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ABSTRACT 
Two-dimensional (2D) materials, such as transition metal dichalcogenides (TMDs), black phosphorus (BP), MXene and borophene, 
have aroused extensive attention since the discovery of graphene in 2004. They have wide range of applications in many research 
fields, such as optoelectronic devices, energy storage, catalysis, owing to their striking physical and chemical properties. Among 
them, anisotropic 2D material is one kind of 2D materials that possess different properties along different directions caused by the 
intrinsic anisotropic atoms’ arrangement of the 2D materials, mainly including BP, borophene, low-symmetry TMDs (ReSe2 and 
ReS2) and group IV monochalcogenides (SnS, SnSe, GeS, and GeSe). Recently, a series of new devices has been fabricated 
based on these anisotropic 2D materials. In this review, we start from a brief introduction of the classifications, crystal structures, 
preparation techniques, stability, as well as the strategy to discriminate the anisotropic characteristics of 2D materials. Then, the 
recent advanced applications including electronic devices, optoelectronic devices, thermoelectric devices and nanomechanical 
devices based on the anisotropic 2D materials both in experiment and theory have been summarized. Finally, the current 
challenges and prospects in device designs, integration, mechanical analysis, and micro-/nano-fabrication techniques related to 
anisotropic 2D materials have been discussed. This review is aimed to give a generalized knowledge of anisotropic 2D materials 
and their current devices applications, and thus inspiring the exploration and development of other kinds of new anisotropic 2D 
materials and various novel device applications. 
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1 Introduction 
Two-dimensional (2D) materials, such as graphene, transition 
metal dichalcogenides (TMDs), and black phosphorus, have 
attracted extensive attention since the first discovery of graphene 
obtained through a simple scotch tape-based mechanical 
exfoliation method reported by Prof. Geim and his co-workers 
in 2004 [1]. Benefited from their excellent physical and chemical 
properties, 2D materials exhibit tremendous potential appli-
cations in many research areas, such as ultrafast lasers [2–7], 
optical switching and modulators [8–12], optoelectronic devices 
[13–26], thermoelectric devices [27–29], energy storage [30–36], 
catalysis [37–45], photothermal agents [46–51], cancer treatment 
and biosensing [52–58]. Compared with the bulk and traditional 
thin-film materials, 2D materials hold a great advantage and 
competitiveness for the device application. Take the photodetector 
applications on 2D materials as an example. Firstly, 2D 
layered materials with atomic thickness can provide very high 

transparency and excellent flexibility, which are very important 
and necessary for the integration of photovoltaic devices and 
wearable electronics. And the number of carriers in some 2D 
materials is much lower, which can effectively depress the dark 
current and achieve a high detectivity and on/off ratio. Secondly, 
the 2D quantum confinement effect in the vertical direction 
can lead to strong exciton binding effect, which can improve the 
optical absorption efficiency to a large extent [59]. For instance, 
the light absorption efficiency is around 2.3% per atomic layer 
thickness for monolayer grapheme [60]. Besides, the monolayer 
MoS2 with a thickness less than 2 nm and direct bandgap, 
shows a light absorption efficiency estimated to be about 10% 
[59, 61, 62]. However, for anisotropic BP, the previous report 
demonstrated that the light absorption of BP nanosheet (with 
a thickness of 70 nm) is 40% and 10% along the armchair (AC) 
and zigzag (ZZ) direction, respectively [63]. Thirdly, most of 
the 2D materials possess a tunable bandgap with a direct 
relationship with the layer number. Therefore, the optical  

Address correspondence to Zhinan Guo, guozhinan@szu.edu.cn; Ni Xie, xn100@szu.edu.cn; Han Zhang, hzhang@szu.edu.cn 



 Nano Res. 2021, 14(4): 897–919 

 | www.editorialmanager.com/nare/default.asp 

898 

absorption edge can be efficiently adjusted by regulating the 
layer number [59, 64]. Moreover, many kinds of 2D layered 
materials, graphene, TMDs, BP, borophene, to their different 
derivatives, can realize a wide photoresponse scope ranging 
from the extreme ultraviolet (10 to 100 nm) to long-wave 
infrared (12 to 30 μm) because of their various bandgaps [65]. 
Finally, 2D materials possess strong resistance to deformation 
capacity. And the stress between the 2D materials layers 
associated strongly with the electronic structure and optical 
properties [64]. In this case, stress engineering can be used to 
adjust their optical and electrical properties. In conclusions, 
those superior physical and chemical properties of 2D materials 
that beyond many bulk materials and other nanomaterials, 
would make the 2D materials becoming a research hotspot 
both in scientific study and technology development. 

Comparing with some other similar reviews published before, 
the difference is listed as follows. Firstly, we focus on different 
types of anisotropic 2D material and then discussed their 
different anisotropic properties in separate chapters, respectively. 
More impressively, BP and borophene were highlighted as a 
most representative and newest anisotropic 2D materials in our 
review paper. Secondly, the method to identify the anisotropy 
of 2D materials were systematically summarized, such as, 
anisotropic conductivity, polarization-resolved infrared spec-
troscopy, angle-resolved polarized Raman spectroscopy, Young’s 
modulus measurement by atomic force microscopy (AFM) 
nanoindentation, thermal conductivity test, especially for the 
novel method of anisotropic wetting of water droplets proposed 
by our group recently, which can be applied to identify the 
anisotropy of 2D materials quickly, accurately and nondestructively 
in a very low cost. Thirdly, the synthesis method, stability and 
the anisotropic properties of borophene are summarized fully 
and firstly in the anisotropic 2D materials field in our review 
paper. Finally, we summarized all different kinds of anisotropic 
properties for 2D materials in three tables, which include the 
different anisotropic performance along ZZ and AC direction 
and the anisotropic ratios. The readers can intuitively understand 
the difference in the anisotropy and device applications for 
different 2D materials. 

1.1 Overview of typical anisotropic 2D materials  

As an emerging star, anisotropic 2D materials with low-symmetry 
crystal structure, such as BP [66–72], rhenium disulfide (ReS2) 
[73, 74], rhenium diselenide (ReSe2) [75], group IV mono-
chalcogenides (SnS, SnSe, GeS, and GeSe) [76–84], BP’s alloy 
compound (B-AsP and GeP) and newly discovered borophene 
[85–87], are coming to us after the first reports of BP in 2014 
from the groups of Zhang [88] and Ye [89, 90], which have been 
summarized in Fig. 1. As the firstly discovered anisotropic 2D 
material, puckered BP with orthorhombic structure in space 
group of Cmca has low-symmetry and the sp3 nonequivalent 
hybridization of each P atom, which result in a robust anisotropy 
nature in-plane in momentum space, including excellent 
anisotropic optical, electrical, thermal and mechanical properties 
[27, 68–71, 91–99]. Apart from BP, all of borophene, low-symmetry 
TMDs (ReSe2 and ReS2) and group IV monochalcogenides (SnS, 
SnSe, GeS, and GeSe) possess anisotropic crystal structures. 
For borophene, it possesses a honeycomb structure in the 
space group of Pmmn, which is similar with layered BP and 
leading to its high anisotropy. Besides, low-symmetry TMDs 
with orthorhombic (1Td WTe2), monoclinic (1 T’ MoTe2) and 
triclinic (ReS2 and ReSe2) structures also have been proved 
to possess in-plane anisotropy due to the anisotropic crystal 
structure, which is different from the normal TMDs (MoS2 
and WSe2) crystallizing in hexagonal phases. The anisotropy  

 
Figure 1 A brief summarization of anisotropic 2D materials, ranging 
from the classification, crystal structures, to the practical applications for 
different devices. 

of Group IV monochalcogenides including two elements with 
different electronegativity comes from the similar puckered 
orthorhombic crystal structure as BP. Generally speaking, 2D 
materials with orthorhombic, monoclinic and triclinic crystal 
structures, namely low-symmetry crystal systems, will lead to 
in-plane anisotropic properties. These crystal structures may 
cause highly anisotropic physical properties, for example, 
electric conductivity and phonon group velocity. Meanwhile, 
the anisotropic physical properties promote extraordinary 
device applications that are impossible for isotropic materials 
[100]. The emerging anisotropic properties have motivated 
the innovation of electronic devices, optoelectronic devices, 
thermoelectric devices and nanomechanical devices based on 
these novel anisotropic 2D layered materials. 

1.2 The method to identify the anisotropy of 2D 

materials 

Considering the sufficient importance of anisotropic properties 
of 2D materials in the future research, especially in the device 
applications of electronic, optoelectronic, thermoelectric and 
nanomechanical devices, it is necessary and highly desirable 
to have a deep understanding of anisotropic properties of 2D 
materials and their detecting technology. Until now, many studies 
have been carried out both in experimental and theoretical 
aspects, and several effective techniques have been developed 
to identify the anisotropy for 2D materials. Here, as the 
most representative anisotropic 2D material, we take the BP as 
example to summarize the most popular and well acknowledged 
methods that have been applied for judging the anisotropy of 
2D materials. 

