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The race to scale down electronic circuits has resulted  
in the novel two-dimensional (2D) materials. Graphene,  
after its discovery in 2004, topped the list on account  
of its superior electronic, optical, mechanical and  
transport properties. Since, graphene possesses zero  
band gap, it could not be used in digital circuits; so  
other potential 2D materials have been studied. Mate-
rials like transition metal dichalcogenides (TMDs), 2D  
oxides, hexagonal boron nitride and 2D Xenes (sili-
cene, borophene, stanene, phosphorene and boro-
phene) belong to the plethora of materials following  
the discovery of graphene. They apparently show  
potential in quantum computing and superfast elec-
tronics. They display ballistic transport and relativistic  
properties due to the mass-less fermions. Quantum  
spin Hall effect too is observed along with quantum  
Hall effect in many of them, which advocates their use  
in spintronics. Owing to these superior properties,  
they appear to be promising candidates for a para-
digm shift from microelectronics to nanoelectronics.  
The 2D structural analogues of graphene, i.e. silicene,  
borophene, stanene, phosphorene and germanene are  
fast emerging alternative 2D materials compared to  
2D oxides and TMDs, since they have a better degree  
of integration with the existing silicon-based techno-
logy. This article surveys the emerging 2D materials  
which hold promise in the future. 
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IN order to determine the characteristics of two- 
dimensional (2D) materials, there have been several stu- 
dies on different potential materials and their 2D struc- 
tures. The existence of Dirac fermions, quantum Hall  
effect (QHE), large carrier mobility, mass-less behaviour  
of charge carriers and the assurance of minimum current  
conduction at even zero free-carrier concentration in gra- 
phene has initiated studies to find potential materials for  
further use in very large-scale integration (VLSI), opto- 
electronics, memory devices and sensors1. This led to the  
exploration of a pool of 2D materials, including transition  
metal chalcogenides (TMDs), hexagonal boron nitrides  
(h-BN), 2D oxides and 2D Xenes (Figure 1)2–4. Even 

though a substantial amount of knowledge regarding  
various properties of these 2D materials has been gained,  
they could not perform better than graphene in ballistic  
transport-based applications due to the high Fermi velo-
city in graphene1,5. This is because of the difference in  
density of states of charge carriers and different arrange-
ment of constituent atoms of these materials at the nano 
level compared to graphene6. 
 Figure 2 shows the evolution of different 2D materials 
versus their band gap range. 
 Basically 2D materials have a thickness of few atoms 
or less. Due to the weak interlayer coupling forces they 
can be split down into independent free layers. The inter-
action criteria of the applied excitation energy with the  
outermost shell electrons, contribute to their vivid  
 
 

 
 

Figure 1. Two-dimensional (2D) materials beyond graphene. 
 
 

 
 

Figure 2. Band gap versus year of evolution for different 2D mate-
rials. 
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Figure 3. Classification of 2D materials. a, van der Waals solids. b, Layered ionic solids (reprinted with permission 
from Ozawa et al.19; ©2019 by the American Physical Society). c, Surface-assisted non-layered solids (reprinted with 
permission from Ni et al.113; ©2019 by the American Physical Society). 

 
 
properties7. The 2D materials can be found in different 
structural forms like nano island structures, nanoplates, 
nanosheets, nanowalls and nanodisks8–10. As majority of 
our biological processes take place at the nanoscale, this 
provides scientists models and templates to study 2D ma-
terials. At the nanoscale, particle properties, viz. melting 
point, electrical conductivity, magnetic permeability and 
chemical reactivity are a function of particle size, which 
can be tuned further. 
 There are several questions regarding 2D materials. 
For example, how 2D materials are unique and what 
makes them attractive and useful at the nanoscale? Why 
and how are 2D materials different from bulk materials 
from which they are derived? Can they be the leading 
materials to shift from micro to nanoscale? Since 2D  
materials are just one atom thick, Moore’s law could be 
sustained by a higher degree of chip integration1,11,12. The 
high mobility, chiral properties of charge carriers and 
presence of Dirac mass less fermions make them suitable 
for applications in high-speed electronics13. QHE is ob-
served in graphene at room temperature, which shows 
high electron density of up to 1013 cm–2 and high invaria-
ble mobility μ of up to 10,000 cm2 V–1 s–1 (ref. 14). Simi-
larly, high switching ratios of the order of 109 and driving 
currents of about 320 μA μm–1 in field-effect transistors 
using Ohmic contact in 2D materials could be utilized in 
future VLSI circuits15. According to structural forms, 2D 
materials can be classified into three groups as follows. 
 (i) Layered van der Waals solids: These are a single 
layer or multiple thick layers of atoms having crystalline 
structures connected to each other by strong in-plane  
ionic or intra-layer covalent bonds and by inter-layer  
van der Waals forces (40–70 MeV)16. The weak nature of 
these bonds facilitates the exfoliation of bulk crystalline 
materials into nanosheets by different methods of  
exfoliation16. These exfoliated sheets are usually few  
microns laterally and about 1 nm thick17. TMDs, espe-
cially MoS2, MoSe2 and WS2 are members of this  
family17 (Figure 3 a). 

