
www.afm-journal.de

© 2020 Wiley-VCH GmbH2001127  (1 of 35)

Review
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2D materials based on main group element compounds have recently 
attracted significant attention because of their rich stoichiometric ratios and 
structure motifs. This review focuses on the phases in various 2D binary 
materials including III–VI, IV–VI, V–VI, III–V, IV–V, and V–V materials. 
Reducing 3D materials to 2D introduces confinement and surface effects as 
well as stabilizes unstable 3D phases in their 2D form. Their crystal struc-
tures, stability, preparation, and applications are summarized based on 
theoretical predictions and experimental explorations. Moreover, various 
properties of 2D materials, such as ferroelectric effect, anisotropic optical 
and electrical properties, ultralow thermal conductivity, and topological state 
are discussed. Finally, a few perspectives and an outlook are given to inspire 
readers toward exploring 2D materials with new phases and properties.
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During the formation of compounds, the 
main group elements contribute electrons 
only from the s and p orbits. Thus, there 
are many forms of these compounds, such 
as MX, M2X3, M3X4, and MX2 (M can be 
mixed oxidation states), which form 
monolayer structures with X–M–M–X,  
X–M–X–M–X, and X–M–X–M–X–M–X 
motifsapart from the sandwich structure. 
These provide significantly more possibili-
ties of phases, properties, and applications 
of these materials.[2,4,5]

Given an equal composition and stoi-
chiometric ratio, phase engineering is 
an effective method to determine the 
physical properties of materials.[6] The 
combination of phase engineering and 

the confinement effect in 2D materials enriches their proper-
ties and applications. For example, TMDs undergo indirect-
to-direct band transitions when bulk materials break down to 
atom thickness. However, monolayer β-In2Se3 shows an indi-
rect band structure, whereas monolayer α-In2Se3 has a direct 
band.[4,7] The 2D SnSe attained a recorded figure of merit 
(ZT) ≈2.8 through phase engineering. This is derived from 
the continuous phase transition from Pnma to Cmcm.[8] Most 
importantly, the single-layer β-In2Se3 becomes stable at room 
temperature, whereas bulk β-In2Se3 crystals can exist only at 
elevated temperatures.[9] This unstable-to-stable phase transi-
tion in the layer structure was observed in other materials as 

1. Introduction

Since the discovery of graphene, material scientists have wit-
nessed a rapid expansion of the 2D material family owing to 
its unusual electronic, mechanical, and optical properties.[1] 
Compared with the extensively studied graphene and transi-
tion metal dichalcogenides (TMDs), 2D binary materials based 
on main group element compounds have a more complex 
layer structure and have recently received increasing research 
interest because of their novel optoelectronic properties.[2,3] 
Unlike TMDs, the d orbitals in the main group elements, 
which are also called blocked d orbitals, are fully occupied. 
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well, such as hexagonal GaTe,[10,11] Cmcm-phase SnX,[12] and 
1T(α) Te.[13] These observations have inspired the predictions 
and examinations of a new phase in 2D materials and studies 
on their potential properties and applications. Many new prop-
erties have also originated with these 2D materials, such as fer-
roelectric effects, anisotropic optical and electrical properties,  
and ultralow thermal conductivity.[14–17] The stable bulk phase 
do not display these properties. 2D Bi2Te3 and Sb2Te3 have 
shown topologically protected phases and strong quantum 
spin Hall (QSH) effects.[18] These can enhance the scope of 
quantum computing. However, no review on the phase struc-
ture control of 2D materials, phase transitions, and related 
properties and applications is available.

This review summarizes recent studies on the different 
phases of 2D binary materials based on main group element 
compounds, including III–VI, IV–VI, V–VI, III–V, IV–V, and 
V–V materials (Table 1). For each material, we discuss the mul-
tiphase structures, preparation methods, property characteriza-
tion, and application demonstration. In addition, we illustrate 
potential phases of these 2D materials by comparing their bulk 
and 2D morphologies. Certain strategies for controlling the 
phases of these 2D materials are also given in this review. This 
is followed by a discussion and prediction of potential proper-
ties of these 2D materials with different phases. Finally, this 
review highlights the questions and challenges, and indicates 
the potential for the development of the phase control of these 
2D materials.

2. Group III–VI

In this group, indium and gallium chalcogenides have been 
studied extensively for wide applications in photodetectors, 
thermoelectric, photocatalysis, and gas sensors. Among these, 
2D indium selenide is the most extensively investigated mate-
rial because of its rich phase and crystal structures and the wide 
range of applications. In this section, we consider this material 
as an example to illustrate the many phase structures. Then, 
we discussed the phase control of 2D materials in this group 
individually.

Indium selenide compounds including InSe,  
In2Se3, In3Se4, In4Se3, and In6Se7 are systems with different stoi-
chiometric ratios. Different phase structures may exist for a given 
stoichiometric ratio, e.g., α-, β-, γ-, δ-, and κ-phase In2Se3. With  
regard to 2D structures, only α-, β-, and γ-phase In2Se3; β- and 
γ-phase InSe; and γ-In3Se4 are reported. Figure 1b–c shows the 
crystal structure model of 2D In2Se3 with the single-layer com-
position of Se–In–Se–In–Se. The layers are bonded to each 
other via van der Waals interactions. In α-In2Se3, In atoms 
occupy tetrahedral cages formed by Se packing. In contrast, 
in β-In2Se3, In atoms occupy octahedral cages. α-In2Se3 and 
β-In2Se3 can have either a rhombohedral structure α/β(3R) 
or hexagonal crystal structure α/β(2H). This is determined by 
the ABCABC and ABAB stacking sequences, respectively.[19] 
The heat treatment of β-In2Se3 can result in the formation of 
γ-In2Se3, which is a defective wurtzite structure (also known 
as vacancy ordered in screw form, Figure 1d).[20] Calculation[4]  
shows that the α-phase monolayers have direct bandgaps, 
whereas the β-phase monolayers have indirect bandgaps. For a 

stoichiometric ratio of 1:1, the layered MX (M: Ga, In; X: S, Se)  
with a hexagonal symmetry consists of covalently bonded 
X–M–M–X. The layers are stacked by van der Waals interac-
tions in the ABAB (β phase) or ABCABC (γ phase) stacking 
sequences, as shown in Figure 1a.
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2.1. In–X (InSe, In2O3, In2S3, In2Se3, In3Se4)

2.1.1. InSe

Monolayer group-III monochalcogenides are stacked in the 
order M–X–X–M. Their structural and electronic properties 
have been studied extensively.[21] 2D InSe is normally in D3h 
symmetry, although another phase has been predicted[22] (note: 
the symbol for phase description may be different in other 
papers). Therefore, their monolayer structure has only one 
phase. Multiple-layer InSe can be a β or γ phase based on the 
stacking sequences. They are obtained mainly by exfoliating 
their bulk materials. The crystal growth of bulk InSe was opti-
mized, and an equilibrium phase diagram of the In–Se system 
was investigated.[23]

Petroni et  al. demonstrated the liquid-phase exfoliation of  
β-InSe in 2-propanol, which is a nontoxic and effective sol-
vent.[24] After the exfoliation, β-phase InSe flakes with lat-
eral sizes of 30  nm to a few micrometers and thicknesses of 
1–20 nm were prepared. As a catalyst for the hydrogen evolution 
reaction (HER), the smallest flakes achieved the highest perfor-
mance because of the rich edge effects.[24] The exfoliated β-InSe 
nanoflakes also exhibited apparent out-of-plane and in-plane 
ferroelectricity at room temperature.[25] Feng et  al. stated that 
multilayer β-InSe can also be prepared by the CVD method.[26] 
The multilayer InSe can be used to fabricate field-effect tran-
sistors (FETs), which exhibit ultrahigh carrier mobilities and 
outperform the reported layer semiconductor-based FETs with 
a similar device configuration. The impact of thickness on the 
carrier mobility was investigated, and an optimized thickness of 
35 nm was obtained.[26]

In γ-InSe, Se atoms in the second layer were aligned with 
In atoms of the first-layer InSe, and In atoms in the third layer 
were aligned with Se atoms of the first layer (Figure  1a). The 
few-atomic-layer γ-InSe nanosheets were generally prepared via  
exfoliation.[27,28] Their optical and electrical properties and 
photodetector application were studied. Herein, the 2D band 
structure of few-layer InSe was evaluated systematically by the 
direct correlation between resonance Raman spectra and the 
photoconductivity.[27] Furthermore, the piezophototronic effect 
in multilayer γ‑InSe enabled the fabrication of self-powered 
flexible photodetectors with high reliability and stability.[29] 
Mudd et  al. observed strong quantum confinement effects in 
few-layer γ-InSe flakes with thicknesses of a few nanometers. 
These could be tuned to the near-infrared spectral region 
from 1 and 0.8  µm, thereby offering unique opportunities for 
planar device architectures and near-infrared optical sensing.[28] 
Because of the high carrier mobility, Bandurin et  al. observed 
the fully developed quantum Hall effect by encapsulating few-
layer γ-InSe with different thicknesses in hexagonal boron 
nitride (h-BN) under protective gas.[30] Photoluminescence 
spectroscopy revealed that the bandgap increased by over 0.5 eV 
as the thickness decreased from bulk to bilayer (Figure 2c). The 
monolayer shows an electric band that splits into N sub-bands 
in the N-layered crystal, inducing an energy difference between 
the conduction and valence states. The effect of thickness on 
the high-energy band is weaker than that on the low-energy 
band (insert Figure  2c). They stated that the encapsulation  
of atomically thin InSe in h-BN enables the fabrication of Ta
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high-quality optics and electron transport devices. Recently, the 
quantum Hall effect was also realized by γ-InSe prepared by the 
chemical vapor transport (CVT) method, which produces high-
quality crystals.[31]

An abnormal ε-phase 2D InSe was prepared by controlling  
the H2 gas flow during the CVD growth and using a low-
melting-point In precursor (InI).[32] While growing, undesirable 
In2Se3 transits into ε-InSe with the help of high H2 content 
and Se deficiency. These ε-InSe nanoflakes with a noncen-
trosymmetric structure exhibited a high and accumulated 
second-harmonic generation (SHG) response with increasing 
thickness. As an effective and nondestructive method, SHG has 
been widely used to characterize the phase structure and crystal 
symmetry of 2D materials. In contrast to the absence of SHG 
effects in even number TMDs, ε-InSe with all the layer num-
bers had a noncentrosymmetric structure and was SHG active. 
Moreover, the nonlinear efficiency of ε-InSe had the highest 
SHG intensity among all the reported 2D materials.[33]

2.1.2. In2O3, In2S3, In2Se3

Bulk α-In2Se3 is a stable semiconductor with an indirect band. 
A band transfer from indirect to direct with a decrease in the 
layer thickness to the atomic scale was verified by calcula-
tions and experimental measurements.[4,34] Furthermore, the 
bandgap was broadened (Figure  2a). α-In2Se3 monolayers can 

be obtained via physical vapor deposition (PVD).[35] The size 
and number of layers can be controlled by the growth time  
(5 and 15 min for 5 µm monolayers and 10 µm multiple layers). 
A high temperature (800 °C) results in selenium-rich environ-
ments, which makes the material a p-type semiconductor. The 
carrier mobility (2.5 cm2 V−1 S−1) of the In2Se3 atomic layers  
is higher than that of materials with layers of group III–VI. This 
enables In2Se3 transistors to display a remarkable photorespon-
sivity. Multiple-layer α-In2Se3 phototransistors[36] are also fabri-
cated for FET applications. These produce ultrahigh gain and 
fast response and high detectivity, thereby demonstrating that 
α-In2Se3 is a potential material for photodetection applications. 
An early study showed that few-layer α-In2Se3 is suitable for 
real-time light detection under very-low light conditions.[34] The 
performance of α-In2Se3 nanosheets exceeds that of graphene 
and other layered semiconductors including MoS2, GaS, and 
GaSe. Multiple-layer α-In2Se3 also shows a thickness-dependent 
shift in the optical absorption spectra (the corresponding 
bandgap is from 1.45 to 2.8 eV, Figure 2). It is produced from 
mechanically exfoliated In2Se3 flakes with a thickness ranging 
from 3 layers to over 90 layers.[37] Recently, other applications 
such as wearable strain sensors and ferroelectric devices have 
been reported.[38] The piezoelectric properties of atom-thick 
α-M2X3 (M:Ga, In; X:S, Se) were predicted in addition to per-
forming photodetection.[14,39]

Tao et al. first determined that the single-layer β-phase In2Se3 
could be stable at room temperature, although its bulk crystals 

Figure 1.  Top and side views of a single layer of a) InSe (derived with β and γ phases), b) In2Se3 (α phase), and c) In2Se3 (β phase); d) structures of 
γ-In2Se3. a–c) Reproduced with permission.[4] Copyright 2015, American Chemical Society.
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can exist only at elevated temperatures.[9] The electrical resist-
ance of β-phase In2Se3 is one–two orders of magnitude lower 
than that of α-phase In2Se3, thereby providing the basis for 
multilevel phase-change memories in a single-material system. 
Furthermore, they observed that the α-phase → β-phase transi-
tion temperature increased with a decrease in the layer thick-
ness. The transition temperature could be increased by 190 K 
compared with the bulk. This is attributed to the surface effects. 
The α-phase → β-phase transition is also considered to be the 
basis for the potential pyroelectricity in In2Se3 monolayers.[40] 
After the demonstration of the room temperature (RT) sta-
bility of the layered β-In2Se3 phase, physical[41,42] and chemical 
methods[7,43] were used to prepare single- and few-layer β-In2Se3 
nanosheets. This exhibited their stable and reproducible photo
responsivity as photodetectors. The photodetectors based 
on β-In2Se3 nanosheets are comparable or superior to those 
reported previously for α-In2Se3. The bandgap can be tuned by 

adjusting the layer thickness (Figure  2a).[41,44] Another derived 
phase, β′, was observed to display reversible thermal transit 
with the β phase with a thickness ranging from 1 layer to  
≈20 layers.[43]

However, the reason for the stability of 2D β-In2Se3 is 
unknown. Tao et  al. proposed that energy barriers were cre-
ated by the layer–substrate interaction to prevent the reverse 
transition from β-phase to α-phase. However, suspended mon-
olayer β-In2Se3 was prepared in Ref. [7] using a thermosolvent 
method. In this work, amino nitriles were used as directing 
agents for the growth of the 2D morphology. We conjecture that 
as strong electron–donor molecules, these nitriles may also con-
tribute to the stability of β-In2Se3. This phenomenon is similar 
to that of the stability of 1T-phase MoS2 nanosheets, in which 
electron-rich m[9] molecules favor the octahedral d orbits in the  
1T phase. Furthermore, the critical thickness (layers) for the RT 
stability of the β phase has not been addressed either.

Figure 2.  Thickness-dependent band gaps in a) α, β, and b) γ-In2Se3. The blue stars in (a) are α-In2Se3 flakes produced by exfoliation, and red stars are 
α-In2Se3 flakes prepared by the physical vapor transport method. a) Reproduced with permission.[41] Copyright 2016, IOP Publishing. b) Reproduced 
with permission.[49] Copyright 2013, Royal Society of Chemistry. c) PL spectra of InSe, measured at room temperature using different excitation energies 
(2.3, 2.7, and 3.8 eV). The intensities were normalized by the number of layers, and the intensity of bulk InSe was normalized to fit the scale. The inser-
tion shows a plot of the band energy of two energy lines for different values of N. c) Reproduced with permission.[30] Copyright 2016, Springer Nature.

Adv. Funct. Mater. 2020, 30, 2001127



www.afm-journal.dewww.advancedsciencenews.com

2001127  (6 of 35) © 2020 Wiley-VCH GmbH

Perspectives with regard to β-In2Se3 are also conflicting. 
First, Julien et  al.[45] and Almeida et  al.[7] reported that bulk 
β-In2Se3 has a direct bandgap. Moreover, a direct-to-indirect  
bandgap transition occurs when the number of layers is 
reduced, as established by the quenching of PL in few-layer 
β-In2Se3.[41] However, a first-principle calculation[4] shows 
that bulk β-In2Se3 is an indirect semiconductor. Second, the 
bandgap of 2D β-In2Se3 reported recently is higher than that of 
α-In2Se3. This is in contrast to the calculation results[4] and ear-
lier experimental report (at high T).[45] Furthermore, its higher 
conductivity (by one–two orders of magnitude) than α-In2Se3 
cannot be explained.

Applications of combinations of α/β phases have also been 
reported. In2Se3 is a good material for thermoelectric devices. 
The fabrication of 2D-phase devices (e.g., α on β (α/β) and β on 
α (β/α)) produces van der Waals Schottky junctions and signifi-
cantly enhances the thermoelectric properties, with ZT values 
approaching ≈1.[46] Another popular application is phase change 
(α → β) memory, which was realized by applying pressure on 
bulk In2Se3 and nanowires.[47] However, this application has not 
been reported in 2D In2Se3.