In order to independently determine the AC and ZZ 
direction of BP layers, Xia et al. [18] designed a field effect 
transistor (FET) that consists of 12 electrodes on the surface of 
BP layer spaced at an angle of 30° to study the angle-resolved 
direct current conductance, as shown in Figs. 2(a) and 2(b).  
Their measured results were fitted well with the calculated 
values. What’s more, the results also revealed that the mobility 
in AC direction is about 1.5 times higher than that in the ZZ 
direction, demonstrating an obvious anisotropic mobility for 
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the BP. Unlike them, Wu et al. [101] employed an angle-resolved 
polarized Raman spectroscopy to detect the crystalline 
orientation of BP. As can be seen in Fig. 2(c), the Raman 
intensity of Ag

1, B2g, and Ag
2 vibration modes in BP layer 

exhibited an obvious periodic change with the sample rotation 
angle under both cross and parallel polarization configurations, 
and the characteristic of those modes shows a huge difference. 
Based on the above results, they further demonstrated that 
Ag

2 mode can be applied to determine the specific crystalline 
orientation, because the relative smaller local maximum 
intensities of Ag

2 mode correspond to the ZZ direction of BP 
layer. On the other hand, Tao et al. [102] and Chen et al. [94] 
separately reported the anisotropic mechanical property of BP 
layer through suspended structures with the nanoindentation 
method by AFM, see in Figs. 2(d) and 2(e). The Young’s 
modulus of few-layer BP were proved to be 58.6 ± 11.7 and 
27.2 ± 4.1 GPa along the ZZ and AC directions, respectively. 
And the breaking stress were measured to be 4.79 ± 1.43 and 
2.31 ± 0.71 GPa in the two directions. In addition, the ideal 
elastic modulus of BP nanoribbons along ZZ and AC direction 

are around 65 and 27 GPa, which were well consistent with the 
theoretical simulation results. In general, all the results indicated 
that highly anisotropic mechanical features are greatly expected 
to be helpful for the future applications of flexible electronics, 
nano-electromechanical systems, etc. Luo et al. [93] investigated 
the anisotropic in-plane thermal conductivity of suspended 
few-layer BP layers through the combination of experimental 
and theoretical methods, which combine the micro-Raman 
spectroscopy and first-principles calculations, as depicted in 
Fig. 2(f). The thermal conductivity anisotropic ratio of kZZ/kAC 
was respectively calculated to be ~ 2 for thick BP layer      
(~ 15 nm) and ~ 1.5 for the thin layer (~ 9.5 nm), confirming 
a pronounced anisotropic thermal conductivity. Besides that, 
our group [104] recently put forward a unique approach both in 
experimental and theoretical [97] for fast (< 10 s) identification 
of the anisotropy of BP by the anisotropic wetting property 
of water droplets on the BP surface, see Figs. 2(g) and 2(h). 
Compared with the isotropic 2D materials, such as graphene 
and MoS2, the water droplets condensed on the surface of BP 
from the water vapors are mainly elliptical, not spherical. 

Figure 2 Different methods to identify the anisotropic properties of BP layers. Polarization-resolved infrared spectroscopy (a) and angle resolved DC 
conductivity (b) of BP thin film. The angle-resolved DC conductance (solid dots) and the polarization-resolved relative extinction of the same flake at 
2,700 cm−1 (hollow squares) are shown on the same polar plot. In both (a) and (b), Φ is the angle between the x-direction and the 0 reference. (Reproduced 
with permission from Ref. [18], © Macmillan Publishers Limited 2014). (c) Identify the crystalline orientation of BP by using angle-resolved polarized 
Raman spectroscopy (ARPRS) method. (Reproduced with permission from Ref. [101], © WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 2015). 
(d) and (e) To distinguish the crystalline orientation of BP through anisotropic Young’s Modulus along AC and ZZ direction by AFM. (Reproduced with 
permission from Ref. [102], © American Chemical Society 2015). (f) Anisotropic thermal conductivity of suspended BP layer both in. experiment (above) 
and theory (below). (Reproduced with permission from Refs. [93, 103], © Macmillan Publishers Limited 2015). (g) The schematic diagram of anisotropic 
wetting of water droplet on the surface of BP. The x-direction is in the ZZ structure and the y-direction is in the AC structure. (h) The anisotropic 
distribution of water droplets on BP layers and isotropic distribution of water droplets on 2D layered graphene and MoS2. (Reproduced with permission 
from Ref. [104]. © Zhao, J. L. et al. 2019). 
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What’s more, the long axis of the elliptical water droplets 
was along the ZZ direction of BP, which can be verified by the 
polarized-Raman spectroscopy. And this method has been 
proved to be non-destructive for layered BP through the in-situ 
Raman test and the electrical performance of BP-based FET 
after ten times repeated water wetting tests. This work can 
provide a significant guidance for the preparation and application 
of optical, optoelectronic, photothermal, thermoelectric and 
nano-mechanical devices that based on the anisotropic BP-like 
materials in the future. 

2 The device applications based on typical 
anisotropic 2D materials 

2.1 Anisotropic BP layers and its alloying compounds 

2.1.1 Synthesis and stability of BP 

In 1914, P. W. Bridgman [105] firstly discovered BP crystalline 
during an experiment that converted white phosphorus to red 
phosphorus under high hydrostatic pressure condition (200 °C, 
1.2 GPa) within 5–30 min. In 1935, Hultgren et al. [106] 
adopted the X-ray diffraction (XRD) technique to confirm  
the orthorhombic crystal structure of BP and proved it a 
thermodynamically stable phosphorus allotrope [50]. In the 
1980s, to improve the quality and size of BP single crystal, some 
Japanese groups made significant contributions to optimize 
the method to convert white phosphorus to BP [107–109]. 
Another mainstream method to synthesize BP crystalline is 
metal catalyst assisted growth [110] by the reaction of Hg, Au, 
Sn, red phosphorus, and SnI4 in an evacuated silica ampule, 
at a relative low pressure and high temperature [111]. And this 
method was tremendously promoted by Nilges et al. in 2008 
[112], and later was further simplified by Köpf et al. by using 
Sn/SnI4 as the only mineralization additive [113]. Then in 
2015, Li et al. [114] realized the large-area (up to 4 mm) synthesis 
of a nano-crystalline BP thin film (about 40 nm) through the 
direct conversion from red phosphorus thin films on flexible 
substrates under a high-pressure (beyond 8 GPa) multi anvil 
cell at room temperature (RT). 

However, a principal challenge associated with BP is its 
environmental instability. Generally, the high surface area, 
hydrophilic phosphorus surface and reactivity of the exposed 
p-orbital lone paired electrons will make the BP layers susceptible 
to oxidize under the ambient conditions [115]. What’s more, it 
has been recently demonstrated that the combination of light, 
oxygen and moisture would greatly accelerate the degradation 
of BP layers [116–119], and degrade the semiconducting 
properties. In order to protect it from being oxidized, many 
effective approaches have been developed, including covered 
with h-BN [120], atomic layer deposition of Al2O3 [116, 121], a 
double-layer comprising Al2O3 [122, 123], and a hydrophobic 
fluoropolymer. Among them, the former double-layer method 
appears to offer infinite stability by guaranteeing conformal 
sidewall coverage to prevent edge diffusion and moisture 
resistance from an effective hydrophobic surface. Notably, 
such strategies were further developed by our group. On one 
hand, Guo et al. [124, 125] reported a metal-ion modification 
(Ag+, Fe3+, Mg2+ and Hg2+) to enhance both the stability and 
transistor performance of BP layers. Metal-ion spontaneously 
adsorbed on the surface of BP layers through cation–π 
interactions passivates the lone paired electrons of phosphorus 
atoms, and thereby making BP layers more stable in air. On 
this basis, we also demonstrated that the Ag+-modified BP 
based FET exhibit a hole mobility of 1,666 cm2·V−1·s−1, which 

was around 2 times higher than that of bare BP. Besides, the 
ON/OFF ratio of Ag+-modified BP based FET could reach  
2.6 × 106, approximately 44 times higher than that of bare BP. 
On the other hand, Tang et al. [126] used a one-step, ionic 
liquid-assisted electrochemical exfoliation to fabricate fluorinated 
phosphorene (FP), and realize the improved stability of BP. 
The experimental and theoretical studies revealed that the 
enhanced air stability was mainly ascribed to the antihydration 
and antioxidation effects originated from the introduced 
fluorine adatoms. 

2.1.2 Anisotropic property of BP 

2.1.2.1 Anisotropic electrical and photoelectric of layered BP 

For BP layers, the characteristics of high photoresponse 
[127–130] at mid-infrared wavelengths (3.39 μm) [131–133], 
large tunable bandgaps (0.3–1.8 eV) and unique polarization- 
dependent response can make it widely applied for the device 
applications, such as chip-scale mid-infrared sensing and imaging 
devices [133–140], optoelectronic devices [25, 68, 141–143], 
and thermoelectric devices [144].  

In order to collect photo-generated carriers along both 
x-(AC) and y-(ZZ) direction, a BP-based photodetector device 
with four quadruple electrodes were fabricated, as shown in 
Fig. 3(c), and the thickness of the BP layer was around 12 nm. 
The drain bias of VDS was fixed at 100 mV, then the relationship 
of sweeping gate voltage Vg, and source-drain current IDS was 
measured, as shown in Fig. 3(d). An on-off current ratio of 
approximately 103 can be achieved, and the field-effect mobility 
along the x-direction (μx = 194 cm2·V−1·s−1) is about 1.6 times 
higher than that in the y-direction (μy = 122 cm2·V−1·s−1). The 
lower electron current should be attributed to a higher Schottky 
barrier, or conductive electrons being captured at the interface 
of BP/SiO2. Figure 3(b) shows the results of photocurrent as  
a function of gate voltage at a fixed source-drain bias (Vsd = 
200 mV) under 532 nm illumination (power = 230 μW) for  
a BP MSM photodetector operating at 3.39 μm (Fig. 3(a)). A 
different photocurrent peak can be obtained with the Vg sweeping 
from −0 to 20 V. The peak intensity in the x-direction is around 
3 times larger than that in the y-direction, where xx and yy 
mean light polarization and carrier collection direction both 
along x- or y- direction. The higher carrier mobility and shorter 
carrier transit time along the x-direction attribute to another 
factor of 1.5–1.6 in terms of photocarrier collection. 