 (ii) Layered ionic solids: These are solids which have 
charged polyhedrons sandwiched between hydroxyl or 
halide layers due to strong electrostatic forces18. Single or 
few layers thick ionic solids can be easily converted into 
independent, stable, single-layered sheets exfoliated by 
treatment with different ions17. Perovskite oxides like 
La0.90Eu0.05Nb2O7 belong to this family19 (Figure 3 b). 
 (iii) Surface assisted non-layered solids: These belong 
to the class of one-atom thick, multiple-layered solids 
which are grown on an ordered substrate using artificial 
methods like chemical vapour deposition (CVD)18,20,21. 
The members of this family need a surface for growth, as  
under ambient conditions they are unstable in nature.  
Silicene is a perfect example for it (Figure 3 c). Si atoms 
with hexagonal structure depicting low buckling factor 
have been grown on silver substrate, viz. Ag(111)22. 

Two-dimensional materials other than graphene 

Transition metal dichalcogenides 

TMDs are of the type MX2, where M refers to transition 
metals (namely Mo, W, Ti, Zr, Hf, V, Nb, Ta, Tc, Re, Pd, 
Pt) and X belongs to the Group 16 chalcogen family (S, 
Se, Te)2. These bulk layered materials having strong in-
tra-layer covalent MX bonds are cleaved into single/few 
layers by the exfoliation process, which depends upon the 
surface energy (SE). The SE is the energy applied to 
peel-off a new surface from the crystal surface. The SE of 
TMDs like MoS2 and WS2 (65–75 m per sq. m) is compa-
rable to that of graphene (65–120 m per sq. m) making 
them potentially cleavable23,24. 
 
Structure of TMDs: Different structural phases exist in 
TMDs due to the different arrangement of coordination 
spheres of transition metal atoms. A single-layer TMD 
can exist as a trigonal prismatic or as an octahedral 
phase19,25. The trigonal prismatic phase, i.e. 2H phase (or 
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Figure 4. Different structural forms for transition metal dichalcogenides (TMDs) 2H, 1T and 1T′. (Reprinted with per-
mission from Choi et al.27.) 
 

 
1H for a single layer) has a hexagonal symmetry (D3h 
group). In this geometry, the chalcogen atoms align verti-
cally along the z-axis in case of single layers and the 
stack in ‘ABA’ sequence (where A and B represent 
Group 16 chalcogen and transition metal atoms respec-
tively)26. Tetragonal symmetry (D3d) is present in the  
octahedral phase, which refers to an octahedral arrange-
ment of the metal atoms. In the octahedral phase (1T 
phase) one of the chalcogen layers is displaced, thus 
forming an ABC sequenced stack. The atomic structure 
of TMD layers is affected by the manner in which the  
d-orbital are filled17. Trigonal prismatic (2H) phases are 
usually seen in the Group 4 (d0) and Group 6 (d2) TMDs. 
Group 5 (d1) TMDs can have either trigonal prismatic 
(2H) or octahedral phases (1T), whereas distorted octahe-
dral structure is observed in Group 7 TMDs. Group 10 
TMDs (d6) have an octahedral phase. In addition to the 
1T and 1H phases, 1H layers can be stacked in two dif-
ferent ways which impart hexagonal symmetry (2H 
phase, symmetry D4h) like ABA BAB or rhombohedral 
symmetry (3R, symmetry C3v) with the ABA CAC BCB 
stacking sequence27. ABC ABC sequence is seen in the 
1T layer27. This diversity in the order of stack formation 
produces defects and also imparts new characteristics to 
the material due to breaking of the order of symmetry. 
Recently, monolayer TMDs in 1T′ (or distorted octahe-
dral phase) have also been synthesized in bulk27. It has 
been observed that phase transition from 1T to 1T′ causes 
band inversion and leads to topological phase transition2. 
Among different polytypes in MX2, the most studied and 
stable form is the 2H phase (band gap > 1 eV). This 
phase also exhibits strong valley polarization due to in-
version symmetry breaking. The 1T phase is however 
metallic with inversion symmetry. It can be engineered 
using carrier doping28 and phase patterning29 to form a 

metastable phase. Due to electron–phonon interactions2, 
the 1T phase spontaneously transforms to the stable 1T′ 

phase, which also has inversion symmetry. Figure 4 
shows the different structural phases of TMDs27. 
 
Synthesis of TMD layers (MoS2 and WS2): The synthe-
sis of TMDs can be done by top-down or bottom-up  
methods. To obtain a single or few layers of TMDs from 
their bulk, top-down methods are used2. Mechanical  
exfoliation is the prevalent method used to produce the 
highest quality single-layer MX2. However, it is not used 
for large-scale production due to lesser output. Single-
layered MoS2 can also be obtained using thermal ablation 
by lasers. Lithium intercalation is used for high yields of 
TMDs25. The disadvantage of this method is that the 
product loses its semiconducting properties. In the bottom-
up methods, CVD is used to produce a single or few  
layers of TMDs from their atoms or molecules17. MoS2, 
WS2 and other TMDs are widely synthesized using this 
technique. Figure 5 a shows STM image of WS2 grown 
on graphene. 
 
