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The discovery of graphene and other two-dimensional (2D) materials together with recent advances in exfoliation techniques have set the 5 

foundations for the manufacturing of single layered sheets from any layered 3D material. The family of 2D materials encompasses a wide 
selection of compositions including almost all the elements of the periodic table. This derives into a rich variety of electronic properties 
including metals, semimetals, insulators and semiconductors with direct and indirect band gaps ranging from ultraviolet to infrared 
throughout the visible range. Thus, they have the potential to play a fundamental role in the future of electronics, optoelectronics and the 
assembly of novel ultrathin and flexible devices. We categorize the 2D materials according to their structure, composition and electronic 10 

properties. In this review we distinguish atomically thin materials (graphene, silicene, germanene, and their saturated forms; hexagonal 
boron nitride; silicon carbide), rare earth, semimetals, transition metal chalcogenides and halides, and finally synthetic organic 2D 
materials, exemplified by 2D covalent organic frameworks. Our exhaustive data collection presented in this Atlas demonstrates the large 
diversity of electronic properties, including band gaps and electron mobilities. The key points of modern computational approaches 
applied to 2D materials are presented with special emphasis to cover their range of application, peculiarities and pitfalls.  15 

 
1. Introduction 

During the first decades of the 20th century, the existence of two-
dimensional (2D) materials was a highly debated issue in the 
physics community. According to classical physics, 2D materials 20 

are thermodynamically instable at any finite temperature due to 
thermal lattice fluctuations.1-3 This was in agreement with the 
decreasing melting temperature observed when the thickness of 
thin films was decreased. The development of modern 
spectroscopy revealed the existence of 3D materials with layered 25 

structure, such as graphite or molybdenum disulphide. Even 
though their exfoliation down to their two-dimensional 

monolayers was thought to be possible only in the theoretical 
domain since Mermin demonstrated that strictly one- and two-
dimensional materials can only exist hypothetically – i.e. if the 30 

crystal is described within the harmonic approximation.4 
Materials science had a major scientific breakthrough in 

2004, when Novoselov and Geim isolated the first single layer 
2D material, graphene, through the Scotch tape exfoliation of 
graphite (Figure 1a).5 The importance of this achievement was 35 

sealed in 2010, when the Nobel price was awarded to both 
researchers.  

 

 
Figure 1. Graphene, the prototype 2D material. (a) Graphite structure (5x5x2 unit cells). (b) Graphene structure (5x5). (c) Dirac cones in 40 

graphene (adopted from ref. 6). (d) Graphene band structure ( Γ-M-K- Γ). Fermi level has been shifted to 0 eV and depicted with a blue 
horizontal line. 
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Graphene is an atomically thin sp2 carbon layered material 
with a honeycomb lattice that has almost the same crystal energy 
as diamond. As each graphene carbon has only three bonds 
instead of four for diamond, the graphene C-C bonds are about 
25% stronger. Thus, it is the most stable material known to date. 5 

Graphene has a peculiar electronic structure. It is a semi-metal, 
characterized by the fact that it does not show a band gap, but the 
density-of-states is zero at the Fermi level. The Fermi level is 
crossed by electronic bands near the six corners of the two-
dimensional hexagonal Brillouin zone (Fig. 1c). The dispersion 10 

relation (the change of electron energy of a band within the 
Brillouin zone) is linear at these points, a unique feature that 
leads to zero effective mass for electrons and holes, and thus to 
very high currents. Due to this linear or conical dispersion 
relation, electrons and holes near these six points behave like 15 

relativistic particles described by the Dirac equation. Therefore, 
the electrons and holes are called Dirac fermions and the six 
corners of the Brillouin zone are called the Dirac points. The 
cones at Dirac points are located at the high-symmetry K points 
in the Brillouin zone of the honeycomb lattice and have been 20 

recently explored towards valleytronics applications (Figures 1b 
and 1c). The massless Dirac electrons at the Fermi level derive 
also in the highest known finite-temperature electron mobility. 
Furthermore, the extremely low spin-orbit (SO) interaction in 
graphene makes it an ideal spin carrier for spintronics.6 Research 25 

on electronic structure engineering of graphene rapidly emerged 
to the development of semiconducting modifications exhibiting a 
(very) low band gap, an important step towards electronic and 
optoelectronic applications. However, these devices require larger 
band gap semiconductors and dielectric materials as insulators. 30 

Luckily, nature offers a manifold of layered materials beyond 
graphene, including metals, semimetals, insulators and 
semiconductors with direct and indirect band gaps ranging from 
ultraviolet to infrared through the visible range. 

The recent progress in exfoliation techniques such as 35 

micromechanical cleavage, ion intercalation, and surfactant-
assisted ultrasonication has set the foundations for the 
manufacturing of essentially any given layered bulk material in 
the monolayer limit.7, 8 Layered materials cover an extremely 
large range of compounds, including clays, layered oxides, 40 

chalcogenides, halides, carbides, nitrides, hydrides, hydroxides, 
phosphates and phosphonates. Most of these materials are binary 
layered compounds although ternary layered compounds are also 
possible (i.e. CuSbS2).

9 Layered materials can be further 
classified based on the nature of the interaction between the 45 

layers. This interaction is governed by hydrogen bonds, 
interstitial cations or London dispersion interactions between the 
layers. Among the latter, transition metal chalcogenides (TMC) 
are the most prominent examples of these materials with MoS2 as 
its flagship.10-13 Indeed, the development of MoS2 based 50 

transistors has triggered an immense scientific interest in TMC 
monolayers for novel ultrathin and flexible devices as well as for 
other nanoelectronic and optoelectronic applications.14,15  

Besides the immense success of 2D materials science one 
should not forget the underlying physics. According to all 55 

theoretical predictions, 2D materials should not exist above 
absolute zero.1-4 The study of free standing and supported 
graphene revealed the formation of intrinsic ripples. These 

findings were also corroborated through theoretical studies on 
free-standing graphene sheets.16, 17 Thus, on the large length 60 

scale, ripples distort the 2D lattice, making it – strictly speaking – 
a 3D material and thus resolving the controversy about the 
existence of these materials beyond absolute zero. Analogously, 
spontaneous ripple formation has been observed in free-standing 
single layer MoS2 sheets, even though the material is not 65 

atomically thin and thus not strictly two-dimensional.18, 19 
In this review we will discuss the fundamental electronic 

properties of single-layer 2D materials with special emphasis on 
their range of application, on their peculiarities and on pitfalls in 
the theoretical description of their electronic structure. The 70 

computational treatment of 2D materials requires special care 
when choosing the boundary conditions since these systems are 
infinite in two dimensions, but finite in the third. Furthermore, 
the exfoliation down to the monolayer has implications in the 
final properties of these materials. The most intriguing paradigm 75 

change is certainly the appearance of the massless Dirac 
Fermions in graphene.20 Another one is the appearance of the 
giant spin orbit splitting in MoS2.