A schematic illustration of photoelectric FET is shown in 
Figs. 3(e) and 3(f). The height profile presents the typical 
thickness of BP crystal used in the devices is about 4.5 nm. 
Firstly, Raman spectroscopy was applied (Fig. 3(g)) to determine 
the orientation of the crystal axis. The first-principle calculations 
result of Raman tensor indicated that the intensity of A1

g and 
A2

g modes is much lower along the ZZ direction (y) than that 
in the AC direction (x) for the BP. Besides, the ratio of Raman 
tensor between Rxx and Ryy is Rxx/Ryy = 140 and 300 for A1

g and 
A2

g mode, respectively. Therefore, from the intensity-dependent 
of the A2

g mode on the polarization angle, it indicates that the 
source and drain (SD) direction is along the ZZ direction 
(y-axis) of BP crystal. Secondly, the change of photocurrent 
induced by the anisotropic BP crystal structure along with the 
variation of polarization angle is clearly depicted in Fig. 3(h). 
The intensity of photocurrent exhibits a rotational symmetry 
of 180, and minimizes at 0° and 180° while maximizes at 90° 
and 270°. However, since the electron hole pairs are separated 
and collected more efficiently when ZZ direction is parallel to 
the DC field, the shape of the curve is a little narrower along 
the AC direction. 
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A ring-shaped metal electrode was designed as a photocurrent 
collector (Fig. 4(a)) to observe 2 times polarization-dependent 
photocurrent from a geometric edge effect at the metal-BP edge. 
And the photogenerated hot carriers from the ring-shaped 
metal electrode can be collected isotopically. Compared with 
the conventional phototransistors, the photogenerated electrons 
and holes from the vertical p-n junction can be easily separated 
by selectively driving them into surface or bulk layers under a 
built-in electric field in the electric-double-layer transistor 
(EDLT). Therefore, this vertical p-n junction structure can greatly 
improve the efficiency of linear dichroism photodetectors. 
Figure 4(b) shows a full spatial mapping of the photocurrent 
around the ring-shaped electrode under 1,500 nm illumination. 
Focusing the excitation in the round area within the inner 
diameter of the electrode, the photocurrent with 0° light 
polarization is much larger than that for 90° light polarization, 
suggesting that the intrinsic polarization-dependent photo 
response originates from the BP itself. The photo-responsivity 
is about 0.35 mA·W−1 at 1,200 nm, and there is a relatively large 
contrast ratio (3.5) between the photo-responsivities along the 
two perpendicular polarizations. Figure 4(d) clearly indicates 
that the incident light at different polarization states will 
experience a varying absorption when travelling through the 
dichroic BP, directly reflecting the intrinsically anisotropic 
orientation of the crystal structure. 

As shown in Fig. 5(a), dual-gate h-BN/BP/h-BN-based FET 
was fabricated by using a polymer-free dry transfer method, 
BP film was sandwiched by h-BN flakes and transferred onto a 
silicon substrate covered with a 90 nm-thick silicon dioxide. 
The cross-sectional high-resolution transmission electron 
microscopy (HRTEM) image demonstrated the clean and 
oxidation-free BP/h-BN interfaces, which can be further 
evidenced by the elemental mapping for nitrogen (blue), 

phosphorus (green), and oxygen (red), as shown in the right 
panel of Fig. 5(b), and no oxygen signal was observed within 
the h-BN/BP/h-BN heterostructure. In that device, the BP 
thin film was 10-layers thickness and the h-BN layers on the 
top and bottom were 23 and 9 nm-thickness, respectively. The 
top h-BN dielectric consisted of two h-BN layers transferred 
separately. One is used to sandwich the BP film, while the 
other was transferred after the deposition of the interdigitated 
chromium/gold (3/27 nm) fingers for photocurrent collection, 
and covering the channel and the electrodes. These interdigitated 
electrodes were designed along the y-direction (ZZ) of BP thin 
flakes so that the carrier can be collected along the x-direction 
(AC), in order to achieve the highest carrier mobility and 
photo-responsivity. The BP crystalline direction was identified 
by the polarization-resolved Raman spectroscopy, in which 
the intensity ratio of peaks Ag

2 and Ag
1 reaches a maximum 

value of 3.8 when the polarization of excitation laser was aligned 
along the X-direction, as shown in Fig. 5(c). The photo-response 
of BP thin films also shows the strong angle dependence at all 
three representative mid-IR wavelengths. Figure 5(d) shows 
the photo-response at 5 μm with light polarization at different 
angles as an example. The responsivity can reach the maximum 
value when the light polarization was along the x-direction (AC), 
while achieving the minimum value along the y-direction. Such 
phenomenon can be attributed to the small optical absorption 
coefficient along the y-direction of BP owing to its unique 
puckered lattice structure. 

The authors revealed the highly anisotropic and strongly 
bound excitons in monolayer BP using polarization-resolved 
photoluminescence measurements at RT. And regardless of 
the excitation laser polarization, the results showed that the 
emitted light from the monolayer is linearly polarized along 
the light effective mass direction and centered around 1.3 eV, 

Figure 3 (a) Illustration of the BP MSM photodetector operating at 3.39 μm. (b) Effects of polarization, transport direction, and back gate voltage on the
photocurrent generation/responsivity in the BP transistor. (c) Top: AFM image of the BP photodetector. The x- and y-directions are labeled in the image. 
Bottom: Height profile along the white dashed line in the top panel. (d) Transfer characteristics of the BP field-effect transistor. (Reproduced with 
permission from Ref. [141], © American Chemical Society 2016). (e) Three-dimensional view of the device structure used to measure photo response. 
(f) AFM scan across the channel area of our device showing the thickness of the BP flake to be ~ 4.5 nm. (g) Measured polarization dependence of the 
intensity of the A2

g/A1
g Raman peak. (h) Photocurrent measured with laser source of 405 nm wavelength at different light polarization angle. (Reproduced 

with permission from Ref. [145], © Chen, X. L. et al. 2017). 
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which was a clear signature of emission from highly anisotropic 
bright excitons. Moreover, photoluminescence excitation 
spectroscopy suggested a quasiparticle bandgap of 2.2 eV, from 
which we can estimate an exciton binding energy of ~ 0.9 eV, 

and be consistent with the theoretical results based on first 
principles calculation. Excitation polarization and detection 
were selectively oriented along either the x or y axes, giving a 
total of four different spectra. Regardless of the excitation or 

 
Figure 4 (a) Optical image of a BP photodetector with a ring-shaped photocurrent collector. (b) Corresponding photocurrent microscopy image of the 
device shown in (a). (c) Polarization dependence of photoresponsivity with illumination from 400 to 1,700 nm, where the polarization angle of 0° corresponds
to the x crystal axis and 90° corresponds to the y crystal axis. (d) Photocurrent microscopy images of the BP inside the inner ring under illumination
at 1,500 nm with different light polarizations (white arrows). (Reproduced with permission from Ref. [146], © Macmillan Publishers Limited 2015). 

Figure 5 (a) Optical image of the dual-gate h-BN/BP/h-BN FET, scale bar: 10 μm. (b) The cross-section HR-TEM image of the h-BN/BP/h-BN stack. 
(c) The ratio of Raman Ag

2 and Ag
1 peak intensity as a function of the excitation laser polarization. (d) Scatters show the photocurrent at different laser 

polarizations for the 5 μm incident laser. (e) Optical micrograph of an exfoliated monolayer black phosphorus flake on 285 nm SiO2 on a silicon substrate. 
The monolayer region is indicated by the grey dashed line. (f) Polarization resolved Raman scattering spectra of monolayer BP with linearly polarized
laser excitation. (g) Polarization-resolved photoluminescence spectra for monolayer BP. (h) Photoluminescence peak intensity as a function of 
polarization detection angle for excitation laser polarized along x (grey), 45°(magenta) and y (blue) directions. (Reproduced with permission from Ref. [71],
© Macmillan Publishers Limited 2015). 
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detection polarization, the emission spectrum showed a single 
peak with a full-width at half-maximum (FWHM) of ~ 150 meV 
and centered at ~ 1.3 eV. And the highest photoluminescence 
intensity occurred when both excitation and detection 
polarizations were aligned with the x-direction, as showed in 
Fig. 5(g). Figure 5(f) depicts the electron wavefunction of the 
bright ground-state exciton of monolayer BP based on first- 
principles GW–Bethe–Salpeter equation theory. Since the 
wavefunction is strongly extended along the x-direction, the 
observation of highly polarized emission indicates the excitonic 
nature of the observed photoluminescence. The carriers are 
more mobile in the dispersive band along the x-direction than 
in the flat band along the y-direction, and the isotropic 
Coulomb interaction thus binds the carriers most strongly in 
the y-direction. Figure 5(h) shows that the photoluminescence 
always originated from these anisotropic excitons, the emitted 
light was strongly polarized along the x-direction, regardless 
of the excitation polarization. And these results represent the 
first experimental demonstration of anisotropic excitons in 2D 
materials. 

2.1.2.2 Anisotropic in-plane thermoelectric of layered BP 

Expect outstanding anisotropic electronic, optical and 
optoelectronic properties mentioned above, the in-plane 
anisotropic thermal transport in BP layers is also believed to 
be an intrinsic property, which can be induced by anisotropic 
phonon dispersion and phonon-phonon scattering rate along 
the AC and ZZ directions. Lately, the thermoelectric performance 
of bulk BP has been studied in experiment, which indicated that 
BP nanosheets could be applied as an efficient thermoelectric 
material [144]. And many other works have already predicted 
that monolayer and few layers BP possess very distinct anisotropic 
in-plane thermal transport in theory. Theories speculate that 
BP layers behave completely opposite anisotropic properties  

in thermal and electrical conductivities. That’s to say, there is  
a higher electrical conductivity along the AC direction, while 
higher thermal conductivity along the ZZ direction for BP 
layers [27, 93, 103, 147–150]. 

Fei et al. [27] adopted first-principles and model calculations 
methods to prove that monolayer BP not only has a spatially 
anisotropic electrical conductance, but also has pronounced 
spatial-anisotropy lattice thermal conductance, as shown in 
Fig. 6(a). The thermal conductance was always larger along the 
ZZ direction than that in the AC direction when the temperature 
ranging from 200 to 400 K. In addition, the preferred direction 
for thermal conductance in monolayer BP lies perpendicular 
to that of electrical conductance, as depicted in Figs. 6(a) and 
6(b), which is consistent with the theoretical calculation results 
mentioned above. Lately, Lee et al. [103] proved in experiment 
that BP nanoribbons possess a higher k along the ZZ direction 
than that in the AC direction, by as much as 7 W·m−1·K−1    
at temperatures above 100 K, however, both directions have 
similar k at lower temperatures ranging from 30 to100 K, as 
revealed in Fig. 6(c). The anisotropy ratio k, which means the 
ratio along the ZZ and AC directions, increases with temperature 
rising, and it can reach up to 2 at 300 K. The reason is that  
the phonon-phonon scattering will become the dominating 
scattering with the increasing temperature, which leads to the 
increasing anisotropy ratio. In 2015, Luo et al. [93] demonstrated 
that the thermal conductivities of AC and ZZ directions are 
respectively about 20 and 40 W·m−1·K−1 for BP layers when the 
thickness is greater than 15 nm, while as the thickness reduces, 
the thermal conductivities will decrease to about 10 and    
20 W·m−1·K−1, measured by micro-Raman spectroscopy and 
shown in Fig. 6(d). Meanwhile, the anisotropic ratio of thermal 
conductance was proved to be about 2 for thick BP layers, and 
decreases to about 1.5 for the thinnest BP layer (9.5 nm) (see 
in Fig. 6(e)). 