Band structure and electronic properties of TMDs: The 
vivid chemical compositions and structural phases of 
TMDs account for a broad range of their electronic prop-
erties. The band structure of TMDs of group 6 transition 
metals (Mo, W) with S and Se is discussed here. The 2H 
polytype of TMDs is thermodynamically stable and is a 
semiconductor30. Their band gap can be engineered  
by changing the thickness of their bulk materials to a  
single monolayer31. The band gap of MoS2 (2H) bulk and 
monolayer is calculated as 0.88 and 1.71 eV respective-
ly32. MoS2, MoSe2, WS2 and WSe2 are semiconductors, 
WTe2 and TiSe2 behave as semimetals, VSe2 and NbS2 
exhibit metallic character, while NbSe2 and TaS2 are 
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Figure 5. STM images of (a) WS2 on grapheme (reprinted from Kastl et al.114), (b) 2D-hBN (reprinted from Haque et 
al.48) and (c) LiTi2O4 thin film (reprinted from Okada et al.62).  

 
 

 
 

Figure 6. a, Band structure of bulk, bilayer and monolayer MoS2 (reprinted from Ahmad and Mukherjee34).  
b, Energy band gap of different 2D TMDs (reprinted from Haque et al.111). 

 
 
superconducting. These 2D TMDs show large mobility 
(∼200 cm2 V–1 s–1) at room temperature, high current 
switching ratios (1 × 108) and low power dissipation 
which is comparable to that of graphene33. Figure 6 a 
shows the band structure of bulk, bilayer and monolayer 

MoS2 while Figure 6 b shows the energy band gap of  
different 2D TMDs. 
 
Optical properties of TMDs: On analysis of the band 
structure of TMDs, the conduction and valence band 
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edges are seen to be at two different energy degenerate 
valleys which lie at the corner of the first Brillouin 
zone34. The valley polarization process is then used to 
control the population of electrons in the valleys, thereby 
using TMDs in valley-based electronics and optoelectron-
ics applications35. 
 
Mechanical properties of TMDs: For the intended use 
in flexible electronics, the mechanical properties of 
TMDs must also be known. In an experiment on the stret-
ching and breaking power of mono- and bi-layered MoS2 
the atomic force microscope (AFM) test method was 
used. The experimental results revealed the in-plane  
stiffness (~180 ± 60 N/m) and Young’s modulus 
(∼270 ± 100 GPa) of a monolayer MoS2 which is almost 
equal to that of steel36. It was also observed that the 
breaking strength of MoS2 was around 23 GPa, about 
11% of its Young’s modulus36. This indicated the highly 
crystalline and defect-free structure which could be used 
for different strength demanding applications. In a similar 
analysis WS2 yielded a Young’s modulus of 171 GPa, 
supporting the use of TMDs in flexible electronics37. 
 
Magnetic properties of TMDs: The spin–spin splitting 
property makes layered TMDs suitable for spin-based  
applications, but due to their non-magnetic property  
such use was hampered. However, recently, a strategy to 
induce ferromagnetism in non-magnetic MoS2 has been 
developed. By integrating the 1T phase of MoS2 in 2H 
MoS2, a Curie temperature of 395 K was achieved38. The 
intensity of magnetization in 2H-MoS2 nanosheets at 
300 K was enhanced from 0.02 to 0.25 μB/Mo, thereby 
tuning in the magnetic properties of TMDs38. 
 
Applications of TMDs: Mo and W dichalcogenides with 
1–2 eV band gap provide fast digital switching of the  
order of 108; large carrier mobility (∼700 cm2 V−1 s−1) a 
large optical absorption (∼107 m–1) and substantial photo-
luminescence arising from the direct band gap39,40. The 
monolayer MoS2 photodetectors show ultra sensitivity 
with the responsivity ranging from 400 to 680 nm (ref. 
41). These results unfold the applications of MoS2-
derived electronic circuits in light sensors and optoelec-
tronic devices. The interplanar stiffness of about 180 N/m 
and Young’s modulus of about 270 GPa, which is equiva-
lent to that of steel, make it useful for flexible electro-
nics40. 
 
Two-dimensional hexagonal boron nitride (h-BN):  
h-BN is a wide band gap semiconductor with a forbidden 
energy gap of the order of 5.9 eV (ref. 42). It is layered 
and isostructural to graphite. The monolayer h-BN sheets 
find use as high-quality dielectric layers in graphene-
based devices, as they have a smooth surface due to the 
absence of charge traps and dangling bonds43. Some  
studies have shown the high thermal and chemical stabili-

ties of h-BN against corrosion by oxidation thereby sug-
gesting that its thin layer can be used for corrosion inhi-
biting nano-coatings41. 
 
Structure of h-BN: h-BN has B and N atoms arranged 
periodically to form a honeycomb structure (Figure 7 a)44. 
The B–N bond is formed through sp2 hybridization and 
has a bond length of 1.45 Å (ref. 43). van der Waals 
forces hold together adjacent h-BN layers and within 
each subsequent layer, boron and nitrogen atoms  
form covalent bonds. The interlayer spacing in h-BN 
(∼0.333 nm) is comparable to that of graphene 
(∼0.335 nm)45,46. The bonding force of h-BN is small in 
the c-direction leading to large spacing between the adja-
cent layers; so interlayer sliding is easier in this case. 
When compared to graphene, which is metallic in nature 
by default, the single-layered h-BN is an insulator and is 
also known as ‘white graphene’46. 
 
Synthesis of h-BN: h-BN monolayer is synthesized from 
its bulk by chemical solution-based methods or mechani-
cal exfoliation43. The drawback of using these methods  
is that the layer formed is imperfect, which decreases its 
potential use in various applications. Alternate methods 
used for synthesis are CVD and physical vapour deposi-
tion (PVD)47. These methods yield a perfect structure, 
however, they are time-consuming and the production 
yield is low. Ultra high vacuum (UHV) technique is thus 
deployed to form high-quality mono-layered h-BN at low 
vacuum and low substrate temperature45. Figure 5 b 
shows the STM image of 2D h-BN (ref. 48). 
 
