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Graphene has high light transmittance of 97.7% and ultrafast carrier mobility, which means it has attracted widespread
attention in two-dimensional materials. However, the optical absorptivity of single-layer graphene is only 2.3%, and the
corresponding photoresponsivity is difficult to produce at normal light irradiation. And the low on—off ratio resulting from
the zero bandgap makes it unsuitable for many electronic devices, hindering potential development. The graphene-based
heterojunction composed of graphene and other materials has outstanding optical and electrical properties, which can mutu-
ally modify the defects of both the graphene and material making it then suitable for optoelectronic devices. In this review,
the advantages of graphene-based heterojunctions in the enhancement of the performance of photodetectors are reviewed.
Firstly, we focus on the photocurrent generation mechanism of a graphene-based heterojunction photodetector, especially
photovoltaic, photoconduction and photogating effects. Secondly, the classification of graphene-based heterojunctions
in different directions is summarized. Meanwhile, the latest research progress of graphene-transition metal dichalcogenide
(TMD) heterojunction photodetectors with excellent performance in graphene-based heterostructures is introduced. Finally,
the difficulties faced by the existing technologies of graphene-based photodetectors are discussed, and further prospects are
proposed.

Keywords: graphene-based heterojunction photodetector, photocurrent generation mechanism, classification

of graphene-based heterojunction, graphene—transition metal dichalcogenide (TMD) heterojunc-

tion
PACS: 85.60.Bt, 85.60.Gz, 73.40.Lq, 74.25.Gz

1. Introduction

Graphene has attracted extensive attention in the field of
optoelectronic detection since its discovery in 2004, due to
its excellent physical and chemical characteristics. For exam-
ple, single-layer graphene as an electrode has ultra-high op-
tical transparency (reaches up to 97.7%) and excellent con-
ductivity, which increases the effective receiving area and en-
hances the carrier collection of the detector compared with
traditional metal;[?! and graphene as the contact layer is con-
ductive to generating strong photocurrent at the contact in-
terface as a result of the internal (built-in) electric field.>*!
The unique zero bandgap structure of graphene makes it the-
oretically absorb incident light at any wavelength;®! and its
prominently high carrier mobility is beneficial for the realiza-
tion of the ultrafast response of graphene photodetectors. ¢!
However, the light absorption of single-layer graphene in the
ultraviolet (UV) to near-infrared (NIR) region is extremely low
(only 2.3%), resulting in a shorter light-matter interaction, and
limiting the application of light harvesting.!”-"! Besides, the
ultra-fast carrier recombination speed, ultra-short carrier life-
time, and large dark current of graphene photodetectors are

also unsatisfactory to the requirements of the high response
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current, [10:11]

To resolve the impact of graphene defects on the perfor-
mance of graphene photodetectors, there are two methods: (i)
changing the band structure of graphene to produce a limited
band gap, and (ii) combining with a narrow bandgap semi-
conductor to form a heterojunction.!'>!3 Dean et al. " first
demonstrated in 2010 that the properties of graphene hetero-
junctions were not only dependent on the material properties,
but were also affected by the heterostructure. Since then, many
types of graphene-based heterojunctions have been proposed,
mainly including the Schottky heterojunction, the type-II het-
erojunction, the Z-scheme heterojunction, the van der Waals
(vdW) heterojunction, the inplane heterojunction and the mul-
ticomponent heterojunction.!'3 The Schottky heterojunction
can effectively separate the photogenerated carriers through
the potential barrier and reduce their recombination. Type-
II heterojunctions include n—n junctions, p—n junctions, sur-
face heterojunctions and phase junctions, which are also ben-
eficial for the separation of photogenerated carriers.!!®) The
vdW heterostructure, with a smooth interface and undangling
bonds, exhibits surprising physical properties,!!”!8] where the
atoms in each layer (in-plane) of the material are bound to-

gether by covalent bonds and the atomic layers without dan-
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gling bonds (out-of-plane) are combined through the weak
vdW interactions.!'°211 Particularly, the vdW heterojunction
can effectively modulate the material bandgap and reduce
charge trapping or scattering in the heterojunction, thus real-
izing the transport of ultra-fast carriers.?>->*! Currently, many
vdW materials can be used, such as black phosphorus (BP), >
transition metal dichalcogenides (TMDs) (molybdenum disul-
fide (M0S5),2%?7] tungsten disulfide (WS,), topological in-
sulator materials (BiTes), and compound materials formed
by group V and group III (gallium arsenide (GaAs)).[?82%]
The novel performance of the heterojunction greatly expands
the application range of the material, and provides infinite
possibilities to create optoelectronic devices with excellent
performances. 3933

In this paper, we review graphene-based heterojunctions
for enhancing the performance of optoelectronic devices, es-
pecially photodetectors. Firstly, the preparation methods and
basic parameters of graphene-based heterojunction photode-
tectors are introduced, and the performance of graphene-
based photodetectors prepared using different methods in the
last five years are summarized. Secondly, we focus on the
photoelectric conversion mechanism, especially the photocur-
rent generation mechanism, including photovoltaic, photo-
conductive and photogating effects. Thirdly, the classifica-
tion of graphene-based heterostructures in different directions
is introduced. Meanwhile, the latest research progress of
graphene/TMD photodetectors using TMDs (MoS;, WS») to
form heterojunctions is emphasized. Finally, the current chal-
lenges of graphene-based photodetectors are summarized, and
further prospects are proposed.