21, 22 Additionally, due to their 
2D character, the determination of band structures requires 
special attention; as due to a quenched screening of the Coulomb 80 

interaction a strong exciton binding energy is present. This has a 
strong impact on quasi-particle approaches such as GW theory.23, 

24 
In the light of the scarce and not systematic data on the 

electronic properties of a representative fraction of single-layer 85 

2D materials in the literature (Figure 2), we have computed this 
data at a consistent level of theory (density-functional theory and 
approximate quasi-particle theory). These results are presented in 
this article and compared with previous experimental and 
theoretical results whenever available. The studied materials 90 

include atomically thin 2D materials, starting with graphene and 
direct analogues such as hexagonal boron nitride (h-BN), silicon 
carbide (SiC), silicene and germanene as well as their 
hydrogenated and halogenated derivatives. Further, we present 
exfoliated monolayer structures of transition metal chalcogenides 95 

(TMCs), semimetal chalcogenides (SMCs), and transition metal 
halides (TMHs) including M'X, M2N, MX2, MY2, MY3 (M'=Ga 
and In; M= Ti, Zr, Hf, Nb, Mo, W, Re, Pd, Pt, etc; X=S, Se and 
Te; Y=Cl, Br and I). Finally, we address an emerging family of 
metal-free layered organic materials with honeycomb lattice, in 100 

particular the recently reported 2D covalent organic frameworks 
(COFs).25 Only selected examples are presented in the text, but a 
complete compilation of results, including geometries, band 
structures, band gaps and effective masses, are presented in 
Electronic Supplementary Information (ESI).  105 

 
2. Methodology 

A 2D material can be described as a hybrid between a solid 
(in the periodic plane) and a molecule (perpendicular to it). 
Accordingly, and as in any quantum mechanical system, the 110 

choice of the boundary conditions is crucial to properly describe 
the system properties. Explicit consideration of 2D periodic 
boundary conditions is possible if local basis functions are used. 
Those are implemented, for example, in CRYSTAL,26 SIESTA27, 

28 and ADF/BAND software.29-31  115 
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Figure 2. Structure of atomically thin 2D materials: graphene, silicene, germanene (and their derivatives), silicon carbide (SiC), 
hexagonal boron nitride (h-BN) and transition metal chalcogenides (TMC) (top). Ultrathin 2D materials such as transition metal 
chalcogenides (TMC) (centre) and halides (TMH) (bottom). Unit cells are depicted in red. Colour code: Metals in ice blue, halides in 5 

green, chalcogenides in yellow, nitrogen in blue, carbon in grey, silicon and germanium in gold, boron in pink and hydrogen in white.  
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Table 1. Relative CPU time and electronic band gaps for graphene and MoS2 calculated using explicit 2D periodic boundary conditions 
(PBC) and the repeated slab method (3D PBC). For the latter, the interlayer distance has been increased stepwise (0.4 Å) starting from 
the bulk value. The table shows the relative computer time with respect to the bulk system (same software, same computer). 2D PBC 
calculations have been carried out using local basis functions (ADF/BAND) and plane waves (VASP). All calculations employ the PBE 
functional. ADF/BAND calculations as specified in the Computational Details. For VASP calculations an energy cutoff of 400 eV was 5 

used. Brillouin zone is sampled with a mesh of 20×20×1 (16×16×1) k points for graphene (MoS2).  

 Graphene  MoS2 
 Relative CPU time [a]  Relative CPU time [a] Band gap (eV) 

Interlayer 
Displacement (Å)[b] 

2D PBC 3D PBC   2D PBC 3D PBC 2D PBC 3D PBC 

0.0 1.00 1.00  1.00 1.00 0.89 (indirect) 0.89 (indirect) 
0.4 - 1.05  - 1.11 1.22 (indirect) 1.23 (indirect) 
0.8 - 1.09  - 1.18 1.46 (indirect) 1.49 (indirect) 
1.2 - 1.08  - 1.17 1.64 (indirect) 1.68 (indirect) 
1.8 - 1.19  - 1.33 1.77 (indirect) 1.81 (indirect) 
2.4 - 1.38  - 1.35 1.82 (direct) 1.89 (indirect) 
2.8 - 1.47  - 1.39 1.82 (direct) 1.91 (direct) 
3.2 - 1.52  - 1.63 1.82 (direct) 1.91 (direct) 

        
∞[c] 0.32 -  0.27 - 1.82 (direct) - 

 [a] Total CPU time relative to bulk calculation. [b] Respect to the bulk interlayer distance. [c] 2D periodic boundary conditions. 
 
Modeling a 2D system as finite cluster is not recommended since 
it is experimentally well-known that lateral quantum confinement 10 

effects arise for particle sizes below 100 nm.20 On the contrary, 
calculations using solid state codes employing the repeated slab 
method have become a common approach, as they allow the 
employment of plane-wave basis functions that are known to be 
computationally very efficient and are hence widely used in 15 

physics. Popular codes include QuantumEspresso,32 abinit,33-35 
and VASP.36-38 Plane wave basis functions span the full 3D 
simulation box and hence require a vacuum layer such that there 
is no spurious self-interaction between the studied system and its 
periodic images in the direction perpendicular to the 2D lattice 20 

plane. This is fundamental since even though the interlayer 
interaction is weak, it has significant impact on the electronic 
structure. For example, band gaps may double from bulk to 
monolayer, as known for many transition metal 
dichalcogenides,39 or the character of the material may change 25 

from semiconducting to metallic, as in graphene or palladium 
sulphide.40, 41 Thus, when using the repeated slab method, the 
convergence of the results must be checked with respect to the 
extension of the vacuum layer, as indicated in Table 1. It is worth 
to note that plane-wave methods scale with the size of the 30 

simulation box, therefore, as commonly known from solid state 
physics, their efficiency is reduced in case of the calculation of 
single layered materials. As result, 2D materials are faster 
processed (per atom and compared to their bulk counterparts) if 
using explicit 2D boundary conditions, due to the reduced 35 

complexity of interactions per atom, while they slow down 
calculations using 3D boundary conditions and plane waves 
(Table 1). 