Band structure and electronic properties of h-BN: h-BN 
has a high electrical resistivity of the order of 1017 and 
104 ohm-cm at room temperature and 200°C respectively11. 
For practical applications of h-BN, doping is the only  
option. The plasma ion implantation method can be  
deployed for the same49. The dopant atoms combine with 
h-BN in such a way that they develop semiconducting 
properties50. Density functional theory (DFT) and its first 
principles show that band gap of h-BN is reduced to 
3.05 eV when boron and nitrogen atoms are linked with 
H-atoms on both sides3. Various studies have been done 
to examine how the physical properties of h-BN change 
with adatom adsorption27. Different atoms like Fe, Si, C, 
Pt, Cu, B and Si were considered for this and it was found 
that most of them are incompatible in binding to the sur-
face. Figure 7 b shows the band structure of bulk h-BN. 
 
Optical properties of h-BN: h-BN nanosheets are opti-
cally transparent to 99% of wavelengths in the range of 
250–900 nm, whereas a sharp absorption peak is seen in 
the deep ultraviolet range between 200 and 220 nm (ref. 
49). Unlike bulk h-BN (5.2–5.4 eV), the monolayer h-BN 
has an optical band gap of about 6.07 eV (ref. 51). For 
multilayer h-BN, it ranges from 5.56 to 5.92 eV (ref. 51). 
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Figure 7. a, Hexagonal boron nitride (h-BN) hexagonal graphene-like structure44. b, Band structure of bulk h-BN  
(reprinted from Kim et al.115). 

 
 
Due to the direct wide band gap and ultraviolet  
luminescence property, h-BN nanosheets can be used in 
ultraviolet lasing, photon emission and photodetectors52. 
 
Mechanical properties of h-BN: The in-plane strength 
of a monolayer h-BN and graphene has been reported in 
previous studies as 267 and 335 N/m respectively53. 
Thus, h-BN can be used like reinforcing fillers, e.g.  
graphene which is used for making polymer composites. 
Earlier studies have reported that the breaking stress and 
modulus of h-BN having few nanometer thickness range 
from 8 to 16 N/m and 220 to 510 N/m respectively54. 
Bulk h-BN due to weak inter-planar forces is used as a 
lubricant. A study showed that frictional characteristics 
of the sheets are thickness-dependent55; the friction varies 
inversely with thickness of the sheets. 
 
Magnetic properties of h-BN: h-BN exhibits vivid mag-
netic properties when it is fused with different atoms 
around it. It forms anisotropic structures (direction-
dependent) with rich magnetic properties when decorated 
with H- and F-atoms. The h-BN sheets can be made  
ferromagnetic, anti ferromagnetic or magnetically neutral 
depending upon the functional groups attached. A study 
has demonstrated the modulation of magnetic properties 
through fusion of H- and F-atoms on a h-BN sheet56. In 
semi-decorated structures, H–BN, F–BN and H–NB, the 
unsaturated N or B atoms have magnetic moments due to 
the presence of unpaired electrons in 2 Pz orbital. H–BN 
and H–NB systems link ferromagnetically and anti-
ferromagnetically respectively56. However, in the F-BN 
system, the ferromagnetic and anti-ferromagnetic states 
show energetic degeneracy56. 
 
Applications of h-BN: Due to its wide band gap, 2D h-
BN finds several applications in the insulation of devices. 
Deep UV photodetectors which are commonly used in 
pollution monitors, protected space communication, in-
formation storage and spacecraft applications employ 2D 
h-BN57. Since UV emission from 2D h-BN is found be-

tween 215 and 227 nm, it has become a potential alterna-
tive for low-power UV emitters which can be used for 
various medical purposes. Two-dimensional 2D h-BN  
also finds applications in gas sensors and can be used in 
hard environmental conditions58. It can also be efficiently 
used as a gate insulator in 2D field effect transistors that 
show clear switching behaviour and on/off current ratio 
greater than 106 (ref. 59). The h-BN-based dielectric  
material can also be used in junction tunnelling devices60. 
Further, tunnelling transport and capability to emit single 
photon advocates its use in quantum computing based 
applications60. 

Two-dimensional layered oxides 

The exfoliation of layered compounds exhibits various 
novel properties in a material due to electron confinement 
in two-dimensional electron gases (2 DEGs). Similar re-
sults have been reported in 2D nanosheets of the transi-
tion group metals, rare earth metals and their oxides. In 
transition metal 2D layered oxides (TMOs), the oxygen 
being highly electronegative pulls the s-electrons of the 
transition metal, and as a result the structural, physical 
and chemical properties are mostly determined by the 
strongly associated d-electrons. Due to the variety of 
chemical composition and the easy defect formation, their 
properties can be tuned in according to the choice of  
application61. The physical and chemical properties of 
two-dimensional TMOs are usually different compared  
to their bulk counterparts62. 
 