2. Preparation and basic parameters for

graphene-based photodetectors
2.1. The preparation methods of graphene-based photode-

tectors

The fabrication of a heterojunction is the key to the devel-
opment and application of heterojunction optoelectronic de-
vices. Compared with a graphene photodetector, the graphene-
based heterojunction photodetector possesses additional ad-
vantages by combining graphene with thin-layer semicon-
ductor nanomaterials and undergoing a series of processes.
For example, Ni et al.'’*! designed a graphene-based hybrid
phototransistor using plasmonic boron-doped silicon quan-
tum dots, which enhanced the mid-infrared absorption of
graphene, and the electron-transition-based optical absorption
of boron-doped silicon quantum dots in the ultraviolet to near-
infrared region led to photogating in graphene. The device
showed an ultrahigh responsivity of ~ 10° A-W~!, as shown in
Figs. 1(a)-1(c). Chen et al. 131 fabricated a BP/MoS,/ graphene

vdW heterostructure photodetector with detectivity of 2.3 x
10'° Jones in the mid-wavelength infrared region under black-
body radiation (Figs. 1(d) and 1(e)). Miao et al.!*) reported a
vertically stacked graphene-based infrared photodetector us-
ing InAs nanowire (NW). Compared with the single InAs
NW infrared photodetector, the Ljjgh /Igark ratios of the InAs
NW-graphene photodetector were up to 5 x 10?, as shown in
Figs. 1(f)-1(h). As the most important step in the manufacture
of photodetectors, the fabrication process of the heterojunc-
tion is emphatically introduced. There are two main methods
used to synthesize graphene heterojunctions: artificial stack-
ing and direct growth.!3>! The performance of graphene-based
heterojunction optoelectronic devices fabricated using differ-
ent methods in the last five years is listed in Table 1.

The artificial stacking method is the most common
method used for preparing arbitrary oriented heterostructures,
which assembles individual flakes prepared using microme-

1.9 prepared heterostruc-

chanical exfoliation. Georgiou et a
tures by dry transfer. The graphene (bottom contact) was
placed on hBN and covered by a thin WS, flake, where WS,
acted as an atomic thin barrier between two graphene lay-
ers grown by mechanical exfoliation or chemical vapor de-
position. An unprecedented current modulation exceeding
1 x 10° at room temperature and a very high on current was
allowed through a combination of tunnelling (under the bar-
rier) and thermionic (over the barrier) transport, which fully
proved the successful preparation of the graphene/WS, het-
erostructure. However, some residues and defects caused by
the manual transfer on the interface of the material and het-
erostructure will affect the quality of the heterojunction, and
will have a great impact on the performance of the heterojunc-
tion photodetector. Direct growth can effectively avoid the
contamination of the heterostructure by the transfer process,
and the heterojunction can be obtained using a one-step or
two-step chemical or physical vapor deposition (CVD/PVD)
method. Qiao er al.1% used CVD to epitaxially grow BirTe3
nanocrystals on single-layer graphene to form a heterojunc-
tion. BipTes had a lattice mismatch of 2.7% (0.125 A) with
graphene, which was regarded as an ideal material for vdW
epitaxial growth.[%1:621 Compared with a pristine graphene
photodetector, the graphene/Bi;Tes heterojunction photode-
tector had higher photoresponsivity with 35 A-W~! at 532 nm
wavelength and higher photoconductive gain (up to 83). In
2019, Alamri ef al.!%%! employed a novel method to manu-
facture graphene/perovskite/graphene (GPG) heterostructures
through fully inkjet-printed. And the GPG photodetector ex-
hibited a high responsivity of 0.53 A-W~!. The direct growth
method of preparing heterojunctions has been used in the
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preparation of optoelectronic devices, and the devices present  induced by the lattice incompatibility of nanomaterials for the

excellent performances. Moreover, there is a huge challenge  direct growth method.

Table 1. The performance of graphene-based heterojunction photodetectors fabricated using artificial stacking and the direct growth method.

Method Materials R(A-W™ 1 D* (Jones) EQE Response time (ms) Reference
BPMoS,/ N 23 %1010 - 28 x 1073 3]
graphene @3800 nm
graphene/InAs ~0.5 (4]
nanowire @1000 nm
. 109
Si quantum 10 ~ 1013 B 3 (34]
dots/graphene @532 nm
-3
graphene/GaAs 5:97x 10 1.1x 10" - - [36]
@980 nm
0.21 13
graphene/GaAs 2.98 x 10 - - [37]
@405 nm
il .
bilayer 0.05 2.88 % 10! - 0.32x 1073 [38]
graphene/GaAs @850 nm
graphene/GaAs 1.73x 1073 183 x 1011 B _ 39]
nanocone @850 nm
70.82
MoTe,/graphene ? 1.55 x 101! - 78 [40]
@1064 nm
MoTe,/graphene/ 2600 1013 105% 241 [41]
SnS, @1064 nm
MoTe,/bilayer 0.02 N B 30 [42]
graphene @532 nm
hene/MoS 1.26 4.2 %100 43
Artificial stacking graphene/ivlosy @1440 nm e - - [43]
MoS/graphene/ 4230 2.2% 102 10 5.4% 1072 [44]
WSe» @532 nm
7% 10 3 8
graphene/ReS; 1.9 x 10 1.7 x 10°% <30 [45]
@550 nm
h - .
graphenc/j 393 5.92 % 103 1.96 % 10% - [46]
Ga03 @254 nm
h - 12.
graphene/p 8 13%1013 - 15 [47]
Ga203 @254 nm
graphene/f3- 9.66 B _ 960 (48]
GayO3/graphene @254 nm
; . s
graphene/GaSe 3.5%x 10 11 % 1010 B ~10 [49]
@532 nm
. ~ 105
graphene/InSe 10 1010 55105 <01 [50]
@633 nm
graphene/Bi,Ses 8.18 17 % 10° B 4% 10-3 51]
@1300 nm
4
graphene/InSe 240 - 2,18 x 10°% - [52]
@532 nm
66.2
ermanium/graphene - - - 53
germaniumigrap @532 nm 53]
e 0.73 13
graphene/silicon 5.77x 10 - 0.32 [54]
@890 nm
0.032
hene/MoS - - 2300 55
graphene/MoS,; @650 nm [55]
4.8x1074
SnS,/graph - 147.7% - 56
nS,/graphene @405 nm lo [56]
Di h
irect growt! ' 6 x 106 " .
graphene/Bil3 7x10 10°% 8 [57]
@400 nm-650 nm
Pbl,/graphene 4 0.020 [58]
2erp @480 nm '