 
Figure 6 Anisotropic in-plane thermoelectric of layered BP. (a) The calculated value of ZT in monolayer BP along x- and y-directions at 300 K. (b) Thermal
conductance of monolayer phosphorene along the AC and ZZ directions, respectively. (Reproduced with permission from Ref. [27], © American 
Chemical Society 2014). (c) Thermal conductivity versus temperature plot of BP nanoribbons axially oriented to the ZZ and AC directions, respectively. 
(Reproduced with permission from Ref. [103], © Macmillan Publishers Limited 2015). (d) Extracted AC and ZZ in-plane thermal conductivities (kAC and 
kZZ) of multiple BP layers in theory. (e) The anisotropic ratio kZZ/kAC at different thicknesses of BP layers by calculation. (Reproduced with permission 
from Ref. [93]. © Macmillan Publishers Limited 2015). 
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2.1.2.3 Anisotropic mechanical properties of layered BP 

Comparing with some other anisotropic properties of layered 
BP, such as electric, photoelectric, and thermoelectric properties, 
anisotropic nanomechanical property is more intriguing and 
crucial but remain less well investigated. As we all know   
that the mechanical properties of 2D nanomaterials are very 
important for various novel applications, such as flexible and 
wearable electronics, electro-mechanical resonators, strain 
sensors and even nanoscale generators [152–159] in the future. 
Meanwhile, the mechanical properties of 2D materials reveal 
plentiful physics and provide valuable insights into the lattice 
electron interactions in 2D materials systems. Recent research 
demonstrated that the strain of BP layer can affect the electrical 
properties remarkably. So, it is very necessary to take con-
sideration of the mechanical anisotropy when design and 
fabricate nanoelectronic and photoelectric devices based on 
BP layers. These unique anisotropic mechanical properties are 
very valuable and meaningful for both scientific studies and 
exploration of peculiar mechanical and electronic applications. 

As early as 2014, Jiang et al. [155] adopted first-principles 
calculations to study the mechanical properties of single-layer 
BP under uniaxial deformation. The effective Young’s modulus 
of single-layer BP was proved to be 21.9 N·m−1 along the AC 
direction and 56.3 N·m−1 along the ZZ direction with a ratio of 
approximately 2.5, which is very rare among 2D and bulk 
materials for such large anisotropy ratio. In 2015, Tao et al. 
[102] studied the anisotropic mechanical properties of few-layer 
BP by using an nanoindention system based on AFM. The 
results revealed that the strength of BP is highly anisotropic. 
As shown in Fig. 7(b), the Young’s modulus of few-layer BP 
was 58.6 ± 11.7 and 27.2 ± 4.1 GPa along the ZZ and AC 
directions, respectively, while their corresponding breaking  

stress was 4.79 ± 1.43 and 2.31 ± 0.71 GPa (Fig. 7(c)). Lately, 
Chen et al. [94] investigated the mechanical properties of 
suspended BP nanoribbons on narrow grooves by AFM system 
and the strongly anisotropic mechanical properties of BP 
nanoribbons were perfectly proved by the experiments. The 
elastic modulus of the suspended BP nanoribbons along the 
ZZ direction (65 GPa) was the largest and almost 2.4 times larger 
than that along the AC direction (27 GPa), which agrees well 
with the simulation results obtained by theoretical calculations 
(Fig. 7(a)). Wang et al. [151] studied the effects of mechanical 
anisotropy on multimode responses in BP nanoresonators by 
using the method of finite element modeling (FEM). From the 
multimode resonant responses (Figs. 7(d) and 7(e)), the authors 
determined the elastic modulus to be EYy = 116.1 GPa (ZZ 
direction) and EYx = 46.5 GPa (AC direction) in the BP crystal, as 
shown in Fig. 7(f), which manifested the unique mechanical 
anisotropy effects well in BP nanodevices.  

2.1.3 Anisotropic property of BP alloying compound 

Alloying is one of the general strategies that has been applied 
for tuning the performances of materials for thousands of 
years [160]. And graphene, h-BN, and TMDs with tunable 
performances can be synthesized through such alloying methods 
[161–164]. So, through the combination of phosphorus (P) 
element with the Group IV elements, such as C, Si, Ge, As, 
Sn, Te, it can be greatly expected to come into being materials 
with integrating advantages for both groups, for instance, 
good chemical, physical, thermal [160] and dynamic stability, 
high mobility, moderate adjustable band gap and in-plane or 
out of plane anisotropy [75, 160, 165–169]. Therefore, group 
IV-P compound materials with kinds of anisotropic properties 
possess promising future for both electronic and optoelectronic 
applications [170]. 

 
Figure 7 Anisotropic mechanical properties of layered BP. (a) Elastic modulus of BP nanoribbons suspended on narrow grooves versus different
included angles and testing schematic by AFM indention. (Reproduced with permission from Ref. [94]. © American Chemical Society 2016). ((b) and (c)) 
The anisotropic Young’s modulus and breaking force for few-layer BP. (Reproduced with permission from Ref. [102], © American Chemical Society 2015). 
(d) Optical image showing the crystal directions determined from the multimode resonance measurement. (e) Polarized optical reflectance measurement 
of the same flake using 532 nm illumination. The blue and red data are measured at the locations indicated by the blue and red dots in (d). (f) left
column-measured multimode resonance of a circular BP mechanical resonator. Middle column-simulated anisotropic resonator. Right column-simulated 
isotropic resonator. (Reproduced with permission from Ref. [151], © American Chemical Society 2016). 
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In 1994, Shirotani et al. proved that arsenic can be incorporated 
into BP to form black arsenic-phosphorus (b-AsP) alloys via a 
high pressure and high temperatures process, and such compound 
material showed a good superconducting properties at about 
10 K [171]. Recently, Liu et al. [160] demonstrated a new 
synthetic method by adopting the alloying strategy to prepare 
layered b-AsP with different and tunable compositions (b- 
AsxP1−x, x = 0–0.83). Owing to the good tunability of the 
chemical compositions, layered b-AsP materials possess fully 
tunable bandgaps down to about 0.15 eV, which is only half  
of the bandgap of monolayer BP (around 0.3 eV) and reaches 
the long wave infrared (LWIR) regime [160, 167]. In 2016, 
Barreteau et al. [172] grew SiP and GeP bulk single crystals 
from the melt in a high-pressure (0.5–1 GPa) cubic anvil hot 
press. Polycrystalline SiP has also been successfully synthesized 
via a chemical vapor transport (CVT) strategy with the presence 
of I2 as transport agent. Last year, Li et al. [168] fabricated 2D 
single crystals GeP with a mixture of Ge ingot, P powder, and 
Bi chunks in a tube under 950 °C for 24 h. And the angle- 
resolved electronic and optoelectronic measurements manifest 
that 2D GeP possesses the strong in-plane anisotropic 
conductance and photoresponsivity both in experimental and 
theoretical aspects.  

Similar to BP, the layered b-AsP materials have orthorhombic 
crystal structure with a puckered honeycomb lattice. As and P 
atoms are distributed in the compound and the content of 
the unit cell ranges depends on the volume of As. Similar with 
other 2D layered materials such as graphene, BP, and TMDs, 
b-AsP materials possess strong in-plane covalent bonds as well 
as weak van der Walls interaction within interlayer. One major 
intention to study layered b-AsP is that it can be used to 
regulate the bandgaps by tuning the chemical compositions in 
the system. It demonstrated that the bandgaps of layered 
b-AsxP1−x decrease with the increasing content of arsenic in the 
compound. What’s more, the bandgaps of layered b-AsxP1−x 
materials could be fully tuned ranging from 0.3 to 0.15 eV, 
which are even much smaller than that of monolayer BP. 
Importantly, photodetectors based on layered b-AsP showed a 
decent photo-response at mid-IR wavelength up to 8.2 μm [145, 

173]. Polarization resolved infrared absorption spectroscopy 
and polarization-resolved micro-Raman spectroscopic studies 
revealed the in-plane anisotropic behavior of b-AsP. And the 
maximum absorption was found along the AC direction of 
b-AsP, while the polar maps of the intensity of Raman peaks 
corresponding to Ag

1, B2g, and Ag
1 modes show the clear 

polarization-dependent Raman intensities like the layered BP.  
GeP has the layered structure with an indirect band gap 

ranging from 0.51 eV for bulk state to 1.68 eV for monolayer, 
and its crystal structure is shown in Figs. 8(a) and 8(b). 
Typically, 2D layered GeP shows strong anisotropy of phonon 
vibrational conductance and photoresponsivity. Figure 8(c) 
shows the typical output curves along x- and y-directions 
under illumination, the device possesses a higher conductivity 
along the y-direction, exhibiting an obvious anisotropy. In 
addition, the anisotropic properties of conductivity is in good 
accordance with the calculated results of few-layer GeP reported 
previously [168]. The time-resolved photo-response exhibits 
both lower on and off current along x-direction than y-direction 
in Fig. 8(d). The angle-dependent dark conductivity of electrodes 
along the y-direction was defined as the 0° reference shown 
in Fig. 8(f). And the extracted anisotropic factor σy/σx (1.52) 
is comparable to the previously reported layered BP [141]. 
The angle-dependent photocurrent is also shown in Fig. 8(g).  
The Iphy/Iphx (1.83) was larger than anisotropic factor of dark 
conductivity σy/σx. This difference in the anisotropy factor 
between dark conductivity and photocurrent might be 
attributed to the anisotropic optical absorption of GeP, which 
has a higher absorption in the y-direction than that in the 
x-direction. 

2.2 Anisotropic borophene 

Boron element is located at the middle of beryllium and 
carbon in the periodic table of elements [174, 175], possessing 
vital chemical features of both nonmetal and metal. Due to 
the electron-deficient characteristic, many kinds of bonding 
way can be formed during the boron atoms, ranging from 
normal two-center-two-electron bonding to multicenter two- 
electron bonding, thus leading to the rich allotropes’ structures. 