Almost all elements of the periodic table have been 
incorporated as main components in 2D materials or as dopants. 40 

Thus, high quality basis sets for a large number of elements are 
required. It is popular to reduce computational complexity and 
cost by replacing core electrons by pseudo potentials (PP) or 
effective core potentials (ECP). It should be reminded that a 

careful validation of those numerical treatments is required, as 45 

they can have a significant effect on computed quantities such as 
band gaps and band structures. Furthermore, relativistic effects 
have found to be important even for relatively light-weight 
elements in several 2D materials. The inclusion of relativistic 
effects for core electrons is achieved either by including them 50 

into PPs/ECPs or by treating them explicitly through, for 
example, the zeroth order regular approximation (ZORA).42-46 
Spin Orbit (SO) effects are surprisingly large for single layered 
2D materials due to the break of the inversion symmetry from 
bulk/bilayer to the monolayer. For example, the SO induced 55 

splitting of the valence band in MoS2 is ca. 150 meV at the K 
point which is marking the valence band maximum.22 Density-
functional theory (DFT) has become the working horse of 
modern solid state physics as a method with a reasonable balance 
between accuracy and computational cost.47 However, some 60 

points need to be raised before studying 2D materials using this 
method. First, on a general basis, DFT is not adequate to describe 
systems exhibiting strong electron correlations, as it tends to 
over-delocalize the electron density. The use of hybrid DFT 
functionals, which incorporate a fraction of the exact exchange 65 

interaction, improves this situation, but only solves this problem 
partially.48 Therefore, a commonly adopted strategy is the 
comparison of band structures obtained by pure and hybrid GGA 
functionals, as for example PBE and PBE0.49-51 On one hand, 
band structures obtained at the DFT level of theory are typically 70 

of excellent quality, allowing the determination of effective 
masses of holes (h+) and electrons (e-), or the parameterization of 
effective Hamiltonians for multiscale transport simulations.52 On 
the other hand, DFT is known to incorrectly describe band gaps, a 
consequence that unoccupied Kohn-Sham orbitals are rather a 75 

mathematical result with a lack of a clear physical meaning. 
However, experience has proven that DFT yields a reasonable 
spectrum of the conduction bands when using an orbital basis 
with sufficient quality, but they are shifted to lower energies. In 
consequence, DFT band gaps are typically strongly 80 
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underestimated, with notable extreme cases such as Mott 
insulators, where DFT predicts metallic character. Hybrid DFT 
functionals such as HSE06 or PBE0 improve in general the 
predicted band gap when compared with experimentally 
determined ones.48, 53 However, hybrid functionals are 5 

computationally expensive compared with GGA ones, especially 
if used together with plane waves as basis functions.  

A more rigorous calculation of band gaps is possible using 
the GW approximation, which is usually applied on top of DFT 
calculations.24 While it is known to produce excellent results in 10 

3D solids, surprisingly, this approach overestimates the band gap 
in 2D materials. The reason for this behavior has been identified 
as the reduced Coulomb screening in 2D systems, which results 
in high exciton binding energies. For example, PBE calculations 
on MoS2 monolayers yield a band gap of 1.8 eV, in very good 15 

agreement with the experimentally determined value.39 On the 
contrary, the GW approximation yields a significantly larger band 
gap of ca. 3 eV. If the GW calculations are corrected using the 
Bethe-Salpether equation (BSE), an exciton binding energy of 
approximately 1 eV is obtained. The experimentally observed 20 

band gap is obtained if the GW value is corrected by the exciton 
binding energy.54-56 An alternative approach is the use of the 
GLLB-SC model, which predicts band gaps of comparable 
quality compared to those determined at the GW level of theory, 
but a much lower computational cost.57 However, this model also 25 

includes the strong exciton binding energy and thus overestimates 
band gaps for 2D materials.  

As in solids, the calculation of the Brillouin zone of the 
system reflects the ideal crystal, a perfectly planar sheet without 
deformations or defects. While those calculations are state-of-the-30 

art and accurately yield most results on the electronic structure of 
these systems, they do not reflect the intrinsic rippling of the 
monolayers. Ripples can significantly alter the band gap of these 
systems, for example, ripples in MoS2 are able to reduce its band 
gap by ~400 meV.19 Thus, the rippling of 2D systems will 35 

unlikely change the character of the systems, but it does have a 
quantitative effect. As the consideration of rippling is 
computationally demanding and leads to more difficult analysis 
of the results due to the absence of an interpretable band 
structure, it is neglected in most calculations, including those in 40 

this article. 
Another important issue is the presence of defects in the 

materials, such as impurities, point defects and grain boundaries. 
In 2D materials, defects play a much stronger role than in 3D 
materials, as there is no third dimension that may act as 45 

stabilizing factor, e.g. to allow the transmission of a current or to 
stabilize the structure. Hence, calculations of the perfect crystal 
only reflect the threshold value of a hypothetical, perfect layer. 
Defects act as scattering centres and typically reduce the electron 
transmission. Point defects can strongly influence the electronic 50 

properties and even introduce an anisotropy into the system.58 
The role of the various defects is not yet completely understood 
and requires more detailed studies both in experiment and in 
theory. 

Thus, the calculation of the band structure yields important 55 

information, such as the band gap and its character. Other 
quantities that are crucial for the prediction of the performance of 
the materials in electronic applications are the electron 

transmission, or quantum conductance. The most popular 
methods to calculate this quantity are the non-equilibrium 60 

Green’s function (NEGF) method in conjunction with the 
Landauer-Büttiker formula59-61 for small-scale models, and the 
semi-classical Boltzmann transport equation (BTE), that has been 
applied for MoS2 and other 2D materials.52, 62 The latter one is 
particularly useful for the prediction of room temperature device 65 

performances as it allows the treatment of electron-phonon 
coupling via a perturbation potential.  
 
3. Atomically thin two-dimensional materials 

In this section, we discuss graphene and materials that are 70 

directly related to this prototype 2D system. Those include 
isoelectronic hexagonal boron nitride (h-BN), 2D materials of the 
main group IV elements Si and Ge (silicene and germanene), and 
atomically thin transition metal chalcogenides (TMCs). The most 
interesting feature about these materials is the significant change 75 

in properties compared with their bulk counterparts. Even though 
some of these systems have not yet been isolated in free-standing 
form, they are highly debated in the nanoelectronics community.  

