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Abstract Two-dimensional (2D) transition metal

dichalcogenides (TMDCs) have attracted growing interest

regarding their potential applications in next-generation

electronic and optoelectronic devices. Owing to their

atomic thickness and tunable bandgap, they exhibit unique

mechanical, electrical, and optical properties. As a specific

member of the TMDC family, rhenium disulfide (ReS2) has

stimulated intensive interest due to its anisotropic crystal

structure, weak inter-layer coupling, and anisotropic elec-

trical and optical properties. In this review, we summarize

the distinct crystal structure and intrinsic anisotropic

properties of ReS2, followed by an introduction to its

synthesis methods. The current applications of ReS2 and its

heterojunctions are presented based on its anisotropic

properties. This review not only provides a timely sum-

mary of the current applications of ReS2 and its hetero-

junctions, but also inspires new approaches to develop

other innovative devices based on 2D materials with a low

lattice symmetry.

Keywords Transition metal dichalcogenides (TMDCs);

Rhenium disulfide; Anisotropic property; Heterojunction;
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1 Introduction

Two-dimensional (2D) transition metal dichalcogenides

(TMDCs) are emerging semiconductor materials on

account of their specific layered crystal structures and

unique mechanical, optical, and electrical properties. The

molecular formula of TMDCs is MX2, where M is the

transition metal element and X is the chalcogen element.

The M atomic layer is sandwiched between two X atomic

layers to form a three-layer covalent bonding unit, with the

layers stacked vertically by the interaction of van der

Waals forces. Two appealing aspects of the structure of

TMDCs, leading to unique layer-related physical properties

[1–4], are the strong in-plane covalent bonds and relatively

weak out-of-plane van der Waals interactions. Further-

more, TMDCs have intrinsic and tunable bandgaps in the

range of 1–2 eV [5–9], surpassing graphene which lacks a

band gap [10]. The relatively high carrier mobility, high

on–off ratio, high photoluminescence (PL) efficiency, and

high binding energy of excitons in TMDCs could poten-

tially lead to novel electronic and optoelectronic applica-

tions, including field-effect transistors (FETs), sensors,

photodetectors [11, 12], and photocatalysis. In widely

studied TMDCs, such as MoS2, the electrical and optical

properties are irrelevant to the orientation of the crystal

axis in-plane because of the isotropic symmetrical struc-

tures. The transition from an indirect bandgap in the bulk

material to a direct bandgap in monolayers occurs due to

the interlayer coupling and 2D quantum confinement
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effect. There have been a few studies of the anisotropic

properties of TMDCs in relation to the anisotropic orien-

tation of the crystal axis in-plane [13].

As a typical anisotropic 2D material, black phosphorus

(BP) has different physical and chemical properties along

the zigzag and armchair directions due to the in-plane

anisotropic atomic arrangement [14–17]. The Young’s

modulus along the zigzag direction is about four times the

value along the armchair direction, showing a strong ani-

sotropy of internal stress [18, 19]. The angular-dependent

PL spectrum also shows obviously anisotropic results

[20, 21]. In view of these anisotropic characteristics of BP,

the interest has been paid to other TMDCs with low

structural symmetry.

It has been reported that 1T0 phase MoS2, with an

asymmetric structure, has in-plane anisotropic optical,

electrical, and electrocatalytic properties [22]. The Raman

spectrum shows a distinct anisotropic orientation-related

result, which is in good agreement with the measurement

of the angle-resolved charge transport. Its electrocatalytic

activity has a definite dependence on the anisotropic charge

transport. Additionally, the Raman and PL spectra of rhe-

nium diselenide (ReSe2) also display anisotropic charac-

teristics [23–25]. Unlike other 2D TMDCs, the extremely

weak interlayer bonding in addition to the low crystal

symmetry of ReS2 leads to a direct bandgap independent of

the thicknesses [26, 27]. The unique crystal lattice, with

one-dimensional (1D) in-plane Re–Re metallic chains,

suggests a strong potential for the use of ReS2 in novel 2D

FETs, sensors, photodetectors, logic devices, and electro-

catalysis reactions with anisotropic properties. It is there-

fore essential to review the anisotropic characteristics and

the device applications based on ReS2 and its

heterostructures.

In this review, the anisotropic crystal structures, optical

properties, and thermal conductivity of ReS2 were sum-

marized (Fig. 1), followed by its synthesis methods. We

considered the electronic and optoelectronic applications of

ReS2 based on its highly anisotropic properties. Finally, we

present the potentials and challenges for future research in

this field. 2D ReS2, with strong anisotropy as a funda-

mental property, can not only provide a new way to opti-

mize the performance of functional devices, but may also

inspire exotic ideas for the future development of devices.

2 Fundamental properties of ReS2

2.1 Anisotropic crystal structure

Transition metal dichalcogenides typically have five pha-

ses, namely 2H, 3R, 1T, 1T0, and Td [28], as shown in

Fig. 2, where T, H, and R represent octahedral, hexagonal,

and rhombic structures, respectively [28, 29]. The 2H and

1T phases are the basic phases of TMDCs. The 2H phase

can be obtained by superimposing the monolayer of the H

phase in the stacking sequence of ABA, which is a trian-

gular prism with hexagonal symmetry [30]. The coordi-

nation mode of the 3R phase is the same as that of the 2H

phase, but the stacking sequence is ABC [30]. The unit cell

of the 1T phase is octahedral in coordination with tetrag-

onal symmetry, and the repeating unit has only one layer.

Owing to the thermodynamic instability of the 1T phase, it

evolves into two deformations, i.e., the distorted octahe-

dron (T0) and the trapezium phase (Td, at low temperature

and high pressure [31]) [32]. The 1T0 phase has lower in-

plane symmetry, which is conducive to the unique aniso-

tropic characteristics.

The in-plane symmetric crystal structures are usually

responsible for the isotropic properties of TMDCs. For

example, MoS2 has a typical symmetric crystal structure,

as shown in Fig. 3a [26]. The optical properties of MoS2,

such as its PL and Raman spectra, show a strong depen-

dence on layer number [6, 33], but no characteristics

related to its crystal orientation in-plane have been repor-

ted. In such 2D materials, with isotropic symmetrical

structures, the electrical and optical properties are irrele-

vant to the orientation of the crystal axis, and therefore, the

anisotropic properties are negligible.

Rhenium disulfide has a 1T0 phase, with a twisted

octahedron structure that differs from the 1H structure of

MoS2. Each unit cell contains four Re atoms and eight S

atoms. There are both metal–chalcogen and metal–metal

bonds in ReS2, and the length of every Re-S bond is dif-

ferent, as shown in Fig. 3a [34, 35]. Each Re atom

Fig. 1 Schematic illustration of outline of this review, including
anisotropic properties and applications of ReS2 and its
heterostructures

1 Rare Met. (2021) 40(12):3357–3374

3358 Y.-D. Cao et al.



possesses seven valence electrons and one dangling elec-

tron [26, 36]. Because there are unbonded valence elec-

trons outside the nucleus of Re, the four Re atoms in a unit

cell will form a Re4 cluster, which means that the Re–Re

cluster forms a unique metal Re chain, reducing the

structural symmetry. Therefore, a lattice distortion occurs

on the basis of the 1T structure, and two crystal axes are

formed after distortion. The Re-chain is denoted as the b-

axis, and the direction with an angle of about 118.97� or

61.03� is denoted as the a-axis [27]. In addition, the extra

electron in the Re atom greatly reduces the symmetry in

layer and the van der Waals interaction interlayers. The

low lattice symmetry and weak interlayer coupling result in

ReS2 possessing fascinating properties, especially in terms

of the potential applications related to its anisotropic

characteristics.

