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Compounds with heterolayered architecture, as a family of two-dimensional (2D) materials, are composed
of alternating positive and negative layers. Their physical properties are determined not only by the charged
constituents, but also by the interaction between the two layers. This kind of material has been widely used
for superconductivity, thermoelectricity, energy storage, etc. In recent years, heterolayered compounds
have been found as an encouraging choice for infrared photodetectors with high sensitivity, fast
response, and remarkable reliability. In this review, we summarize the research progress of heterolayered
materials for infrared photodetectors. A simple development history of the materials with three-

dimensional (3D) or 2D structures, which are suitable for infrared photodetectors, is introduced firstly.
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Accepted 7th September 2024 Then, we compare the differences between van der Waals layered 2D materials and heterolayered 2D
cousins and explain the advantages of heterolayered 2D compounds. Finally, we present our perspective

DOI: 10.1039/d4sc034289 on the future direction of heterolayered 2D materials as an emerging class of materials for infrared
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1. Introduction

Infrared detectors, which are used to detect and measure
infrared radiation, have been widely used for military, security,
environmental monitoring and industrial applications.* They
can be divided into infrared thermal detectors and infrared
photodetectors. Infrared thermal detectors are based on ther-
mocouples, which are composed of two different semi-
conductors or conductors. Under infrared light irradiation,
these two kinds of materials have different temperatures, which
leads to the movement of electrons inside the thermocouple
and the creation of an electric potential.>® For infrared photo-
detectors, the working mechanism is to convert the optical
signals to the electrical ones based on the photovoltaic effect or
photoconductive effect.”* Compared with infrared thermal
detectors, infrared photodetectors have the advantages of
higher sensitivity, faster response, broader wavelength range
response and higher reliability.® For infrared photodetectors,
the core lies in the properties of the materials which basically
have high sensitivity to infrared light.

Two-dimensional (2D) materials have been identified as an
intriguing large family for infrared photodetectors, and the
discovery of single-layer graphene in 2004 sparked interest in
the application of 2D materials for infrared photodetectors.*
Compared with 3D materials, 2D materials generally exhibit
higher photoelectric conversion efficiency and sensitivity,
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which allows 2D materials to respond more accurately and
quickly when being used to detect infrared light signals. Due to
the unique layered structure of 2D materials, electrons and
holes move quickly in the 2D plane, and infrared photodetec-
tors based on 2D materials usually have shorter response times
and are able to detect changes in infrared light signals more
quickly."** Moreover, 2D materials often have a broad spectral
response range, and some 2D materials even perform well in the
ultraviolet (UV), visible (VIS), and terahertz (THz) bands,
making them suitable for a broader range of applications. Black
phosphorus has similar properties to graphene, with a broad
absorption spectrum and high carrier mobility.**" In recent
years, transition metal chalcogenides, such as MoS, and WS,,
have shown potential for photodetection due to their high light
absorption coefficients and tunable bandgaps.'>'® However, one
coin always has two sides. Different from their 3D counterparts,
2D materials also have some problems, such as high anisotropy
and complex production processes.'”

Heterolayered materials refer to 2D materials that are
bonded by ionic or covalent interactions between the constitu-
ents.”* The crystal structures of these kinds of 2D compounds
are composed of alternating positive and negative layers.
Multiple choices of the positive or negative layers contribute to
the large quantity of heterolayered compounds. Usually, either
a positive or negative constituent determines the physical
properties of the heterolayered compounds, in which the other
layer stabilizes the whole structure. Besides, the bonding
between the two layers also contributes to the properties of the
compounds. Hereby, the unique heterolayered structures
endow them with the properties of 3D bulk materials and the
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superiority of 2D geometric structures, marking them particu-
larly suitable for the field of infrared photodetection. Up to now,
several heterolayered 2D compounds have been reported for
infrared photodetectors. The responsivity of the Bi,O,Te-based
infrared detector is up to 10* AW ™" and the detectivity is up to
10" jones, showing excellent infrared detection performance.?
Photodetectors based on EuMTe; (M = Bi, Sb) can achieve
a response of >1 A W' from the UV band to the THz band.>?**
The photodetector, which is based on the MXene (Mo0,CT,)
material, exhibits a responsivity of 9 AW~ ' and a detectivity of 5
x 10" jones under 660 nm laser irradiation. It shows a good
photoresponse in the wavelength range of 325 nm to 1064 nm.*
So far, research on heterolayered materials is still in its infancy.
More interest deserves to be devoted to this kind of compound.

Up to now, there have been several decent reviews about 2D
materials for infrared photodetectors.>*> However, there has
been no special review about the heterolayered 2D compounds.
As an emerging family of materials with superior performance
for infrared photodetectors, their progress needs to be
summarized. Here, we reviewed the reports of heterolayered
materials used for infrared detectors. The crystal structures and
properties of the infrared detectors are discussed in detail.
Finally, we forecast the fields where the infrared detectors could
be used.

2. Parameters of photodetectors

The diverse application scenarios are based on the parameters
of photodetectors. The following parameters are generally used
to evaluate the performance of a photodetector: responsivity,
external quantum efficiency, noise equivalent power, detectiv-
ity, and response time. This chapter will introduce the param-
eters of photodetectors and discuss their effects on device
performance.

2.1 Responsivity

The responsivity (R) is defined as the formula (1) and (2) which
refers to the ratio of the output photocurrent (Ihotocurrent) OF
output voltage (Vphotovoltage) t0 the incident light power (p) under
illumination. It indicates the ability of the detector to receive
signals. The magnitude of responsivity directly affects the
sensitivity and accuracy of photodetectors. The higher the
responsivity, the more sensitive the photodetectors to the light
signal. There are many factors that affect the responsivity of
photodetectors. One of the important factors is the photocon-
ductive gain (G). The gain can be alternatively expressed as the
number of photogenerated electron-hole pairs collected by
contact to generate a net photocurrent (I,,) divided by the
number of photoexcited electron-hole pairs. Therefore, the
responsivity can be improved by higher I, generated by the
increased gain.*

R~ o (1)
R= % 2
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2.2 External quantum efficiency

External quantum efficiency (EQE) refers to the efficiency of
converting photons into electrons when photodetectors receive
optical signals. Generally speaking, it is the efficiency of
photoelectric conversion. The EQE directly affects the sensitivity
and signal-to-noise ratio of the detectors. The calculation
formula of EQE is:

he
EQE = aR (3)
where 1 is the wavelength of the incident light, g is the electron
charge,  is the Planck constant, ¢ is the speed of light, and R is
the responsivity. The EQE is usually tested in the visible light
band or infrared band, and its numerical range is generally
between 0 and 1.**** The higher the EQE, the higher the
conversion efficiency of the detectors to the optical signal.
Improving the EQE of photodetectors is one of the important
ways to improve their performance. In order to improve the
EQE, we can start from the following aspects: (1) optimize the
structure design of the detectors, including the material selec-
tion and thickness design of the photodetector conversion
layer, so as to improve the interaction efficiency between
photons and electrons; (2) optimize the preparation process of
the detectors, improve the purity and uniformity of the mate-
rial, and reduce the influence of defects and impurities on the
photodetector conversion; (3) optimize the working environ-
ment of the detectors to ensure the stable input of the optical
signal, reduce the noise interference and improve the signal-to-
noise ratio. In short, the EQE, as an important performance
index of photodetectors, directly affects the sensitivity and
signal-to-noise ratio of the detectors. By optimizing the struc-
tural design, preparation process and working environment of
the detectors, the EQE of the photodetectors can be improved,
thereby improving their performance.**-*

2.3 Noise equivalent power

Noise equivalent power (NEP) refers to the influence of noise
generated by various reasons in the infrared detection system.
This kind of noise will reduce the signal-to-noise ratio of the
system, thus affecting the detection performance of the
system.*® The NEP directly affects the sensitivity and resolution
of the system, so it has an important influence on the perfor-
mance of the infrared detection system. Therefore, the noise
equivalent power characterizes the minimum optical signal
power that the detector can distinguish in noise. The definition
is shown in formula (4).

