is  capable  of
annotating  image  features,  and  the  generated  images  are  clearly
presented. Figure  5(c) demonstrates  the  comparison  of  images
before  and  after  neural  network  processing,  where  it  is  clearly
observed that the details and clarity of the four types of images—the
letters  "DHU",  a  flower,  a  bird,  and  leave—are  significantly
enhanced after super-resolution reconstruction.

This  technical  solution  skillfully  integrates  the  hardware
advantages  of  the  Nb/Ta-Te  detector,  such  as  room-temperature
operation,  self-powering  capability,  and  broad-spectrum  response,
with the software advantages of the U-Net deep learning framework
in  image  enhancement.  It  enables  fast  and  non-destructive

 

Figure 4    Performance of the NbTe2 photodetector. (a) Response time curves of the NbTe2 devices. (b) Noise spectra of the NbTe2 devices at 0 V. (c) and (d) Responsivity
versus detectivity of the four devices in the 4 and 8.47 μm bands at a fixed power density. (e) Variation of responsivity and detectivity with incident optical power at 4 μm
for NbTe2. (f) Performance comparison of the NbTe2 devices before and after 60 days in air, showing excellent environmental stability.
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identification  for  infrared  imaging,  providing  a  feasible  technical
pathway  for  developing  next-generation  lightweight,  low-power,
and  intelligent  mid- to  long-wave  infrared  imaging  systems.  It  is
worth noting that the image acquisition rate in our current single-
pixel imaging demonstration is primarily limited by the mechanical
latency  of  the  2D  translation  stage  rather  than  the  electrical
response  speed  of  the  photodetector.  While  the  device  exhibits  a
response  time  of  ~  70  ms  (Fig.  4(a)),  the  physical  movement  and
stabilization of the mechanical stage for each pixel typically require
hundreds  of  milliseconds.  To  ensure  a  high  signal-to-noise  ratio
(SNR)  and  superior  image  quality  during  this  proof-of-concept
phase,  an  integration  time  of  approximately  0.5–1.0  s  was  set  for
each  pixel.  This  duration  is  well  beyond  the  device's  rise  time,
ensuring  that  the  photocurrent  reaches  a  steady  state  during  data
acquisition. Therefore, for the current mechanical scanning system,
the device's response speed provides a comfortable margin and does
not constitute a limiting factor.

The  integration  of  intelligent  transportation  and  artificial
intelligence  imposes  higher  demands  on  the  environmental
perception  capabilities  of  autonomous  driving,  particularly  under
challenging conditions such as nighttime or adverse weather where
visible-light sensors underperform [48]. Building upon our previous
research, we propose an intelligent perception scheme based on self-
powered mid-/long-wave infrared detectors (Fig. 6). This approach
utilizes  U-Net  for  super-resolution  reconstruction  of  images  and
employs  convolutional  neural  networks  to  interpret  scene

information,  enabling  the  vehicle  system  to  generate  appropriate
driving  strategies. Figures  6(a)−6(c) respectively  illustrate  typical
road  conditions,  feature  extraction,  and  data  transmission
processes,  while Fig.  6(d) presents  corresponding system decisions
(passing, stopping, cautious driving), validating the potential of this
technology  for  reliable  perception  and  intelligent  decision-making
in complex environments.

In  addition,  to  assess  the  applicability  of  the  photodetector  in
infrared  optical  communication,  we  developed  an  infrared
communication  system  based  on  the  NbTe2 photodetector  (Fig.
S16(a)  in  the  ESM).  The  system  utilized  a  1550  nm  laser  light
source combined with a time-controlled shutter to generate binary
optical  signals.  These  signals  were  converted  into  electrical  signals
by  the  photodetector,  enabling  efficient  transmission  of  the
photoelectric  signal.  In  our  experiments,  we  successfully
transmitted a binary infrared light signal encoding the international
Morse  code  distress  signal  "SOS".  Specifically,  the  laser  and  the
timed  shutter  generated  light  pulses  corresponding  to  the “SOS”
sequence (Fig. S16(b) in the ESM). The electrical signal received by
the detector  was  processed and accurately  decoded into text  using
the ASCII code, achieving real-time translation from optical  signal
to  text.  These  results  demonstrate  that  the  NbTe2-based
photodetector  not  only  possesses  ultra-wide  spectral  detection
capabilities but also excels in infrared imaging and communication.
Its  high  sensitivity  and  accurate  decoding  capabilities  for  binary
optical  signals  provide  crucial  technical  support  for  advanced
infrared optical communication technologies.

