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MXene based flexible photodetectors: progress,
challenges, and opportunities

La Li®® and Guozhen Shen (2 *

The growing interest in applying 2D transition-metal carbides and nitrides (MXenes) to diverse
application fields such as energy storage and harvesters, catalysts, sensors, optoelectronics,
electromagnetic interference shielding and antennas since its first discovery in 2011 is clearly evident.
Their intrinsic high conductivity limits the development of MXenes in photodetectors that rely on the
semiconducting properties of active materials, while the abundant functional groups on the surface of
MXenes provide opportunities for using MXenes as sensing materials in the fabrication of flexible
photodetectors. Considerable studies on MXene based photodetectors have been carried out, but the
main obstacles include seeking novel semiconducting materials in MXene families, the manufacturing
technology, etc. This review highlights the progress, challenges and opportunities in MXene based
flexible photodetectors and discusses novel materials, architectures, and approaches that capitalize on
our growing understanding of MXenes.

2D transition-metal carbide and nitride (MXenes) based flexible photodetectors have attracted great interest in recent years owing to their high conductivity,
superior mechanical stability, and tunable bandgap. Since their first discovery in 2011, more than 40 different compositions have been synthesized by selective
etching of the MAX phase and other precursors, and many members from MXene families have theoretically been predicted to have semiconducting properties,
offering great application potential in flexible optoelectronic devices. However, we found that there are few review papers discussing MXene applications in
flexible optoelectronic fields. In this review, we will summarize the recent research progress of MXene based flexible photodetectors and outline the challenges
and opportunities for their further development. This review will help people to understand the current status of MXene based flexible photodetectors, which is
of importance for researchers whose scientific interests are focused on flexible optoelectronic devices.
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1. Introduction

2D transition-metal carbides and nitrides (MXenes) produced by
selective exfoliation of MAX phases (A is a main group sp element
from groups 13 and 14) correspond to the general formula
M,,.1X,, Ty, Wwhere M is an early transition metal, X represents carbon
and/or nitrogen, T, stands for hydroxyl (-OH), oxygen (-O), or
fluorine (-F) termination, n = 1-4."* In addition to their sharp
excellence in the field of energy storage,”® sensors,'*° triboelectric
devices,"” electromagnetic interference shielding,*2° transparent
electrodes,”*> catalysis,” thermoelectric,”* water purification,*
and desalination since their first synthesis in 2011,>° 2% the applica-
tion of MXenes in various flexible optoelectronic devices that cannot
be ignored has aroused increasing attention triggered by their
outstanding mechanical, physical and chemical properties.**
The reasons why MXenes are regarded as a promising
material for flexible optoelectronic devices are as follows: (1)
the ultra-thin thickness of about 1 nm promotes the strong van
der Waals junction with other 2D nanosheets.**™” Xu et al.
reported MXene electrodes for the tiny connection between 2D
WSe, single nanoflakes and MoS, nanosheets, which show
great potential in field effect transistors.*® (2) Superior flexibility
provides natural advantages for flexible electronic devices. Alhabeb
and co-workers demonstrated the outstanding mechanical
properties of Ti;C,T, MXene films over various deformable
substrates via different technologies such as vacuum assisted
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filtration, spray coating, and painting.*® (3) High conductivity
enables an outstanding ohmic contact. The reported highest
electrical conductivity reaches up to 2.4 x 10" S em™.*° (4)
Tunable semiconducting features enable them to work as
photosensitive materials of the photodetector. Theoretical stu-
dies have predicted that Ti,CO,, Zr,CO,, Hf,CO,, Sc,CF,,
Sc,C(OH),, and Sc,CO, have bandgaps of 0.24 eV, 0.88 eV,
1.0 eV, 1.03 eV, 0.45 eV, and 1.80 eV, respectively, which
correspond to the visible light absorption range.*" (5) Sufficient
transparency contributes to building transparent flexible elec-
tronic devices. A transmittance of 91.2% is obtained for a 5 nm
Ti;C,T, MXene film and a transmittance of 43.8% still remains
when the thickness of the film reaches 70 nm.** (6) Improved
stability facilitates long-term serving photodetectors. Mathis
et al.*® demonstrated an environmentally stable Al-Ti;C,T,
MXene for more than 10 months.

These excellent features have promoted extensive research
on MXene based flexible optoelectronics, and great achieve-
ments have been gained in the exploration of novel MXene
devices.**> There are many reviews on MXene based flexible
optoelectronic devices,*®™*® and as they have summarized the
synthesis methods of MXenes, we will not repeat them here. In
this review, we systematically summarize the recent progress in
MXene based flexible photodetectors, as shown in Fig. 1. We
first present a brief overview of recent advances from materials
to fabrication technology to devices to applications based on
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Fig. 1 Overview of MXene based flexible photodetectors. Materials modification: metallic properties.*® Reproduced with permission. Copyright 2014,
Springer Nature. Semiconductor.>® Reproduced with permission. Copyright 2023, AIP Publishing. Technology: photolithography.>® Reproduced with
permission. Copyright 2022, Wiley-VCH. Laser direct Writing.53 Reproduced with permission. Copyright 2021, Springer. Spray coating.54 Reproduced with
permission. Copyright 2023, Royal Society of Chemistry. Filtration.>® Reproduced with permission. Copyright 2019, Wiley-VCH. Image sensor:
heterojunction.>® Reproduced with permission. Copyright 2022, Wiley-VCH. Photosensitive materials.”” Reproduced with permission. Copyright
2023, Wiley-VCH. Transistor: electrode.®® Reproduced with permission. Copyright 2022, Springer Nature. Semiconductor layer.>” Reproduced with
permission. Copyright 2023, Wiley-VCH. Application: flexible artificial neural network.®” Reproduced with permission. Copyright 2023, Wiley-VCH.
Transparent electronics.>® Reproduced with permission. Copyright 2020, Royal Society of Chemistry.
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MXene materials. Section 2 mainly covers the surface engineering
of MXenes, including their intrinsic metallic conductivity and
strategies toward semiconductive MXenes.*”! And then, fabrica-
tion procedures for MXene electronics are introduced, for exam-
ple, photolithography,”® laser direct writing,> spray coating,>*
filtration,> etc. In Section 4, we focus on promising optoelectronic
devices based on MXenes. Image sensors constructed with photo-
detector arrays are divided into two groups, one is a heterojunc-
tion where various materials are facilitated to engage in Schottky
barrier based photodetectors according to the adjustable work
function of MXenes.”® The other refers to using pure semicon-
ducting MXenes as photosensitive materials of photodetector
materials.>” The transistor in this section is also discussed, and
both MXene electrodes (source, drain, and gate electrodes)58 and
semiconducting MXene layers are outlined.”” Then some critical
concepts associated with MXene based optoelectronic devices that
contain a flexible artificial neural network® and transparent
electronics® are provided. The challenges and perspectives on
the development of MXene based optoelectronic devices are out-
lined in the last part.

