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TOPICAL REVIEW — Photodetector: Materials, physics, and applications
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High-performance photodetectors are expected to open up revolutionary opportunities in many application fields, such
as environment monitoring, military, optical communication and biomedical science. Combining two-dimensional materi-
als (which have tunable optical absorption and high carrier mobility) with organic materials (which are abundant with low
cost, high flexibility and large-area scalability) to form thin-film heterojunctions, high-responsivity photodetectors could be
predicted with fast response speed in a wide spectra region.In this review, we give a comprehensive summary of photode-
tectors based on two-dimensional materials and organic thin-film heterojunctions, which includes hybrid assisted enhanced
devices, single-layer enhanced devices, vertical heterojunction devices and tunable vertical heterojunction devices. We also

give a systematic classification and perspectives on the future development of these types of photodetectors.
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1. Introduction

Over the past few years, two-dimensional materials
(2DMs) and their composite structure of a photoelectric
detector have triggered a number of researchers’ interests.
In particular, the 2DM/semiconductor heterojunction pho-
todetector is one of the important branches, and there
are some highly relevant previous works showing excellent
performance.!'#! In terms of the excellent carrier transmis-
sion ability and semiconductor photoelectric conversion ca-
pability, the 2DM/semiconductor heterojunction photodetec-
tor presents unique advantages such as fast response speed,

=141 Incorporat-

high responsivity and spectrum specificity.!
ing 2DMs with organic materials makes it possible to have
large-scale high-performance photodetectors in the future due
to the organic materials’ large-area scalability, richness in
variety and low-cost features.Organic molecules can be at-
tached onto the surface of 2DMs by solution or epitaxial
growth using Van der Waals (VdW) or chemistry interac-
tions; such methods have been explored in detail to optimize
the interface contact and tune the photoelectric properties of
2DMs. Therefore, we have the opportunity to properly incor-
porate those organic semiconductors with 2DMs for optoelec-
tronic applications.Likewise their inorganic counterpart, hy-
brid 2DM/organic semiconductor heterojunctions, have been
characterized and employed mainly aiming at two distinct
goals: fabricating novel device architectures and changing the
fundamental physical properties of 2DMs. Moreover, the com-
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patibility of these two-material heterojunction systems brings
many benefits, such as 2D atomic crystals showing flat and
inert surfaces, which can be suitable for organic molecule or-
dered self-assembly.[!3)

One of the key components of photodetectors is how
to effectively convert light into electrical signals, usually a
photocurrent or photovoltage, which is caused by different
structures.!!®!7 High-performance photodetectors show huge
potential in the development of novel technologies in many ap-
plication fields, such as scientific research, environment mon-
itoring, military, optical communication, biomedical science,
security checks and industrial processing control. [13-2%]

In this review, we will discuss the recent progress of pho-
todetectors based on 2DMs and organic thin-film heterojunc-
tions. In Section 2, we will mainly review some fundamen-
tal parameters of photodetectors. In Section 3, the recent
advances in organic photodetectors (OPs) will be presented.
Many organic synthetic materials and typical photodetectors
will be mentioned here, which will guide the fabrication and
design of 2DM/organic heterojunction detectors. In Section 4,
some strategies of design of 2DM/organic heterojunction pho-
todetectors are systematically summarized and analyzed. Es-
pecially, a number of novel and representable works reported
are divided into four typical parts. Finally, future prospects
in 2DM/organic semiconductor heterojunction photodetector

research are provided.
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2. Characterization parameters for photodetec-
tor performance

Photodetectors have significant importance in environ-
ment monitoring, military, communication and so on. To ac-
curately evaluate the performance of photodetectors, several
characterization parameters will be given to make a clear com-
parison of various photodetectors.

Photoelectric detection mainly consists of three pro-
cesses: light harvesting, exciton separation and charge carrier
transport, by which a photodetector can convert a light signal
into an electrical signal. In order to distinguish diverse of this
conversion,the external quantum efficiency (EQE) presents the
photon—electron conversion efficiency and is described by

EQE = I = h—VIp—h, (1)

¢ q P
where hv is the energy of the incident photon, I,y is the pho-
tocurrent, ¢ is the elementary electron charge, ¢ is the pho-
ton flux and P is the power of the incident light. To further
understand the detector’s photoresponse ability, a more direct
figure of merit named responsivity (R) is presented as follows:

I
R=T, o)
p
where R has the unit of A/W. Another core parameter of the
photodetector allows us to distinguish between the noise and

the light response capability, which is called detectivity (D*):

proYAA e 3)
NEP Piv2qlaark

where p; is the light intensity, Iy, is the dark current, A is
the active area, Af is the detection bandwidth and NEP is the
noise-equivalent power. The temporal response time is an im-
portant parameter to describe the time-motivated photocurrent
changing costs when the light is shed on a photodetector. The
response and recover process is expressed as the rise (Tse) and
decay (Tgecay) times. The trap state like the defect makes it
possible for conductive high gain (G) device;photoconductive
gain can be determined as follows:

G= Tlife / Tiransit s (4)

where T is the carrier lifetime, Tipansi¢ 1S the short drift transit
time and can be given as Tgansit = [? / 1 Vhias-

One more important operating parameter of a photodetec-
tor, response time, is extremely influenced by interfacial car-
rier transport and electrode collection, which are defined as the
rising time measured from 10%/90% and the falling time from
90%/10% of the net photocurrent.