In the case of γ-In2Se3, physical[48,49] and chemical 
methods[50,51] have been applied to prepare nanosheets. Sim-
ilar to other 2D materials, the bandgap (direct) can be tuned 
and varied from ≈2 to over 2.52  eV with various thicknesses 
(Figure 2b). Nanoflowers were assembled from p-type γ-In2Se3 
nanosheets using the hot-injection thermosolvent method. 
These showed high performance of self-powered broadband 
while forming heterojunction photodiodes with n-type Si.[50] 
It is noteworthy that a recent paper[48] reported the physical 
vapor transport epitaxial growth of α/β/γ-In2Se3 and γ-InSe 
on GaSe simultaneously. γ-In2Se3, β-In2Se3, α-In2Se3, and  
γ-InSe were formed in sequence from high to low temperatures  
(580–500 °C). Their bandgaps range from 1.3 to 2 eV, which is 
suitable for application in electronics and optoelectronics.

With regard to 2D In2S3, the β phase is the most popular 
because it is stable at room temperature.[52] β-In2S3 has note-
worthy optical, electronic, and optoelectronic properties because 
of its natural defective structure with misvalency between In 
and S atoms. β-In2S3 can be prepared through various methods 
including chemical vapor deposition (CVD) as well as solvo-
thermal and hydrothermal synthesis. It was used for photo-
catalysis,[53] photodetector,[54] and photoelectrochemical (PEC) 
processes.[55] In general, the CVD method is more effective 
than the others in terms of the controllability of the shape and 
thickness of β-In2S3 nanosheets grown. 2D γ-In2S3 was recently 
prepared by decomposing indium thiolate at a retarded low tem-
perature. Higher temperatures and longer reaction times gen-
erate β-In2S3 nanoplates with the same system. The γ-phase →  
β-phase transition mechanism has been studied. The  
γ-In2S3 nanoplates exhibited high stability at room temperature. 
The properties and applications of this 2D γ-In2S3 need to be 
investigated further. The In2Te3 nanostructures of nanoparticles 
and nanowires with α/β phases have been widely reported.[56] 
However, their 2D structures are not popular. Only the α phase 
has been prepared by the hydrothermal or CVD technique.[57]

In2O3, another semiconductor compound with a direct 
bandgap of ≈3 eV, has also been reported.[58] In2O3 nanosheets 
have been prepared in multiple steps by combining 

hydrothermal and calcination techniques.[59,60] Their phases can 
be cubic or rhombohedral, which depends on the conditions 
during the preparation of InOOH.[59–61] In general, cubic-phase 
nanosheets are obtained with a standard hydrothermal opera-
tion.[60] However, with the help of oxalic acid, rhombohedral 
InOOH is first formed and then transferred into rhombohe-
dral-phase In2O3 after calcination.[59] Both the phases are suit-
able for gas sensor (NOx, xylene, and amine) applications.[59–61]

2.1.3. In3Se4

In terms of 2D In3Se4, only the γ phase (rhombohedra, 
Rm) has been reported with a layer structure consisting of  
Se–In–Se–In–Se–In–Se. These γ-In3Se4 nanosheets can be pre-
pared by the solvothermal method. The synthesis conditions were 
optimized to control the thickness to 20–40 nm.[62] This material 
is an n-type semiconductor with a bandgap of ≈0.55 eV and can 
be stable at 900 °C in N2, 550 °C in Ar, and 200 °C in air.[63] A 
simulation also showed that In3Se4 and In3Te4 are stable and that 
the interlayer binding energies are low enough to obtain isolated-
layer In3Se4 and In3Te4 structures.[64] Therefore, the new phases 
and properties of this material need to be explored further.

2.2. Ga-X (GaS, GaSe, GaTe, Ga2O3, Ga2S3)

2.2.1. GaS, GaSe, GaTe

In the Ga monochalcogenide system, GaS and GaSe have a 
structure similar to that of InSe. Their 2D materials have many 
applications such as photodetectors,[65][66] piezophototronic,[67] 
hydrogen evolution catalysts,[68] and SHG.[69] Similar to InSe, 
the β, γ, and ε phases of multiple-layer GaSe nanosheets are 
available, depending on the stacking sequences of Se–Ga–Ga–Se  
layers.[70] The bulk β and ε-GaSe are stable phases because their 
free energies are highly similar. When the thickness decreases 
to atomically thin, the β phase becomes more stable with a lower 
energy than that of the ε phase.[71] Therefore, the nonlinear 
properties of few-layer GaSe nanosheets prepared via exfo-
liation differ between thicknesses above five layers and those 
less than five layers. The SHG showed a cubic dependence for 
thicknesses below five layers and a quadratic dependence for 
thicknesses beyond five layers.[71] Meanwhile, 2D ε-GaSe devel-
oped by mechanical exfoliation has been widely reported. It has 
shown robust piezoelectric and piezo-phototronic effects from 
local strains, making it suitable for flexible and nanomicroelec-
tromechanical systems.[67] Exfoliated ε-GaSe nanosheets can also 
realize multiple second-order nonlinear processes even with 
very-low power wave pumps when integrated with a photonic 
crystal cavity.[72] ε-GaSe nanosheets display an ultrahigh on/off  
ratio and ultralow set/reset electric fields while functioning as a 
resistive switching layer in a memristor device.[73]

Monolayer GaTe showed an additional monoclinic phase apart 
from the hexagonal structure (Figure 3a). The monoclinic phase 
is more stable than the hexagonal phase.[74] GaTe nanosheets con-
sist of alternate Te–Ga–Ga–Te layers bonded via van der Waals 
interactions. Similar to GaS and GaSe, in the hexagonal phase, 
all the Ga–Ga bonds were perpendicular to the layer planes.  
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In contrast, in the monoclinic phase, only two-thirds of the  
Ga–Ga bonds were perpendicular to the layer planes, and every 
third Ga–Ga bond was twisted to be almost parallel to that of the 
other two (Figure 3a). As a result, the monoclinic phase of GaTe 
had a direct band unlike the indirect bands in GaS and GaSe. 
This is more suitable for optoelectronic applications.

Multiple-layer GaTe with a monoclinic phase can be pre-
pared via exfoliation because this phase is stable.[75,76] As a 
low-symmetry (C2h

3) material, its in-plane anisotropic optical 
properties were studied. The anisotropy of the Raman intensity 
was strong, and its sensitively was dependent on the excitation 
laser energy, phonon energy, and GaTe thickness. However, the 
visible optical extinction showed a weak anisotropic response.[76] 
The photoresponse of monoclinic-phase GaTe nanosheets 
with more than five layers was investigated. The observations 
revealed a faster response and higher photoresponsivity than 
those of the MoS2 photodetector.

Fonseca et al. doped Se in GaSexTe1−x alloys to obtain a met-
astable hexagonal phase. Here, the hexagonal phase was pre-
pared when the Se content was above 20% (Figure  3b).[77] Cai 
et  al. further indicated the presence of a mixed region, where 
both the phases could coexist, and two bandgaps for the same 
composition.[78] Zhao et  al. observed that the metastable hexa
gonal phase may resist when the number of layers decreases 

further to 1–3 because of the surface effect.[10] Raman spectra 
showed two A1 vibrational modes located at 129 and 144 cm−1. 
A blue shift was observed as the number of layers decreased, 
owing to the surface contraction. This caused the frequency 
difference between the two peaks to decrease, which is similar 
to other 2D materials. However, there is a large gap between 
three and five layers, as shown in the figure. This indicates that 
four layers constitute the critical thickness for the phase transi-
tion from monoclinic to hexagonal crystal (Figure 3c–d). Gillan 
et al. reported that the decomposition of metal–organic precur-
sors can directly produce hexagonal GaTe. However, further 
annealing at 500 °C altered the phase to monoclinic.[11] This 
work provides an important indication that temperature con-
trol may be a crucial factor for the synthesis of metastable 2D 
materials. Recently, Zhai et al. obtained hexagonal 2D GaTe via 
physical vapor deposition at a relatively low temperature. Here, 
the hexagonal phase transited to the monoclinic phase under 
irradiation with femtosecond laser.[79]

2.2.2. Ga2O3, Ga2S3

There are five polymorphs of bulk Ga2O3, namely, α, β, γ, δ, 
and ε. The two polar phases, β and γ phases, were particularly 

Figure 3.  a) Schematics of the crystal structure of hexagonal and monoclinic GaTe. a) Reproduced with permission.[74] Copyright 2017, Wiley-VCH. 
b) the phase dependence of the PL peak energy on the Se content in hexagonal and monoclinic GaTe. b) Reproduced with permission.[78] Copyright 
2018, American Chemical Society. c) Positions of the two Ag Raman-active modes at 129 and 144 cm−1 as a function of the number of layers. d) Raman 
frequency difference of Ag modes versus the number of layers, n. c,d) Reproduced with permission.[10] Copyright 2016, Royal Society of Chemistry.
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noteworthy in applications because of their remarkable pyro-
electric, piezoelectric, and ferroelectric properties. β-Ga2O3 has 
a monoclinic structure and is the most stable phase. The meta-
stable-phase γ-Ga2O3 had a defective spinel-type structure con-
taining cation vacancies in tetrahedral and octahedral sites.[80]

All the 2D Ga2O3 films prepared by CVD were in the β 
phase.[81] Because of their wide bandgap (≈4.8  eV), these are 
widely used in middle ultraviolet radiation detectors,[82] deep 
ultraviolet photodetectors,[83] and photocatalysis.[84] Oxidizing 
2D GaSe[85] or gallium nitride (GaN)[86] with O2 at high tem-
peratures can also directly produce β-Ga2O3 nanosheets. The 
photodetector based on this 2D polycrystalline β-Ga2O3 shows 
a sensitive, fast, and stable photoresponse to 254 nm ultraviolet 
light.[85]

The hydrothermal technique is a common method to pre-
pare γ-Ga2O3 nanosheets. These can enhance the photocatalytic 
efficiency and stability of water splitting compared with bulk  
γ-Ga2O3.[87] Other applications such as solar-blind photodetectors 
[88] and heterogeneous catalytic performances for thiophenes[89] 
were also based on hydrothermally prepared γ-Ga2O3.

Patil et  al. reported a noteworthy work for controlling  
α/β/γ-Ga2O3 on rGO by adjusting the ratio of GaOOH/GO 
before heat treatment in Ar. α-, β-, and γ-Ga2O3 on rGO were 
prepared by increasing the ratio from 6% to 14% and to 25%. 
When the ratio was 10%, all the phases of α/β/γ Ga2O3 were 
formed on rGO. This mixture phase composite showed signifi-
cantly higher performance as an electrode in Li-ion batteries 
than others.[90] Recently, a new form of amorphous Ga2O3 layers 
was deposited on a flexible substrate at room temperature via 
radiofrequency magnetron sputtering and then fabricated into 
a bendable solar-blind photodetector.[91]

In 2D forms, few papers on Ga2S3 have been published. The 
thermal vapor sulfurization of the GaAs substrate can yield 
three layers of Ga2S3, with γ-Ga2S3 (cubic) as layer 1, polycrystal-
line γ-Ga2S3 as layer 2, and polycrystalline α-Ga2S3(monoclinic) 
at the top. A phase change from cubic to monoclinic Ga2S3 in 
layers 1 and 2 was observed during the peeling-off and rolling-
up processes. This resulted in a significantly high ratio of mono
clinic microtubes.[92] Pure γ-phase 2D Ga2S3 was successfully 
synthesized via the CVD method. Its thickness was control-
lable from 9 to 60 nm with a lateral size of ≈10 µm.[93] When 
the thickness decreased to 3  nm, the crystallization was low 
because of its monolayered nature. This 2D γ-Ga2S3 exhibited 
a wide spectrum response range and remarkable photoelec-
tric conversion, thereby producing a device with remarkable 
ultraviolet detection capability and a relatively fast response. 
Other compounds such as 2D Ga2Se3 and Ga2Te3 have not been 
explored.

3. Group IV–VI

The advantages of this group were their low cost and earth 
abundance compared with those of TMD and other groups. In 
this group, binary materials are mainly in the forms of MX and 
MX2 (M = Si, Ge, Sn, Pb; X = O, S, Se, Te). Their bulk materials 
have been studied extensively for photovoltaics and photoelec-
trochemistry.[94] However, the 2D morphology of this group has 
been studied only in the past decade, and considerable work 

has been based on simulation. This indicates the substantial 
potential for further developments.[95] Moreover, the rich phase 
engineering of 2D materials in this group needs to be clarified.

3.1. Sn–X (SnS2, SnSe2, SnS, SnSe, SnTe)

Binary tin chalcogenide compounds including SnX, SnX2, 
Sn2X3, and Sn3X4 can have different stoichiometric ratios. From 
among these, 2D materials with SnX2 and SnX forms have been 
reported. The SnX2 form is similar to a hexagonal MoS2 struc-
ture. Here, metal atoms are sandwiched between two layers of 
chalcogenide atoms. Single-layer SnS2 is a hexagonal structure 
with the Sn ion coordinated to six S ions in an octahedral cage. 
The different stacking of the single-layer produced several poly 
types such as 4H and rhombohedral (18 R).[96] The hexagonal 
SnX2 phase can be transformed into tin monochalcogenide by 
creating X vacancies using many methods such as tempera-
ture enhancement,[97] plasma treatment,[98] and electron beam 
irradiation.[99] There are more polytypes for SnX. However, 
only orthorhombic (Pnma), rock salt (Fm3m), and zinc blende  
(ZB; F43m) phases have been reported in 2D SnX.[100–103]

3.1.1. SnS2

The phase labels 2H and 1T for SnX2 in the published papers 
are occasionally confusing. 2H SnS2 is named using Ramsdell 
notation for sp-metal chalcogenides. It is the Pm1 space, with 
the Sn metal in the octahedral coordination by the S atom. 
However, this structure is the 1T phase for the labeling of 2D 
MoS2, as shown in Figure 4.[104] Meanwhile, the Sn atom is the 
trigonal prismatic coordination in 1T SnS2, whereas 2H is the 
label for MoS2 with this structure. Therefore, a few papers have 
also assigned a 1T value to the actual 2H SnX2.[105–107] In this 
review, we use 2H for labeling this CdI2-type structure in which 
Sn cations occupy all the octahedral sites in chalcogen anion 
layers. This method has been used in earlier works.

A simulation shows that the 2H phase is the ground state 
for the monolayer of SnS2 (note: the label of 1T phase is used 
in this paper).[107] Bilayer SnS2 can be in AA stacking (Sn atoms 
are lined up on Sn atoms) or AB stacking (S atoms are lined 
up on Sn atoms). In general, AA stacking is favorable for 
the bilayer system. However, AB stacking can become more 
stable than AA stacking under charging or loading pressures. 
Moreover, bilayer SnS2 can transform to a semimetal from a 
semiconductor with a perpendicular electric field.

Monolayer 2H SnS2 can be prepared via mechanical exfolia-
tion.[108] Bulk 2H SnS2 is an indirect semiconductor. Reducing 
the thickness does not alter the nature of the indirect bandgap 
(demonstrated by the PL experiment).[108] However, the bandgap 
changes from 2.18 to 2.4  eV when the thickness decreases to 
a monolayer. With this method, Song et  al. reported the first 
field-effect transistors of monolayer 2H SnS2 with high car-
rier mobility (50 cm2 V−1 s−1) and high Ion /Ioff ratio (>100).[109] 
However, the thickness of the monolayer SnS2 was measured 
to be 1.8  nm in this study. This disagrees with other reports 
owing to the different scanning modes.[108] Calculations pre-
dicted that monolayer SnS2 will have an ultralow lattice thermal 
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conductivity and high carrier mobility. This indicates that mon-
olayer 2H SnX2 is a potential material for thermoelectric appli-
cations.[110] This observation was also predicted with multiple-
layer SnS2.[111] Herein, the power factor increased and thermal 
conductivity decreased as the thickness of the SnS2 nanosheets 
decreased to approximately three  layers, thereby achieving a 
high ZT value of 1.87.