Fig. 2 Schematic illustration of atomic structure, bonding, and stacking modes of five phases in TMDCs (transition metal atoms in blue
and sulfur atoms in light brown). Reprinted with permission from Ref. [28]. Copyright 2018 WILEY–VCH Verlag GmbH & Co. KGaA,
Weinheim

Fig. 3 Comparison of properties of ReS2 with other isotropic TMDCs: a side and top views of crystal structures of 1H phase MoS2 and
1T0 phase ReS2; b weaker interlayer coupling energy in ReS2 compared with MoS2; c band structures of bulk (solid curves,
Egap = 1.35 eV) and monolayer ReS2 (dashed curves, Egap = 1.43 eV); d PL spectra of ReS2 flakes with different thicknesses from
bulk to a monolayer; e dependence of normalized PL intensity on layer number of ReS2 and several types of isotropic TMDCs.
Reprinted with permission from Ref. [26]. Copyright 2014 Nature Publishing Group, a division of Macmillan Publishers Limited
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2.2 Optical properties

2.2.1 Band structure

The band structures of semiconductors determine their

light absorption and luminescence properties. The band

structures of layered TMDCs are mainly ascribed to the

joint influence of the d-orbital electrons of the unbonded

metal atoms and the p-orbital electrons of the chalcogenide

atoms [37]. The bandgaps are usually dependent on the

number of layers. In the case of MoS2, when the bulk

material reduces to a monolayer, it becomes a direct-

bandgap semiconductor due to the quantum confinement

effect and interlayer coupling [6, 38, 39]. In contrast to

conventional TMDCs, in which the bandgaps are strongly

dependent on the layer number, the band structure of ReS2
changes only slightly with different thicknesses, which

results from the weak interlayer coupling between the

distorted lattices. According to density-functional theory

(DFT) calculations, the interlayer coupling energy of ReS2
is 18 meV, which is much weaker than that of MoS2
(460 meV), as shown in Fig. 3b. The contributions from

the d-orbital electrons of Re and p-orbital electrons of S

lead to the valence and conduction band edges of ReS2
[26]. The conduction band minimum (CBM) and the

valence band maximum (VBM) coincide at the C point,

resulting in direct bandgaps that are not related to the layer

numbers [40], as shown in Fig. 3c. The bandgap energy

changes from 1.35 to 1.43 eV when ReS2 changes from the

bulk material to a monolayer. Therefore, ReS2 has a great

potential for application in optoelectronic devices due to its

optical transitions in the near-infrared region.

The direct recombination of electron–hole pairs domi-

nates the recombination process in a semiconductor with

direct bandgaps, which usually has a high quantum yield.

Consequently, the PL intensity of monolayers is evidently

higher than that of few layers or the bulk material of Mo-

and W-dichalcogenides [26]. Owing to the interlayer

coupling and quantum confinement, the PL intensity of

Mo- and W-dichalcogenides decreases as the number of

layers increases (Fig. 3e). Owing to the changes in the

bandgap energy, the PL peak positions increase with a

decrease in layer numbers [6]. In contrast, the PL inten-

sity of ReS2 is enhanced as the number of layers is

increased (Fig. 3d, e). The PL peak positions of ReS2,

located between *1.5 and 1.6 eV, do not move signifi-

cantly when the material is thinned down to a monolayer

(Fig. 3d), which verifies the weak interlayer coupling of

ReS2. Because the reduction of layer numbers does not

enhance the quantum confinement of electrons in ReS2,

and the adjacent monolayers achieve electron decoupling

[26], the PL peak position of ReS2 is almost independent

of the number of layers.

2.2.2 Optical anisotropy

In addition to the unique PL properties related to the band

structure and the weak interlayer coupling of ReS2, the

triclinic lattice of ReS2 with its reduced symmetry also

generates the spatial anisotropic optical properties, such as

optical absorption anisotropy and the polarization-depen-

dent photoresponse [41, 42]. The anisotropic absorption

coefficient and transient absorption coefficient reach a

maximum when the light polarization is parallel to the Re-

chain, while the minimum occurs when the light polar-

ization is perpendicular to the Re-chain [43].

Low-symmetry lattices result in diverse light-matter

interactions in ReS2, such as changes in the amplitude and

phase of light caused by the interaction with anisotropic

materials. Angle-resolved polarized contrast spectroscopy

can also reveal the optical anisotropy in ReS2 flakes, which

is a fast and non-destructive way to identify crystal axes

[44]. A schematic configuration of the angle-resolved

polarized optical contrast spectroscopy is shown in Fig. 4a.

The spectra were obtained in a backscattering geometry

using a white light source, and the ReS2 on a SiO2/Si

substrate was rotated anticlockwise from 0� to 180� on a

sample holder. h is the included angle between the polar-

ization of the incident light and the direction of the Re–Re

chains (b-axis). Figure 4b shows the polarized optical

contrast spectra of monolayer ReS2 at different angles. The

peak contrast at about 608.0 nm decreased as h increased

from 0� to 90�, which means that the contrast was maxi-

mum when the light polarization was parallel to the Re-

chain. The change of contrast intensity at 608.0 nm in

Fig. 4c reveals a periodical variation with different inclu-

ded angles, and the maximum and minimum intensities

occurred at 0� and 90�, respectively. The higher contrast

intensity indicates a stronger photon-matter interaction

along the direction of the Re–Re chains (h = 0�). Owing to

the difference in the complex refractive index in the

direction of the Re–Re chains and that perpendicular to the

Re–Re chains, the reflectivity will be different in the

amplitude and phase shift, resulting in polarized light.

Therefore, the amplitude and phase anisotropy of the

reflected light are dependent on the direction of the Re–Re

chains.

Raman spectroscopy is a nondestructive and fast

detection technique that can reveal the optical properties

related to anisotropy. It has been extensively used to

identify the layer number, stacking order, and interlayer

coupling of 2D materials [45]. The shear modes and

breathing modes at low frequencies (\ 50 cm-1) indicate

the relative vibration between different layers, as deter-

mined by the van der Waals interaction [46–48]. The weak

interlayer coupling energy in ReS2 results in decoupled

lattice vibrations between adjacent layers, with the result

1 Rare Met. (2021) 40(12):3357–3374
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that ReS2 exhibits a few complex Raman modes [26, 46].