3.1. Graphene, Silicene and Germanene 

Even though Boehm coined the term graphene already in 1962,63 80 

the electronic structure of a graphite monolayer has been studied 
since 1947.64 Surprisingly, it was not until 2004 that Geim´s 
group was able to isolate a monolayer graphene sheet.5 
Afterwards, graphene has been the focus of extensive theoretical 
and experimental studies. Due to its extraordinary physical 85 

properties such as its high carrier mobility and high electrical and 
thermal conductivity, graphene is considered as a very promising 
material for nanoelectronics, even being a candidate to replace 
silicon in future electronic devices. Nevertheless, graphene is a 
semimetal without band gap, which makes it not suitable for 90 

using it as electronic switch (Figure 3 left). Band gap engineering 
is thus required to open a band gap in graphene without 
compromising any of its other properties. The most common 
techniques and methods reported so far are doping, 
functionalization, defective or hybrid structures, substrate 95 

induced band gap opening, and quantum confinement. To date, a 
large manifold of potential applications of graphene are under 
development, and many more have been proposed. These include 
flexible display screens, electric circuits, and solar cells, as well 
as medical, chemical, and industrial processes that could be 100 

improved by the use of new graphene materials.65, 66 
Due to the fascinating properties and extensive applications 

of graphene, scientists started to question whether the other 
elements in main group IV, i.e. Si, Ge, Sn, and Pb, can form 
stable layered structures. In 2010, Wen et al. theoretically 105 

explored main group IV structures going from 1D to 2D to 3D.67 
They found that the graphene layers of Si, Ge, Sn, and Pb 
essentially collapse to five-coordinated structures with bonds 
between the layers. The reason is that π-bonding in main group 
IV, being fundamentally important in all the graphene structures, 110 

is only possible for carbon, but not for Si, Ge, Sn, or Pb. Carbon 
effortlessly forms sp2 hybrid orbitals, the same is not possible for 
the other elements because of the poor π-type overlap between 
neighbouring p orbitals at the distance imposed by normal s 
bonding. Therefore, the graphene-like sheets of Si, Ge, Sn and Pb  115 
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Figure 3. Band structures of graphene (left), silicene (centre) and germanene (right). Valence and conduction bands are highlighted in 
blue and red respectively. The Fermi levels (horizontal green dashed lines) have been shifted to 0 eV. All band structures at PBE-D3 
level of theory. 
 5 

are very unlikely to have an independent existence. To be 
consistent with the commonly used nomenclature, silicene is the 
word to name the silicon analogue of graphene. In the past couple 
of years, the electronic and structural properties of silicene have 
been predicted theoretically. Among these studies, Cahangirov et 10 

al. reported that silicon and germanium can have stable, 2D, 
slightly corrugated (β-type), honeycomb structures which are 
more stable than their corresponding planar-layer type structures 
(Figure 2).68 Despite this buckling, the free-standing silicene and 
germanene structures have enough symmetry to preserve the 15 

feature of linearly crossing bands around the Fermi level. This 
makes electrons of silicene behave as mass-less Dirac Fermions 
as in graphene (Figure 3 centre). 

Due to its unique bonding behaviour, bulk Si cannot form a 
layered phase like graphite. However, experiments of surface-20 

assisted epitaxial growth show the presence of nanoribbons and 
2D monolayers of silicene on Ag(110)69 and Ag(111),70-73 

respectively. The associated scanning tunnelling microscopy 
(STM) images revealed hexagons in a honeycomb structure 
similar to those of graphene. Although free-standing silicene is 25 

expected to have a zero band gap, a tiny gap can be opened in 
epitaxial silicene, due to the symmetry-breaking induced by the 
interaction with the silver substrate. Vogt et al. provided evidence 
for the successful synthesis of epitaxial silicene sheets on an 
Ag(111) substrate, by analysing both the structural and electronic 30 

properties through the combination of STM and angular-resolved 
photo-emission spectroscopy (ARPES) in conjunction with DFT 
calculations.73 Later on, theory predicted that Dirac electrons are 
absent near the Fermi energy in all stable silicene on Ag(111) 
structures due to the buckling of the silicene monolayer and 35 

hybridization between Si and Ag orbitals.74 Recently, silicene has 
been reported to also grow on ZrB2 and Ir(111) substrates.75, 76  
Due to the higher mass of Si compared to C, silicene has a  

 
 40 

Table 2.  Selected properties of atomically thin materials. mhh and me stand for the effective mass of the hole, and the electron, 
respectively. Band gap and effective masses in eV and m0 (rest mass of electron), respectively. 78 

Material Isolated 
Band gap   Effective mass[a] 

PBE-BJ-D3 GLLB-SC Transition   mh me- 

Graphene Yes 0.00 (Dirac point) 0.00 (Dirac point) K  - - 

Graphane Yes 3.56 (direct) 7.00 (direct) Γ → Γ  -0.249 0.983 

Fluorographene Yes 3.29 (direct) 5.16 (direct) Γ → Γ  -0.338 0.466 

β-Silicene Yes 0.00 (Dirac point) 0.00 (Dirac point) K  - - 

Silicane No 2.26 (indirect) 3.56 (indirect) Γ → M  -0.128 3.838 

Fluorosilicene No 0.66 (direct) 1.66 (direct) Γ → Γ  -0.128 0.235 

β-Germanene No 0.00 (Dirac point) 0.00 (Dirac point) K  - - 

Germanane Yes 1.16 (direct) 1.84 (direct) Γ → Γ  -0.061 0.063 

Fluorogermanene No metallic 0.39 (direct) -[b]  -0.017 0.017 

h-BN Yes 4.69 (direct) 7.92 (direct) K → K  -0.792 1.175 

SiC Yes 2.55 (direct) 3.63 (direct) Γ → Γ   -0.549 0.645 
 [a] From GLLB-SC band structure. Only x direction. [b] In GLLB-SC the transition is Γ → Γ.  
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Figure 4. Band structures of hexagonal boron nitride and silicon carbide (top); atomically thin group XII transition metal chalcogenides 
(bottom). Valence and conduction bands are highlighted in blue and red respectively. The Fermi levels (horizontal green dashed lines) 
have been shifted to 0 eV. All band structures at PBE-D3 level of theory. 
 5 

stronger SO splitting compared to graphene, it was predicted to 
be 1.55 meV.77 Another interesting property of silicene is its 
predicted quantum spin Hall effect in an accessible temperature 
regime. This property makes silicene particularly interesting for 
applications as spin Hall effect devices.77 10 

Germanene is the germanium analogue of silicene, where the 
atoms of silicon are replaced by germanium. Up to now, there is 
no experimental evidence of this system. As in free-standing 
silicene, it is found that there is no band gap at the Fermi level, 
indicating metallic properties (Figure 3 right). The zero band gap 15 

observed in germanene originates from the high-buckling 
distance between the two atomic layers.68 

Figure 3 shows the electronic band structure of graphene, 
silicene and germanene, the latter two in their buckled 
configurations. All the structures present similar features in the 20 

electronic band structure; the bands cross at the Fermi level, 
located in the Dirac (K) points of the reciprocal lattice. The linear 
dispersion around the Dirac points results from the honeycomb 
structure. Interestingly, this linear dispersion is preserved even 
when the hybridization of the atoms changes (C is in sp2 25 

hybridization, while isoelectronic Si and Ge prefer sp3).  