There are many methods to prepare multiple-layer 2H SnS2 
for various applications. A thermosolvent was used to prepare 
multiple-layer SnS2 (6–11 layers) for NO2 gas sensors. It showed 
good selectivity and sensitivity (less than 30 ppb) owing to the 
good affinity of the NO2 molecules toward SnS2 surfaces and 
energy matching between the SnS2 Fermi level and NO2 mole-
cular orbitals.[112] This method was also considered a straight-
forward and inexpensive approach for synthesizing large-scale 
SnS2 nanoplates as anodes for Li-ion batteries.[113] These 2D 
SnS2 nanoplates display superior physicochemical properties by 
shortening the Li-ion diffusion length and improving the elec-
tron transfer.[114] High-capacity, high-rate, and remarkably stable 
ion batteries were obtained by combining the SnS2 nanosheets 
with conductive materials such as graphene[115] and conductive 
polymer (PANI).[116]

The hydrothermal treatment of tin foils also directly pro-
duced vertically aligned SnS2 ultrathin nanosheet arrays. Such 
nanosheet arrays have wide applications as active materials for 
Li-ion batteries, catalysis, photoconduction, and field-emitting 
performance.[117] A vertical Sn0.5W0.5S2/SnS2 phase heterostruc-
ture was prepared using the hydrothermal method.[118] First, 
metallic Sn0.5W0.5S2 nanosheets were prepared by alloying 
2H-SnS2 (1T in the paper) with 1T-WS2. After deposition on 
SnS2, charge carriers at the Sn0.5W0.5S2/SnS2 interface were rap-
idly transported for fast photodetectors. Recently, a gas sensor 
with suspended 2D SnS2 of three layers was prepared through 
exfoliation. It showed high selectivity and ultrasensitivity for 
ammonia detection because of the rapid charge transport 
between ammonia molecules and these light active materials.[119]

CVD is the most popular method for preparing multiple-layer 
SnS2. Large-size 2H SnS2 (up to 150 µm) can be prepared with 
this method. Moreover, with this thickness, high-performance 
phototransistors,[120] and photodetectors[121] can be constructed. 
Their thickness and phases can be controlled[122] by growth 
parameters, and the photoresponse behavior is dependent on 
the thickness. When the substrate was modified with prede-
fined seeds, a regular multiple-layer SnS2 pattern deposited 
by the CVD method showed a short photocurrent response 
time of ≈5 µs.[123] The vertical growth of free-standing 2D SnS2 
nanosheets was also realized by this method for nonplanar pho-
todetectors.[124] Recently, various shapes (hexagonal, triangular, 
windmill, dendritic, and coralloid) of SnS2 nanosheets were 
prepared by controlling the growth conditions and substrate 
surfaces.[125] Importantly, selective phase growth of 2H or 1T 
was observed with the help of different salts. Herein, sodium 
halides favored the growth of the 2H phase, and potassium hal-
ides helped the growth of the 1T phase.

Other methods such as atomic layer deposition (ALD) at low 
temperatures and vapor transport have also been reported for 
synthesizing SnS2 nanosheets with controllable thicknesses 
for photovoltaic cells and fiber lasers.[126] Recently, a scalable 
close-spaced sublimation method was developed to prepare ver-
tically aligned 2H SnS2 nanoflakes on transparent conductive 
substrates. The nanoflakes showed excellent optoelectronic and 
PEC properties.[127]

A new amorphous SnS2 nanosheet was induced by doping 
with Zn/In through a hydrothermal method.[128] The amor-
phous layer increased the number of surface reaction sites 
with S vacancies and a gradient energy band. This promoted 
the oxygen evolution reaction (OER) dynamics and accelerated 
charge separation and transport, which eventually improved the 
PEC water splitting efficiency.

4H-SnS2 nanosheets have also been reported as phototran-
sistors for light detection.[108] Notably, Raman spectroscopy is 
a common method for characterizing layered SnS2 (Figure 5). 

Figure 4.  Atomic structure of a monolayer of a) SnS2 (SnSe2) and b) MoS2 (MoSe2), demonstrating the very different local atomic environments of the 
metallic atoms in the two compounds. a,b) Reproduced with permission.[105] Copyright 2016, American Physical Society.
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After exfoliation, the intensity of the Raman spectrum (peak at 
A1 + E mode) is proportional to the thickness. The E-mode can 
be used to discriminate the 2H (205 cm−1) and 4H polytypes 
(200 and 214 cm−1).[108] Sriv et al. comprehensively investigated 
the Raman spectrum in an intralayer (A1 and E) and interlayer 
modes.[129] The peak position of ≈314 cm−1 (A1 mode) did not 
change when the thickness of SnS2 was tuned. However, the 
peak intensity decreased with as the thickness decreased, par-
ticularly from 1L to 3L. Moreover, the interlayer mode showed 
apparent peak shifts when the layer numbers were reduced. 
This is suitable for determining the thickness of SnS2.

3.1.2. SnSe2

Similar to SnS2, SnSe2 has been shown to have a hexagonal 
structure with a SnSe6 octahedron, namely, 1T or 2H phase, 
in different studies.[104] 2H-phase SnSe2 is the most stable 
phase and can be prepared by many methods. A low-pressure 
or low-temperature CVD technique was used to deposit few-
layer SnSe2 using a custom-prepared or low-melting-point pre-
cursor. This was because high temperatures decompose SnSe2 
into SnSe.[130,131] The CVD-prepared 2D SnSe2 showed remark-
able photodetector performance with high responsivity and a 
fast response.[131] Mechanically exfoliated mono- and few-layer 
6H-SnSe2 were characterized by Raman spectroscopy. The in-
plane E1g mode intensity was observed to be more suitable for 
layer number determination because this Raman mode inten-
sity increases almost linearly with the number of layers.[132] 
However, the interlayer Raman modes Eg

2 and A2
1g are observed 

to be insensitive to temperature. Furthermore, studies on the 
effect of thickness on these Raman modes are few.[132] Similar to 
SnS2, the characteristic of the indirect bandgap of SnSe2 did not 
transform from bulk to monolayer. The bilayer SnSe2 prepared 
by this method also displayed very fast photoresponsivity.[105] 
Recently, a simple ball-milling grind was used to prepare SnSe2 

nanoplates. Then, spark plasma sintering was used to press 
SnSe2 nanoplates into pellets. During this process, preferen-
tial growth along the ab plane of the layered SnSe2 structure 
was observed. These oriented pellets showed high thermoelec-
tric performance.[133] Applying external pressure is an efficient 
method to improve the electrical conductivity of monolayer and 
bilayer SnSe2 because of the variations in the Se–Sn antibo-
nding states. This pressure-induced improvement in electrical 
conductivity enhanced the power factor for high thermoelectric 
performance.[134]

Phase-controlled synthesis of SnSe2 and SnSe using a solution-
based method has been reported.[135] During the solvothermal 
preparation, the addition of 1-dodecanethiol stabilized Sn4+. This 
resulted in the formation of SnSe2 rather than SnSe. Here, Sn4+ is 
typically reduced by oleylamine. SnSe and SnSe2 nanosheets are 
potential candidates to replace the precious Pt metal as efficient 
catalysts in solar cells. Similarly, the phase-controlled synthesis 
of 2D SnSe2, SeSe, or their mixture was realized by varying the 
concentration of the reducing agent, precursor ratio, and tem-
perature.[136] As active materials for flexible, solid-state superca-
pacitors, pure SnSe2 nanodiscs (168 Fg−1) and SnSe nanosheets  
(228 Fg−1) showed high capacitances, remarkable cycling stabili-
ties, and good mechanical stabilities. These performance levels 
are comparable to or better than those of other reported materials. 
In addition, the rate capability of the SnSe2 nanodiscs was signifi-
cantly higher than that of the SnSe nanosheets. The thermosol-
vent process can also be used to prepare Cl-doped n-type SnSe2 
with a thickness of 3–5 nm.[137] Cl doping increases the n-type car-
rier concentration. This results in the enhancement of the power 
factor for thermoelectric devices. Furthermore, the thermal con-
ductivity can be decreased to ≈0.67 W m−1 K−1 at room tempera-
ture because of phonon scattering in the layered anisotropic struc-
ture and nanoscale grain boundaries. The composites SnSe2/rGO  
and SnSe2/CNT prepared by the hydrothermal method showed 
a high rate performance as an anode for Li/Na-ion batteries.[138] 
This work also provided experimental and theoretical evidence 

Figure 5.  a) High-frequency modes and b) shear and breathing Raman modes of few-layer SnS2 measured in parallel polarization. a,b) Reproduced 
with permission.[130] Copyright 2018, Springer Nature.
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for the mechanism of electrochemical sodium storage in SnSe2. 
The electrochemical reaction was followed by X-ray diffrac-
tion (XRD) measurements. Herein, SnSe2 underwent a hexanal 
crystal–amorphous–βSn + Na2Se-Na15Sn4 (orthorhombic)  
phase transformation. In addition, the reverse phase trans-
formations during lithiation and delithiation were followed 
by in situ high-resolution transmission electron microscopy. 
The SnSe2 nanoplate-graphene showed enhanced storage per-
formances compared with pure SnSe2 nanoplates or pure 
graphene.[139]

The superconductivity of SnSe2 can be induced by pressure 
or using an electric double-layer transistor.[140] Electrical trans-
port measurements and synchrotron XRD were used to char-
acterize the metallization and superconductivity of pristine 
1T-SnSe2 under pressure. The results show that 1T-SnSe2 was 
transformed from a semiconductor into a metal at 15.2 GPa and 
then, transited to a superconductor at 18.6  GPa. Under high 
pressure between 30.1 and 50.3  GPa, the superconductivity 
was robust with Tc  ≈ 6.1 K. High-pressure synchrotron XRD 
measurements established that there was no structural transi-
tion or phase decomposition of the SnSe2 phase up to 46.0 GPa.  
A gate-induced interfacial superconductivity in 2D SnSe2 dem-
onstrated a superconducting transition temperature Tc ≈ 3.9 K. 
The semiconductor–superconductor transition can also be real-
ized in Li-intercalated 1T-SnSe2, through electric field gating.[141] 
Here, the intercalated Li layer between the SnSe2 layers 
provided electrons and increased the carrier density.

3.1.3. SnS, SnSe, SnTe

SnS has several polytype crystals. Its ground-state phase is Pnma 
(orthorhombic).[100] Ab initio molecular dynamics simulations 
showed that the metastable Fm3m phase (rock salt) can be ther-
modynamically stable at room temperature. However, the Cmcm 
phase (orthorhombic, high-temperature phase) can be stable 
only at high temperatures and can transit to the ground-state 
Pnma phase. This was demonstrated experimentally at 878 K.  
The F43m-phase (ZB) SnS was also predicted to be unstable 
thermodynamically and dynamically. Notably, the rock-salt 
phase of SnS was proposed to be misassigned as ZB in recent 
reports.[100] Similar to SnS, SnSe also has many polymorphs, 
namely, α, β, γ, δ, and ε. These polymorphs are indirect semi-
conductors, except for the ε phase. The calculated bandgaps 
(0.53, 2.32, 1.52, 1.56, and 1.76 eV for α-, β-, γ-, δ-, and ε-SnSe, 
respectively) of the various polymorphs of the SnSe monolayer 
overlapped within the visible spectrum. This indicated their 
potential for solar cell applications.[142]

The ground-state Pnma-phase 2D SnS is an indirect semi-
conductor regardless of its thickness.[103] Similar to SnS2, the 
Pnma-phase 2D SnSb and the gap may be tuned by the layer 
thickness.[104,143] The liquid-phase exfoliation of commercial 
bulk SnS2 can be used to prepare 2D SnS down to two layers 
with a thickness of ≈4 nm. When the thickness was reduced to 
two layers, the bandgap increased from ≈1.1 to ≈1.6  eV. More-
over, the bandgap of the monolayer was predicted to increase 
significantly to ≈2.5  eV.[103] The multiple-layer SnS prepared 
by this method also showed a remarkable nonlinear optical 
response.[144] The Pnma-phase SnS had a similar armchair 

conformation with phosphorene and strong in-plane electronic 
anisotropy. The mobility difference along the zigzag and arm-
chair directions can attain up to 1.7 times.[145] Their anisotropic 
electronic and optical properties are influenced substantially by 
strains. Application of in-plane compressive strains can reduce 
the bandgaps linearly, whereas tensile strains exert negligible 
impact.[146] However, unlike the unstable phosphorene, mon-
olayer group-IV monochalcogenides can be super stable against 
oxidation in dry and humid conditions.[147]

The ground-state Pnma-phase SnS can also be prepared 
by removing S from SnS2 by applying heat, plasma, and elec-
tron beam. High-energy electron irradiation using an elec-
tron beam[99] induced a progressive chalcogen loss to produce 
a mono- and dichalcogenide mixture, followed by a complete 
conversion to monochalcogenide. Irradiation conditions such 
as the electron exposure time and temperature may control the 
formation of SnX2/SnX heterostructures. Furthermore, local 
electron irradiation can transform selected parts of a flake to 
monochalcogenides to form heterostructures. Elevated tem-
peratures are favorable for the production of large-scale homo-
geneous high-quality ultrathin SnS (SnSe) during the electron 
irradiation processes for device applications. This process is 
similar to defect engineering in 2D materials using electron 
beams.[148] The structural transformation of SnX2 was character-
ized by in situ luminescence.[149] Herein, S defects were intro-
duced by electron beam irradiation, and the role of defects in 
the luminescence was examined by ab initio calculations. The 
phase transformation of SnS2 to Pnma SnS by Ar plasma treat-
ment was investigated recently.[98] An SnS–SnS2 heterostruc-
ture was synthesized successfully by removing S atoms from 
the surface of SnS2. As SnS is a p-type semiconductor and SnS2 
is an n-type semiconductor, a vertical p–n junction is formed 
for photocurrent generation under white light illumination.

A phase transition from hexagonal SnS2 to orthorhombic 
SnS was also achieved by heating SnS2 in Ar at 600 °C.[97] After 
annealing, the rGO/SnS composite showed a higher capacity 
for sodium-ion battery than rGO/SnS2. Most importantly, this 
study indicated the phase transformation mechanism of SnS 
and SnS2 during the charge and discharge processes. Thereby, 
it provided an approach to controlling the phases of SnS and 
SnS2. Similarly, heating treatments can convert n-type SnSe2 
to p-type SnSe[150] and produce in-plane heterostructure p–n 
junctions at predefined locations.

There are two common methods to prepare 2D Pnma SnX 
directly: solution-based methods and vapor deposition. In 
organic solvents, monolayer Pnma SnSe with a lateral size of 
300 nm was prepared by the thermosolvent method. The addi-
tion of the morphology control agent phenanthroline deter-
mined whether nanosheets or nanoflowers were formed. Their 
band structure and photoresponse properties were investigated 
further considering their substantial potential for optoelectronic 
applications.[151] Large Pnma SnS nanosheets were prepared 
by decomposing custom-made precursors. The as-prepared 
SnS showed a uniform morphology with a size of 7 × 3 µm  
and a thickness of 20  nm. These ultralarge, monodispersed 
SnS nanosheets exhibited noteworthy electrochemical proper-
ties including a capacity of 350 mAh g−1.[152] Furthermore, the 
growth direction can be controlled by adjusting the capping 
agent usage to result in edge morphology anisotropy.[153] In 
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other solvents such as water and EG, p-type, or Sn vacancy-
engineered Pnma-phase SnSe/SnSn nanoplates were prepared 
without surfactant.[154] The nanostructures showed good elec-
trical conductivity and high Seebeck coefficients, which resulted 
in high power factors.