3. Recent advances in OPs

OPs can be used in biomedical science, education, envi-
ronmental monitoring, optical communication, computer vi-
sion and sensory imaging.!>3?**l The development of organic

solar cells (OSCs) and OPs always promotes each other. In
principle, both OSCs and OPs aim at converting absorbed in-
coming light into an efficient electrical signal. Some progress
has been made in the OSC field.[>2") Compared with the
small exciton binding energy of inorganic materials, >8] the
higher exciton binding energy of the organic semiconductor is

(30311 Therefore, the organic bulk or

in the range of 0.3-1 eV.
planar heterojunction (donor—acceptor chromophore) are con-
sidered to realize efficient exciton dissociation.!*?] Under an
efficient electric field, a photo-generated exciton can dissoci-
ate until finally collected by the electrode. On the different

bases of application value, distinct design ideas emerge.

(a)

cathode
accepter layer
donor layer
anode

————

(b)

cathode
active D-A layer
anode

_—

Fig. 1. Donor—acceptor heterojunction architectures. (a) Planar heterojunc-
tion (PHJ) configuration. (b) Bulk heterojunction (BHJ) configuration.

In 1981, Kudo and Moriizumi demonstrated the first OP
device,33] and at this moment, researchers realized that OPs
can be fabricated by organic materials without the need for ad-
ditional filters to achieve a selective response at specific wave-
lengths of light.

With the

tors, small organic molecule detectors have been widely

rapid development of polymer detec-
discussed.?*>71t is crucial to exploit small-molecule OPs
with a structure that contains PHJs as depicted in Fig. 1(a).
PHIJ devices provide several advantages due to their layer-
distinct structure, high carrier mobility, easy processing (ther-
mal evaporation), richness in nature, easy purification and

1.38.39] These remarkable advances

synthetic reproducibility. !
provide PHJ materials a potential future for OP applications
with high performance.

The series of phthalocyanine small-molecule materials as
a donor layer incorporating small-molecule fullerene accep-
tors Cgo or C7o has been investigated for decades. Some of
them, including lead phthalocyanine (PbPc) or zinc phthalo-
cyanine (ZnPc), have an absorption spectrum that is extended
to the near-infrared region, which can be used to design ex-
cellent OPs. [*O*!IMoreover, porphyrin-basedis also popular as
a donor in OPs.!*2) Qi er al. fabricated novel small-molecule

OPs based on donor—acceptor—donor type M1 and M2, in
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which the electron donor was bis(2-thienyl)-N-alkylpyrrole
and the acceptor was thieno [3,4-b]thiadiazole. 3 On the ba-
sic of these two new compounds, the OPs present high detec-
tivity (D*) of 5.0 x 10'! J at 800 nm with a bias of —0.1 V. The
diffusion length of the exciton is relatively shorter than the
optical absorption length resulting in a lower EQE. To settle
this issue, a strategy of multiple and highly folded interfaces
has sparked a wide interest in designing organic multilayer

44451 Therefore, the development of a small-

photodetectors. |
molecule photodetector will facilitate the progress of fabricat-
ing 2DM/organic heterojunction photodetectors.

In recent years, polymer photodetectors have attracted
much attention due to their potential for fabrication on flex-
ible substrates by low-cost methods. As narrow band gap-
conjugated polymers with a broad absorption spectrum and
response can be designed and synthesized, detectors based
on these polymers have a continuous wideband working re-
gion. To possibly enlarge the contact area of the D-A in-
terfaces (as shown in Fig. 1(b)), which enhances the pos-
sibility of exciton dissociation, the BHJ concept was pro-
posed for the first time in 1995 in polymer—fullerene and

4647 addition, similar to poly-

polymer—polymer systems. |
mer OSCs, the structures of polymer photodetectors are also
based on BHIJ, 4248341 where the active layer is prepared by
blending donor—acceptor. Due to the ultrafast charge trans-
fer at the interface between the polymer and fullerene, the
polymer detector has the characteristics of fast response and
high sensitivity.[**) These advances are a major breakthrough
in the field of polymer near-infrared photoelectric detectors.
With the design and synthesis of new narrow band gap poly-
mer near-infrared materials and the urgent demand for low-
cost, portable and widely used photoelectric detectors, this
field is believed to be booming. Polymer OPs will also pave
the way for 2DM/OPs.

As one of the popular materials of recent times, organic—
inorganic hybrid perovskites (such as CH3NH3PbX3, X = Cl,
Br, I) have recently attracted great attention due to their unique
and excellent performance in photoelectricity.>>3°! Hu et al.
reported their first perovskite photodetector with a broadband
response in 2014.571 This perovskite photodetector shows
high responsivity of 3.49 A/W and 0.0367 A/W at a voltage
bias of 3 V, and EQEs of 1.19 x 10% and 5.84% at 365 nm
and 780 nm, respectively. Dou et al. demonstrated a vertical
perovskite device with an OSC design. >8] The device shows a
broadband photoresponse from 300 to 800 nm and a high EQE
of 80%, with a D* of 10! J from 350 to 750 nm. Its excel-
lent photoelectric properties will pave the way for designing
2DM/perovskite devices.

