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ABSTRACT: MXene  has  attracted  intense  attention  in
optoelectronic  photodetectors  due  to  its  outstanding  electrical
conductivity  and  tunable  electronic  properties.  By  using  the
Ti3C2Cl2  MXene  irradiated  with  100  keV  N  ions,  a  high-
performance  field-effect  transistor  (FET)  photodetector  was
achieved  and  exhibited  broadband  photoresponse  across  the
ultraviolet–visible–near  infrared  ray  (UV–Vis–NIR)  range.  The
responsivities  of  these  FET  photodetectors  were  as  high  as
5.3  ×  104,  8.5  ×  105,  3.3  ×  104,  and  2.8  ×  105 A/W under  360,
550, 750, and 1060 nm light illumination, respectively, which are
approximately  two  orders  of  magnitude  higher  than  the  other
MXene-based  photodetectors.  The  remarkable  performance  of
the Ti3C2Cl2 FET photodetector is attributed to synergistic effect
of  band  gap  and  photoconductive  gain.  Besides,  the  ion  fluence  has  significant  influence  on  the  photoresponse  of  the
Ti3C2Cl2  FET  photodetector,  and  there  exists  an  optimized  ion  fluence  to  obtain  the  highest  responsivity.  These  findings
highlight  a  controllable  strategy  for  introducing  band  gap  in  MXenes  and  pave  the  way  for  their  application  in  next-
generation optoelectronic devices.
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 1    Introduction
MXenes  are  a  class  of  emerging  two-dimensional  (2D)  transition
metal  carbides  and  nitrides,  generally  represented  by  the  formula
Mn+1XnTx, where M denotes an early transition metal, X is carbon or
nitrogen,  and  Tx refers  to  surface  terminations  such  as –O, –OH,
–F,  or –Cl  groups  [1−4].  Owing  to  their  exceptional  physical
properties,  including  ultrahigh  electrical  conductivity  (8000–
25,000 S/cm), tunable surface chemistry, mechanical flexibility, and
over  90%  optical  transparency  across  the  visible  and  infrared

spectrum,  MXenes  have  attracted  increasing  attention  for
applications  in  energy  storage,  electromagnetic  shielding,  and
particularly in optoelectronics [5, 6].

Photodetectors,  the  key  components  in  environmental
monitoring,  imaging  sensing,  and  military  detection  technologies
[7−10],  have  greatly  benefited  from  2D  materials  with  tunable
electronic  and  optical  characteristics.  Owing  to  excellent
conductivity  and  optical  transparency,  previous  studies  primarily
utilized  MXenes  as  transparent  electrodes  or  carrier  transport
layers.  More  recently,  efforts  have  been  made  to  explore  their
intrinsic  photoresponse  properties,  particularly  by  constructing
heterostructure  devices  to  enhance  their  optoelectronic
performance. For instance, integration with semiconductors such as
MoS2 [5],  ZnO  [6],  Si  [11],  and  perovskites  [2, 12]  has  enabled
broadband  detection,  self-powered  operation,  and  flexible  device
configurations.  These  studies  highlight  the  potential  of  MXene-
based  van  der  Waals  heterostructures  in  achieving  high-

 
 

Received: October 27, 2025; Revised: December 9, 2025
Accepted: December 14, 2025

✉Address  correspondence  to Qing Huang, huangqing@nimte.ac.cn;
Jianming Xue, jmxue@pku.edu.cn 

