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Recent advances in enhancing the photodetector
performance of 2D materials by combining them
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Two dimension (2D) material-based photodetectors usually indicate excellent properties such as ultrafast
and broadband response, but the atomic thickness of 2D materials usually leads to low absorption
coefficient. Pure 2D material-based photodetectors also suffer from serious drawbacks such as short
carrier lifetime, low optical absorption coefficient, and weak built-in field. Organic materials present
excellent properties such as flexibility, high absorption coefficient, low cost and large area, which are very
suitable for enhancing the detector performance of 2D materials. In this paper, the development of 2D
material photodetectors by combining 2D materials with organic thin films since their proposal to date is
reviewed. The 2D/organic photodetectors are classified into three categories (graphene-based, MoS,-
based and others), and their development history and research status are comprehensively summarized
and reviewed. Organic thin films are categorized into small molecule organic thin films, organic polymer
thin films, complex organic thin films, and bilayer organic thin films, and the device performance of each
type of material and the mechanism behind the high performance are discussed in detail. Finally, the
future development of 2D/organic photodetectors is envisaged. The aim of this paper is to provide new
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research ideas and directions for 2D/organic heterojunction photodetectors with ultra-high performance
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1. Introduction

In the field of modern technology, photodetectors play a key
role, and their main function is to convert information-carrying
optical signals into electronic signals for further processing and
application in electronic devices.'™ This technology is widely used
in the fields of image processing,™ optical communication,®’
etc., and has a profound impact on our daily life. For example, in
smartphones, photodetectors enable automatic screen brightness
adjustment; in cameras, charge-coupled devices help capture
accurate images; infrared detectors play a key role in night
observation and security surveillance;>* and photodetectors are
also used to acquire high-quality medical images.'*™* Conven-
tional photodetectors mainly utilize semiconductor materials,
which can be divided into three according to the stages of
development.'® The first stage includes the monolithic semicon-
ductors Si**"® and Ge;"® the second stage includes the compound
semiconductors GaAs,'” InSb,"® etc., and the third stage includes
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and promote the application of these combined photodetectors.

wide-bandwidth semiconductors GaN,*® SiC,*° and ZnO.** For a
long time, traditional photodetector materials such as HgCdTe, Si,
InGaAs, etc. have been dominating the global commercial photo-
detector market by virtue of their considerable detection perfor-
mance as well as mature scale production and integration
technologies.””* The sensitivity, detection range, and detectivity
of traditional material photodetectors can no longer meet the
demands of military and civil products. There is an urgent need
for novel materials to fabricate high-performance photodetectors.

Researchers are actively exploring novel materials, among
which graphene®® and other 2D materials have attracted much
attention. Due to their excellent electronic properties and
flexibility,*® 2D materials have great potential for application
in the field of improved photodetectors. 2D materials such as
graphene have high mechanical strength and high optical
transparency,”” with potential use in fabricating transparent
electrodes and flexible optoelectronic devices. The number of
layers of 2D materials such as MoS, induces a change in the
bandgap and has a low dielectric shielding effect internally,
making them promising as stable carriers for electronic device
applications.>*®?° The two-dimensional condition makes it
possible to achieve arbitrary stacking between any materials,
which is completely unaffected by the lattice mismatch of
traditional 3D materials, and exhibits highly compatible
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integration properties.*® Therefore a large number of 2D mate-
rials have been applied in advanced optoelectronic devices,*'*
including photodetectors,® optical modulators,** lasers,**> and
synaptic photonic chips.*® In 2009, Xia et al. prepared the first
graphene photodetector," which initiated the large-scale appli-
cation of graphene in photodetectors. In 2011, A. Kis et al.
successfully realized the first single-layer MoS, field effect
transistor,”” with a current switching ratio of 10® in a device
with HfO, as the top gate dielectric layer, and a subthreshold
swing of 74 mV dec™ " for the field effect transistor at room
temperature. However, 2D materials are usually less resistive,
resulting in higher photodetector dark currents. Moreover,
pure 2D material photodetectors have the disadvantages of
short carrier lifetime, low light absorption coefficient, and weak
built-in field. Therefore, further development on the basis of 2D
photodetectors is necessary, and combining 2D materials with
organic materials brings new development opportunities.*®
Organic materials typically have low carrier mobility, high
absorption coefficients and broader energy level structures, so
photodetectors fabricated using organic materials typically have
very low dark current® and high light sensitivity."> Combining 2D
materials with organic materials results in ultra-high-performance
photodetectors that can improve performance by several orders of
magnitude.*’ Both 2D and organic materials contain a rich
library of materials. Common 2D materials include graphene
(semimetal),*>*® MoS, (semiconductor),” h-BN (insulator),”> FeTe
(magnetic material),* etc.; common organic materials include pen-
tacene (semiconductor),** PVCN (insulator),*> CuPc (polymer),*
Cg BTBT (polymer),*” etc. Although 2D materials show great
potential in infrared photodetectors, the performance of photode-
tectors based on pure 2D materials is limited by weak light
absorption and short carrier lifetime. 2D materials are capable of
forming n-n stacked interfaces with organic materials, and 2D/
organic heterojunctions have good compatibility.**** In addition,
the delocalization of Frenkel excitons in organic materials is
beneficial to improve the quantum efficiency and operating wave-
length of photodetectors. 2D/organic heterojunction photodetec-
tors have been proved to be an effective alternative to improve the
performance of photodetectors. 2D/organic heterojunction photo-
detectors usually exhibit the advantages of ultra-high responsivity,
ultrahigh detectivity, ultra-fast response time, broadband spectral
detection, ultra-high gain and ultra-high quantum efficiency. The
first applications of 2D/organic heterojunctions are in field effect
transistors, with the main objectives of improving dissociation
efficiency, increasing responsivity and increasing gain.”>*' For
high-efficiency light generation or collection in graphene-based
optoelectronic devices, the key challenges are to improve light
absorption, construct appropriate band structures and improve
the interface quality. Increasing the thickness of 2D material films
significantly improves light absorption, but only a small fraction of
carriers away from the interface can be collected.>® The integration
of 2D materials with other materials to improve light detection is
an excellent strategy, and in particular the combination of organic
materials with 2D materials is a breakthrough in photodetector
performance.**>® Obtaining high-quality 2Dj/organic interfaces
is also a challenge, which are easily contaminated during the
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fabrication process.*®>* Heterojunction photovoltaic devices have
far surpassed conventional photodetectors in terms of perfor-
mance, but most of the research is only on individual devices,
which have not realized large-scale applications, such as solar
cells®™® and photodetectors, so heterojunction photovoltaic
devices still have a sizeable developmental space.

There are five main physical mechanisms of 2D/organic
heterojunction photodetectors: surface plasma-wave-assisted
effect,”” photovoltaic effect,”® photoconductive effect,>® photo-
thermoelectric effect® and photobolometric effect.®® A review of
some 2D/organic devices, categorized according to the design
strategy and physical mechanisms, was conducted by our group in
2019.*" In this review, we present a comprehensive summary of
recent advances in enhancing the photodetector performance of
2D materials by combining them with organic thin films from the
materials perspective. Given the distinct properties of diverse
materials, separate consideration is necessary concerning applica-
tion areas, manufacturing processes, integration strategies, per-
formance optimization, and research priorities. Categorizing 2D/
organic heterojunction photodetectors based on material type
aids in better comprehension and utilization of these materials’
unique properties, facilitating the development of targeted appli-
cation solutions. Initially, this paper classifies 2D/organic hetero-
junction photodetectors into three categories (graphene-based,
MoS,-based, and others) and discusses various photodetector
technologies based on the materials’ characteristics and advance-
ments. Further, organic thin films are similarly categorized
according to material type, and a comprehensive review of
different material types of organic thin films is presented sepa-
rately, revealing gaps in current research and future directions.
This paper aims to systematically examine and discuss the latest
advancements in the field of photodetectors, leveraging a
material-based classification perspective. It offers an intuitive
comparative framework, enabling readers to contrast the perfor-
mance of detectors made from different materials easily. It is
hoped that this review will provide readers with valuable informa-
tion, which will guide the direction of future research and
promote the further development of the field.

2. Two-dimensional (2D) materials and
organic materials

Both 2D and organic materials contain a rich library of materi-
als, which ensures the diversity of 2D/organic heterojunction
photodetector design. Heterojunctions can also be designed
from the structural aspect, such as type-I junction, type-II
junction, type-III junction, Z scheme junction, Schottky junc-
tion and so on. Achieving effective energy band matching is the
focal point of designing high-performance photodetectors, and
the type of heterojunction charge transfer is mainly determined
by the energy bands of 2D materials and organic materials.®?

2.1. Two-dimensional (2D) materials

Common materials used for photodetectors can be classified
into four types: (1) zero-dimensional materials,*®> such as
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quantum dots, clusters of atoms, etc.; (2) one-dimensional
materials,®® such as nanowires, nanorods, nanotubes, etc.; (3)
two-dimensional materials,"*>>%¢ such as graphene, MoS,, etc.;
and (4) three-dimensional materials, such as Si, Ge, and InSb.
2D materials are those with thickness reduced to the atomic
level in one dimension and with larger sizes in the other two
dimensions. Common 2D materials include graphene, MoS,,
black phosphorus (BP), MoTe,, WSe,, ReS,, Bi,Se;, WS,, etc.,
and their structures are shown in Fig. 1. As a semimetal,
graphene has the advantages of high mobility, broad light
absorption spectrum, and ultrafast photogenerated carriers.
As for semiconducting TMDs, they have a bandgap that varies
with the number of layers (direct bandgap in the case of a single
layer and indirect bandgap in the case of multilayers) and
unique exciton properties. Graphene and TMDs are most
widely used in photodetectors. This paper reports 2D/organic
heterojunctions in three categories: graphene-based photo-
detectors, MoS,-based photodetectors, and photodetectors of
other 2D materials.

The crystal structure and energy band diagram of the 2D
material graphene are given in Fig. 2(a) and (b). Graphene has a
linear dispersion relation near the Dirac point, and the theore-
tical density of states at the Dirac point is zero.®® Therefore,
graphene is a semi-metallic material with a band gap of zero.
The carriers in graphene can be described as massless Dirac
fermions, and this unique property brings about many unique
physical phenomena. For example, Dirac fermions can move at 1/
300th of the speed of light in graphene. Most importantly, the
carrier mobility in graphene can be as high as 20000 cm®>vV~"s7%,
much higher than that of commonly used semiconductor materi-
als such as Si. Due to graphene’s unique energy band structure, its
zero band gap gives it uniform optical absorption over a broad
spectrum (Fig. 2¢ and d), and its optical absorption range can be
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Fig. 1 Various 2D materials and their structures.
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Fig. 2 2D material graphene. (a) Crystal structure of graphene.®® Repro-
duced with permission.®®> Copyright 2015, Sciendo. (b) Energy band
diagram of graphene.?® Reproduced with permission.2® Copyright 2009,
American Physical Society. (c) Illustration of the various optical transition
processes.®” (d) Schematic diagram of the absorption spectrum of
graphene, with the numbers corresponding to the dominant mechanism
in part (c).®” Reproduced with permission.®” Copyright 2014, American
Chemical Society.

extended from the UV to the terahertz band.****®” The optical
absorption of graphene depends only on the structural para-
meters, and the intrinsic graphene absorbs only 2.3% of the light
in the broad spectrum. Mechanically, Young’s modulus of single-
layer graphene is greater than 1 TPa. Since the thickness of a
single layer is only 0.34 nm, it is very flexible and can be used to
fabricate flexible devices, e.g., as a flexible electrode material.
Unlike graphene, TMDs are a group of 2D materials that can
have a band gap. Their common form is MX,, where M is a
transition metal (Mo, W, etc.) and X is a sulfur group element
(S, Se, Te, etc.). MoS, is a typical TMD, and its crystal structure,
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Fig. 3 Transition metal dichalcogenide MoS,. (a) Crystal structure of
MoS,.%8 Reproduced with permission.°® Copyright 2017, American
Chemical Society. (b) Energy band diagram of MoS,;%° from left to right,
block molybdenum, quadruple molybdenum, double molybdenum, and
single molybdenum. Solid arrows indicate the lowest energy conversion.
Reproduced with permission.®® Copyright 2010, American Chemical
Society. (c) Spin and valley coupling of MoS,.”® Reproduced with
permission.”® Copyright 2012, Nature Publishing Group. (d) Light absorp-
tion spectra of monolayer MoS, and A, B excitons.” Reproduced with
permission.”* Copyright 2012, Nature Publishing Group.
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energy band structure, and spin-valley coupling are shown
in Fig. 3(a)—(c) respectively. Thick-layer MoS, is an indirect bandgap
semiconductor material, and the bandgap decreases as the layers
become thicker. The band gap of thick-layer MoS, is 1.2 eV,
whereas single-layer MoS, has a direct band gap of 1.9 eV. As
shown in Fig. 3(d), which demonstrates the light absorption
spectrum of MoS,, the cleavage of the valence bands brings about
two unique distinctive excitons, with the higher-energy exciton
known as B-exciton and the lower-energy exciton known as A-
exciton. In monolayer TMDs, the neutral exciton can also combine
with an electron or hole to form a tri-exciton, and the concentration
of tri-excitons in TMDs can be regulated by applying a gate voltage.

Researchers have been exploring the preparation method of
high-quality, large-area, expandable, and stable 2D material films
for a long time.”” Currently, the main preparation methods
include the following four: mechanical exfoliation,”® chemical
vapor deposition,”* epitaxial growth”® and reduction of graphene
oxide.”® 2D materials are unlikely to replace Si but can functionally
complement the existing technologies. Microelectronic devices will
continue to evolve in the direction of being faster, smaller,
cheaper, and more functional. 2D materials are expected to lead
the industrial transformation based on material innovation.

2.2. Organic materials

Organic materials mainly include small molecules, polymers,
complexes, metal-organic frameworks (MOFs), and covalent
organic frameworks (COFs). Organic semiconductor materials
are widely used in organic light-emitting diodes (OLEDs) because
of their low cost, flexibility, high fluorescence efficiency, and broad
spectral coverage.”””® Organic thin film transistors are widely used
in integrated circuits.®*® Polymer organic semiconductors were
the first class of materials to be used in photodetector research,
with a long history of research and extensive optimization experi-
ence. In general, polymers have good solubility and can be
prepared as films by spin-coating, spraying, LB method, and other
simple and inexpensive processes. Small molecule materials have
inherent advantages over polymers. For example, they have a fixed
molecular mass and physical properties, a fixed molecular struc-
ture, and a neat and regular crystal arrangement. The acene
compounds possess flat and tight conjugated structures and are
most frequently used in organic electronics research, such as
benzotriazole, tetracene, pentacene, and rubrene, which have
excellent properties. Among them, pentacene has become the
most shining material in photodetector applications due to its
good crystallinity, easy formation of large-size grains, and highly
ordered single crystals. The molecular structure of phthalocya-
nines mainly consists of nitrogen-containing conjugated macro-
cycles with excellent planarity, and molecules with different
properties can be synthesized by coordinating different metal
elements. Phthalocyanine materials such as CuPc, CoPc, NiPc,
F16CuPc, etc. perform well in photodetectors. In addition to the
above materials, many new high-performance organic semicon-
ductor materials have also been developed and applied to photo-
detectors with good results, such as NTCDA, PTCDI-Cg, and Cgy.
COFs are emerging crystalline porous organic polymers with
light elements linked by covalent bonds. COFs have
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controllable properties in the material structure and electro-
nics. COFs are formed by covalent bonding, and the 2D planes
are usually stacked face-to-face, with strong n-m interactions
between neighboring layers and in the 2D plane, which is very
favorable for carrier migration.®*"®® 2D COFs with characteristic
light absorption and exciton generation under light illumina-
tion have become a hot research topic. The coupling of optical
and electrical properties leads to the application of 2D COFs in
photodetectors with their unique advantages, and ultrathin 2D-
COF nanosheets or thin films have gained a widespread inter-
est as photodetectors. MOFs are a new class of crystalline
nanoporous materials composed of inorganic secondary structural
units and organic ligands via coordination bonds.®” The intrinsic
energy band structure and electronic properties of 2D MOFs can
be systematically tuned by the reaction conditions of the coordina-
tion environment, organic ligands, and molecular building blocks
during the assembly process.**® MOFs have strong light absorp-
tion in the SWIR, and their structural and functional diversity and
energy band tunability simultaneously provide more opportunities
for their integration into photodetectors.