038501-3



Chin. Phys. B 31, 038501 (2022)

Graphene
| crinu
—Sio,
p*-Si

=
Py
X
(o}
=

10* 10 102 10" 10°  10°
Irradiance (mWIcmz)

R |
10°FA —<- 2.5um |
o AN\ 2.7 pm

8o o —o= 3.0 ym
L ~u$ X —v= 3.6 ym |
o'k <N \,\ ->-39um | |
|
10%F —o 375nm
£ —0— 532nm O |
10' F =2 1450 nm w O |
10°F —o- 1870 nm = Yy
10'1 E JIL |$.5 |
|

Blackbody temperature
— 1,173K 1,073 K
— 978K —— 923K

//". N

L. —s— Graphene/lnAs NW
-a— Single InAs NW

N e

Fig. 1. (a), (b) Schematic diagrams of the structure of the hybrid phototransistor. (c) Responsivity of laser irradiance at different laser wavelengths at
Vo =0V and Vpg =1 V. (d) A schematic diagram of the BP /MoS,/graphene vdW photodetector. (¢) D* of the device as a function of the wavelength.
(f) A schematic of graphene/InAs NW heterojunction photodetectors. (g) An SEM image of InAs NWs. (h) fjignt /l4ark ratios of the graphene/InAs NW

and single InAs NW photodetector.

2.2. Basic parameters

Responsivity (R) The R value is calculated by the ratio
of the photocurrent or photovoltage to the incident power den-
sity, and the formula can be written as

R— Iph Oerh7 (1)
s

where I, and Vp, are the photocurrent and photovoltage sepa-
rately, and P, is the incident light power density, which is light
power per the active area. Normally, it is expressed in units of
A-W~! or V.W~!. This parameter is widely used to represent
the capability of photoelectric conversion in photodetectors.
The greater the responsivity, the stronger the electrical signal.
Gain (G) Gain represents the ratio of the number of car-
riers flowing through the cross section of the external circuit to
the number of carriers generated by illumination at the same

time and is described as
I /q . he

TN gk’ ()

where c¢ is the light velocity, A is the excitation wavelength,
and 7 is quantum efficiency. Gain characterizes the enhance-
ment ability of the external circuit current under the illumina-
tion.

Quantum efficiency There are two measures of quantum
efficiency: internal and external. External quantum efficiency
(EQE) is the ratio of the number of incident photons to the
number of electron—hole pairs producing a photocurrent and
is given as a percentage. The EQE value is calculated using
the following equation:

Ln/e he
EQE = 2~ % 100% = R— x 100% 3
Q Py /hv X =R ” 3

where £, v, and ¢ are Planck’s constant, the frequency of inci-
dent light and light speed, respectively. The large EQE can be
achieved by increasing the R value. The internal quantum ef-
ficiency (IQE) is the ratio of the number of absorbed photons
to collected charge and is given as a percentage. The EQE
is usually lower than the IQE, and accounts for the number
of photons that the IQE is calculated using actually absorbed
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photons, while the EQE assumes that all incident photons are
absorbed. Losses in generated charge is the charge recombi-
nation, both in the bulk and at material interfaces. Therefore,
the charge recombination needs to be taken into account in
graphene-based vdW heterostructure photodetectors.

Specific detectivity (D*) The detectivity D* is an effec-
tive parameter used to evaluate and compare the performance
of photodetectors with different materials and geometries. A
high D* means a stronger ability to detect weak signals, and
the D* can be given by

VAB RVAB  RVA
NEP I, 2,
where A is the effective area of the photodetectors, B is the

electrical bandwidth, and NEP (noise equivalent power) is de-
fined as the optical power that yields a single signal-to-noise

D* =

“)

ratio for a given bandwidth and it can be calculated using
NEP = I,/R. Then, I, and e are the dark current and ele-
mentary charge, respectively. It is expressed in units of Jones
(cm-Hz!/2W1),

Response time (7) The response time reflects the speed of
the detector as it follows the signal changes. The response time
is divided into the rise time (7;) and fall time (7¢). The response
time (7, /T¢) represents the required time that the photocurrent
rise (fall) from 10% (90%) to 90% (10%) of the entire current.

3. Photocurrent generation mechanism of the
graphene-based heterostructure

The photocurrent is an important characteristic parame-
ter of photoelectric devices, and the photocurrent generation
mechanism can be written as: the semiconductor material ab-
sorbs light energy during light irradiation on the graphene-
based heterojunction, depending on hv > E; (h = Planck’s
constant and v = photon frequency). It is possible to make
electrons transition from the valence band to the conduction
band to produce electron—hole pairs, and then generate a pho-
tocurrent through movement of additional carriers. An effec-

hv, hv, hvg hvy hvy

tive photoelectric energy conversion requires three basic el-
ements: (I) the energy absorbed by light exceeds the semi-
conductor bandgap, resulting in the generation of photogen-
erated carriers; (II) the carrier diffuses in the semiconductor
and reaches an energy barrier, allowing one carrier to pass but
blocking the other carrier; (IIT) the separated carriers move to

[64] There are

an external circuit through the semiconductor.
two mechanisms for generating a photocurrent: photoelec-
tric conversion (including photovoltaic, photoconduction, and
photogating) and the thermal effect (including photothermo-
electric and bolometric).[“] Here, the photoelectric conver-
sion mechanism is mainly discussed.