2. Surface engineering of MXenes
2.1 Natural metallic properties

The high electrical conductivity is the most attractive feature of
MXene materials, which provide possibilities of MXene conductive
electrodes in various devices, including supercapacitors, batteries,
photodetectors, sensors and transistors.***> In comparison with
traditional metal electrodes such as deposited Au, Ti, and Ag
conductive film electrodes via the vacuum thermal evaporation
technique or Pt electrode film electrodes prepared by the magne-
tron sputtering method, MXene film electrodes applied in the
fabrication of functional devices perform more flexing and are
adaptable (substrate-free, additive free, etc.), and will be discussed
in the next subsection. The rise in the electrical conductivity of
MXenes goes through for a period of time. At first, the conductivity
value is about 8000 S cm™" using both the mixed acid method and
the minimally intensive layer delamination (MILD) method. So far,
the highest electrical conductivity reported in the literature is
24000 S em™ .* We summarize a comparatively high electrical
conductivity along with the preparation methods to obtain the
highly conductive MXene films in Fig. 2.

Recently, Zhang et al. proposed a size selection assisted with
the blade-coating method to improve the electrical conductivity
of Ti;C,T, MXene,*® as shown in Fig. 2a-d. Small flake size and
relatively poor flake alignment of the MXene films prepared by
solution-based processing leads to an electrical conductivity
decrease. Therefore, the authors performed the size selection
from the first synthesis beginning of the MAX phase, and
Fig. 2a presents the schematic synthesis procedure of the
Ti;C,T, MXene flakes from the selected large TizAlC, MAX
phase, the average lateral size of which is greater than 10 um,
resulting in the average lateral size of Ti;C,T, MXene flakes
reaching up to 10 + 2.1 pum using a modified minimally
intensive layer delamination (MILD) method. Fig. 2b displays
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the Ti;C,T, MXene film via a blade coated technique, which
ensures the densified stacking of ordered large MXene flakes
(Fig. 2¢) and delivers a high conductivity of 15100 S cm™ " with
2.4 pm thick film (Fig. 2d). It’s important to notice the TizC,T,
MXene film was treated under vacuum at 200 °C for 6 h
(10200 S ecm ™" before treatment). Although the blade-coating
technique is difficult to apply in the electrode preparation of
flexible optoelectronic devices that possess a micro or nano
size, this work provides two common methods containing size
selection of the MAX phase and heat treatment of the MXene
film to realize the electrical conductivity improvement.

Furthermore, Gogotsi’s group®® demonstrates the increase
in electronic conductivity of Ti;C,T, MXene produced by the
modified Ti;AlC, MAX phase precursor, in which excess alumi-
nium was added (marked as AI-Ti;AlC,). Fig. 2e shows the
schematic of Al-Ti;AlC,, the excessive Al provides the Ti;AlC,
grains with improved crystallinity and carbon stoichiometry.
Fig. 2f shows the digital photos of the Al-Ti;AIC, MAX phase.
The TEM image of Al-Ti;C,T, MXene synthesized from Al-
TizAlC, precursor is presented in Fig. 2g. Fig. 2h depicts the
electronic conductivity of Al-Ti;C,T, MXene, the freestanding
Al-Ti;C,T, MZXene film obtained by a vacuum filtering
method have conductivities ranging from slightly higher than
10000 S cm ™" up to values exceeding 20000 S cm . More
importantly, the Al-Ti;C,T, MXene exhibits long-term stability
with no obvious change over 10 months stored under ambient
conditions, which is inspiring features for preparing MXene
electrodes of flexible optoelectronic devices.

In the same year, Shayesteh et al.*° proposed an evaporated
nitrogen MILD (EN-MILD) method to produce Ti;C,T, MXene
with increased electrical conductivity. Fig. 2e shows a schematic
of the synthesis approach, the reaction contains the MAX phase,
and the acid solution was connected to the nitrogen source and a
vent. The evaporated nitrogen eliminates dissolved oxygen and
increases the acid and Li-ion concentrations, which is beneficial
for the etching of the MAX and promotes better dissolution of
LiF. Fig. 2j displays the optical image of the obtained Ti;C,T,
MXene suspension and the freestanding Ti;C,T, MXene film
prepared via a vacuum assisted filtration method. The Ti;C,T,
MXene film exhibits superior flexibility, as shown in Fig. 2j. The
measured electrical conductivity of the Ti;C,T, MXene film
exceeds 240000 S cm ™. This highly conductive Ti;C,T, MXene
derived from the modified synthesis approach give ways to
prepare other types of MXene materials with high conductivity
in the same methods, which can be applied to the fabrication of
MXene based optoelectronic devices.

2.2 Strategy toward semiconductors

The semiconducting properties of MXene materials are the main
precondition that decides whether they can be used in the
fabrication of flexible optoelectrical devices as active materials
instead of conductive electrodes. To date, about 150 MAX phases
have been reported, and more than 40 MXenes have been
synthesized.®*®> Among them, some MXenes have been pre-
dicted as intrinsic semiconductors according to the computa-
tional theoretical study. Besides, the surface terminals also affect

Mater. Horiz., 2023, 10, 5457-5473 | 5459


https://doi.org/10.1039/d3mh01362f

Published on 26 September 2023. Downloaded by Y unnan University on 8/14/2025 2:25:53 AM.

Review

15100 S/cm

View Article Online

Materials Horizons

Size selection-Blade coating

@
‘ LlF/HCl Washing

l Large Ti,AIC,
(10~40 pm)

Multi-layer

Q/
X )
J

Large single-layer
TisC,T, flakes

b Blade-coated ¥ <€~ After 200 °C drying

film

Blade-coated film
Kok ¥,
A *~¥ )
Spin-coating Filtration »

A Electrophoretic
deposition
A
oy o Rolling
Spray coating L 8
0 2 4 6 8
Thickness (um)

50° C/30h pH ~6.0
20000 S/cm

Excess Al in MAX-Filtration

(- I

+@ >
S‘é‘é‘é‘ SRR

AR AAALAAS

RiAonpuo)

N m h 25000{ o ALTi,C, Freestanding Films
3 lo
§ 200001 2 -
2 5|
> 15000 S % L E
3 g
S 10000+ o
°
[
o
O 5000
0

350 525 700 875 1050
H,0 used during delamination (mL)

24000 S/cm

RN

g

Electrical conductivity (S/icm) X

0-
MILD 12h 18h 24h 30h

Fig. 2 The rising electrical conductivity of TizC,T, MXene films. (a)—(d) Improved electrical conductivity of TizC,T, MXene by size selection of the MAX
phase and blade coating technology.®® Reproduced with permission. Copyright 2020, Wiley-VCH. (e)—(h) Increased electrical conductivity of TisC,T,
MXene via excess Al in the synthesis of the MAX phase.** Reproduced with permission. Copyright 2021, American Chemical Society. (i)—(k) Increased
electrical conductivity of TizC,T, MXene through evaporated nitrogen minimally intensive layer delamination (EN-MILD) methods.*® Reproduced with

permission. Copyright 2021, Royal Society of Chemistry.