Common organic materials for heterojunction photodetec-
tors are shown in Fig. 4. By choosing different 2D and organic
materials, devices with different functions can be realized. The
strategy of combining 2D materials with organic materials has
excellent application prospects in the field of photodetectors.

2.3. Rational combination of 2D and organic materials

Photodetectors, as critical devices for information perception,
have an indispensable position in modern information tech-
nology, and their main task is to convert optical signals into
electrical signals efficiently. Optoelectronic devices adapted to
different wavelength bands can be constructed by selecting

Rubrene

Fig.4 Common organic materials in 2D/organic heterojunction
photodetectors.
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semiconductor materials with different bandgaps. In recent
years, 2D materials have been widely used in optoelectronic
devices due to their wide variety and excellent electrical and
optical properties. However, 2D materials suffer from limited
light absorption capacity due to their ultrathin property, which
limits their application in optoelectronics. Constructing 2D/
organic heterojunctions is an advanced material design strategy
(Fig. 5) that combines the advantages of 2D and organic materi-
als, solves some of the problems of single-material systems, and
significantly improves several material and device properties,
especially in photovoltaic conversion and energy storage.

In order to construct high-performance heterojunction
photodetectors, the energy band structures and properties of
different materials need to be fully considered in order to select
and match different materials. Fortunately, both 2D and
organic materials are equipped with a rich library of materials,
so researchers can flexibly select appropriate materials to
achieve suitable heterostructures according to specific needs.
Graphene has excellent electrical and thermal properties; the
downside is that graphene has a zero band gap, which makes it
more difficult to suppress its dark current. MoS, has an
adjustable bandgap, which can be realized to suppress the dark
current. However, the spectral response of MoS, is mainly
concentrated in the visible range, and the response to bands
such as infrared light is relatively poor. Graphene and MoS, are
the most applied 2D materials in photodetectors.

When comparing Wannier excitons in 2D materials and
Frenkel excitons in organic materials, Frenkel excitons have
higher exciton binding energies, and delocalization of Frenkel
excitons is beneficial for improving the quantum efficiency of
photodetectors and broadening the operating wavelength
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Fig. 5 Rational combination of 2D and organic materials.
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range. Combining 2D and organic materials may result in ‘“n—
n stacked interfaces” and “ordered molecular orientations”.
The 2D materials have low-defect surfaces and show good
compatibility with organic materials without the need to con-
sider lattice matching. This provides a solid theoretical basis for
the design and application of 2D/organic heterojunctions.*®*°

As society enters the high-tech era, there is a growing
demand for multifunctional photodetectors, such as in
life sciences (X-rays,”® MRIs,”" CT scans,”® and PET scans®®),
communications and information technology (fiber-optic
communications,”® LIDAR,”> photonics computing,”® and
optical sensing®’), security and military applications (night-
vision,”® infrared detection,”® laser ranging,'®® and target
identification'®"), industry and manufacturing'®> (measuring,
detecting and monitoring various physical parameters), etc.,
which necessitates the development of new photodetectors,
especially 2D/organic heterojunction detectors. 2D/organic het-
erojunctions face challenges in multifunctional, high-perfor-
mance optoelectronic detection (e.g., interface engineering'®*
and thin-film preparation techniques'®*), which can be over-
come through materials engineering and technological innova-
tion, enabling them to be useful in a variety of applications.

Combining 2D materials with organic materials offers the
following advantages:

(1) Optoelectronic performance enhancement: 2D materials
(e.g, graphene, TMDs, etc.) have excellent optoelectronic properties
with high carrier mobility and wide spectral response range. Com-
bining 2D materials with organic materials can extend the spectral
response range of photodetectors and improve their sensitivity.

(2) Flexibility and malleability: organic materials are often
very flexible and can be easily prepared on substrates of
different shapes and sizes, thus making photodetectors more
flexible. This is important for certain special applications such
as wearable technology and flexible electronics.

(3) Low-cost production: organic materials typically have low
preparation costs and can be prepared using simple processes
such as printing and coating. Combining organic materials with
2D materials allows high performance photodetectors to be
produced at low cost, which is very attractive for mass production.

(4) Energy efficiency: 2D materials possess high electron
mobility, and thus combining them with organic materials can
reduce power consumption and improve the energy efficiency
of photodetectors, which is very important in mobile devices
and sensor applications.

(5) Multifunctionality: organic materials can be chemically
modified and functionalized to achieve a variety of functions,
such as enhancing the stability, selectivity, and response speed
of photodetectors. Thus, the combination of 2D and organic
materials holds great promise for various specific applications.

102

3. Performance characterization of
photodetectors

The following parameters are often used to measure the
performance of a photodetector (Fig. 6): responsivity, gain,
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response time, detectivity, noise equivalent power, and so on.
These parameters are briefly described below.

3.1. Responsivity (R)

Responsivity (R), also known as sensitivity, describes the photo-
electric conversion efficiency of a photodetector, which can
characterize the magnitude of the photoelectric conversion cap-
ability and is an essential parameter for assessing the perfor-
mance of a photodetector.'® The responsivity refers to the ratio
of the photocurrent generated under light conditions to the
optical power of the effective area. The defining formula is
R— Ion _ Light — Lqark (1)
Piy Piy

where I, denotes the photocurrent, ligh: and Iga denote the
value of the current in the case of light and dark respectively, and
Py, denotes the value of light power in the effective area. The
performance of the detector is indicated by the magnitude of the
value of R. A larger value of R indicates better performance.

3.2. Response time (7)

Response time (7) refers to the sensitivity of a photovoltaic
device to an optical signal. Typically, the response time (t) is
defined as the time for the net photocurrent to rise from 10% to
90% when the light is switched on and off (rise time or
response time) or the time for the net photocurrent to fall from
90% to 10% (fall time or recovery time). The rise time is
determined by the transport of carriers and the fall time is
determined by the collection of carriers by the electrodes.'®
The response time is affected by many factors, such as the
equivalent intrinsic RC constant of the device and the defect in
the 2D material.

3.3. Noise equivalent power (NEP)

Noise equivalent power (NEP), also called minimum measur-
able power, refers to the optical power required to produce a
signal with one signal-to-noise ratio.'”” The NEP is defined as

Response

External

quantum
efficiency

Performance
characterization of

‘ . ‘ Noise

equivalent
power

Fig. 6 Performance characterization of photodetectors.
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follows:

Py _ l_n
VB R
where Py, is the incident power at a signal-to-noise ratio of 1, B
is the amplifier bandwidth, 7,, represents the noise current, and

R is the responsivity. The smaller the NEP, the smaller the
noise, and the better the detector detection capability.

NEP =

(2)

3.4. Detectivity (D¥)

Detectivity (D*) represents the ability of the detector to capture
weak signals'®® and is calculated as follows:

. VAB VAB
b _NEP_R in 3)

where A denotes the effective illumination area (cm?) and e is
the elementary charge.

3.5. Gain (G)

Gain (G) can be expressed as the number of regenerated photo-
excitons through a multiplication mechanism. For highly respon-
sive photoconductive devices, researchers usually use multiple
methods to capture one type of carrier to obtain a higher carrier
lifetime, which multiplies the number of other types of carriers
within the conducting channel.' Thus, the gain (G) stems from a
longer carrier lifetime and can be defined as follows:

Tiife Tife
G= = @)
Ttransit L2/ u Vbias
where 7 and Tyangsie epresent the excited carrier lifetime and
carrier crossing time, respectively. L denotes the transmission
channel length, 1 denotes the carrier mobility, and V},s denotes
the bias voltage.

3.6. External quantum efficiency (EQE)

External quantum efficiency (EQE) is one of the main perfor-
mance indicators of photodetectors and is defined as follows:
when photons are irradiated onto the sensing surface of a
photodetector, some of the photons will excite the photosensi-
tive material to produce an electron-hole pair to form a photo-
current, and the ratio of the number of collected electrons to the
number of all incident photons is called the external quantum
efficiency (EQE)."*'** The defining equation is as follows:

J
EQE = R x ’7" % 100% 5)
enr

where 7 is Planck’s constant, ¢ represents the speed of light, and
/ is the wavelength of the detected light. The external quantum
efficiency (EQE) is proportional to responsivity (R).

4. Recent progress in 2D/organic
heterojunction photodetectors

Modern optoelectronic devices, such as detectors, modulators,
lasers, LEDs, and solar cells, are widely used daily. Modern
optoelectronic devices are essential in imaging, display, optical
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communications, medicine, security, and energy. Photodetec-
tors are popular optoelectronic devices used to convert optical
signals into electrical signals. They play a key role in optics,
communications, imaging, sensing and many other applica-
tions. The main principle of operation of photodetectors is to
use light energy to excite charge carriers (electrons or holes)
and convert them into current or voltage signals. Traditional
photodetectors are usually manufactured based on traditional
semiconductor materials such as Si, Ge, GaAs, etc.”**' The
application fields of photodetectors are becoming increasingly
extensive, and the corresponding requirements for photodetec-
tors are also higher. Traditional photodetectors can no longer
meet the demand, especially in medicine, quantum commu-
nication, and satellite radar, and other more stringent
requirements.’®°7?°71%% The rise of 2D materials has brought
new opportunities for the fabrication of photodetectors, espe-
cially since 2004 when Novoselov et al. obtained single-layer
graphene by mechanical exfoliation.'"? 2D materials, including
graphene and its derivatives (e.g., graphene oxide, reduced
graphene oxide), along with analogous materials (e.g., TMDs,
black phosphorus), demonstrate favorable compatibility with
organic materials due to their distinct physical and chemical
characteristics (low-defect surfaces, tunable surface chemistry,
and the absence of a requirement for lattice matching
considerations).*®** Constructing 2D/organic heterojunctions
can enhance carrier separation efficiency and mobility, improve
interface properties, and increase device flexibility and proces-
sability. Consequently, 2D/organic heterojunction photodetec-
tors (Fig. 7) often exhibit ultra-high responsivity, ultra-sensitive
optical response, ultra-fast response time, broadband spectral
detection, ultra-high gain, and ultra-high quantum efficiency.
With society entering the era of big data, there is an increasing
demand for multifunctional photodetectors in various fields,
including high-speed communication, optical memory, light
modulation, and on-chip computational optoelectronics. There-
fore, challenges and opportunities persist for 2D/organic hetero-
junctions in multifunctional and high-performance detection.

4.1. Graphene-based photodetectors

Photodetectors based on the 2D material graphene are a hot
research topic in the field of photodetection. However, graphe-
ne’s thickness of only one atomic layer results in low absor-
bance (only 2.7%), which limits its responsivity, which is
usually on the order of mA W', To solve this problem, we
can combine graphene’s property of high carrier mobility with
the excellent light-absorbing properties of organic materials to
prepare graphene photodetectors with excellent absorption
properties (the summary of graphene/organic devices is shown
in Table 1).

4.1.1. Combining with small molecule organic materials.
Organic small-molecule materials can create thin film layers
through thermal evaporation. This method offers ease of
controlling parameters such as film thickness, making it parti-
cularly beneficial for conducting repetitive comparative experi-
ments. Furthermore, films produced via thermal evaporation
typically exhibit superior interface quality to alternative
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Fig. 7 2D/organic heterojunction photodetectors. Graphene-based
photodetectors. Reproduced with permission 26139148152157169  Cqpyright
2018, Wiley-VCH; Copyright 2023, Wiley-VCH; Copyright 2018, Wiley-VCH;
Copyright 2019, American Chemical Society; Copyright 2020, Wiley-VCH;
Copyright 2017, American Chemical Society; Copyright 2022, American
Chemical Society. MoS;,-based photodetectors. Reproduced — with
permission,178179182186187.185 Cqpyright 2022, Nature Publishing Group; Copy-
right 2022, American Chemical Society; Copyright 2015, Wiley-VCH; Copyright
2019, Nature Publishing Group; Copyright 2022, Wiley-VCH; Copyright 2019,
Wiley-VCH. Other photodetectors. Reproduced with permission 15193198200
Copyright 2017, American Chemical Society; Copyright 2020, Wiley-VCH;
Copyright 2021, Wiley-VCH; Copyright 2021, Nature Publishing Group; Copy-
right 2022, American Chemical Society; Copyright 2022, Nature Publishing
Group; Copyright 2022, Elsevier; Copyright 2022, Wiley-VCH.

techniques like spin coating. Dye molecules typically possess
a high absorption cross-section, and their combination with
graphene, which exhibits a broad absorption band, can signifi-
cantly enhance the device’s photocurrent and quantum effi-
ciency. The primary mechanisms underlying the ultra-high
performance of dye-sensitized graphene photodetectors involve
enhanced light absorption and the amplification of photocur-
rent generated by optically excited charges. In this hybrid
structure, the p-orbitals of dye molecules facilitate photoinduced
charge transfer between the two materials. The graphene/dye
R6G heterojunction photodetector'*® features a wide spectral
range (400-1000 nm), high responsivity (460 A W), and a high
EQE (105%). Additionally, graphene/dye R6G can operate at low
voltage, and its responsivity exhibits no significant attenuation
in the detection region. Given the extensive variety of available
dye molecules, they can be replaced as needed, providing a
design strategy for high-performance photodetectors. In pre-
vious 2D/organic heterojunction phototransistors, graphene
was often employed solely as a charge carrier transport layer,
failing to exploit its broadband absorption characteristics fully.
Graphene nanoribbons (GNRs) can open a bandgap near the
charge neutrality point. However, this approach suffered from
low photoresponsivity. Combining GNRs with graphene over-
comes this limitation. The nanoribbon graphene/Cg, heterojunc-
tion photodetector'™* achieves tunable light responsivity in the
MIR spectrum. Cg, captures the photogenerated charge carriers,
while GNRs serve the dual roles of light detection and charge
carrier transport. This leads to a broadband, high photocurrent,
and high photoresponsivity photodetector. The principle of
tunable light responsivity involves controlling the nanoribbon
width to modulate the bandgap, which holds significant
potential for application in fields such as infrared imaging.
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Table 1 Summary of graphene-based 2D/organic devices