 

Figure 5    Super-resolution reconstruction of single-pixel infrared imaging. (a) Schematic diagram of the technical workflow for image super-resolution reconstruction.
(b)  Architecture  of  the  deep  learning  network  based  on  a  U-Net  model,  which  is  employed  for  the  image  enhancement  task.  (c)  A  comparative  visualization  of  the
imaging results before (left) and after (right) the super-resolution reconstruction, demonstrating a significant improvement in image clarity and detail.
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 3    Conclusions
In  summary,  we  have  systematically  explored  the  potential  of
structurally  diverse  binary  Nb/Ta–Te  CDW  compounds—namely
1D NbTe4 and TaTe4, and 2D NbTe2 and TaTe2—for mid- and long-
wavelength  infrared  optoelectronic  detection.  High-quality,
structurally well-defined single crystals were successfully synthesized
via  the  chemical  vapor  transport  method.  Comprehensive
optoelectronic  characterization  reveals  that  all  four  compounds
exhibit  pronounced  mid- and  long-wavelength  infrared
photoresponse dominated by the PTE effect, operating effectively at
room  temperature  and  under  zero  bias  (self-powered  mode).
Spatially  resolved  photocurrent  mapping,  confirmed  by  position-
dependent I–V and I–t measurements,  further  demonstrates  their
uniform  response.  The  fabricated  photodetectors  show  reliable
performance at 4 and 8.47 μm, with detectivities (D*) on the order
of  107–108 Jones,  and  exhibit  excellent  long-term  environmental
stability,  underscoring  their  suitability  for  room-temperature
infrared detection.

Furthermore,  single-pixel  mid- and  long-wavelength  infrared
imaging  was  successfully  demonstrated  using  these  detectors,  and
deep-learning-assisted  image  reconstruction  achieved  significant
image  enhancement.  This  establishes  an  initial  technological
framework  integrating  new  materials,  core  devices,  and  intelligent
sensing, highlighting the feasibility of practical applications. Overall,
this  work  not  only  broadens  the  material  landscape  for  mid- and
long-wavelength  infrared  photodetection  and  reveals  the
universality of the PTE effect in Nb/Ta–Te CDW compounds, but

also  provides  a  competitive  materials  platform  and  a  viable
technological  pathway  toward  next-generation,  room-temperature,
low-power,  and  intelligent  infrared  optoelectronic  systems.  Future
studies may focus on tuning material dimensionality and anisotropy,
optimizing  device  architecture  to  enhance  response  speed,  and
advancing their integration into practical application scenarios.

 4    Experimental section

 4.1    Starting materials
The following chemicals were purchased and used without further
purification:  niobium  powders  (Nb,  Macklin,  99.99%),  tantalum
powders  (Ta,  Adamas,  99.9%),  tellurium  ingots  (Te,  Macklin,
Adamas, 99.99%), and iodine flakes (I2, Alfa Aesar, 99.9%).

 4.2    Synthesis of MTe2 (M = Nb, Ta) single crystals
Single crystals of NbTe2 and TaTe2 were grown using the chemical
vapor  transport  (CVT)  method  [42].  Nb/Ta  powders  and  Te
powders were mixed in a 1:2 molar ratio and placed into a quartz
tube  (12.5  mm  o.d.  ×  10.5  mm  i.d.,  20  cm  length).  A  transport
agent, 15 mg of I2, was added to the tube. The quartz tube was then
sealed under vacuum (< 10–3 mbar)  and transferred to a  two-zone
furnace.  The  tube  was  heated  for  7  days,  with  the  source  zone
maintained at 1125 K and the crystallization zone at 1025 K. After
heating,  the  tube  was  allowed  to  cool  naturally  to  room
temperature. Plate-like single crystals,  each exceeding a length of 4
mm, were successfully obtained.