Owing to the low crystal symmetry of ReS2, the shear

modes of bilayer ReS2 are not degenerate and can be

divided into parallel vibration (S
k
1Þ and perpendicular

vibration (S?1 Þ relative to the Re chain [49]. The two shear

modes (13.0 and 16.5 cm-1) can be distinguished in con-

trast to the vibrations of TMDCs with isotropic structures

[50–52]. In the high-frequency range of 100–450 cm-1,

there are 18 Raman vibration modes of ReS2, including six

in-plane vibration modes, four out-of-plane vibration

modes, and eight coupled modes. These high-frequency

modes reveal the relative atomic vibration in-plane, which

is determined by the chemical bond interactions connecting

the in-plane atoms. The differences in the Raman spectra of

the bulk and monolayer ReS2 are negligible [35]. The

tensor form of a Raman-active phonon mode relies on the

symmetry of both the crystal and lattice vibration [53].

There are off-diagonal elements in the polarizability tensor

for anisotropic crystals. Therefore, the intensity of the

Raman-active modes in anisotropic 2D layered materials is

polarization-dependent and changes periodically with the

polarization angles due to the reduced in-plane symmetry

[54–57]. Figure 4d shows a schematic configuration of the

angle-resolved polarization Raman measurement with the

excitation of polarized laser and rotation of the sample in-

plane [58]. The Raman spectra of the exfoliated ReS2 flake

at different rotation angles are shown in Fig. 4e. The

Raman intensities of all the vibration modes vary periodi-

cally with the rotation angle at a period of 180�, which
indicates the anisotropic optical characteristics of ReS2.

According to the DFT calculations, Mode III

at * 150 cm-1 is mainly composed of the in-plane

vibrations, and Mode V at * 211 cm-1 contains both the

out-of-plane vibrations of sulfur atoms and the in-plane

vibrations of Re atoms in the b-axis direction [26, 59].

Figure 4f shows a polar plot of the Raman intensity for

Modes III and V in 4L ReS2. The maximum intensity of

Mode III appears at an angle of * 58�, while the maxi-

mum intensity of Mode V occurs at an angle of * 91�,
which corresponds to the cleaved edge of the exfoliated

Fig. 4 Anisotropic optical properties of ReS2: a schematic illustration of a polarized light contrast spectroscopy analysis; b polarized
optical contrast spectra of 1L ReS2 at included angles of h = 0�, 20�, 40�, 60� and 90�, where contrasts at 608.0 nm are highlighted by
a light blue bar; c contrast intensities of 1L ReS2 at 608.0 nm at different included angles. Reprinted with permission from Ref. [44].
Copyright Clearance Center, Inc. d Configuration of angle-resolved polarization Raman measurement and (inset) top view of crystal
structure of ReS2; e Raman spectra of ReS2 at different rotation angles under a laser of 514.5 nm. Reprinted with permission from Ref.
[58]. Copyright 2017 American Chemical Society. f Angle-resolved Raman intensities for mode III and V of 4L ReS2 shown in a polar
plot. Reprinted with permission from Ref. [59]. Copyright 2015 American Chemical Society
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flake. As a result, the Raman intensity of Mode V is usually

utilized to determine the crystal direction of the b-axis in

ReS2 flakes [44]. Therefore, ReS2 shows strong in-plane

polarization in Raman scattering, and the crystal orienta-

tion can be determined according to Raman spectra.

2.3 Anisotropic thermal conductivity

Thermal conductivity is a fundamental property of mate-

rials and reflects the atomic bonding strength and crystal

symmetry. In integrated small-scale devices, power con-

sumption and heat conduction are crucial for the perfor-

mance of the chip. It is, therefore, vitally important to

understand the thermal transport properties of ReS2, espe-

cially considering its potential applications in FETs and

photodetectors. As an anisotropic material, the differences

in phonon coupling caused by lattice vibration in the dif-

ferent orientations of ReS2 will inevitably lead to aniso-

tropic thermal conduction.

The thermal conductivity of single-crystalline ReS2 has

been measured at room temperature using time-domain

thermoreflectance (TDTR) [60], where the pump laser

beam is modulated by an electro-optic modulator, creating

temperature excursions in the samples. The probe laser

beam interrogates the temperature changes at the sample

surface. Mechanically exfoliated ReS2 flakes were moun-

ted on a rotation stage, and the Re-chain direction of the

flakes was oriented along either the horizontal (X) or ver-

tical (Y) directions, which is determined by polarized

Raman measurements. A thin film of Nb0.43V0.57 alloy with

about 70 nm in thickness was deposited on the samples

prior to the measurements to serve as an optical transducer.

Figure 5a shows the TDTR signals collected as a function

of the beam-offset, where the intensity profile of the laser

beam is represented by the dashed curves. Under the low

modulation frequency of 1.1 MHz, the TDTR signal fol-

lowed the Gaussian profiles of the laser beam intensity,

while the lateral heat spreading in the sample was slightly

larger than the beam size. Figure 5b is a 2D scan of the

TDTR signal for the flake in Fig. 5a and shows that the Re-

chains were oriented along the horizontal axis (X). The

TDTR signal was wider along X (i.e., the full width at half

maximum (FWHM) of Vout was 6.32 lm (X) and 6.18 lm
(Y)), implying that the thermal conductivity was larger in

the direction parallel to the Re-chains. In addition, for

different sample thicknesses, the derived in-plane thermal

conductivity of ReS2 also displayed an orientation depen-

dence, as shown in Fig. 5c. The in-plane thermal conduc-

tivity was higher along the parallel direction of Re-chains

(70 ± 18) W�m-1�K-1 than in the perpendicular direction

(50 ± 13) W�m-1�K-1. Moreover, the orientation-depen-

dent in-plane thermal conductivity of ReS2 was higher than

the through-plane thermal conductivity (0.55 ± 0.07)

W�m-1�K-1, indicating a notably high anisotropy of the in-

plane to the through-plane thermal conductivity. The ani-

sotropic in-plane thermal conductivity together with the

interface thermal conductance between the ReS2/electrode

and ReS2/substrate, will be helpful for the new approach of

exploring nanoscale devices based on anisotropic 2D

materials.

3 Synthesis methods

Large-scale and high-quality production of 2D layered

TMDCs is crucial for fundamental research and practical

applications. Generally, the ‘‘top-down’’ and ‘‘bottom-up’’

methods are used to prepare monolayer or multilayer 2D

materials. Rhenium disulfide has a unique distorted lattice

and high in-plane anisotropy. The high-quality and large

single crystal of ReS2 is essential for the preparation of

monolayer or multilayer ReS2 by mechanical exfoliation. A

modified Bridgman method was utilized to grow single

crystal of ReS2 with a thickness of hundreds of

Fig. 5 a In-plane TDTR data for a ReS2 flake at a modulation frequency of 1.1 MHz and time delay of -50 ps; b 2D beam-offset scan
of TDTR signal; c in-plane thermal conductivity (^) of ReS2 flakes as a function of thickness. Reprinted with permission from Ref. [60].
Copyright 2017 WILEY–VCH Verlag GmbH & Co. KGaA, Weinheim
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micrometers, which can avoid the unintended doping

caused by using a halogen transport agent [61]. The con-

trollable anisotropic growth of ReS2 thin film requires deep

understanding on the growth mechanism of grains. Lots of

preparation methods have been used to obtain high-quality

ReS2 thin layer to apply in the devices.