Open Access
 

Research Article
 

94908342 (1 of 10) Nano Research, 2026, 19, 94908342

https://www.sciopen.com/article/10.26599/NR.2026.94908342
https://www.sciopen.com/article/10.26599/NR.2026.94908342
https://www.sciopen.com/article/10.26599/NR.2026.94908342
https://www.sciopen.com/article/10.26599/NR.2026.94908342
https://www.sciopen.com/article/10.26599/NR.2026.94908342
https://www.sciopen.com/article/10.26599/NR.2026.94908342
https://www.sciopen.com/article/10.26599/NR.2026.94908342
https://www.sciopen.com/article/10.26599/NR.2026.94908342
https://www.sciopen.com/article/10.26599/NR.2026.94908342
https://www.sciopen.com/article/10.26599/NR.2026.94908342
https://www.sciopen.com/article/10.26599/NR.2026.94908342
https://www.sciopen.com/article/10.26599/NR.2026.94908342
https://www.sciopen.com/article/10.26599/NR.2026.94908342
https://doi.org/10.26599/NR.2026.94908342
mailto:huangqing@nimte.ac.cn
mailto:jmxue@pku.edu.cn
https://www.sciopen.com/article/10.26599/NR.2026.94908342
https://www.sciopen.com/article/10.26599/NR.2026.94908342
https://www.sciopen.com/article/10.26599/NR.2026.94908342
https://www.sciopen.com/article/10.26599/NR.2026.94908342
https://www.sciopen.com/article/10.26599/NR.2026.94908342
https://www.sciopen.com/article/10.26599/NR.2026.94908342
https://www.sciopen.com/article/10.26599/NR.2026.94908342
https://www.sciopen.com/article/10.26599/NR.2026.94908342


performance  photodetection.  However,  most  of  these  devices  rely
on  the  photoactivity  of  the  semiconducting  counterpart,  while  the
intrinsic  absorption  of  MXenes  remains  limited,  which  restricts
their application as independent photoactive layers [13].

Recently,  several  works have suggested that  MXenes themselves
can  participate  in  photodetection  [14−16].  For  instance,  Alshareef
and  co-workers  reported  photodetectors  fabricated  by  the  broad
plasmonic  absorption  of  MXenes,  in  which  Mo2CTx exhibited  a
responsivity  as  high  as  9  A/W  from  the  visible  to  near-infrared
region,  while  Nb2CTx-MAPbI3 showed a  responsivity  of  0.25  A/W
under  white  light  illumination  [2].  Other  studies  revealed
narrow-band  photodetection  behavior  in  Nb2C  within
photoelectrochemical  devices  [17],  as  well  as  near-infrared
photoconductivity  in  surface-functionalized  Ti3C2Tx [14].  Though
significant  progress  has  been  achieved  in  fabricating  high-
performance  photodetectors  with  MXene,  there  are  still  many
challenges  that  have  so  far  prevented  MXenes  from  being
systematically applied as photoactive media.

One  of  the  challenges  is  to  open  the  band  gap  of  the  MXenes
since  most  of  the  as  fabricated  MXenes  usually  show  metallic
behavior and cannot be used as semiconducting devices directly. A
range of  strategies  has  been explored for  band gap opening in  2D
materials,  including  defect  engineering  [18],  surface
functionalization  [19],  and  strain  engineering  [20].  Among  these,
defect engineering stands out as a particularly effective and scalable
approach for opening a band gap, owing to its capacity to introduce
well-defined  electronic  states  via  atomic-scale  defects  [21−24].  In
general,  ion  irradiation  offers  a  promising  approach  for  the
introduction of well-defined and controlled defects in 2D materials
[25−27]. However, the irradiation effect on the band gap of MXene
materials has so far not been investigated.

In  this  paper,  we  report  the  successful  fabrication  of  field-effect
transistor  (FET)  photodetector  based  on  high-quality  Ti3C2Cl2

MXene  irradiated  with  100  keV  N  ions,  and  the  device  exhibits
excellent broadband photoresponse covering the ultraviolet (UV) to
near-infrared  (360–1060  nm)  range,  with  photoresponsivity
2 orders of magnitude higher than that of most existing 2D material-
based phototransistors. Density functional theory (DFT) calculation
was  used  to  reveal  the  band  gap  of  MXenes  with  irradiation
induced defects. Besides, the ion fluence effect on the Ti3C2Cl2 FET
photodetector performance was also investigated experimentally.

 2    Experimental

 2.1    Materials synthesis of Ti3C2Cl2 MXene
The Ti3C2Cl2 MXene was synthesized by the “molten salt” method,
as detailed in our previous reports [28−31]. A brief description was
provided here: The raw materials of Ti3AlC2, CdCl2, NaCl, and KCl
were mixed and grinded together in a molar ratio of 1:5:20:20. The
resulting powder mixture was placed into an aluminum oxide boat
and  heated  to  700  °C  with  a  heating  rate  of  5  °C/min  under  Ar
atmosphere.  After  removing  the  byproduct  with  an  aqueous  HCl
solution (1 mol/L) and washing with deionized water, the resulting
solid was collected and dried under vacuum at 50 °C for 5 h, finally
Ti3C2Cl2 MXene was obtained.