Published Responsivity Response  Detection Gain/ Detectivity
2D materials Organic thin films year Active materials AW time [ms] range [nm] EQE [%] [Jones] Ref.
Graphene Small molecule 2015 Graphene/dye R6G 460 <100 400-1000  10°% 1.5 x 107 113
organic thin films 2016 Nanoribbon graphene/Cq, 0.4 4000 10 000 NA NA 114
2017 Graphene/Zn, oMg, ;O 8 x 10° ~ 1000 530 1.87 x 10*% 1.7 x 10"* 115
NPs/BET dye
2017 Graphene/Zn, oMg, ;0 6.5 x 10° ~1000 460, 660  1.75 x 10*% 1.3 x 10"* 115
NPs/N, dye
2017 Graphene/rubrene 107 100 400-600  10°% 9 x 10" 116
2018 Graphene/Cg, 107 <5 200-808 >10%% NA 117
2018 Graphene/DPA 110 >1000 420 >10°% 10" 118
2019 Graphene/R6G/graphene 500 30000 400-1000 >10"% NA 119
2019 Graphene/Cg, 10° 2.3 400-1100 10°% 10" 120
2020 Graphene/Cgo/graphene 3.4 x 10° 23 405-1550 >10"% NA 121
2020 Graphene/C,,TBP 2330 NA 400-850  >10°% 1.9 x 10° 122
2021 Graphene/HAT-CN/Bi,0,Se 2000 0.197 488-1550 6 x 10* 1.2 x 10" 123
2021 IGZO/graphene/CuPc NA NA 300-800  150% NA 124
2022 Graphene/pentacene 10° 0.006/0.009 270-850  3.3%/10%  >10"" 128
2022 Graphene/BUBD-1 7 x 10° 0.33/0.49  295-658 NA 4 x 10" 129
2023 Rubrene/graphene 8 x 10° 0.02/0.07 405 NA >10" 130
2023 Pentacene/graphene/Au >10* 1 658 1.51% NA 165
Polymer organic 2014 Graphene/P3HT/PZT NA 180 325 10° NA 131
thin films 2015 Graphene/P3HT 10° 60 500 >10°% NA 132
2016 Graphene/Cg-BTBT 10" 25 355 1.89 x 10° 10° 133
2017 Graphene/PTB7 1.8 x 10° 7.8 450-800  >10°% NA 134
2018 Graphene/PDA 556 NA 350-700  >10"% 6 x 10" 135
2020 Graphene/J-aggregate 0.02 >1000 530-600  NA NA 136
TDBC cyanine dye
2020 Graphene/PTCDI-Cg/Al 1.5 x107* NA 400-650  1.50% 4.5 x 10° 166
2021 Graphene/h-BN/J-aggregate 10° >1000 550 >10°% 10" 137
PTCDI-C,5
2021 Graphene/h-BN/PTCDI-C;; 180 <1000 550 >10°% 10" 137
2021 Graphene/PDVF 70 NA 350-850 NA 10" 138
2021 Graphene/PTCDI-Cg dimer 2 x 10° 10 300-940 NA 10'° 167
2023 PPy-NGr/SnO, 4594.25 490/3040 <240 NA 6.47 x 10" 139
Complex organic 2013 Graphene/chlorophyll 10° 110 400-700  NA NA 140
thin films 2015 TiO,/graphene/ ~0.1 ~1000 300-800  NA NA 141
P3HT:PCBM
2015 Graphene/CH;NH;Pbl, 180 87 400-800 2 x 10'%  10° 142
2016 Graphene/CH;NH;PbI/ 2 x 10° 1500 532 >10°% NA 143
NPs
2017 Graphene/ 8 x 10° 2.5 x 10> 400-750  NA NA 144
CH;NH;PbI;:PCBM
2018 Graphene/TCNQ 2 x 10° 0.1 600-2000 NA NA 145
2018 Graphene/MOF 10° <150 300-700 5 x 10°% 6.9 x 10" 146
2018 Graphene/ 1.08 x 10* 45 400-750 2 x 10°%  4.28 x 10" 147
CH3NH;PbI;:MoS,
2019 Graphene/CH;NH;PbBr;  10° 0.02 350-850 1.2 x 10'°% 8.7 x 10" 148
QDs/graphene
2019 Graphene/P3HT:F4 TCNQ 6 x 10° NA 600-1500 >10"% NA 149
2020 Graphene/GNSs/MAPbI; 5.9 x 10 2500 460 1.59 x 10’% 1.31 x 10" 150
2020 Graphene/TTF:CA 10° 8 600-2200 6 x 10°% 10" 151
2020 Graphene/COF 3.2 x 107 1.14 400-600 8.5 x 10°% 6 x 10" 152
2021 Graphene/Au array/ 18.71 330 300-800  x10°% 10" 153
(BA)Z(FA)n—IanISnH
2021 Graphene/ZnO/IEICO- 6.1 x 10° NA 488-1064 8.3 x 10°% 2.43 x 10" 154
4F:PTB7-Th
2021 Graphene/PBDB-T:PC,;BM 0.36 0.049 400-700 10" 10" 168
2022 Graphene/PM6:Y6 2.8 x 10°  0.02/8.4  450-1064 5.47 x 10°% 1.47 x 10" 155
Bilayer organic thin 2015 Graphene/PEDOT:PSS/ 0.16 ~ 1000 300-650  NA 1.33 x 10" 156
films P3HT:PC,,BM
2017 Graphene/P3HT/ 4.3 x 10° 1000 400-1300 8.9 x 10°  NA 157
CH;3NH;PbI;_,Cl,
2017 Graphene/PTCDA/ 10° 0.03 400-700 9% NA 158
pentacene
2017 Graphene/pentacene/ 0.007 NA 480-670  1.26 x 10°  1.26 x 10° 125
PTCDI-Cq
2018 Graphene/Cq/pentacene 9127 0.275 405-1550 5.2 x 10° NA 126
2019 Graphene/P3HT/ 0.25 NA 400-650  NA 1.8 x 10° 159
PEDOT:PSS
2019 Graphene/PTCDA/Cg-BTBT 5.76 x 10° 470 400-700  1.38 x 10° NA 160
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Table 1 (continued)
Published Responsivity Response Detection Gain/ Detectivity
2D materials Organic thin films year Active materials AW time [ms] range [nm] EQE [%] [Jones] Ref.
2021 Graphene/ZnPc:Cgp/ZnPc 204 0.004 635 3.9 x 10* NA 161
2021 Graphene/PTAA/ 10° 310 350-800 NA 10 162
CH;NH;PbI,;_,Cl,
2021 Graphene/Cgo/ZnPc 6537 0.007 405-980 1.4 x 10° NA 163
2021 Graphene/Cgo/pentacene 2010 <300 400-1100 NA NA 127
2022 Graphene/MOF/graphene/ 1.3 x 10°  0.22 530 3 x10"% 2.9 x 10" 169
PVDF
2022 Graphene/Cqo/PbPc 22 x10° NA 405-980  NA NA 164
2022 Graphene/Cgo/CuPc NA NA NA NA NA 170

Narrowband photodetection has attracted extensive research,
but previous strategies had noticeable drawbacks, such as
reduced photoresponsivity, complex configurations, and lack of
tunability. 2D/dye molecule heterojunction phototransistors'*®
provide an ideal solution. The graphene/Zn, o Mg,,0 NPs/BET
dye combination achieves tunable narrowband detection in the
range of 470-580 nm, while the graphene/Zn, (Mg, 10 NPs/N,
dye setup accomplishes narrowband photodetection at 400-
500 nm and 610-700 nm. The responsivity reaches levels of
10%, EQE reaches levels of 10°%, and detectivity reaches levels of
10>, Most importantly, these devices are compatible with flex-
ible configurations. Organic dye molecules typically have distinct
isolated energy levels, making them unique, high-absorption,
inherently narrowband absorbers. Combining them with 2D
materials, where the dye molecules are anchored on graphene,
significantly enhances light absorption while mitigating line-
width broadening. Graphene serves as a narrowband hybrid
transport layer. In summary, the high performance of these
photodetectors results from the controlled adsorption of dye
molecules, which suppresses dye-dye coupling and n-resonance,
preserving the narrowband detection characteristics of the dye
molecules. The rich library of available dye molecule materials
enables the tunability of the photodetectors. Gareth et al. were
the first to apply single-crystal organic semiconductor materials
to 2D/organic heterojunctions, and the stacking within single
crystals can promote exciton diffusion over several micrometers,
which contributes to improving the phototransistor’s EQE. The
graphene/rubrene heterojunction phototransistor''® achieves a
responsivity of 10" A W' and a detectivity of 9 x 10" Jones at
room temperature. This performance is attributed to the long-
range order in single-crystal “rubrene’”’, which helps to efficiently
transfer photogenerated charges to graphene. Furthermore,
combining single crystals with 2D materials can enhance the
response speed of 2D/organic heterojunction phototransistors,
holding significant potential applications in optical storage. Qin
et al.""” were the first to introduce Cg, into 2D/organic hetero-
junction photodetectors. The authors synthesized an all-carbon
hybrid film with solid, tunable ultraviolet spectral absorption.
The graphene/Cq, heterojunction photodetector exhibits high
photocurrent gain, elevated EQE, and exceptional ultraviolet
sensitivity (covering 200-400 nm, R > 10 A W '). This is
attributed to the well-organized assembly of Cg, which facil-
itates efficient exciton dissociation at the heterojunction inter-
face. Notably, the device maintains its performance almost

This journal is © The Royal Society of Chemistry 2024

unchanged after two months of operation, demonstrating long-
term stability and high reliability. The authors simultaneously
fabricated a 5 x 5 array of devices, which holds significant
potential for integrated optoelectronic applications.

Field-effect transistors have found wide applications due to
their excellent optoelectronic properties. However, previously
reported 2D/organic heterojunction vertical field-effect transis-
tors did not perform well. DPA is an organic single-crystal
material known for its advantages, such as the absence of
impurities and defects, uniform molecular orientation, and
high mobility. Combining DPA with graphene forms an excel-
lent interface contact that effectively suppresses dark currents,
enabling high photo-detection rates and a sizeable on-off ratio.
The graphene/DPA heterojunction field-effect transistor,*® by
gently transferring the organic single crystal onto the graphene
surface using soft contact gold electrodes, achieves a detectivity
of 10" Jones, a responsivity of 110 AW~ ", and a switching ratio
of 1.5 x 10>. This represents a significant enhancement in the
performance of 2D/organic field-effect transistors, laying a
solid foundation for developing vertical organic optoelectronic
devices. Graphene/R6G/graphene (Fig. 8a and b)''® adopts a
sandwich structure with a rhodamine 6G (R6G) monolayer as
the photoactive layer sandwiched between two graphene films
acting as channels. R6G dye molecules possess favorable char-
acteristics such as low cost, high stability, and a high fluores-
cence yield (0.95). Due to the solid n-r interaction between R6G
and graphene interfaces, photo-excited electrons can transfer
from graphene to the dye molecules. Compared to R6G/gra-
phene, graphene/R6G/graphene exhibits a 40-fold increase in
responsivity (10> A W) (Fig. 8c). This enhancement results
from the powerful m-n interaction, which reduces the inter-
molecular distance between the monolayer of R6G and the
graphene, allowing photo-excited electrons from the top and
bottom graphene layers to more effectively transfer to the
encapsulated R6G monolayer. Of greater significance, gra-
phene/R6G/graphene represents a three-layer ultra-thin struc-
ture, potentially serving as a critical component in the next
generation of highly integrated optoelectronic devices.

Electrophoretic deposition technology aids in producing
high-quality 2D/organic heterojunctions. Photodetectors fabri-
cated using electrophoretic deposition technology, such as the
graphene/Cg, heterojunction photodetector (Fig. 8d and e),"*°
achieve an outstanding detectivity of 10" Jones, an EQE of
10°%, and a remarkably high responsivity of 10° AW (Fig. 8f).
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The exceptional performance of these photodetectors is pri-
marily attributed to the doping enhancement of graphene upon
adsorption of Cg, significantly promoting charge transport
between the two components. This device capitalizes on Cgq’s
strong electron-accepting properties and graphene’s high
charge carrier mobility, enabling synergistic cooperation for
efficient charge collection and, thus, the realization of high-
performance photodetectors. Importantly, this device intro-
duces electrophoretic deposition technology into manufactur-
ing 2D/organic heterojunction photodetectors for the first time,
extending the detection range to 400-1100 nm. This marks a
pivotal advancement for broadband and NIR photodetection.
The graphene/Cgo/graphene heterojunction photodetector'>*
proposed by our research group has also been utilized to
fabricate phototransistor arrays. This approach enables tun-
ability of multiple parameters, such as photocurrent, response

(b)
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intensity, and response speed, making it feasible for wide-
band, large-scale array detection of an all-carbon material.
Notably, graphene/Cqo/graphene  exhibits  bidirectional
response photocurrent, with the device displaying a negative
response current in the 405-650 nm range and a positive
response current in the 808-1550 nm range. The authors
employed photolithography and deep reactive ion etching
methods to achieve sensitivity (3.4105 A W™ '), rapid response
(23 ms), and ultra-wideband coverage (405-1550 nm) in the
phototransistor’s characteristics. The significant contribution
of this work lies in enabling the fabrication of large-scale, all-
carbon array photodetectors.

The interface layer may have a different arrangement from
the bulk material, leading to an unclear understanding of the
interface layer’s optoelectronic properties and photodetec-
tion performance. Shao et al prepared high-performance

(c)

2

graphene R6G  graphene =
E’ 10°F G/ReG/G
TR g 10
s GIR6G
= S g0 D/o/o/o'{
\ for o l o icuad il
e \rapfs c -
el(E /= g 10k GIR6G/G
o \& 8 /o 2= 10?,.
2
2 2 § < 100r /R6G
1 1q1 r
o C 10,
10° 10° 10* 10°
Optical power (W)
(d) () ®
Caclusters injectio® “ 246 205 1.64 123
Graphene J\ - o /I’ 75 a\ —@— Photocurrent
o- 4 —0—Res i 4
+’_| S ,_' > geeeee LIMO(43V) — (o <_3§ o=Respenstuly 118189
Q.
PG —
Mo Mo Ep <5 ® electron (¢-) é Y : °\° 122
(~ 140 meV) \ Sl r) $45%2nev 9, o
ht ~ \o
Si/Si02 & — HOMO (~69¢V) 3.0 g 106 E
Graphene 60 3 fand

(9] (h)

A Vau¥y .o

h+
E(A'-S. 51

9.4

() (k)

e LUMO
g A

Gra  HAT-CN Bi,0,Se Gra  HAT-CN Bi,0,Se

i o
Fe A e
i ' =
R e E K] ~ !
& G 0skiz | ®
. < )
E'T/Q’SO_?,_D_D_HOMO =
s
@, ~70 meV L[]
10 T > —
Graphene BUBD-1 10 10 10

400 600 800 1000
/ (nm)

oh

O\

—0— graphene/Bi,0,Se ¢ b

. )
10° 10' 100 10 10
Frequency (Hz)

Normalized I

/ i/“

94

(U)

Frequency (Hz)

Fig. 8 Enhancing the photodetector performance of graphene by combining it with small molecule organic materials. (a) Schematic illustration of
graphene/R6G/graphene.™® (b) Schematic band structure.™® (c) Responsivity and photocurrent as a function of incident light power density.**
Reproduced with permission.'® Copyright 2019, American Chemical Society. (d) Schematic representation of graphene/Cgo.22° (e) Band diagram.*2°
(f) Ion and responsivity as a function of 1212 Reproduced with permission.*2° Copyright 2019, American Chemical Society. (g) Schematic illustration of
graphene/HAT-CN/Bi,0,Se.*** (h) The charge transfer principle of type-lll energy band alignment.*?® (i) Normalized amplitude as a function of
frequency.’?® Reproduced with permission.*?> Copyright 2021, Royal Society of Chemistry. () Schematic of graphene/BUBD-1.12° (k) Energy band
diagram.?® (1) Photocurrent gain as a function of frequency.’?® Reproduced with permission.t2° Copyright 2021, Royal Society of Chemistry.
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graphene/C,,TBP heterojunction photodetectors (191 A W1,
3.9 x 10" Jones)'** using the in situ retro-Diels-Alder reaction.
Notably, the authors investigated the impact of the interface
layer stacking on photodetection capabilities and the under-
lying mechanism. They pointed out that the n-r stacking at the
graphene/C,,TBP interface edges is critical in achieving ultra-
high photodetection efficiency. More accurately, this is due to
the adequate overlap of molecular orbitals in adjacent m-n
stacked C;,TBP molecules, promoting the diffusion, dissocia-
tion, and separation of photogenerated charge carriers and
charge transfer states. This work provides robust theoretical
support for studying interface layer structures and electronic
properties. Similar to the challenges in weak light detection in
the NIR region, achieving a fast response in the optical commu-
nication band (@1310 nm) has been challenging. Our research
group has proposed the graphene/HAT-CN/Bi,0O,Se heterojunction
phototransistor (Fig. 8g and h),"** which demonstrates the cap-
ability of ultra-broadband detection (488-1550 nm) (Fig. 8i), cover-
ing the optical communication band, and exhibits a rapid response
time (101 ms). This is attributed to the presence of HAT-CN, which
efficiently transfers photogenerated holes in Bi,O,Se to the gra-
phene layer, resulting in an enhanced responsivity of 2420 A W',
Additionally, the authors have achieved array detection, which
holds significant potential for application in near-infrared focal
plane detection and high-speed communication fields. Choi et al.
harnessed the anti-ambipolar charge transport behavior of IGZO/
graphene/CuPc heterojunction photodetectors'* to achieve high-
precision color selectivity. In other words, a monolithic tandem
multicolor photodetector has enabled the functionality of an image
sensor. This vertically stacked photodetector structure and
wavelength-selective photodetection approach have paved the way
for the development of image sensors.

Photodetectors based on pentacene and graphene have been
manufactured for some time.'>*™'*” However, these devices
typically feature relatively complex structures and modulation
processes and exhibit limited weak light detection capabilities.
The graphene/pentacene heterojunction photodetector proposed
by Gan et al.'*® offers several advantages, including a simple
structure and excellent self-powered weak light detection cap-
abilities. This device exhibits high responsivity (>10° A W™ 1),
high detectivity (>10"" Jones), and ultra-fast response times
(0.006/0.009 ms). Its exceptional performance can be attributed
to the low charge trap density and short carrier lifetime at the
graphene/pentacene interface. Notably, the device achieves high-
resolution single-pixel imaging in UV and VIS spectra. Overall,
this work provides a design concept for self-powered photode-
tectors and holds great promise in integrating weak light detec-
tion devices and radio equipment. The performance of
sensitized devices is highly correlated with the quality of the
heterojunction interface, making the simplified production of
high-quality heterojunction interfaces a challenging issue. Qin
et al. have successfully fabricated a high-quality graphene/BUBD-
1 heterojunction interface using a straightforward thermal eva-
poration technique. The graphene/BUBD-1 heterojunction
photodetector (Fig. 8j and k)"*° exhibits a high responsivity
(7 x 10> A W), rapid response times (0.33/0.49 ms), and a
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high detectivity (4 x 10** Jones). The cutoff frequency at —3 dB,
indicating where the photocurrent signal decreased by 2, was
determined to be approximately 0.8 kHz under Vg = —60 V
(Fig. 81). Additionally, this device offers the capability for ultra-
violet detection and tunable rise/decay times attributed to gate
voltage adjustments of the barrier height. This direct growth
preparation method holds significant potential for application
in large-scale hybrid devices. Organic semiconductors exhibit
high optical absorption coefficients, but amorphous and poly-
crystalline materials often reduce exciton dissociation efficiency
due to short exciton diffusion lengths. They also typically strug-
gle to achieve zero-bias photodetection. The use of single-crystal
rubrene structures can address these challenges. While rubrene/
graphene heterojunction photodetectors have been proposed
previously,’'® they did not achieve self-powered capabilities.
The rubrene/graphene heterojunction photodetector presented
by Zhao et al'*® offers self-powered photon detection, high
responsivity (8 x 10° A W), high detectivity (>10" Jones),
and fast response times (20/70 ps). These attributes are primarily
due to the long exciton diffusion length in the rubrene/graphene
heterojunction’s rubrene single crystal and graphene’s high
mobility. Furthermore, the asymmetric van der Waals stacking
structure of the rubrene/graphene heterojunction forms a high-
quality heterojunction interface, which holds significant pro-
mise in the field of wireless photon detection.