Structure and synthesis of 2D layered oxides: Chemical 
exfoliation of oxide nanosheets with bulky guest ions as 
intercalation agents leads to a high degree of intermole-
cular cracking and weakens the forces of attraction be-
tween adjacent layers of the sheets. Many internal and 
external factors like ions between the sheets, electrostatic 
forces, polarity, surface-tension and dielectric constant 
are optimized to completely exfoliate the layered com-
pound into single and few layered nanosheets (Figure 8)61. 
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Figure 8. a, Structure and thickness of Ti0.91O2, MnO2, TiNbO5, Ca2Nb3O10 and Cs4W11O36 2D oxides (reprinted with 
permission from Osada and Sasaki31; ©2019 by the American Physical Society).  b, Energy band gap of various 2D transi-
tion metal oxides (reprinted from Haque et al.111). 

 
 
Pervoskite-type oxides like La0.90Eu0.05Nb2O7, K1.5Eu0.5- 
Ta3O10, KLnNb2O7, K2Ln2Ti3O10 and RbLnTa2O7 (Ln, 
lanthanide ion), KCa2Nb3O1, Cs0.7Ti1.825O4, K0.45MnO2, 
RbTaO3 and Cs6+xW11O36 have been exfoliated into nano-
sheets using chemical exfoliation methods63. Figure 8 a 
shows the structure and thickness of Ti0.91O2, MnO2, 
TiNbO5, Ca2Nb3O10 and Cs4W11O36 2D oxides. Figure 5 c 
shows the STM topographic image of LiTi2O4 thin film62. 
 
Band structure and electronic properties of 2D layered 
oxides: The electronic properties of 2D oxides can 
range from being an insulator, a wide-band semiconduc-
tor to a semiconductor under different synthesizing 
processes and under different structures assemblies. In 
nanosheets, the empty d-orbital of the metal (d0) and 
filled p-orbitals of the binding atom together form an in-
sulator and wide band gap semiconductor64. The Nb3O8 
film formed by the deposition of consecutive films pro-
duces anodic photocurrent when the 270 nm UV light is 
incident on it with an efficiency (photon-to-electron) of 
1.8%. UV radiotherapy results indicate the indirect wide 
band gap of 3.58 eV and flat band potential of 1.32 V 
versus Ag/Ag+. This is similar to Ti0.91O2 nanosheets in 
which band gap of 3.84 eV and flat band potential of 
1.27 V versus Ag/Ag+ have been observed65,66. Superlat-
tice can be artificially developed using perovskite oxide 
nanosheets of LaNb2O7 and Ca2Nb3O10 (ref. 12). The  
superlattice formation leads to low leakage current, which 
is the most desirable parameter at the nanoscale level. 
Beyond this, the current parameters of 2D oxide nano-

sheets can also be re-engineered by A and B site modifi-
cation. In Ca2Nb3O10 nanosheets, lattice substitution of 
the A and B sites with Sr2+ and Ta5+ ions showed that the 
value of dielectric constant was further enhanced by 30–
110 (ref. 67). 
 
Optical properties of 2D layered oxides: The radiant 
property of different layered perovskites with A site subs-
titution, having their Ln3+ ions substituted with Eu3+/Tb3+ 
ions, gave red and green emission respectively110. Simi-
larly red emission was observed when Gd1.4Eu0.6Ti3O10 
and La0.7Tb0.3Ta2O7 were excited with 254 nm wave-
length68. Optical properties of nanosheets are anisotropic 
and thus can be modified by changing the orientation of 
nanosheets in the magnetic field68. 
 
Magnetic properties of 2D layered oxides: Several TiO2 
nanosheets like Ti0.8Co0.2O2 have shown ferromagnetism 
at room temperature69. They exhibit highly anisotropic 
behaviour when intensity of magnetization is measured 
along the equatorial and axial lines. Ti0.8Co0.2O2 showed 
the highest magnetic dipole moment of 1.4 μB/Co when 
the film was parallel to the magnetic field, which was 1.5 
times higher in comparison to the orthogonal direction, 
along with the spin moment of 1 μB/Co for the low-spin 
state of Co2+ which stabilizes the ferromagnetic order-
ing70. 
 
Applications of 2D layered oxides: The superlattice 
structure in 2D oxide nanosheets forms well-structured 
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quantum wells. Hence it can be deployed in diode lasers 
and other optoelectronic devices12. The A and B site en-
gineering has produced structures having a large dielec-
tric constant (of up to 110)67. They can thus be utilized 
for energy storage, large capacitors and electro-chemical 
energy storage (EES) systems71. Several doped  
nanosheets such as Ti0.8Co0.2O2, Ti0.6Fe0.4O2 and 
Ti0.75Fe0.1Co0.15O2, Ti(5.2–2x)/6Mnx/2O2 (x = 0.0–0.4), sodium/ 
potassium iron oxide show ferromagnetic properties 
which are useful for making magnetic tapes, hard disks 
and other similar memory storage devices70. 