 2.2    Fabrication of Ti3C2Cl2 FET
The  synthesized  Ti3C2Cl2 was  transferred  onto  a
photolithographically  pre-patterned  SiO2/Si  substrate  using  a

polydimethylsiloxane  (PDMS)  and  dry  transfer  approach.  The
Ti3C2Cl2 was  positioned  onto  the  designated  location  with  the
assistance  of  an  optical  microscope.  The  Ti3C2Cl2 FET  was
fabricated  following  previously  reported  procedures  [32, 33].  The
source  and  drain  electrodes  were  defined  via  the  electron-beam
lithography  (EBL),  and  the  metals  (Ti/Au)  were  deposited  by
electron-beam evaporation.

 2.3    Ion irradiation
The  Ti3C2Cl2 FET photodetectors  were  irradiated  with  100  keV N
ions. To investigate the influence of defect density on the electronic
properties of  Ti3C2Cl2,  the ion fluence ranged from 1 × 1012 to 1 ×
1013 ions/cm2 at a fixed fluence rate of 3 × 1011 ions/cm2.

 2.4    Measurement  of  optoelectronic  properties  of  Ti3C2Cl2
FET photodetector
The electronic properties of the pristine and irradiated Ti3C2Cl2 FET
photodetector  were  measured  using  a  Keithley  4200A-SCS
semiconductor analyzer.  Photoresponse was excited using lasers at
360, 550, 750, and 1060 nm, with corresponding energy densities of
42.7, 88.3, 202.5, and 102.6 μW/cm2,  respectively. To minimize the
temperature  and  ambient  gas  effects  on  the  device  performance,
both  dark  current  and  at  least  two  light-induced  currents  (excited
by a specific wavelength) were measured, which ensured that there
was  no  significant  variation  between  the  dark  and  light  currents
throughout the testing process.

 2.5    DFT calculations
The  calculations  in  this  paper  were  based  on  the  DFT  using  the
Vienna ab  initio simulation  package  (VASP).  The  ion-electron
interaction was described by the projector augmented wave (PAW)
method, and the exchange-correlation functional was described by
the  Perdew−Burke−Ernzerhof  (PBE)  [34−36].  For  the  plane-wave
expansion, the plane-wave cutoff energy was set to 500 eV, and the
convergence  threshold  was  set  at  1  ×  10−6 eV/atom.  The
Monkhorst−Pack  scheme  was  used  for  K-point  sampling  in  the
Brillouin zone, with a 4 × 4 × 1 grid for geometry optimization and
the  static  total  energy  calculation.  A  vacuum  space  of  22  Å  was
inserted to avoid the interaction of two Ti3C2Cl2 MXene sheets. A 3
×  3  supercell  was  used  for  the  Ti3C2Cl2 with  different  types  of
vacancies [37].

 3    Results and discussion

 3.1    Ti3C2Cl2 synthesis and characterization
Ti3C2Cl2 MXene was synthesized via a molten salt-assisted method,
using  Ti3AlC2 as  the  precursor.  The  selective  etching  process  was
carried  out  in  a  mixture  of  CdCl2,  NaCl,  and  KCl  at  elevated
temperature  under  an  Ar  atmosphere.  After  the  reaction,  the
byproducts  were  removed  by  acid  washing  and  the  final  product
was  thoroughly  rinsed  and  vacuum-dried  to  obtain  high-purity
Ti3C2Cl2 flakes. To confirm the structural integrity of Ti3C2Cl2, X-ray
diffraction (XRD) and energy-dispersive X-ray spectroscopy (EDS)
were  conducted.  As  shown  in Fig.  1(a),  the  XRD  pattern  of  the
obtained Ti3C2Cl2 exhibits a pronounced leftward shift of the (002)
peak  compared  to  the  precursor  Ti3AlC2,  indicating  an  increased
interlayer  spacing due to  the  selective  etching of  the  Al  layers  and
the  subsequent  termination  with  Cl  atoms.  The  disappearance  of
characteristic  Ti3AlC2 peaks  further  confirms  the  effective
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conversion from the MAX phase to the MXene phase. Additionally,
the sharp and intense peaks of Ti3C2Cl2 indicate its  ordered crystal
structure.  The  corresponding  EDS  analysis (Fig.  1(b))  reveals  that
the elemental composition of the MXene is Ti:C:Cl = 39.6:37.0:23.3
in atomic ratio,  consistent with the stoichiometry of Ti3C2Cl2,  with
negligible residual Al, demonstrating the complete etching of the A-
site  element.  The  clear  presence  of  Cl  also  verifies  the  successful
incorporation  of  Cl  surface  terminations  during  synthesis.
Figure 1(c) shows the layered morphology of  a  Ti3C2Cl2 flake.  The
corresponding  EDS  elemental  mapping  illustrates  a  homogeneous
distribution  of  Ti,  C,  and  Cl  across  the  flake,  suggesting  uniform
surface  functionalization  and  high  crystalline  quality.  Together,
these results confirm the successful synthesis of phase-pure Ti3C2Cl2