In recent years, nonfullerene acceptor (NFA)-based OPs

59,60

have been studied preliminarily.5%-% There are two main pur-

poses for substituting fullerenes: i) The weak absorption in the
first excited state of fullerenes (Cgg-based); ii) The band gap

[61.62] OQver the years, a lot of excit-

can be hard to modify.
ing and remarkable progress on NFAs has provided effective
methods to overcome these weaknesses.!®3%1 These issues
seriously affect the performance of the OPs. Gasparini et al.
showed a solution-processed OP using a nonfullerene electron
acceptor (IDTBR) blending with P3HT.[®0! A relatively high
responsivity of 0.42 A/W and an EQE of 69% are depicted
at 755 nm. Wang et al. fabricated a nonfullerene ultraviolet-
visible OP with a D* of 4.9 x 10'° J at 350 nm. The NFA-
based OPs still have a long way to go. These novel materials
will have a profound impact on the design of 2DM/organic

heterojunction photodetectors.

4. Some design strategies of 2DM/organic het-
erojunction photodetectors

In recent years, 2DM/organic heterojunction detec-
tors have been widely studied, from which a large number
of novel structures have emerged. We prefer to classify
2DM/organic heterojunction photodetectors into four cat-
egories, namely single-layer enhanced devices, hybrid as-
sisted enhanced devices, VAW vertical heterojunction de-
vices and tunable vertical heterojunction devices (Fig. 2).
At the beginning, two typical 2DM/OPs based on a photo-
gating effect will be introduced with different structure en-
hanced layers. This type of photoconductive photodetector
will present a characteristic performance of high gain, lim-
ited response time and narrow detection spectrum. Then, the

...........

Hybrid assist
enhanced device

Single-layer
enhanced device

VdWs vertical
Bsterojunction device

Tunable vertical
heterojunction devi;

Fig. 2. Four classifications of photodetectors based on 2DMs and or-
ganic thin-film heterojunctions.
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VdW heterostructures, especially p—n junction photodetectors,
will exploit a new optoelectronic property, which displays a
relatively faster response time than photoconductive photode-
tectors. In the last part, we discuss some of the novel untradi-
tional structures of 2DM/OPs.

4.1. 2DM/organic single-layer enhanced photoconductive
photodetector

Over the recent years, 2DMs are widely used in photo-
conductive photodetectors due to their high mobility and low
state density. These 2DMs provide a novel platform for explor-
ing localized field-enhanced photoconductive photodetectors.
The photogating effect always plays an important role in 2DM
hybrid structure devices. However, limited by the thickness,
the 2DMs need incorporating with thin-film semiconductors to
enhance the photoresponse. The photogating effect could be
simply attributed to the extended photo-generated carrier life-
time caused by defects and impurities or artificially designed
hybrid multilayer structures.!”%! The carrier traps trap one kind
of photo-generated carrier to cause a spatial separation, which
produces an electrostatic field to modulate the 2DM’s chan-
nel conductance. Moreover, the photogating photodetectors
present high gain (G), limited response time and a narrow de-
tection spectrum. The carrier traps promote the carrier lifetime
(Tiife) to be relatively long. Therefore, long 7t makes high
gain (G = Tjife / Tiransit> Turansit 1S the carrier transit time) at the
cost of the response time.[7!-7%]

In this part, we will present some typical 2DM/organic
hybrid photoconductive photodetectors, especially the single-
layer type with 2DMs. Vdw
heterostructures assembled by vertically stacked organic—

As mentioned above,

inorganic 2DMs have attracted great interest in recent years.
In addition to the previously mentioned VAW method for p-
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Fig. 3. (a) Atomic force microscopy (AFM)images of different increasing Cg-BTBT thickness.”3!
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n junctions, few-layer high-gain photoconductive devices can
also be epitaxially grown.

Liu et al. exhibited their epitaxially grown small-
molecule C3-BTBT on top of graphene with a VAW approach.
The Cg-BTBT/graphene hybrid phototransistors can demon-
strate a photoresponsivity of 4.76 x 107 A/W, a gain larger
than 108.173 Moreover, they can precisely control the number
of layers of small organic molecules, which allows the device
to maximize device performance (presented in Fig. 3(a)).