In terms of vapor deposition, monodispersed square Pnma 
SnSe nanosheets with size controlled to 1–6  µm were pre-
pared via vapor transport deposition. The thickness of the 
SnSe nanosheets varied from 6 to 40 nm. The 2D SnSe showed 
p-type conductivity and high photoresponsivity. This displays 
substantial potential for application in optoelectronics and 
energy harvesting.[155] Pnma SnS nanosheets prepared by CVD 
were also fabricated for high-performance photodetectors.[156] 
These experimental observations are in good agreement with 
theoretical calculations, which predicted that the 2D group-IV 
monochalcogenide MX would display an exceptional photore-
sponse and energy transfer efficiency with a visible spectrum 
because of the high efficiency of photoexcited electron–hole 
generation.[157] The Pnma phase of the SnS and SnSe flakes 
prepared by vapor deposition showed a temperature-dependent 
Raman response.[158,159] The Ag modes and B3g peaks were 
linearly red-shifted as the temperature increased from 98 to  
298 K. The SnSe nanoflake had a larger temperature coefficient 
than other 2D materials such as MoS2, black phosphorus, and 
graphene.[158] Angle-dependent Raman spectroscopy character-
ized the in-plane anisotropy of the Pnma SnS nanosheets.[159] 
Furthermore, in-plane ferroelectricity was also observed in 
FET devices fabricated on ultrathin SnS films.[160] Notably, the 
polarization was also affected by whether the number of layers 
was odd or even, indicating that inversion symmetry plays an 
important role in this property. Recently, the vapor–liquid–solid 
(VLS) process was used to prepare SnS nanosheets with thick-
ness controllable by the size of the gold seeds. The stability of 
the SnS nanosheets at high temperatures was studied using 
in situ TEM. Faster decomposition was observed along the [100] 
direction.[161]

The phase transition from Pnma to Cmcm is a two-step pro-
cess. This is considered the main factor contributing to the 
high ZT of SnSe.[162] This phase transition was experimentally 
observed above 600 K. The two conduction bands’ divergence 
and convergence were calculated. These optimized the Seebeck 
coefficient and carrier mobility, thereby resulting in an excep-
tional power factor. The maximum ZT (ZTmax) of ≈2.8 was 
achieved at 773 K after combination with a low thermal conduc-
tivity along the out-of-plane direction.[8]

However, there are no reports of 2D Cmcm-phase SnX 
because its instability. Nonetheless, the Cmcm structure was 
observed at low temperatures during the preparation of SnSe 
nanoparticles by the thermosolvent method. Further reaction 
at high temperature produced Pnma-phase SnSe.[12] This work 
provides important information for synthesizing another 2D 
Cmcm-phase SnX that is dynamically stable.[12]

Cubic SnX can be in the Fm3m (rock salt) and F43m phases 
(ZB). Although the ZB phase was predicted to be unstable, the 
successful preparation of this phase was demonstrated by the 
intensity ratio of the peaks of (111) and (002). XRD pattern mon-
itoring of this XRD peak intensity ratio is important to distin-
guish the two phases.[100] The colloidal synthesis of nano- and 
microcrystal particles at mild temperatures (thermosolvent,  

150 °C) has successfully produced ZB SnS. However, the further 
reaction at 250 °C converted the ZB phase to the orthorhombic 
phase (Pnma).[163] The formation of an intermediate product of 
the mixture of ZB and orthorhombic phases during the prep-
aration of 2D SnS by the thermosolvent method was verified 
by XRD characterization. After 30 min of annealing at 330 °C, 
the product consisted only of orthorhombic SnS nanoribbons. 
This indicates the transition from the metastable ZB phase 
to the stable orthorhombic phase.[164] The growth mechanism 
of 2D SnS nanosheets and the effect of ligands on the shape, 
size, thickness, and crystal structures were reported recently.[165] 
A similar phenomenon during the preparation of SnS films 
by the CVD method was also reported. Here, a tin thioureide 
complex was used as a precursor to produce SnS films with 
a controllable phase. Metastable ZB-SnS was prepared at low 
temperatures (below 300 °C) and characterized as a photovoltaic 
device. When the temperature was above 350 °C, orthorhombic 
α-SnS was present.[101]

Bulk SnTe has a rock-salt structure at room temperature. 
Furthermore, it is a p-type semiconductor with a narrow 
bandgap (≈0.2  eV).[166] A phase transition from cubic to 
rhombohedral occurs at the ferroelectric transition tempera-
ture Tc. The Tc for bulk SnTe is ≈100 K. The decrease in Sn 
vacancies increased the Curie temperature. In the layered 
SnTe, the Sn vacancies were suppressed substantially, and 
the defect density was significantly lower than that of the 
bulk material. This caused Tc to be 270 K (Figure 6a). A fur-
ther study showed that the defect density of two- to four-layer 
SnTe is lower than that of a monolayer SnTe. Thus, a higher 
Tc was observed, which enabled the robust ferroelectricity of 
these layered SnTe at room temperature.[167] The ferroelec-
tricity of 2D SnTe was characterized by scanning tunneling 
microscopy (STM) and scanning tunneling spectroscopy. 
SnTe nanosheets of different thicknesses were prepared on 
graphitized 6H-SiC(0001) substrates using a molecular beam 
epitaxial technique. The bandgap of SnTe can be increased 
from 0.2 to 1.6  eV when it is broken down to a monolayer. 
This is owing to quantum confinement (Figure 6b). Because 
of its high Tc, a three-layer SnTe was used to fabricate a non-
volatile ferroelectric random-access memory device. The 
threshold voltage and tunneling current were measured by 
STM, and the reading/writing process was recorded in two 
opposite directions of polarization. As a result, a high on/off  
ratio of 3000 was obtained with a bias voltage between  
0.5 and 0.7 V (Figure 6c–e). However, the performance of the 
monolayer SnTe showed a low on/off ratio.

Similar ferroelectricity and phase transitions were predicted 
also in other monolayer group-IV monochalcogenides, via 
simulation.[15] The in-plane spontaneous polarization in these 
monochalcogenides was calculated. Their robust ferroelectricity 
and high Curie temperatures make them potential materials 
for ultrathin ferroelectric applications. Furthermore, Tc can 
be controlled over a wide range by strain.[168] The calculation 
results also helped predict that monolayer group-IV mono
chalcogenides would have piezoelectric properties that would 
be significantly better than those of most of the other piezo-
electric materials. Their large piezoelectricity would enable 
the fabrication of electronic and piezotronic devices such as 
nanoscale sensors and controllers.[169]
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3.2. Ge–X (GeS, GeSe, GeTe, GeS2, GeSe2)

3.2.1. GeS, GeSe, GeTe

In general, GeS and GeSe adopt orthorhombic structures (space 
group of Pnma) that are analogous to that of black phosphorus. 
This phase is stable and shows a chair conformation with high 
carrier mobility.[170] Recently, a new phase, namely, β-GeSe, was 
prepared.[171] The properties of monolayer β-GeSe were deter-
mined to be suitable for future optoelectronic applications.[172] 
The structure of α-GeSe and black phosphorus has six rings 
with a chair conformation, whereas that of β-GeSe has six rings 
with a boat conformation. β-GeSe was synthesized at high pres-
sures and temperatures and was stable at room temperature 
because of a marginal decrease in the distance between the 
layers.[171]

Similar to GeSe, the β-GeTe phase was also predicted to 
have a boat conformation under high pressures[173] that is 
attained through a structural phase transition in the order 
R3m−Fm3̅m−Pnma-boat−P4/nmm with increasing pressure. 
In another study, the stability of GeTe in rhombohedral (R3m), 
face-centered cubic (Fm3m), and simple cubic (Pm3m) phases 
were investigated using the density functional theory (DFT). 

The rhombohedral phase of GeTe can be dynamically stable at 
0 GPa, whereas the Fm3m and Pm3m phases can be stable only 
at 3.1 and 33 GPa, respectively.[174] The cubic phase can also be 
realized by alloying GeTe with MnTe. In this phase, the rhom-
bohedral-to-cubic phase transition temperature of GeTe shifts 
from 700 K to room temperature. The materials had an ultralow 
thermal conductivity, which enhanced ZT to 1.61 at 823 K with 
an optimized high hole carrier concentration.[16]

Unlike indirect 2D SnSe, single-layer and double-layer GeSe 
have direct bandgaps. The electrical properties of the GeSe 
monolayer are anisotropic and strain-sensitive.[175] The charac-
teristic of the bandgap can be direct or indirect and controlled 
by uniaxial and biaxial strains. The bandgap energy can be 
tuned in a large range by marginal strains.[176] In another work, 
α-GeSe with different thicknesses was prepared by combining 
mechanical exfoliation and controllable laser irradiation in a 
high vacuum.[177] The critical thickness when the number of 
layers (N) is three was verified for the indirect-to-direct bandgap 
transition, which was established by experimental PL measure-
ments and first-principle calculations.

Multiple-layer orthorhombic GeS nanosheets were prepared 
by mechanical exfoliation.[178] Optical properties such as PL 
and Raman spectra depend strongly on polarization. The PL 

Figure 6.  a) Temperature dependence of the distortion angle for the 1- to 4-unit cell (UC) SnTe films. (Inset a) The distortion angle near Tc = 270 K for 
the 1-UC film exhibiting the behavior of a second-order phase transition. b) Experimentally measured and DFT-calculated thickness dependence of the 
electronic band gap. c) Threshold voltages measured by STM (for a 3-UC film). d) Simulation of the reading process by STM in a 3-UC film. e) Depend-
ence of the on/off ratio for a 3-UC film. a–e) Reproduced with permission.[168] Copyright 2016, American Association for the Advancement of Science.
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intensity also shows a thickness-dependent behavior owing to 
surface defects.[179] When the exfoliation was performed in the 
liquid phase with the aid of tip ultrasonication, anhydrous NMP 
was observed to be the best solvent for preparing multiple-layer 
GeS nanosheets with different sizes and thicknesses.[180] The 
GeS nanosheets were observed to be stable at room tempera-
ture and showed remarkable electrochemical performance as 
an anode for Li-ion batteries.

Similar to GeS, few-layer α-GeSe nanosheets prepared by 
liquid-phase exfoliation were observed to be stable in ambient 
environments.[181] A blue shift in the signature Raman mode 
was observed when the GeSe thickness decreased owing to 
the reduction in the dielectric screening effect. The bandgap 
increased from 1.08 eV (bulk GeSe) to 1.53 eV (few-layer GeSe) 
because of the quantum confinement effect. Devices based on 
these materials show a fast photoresponse, which indicates the 
material’s potential for optoelectronic applications. Orientation-
dependent Raman spectroscopy was used to explore the anisot-
ropy of the α-GeSe nanosheets prepared via exfoliation.[182–184] 
When the polarization of the incident laser is parallel to the 
armchair direction of GeSe, the peak at 188 cm−1 (Ag mode) 
attains the maximum intensity. The GeSe nanoflakes also 
showed anisotropic absorption spectra (400–950  nm). Polari-
zation-sensitive photodetectors were fabricated based on this. 
A remarkable dichroic ratio of 2.16 was obtained with an opti-
mized wavelength of 808 nm.[182] Other optical anisotropies of 
GeSe, such as reflection, extinction, and refraction, have also 
been studied recently.[185] As a common solution-based method, 
a thermosolvent was also used to prepare orthorhombic(α) 
single-crystal GeS (3–20  nm), GeSe (5–100  nm), and GeTe 
nanosheets (5–5.13  nm)[186] by slowing the growth along the 
polar axis.[187] Unexpectedly, although α-GeS nanosheets have 
been commonly prepared by vapor deposition (e.g., CVD and 
PVD),[188] it was the last method applied to prepare α-GeSe 

nanosheets.[184,189] The as-prepared GeSe nanosheets had a 
rectangular shape because of the [010] growth direction. The  
phototransistors based on these nanosheets presented remark-
able optoelectronic properties.

First-principle simulation results indicate that 2D group-IV 
tellurides are potential ferroelectric materials.[190] Considering 
GeTe as an example, 2D GeTe prefers an orthorhombic phase 
with an in-plane spontaneous polarization. The vertical elec-
tric field can tune the in-plane coercive field for reversing the 
polarization. Furthermore, the application of a tensile strain 
can increase the Curie temperature TC of monolayer GeTe and 
improve the ferroelectric performance. The tunable ferroelec-
tricity and anisotropic electric properties of monolayer β-GeSe 
have been reported in another work also.[17] Here, the Curie 
temperature of monolayer β-GeSe was estimated to be 212 K. It 
can be increased further above room temperature by applying a 
tensile strain of ≈1%.

The phase changes between amorphous and crystalline GeTe 
can be used as memory cells.[191] In this work, 2D GeTe with 
a thickness of 20 nm was deposited via magnetron sputtering. 
The heater size used to control the amorphous region was very 
small (20–60  nm), which resulted in fast recrystallization in 
a small switchable volume. The set pulse of this GeTe-based 
phase change memory can be reduced to 1 ns under optimized 
conditions.

Recently, a new 2D phase was reported in Ge4Se3Te. As 
shown in Figure 7, this new X–Ge–Ge–X structure appears to 
be flipping every second sheet of α-GeTe or shifting a half layer 
of GaSe and then, stacking it by van der Waals interactions. 
When adapted with the GeTe structure, a Ge atom is in a dis-
torted octahedron formed with Te atoms and another Ge atom. 
This generates a new structure, which is also related to GeSe. 
Because the stacking sequences determine the polymorphs 
of GeSe, it is likely that this new structure is of similar rich 

Figure 7.  Comparison of the b) Ge4Se3Te crystal structure with the related structures of a) α-GeTe and c) β-GaSe. Structure of Ge4Se3Te as a result of 
flipping every second sheet of α-GeTe or shifting half layer of GaSe. a–c) Reproduced with permission.[193] Copyright 2017, Wiley-VCH.
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polymorphs. The unexpected and significantly stronger Ge–Ge 
contact is also in the structure. This can be explained by the 
lowering of the energy by the reshuffling of electrons from anti-
bonding Ge–Te into bonding Ge–Ge contacts.[192]

3.2.2. GeS2, GeSe2

The structural unit of GeSe2 is tetrahedra Ge(Se1/2)4. This 
enables the formation of many porous and amorphous struc-
tures through the sharing of the corner units.[193] The differ-
ence between GeSe2 and SiO2 is the presence of edge-sharing 
polyhedral in the former, which increases the coordination 
number. The regular arrangement of the tetrahedral units can 
produce many crystalline structures including orthorhombic  
α-GeSe2, monoclinic β-GeSe2, hexagonal γ-GeSe2, and tetragonal 
(P42/nmc, I2d, I, and P) phases. A new porous-phase δ-GeSe2  
also showed very low energy, and 2D mesoporous δ-phase GeX2 
superstructures (S, Se) were obtained with an organic template-
directed growth at high temperatures.[194] The semiconductor 
β-GeSe2 is the most stable phase and can transit to metallic γ-
GeSe2 through an increase in the pressure.[195] There are several 
methods to prepare 2D β-phase GeSe2, including mechanical 
exfoliation,[196] CVD,[197,198] and CVT.[199] Most of the 2D GeSe2 
produced by these methods are composed of multiple layers and 
are stable under ambient conditions. These multiple-layer GeSe2 
nanosheets have a wide bandgap of 2.74 eV. Recently, monolayer 
β-GeSe2 with a direct bandgap of 2.96  eV was reported.[200] 
β-phase GeS2 and GeSe2 nanosheets exhibit structural, vibra-
tional, electrical, and optical anisotropies. Hence, they are suit-
able for designing high-performance photodetectors.[196,200,201] 
The 2D β-phase GeSe2 can be transformed into α-GeSe2 through 
irradiation with high intensity laser.[198] Other phases (such as 
the γ phase) in 2D form have not been reported, although bulk 
γ-GeSe2 has been obtained at high pressure.

Studies explaining 2D SnTe2 and GeTe2 are few. This is pos-
sibly owing to their instability while decomposing into Te and 
GeTe crystallites.[202] These 2D structures can exist only when 
tensile strain is introduced to stabilize the dynamical proper-
ties of the lattice.[203] An alternative approach to stabilizing the 
GeTe2 monolayer, by inducing distortions with hydrogenation, 
was also proposed.[203]

3.3. Pb–X (PbS, PbSe)

Bulk PbS is a semiconductor with a direct bandgap of 0.41 eV. 
The most stable phase of PbS is the rock-salt structure. The 
pressure for the transition from the rock-salt phase to the 
orthorhombic phase (Cmcm) was observed to be ≈3 GPa. This 
transit pressure increases with an increase in temperature until 
573 K. Beyond this, only the cubic phase exists regardless of the 
pressure.[204]

Rock-salt 2D PbS is generally prepared using solution-based 
methods. One method is based on oriented assembly. Herein, 
PbS nanoparticles or nanowires are attached to each other in a 
controlled manner with the assistance of capping agents.[205] 
Another method is the well-known thermosolvent method. Klinke 
et  al. grew 2D PbS using various surface capping ligands[206] 

and controlled the thickness from 4 to 20  nm by adjusting the 
amount of capping ligands.[207] In the preparation, shape con-
trol from particles to stripes and then to sheets was realized by 
tuning the usage of sulfide and chloroalkane.[208] These rock-salt 
PbS nanosheets showed high performance in FET applications, 
which can be either n- or p-type depending on the surface defects 
introduced.[209] Recently, this group also reported the spintronics 
of rock-salt PbS with an unusual selection mechanism of car-
rier excitation, which can be tuned by the gate voltage and thick-
ness of the materials.[210] Apparent quantum confinement was 
observed when the thickness of PbS was reduced from 6 to 
2  nm. This was demonstrated by the resulting PL and optical 
absorption.[211] Furthermore, the combination of the quantum 
confinement of two directions in rock-salt PbS nanoribbons 
improved the quantum yield. Thereby, photoluminescence 
quantum yield of over 30% was achieved in the infrared spec-
trum.[212] In another work, acetic acid produced from precursors 
was observed to hinder the reproducibility of PbS nanosheet for-
mation. Rock-salt PbS and PbS/CdS nanosheets were prepared 
down to 2 nm using acetate-free precursors.[213]