MXene  with  a  well-defined  layered  structure  and  elemental
composition,  providing  a  reliable  basis  for  subsequent  property
investigations.

 3.2    Device characterization and ion irradiation design
Ti3C2Cl2 FETs were fabricated on a substrate consisting of 285 nm
SiO2 on  highly  doped  n-type  silicon.  To  define  the  electrode
patterns,  a  layer  of  electron beam resist  was  first  spin-coated  onto
the  substrate  containing  Ti3C2Cl2,  followed  by  electron-beam
lithography.  A  20  nm  Ti/230  nm  Au  bilayer  was  deposited  by
electron-beam evaporation to form the contact electrodes. Finally, a
lift-off process was performed to obtain the device structure shown
in Fig.  2(a). Figure 2(b) is  the image of the fabricated FET devices
under  optical  microscopy;  the  red  region  represents  the  Ti3C2Cl2

flake,  and  the  white  areas  correspond  to  the  metal  electrodes.  A
more detailed description of the fabrication process can be found in
the Experimental section.

The  thickness  of  Ti3C2Cl2 flake  was  measured  to  be  about

110  nm  using  atomic  force  microscopy  (AFM),  as  shown  in
Fig.  2(c). Figure  2(d) shows  the  depth  distributions  of  the
irradiation  defect  and  N  atom  concentration  at  the  ion  fluence  of
1  ×  1012 ions/cm2 were  calculated  with  SRIM  code  with  the  quick
Kinchin–Pease mode [38]. It can be clearly seen that most of the N
ions  penetrate  the  Ti3C2Cl2 layer  and  rest  within  the  SiO2 layer,
indicating that the effect of N atoms on the MXene layer could be
neglected.

Figure S1 in the Electronic Supplementary Material (ESM) is the
output  curves  of  the  pristine  Ti3C2Cl2 FET  measured  under  dark
conditions and under illumination at  360,  550,  750,  and 1060 nm.
All these curves exhibit nearly ideal Ohmic behavior within the bias
range  of –0.5  to  0.5  V,  indicating  that  the  as-prepared  Ti3C2Cl2

remained in a metallic state with no detectable light sensitivity.

 3.3    Photodetection  performance  and  mechanism  of
irradiated Ti3C2Cl2 FETs
The current–voltage (I–V) characteristics of the irradiated Ti3C2Cl2

FET  photodetector  at  different  ion  fluences  were  measured  under
illumination  at  360,  550,  750,  and  1060  nm,  respectively.  To
evaluate  the  performance  of  the  Ti3C2Cl2 FET  photodetector,  the
photo responsivity (R) and detectivity (D) were calculated by

Rλ = Iph/PA (1)

D= R
√

A/2eIdark (2)

where Iph (= Ilight – Idark) is photocurrent, P is the power density of the
incident light, A is the effective area under illumination, and e is the
charge of an electron.