3.1 ‘‘Top-down’’ method

One typical synthesis method for ReS2 is mechanical or

chemical exfoliation according to the ‘‘top-down’’ strategy.

Mechanical exfoliation, i.e., peeling the flakes from the

surface of a ReS2 crystal with tape, can provide samples

with good crystalline quality and few defects. Therefore, it

is widely used in the study of intrinsic physical properties

and for the preparation of high-performance devices [62].

However, mechanical exfoliation cannot realize large-scale

fabrication, which is essential in industrial applications. An

attempt to solve this problem has been made by employing

chemical exfoliation or liquid exfoliation [62, 63]. One

such liquid exfoliation method is to intercalate specific

metal ions (mainly lithium ions) between layers, which

increases the interlayer spacing, weakens the interaction

between layers, and reduces the energy barrier of stripping,

so achieving exfoliation. However, the intercalation of

lithium ions can negatively charge the exfoliated nanosh-

eets, even inducing a phase transition in 2D layered

TMDCs [62, 64]. Sonication-assisted liquid exfoliation is

another type of large-scale liquid exfoliation method. 2D

layered materials can be obtained in a specific solvent by

the ultrasonic cavitation effect. The matching of the surface

energy of the layered crystal and the solvent is crucial for

efficient exfoliation [65]. Therefore, it is important to find a

suitable solvent for the exfoliation of bulk ReS2. By

selecting the solvent and controlling the sonication time,

temperature, or power, the controllable fabrication of

nanosheets can be obtained with a tunable concentration,

size, and thickness. Although sonication-assisted liquid

exfoliation can realize the cost-effective and high-yield

production of 2D nanosheets in a simple process, the lateral

size of the nanosheets is relatively small, and there are

usually many defects or impurities.

3.2 ‘‘Bottom-up’’ method

3.2.1 Physical/chemical vapor deposition

The ‘‘bottom-up’’ strategy, including physical vapor deposi-

tion (PVD) and chemical vapor deposition (CVD), can be

employed to produce large-scale 2D materials with high

purity. Physical vapor deposition refers to physical processes,

such as the thermal evaporation of materials, in which the

atoms, molecules, or partially ionized ions can be evaporated

from the surface of precursors when they are heated or bom-

barded, and form thin films on a substrate. The reported PVD-

prepared ReS2 films are polycrystalline, with different grain

orientations. The size of the sample is relatively large, but the

thickness is difficult to control at the atomic level [66]. Using

the CVDmethod with tunable growth parameters, the quality

and uniformity of the synthesized films can be improved,

which has been proven to be an effective way to ensure the

large-scale controllable production of 2D materials. The lat-

eral size, layer number, and morphology of a monolayer or

few-layer crystals can be adjusted by the type of precursor or

substrate, the saturated vapor pressure, growth temperature,

and the flow rate of the carrier gas.

Figure 6a is a schematic illustration of the CVD syn-

thesis of ReS2. The solid precursors of Re and S are heated

to the vapor phase and then react on the substrate to form

large monolayer crystals. The large-scale anisotropic

growth of ReS2 is realized by controlling the growth

parameters. After selecting specific precursors, the growth

time can be controlled to adjust the morphology of ReS2.

For example, using rhenium powder and sulfur powder as

precursors, thick hexagonal ReS2 flakes have successfully

been fabricated on the substrate, whereas they were not

stable in heating process [67]. With an increase in growth

time, some of the flakes became thinner or even disap-

peared, leaving only the triangle frameworks, and finally,

ReS2 nanoribbons were obtained. The reaction temperature

has a great influence on the morphology of the synthesized

ReS2 samples [68]. As shown in Fig. 6b–e, the morphology

of ReS2 varies at different temperatures, from a circle at

500 �C to a hexagon at 600 �C, then to a serrated structure

at 700 �C, and finally to a dendritic structure at 850 �C
[69]. At low temperatures, due to the slow diffusion of

atoms and the unfree attachment and detachment of ada-

toms at the edges, the epitaxial growth along different

crystal axes occurs at almost the same rate (Fig. 6b). At

higher temperatures, the diffusion of atoms is rapid, and the

adatoms tend to migrate and attach to the high-activation

growth direction [010]. Therefore, at higher growth tem-

peratures, the asymmetric growth of ReS2 becomes evident

(Fig. 6e). Furthermore, the type of substrate also affects the

film size. With glass as the substrate and ReO3 powder as

the precursor, the continuous fabrication of uniform wafer-

scale ReS2 multilayers (7 cm 9 2 cm) has been achieved

[70]. Using mica as the substrate, both the mass of the

sulfur source and flow rate of the carrier gas have been

shown to affect the nucleation density of ReS2, and thus the

film size. A high-quality monolayer film, with a size of

about 2 mm, can be obtained using this method [71].

Recent studies on the CVD growth of ReS2 have

focused on the improvement of growth efficiency and the

clarification of the growth mechanism. A tellurium-assisted

CVD method was developed to use Re-Te binary eutectic
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as the Re source, which effectively reduced the melting

point of Re and increased the vapor pressure of ReS2 in the

reaction system, thus increasing the growth efficiency [69].

To investigate the growth mechanism, the microstructure

of the fabricated ReS2 flakes was characterized by angle-

resolved polarized optical microscopy, which showed that

the monolayer flakes are composed of subdomains, with

different types of grain boundaries (GBs) between them

[72]. The formation of the domain structures and the lim-

itation of domain size were explained by a dislocation-

involved anisotropic evolution mechanism [71]. Because

the interface energy could affect the domain size of ReS2,

increasing the growth temperature would be beneficial to

increase the domain size [71]. When the growth tempera-

ture was increased to 700 �C, the single-crystal ReS2
domains tended to grow into triangles, with a lateral size of

30–40 lm. Based on the understanding of the growth

mechanism and the precise control of the grain orientations

and boundary splicing, the large-scale production of single

crystal ReS2 can therefore be obtained, and is likely to be

useful in device applications.

3.2.2 Hydro-/solvothermal synthesis

Another representative ‘‘bottom-up’’ method is wet-chem-

ical synthesis, which relies on the chemical reactions of

precursors in solution under proper conditions. The wet-

chemistry method has been widely used to synthesize

ultrathin 2D nanomaterials due to the high production yield

of the synthetic materials. As a typical wet-chemistry

method, hydro-/solvothermal synthesis uses water or

organic solvent as the reaction medium in a sealed vessel.