In
= 4
NEP R (4)

where 7,, is the noise current corresponding to different powers,
and R is the response rate.

In the infrared detection system, the noise equivalent power
mainly comes from two aspects: (1) the thermal noise of the
detector itself and (2) the interference noise of the external
environment. The thermal noise of the detector itself is caused
by the heat generated by the detector during operation, and this

© 2024 The Author(s). Published by the Royal Society of Chemistry
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noise will increase with the increase of the detector tempera-
ture. The interference noise of the external environment is
caused by electromagnetic interference, optical interference,
and other factors in the surrounding environment, which will
have a great impact on the detection performance of the system.
By taking effective measures to reduce the influence of NEP, the
detection performance and reliability of the infrared detection
system can be improved, so as to meet the needs of various
application fields better.*”*°

2.4 Detectivity

The specific detectivity is also a performance index to measure
the detector's ability to detect the minimum optical signal,
which is defined as the reciprocal of the noise equivalent power.
In order to compare the performance of different detectors in
practical use, the specific detectivity is normalized, and the
definition is shown in (5).

D* =

N2
NP = D\/AAf (5)
where A is the effective light-receiving area of the device, and Af
is the measurement bandwidth. At the same time, the main
noise source of the photodetector is the shot noise from the
dark current. Detectivity will be affected by the signal-to-noise
ratio of the detector. The signal-to-noise ratio refers to the
ratio of the detector between the signal and the noise. The
higher the signal-to-noise ratio, the stronger the detector's
ability to identify the target, and the higher the detection rate.
In infrared photodetectors, the improvement of the signal-to-
noise ratio can be achieved by optimizing the circuit design of
the detector and reducing the thermal noise of the detector.?

2.5 Response time

The response time () is the time interval between the photo-
detectors being stimulated by the optical signal and the output
electrical signal. The response time is defined as the time
occupied by 10% to 90% of the net photocurrent. The response
speed of the detector when the signal changes is characterized.
The response time is affected by many factors, such as carrier
lifetime, bias voltage, and self-defect. The response time mainly
depends on the lifetime of photogenerated carriers, so there is
a trade-off between responsivity and response time. When the
increase of carrier lifetime leads to the increase of photocon-
ductive gain, the responsivity of the device can be improved.
However, the response time of the device will increase
accordingly.*

3. Mechanism of the photodetectors

There are many physical mechanisms for photodetectors to
convert the absorbed optical signal into electrical ones. In this
chapter, we focus on two mechanisms of photocurrent genera-
tion. The first is the excitation of free carriers caused by the
optical effect, including the photovoltaic effect and photocon-
ductivity effect. The second is the thermal effect, including the
photothermoelectric effect and bolometric effect.**

© 2024 The Author(s). Published by the Royal Society of Chemistry
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3.1 Photovoltaic effect

The photovoltaic effect refers to the absorption of photons by
the sample to generate photo-generated carriers when light
irradiates the p-n junction. The built-in electric field separates
the electrons in the p region from the holes in the n region, and
the electrons and holes are stacked on both sides to produce
a photoelectric field opposite to the built-in electric field
(Fig. 1a).*

3.2 Photoconductive effect

When the incident photon energy absorbed by the semi-
conductor material is greater than or equal to the band gap
energy, electron-hole pairs will be generated, resulting in an
increase in carrier concentration. The applied voltage will cause
the electron-hole pair to move in the opposite direction and
generate photocurrent (Fig. 1b). This phenomenon is called the
photoconductive effect. Without light illumination, an external
voltage is applied to drive a limited number of free carriers to
generate dark current (Iga.). Under illumination, the applied
voltage drives the electron-hole pairs generated by the absorbed
photon to produce a current (fijumination) Which is larger
than the dark current. The photocurrent (I,,) can be expressed
as Ipn = Lijlumination — Jdark, Which can reflect the increase of
conductivity of the same semiconductor under different
conditions.”

3.3 Photothermoelectric effect

The photothermoelectric effect involves photon absorption,
heat conduction, and thermoelectric conversion. First of all,
when the photon is irradiated to the surface of the material, the
material absorbs the energy of the photon, and the electrons
inside the material are excited to the high energy level. These
high-level electrons will move inside the material and generate
heat energy. Secondly, heat conduction is an important part of
the photothermoelectric effect. As the surface temperature of
the material increases, thermal energy will spread to the interior
of the material through heat conduction. Finally, thermoelectric
conversion is a key step in the photothermoelectric effect.*>**
When the surface temperature of the material increases, the
temperature gradient inside the material causes electrons to
move in the material (Fig. 1c). According to the principle of the
thermoelectric effect, the temperature gradient will cause the
drift and diffusion of electrons, resulting in uneven charge
distribution and eventually forming a potential difference. An
external circuit can capture this potential difference to generate
electrical signals.***¢

3.4 Bolometric effect

When the incident photon generates heat, the conductance of
the thermistor material changes (Fig. 1d). The photocurrent
dominated by the radiative thermal effect increases linearly
with the bias voltage. Unlike the photothermal effect, the
photocurrent generated by the radiation thermal effect requires
an external electric field.*®
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Fig.1 The diagrams of the mechanisms for (a) the photovoltaic effect,
the bolometric effect.

4. Development of materials for
infrared photodetectors

Since Theodore W. Case prepared the first Tl,S infrared
photodetector in 1917, many materials have been explored for
infrared photodetectors (Fig. 2). Among them, several materials
have been commercialized, such as silicon, HgCdTe, and
InGaAs.**° The materials suitable for infrared photodetection
basically require a narrow band gap (0-1.6 eV), high carrier
mobility (>10%> cm?® V™' 57, fast response time (<10~ ° s) and so
on (Fig. 3).>**
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(b) the photoconductive effect, (c) the photothermoelectric effect, and (d)

4.1 3D compounds

4.1.1 Silicon. Silicon is widely used in the field of infrared
photodetection. The abundant silicon resources ensure the
large-scale production of silicon and relatively low production
costs. Silicon forms a diamond cubic crystal structure with
a lattice spacing of 5.42 A, which corresponds to a face-centered
cubic Bravais lattice with a unit cell number containing 8 atoms
at the vector position.** Silicon has high carrier mobility, where
the carrier mobility of electrons and holes is 1350 cm® V" s~
and 480 cm® V' s, respectively.® At 300 K, the carrier
concentration of silicon is 1.08 x 10'° ecm>.>* Silicon provides
an excellent platform for the implementation of

~2004 FE E».S

; IS
_.Graphene “

o

= 2021
Bi,0,Te

Fig. 2 Timelines of the compounds developed for infrared photodetectors.
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Fig. 3 Requirements of the basic properties of materials that could
potentially be used for infrared photodetectors.

microelectronics-based photodetector readout circuits.*® These
merits make silicon promising for application in high-
performance infrared photodetectors. Due to the inherent
band gap energy of silicon (1.12 eV), the detectable spectral
range is limited to wavelengths below 1100 nm. In order to
improve the detectable spectral range based on silicon photo-
detectors, Nazirzadeh M. A. and co-workers used the Au nano-
islands formed on the silicon surface by rapidly thermally
annealing thin Au layers, so that the silicon photodetector
achieved a light response of 2 mA W' at 1300 nm.* (Fig. 4a)
Huang and co-workers fabricated silicon photodetectors with
a broadband spectral response by femtosecond laser irradiation
and titanium hyperdoping. The device can respond to the
incident light at 400 nm ~1550 nm, with an average respon-
sivity of 3.42 mA W at 1550 nm.* Although there are strategies
to extend the detectable spectral range of silicon photodetectors
beyond 1100 nm, the problem of the low responsivity still needs
to be solved.