The I–V curves of the Ti3C2Cl2 FET photodetector exhibiting the

 

Figure 1    (a) XRD patterns of Ti3AlC2 precurso and the as-synthesized Ti3C2Cl2 MXene. (b) Elemental composition of the as-synthesized Ti3C2Cl2 MXene obtained with
EDS. (c) SEM image of a Ti3C2Cl2 flake along with EDS elemental mapping.
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highest  photoresponsivity  at  different  wavelengths  are  shown  in
Fig.  3,  and others  irradiated at  different  ion fluences  are  shown in
Figs. S2–S4 in the ESM. Figure 3 shows that, upon irradiation with
N  ions,  the I–V characteristics  of  the  irradiated  Ti3C2Cl2 FET
photodetector  exhibited  a  clear  nonlinear  behavior.  This
pronounced  nonlinearity  suggests  the  formation  of  a  Schottky
barrier at the metallic MXene interface, implying that the electronic
structure  of  Ti3C2Cl2 has  been modified to  exhibit  semiconducting
characteristics.  Additionally,  the  irradiated  samples  displayed  a
significant  photoresponse,  further  confirming  the  semiconducting
transition.  Therefore,  ion  irradiation  can  induce  a  metal-to-
semiconductor  transition  in  Ti3C2Cl2,  enabling  the  emergence  of
light-responsive  behavior  and  Schottky-type  electrical
characteristics.

The  corresponding R and D in  the  ultraviolet–visible–near
infrared ray (UV−vis−NIR) region of these devices are also shown
in Fig.  2.  When  the  light  wavelengths  were  360,  550,  750,  and
1060  nm,  the  responsivity  reached  as  high  as 5.4  ×  104,  8.5  ×  105,
3.3  ×  104,  and  2.8  ×  105 A/W,  while  the  corresponding  detectivity
was 1.3 × 1011, 1.6 × 1012, 1.0 × 1012, and 7.8 × 1011 Jones (cm·Hz1/2/W),
respectively.  All  these  measurements  were  conducted  at  a  bias
voltage  of  0.5  V.  Furthermore,  the  photoresponse  times  were  less
than 3 s as shown in Fig. S5 in the ESM.

The  responsivity  and  detectivity  of  the  irradiated  Ti3C2Cl2 FET
photodetector  are  compared  with  those  of  previously  reported
MXene-based  photodetectors  [2, 5, 6, 11, 12, 39−44],  as  shown
in Fig.  4.  The highest photoresponsivity of the previously reported
MXene-based  photodetectors  is  in  the  order  of  103 A/W  [44].
Obviously,  the  photoresponsivities  of  the  Ti3C2Cl2 FET
photodetector  are  more  than  two  orders  of  magnitude  higher.  In
addition,  we compared the performance of  our devices  with those
based  on  other  well-studied  2D  semiconductors,  such  as  MoS2,
WSe2, and InSe (Table 1). Remarkably, the irradiated Ti3C2Cl2 FETs
outperform  these  traditional  2D  photodetectors  in  terms  of  both
responsivity and detectivity. These results demonstrate not only the
exceptional optoelectronic properties of defect-engineered Ti3C2Cl2,
but also its potential to expand the family of high-performance 2D
material photodetectors toward practical applications in broadband
photodetection.

To elucidate the underlying mechanism governing the evolution
of  the  Ti3C2Cl2 FET  photodetector  performance,  first-principles
calculation  was  performed.  The  unit  cell  of  Ti3C2Cl2 contains  two
inequivalent  Ti  positions  (surface  Ti  and  inner  Ti,  labeled  as  Ti1
and  Ti2,  respectively)  and  only  one  C  position.  Therefore,  nine
kinds  of  irradiation-induced  defects  were  considered,  and  their
structures are shown in Fig. S6 in the ESM. The formation energy

 