4.1.2. Combining with organic polymers. Organic polymer
films are thin and uniform layers composed of organic poly-
meric materials. These films are typically prepared from solu-
tions of organic polymers or melt-polymerized materials, or
from methods such as vapor deposition. Organic polymer films
find wide-ranging applications in various fields, including
electronics, optoelectronics, photovoltaics, coating technolo-
gies, and biomedicine. These films offer numerous advantages,
such as tunability, lightweight, flexibility, and solubility, mak-
ing them an ideal choice in many applications. In the field of
electronics, organic polymer films are used in the fabrication of
devices like organic field-effect transistors (OFETs), organic
light-emitting diodes (OLEDs), and organic photovoltaic solar
cells (OPVs). They are also used in flexible electronic devices,
such as flexible displays and sensors. The characteristics and
performance of organic polymer films can be customized by
adjusting the type of polymer, molecular structure, and proces-
sing conditions. This tunability makes them highly suitable for
meeting the requirements of specific applications. At the same
time, organic polymer films have some challenges, such as
stability, long-term durability, and production costs. Research-
ers are continuously working to overcome these challenges to
enhance their applicability.

Poly(3-hexylthiophene) (P3HT) demonstrates a high absorp-
tion coefficient, offering a solution to graphene’s low absorp-
tion limitations. Moreover, P3HT possesses favorable attributes
such as ease of manufacturing and cost-effectiveness. In 2014,
Tan et al. introduced the graphene/P3HT/PZT heterojunction
photodetector (Fig. 9a-c).'*' Photogenerated holes transfer
from P3HT to graphene, while photogenerated electrons are
retained within P3HT. The high hole mobility within graphene
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Reproduced with permission.**” Copyright 2021, Wiley-VCH.

allows them to circulate efficiently before recombining with the
electrons captured in P3HT. Consequently, photosensitivity is
significantly enhanced. Variations in the confinement of the
PZT substrate can have a crucial impact on P3HT/graphene
photodetectors and substantially improve the light responsivity
of the hybrid composite material. This photodetector exhibits
an ultra-high gain of 10°. Organic polymer thin films have the
potential to enhance the performance of 2D phototransistors,
but achieving high gain remains a challenging task. Everardus
et al. fabricated graphene/P3HT heterojunction phototransis-
tors (Fig. 9d-f),"** obtaining phototransistors with ultra-high
gain for the first time. By reducing the channel length and
increasing the mobility, the transit time of charge carriers
through graphene was minimized, thereby optimizing the
optical gain of these devices. Organic semiconductors offer
high spectral sensitivity, and graphene provides high charge
carrier mobility. However, creating high-quality 2D/organic
interfaces remains a challenge. Using van der Waals epitaxy
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allows for producing single-layer organic semiconductors and
high-quality interfaces. Even with just one layer of Cg-BTBT, the
graphene/Cg-BTBT heterojunction phototransistor'®®  still
demonstrates outstanding performance, with a high responsiv-
ity (R) of up to 1.57 x 10* A W' and an ultra-high gain
exceeding 10°.

Most graphene-based hybrid photodetectors typically exhibit
longer response times. However, the ‘‘assembled-monolayer
(SAM)-functionalized” technique can improve devices’
response time due to the enhanced interface quality. High-
sensitivity photodetectors with short response times are of
great importance in the field of photodetection. Graphene/
PTB7 heterojunction (Fig. 9g-i)'** photodetectors using SAM
technology achieve an ultra-high responsivity of 1.8 x 10° AW ™*
and a fast response time of 7.8 ms. High-quality interfaces
are crucial for photodetector performance and represent an
area that needs significant development in the future. Most
current research focuses on visible to infrared light, with
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relatively few studies addressing the ultraviolet part. PDA
exhibits extensive strong absorption properties in the VIS and
UV regions, offering significant potential in the field of flexible
wideband UV-VIS photodetectors. PDA possesses advantages such
as low manufacturing costs, flexibility, and ease of production.
Therefore, the graphene/PDA heterojunction photodetector'®®
achieves a responsivity of 556 A W' and a detectivity of 6 x
10"" Jones. The graphene/PDA detector maintains reliable sensing
capabilities even after undergoing 25000 bending rounds. This
can be attributed to PDA serving as both a transfer support
layer and a light-absorbing layer, allowing the production of
near-perfect centimeter-scale graphene sheets. The device also
possesses eco-friendly characteristics, similar to graphene/MOF. It
holds significant potential for application in the field of flexible,
portable, and wearable electronic devices. J-aggregates have very
narrow absorption bands in the VIS and NIR regions, greatly
enhancing the spectral sensitivity of photodetectors due to their
rapid and coherent energy transfer capabilities. Therefore, this
material holds promise for improving the spectral sensitivity of
photodetectors, but effectively integrating it with graphene is a
challenge. The graphene/J-aggregate TDBC cyanine dye hetero-
junction photodetector™® is a VIS light-gated all-carbon photo-
transistor. While its performance is not outstanding, it offers an
innovative thin film fabrication technique. This technique is
simple and controllable, allowing the fabrication of thin films
of various water-soluble materials on the desired substrate mate-
rial’s surface. It is worth noting that this transistor can reversibly
write and erase charge doping in graphene using visible light,
paving the way for applying J-aggregates in photodetectors.

In the field of biophysics, there is often a need to detect the
colors of biomolecules, requiring high-performance narrow-
band photodetectors. Previous narrowband photodetectors
have frequently sacrificed gain and responsivity. Using J-aggregate
fluorescent molecules with narrowband absorption characteristics
can address this issue. However, J-aggregates lack m—-n interactions
and exhibit low charge carrier mobility. Combining J-aggregates
with graphene holds great promise. The graphene/h-BN/J-aggregate
PTCDI-Cy; heterojunction photodetector (Fig. 9j-1)**” achieves an
ultra-narrow spectral response of 13 nm and a high responsivity of
10° A W', Growing PTCDI-Cy; on an h-BN substrate ensures the
device’s narrowband absorption characteristics. This represents a
significant advancement in the field of narrowband detection in
2019 and provides a new avenue for designing highly sensitive
narrowband photodetectors. Taking the graphene/PDVF hetero-
junction photodetector presented by Yu et al. as an example,"*
the researchers demonstrated a technique for tuning the detection
wavelength using thermal annealing. This device can alter the
position of the Fermi level in the PDVF film through thermal
annealing, thereby changing the barrier height and the detection
wavelength. The device achieves tunable measurements in the 350-
850 nm range, exhibiting varying photosensitivity under different
temperature treatments. This provides valuable support for under-
standing the complex electronic processes near the interface.

2D/organic heterojunctions have been the subject of exten-
sive research, primarily confined to the VIS and NIR regions,
with limited progress in DUV detection. The DUV spectrum is
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an integral component of sunlight with potential antiviral and
sterilization applications, making DUV detection highly mean-
ingful. SnO,, a wide-bandgap semiconductor material capable
of sensing DUV light, can be combined with graphene to create
high-performance DUV photodetectors. The PPy-NGr/SnO, het-
erojunction photodetector exhibits an exceptionally high
responsivity (4594.25 AW~ ') and a high detectivity (6.47 x 10"
Jones)."*® These characteristics result from the substantial built-
in electric field (NGr/SnO,, PPy/SnO,, and PPy-NGr/Sn0O,), accel-
erating the efficient dissociation of photogenerated excitons. At
the same time, NGr mitigates the valence band offset between
PPy and SnO,. This work provides a design approach for cost-
effective and easily manufacturable DUV photodetectors.

4.1.3. Combining with complex organic materials.
Complex organic thin films refer to thin film structures
composed of multiple organic molecules or polymers, where
these molecules or polymers come together to form the thin
film of a composite material. Such films find utility in various
applications, including electronic devices, solar cells, displays,
sensors, barrier films, and more. The properties and perfor-
mance of composite organic films can be tailored by adjusting
material composition, film thickness, and processing methods
to meet specific application requirements. The application of
composite organic films in photodetectors continues to grow
because of their advantages such as diversity, customizability,
cost-effectiveness, and suitability for a wide range of wave-
lengths. This makes them useful in various fields, from com-
munications to healthcare and industrial monitoring.

As mentioned earlier, pristine graphene exhibits a weak
absorption rate as low as 2.3%, fundamentally limiting its
applicability in photodetection. Chlorophyll is an organic semi-
conductor known for its exceptional light absorption proper-
ties. The graphene/chlorophyll phototransistor demonstrates
high gain and responsivity through the integration of graphene
and photosensitive chlorophyll molecules. This device’s
observed ultra-high light responsivity, reaching 10° A W™,
can be attributed to charge transfer at the interface and the
efficient light effect within the chlorophyll layer. One of the
most significant challenges in graphene-based electronics is
the control of carrier types and the modulation of carrier
concentration in graphene through doping. The method of
regulating the electrical performance of graphene transistors
using photoexcitation has the advantages of controllability and
reversibility. It would be exciting and appealing if the carrier
transport types (either n- or p-type) of an optically induced
graphene transistor could be selectively controlled by choosing
specific optical excitation wavelengths, enabling tunable carrier
transport in a graphene-based photonic device. The TiO,/gra-
phene/P;HT:PCBM heterojunction photodetector™*" can deter-
mine whether the graphene transistor carries n-type or p-type
carriers by choosing either UV or VIS light irradiation, achiev-
ing a degree of controllable and reversible n-type or p-type
doping. The transistor device exhibits a negative shift in the
charge neutrality point (CNP) value when illuminated with
wavelengths less than 350 nm. Conversely, under illumination
with wavelengths greater than 350 nm, a positive shift in the
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CNP value is observed, confirming the selective n-type and p-
type carrier transport phenomenon in graphene transistors.
Methylammonium lead halide, that is, CH;NH;PbX; (where
X is a halogen), possesses excellent optoelectronic properties,
and notably, these nanocrystals offer a simple manufacturing
process and lower production costs. While CH;NH;PbX;/gra-
phene heterojunctions have long been applied in solar cells, their
utilization in photodetectors has also yielded excellent results.
The graphene/CH;NH,Pbl; heterojunction photodetector'*?
demonstrates a photoresponsivity of 180 A W', an EQE of
approximately 5 x 10%%, a photodetection rate of around
10° Jones, and a broad spectral bandwidth in the VIS range,
owing to efficient charge transfer from graphene to CH;NH,;PbI;.
The transfer of electrons from the graphene layer to the proximate
CH;NH;PbI; layer determines the occupied states in the
CH;3;NH;PbI; valence band generated by photon absorption. The
recombination of photoexcited electron-hole pairs in CH;NH;-
Pbl; is restricted, allowing the photoexcited electrons to remain
within the conduction band of CH;NH;PbI; without decay. While
previous studies have successfully combined organic semicon-
ductor materials with graphene, high-gain phototransistors have
not been achieved. The plasmonic effect of metal nanostructures
can significantly improve photodetector performance. Compared
to graphene/CH;NH;PbI; heterojunction photodetectors, gra-
phene/CH;NH;PbI;/NPs (NPs refers to nanoparticles) hetero-
junction photodetectors'*? exhibit higher EQE and responsivity.
This enhancement can be attributed to the surface plasmonic
effects of NPs, which increase the light absorption cross-section of
the surrounding CH;NH;PbI; material, thereby improving light
capture within the CH;NH;PbI; layer. Introducing a combination
of two distinct organic materials to form an organic heterojunc-
tion is a promising strategy for optimizing the performance of
organic optoelectronic materials and expanding the range of
applications for various optoelectronic devices. For example,
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doping PCBM into CH3;NH;PbI; can facilitate the separation of
electron-hole pairs and selective charge capture, significantly
enhancing the efficiency of electron-hole pair separation and
the carrier lifetime in such organic heterojunctions. In the case
of graphene/CH;NH;PbI;:PCBM (Fig. 10a and b),"** the electron
lifetime is extended by four to five orders of magnitude compared
to graphene/CH;NH;PbI;, resulting in a 30-fold increase in photo-
responsivity, reaching 10° A W', Graphene/CH;NH;Pbl;:PCBM
represents the first application of doped organic heterojunctions
in 2D/organic photodetectors, opening up a new design strategy
for high-performance photodetectors. Subsequently, a continuous
stream of high-performance photodetectors based on doped
organic heterojunctions has emerged.

Charge-transfer (CT) complex tetrathiafulvalene-tetracyano-
quinodimethane (TTF-TCNQ) was discovered in 1973, and it
possesses unique properties related to intermolecular electron
transitions, offering substantial applications in high-perfor-
mance photodetectors. The graphene/TCNQ heterojunction
photodetector (Fig. 10c and d)'*® exhibits exceptionally high
responsiveness between 600 and 2000 nm, with a peak exceed-
ing 2000 A W™, This can be attributed to TCNQ’s unique low-
energy intermolecular electronic transitions that extend into
the NIR region. Interactions between molecules lead to efficient
charge separation, resulting in an extremely high photocurrent
gain, thus holding significant value in photodetection applica-
tions. MOFs are characterized by high porosity and intrinsic
tunability, making them excellent materials for wearable
devices. Meeting the global demand for wearable devices such
as electronic skin, flexible optoelectronic devices, and biome-
dical equipment requires environmentally friendly, highly
stable devices. The graphene/MOF heterojunction photodetec-
tor (Fig. 10e and f)'*® is characterized by its non-toxic, stable,
and environmentally friendly nature, making it highly suitable
for wearable electronic devices. The high porosity of MOFs
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Fig. 10 Enhancing the photodetector performance of graphene by combining it with complex organic materials. (a) The energy level diagram of
graphene/CHsNHzPbls:PCBM.1#* (b) Responsivity as a function of the incident light power.*** Reproduced with permission.*** Copyright 2017, Wiley-VCH.

(c) Schematic illustration of charge-transfer transitions of graphene/TCNQ .1*° (d) Photocurrent and responsivity as a function of the incident light power.
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Reproduced with permission.**> Copyright 2018, American Chemical Society. (e) Energy band diagram of graphene/MOF € (f) Variation of responsivity as a
function of illumination power*® Reproduced with permission*® Copyright 2018, Wiley-VCH. (g) Energy level diagram of graphene/PDA* (n)
Dependence of responsivity and detectivity on the incident light power density.**” Reproduced with permission.**” Copyright 2018, Wiley-VCH.
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results in strong light absorption, while graphene exhibits
excellent optoelectronic properties and flexibility. Conse-
quently, graphene/MOF exhibits remarkable attributes such
as ultrafast response (<150 ms), ultra-high responsivity
(>10° A W), extremely high EQE (>5 x 10°%), and extensi-
bility. Combining MOFs with 2D materials paves the way for
developing wearable and portable electronic products. Peng
et al. introduced the graphene/CH;NH;PbI;:MoS, heterojunc-
tion photodetector (Fig. 10g and h),"*” further advancing the
development of multi-heterojunction photodetectors. In this
device, CH3;NH;PbI;:MoS, serves as the light-absorbing layer,
graphene functions as the charge carrier transport layer, and
Mos, facilitates selective electron capture, thereby suppressing
carrier recombination and increasing photocurrent. This
photodetector exhibits a high responsivity (1.08 x 10* A W™ 1),
a high detectivity (4.28 x 10" Jones), a high EQE (2.0 x 10°%),
and a rapid light response time (45 ms). Moreover, it is crucial
to note that the graphene/CH;NH;PbI;:MoS, device maintains
high performance even when applied to flexible substrates,
opening up significant opportunities for application in wear-
able and portable electronic devices.