Recently, PbS nanoplatelets in another phase and with an 
orthorhombic crystal structure were prepared using the ther-
mosolvent decomposition method. A blue shift was observed in 
the absorption spectrum because of the thickness of 1.8–2.8 nm. 
The lateral size can be controlled by varying the reaction tem-
perature, growth time, and capping ligands.[214] It is noteworthy 
that free-standing ultrathin 2D PbS nanocrystals prepared 
using the same method were assigned to the rock-salt phase 
in another work.[215] A comparison of the XRD results revealed 
that the crystal phase is more likely to be an orthorhombic 
phase. This material exhibits efficient and highly stable dielec-
tric properties. The orthorhombic phase of ultrathin 2D PbS 
was verified further recently in a study where Pb(SCN)2 was 
used as the only precursor for thermosolvent decomposition. 
This may result in the preparation of 2D metal chalcogenides 
using other metal thiocyanate precursors.[216]

With respect to 2D PbSe, only the rock-salt phase was 
reported.[217] Similar to PbS, a solution-based method was used 
to prepare 2D PbSe with a controllable thickness from 2 to 
6 nm. Furthermore, the thickness dependency of the bandgap 
was also observed by PL measurements. During the prepara-
tion, Pb–Cl–Pb bridges were observed to stabilize the 2D 
network by connecting neighboring PbSe QDs along (100) sur-
faces. A new strategy for cation exchange was recently devel-
oped, in which Pb2+ replaced Cd2+ in the CdSe nanoplates. This 
produced PbSe nanoplatelets with different thicknesses from 
three to six monolayers.[218]

3.4. Si–X (SiS, SiSe, SiTe)

All the reported 2D SiX materials are based on theoretical 
predictions. DFT calculations predicted the equally stable and 
indirect bandgap α-phase (orthorhombic) and β-phase (hexag-
onal) SiS monolayers.[219] The bandgaps with both the phases 
can be tuned by an in-layer strain. Because the SiS monolayers 
have a structure similar to that of phosphene, they can form a 
heterostructure with phosphene in the lateral and vertical direc-
tions. This enriches the structural and electronic properties. In 
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addition to the α and β phases, 2D Pma2-SiS and metastable 
silicene sulfide were also predicted. These were observed to be 
more stable than α-SiS and β-SiS.[220] 2D Pma2-SiS exhibited 
good air stability. Moreover, the Pma2-phase SiS showed a direct 
semiconducting characteristic with good electronic and optoe-
lectronic properties. Furthermore, the bandgap can be tuned by 
layer thickness or strain. Silicene sulfide has a Cmmm symmetry 
and exhibits properties similar to those of 2D Pma2-SiS. Both 
of these are potential candidates for various optoelectronic and 
electronic applications because of their high light absorption, 
high carrier mobility, strong optical and electronic anisotropies, 
and good ambient environment stability.[220] However, another 
study showed that the ground state of SiS and SiSe monolayers 
exhibited Pmma symmetry (orthorhombic). Moreover, they 
were observed to be stable up to 1000 K.[221] As nontoxic and 
earth-abundant elements, SiS and SiSe have been predicted to 
be potential thermoelectric materials with low thermal conduc-
tivity and high power factors.[221] These orthorhombic SiS and 
SiSe monolayers have also been predicted to be good candidates  
as anode materials for Li-ion batteries with theoretical specific  
capacities of 445.7  mAh g −1 for the SiS monolayer and  
250.44 mAh g−1 for the SiSe monolayer.[222] The orthorhombic 
2D SiSe monolayer can exhibit metal, indirect band, and direct 
bandgaps under different ranges of in-plane strain.[223]

There are two phases of SiTe monolayers: α (orthorhombic, 
P3m1) and β (trigonal). [224] The α-SiTe monolayer is stable in 
energy and is an indirect semiconductor. It can be transformed 
to a metal or direct semiconductor under applied strain. The 
β-SiTe monolayer shows only an indirect bandgap under strain. 
2D β-SiTe was predicted to have a very high Seebeck coeffi-
cient of 2060 µV K−1 owing to the sharp DOS peak near the 
valence band edge. By combining the low thermal conductivity, 
2D β-SiTe showed its potential as a high-temperature thermo-
electric material with n- and p-type doping.[225] With a Si:Te  
stoichiometric ratio of 2:3, trigonal structure (P1c) Si2Te3 is 
a stable phase and is predicted to exhibit a high thermoelec-
tric performance at high temperatures (1000 K).[226] It can be 
prepared by the vapor transfer process or VLS process with a 
vapor Te source and Si supplied from either powder or a sub-
strate.[227,228] Many cations such as Li, Mg, Ge, and Cu can 
intercalate into the layer. This makes 2D Si2Te3 a potential 
chemically tunable platform for full-spectrum optical proper-
ties for optoelectronic applications.[229] 2D Si2Te3 undergoes a 

semiconductor-to-metal phase transition at ≈9.5  GPa, which 
can be further reduced to ≈7.5 GPa after Mg intercalation.[228]

DFT calculations indicated that covalency plays a more 
important role in small cation monochalcogenides such as 
SiX and GeX, and that the orthorhombic (Pma2) phase is 
favored.[230] In large cation monochalcogenides such as SnX 
and PdX, the Coulomb interaction becomes more impor-
tant, thereby resulting in a distorted NaCl-type structure. This 
conclusion is in good agreement with those of other reports 
mentioned in the above summary. Moreover, group-IV mono-
chalcogenide monolayers were predicted to be photostrictive 
(illumination-induced nonthermal strain) based on a converse 
piezoelectric effect in the photoexcited electronic states.[231]

Other phases such as 1T, bitetrahedral, and monoclinic 2D 
structures were predicted for group-IV dioxides MO2 (SiO2, GeO2, 
SnO2, and PbO2). Furthermore, their formation energy, electronic 
properties, and potential applications were proposed.[232] Bitetra-
hedral SiO2, monoclinic GeO2, 1T SnO2, and PbO2 were stable, 
and only bitetrahedral SiO2 had a direct bandgap. The bitetrahe-
dral SiO2 could function as a gate oxide for monolayer MoS2 and 
phosphorene because of its suitable band offset (above 1 eV).

4. Group V–VI: Sb, Bi

In this family, 2D materials of the form M2X3 (mainly the 
compounds of M = Sb, Bi, and X = O, S, Se, Te) have been 
studied extensively. These 2D materials exhibit a strong QSH 
effect. Hence, research attention on these has increased signifi-
cantly over the past few years. In particular, the QSH phase is 
a time-reversal invariant electronic state with a bulk electronic 
bandgap. It supports the charge and spin transport in gapless 
edge states.[233] In the QSH state, the bulk of the 2D electron 
system is insulating, and the edge states are helical. Each edge 
consists of forward-moving and backward-moving states with 
different spins. Figure 8 demonstrates the fundamental concept 
of the QSH effect. The QSH state exists in nonmagnetic mate-
rials and also in the absence of an external magnetic field. This 
state is mainly associated with a Z2 topological invariant, which 
differentiates it from an ordinary insulator.[233] Hence, QSH 
effects in materials cause their edge states to be topologically 
protected from back scattering. An extensive understanding of 
the QSH effect is required considering the future applications 

Figure 8.  a) Sketch of the quantum spin Hall edge states. The red and blue lines are edge states. The arrows along the lines indicate the carriers’ moving 
direction in such edge states. Here, the bulk is insulating, and the edge states are helical. Each edge contains both forward moving and backward 
moving edge states with different spins. b) Schematic band structure of the quantum spin Hall edges. Solid and dashed lines represent the top and 
bottom edges, respectively. a,b) Reproduced with permission.[235] Copyright 2015, Wiley-VCH.

Adv. Funct. Mater. 2020, 30, 2001127



www.afm-journal.dewww.advancedsciencenews.com

2001127  (17 of 35) © 2020 Wiley-VCH GmbH

of topological quantum computing. First-principles calculations  
combined with photoemission spectroscopy have recently 
demonstrated the Z2 topological properties of Bi2Te3 and Sb2Te3 
and their derivatives.[18] However, specific theoretical and experi
mental studies for determining the various protected topolog-
ical phases, phase transitions, and QSH effects of 2D materials 
belonging to the group V–VI family are still insufficient.

There are a few more theoretical approaches for the funda-
mental study of QSH phases in 2D materials. Tensor-entangle-
ment-filtering renormalization is one of the most important 
approaches, where the symmetry group of the Lagrangian, 
that is, a fixed-point tensor, Tinv and Gsym can define the sym-
metry-breaking and topological phases illustrated by the 2D 
statistical Ising model, loop-gas model, and 1  +  1D quantum  
spin −1/2 and spin −1 models.[234] Such a (Gsym, Tinv) characteri-
zation has shown that the Haldane phase with a spin -1 chain 
is a topologically protected phase by the time-reversal, parity, 
and translation symmetries.[234] Pollmann et al. further studied 
the stability of the Haldane phase in integer-spin chains and 
found that the odd-S Haldane phase is a topologically protected 
nontrivial phase by any of the dihedral groups of π rotation, 
time-reversal, and link inversion symmetries.[235] Moreover, the 
Wess–Zumino–Witten model for Lie symmetry groups can be 
employed to determine the 2D interacting spin system with non-
trivial Z2 symmetry-protected topological order.[236] This model 
can potentially lead to a classification of symmetry-protected 
topological orders in interacting boson and fermion systems 
of any dimension. By considering these models as the motiva-
tional remarks, recent studies have been directed much specifi-
cally toward the determining of various protected topological 
phases, phase transitions, and QSH effects of a large family of 
2D materials belonging to the group V–VI. This section focuses 
mainly on the progress in the determination of the stable topo-
logical phases and the phase-dependent scientific achievements 
with regard to the following individual compounds.

4.1. Bi–X (Bi2O3, Bi2S3, Bi2Se3, Bi2Te3)

4.1.1. Bi2O3

Bulk Bi2O3 exhibits many phases, including α, β, γ, δ, and 
ε, whereas 2D Bi2O3 shows α, β, γ, and δ phases.[237] The  
α (monoclinic) phase of Bi2O3 is the most stable phase, and 
its β (tetragonal) and γ (cubic, bcc) phases are metastable.[238] 
The growth of α-Bi2O3 ultrathin films has been achieved using 
ALD.[238] The α-Bi2O3 films synthesized by ALD can be trans-
formed completely into γ-Bi2O3 at temperatures above 700 °C. 
It is noteworthy that the metastable γ-phase can persist at room 
temperature. In a solution-based method, α-Bi2O3 is generally 
grown into a needle shape without using a template.[239] α-Bi2O3 
nanosheets with a thickness of 10–20  nm were synthesized 
successfully using graphene oxide as a template. Moreover,  
α-Bi2O3 exhibits remarkable photocatalytic activity and durability 
in the photodegradation of methyl orange by visible light irra-
diation.[240] Recently, α-Bi2O3 monolayers have also been pre-
pared from elemental liquid bismuth via a facile and scalable 
method.[241] Here, α-Bi2O3 nanosheets were exfoliated from 
the surface of liquid bismuth. In this method, the thickness of 

similar nanosheets can also be controlled by the oxygen con-
centration during the exfoliation process. Compared with the 
bulk Bi2O3 with a bandgap of ≈2  eV, the monolayer α-Bi2O3 
shows n-type semiconducting behavior and a direct bandgap 
of ≈3.5 eV. A photodetector device fabricated with this material 
exhibited ultrahigh UV responsivity and an inferred detectivity.

β-Bi2O3 single crystalline nanosheets can be prepared by the 
solvothermal method using alcohol as a solvent and calcina-
tion at a mild temperature (300–400 °C). The β phase of Bi2O3 
has been observed to consist of many rectangular pores in the 
nanosheets with exposed reactive (001) facets. Moreover, the  
β phase of Bi2O3 exhibits potential for enhanced photocatalytic 
performance compared with α-Bi2O3.[242] Ionic doping into  
β-Bi2O3 nanosheets, i.e., 0.8 wt% Er3+ doping, can significantly 
improve the photocatalytic activity owing to the upconversion 
effect. Another straightforward technique for the calcination of 
bismuth precursor absorbed on FTO glass slides has also been 
demonstrated to be capable of synthesizing β-Bi2O3 nanoplates. 
Wang et  al. introduced a calcination method for the formation 
of β-Bi2O3 nanoplates consisting of many nanopores, which 
were obtained after the calcination of a bismuth precursor at  
350 °C.[243] However, the thickness of these nanoplates was sig-
nificantly large (≈100 nm). A small size can be achieved by control-
ling the absorption of the precursor. In addition to the transition 
of α-Bi2O3 into γ-Bi2O3 nanosheets at high temperature, cubic  
γ-Bi2O3 nanosheets can also be grown on a carbon paper through 
a combination of hydrothermal and calcination methods.[244]  
Vertically aligned γ-Bi2O3 nanosheets on carbon paper showed 
a high capacity and remarkable capacity retention of 71.4% after 
5000 cycles as an anode material in aqueous alkaline batteries.

Recently, ultrathin δ-Bi2O3 (≈3 nm) was prepared successfully 
on carbon cloth by the solvothermal method.[245] This material 
displayed a remarkable energy density as a supercapacitor with 
the help of poly(3,4-ethylenedioxythiophene) coating. This is 
because of the vertical and interconnected network architecture 
along the carbon cloth fiber, which provides a large surface area 
for the electrolyte. Furthermore, this material is flexible and 
suitable for designing other high-performance electrodes.[245]

4.1.2. Bi2S3

Thus far, all the reports on 2D Bi2S3 have shown its 
orthorhombic phases. However, the existence of a stable hex-
agonal phase at high pressures has also been predicted.[246] 
Orthorhombic Bi2S3 nanosheets were first synthesized 
by decomposing Bi(S2CNEt2)3. During this process, the 
Bi2S3 nanorods were first formed and then underwent an 
attachment–recrystallization growth mechanism.[247] Chen et al. 
prepared Bi2S3 nanosheets down to 2.2 nm (2 layers) through 
a facile ethanol solvothermal process.[248] They observed that 
the crystalline orthorhombic phase can be developed effec-
tively by increasing the reaction time. Furthermore, they fab-
ricated a flexible photodetector device with the orthorhombic 
phase of 2D Bi2S3. This device showed a high responsivity and 
fast response in the visible–near-infrared light range. Subse-
quently, a solvothermal and stirring-assisted reductive exfo-
liation method was introduced to obtain a similar phase of 2D 
Bi2S3 with controllable thickness. The 2D Bi2S3 was observed 
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to be highly suitable for use in high-performance photodetec-
tors under ambient conditions and gas sensors.[249] Recently, 
it was observed that the sulfurization of Bi2O3 nanosheets can 
also directly produce orthorhombic Bi2S3 or their Bi2O3–Bi2S3 
heterostructures. This heterostructure showed an improved 
capability for sodium storage compared with pure Bi2S3 and 
Bi2O3, owing to the enhanced charge transfer in the hetero-
structures.[250] With regard to the topological phase, a com-
pressive pressure of ≈5.3 GPa can transform the stable layered 
phase of Bi2S3 into a topological insulator phase. Such a topo-
logical phase transition in the layered Bi2S3 was verified by the 
calculated band inversion, Z2 invariant numbers, and gapless 
surface states.[246] Moreover, the application of pressure can 
effectively enhance the strength of the spin–orbit interaction in 
Bi2S3, thereby causing an increased bandgap.[246]

4.1.3. Bi2Se3

Nielsen et al. first reported pressure-induced phase transitions 
in ordered and disordered Bi2Te2Se.[251] This study showed the 
phase transition of Bi2Te3 and Bi2Se3 from α to β and then to 
γ/δ as the pressure increased. Freestanding monolayer rhom-
bohedral Bi2Se3 was prepared using the scalable interaction/
exfoliation strategy. It showed an enhanced performance in 
harvesting thermoelectric energy. In particular, the surface dis-
tortion on similar free-standing Bi2Se3 caused an increase in  
the electrical conductivity and Seebeck coefficient, effective 
phonon scattering caused a decrease in thermal conductivity, 

and finally, the entire process resulted in the enhancement of 
the thermal energy harvesting potential. An eight-fold higher 
ZT was achieved from the free-standing single-layer Bi2Se3 
compared with the bulk material.[252] Unlike other preparation 
techniques, the ionic liquid solvothermal (ionothermal) tech-
nique (where the ionic liquid functions as an intercalating and 
stabilizing agent) was introduced to synthesize few-layer rhom-
bohedral Bi2Se3.[253] A similar rhombohedral Bi2Se3 offers high 
mobility and scattering-resistant carriers owing to its unique 
surface morphology, which in turn showed high electrical 
conductivity and low thermal conductivity.[253] Furthermore, a 
microwave-assisted solvothermal method was used to prepare 
2D rhombohedral Bi2Se3 with a controllable thickness using 
poly(N-vinyl-2-pyrrolidone) (PVP) as a stabilizer, as shown 
in Figure  9.[254] The quintuple layers (QLs) should be disas-
sembled to obtain Bi2Se3 nanosheets, as shown in Figure  9a. 
Only bulk Bi2Se3 was prepared without using PVP. PVP could 
impede the stacking of the QLs. Bi2Se3 nanosheets with thick-
nesses of 13, 7, 4, and 1  nm were fabricated using this tech-
nique with the PVP/Bi2Se3 molar ratios of 0.0025, 0.0125, 0.025, 
and 0.05, respectively.[254] The compression of these nanosheets 
into cylinder-shaped bulk samples with the application of spark 
plasma sintering showed higher thermoelectric performance 
compared to bulk materials. This is evidenced by the broadened 
bandgap and optimized Fermi level. Xie et  al. demonstrated 
the precipitation method for synthesizing very small (less than 
50 nm) rhombohedral two-layer Bi2Se3.[255] In this method, PVP 
is used as a capping agent, which is suitable for in vivo applica-
tions. Similar synthesized Bi2Se3 showed a high photothermal 