3.2. Boron Nitride  

Boron nitride exhibits various crystalline polymorphs analogous 
to carbon, including diamond-like cubic BN, graphite-like 
hexagonal boron nitride (h-BN), onion-like fullerenes, etc.79 30 

Within these polymorphs, h-BN is thermodynamically the most 
stable allotrope and, due to its 2D nature, has attracted enormous 
attention. This material is an isoelectronic analogue of graphene, 
composed of alternating boron and nitrogen atoms in a 

honeycomb arrangement. sp2-bonded h-BN shows strong 35 

covalent bonds within the plane and weak bonds with van-der-
Waals forces between different planes. It is worth mentioning 
that, in contrast to graphite, bulk h-BN favours AA’ (eclipsed) 
stacking.80 Regardless of the geometrical similarities, h-BN 
shows strikingly different electronic properties from those of 40 

graphene. The former exhibits a direct K → K band gap between 
4.69 eV (PBE) and 7.92 eV (with the GLLB-SC quasi-particle 
correction) (Table 2), characteristic for an insulating white 
material. The narrowing of the sp2 π bands (due to the difference 
in electronegativity) compared with graphene is responsible for 45 

the loss of conductivity yielding an insulator instead of a 
semimetal (Figure 4 top left).  

3.3. Silicon Carbide  

Naturally, silicon carbide (SiC) occurs in the form of cubic, 
hexagonal and rhombohedral structures, where Si and C favour 50 

sp3 hybridization. However, a planar structure of SiC with sp2-
hybridized bonds, thus resembling graphene, was theoretically 
predicted to have high structural stability.81 The graphene-like 
SiC consists of alternating Si and C atoms, where each Si atom 
has three C atoms as its nearest neighbours and vice versa, with a 55 

Si-C bond length of 1.79 AV.82, 83 Due to the Si-C ionicity, the 
planar SiC system is a semiconductor with a direct K → K band 
gap of about 2.55 eV (Figure 4 top right), which increases to 3.63 
eV when computed with GLLB-SC as shown in Table 2. Both 
valence and conduction bands have predominantly Si and C p-60 

orbital character. The upper valence band consists of one π band 
which arises from the 2pz and 3pz orbitals, extending above and 
below the SiC layer plane, and two σ bands involving the three C
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Table 3. Selected properties of atomically thin materials transition metal chalcogenides at PBE-BJ-D3 and GLLB-SC levels of theory. 
mlh, mhh and me stand for the effective mass of the light hole, the heavy hole, and the electron, respectively (for explanation of the 
effective masses, see Scheme 1). Relative stability, band gap and effective masses masses in meV/formula, eV and m0 (rest mass of 
electron), respectively.78  

Material Rel. Stability 
Band gap   Effective mass[a] 

PBE-BJ-D3 GLLB-SC Transition   mlh+ mhh me- 

ZnS 
Flat (α) 0.0 2.58 (direct) 4.50 (direct) Γ → Γ  -0.134 - 0.187 

Corrugated (β) 1.5 2.57 (direct) 4.48 (direct) Γ → Γ  -0.176 -0.178 0.187 

ZnSe 
Flat (α) 0.0 1.91 (indirect) 3.37 (direct) K → Γ[b]  -0.107 -0.529 0.126 

Corrugated (β) 3.4 2.01 (direct) 3.48 (direct) Γ → Γ  -0.114 -0.141 0.139 

CdS 
Flat (α) 0.0 1.72 (direct) 3.23 (direct) Γ → Γ  -0.157 -0.723 0.167 

Corrugated (β) 4.9 1.65 (direct) 3.14 (direct) Γ → Γ  -0.157 -0.751 0.165 

CdSe 
Flat (α) 9.6 1.20 (indirect) 2.34 (direct) K → Γ[b]  -0.096 -0.274 0.111 

Corrugated (β) 0.0 1.30 (direct) 2.47 (direct) Γ → Γ  -0.094 -0.141 0.127 
[a] From GLLB-SC band structure. Only x direction. [b] In GLLB-SC the transition is Γ → Γ. 5 

 

2s, 2px, 2py and three Si 3s, 3px, 3py orbitals, which form the Si-C 
σ bonds.  

3.4. Transition Metal Chalcogenides 

Many transition metal chalcogenides (TMCs) present non-layered 10 

structures such as zinc blende or wurtzite, while layered TMCs 
are commonly restricted to metals in groups IV-VI and X. 
Typical 2D TMCs are transition metal dichalcogenides with a 
common formula MX2, which are not atomically thin. Instead, 
they are arranged in triatomic layers with a metal sheet 15 

sandwiched between two chalcogenide sheets and will be 
discussed in the next Section. However, during the last years 
significant advances have been achieved towards the synthesis of 
atomically thin TMCs. Mono- and multi-layered cadmium 
sulphides and selenides have been recently synthesized using 20 

solvothermal and colloidal techniques.84-86 Since the synthesis of 
these materials was performed in the presence of a surfactant (e.g. 
long chain alkylamines), no free-standing monolayers were 
isolated. In a different approach, Tusche et al.87 and Weirum et 

al.88 revealed that the deposition of thin layers of zinc oxide on 25 

top of a metal substrate leads to the formation of a honeycomb 
layered structure. These layered materials are less stable than  
 

 
Scheme 1. Heavy- and light-hole bands for ZnS. The Fermi 30 

levels (blue line) has been shifted to 0 eV. 

their respective wurtzite bulk ground state phases, however, they 
could be stabilized by the dispersive interactions between the 
stacked layers. These advances are highly promising towards the 
synthesis of free-standing atomically thin group XII TMCs from 35 

non-layered materials. 
Exfoliated atomically thin TMCs present a honeycomb 

lattice, however, depending on their composition the sheets are 
flat (α-type) or slightly corrugated (β-type). Light 
metals/chalcogenide combinations usually present the former 40 

structure (e.g. ZnS, ZnSe and CdS), while heavier combinations 
prefer the latter one (e.g. CdSe). DFT calculations on atomically 
thin zinc and cadmium chalcogenides predict a semiconductor 
nature with a direct band gap at the  ΓΓΓΓ  point (Figure 4 bottom). 
Our band gaps of zinc and cadmium sulphides and selenides 45 

obtained at the PBE level of theory are in good agreement with 
previous theoretical studies (Table 3). Besides, recent quasi-
particle calculations (GW0) suggested significantly larger band 
gaps (4.27 and 3.53 eV for CdS and CdSe, respectively), but they 
are subject to the exciton binding energy and thus probably 50 

overestimate the band gaps.89, 90 Finally, the GLLB-SC model 
yields results between PBE and GW0 values. In all cases, both α 
and β types are nearly degenerate with an energy difference of a 
few meV and no overall changes are observed in their band 
structure. 55 

The experimentally available band gaps for atomically thin 
ZnS, ZnSe, CdS and CdSe layers are 3.9, 3.5, 2.9 and 2.7 eV, 
respectively. However, these layers were synthesized in presence 
of alkylamine surfactants, which induce a major corrugation in 
the layered structure.84 In consequence, these band gaps are not 60 

directly comparable with the calculated ones where the 
surfactants are absent and corrugation is inexistent or minimal.  