The photovoltaic effect relies on the self-built electric
field in the space charge region to separate the electron—hole.
As soon as the photon penetrates into the space charge, the
generated electron—hole pairs are separated immediately by
the self-built electric field, and the photo-induced carriers are
swept towards N and P, respectively, to form a current, as
shown in Fig. 2(a). The holes are toward P and electrons are
toward N, and they accumulate gradually, forming the electri-
cal potential difference (V},) opposite the built-in electric field,
and V,, is called the photovoltaic effect, as shown in Fig. 2(b).
To obtain a low dark current and high quantum efficiency, re-
verse bias or zero bias operation is usually adopted.(®®! The
photoconduction effect is a phenomenon where the variable il-
lumination induces the conductometric change of semiconduc-
tor materials, in which the separation of electron—hole pairs is
realized by an external voltage. The working mechanism of
the photogating effect is as follows: when the electron—hole
pair is generated, one type of carrier is transferred to graphene,
and the opposite type of carrier is trapped in the semiconduc-
tor. Carriers are trapped at defect interfaces. The Fermi level
of graphene is effectively modulated by capacitive coupling,
which promotes the delay recombination of carriers and leads
to high gain. In addition, the transferred free carriers circulate
in the graphene channel several times during its lifetime, thus

improving the photosensitivity of the detector.[67-71]

T
— — T .24~
T

Fig. 2. PN junction under illumination. (a) Separation and movement of photogenerated carriers. (b) A band diagram.

The photogating effect is a promising approach which improves absorption efficiency and produces high responsivity. The

traditional graphene/silicon hybrid photodetectors mostly depend on the Schottky barrier of the graphene—silicon interface due

to the mismatch of Fermi levels, with only responsivity of hundreds mA-W~! and response time of ms.!”>73 Lightly p-doped

Si substrate has been applied in graphene-based photodetectors.”* Luo et al.[”>! generated a built-in electric field at the Si0,/Si
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interface using a heavily n-doped Si/SiO; substrate, which can separate the photon-induced electron—hole pairs in Si, as shown in

Figs. 3(a)-3(c). The accumulation of hole at the Si/SiO, interface acted as an additional gate voltage, resulting in the horizontal

shift in the transmission curve. Then, it made the significant photoresponsivity in graphene about 500 A-W~! or 4 A-W~!

at 450 nm or 1064 nm light, respectively. It provided great potential for ultra-fast graphene photodetectors due to the high-

speed separation of the photoninduced electron—hole pairs at the SiO,/Si interface. Fukushima et al.’® used photosensitive

material (InSb) to inject photocarriers into graphene to change the carrier density on the surface graphene (Fig. 3(d)), and

the photogating effect was used to change the carrier density on the graphene surface by modulating the gate voltage of the

graphene channel, resulting in high responsivity and low dark current. The photogating voltage and field effect mobility were

also evaluated in Figs. 3(e)—(f), and the photo response increased to 18.8 times compared to that without the photogating effect.

In 2020, Fukushima ez al.l"] initially prepared the p-type InSb substrate with a tetraethyl orthosilicate (TEOS) layer to produce

a graphene-based photodetector, as shown in Fig. 3(g). When the graphene channel size was reduced from 100 um? to 25 pum?,
the responsivity was improved from 61.7 A-W~! to 321.0 A-W~! (Figs. 3(h)-3(i)).

—~
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~

(a) (b)
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4.6 um light S 120
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2 60
Electrode g
§ 30 |
TEOS-SIO, s
o 0

-30

-40
p-type InSb

Back-gate voltage (V)

“,
= L ® 20
A 20
: | 4. .3
210 -
£ 10 A4 o
2 aY . g
o -
% b - 2 3
X 40'4 v " ¢ R
0 5 10 15 20
P (mW)
= 2.5
4 6000 ()
§ E 3 2.0
o -
4000 < 15
z g 15
g 5
a2
2,000 £ g 1.0
— Photo-gating voltage 5 E ois
Field effect mobility § [
0
-10 0 ;- 0.0
i -40 -30 20 -10 0

Back-gate voltage (V)

—~
=

&=
S
S

w
2
S

Responsivity (AW-1)
- )
=3 =
= =

Graphene
Cr/Au 0

Photocurrent (uA)

TEOS 0 20

InSh

40

Graphene channel area (um?)

60 80 100 120 0.5 1.0

Time (s)

15 2.0

Fig. 3. (a) A schematic illustration of a graphene/heavily n-doped silicon photodetector. (b) An optical microscopic image of a typical graphene device.
(c) The plot of the calculated responsivity as a function of laser power at various Vpg. (d) A schematic diagram of the InSb-based graphene field effect
transistor. (e) Photogating voltage and FE mobility values as functions of negative Vy,. (f) Iph calculated based on the photogating voltage and the FE
mobility data. (g) A schematic illustration of a graphene/TEOS/InSb photodetector. (h) The responsivity of devices with different graphene channel
areas, and (i) the photocurrent—time plot for devices with 100 umz (black solid line) and 25 um2 (red dotted line) graphene channel areas.