the work function of the MXenes.**®” For example, the 2D single-

layer Ti,CO,, Zr,CO,, Hf,CO,, Sc,CF,, Sc,C(OH),, and Sc,CO, are
calculated with band gaps of 0.24 eV, 0.88 eV, 1.0 eV, 1.03 eV,
0.45 eV, and 1.80 eV, respectively, by using the PBE functional
computations, providing the feasibility of MXenes as photo-
sensitive materials in the flexible photodetector.’® Fig. 3 gives a
summary of the semiconductor properties demonstration history
of MXenes, from theory study to in situ TEM observation, and
finally constructing the MXene-sensitive semiconductor device.
The theoretical studies of MXenes (M,CT,, M = Ti, Zr, Hfj
T = O, F, OH)*" are presented in Fig. 3a-c. Fig. 3a shows the
geometries of the Ti,C and Ti,CO, MXene. The M,CT, MXene
materials were functionalized by the surface groups of -O, -F and
-OH. In this work, the authors marked three groups M,CT,1,
M,CTy 11, and M,CT,-11I, where both sides of the surface groups
were located above the opposite-side metal atoms (M,CT,-I),
mid-layer carbon atoms, (M,CT,II). M,CT,-Ill has a one side
functional group located above the opposite metal atoms, while
the other side functional group is located above the mid-layer

5460 | Mater. Horiz., 2023, 10, 5457-5473

carbon atoms. Fig. 3b shows the electron localization functions of
the M,CO,-1. According to their calculation results, the favorable
M,CO,-I have suitable band gaps (0.92-1.75 eV). The band edge
position of Ti,CO,, Zr,CO,, and Hf,CO, in Fig. 3c reveals the
Ti,CO,-1, Zr,CO,-1, and Hf,CO,-1 have band gaps of 0.92, 1.54, and
1.75 eV, respectively. This work gives us the theoretical foundation
for the use of MXene materials in optoelectric devices.

In 2019, Gogotsi’s group® demonstrated the transitions of
MXenes between metallic and semiconductor-like transport
through interflake effects via in situ vacuum annealing within
the transmission electron microscope (TEM), as shown in Fig. 3d-f.
Fig. 3d depicts the nanochip for TEM analysis. Different MXenes
were spray coated on the nanochip, which was heated under a
vacuum. The properties change with different MXenes and differ-
ent intercalators are provided in Fig. 3e. Ti;C,T, MXene exhibits
metallic behavior as the temperature increases. While Ti;CNT, and
Mo,TiC,T, display semiconductor-like behavior. Obviously, the
intercalators used in the delamination process of the MXenes
also have effects on their properties. In detail, Ti;CNT, MXene

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 The semiconductor properties demonstration of MXenes. Computational study.*! (a) Geometries of the Ti,C and Ti,CO, MXene. (b) The electron
localization functions of the Ti,CO,, Zr,CO,, and Hf,CO,. (c) The band edge position. Reproduced with permission. Copyright 2016, Royal Society of
Chemistry. Evolution of MXene electronic properties with in situ vacuum annealing.®® (d) Nanochip for TEM analysis. (e) The properties change with
different MXenes and different intercalators. (f) The resistance changes during the annealing process. Reproduced with permission. Copyright 2019,
Springer Nature. MXene materials applied in the semiconductor device.>* (nh) Preparation of TizC,T,—CioHa6 MXene. (i) and (j) Band gap calculations for
TizCoT,—CioHo6 MXene with different layers. Reproduced with permission. Copyright 2023, AIP Publishing.

intercalated by LiCl shows a transition of MXenes from semi-
conductor-like to metallic transport, once the intercalator is
changed with TBAOH, the Ti;CNT, MXene exhibit constant
semiconductor-like transport. The resistance changes of MXenes
during vacuum treatment at temperatures up to 775 °C are
displayed in Fig. 3f. The semiconductor-like (negative dR/dT)
behavior of the Ti;CNT, MXene can be clearly seen, which
provides strong evidence for the inherent semiconductor
MXenes.

Recently, our research group demonstrated the Ti;C,T, MXene
modified with dodecyl (-C;,H,¢) groups possess an opened and
tunable bandgap by controlling the thickness of the functional
TizC,T,~C1,Hs MXene materials, which further served as photo-
sensitive materials of a flexible photodetector.> Fig. 3h shows the
schematic preparation process of TizC,T, modified with dodecyl
(-C12H,6). OwWing to the abundant functional groups on the surface
of TizC,Ty, the molecules of (dodecyl) triethoxysiloxane DCTES
hydrolyzed into unstable silanols and covalently bonded with
hydroxyl groups on the surface of Ti;C,T, to complete the grafting
of —-C;,H,6 and form Ti;C,T,—C;,H,¢ MXene. The Tiz;C,T,—C1,Hsg
MXene exhibits a layer-dependent band gap after Raman analysis
and DFT calculations, as shown in Fig. 3i and j. In addition, the
photoluminescence (PL) spectrum, together with photoelectric
measurements of TizC,T,—Cy,H,s MXene on the different layers
show a tunable bandgap of 0.49-2.15 eV and superior photo-
response properties in fabricating near infrared photodetectors.

This journal is © The Royal Society of Chemistry 2023

3. Fabrication procedure

A suitable technology is important for fabricating flexible opto-
electric devices. In this section, we will introduce the reported
manufacturing technology in the preparation of flexible photo-
detectors. The photolithography method is the most comment
method used in micro-nano scale devices. A laser direct writing
technique with the advantage of being mask-free also becomes
the necessary manufacturing technology to fabricate photo-
detector devices. Then spray coating and filtration method
routing from the specialties of MXene materials are presented
at the end of this section.

3.1 Photolithograph

Photolithography as a well-developed technology has been
widely employed in preparing insulated or conductive layers
according to the preset pattern with high resolution and minimal
size, which is suitable for fabricating micro-nano scale photode-
tectors devices.”””" Fig. 4a shows the schematic illustration of the
structures of a flexible photodetector with Mxene electrodes via the
photolithography process.®* In a typical procedure, the flexible PET
substrate was placed in plasma cleaner for 30 min to enhance the
hydrophilicity and wettability. Then, the photoresist was spread on
the PET substrate. Subsequently, a conventional photolithographic
process was carried out. Next, the TizC,T, Mxene was spin-
coated. Finally, after removing the photoresist, photosensitive

Mater. Horiz., 2023, 10, 5457-5473 | 5461
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Copyright 2023, Wiley-VCH.