4.1.2 HgCdTe. HgCdTe is one of the important materials
used in the fabrication of infrared detectors. The crystal struc-
ture of HgCdTe is a face-centered cubic structure with Hg and
Cd atoms arranged alternately (space group F43m).*” The elec-
tron mobility and hole mobility of HgCdTe are 10° cm® V™" s~*
and 450 cm® V™' s, respectively.® The low-temperature carrier
concentration of HgCdTe can reach 2 x 10"> cm 2. The band
gap (0-1.6 eV) of Hg; ,Cd,Te is tunable.®*** Cui and co-workers
developed high-sensitivity boron-doped silicon quantum dot/
mercury cadmium telluride mid-infrared (MIR) photodetec-
tors (Fig. 4b). The detector has a detectivity of 1.6 x 10° jones at
room temperature, a rise time of 224 ns, and a fall time of 580
ns.** Wang and co-workers introduced multilayer graphene
materials into HgCdTe photodetectors and designed and
fabricated uncooled HgCdTe photodetectors with ultrafast and
high sensitivity characteristics. The device has a fast response
time of 13 ns and a room temperature detection rate of 2 x 10"°

© 2024 The Author(s). Published by the Royal Society of Chemistry
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jones.** In order to achieve high-performance infrared detec-
tion, HgCdTe-based infrared photodetectors usually require
low-temperature cooling, which inevitably complicates the
system and limits integration.®® High-performance room
temperature operation is still a serious challenge for HgCdTe
infrared photodetectors.

4.1.3 InGaAs. InGaAs is a common material for commercial
near-infrared photodiodes. The crystal structure and space
group of InGaAs are the same as those of HgCdTe. InGaAs has
a tunable band gap (from 0.36 to 1.425 eV), and its electron
mobility and hole mobility are 1200 cm”> V' s~* and 300 cm?
V™' 57!, respectively.®® At room temperature, the carrier
concentration of InGaAs is ~10'> cm™2.%” Suho Park and co-
workers have grown InGaAs thin films on InP substrates using
the chemical vapor deposition approach and then fabricated
InGaAs-based infrared photodetectors (Fig. 4c). The detection
rate of the device can reach 4.1 x 10" jones at room tempera-
ture.”” Li and co-workers fabricated a broadband flexible
detector based on the InGaAs/InP PIN structure. The device has
a maximum detectivity of 5.18 x 10" jones at 640-1700 nm.*
Although InGaAs is competitive in the field of infrared detec-
tion, its relatively narrow detection range and large dark current
limit its application potential in optical communication.

4.2 2D compounds (van der Waals)

Although the infrared photodetectors based on 3D compounds
have been extensively developed, their performances have not
been good enough. Hereby, extensive interest has been devoted
to the 2D compounds.™**%%7° 2D materials refer to materials in
which the carriers can only move freely on the 2D planes.” They
have a high specific surface area, which can greatly increase the
surface area of the interaction with light, thereby improving the
detection sensitivity of the photodetector. Photodetectors based
on 2D materials can achieve a broadband response (Fig. 5a).
The band gap, absorptivity and photoelectric properties of 2D
materials can be adjusted by changing the size, shape and
composition of materials. For example, the band gap of black
phosphorus can change significantly from 0.3 eV (bulk) to 2 eV
(monolayer) depending on the number of stacking layers.” The
characteristics of the carrier motion in the plane of the 2D
material make it have a fast response speed and high sensitivity.
Under illumination, photons will excite carriers inside the
material, which can move freely on the plane inside the mate-
rials to form a current. Because these carriers can move quickly
in the plane of the 2D materials, they have high sensitivity and
fast response speed in photodetectors. For instance, the rise
time and decay time of photodetectors based on MoS, are 70 ps
and 110 ps, respectively.” Fig. 5b shows several 2D compounds
that have been reported for infrared detection, such as gra-
phene, transition metal sulfides, and black phosphorus. In
summary, 2D materials are a large family of materials for
infrared photodetectors.

4.2.1 Graphene. Graphene has been used for ultra-
wideband photodetectors due to its exceptional crystal struc-
ture and physical properties. The crystal structure of graphene
is a 2D crystal structure composed of sp> hybrid orbitals of

Chem. Sci., 2024, 15, 15983-16005 | 15987
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(a) Schematic diagram of the broad-band NIR Si Schottky photodetector.®® (b) Schematic illustration of the B-doped Si-QD/MCT device

structure.®® (c) Structure diagram of the photodetector based on the InGaAs material.%” (d) Schematic diagram of the graphene-based photo-
detector.®® (e) Schematic diagram of the black phosphorus infrared photodetector.* (f) Schematic diagram of the MoS; infrared photodetector.>®

carbon atoms. Each carbon atom is connected to the other three
carbon atoms by a ¢ bond, and the remaining 7 electrons form
a delocalized large  bond with the 7 electrons of other carbon
atoms. This structure allows electrons to move freely in
this region, giving graphene ultrahigh electrical conductivity
(2 x 10* S em™").” Graphene exhibits ultrafast carrier dynamics,
and its mobility can reach 200000 em> V™' s at 300 K.
Graphene is gapless, which makes its absorption spectrum
cover the entire UV to THz spectral regimes.”® Zhang and co-
workers reported a pure single-layer graphene broadband
photodetector with a responsivity of 8.61 A W' (Fig. 4d)."*

1632 0413 207 008

Konstantatos and co-workers spin-coated a layer of PbS
quantum dots on the surface of graphene as a local grating layer
to prepare a graphene-based photodetector.”” The responsivity
of the device can reach 10" A W', Unfortunately, the small
optical absorption of single-layer carbon atoms limits the
responsivity of graphene-based photodetectors.””® The inte-
gration of colloidal quantum dots in the light absorption layer
can improve the responsivity of the graphene photodetector to
10" A W', but the spectral range of the photodetector is
reduced due to the light absorption occurs in the quantum
dots.®

@ e

2D Matenials

Fig. 5
compounds.”™
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(a) Comparison of the response wavelength ranges of different 2D materials.** (b) Diagram of the crystal structures of the well-known 2D
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4.2.2 Black phosphorus. The phosphorus atoms in the
crystal structure of black phosphorus show a hexagonal
arrangement. Each phosphorus atom is surrounded by three
adjacent phosphorus atoms, forming a planar hexagonal
structure. Covalent bonds connect the phosphorus
membered rings in the crystal structure of black phosphorus
to form a 2D layered structure. This layered structure is similar
to graphite.®* The band gap of black phosphorus could be
adjusted by the thickness of the layers. The band gap of
monolayer black phosphorus is about 2 eV, while the band gap
of bulk black phosphorus is about 0.3 eV.*? At room tempera-
ture, the carrier mobility of black phosphorus can reach 1000
em® V! s71.% A wide band gap adjustable range and excellent
electrical properties make black phosphorus have great appli-
cation potential in the field of photodetection.** Li and co-
workers reported a waveguide-integrated black phosphorus
photodetector with a low dark current of 220 nA. At room
temperature, the responsivity in the near-infrared region rea-
ches up to 657 mA W' (Fig. 4e).** Guo and co-workers reported
a high-gain black phosphorus mid-infrared detector with
a responsivity of up to 82 A W' at a wavelength of 3.39 pm.*
However, the problem of black phosphorus being unstable and
degrading over time when exposed to the environment still
needs to be solved.