With the continuous advancement of technology, there is a
growing demand for simple, lightweight, integrated electronic
devices, especially those capable of converting light into
electricity and generating light from electricity, serving as
dual-function optoelectronic devices. Prior to this, research

(d) (e)

Fig. 11 Graphene/complex organic thin film photodetectors. (a) Schematic design of graphene/CHsNHzPbBrs QDs/graphene.
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combining photodetectors with light-emitting diodes was limited,
and such combinations typically exhibited subpar performance.
The graphene/CH;NH;PbBr; QDs/graphene heterojunction
phototransistor (Fig. 11a and b)'*® represents a dual-function
device with both light emission and photodetection capabilities,
featuring a vertical stacked ‘“sandwich” structure. This device
exhibits a rapid response time (~20 ps), ultra-high responsivity
(~3 x 10° AW ") (Fig. 11¢), and a high EQE (~1.2 x 10"°%), with
the magnitude and direction of the photocurrent being adjustable
by applying gate voltage. Compared to lateral phototransistors,
vertical phototransistors leverage an internal electric field to
modulate charge separation directly, significantly increasing
photocurrent and enhancing responsivity. Highly stable dual-
function light-emitting phototransistors hold great promise in
the fields of displays and optical communications. Commercial
NIR photodetectors rely on semiconductor materials such as
InGaAs and InAs. Therefore, developing high-performance emer-
ging NIR photodetectors remains essential. The graphene/
P3HT:F4 TCNQ heterojunction photodetector'*® exhibits an
ultra-high responsivity of 10° A W' in the NIR range and
demonstrates broadband photoresponse from VIS to the NIR.
This can be attributed to the photoinduced effects at the inter-
face of charge transfer complexes and graphene molecules and
the intermolecular electronic transitions of charge transfer
complexes. Furthermore, the graphene/P3HT:F4 TCNQ structure
exhibits tunable photoresponsivity, which can be flexibly
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permission.*® Copyright 2019, American Chemical Society. (d) Schematic of graphene/ZnO/IEICO-4F:PTB7-Th.*** (e) The energy level alignment and
working mechanism diagrams.>* (f) Responsivity as a function of input light power density.>* Reproduced with permission.>* Copyright 2021, Wiley-
VCH. (g) Schematic device structure of graphene/PM6:Y6.2>> (h) Schematic diagram of the device energy level.™® () Light power density dependent
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adjusted through the electrical gating of graphene. The devel-
opment of this device contributes to the advancement of low-
cost, high-performance NIR photodetectors.

The plasma effect can significantly enhance the responsivity
of photodetectors. However, when combined with graphene, a
single type of plasma structure is often used, which does not
yield satisfactory results. Combining plasma nanomaterials
with perovskites (MAPDI;) can result in ineffective synergistic
effects and insufficient device performance. The graphene/gold
nanostars (GNSs)/MAPbI; heterojunction photodetector'>® pro-
vides a perfect solution to both issues. This device incorporates
spherical plasma gold nanoparticles (GNSs) and MAPbI; mate-
rials. Due to the hybridization of tip and core plasma modes,
GNSs generate a powerful local electric field, exhibiting a highly
efficient light-capturing effect. The device demonstrates out-
standing detection performance (R =58952 AW !, D* = 1.31 x
10" Jones, EQE = 1.59 x 10’ %), signifying the effective integra-
tion of MAPDbI; materials and GNSs into graphene. More
importantly, even after undergoing 1000 repeated bends, the
device maintains excellent performance and stability. Further-
more, the authors have fabricated a 10 x 10 array of photo-
detectors that exhibits high resolution in response to optical
signals, laying the foundation for developing array detection
devices. Tetrathiafulvalene-chloranil (TTF-CA) exhibits charge
transfer electronic transitions down to 0.5 eV, making it an
ideal absorber material for the shortwave infrared (SWIR)
region. When combined with graphene as the charge transport
layer, it produces an exceptionally high-performance graphene/
TTF:CA photodetector (D* = 10" Jones, R = 10° A W', 1 =
2-12 ms)."”" The photodetector’s exceptional performance can
be primarily attributed to optical photogating, which promotes
delayed carrier recombination, leading to high gain and sensi-
tivity. The critical contribution of this work is the discovery of
charge transfer complex absorbers in the SWIR region, making
low-cost and high-performance SWIR photodetectors feasible.

2D-COFs possess excellent properties such as thermal stabi-
lity, permanent porosity, large surface area, diverse topological
structures, and low mass density. Importantly, they feature a
pre-designed n-electron framework and a highly ordered topo-
logical structure that enhances carrier transport. However,
COFs are typically in solid powder form, making integration
challenging. Xiong et al. successfully obtained COF thin films
on graphene using chemical vapor deposition, forming an
ordered graphene/COF heterojunction. Graphene/COF*** exhi-
bits high responsivity (3.2 x 10° A W ') and a fast response
time (1.14 ms). Significantly, graphene/COF can be modulated
by specific target molecules, attributed to COF’s high surface
area and polarity selectivity. The significant contribution of this
work lies in providing a new research strategy for tunable
multifunctional devices. Although perovskite materials have
made substantial contributions in the field of solar cells, their
use in photodetectors has been limited due to structural defects
and grain boundaries often found in perovskite thin films,
which hamper charge carrier transport capabilities. Addition-
ally, perovskite materials have a low absorption coefficient in
the NIR range, resulting in very small photocurrents. Hence,
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there is a need for a high-quality interface to effectively inte-
grate 2D perovskite (BA),(FA),_1Pb,l3,+; with graphene. The
utilization of hyperbolic gold nanostructures can address the
issues above. Gold nanostructures exhibit light-capturing and
electromagnetic field-enhancing effects, and the coupling effect
between graphene, gold array, and (BA),(FA),,_1Pb, I3, signifi-
cantly enhances their light response capabilities in the UV and
NIR spectral regions. The graphene/gold array/(BA),(FA), 1
Pb,I5,:; heterojunction photodetector'®® achieves a detectivity
of 2.21 x 10" Jones and features a low dark current of 1.0 x
107" A, with a high on/off ratio of up to 10*. They utilized Au
array/(BA),(FA),,_,Pb,l5,., as the photosensitive layer and gra-
phene as the charge carrier transport layer, which maximizes
light capture and photoinduced charge extraction. This repre-
sents an excellent strategy for combining two high-quality
materials, namely, graphene and (BA),(FA),,_1Pb,I3,.;. Introdu-
cing zinc oxide into the charge carrier extraction layer similarly
enhances the sensitivity of the photodetector in the NIR range.
The graphene/ZnO/IEICO-4F:PTB7-Th heterojunction photode-
tector (Fig. 11d and e)'®** proposed by our research group
exhibits weak NIR light detection capabilities. It also features
high-performance parameters (R = 6.1 x 10° A W™ (Fig. 11f)
and D* = 2.43 x 10" Jones). The IEICO-4F:PTB7-Th heterojunc-
tion shows strong absorption in the NIR spectral range, and
ZnO suppresses charge carrier recombination processes effec-
tively. This ingenious design addresses the deficiency in weak
light detection by photodetectors in the NIR region. Even more
importantly, this device accomplishes the detection of human
pulse signals and heart rate, representing another advance-
ment in applying photodetectors in the medical field. While
conventional organic heterojunctions have addressed issues
such as the low quantum efficiency of a single absorption layer,
they still suffer from poor dissociation efficiency and limited
weak light detection capabilities. The PM6:Y6 heterojunction
proposed by our research group cleverly overcomes these
limitations, presenting a donor-acceptor interpenetrating bulk
heterojunction structure. The graphene/PM6:Y6 heterojunction
phototransistor (Fig. 11g and h)"> possesses the capability for
weak light detection in the near-infrared region, along with
high responsivity (2.86 x 10° A W™') (Fig. 11i) and high
detectivity (1.47 x 10" Jones). This can be attributed to the
high dissociation efficiency of the PM6:Y6 heterojunction and
the alignment of energy bands at the interface. Furthermore,
the device exhibits bidirectional photoresponse and a broad-
band photosensitive range. The authors also fabricated a
retinal vision chip based on graphene/PM6:Y6, capable of
handling visual images spanning over six orders of magnitude.
This device can also be used for real-time monitoring of human
pulses, holding significant promise in the field of medicine.
4.1.4. Combining with bilayer organic thin films. Early
experiments in heterojunction device research primarily
focused on enhancing absorption using single-layer semicon-
ductors, including colloidal quantum dots, CH3;NH;PbI;,
organic polymers, organic single crystals, semiconductor two-
dimensional materials, silicon, and other traditional materials.
However, the quantum efficiency of such structures remained
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relatively low. Recent research indicates that introducing P-N
junction double-layer absorption has become a significant
direction in heterojunction device research. This design strat-
egy for double-layer absorption leverages the complementary
properties of two semiconductor materials, offering numerous
advantages. Introducing P-N junction double-layer absorption
is a promising research direction that opens up new possibi-
lities for improving heterojunction device performance
and application range. With further research and technological
innovations, we can expect the emergence of high-performance
photodetectors based on this design strategy.

The production of highly conductive graphene films still
faces significant challenges. Therefore, seeking alternative
approaches for constructing highly conductive graphene films
is a task of great significance and considerable challenges.
Poly(3,4-ethylenedioxy thiophene):poly(styrene sulfonate) (PED-
OT:PSS) (clevios PH1000) is a novel graphene solution that
enables the fabrication of high-quality, large-area graphene
films through spray coating. The graphene/PEDOT:PSS/
P3HT:PC,;BM heterojunction photodetector'>® operates at an
extremely low bias voltage, possibly working with low energy
consumption. This photodetector exhibits characteristics of
being “ultrathin” and “flexible” and can be attached to the
surface of the human body, making it a promising candidate
for wearable devices. The construction and utilization of multi-
ple heterojunctions have substantially enhanced the perfor-
mance of photodetectors. For instance, the graphene/P3HT/
CH;NH;PblI,_,Cl, heterojunction phototransistor'>” exhibited
a responsivity of 4.3 x 10° AW ™" and a gain of 10"°, surpassing
previous CH3;NH;PbI; ,Cl, phototransistors by several orders
of magnitude. In this structure, CH;NH;PbI;_,Cl, is the light-
absorbing layer, P3HT is the hole transport layer that effectively
separates electrons and holes, and graphene is the charge
transport layer. The ultrahigh responsivity and gain are attrib-
uted to intense light absorption and efficient photogenerated
charge carrier separation. Moreover, this phototransistor can
detect infrared light with wavelengths exceeding 1300 nm.

Phototransistors with only one semiconductor light-
absorbing layer lack a built-in electric field, which reduces
quantum efficiency and bandwidth. The graphene/PTCDA/pen-
tacene heterojunction phototransistor (Fig. 12a and b)'*® incor-
porates PTCDA/pentacene organic epitaxial heterostructures as
the light-absorbing layer, resulting in the design of a high-
performance phototransistor with optimized parameters such
as responsivity (R) (Fig. 12c), carrier lifetime (t), and EQE. The
selection of PTCDA and pentacene as the light-absorbing layer
is based on their complementary absorption spectra within the
VIS light range. The high performance primarily stems from the
inherent built-in electric field at the semiconductor interface
that facilitates charge separation. This approach opens up a
strategy for designing phototransistors, where organic hetero-
junctions as the light-absorbing layer can significantly enhance
the performance of 2D/organic heterojunction phototransistors.
Another promising design strategy is to create vertical Schottky
barrier transistors by integrating two organic materials with
graphene. The graphene/pentacene/PTCDI-Cg heterojunction
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photodetector (Fig. 12d and e)'** effectively suppresses dark
current density and enhances the device’s photocurrent, crucial
for improving photodiode performance. PTCDI-Cg reduces the
work function of graphene, preventing electron injection from
graphene into pentacene and thus reducing dark current den-
sity. The reduced work function also improves the collection of
photogenerated holes in pentacene, thereby increasing photo-
current density. As a result, the device’s specific detectivity and
responsivity (Fig. 12f) could be enhanced systematically by
adjusting the gate bias. This represents the latest development
in vertically stacked heterojunction devices integrated with
graphene electrodes. The light response of 2D/organic hetero-
junction transistors is typically confined to a relatively narrow
spectral range determined by the semiconductor’s bandgap. Our
research group introduced bidirectional (positive and negative)
light response in organic heterojunctions for the first time.
Previously reported graphene-based high-gain photodetectors
had their spectral range typically limited to 400-700 nm.
However, the graphene/Cqo/pentacene heterojunction transistor
(Fig. 12g and h)'® extends the bandwidth to 405-1550 nm
through bidirectional light response. It is important to note that
the increased bandwidth is not achieved by altering the organic
material’s absorption unit. Instead, it leverages compassionate
light responses in the visible spectrum. Cgo/pentacene, as the
light-absorbing layer with a significant built-in electric field,
efficiently promotes charge dissociation. Graphene, functioning
as both light-absorbing and transport layer, exhibits a respon-
sivity of 9127 AW~ " (EQE = 11.5%) in the visible range (Fig. 12i)
and a responsivity exceeding 1800 A W~ " (EQE = 0.063%) in the
NIR range, with a shortened response time of 275 ps. The
exceptional performance of this photodetector is attributed to
bidirectional carrier transport, providing a new mechanism for
broadband detection using graphene and a novel approach for
creating stable and ultra-fast photodetectors.

P3HT, a widely recognized conjugated polymer for photo-
voltaic applications, possesses high electrical conductivity and
absorption coefficient, but it suffers from drawbacks such as
poor mechanical strength and stability. By overlaying it with
graphene and PEDOT:PSS, a high-performance photodetector
with a detectivity of 1.8 x 10® Jones was obtained."® It is worth
noting that, similar to dark current, the photocurrent depends
on the concentration of graphene, with the device’s optimal
performance achieved at a graphene concentration of 5%. This
is because a small amount of graphene promotes charge carrier
transport, while excess graphene can lead to particle aggrega-
tion, reducing the charge transfer rate. Furthermore, the device
exhibits good photoresponse and bandwidth (0.624 MHz).
A single absorption layer’s limited spectral response bandwidth
often constrains organic semiconductor/graphene photodetec-
tors. This limitation can be effectively overcome by employing an
organic heterojunction absorption layer strategy. PTCDA and Cg-
BTBT exhibit complementary optical absorption characteristics in
the ultraviolet and visible spectra. Incorporating them as the
absorption layer through van der Waals vapor growth significantly
enhances the performance of photodetectors. The graphene/
PTCDA/Cg-BTBT heterojunction phototransistor'®® achieves a
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Fig. 12 Enhancing the photodetector performance of graphene by combining it with bilayer organic thin films. (a) Schematic illustration of graphene/
PTCDA/pentacene.’>® (b) Energy band diagram.®® (c) Responsivity as a function of laser power density.*® Reproduced with permission.'>® Copyright
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photogenerated carrier transfer diagram of the whole device '?®

Copyright 2018, Wiley-VCH.

high photoresponsivity of up to 5.76 x 10> A W' and a high
optical gain of 1.38 x 10°. Importantly, this device achieves ultra-
broadband detection spanning the UV, VIS, and NIR regions,
attributed to the ultraviolet photosensitivity of Cg-BTBT and the
high visible light absorption coefficient of PTCDA. The band
alignment in the double heterojunction structure efficiently facil-
itates the transfer of photogenerated charge carriers (electrons)
from the organic layer to the graphene layer. The high-quality
interfaces produced through vacuum-based vapor deposition also
contribute to efficient carrier transfer. This further advances the
development of organic heterojunctions with complementary
light absorption characteristics in photodetectors.

The response times of most 2D/organic heterojunction
photodetectors are in the millisecond range. Lee et al. designed
a graphene/ZnPc:Cqo/ZnPc heterojunction photodetector'®
through the doping of organic semiconductor materials,
achieving a response time in the microsecond range for the
first time while maintaining high responsivity and high EQE.
Electrons captured within C4, can recombine with holes in
ZnPc, reducing the transient photocurrent decay time from
5.8 ms to 19 s, resulting in a 300-fold performance improve-
ment. This can be attributed to the shortened carrier lifetime
within the light-absorbing layer Cg,, facilitating carrier mobility
between Cq, and the graphene layer. This work has officially
elevated the photodetector’s performance to the microsecond
level, providing a strategy for designing ultra-high-performance
photodetectors. PTAA, with a wide bandgap of approximately
—5.2 eV, serves as the hole transport layer in photodetectors.
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The graphene/PTAA/CH;NH;Pbl; _,Cl, heterojunction photode-
tector'®® exhibits a high detectivity of 10" Jones and a remark-
able responsivity of 10° A W™, This is attributed to the role of
the hole transport layer PTAA, which facilitates the movement
of photogenerated charge carriers from the CH;NH;PbI;_,Cl,
layer to graphene while suppressing carrier recombination. The
function of PTAA is akin to that of the ZnO/IEICO-4F:PTB7-Th
heterojunction. However, the graphene/PTAA/CH;NH;Pbl; ,-
Cl, structure is more streamlined. Additionally, introducing a
hydrophobic protective layer (PMMA) significantly enhances
the device’s stability and demonstrates exceptional durability
under bending, making it suitable for application in imaging
and sensing fields.