Two-dimensional Xenes 

The 2D structures of silicon, tin, germanium, phosphor-
ous and boron, i.e. silicene, stanene, germanene, phos-
phorene and borophene respectively, are grouped under 
Xenes (X refers to the metal whose 2D structure is consi-
dered). Xenes can have elemental, decorated and compo-
site crystal structures. In the stable state, Xenes form a 
buckled hexagonal structure72. Depending upon the buck-
ling parameter δ, which explains the separation between 
different atomic horizontal planes, the various Xenes can  
 
 

 
 

Figure 9. a, Bent structure of 2D nanosheets (where X = silicon, 
germanium and tin atoms). The dark blue coloured atoms are displaced 
higher in the atomic plane than the light blue coloured atoms. The dis-
tance between two horizontal planes is the buckling parameter δ. b, 
Different buckled structures, i.e. flat, chair, boat and washboard. 

be differentiated according to their structure (Figure 9 b). 
Moreover, depending upon the foreign atom used and  
adsorption sites, different buckled structures like flat, 
boat, chair and washboard-type can be obtained73. The 
boat and washboard arrangements are unstable and  
convert into the flat structure according to the DFT stu-
dies64. In comparison, the chair-like structure is more sta-
ble than the flat structure73. In Figure 9 a and b, silicene, 
germanene and stanene have been shown as a single  
general structure. On the other hand, phosphorene has a 
unique and vertically distorted hexagonal structure  
(Figure 10 b). Borophene too has different hexagonal 
structural phases (Figure 10 c–e). 
 
Structures of 2D Xenes: Silicene, a 2D allotrope of sili-
con having honeycomb lattice structure, has sublattices A 
and B displaced comparatively in an orthogonal direction 
to the atomic plane, forming a small buckled structure 
(Figure 9 a). It has a buckling height of 0.44 Å and lattice 
constant of 0.3868 nm (ref. 74). Germanene, a 2D allo-
trope of germanium, has a hexagonal honeycomb struc-
ture, but with a buckling height of 0.68 Å and lattice 
constant 0.4060 nm (ref. 75). Due to different buckling 
parameters, it has different properties compared to other 
Xenes. Stanene, a 2D structure of tin, is a topological in-
sulator with a band gap of 73.5 meV due to the opening  
of a spin–orbit gap76. Stanene, like other Xenes, has a  
honeycomb lattice structure with a buckling height of 
0.85 Å (ref. 77) and lattice constant of 0.4673 nm. Unlike 
graphene, it has weak π bonding. As a result, a low buck-
ling structure arises from σ–π hybridization to form a 
stabilized 2D structure77. Phosphorene is orthorhombic  
in nature78, with a buckling height of 2.5 Å and lattice 
constant of 0.453 nm (refs 4 and 78). The name of phos-
phorene comes due to its similarity of structure with gra-
phene79. According to the IUPAC norms it should have 
been named as 2D phosphane79. Figure 10 a and b shows 
ball-stick model of few layered phosphorus and puckered 
hexagonal structure of monolayer phosphorene. Boro-
phene, the 2D sheet of boron, has been synthesized  
recently on an Ag substrate under high vacuum condi-
tions80. Borophene heterostructures indicate that the  
different layers can be stacked up due to van der Walls 
forces. Depending on the arrangement of the B-atoms with 
different periodic boron vacancy in hexagonal pattern,  
borophene structures can be grouped into three types 
(Figure 10 c–e)81. 
 
Synthesis techniques of 2D Xenes: The synthesis of 2D 
Xenes can be done using two major methods, i.e. by  
segregation from bulk solids, viz. top–down approach or 
by bottom–up approach. PVD, CVD and micromechani-
cal exfoliation are some of the techniques used (Figure 
11)82. The major problem with the synthesis is that 2D 
Xenes are unstable in ambient temperature. Silicene syn-
thesis was first reported by Vogt et al.83, who observed 
its growth on Ag(111). Silicene has also been synthesized 
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Figure 10. a, Ball–stick model of layered phosphorous. b, Puckered hexagonal structure of monolayer phosphorene (reprinted with per-
mission from Tran et al.79, ©2019 by the American Physical Society). c–e, β12, X3 and striped structural forms of borophene respectively 
(reprinted from Peng et al.81).  

 
 

 
 

Figure 11. a, STM image taken on 4 × 4 phase domains of silicene Ag(111) (reprinted from Liu et al.116). b, STM image of germanene with 2 × 2 
periodicity on Au(111) (super cells in the STM image are highlighted with yellow line) (reprinted from Dávila et al.117). c, STM images of stanene 
on Bi2Te3(111) (reprinted from Li et al.118). d, STM image of multilayer blue-phosphorene on Au(111) (reprinted from Hu et al.119). e–g, STM  
images of borophene v1/5 sheet with overlaid atomic structure (freestanding a triangular, β12, and X3 boron sheets respectively) (reprinted from Luo 
et al.120). 
 
on Ir(111), MoS2 and ZrB2(0001) crystals84. Germanene 
also shows surface-assisted growth by molecular beam 
epitaxy (MBE) under ultra high-vacuum (UHV) condi-

tions84. The first surface-assisted growth of stanene was 
seen on Bi2Te3(111) crystal under UHV conditions at 
room temperature85. For phosphorene, the most common 
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Figure 12. Different synthesis techniques for Xenes (reprinted from Tao et al.82). 
 
 
growth synthesis method is the exfoliation of black phos-
phorus86. CVD is used for the synthesis of black phos-
phorus from its bulk form and 2D sheets are separated 
from it by micromechanical/solution-based exfoliation 
processes86. Borophene synthesis has issues of adulte-
rants, purity of source and compatibility with the sub-
strate. UHV MBE helped solved the major synthesis 
challenges using a pure solid atomic boron source on 
Ag(111) substrates87. Figure 12 shows the STM images 
of silicene, germanene, stanene, phosphorene and boro-
phene. 
 