A high-temperature and high-pressure reaction environ-

ment can be created by heating the vessel, which is helpful

to improve the crystallinity of the synthesized materials. In

recent years, the hydro-/solvothermal synthesis of ReS2 has

been widely utilized [73–76]. A one-pot hydrothermal

method was used to prepare porous composites of ReS2/

CNTs, where ReS2 nanosheets directly nucleated on the

walls of CNTs [73]. The special capacity of ReS2/CNTs

composites was larger than the theoretical capacity of bulk

ReS2 (430 mAh�g-1), and the electrochemical performance

was significantly improved compared with that of pure

ReS2 [77]. In addition, few-layered ReS2 nanosheets were

prepared by the direct nucleation on reduced graphite oxide

(RGO) through a hydrothermal method [74]. The highly

conductive and porous networks of RGO facilitate the

electrolyte infiltration and the charge transfer [74, 78, 79].

The ReS2/RGO composites had good electrocatalytic per-

formance because of more electrochemical active sites

from ReS2. Although hydro-/solvothermal method has high

production yield and is cost-effective, the reaction is

Fig. 6 a Schematic illustration of CVD synthesis of ReS2, where yellow ball represents sulfur atom and gray ball represents rhenium
atom; b-e optical images of monolayer ReS2 products grown at different temperatures and transferred onto SiO2/Si substrates.
Reprinted with permission from Ref. [69]. Copyright 2016 WILEY–VCH Verlag GmbH & Co. KGaA, Weinheim
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difficult to precisely control, because it usually involves

simultaneous multi-step reactions at high temperature and

pressure. The temperature, pressure, reaction time, pre-

cursor concentration, and other factors affect the type and

morphology of the product, so it is difficult to predict the

structure of synthetic materials. Consequently, it is more

suitable to prepare large-scale multilayer samples, instead

of monolayers, for the electrochemical or catalytic

applications.

4 Applications

With the integration and miniaturization of FET devices

in Si-based technology, it has become a great challenge to

further reduce the device size. When the channel length

of a FET is reduced to several nanometers, the threshold

voltage decreases and the leakage current is dramatically

increased. The reduction of gate modulation then leads to

an increase in sub-threshold swing. To solve the short

channel effect, 2D semiconductors, with ultrathin thick-

nesses and unique physical properties, are promising

candidates as channel materials for post-silicon

electronics.

Most TMDCs are isotropic materials and have been

widely studied in device development. However, reducing

the lattice symmetry of TMDCs can induce interesting

physical properties. Anisotropic electrical transport, mag-

netic, photoelectric, piezoelectric, and ferroelectric prop-

erties of low symmetry 2D TMDCs have been reported

[13]. The study of these anisotropic materials can provide

new ways to modulate their properties and the possibility

of optimizing device performances. The unique crystal

structure and strong in-plane anisotropy of ReS2 have

resulted in the widely utilization in the research and

development of functional devices, including optoelec-

tronics, logic, electrocatalysis, and energy storage [62]. In

the following section, the application of its anisotropic

characteristics, such as its electrical transport, photoelec-

tric, and logic properties, is reviewed. Devices based on the

van der Waals heterostructures (vdWHs) of ReS2 are then

introduced.

4.1 Anisotropic devices of ReS2

4.1.1 Anisotropic FETs and logic devices

Many FET or logic devices based on 2D semiconductors

have been demonstrated by combining two different 2D

transistors, e.g., n-type and p-type. However, in the future,

integrated devices based on anisotropic 2D semiconductors

can be designed and adjusted using lattice orientation as a

variable [27].

The relationship between the lattice orientation and the

carrier mobility has been studied in FETs based on ReS2.

As shown in Fig. 7a, the electron mobilities are closely

related to the crystal orientation angles. The direction with

the minimum mobility (lmin) at 0� or 180� was set as the
reference. It was found that the direction with the maxi-

mum mobility (lmax) occurred at 120� (or 300�). The

detected anisotropic ratio of mobility (lmax/lmin) was 3.1.

Moreover, two FETs fabricated on the same flake of ReS2
could form an integrated digital inverter, as shown in

Fig. 7b. The channel of the left FET is along the a-axis and

that of the right FET is along the b-axis, where the Re-

chain is indicated by the red ribbon. A circuit diagram and

an optical image of the digital inverter are shown in

Fig. 7c. The top gate voltage on the a-axis is fixed to be

-2 V, while that on the b-axis is the input voltage (Vin),

and the shared electrode in the middle is the output voltage

(Vout). Studies of the digital inverter device integrated by

two ReS2 FETs have not only provided a new method to

design logical devices by utilizing the lattice anisotropy,

but also shown that the unique properties of low symmetry

2D semiconductors can be exploited to develop new

applications in future.

4.1.2 Anisotropic optoelectronic devices

Optoelectronic devices based on 2D TMDCs have been

widely studied due to their tunable bandgap, flexibility,

and dangling-bond free structure, which have provided

useful information regarding the light detection and

imaging of post-silicon devices. Intense efforts have been

made to develop optoelectronic devices that have the

advantages of a short response time, high efficiency, high

photosensitivity, and wide response frequency [80].

Among the different types of devices based on TMDCs,

the optoelectronic devices made from anisotropic TMDCs

have gradually attracted increasing attention due to the

efficient polarization detection in experimental studies

[81–83].

As one of the typical anisotropic TMDCs, ReS2 has the

potential for a wide range of applications in optoelectronic

devices because of its novel electronic performance and

polarization-related characteristics. The existence of a

direct bandgap, independent of layer numbers, enables it to

not only process a high absorption coefficient under pho-

toexcitation, but to also produce efficient electron–hole

pairs, which are the key factors in high-performance pho-

todetectors [81]. Figure 8a shows a polarization-sensitive

photodetector based on the anisotropic structure of ReS2
[81]. When the energy of an incident photon is larger than

the bandgap of a semiconductor, the photogenerated elec-

tron–hole pairs are laterally separated by applying a drain

bias voltage, resulting in a photocurrent. Figure 8b shows
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that the photocurrent (Ipc) increases with the drain bias (Vd)

increasing under different light powers. The photocurrent

can be significantly changed by rotating the polarization of

light at the same incident power. The photocurrent as a

function of the polarization angle of the incident light is

shown in Fig. 8c, where the drain bias voltage (Vd) is 1, 2

and 3 V, respectively. Under different drain bias voltages,

when the polarization angle reaches 90�, corresponding to

the direction of the Re4 chain in ReS2, the photocurrent

reaches its maximum value. Owing to the different optical

absorption properties of ReS2 in-plane, the polarized pho-

tocurrent along the b-axis is much stronger than that per-

pendicular to the b-axis. This discovery proved that atomic

thin ReS2 can be used in light polarization detection and

practical integrated optical applications.

4.2 Devices based on vdWHs

The development of an atomically thin semiconductor

heterojunction is one way to solve the limitation of tradi-

tional semiconductors caused by the short channel effect.