 
Figure 8 (a) Top view and (b) side view of monolayer GeP. (c) Typical output curves along x- and y-directions with illumination, inset: OM image of the 
device with x- and y-directions are labeled. (d) Time-resolved photo-response along x- and y-directions recorded at Vg = 0 V and Vds = 0.1 V. (e) Schematic 
representation of the GeP FET. Angle-dependent conductance (f) photocurrent (g). (Reproduced with permission from Ref. [168], © WILEY-VCH Verlag 
GmbH & Co. KGaA, Weinheim 2018). 
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Until now, at least 16 kinds of boron allotropes with abundant 
promising properties have been reported [87, 174, 176–178]. 
Similar with carbon, boron possesses a short covalent radius 
and flexibility to adopt sp2 hybridization, which would favor 
the formation of many low-dimensional allotropes, such as 
boron fullerenes, nanotubes and 2D boron sheets [174]. Recently, 
2D monolayer of boron atoms, namely borophene, was 
successfully prepared in experiment and was shown to exhibit 
polymorphism [87, 174]. After that, borophene has attracted a 
plenty of research interest. In particular, the studies of density 
functional theory (DFT) and first-principles calculations have 
predicted the structure of borophene a metallic nature, despite 
the semiconductive nature of its bulk state [86, 176, 177, 179, 
180]. Stable boron sheets with the hexagonal vacancy density 
(η) between and including 0 and 1/9 are buckled in theory. For 
those 1/9 ≤ η ≤ 1/5 are flat, while those for η ≥ 1/5, are unstable 
[181]. Among all the predicted boron sheets, the synthesis of 
δ6 (η = 0), β12 (η = 1/6), and χ3 (η = 1/5) have recently been 
reported in experiment [87, 174, 182]. The atomic structure 
of boron shows that the B atoms form line chains along the 
x-direction, however, the bonding between B atoms in different 
chains result in corrugation along the y-direction. Therefore, 
borophene possesses a high anisotropy with a honeycomb 
structure like layered BP in space group of Pmmn. As a 
comparison, the B atoms in the bottom and top layers are 
labeled as green and blue balls in Figs. 9(a) and 9(b), and band 
marked as B1 and B2, respectively. 

2.2.1 Synthesis and stability of borophene 

Comparing with other 2D materials which are stacked layer by 
layer in the bulk forms, such as graphene, h-BN, TMDs and 

BP, 2D boron has a very high energy than that of all its bulk 
forms. The thermodynamic instability of 2D boron and its 
intrinsic polymorphism lead to a really significant challenge 
for its synthesis [183]. In general, the most representative 
methods for synthesizing the ultrathin 2D boron nanosheets 
can be divided into the down-top and top-down strategies. 
For down-top method, the 2D boron sheets with single-atom 
thickness or ultrathin boron films can be grown and prepared 
on a substrate, such as Ag (111) [174, 184, 185], Cu (111) [182, 
186] and Au (111) [187, 188] under ultrahigh vacuum (UHV) 
conditions through molecular beam epitaxy (MBE), CVD and 
templated growth method. 

In early 2015, for the first time, Mannix et al. [87] successfully 
fabricated the borophene (δ6) under UHV conditions by using 
a solid B atomic source on the substrate of Ag (111) through 
MBE, like Figs. 9(a) and 9(d) show. And they also demonstrated 
that borophene exhibits metallic properties that are consistent 
with predictions of a highly anisotropic. Two years later, Wu  
et al. [182] reported that large-area (up to 100 μm2 in size) 
single-crystal thin films of borophene on Cu (111) surface  
in an ultrahigh-vacuum low energy electron microscopy 
(LEEM) system augmented with MBE capability. During the 
growth of borophene, it can monitor progress of real-time 
of dynamics of borophene nucleation and growth and k-space 
structural characterization simultaneously by the system of 
low energy electron diffraction (LEED). The crystal structure 
of borophene was demonstrated to be a new triangular network 
with a density of hexagonal vacancies of η = 1/5 (χ3) by a 
high-resolution scanning tunneling microscopy (HRSTM). 
Unlike previous studies that grow borophene on the substrates 
of Ag (111) and Cu (111) by MBE and CVD methods, recently, 

Figure 9 Two main methods to prepare borophene down-top method ((a) and (b)) and top-down method (c). (d) STM topography image of borophene
and computational prediction of borophene structure with low-energy (Reproduced with permission from Ref. [184], © American Association for the 
Advancement of Science 2015). (e) STM image of trigonal network Borophene on Au (111) surface. (f) Atomic structure of the borophene v1/12 computationally
modeled and predicted for Au (111) (left, top down view; right, cross-sectional view). (Reproduced with permission from Ref. [187], © American Chemical
Society 2019). (g) TEM and HRTEM image (inset: FFT diffraction patterns) of liquid exfoliated B NSs. (h) AFM image and XPS spectra of liquid exfoliated
B NSs. (Reproduced with permission from Ref. [189], © WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 2018). 
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Kiraly et al. [187] proposed a templated growth method to 
prepare borophene. The boron atoms firstly diffuse into Au 
(111) at high temperatures, and then segregate to the Au (111) 
surface to form borophene with metallic electronic structures 
as the substrate is cooled, as shown in Fig. 9(b). The growth 
mechanism is that Au (111) surface with few low-energy 
undergoes a rebuild to minimize surface energy, which leads 
to nanoscale templating of borophene nucleation and growth, 
like Figs. 9(e) and 9(f) show.  

On the other hand, the top-down methods, including chemical 
exfoliation (CE), and sonication-assisted liquid-phase exfoliation 
(LPE) [190, 191] also have been demonstrated to be efficient 
for the preparation of 2D boron sheets. Unlike any other 2D 
materials with layered structures naturally, boron exhibits 
more complex and diverse bulk structures due to rich bonding 
structures among boron atoms, thus making it difficult to 
fabricate ultrathin boron nanosheets (B NSs) through direct 
exfoliation. In 2018, Ji et al. [189] prepared high-quality ultrathin 
B NSs in large quantities (Fig. 9(c)) by coupling liquid exfoliation 
and thermal oxidation etching technologies, with the controllable 
thickness in nanoscale size (about 100 nm of planar size   
and below 5 nm of thickness, see in Figs. 9(g) and 9(h)). The 
fundamental mechanism of this approach is that the B–B units 
from the thick B layers can be easily oxidized in air at a high 
temperature (600–700 °C) to form B2O3, which can be dissolved 
into water to form BO3

3− by probe sonication.The as-prepared 
B NSs can be evaluated as a novel and superior photothermal 
agents (PTAs) for cancer photothermal therapy (PTT) and 
photothermal and photoacoustic (PA) imaging after being 
modified by polyethylene glycol (PEG-NH2) via electrostatic 
adsorption. 

In a word, 2D B nanosheets, even borophene, can be prepared 
successfully by both top-down and down-top methods, however, 
the exact crystal structure of 2D B is still disputed. More 
importantly, the nanometer size single-crystal layers prepared 
so far are too small to apply for the device. Another critical 
challenge is the transfer of borophene from the metal substrate 
(Au, Ag, Cu and W) to an electrically insulating substrate, 
which is considerably hard to fabricate electronic devices and 
then unambiguously measure the intrinsic electronic properties 
of borophene. Therefore, efficient strategies for preparing larger 
and high-quality 2D B nanosheets remain to be developed in 
the future, and then can be easily transferred for practical device 
applications, especially for anisotropic device applications. 
Besides, more experiments should be carried out to reveal the 
undiscovered properties of 2D borophene, and then boost its 
fast development in the practical applications.  

Chemically, borophene possesses a comparatively high 
stability in the air at RT, although oxidation is suppressed when 
exposed to pure O2 under ultrahigh vacuum conditions [87, 
174, 182]. However, it is more easily oxidized by oxygen at a 
high temperature (600–700 °C), especially for 3-dimensional 
B structures. What’s more, when the thickness of B layers 
decreases to few-layer or even mono-layer height, the oxidation 
of B only occurs at the edges of the layers, and the terrace of B 
remains excellent without damage [189]. Unfortunately, the 
degradation nature of borophene still remains unclear so far, 
and it’s possible that the oxidation process might be speeded 
up by some other atmospheric species, such as moisture and 
illumination, which is known for boron thin films [192]. 

2.2.2 Anisotropic properties of borophene 

Since the remained challenges face the efficient synthesis, the 
current research concerning about the anisotropic properties 
of borophene is still stayed in the stage of theorectical calculation. 

Previously, Cui et al. [193] predicted a novel 2D all-boron 
phase (π phase) that can be stably grown on the tungsten surfaces 
(W (110)), which was studied by phonon and molecular dynamics 
(MD) simulation. They also revealed that the conductivity 
along the x-direction is about 4 times greater than that along 
the y-direction for the π phase 2D B with highly anisotropic 
crystal structure at 300 K. The anisotropic conductivity was 
resulted from different bonding analysis, that is, the x-direction 
contains a continuous arrangement of delocalized π bonds, 
while along the y-direction, the π bonds are separated by 
2c-2e σ bonds. Normally continuous delocalized π bonding 
arrangement results in a prominently larger conductivity in 
x-direction, which makes the π phase 2D B flakes a promising 
anisotropic electric material, like Fig. 10(c) shows. 

The special and unique structure of borophene results in 
substantial anisotropy of mechanical properties. Different from 
other 2D materials with covalent bonds, borophene consists 
of multicenter bonds, which can exhibit unique mechanical 
response within the elastic limits. The curve of ideal tensile 
stress and engineering strain for triangular boron flake is shown 
in Fig. 10(d). When at a relatively small strain, the boron flake 
exhibits a linear stress-strain relationship, with conspicuous 
elastic anisotropy. While as the strain increases, the stress-strain 
relationship becomes nonlinear increasing and shows more 
obvious anisotropy. And the stress peak reaches up to around 
20.9 N·m−1 along the ridges at εxx = 8.7%, while 12.2 N·m−1 at 
εyy = 14.3% across the ridges [175]. However, for some other 
kinds of 2D boron sheets which possess intrinsic negative 
phonon frequencies, such as v1/6 and v1/8 sheets, they may show 
a little anisotropy for obscuring the appearance of negative 
frequency induced by strain. Owing to the strong and highly 
coordinated B–B bonds, the Young’s modulus in-plane is 
around 170 GPa·nm along the x-direction, while 398 GPa·nm 
along the y-direction in theory (Fig. 10(e)), which can potentially 
rival the graphene of about 340 GPa·nm [87]. What’s more, 
the out of plane buckling of borophene leads to anisotropic 
negative Poisson’s ratio in plane (Fig. 10(f)), that is, around 
−0.02 along the x-direction and −0.04 along the y-direction, 
which results in unusual mechanical properties, such as in-plane 
expansion under tensile strain [184]. The highly anisotropic 
nature of mechanical properties of borophene should be 
originated from the phenomenon that the B–B bond along the 
x-direction possesses the highest strength than that in other 
directions. 