RAN materials were spread on the integrated Ti;C,T, Mxene
electrode array. The fabricated Ti;C,T,~RAN based photodetector
exhibits a stable photo response under laser illumination, the
properties will be discussed in detail in the next subsection. It
can be seen that the fabricated flexible photodetector with a
Ti;C,T, MXene electrode array following this process keeps the
high resolution and large-scale array of the photolithography.
Moreover, the Ti;C,T, MXene electrode array shows three super-
iorities: (1) an all-room temperature manufacturing process.
Unlike conventional metal electrodes such as Au, Ag, and Pt
electrodes that rely on vacuum and high temperature atmo-
spheres supplied by the thermal evaporation and magnetron
sputtering equipment. (2) From a Schottky junction with
Ti;C,T,, which reduces the barrier height and increases the
conductivity of the channel (Fig. 4b). (3) High transparency
and flexibility (Fig. 4c), over 70% transmittance in the visible
region and no obvious performance degradation under the
bending state suggest the high transparency and mechanical
stability of the Ti;C,T, MXene electrode based photodetector.

3.2 Laser direct writing

The laser direct writing method with features of universal
adaptability, facility, variable-area patterns, high resolution,
high throughput, and optimal control of feature size, has been
induced in the fabrication of flexible photodetectors.”® This
technique has no need for active materials. Fig. 4d shows the
typical schematic of the laser direct writing procedure for
fabricating micro-nano devices.”® Our group reported on an all

5462 | Mater. Horiz., 2023,10, 5457-5473

TizC,T, MXene based flexible, seamless system (Fig. 4e), and it’s
worth noting that the integrated wireless charging coil, micro-
supercapacitor, and photodetector were all prepared via the laser
direct writing approach.”” Fig. 4f displays the photograph of the
devices for testing the photodetection performance. The Ti;C,Ty
electrode was cut by the laser according to the pre-designed
pattern with different functions. The Ti;C,T, MXene based
functional devices prepared by the laser direct writing method
have the advantages of an all-room temperature manufacturing
process and one-step for multifunctional devices, which is neces-
sary for future integrated electronic devices. Moreover, the laser
direct writing method is considered a promising technology due
to its ability to realize large-area manufacturing of micro-nano
devices.

3.3 Spray coating

The spray coating techniques are simple and cost-effective ways
to fabricate patterned films, especially, to prepare the Tiz;C,T,
MXene film because of its high concentration in water-based
solvent and excellent hydrophilic properties. Our group
proposed a self-powered flexible photodetector using TizC,Ty
MXene materials via the spray coating method,’* as shown in
Fig. 5a. From the schematic diagram of the fabrication process,
we can see the Ti;C,T, MXene conductive electrode was sprayed
vertically through the mask plate on the flexible PET substrate,
which was heated at 80 °C. The thickness of the Ti;C,T, MXene
film can be adjusted by the distance between the mask plate
and the spray gun. It is emphasized that the mask plate and the

This journal is © The Royal Society of Chemistry 2023
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substrate must be in close contact to prevent the occurrence of
short circuits. Fig. 5b illustrates the digital photos of the
fabricated devices under testing. Different from the photolitho-
graphic technique and laser direct writing method, spray coating
techniques could be scalable for fast and low-cost production
and offer complex planar geometries on various flexible sub-
strates, paving a new technical route for large-scale fabrication of
MXene based flexible integrated electronic devices.

3.4 Filtration

The vacuum filtering (vacuum assisted filtration) method is a
promising way for preparing free standing Ti;C,T, MXene films
with different thicknesses and diverse planar geometries. Fig. 5c
depicts a schematic of the vacuum assisted filtration procedure.”
Recently, Velusamy et al.>® developed a Mo,CT, MXene based
flexible photodetector by employing a vacuum assisted filtra-
tion technique. In detail, the homogeneous Mo,CT, MXene
thin films (=2 pm thick) were deposited on nylon membranes
(filter papers) via vacuum-assisted filtration from Mo,CT,
MXene suspensions. Then, 50 nm thick conductive Au electro-
des were deposited on the prepared Mo,CT, MXene thin
films via e-beam evaporation, giving rise to mechanically
flexible arrays of two-terminal, parallel-type devices with a
channel length and width of 70 pm and 1 mm, respectively.
Fig. 5d shows the schematic illustration of an array of Mo,CT,
based flexible photodetectors. The corresponding digital photo-
graph of the fabricated device arrays is provided in Fig. 5e,
which demonstrates that vacuum filtering was also performed
to show the potential of scale-up production of microelectronic
devices and opens a new avenue to scalable fabrication of high-
performance flexible optoelectronic devices.
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4. Optoelectronic devices
4.1 Image sensor

Image sensors constructed by photodetector arrays have broad
application prospects in biomedicine, accurate image sensing,
visual simulation, and human vision recovery and treatment
owing to their advantages of portability and wearability and can
display a high-resolution picture to enhance imaging ability.”>”°
MXenes with ultra-thin thickness and deserving functional
groups have gained extensive attention for fabricating flexible
photodetectors in recent years. In this section, various MXenes
heterojunction and pure MXene based photodetectors, along
with the corresponding detection mechanisms will be given.
4.1.1 Heterojunction. Recently, Barsoum’s group®® reported
on GaAs based photodetectors by making transparent TizC,T,
MXene electrodes on the ends of GaAs materials (MX-S-MX)
patterned with photolithography technology. Standard Au electro-
des were also fabricated in contrast. The energy band diagram of
the MX-S-MX devices under high biasing voltage shows the
formation of Schottky barriers, built-in potential and depletion
regions. In comparison with the traditional Au electrode, the MX-
S-MX photodetector possesses metal-semiconductor-metal (M-
S-M) junctions. The similar I, along with the remarkable five
orders of magnitude change in photocurrent demonstrate that
MXene is as good as Ti/Au electrodes, providing an excellent
choice for photoelectrical devices. Our group® also demonstrates
a Ti;C,T, MXene-RAN van der Waals heterostructure-based flex-
ible transparent near photodetector with a higher on-off ratio
(6.25 times higher) compared with an Au-RAN photodetector.
Except for replacing Au electrodes with Ti;C,T, MXene
electrodes, the Ti;C,T, MXene could form a heterojunction
with conventional metal-oxide semiconductors; such as zinc