Ultrathin 2D heterostructures can be assembled by two

different kinds of 2D materials with the weak van der

Waals interaction between them forming perfect interfaces,

which are usually termed as vdWHs. In contrast to the

epitaxial growth of thin films of traditional semiconductors,

the fabrication of vdWHs does not involve lattice match-

ing. They can be prepared by precisely stacking different

2D materials, with a rational design. In recent years,

vdWHs based on TMDCs have been widely studied in

switching devices, electronic and optoelectronic devices,

Fig. 7 a Normalized field-effect mobility of a six-layer ReS2 device along 12 directions; b schematic illustration of a digital inverter
based on two ReS2 FETs, where Re-chain is indicated by red ribbon; c optical image of a ReS2 digital inverter and (inset) circuit
diagram. Reprinted with permission from Ref. [27]. Copyright 2015 Natural Publishing Group

Fig. 8 a Schematic of ReS2 photodetector, illuminated by a linearly polarized green light (2.4 eV); b photocurrent as a function of drain
voltage under different incident powers; c photocurrent as a function of the polarization angle under different drain bias voltages,
where a power law function was found to fit data well (black line). Reprinted with permission from Ref. [81]. Copyright 2016 WILEY–
VCH Verlag GmbH & Co. KGaA, Weinheim
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semiconductor lasers, solar cells, and logic devices

[84–87]. Because the 2D TMDCs containing in the vdWHs

have different bandgaps, a wider spectral response can be

achieved than homojunctions. Furthermore, reducing the

in-plane symmetry in 2D ultrathin TMDCs can induce the

anisotropic properties of electro-optical responses. The

development of ultrathin vdWHs consisting of in-plane

anisotropic 2D materials is therefore of great significance

for studying the effect of asymmetric lattices on physical

properties.

4.2.1 Optoelectronic heterostructure devices

Most TMDCs possess tunable bandgaps in the range of

1–2 eV [5–8], which are usually dependent on the number

of layers. When the thickness is reduced to a monolayer,

TMDCs usually show direct bandgaps, indicating a high

light responsivity, but low light absorption. With the weak

interlayer coupling and a direct bandgap independent of the

layer number, the few-layer ReS2 has a high density of

edge states and enhanced light absorption, which provides

a good platform for studying optoelectronic devices built

by vdWHs. To overcome the low light absorption of the

monolayer, a mixed-thickness ReS2/Si heterostructure

(Fig. 9a) was prepared with a high optical responsivity

(*33.5 A�W-1) and fast response time (80 ls). It provided
a new method to solve the trade-off between the respon-

sivity and response time in the multilayer TMDC

heterostructure [88]. In addition to increasing light

absorption using a multilayer ReS2, the interface edge state

provides a strong possibility of charge scattering (acting as

carrier trapping sites) and therefore plays an important role

in the enhancement of the responsivity and response time.

The photogenerated holes are separated and transferred to

Si through the valence bands of multilayer ReS2, while the

photogenerated electrons drift toward the electrodes and

are partially trapped in the bulk defect states of ReS2 and

the edge states at the interface of mixed-thick ReS2. The

photocurrent and external quantum efficiency (EQE) under

532-nm-laser irradiation are shown in Fig. 9b, c, respec-

tively. Among the devices fabricated by different thick-

nesses of ReS2, the mixed-thickness ReS2/Si

heterostructures had the highest EQE value and the fastest

response speed. Therefore, at the mixed thickness ReS2/Si

heterointerface, the gain associated with the photogener-

ated carrier trapping is dominant at the ReS2 interface

between different layers, which also results in a high

photoresponsivity.

To improve their optoelectronic performances, TMDCs

and other low-dimensional materials can be combined to

build heterostructures due to their promising semicon-

ducting electrical properties. A photodetector based on a

ReS2/graphene heterojunction was prepared with ReS2 as

the optical absorption layer and graphene as the transport

layer [89]. The photoresponsivity was 7 9 105 A�W-1 , the

detectivity was 1.9 9 1013 Jones, and the response time

was less than 30 ms due to the synergistic effects between

graphene and ReS2. Because of the high carrier mobility in

graphene, the transport rates of the photogenerated carriers

in ReS2 were enhanced. Compared with monolayer ReS2,

the photon energy absorption per unit area of the multilayer

was increased due to the thickness and long light path,

which also enhanced the photocurrent and responsivity.

This discovery has helped to develop optoelectronic devi-

ces with high sensitivity and fast response, such as heart-

beat sensors or optical communication devices. Black

phosphorus is considered to be a candidate material to

replace graphene and has great potential in ultrafast opto-

electronic applications due to its tunable direct bandgap

and unique 2D anisotropic structure. As shown in Fig. 9d, a

vdWH with gate-tunable rectifying behavior was made

from an exfoliated n-type multilayer ReS2 and p-type BP

[90]. The current rectification characteristics of the device

were modulated by adjusting the back-gate voltage

(Fig. 9e). With an increase in the positive gate voltage, the

rectification ratio increased. When the channel length was

1.6 lm for ReS2 and 4 lm for BP, the heterojunction

exhibited a responsivity of 4120 A�W-1 without gating

under a UV light (k = 365 nm). By changing the BP

channel length to 1 lm, a higher photoresponsivity of

11,811 A�W-1 was achieved at the back-gate voltage of

4.4 V, as shown in Fig. 9f.

The development of ultrathin heterojunctions consisting

of in-plane anisotropic TMDCs and isotropic TMDCs is

critical in determining the effect of asymmetric lattices on

their physical properties. The interlayer coupling between

the anisotropic/isotropic interfaces in a ReS2/MoS2
heterojunction has been characterized by in situ Raman

spectroscopy, electrical, and photoelectrical measurements

[91]. After interfacing with monolayer ReS2, the in-plane

vibrational mode of MoS2 was softened and the out-of-

plane vibration mode was stiffened, which highlights the

interlayer coupling in the heterostructure. This device

exhibited a current rectification and prominent gate-mod-

ulated transport characteristics. Under the excitation of a

532-nm laser, the ReS2/MoS2 heterojunction produced an

optical response with a responsivity of * 35 A�W-1 at a

bias voltage of 2 V without gating. Additionally, a mono-

layer 1T0 ReS2-ReSe2 lateral p–n junction (Fig. 9g) was

prepared through a two-step epitaxial growth method [92].

Figure 9h shows the transfer curves of the individual ReSe2
and ReS2 domain in the FETs, revealing typical n-type and

p-type conduction characteristics, indicating that the indi-

vidual ReS2 and ReSe2 domains were of high quality and

might form p–n junctions. As shown in Fig. 9i, the lateral

ReS2-ReSe2 heterojunction exhibited a good rectification,
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with a threshold voltage of 0.6 V under a forward bias.

Moreover, the photocurrent (Ids) was dependent on the

polarization direction of the incident light. When it is

parallel to the lattice direction of the heterostructure (b-

axis), Ids was much larger than that when the direction was

perpendicular to the b-axis of the heterojunction. These

results not only showed the fundamental characteristics of

photodiode dependent on the light polarization, but also

realized the linear dichroism in the 2D lateral

heterostructure, which is likely to be of great significance

in the development of new devices with multiple functions.