Apart from the mechanical properties, Zhou et al. [178] 
studied the thermal conductance properties of monolayer 
borophene by the methods of first-principles calculations and 
the non-equilibrium Green’s function simulations. They 
demonstrated that the thermal conductance of borophene, 
both hexagonal and β12 models, are highly anisotropic. At RT, 
for the hexagonal model, the lattice thermal conductance of 
boron along the x-direction (7.87 nW·K−1·nm−2) was around two 
times higher than that along the y-direction (4.89 nW·K−1·nm−2), 
as shown in Fig. 10(g). While for β12 model boron, the saturated 
thermal conductance along the x-direction (10.97 nW·K−1·nm−2) 
was about three times higher than that along the y-direction 
(3.30 nW·K−1·nm−2), as shown in Fig. 10(h). Remarkably,   
the highest thermal conductance can reach 7.87 and 10.97 
nW·K−1·nm−2 for hexagonal and β12 models at RT, respectively, 
which are significantly higher than that of isotropic graphene 
(5.10 nW·K−1·nm−2). Interestingly, it should be pointed out 
that borophene is the only 2D material with higher thermal 
conductance than that of graphene, compared with other 
discovered 2D materials till now.  
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2.3 Anisotropic 2D-TMDs 

Some significant electronic and photoelectronic devices based 
on the anisotropic 2D TMDs are summarized below. 

Rhenium disulfide [73, 74] and rhenium diselenide [75] 
(ReS2 and ReSe2) are two kinds of semiconducting TMDs that 
were recently proved to hold weak coupling between layers 
and a unique twisted 1T structure. Similar with other TMDs, 
ReS2 and ReSe2 show the crystal structure with strong covalent 
in-plane bonds while weak van der Waals between interlayers. 
The crystal structure of side view and top view of monolayer 
ReS2 are shown in Figs. 11(a) and 11(b), and it contains two 
hexagonal planes of S (blue) and an intercalated hexagonal plane 
of Re (green) bound with S forming chains of parallelogram- 
shaped Re clusters. Therefore, layered ReS2 is one of the most 
desirable 2D candidate for studying semiconducting TMDs 
with low-symmetry. Such asymmetric structure endow ReS2 
many anisotropic properties, such as anisotropic electrical  
and optical properties. Besides that, the distorted CdCl2 layer 
structure of ReS2 causes triclinic symmetry and obvious 
in-plane anisotropy, which is significantly different from any 
other TMDs with hexagonal structures like MoS2. The intrinsic 
anisotropy of ReS2 and ReSe2 provides many possibilities to 
control its anisotropic properties for novel applications. 

The ReSe2 crystals were firstly prepared through a wet reaction 
method from Re2Se7 under vacuum at 325 °C [36]. Then the 
layered bulk ReSe2 crystals was directly synthesized through 
vapor transport at high temperature with the help of a halide 
carrier to improve the crystallinity [37]. However, the prepared 
ReS2 and ReSe2 flakes were too small in lateral size (micrometers) 
to be used in the mechanically exfoliated study. Then, the 
synthesis of larger size layered ReS2 was realized by spurred 
CVD method from high purity elemental powders [38]. Keyshar 
et al. synthesized monolayer ReS2 through a CVD method 
from sulfur and ammonium perrhenate at considerably low 
temperatures (450 °C) [39]. Besides, Fujita et al. [40] synthesized 
the ReS2 layers by using liquid exfoliation through lithium 
borohydride intercalation method. 

As we all know that ReS2 is a stable n-type semiconductor 
with tunable in-plane anisotropy. In 2015, Lin et al. [74] proved 
both in experiment and theory calculations that the high 
performance of single-layer ReS2 transistor with current on/off 
ratio as high as 1 × 106 and mobility up to 23.1 cm2·V−1·s−1 along 
the higher conduction direction, is an order of magnitude 
difference along the lower conduction direction. And the linear 
dichroism in layered ReS2 induced by its anisotropic structure 
makes it possible for us to study the polarization sensitive 
photodetector. The polarization of the incident light is dominated 
through the combination of a polarizer and a half wave plate. 
Figure 11(c) clearly reveals the evolution between photocurrent 
and the polarization angle of the linear polarizer. When 
setting the incident power to a fixed value, the photocurrent 
changes dramatically by rotating the polarization of the light. 
Importantly, the photocurrent along the b-axis (defined as 90°) 
is much larger than that perpendicular to the b-axis (defined 
as 0°) with the incident light polarized changing. This is an 
obvious evidence that proves the polarization dependent light 
absorption and photocurrent detection through linear dichroism. 
The variation of the photocurrent at the drain voltage of 1, 2 
and 3 V with the polarization angle of the incident light is 
shown in Fig. 3(e). The obtained data can be fitted by a sinusoidal 
equation perfectly. And the dependence of photocurrent and 
absorption on the polarization of incident light is very similar, 
as shown in Fig. 11(f) which are put in the same polar graphic. 
This strongly suggests that the intrinsic polarization-related 
optical response just originates from ReS2 itself. All these 
results mentioned above clearly demonstrate the intrinsically 
anisotropic nature of the ReS2 crystal structure, when the 
incident light in different polarization states passing through 
the sample.  

In 2016, Zhang et al. [195] reported the successful synthesis 
of ReSe2 nanosheets onto SiO2 and h-BN substrates by CVD 
method and fabricated photodetectors to study their polarization 
sensitive photoresponsivity. Typically, layered ReSe2 possesses 
a distorted 1T structure and the cluster of Re4 units forms a 

 
Figure 10 (a) Top and (b) side views of the monolayer Borophene. (c) π phase boron layer grown on a W (110) surface predicted to possess anisotropic
electrical property. (Reproduced with permission from Ref. [193], © American Chemical Society 2017). (d) Tensile stress as a function of uniaxial strain in 
x and y-directions for the triangular borophene. (Reproduced with permission from Ref. [175], © WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
2017). (e) Calculated orientation-dependent Youngs’s modulus Y(θ) and (f) Poisson’s ratio ν(θ). (Reproduced with permission from Ref. [86], © American 
Chemical Society 2017). (g) and (h) Thermal conductance of hexagonal and β12 Borophene, respectively. (Reproduced with permission from Ref. [178],
© Zhou, H. B. et al. 2017). 
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1D chain inside each monolayer as shown in Fig. 12(a). There 
are two principle crystal axes corresponding to the shortest 
(b-axis) and second-shortest axis (a-axis) in the basal plane. 
Figure 12(b) and its inset are the corresponding high-resolution 
TEM image and selected area electron diffraction pattern of 
layered ReSe2 that verify the single-crystalline characteristics. 
As schematically displayed in Fig. 12(c), the unpolarized 
photodetection behavior of the device was probed by a 

focused laser beam of 633 nm with an illumination power 
ranging from 1 to 20 μW. Figure 12(e) shows the large-area 
photocurrent images for the whole channel under different 
polarization directions of the incident laser (Fig. 12(d)). With 
the continuous rotation of polarized light from 0° to 90°, the 
photocurrent reaches its maximum value when the incident 
light is polarized along the b crystal axis (0° polarization)  
and reaches its minimum at the perpendicular setup (90° 

 
Figure 11 Crystal structure and TEM characteristics of the ReS2. (a) Side view and (b) top view of the crystal structure. (c) 3D schematic view of the
photo-detection device. (d) An AFM image of ReSe2 and the line profile of the ReS2 flake along the white line. (e) The change of the photocurrent under 
different drain biases plotted as a function of polarization angle. (f) The photocurrent with drain bias of 1 V (red squire) and absorption (green circle)
measured under different polarization angle of green light and plotted in polar coordinates. (Reproduced with permission from Ref. [194], © WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim 2016). 

 
Figure 12 (a) (Top) Top view of the crystal structure of ReSe2. Red dashed line, a-axis and b-axis of ReSe2 crystal. (Bottom) Side view of monolayer
ReSe2. (b) High-resolution TEM image. Inset: corresponding electron diffraction pattern. (c) Schematic structure of ReSe2 photodetectors. The laser was 
set to pass through a linear polarizer, and then a half-wave plate was used to change the polarization direction, θ here stands for angle between the laser 
polarization direction and b-axis of ReSe2. (d) SEM image of the ReSe2 photodetector; the source-drain electrodes are along b-axis of the ReSe2 crystal. θ is 
the same angle as shown in (c). (e) Polarization-dependent photocurrent mapping of the device, showing prominent linear dichroic photodetection. The
thickness of the ReSe2 channel is 12 nm. (Reproduced with permission from Ref. [195], © American Chemical Society 2016). 
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polarization). Such phenomena unambiguously demonstrated 
that the incident laser with different polarization directions 
encountered a varying absorption when it travelled across 
the ReSe2 channel, which reflects the intrinsically anisotropic 
nature of the ReSe2 crystals.  

2.4 Anisotropic Group IV monochalcogenides 

The chemical formula of group IV monochalcogenides com-
pounds can be expressed as MX (M = Ge or Sn and X = S or 
Se), including the SnSe, SnS, GeSe, and GeS, which show the 
similar puckered structures like BP (Figs. 13(a) and 13(b)). And 
all these compounds are isoelectronic and have orthorhombic 
crystal structure held together by van der Waals interaction 
with eight atoms in one-unit cell, four of each species. All atoms 
around are threefold coordinated and tetrahedral coordination 
caused by the repulsion of the lone pairs [197]. Additionally, 
2D group IV monochalcogenides compounds are less toxic, 
earth-abundant, environmental compatibility and possess suitable 
and wide bandgaps (1.6–1.7 eV for GeS, 1.1–1.2 eV for GeSe, 
1.18–1.66 eV for SnS and 1.0–1.1 eV for SnSe) [198]. And the 
bandgaps of group IV monochalcogenides are layer dependent 
and will decrease from 1.44–2.32 eV (monolayer) to 1.00– 
1.24 eV (bulk) with the increasing thickness. What’s more, the 
compounds may translate to the direct bandgap semiconductors 
when suffered from a small tensile strain below 3% [199]. 