4. Typical graphene-vdW heterostructure and

photodetectors
4.1. The classification of the graphene-vdW heterostruc-

ture

Since the 2D materials are connected through van
der Waals interactions, the graphene-based heterojunctions
are constructed by superimposing with sublayers in any
direction.['”) According to the arrangement and relative po-
sition of graphene with other materials, the heterojunction can

be divided into two kinds of structures: lateral and vertical

heterostructures.!’®! The energy band structure of the hetero-
junction interface promotes the formation, drift and recom-
bination of photogenerated carriers and further strengthens
the photoelectric performance of the graphene heterojunction

photodetector.[7%-80]

4.1.1. Vertically stacked graphene-based heterostruc-
ture

One material is stacked on the top of the other to form

a vertical heterojunction through vdW force, and the structure

of the heterojunction actually refers to the entire contact plane.
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The vertical heterojunction was usually synthesized using epi-
taxy or mechanical exfoliation.!®!! In particular, the mechani-
cal exfoliation method can generally only be used to develop
vertical heterostructures. Compared with the laterally stacked

heterojunction, the vertically stacked heterostructure provides
a larger surface area for the interface layered material and in-
volves a tunneling effect between two layers, which is very
suitable for photosensitive device applications.3?!
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Fig. 4. (a) A schematic diagram of the graphene-MoTe,—graphene vdW heterostructure. (b) Near infrared light response performance. The dependence
of EQE on back-gate voltage and incident laser power. (c) The relationship between the optical responsivity and EQE of the device and the incident
optical power. (d) A schematic diagram of the device. (e) The spectral response of PDs based on the graphene/vertical Ga, O3 nanowire array heterojunc-
tion. (f) The normalized response on a linear scale. (g) A schematic illustration of the graphene/MoSe,/Si heterojunction photodetector with a graphene
transparent electrode. (h) Energy band alignments of the MoSe,/Si heterojunctions with a graphene transparent electrode. (i) Typical /-V curves of
the MoSe,/Si heterojunction with and without a graphene transparent electrode measured in dark and under white light illumination (23 mW-cm~2),

respectively.

Many vertically stacked heterostructures involving the
quantum tunneling effect were proposed.®334 For example,
Bala Kumar e al.!®*! proposed a vertical tunneling field-effect
transistor (FET) based on graphene heterojunctions with lay-
ers of hBN. Here, the graphene worked as the contact layer,
the hBN or MoS, was usually sandwiched between graphene
layers, and the fieldeffect transistor functions were based on
quantum tunneling across the thin layer of insulation channel
barrier (hBN or MoS5). Britnell et al.'®! studied carrier tun-
neling in graphene heterostructures, in which boron nitride or
molybdenum disulfide acted as a vertical transmission barrier.
The graphene electrode could be controlled by applying the
voltage to the silicon substrate. Zhang et al.'89) designed a ver-
tical graphene—MoTe,—graphene vdW heterostructure using a
set-controllable transfer method (Fig. 4(a)). Because of the
high absorption coefficient of MoTe;, the device performed
a uniform photoresponsive area. The device can operate in

visible and NIR light under self-powered conditions due to
photogenerated carriers obtained by a built-in electric field at
zero bias voltage. Moreover, the photosensitivity and EQE of
the photodetector were modulated by controlling the back gate
voltage. When the incident light power was fixed, the EQE in-
creased with the increase in the back gate voltage, as shown in
Fig. 4(b). When V,; was 30V, the optical responsivity and EQE
first remained constant, and then decreased monotonously
with the incident light power (Fig. 4(c)). Experimental results
showed that when the 1064 nm incident light power was less
than 5 uW, a high photoresponsivity (110 mA-W~1), high ex-
ternal quantum efficiency (EQE: 12.9%), and high speed (a
rise time of 24 ps and a fall time of 46 ps) were obtained,
indicating the essential role of two Schottky barriers between
graphene and MoTe, for photocurrent generation. And in the
NIR range, the performance of this device was higher than
other reported photodetectors based on layered semiconduc-
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tors. He et al.’") prepared Ga,O3 nanowires by thermally
oxidizing GaN nanowires and using a molecular beam epi-
taxy technique on an n-doped Si substrate (Fig. 4(d)). Com-
pared with Ga; O3 films, more carriers were generated in ver-
tical GapO3 nanowire arrays. The graphene was transferred
to the Ga;O3 nanowire and acted as a transparent electrode,
and then a graphene/vertical Ga;O3 nanowire array photode-
tector was formed. This heterojunction photodetector showed
high solar-blind UV performance, as shown in Figs. 4(e) and
4(f). Responsivity was 0.185 A-W~!, and the rise and fall
time were 9 ms and 8 ms, respectively. Mao et al.!38 pre-
pared a photodetector with a high-speed broadband response.
Graphene acted as a transparent electrode and a p-type Si
substrate was combined with n-type MoSe, film to complete
the preparation of the MoSe,/Si heterojunction, as shown in
Fig. 4(g). Under light irradiation, the electron was injected
into the MoSe; film, while the hole was injected into the n-
type Si to form a photocurrent. The structural band diagram is
shown in Fig. 4(h). Figure 4(i) depicts the current and voltage
(I-V) characteristics of the heterojunction. With the graphene
transparent electrode, the dark current in the reverse bias di-
rection (—5 V) and forward bias direction (+5 V) decreased
and increased, respectively. Accordingly, the graphene recti-
fication rate in the range of +5 V was significantly improved.
Under light illumination, the photocurrent of —5 V increased.
The high electrical conductivity of graphene was helpful in im-
proving the photocurrent of MoSe,/Si devices. Except for the
vertical tunneling field-effect transistor and the gate/voltage-
controlled tunneling photodetector mentioned above, the res-
onant tunnelling is another quantum tunnelling system in the

89901 For example, Lin et

vertically stacked heterostructure.!
al.®% presented the direct synthesis of MoS,/WSe,/graphene
and WSe,/MoS,/graphene heterostructures ex situ using ox-
ide powder vaporization and metal-organic chemical vapor
deposition (MOCVD) methods. The direct grown heterostruc-
tures exhibited resonant tunnelling of charge carriers, which
led to sharp negative differential resistance at room tempera-
ture. And the peak of the resonant tunnelling could be tuned
by modifying the stacking order or layer composition, which
could have potential applications in ultra-low-power electronic
and photodetector devices.