Figure 9.  Scheme of a) Bi2Se3 rhombohedral crystal structure with Se–Bi–Se–Bi–Se layers (quintuple layers, QL) connected by the van der Waals force (vdW); 
b) morphology evolution of Bi2Se3 NSs prepared with and without PVP. CB: covalent bonding. a,b) Reproduced with permission.[256] Copyright 2015, Wiley-VCH.
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conversion efficiency of NIR absorption, making this material 
a good candidate for the hydrothermal therapy for cancer. Fur-
thermore, Song et  al. investigated the formation mechanisms 
of 2D rhombohedral Bi2Se3 and ternary Bi2(Se,Te)3 through 
in-situ XRD measurements. The formation mechanism was 
divided into three steps based on this investigation: nucleation, 
oriented attachment of the nuclei, and slow epitaxial growth.[256]

Bi2Se3 nanoplates intercalated with copper atoms showed a 
large enhancement in light transmission. This is in contrast to 
most bulk materials, where doping reduces the light transmis-
sion and electrical conductivity.[257] The intercalation-assisted 
chemical tuning effect of the substantial reduction of material 
absorption and the nanophotonic effect of zero-wave antire-
flection on the ultrasmall thickness of nanoplates resulted in 
this unusual behavior.[257] Hence, Bi2Se3 has the potential for 
various applications, such as transparent electrodes and tunable 
optoelectronic devices. Subsequently, the dual-element interca-
lation effect on 2D Bi2Se3 nanoribbons was demonstrated via 
a stepwise combination of disproportionation redox reactions 
and hydrazine reduction or carbonyl decomposition.[258] Inter-
calation is observed to be the critical ingredient for enhancing 
the capacity of energy storage devices from batteries to superca-
pacitors. It is also considered as an effective method to modify 
the properties of inherent materials.[258] The CVD method was 
also used suitably to synthesize microsized rhombohedral 
Bi2Se3 nanoribbons or nanoplatelets with a thickness of tens 
of nanometers.[259] Moreover, a universal solvothermal method 
using ethylene glycol as a solvent and reducing agent, and PVP 
as a stabilizing agent yielded hexagonal-shaped rhombohedral 
2D(Sb, Bi)2(Se,Te)3.[260] Furthermore, a microwave-stimulated 
wet-chemistry method using tri-n-octylphosphine as a solvent 
was employed to prepare sulfur-doped rhombohedral Bi2Te3 
and Bi2Se3 nanosheets. This synthesis technique was observed 
to be rapid and effective for scaling up n- and p-type nanosheets. 
Pellets formed by compressing these nanosheets also exhib-
ited a very high ZT value (above one). This study showed that 
the Seebeck coefficient is highly sensitive to the sulfur doping 
level, which significantly alters the density of states near the 
Fermi level.[261] Although highly remarkable progress has been 
achieved in the synthesis of Bi2Se3 nanosheets, high-yield syn-
thesis for realizing topological insulator behavior remains to 
be attained. Toward this direction, Kong et  al. solvothermally 
synthesized uniform Bi2Se3 nanoplates with compensational Sb 
doping during synthesis. This resulted in a good control of the 
carrier concentration on Bi2Se3 and paved the way for the explo-
ration of topological properties.[262]

Recently, other approaches (such as a top-down electrochem-
ical exfoliation approach in aqueous solutions,[263] selective 
nucleation and growth at desired locations on a patterned mica 
substrate,[35] and molecular beam epitaxy on Al2O3(0001) and 
amorphous SiO2 (a-SiO2) substrates[264]) have also been demon-
strated to synthesize large-area and uniform Bi2Se3 and Bi2Te3. 
These can be transferred onto various substrates including 
the common transparency sheet. Guo et  al. observed that Cu-
intercalated 2D Bi2Se3 electrodes exhibit high uniformity and 
remarkable environmental stability. The high density of inter-
calated copper atoms significantly affected the electrical and 
optical performance of the Bi2Se3 electrodes. The intercala-
tion improved the performance of the Bi2Se3 electrodes from  

900 Ω sq−1 (68%) to 300 Ω sq−1 (82%) in the visible range and 
to 300 Ω sq−1 (91%) in the near-infrared region. Hence, copper 
intercalation in topological insulator grid nanostructures may 
expand their potential applications in high-performance optoelec-
tronic devices, particularly in infrared optoelectronic devices.[265]

4.1.4. Bi2Te3

In a pressure-induced reversible process, many distinct struc-
tural phases such as rhombohedral (I), monoclinic (II, III), 
and cubic (IV) were observed in nanostructured Bi2Te3.[266]  
A facile solution-phase method was observed to be effective 
in synthesizing the nanostructure of Bi2Te3. Pressure-induced 
phase transformations from rhombohedral (I) through mono-
clinic (II, III) up to cubic (IV) was observed after the pressure 
was increased to 20.2 GPa.[266] Remarkably, this nanostructured 
Bi2Te3 transformed into a Bi–Te substitutional nonmetallic alloy 
at a pressure of 15.0 GPa. This is ≈10 GPa lower than that of its 
bulk counterpart. This reduced transition pressure is attributed 
to the synergistic effect, which involves a large volume collapse, 
and the unique 1D nanostructures with an intrinsic substitu-
tional aspect that originates defects in the antisite BiTe2. 2D 
Bi2Te3 nanosheets were also synthesized on a Si substrate via 
the surface-assisted CVT technique. Bi2Te3 nanosheets grow in 
the basal plane of the hexagonal Bi2Te3 structure and are typi-
cally a few nanometers in thickness.[267] The details available 
on the electronic and thermal properties of these 2D Bi2Te3 
nanosheets are limited. Their important thermoelectric mate-
rials and topological applications also need to be investigated. 
Lu et  al. addressed another two-step epitaxial growth of cylin-
drical strings of Bi2Te3 nanoplatelets using a high-temperature 
organic solution approach.[268] Similar nanoplatelets were grown 
on the surface of the Te rod along the c-axis in a top–bottom–
top–bottom sequence. This method achieved the growth of 
single-crystal, defect-free, and hexagonal Bi2Te3 nanoplatelets. 
In this growth, the c-direction of the Bi2Te3 nanoplatelet and  
c-axis of the Te rod are always parallel to each other. Hence, 
after a size-selective posttreatment, the single component of 1D 
aligned strings of Bi2Te3 nanoplatelets can be refined and iso-
lated by separating and removing the individual Bi2Te3 nano
platelets. These 1D nanostructures containing phase boundaries 
on nanofacets can be used effectively in the design of low-
dimensional thermoelectric building blocks. These blocks have 
the potential to achieve a high thermoelectric ZT and note-
worthy topological properties. Recently, Jiang et  al. reported 
the development of vertical out-of-plane and planar in-plane 
Bi-based TI nanoplates (including Bi2Te3 and Bi2Se3) on a mica 
substrate using the CVD method.[269] Here, the vertical TI nano-
plates exhibited a strong tendency to assemble into a 1D array. 
This effect can be attributed to the directional interfacial stress 
between the nanoplates and underlying Bi2O3 buffer layer. 
Furthermore, Goyal et  al. reported “graphene-like” mechani-
cally exfoliated single-crystal Bi2Te3 films.[270] These showed a 
decrease in the room-temperature in-plane thermal conductivity 
of the stacks by a factor of ≈2.4, compared with the bulk counter-
part. This reduction in thermal conductivity while retaining the 
electrical properties resulted in a large increase in the thermo-
electric figure of merit.
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4.2. Sb–X (Sb2O3, Sb2S3, Sb2Se3, Sb2Te3)

4.2.1. Sb2O3

Sb2O3 exhibits two polymorphs: a cubic α phase and an 
orthorhombic β phase with bandgaps of 4 and 3.3  eV.[271] 
α-phase Sb2O3 is a potential anodic material for rechargeable 
batteries owing to its high capacity and abundance of natural 
deposits. With regard to its synthesis, Zhou et  al. reported 
a solvothermal reaction for the facile synthesis of a densely 
packed Sb2O3 nanosheet–graphene aerogel composite.[272] This 
Sb2O3/graphene composite displayed a reversible capacity of 
657.9 mAh g−1 even after 100 cycles at 0.1 A g−1. It also exhib-
ited a remarkable rate capacity of 356.8 mAh g−1 at 5.0 A g−1. 
The higher electrochemical performance of this composite is 
attributed to the synergistic effects of densely packed Sb2O3 
nanosheets and graphene airgel. During the hydrothermal pro-
cess, the addition of different types of amines controlled the 
phases owing to the steric effect. The use of tetramethylethylen-
ediamine favored the formation of the α phase. Meanwhile, the 
β phase was prepared conveniently by adding ethylenediamine 
and 1,2-diaminocyclohexane.[273]

Similar to phosphorene, Sb2O3 has also opened up substan-
tial scopes in the 2D monolayer family. Sb2O3 is a 2D topolog-
ical insulator with a large global bandgap of 177 meV.[274] This 
material has a nontrivial Z2 topological invariant in the bulk 
and topological states on the edge. Moreover, these tunable 
direct bandgaps, which cover a wide range (0–2.28 eV), are of 
high importance for solar cell and photodetector applications.

4.2.2. Sb2S3

For 2D Sb2S3, only crystalline orthorhombic and amorphous 
phases were reported. The colloidal synthesis of amorphous 
a-Sb2S3 (III) nanostructures via a mixture solution of different 
long-chain primary amines was demonstrated by Wang et al.[275] 
These organic amines function as a template for the 2D growth 
of a-Sb2S3 (III) through the coordination of metal cations with 
the amine group. Thermal analysis revealed that the amorphous–
crystalline phase transformation is accompanied by the desorp-
tion and/or decomposition of organic surfactant molecules and  
S loss. These Sb2S3 nanostructures exhibited photoelectronic 
properties in an indium tin oxide (ITO)/Sb2S3/ITO model device, 
namely, a fast temporal photoresponse and photoswitch capa-
bility. Orthorhombic Sb2S3 can be prepared by various methods 
such as the solvothermal method,[276,277] liquid exfoliation,[278,279] 
and electrochemical lithium intercalation.[280] The Sb2S3 
nanosheets can be grown directly on graphene with enhanced 
catalytic properties owing to the synergism of the superior con-
ductivity of graphene and the 2D nanostructures of Sb2S3.[276] 
In the one-step high-shear exfoliation using an ethanol/water 
solvent, water promotes exfoliation by a lower diffusion barrier 
along the [010] direction of Sb2S3, whereas ethanol functions as 
the carbon source for in situ carbonization.[278] This few-layer 
Sb2S3 can minimize the volume expansion during passivation 
and shorten the ion transport pathways. The latter enhances 
the rate capability of potassium-ion batteries.[278] Subsequently, 
Zhu et  al. demonstrated the development of flower-like Sb2S3 

structures through a simple and convenient polyol reflux pro-
cess.[281] When tested as an anode for sodium-ion batteries, this 
material delivered a high reversible capacity of 835.3 mAh g−1 at  
50 mA g−1 after 50 cycles and maintained a capacity of 641.7 mAh g−1  
at 200 mA g−1 after 100 cycles. This indicates a remarkable cycle 
performance and a superior rate capability. The high rate capa-
bility is a result of the shortened diffusion paths for Na ions 
and electrons. The stable cycling behavior can be attributed to 
the accommodation of the strain generated during cycling. For 
Li–S batteries, Sb2S3 nanosheets effectively reduced the shut-
tling effect of soluble polysulfides with binding strengths of  
1.33–2.14 eV to entrap Li2Sx. Moreover, these nanosheets achieved 
a low-energy barrier of 189 meV for Li diffusion, yielding a sig-
nificantly improved specific capacity.[280]

4.2.3. Sb2Se3

Orthorhombic Sb2Se3 nanosheets were grown by liquid-phase 
exfoliation with the help of freezing.[282–284] There are two 
strategies for the freezing process: slow freezing with gentle 
sonication and fast freezing with vigorous sonication. In the 
slow freezing process, water is first pumped into interribbon 
voids with the help of shearing stress. Then, the volume expan-
sion from liquid water to ice induced by freezing produces a 
strong force to separate the layers of the Sb2Se3 sheets.[282] In 
the liquid nitrogen process, large Sb2Se3 powders are broken 
into small fragments. The subsequent sonication can effectively 
exfoliate the layer structures.[284] Surface modification of PVP  
enables the development of Sb2Se3 nanosheets with high biocom-
patibility and therapeutic biosafety for in vitro and in vivo appli-
cations such as photothermal therapy, antibacterial infections, 
and photoacoustic imaging.[283–285] A 2D amorphous Sb2Se3/C 
composite was prepared using a simple ball-milling process.[286] 
As an anode for Li- and Na-ion batteries, this material exhibited 
remarkable electrochemical capabilities such as high reversible 
capacities, long cycle life, and high rate capabilities.

4.2.4. Sb2Te3

The amorphous and crystalline states of Sb2Te3 (rhombohe-
dral) nanosheets have been reported. The hydrothermal method 
is the most commonly used method for preparing Sb2Te3 
nanosheets.[287] While applying this method, Saltzmann et  al. 
observed different amorphous intermediates along the reac-
tion path to the final Sb2Te3 hexagonal platelets.[288] In situ 
nanomanipulator measurements on this Sb2Te3 revealed the 
electrical phase-change switching properties of Sb2Te3 hexa
gonal platelets.[288] Microwaves can assist the solvothermal pro-
cess in producing Sb2Te3 nanosheets effectively. Furthermore, 
a graphene–Sb2Te3 heterostructure can be obtained by adding 
graphene to the solution.[289] Combing solvothermal and carbon-
ization techniques can prepare Sb2Te3/C nanoplates that exhibit 
good electrochemical performance as anode materials for alkali 
battery systems.[290] The electrochemical reaction mechanism 
between Sb2Te3 and Li was investigated thoroughly using ex situ 
XRD.[291] Apart from hydrothermal methods to synthesize Sb2Te3 
nanosheets, solution-based methods have also been reported. For 
example, Wang et  al. reported a room-temperature preparation 
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by reducing BiCl3 and orthotelluric acid with hydrazine in 
the presence of thioglycolic acid to control the thickness from  
3 to 40 nm. Moreover, Schulz et al. demonstrated the size-selec-
tive synthesis of hexagonal Sb2Te3 nanoplates by the thermal 
decomposition of the single-source precursor bis(diethylstibino)
telluride (Et2Sb)2Te.[292] These Sb2Te3 nanosheets are thermoe-
lectric materials with a high ZT. In particular, the high density of 
states, increased phonon scattering, and reduced lattice thermal 
conductivity in nanostructuring thermoelectric materials pro-
mote factorial enhancements in ZT.[293]

5. Group III–V

Monolayer group III–V binary compounds (M = B, Al, Ga, In;  
X = N, P) can have a planar or buckled structure. The prediction 
shows that compounds formed with first-row elements, i.e.,  
B, and N, are planar stable, whereas those formed with the 
other elements tend to be bulked. All these are semiconductors 
with a bandgap determined by the constituent atoms.[294]

5.1. X–N (BN, AlN, GaN)

Most reports involve 2D BN with a hexagonal structure (h-BN), 
which is an isomorph of graphene with a similar layer struc-
ture. 2D h-BN has high chemical stability,[295] high thermal 
stability and conductivity,[296] good mechanical strength,[297] 
and high transparency.[298] For a long time, mono- and few-
layer h-BN have been prepared using various methods such 
as mechanical/liquid exfoliation techniques and chemical and 
physical depositions.[299] Zhang et  al. summarized their syn-
thesis, properties, and applications in an informative review.[300]

A new phase, amorphous 2D-BN, was also successfully 
prepared on various substrates such as metals, ceramics, and 
polymers, and on other 2D materials including graphene and 
few-layer MoS2, by utilizing a low-temperature (<200 °C) pulsed 
laser deposition method.[301] The dielectric constant and break-
down voltage measurements for various thicknesses of the 
ultrathin amorphous BN material were higher than those of the 
previously reported CVD h-BN.[302]