4.2.3 Transition metal chalcogenides. Transition metal
dichalcogenides (TMDs) have unique structures and excellent
physical properties. The chemical formula of TMD is MX,,
where M is a transition element and X is a chalcogen element.
MoS, is a representative semiconductor belonging to the TMDs.
Its crystal structure is that the Mo layer in the hexagonal array is
sandwiched between the S layers. Strong covalent bonds char-
acterize the Mo-S interaction, while the interaction between the
S layers is a van der Waals interaction along the z-axis.*® MoS,
has a tunable band gap, which can be increased from 1.3 eV
(bulk) to 1.8 eV (monolayer).*” The ultra-wideband multilayer
MoS, photodetector reported by Xie and co-workers has
a responsivity of 50.7 mA W' in the wavelength range of 445-
2717 nm (Fig. 4f).”® PtSe, is also a typical TMD material. PtSe, is
a layered structure, in which each layer consists of Pt and Se
atoms forming a hexagonal lattice. PtSe, has a tunable band gap
of 0 (bulk) ~1.2 (monolayer) eV.*® The carrier mobility of PtSe,
can reach 4038 cm® V™' s7".*° The field effect transistor based
on PtSe, prepared by Zhang and co-workers has a responsivity of
0.63 A W '.* In order to further improve the performance of
PtSe,-based devices, Xu and co-workers fabricated photodetec-
tors based on the PtSe,/SiO,/Si heterojunction. The PtSe,/SiO,/
Si heterojunction greatly suppresses the dark current and
improves the performance of the device. The dark current of the
device is as low as 0.12 pA, and the responsivity is as high as 8.06
A W 191 WTe, also belongs to the TMD material. Its crystal
structure is orthogonal (space group Pmn2,), and each layer of
the structure is composed of two layers of tellurium atoms
sandwiched between a layer of tungsten atoms.*> WTe, exhibits
semimetal properties at room temperature. It has an electron
mobility of 3.8 x 10? cm®* V™" s 7! and a hole mobility of 800 cm?
V™! 5719 Xiao and co-workers used laser pulse deposition to

Six-
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deposit large-area WTe, films. The responsivity and detectivity
of the photodetector based on the WTe, thin film are 1.4 mA
W' and 2.3 x 10° jones, respectively.”* Although TMDs have
shown considerable application potential in the infrared
detection technology, the growth of large-scale and high-quality
TMDs is still challenging.®

4.2.4 2D heterostructures. Although photodetectors based
on single 2D materials offer significant merits in the field of
infrared detection, their performance still requires improve-
ment. For instance, it is challenging for these photodetectors to
achieve high responsivity and detectivity in infrared photo-
detection simultaneously, due to the fact that high responsivity
is typically accompanied by large dark currents, thereby
diminishing detectivity. By reasonably stacking two-
dimensional materials with other materials, 2D/0OD hetero-
junctions, 2D/2D heterojunctions and 2D/3D heterojunctions
can be formed. The formation of heterostructures can reduce
the shortcomings of a single material and improve the overall
performance of the detector. Due to the lack of dangling bonds,
two-dimensional materials can form vertical heterojunctions
without considering any lattice matching conditions. 2D
heterojunction-based photodetectors can combine the detec-
tion wavelength bands of two materials, thereby expanding the
detection wavelength range. Additionally, by constructing a PN
junction, the photovoltaic effect can be enhanced, leading to an
improvement in response speed. For example, the response
times of GeSe-based photodetectors, InSe-based photodetec-
tors, and WS,-based photodetectors are 0.7 s, 5 s, and 37.2
ms,”**® respectively, while the response times of graphene/InSe/
GaSe/graphene-based photodetectors and GaSe/WS,
heterojunction-based photodetectors can reach 2 ps and 37
us,’>1* respectively, which are much faster than those of single-
material-based photodetectors. Furthermore, BP
heterojunction-based photodetectors can also be used for
polarization detection at 1550 nm.'* Although 2D hetero-
structures have many merits in the field of infrared photo-
detection, there are still obstacles to overcome in practical
applications. For instance, when transferring 2D materials to
build heterostructures, contaminants and defects are inevitably
introduced into the material or interface, resulting in degraded
device performance.”

5. 2D compounds with heterolayers
for photodetection

The crystal structures of typical 2D materials, heterolayered
materials, and 3D materials are shown in Fig. 6a. Fig. 6b
summarizes the responsivity of photodetectors based on typical
2D, heterolayered, and 3D compounds from the UV to MIR
region. Compared with other materials, photodetectors based
on heterolayered compounds have obvious advantages in the
responsivity of this band. The properties of heterolayered
materials can be modulated by adjusting the thickness or by
introducing different ionic layers. Through the combination of
different ion layers, heterolayered compounds can attain high
responsivity, high sensitivity, and low power consumption. This
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(a) Comparison of the crystal structures of typical 2D, heterolayered, and 3D compounds. (b) The reported responsivities of photode-

tectors of typical 2D, heterolayered, and 3D compounds in the UV to MIR region.

kind of versatility is hard to achieve in 2D and 3D materials,
providing photodetectors based on heterolayered compounds
with significant competitiveness in detecting fields demanding
high performance. Heterolayered compounds are formed by the
alternating stacking of two or more layers with distinct chemical
properties and thereby possess unique traits. It is found that
their physical properties are determined by the structures of the
constituents and interactions between the layers. Each layer is
composed of several thickness of atoms, which enables the 2D
feature. Different from the conventional 2D materials (such as
graphene, MoS,, etc.), the strong chemical bonding leads to the
carriers transfer between the layers, weakening the anisotropic
properties and enhancing the 3D properties.”>'*> Examples
include NaCu,Se, with non-saturating, large, and linear
magnetoresistance, the charge density wave material
KLaM; ,Te, (M = Mn and Zn), [Pbs;SbgoS4][Au,Te, ,] with
anomalous, transverse non-saturating negative magnetoresis-
tance, and RbEuFe,As, with superconductivity and
ferromagnetism.'*'°® Proper doping in one layer will have
a large impact on the other one.

Bi,0,Se is a representative semiconductor as a heterolayered
material. As shown in Fig. 7, the crystal structure of Bi,O,Se
consists of alternating positive and negative layers. The positive
layer is [Bi,0,],>"" and the negative layer is [Se],>”~, with
carriers transfer between the layers.” In addition, the negative
layer can be replaced by elements of the same main group to
form other heterolayered materials (Bi,O,S, Bi,O,Te), thereby
expanding the family of heterolayered materials. In the present
era, a limited number of heterolayered materials have been
used for infrared photodetectors, such as Bi,0,X (X =S, Se, Te),
EuMTe; (M = Sb, Bi), and MXene.>>'*”"'*® Heterolayered mate-
rials have attracted the attention of many researchers in the
field of infrared photodetection.'*®''**® Table 1 lists the
detailed parameters of the performances of infrared photode-
tectors based on the typical 2D, heterolayered, and 3D mate-
rials. Currently, the detection range of photodetectors based on
heterolayered materials is from visible to near-infrared wave-
lengths. The responsivity of the photodetector based on Bi,O,Se
in the near-infrared range is 1.1 x 10> A W~ ','** which exceeds
that of most near-infrared photodetectors.*”*** Additionally,

15990 | Chem. Sci., 2024, 15, 15983-16005

TizC,T,-based and Mo,CT,-based photodetectors exhibit
commendable performance in the near-infrared range.>**** Due
to the relatively large band gaps, it is difficult for photodetectors
based on Bi,0,X (X = S, Se), TizC,Ty, and Mo,CT, to achieve
mid-far infrared photodetection. Surprisingly, those hetero-
layered materials (Bi,O,Te, EuSbTe;, and EuBiTe;) with narrow
band gaps (<0.4 eV) have also not been explored for mid-far
infrared photodetection. In the near future, photodetectors
based on heterolayered materials for mid-far infrared photo-
detection need to be explored.