In these materials, two bands converge at the valence band 
maximum (the Γ-point). The flatter band is known as heavy-hole 
band, while the steeper one is the light-hole band (Scheme 1). 65 

The heavy and light holes effective mass (mlh and mhh, 
respectively) of a semiconductor is obtained by fitting the area in 
the k space around these bands maximum to a parabola. The 
effective mass reflects the inverse of the band curvature, in 
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consequence the lower the effective mass the larger the band 
curvature is. Analogously, the electron effective mass (me) is 
obtained by fitting the minimum of the conduction band. 
Effective masses are related to charge carrier mobilities and thus, 
consequently, to the electric and thermal conductivities of the 5 

materials. The effective masses for atomically thin TMCs are 
present in Table 3.  

4. Ultrathin 2D Materials 

In this section, we discuss 2D materials that are more than one 
atom thick (ultrathin materials). We limit our study to three 10 

families of ultrathin 2D materials: hydrogenated and fluorinated 
graphene, silicene and germanene derivatives; rare earth, 
semimetal and transition metal chalcogenides; and rare earth and 
transition metal halides. Some of the presented systems have not 
yet been isolated in their bulk and/or free-standing form, 15 

however, the theoretical prediction of their properties is the 
vanguard for the experimental growth and isolation of the most 
promising materials.  

4.1. Graphane, Silicane and Germanane 

Chemical functionalization, especially hydrogenation and 20 

fluorination, are being used to tailor the electronic properties of 
graphene-like materials. Here we describe briefly the latest 
studies on these saturated structures. In 2013, Bianco et al. 
reported the synthesis of stable, single-layered germanane using 
topotactic deintercalation. This involves a structural change to a 25 

crystalline solid and the final lattice is related to the original 
material by one or more crystallographically equivalent 
orientations.91 A large crystal of β-CaGe2 was converted into a 
layered GeH when placed in aqueous HCl at 40 ºC. β-CaGe2 has 
alternating planes of covalently bonded germanium atom layers 30 

separated by ionically bonded interstitial calcium. The bonding 
type in germanane appears to have mixed sp2 and sp3 
hybridization. Ultrathin germanane has a remarkable resistance to 
oxidative degradation and has been found to be stable over five 
months in air. Germanane, unlike silicane, does not require a 35 

substrate to be stable. The atomic structure of germanane is 
slightly corrugated rather than flat like graphane or graphene 
(Figure 2). Calculations do not show the existence of a Dirac 
cone, but germanane still has a surprisingly high electron 
mobility, which is much higher than that of its bulk material. A 40 

theoretical analysis showed that germanane has a direct band gap 
of 1.53 eV, making it a potential material for solar cells.92 
Contrary to graphane, the hydrogenation in germanane is not a 
reversible process. It becomes an amorphous material above 75 
ºC. 45 

4.2. Fluorographene, Fluorosilicene and Fluorogermanane 

Fluorographene is the fluorinated derivative of graphene, namely, 
it is a 2D carbon monolayer of sp3 hybridized carbons, with each 
carbon atom bound to one fluorine atom. Similar to other 
fluorocarbons, fluorographene is highly insulating and has a high 50 

thermal and chemical stability. However, it can be transformed  

 

 
Figure 5. Band structures of hydrogenated (top) and fluorinated (bottom) derivatives of graphene (left), silicene (centre) and germanene 
(right). Valence and conduction bands are highlighted in blue and red respectively. The Fermi levels (horizontal green dashed lines) have 55 

been shifted to 0 eV. All band structures at PBE-D3 level of theory. 
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back into graphene by a reaction with KI under high temperature. 
Fluorographenes are expected to present similar structural 

and electronic characteristics as graphane. However, since 
fluorine has a much larger electronegativity than hydrogen, the 
charge transfer between graphene and F atoms in fluorographene 5 

is distinctive from that in graphane. The single-layer 
fluorographene exhibits a wide band gap semiconducting 
behaviour with an optical gap of ca. 3 eV; which is in good 
agreement with the recent experimentally measured one of 
around 3.8 eV.93 Nevertheless, first principle calculations show 10 

again that the estimation of the band gap can be a challenging 
task, as GGA provides a band gap of 3.29 eV, hybrid (HSE06) 
4.9 eV, while many-electron approaches based on GW 
approximation give a band gap of 8.1 eV (twice as large).94 
Therefore, it is necessary to include the exciton binding energy to 15 

obtain the correct gap. 
Fluorinated silicene was theoretically studied by Ding et al.,95 

who reported that it has a direct band gap which values can be 
tuned by strain in the lattice. The values of the formation energies 
for these structures are negative, indicating that the 20 

hydrogenation/fluorination of silicene is an exothermic reaction 
and the corresponding H-/F-silicene is stable. 

 4.3. Transition Metal Chalcogenides and Semimetal 
Chalcogenides 

Transition metal chalcogenides (TMCs) form a family of 25 

materials with a general formula MnXm, where M is a transition 

metal and X is always a chalcogenide element. Layered TMCs 
have been reported with elements of group IV (Ti, Zr and Hf), 
group VI (Mo and W), group X (Pd and Pt) as well as with Ta, 
Re and Nb.96 These materials always present a MX2 30 

stoichiometry and are composed of 2D sheets stacked on top of 
one another. Each sheet is three atoms thick, with a metal atom in 
the middle that is strongly bonded to chalcogenide atoms located 
above and below (Figure 2). The intralayer metal-chalcogen bond 
is predominantly covalent in nature, while the sheets are held 35 

together by weak interlayer interactions (London dispersion). 
This facilitates the shearing of TMC layers, which has led to the 
initial applications of these materials as high performance 
lubricants.97 Layered TMCs only occur in two polytypes, in both 
the metal centre either has a trigonal prismatic (H = hexagonal or 40 

rhombohedral) or octahedral (T = trigonal prismatic or 
octahedral) environment.  