The solution process is another method to fabricate
high-gain devices, including 3D thin film, single crystalline,
0D quantum dots (QDs) and organic—inorganic hybrid lead
halide perovskites. Over the past few years, methylammo-
nium lead halide (CH3NH3PbX3) perovskites with their ex-
treme optoelectronic properties have caused great concern,
and are usually regarded as an active layer in photovoltaic
cell applications.[”*731To enhance the light absorption of
graphene, Lee et al. combined graphene with (CH;NH3PbX3)
perovskites via a solution process with high photoresponsivity
and the EQE was 180 A/W and 5 x 10*% under a relatively
low visible illumination power, which is attributed to the effi-
cient charge transfer from the graphene to the perovskite (see
Figs. 3(b) and 3(c)).[7®

0D perovskite QDs, whose three dimensions are limited
in the nanoscale, possess unique photoelectric properties, a
high light absorption coefficient and solution-processed ad-
vantages. The band gaps of QDs could be easily regulated
by various dot sizes and components.!”’! Pan ez al. exhibited
a photodetector based on FAPbBr3 perovskite QD—graphene
hybrid as shown in Fig. 4(a) with a high photoresponse of
1.15 x 10° A/W (EQE of 3.42 x 107%), which contains a
broad spectral photoresponse ranging from 405 to 980 nm
(Fig. 4(b)).l"8!

graphene - perovskite

-

©

OoDTS;

Photoresponsivity (A/W) s

10°

10° 10*
Power (W)

(b) The photocurrent response of
10 V.I731 (¢) 3D schematic view

of graphene/perovskite(CH;NH3PbX3) photodetector. [’ (d) Responsivity of device at different drain voltages as a function of the

illumination power. 76!
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characteristics of the photodetector. The channel length is 80 um.[”8! (c) 3D schematic view of graphene-PTB7 hybrid photodetector.!”! (d) The
responsivities of the SiO, and ODTSdevices as a function of power density at a drain voltage of 3.5 V and without gate voltage.!”]
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Fig. 5. (a) 3D schematic view of graphene—rubrene hybrid photodetector.!8!! (b) Responsivity spectra of rubrene (red) and rubrene—graphene (blue)
photodetector. 8! (c) Schematic diagram of graphene—P3HT device with a substrate of PZT.!33 (d) 3D schematic view of the single-layer MoS;
photodetectors treated with organic dye molecules (R6 G) and optical microscopy images of the R6 G-sensitized MoS, photodetectors. (84

Relying on a similar device structure, the graphene—
polymer semiconductor PTB7 hybrid photodetector can show
responsivity of about 10* A/W and a fast response time of
7.8 ms (as displayed in Fig. 4(c)). Moreover, an ODTS func-
tionalization substrate was used to effectively remove surface
traps and charged impurities of graphene, which can further
optimize responsivity up to 10° A/W (see Fig. 4(d)).I”"! The

special organic chlorophyll is remarkably stable as a bioma-

terial for fabricating a low-cost phototransistor. Chen et al.
showed the superior performance of graphene—chlorophyll hy-
brid phototransistors, with a high gain of 10° electrons per
photon and a high responsivity of 10® A/W, which can be at-
tributed to the excellent light absorbing and photogating ef-

5.1301 Single crystalline organic

fects of chlorophyll molecule
also exhibits great potential in designing high-gain photo-

transistors. Jones ef al. fabricated an ultrahigh-performance
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graphene/rubrene phototransistors (see Fig. 5(a)) with a detec-
tivity of 9 x 10'! J in broadband, which approaches the detec-
tivity of single-photon detectors (see Fig. 5(b)).[8!]

Wang et al. found that the unique performance of the
P(VDF-TrFE)-driven MoS, photodetector was significantly
enhanced compared to pure MoS;, (82! and the appropriate sub-
strate can optimize the device performance. In this device, by
use of the remnant polarization of P(VDF-TrFE), the dark cur-
rent of the MoS, channel device is depressed, which enhances
the performance of the device. The idea of residual polariza-
tion mentioned above has been brought in graphene organic
heterojunction devices. By properly orienting the polarization
of piezoelectric (PZT) substrate, the graphene-P3HT photode-
tectors enhance their photocurrents by about ten times com-
pared to SiO; substrate and extend the response spectrum, due
to the more effective separation of photo-generated electron—
hole pairs promoted by the PZT substrate (see Fig. 5(c)).!’!

Besides graphene, other 2DMs such as MoS; can also be
incorporated with organic semiconductors. High-performance
dye-sensitized MoS, photodetectors combine single-layer
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MoS, with rhodamine 6 G organic dye molecules (see
Fig. 5(d)). The hybrid photodetectors demonstrate a respon-
sivity of 1.17 A/W, a detectivity of 1.5 x 107 J and a spectral
coverage from 405 to 980 nm.[3*! In general, the high-gain
photoconductive device can amplify light signals at ultralow
light levels at the cost of the response time and on/off ratio.
These 2DM/organic hybrids mentioned above pave the way
for implementing low-cost, flexible, high-performance pho-
todetectors in the future.

4.2. Organic hybrid assisted enhanced photoconductive
photodetector

The OP of the planar heterojunction device refers to the
contact surface of two materials: the donor—acceptor plane.
The general selection pair organic semiconductor materials
with large absorption coefficients in the waveband to detect
light are ideal as electron donors.It is desirable to select an
electron transport material with a high absorption coefficient
for the light to be detected, and the energy level matching of
the donor/acceptor should be considered.