Bulk MX have been widely investigated in the field of 
thermoelectric and photovoltaic applications owing to their 

unique thermoelectric and optical properties [200]. In 1932, 
Hofmann et al. [201] synthesized the SnS crystals by a melt 
growth method. Although many previous reviews have reported 
on how to synthesize bulk and thin films of SnS crystals in 
experimental, the method of preparing monolayer SnS had 
not been mentioned yet. In 1956 and 1958, Okazaki et al. 
prepared both SnSe [202] and GeSe [203] crystals through 
heating the corresponding elements above their melting point, 
and then cooled the melting sample to the RT slowly. Later, 
large and variable thickness of SnS 2D flakes were prepared on 
mica surface via physical vapor deposition (PVD) method. 
SnS bilayer has been proven by liquid exfoliation in NMP 
solvents by Brent et al. [204]. Ramasamy et al. [205] have 
proposed several different methods to prepare SnS flakes 
including CVD method assisted by organometallic aerosol as 
precursors for the synthesis of vertically aligned SnS flakes. 
However, monolayer SnS films were not explored so far. 
Importantly, this CVD method may be a promising route for 
scalable synthesis of 2D SnS in the future.  

Comparing with BP and its group-V phosphorene analogues, 
group IV monochalcogenides compounds are more stable in 
chemical properties [198, 206]. Yu Guo et al. [198] proved it 
via the first-principles calculations that monolayer group-IV 
monochalcogenides possess excellent oxidation resistance with 
activation energies within 1.26–1.60 eV for the chemisorption 
of O2 on the 2D materials, which is about twice of that for 
phosphorene and arsenene, indicating a much slower oxidation 

 
Figure 13 Elemental composition (a) and crystal structure (b) of group IV monochalcogenides. (c) Optical image of a 12.8 nm SnS FET on 300 nm SiO2/Si. 
(d) Mobility at zero gate voltage. (e) Temperature dependent ratio of mobility, μ; four-terminal sheet conductivity, σ; and two-terminal conductivity, σ2t, 
between the ZZ and AC directions. (Reproduced with permission from Ref. [82], © American Chemical Society 2017). (f) Main panel, ZT values along 
different axial directions of SnSe. (Reproduced with permission from Ref. [28], © Macmillan Publishers Limited 2014). (g) k as a function of temperature 
ranging from 200 to 800 K. (h) The lattice thermal conductivity for different thickness of group IV monochalcogenides at 300 K. (i) Anisotropic k along 
ZZ and AC directions at 300 K for the four monolayer compounds and bulk SnSe. (Reproduced with permission from Ref. [196], © The Royal Society 
of Chemistry 2016). 
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rate. The activation energy of monolayer group-IV mono-
chalcogenides is comparable to that of monolayer MoS2  
(1.59 eV) with a good oxidation resistance for O2 chemisorption 
[207]. Water in the environment is another very important 
factor to accelerate BP oxidation [117–119, 208]. The activation 
energy of O2 chemisorption for phosphorene is 0.58 eV, which 
is about 0.12 eV lower than that only with O2, indicating 
that humid environment will accelerate the oxidation of 
phosphorene. However, the activation energy (1.32 eV) for 
oxygen dissociation on monolayer GeS in the presence of   
O2 and H2O is only slightly higher than that without H2O by 
0.06 eV, which indicates H2O does not influence the oxidization 
behavior of the monolayer GeS. Higher chemical stability in 
ambient condition makes group IV monochalcogenides com-
pounds have a bright future to fabricate high-performance 
photoelectric and thermoelectric devices. 

The anisotropy of group IV monochalcogenides in-plane 
crystal structure is mainly caused by the low lattice symmetry, 
which is shown in Fig. 13(b), and the different connection 
ways along the x-axis and y-axis result in their low in-plane 
lattice symmetry. In order to measure the anisotropic electrical 
transport of the as prepared SnS nanoplates, a multi-terminal 
FET device with a cross Hall-bar structure was fabricated by 
electron beam lithography (EBL) and H2 plasma etching method, 
as shown in Fig. 13(c). The ZZ and AC directions were firstly 
confirmed by the polarized Raman spectroscopy marked in 
Fig. 13(c). Tian at el. [82] proved that the carrier mobility along 
the ZZ direction was up to 20 cm2·V−1·s−1, which was 1.7 times 
higher than that along the AC direction at RT. Temperature- 
dependent carrier mobility along the ZZ and AC directions 
was calculated to quantitatively observe the anisotropic electrical 
property, as shown in Fig. 13(d). Note that the ZZ direction 
always has a higher mobility, and mobilities along the ZZ  
and AC directions are both increasing with the reduction of 
temperature, remaining obvious anisotropic electrical property. 
Temperature dependent ratios of mobility (μ), four-terminal 
sheet conductivity (σ) and two-terminal conductivity (σ2t) 
between the ZZ and AC directions are pelted in Fig. 13(e), 
which all shows conspicuous anisotropy, especially for the 
mobility as high as 2. Additionally, the mobility ratio between 
the ZZ and AC direction has a little increment with the tem-
perature decreases, while another two ratios are not. In 2014, 
Zhao at el. [28] investigated the ultralow thermal conductivity 
on SnSe crystals and demonstrated that the thermal conductivity  

of SnSe is intrinsically anisotropic, resulting in the ZT = 2.62 
along the b axis, ZT = 2.3 along the c axis, and ZT = 0.8 
along the a axis at 923 K in Fig. 13(f). Qin at el. [196] studied 
the diversely anisotropic properties of 2D group IV mono-
chalcogenides via the first-principles calculations, such as 
phonon velocity, Young’s modulus and thermal conductivity. 
All the monolayer group IV monochalcogenides (GeS, GeSe, 
SnS and SnSe) exhibit obvious anisotropic thermal conductivity 
property, as shown in the Fig. 13(i). In particular, the thermal 
conductivity (k) along the ZZ and AC directions of monolayer 
GeS shows the strongest anisotropy and the anisotropic thermal 
ratio is as high as 3.38. Both the thermal conductivity and 
anisotropic thermal ratios are temperature (Fig. 13(g)) and 
thickness (Fig. 13(h)) dependent. In addition, the calculated k 
at different temperatures from 200 to 800 K decreases as the 
temperature increases, while the calculated k decreases with 
the increase of thickness of group IV monochalcogenides 
shown in Fig. 13(h). Moreover, it is also demonstrated that the 
anisotropic thermal conductivity would be influenced by the 
limited size. With finite size, the k value and the anisotropy 
could be effectively lowered and adjusted by nanofabrication, 
which may help to extend the applications in nanoscale 
thermoelectric and thermal management. 

3 Overview of anisotropic properties for some 
representative anisotropic 2D materials  
Table 1 is the anisotropic electricity and photoelectric properties 
of some representative anisotropic 2D materials. It can be seen 
from the Table 1 that all the listed 2D materials possess a higher 
carrier mobility along the ZZ direction than AC direction. 
Black-As has the highest carrier mobility ratio as high as 28.10, 
then is the black-AsP up to 11.75. While for few-layers BP, the 
carrier mobility ratio is as low as 1.50. The carrier mobility 
ratio is between 1.50 and 4.00 for most of material except 
black As and black-AsP. Although the carrier mobility ratio is 
not so high, few-layers BP possess the highest absolute carrier 
mobility up to 1,000 cm2·V−1·s−1 along the ZZ direction and 
600 cm2·V−1·s−1 along the AC direction, which is very important 
for the electrical and optoelectronic devices application. 
Therefore, for the practical device applications in the future, it 
is necessary to take a full consideration to coordinate absolute 
carrier mobility and carrier mobility ratio to meet a better 
electrical and optoelectronic properties. 

Table 1 Anisotropic electricity and photoelectric properties of some representative anisotropic 2D materials 

Carrier mobility (cm2·V−1·s−1) 
Materials 

Test 
condition ZZ direction AC direction 

Carrier mobility 
ratio (ZZ/AC) Ref. 

BP (~ 30 nm)  RT photo-detector, FET μx = 1.5 μy μy 1.50 [18] 
Monolayer BP  RT, photoluminescence (PL) Big Small — [71] 
BP (~ 10 nm) RT, FET 1,000 600 1.67 [88, 209]

Few-layers GeP RT, FET Extracted anisotropic factor 
σx, Rλx =Iphx. 

Σy =1.52σx, Rλy =Iphy  
= 1.83 1.52 [168] 

Monolayer black-AsP RT, first-principles calculations, FET μx = 11.75μy μy 11.75 [210] 
Black-As RT, FET 376.7 13.4 28.10 [100, 211]

2D Boron (π phase) RT, phonon and molecular 
dynamics simulation μx = 4μy μy 4.00 [193] 

Single-layer ReS2 RT photo-detector, FET Along the DS-chains = 23.1 Crossing the DS-chains 
= 14.8 1.56 [74] 

Few-layers ReS2 RT photo-detector, FET μx = 3.1μy μy 3.10 [73] 
GeS (170 nm) RT, Photoluminescence (PL) Big Small — [80] 

2D SnS nanoplates RT, FET 20 11.76 1.70 [82] 
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Table 2 is a summary of anisotropic thermoelectric properties 
of some representative anisotropic 2D materials. Layered ReS2 
has the highest thermal conductance up to 18.58 nW·k−1·nm−2 
along the ZZ direction and simultaneously highest thermal 
conductance ratio as high as 26.9 among all the 2D anisotropic 
materials. For layered BP, the ZZ direction have a higher thermal 
conductance than AC direction, and the thermal conductance 
ratio along ZZ and AC is around 2.00. Interestingly, the absolute 
thermal conductance is layer dependent, but the thermal 
conductance ratio is not. Comparing with BP layers, both 
hexagonal model and β12 model boron, have a higher thermal 
conductance along the AC direction than along the ZZ 
direction, which is different from that of anisotropic electricity 
and photoelectric properties. For boron, β12 model boron 
possesses a smaller thermal conductance ratio than hexagonal 
model Boron, but shows more obvious anisotropy in thermal 
conductance. For monolayer group IV monochalcogenides, 
GeS possesses the highest thermal conductance and thermal 
conductance ratio in theory. 