Recently, TMCs have emerged as a graphene alternative, as 
they display unique chemical and physical properties that are 
absent or difficult to obtain in other 2D materials. For example, in 45 

graphene, complex band gap engineering is required towards its 
applications as transistors. Various TMC representatives, 
however, are inherent semiconductors.98 Furthermore, TMCs 
present a wide variety of electronic properties including metals, 
semimetals, insulators and semiconductors with direct and 50 

indirect band gaps and a range of electron and hole mobilities 
depending on their composition. Consequently, these materials  

 

 
Figure 6. Band structures of H (top) and T (centre) polytypes of MoS2, ZrS2, NbS2 and PdS2 transition metal chalcogenides (left to right 55 

respectively). Valence and conduction bands are highlighted in blue and red respectively. The Fermi levels (horizontal green dashed 
lines) have been shifted to 0 eV. All band structures at PBE-D3 level of theory. 
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Figure 7. Band structures of gallium (left) and indium (right) chalcogenides. Valence and conduction bands are highlighted in blue and 
red respectively. The Fermi levels (horizontal green dashed lines) have been shifted to 0 eV. All band structures at PBE-D3 level of 
theory. 
 5 

have a variety of highly desirable characteristics affecting charge 
transport, magnetism, the intercalation of ions and small 
molecules, and their catalytic and optical properties. 

The most prominent TMCs are MoS2, WS2, MoSe2 and WSe2 
(sometimes referred to collectively as MoWSeS) that have been 10 

widely studied for applications in electronics since they are 
semiconductors. The band gaps of these materials can be "easily" 
tuned by stacking confinement and strong electric fields, as 
recently shown by Zibouche et al.99 For example, bulk MoS2 has 
an indirect band gap of 0.9 eV, while at the monolayer limit it 15 

switches to a direct band gap of 1.8 eV.22 The transition from 
indirect to direct bandgap has a huge implication when studying 
photoluminescence as the latter increases when decreasing the 
layer thickness.100-102 Other features that make MoWSeS 
interesting for applications in nanoelectronics are chemical 20 

stability, the absence of dangling bonds (except at the sheet edges 
and corners), and thermal stability up to ≈1100°C. Radisavljevic 
et al. have recently demonstrated that single-layer MoS2 can be 
used to fabricate transistors with high electron mobility and high 
current on/off ratios.14 As similar manufacturing principles as in 25 

silicon semiconductor electronics are feasible, including gating 
and contacting, complex devices suitable for building integrated 
circuits are possible. Indeed, logic operations and integrated 
circuits and nonvolatile memory cells based on single-layer MoS2 
and MoS2/graphene have been recently demonstrated. 14, 92, 103-108 30 

Moreover, the high stiffness and breaking strength of MoWSeS 
materials has shown their compatibility for the use in flexible 
electronics.19, 109-112 These studies are part of the vanguard of a 
rapidly emerging field, 2D materials beyond graphene. And, 
while devices based on MoWSeS materials are blooming,104, 113 35 

basic research on other layered TMCs is still in early stages. 
Two examples of semiconducting TMCs beyond MoWSeS 

are those based on the early transition metals (e.g. TiS2, ZrS2, 
HfS2...) and the noble metals (PdS2, PtS2...). Members of the 
former class have recently been explored as nanodiscs due to a 40 

large anisotropy between their in-plane and out-of-plane 
growth.114-116 In addition, Jeong et al. studied the chemical 
reactivity of the edge and basal planes and their use in hybrid 
materials (e.g. TiS2- TiO2) with enhanced solar energy uptake and 
facilitated electron-transfer properties.117 The noble TMC class, 45 

by contrast, has been known for almost a century and was 
theoretically studied recently, but their exfoliation and application 

as 2D materials has yet to be pursued.118, 119  
The electronic structure of bulk layered TMCs have been 
previously studied by means of ab initio calculations using the 50 

plane wave approach as well as by employing local basis 
functions. Among them, we selected zirconium, niobium, 
molybdenum, and palladium disulphides as representative 
materials for both T and H polytypes. The metals in these 
materials have formally an oxidation state of IV, leading to 55 

Zr4+(d0), Nb4+(d1) Mo4+(d2), and Pd4+(d6) metal centres. The 
crystal field theory predicts a small d orbital splitting for 
transition metals in presence of chalcogenide ligands. This allows 
a qualitative prediction of the electronic nature of these materials 
without quantum mechanical calculations. However, the d orbital 60 

splitting for H and T polytypes differs and is well established. For 
the former, this splitting derives in three orbital groups of 
increasing energy (dz

2; dxy and dx
2-y

2; dxz and dyz), while on the 
latter a traditional octahedral field orbital splitting is observed 
(dxy, dxz and dyz; dz

2 and dx
2

-y
2). The band structures of the 65 

representative materials are shown in Figure 6. Trigonal and 
hexagonal zirconium disulphides present always a semiconductor 
band structure with band gaps of ca. 1 eV, however, the trigonal 
polytype is the energetically most favourable one. Molybdenum 
disulphide is a metal in T polytype, but a direct band gap 70 

semiconductor (1.82 eV) in the H form, which is the most stable 
and common one. On the contrary, niobium disulphides are 
always metallic, independently on the polytype due to the 
unpaired electron in the metal centre. Finally, the palladium 
disulphide trigonal polytype is an indirect band gap 75 

semiconductor with a Γ →  �M transition, while the hexagonal 
polytype is a metal. 

Semimetal chalcogenides (SMCs) are a family of layered 
materials similar to TMCs, but including a semimetal instead of 
transition metals. Their most common stoichiometry is M2X2 in 80 

X-M-M-X tetraatomic thick layers (Figure 2). Gallium and 
indium sulphides and selenides are among the most prominent 
materials in this family. They are predicted to be semiconductors 
with indirect �M to ΓΓΓΓ  band baps of 2.57, 2.05, 2.09, and 1.70 eV 
for GaS, GaSe, InS, and InSe, respectively, within the  PBE level 85 

of theory (Figure 7). Recent theoretical studies pointed out that 
possible direct and indirect transitions are only slightly different 
in energy. This difference is small enough to allow the switching 
between direct and indirect semiconductors for GaS and GaSe by  
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Table 4. Selected properties of transition metal chalcogenides and semimetal chalcogenides at PBE-BJ-D3 and GLLB-SC levels of 
theory. mlh, mhh and me stand for the effective mass of the light hole, the heavy hole, and the electron, respectively. Band gap, spin orbit 
splitting and effective masses in eV, meV and m0 (rest mass of electron), respectively.78 

Material 
Band gap   Effective mass[a] 