§131

Fig. 6. (a) Schematic diagram of the enhanced type-II heterojunction on 2DM (such as graphene) photoconductive photodetector. (b) Di-
agram of graphene/PTCDA/pentacene phototransistor structure. (c) Photoresponsivity of graphene/PTCDA/pentacene and control devices.
Blue circles: the average thickness of PTCDA/pentacene and coverage of pentacene is 4 nm/1.3 L/82%) and control devices (gray squares:
graphene/PTCDA; gray triangles: graphene/pentacene) at the laser power of 100 uW. (d) Diagram of graphene/Cgo/pentacene phototransistor
structure. 188 () The transfer characteristic curve under illumination and in the dark.[8®! (f) 3D schematic view of the graphene/P3HT/perovskite

vertical heterojunction phototransistor. (8!
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The heterojunctions of single-layer organic small
molecules and polymers with 2DMs especially in photocon-
ductive devices have inferior performance due to the weak in-
teraction between interfaces. Therefore, a novel strategy for
enhancing the photoresponse performance is by incorporating
bulk or multilayer heterojunctions in 2DMs. 3-37] Moreover,
for decreasing the recombination of photo-generated electron—
hole pairs, the type-II heterojunction meets the requirements
(Fig. 6(a)). The type-1I PHJ or BHJ can establish an effec-
tive and strong built-in electric field, which enables the photo-
generated carriers to be effectively separated, and selects one
kind of carrier to be trapped, and another to inject into 2DMs
to generate corresponding responses. This structure can gen-
erate higher gain than a single enhanced layer, improving the
photoresponsivity and external quantum efficiency of devices
and expanding the spectrum.

2305V

30

"
AV~ E
B=035

10 +
—o— Expenmental data
——Fitting curve

10° 10" 10° 10' 10°

CH,NH,Pbl,

In general, the thickness of the multilayer should be less
than the exciton diffusion length, especially the layer close to
the 2DM, for obtaining the best charge separation efficiency,
which is almost in the order of 5-10 nm. Chen et al. fab-
ricated a graphene phototransistor by combining a PHJ mul-
tilayer (PTCDA/pentacene) to enhance the performance (see
Fig. 6(b)). Compared with single-layer organic/graphene con-
trol devices, the graphene/PTCDA/pentacene device shows
a ten-fold improvement in responsivity reaching 10° A/W
over a spectrum band of 400-700 nm (see Fig. 6(c)). The
graphene/PTCDA/pentacene response time can be modulated
as low as 28 us, which is the best in this type of photodetec-
tors. We recently investigated a graphene phototransistor in-
corporating another p—n junction Cgp/pentacene(see Fig. 7(e)).
We demonstrated a bi-directional photoresponse as shown in
Fig. 7(f) with the highest responsivity of 9173 A/W.[88]
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Fig. 7. (a) Shift of the Dirac point V4 as a function of the illuminating power density on the photodetector.!®> (b) The photocurrent of the
photodetector under near-infrared illumination at Vg = —15 V, Vpg = 0.05 V.8 (¢) The energy band diagram of the graphene/PCBM/perovskite
heterojunction photodetectors.!87! (d) The time-dependent measurement of the device with different PCBM concentrations at the wavelength

of 500 nm."7) (e) 3D schematic view of perovskite/MoS; BHJ on a reduced graphene oxidelayer.[30

of device. 30!

1 (f) Absorption spectra and SEM image
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However, unlike organic small molecules with their easy-
to-obtain ultrathin layer, solution-processed polymers or per-
ovskite can only produce a thicker BHJ.By the similar mech-
anism that transfers only photo-generated holes from per-
ovskite to graphene, and electrons trapped in another mate-

n.85-871Two groups of researchers

rial under the illuminatio
have combined perovskite with an organic semiconductor
to form a BHJ-enhanced layer by solution-processed spin

85871 By selecting electrons trap-

onto a graphene surface.!
ping to enhance the responsivity of device, which reach high-
est 4.3 x 10° A/W in CH3NH;3PbI3-P3HT bulk heterojunction
(Fig. 6(d)).By increasing the illuminated light power intensity,
the shift of the Dirac point Vp (AVp) is increased, as shown
in Fig. 6(f). Further measurement under near-infrared illumi-
nation is depicted in Fig. 6(f).[8] Moreover, the device also
demonstrates a broadband wavelength response from ultravi-
olet to near-infrared. Therefore, to promote the responsivity
of the device, some strategies should be taken into consider-
ation: (i) to build an effective electric field in the photoac-
tive layer (to form a type-II heterojunction); (ii) to select one
type photo-generated of the carriers trapping and another into
graphene;(iii) to prolong the trapping time (equal to the life-
time) of the selected type of carriers within the photoactive
layer. Liang ef al. exhibited that their CH3;NH3Pbl;-PCBM
bulk heterojunction on graphene can optimize trapping time
by regulating the concentration of PCBM in perovskite to en-
hance the responsivity as shown in Fig. 7(a).[®”! They depicted
that trap times with a wide range of de-trapping times exist,
and the increasing falling times obtained from Fig. 7(b) exhib-
ited for the increasing concentration of PCBM devices.They
show that a perovskite with 1% PCBM photodetector has a
photoresponsivity of 8 x 103 A/W, which is about 30 times
larger compared with the perovskite-only device.