<

Hydrogel electrolyte

=

Device

Fig. 5 Device Fabrication Technology. Spray coating.>* (a) Schematic illustration of the spray coating process for fabricating the flexible self-powered
photodetector. (b) The digital photos of the fabricated devices. Reproduced with permission. Copyright 2023, Royal Society of Chemistry. Filtration. (c)
Schematic of the vacuum assisted filtration procedure.”® Reproduced with permission. Copyright 2022, Wiley-VCH. (d) The schematic illustration of an
array of Mo,CT, based flexible photodetectors. (e) The photograph of the devices.>® Reproduced with permission. Copyright 2019, Wiley-VCH.
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81784 1t is well known that

oxide, titanium oxide, and tin oxide.
single Ti-based MXene flakes in the colloidal state can possibly
be spontaneously oxidized at oxygen content in the environment,
leading to the in situ formation of MXene/TiO, composites.®®
Inspired by the spontaneous oxidation phenomenon, Chertopa-
lov and co-workers®® studied the photoresponse performances of
partially oxidized Ti;C,T, MXene thin films. Fig. 6a shows the
schematic diagram of an in situ partially oxidized Ti;C,T,/TiO,
photodetector. The single Ti;C,T, flakes were obtained through
MILD methods and delaminated by a handshaking process,
which were then deposited on the glass substrate and exposed
to air for partial oxidation. The Ti;C,T,/TiO, heterostructure
based thin film on a glass substrate is displayed in Fig. 6b, the
cross section of the film depicts TiO, nanoparticles located
between and on the surface of the MXene flakes. The spectral
region of the hybrid film corresponding to the UV range can be
explained by the presence of TiO, in air-exposed Ti;C,T, films.
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Then the electrical properties were investigated, the linear IV
curves (Fig. 6¢) of a TizC,T,/TiO, thin film of 16 nm with and
without UV irradiation in Ar atmosphere suggested the ohmic
contacts in the Ti;C,T,/TiO, thin film. The on-off ratio of the
Ti;C,T,/TiO, based photodetector was calculated to be 1.5 at 1 V
DC. The Nyquist plots of Ti;C,T,/TiO, films applied with 1 V bias
and 20 mV in Fig. 6d reveal the thin film impedance is composed
of real and imaginary parts. The capacitance/resistance of the
Ti;C,T,/TiO, is about 18 pF/134 Kohm and 22 pF/86 Kohm
assigned to UV illumination off and on, respectively, showing
an opposite changing tendency in resistance and capacitance
with or without UV illumination. To further investigate optoelec-
tronic properties, the authors carried out the cycling photo-
response tests of Ti;C,T,/TiO, thin film with a thickness of
38 nm under periodic UV irradiation in Ar gas. It was found
that the response time is over 20 min while the recovery time is
over 2 h (Fig. 6e). Moreover, the photoresponse tests of TizC,T,/

MXene-perovskites heterojunction
““ W CsPbBr, (h)

e Dark
«0.176 mW/mm? MXene
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Fig. 6 Divers MXenes heterostructure based photodetector. (a) Schematic diagram of in situ partially oxidized TizC, MXene photodetectors. (b)
Schematics of the TizC,T,/TiO, heterostructure based thin film on cover glass with silver paint contacts, enlarged cross section showing TiO,
nanoparticles (green) between and on the surface of the MXene flakes. (c) IV curves of a TizC,T,/TiO5 thin film of 16 nm with and without UV irradiation
under an Ar atmosphere. (d) The corresponding Nyquist plots of TizC,T,/TiO; thin film with (violet circles) and without (red squares) UV irradiation under
an Ar atmosphere at a bias potential of 1V and sinusoidal amplitude of 20 mV. (e) Cycling photoresponse of the TizC,T,/TiO, thin film with a thickness of
38 nm under periodic UV irradiation in Ar gas. (f) Photoresponse of TizC,T,/TiO; thin film under UV irradiation and exposure to ambient air for 30 min.8¢
Reproduced with permission. Copyright 2018, American Chemical Society. (g) /I-V curves of the TizC,T,/CsPbBrs photodetector in the dark and under
illumination with 405 nm light at a different intensity from 0.176 to 0.53 mW mm~2. The inset shows a schematic diagram of the fabricated
photodetector. (h) /I-V curves of the single photodetector under light illumination and in the dark. The inset shows the schematic diagram of the
fabricated photodetector. The inset is the photocurrent mapping display according to patterned light. (i and j) Schematic diagram of the device's energy
level with and without illumination. (k) Flexibility and stability measurement of the as-fabricated TizC,T,/CsPbBrs photodetector.8” Reproduced with
permission. Copyright 2019, Wiley-VCH.
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TiO, thin film with different thickness demonstrate the response
time and the recovery time decrease as the thickness of the
MXene film reduces. When the gas was switched from Ar to
ambient air (Fig. 6f), the response time significantly decreased.
These experiments demonstrate that the photoresponse of the
partially oxidized Ti;C,T, MXene thin films is strongly affected by
the environment. Although the Ti;C,T,/TiO, thin film based UV
detector shows a controllable photoresponse through changing
environmental gas types, the fabricated UV detector undergoes a
really poor performance, therefore, more efforts should be dedicated
to developing high-performance MXene based photodetectors.

Research on improving the photoresponse properties of
MXene based photodetectors has gained increasing interest.*®*°
In a pioneering work, Ouyang et al.*® introduced a Ti;C,T, MXene
conduction layer at the interface of a ZnO decorated BiOCl and
polydimethylsiloxane (PDMS) based UV photodetector, and the
optimized photodetector presents an enhanced photodetecting
performance with a responsivity of 2.05 pA W™, a high on-off
ratio of 7996.5, a rapid response/recovery time of 2.59 s/0.93 s and
detectivity of 5.86 x 10' Jones owing to the heterojunction
formed between the ZnO NPs and BiOCl nanosheet array and
the efficient carrier pathways provided by the Ti;C,T, MXene
conduction layers. Very recently, Yang’s group®” reported a flexible
high-performance Vis photodetector based on a 2D perovskite
TizC,T,/CsPbBr; heterostructure. TizC,T, was synthesized using a
MILD method and intercalated by handshaking. The inset of
Fig. 6g shows the schematic diagram of the fabricated photo-
detector. I-V curves (Fig. 6g) of the Ti;C,T,/CsPbBr; photodetector
in the dark and under illumination with 405 nm light at a
different intensity from 0.176 to 0.53 mW mm > show the
photocurrent gradually increases with the enhancement of light
intensity. The nonlinear and asymmetrical curves reveal the
formation of Schottky contact between MXene and perovskite.
In Fig. 6h, I-V curves of the single photodetector under 450 nm
illumination with 7.07 mW mm 2 and dark exhibit a high on/off
ratio of 2.3 x 10 under the voltage bias of 10 V. Based on this,
superior-quality and large-area 1665-pixel detectors in 72 cm®
(~24 units per cm?) are developed, and they can transmit the
image of “0” to realize the photo communication function, as
displayed in the inset of Fig. 6h. The transfer mechanism of
electron-hole pairs in the Ti;C,T,/CsPbBr; photodetector is dis-
played in Fig. 6i and j. The energy level potential barrier (Schottky
barrier) of the as-prepared photodetector under dark traps the
electrons in the material and cannot allow them to be transported
effectively. Once the illumination energy is larger than that of the
semiconductor bandgap E,, the photogenerated electron-hole
pairs in CsPbBr; nanosheets are separated rapidly and can reduce
the recombination in these regions increasing the free carrier
concentration. The I-T curves of the MXene-based PDs at various
bending curvatures are exhibited in Fig. 6k, showing excellent
flexibility and stability.