Figure 2    (a) The schematic of the Ti3C2Cl2 FET photodetector. (b) Optical image of the Ti3C2Cl2 FET photodetector. (c) AFM profiles of Ti3C2Cl2 FET. (d) The depth
distribution of implanted N ions calculated with SRIM code.
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of the defects and the impact of irradiation-induced defects on the
band gap of the device were calculated, as shown in Table S1 in the
ESM. The calculation results reveal that single vacancies, including
VTi,  VTi2,  and VC,  cannot open a  band gap in the Ti3C2Cl2,  and the
Ti3C2Cl2 FETs  exhibit  metallic  properties,  which  is  consistent  with
the previous reports [37, 50].  However,  the introduction of VTi1+Ti1,
VTi1+Ti2,  and  VTi1+Ti2+C leads  to  the  band  gap  opening,  as  shown  in
Fig.  5,  consequently  resulting  in  distinct  alterations  in  the
optoelectronic  properties  of  the  device.  Based  on  experimental
observations  and  first-principles  calculations,  we  found  that  single
vacancies  in  Ti3C2Cl2 were  insufficient  to  induce  a  band  gap
opening,  and  consequently,  the  Ti3C2Cl2 FETs  exhibited  no
photoresponse.  As  the  ion  fluence  increased  to  1  ×  1012 and
3  ×  1012 ions/cm2—corresponding  to  estimated  defect  densities  of
3.4  ×  1020 and  1  ×  1021 atoms/cm3,  respectively—single  vacancies
began to evolve into complex multi-vacancy configurations such as
VTi1+Ti1,  VTi1+Ti2,  and  VTi1+Ti2+C.  First-principles  calculations  confirm
that  these  multi-vacancy  defects  are  capable  of  opening  a  finite
band  gap  in  Ti3C2Cl2,  resulting  in  a  transition  from  metallic  to
semiconducting  behavior  and  enabling  a  pronounced
photoresponse in the irradiated FETs.

Based  on  the  above  results,  the  ultrahigh  photoresponsivity
observed in our Ti3C2Cl2 FET photodetector can be attributed to the
synergistic effect of band-gap-assisted electron-hole pair generation
and photoconductive gain. The narrow band gap facilitates intrinsic
light absorption,  thereby enabling efficient photocarrier generation
and  collection  by  the  electrodes.  Moreover,  ion  irradiation
introduces  localized  trap  states  that  can  capture  photogenerated
carriers and suppress their rapid recombination, thereby effectively

prolonging the carrier lifetime. This trap-assisted lifetime extension
is  consistent  with  the  0.6  and 2.4  s  response  time observed in  our
experiments (shown in Fig. S5 in the ESM). Previous experimental
and  theoretical  studies  have  reported  carrier  mobilities  of  single-
layer Ti3C2Tx in the range of 102–104 cm2/(V·s) [51, 52]. Based on the
photoconductive  gain  calculation  method,  the  photoconductive
gain (G) could be calculated by [53]

G= τ life/τtransit = τ lifeμVDS/L2 (3)

τ life τtransit μwhere  is  the  carrier  lifetime,  is  the  transit  time,  is  the
carrier mobility, and L is the channel length, and the upper limit of
R could be estimated by

Rupper = Iph/P= Gηq/hν (4)

where η is  the  external  quantum  efficiency, q is  the  elementary
charge,  and hν is  the  energy  of  a  photon.  Our  Ti3C2Cl2 FET
photodetector  achieves  an  ultrahigh  photoconductive  gain
exceeding 108 even when the mobility is estimated at 102 cm2/(V·s).
This gain mechanism allows photogenerated carriers to recirculate
within  the  channel  multiple  times,  greatly  amplifying  the
photocurrent  signal  and resulting in  a  theoretical  upper  limit R in
the range of 106–107 A/W. The use of Ti/Au electrodes ensures low-
barrier contacts, facilitating efficient carrier injection and collection.
In  summary,  the  combination  of  a  narrow  bandgap,  high  carrier
mobility,  and  defect-engineered  carrier  dynamics  collectively
explains  the  ultrahigh  responsivity  achieved  in  our  Ti3C2Cl2 FET
photodetector.

 