5.1 Layered bismuth oxychalcogenides

In recent years, Bi,0,X (X = S, Se, Te), as an emerging 2D
material, has received much attention due to its applications in
thermoelectric and photoelectric field
applications.'%18123:1327136 The Bj,0,X (X = S, Se, Te) materials
have two different crystal structures, Bi,O,S belongs to a prim-
itive orthorhombic lattice with a space group Pnnm, whereas
Bi,0,Se and Bi,O,Te have a body-centered tetragonal lattice

ﬁm s> Positive
@ @ ® @ == Negative
Positive or
Negative
layers

lonic

lonic or bonds

. Heterolayer = sp| Covalent

bonds

Structure
diversity

Fig. 7 Scheme of the construction of Bi,O,X (X =S, Se, Te).
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Table1 A summary of the performances of the typical 2D materials, heterolayered materials, and 3D materials used for infrared photodetectors®

Materials Dimension Eq (eV) R(AW D* (jones) Res./rec. time Wavelength (nm) Ref.
Si 3D 1.12 40.59 3.61 x 10™* — 950-1550 59
HgCdTe 0-1.6 2.5 2 x 10" 13 ns 520-4252 64
InGaAs 0.36-1.425 3700 1.01 x 10" 30/180 ms 1064 117
Graphene 2D 0 0.2 — — 532-10310 13
BP 0.3 82 — — 532-3390 85
MoS, 0.26 3.25 x 1072 1% 10° — 445-2717 58
PtSe, 0.3 0.63 1.95 x 10° — 405-808 90
WTe, 0 1.4 x 10°° 2.3 x 10° — 1064 94
Bi,0,S Heterolayered 1.16 5.9 x 102 6.77 x 10° 81.9 ms 532 118
Bi,»0,S 1.5 2.31 x 107 — 0.08 s 250-550 119
Bi,0,S 0.67 9.48 x 10? 9.96 x 10'° 227.7 ms 850 120
Bi,0,Se 0.8 65 3.0 x 10° 1ps 300-1700 121
Bi,0,Se 0.8 300 — 5.42/2 ms 940-1550 122
Bi,0,Se 0.8 3.2 x 10° 3.28 x 10" 2.1 pus 650, 1500 123
Bi,0,Se 0.8 3.712 x 10° 3.3 x 10'° 1.77/1.45 ms 300-900 124
Bi,0,Te 0.3 3 x 10° 4 x 10" 77/126 ms 210-2400 22
EuBiTe; 0.3 1 — 40 ms 370-1550 24
EuSbTe; 0.1 1 2.4 x 10 8 ms 325-1550 23
TizCoTy 0.49-2.15 1.33 x 107* 1.46 x 10° — 650 125
TizC,o Ty 1.53 8.50 x 10> 3.69 x 10' — 1060 126
Mo,CT, — 9 5 x 10 500 ms 400-800 25

¢ Ey: band gap, R: responsivity, D*: detectivity, res./rec.: response/recovery.

with space group I4/mmm."**** Bi,0,S has both ferroelasticity
and antiferroelectricity, Bi,O,Se exhibits ferroelasticity and
piezoelectricity under in-plane strain and Bi,O,Te has intrinsic
out-of-plane ferroelectricity."*”*** As shown in Fig. 8a, Bi,O,X is
connected by ionic bonds, where the [Bi,0,],>"" positive layer
and the [X],>”” negative layer are alternately stacked. Bi,0,X
also has the characteristics of conventional 2D materials, and
the band gap value can be changed by adjusting the number of
layers.**® Its unique properties have attracted the attention of
many researchers. ‘Wei et al. proposed a model called the
‘zipper model’, which explains the structure of 2D Bi,0,X well,
as shown in Fig. 8b. Each layer contains a [Bi,02],>"" positive
layer and the top [X],>"~ negative layer. The 50% X on the lower
surface of the layer and the 50% X on the upper surface of the
bottom [X],,>”~ anion layer are connected by electrostatic force,
which is similar to zipper.**”

5.1.1 Biy0,S. Bi,O,S is a layered bismuth oxysulfide family
material with a zipper structure. It is stacked by [Bi,O,],”"" cation
layers and [S],>” anion layers.* Bi,0,S has a tunable band gap
(from 0.67 to 1.15 eV). It is loosely structured with a crystal
stacking factor of 0.66,"° which leads to the high carrier mobility
of Bi,0,S. The electron mobility of monolayer hydrogen passiv-
ated Bi,0,S at 300 K is 16 447-266 99 cm? V' s~ 1,142

In 2020, Li et al. reported the Bi,0,S-based photodetector for
the first time."*® Bi,0,S nanosheets were synthesized by a one-
step hydrothermal method, and Bi,O,S thin film photodetec-
tors were prepared by thermal spraying. The response time of
the device is 81.9 ms under 532 nm light irradiation. The
highest responsivity is 0.059 A W', and the highest detectivity
is 6.77 x 10° jones.'"® Wang et al. synthesized Bi,0,S nano-
sheets and constructed a photoelectrochemical photodetector
based on Bi,0,S nanosheets. The device has self-healing

© 2024 The Author(s). Published by the Royal Society of Chemistry

properties under alkaline conditions, which can prolong the
lifetime of photogenerated carriers. Therefore, it has a longer
working time. The response time can reach 0.08 s, the response
rate can reach 2.31 mA W', and it has long-term stability at
0.6 V bias voltage.'*® Rong et al. prepared Bi,O,S nanoflowers
with hierarchical structure by a hydrothermal method (Fig. 8c).
The responsivity, detectivity and response time of the infrared
photodetector based on Bi,0,S nanoflowers are shown in
Fig. 8d and e. Under 850 nm infrared light, the responsivity of
the Bi,0,S nanoflower photodetector is 9.48 mA W™, the
detectivity is 9.96 x 10'° jones, and the response time is
27.74 m.**°

5.1.2 Bi,0,Se. Bi,0,Se is the most studied member of the
bismuth  sulfidle oxide semiconductor family by
researchers."*'** Bi,0,Se has a tetragonal crystal structure. The
crystal structure of Bi,0,Se is composed of alternating stacking
of [Bi,0,],”"" positive layers and [Se],””” negative layers.
Bi,O,Se has a narrow bandgap (0.8 eV). The Hall mobility of
Bi,0,Se is 29000 cm®> V™' s at 1.9 K and 450 cm®* V"' s7! at
room temperature.”***** In addition, it also has air stability at
room temperature.”** These properties make Bi,O,Se show
outstanding application potential in the field of infrared
detection."*”*** Peng et al. synthesized Bi,O,Se nanosheets on
mica substrates by chemical vapor deposition. The infrared
photodetector based on Bi,O,Se nanosheets has high sensitivity
in the extremely wide spectral range of 300-1700 nm, high
responsivity of 65 A W' at 1200 nm, and ultrafast light
response of 1 ps at room temperature.'”* Chen et al. synthesized
high-quality, large-area Bi,0,Se nanosheets by the CVD
method, which realized broadband detection from infrared to
THz. Under 940, 1060, 1310 and 1550 nm laser irradiation, the
maximum responsivity reached 300, 121, 53 and 58 A W,