4.1.2. Laterally stacked graphene-based heterostruc-
ture

A lateral heterojunction refers to the fact that two mate-
rials are located in the same plane, and the atoms of the two
materials are usually connected together by covalent bonds to
form a line or a ribbon at the interface, accompanied by the ap-
pearance of some specific physical properties at the interface.

In addition, the quality of the epitaxy is positively promised in

the lateral heterojunction, and essentially reinforces the optical
and electrical performance of the device.

The combination of graphene and a two-dimensional
semiconductor can significantly affect the position of the
Fermi level of graphene by the superposition method, and it
is possible to construct an internal p—n junction in graphene.

Meng et al.°!]

reported the preparation of a lateral graphene
p-n junction based on a graphene/MoS; mixed interface.
MoS, transferred light-generated carriers to graphene, and
the graphene p—n junction demonstrated obvious photocurrent
generation. Thus, the optical response of the device was im-
proved. In 2019, WS, was directly synthesized in the prepat-
terned graphene gaps on silicon wafers using a hydrogen-
assisted CVD growth process by Chen et al.,[®”! as shown
in Fig. 5(a).
nel material of an n-type field-effect transistor (FET). And

Herein, the WS, was applied as the chan-

the lateral graphene/WS,/graphene heterojunction showed a
high responsivity of 121 A-W~! at the wavelength of 532 nm
and the illuminance of 2.7 x 10° mW-cm~2 (Figs. 5(b) and
5(c)), which was about 2 orders of magnitude more than sim-
ilar devices manufactured in layers. It was indicated that
the method provides the possibility for scalable manufactur-
ing of high-quality 2D lateral electronic and optoelectronic
devices. In the same year, Liu et al.!®! prepared a lat-
eral graphene/MoS,/graphene heterostructure photodetector,
shown in Fig. 5(d). The graphene film was grown and pat-
terned into two stripes using a plasma etching process, and
MoS; film was synthesized in the spacing section (15 mm)
between the two stripes using CVD. Figure 5(e) exhibits the
corresponding energy band diagram; the barrier height g¢;
was greater than g¢@, in the device resulting from growth. It
was also demonstrated that the formed Schottky junction be-
tween graphene and MoS; was a key part of the photoelec-
tric response, where the MoS, spontaneously generated light-
excited electron—hole pairs and separated quickly, resulting in
the fast transfer of electron to graphene. In contrast, the trans-
ferred electron from graphene to MoS, needed an applied elec-
tric field to suppress the Schottky barrier. The higher the ap-
plied electric field, the lower the barrier height, resulting in
bigger current density. Therefore, the tunable Schottky barrier
can be obtained by adjusting the applied voltage, and then it
suppressed the dark current in the graphene—-MoS, interface.
As shown in Fig. 5(f), in the case of V, = 0V, a significantly
stronger response appeared during 450 nm—680 nm. The re-
sponsivity of the device was greater than 2 x 103 mA-W~!,
and the maximum specific detectivity D* was as high as
10'3 Jones. Chen et al.[°¥ designed a graphene/GaS/graphene
lateral heterojunction (Fig. 5(g)). First, graphene was grown
by CVD and transferred onto the Si substrate, and electron
beam lithography was performed to form a graphene electrode
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pair. Then, the GaS was selectively deposited in the graphene
gaps, and the graphene/GaS/graphene lateral heterojunction
was formed. Under excitation of light with a wavelength of
270 nm, the photosensitivity was as high as 11.7 A-W~!, and

the detection limit could be reduced to 2.61 pW~crn_2, as
shown in Fig. 5(h). Figure 5(i) illustrates that the response
time was less than 60 ms, which made the device a promising
application in fast photo-switching.

" =
E b E c
g 20{ (P) V=0V S |©@ V=30V |
s ¢ =100 !
z 27310’ mW/em? z 27310’ mW/em? |
2 —— 1.5%10°mW/em® Z —— 1.5x10°mW/em®
g 2.0x10'mW/em® g 2.010'mW/em® ‘
%IO' ——8.7x10'mW/em? 2 50l —s1armwem’ ‘
@ 1.5x10*mW/em® & 1.5x10"mW/em®
g g |
S S
£ =

0 0 |

graphene

Graphene MoS, Graphene
450 500 550 600 650 700
- - _ Wavelengthhm)
);lz' = 261 pW/cmz . (l) —e—-T
Z 10 = 280 pW/em® 404 < 60ms |
=4 70.1 pW/em®  * s .
z s * P 230 |
z £
Z
64 =
2 44 "
£ ot S0 |
- '
E 24 e
ol 0 |
0 5 0 15 20 02 6 8 10 12 14 |
V. (V) Time (S)

Fig. 5. (a) A schematic illustration of Gr:-WS,:Gr FET. As-calculated photoresponsivity under (b) 0 V and (c) 30 V gate voltage. (d) A schematic
diagram of the heterostructure. (e) A band diagram of two opposing Schottky junctions connected in series. (f) The responsivity R (black curve)
and specific detectivity D* (red curve) with a wavelength of 450 nm to 700 nm at V; = 0 V. (g) A schematic of the graphene/GaS/graphene lateral
heterojunction photodetector. (h) The calculated photoresponsivity—Vys plot at different incident power. (i) One typical on—off switching current vs.

time plot in the response time measurement.