There has been limited research on the impact of organic
semiconductor thickness on the performance of photodetec-
tors. To investigate the multi-heterojunction photodetector
response mechanism and the effect of film thickness on
performance, our research group proposed the graphene/Cgo/
ZnPc heterojunction photodetector.'® By varying the thickness
of the Cg film, an in-depth investigation was conducted into
the relationship between film thickness and photocurrent,
yielding two distinct heterojunction photodetector response
mechanisms. This device exhibits a high responsivity of
6537 AW " and a rapid response time of 7.29 ms. Intriguingly,
it exhibits bidirectional response characteristics attributed to
the overlap in the responses of the graphene/Cg, heterojunction
and the Cgo/ZnPc heterojunction. The nodes between positive
and negative responses are closely tied to the thickness of the
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Ceo film, allowing for tuning the switching points for positive and
negative light responses by adjusting the Cg, film thickness. This
work establishes a foundational understanding of the charge
transfer mechanisms in optoelectronic devices. The graphene/
Cso/pentacene heterojunction photodetector,'*® proposed by our
research group in 2018, has been further advanced by Nguyen
et al.,"””” who introduced a self-assembled monolayer (SAM). SAM
technology enhances the crystallinity of the Cg, film, resulting in a
fivefold performance improvement when compared to the direct
deposition of Cg, and pentacene on graphene. Image sensors are
typically composed of at least four photodetectors, and the
complexity of integration has posed limitations on the develop-
ment of image sensors. In recent years, wearable optoelectronic
devices have received extensive research interest; yet achieving
versatile, single-polarization wearable optoelectronic technology
remains challenging. Bera et al introduced a graphene/MOF/
graphene/PVDF heterojunction phototransistor,'®* offering a core
technology for wearable integrated optoelectronic devices. The
graphene/MOF/graphene/PVDF device exhibits self-powered ultra-
high sensitivity (EQE ~ 3 x 10'°%) and ultrafast response (t ~
220 ps), primarily attributed to the asymmetric Schottky junction
formed between the MOF and graphene. Furthermore, this
transistor offers tunable colors through electrical tuning. Addi-
tionally, the authors fabricated an optical strain sensor based on
the graphene/MOF/graphene/PVDF heterojunction, operating on
the principle of controlling the Dirac point of graphene by
applying both upward and downward bending strains. This strain
sensor exhibits excellent stretchability, making it highly suitable
for wearable integrated optoelectronic devices. This work provides
a promising direction for researching susceptible and ultrafast
wearable devices. Typically, most graphene photodetectors exhibit
lower responsivity in the near-infrared region. Graphene/
Ceo/PbPc™®® achieves tunable high photoresponsivity (2.2 x
10> A W ') and broadband response (405-980 nm) in the NIR
region. This is attributed to PbPc’s strong absorption in the near-
infrared region and the high exciton dissociation efficiency of the
PbPc/Cg heterojunction. Moreover, this device exhibits bidirectional
photoresponse due to the appropriate band alignment of graphene/
Ceo- The authors further investigated the mechanism behind this
bidirectional photoresponse, providing a novel approach for manu-
facturing broadband detection phototransistors with vast potential
in the field of high-performance NIR photodetection.

Graphene-based 2D/organic heterojunction photodetectors
have been the subject of approximately a decade of research,
resulting in the continuous development of high-performance
devices. In the future, these graphene-based 2D/organic hetero-
junctions still hold significant research value, given that gra-
phene’s broadband absorption characteristics are unparalleled
by other 2D materials. Currently, there is limited research on
long-wavelength detection, and graphene/organic heterojunc-
tion photodetectors are poised to excel in the field of long-
wavelength detection.

4.2. MoS,-based photodetectors

Transition metal dichalcogenides (TMDs) are similarly
endowed with high charge carrier mobility. However, unlike
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graphene, which exhibits a zero bandgap, TMDs possess tun-
able bandgaps, allowing for the suppression of dark current
generation. Among TMDs, MoS, stands out as a prominent
representative, and photodetectors based on MoS, typically
exhibit exceptional performance. Nevertheless, MoS, suffers
from limited light absorption capabilities, making it an attrac-
tive candidate for synergistic combination with organic materi-
als, opening up extensive development prospects (the summary
of MoS,/organic devices is provided in Table 2).

4.2.1. Combining with small molecule organic materials.
Organic small molecule thin films play a crucial role in enhan-
cing the performance of MoS, photodetectors through diverse
mechanisms. These contributions encompass increased carrier
mobility, enhanced light absorption, and improved device
stability. Specifically, the roles of organic small molecules
involve (1) as charge transport layers, (2) improving light
absorption, (3) modifying interfaces, (4) modulating charge
injection and transport, (5) facilitating flexible device design,
and (6) optimizing performance through interface modulation.

In 2014, Yu et al. pioneered the concept of 2D/organic
heterojunction photodetectors based on MoS,, achieving note-
worthy results. The MoS,/dye R6G heterostructure demon-
strated a maximum photoresponsivity of 1.17 A W', a
detectivity of 1.5 x 10’ Jones, and an external quantum
efficiency (EQE) of 280%."7" In comparison to the original
MoS, photodetector, the performance of the MoS,/dye R6G
has been amplified by a factor of ten, primarily ascribed to
the photoinduced charge transfer phenomena between MoS,
and dye R6G. Furthermore, this device has broadened its
detection spectrum into the NIR (405-980 nm). This study
marks the pioneering introduction of MoS, into 2D/organic
heterojunction photodetectors, ushering in a new era of
research on MoS,/organic heterojunctions. Heterojunction
photodetectors based on van der Waals (vdW) interactions
typically exhibit excellent performance. Combining rubrene
with MoS, forms a vdW heterojunction photodetector,'””
achieving a photoresponsivity of approximately 500 mA W™ *
and a rectification ratio of up to 10°, demonstrating commend-
able rectifying properties and gate-tunability. This device pre-
sents a promising avenue for low-cost, high-performance
photodetectors. Previous research showed a lack of clear under-
standing of charge transport between organic materials and
MoS,. Therefore, Jariwala et al. investigated the photodetection
response of MoS,/pentacene heterojunction photodetectors."”*
The results revealed that the MoS,/pentacene heterojunction
exhibits a type II band alignment photovoltaic effect, giving rise
to asymmetric photocurrent transfer characteristics. The smal-
ler size of pentacene compared to SiO, enhances the capture of
photoexcited charge carriers, consequently accelerating the
response time. This work underscores the potential of MoS,
as a receptor material in photovoltaic applications.

Traditional organic photovoltaic materials such as phthalo-
cyanines (Pcs) and their metal derivatives exhibit excellent
chemical stability and, when combined with 2D materials,
possess the attribute of rapid charge transfer. The MoS,/ZnPc
heterojunction photodetector (Fig. 13a and b)""* showcases a
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2D Organic thin Published Responsivity Response Detection Detectivity
materials films year Active materials AW time [ms] [nm] Gain/EQE [%] [Jones] Ref.
MoS, Small molecule 2014 MoS,/dye R6G 1.17 5.1 x 10~ 405-980 280% 10° 171
organic thin 2015 MoS,/rubrene 0.5 5 450-700 ~60% NA 172
films 2016 MosS,/pentacene NA NA 500-700 NA NA 173
2018 MoS,/ZnPc 1.4 x 10* 8 532 NA 10" 174
2020 MoS,/CuPc 3 x 10° 0.436 500-650 483% 2 x 10" 175
2021 MOo0S,/BTBT-SAM 475 5500 300-700 1.4 X 10°% NA 176
2022 DPA/MoS,(DMDM) 7.3 x 10” NA 365-550  NA 3.5 x 10° 177
2022 MoS,/2DPI 390.5 400/430  405-1020  1.04 x 10° 5.10 x 10" 178
2022 PbPc/MoS, 1263.85 NA 808 194 066.7% 1.4 x 10" 179
2023 MoS,/BTP-4F 3.2 0.332/ 500-700  756% 1.6 x 10° 180
0.274
Polymer and 2015 MOoS,/Cg-BTBT 0.022 NA Visible ~10% NA 181
complex organic 2015 MoS,/P(VDF- 2570 1.8 500-1550 NA ~2.2 x 10" 182
thin films Tr18FE)
2016 MoS,/P3HT:PCBM/ NA <10™®  300-700 NA NA 183
metasurface
2017 MoS,/g-C3N, 4 50 270-700 ~10%% 4 x 10" 184
2019 MoS,/PDPP3T 0.445 4 365-850  NA 3 x 108 185
2019 MoS,/P(VDF-TrFE) 12 0.02 532 10° 10" 186
BJT
2019 MoS,/P(VDF-TrFE)  0.14 5.5 375-10000 NA 9 x 10" 187
2022 (CeH5C,H4NH;), 7.98 x 103 42/38 405 10° NA 188
PbBr,/MoS,
2022 MAPbBr;/MoS, 0.368 252/260 532 8% 3.74 x 10" 189
2023 PSS/SnS,/MoS, 548.26/1389.08/ NA 350/450/  1.94 x 10°%/3.82 2.49 x 10'%/6.31 190
457.47 1150 X 10°%/4.72 x x 10'%/2.07 x 10*?

high responsivity (1.4 x 10* A W) (Fig. 13c), swift response
time (8 ms), and high sensitivity (10" Jones). The MoS,/ZnPc
heterojunction establishes a van der Waals interface, enabling
electron-hole pairs to spontaneously separate under illumina-
tion, with holes migrating to the ZnPc thin film layer. ZnPc is
capable of utilizing the inherent capture states of MoS,. This
work, rooted in the surface assembly of organic molecules,
provides a novel design approach for developing 2D/organic
photodetectors. The Pcs family can maintain an idealized
energy offset for ultrafast exciton dissociation. CuPc stands
out as a distinguished representative within the Pcs family. The
MoS,/CuPc heterojunction constitutes an ideal type-II hetero-
junction, where CuPc can smooth the surface of MoS,, suppres-
sing the generation of dark current and accelerating charge
transfer. The MoS,/CuPc heterojunction photodetector'”® exhi-
bits a high responsivity (3 x 10> A W), a high detection rate
(2 x 10" Jones), a swift response time (0.436 ms), and an EQE
of 483%. Compared to MoS, photodetectors, the response time
has been improved by four orders of magnitude. This work
advances the development of highly sensitive VIS light photo-
detectors. Self-assembled monolayers (SAM) significantly
enhance the interface quality by allowing precise film thickness
control, reducing charge scattering and recombination, and
simplifying solution adsorption processes. The MoS,/BTBT-
SAM heterojunction proposed by Zhao et al.'’® represents the
first realization of all 2D organic-inorganic hybrid vdW hetero-
junction phototransistors. The MoS,/BTBT-SAM heterojunction
photodetector demonstrates a high responsivity (475 A W)
and EQE (1.45 x 10°%), primarily attributed to the photovoltaic
effect. BTBT-SAM promotes charge transfer through n-n
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10*%

interactions. This work advances the application of SAM tech-
nology in the field of photodetectors, providing more possibi-
lities for the design of 2D atomic-molecular layers and fostering
the development of novel heterostructures.

In 2022 and 2023, the performance of 2D/organic hetero-
junction photodetectors based on MoS, has demonstrated
remarkable advancements. Photodetectors with bipolar charge
transport characteristics have been developed,’”” and highly
stable NIR photodetectors have been proposed.’”®'” The sup-
pression of dark current has seen recent developments, with
dark currents reduced to the pA level.'®* In contrast to hetero-
junctions, bilayer structures with independent channels can
individually transport photogenerated excitons. 2,6-Diphenyl
anthracene (DPA) is an outstanding representative in organic
semiconductors, characterized by high hole mobility and
electroluminescence properties. DPA/MoS,(DMDM)'”” exhibits
bipolar charge transport characteristics, with electrons
and holes displaying distinct migration rates (holes at
0.13 em” V' 57" and electrons at 1.1 em® V' s7'). The key
to achieving balanced electron and hole transport lies in bilayer
structures and independently layered configurations with
“ideal” clean interfaces. Research findings indicate that large
interfaces within bilayer structures and unique band align-
ments are advantageous for carrier accumulation and recom-
bination. Furthermore, reduced abnormal photocurrent has
been observed, attributed to the differing light absorption
ranges and band alignment structures of DPA and MoS,. This
work promotes the development of bipolar photodetectors,
offering insights into the future development of organic-inor-
ganic van der Waals heterojunction photodetectors. Achieving

This journal is © The Royal Society of Chemistry 2024
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Fig. 13 Enhancing the photodetector performance of MoS, by combining it with small molecule organic materials. (a) Schematic illustration of MoS,/
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American Chemical Society. (d) Schematic diagram of MoS,/2DP1.*”® (e) Band alignment and the injection process of photogenerated carriers.

178 (f)

Responsivity and detectivity as a function of wavelength.}”® Reproduced with permission.t’® Copyright 2022, Nature Publishing Group. (g) lllustration of
MoS,/BTP-4F .80 (h) Energy level matching.’®° (i) Responsivity and detectivity as a function of wavelength.*®° Reproduced with permission.*® Copyright

2023, Wiley-VCH.

excellent and stable NIR photodetection is a meaningful yet
challenging endeavor. MoS,/2DPI (Fig. 13d and e)'”® accom-
plishes high-performance photodetection in the NIR region.
The device exhibits high photoresponsivity (390.5 A W)
(Fig. 13f), a high detection rate (5.10 x 10" Jones), and a broad
response range (405-1020 nm). This is attributed to the type-1I
heterojunction’s rational band structure and 2D PI's strong NIR
light absorption. This work provides critical technology for
high-performance detection in the NIR range using monolayer
TMDCs sensitized with 2D covalent organic polymers.

PbPc is an exemplary member of the phthalocyanine family,
with most metal phthalocyanine materials responding to light in
the UV to VIS range. However, PbPc demonstrates excellent photo-
voltaic response in the NIR region. Under a mere 0.061 pW cm >
NIR illumination, PbPc/MoS,"”® exhibits an exceptionally high
photoresponsivity (1263.85 A W) and an extraordinarily high
EQE (194 066.7%). This is attributed to the use of aluminum
electrodes. From the perspective of energy level matching, the
performance of gold electrodes should be far superior to that
of aluminum electrodes. Paradoxically, this is because gold
electrodes constitute Ohmic contacts, while aluminum electro-
des form Schottky contacts. Schottky contacts have a signifi-
cantly higher exciton dissociation efficiency than Ohmic
contacts. This study elucidates the principles behind using
materials such as Al, Au, Cu, and Ag as electrodes and analyzes
the various factors contributing to exciton dissociation. It
offers novel insights for enhancing the performance of 2D/
organic devices. Organic materials with solubility properties are
crucial for fabricating straightforward and high-performance

This journal is © The Royal Society of Chemistry 2024

photodetectors. BTP-4F possesses solubility characteristics and
features a low exciton dissociation energy, facilitating effective
exciton dissociation. The MoS,/BTP-4F heterojunction photo-
detector (Fig. 13g and h)'° not only exhibits shallow dark
currents (at the pA level) but also demonstrates high respon-
sivity (3.2 A W), elevated EQE (756%), remarkable detectivity
(1.6 x 10° Jones) (Fig. 13i), and rapid response times (0.332/
0.274 ms). This work advances the development of high-
performance 2D/organic heterojunctions, providing a design
paradigm for sensitive and rapidly responsive heterojunctions.

4.2.2. Combining with organic polymers or complex mate-
rials. Introducing organic polymers or complexes plays a vital
role in improving the performance of MoS, photodetectors. The
following three issues usually need to be focused on during
device design and fabrication: (1) control of film thickness, (2)
interface engineering optimization, and (3) preparation process
optimization.