145,146
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(a) Crystal structures of Bi»O,S, Bi>»O,Se and Bi,O,Te.**° (b) Scheme of a bilayer Bi,O,Se formed by two monolayers and a zipper model *4°

(c) Bi,O,S nanoflower diagram.*?® (d) A single magnified photoresponse curve under infrared light illumination with a light intensity of 30 mW
cm~2.120 (e) Responsivity and detectivity as a function of the light intensity.22° (f) The schematic illustration of the photodetector.®?? (g) The
responsivities in wavelengths ranging from 405 to 1550 nm.*# (h) Variation in detectivity as a function of the light intensity at wavelengths ranging
from 405 to 1550 nm.*23 ( ) Schematic diagram showing the structure of the photodetector, composed of 2D Bi,O,Te and the n-Si substrate, with
an active area of 4 mm? and responding to a broad wavelength between 210 nm and 2.4 um.? (j and k) Responsivity and detectivity against

voltage curves at different wavelengths.??

respectively.' Wei et al. synthesized Bi,0,Se nanobelts on

fluorophlogopite substrates by chemical vapor deposition. A
photodetector exhibiting both fast response and low noise was
developed by establishing a Schottky barrier between the
Bi,0,Se nanobelts and the Au electrode (Fig. 8f). The respon-
sivity of the device at 650 nm is 3.2 x 10> A W' (Fig. 8g). At
650 nm and 1550 nm, the response time is 2.1 ps and 313 ps,

15992 | Chem. Sci, 2024, 15, 15983-16005

and the detectivities are 3.28 x 10" and 8.07 x 10° jones,
respectively (Fig. 8h)."** Zou et al. studied the heat-treated
Bi,O,Se nanoplates and found that they can also have
extremely high air stability in harsh environments. The infrared
photodetector based on the heat-treated Bi,O,Se nanosheets
also has high sensitivity and can work stably at 250 °C. The
detectivity reaches 3.3 x 10' jones and has an ultra-high

© 2024 The Author(s). Published by the Royal Society of Chemistry
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responsivity of 3712 A W~ '.1>* Nevertheless, Bi,0,Se is an
indirect bandgap semiconductor with weak light absorption,
which results in a significant decline in its photoresponse
performance at a wavelength of 1550 nm."**

5.1.3 Bi,O,Te. As a new member of the bismuth oxysulfide
family, Bi,O,Te inherits comparable optoelectronic properties
to BiO,Se. Compared with Bi,0,Se, Bi,O,Te has a lower
thermal conductivity, narrower band gap and higher carrier
mobility."**'** Bi,O,Te crystallizes in a space group of I4/mmm
and the crystal structure of Bi,O,Te consists of [Bi,0,]*" layers
and [Te]>” square net layers alternately stacked along the c-
axis.”®® The ultra-thin Bi,O,Te crystals synthesized by the
chemical vapor deposition method by Ai et al. have ultra-low
temperature Hall mobility (>20 000 cm® V™' s71).%%7

Tian et al. successfully prepared 2D Bi,O,Te films by the
magnetron sputtering and rapid annealing approach. Based on
Bi,O,Te thin films, an ultra-sensitive photodetector for weak
light detection was fabricated (Fig. 8i). The device has a wide
spectral detection range of 210-2400 nm. The responsivities to
deep UV and short-wave infrared are 3 x 10° and 2 x 10* AW,
respectively (Fig. 8j). The detectivities are 4 x 10"® and 2 x 10"
jones, respectively (Fig. 8k). Due to the saturated absorption
characteristics of the surface state of the 2D material, the device
exhibits better performance under weak light irradiation than
under strong light irradiation.”” Yang et al. synthesized Bi,Te;
nanosheets by the solvothermal method and then prepared 2D
Bi,O,Te nanosheets by low-temperature oxidation. The

View Article Online
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researchers prepared a quasi-solid-state photoelectrochemical-
type (PEC-type) photodetector based on 2D Bi,O,Te nano-
sheets and studied its performance. The PEC-type Bi,O,Te
photodetector exhibits significant photoresponsive properties
in the spectral range from 365 to 850 nm. Its responsivity at
365 nm is up to 20.5 mA W~ 1.5

5.2 EuMTe; (M = Bi, Sb)

EuMTe; is a layered bimetallic telluride with a low band gap
value. EuMTe; crystallizes in a layered structure in the Pmmn
space group. As shown in Fig. 9a, it consists of a stacked Eu-Te-
M slab and a Te atomic layer, where the Te atomic layer is
sandwiched between the Eu-Te-M slab. Inside the Eu-Te-M
plate, M-Te and Eu-Te zigzag network structures are tightly
bonded.'®® In 2015, Niu et al. synthesized ternary tellurides
EuMTe; (M = Bi, Sb) by the low-temperature flux method and
studied their properties. The optical band gaps of EuSbTe; and
EuBiTe; are 0.1 eV and 0.3 eV, respectively.'*®

5.2.1 EuBiTe;. Niu et al. prepared EuBiTe; by the flux
method, and obtained EuBiTe; flakes from EuBiTe; crystals by
the transparent tape method, and deposited Au electrodes on
the surface of EuBiTe;. Based on EuBiTe; flakes, photodetectors
were fabricated on EuBiTe; flakes. Fig. 9b and ¢ show that the
device has a broadband response at 370-1550 nm with
a responsivity greater than 1 A W', and the performance does
not change significantly after exposure to air at room temper-
ature for three months.*
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(@) The schematic illustration of the crystal structure of EuMTes (M = Bi, Sb).2°® (b) RT ab-plane optical absorbance spectrum of EuBiTes

crystals.?* (c) The responsivity for our EuBiTes detectors under illumination with wavelengths from UV to near-infrared (NIR) based on the same
device.?* (d) The schematic diagram of the EuSbTes photodetector.? (e) For applied bias 1.2 V, the available ultra-broadband photoresponsivities
from UV to THz at various illuminations at 325 nm, 370 nm, 473 nm, 532 nm, 635 nm, 1064 nm, 1550 nm, 10.6 pm, 96.5 pm, 118.8 um and 163 um,
respectively.? (f) The photocurrent as a function of applied bias voltage under 532 nm illumination.?®
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5.2.2 EuSbTe;. Niu et al further prepared EuSbTe; single
crystals by the flux method and then peeled out EuSbTe; flakes
using the transparent tape method, and fabricated photodetectors
based on EuSbTe; flakes. The structure of the EuSbTe; photode-
tector is shown in Fig. 9d. The device has excellent direct photo-
sensitive performance in the UV-THz wavelength range. Fig. 9e
and f show the photoresponsivity of the device is greater than 1 A
W' in the THz wavelength range, under the illumination of
532 nm, the photocurrent increases rapidly and nonlinearly with
the increase of bias voltage. And it can maintain stable perfor-
mance after three months at room temperature in air.*®