4.2.2 Logic devices based on 2D heterojunctions

With the continuous developments in the use of big data,

the requirements for the speed and efficiency of computer

operation are gradually increasing. Breaking the tradi-

tional von Neumann computer architecture is one way to

develop new logical operating devices. Negative differ-

ential resistance (NDR) devices have many threshold

voltages and play an important role in the application of

multivalued logic. Owing to the diversity of band struc-

tures, 2D van der Waals heterojunctions have great

Fig. 9 a Schematic illustration of a mixed-thickness ReS2/Si heterojunction; b Ids–Vds curves of mixed-thickness ReS2/Si
heterojunction in dark and under different incident power densities; c comparison of the EQE values of four different ReS2/Si
photodiode structures under a 532-nm-laser irradiation. Reprinted with permission from Ref. [88]. Copyright 2019 American Chemical
Society. d Schematic illustration of vertical BP/ReS2 heterojunction device; e current rectification ratio as a function of back-gate
voltage (Vg) and (inset) diode ideal factor as a function of Vg under a forward bias (factor of 1.0 indicates a good interface quality in BP/
ReS2 heterojunction); f photoresponsivity as a function of back-gate voltage with increased LBP values under an illuminated power
density of 0.55 mW�cm-2. Reprinted with permission from Ref. [90]. Copyright Clearance Center, Inc. g Schematic of lateral ReS2/
ReSe2 heterojunction device using linearly polarized light as excitation source; h transfer curves (Ids–Vg) of individual ReSe2 and ReS2

domain in FETs and (inset) Ids–Vds curves for individual ReSe2 and ReS2 domain; i transport curves (Ids–Vds) of ReS2/ReSe2
heterojunction device with various polarization angles (k = 532 nm; power: 50 nW), where light polarization directions relative to b-axis
of heterojunction (as indicated by blue dashed arrow in inset) are 0�, 45� and 90�, respectively, and inset shows an optical image of
heterojunction device. Reprinted with permission from Ref. [92]. Copyright 2018 WILEY–VCH Verlag GmbH & Co. KGaA, Weinheim
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potential in multi-functional devices, including memory

and logic devices.

In the realization of NDR devices, vdWHs composed of

the dangling-bond-free 2D materials have been adopted to

pursue an ideal peak-to-valley current ratio (PVCR) at

room temperature [93–95]. In MoS2/WSe2 and BP/SnSe2
devices, the band-to-band tunneling of carriers can be

obtained, but with a relatively low PVCR. The type-II

MoS2/WSe2 heterojunction needs a complicated fabrica-

tion process to obtain an electrostatically doped n?/p?

heterojunction. Using the type-III heterojunction with a

broken-gap band alignment, it is easy to implement a

highly doped n?/p? heterojunction without an electrostatic

or chemical doping process. For example, a BP/ReS2
heterojunction with a broken-gap band arrangement was

used to fabricate a NDR device [96]. The carrier transport

mechanism of this NDR device was studied by considering

the tunneling and diffusion currents. When a negative

voltage (\ 0 V) was applied, electrons tunneled from the

BP filled valence band states to the ReS2 empty conduction

band states, thereby increasing the current. By applying a

small positive voltage (0\V\ 0.4 V), the current also

increased due to the tunneling of electrons in the conduc-

tion band states of ReS2 to the empty valence band states of

BP. If the Fermi level of ReS2 coincides with the top of the

valence band of BP, the filled states in ReS2 overlap

maximally with the unoccupied states in BP, thus leading

to the maximum tunneling current. By further increasing

the voltage (0.4\V\ 0.9 V), the current decreased

because the bandgap reduced the overlap between the filled

and empty states. Furthermore, when a higher voltage (V[
0.9 V) was applied, the tunneling current was no longer a

factor influencing the operation of NDR device. Owing to

the shrunken potential hill in the heterojunction, the elec-

tron carriers in ReS2 can diffuse to BP, thus increasing the

current. The carrier transport mechanism was studied by

analyzing the tunneling and diffusion current at different

temperatures, and an analytical model of the NDR device

was established, which is essential for the application of 2D

TMDCs in logical operations.

Nonvolatile logic devices can compute and store data in

the same device, which will lead to benefits in terms of

energy efficiency. Compared with traditional binary logic

devices, multi-valued logic devices can achieve a higher

data density with less disk space. A 2D van der Waals

heterojunction based on BP and ReS2 was made for non-

volatile ternary logic operation, in which the thin phos-

phorus oxide (POx) layer from the natural oxidation of BP

was used as both the charge trapping layer and the tun-

neling layer [97]. Using the FETs based on BP/ReS2
heterojunctions and BP in series, a ternary logic circuit can

be built. The logical states 1, 1/2 and 0 can be modulated

by an input voltage pulse, resulting in a nonconventional

logical output. Moreover, using handwritten digital data, an

artificial neural network simulation based on electronic

synapse arrays can obtain a high recognition accuracy of

91.3%. This provides a way to implement multifunctional

non-volatile logical storage applications based on novel 2D

heterojunctions.

4.3 Energy storage devices

4.3.1 Conductive electrode in alkali ion battery

With the rapid development of hybrid electric vehicles and

electronics, novel energy storage technology has become

an urgent field. Alkali (Li, Na, K) ion battery is widely

explored because of their advantages of long cycle-life, fast

charge–discharge capability, and environmental friendli-

ness. Conductive electrode is one of the most important

components in batteries; it usually restricts the perfor-

mance of batteries. The large interlayer spacing (0.614 nm)

and the weak interlayer interaction of ReS2 facilitate the

diffusion of alkali metal ions within layers, which enables

ReS2 as a candidate anode material for alkali ion batteries

[98]. However, the anode prepared from pure ReS2 has

relatively low conductivity and poor cycle stability.

Therefore, specific composites need to be designed to

overcome the shortcomings and improve the performance

of the electrode. For example, ReS2-based composites were

prepared by electrospinning and hydrothermal method,

anchored ReS2 nanosheets onto N-doped carbon nanofibers

(N-CNFs) [99]. The large interlayer spacing and weak van

der Waals interaction facilitate the easy diffusion of alkali

metal ions. The carbon nanofibers can improve the elec-

trical conductivity, and the doped nitrogen can adsorb

sulfur and polysulfide generated from the conversion

reaction. During the cycling, Li2Sx, generated by the con-

version reaction of ReS2, will dissolve in the electrolyte,

resulting in the loss of active substances. Therefore, the

adsorption of sulfur and polysulfide prevents their aggre-

gation and dissolution in the electrolyte, so as to play the

stability of the cycle. The reversible capacity of ReS2/N-

CNFs remained 440 mAh�g-1 even after 400 cycles in

LIBs at a current density of 100 mA�g-1, more stable than

other reported anodes based on ReS2. Besides, the elec-

trode made of ReS2/CNTs composite in LIBs maintained a

high capacity of 1048 mAh�g-1 at 0.2C

(1C = 430 mA�g-1), which is larger than that of bare-ReS2
electrode [73]. The network of CNTs not only has a high

conductive capacity and a large specific surface area, but

also can organize the aggregation of active substances,

thereby improving the performance of the composite

electrode.
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4.3.2 Catalytic electrode for water splitting

Since hydrogen is a green and environmentally friendly

chemical fuel, hydrogen production from water splitting is

of great interest. The electrolytic water splitting usually

uses noble metals (e.g., platinum) as catalysts, which is

resource-consuming and not cost-effective, making it

unfavorable for sustainable development. TMDCs are

potential candidates for the non-noble metal catalysts. The

weak coupling of ReS2 layers promotes the diffusion of

electrolyte ions, and the weak interlayer coupling also

exposes abundant edge sites, leading to better catalytic

performance for ReS2 as a catalyst in hydrogen evolution

reaction (HER). The ReS2/RGO hybrid, for example, has

an onset potential of - 100 mV (vs. RHE), a current

density of - 5.2 mA�cm-2 at - 250 mV (vs. RHE), and a

smaller Tafel slope of 107.4 mV�dec-1 than bare ReS2,

showing a better electrocatalytic activity for HER [74].