In the latest work, the researchers use 2DMs instead of
semiconductors as the trapped carrier material. In Fig. 7(c),
Peng et al. demonstrated a BHJ film photodetector composed
of perovskite CH3NH3;Pbl; film and MoS; nanoflakes on

e.13% Similar to the response mechanism described

graphen
above, the photodetector of perovskite/MoS, BHJ exhibits
nearly five times enhanced responsivity (1.08 x 10* A/W), de-
tectivity (4.28 x 10'3 J), and an EQE of 2.0 x 10°% (Fig. 7(d)).

We believe that the use of a BHJ or bilayer on the 2DMs
can be a novel strategy for optimizing the photoresponsivity of

sensitizer/2DM photodetectors for highly sensitive detection.

4.3. VAW vertical hybrid junction photodetector

VdW heterostructures assembled by vertically stacked in-
organic 2DMs provide a fantastic platform to create novel
device architectures and exploit new optoelectronic proper-

ties. The incorporation of 2DMs with organic molecules holds

an immense potential for fabricating superior photodetectors.
The p—n junctions are essential building blocks for light-
emitting diodes, transistors, photodiodes and solar cells. !
Molecular beam epitaxy provides a feasible way to create
a high-quality heterojunction and VdW heterojunction opens
up the opportunity to stack different materials without con-
sideration of lattice match required.°*3/In contrast to 2DM
VAW heterostructures, 2DM/organic heterojunctions can real-
ize large-scale, low-cost, high-mobility, efficient and fast pho-
todetection, benefiting from the excellent properties of organic
materials.

In recent years, VAW heterostructures have shown
many fascinating physical properties, especially that
its p-n junctions have always integrated 2DMs with
mostly inorganic materials such as MoS,/WSe,, %+
MoS,/black phosphorus,®”! WSe,/carbon nanotubes!®®! and
graphene/carbon nanotubes.”’!

The recent advance of a wide variety of 2DMs has
opened new opportunities for the fabrication of ‘all 2D’ VAW

98,100,101 The photodetectors exploit

heterostructure devices. !
the semiconducting nature of certain organic molecules and
2DMs, where the 2DM/organic interface plays an irreplace-
able role in determining the device performance. However,
some preliminary studies have focused on the issue that a clear
understanding of the charge transport process across the in-
terface between organic and 2DMs is still lacking.!19%19311n
Fig. 8(a), Jariwala et al. exhibited a p-n heterojunction
based on pentacene and MoS,, then investigated the elec-
tronic and optoelectronic device by direct charge transport

measurements. 104

1 The current-voltage characteristics of p—
n junctions without Vg in the dark and under light illumination
are shown in Fig. 8(b). As a result, the open circuit voltage and
photovoltaic measurement suggest that the MoS,/pentacene
p-n junction can be an alternative nonfullerene acceptor—
donor system for organic photovoltaics and a prospect for pho-
todetectors.

Due to its intrinsic n-type 2DM, 1951961 MoS, can be in-
corporated with another p-type organic material to fabricate
the p—n heterojunctions.

By introducing ZnPc molecules onto the surface of MoS»,
the ZnPc/MoS; VAW heterojunction presents a great enhance-
ment, revealing a steep photocurrent rise and decay compared
to the bare MoS, as shown in (Fig. 8(c)).11971 Furthermore,
for improving the contact metal electrodes!'*®! and the dielec-
tric environments, researchers integrated an Al,O3 passivation
layer onto the device as shown in Fig. 8(d). The device finally
presents an optimized performance with a photoresponsivity
of 1.4 x 10* A/W as depicted in Fig. 8(e), and a detectivity of
10'! J at a 40 V gate bias and light intensity of 0.07 mW/cm?.

For future photodetector design, they render a new strategy to
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realize a balanced optimization performance device by meth-
ods such as dielectric passivation and gate modulation. We
think this idea may provide a new method for an overall in-
crease in the optoelectronic performances of 2DM/organic het-
erojunctions in photodetection in the future.

In Figs. 9(a) and 9(b), coupling MoS, with graphitic
carbon nitride (g-C3Ny4) can produce a promising UV-

visible broadband photodetector.['%! By modulating the g-
C3N4/MoS, concentration up to a 5:5 ratio, 4 A/W and 4 x
10'! J with a fast response time of 50 ms can be achieved (see
Fig. 9(c)). In the g-C3N4/MoS; N-N heterostructure, the built-
in electric field suppresses the dark current of the device and

allows a broadband photodetection from 270 to 700 nm.
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Fig. 8. (a) Optical micrograph of a representative MoS,/pentacene p—n junction (left panel, scale bar is 10 pm). The AFM image of the
MoS,/pentacene p—n junction area (right panel, scale bar is 500 nm).[1%4] (b) The current-voltage characteristics of p—n junctions without Vg in
the dark and under light illumination.""%! () The time-dependent photoresponse measurement of the MoS, device and MoS, with various ZnPc

treatments. 107

and detectivity of the MoS,/ZnPc photodetector with Al O3 passivation at a power intensity of 0.07 and 3.64 mW/cm~.