The epitaxial growth process offers notable advantages,
including cleanliness, low-temperature operation, and precise
morphological control. Photodetectors based on MoS,/Cg-BTBT
heterojunctions,'®' fabricated via epitaxial growth techniques,
achieve a photoresponsivity of 22 mA W' and a rectification
ratio as high as 10°, primarily due to the photovoltaic effect
inherent in the MoS,/Cg-BTBT heterojunction. Both 2D and
organic materials have a rich library of materials, which lays a
solid foundation for developing 2D heterostructures. In tradi-
tional photodetectors, gate voltage and source-drain voltage
are employed to enhance sensitivity, albeit at the cost of
increased losses due to self-heating. P(VDF-TrFE) presents the
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ability to fine-tune the transport characteristics of the channel,
thereby improving the detector’s performance. The MoS,/
P(VDF-TrFE) heterojunction photodetector (Fig. 14a and b)'®
exhibits a high detectivity (2.2 x 10'? Jones) and a remarkable
photoresponsivity (2570 A W) (Fig. 14c), primarily attributed
to P(VDF-TTFE) suppression of dark current in MoS, and the
enhanced detector sensitivity brought about by stable residual
polarization. Furthermore, this device can achieve detection in
the NIR region (500-1550 nm). Plasma metasurface structures
can enhance the light absorption of 2D materials. Petoukhoff
et al. applied metasurface to MoS,/P3HT:PCBM heterojunction
photodetectors,"®* resulting in a six-fold increase in charge
density and a broadening of the absorption bandwidth by
90 nm. This enhancement is attributed to the metasurface
expediting the hole transfer from MoS, to P3HT:PCBM. This
study underscores the synergistic effect between 2D/organic
heterojunctions and metasurface, promising substantial appli-
cations in thin-film solar cells. 2D materials typically exhibit
varying bandgaps and dark current characteristics. The cost-
effective control and mitigation of dark current pose intriguing
challenges. g-C3N, is considered a promising candidate for
integration with 2D materials due to its ability to suppress dark
current in these materials. Furthermore, g-C;N, facilitates
rapid charge transfer between itself and 2D materials, improv-
ing the efficiency of photogenerated exciton dissociation.
The MoS,/g-C5N, heterojunction photodetector'®® demon-
strates a photoresponsivity of 4 A W', a response time of
50 ms, 100% EQE, a detectivity of 4 x 10'" Jones, and
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broadband responsiveness (270-700 nm). Notably, this device
exhibits excellent flexibility, maintaining high performance
even after hundreds of continuous bends, laying a solid foun-
dation for developing low-cost, flexible photodetectors based
on MosS,.

While most of these heterojunctions primarily operate in the
UV to VIS range, PDPP3T exhibits photosensitivity in the NIR
region. The amalgamation of MoS, with PDPP3T promises to
yield high-performance broadband photodetectors. The MoS,/
PDPP3T heterojunction phototransistor'®> demonstrates self-
powered photoresponsivity at zero bias voltage, with high respon-
sivity and a rapid response time of 4 ms. This is attributed to
forming the MoS,/PDPP3T heterojunction and creating an asym-
metric source-drain configuration. Furthermore, PDPP3T’s solu-
bility facilitates its use in flexible photodetectors, rendering MoS,/
PDPP3T a highly flexible option with substantial potential for
integration into wearable optical-electronic devices, presenting
significant application value. Ferroelectric materials, such as
P(VDF-TTFE) copolymers, exhibit exceptional properties in fabri-
cating simple rotation layers. The MoS,/P(VDF-TrFE) BJT hetero-
junction photodetector proposed by Lv et al (Fig. 14d-f)'®°
demonstrates self-powering and high gain characteristics, mark-
ing the first instance of improving the response time of MoS,-
based photodetectors to the microsecond level (20 ps). What’s
more, this device can easily tailor its reconfigurable features
through finite element polarization switching. This reconfigurable
device holds the potential to advance intelligent image window
sensors. Its application in high-stability array detection is feasible.
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Reproduced with permission.’®2 Copyright 2015, Wiley-VCH. (d) Schematic illustration of MoS,/P(VDF-TrFE).*%¢ (e) Energy band diagram.*®® (f)
Responsivity and extracted threshold voltage shift as a function of incident power.*8® Reproduced with permission.*®¢ Copyright 2019, Nature Publishing
Group. (g) Schematic illustrations of (CgHsC,H4NHz),PbBra/MoS, 188 (h) Energy band diagrams of (CeHsCoH4NHs)2PbBr,/MoS,. 288 (i) Responsivity vs. light
intensity. 8 Reproduced with permission.1®8 Copyright 2022, American Chemical Society.
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Likewise utilizing P(VDF-TrFE) copolymers, Wang et al. intro-
duced MoS,/P(VDF-TrFE),'® achieving ultrabroad detection ran-
ging from UV to MIR with a high on-off ratio (10°) and a fast
response time (5.5 ms). This marks a groundbreaking develop-
ment in 2D/organic heterojunction photodetectors, expanding the
detection wavelength by 10000 nm for the first time. This
achievement is attributed to the thermoelectric effect of the
MoS,/P(VDF-TIFE) heterojunction and the significant enhance-
ment of MoS,’s photodetection performance by the P(VDF-TIFE)
polar field. P(VDF-TrFE) can suppress MoS,’s dark current and
narrow MoS,’s bandgap, thus broadening the detection spectrum.
This work provides a reliable approach for long-wave detection.

2D Ruddlesden-Popper (RP) phase perovskites exhibit excel-
lent stability, and (C¢HsC,H4NH;),PbBr,/MoS, proposed by
Xu et al. (Fig. 14g-i)'®® demonstrates an ultra-low dark current
(0.1 pA), owing to the low carrier density of (C¢HsC,H,NH3),-
PbBr, and the reasonable band structure of the heterojunction.
Furthermore, this device maintains excellent photodetection
performance after over a thousand switching cycles. Notably,
the device can operate at zero bias voltage, showcasing self-
powering and self-driven capabilities. At illumination intensi-
ties below 0.5 mW cm™>, the device exhibits excellent photo-
responsivity even under zero bias conditions. This work
underscores the significant potential of the 2D RP perovskite
in weak light detection. MAPbBr3s/MoS, and (Ce¢HsC,H,NH3),-
PbBr,/MoS, demonstrate self-powered characteristics, maintaining
excellent photodetection performance under zero bias voltage.
MAPDBr; possesses favorable attributes such as low trap density,
high absorption coefficient, and high photovoltaic conversion
efficiency. With MoS, as the n-type semiconductor and MAPbBr;
as the p-type semiconductor, the MAPbBr;/MoS, heterojunction
exhibits robust photovoltaic properties. Under zero bias conditions,
MAPbBr;/Mo0S," showcases a photoresponsivity of 368 mA W~
and a photodetection rate of 3.74 x 10" Jones. This work
lays the foundation for the development of high-performance
photovoltaic devices.

4.3. Photodetectors with other 2D materials

In addition to graphene and MoS,, numerous 2D materials
have been successfully employed in the fabrication of high-
performance photodetectors (summarized in Table 3).'%'7>%
For instance, WS,/poly-TPD:PCBM'®> has demonstrated self-
powered capabilities, while SWCNTs/PQT-12:FATCNQ,"** Bi,Ses/
MOF(Ni-CAT-1),"*> ReS,/2D perovskite ((CH;(CH,);NH;),(CHj-
NH;),Pbsly),"%®  IEICO-4F/WSe,,'”  3DG/P3HT:PC,,BM,"”
and graphite/Cq/BP,>*® among other devices, exhibit infrared
detection capabilities. Notably, 3DG/P3HT:PC,,;BM**® can detect
wavelengths exceeding 10000 nm, expanding the detection
range into the MIR region.

In 2017, the first 2D organic heterojunction photodetector
based on WS, was introduced. WS,/PTCDA'®! achieved an EQE
of 1.8 &+ 0.2% and an IQE of 11 + 1%. The hybrid charge
transfer excitons, formed through the interaction of Frenkel
excitons in PTCDA and Wannier excitons in WS,, subsequently
dissociate into free charges, enhancing quantum efficiency.
While the device may not exhibit outstanding hydrogen

This journal is © The Royal Society of Chemistry 2024
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sensitivity, this work has stimulated the extensive utilization
of 2D materials in 2D/organic heterojunctions. In 2019, lever-
aging WS,, Huang et al. introduced the WS,/poly-TPD:PCBM
heterojunction photodetector.'®* This device maintained a high
responsivity (17 AW™"), a high detection rate (1.1 x 10" Jones),
and a high on/off ratio even under zero bias voltage. The poly-
TPD:PCBM heterojunction enhanced the light absorption coef-
ficient, facilitating efficient dissociation of photogenerated
excitons. Appropriate band structures and energy gaps also
favored the separation of electron-hole pairs. Furthermore,
the authors generated high-quality poly-TPD/PCBM and WS,
films through a straightforward solution-coating technique and
chemical vapor deposition. This provides relevant insights and
design examples for creating high-performance 2D/organic
heterojunctions. Prolonged photoconductivity is the primary
challenge in high-speed imaging, which Pei et al. effectively
addressed using the 2D material Bi,Se;. The Bi,Sez/rubrene
heterojunction photodetector'®® exhibits a high responsivity
(124 A W) and fast response time (54 ms). This can be
attributed to the rational band alignment structure and the
built-in electric field in the Bi,Ses/rubrene heterojunction.
Interestingly, the device also demonstrates a negative differen-
tial resistance effect and gate-tunable backward-like diode
behavior, leading to the inversion of the Fermi level position.
This work can potentially advance the application of 2D/organic
devices in high-speed imaging. Infrared photodetection in the
military sector is of paramount importance. The SWCNTs/PQT-
12:FATCNQ heterojunction photodetector proposed by Yang
et al.*** achieves broadband detection up to 2600 nm, with a
high responsivity (2.75 x 10° A W™"), a high detection rate
(3.12 x 10" Jones), and a high EQE (10°%). The broadband
detection can be attributed to the ultra-low intermolecular
electronic transition energy in the SWCNT layer and the ultra-
broadband absorption characteristics of the PQT-12:FATCNQ
layer. This device demonstrates outstanding stability, robustness,
and flexibility, maintaining excellent optoelectronic performance
even after 12000 seconds of cyclic testing. Additionally, the
authors demonstrated a noise reduction array, which holds sig-
nificant potential for application in the field of biological
synapses. Bi,Se;/MOF(Ni-CAT-1) (Fig. 15a and b)'® exhibits
broad-spectrum absorption characteristics (600-2000 nm). Unlike
the reasons behind the broad-spectrum absorption in SWCNTs/
PQT-12:FATCNQ, Bi,Se;/MOF(Ni-CAT-1) achieves this due to the
intense light absorption by the MOF(Ni-CAT-1) layer and the high
charge carrier mobility of the Bi,Se; layer. Specifically, this is
attributed to the synergistic effect of Schottky barriers and the
photovoltaic effect. The device maintains a high responsivity
(4725 A W) (Fig. 15c) and a high detectivity (3.5 x 10" Jones)
at 1500 nm, surpassing Bi,Se; photodetectors by 2-3 orders of
magnitude. This work highlights the enormous potential of MOF
materials in infrared detection.

2D perovskites possess a wide bandgap, leading to a rela-
tively poor spectral response. Surprisingly, ReS,/(CH;3(CH,)s-
NHj;),(CH;3NH;),PbsI; has achieved exceptional photodetector per-
formance. ReS,/(CH3(CH,);NH;),(CH;NH;),Pbsls (Fig. 15d-f)'*°
exhibits characteristics of broad-spectrum response (2000 nm)
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Published Responsivity Response Detection Gain/EQE  Detectivity

2D materials year Active materials AW time [ms] [nm] [%] [Jones] Ref.

Other 2D materials 2017 WS,/PTCDA NA NA 400-600  NA NA 191

except graphene and MoS, 2019 WS,/poly-TPD:PCBM 1.02 <181 450 8% 1.1 x 10" 192
2020 Bi,Se;/rubrene 124 58 532 >10°% NA 193
2021 SWCNTSs/PQT-12:F4TCNQ 2.75 x 10° 9.7 400-2600 10%% 3.12 x 10™ 194
2021 Bi,Se;/MOF(Ni-CAT-1) 4725 130 600-2000 2.3 x 10°% 3.5 x 10"® 195
2022 ReS,/(CH;3(CH,)sNH;),(CH5NH;),Pbsly 2.2 0.443/0.72 2000 68% 1.8 x 10" 196
2022 IEICO-4F/WSe, 8.32 3.39/4.24 532-808 NA 4.65 x 10" 197
2022 MoTe,/PBDB-T:ITIC 0.706 NA 656 133% 2.62 x 10" 198
2022 3DG/P3HT:PC,,BM 5.8 x 10° 24 300-10600 >10°% 3 x 10" 199
2022 Graphite/Cgo/BP 100 31.4 400-1060 NA NA 200

due to the heterojunction’s direct type-Il bandgap of 0.4 eV.
Furthermore, this device features self-powered capabilities, main-
taining high detectivity (1.8 x 10 Jones), high EQE (68%), and
ultra-fast response times (0.443/0.72 ms) even at zero bias voltage.
The sub-millisecond response time is attributed to the significant
band offset at the heterojunction interface, ensuring efficient
charge carrier separation. Moreover, the device demonstrates out-
standing stability, retaining excellent photodetection performance
after seven days of operation. This work provides an effective
design strategy for high-performance and highly stable photode-
tectors. Zhu et al designed an IEICO-4F/WSe, heterojunction
photodetector.'®” By investigating the heterojunction’s photolumi-
nescence quenching behavior, they achieved a high-performance
photodetector in the near-infrared range (808 nm) with a respon-
sivity of 8.32 A W ! and a detectivity of 4.65 x 10" Jones. The
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photodetection performance of this device is attributed to the
effective separation of photogenerated charge carriers and charge
transfer at the type-II heterojunction interface. While NIR detection
has significantly developed, research on MIR detection remains
limited. MIR detection has crucial value in various fields, such as
biometrics and military applications, making it a meaningful and
challenging endeavor. In 2022, Ge et al introduced a 3DG/
P3HT:PC,;BM heterojunction photodetector (Fig. 15¢ and h)'*°
capable of ultra-broadband detection extending beyond 10 000 nm
in the MIR spectrum. This device exhibits an exceptionally high
responsivity (5.8 x 10° A W ') and a high detectivity (3 x
10" Jones) (Fig. 15i). The PCBM layer and functional groups within
the 3DG layer serve as electron trapping sites, extending the lifetime
of charge carriers and enhancing the device’s photoresponse and
photocurrent. Furthermore, this device demonstrates outstanding
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Fig. 15 Enhancing the photodetector performance of other 2D materials by combining them with organic thin films. (a) Schematic diagram of Bi,Ses/
MOF(Ni-CAT-1)."% (b) The carrier transport mechanism and band energy diagram at Vg4 < 0.1 (c) Responsivity as a function of wavelength.'?®
Reproduced with permission.*®® Copyright 2021, Nature Publishing Group. (d) Schematic image of ReS,/(CH3(CH2)3NHs)2(CHsNH3)4Pbsli6.¢ (e)
Interlayer excitation under infrared light.*°® (f) Normalized wavelength-dependent responsivity.!*® Reproduced with permission.**® Copyright 2022,
American Chemical Society. (g) Schematic of 3DG/P3HT:PC,BM.**° (n) Working mechanism under infrared illumination.*®® (i) Power-dependent R and
D*1°° Reproduced with permission.1*® Copyright 2022, American Chemical Society.
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performance in weak light detection, easily detecting light at the pw
level. It maintains excellent flexibility and mechanical stability,
providing a core technology for designing highly stable wearable
integrated optoelectronic devices.

4.4. Applications of 2D/organic heterojunctions in flexible
photodetectors

Research into applying 2D/organic heterostructures in flexible
devices is increasingly gaining attention, particularly in devel-
oping photodetectors. These photodetectors combine the
exceptional electronic and optical properties of 2D materials
with the flexibility and tunability of organic materials, offering
an efficient and revolutionary photonic conversion solution in
the realm of flexible electronics.''?"3%146,147,136,184,185,194,199

In recent years, scientists have been advancing research on
flexible photodetectors based on 2D/organic heterostructures to
better meet the demand for flexible sensing and imaging
technologies in electronic skin and flexible electronics applica-
tions. For instance, Gao et al. developed an organic dye/
ZnyoMg, ;O NPs/graphene photodetector (Fig. 16a),"**> show-
casing exceptional photoresponse and mechanical flexibility by
combining an organic dye, magnesium-doped zinc oxide, and
graphene. Additionally, the graphene/MOF photodetector
designed by Bera et al. (Fig. 16b)'*® demonstrated significant
advantages such as non-toxicity, environmental friendliness, and
stability, making it highly suitable for wearable and stretchable
electronic devices. Furthermore, researchers have successfully
developed various flexible 2D/organic heterostructure photo-
detectors, such as the cost-effective graphene/CH;NH;PbI;:MosS,
(Fig. 16c),'*” ultra-thin graphene/PEDOT:PSS/P3HT:PC,,BM
(Fig. 16d),"*® exceptionally durable SWCNTs/PQT-12:FATCNQ
(Fig. 16e and f),"** and low-light performing 3DG/P3HT:PC,,BM
photodetectors (Fig. 16g and h).'*® These 2D/organic material
photodetectors have demonstrated outstanding performance
and high adaptability in flexible wearable devices.