Additionally, introducing defects in ReS2-based electrodes

can improve the activity of catalysts, which not only pre-

sented a large number of active sites, but also reduced the

free energy of hydrogen adsorption and enhanced the

charge transfer efficiency. A carbon cloth loaded with Re/

ReS2 nanosheets (Re/ReS2/CC) exhibited noticeable elec-

trocatalytic performance both in HER and OER [76]. The

overpotentials of Re/ReS2/CC electrode were 42 and

44 mV at 10 mA�cm-2 in acidic and alkaline conditions

for HER, and the Tafel slopes were 36 and 53 mV�dec-1,

respectively. Under alkaline condition for OER, the over-

potential was 290 mV at 10 mA�cm-2 and the Tafel slope

was 81 mV�dec-1, which was better than that of other

ReS2-based catalysts in the literature. The catalysts based

on ReS2 or its composites are expected to be an alternative

to noble metal catalysts on account of its good stability,

easy synthesis, and better catalytic performance.

5 Discussion and outlook

As a typical anisotropic 2D TMDC, ReS2 maintains a

twisted octahedron structure, whose anisotropic electrical

and optical properties have been widely exploited in

electronic and optoelectronic devices. Although the ani-

sotropic structure and physical properties of ReS2 can

provide new perspectives and opportunities in the design of

novel 2D functional devices, there are still many chal-

lenges in the practical applications of ReS2.

First, the large-scale and controllable production of

ReS2 is still a problem, because of its complex structure.

Compared with Mo in MoS2, the abundance of Re on earth

is quite low; therefore, the synthesis of ReS2 is relatively

costly. By adjusting the growth parameters in the chemical

vapor deposition, large-size and high-quality single crystal

of ReS2 can be achieved. However, the qualified synthetic

sample may be obtained after constant exploration and

summary of experiences. In addition, wet chemical syn-

thesis method can fabricate a large quantity of samples

with large size, but it suffers the uncontrollable layer

numbers, which is mostly used in the field of energy

storage. Moreover, the study of the growth mechanism of

ReS2 is still in the exploratory stage. The anisotropic

growth mechanism needs to be proposed and validated.

Second, it is essential to rapidly identify the crystal axis

for the utilization of the anisotropic performance in elec-

tronic or polarization-related devices. Consequently,

designing an effective and nondestructive identification

method is crucial. For example, angle-resolved Raman

scattering spectroscopy, a polarization conductance mea-

surement and angle-resolved polarization optical contrast

spectroscopy provide not only methods for determining

crystal orientation, but also important information for the

quantitative analysis of the in-plane anisotropic optical

properties of ReS2 thin films. In a recent study, the ani-

sotropic distribution of water droplets on the surface of 2D

BP has been observed via optical microscopy, which can

also be used to quickly identify the orientation of aniso-

tropic structure in 2D materials [100].

Third, the quality of samples and the device repeata-

bility are of vital importance in the electronic and opto-

electronic applications. Intended for the quality of devices,

many efforts have been made to promote the channel

performance, including using post-treatment methods. For

example, when an oxygen plasma treatment was applied on

a thin-film transistor (TFT) of ReS2, the mobility was

increased by * 2 times and the off-current was decreased

by a factor of 1 9 103, resulting in an enhanced on/off ratio

of 1 9 104, compared with the pristine TFT [101]. It was

also reported that a low-temperature thiol chemistry route

can be used to repair sulfur vacancies in MoS2 channels

and improve the interface by reacting with (3-mercapto-

propyl) trimethoxysilane (MPS). The method reduced the

scattering from charged impurities and traps, thereby

improving the carrier mobility of the device [102].

Therefore, pursuing a suitable and convenient post-treat-

ment on the channel material has an important effect on the

practical device applications.

Besides the channel material itself, the metal–semicon-

ductor interface and the substrate supported the device

greatly affect the carrier transport of devices based on 2D

TMDCs. It is, therefore, essential to find suitable materials

to reduce the height of the Schottky barrier at the metal–

semiconductor interface and increase the efficiency of

carrier injection [103]. Selecting the metal electrode with

an appropriate work function may improve the Fermi level

pinning effect, which makes the rational design of elec-

tronic and optical devices a feasible prospect. It has been
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reported that the substrate also has a large influence on the

modulation of the performance of 2D semiconductor

devices [104, 105]. The interaction mechanisms between

2D semiconductor channel materials and the substrates are

complicated, including the strain effect, charge transfer,

dielectric screening, and light interference. Therefore, it is

difficult to precisely control the interface interaction

between the semiconductor and the substrate. The modu-

lation of properties of 2D semiconductors by the substrate

is still a new field in progress.

Finally, the device package and integration are very

important for the practical application. The intrinsic prop-

erties of 2D materials with atomic thicknesses can easily be

affected by the defects and impurities induced during the

fabrication process of devices, resulting in a deterioration

of device performance. A proper capping layer is indis-

pensable to maintain the pristine performance. The inte-

gration of a single 2D device into the circuit is also a key

issue. Furthermore, a higher degree and effectively vertical

integration is one of the future directions in the electronic

circuits based on 2D semiconductors. It has been shown

that the unique lattice orientation of ReS2 can be used as a

design variable to adjust the transport characteristics of a

2D inverter [27]. Hence, the study of anisotropic materials

can provide new ways for the optimization of electronic

devices in future 2D integrated circuits.

In this review, we have summarized the characteristics

of anisotropic ReS2, which are different from other tradi-

tional isotropic 2D semiconductors due to its unique crystal

structure. The anisotropic electrical, optical, and thermal

properties along the different crystal directions in aniso-

tropic ReS2 can add new functions and optimize the per-

formances of FETs, photodetectors, and thermal devices.

Because ReS2 is still a relatively new member of the 2D

materials family, its intrinsic properties and exciting ani-

sotropic applications call for further investigation. This

review serves as an introduction to the exciting potential of

ReS2, and we also hope that it will stimulate the research

interest on the anisotropic electrical and optical properties

of 2D materials with a low lattice symmetry.
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