4.2, Typical graphene/TMDs vdWs heterostructure for
photodetectors

Generally, the optical absorption and response properties
of graphene can be improved by tuning the graphene bandgap
using electrostatical or chemical methods, but is always ac-
companied by the reduction of ultrafast carrier mobility and
other specific properties. Therefore, we focus on the layered
materials (TMDs), which are similar to the graphene struc-
ture. The TMD crystal structure is composed of three lay-
ers of atoms, where the upper and lower chalcogenide atoms
sandwich the transition group atoms to form a “sandwich” X—
M-X structure.®>! Each layer of TMD material has a hexag-
onal lattice structure. Although the layers of TMDs are con-
nected by weak van der Waals forces, their structure is very
stable. Moreover, TMDs have many excellent properties, such
as a large band gap, good light absorption characteristics and
strong covalent bonds, etc., which form a complementary re-
lationship with graphene.[”®! The typically represented TMDs

(MoS; and WS,) are discussed as follows.

MoS; is a tightly packed hexagonal layered structure.
Generally, the MoS, crystal is a semiconductor material with
an indirect band gap of 1.2 eV.”/l However, when the thick-
ness of MoS, is reduced to one layer, it converts into a direct
band gap (1.90 eV) semiconductor material.[®) As the number
of MoS, layers gradually increases, the bandgap decreases. ]
Moreover, multilayer MoS; offers a wider spectral response
from ultraviolet (UV) to near infrared (NIR) wavelengths due
to its narrower bandgap, which is advantageous in a variety
of photodetector applications.!!%101] Dye to the excellent
electric charge transport characteristics of graphene and the
high absorption coefficient of MoS, in the visible light, the
MoS,/graphene heterostructure photodetector was used as a
working electrode in the photoelectrochemical (PEC)-type
photodetector.'9?! In 2016, Fazio er al.!'%3! prepared a flexi-
ble graphene/MoS; heterostructure photodetector. As shown
in Fig. 6(a), the heterostructure was fabricated by stacking
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graphene on top of MoS;. In this device, the MoS; layer acted
as a visible light absorber, graphene was used as a photocur-
rent transmission channel, and MoS; injected the light-excited
electrons into the graphene channel. The operation principle
of the device is depicted in Fig.6(d). Since the transparency
of polyethylene terephthalate (PET) in the visible light was
~ 90%, PET with high transparency and good flexibility
was selected as the flexible substrate. The device retained
~ 82% light transmittance (Fig. 6(b)). At the wavelength of
642 nm, the device exhibited an internal photoresponsivity of
570 A-W~! and an external photoresponsivity of 45.5 A-W~!
(Fig. 6(c)), which was at least two orders of magnitude higher
than the bulk semiconductor flexible film. And the photocon-
ductive gain was as high as 4 x 10°. This flexible photodetec-
tion was expected in wearable applications. Hossain et al.[1%4]
constructed a biocompatible heterostructure photodetector us-
ing photo-active MoS; and highly conductive graphene. It
facilitated the charge collection of the photocarriers and was
photoresponsive to broadband incident radiation in the vis-
ible light system. The photoresponsivity of the device was
~0.30 A-W~! (103 times higher than other reported devices),

and the detectivity was up to ~ 3.6 x 10'? Jones.!105-106]

To further enhance the performance of graphene/MoS, het-
erostructure photodetectors, high-quality MoS; and graphene
with fewer defects are needed. In 2018, a continuous single-
layer MoS; film of several square millimeters was grown us-
ing CVD by Sun et al.l'%7! The MoS, and graphene films
were transferred onto PET substrates sequentially, form-
ing a vertically stacked MoS,/graphene heterojunction pho-
todetector (Fig. 6(e)).
3.5 A-W~!, when the incident power was 60 uW at a wave-
length of 520 nm, Vg = —1 V and Vg, = 1V, as illustrated
in Figs. 6(f) and 6(g).
sponsivity was up to 33.3 A-W~!, which was higher than

The external photoresponsivity was

In particular, the internal photore-

most flexible photodetector devices. The Schottky barrier is
The
optoelectronic device performance can be enhanced by adjust-
ing the height of the Schottky barrier. In 2019, Lee et al.['%%]
designed a graphene/MoS, heterojunction fieldeffect transis-

another key factor that affects optoelectronic devices.

tor. Graphene was used as source, drain and gate materials,
a single-layer MoS, sheet was applied as piezoelectric chan-
nel material, and a h-BN sheet was utilized as a gate polar
insulator. The Fermi level of graphene and the corresponding
Schottky barrier were greatly modulated by the strain induced
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Fig. 6. (a) A schematic illustration of SLG/MoS, flexible PD. (b) and (c) The transmittance and absorbance of 1L-MoS, and SLG/1L-MoS; curves.
The dotted line was the test wavelength. (d) A schematic band diagram of PE gated SLG/1L-MoS; PD at zero, negative, and positive Vg. (€) The
working principle of the side-gated flexible MoS,/graphene heterojunction photodetector. (f) Responsivity as a function of the Vs and incident power.