Bulk MoS2

(d (e)

(©)
] ©0.003 Wwem? /&
~ 1E-54 90.010 ;
< 00035
- ©0.100
5 164 90326,
st E 005 1/ /;
Hybrid *Nanosheets a /AT
=,
o)
=
~

(b)|l

1(d) The diagram of MoS,/ZnPc with an Al,O3 passivation layer photodetector structure.!'%”! (¢) Gate-modulated responsivity

2 [107]

| — 15 mWiem’
--- 10 mWiem®
| - - 7mWiem®

— - 35mWiem’
4o | ===- Laser OFF

Fig. 9. (a) 3D schematic diagram and fabrication process of MoS; and g-C3Ny hybrid dispersions.['%! (b) Schematic diagram of exfoliated
MoS; and g-C3Ny heterojunction nanosheets under illumination.!'%! (¢) Some important parameters in the UV region (photocurrent, respon-
sivity and detectivity) of MoS,/g-C3Ny4 photodetector as a function of the power density at a bias voltage of —9 V.l!%1 (d) 3D schematic view of
MoS,/rubrene hybrid device. (e) Optical microscopy image of MoS,/rubrene hybrid device.!'%%] (f) The current-voltage characteristics under
different light intensity excitation. 103!
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Fig. 10. (a) 3D schematic diagram of the P3HT:PCBM/MoS, heterojunction on the plasmonic metasurface.!''! (b) Simulated active layer
absorptance of P3HT:PCBM/MoS; heterojunction on the plasmonic metasurface.!!'3 (c) Picosecond-scale transient pump-probe reflection
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Both MoS; and rubrene show excellent photoelectric
properties. Liu et al. combined MoS; with rubrene to fab-
ricate a p—n junction device (see Figs. 9(d) and 9(e)), which
demonstrates photoresponse properties with a responsivity of
0.51 A/W (see Fig. 9(f)), observed with a fast response time
of 5 ms.I*] Moreover, the device can also be employed as a
photodiode, and the most important parameter is the rectify-
ing ratio. They realized that the device’s rectifying ratio varies
from 10% to 10° with the different gate voltage, which is at-
tributed to the modulation of band alignment between MoS;
and rubrene by the gate voltage.

In recent years, the plasmonic effect is always used in
devices to generate a photo-trapping effect, which aims to en-
hance the light absorption of 2DMs.[!1-112] Different to that
described above, a disordered plasmonic metasurface aiming
to increase the absorption is another way to fabricate high-
performance photodetectors. In Fig. 10(d), Petoukhoff et al.
demonstrated the influence of a plasmonic metasurface on
the enhanced absorption of light in a P3HT:PCBM/MoS, het-
erojunction, which shows a new way of designing novel or-
ganic 2DM heterojunction photodetectors.!!!3] The enhanced
absorptance and picosecond-scale transient pump-probe are
displayed in Figs. 10(b) and 10(c).

Overall, 2DM/organic VAW heterojunction photodetec-
tors have drawn a lot of attention. They provide a fantastic
platform to create novel device architectures and exploit new
optoelectronic properties.

4.4. Photodetector using 2DMs as tunable functional layer

Graphene and 2DMs always act as the conductive chan-
nel or light-absorbing layer. However, 2DMs, especially
graphene, can be employed as a tunable functional layer
The difference of the

graphene source electrode doping level will have a great effect

due to their low density of states.

on the electrical properties, and by tuning.the work function
of graphene, we may enhance the device features we need.
This novel idea originates from an organic vertical field-effect

r.l'14] Moreover, Kim e al. used monolayer graphene

transisto
as an electrode to design a novel electronic device architecture
to show an unprecedented 2DM/organic phototransistor (see
Figs. 11(a) and 11(b)).['13]

This device can optimize performance without using ad-
ditional charge-blocking layers by tuning the graphene Fer-
milevel. We learn from this that tuning the Schottky barrier
height between the graphene and pentacene could improve
the rectification ratio of the phototransistor.Furthermore, this
strategy may promote the device in two aspects: (i) suppress-
ing the density magnitude of dark current; (ii) promoting the
photocurrent of the device. Both are essential to improve the
performance of a phototransistor.

In Fig. 11(a), at the reverse bias voltage the current den-
sity was obviously enhanced under illumination compared to
that in the dark. When applying a negative V in the reverse-
bias condition, the electron injection from graphene to pen-
tacene will be suppressed compared to Vg = 0 (see Fig. 11(c)).
Under illumination, the p—n heterojunction mainly produces
electron—hole pairs in the reverse-bias condition, and the neg-
ative Vg causes a band bending of pentacene highest occu-
pied molecular orbital.This would promote photo-generated
hole transfer into the graphene electrode. Therefore, apply-
ing a negative V; will increase the Schottky barrier height be-
tween graphene and pentacene, which will suppress the den-
sity magnitude of dark current and promote the photocurrent
of the device at the same time, resulting in improved detectiv-
ity (1.26 x 10%) and responsivity.'1!5!