AlN nanosheets have a hexagonal crystal structure (wurtzite) 
with a wide bandgap of 6.2  eV. They show remarkable insu-
lating properties, high thermal conductivity, high chemical and 
thermal stability, and high dielectric permittivity. Therefore, 
they are suitable for use as gate dielectrics.[303] Organic and 
inorganic (MoS2) field-effect transistors fabricated with AlN as 
a gate dielectric showed high performance in terms of stability, 
on/off ratio, operation voltage, and saturation mobility.[303,304] 
Furthermore, a theoretical calculation predicted that 2D AlN 
is also a good candidate for Li+/Na+ ion batteries, gas sensors, 
and piezoelectricity.[305] ALD, PVD, and vapor phase transport 
are the main methods for preparing 2D AlN directly.[303,304,306] 
Recently, atomically thin hexagonal AlN with a widened 
bandgap of 9.2  eV was produced successfully by a selective 
thermal evaporation process and metal-organic chemical vapor 
deposition (MOCVD).[307,308] The growth process of 2D AlN 
in graphene/Si heterostructures is shown in Figure  10. The 
structure of graphene and passivated dangling bonds between 

graphene and Si substrates were broken with the help of 
hydrogenation. This opened the path for AlN growth into the 
interlayer (Figure 10d). Three layers of graphene are required 
because the structure of graphene with one to two layers can 
be damaged by hydrogenation, and a thicker graphene cannot 
open the path for AlN precursor atoms into the interlayer. 
The crystal structure of 2D AlN transformed from the R3m 
structure to the P63mc structure owing to a lattice mismatch 
between Si and AlN (19%). This was verified by the atomistic 
model constructed and calculated with DFT (Figure 10e).[308]

Bulk GaN has a wurtzite structure and is a direct semi-
conductor with a wide bandgap.[309] At the early stage of its  
predicted 2D form, the hexagonal phase is stable with a honey-
comb structure.[284] A theoretical study showed that a few-layer 
h-GaN became unstable and spontaneously reconstructed into 
a 3D structure with hexagonal in-plane albeit covalent interlayer 
bonds that form alternating octagonal and square rings.[310] 
An indirect-to-direct transformation was observed during the 
reconstruction. Further study showed that this so-GaN is robust 
and stable at high temperatures. Furthermore, the stability of a 
single layer of this squareoctagonal structure (such as Haeck-
elite) was verified,[311] and its magnetic and electronic proper-
ties were investigated. This study showed that adatom adsorp-
tion and cation–anion vacancies can modify their electronic and 
magnetic properties. However, the first successfully prepared 2D 
GaN was a hexagonal phase, in which graphene played a critical 
role in stabilizing the 2D buckled structure.[312] 2D GaN was pre-
pared via a migration-enhanced encapsulated growth (MEEG) 
technique (Figure 11). The proposed MEEG process for 2D GaN 
growth in graphene follows three steps. First, the trimethylgal-
lium precursor decomposes into a gallium atom and is adsorbed 
on the graphene surface. Second, the gallium atoms intercalate 
and diffuse into the interface of graphene and the substrate. 
Finally, the confined gallium atoms transform into 2D GaN by 
ammonolysis. This method is expected to be highly effective for 
preparing other 2D group-III nitride semiconductors.[312] Simi-
larly, the 2D GaN growth mechanism was also demonstrated 
using plasma-enhanced MOCVD. Here, the use of plasma 
transformed the phase from the trigonal structure to the hex-
agonal structure as well as controlled the layers. This resulted 
in the variation of the bandgap from 4.18 to 4.65 eV.[313] Owing 
to the low melting point of gallium, surface-confined nitridation 
on liquid gallium was carried out to prepare microsized single-
crystal 2D GaN. It exhibited blue shifts and enhanced photolu-
minescence emission.[314] In another method, a nitrogen neutral 
beam produced by passing N2 plasma through an aperture plate 
was used as a nitrogen source for synthesizing GaN at room 
temperature. Polycrystal wurtzite GaN nanosheets mixed with 
the rock-salt phase were obtained on a selective area that exhib-
ited a typical photoluminescence spectrum.[315]

5.2. XP (BP, AlP, GaP, InP, InP3)

Bulk BP has many phases such as ZB, rock salt, and β-Sn.[316] 
Recently, a 2D hexagonal BP (h-BP) was predicted to be a 
planar and graphene-like structure with a direct bandgap 
of 0.9  eV.[317,318] The substitution of B or P with group  
III–IV–V elements was systematically studied and considered an 

Adv. Funct. Mater. 2020, 30, 2001127



www.afm-journal.dewww.advancedsciencenews.com

2001127  (22 of 35) © 2020 Wiley-VCH GmbH

effective method to modify the electronic structure of the h-BP 
monolayer, such as the n/p type and bandgap.[319] First-principle 
studies have shown that the h-BP monolayer is effective as an 
anode material for alkali-based batteries with an extraordinary 
storage capacity of 1283 mAh/g or as an anchoring material for 
Li–S batteries.[317,320] The semiconductor metal transforms with 
Li, Na, and K interactions, which endows it with good electrical 
conductivity for use as an anode material.[321]

Hexagonal AlP and GaP monolayers were also predicted as 
graphene-like structures. Their electronic and optical proper-
ties were observed to have high mechanosensitivity.[322] Their 
energy gaps were altered with an applied strain, in accordance 
with a second-order polynomial equation. Moreover, the optical 
absorption spectra of these materials exhibited blue and red-
shifts corresponding to compressive and tensile strains. The 
experimentally prepared 2D InP with a flag shape was real-
ized by VLS growth and is a wurtzite structure.[323] During the 
growth of InP nanowires, the nanowire tip was asymmetrically 
dissolved into the catalyst and then unpinned with Au particles. 
Then, epitaxial growth occurred along a nanowire facet. This 
technique opened the way for the synthesis of 2D nanomem-
branes with a crystal structure determined by a 1D nanowire 
sidewall template. These nanoflags exhibited room-temperature 
and linearly polarized PL perpendicular to the elongation direc-
tion of the nanoflag. The tip geometry enabled a significant 

enhancement in the electric field intensity, which can be 
applied to nonlinear effects and as a nanoantenna.

InP3 is another 2D form of the In-P system, according to a 
theoretical study. There are two phases of the InP3 monolayer: 
β (hexagonal, Pm1) and δ (monoclinic, P1).[324] β-InP3 has an 
indirect bandgap of 1.14  eV and high electron mobility. P-type 
doping or defect engineering may induce tunable magnetism 
and half-metallicity in the β-InP3 monolayer, and electron or 
high-concentration hole doping can cause a semiconductor–
metal transition.[325] The Seebeck coefficient of β-InP3 was 
predicted to be 2.0(1.95) mV K−1 with p (n)-type doping. This 
would result in a high ZT of 2.06 at room temperature.[326] Fur-
thermore, the β-InP3 monolayer showed extraordinary optical 
absorption in the entire visible solar spectrum. This makes it 
a potential candidate for nanoscale electronic, photovoltaic, 
and spintronic applications.[325] As a layer material, 2D β-InP3 
was also predicted to be suitable for Li(Na)-ion batteries with 
ultrafast charge/discharge capability, high stability, and revers-
ibility.[327] The δ-InP3 monolayer was determined to be a semi-
conductor with an indirect bandgap of 0.51  eV and exhibited 
anisotropy with a tunable bandgap under applied strain. This 
phase was determined to be stable at room temperature, and 
the exfoliation energy of the δ-InP3 monolayer was 40% lower 
than that of the β-InP3 monolayer. Furthermore, it was indi-
cated that the metal substrate favors the formation of the δ-InP3 

Figure 10.  Cross-sectional TEM images of AlN layers sandwiched between graphene and Si substrates at a) low-magnification and b) high magnifi-
cation; c) annular bright-field (ABF)-scanning transmission electron microscopy (STEM) image; d) schematic growth of 2D AlN layers sandwiched 
between graphene and Si substrates; e) schematic diagram of 2D AlN layers sandwiched between graphene and Si substrates. a–e) Reproduced with 
permission.[310] Copyright 2019, Wiley-VCH.
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monolayer.[324] Finally, the calculation values of the absorption 
of different gases on the δ-InP3 monolayer indicated the supe-
rior sensing performance of this material.

6. Group IV–V

In general, two polytypes of 2D group IV–V materials  
(M = Si, Ge, Sn; X = N, P, As) were predicted: monoclinic (Cm) 
and hexagonal (Pm2) phases.[328] The formation energies of 2D 
group IV–V compounds were calculated for the two phases 
(Figure  12). The value of 200 meV/atom was considered the 
formation energy threshold for free-standing 2D materials.[329] 
According to the calculation, the monoclinic structure was 
more stable for As, Sb, and Bi compounds, whereas the hexa
gonal structure was more stable for P compounds. The band 
energy levels of the nine potentially stable compounds with the 
two phases are also given to demonstrate that these materials 
are good candidates for water splitting. In addition to the com-
pounds shown in Figure  12, single-layer hexagonal group-IV 
nitrides were predicted as stable indirect semiconductors. Their 
bandgaps showed an almost linear response for the strain, 
which is suitable for mechanical sensors.[330] However, in other 
studies, P compounds also showed the most stable monoclinic 
phase. For example, bulk SiP is an indirect semiconductor 
with a bandgap of 1.69  eV and was successfully prepared 

experimentally. According to this calculation, the stable phase 
of monolayer SiP was monoclinic (different from a previous 
study) and was thermodynamically and dynamically stable even 
at 900 K. The bandgap of the monolayer transited to a direct 
bandgap of 2.59 eV from the indirect bulk.[331] In the following, 
we discuss the reported 2D group IV–V materials and their 
phases individually.

6.1. Ge–X (GeAs, GeAs2, GeP, GeP2, GeP3, Ge3P2)

6.1.1. GeAs, GeAs2

Ge–As compounds are of two stoichiometric ratios: GeAs and 
GeAs2. For 2D GeAs, the monoclinic phase has been experi-
mentally observed to be the most stable. The other hexagonal 
phase was predicted to be dynamically stable.[332] Based on the 
simulation, the monolayer hexagonal GeAs is an indirect semi-
conductor (2.08 eV) and transforms into a direct semiconductor 
(1.6  eV) under in-plane strain. The H21 phase was preferred 
when these stacked with each other via van der Waals interac-
tions. This phase showed high chemical stability, high charge 
carrier mobility, and broad electrochemical windows.

The experimental preparation of the monoclinic-monolayer 
and few-layer GeAs (C2/m) using a mechanical or liquid-
phase exfoliation method has been reported.[333,334] The crystal 

Figure 11.  a–c) Schematic of the migration-enhanced encapsulated growth processes that result in the formation of 2D GaN. d) HAADF-STEM cross-
section of 2D GaN consisting of two sublayers of gallium between bilayer graphene and SiC(0001). Elemental EDX mapping of e) silicon, f) gallium, 
and g) nitrogen in 2D GaN. a–g) Reproduced with permission.[314] Copyright 2016, Springer Nature.
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orientations and in-plane anisotropic optical and electrical 
properties were characterized well by azimuth-dependent 
reflectance difference microscopy, angle-resolved Raman 
spectra, and electrical transport measurements. Compared 
with the indirect bandgap of 0.65 eV for the bulk material, the 
bandgap of the monolayer GeAs showed a large blue shift to 
2.1 eV and turned into a direct semiconductor. Few-layer GeAs 
showed quasi-direct bandgaps of 1.3, 1.1, and 1.0 eV for 2L, 3L, 
and 4L, respectively. This enables various applications such as 
high-performance optoelectronic nanodevices and PEC water 
splitting, because of the coverage of the visible range of the 
bandgap. Field-effect transistors and infrared photodetectors 
based on few-layer monoclinic GeAs showed a high on-off ratio 
and fast photoresponse to 1.6 µm radiation.[333]

Orthorhombic (Pbam) GeAs2 (which is another layer struc-
ture with a different stoichiometry of Ge and As) was also 
predicted to be a good material for thermoelectric applica-
tions.[335] 2D GeAs2 is expected to display more desirable prop-
erties and to be obtained by the exfoliation method.

6.1.2. GeP, GeP2, GeP3, Ge3P2

The study of Ge–P binary compounds is complex because of their 
different Ge/P stoichiometric ratios, e.g., GeP, GeP2, GeP3, and 
Ge3P2.[336,337] Two phases of 2D GeP were predicted: the more 
stable layered monoclinic phase and the less stable hexagonal 
phase.[332,338] The monolayers of these phases are indirect semi-
conductors with a bandgap of 2.31 eV (monoclinic) and 2.08 eV 
(hexagonal). The monoclinic GeP monolayer underwent an indi-
rect-to-direct band transform with the application of tension along 
the a and b directions. The bilayer of monoclinic GeP has four 
parallel paths along the b direction. Therefore, the Li-ion can dif-
fuse significantly faster than in graphite. Many phases were pre-
dicted for bilayers and multiple layers of hexagonal GeP based on 
the stacking angles. Among these, H21 is the most stable stacking 
in the bilayer hexagonal phase.[332,336] The Li-ion diffusion in this 
phase is comparable to that in graphite.[332] It is noteworthy that 
hexagonal GeP exhibited a thickness-dependent semiconductor-
to-metal transition with a critical layer number of six.[336]

Figure 12.  (Up) Crystal structures of 2D SiP in (a) Cm crystal structure and b) Pm2 crystal structure. (Down) Formation energies of the 16 2D IV–V com-
pounds in the investigation relative to their most stable bulk competing phases. Several compositions fall within the 200 meV atom−1 formation energy 
threshold observed for free-standing 2D materials. a,b) Reproduced with permission.[330] Copyright 2016, AIP Publishing.
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The experimental preparation of monoclinic GeP nanosheets 
by mechanical and liquid-based exfoliations was reported 
recently.[339,340] A bandgap of 2.3  eV for monolayer GeP was 
verified by the experimental results. Furthermore, the elec-
trical properties of the GeP nanosheets were dependent on the  
thickness.[340] A photoanode device with GeP nanosheets was 
fabricated and showed good performance of PEC water split-
ting. Devices fabricated with mechanically exfoliated GeP pro-
vided fundamental anisotropic information of the nanosheets, 
such as strong anisotropy of phonon vibration, high in-plane 
anisotropic conductance, and photoresponsivity.[339]

Two stable phases of 2D GeP2 were predicted: tetragonal and 
orthorhombic. The orthorhombic GeP2 monolayer displays very 
high electron mobility with a suitable bandgap for the photo-
catalysis of CO2 and water splitting.[336,341] The tetragonal GeP2 
monolayer and bilayer are indirect semiconductors with band-
gaps of 2.72 and 2.32 eV, respectively. The orthorhombic GeP2 
monolayer and bilayer have quasi-direct bandgaps of 1.98 and 
1.8 eV, respectively. The 2D orthorhombic phase shows higher 
stability than the 2D tetragonal phase.

GeP3 bulk material is a crystal with a layer structure (rhom-
bohedral, Rm) and exhibits metal properties. It has been pre-
pared successfully for a long time. The rhombohedral GeP3 
was observed to be semiconductors with indirect bandgaps of 
0.55 and 0.43  eV when broken down to one and two layers, 
respectively. Furthermore, it is chemically, mechanically, and 
dynamically stable.[342] Cleavage energies were also calculated. 
These results established the possibility of exfoliation from the 
bulk material.[343] Rhombohedral layered GeP3 was prepared 
by a solid-state method. It showed stable capacity retention 
when used as anode materials for Li and Na batteries in a study  
on multiple-step phase-change reaction mechanisms during 
ion insertion/extraction.[344] In addition, 2D GeP3 was predicted 
to be effective as an anode material for non-Li-ion batteries 
such as Na+, K+, Ca2+, Mg2+, and Al3+.[345–347] When it functioned 
as a catalyst, the Gibbs free energy of hydrogen adsorption 
on the GeP3 monolayer (0.024  eV) was calculated to be more 
desirable than that of the Pt catalyst.[347] Applying an external 
strain can further optimize the adsorption state of H. Moreover, 
the charge transfer from GeP3 to graphene can significantly 
improve the electrical conductivity and enhance the electro-
catalytic activity.[346] Another monoclinic-phase (C2/m) GeP3 
monolayer was also proposed. It has higher stability than the 
rhombohedral phase. Furthermore, hole doping converted the 
C2/m GeP3 monolayer from nonmagnetic to ferromagnetic.[336]

Recently, 2D Ge3P2 with two new phases, orthorhombic 
(Cmmm) and tetragonal (P4/mbm), was proposed to be 
dynamically, thermally, and mechanically stable based on first-
principles calculations.[337] Cmmm-Ge3P2 and P4/mbm-Ge3P2  
are indirect semiconductors with bandgaps of 1.62 and 1.89 eV, 
respectively. Their bandgaps can be adjusted effectively by 
applying external strains. Furthermore, their electron mobili-
ties are comparable to those of graphene, which makes these a 
potential candidate for electronic and optoelectronic applications.