 

Figure 6    Intelligent  infrared  perception  scheme  for  autonomous  driving.  (a)  Typical  road  conditions  (clear  road,  pedestrian-dense  scenario,  and  congested  traffic).
(b) Super-resolution reconstruction of images via a deep learning network. (c) Transmission of the processed information to the on-board computer. (d) Final driving
decisions generated by the system (speed through, brake to stop, and navigate slowly).
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 4.3    Synthesis of MTe4 (M = Nb, Ta) single crystals.
Single  crystals  of  NbTe4 and  TaTe4 were  grown  by  the  chemical
vapor  transport  (CVT)  method  [42, 49].  Nb/Ta  powders  and  Te
powders were mixed in a 1:4 molar ratio and placed into a quartz
tube  (12.5  mm  o.d.  ×  10.5  mm  i.d.,  20  cm  length).  A  transport
agent, 15 mg of I2 was added to the tube. The quartz tube was then
sealed under vacuum (< 10–3 mbar)  and transferred to a  two-zone
furnace.  The  tube  was  heated  for  7  days,  with  the  source  zone
maintained at 1273 K and the crystallization zone at 1073 K. After
heating,  the  tube  was  allowed  to  cool  naturally  to  room
temperature, yielding barred single crystals.

 4.4    Structural characterization
PXRD patterns were collected using a diffractometer (D/max-2500)
with Cu Kα radiation at operating conditions of 40 kV and 0.03 A.
The microstructure  and EDS images  of  NbTe2,  NbTe4,  TaTe2,  and
TaTe4 single crystals were analyzed using a field emission scanning
electron microscope (FE-SEM-EDS, JSM-7500F, JEOL, Japan).

 4.5    Device fabrication
Two gold electrodes were deposited at each end of the crystal using
mask  technology  to  ensure  good  ohmic  contact.  These  electrodes
were subsequently connected to conductive wires using silver paint.
A silicon substrate with a 250 nm thick silicon dioxide oxide layer
was  used  to  support  the  sample.  Gold  electrodes  were  sputtered
onto the single crystal  surface using an ion sputter (LEBO Science
IS150) at a sputtering voltage of 1.8 kV for 60 s. It is worth noting
that while the devices in this work were fabricated using macroscopic
bulk single crystals, the terms "1D" and "2D" employed throughout
the text refer to the intrinsic crystallographic dimensionality (quasi-
1D atomic chains for NbTe4/TaTe4 and quasi-2D atomic layers for
NbTe2/TaTe2).  This  low-dimensional  structural  nature  is  the
fundamental  origin  of  the  observed  anisotropic  electronic  and
optoelectronic  properties.  Figure  S9  in  the  ESM  shows  the  optical
photograph and schematic diagram of the device.

 4.6    Optoelectronic measurements
The  current–voltage  characteristics  of  NbTe2,  TaTe2,  NbTe4,  and
TaTe4 photodetectors were measured at room temperature using a
Keithley  4200-A  SCS  source-measure  system  (Tektronix).  To
evaluate  the  mid-wave  and  long-wave  infrared  performance  of
these  devices,  two  quantum  cascade  lasers  with  wavelengths  of  4
and 8.47 μm were employed as light sources. The response speed of
the  photodetectors  was  evaluated  using  a  digital  oscilloscope  (DS
1102Z-E, Rigol Technologies). The noise spectral density at 0 V was
measured  using  a  noise  analyzer  (SR770  FFT  Analyzer)  equipped
with a preamplifier (SR560).

 Electronic  Supplementary  Material: Supplementary  material
(phase diagrams of the Nb-Te and the Ta-Te binary;  SEM images
and corresponding elemental EDS spectra of NbTe2,  TaTe2,  NbTe4

and TaTe4 single crystals; the XPS spectrum of NbTe2 single crystal;
the Seebeck coefficient of Nb/Ta-Te binary materials; noise current
spectral density for TaTe2, NbTe4 and TaTe4; detectivities for NbTe2,
TaTe2,  NbTe4 and  TaTe4;  photoresponse  performance  of  TaTe2,
NbTe4 and TaTe4;  response time for TaTe2,  NbTe4 and TaTe4;  and
schematic diagram of the infrared communication system based on
the  NbTe2 photodetector)  is  available  in  the  online  version  of  this
article at https://doi.org/10.26599/NR.2026.94908526.
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