5.3 MXenes

MXene is a new type of 2D crystal compound with a hexagonal
structure and novel properties.'*® The general formula of MXene
is M,41X,, or M1 X, Ty (n =1, 2, 3), where M is a transition metal
(M = Sc, Ti, Ta, Hf, Zr, V, Nb, Cr, Mo), X is carbon or nitrogen,
and T, represents functional groups, such as -O, -OH, -F and -
Cl. MXenes have excellent light transmittance, and the light
transmittance of many MXenes can reach more than 90%.°'*
It also has extremely conductivity, and its composite with gra-
phene exceeds the conductivity of commercial indium tin oxide
films. By compositing with a small amount of graphene, MXene/
graphene composites with a conductivity of 9.5 x 10* S em™*
can be obtained.’ These unique properties have made them
highly sought after in the field of photodetection.'*®'%7*
However, the extremely narrow band gap (0-0.1 eV) of MXene
containing -F, -OH and -O terminal groups limits its applica-
tion in the field of photodetectors.*”*

As a representative material of the MXene family, Ti;C,T, has
high electrical conductivity, and the conductivity of Ti;C,T, thin
films reaches 8000-25000 S cm %.'*%73 Furthermore, the
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material exhibits high transparency, and a single Ti;C,T, layer
can transmit about 97% of visible light.*”* The structure of
Ti;C,T, is shown in Fig. 10a."*" Hu et al. prepared semi-
conducting Ti;C,T, MXene by grafting dodecyl (-C;,H,¢) groups
on Ti;C,T, MXene materials. The band gap (from 0.49 to 2.15
eV) can be changed by adjusting the number of layers of the
semiconductor Ti;C,T, MXene. Fig. 10b shows the I-V curves of
Ti;C,T,-based infrared photodetectors under laser irradiation
at 1064 nm with different optical power densities. Under the
irradiation of a 1064 nm laser, the responsivity and detectivity
can reach 1.33 x 10" * AW ' and 1.46 x 10® jones, respectively
(Fig. 10c)." Liu also found that Ti;C,T,-based infrared photo-
detectors generate polarized photocurrent at zero bias under
the irradiation of a 1064 nm laser.””” In a separate study, Hu
et al. prepared the semiconductor Ti;C,T, MXene (S-Ti;C,Ty)
with a band gap of 1.53 eV using a benzenesulfonic acid group
(-phSO3H) as a surface functional group. The phenylsulfonic
acid group modified Ti;C,T, MXene (S-TizC,T,)-based flexible
photodetector has a maximum responsivity of 8.50 x 10> AW ™"
and a detectivity of 3.69 x 10" jones under 1064 nm laser
irradiation.**

As another member of the MXene family, Mo,CT, has high
electrical conductivity and optical properties and can achieve
a broadband response in the UV and near-infrared bands."*® The
structure of M0,CT, is shown in Fig. 10d. The Mo,CT, material can
achieve high sensitivity detection of infrared light, and the detec-
tion sensitivity is even higher than that of HgCdTe and InGaAs.
The photodetector based on the Mo,CT, material obtains a weak
optical response in the range of 325-1064 nm, the responsivity is 9
A W' and the detectivity is 5 x 10" jones under 660 nm laser
irradiation (Fig. 10e and f).> The above studies have proved the
feasibility of Mo,CT, materials for infrared photodetection. At
present, the most studied is still the infrared photodetector based
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(a) TizC,T, structure diagram.*®® (b) /-V curves under laser irradiation of 1064 nm with different optical power densities.*?® (c) The

detectivity and responsivity under different optical power densities at 1064 nm.*?* (d) Structure diagram of Mo,CT,.? (e) Responsivity of the
photodetector as a function of different light intensities.?® (f) The detectivity of the photodetector as a function of different light intensities.?®
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on Tiz;C,T,. There are relatively few studies on other members of
the MXene family applied to infrared photodetectors.

6. Application of infrared
photodetectors
6.1 Cell detection

So far, most cancer patients have died of metastatic tumors
(CTCQ). Therefore, the development of high-performance sensing
systems for CTC measurement is very important for early diag-
nosis, prognosis and accurate treatment of cancer patients.'”®
Photoelectrochemical (PEC) immunosensing technology is a new
type of CTC detection technology. Compared with traditional
CTC detection techniques (chromatography-mass spectrometry,
enzyme-linked immunosorbent assay, and fluorescence
spectroscopy),””*”® the PEC immunosensing system is more
sensitive and stable for the detection of CTCs.*® The core of the
PEC immunosensor is the photosensitive material.® Xu and co-
workers used Bi,0,S nanoflowers as photosensitive elements to
construct a near-infrared photoelectrochemical (PEC) biosensing
interface that can be excited with an 808 nm laser. The mecha-
nism of the near-infrared PEC biosensor interface for detecting

(@)

View Article Online
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tumor cells is shown in Fig. 11a. The aptamer was immobilized
on the surface of AuNPs/Bi,0,S/ITO, which can selectively
capture tumor cells. When the tumor cells were captured on the
AuNPs/Bi,0,S/ITO surface, the photocurrent of the PEC
biosensor interface decreased accordingly. The change of current
achieves the quantitative detection of tumor cells.’®

6.2 Monitoring

In laser operation, the monitoring of optical power density is
particularly important. For example, the femtosecond laser is
needed for myopia recovery surgery. The femtosecond laser has
the advantages of high instantaneous power, short pulse time
and accurate focusing range.'® Hu and co-workers used TizC, T,
MXene as the conductive electrode and RAN films as the active
material to design an infrared photodetector based on the
Ti;C,T,-RAN heterostructure. During surgery, the monitor plat-
form is adjusted to the same height as the eye. When the laser is
turned on, the power density monitoring system composed of
Ti;C,T,-RAN converts the optical signal into a current signal.
After being amplified by the I-V circuit, the current signal is
collected by the microprocessor for processing and conversion.
Finally, the optical power density of the laser is displayed on the
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Fig. 11

(a) The fabrication of the PEC aptamer sensor and the detection mechanism of tumor cells.*®? (b) TizC,T,-RAN photodetector monitors

laser density display and laser density monitoring system circuit diagram during femtosecond laser surgery.'®3
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screen. The device can monitor the optical power density of the
laser during myopia surgery to prevent excessive laser power from
causing damage to the eyes (Fig. 11b).**®

6.3 Optical communication

Flexible infrared photodetectors have great advantages in
optical communication. By combining MXene (Ti;C,T,) and
photosensitive lead sulfide quantum dots, skin-like photode-
tectors and arrays with simple bilayer configurations are fabri-
cated. The separation of photocarriers is highly promoted at the
interface of the bilayer, and efficient transmission is achieved
between the spatial separation layers. A double-layer photode-
tector based on MXene/PbS was obtained by spin-coating
MXene and lead sulfide quantum dots on quartz and PI
substrates, and then evaporating silver electrodes (Fig. 12a).
Fig. 12b is a schematic diagram of a two-layer photodetector
array based on MXene/PbS. The flexible wireless NFC system is
integrated with a MXene/PbS-based double-layer photodetector
array (Fig. 12c). The NFC system can store and wirelessly
transmit distance-containing information by NIR-II light re-
flected from fingers or other objects. When the finger is closer to
the sensor, more light will be reflected on the sensor and
produce higher photocurrent. When the hand leaves, the
current decreases due to less light irradiated on the sensor. The
transmission of information is realized by encoding and
analyzing the change of current (Fig. 12d).**

7. Outlook of heterolayered materials
for infrared detectors

Heterolayered materials have great research potential in the
field of optoelectronics. In fact, there is a large number of