(g) Responsivity as a function of Vs and incident power.
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Fig. 7. (a) A schematic diagram of the WS;/graphene heterostructure photodetector structure. (b) A schematic diagram of the charge transfer on the
WS,/graphene interface. (c) The relationship curve between incident light power and responsivity. (d) A schematic of the device. The band alignment
along the red dashed line in (e) the dark state, and (f) under light illumination with negative bias.

polarization of the MoS; charge. The sensitivity of this device
can be improved using a variable Schottky barrier. And then
a graphene/MoS; heterojunction phototransistor with a short
channel length and adjustable Schottky barrier was proposed
to improve the photodetector performance in 2020. Lee et
al."% prepared a sub-30 nm channel length between the
graphene source and drain electrode to reduce carrier loss by
recombination and to decrease transit time in MoS,. Mean-
while, the Schottky barrier was controlled by a gate electric
field or photoinduced doping. And then the performance of
the phototransistor was greatly improved, with responsivity of
2.2 x 10° A-W~! and detectivity of 3.5 x 10'3 Jones.

As a typical TMD material, the WS, energy band transi-
tion mode can be transformed by changing the layer number;
for example, the energy band gap of WS, can be changed from
the indirect bandgap 1.3 eV of the crystalline material to the

10T More impor-

direct bandgap 2.0 eV of the semiconductor.!
tantly, the combination of WS, and graphene can modify the
shortcomings of the low switching ratio caused by the zero
bandgap of graphene. And the WSy/graphene heterostruc-
ture photodetector shows excellent photoelectric properties,
including a high optical absorption coefficient (10° cm™!-
105 cm™!) and a large exciton binding energy (700 meV-
800 meV).!'=113] Moreover, compared with MoS,, WS,
has a greater room-temperature phonon-limited electron mo-
bility, which can be widely applied in nano-optoelectronic
devices.!!4

In 2016, Tan et al.!'"! developed a photodetector with
a horizontal graphene—WS,—graphene structure. The single-
layer WS, was used as the active semiconductor in the ultra-
thin photodetector device. Graphene was used as a 2D elec-
trode, which enabled the photoresponsivity of the device

to be modulated by the electrostatic gating and light input

control. When the illumination power density was 2.5 x
107 mW-cm~2, the photoresponsivity reached 3.5 A-W~!,
A high-response broadband photodetector based on a WS,—
graphene heterostructure was reported by Lan et al.[''®! The
device exhibited a wide spectral response in the range of
340 nm to 680 nm and a maximum responsivity up to
950 AW at a wavelength of 405 nm, due to the excel-
lent broadband absorption capacity of single-layer WS, and
the internal built-in electric field at the WS;—graphene inter-
face, which can promote the effective separation of photogen-
erated electron—hole pairs. In the same year, Mehew et al.[!!7]
successfully fabricated an atomically thin WS;—graphene
heterostructure photodetector with an ionic polymer gate
(Fig. 7(a)). Based on the photogating effect, the WS, layer was
used to absorb photons and divided into electron—hole pairs
at the interface due to the different work function between
graphene and WS,, with one type of carrier transferred to
graphene and the rest remaining in WS, (Fig. 7(b)). The rela-
tionship plot between responsivity and incident optical power
are shown in Fig. 7(c) when Vgs =0V and Vo = —1.5 V. When
Vis = 100 mV and Vg, = —1.5 'V, the responsivity reached
1 x 10° A-W~!: four orders of magnitude higher than tradi-
tional graphene-based photodetectors. The detector could con-
duct at a bandwidth up to 1.5 kHz and maintain an internal gain
of 10°. Moreover, it showed a detectivity of 3.8 x 10" Jones,
which was close to the responsivity of a single photon counter;
and it can be used in a wide band (400 nm—-700 nm) for video-

181 reported a

framerate imaging applications. Xiao et al.!
high-performance photodetector based on a graphene/WS,/Si
vdW heterostructure (Fig. 7(d)). In the dark, an internal elec-
tric field was formed between Si and graphene (Fig. 7(e)). Un-
der negative bias and light irradiation, the generated electron—

hole pairs were separated, and the holes would move toward
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the graphene and be trapped in the WS,—Si potential well, as
shown in Fig. 7(f). The device overcame the shortcomings
where non-charge neutrality cannot be compensated due to the
interference of electron contact, and performed a high light re-
sponsivity response (54.5 A-W~! at 800 nm) and fast response
rate (the rise time was 45 us, fall time was 210 ps).

5. Summary and outlook

Graphene-based heterojunctions have potential applica-
tions in future smart devices and wearable and flexible
biomedical electronic systems due to their layered material
We re-
view typical graphene-based heterojunction photodetectors

structure and excellent optoelectronic properties.

and two-dimensional vdW nanomaterials as light-absorbing
materials, focusing on photocurrent generation mechanisms,
including photovoltaics, photoconductivity and photogat-
ing. Meanwhile, the classification of graphene-based het-
erojunctions in different directions is summarized.  So
far, the performance enhancement of graphene-based pho-
todetectors mainly includes adjustment of the interface of
the graphene/semiconductor heterostructure, electrical gat-
ing/chemical doping of graphene, surface plasmon enhance-
ment, etc. However, the heterojunction photodetectors based
on graphene are still at the initial stage, and the following as-
pects need to be further explored: (I) the high electrical con-
ductivity of continuous graphene leads to a high dark current
and low detection rate, and the performance of the prepared
devices needs to be improved. (I) The graphene-based het-
erojunction preparation method has some defects, such as lat-
tice mismatch and poor interfacial cleanliness of artificially
stacked heterojunctions. (III) The large-area growth meth-
ods of high-quality layered nanomaterials with low numbers
of structural defects are highly desired. Whether the prepara-
tion method of graphene vdW heterojunctions is applicable to
other material heterojunctions remains to be further discussed.
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