Very recently, Kang et al”" reported MXene-Silicon van der
Waals heterostructures for self-driven photodetectors. The stronger
photovoltaic effect resulting from the Schottky junction of the
as-prepared photodetector between Ti;C,T, MXene and n-type
silicon (n-Si) is beneficial to self-powered photodetectors. The work

A 91
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function of Ti;C,T, and n-Si is about 4.35 eV and 3.71 €V,
respectively, forming a built-in potential of 0.64 eV, which could
promote electron-hole separation and diode-like rectifying beha-
vior. When the heterostructure is exposed to light, photogenerated
carriers from n-Si within and near its depletion region should be
separated by the built-in electric field and then recombined by the
external circuit to generate electrical signals. It’s found the on-off
ratio can reach up to 10° at the zero bias, demonstrating that the
fabricated Ti;C,T,/n-Si heterostructure device can be used as a
good self-powered photodetector. The response and recovery times
of the TizC,T,/n-Si self-driven device are 0.84 ms and 1.67 ms,
showing a high-speed response.

4.1.2 Photosensitive materials. On the basis of first-
principles calculations, the work function of MXenes can be
changed in a wide range by tailoring the surface functional
group, which depends on the etching method and delamination
process. By comparing the work function of ordinary MXenes
and MXenes with a bare surface, it’s found that -OH termination
has lower work functions between 1.6 and 2.8 eV than that of -O
terminated (5.75 and 6.25 eV), while F is strongly affected by the
specific material, suggesting the feasibility of MXenes as photo-
sensitive materials in the photodetector.”>?® The detecting spec-
tral range of a pure Ti;C,T, MXene based photodetector could be
broadened through modification of surface terminations, and
adjustment of MXene film thickness. These two strategies are
often applied together to improve the photoresponse properties
and widen the spectral range.

Recently, our group successfully synthesized the phenylsulfo-
nic acid modified Ti;C,T, (S-TizC,T,) with an opened band gap
of 1.53 eV, which was further used as photosensitive materials
for fabricating flexible photodetectors.”” Fig. 7a shows the sche-
matic diagram of the modified S-Ti;C,T, nanosheets. The acid
groups dissociate hydrogen ions and form hydrogen bonds with
water molecules, resulting in better water dispersibility com-
pared to the unmodified Ti;C,T, MXene. The fabricated device
array exhibits excellent mechanical stability with no obvious
photocurrent changes under different bending states, as shown
in Fig. 7b. Besides, the S-Ti;C,T, photodetector shows a superior
photoresponse to near infrared light with the wavelengths of
808-1122 nm. A high responsivity of 8.50 x 10> A W' and
detectivity of 3.69 x 10! Jones were obtained under 1064 nm
light irradiation. A 7 x 28 (196 pixels) photodetectors array was
also fabricated to image the word “MXene” (Fig. 7c), the
statistical distribution of photocurrent and dark current of each
pixel proved the high performance of the fabricated S-Ti;C,T,
image sensor. The mechanical stability of the S-Ti;C,T, image
sensor was also measured, and the lack of change in the
photocurrent and dark current under different bending states
and thousands of bending-release cycles demonstrate the super-
ior flexibility, which can be applied in wearable integrated
electronics.

Furthermore, our group also demonstrated the Ti;C,T,
MXene possesses a layer dependent band gap,®* as shown in
Fig. 7d-f. Fig. 7d depicts the schematic of the Ti;C,T, MXene
modified with dodecyl (-C;,H,6) groups, the new arising char-
acteristics, red-shift of characteristic peaks and intensity ratio
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Fig. 7 Pure MXene based flexible photodetector. Surface termination modification.”” (a) Schematic diagram of the modified TizC,T, flakes (S-TizC,T,). (b)
Photographs of the fabricated S-TizC,T, devices under different bending states. (c) Multi-pixel points imaging based on S-TizC,T, photodetector arrays. Reproduced
with permission. Copyright 2023, Wiley-VCH. Layer adjustment! (d) Schematic diagram of the TizC,T,—CioHze. (€) Laser response range diagram of the
photodetector with an increased TizC,T,—CioHog layer. (f) The pattern of the bandgap variation with the number of layer changes. Reproduced with permission.
Copyright 2023, AIP Publishing. Other Mxenes—Mo,CT,.>® (g) Schematic illustration of a the Mo,CT, nanosheet. (h) The photoresponse of the Mo,CT, photodetector
under 660 nm illumination. (i) Annular dark field (ADF) STEM micrograph of the Mo,CT, nanosheet. Reproduced with permission. Copyright 2019, Wiley-VCH.

of the A;4(C)/A4(Ti, C, Tx) in Raman spectroscopy suggested
the successful grafting of the —-C,,H,s groups on the Ti;C,T,
MXenes. Comparing the photoresponse properties of the
Ti;C,T,—C;,H,6 photodetector with different thickness, it can
be seen that all the photodetectors show good optical responses
to a 1064 nm laser, and the I-T curve of PD (about 9 layers) has
excellent photocurrent and dark current stability. The device
with layers of Ti;C,T,-C;,H,6 can be excited by a laser of 405-
1342 nm. In addition, Tiz;C,T,—C;,H,s MXene with different
layers shows a tunable bandgap of 0.49-2.15 eV (Fig. 7f),
suggesting the semiconducting properties of the MXene mate-
rials with a layer-dependent band gap and potential applica-
tions in flexible optoelectronic devices.

Except for the most studied Ti;C,T, MXene, metallic Mo,CT,
MXenes (Fig. 7g) have demonstrated applications in plasmonic
photodetection operated in the 400-800 nm visible spectral

5466 | Mater. Horiz., 2023,10, 5457-5473

range by Alshareef and co-workers.>® Fig. 7h shows the I-V
curves of the Mo,CT, thin film photodetector under dark and
660 nm Vis illumination with a bias voltage of +1 V. The best
performing device enabled by Mo,CT, nanoflakes delivered a
photoresponsivity of 9 A W' and a specific detectivity of cti'*
Jones under 660 nm laser illumination. The excellent features
of the Mo,CT, were further verified by electron energy loss
spectroscopy (EELS) (Fig. 7i). As can be seen, neither the long-
itudinal plasmon modes (0.3 and 0.39 eV) nor the transversal
mode (2.45 eV) covers the incident light sources (325 and
1064 nm), opening a new gate for MXenes in optical electronics.