Figure 3    Current–voltage characteristics of the Ti3C2Cl2 FET photodetector with the light wavelength of (a) 360 nm, (b) 550 nm, (c) 750 nm, and (d) 1060 nm.
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 3.4    Fluence-dependent  photoresponsivity  in  irradiated
Ti3C2Cl2 FETs
It  should  be  emphasized  that  the  optimal  photodetection
performance  of  Ti3C2Cl2 FETs  for  different  light  wavelengths  was
obtained  at  different  ion  fluences,  namely  defect  densities  in  the
irradiated  MXene. Figure  4 shows  the  dependence  of  the
responsivity of the Ti3C2Cl2 FET photodetector on the defect density
at  different  light  wavelengths.  The  defect  density  introduced  by  N
ion  irradiation  was  calculated  using  the  SRIM  code  and  NRT
model. In the NRT model, the vacancy yields (NE) are estimated by
the equation NE = 0.8v(E)/2Td,  where v(E)  is  the energy of nuclear
loss  and Td is  the  displacement  threshold  of  the  lattice  atom  [54].
v(E) for N ions in Ti3C2Cl2 can be calculated using SRIM code, and
Td is  estimated  from  DFT  calculations.  The  calculated  vacancy
yields  of  the  surface  Ti  (Ti1),  inner  Ti  (Ti2),  and  C  were  1.12,  1,
1.32 /(Å·ion), respectively. Based on these values, the target vacancy
densities were set in the range of 3.4 × 1020 to 3.4 × 1021 atoms/cm3,
corresponding to defect concentrations from 0.9% to 9%.

As  shown  in Fig.  6,  the  photoresponse  of  Ti3C2Cl2 FET
photodetector increased significantly with the initial introduction of
defect,  reaching  its  peak  at  relatively  low  influences  (1  ×  1012 to

3 × 1012 ions/cm2). This enhancement can be attributed to the defect-
induced  modulation  of  the  electronic  structure,  which  facilitates
band  gap  opening  and  promotes  efficient  photocarrier  generation
and separation. Similar phenomena have been reported in previous
studies  [22−24],  where moderate  defect  engineering was shown to
improve the  optoelectronic  properties  of  2D materials  by  tailoring
their  band structures.  However,  as  the  defect  density  continued to
increase,  the  photoresponse  began  to  deteriorate  and  eventually
vanished.  This  suppression  can  be  explained  by  the  excessive
accumulation  of  structural  disorder,  which  is  reported  to  severely
degrade  carrier  mobility,  reduce  photocarrier  lifetime,  and,  in
extreme cases, disrupt the crystal structure entirely [55, 56]. In our
case,  the  rapid  drop in  photoresponse  at  high irradiation fluences,
accompanied  by  the  reappearance  of  linear I–V characteristics,
strongly suggests a transition back to metallic behavior likely caused
by structural collapse or amorphization of the MXene lattice. There
exists an optimal defect density for maximizing the photoresponse,
and the ion fluence used in this study can be easily achieved, with
the  highest  fluence  requiring  just  one  minute  of  irradiation.  This
highlights  the  efficiency  and  convenience  of  ion  irradiation  as  a
method  for  precisely  controlling  defect  density,  making  it  an
effective and accessible approach for developing high-performance
MXene-based photodetectors.

 

Figure 4    Comparison of responsivity and detectivity of the irradiated Ti3C2Cl2 FET photodetector with other MXene-based photodetectors.
 

Table 1    Comparison of optoelectronic properties of 2D materials photodetectors

Materials VDS (V) Wavelength (nm) Responsivity (A/W) Detectivity (Jones) Ref.

Monolayer MoS2 10 532 3.5 — [45]

3 632 15.6 — [46]
Multilayer MoS2 0.2 633 0.12 — [47]

1 980 2.3 — [48]
WSe2/graphene 0.5 532 2.05 — [34]

0.5 1064 1.06 × 10−3 — [34]
MoTe2 0 1060 2.4 × 10−3 1 × 108 [35]

MoTe2/ReS2 −3 808 0.9 1 × 1010 [36]

Graphene/MoTe2/graphene 0 1064 0.11 1 × 108 [49]

MXene (1 × 1012 ions/cm2) 0.5 550 8.5 × 105 1.6 × 1012 This work
0.5 1060 2.8 × 105 7.8 × 1011 This work

MXene (3 × 1012 ions/cm2) 0.5 360 5.3 × 104 1.3 × 1011 This work
0.5 550 1.6 × 105 5.11 × 1011 This work
0.5 750 3.3 × 104 1 × 1012 This work
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To  investigate  the  impact  of  ion  irradiation  on  the  lattice
structure  of  Ti3C2Cl2,  Raman  spectroscopy  was  performed  on
samples  irradiated  at  different  ion  fluences.  To  minimize  the
influence  of  environmental  factors  such  as  air  exposure  and
temperature  fluctuations,  five  Ti3C2Cl2 samples  were  prepared
under identical conditions and irradiated with varying ion fluences
before  characterization,  and  the  results  at  different  ion  fluences
were  normalized  based  on  their  pristine  spectra.  The  normalized
Raman spectra  of  Ti3C2Cl2 shown in Fig.  7 exhibit  two prominent
Raman-active modes located at ~ 220 cm−1 (Ag) and ~ 620–660 cm−1