When it comes to anisotropic mechanical properties in 
Table 3, all 2D materials have a higher young’s modulus along 
the ZZ direction than along the AC direction. Borophene shows 
the highest absolute young’s modulus both along ZZ direction 
(398 GPa) and AC direction (170 GPa). Although the monolayer 
GeS has the lowest absolute young’s modulus along two 
directions, the highest young’s modulus ratio between ZZ and 
AC direction can be up to 3.81, The Young’s modulus ratios 

for different forms of BP are ranging from 2.15 (few-layer BP) 
to 2.57 (single-layer BP), which is a little bit higher than that 
of Borophene. At the same time, it can be noted that the group 
IV monochalcogenides exhibit weaker absolute Young’s modulus 
than BP and borophene, especially for monolayer GeS.  

Besides anisotropic 2D materials, many other low-symmetry 
materials also possess excellent anisotropic optical, electrical 
and photoelectric properties, enabling their applications in 
anisotropic devices. Among them, 1D and quasi-1D materials, 
like nanorods, nanowires, nanofibers and nanoribbons, are the 
mostly studied. In 2016, Wu et al. [213] has reported a 1D 
MoS2 nanoribbons (width between 5 nm to 15 nm) with high 
anisotropic optical properties caused by the 1D quantum 
confinement effect. Polarized Raman behavior observed on 
the 1D MoS2 nanoribbons is attributed to the anisotropic light 
absorption. In 2018, Liu et al. [214] demonstrated a quasi-1D 
titanium trisulfide (TiS3) based photodetectors. The photo- 
responsivity ratio on the polarization direction of the device 
can highly reach 4:1, which is coming from the reduced 
in-plane structural symmetry of the TiS3. In 2018, Niu et al. 
[215] reported a quasi-1D single-crystal barium titanium 
sulfide (BaTiS3), whose atoms are arranged in parallel chain-like 
structures. Polarized infrared absorption spectroscopy show 
that the absorption edge of BaTiS3 would blue shift to 1.6 μm 
(0.76 eV) when the polarization was perpendicular to the    
c axis. Although 1D and quasi-1D materials possess good 
anisotropic optoelectronic properties, for device fabrication,  

Table 2 Anisotropic thermoelectric properties of some representative anisotropic 2D materials 
Thermal conductance (nW·K−1·nm−2) 

Materials Test 
condition ZZ direction AC direction 

Thermal conductance 
ratio (ZZ/AC) Ref. 

Monolayer BP From 200 to 400 K 
First-principles calculations Big Small — [27] 

BP nanoribbons Above 100 K 
In experiment kx= ky+7 ky — [103]

BP layers (Above 15 nm) In experiment by micro-Raman 
spectroscopy 40 20 2.00 [93] 

BP layers (9.5 nm) In experiment by micro-Raman 
spectroscopy 20 10 2.00 [93] 

hexagonal model Boron RT, first-principles calculations 4.89 7.87 0.62 [178]
β12 model boron RT, first-principles calculations 3.30 10.97 0.30 [178]

ReSe2 RT, first-principles calculations 18.58 0.69 26.9 [212]
Monolayer GeS RT, first-principles calculations 9.81 2.94 3.38 [196]
Monolayer GeSe RT, first-principles calculations 5.89 4.57 1.28 [196]
Monolayer SnS RT, first-principles calculations 3.21 2.95 1.07 [196]
Monolayer SnSe RT, first-principles calculations 2.95 2.59 1.15 [196]

Table 3 Anisotropic machinal properties of some representative anisotropic 2D materials 

Young’s modulus 
Materials Test condition 

ZZ direction AC direction 
Young’s modulus ratio 

(ZZ/AC) Ref. 

Single-layer BP First-principles calculations 56.3 N·m−1 21.9 N·m−1 2.57 [155]
Few-layer BP AFM nanoindentation 58.6 GPa 27.2 GPa 2.15 [102]

Suspended BP nanoribbons AFM nanoindentation 65 GPa 27 GPa 2.41 [94] 
BP nano resonators Finite element modeling 116.1 GPa 46.5 GPa 2.50 [151]
Boron (v1/6 and v1/8)  First-principles calculations 398 GPa 170 GPa 2.34 [87] 

Boron (triangular nanosheet) First-principles calculations 20.9 N·m−1 12.2 N·m−1 1.71 [175]
Monolayer GeS First-principles calculations 29.74 GPa 7.8 GPa 3.81 [196]
Monolayer GeSe First-principles calculations 54.63 GPa 22.10 GPa 2.47 [196]
Monolayer SnS First-principles calculations 44.11 GPa 25.30 GPa 1.74 [196]
Monolayer SnSe First-principles calculations 45.14 GPa 23.72 GPa 1.90 [196]
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it is hard to fabricate multi-group symmetrical electrodes on 
the small diameter surface of 1D and quasi-1D materials. In 
this case, 2D materials might be a better solution for high 
performances anisotropic devices fabrication, especially for 
their mass production in the future. 

4 Conclusions and perspectives 
Over the past few years, around the anisotropic 2D materials, 
the achievements in device designs, integration, mechanical 
analysis, and micro-/nano-fabrication techniques have boosted 
the development of soft electronics, printable electronics and 
optoelectronics applications, especially for the flexible and 
stretchable systems, including FETs [124, 169, 216], sensors 
[140, 158, 217], actuators, light emitting diode [13, 218], 
polarization-sensitive photodetector [152, 219, 220], photovoltaics 
and bare die integrated circuits. Such in-plane or out-plane 
anisotropic characteristics not only endow the 2D layered 
materials richer physical properties, but also provide the 
researchers another perspective for tuning the electrical, optical, 
mechanical and thermal properties. Meanwhile, anisotropic 
2D materials can also widen the scope of opportunities for 
designing novel 2D semiconductor devices and exploring 
distinctive applications, although there mightily exist some 
potential challenges aiming to achieve desirable performance. 
Basically, the discovery of emerging anisotropic 2D materials, 
as well as the study of their physical properties concerning 
about in-plane anisotropy is not only of scientific importance 
but also technological requirement. However, the practical 
applications for anisotropic 2D materials in the future still face 
great challenges and have a long way to go.  

Firstly, it is well known that the micromechanical cleavage 
is still the most commonly applied method to fabricate the 
highest quality 2D crystals layers for 2D materials research 
and device applications. However, such strategy suffers an 
ultralow yield, which makes the scalability of applications up to 
industrial level to be difficult. While for vapor-based deposition, 
those techniques usually need a high productive cost, as well 
as the complicated process parameters, and the required high 
growth temperature (> 400 °C) which is incompatible with some 
device fabrication processes. Besides, the additional transfer 
step of 2D materials to other substrates is necessary for device 
applications. On the other hand, although the LPE approaches 
have the merits of extremely low cost and strong controllability, 
the obtained 2D materials with poor crystal quality and small 
area seems not to be suitable for the device applications. 
Therefore, the method to fabricate large-area, cost-effective, 
highly controllable, high-quality, single-crystal anisotropic 
2D material with desired structures is still not mature 
enough, which greatly limit the scalable and reproducible 
device fabrication in practical applications, especially for 
designing and controlling the anisotropic properties. However, 
if the high-quality growth of anisotropic 2D materials on silicon 
wafers by vapor deposition under low temperature conditions 
with a relatively simple process parameters could be achieved, 
vapor deposition technology would have great application 
potential for large-scale production in devices. 

Secondly, the construction of vertical and lateral hetero-
junctions based on anisotropic 2D layered materials have 
opened a new research field and unfolded avenues for novel 
material manufacturing in nanomaterial science and nano 
device applications. The weak vdW force during interlayers 
allows us to isolate anisotropic 2D monolayer and restack 
them into arbitrary stacking heterojunctions without the 
consideration of atomic comparability when in their bulk 

counterparts. What’s more, anisotropic heterojunctions could 
be formed by stacking two or three different anisotropic 2D 
layered materials through mechanical stacking method and 
CVD method, where structure of the electronic band near 
the interface will be changed according to static electricity. 
For anisotropic 2D materials, there are more combination 
possible when two or three kinds of different 2D materials are 
stoichiometrically stacked together to form heterojunctions. 
Then, the better performance (electronic, optoelectronic, 
thermoelectric and nanomechanical) of the heterojunction 
can be realized by adjusting the combining direction of 2D 
materials. Therefore, the study of anisotropic 2D materials- 
based heterojunctions is not only important and meaningful 
for the theoretical research, but also has special significance 
for practical device applications in the future. 

Thirdly, advanced theoretical researches on anisotropic 2D 
materials are urgently needed, as well as computing tools and 
software, which are very important for guiding the experiment 
researches and practical applications. Accurate and reliable 
theoretical predictions can not only speed up experiments   
in the near future, but also make experiments simpler and 
instructive. Additionally, more methods and standards related 
to test and characterize anisotropic properties including electricity, 
photoelectric, thermoelectric and machinal, should be proposed 
and developed to ensure that the method of achieving anisotropy 
is simpler, quicker, more accurate and reliable. If so, it will save 
a lot of time and encourage more researchers to study the field 
of anisotropic 2D materials.  

Finally, other materials systems, such as 1D, 2D and 3D 
materials, can be rationally introduced to integrate with 
anisotropic 2D materials for achieving the practical device 
applications, which can improve their anisotropic performance 
to some extent. However, there is still a huge challenge to 
integrate the 2D materials with other materials without damaging 
their lattice structure or altering the intrinsic electronic, 
optoelectronic, thermoelectric and nanomechanical properties. 
Therefore, new method should be put forward to void the 
lattice mismatch during the integration, aiming to maximumly 
realize the synergistic performance on the basis of retaining 
their own original properties.  

In summary, anisotropic 2D materials have many excellent 
physical and chemical properties and different kinds of 
anisotropic 2D materials can be restacked to compose diverse 
heterostructures, which can bring up unlimited possibilities 
for the development of various anisotropic devices in the future. 
However, the controllable preparation of high quality anisotropic 
2D materials, the mechanism of the physical properties of  
the anisotropic heterostructures and the uncertain changes in 
physicochemical properties of anisotropic 2D materials, are 
still needed to be solved before a series of practical device 
applications on anisotropic 2D materials have been realized. 
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