15996 | Chem. Sci, 2024, 15, 15983-16005

heterolayered compounds in the inorganic crystal structure
database (ICSD) such as RETe,, RETe; (RE =Y, La, Ce, Pr, Nd,
Sm, Gd, Tb, Dy, Ho, Er and Tm), MX, (M = Eu, Gd; X = Ge, Si)
and so on.'®****® RETe; has a heterolayered structure with a unit
cell consisting of two RE-Te plates separated by two Te sheets.*®”
RETe; has a small effective mass and very high carrier mobility,
and GdTe; has the highest mobility among all known 2D
layered magnetic materials. The electron mobility is beyond 60
000 cm” V' s7".1% Coupled with silicene and germanene, Eu
and Gd formed a new 2D RE compounds MX, (M = Eu, Gd; X =
Ge, Si). The stoichiometric MX, has layered structure. In MX,,
Eu or Gd forms the triangular lattice, while silicene or germa-
nene forms the 2D honeycomb network.'®® EuGe, is a bipolar
magnetic semiconductor with a band gap of 0.55 eV, and its
carrier mobility can be up to 10* cm? V! 571190191 Eysi, is
a semiconductor with an indirect surface band gap of 0.45 eVv.***
GdGe, is a ferromagnetic half-semiconductor and an indirect
band gap of 0.55 eV.** The narrow bandgaps of MX, allow them
to be excited by infrared light, and they also have high enough
carrier mobility. It is foreseeable that the research of hetero-
layered compounds in the field of infrared photodetection will
definitely have vigorous development in the near future.

8. Conclusions

In summary, we begin by outlining the evolution of materials
with 3D and 2D structures that are apt for infrared photode-
tectors. Then we introduced the research progress of infrared
photodetectors based on heterolayered materials. Photodetec-
tors based on heterolayered materials have been reported to
have broadband detection, THz detection, polarization-

sensitive light detection, etc. Bi,0,S has self-healing
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properties under alkaline conditions to extend the lifetime of
photogenerated carriers. Bi,O,Se-based photodetectors have
a broadband response from UV to THz, with high responsivity
and detectivity. However, due to its indirect bandgap semi-
conductor and weak light absorption, its optical response at
1550 nm is significantly reduced. Bi,O,Te has polarization-
sensitive photodetection properties, but its synthesis process
still needs to be optimized. Although EuMTe; (M = Sb, Bi) has
extremely high stability at room temperature and can maintain
its performance after being placed in air at room temperature
for 3 months, there are still few studies on them. MXene can
achieve a fast response and has high chemical stability and
thermal stability. By introducing surface functional groups to
regulate the band gap of Ti;C,T,, its response in the infrared
band is realized. Moreover, it has high transparency and flexi-
bility, which provides conditions for the preparation of trans-
parent and flexible/stretchable electronic devices. However,
except for Ti;C,Ty, other members of the MXene family have
been studied less in the field of infrared photodetection.

Although heterolayered materials have been extensively
studied, there is still considerable research value and scope for
improvement in the field of infrared photodetection.

(1) Firstly, many heterolayered materials with suitable band
gaps are identified in the inorganic crystal structure database,
such as RETe,, RETe; (RE =Y, La, Ce, Pr, Nd, Sm, Gd, Tb, Dy,
Ho, Er, and Tm), MX, (M = Eu, Gd; X = Ge, Si), etc. Investiga-
tions of these compounds for detectors are worthy to be con-
ducted. Secondly, the construction of different 2D constituents
could be designed to form new compounds. The functional
layers need to have comparable lattice parameters and strong
bonds between the outermost ions, leading to new materials
with promising properties. For instance, the combination of
superconducting layers and magnetic layers lead to the forma-
tion of new magnetic superconductors, like RbEuFe,As, with
a superconducting [FeAs] layer and a ferromagnetic Eu layer.'*

(2) Current research on infrared photodetectors made of
heterolayered materials mainly focuses on the NIR wavelength
band, while studies on the MIR and far-infrared (FIR) wave-
length bands have lagged behind. The performance of the
heterolayered material photodetector can be optimized by
adjusting the physical properties of the semiconductors.
Considering the doping elements, different elements can
introduce new energy levels in the forbidden band, facilitating
the generation and separation of photogenerated carriers and
improving photoelectric performance. As for the doping
concentration, a too low concentration may not fully introduce
the needed energy levels, leading to insufficient generation and
separation efficiency of photogenerated carriers, affecting light
absorption and photoelectric conversion efficiency of the
material. However, an overly high concentration may cause
lattice distortion, reduce carrier mobility, and impede charge
transport, adversely affecting the photoelectric performance. An
appropriate doping concentration can optimize the energy band
structure of heterolayered materials, enhance charge separation
and transport efficiency, boost light absorption, and signifi-
cantly enhance photoelectric performance. As for doping sites,
doping at specific lattice sites can introduce new energy levels,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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altering the positions and distributions of the valence band
maximum and conduction band minimum, directly influencing
the material's light absorption and charge transport properties.
Meanwhile, for the heterolayered materials, when the doping
site is close to the interface, it may change the band bending
and charge distribution at the interface, influencing the charge
transfer and separation efficiency at the interface and thereby
affecting the photoelectric performance.

(3) The response speed of infrared photodetectors based on
heterolayered materials is frequently sluggish. A fast response
can be attained by optimizing the carrier mobility of the
material, enhancing the electrodes of the device, and estab-
lishing a heterojunction structure. Regarding carrier mobility,
optimizing the growth process can improve crystal quality and
minimize the presence of impurities and defects. This is
because impurities and defects scatter the carriers, impeding
their free movement and thereby reducing their mobility.
Optimizing the electrode by selecting an electrode material with
high conductivity, such as a metal with excellent conductivity,
can lower the electrode resistance, accelerate the transport of
carriers within the electrode, and thus shorten the response
time. Appropriately reducing the thickness of the electrode can
decrease the resistance and capacitance of the electrode and
mitigate the delay of carrier transmission. The utilization of
a rational electrode structure can increase the contact area
between the electrode and the detection material, enhancing
the carrier collection efficiency, and decreasing the response
time. Appropriate electrode spacing and arrangement also
contribute to reducing the effects of capacitance and resistance.
For heterojunction structures, choosing two materials with
matching band structures, such as combining a material with
a wide bandgap and high carrier mobility with a material with
a narrow bandgap and a high optical absorption coefficient, can
simultaneously achieve high responsivity and fast response
time. Precise regulation of the thickness of each layer within the
heterojunction can optimize the distribution and intensity of
the built-in electric field and expedite the separation and
transport of carriers. On the other hand, the response time of
the photodetector is restricted by the bandwidth. When the
bandwidth is increased by narrowing the width of the intrinsic
region and downsizing the device, the light absorption of the
material is affected, leading to a decrease in responsivity. The
light propagation direction of the waveguide-coupled photode-
tector is perpendicular to the transmission direction of the
carrier, reducing the mutual constraint between the response
time and the responsivity. High responsivity and fast response
speed of photodetectors can be optimized by preparing
waveguide-coupled photodetectors.

All in all, heterolayered materials have great research
potential in the field of infrared photodetection. While strides
have been made in the development of infrared photodetectors
using 2D materials, several challenges persist: (1) existing
infrared photodetectors, despite their high sensitivity,
encounter issues of signal interference and excessive back-
ground noise in certain environments. This compromises the
accuracy and stability of these detectors. (2) The production of
two-dimensional material infrared photodetectors presents its
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own set of challenges. The complex manufacturing process and
high production costs hinder their large-scale application. (3)
The requirements for infrared photodetectors vary across
different fields, such as military, security, medical, and envi-
ronmental protection. This necessitates the development of
detectors with broad adaptability.
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