To make large-area transparent electrodes of ultrathin
OPs, Liu et al. demonstrated a novel solution process by spray-
coating a hybrid ink composed of graphene and PEDOT:PSS
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formulation. By employing this hybrid ink as a transparent
electrode, they fabricated OPs, where P3HT:PCBM acted as
an active layer as shown in Fig. 11(d). The device exhibits a
great performance with a detectivity of 1.33 x 10! J and re-
sponsivity of 0.16 A/W. The current—voltage characteristics of
these photodetectors are shown in Fig. 11(e).[!1¢]

More interestingly, this ultrathin organic flexible photode-
tector can be applied well in fields such as biomedicine, for
example in making contact with a human finger or other body
parts. The device also shows excellent stability. As depicted

in Fig. 11 after 200 cycles of bending, there is no noticeable
deterioration and the I,n/Io¢ ratio remained at the same or-
der of magnitude. The photosensitivity of the device is also
a key parameter. Figure 11(f) shows the high I/l ratio
(8.4 x 104), which is close to the performance of some rela-
tive OPs. [117-118]

Different from the traditional 2DM-based hybrid pho-
todetectors mentioned, 2DMs in this part act as electrodes or
other functional layers. This type of device shows its potential
for emerging flexible and novel structure devices.
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Fig. 11. (a) Current-voltage characteristics of photodiodes with graphene electrodes without Vg in the dark and under light illumination (A = 480
and 670 nm, light power is 500 uW).!!!3] (b) 3D schematic view of organic vertical p-n junction photodiodes with the graphene electrode.!!'! (c)
Responsivity and detectivity of the device as a function of grid voltage.['') (d) Digital image of graphene/DEPOT:PSS hybrid ink; molecular structures
of graphene and PEDOT:PSS.!!'®T (e) The current—voltage characteristics of the photodetectors fabricated on a PET substrate.[!'! (f) The on/off ratio
characteristics of the graphene/PEDOT:PSS photodetector at a bias voltage of 0 V before and after the bending test.[116]

Table 1. Summary of literature data for photodetectors based on 2DMs and organic thin-film heterojunctions.

Device type Active layer materials Response spectrum/nm  Responsivity/A-W~!  Response time/ms EQE/% Detectivity (D*)  Ref.
Graphene/FAPbBr3; QDs 405-980 L15x 10° 58 3.42x 107 NA [78]

Graphene/CH3;NH;3Pbl3 400-800 180 87 2x 10* 10° [76]

Graphene/C8-BTBT 355 104 20 2% 10° NA [73]

Single-layer enhanced MoS,/R6 G 405-980 1.17 5.1x1073 280 1.5x 107 [84]
photodetector Graphene/PTB7 450-800 1.8 x 105 7.8 NA NA [79]
Graphene/P3HT 325 NA 128 NA NA [83]

Graphene/chlorophyll 400-700 10° 110 NA NA [80]

Graphene/rubrene 400-600 107 100 3.4 %107 9% 10" [81]

Graphene/CH;NH;Pbl;/PCBM 400-750 8 x 10° 2.5x%10° NA NA [87]

Hybrid assisted enhanced Graphene/PTCDA/pentacene 400-700 10° 0.028 9(without gain) NA [85]
photodetector Graphene/CH3NH;3Pbl3/MoS, 400-750 1.08 x 10* 45 2% 10° 4.28 x 10" [86]
Graphene/P3HT/CH3;NH3Pbl; 400-950 4.3x10° > 103 NA NA [85]

Vertical heterojunction MoS,/g-C3Ny 270-700 4 50 NA 4x10" [109]
MoS;/rubrene 450-700 0.51 5 NA NA [110]

photodetector MoS,/ZnPe 532 14% 104 8 NA 10" [107]
Tunable vertical Graphene/pentacene/PTCDI-C8 400-670 NA NA NA 1.26 x 10° [115]
photodetector Graphene/PEDOT:PSS 350-650 0.16 NA NA 1.33 x 10" [116]

In conclusion, there is a great potential for incorporating
organic materials with 2DMs to fabricate photoelectric detec-
tors with excellent performance. With the continuous develop-
ment of material science in the future, many novel optoelec-
tronic devices and phenomena can be realized through the dif-
ferent structures and excellent properties of materials. Table 1
summarizes some reported results from photodetectors based

on 2DMs and organic thin-film heterojunctions in the review.
We can distinguish them by many parameters, and can see the
advantages and disadvantages of various detectors. Compared
with the vertical heterojunction photodetectors, the photode-
tectors based on photogating demonstrate a relatively high re-
sponsivity with high EQE but at the cost of detectivity. More-
over, vertical heterojunction photodetectors especially have an
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advantage in detectivity. There is a balance between these pa-
rameters, and different structures will benefit from them.

5. Conclusion and perspectives

In this review, we have discussed recent advances in pho-
todetectors based on 2DMs and organic thin-film heterojunc-
tions, mentioning some remarkable exciting developments in
this field. A large number of organic molecules or poly-
mers collectively incorporating with 2DMs promotes the de-
velopment of high-performance photodetectors. Especially,
the VAW epitaxy and evaporation of organic thin film or crys-
tal on 2DMs for electronic device applications has aroused
great interest in recent research. However, in the enhanced
bilayer or BHJ photoconductive photodetector field, there are
still many important issues to explore. In recent years, a lot of
exciting and remarkable progress in NFAs has provided effec-
tive methods to optimize OSC and OPs. Besides fullerene and
traditional organic materials, nonfullerene material/2DM hy-
brids like perylene diimide with more remarkable advantages
will draw much attention in future studies.This work opens
up a versatile platform for fabricating next-generation high-
performance photodetectors.
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