(Eg), consistent with previous reports [57, 58]. Upon ion irradiation,
a  progressive decrease in the intensity  of  both peaks was observed
with increasing fluences. Notably, the peak positions of both Ag and

Eg modes  remained  nearly  unchanged,  suggesting  that  the  basic
vibrational symmetry of the lattice is initially preserved despite the
introduction of defects. However, the trend in intensity degradation
offers  further  insight.  At  lower  ion  fluences  (1  ×  1012 to  7  ×
1012 ions/cm2), the Raman peaks gradually weakened, indicating the
formation  of  point  defects  and  partial  lattice  disorder  without
significant  structural  collapse.  This  regime  correlates  well  with  the
earlier  observation  of  enhanced  photoresponse,  which  is  likely
promoted by  these  moderate  defect  concentrations.  In  contrast,  at
higher  fluences  (1  ×  1013 ions/cm2),  both  Ag and  Eg peaks  nearly
vanished,  indicating  severe  structural  degradation  or  even
amorphization of the Ti3C2Cl2 lattice. This structural collapse aligns
with  the  sharp  decline  in  photoresponse  and  the  re-emergence  of

 

Figure 5    The band structure and density of states of Ti3C2Cl2 containing defect of (a) VTi1+Ti1, (b) VTi1+Ti2, and (c) VTi1+Ti2+C.
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metallic  conductivity,  as  discussed  previously.  The  Raman  results
therefore  support  the  conclusion  that  a  critical  ion  fluence  exists
beyond which the defect-induced band structure modulation is no
longer  beneficial.  These  findings  highlight  the  dual  role  of  ion
irradiation—serving as both a tool for band gap engineering and a
potential  source  of  structural  destruction,  emphasizing  the
importance  of  optimizing  irradiation  conditions  to  balance  defect
formation and structural integrity.

 4    Conclusions
We  have  fabricated  a  high-performance  photodetector  with
Ti3C2Cl2 MXene through N ion irradiation which exhibit  excellent
detectivity at low operating voltages and a responsivity that exceeds
other  MXene  based  photodetectors  by  two  orders  of  magnitude.
This remarkable performance is ascribed to the irradiation-induced
band gap opening and photoconductive gain, which synergistically
enable  efficient  photocarrier  generation  and  prolonged  carrier
lifetimes.  Furthermore,  the  dependence  of  device  responsivity  on
ion  fluence  reveals  an  optimal  irradiation  condition  for  different
light  wavelengths.  These  findings  highlight  a  controllable  strategy
for  introducing  band  gap  in  MXenes  and  pave  the  way  for  their
application  in  next-generation  optoelectronic  devices.  These
findings  highlight  ion-beam  irradiation  as  an  efficient  strategy  for
introducing  a  band  gap  in  MXenes  and  broadening  their
application  potential  in  high-performance  broadband
optoelectronic devices.

 Electronic  Supplementary  Material: Supplementary  material
(optoelectronic  properties  of  pristine  and  irradiated  MXene,
geometric  structures  for  DFT  and  formation  energies)  is  available
in  the  online  version  of  this  article  at https://doi.org/10.26599/
NR.2026.94908342.

 Data availability
All  data  needed  to  support  the  conclusions  in  the  paper  are
presented  in  the  manuscript  and  the  Electronic  Supplementary

 

Figure 6    Dependence of the Ti3C2Cl2 FET responsivity on ion fluence at light wavelength of (a) 360 nm, (b) 550 nm, (c) 750 nm, and (d) 1060 nm.
 

Figure 7    Normalized Raman spectra of pristine Ti3C2Cl2 and samples irradiated
at different ion fluence.
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Material.  Additional  data  related  to  this  paper  may  be  requested
from the corresponding author upon request.
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