Band structure and electronic properties of 2D Xenes: 
From DFT simulations, silicene is found to be a zero 
band gap semiconductor with sp2 hybridization (Figure 
13 a). It is found in a meta-stable buckled form due to 
preferred sp3 hybridization of Si atoms88. Band gap engi-
neering allows the opening of a band gap in silicene by 
the application of an external electric field89. Quasi par-
ticle interference (QPI) pattern reveals the presence of 
Dirac cone and relativistic particles having Fermi velo-
city of the order 1.2 × 106 ms–1 in silicene90. The Fermi  
velocity in silicene is comparatively less than that in gra-
phene due to the weak π interactions90. The buckling 
structure of silicene has the least effect on its Fermi ve-
locity. Spin–orbit coupling induces the quantum spin hall 
(QSH) effect due to the opening of band gap at Dirac 
point89. Due to QSH there is a speedy phase transition of 
silicene from the semi-metallic nature to an insulator89. 
 Like graphene, germanene also shows a honeycomb 
structure (Figure 9 a). Since it has a buckled structure, its 
electronic properties are different compared to graphene. 
The germanene monolayer is a semi-metal with zero for-
bidden energy band gap and Dirac cone is present at the 
Fermi level (Figure 13 b). The buckled structure provides 
the possibility of opening a band gap if a vertical electrical 

field is applied91. The spin–orbit coupling interaction 
splits the energy band levels and introduces a band gap of 
around 20 meV in Germanene92. 
 Stanene, which is a QSH, has brought a new dimension 
in the field of nanoelectronics because of edge trans-
port93. Stanene has a 73.5 meV band gap due to spin–
orbit coupling. Its value is substantially greater than the 
band gap of graphene, silicene and germanene (Figure 
13 c)93. Further, the halogenation of stanene could enlar-
gen the band gap to 300 meV, which promotes its usage 
at room temperature94. The Fermi velocity of fluorinated 
stanene is up to 6.8 × 105 m/s (ref. 94). 
 In phosphorene, the band structure depends upon the 
number of layers of nanosheets. It has its band gap in the 
range 0.3 eV (for bulk) to 2.0 eV (for monolayer86)  
(Figure 13 e and f ). As the layer count is decreased to  
monolayer, phosphorene shifts its nature from being an 
indirect to a direct band gap semiconductor. Theoretical 
studies suggest the process of hydrogen passivation to 
form direct band gap phosphorene nanoribbons which are 
stable76. Further, edge termination controls its tunabi-
lity76. Different studies also report the effect of strain on 
electronic properties. Strain can be used to control the  
effective mass of an electron, its direction of mobility and 
induce direct to indirect transition in the energy band 
gap95. A few layers of quasi 2D phosphorene display car-
rier mobility of up to 1000 cm2 V–1s–1 at room tempera-
ture96. 
 In borophene, superconductivity and topological prop-
erties are better compared to graphene97. Its Fermi velocity 
is 3.6 × 106 ms–1 (almost four times that of graphene)98. 
The BCS (Bardeen–Cooper–Schrieffer) theory of super-
conductivity states that the light-weight elements are 
beneficial for increasing the superconducting transition 
temperature (Tc), as the Debye temperature for these  
materials is high99. Graphene, silicene and phosphorene 
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Figure 13. Band structures of (a) silicone (reprinted with permission from Miro et al.121), (b) germanene (reprinted with permission from 
Miro et al.121), (c) stanine (reprinted with permission from Xu et al.94, ©2019 by the American Physical Society), (d) borophene1 (re-
printed with permission from Peng et al.18) and (e, f ) bulk and monolayer phosphorene (reprinted with permission from Lv et al.100). 

 
 
are not suitable to produce high Tc, while B atoms show 
strong electron–phonon coupling and thus show super-
conductivity97. 
 
Optical properties of 2D Xenes: For their applications 
in optoelectronics, optical properties like light absorption, 
emission and efficiency of photo conversion of 2D Xenes 
play an important role. A wide bandwidth of absorption 
spectra ranging from UV rays, visible light to near and 
far infrared spectroscopy in Xenes find applications in 
the biomedical field. The excellent photo-thermal conver-
sion efficiency (about 50%) promotes usage of Xenes as  
photo-sensitizers, which can effectively as well as selec-
tively kill both bacteria and cancer cells82. Phosphorene is 
observed to have a strong localized surface plasmon  
resonance effect, which advocates it usage as a substrate 
for the surface-enhanced Raman spectroscopy (SERS)100. 
Along with their built-in biocompatibility, SERS makes 
Xenes promising for high-resolution imaging and Raman 
scattering-based sensor device applications82. The lumi-
nescence properties of Xenes could be used for bio-
imaging and optical sensors82,100. These optical properties 
can be optimized and tuned in by forming Xenes with  
different composition, size, thickness and surface modifi-
cation which can be utilized in different applications100. 
 