4.2 Transistors

4.2.1 Conductive electrodes. Recently, considerable efforts
have been dedicated to developing the potential application of
MXene electrodes in electronics.*"** Representatively, Alshareef’s
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g‘roup31 demonstrated that metallic Ti;C,T, MXene can be used
as a gate, source, and drain electrode in the design of both n-type
zinc oxide (ZnO) and p-type tin monoxide (SnO) thin film
transistors (TFTs). The MXene solution with a concentration of
1.0-1.5 mg mL~"' was sprayed on a glass substrate to build the
bottom ohmic conductive gate electrode. Next, the HfO, dielectric
layer was deposited on the bottom MXene electrode. The n-type
semiconducting ZnO/p-type SnO film was grown on top of HfO,.
Finally, the top MXene source/drain contact was patterned by the
second spray-coating process. The complementary metal oxide
semiconductor (CMOS) inverters with all-MXene contacts demon-
strated the achieved good performances, proving the great appli-
cation of MXene electrodes in TFT devices.

Large-scale production of conductive Ti;C,T, MXene electrode
arrays at low cost holds great advantages over assembling
flexible devices. Great efforts have been focused on promoting
the development of MXene electrode arrays. For example, Cho
and co-workers proposed a simple approach to prepare a large-
area MXene electrode array on a flexible substrate.”” Fig. 8a
depicts the schematic images of organic field-effect transistor
(OFET) arrays with TizC,T, MXene gate, source, and drain
electrodes. The large size monolayer Ti;C,T, MXene flakes with
a lateral size of 2.5 pm (Fig. 8b) were produced. In the detailed
fabrication process, a poly (ethylene 2,6-naphthalate) (PEN)
substrate was coated with 50 nm thick PVP to provide a uniform
hydrophobic plane then treated with UV/ozone through a
shadow mask to obtain a patterned hydrophilic surface, which
was immersed in MXene aqueous solution to build the bottom
electrode. A 500 nm thick PVP gate dielectric layer was then
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spin-coated onto the patterned MXene gate electrode substrate.
Then a selective-wetting method was employed to prepare
MXene source and drain electrodes. Finally, 40 nm thick
p-type and n-type organic semiconductors were thermally evapo-
rated on the channel region. The large-area uniformity of the 10 x
10 MXene electrode array patterned onto a 2 x 2 cm” substrate
was suggested via mapping of the electrical conductivity, the
average conductivity was 2.57 kS cm " and the standard deviation
was 0.18 kS cm ™. A digital image of the assembled MXene based
OFETs is presented in Fig. 8c. The outstanding conductivity and
high carrier mobility of ~1 cm® V™' s and an on-off current
ratio of ~10” for both p-type and n-type OFETs suggest the
potential of MXene materials in the OFET field.

Very recently, the Ti;C,T, MXene electrode has also been
successfully applied in the fabrication of organic vertical photo-
electric transistors.’® Fig. 8d displays the schematic image of
MXene based photoelectric transistors, where Ti;C,T, MXene
served as source electrodes of the OFET. The output curves of
the MXene based photoelectric transistors under small Vpg
(voltage between the source and drain) are provided in
Fig. 8e. From the curves, we can see the holes being injected
from the Ohmic contact based Au-semiconductor interface,
leading to a marginal modulation of I (voltage between the
source and drain) at different Vs (voltage between the source
and gate) values. When negative Vg was applied, the hole
injection from the Schottky barrier based MXene-semiconductor
(Fig. 8f) interface, Ips was efficiently modulated by Vgs. More-
over, the responsivity of the photoelectric transistors that can be
modulated by the gate voltage shows the value of 366 A W

“A;’;: > \

=== AgNWs

Vge<0 O hole 0 .

PDVT-10 Au

Fig. 8 Flexible transistors based on a TisC,T, electrode. All TisC,T, based OFET devices.® (a) Schematic images of the OFET devices. (b) Crystal structure
and AFM image of the MXene flakes. (c) Photographic image of MXene-electrode-based OFETs. Reproduced with permission. Copyright 2019, American
Chemical Society. MXene based photoelectric transistors.>® (d) A schematic image of the MXene based photoelectric transistors. (e) Output curves of the
MXene based photoelectric transistors under small Vps. (f) Energy-band diagram of MXene based OFET. Reproduced with permission. Copyright 2022,
Springer Nature.
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under the weakest light intensity of 10 yW cm™> at Vgg = —20 V.
The photosensitivity reaches up to 7 x 10* under an illumination
intensity of 500 pW cm™> and the detectivity of the OFET is
calculated to be 2.8 x 10'® Jones under a light intensity of
10 uW cm™ > The outstanding performances demonstrate the
wide application of the Ti;C,T, MXene electrode in FET devices.

4.2.2 Semiconductor layer. Ti;C,T, as a semiconductor
layer in the fabrication of transistors was developed in
2023, as shown in Fig. 9. Fig. 9a displays the schematic of
the S-Ti;C,T, based transistor. The transistor transfer and
output characteristic curves (Fig. 9b and c¢) demonstrate that
the device has the function of gate voltage regulation, when
positive V is applied, the I,s decreases with the increase of the
gate voltage. When the gate voltage is negative, more positive
charges are induced at the interface of the oxide layer, and the
source-drain current increases with the increase of the abso-
lute value of the gate voltage, which conforms to the conductive
behavior of the P-type S-Ti;C,T, semiconductor. By testing UPS
and inverse photoemission spectroscopy (IPES), the work func-
tions of S-Ti;C,T,/Ti;C,T, MXene were 5.33 €V/4.45 eV by the
tangent extrapolation method, the implantation barriers relative
to the substrate and ionization potentials were 0.35 eV/0.03 eV,
and 5.68 €V/4.48 eV, respectively, which determined the position
of the Fermi level and material valence band (Fig. 9d and e).
Combined with the measurement of the conduction band posi-
tion by IPES, it can be concluded that the conduction band
positions of S-Ti;C,T, and S-Ti;C,T, relative to the vacuum
energy level were 4.38 eV and 4.75 eV, respectively (Fig. 9f and
g). The successful manufacture of Ti;C,T, semiconductor layer
based transistors paves the way for flexible multi-functional
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optoelectronic devices using all Ti;C,T, MXene materials.
This work also inspires the creation of different kinds of MXene
materials in flexible future electronic devices.