6.2. Sn–X (SnP3, SnN3)

Similar to GeP3, bulk SnP3 is a crystal with a layered struc-
ture (rhombohedral, Rm) and shows metallic properties. The 

cleavage energies of monolayer SnP3 were calculated to be in 
the range of 0.57–1.17 J m−2. This indicated the feasibility of 
producing monolayer SnP3 through exfoliation.[348,349] The 
optimized lattice in monolayer SnP3 alters the bond lengths 
and bond angles. This results in the shrinkage of the lattice 
and contributes to the metal-to-semiconductor transition. The 
monolayer SnP3 is an indirect semiconductor with various 
predicted bandgaps ranging from 0.67 to 0.83  eV in different 
studies. Applying strains can tune the bandgap and result in an 
indirect–direct bandgap and semiconductor–metal transitions. 
2D SnP3 shows high stability and remarkable electronic and 
optical properties such as high carrier mobility and good light 
absorption. Similar to monolayer GeP3, Na adsorption transfers 
the semiconducting SnP3 to a metallic state with good electrical 
conductivity for use as a potential anode for Na-ion batteries.[349]

It is noteworthy that monolayer SnN3 was prepared by 
replacing P in monolayer SnP3 with N. The corresponding 
formation energy was calculated to be -220 meV.[350] After lat-
tice optimization, monolayer SnN3 showed a hexagonal lattice 
with the symmetry group Pm1 and was a stable indirect semi-
conductor with a bandgap of 1.965  eV. An indirect-to-direct 
bandgap transition can be obtained by applying biaxial strains. 
The light absorption coefficient in the visible region was sig-
nificantly higher than that of the SnP3, MoS2, and g-C3N4 mon-
olayers. The calculated electrostatic potentials of CB and VB 
were 0.40 eV higher than those of the HER and 0.34 eV lower 
than that of the OER. This indicates their capability for photo-
catalytic water splitting.

6.3. Si–N (SiN2, HSiN, Si3N4)

In general, the crystals of dinitrides have a rock-salt structure 
(Pa) with a wide bandgap for SiN2 and a smaller bandgap for 
CN2 and GeN2.[351] A new pentastructure was predicted for the 
2D phase,[352] and its thermal transport properties were studied. 
The thermal conductivity of penta-SiN2 is dependent on the 
strain and can be enhanced by an order of magnitude because 
of the structural transition from buckled to planar. This 2D 
pentagonal structure is good for applications such as thermo-
electrics, thermal circuits, and nanoelectronics. Recently, hexag-
onal HSiN was predicted by calculations.[353] The stable H-SiN 
nanosheet had a 2D hexagonal grid of Si and N atoms. The Si 
dangling bonds were passivated by H atoms, which were placed 
alternately on the two sides of the sheet. H-SiN nanotubes were 
also obtained by rolling up these sheets. These stable H-SiN 
nanosheets and tubes have a direct bandgap and are suitable 
for nanoscale optical and photonic devices.

As the most thermodynamically stable stoichiometry of 
silicon nitride, bulk Si3N4 has been commercially available 
because of its hardness. There are three phases of Si3N4:  
α (trigonal), β (hexagonal), and γ (cubic)-Si3N4.[354] γ-Si3N4 can 
be prepared only at high pressure and temperature. The phase 
engineering of α- and β-Si3N4 has been well established.[355] 
In terms of 2D materials, only α-Si3N4 was reported. α-Si3N4 
nanosheets with a microlateral size and thickness of 1.5–4 nm 
were prepared by the reaction of Si vapor with N2 gas at high 
temperature.[356] The high temperature and high N2 flow rates 
favored the formation of nanosheets rather than nanowires by 
causing an increase in the growth rate along the [0001] direction 
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to those along the [100] and [110] directions. A similar method 
to produce an α-Si3N4 nanobelt with SiO2/Si and SiO as precur-
sors was also reported.[357,358] An alumina-assisted VLS growth 
mechanism was proposed for the growth of a nanobelt with 
controllable width and thickness.[358] Furthermore, Al doping in 
the α-Si3N4 nanobelt was considered to contribute to the optical 
properties. The optical and electronic properties of the α-Si3N4 
nanobelt were also studied by DFT calculations. Herein, the 
orientations and surface passivation determined the stability of 
the α-Si3N4 nanobelt as well as its electronic properties such as 
band characteristics (direct, indirect, and metallic).[359]

7. Group V–V

Although pure 2D group-V element materials such as phos-
phorene have been extensively studied and realized experimen-
tally, most studies on 2D binary group V–V compounds relied 
on theoretical predictions. First-principle studies show that 
the binary group V–V monolayer can be stable in the black-
phosphorus-like α phase and blue-phosphorus-like β phase.[360] 
The formation energies of a few binary monolayers such as 
α- and β-AsP, SbP, and SbAs were lower than those of pure 
elements. This indicated their high stability. Other compound 
monolayers in the α and β phases are thermodynamically 
and dynamically stable. This indicates the feasibility of experi-
mentally realizing monolayer binary group V–V compounds. 
In general, the α phase is more stable in nitrogen-containing 
compounds than the β phase. The most stable δ-phosphorene-
like phase was also proposed.[360,361] The bandgaps of these 
monolayers lie in the range from infrared to visible light (0.49–
3.26 eV), implying possible optoelectronic applications.[360,362,363] 
The bandgap may be indirect or direct depending on the phases 
and element combinations. In general, δ-phase (except PN) 
compounds are direct semiconductors, whereas β-phase com-
pounds display an indirect bandgap. However, the α phase 
was under debate. Therefore, indirect and direct bandgaps 
were predicted.[360,361] The structure and electronic properties 
of these compounds can be tuned by the application of strain. 
This adjusts the bandgap energy of these monolayers as well 
as induces metal-indirect semiconductors, indirect–direct gap, 
and semiconductor-topological insulator transitions.[360,361,364] 
The β-phase group V–V binary monolayers were particularly 
studied as photocatalysts for water splitting because of their 
small carrier masses, high electron mobility, suitable bandgaps, 
and band edge alignments.[362] Under hole doping, the β-phase 
group V–V binary monolayers became half-metallic with mag-
netism, and their Curie temperatures were significantly higher 
than room temperature.[365] Furthermore, α-phase group  
V–V binary monolayers may be suitable for piezoelectricity and 
ferroelectricity.[366,367] The piezoelectric coefficients of α-phase 
monolayers were calculated to be one or two orders of magni-
tude higher than those of the β-phase monolayers.[366]

7.1. AsP

Many phases have been predicted for AsP monolayers: α, β, 
γ, δ, and ε phases. Among these, the α and β phases are the 
most stable.[368] In general, the ground state of the phosphorous 

monolayer is the α phase and that of arsenic is the β phase. 
Therefore, AsxP1−x compounds undergo a phase transition from 
α to β when x attains 0.07. Simultaneously, a direct-to-indirect 
band transform occurs.[369] However, the experimental results 
show that multiple-layer AsxP1−x with a different composition 
(x: 0–0.83) is in the α phase.[370] α-phase AsP has been well 
studied experimentally and theoretically in terms of electronic 
structure, carrier mobility, and lattice thermal conductivity. 
With the 1:1 stoichiometric mixture of P and As, the 2D α-AsP 
monolayer displayed a highly anisotropic behavior under strain. 
It also showed a super-high carrier mobility > 10 000 cm2 V−1 s−1 
in a subphase α3, which is an order of magnitude larger than 
that of α-phosphorene.[371] The thermal conductivities were also 
reduced significantly compared with α-phosphorene because of 
the substitution of phosphorous atoms with the heavy arsenic 
atoms.[372] In addition, its remarkable mechanical flexibility 
shows its good potential for application in flexible devices.[373]

Multiple-layer α-AsP can be prepared by mechanical  
exfoliation and molecular beam deposition with different 
compositions.[370,374] Notably, the increase in the arsenic con-
tent in α-AsxP1−x causes an increase in the size of its unit cell 
and makes it more difficult to be exfoliated. The bandgaps 
can also be reduced by increasing the arsenic content, which 
would result in tunable optical properties. Polarization-resolved 
infrared absorption and Raman scattering studies showed the 
anisotropic optical properties of α-AsxP1−x, indicating its poten-
tial applications in electronic and optoelectronic devices. The 
photodetectors were fabricated with multiple-layer α-AsP for 
mid-infrared light. At room temperature, the detectivity was 
an order of magnitude higher than that of commercially avail-
able mid-wave infrared detectors.[375] Fabrication with an α-AsP/
MoS2 heterostructure further improved the dark current noise 
performance and the specific detectivity.[376]

Blue β-AsP monolayers with an As:P stoichiometric ratio 
of 1:1 were investigated at different As and P positions.[377] It 
is noteworthy that they proposed a series of novel and ener-
getically favored structures by taking two or three As/P atoms 
together, rather than uniformly distributing As and P in the 
monolayer. P–P and As–As bonds were formed adjacent to the 
As–P bond. The lowest-energy AsP monolayer, I-AsP, showed 
a quasi-direct bandgap (2.41  eV). It can transit to a direct gap 
under tensile strain. The high electronic mobility and absorp-
tion coefficients indicate a unique photovoltaic material for 
application in solar cells.[377]

7.2. NP, SbP

Three stable phases are predicted for the NP monolayer: α, β, 
and γ. These are indirect semiconductors, and their bandgaps 
can be tuned effectively by in-plane strain. The α and β phases 
are more stable than the γ phase, as established by the formation 
energy. In addition, the stacking sequence plays an important role 
in determining the bandgap of multiple-layer NPs with α and β 
phases.[378] The conduction and valence band edges of the γ-NP 
monolayer match well with the chemical potential of H+/H2 and 
O2/H2O, indicating good photocatalysis for water splitting.[379]

Partially substituting two phosphorus atoms with anti-
mony in violet phosphorus produced layered P20.56Sb0.44 with 
a thickness down to a few nanometers. The material has high 
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stability and can be cut into a desired shape by a laser. It is a 
direct semiconductor with a bandgap of 1.67 eV and could be 
fabricated into field-effect transistors. These exhibited a strong 
photoresponse, good mobility values, and high on/off current 
ratio.[380]

7.3. BiAs, SbAs

Five phases have been predicted for 2D BiAs: α, β, γ, δ, and 
ε (Figure  13).[381] The α-BiAs and γ-BiAs have four atoms per 
unit cell (Figure  13a,c), whereas δ-BiAs and ε-BiAs have eight 
atoms per unit cell (Figure  13d,e). β-BiAs is the most stable 
phase and has a hexagonal structure with two atoms per unit 
cell. Other BiAs polymorphs are dynamically stable. The cal-
culation indicated that α-BiAs (1.27  eV), β-BiAs (1.02  eV), and 
γ-BiAs (1.01  eV) are direct bandgap semiconductors, whereas 
δ-BiAs and ε-BiAs are indirect semiconductors. Under strain, 
β-BiAs undergoes a phase transition to a semimetal and then to 
a topological insulator.

Similar to BiAs, five phases were predicted for SbAs by 
DFT: α, β, γ, δ, and ε-SbAs.[382] The α-SbAs has a layer struc-
ture similar to that of phosphorene with anisotropic proper-
ties. Moreover, the β-SbAs honeycomb monolayer is sim-
ilar to that of silicene or germanene. Other phases such as  
γ-, δ-, and ε-SbAs have rectangular unit cells that contain 
four, eight, and eight atoms per unit cell. α-SbAs (0.22  eV) 
and γ-SbAs (0.82 eV) were observed to be direct semiconduc-
tors, whereas others were indirect semiconductors. β-SbAs 
was the most stable phase and displayed an indirect bandgap 
under standard conditions. It is noteworthy that the β-SbAs 
monolayer can be transformed to a direct band semicon-
ductor under a marginal strain, and then to a topological insu-
lator with a large strain.[382,383] The electronic and magnetic 
properties of the β-SbAs monolayer can also be adjusted by 
defect engineering. The [384] β-SbAs monolayer also showed a 
lower lattice thermal conductivity than that of pure As or Sb 

monolayers. This was because phonon-point defect scattering 
in the β-SbAs alloy induced a short phonon lifetime.[385] The 
properties of the α-γ – and ε-SbAs monolayers under strain 
were also predicted. Herein, a semiconductor-to-metal phase 
transition may occur (-4% strain for α and -8% strain for  
γ and ε). Moreover, these materials may exhibit highly flex-
ible mechanical properties and ultrahigh carrier mobility for 
various potential applications such as flexible electronic and 
optoelectronic devices.[386] In addition to the As:Sb stoichio-
metric ratio of 1:1, the composition of AsxSb18−x can be altered 
to determine the electronic properties.[387] For example, the 
direct bandgap feature occurred in α-AsxSb18−x (4 ≤ y  ≤ 13, 
except x = 7, 8) and β-AsxSb18−x (x = 7, 8). Furthermore, more 
substructures with an adjustable bandgap and carrier effective 
mass were proposed by combining the α and β phases with  
the arrangement of As/Sb atoms (two As/Sb atoms are in the 
same sublayer or in different sublayers).[387]

7.4. BiSb

The β-BiSb monolayer with a stoichiometric ratio of 1:1 has 
been mainly studied theoretically. It is a direct bandgap semi-
conductor with parabolic conduction band features near the 
Fermi level. The β-BiSb monolayer exhibited giant Rashba 
spin splitting, which can be tuned effectively by applying a 
biaxial strain.[388] The Rashba spin splitting was predicted 
to induce 1D thermoelectric properties with a remarkable 
enhancement of the power factor.[389] The β-BiSb monolayer 
was predicted to exhibit a QSH state as a topological insulator 
under biaxial tensile strain.[390] The topological insulator prop-
erties of 2D BiSb were realized by measuring the temperature-
dependent conductivity of the epitaxial-grown 2D Bi1−xSbx film 
with controllable compositions.[391] Owing to the quantum  
size effect, the TL region of the 2D Bi1−xSbx film was observed 
to be up to x  ≈ 0.35, which is outside the bulk TL region of 
0.07 < x < 0.22.[392]

Figure 13.  Top and side views of equilibrium structures for the polymorphs of BiAs: a) α-BiAs, b) β-BiAs, c) γ-BiAs, d) δ-BiAs, and e) ε-BiAs. The shaded 
regions are shown to be unit cells of the polymorphs. Bi: big pink spheres. As: small green spheres. a–e) Reproduced with permission.[383] Copyright 
2018, American Chemical Society.
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8. Conclusion and Outlook

This review summarizes the multiple phases in 2D materials 
based on main group element compounds. It focused on their 
crystal structures, stability, synthesis methods, electronic and 
optical properties, and various applications. For structural 
motifs, a few unstable bulk phases of these materials can be 
stabilized by breaking them down into their 2D geometric 
form. Moreover, new phases and new noteworthy proper-
ties have been explored with few 2D materials, and similar 
possibilities have been predicted in many 2D materials. The 
improved traditional solution-based chemical and vapor-based 
physical methods are the dominant ones their synthesis. Fur-
thermore, certain new methodologies have emerged, particu-
larly for materials without a layered structure. The properties 
and traditional applications of these multiphase materials have 
been widely investigated, such as the photoresponse of group 
III–VI-based materials and thermoelectric properties of group 
V–VI based materials. Meanwhile, new applications have also 
been investigated, wherein the strain-induced property transi-
tion and ion-batteries based on layer intercalation are popular. 
A few of the other new properties and applications rely mainly 
on theoretical predictions.

However, the phase exploration of these materials is still 
at very early stages and will remain a significant challenge in 
the near future. First, the emergence of new stable 2D phases 
from unstable bulk materials is still underexplored, and the 
critical layers (thickness) for their stability have been studied 
inadequately. Surface modifications, contact with an electron 
donor or acceptor (substrates), and special treatments (such 
as plasma and electron beams) would substantially solve the 
stability issues of various phases of 2D materials. These have 
not been studied for many materials. Second, the properties of 
this material family in the 2D form need to be explored further. 
For example, bulk In–Se compounds are popular materials for 
thermoelectric applications. However, there is no indication of 
the suitability of the phase control of 2D In–Se for this appli-
cation. Third, the experimental synthesis of 2D materials with 
new phases is highly desired to verify theoretical predictions, 
particularly for existing conflicting conclusions. For example, is 
the α-phase group V–V monolayer an indirect or direct bandgap 
semiconductor? The synthesis of group V–V monolayer has not 
been realized experimentally. In addition, the new proposed 
phases and new properties that have been predicted need to be 
demonstrated with real materials. Finally, new property meas-
urement methods need to be established, particularly for strain-
induced property measurements. The strain-induced direct–
indirect transition, semiconductor–semimetal/metal/TI transi-
tion, bandgap shifting, and ferroelectricity, among others, are 
all potential applications these 2D materials.
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