Mechanical properties of 2D Xenes: For nanoelectro-
mechanical systems, the mechanical properties of 2D 
Xenes hold high significance. In a study, the stiffness was 
found to be inversely proportional to the increasing atomic 

weight (i.e. Si to Sn)101. In silicone, mechanical flexibi-
lity changes as a function of bond angle, while for gra-
phene the C–C bond length is observed to increase as a 
function of axial strain101. This exclusive property in  
silicene makes it highly adaptable for use in flexible elec-
tronics. In germanene, on application of axial strain, 
transformation occurs from chair to washboard-like struc-
ture73. The Young’s modulus of silicene, germanene, sta-
nene and phosphorene was found to be direction-
dependent, with values of 61.7 and 59 GPa, 44 and 
43.4 GPa, 25.2 and 23.5 GPa and 166 and 44 GPa along 
zigzag and armchair directions respectively102. Boro-
phene with even 1/6 HH concentration has a bending 
stiffness four times lower than that of graphene and 
Young’s modulus of about 210 N m–1 which is 60% more 
than that of graphene103. In addition to high in-plane elas-
ticity of borophene, its low mass density further leads to a 
specific modulus of 346 m2 s–2, which is almost similar to 
graphene, and hence can be used in flexible electro-
nics103. 
 
Magnetic properties of 2D Xenes: Magnetic properties 
of 2D Xenes can be transformed by using different sur-
face substrates, chemisorption, introduction of point de-
fects, electrostatic doping, application of external electric 
field and inducing periodic deformation104. Silicene exhi-
bits ferromagnetic behaviour when half hydrogenated, 
and anti-ferromagnetic behaviour when half bromi-
nated105. In a study, magnetism was induced in transition 
metal-decorated Xenes. Similar behaviour to silicene was 
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observed in germanene and stanene, in which highest 
magnetism was induced by Cr adatoms adsorption104. 
 
Applications of 2D Xenes: Silicene finds applications in 
nano-level light-emitting diodes106 and quantum compu-
ting107, as it has a unique property of hopping between  
topological insulator and topological superconductor. In 
germanene, the use of spin rather than just its charge has 
been utilized in quantum information processing108. It is 
also an optically active material and so could be used in 
optoelectronics applications109. Further, its tunable band 
gap could be deployed in tunable nanoelectronics applica-
tions. Due to large Fermi velocity of the edge state 
(6.8 × 105 m/s), stanene can be considered for wiring sys-
tems that link various parts of a microprocessor94. Due to 
the free flow of electrons, heat generation would be less 
and power consumed will also be low; this will help in 
the production of energy-efficient electronic devices. 
Few-layered black phosphorus has been integrated into 
photo-transistors with a good response96,110. Its hetero-
junction with BN and MoS2 exhibits photovoltaic effect. 
Further, the high binding capacity for nitrogen based gas 
molecules shows its use as gas sensors76,96. It could be 
used in various superconductor applications. Borophene 
of v1/6 sheet having 1/6 HH concentration exhibits  
bending stiffness which is four times lower than that of 
graphene and the Young’s modulus of the v1/6 sheet 
reaches up to 210 Nm–1 (ref. 103). So borophene can be 
used in flexible electronics. 

Conclusion and future scope 

Owing to the superior electronic, mechanical, optical and 
magnetic properties, the 2D structural analogues other 
than graphene could eventually be adopted for a wide 
range of nanoelectronics applications. TMDs with 1–2 eV 
energy band gap and high on/off ratios could be deployed 
in low-power VLSI circuits. Due to their low working  
bias and ultra sensitivity, they have potential usage in op-
toelectronic circuits. h-BN behaves as a good dielectric 
material and graphene-based FETs show better characte-
ristics when they use h-BN as a surface substrate. Sili-
cene and germanene can be used in the current Si and  
Ge-based technology. Further the ballistic transport  
properties and presence of Dirac cone in silicene and 
germanene could help realize ultra-high speed nanoelec-
tronics devices. Environmental robustness and high oxi-
dation resistance of silicene and germanene are added 
advantages and render them desirable for various indus-
trial and military applications. The same could be  
extended to the usage of stanene, but it requires further 
research. Phosphorene follows graphene in integration 
with the present-day technology. Recent advancements in 
the research on phosphorene show the remarkable proper-
ties of this material and inspire its rapid exploration for 

usage in high-speed electronics. When compared to gra-
phene, phosphorene is a direct band gap semiconductor, 
which is one of its desirable features. Because of the nar-
row band gap, phosphorene could be utilized in various 
optoelectronic devices and nano-sensors. Many of its  
mechanical, optical, electronic and thermal properties are 
yet to be standardized. Borophene shows better super-
conductivity compared to graphene, because of its high 
electron density and edge transport feature. Although 2D 
oxide sheets lag behind graphene in transport properties, 
they outperform in terms of flexibility and compressibility. 
These features of 2D oxide sheets find usage in flexible 
and spin-based electronics. Further studies are required to 
explore the quantum dynamics of these materials so that 
they can be considered for various customized applica-
tions at the nano-scale. This aspect of controlling their 
properties can pave a new path for low-dimensional, eco-
nomical and durable nanoelectronics applications in the 
near future. 
 The lack of progress to standardize the synthesis  
techniques and experimental processes has limited the 
scope to explore various theoretical predictions beyond 
graphene 2D materials. So far, only substrate-assisted  
epitaxial growth for 2D Xenes has been reported. This  
limitation is because these materials are meta-stable. Al-
ternate approaches to produce independent 2D sheets and 
to cleave them from their substrates are still to be  
explored in detail. Thus, the advancement in synthesis 
techniques to produce free-standing 2D alternative mate-
rials will be a significant breakthrough for utilizing the 
full potential of these 2D materials in the evolution of 
next-generation electronic, spin electronic and optoelec-
tronic device applications. Table 1 summarizes the struc-
tural phases, band gaps, unique electronic, mechanical 
and magnetic properties along with potential applications 
for the ease of future work in the field. 
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