5. Application
5.1 Transparent electronics

Theoretic and experimental studies concerned with the opto-
electronic performance of MXenes are constantly enriched in these
years along with the development of optically transparent flexible
electronics,”® which will promote the development of optical com-
munication, image recognition, artificial intelligence, etc.®’ %>
Our group developed a transparent photodetector using Te
microplates as photosensitive materials and TizC,T, as conductive
electrodes.'® Fig. 10a shows the structure of the transparent
photodetector. The photoresponse comparison of the Te PDs with
Ti;C, and Au electrodes under dark current and 915 nm infrared
light reveals that Ti;C,-Te PDs possess a higher on-off ratio, which
is 13 times higher than that of Au-Te PDs owing to the strong van
der Waals force between the Te microsheet and Ti;C, nanoflakes.
Fig. 10b displays the high transmittance of about 63% in the visible
region, which suggests the excellent transparency of the assembled
devices and could expand the application field of the Ti;C,-Te PDs.
Moreover, the mechanical stability of the flexible Ti;C,-Te PDs
(Fig. 10c) reveals the photocurrent and dark current of the flexible
TizC,-Te PDs have no obvious change under increased bending
angles varying from 0°, 30°, 60°, 90°, 120° to 150°.

Fang’s group® synthesized a bionic transparent Ti;C,T,
MXene thin film, which was used as the electrode of an ultraviolet
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Fig. 9 Transistor using MXene as the semiconducting layer.>” (a) Schematic diagram of the modified TizC,T, flakes (S-TizC5T,). (b) Photographs of the
fabricated S-TizC,T, devices under different bending states. (c) Multi-pixel points imaging based on S-TizC,T, photodetector arrays. (d, €) UPS and IPES
curves of S-TizC,T, and TisC,T, MXene. (f, g) Schematic energy band and molecular model of S-TizC,T,. Reproduced with permission. Copyright 2023,

Wiley-VCH.
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(UV) photodetector. Fig. 6d shows the schematic process for
fabricating the flexible transparent UV photodetector. Specifically,
the leaf veins were first etched in a hot alkali solution, then the
veins were dried, and finally a conductive Ti;C, T, slurry was coated
on the surface of the veins, which shows a high transmittance of
90%. The prepared transparent conductive TizC,T, electrode was
then used for the assembly of the flexible UV photodetector. Before
the MXene solvent evaporates, a thin layer of electrospun TiO, film
is glued to two TizC,T, blade electrodes to form an independent
flexible photodetector. The digital photos of the photodetector
under deformation in Fig. 10e demonstrate the excellent mechan-
ical stability of the fabricated devices. Fig. 10f reveals that the
photodetector has a high transmittance of up to 60%, which proves
the feasibility of the application of MXene conductive electrodes in
transparent electronic devices and also provides the possibility for
the assembly of MXene in multi-functional electronic devices.

5.2 Flexible artificial neural network

Artificial neuromorphic vision electric devices that mimic human
visual recognition systems have attracted extensive attention
due to the potential for smart biomimetic robots, retinal/optic
nerve/visual function recovery for the blind, and visual
impairment.’®*% Artificial neuromorphic vision electric devices

This journal is © The Royal Society of Chemistry 2023

usually consist of an image sensor array and neuromorphic units,
realizing the reception, transformation, and acceptance of light
information."””~'% To optimize the artificial neuromorphic vision
network, an image sensor array constructed by multi-pixel photo-
detectors is used as the pre-processing system to achieve photo-
electric conversion."'*™"> Our group®” designed a flexible artificial
neuromorphic vision system to realize the photoelectric signal
conversion, image learning, training, and recognition, as shown
in Fig. 11. Fig. 11a displays the schematic diagram of the human
visual system.

Fig. 11b and c depict the overall process of the artificial neural
network (ANN), the image pre-processing model converts optical
signals into electrical signals at first, and then transmits them to
the three-layer ANN to finish learning, training and finally image
recognition. Three letters “M”, “A” and “X” were collected to form
a database. Fig. 11d demonstrates the photodetector with Au and
TizC,T, electrode has a comparable contrast, after the three-layer
neural network trains and recognizes images in two databases,
the recognition rate of the photodetector based on the Au
electrode can reach 0.993 after 210 training epochs, and the
recognition rate of the photodetector based on the TizC,Ty
electrode is 0.991. Fig. 11e and f provide the recognition prob-
ability map of three letters based on the S-Ti;C,T, artificial neural
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vision network with the Au electrode and Ti;C,T, electrode after
learning a specific letter, and both kinds of devices can meet the
image recognition requirements, demonstrating all-MXene mate-
rials based flexible integrated electronics.

6. Challenges and perspectives

In this review, the recent progress in MXene based flexible
photodetectors is systematically summarized. We first discuss

5470 | Mater. Horiz., 2023,10, 5457-5473

the metallic and semiconductor properties of MXene materials
and then introduce the approaches used in fabricating MXene
based flexible photodetectors, including photolithography,
laser direct writing, spray coating, vacuum assisted filtration
techniques. The heterojunctions and pure MXene based
flexible photodetector along with their properties are also
concluded. Moreover, the transistor with an MXene electrode
or MXene semiconductor layer is presented. Despite the
current research achievements on the fabrication of flexible
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photodetectors with MXene materials, there are still many
challenges. With the emergence of different synthesis methods
of MXene materials, the continuous maturity of device processing
technology, as well as the continuous in-depth exploration of the
electrical and semiconductor properties of MXene materials,
MXene materials will play an increasingly important role in the
preparation of optoelectronic devices.

To further improve the optoelectronic performance of the
MXene based flexible photodetector, the following research
aspects should be seriously considered:

(1) The research on MXene materials in the field of opto-
electronic devices is mainly on Ti;C,T, MXene, and most of the
studies only focus on the high conductivity of MXene materials,
and their semiconductor properties are less explored. More
than 40 kinds of MXene materials have been synthesized, and
their application in semiconductor devices is of importance to
expand the MXene electronic devices.

(2) Single MXene flake based flexible photodetectors need to
be designed to investigate the intrinsic electrical properties,
which requires the preparation of large-size (>15 pm) MXene
nanosheets and transfer methods to construct the photodetec-
tor devices or heterojunction. The heterojunction with single
MXene flakes could also accelerate the development of MXene
electronics.

(3) The emerging analysis like in situ TEM, in situ XRD,
spectroscopy, etc. should be widely used to explore the semi-
conductor properties of MXene materials. Besides qualitative
analysis of the terminals on the surface of Mxene materials,
quantitative analysis also needs to be adopted to understand
the properties of Mxene materials.

(4) Although DFT theoretical calculation shows that Sc,C,
Ti,C, Zr,C, Hf,C, etc., could deliver semiconductor properties,
they are not applied in semiconductor devices. More attention
should be paid to using Sc,C, Ti,C, Zr,C, Hf,C, etc. as photo-
response materials in the fabrication of flexible photodetectors
or as a semiconductor layer in transistors.

(5) Stretchable or deformable photodetectors are the devel-
opment trend of future optoelectronic devices. How to achieve
these devices with high stability under stress through structural
design of MXene materials at the micron scale or preparation of
MXene films in wavy shape is also one of the important factors
that needs to be considered.

(6) New fabrication technologies in MXene based optoelec-
tronic devices should be developed to achieve the multi-pixel
image sensor, thus expanding the application fields of flexible
MXene electronic devices.
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