Developing 2D/organic heterostructure photodetectors gen-
erally represents a significant breakthrough in materials
science and electronic engineering. It opens up new possibi-
lities for application in flexible electronic devices, particularly
in areas like electronic skin, health monitoring, and environ-
mental sensing. As future research progresses and technologies
mature, these 2D/organic heterostructure photodetectors are
poised to play an increasingly pivotal role in innovative materi-
als and the next generation of electronic devices.

5. Summary of device performance

Photodetectors of organic materials suffer from the disadvan-
tages of low photoelectron mobility, material instability, low
photo-quantum efficiency, temperature dependence, short life-
time, and restricted sensitivity range.?**2% Photodetectors of
2D materials suffer from drawbacks such as limited spectral
response range, weak light detection capability, high thermal
noise, poor stability, and physical size constraints.***"*°° Com-
bining 2D materials with organic materials brings new

This journal is © The Royal Society of Chemistry 2024
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development opportunities.
decade of development, 2D/organic heterojunction photodetectors
have significantly improved the performance of photodetectors.
However, taking 2D/organic heterojunction photodetectors to
large-scale applications is still a long way to go. To date, graphene
remains the best and most widely used 2D material, and graphene-
based devices generally outperform other devices in terms of
responsivity and detectivity (shown in Fig. 17a). The ultra-high
responsivity and ultra-high detectability are mainly attributed to
graphene’s broadband spectral response, high carrier mobility,
superior electrical conductivity, good mechanical flexibility, and
excellent resistance to light fatigue.’’*>' MoS, has a tunable
bandgap, which means that MoS, can achieve controllable switch-
ing and small dark current.****'? Moreover, MoS, possesses
excellent chemical stability and can be grown over large areas
using chemical vapor deposition.*'® Graphene-based 2D/organic
heterojunction photodetectors typically have higher EQE, and
MosS,-based ones are usually excellent regarding response speed
(shown in Fig. 17b). Some 2D materials have shown excellent
performance in MIR wavelength detection up to 300 to 10 600 nm
(shown in Fig. 17e). Organic/2D heterojunction photodetectors can
achieve bandwidths up to 10° Hz and still reach 10* Hz while
having a response rate of 10° A W (Fig. 17c).

Graphene-based 2D/organic heterojunction photodetectors
peaked their development rate in 2021 and have reached a
relatively mature bottleneck. 2D/organic heterojunction photo-
detectors based on MoS, and other 2D materials are still
developing rapidly (Fig. 17d). Devices'®”**° are available for
detection in the NIR (Fig. 17e) but not in the FIR or longer
wavelengths. Detection in the UV to NIR bands is well devel-
oped, but detection at long wavelengths is still understudied,
and 2D/organic heterojunctions still have great potential for
development in the field of long-wavelength detection.*®*'*

6. Future development
6.1. Long-wave and narrow-band detection

Long-wavelength and narrow-band detection are two dark
clouds over 2D/organic heterojunction photodetectors and
directions that must be vigorously researched and developed.
Detection technology in the VIS to NIR bands is very mature,
but the detection of FIR needs to be improved. The energy of
photons is proportional to the frequency of electromagnetic
radiation and inversely proportional to the wavelength. The
photon energy can be expressed by the equation E = hv = hc/A.
The MIR and FIR energies are minimal, and the carrier energies
are close to the molecular vibration or scattering, which are not
easily collected and dissociated. 2D/charge transfer complex
heterojunctions are considered an effective strategy to address
long-wave detection, where the effect of donor-acceptor bond-
ing and acceptor-induced negative anions in charge transfer
complexes creates a new narrow bandgap, thus broadening the
detection range.”'®> The method can now easily detect the NIR
and MIR bands, and further innovations and developments are
needed for the detection of FIR.
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Fig. 16 Flexible 2D/organic heterojunction photodetectors. (a) Flexible graphene/ZngsMgo:O NPs/BET narrowband photodetector.**® Reproduced
with permission.**® Copyright 2017, Wiley-VCH. (b) Schematic illustration of graphene/MOF under bending strain.*® Reproduced with permission.**¢
Copyright 2018, Wiley-VCH. (c) Flexible graphene/CHzNHsPbls:MoS, hybrid photodetector.**” Reproduced with permission.**” Copyright 2018, Wiley-
VCH. (d) Ultrathin and flexible graphene/PEDOT:PSS/P3HT:PC,BM photodetecton156 (e) Photocurrent of SWCNTs/PQT-12:F4ATCNQ under different
bending radii.*** (f) Flexible SWCNTs/PQT-12:F4ATCNQ phototransistor.’** Reproduced with permission.'®* Copyright 2021, Wiley-VCH. (g) Flexible 3DG/
P3HT:PC,,BM photodetector.199 (h) Photocurrent for flexible 3DG/P3HT:PC;BM as a function of cycle number.*® Reproduced with permission.199

Copyright 2022, American Chemical Society.

Narrow-band detectors are typically used to detect or receive
signals in a specific frequency range and are widely used in
communication, radar, and medical systems.>'®>'® Narrow-
band detection has triggered much research, but previous
related strategies have more obvious drawbacks, such as
reduced responsivity, complex configuration, and non-
tunability. Although narrowband detection has been achieved
in 2D/organic heterojunction photodetectors such as graphene/
ZngoMgo,0 NPs/BET dye,"> graphene/h-BN/J-aggregate
PTCDI-Cy3,"*” graphene/PDVF,"® etc., the performance of these
devices is not satisfactory (R ~ 10°-10° AW ™', 7 &~ 1000 ms).
Therefore, it is still challenging to realize high-performance
narrowband photodetectors, and more 2D/organic heterojunc-
tion photodetectors with advanced materials, functions, and
structures are needed in the future.

6.2. New organic materials and structure

Currently, 2D materials commonly used in 2D/organic hetero-
junction photodetectors include graphene and TMDs, and organic
materials mainly include COFs, MOFs, ferroelectrics (P(VDF-
HEE)),182'186'187 Semiconductors (pentacene)’125—127,129,158,165,173
insulators (PVCN)* and photochromic molecules (DAE). More
2D and organic, exceedingly narrow bandgap materials must be
developed to develop high-performance long-wave and narrow-
band detectors. Another way to reduce the bandgap is through
modulation: for example, inter-doping TCNQ with MOF

1258 | J Mater. Chem. C, 2024,12,1233-1267

Ru,(C¢H5CO0),Cl to reduce the bandgap of the MOF from
0.625 eV to 0.175 €V.”'® Narrow bandgap is the basis for long-
wave detection, and materials such as MOFs, COFs, topological
Dirac semimetals, and topological insulators have good prospects
for development.

Heterostructures, mainly in stacking and doping, usually
contain only 1-2 organic materials as the absorbing layer and
one 2D material as the absorbing layer. In the future, more
complex heterostructures are needed to enhance the perfor-
mance of photodetectors, such as s-scheme heterojunctions,**°
double charge transfer heterojunctions®*****> and heterojunc-
tions with more layers. In addition, higher-performance photo-
detectors can be obtained by combining several approaches,
such as local field coupling combined with built-in electric
fields. Overall, the effective trapping and efficient dissociation
of carriers should be enhanced, the energy loss should be
reduced, and the charge decomposition efficiency should be
improved.*** Also, high-quality heterogeneous interfaces that
are easy to implement should also be emphasized.***

6.3. Exploring the 2D/organic interface: new horizons in
materials science

In materials science, heterostructures constitute systems
composed of different material layers, with interfaces between
these layers possessing unique electronic, optical, and
chemical properties.”>® Research on interfaces in 2D/organic
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(a) Responsivity and detectivity of 2D/organic heterojunction photodetectors. (b) EQE and 1/z of 2D/organic heterojunction photodetectors. (c)

Bandwidth and responsivity of 2D/organic heterojunction photodetectors. (d) The number of publications of 2D/organic heterojunction photodetectors.
(e) The detection range of 2D/organic heterojunction photodetectors. Note: bandwidth = 1/(2nx).
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heterojunctions has long been a focal point. Effective interface
formation between 2D materials and organic materials enables
efficient charge transfer, thereby enhancing the efficiency
of solar cells or photodetectors. Additionally, investigating
interfaces in 2D/organic heterojunctions involves studying
molecular arrangements, charge recombination, band align-
ment, and other microscale mechanisms at these interfaces, all
representing current focal points in materials science.***2°

6.3.1. New opportunities at the 2D atom/organic molecule
interface. The emergence of “highly ordered 2D atom/organic
molecule interfaces” presents new opportunities in materials
science. 2D materials, owing to their atomic-level thickness and
highly ordered lattice structure, provide a unique and precisely
controllable platform for the self-assembly of organic molecules.*’
At the interface of 2D/organic materials, organic molecules can
form highly ordered structures on the surface of 2D materials
through intermolecular forces such as hydrogen bonding, van der
Waals forces, and n-n stacking, among others.*® This ordered
structure relies not only on the design and functionality of the
organic molecules themselves but is also strongly influenced by
the underlying surface properties of the 2D materials. For
instance, graphene’s flat and chemically inert surface can serve
as an ideal template, promoting the regular arrangement of
organic molecules. Earlier devices were based on the growth of
organic single crystals on graphene surfaces, achieving a photo-
responsivity of 110 A W' and a detectivity of 10"® Jones in the
visible light spectrum.'*®

In organic photovoltaic materials, the high binding energy
of excitons often stands as a crucial limiting factor in their
performance. Combining 2D materials with organic materials
enables the formation of novel electronic states at the interface,
reducing excitons’ binding energy and promoting their separ-
ation—an essential aspect for enhancing photovoltaic conver-
sion efficiency.”?*’ For instance, Shao et al. employed edge-on
C,,TBP, stacked in a n-rn configuration with graphene, indu-
cing orbital coupling and hybridization to improve electron
transfer at the interface.'® Liu et al achieved high-quality
interfaces by epitaxially depositing several layers of the organic
small molecule Cg-BTBT onto graphene, resulting in devices
exhibiting high internal quantum efficiency (41%) and respon-
sivity (1.8 x 10° A W~")."*? Similarly, heterojunctions such as
the self-assembled BTBT with MoS, have been explored.'”®
However, the exciton dissociation efficiency in planar 2D/
organic heterojunctions still falls short of the requirements,
necessitating a further enhancement of the built-in electric
field. Vertical P-N structures (combination of p-type and n-
type semiconductors) have emerged as a solution.'7?7'74181
These structures can generate a strong built-in electric field at
their interface, aiding in the effective separation of excitons.
When an external voltage is applied, this field can be further
strengthened, leading to more efficient separation of electrons
and holes and enhancing charge collection efficiency. In prac-
tical applications, this implies that designing and optimizing
the interface structure between 2D materials and organic
materials and introducing suitable P-N structures can improve
the performance of photodetectors and other optoelectronic
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devices. For instance, effective P-N structures can be formed by
introducing appropriate doping layers between 2D and organic
layers or by introducing additional semiconductor materials. Such
structural designs enhance the built-in electric field and improve
the transport and collection of charge carriers. In the future,
integrating the unique properties of 2D materials with the advan-
tages of traditional P-N structures could lead to the development
of more efficient and higher-performance photovoltaic systems.

The research on highly ordered 2D atomic/organic molecu-
lar interfaces holds significant importance in developing new
nanoelectronic devices, sensors, optoelectronic materials, and
more.***° Precise control over molecular arrangement and inter-
actions at interfaces enables manipulating the electronic properties
of the materials, facilitating the design and optimization of device
performance at the nanoscale. Moreover, this research domain
offers insights into understanding and simulating complex biolo-
gical interfaces; for instance, similar n—r stacking phenomena exist
in protein-cell membrane interactions.***>*® Therefore, in-depth
exploration of interfaces between graphene-like 2D materials and
organic substances holds significance for materials science and
nanotechnology. It offers novel perspectives and applications in
various biochemistry and molecular biology fields.

6.3.2. Trade-offs: orderliness vs. photovoltaic conversion
efficiency. The challenge faced by 2D/organic heterojunctions
lies in balancing the interface’s orderliness with the photovol-
taic conversion efficiency (PCE).>*"***> In 2D/organic hetero-
junctions, small molecular materials, due to their highly
ordered stacking and precisely controlled interfaces, facilitate
efficient charge transfer. However, this high degree of ordered
structure might limit charge diffusion and transport within the
material, resulting in a relatively low PCE of approximately
10%.>*>*** This limitation arises because while the interface
for charge transfer is of high quality, the ordered structure
might constrain the distance for excitons to reach the interface,
thereby reducing effective exciton separation. In contrast, bulk
heterojunctions possess relatively disordered structures, but
their mixed distribution creates more interfaces that traverse
the material, enhancing exciton separation efficiency. Although
this disordered structure may lead to a loss in charge transfer
efficiency, the improved exciton dissociation significantly
boosts the overall PCE of solar cells, exceeding 17%.>%>>3°
Hence, the trade-off between interface orderliness and solar
cell efficiency stands as a crucial consideration in solar cell
design and material selection. Future research might optimize
material structures to enhance exciton dissociation efficiency
while maintaining high-quality charge transfer interfaces, aim-
ing for higher photovoltaic conversion efficiencies. Deeper
understanding and innovative design of material interfaces
and microstructures offer promising prospects for achieving
more efficient photodetector technologies.

6.4. Development and application of 2D/organic devices

In recent years, the development of organic solar cells has
been rapid, and more organic systems with higher conver-
sion efficiencies and more excellent stability have been
proposed, which will continue to promote the development of

This journal is © The Royal Society of Chemistry 2024
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Fig. 18 The future developing trends.

graphene/organic heterojunction detectors and even a more
extensive range of 2D/organic heterojunctions.*”>*! In addition,
novel biosynaptic, low-energy functional photodetector devices,
photonic chips for on-chip computing, and susceptible biomoni-
toring detectors have been the trend in recent years.>***® At
present, more and more new structures and materials better
reduce the gap between the energy bands of organic materials
and reduce the energy loss in transmission, such as heterojunc-
tions with double donor-acceptor groups and supramolecular
systems with double donor-acceptor groups, and in the future,
these new materials and structures will be combined with gra-
phene for in-depth exploration in order to improve the perfor-
mance of graphene/organic photodetectors (Fig. 18).

Although graphene/organic charge transfer complexes have
made some progress in long-wave detection, their responsivity
is still at a low level, which is because the new energy
bands generated by organic charge transfer complexes have a
small band gap, which makes it challenging to match the
energy bands, leading to difficulties in the efficient dissociation
process. Therefore, the overall efficiency of most organic
charge transfer complexes at long wavelengths is low, which
limits their further application and development. In the
future, optimizing the long-wave detection depth of organic
charge transfer complexes and improving the structure and
energy band matching to prepare high-performance graphene/
organic charge transfer complex heterojunction detectors is
necessary.

This journal is © The Royal Society of Chemistry 2024

Future development

View Article Online

Review

High Quality
Heterogeneous Interfaces

Environmentally Friendly
g and Sustainable
Preparation
Technologies
Nanofabrication

Multifunctional
Integration

Quantum Entanglement
Interlayer Transition
New Mechanism

Ballistic Avalanche

Chiral Slow Plasmons

High Speed
Communication

Optical Memory

Applications
Optical Modulation

On-chip Computing
Photonic Chips

While 2D/organic heterojunction photodetectors have had
some success, more research into applications is still needed.
This is mainly attributed to the fact that the design and
preparation of 2D/organic heterojunction photodetectors
involves a wide range of materials and processes and often
requires highly sophisticated techniques and equipment. This
complexity may make research and development even more
challenging. In addition, some organic materials may be
unstable or prone to degradation, limiting the devices’ long-
term stability. Future research and development will likely
focus on optimizing materials, improving preparation pro-
cesses, enhancing performance, and reducing costs to facilitate
the widespread use of these technologies.
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