PBE-BJ-D3 
(Scalar) 

PBE-BJ-D3 
(SO) 

SO Splitting GLLB-SC Transition   mlh+ mhh me- 

ZrS2 
T 1.10 (indirect) 1.06 (indirect) 80 2.30 (indirect) Γ → M  -0.218 -0.221 1.869 

H 0.92 (indirect) 0.90 (indirect) 20 2.03 (indirect) [b]  - -0.726 13.881 

MoS2 
T metallic metallic - metallic -  - - - 

H 1.82 (direct) 1.74 (direct) 150 2.51 (direct) K → K  - -0.557 0.463 

NbS2 
T metallic metallic - metallic -  - - - 

H metallic metallic - metallic -  - - - 

PdS2 
T 1.17 (Indirect) 1.15 (indirect) 80 1.73 (indirect) Γ →  � M  -0.725 -0.638 0.407 

H metallic metallic - metallic -  - - - 

GaS - 2.57 (indirect) 2.56 (indirect) - 4.12 (indirect)  � M → Γ  - -2.755 2.020 

GaSe - 2.05 (indirect) 2.02 (indirect) - 3.38 (indirect)  � M → Γ  - -2.007 0.173 

InS - 2.09 (indirect) 2.09 (indirect) - 3.58 (indirect)  � M → Γ  - -3.758 0.313 

InSe - 1.70 (indirect) 1.66 (indirect) - 2.93 (indirect)  � M → Γ  - -3.228 0.213 
[a] From GLLB-SC band structure. Only x direction. [b] Check Figure 6.  Computational Details are given in Section 7. 

5 

 
Figure 8. Band structures of iron (left) and molybdenum (right) transition metal chlorides and bromides (MY3 stoichiometry). Valence 
and conduction bands are highlighted in blue and red respectively. The Fermi levels (horizontal green dashed lines) have been shifted to 
0 eV. All band structures at PBE-D3 level of theory. 
 10 

thermal energy.120 Furthermore, the band gaps of SMC 
monolayers can be tuned by mechanical deformation, making 
these materials potential candidates for novel nanodevices. The 
GLLB-SC model predicts significantly larger band baps, which 
lay in the insulator range in many cases, however, due to the 15 

excitonic effects, the GLLB-SC band gaps are overestimated. 

4.4. Transition Metal Halides  

Transition metal halides (TMHs) encompass a family of materials 
with the general formula MnYm, where M is a transition metal and 
X is always a halogen element. Only few 3D layered TMH 20 

materials have been observed experimentally, such as cadmium, 
vanadium and molybdenum halides.121 However, their exfoliation 
down to the monolayer still remains unachieved. Two main 
stoichiometries (MY2 and MY3) have been observed in 
experimental TMHs, with the metal centre in a trigonal prismatic 25 

(octahedral) environment in both cases. Analogously to TMC 
materials, the 2D TMH sheets are triatomic (halide-metal-halide) 
and stacked on top of each another (Figure 2). The interlayer 
interaction is also mainly dominated by weak interlayer 
interactions (London dispersion).  30 

Initially, we want to focus on the electronic structure of TMC 
monolayers with MY2 stoichiometry from which we selected 
calcium, manganese, iron and nickel chlorides and bromides as 
TMC representative materials. This derives formally in Ca2+(d0), 
Mn2+(d5), Fe2+(d6) and Ni2+(d8) metal centres. The crystal field 35 

theory predicts a small d orbital splitting for transition metals in 
presence of ligands at the beginning of the spectrochemical series 
(such as halogens). This makes it difficult to predict the 
electronic nature of these materials with the exception of calcium 
halides, which are expected to be insulators due to the completely 40 

empty 4s and 3d bands. DFT calculations on TMHs predict wide  
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Table 5. Selected properties of MY2 and MY3 transition metal halides at PBE-BJ-D3 level of theory. mlh, mhh and me stand for the 
effective mass of the light hole, the heavy hole, and the electron, respectively. Band gap and effective masses in eV and m0 (rest mass of 
electron), respectively.78 

Material 
Band gap   Effective mass[a] 

PBE-BJ-D3 GLLB-SC Transition   mlh+ mhh me- 

CaCl2 5.97 (indirect) 9.92 (indirect) Γ → M  - -2.156 1.698 

CaBr2 5.13 (indirect) 10.32 (indirect) Γ → M  -0.621 -2.224 0.384 

MnCl2 0.37 (direct) -[b] M → M  - -1.079 2.582 

MnBr2 0.18 (indirect) -[b] Γ → M  -0.314 -0.326 2.862 

FeCl2 Metallic Metallic -  - - - 

FeBr2 Metallic Metallic -  - - - 

NiCl2 1.06 (indirect) -[b] Γ → M  -0.490 -0.549 2.447 

NiBr2 0.64 (indirect) -[b] Γ → M  -0.286 -1.154 1.988 

FeCl3 Metallic Metallic -  - - - 

FeBr3 Metallic Metallic -  - - - 

MoCl3 0.80 (indirect) 1.20 (indirect)  � M → Γ  -1.748 -8.239 3.291 

MoBr3 0.56 (indirect) 0.87 (indirect)  � M → Γ  -0.382 -42.664 3.591 
[a] From GLLB-SC band structure. Only x direction. [b] GLLB-SC not implemented for unrestricted calculations. [c] From BPE-BJ-D3 band structure. [d] 

Holes spin up, electrons spin down.  5 

 
varieties of electronic structures and confirm the small d orbital 
splitting (e.g. Mn in manganese halides is predicted to be high 
spin; 5 electrons in 5 d orbitals) (See S54). Manganese halides are 
high spin small band gap semiconductors (0.38 and 0.18 eV for 10 

MnCl2 and MnBr2, respectively); iron halides are always metallic 
due to the partial filling of the metal d orbitals (6 electrons in 5 
orbitals); finally nickel halides are high spin semiconductors with 
band gaps of 1.06 and 0.64 eV, respectively, at the PBE level of 
theory. Furthermore, the band gap in semiconducting TMH 15 

materials decreases when going down in the halogen group, in 
agreement with the smaller crystal field splitting ( I < Br < Cl < F 
) predicted in the spectrochemical series.122 Thus, these trends 
confirm the d nature of the frontier bands above and under the 
Fermi energy. Analogously with TMC monolayers, calculations 20 

with GLLB-SC model largely overestimate TMH band gaps. 
Finally we present TMH monolayers with MY3  

stoichiometry. The unit cells of these materials are similar to the 
MY2 ones, where one of every three metal centres has been 
removed. In consequence, these materials present a slightly larger 25 

d orbital splitting and their metal centres are in oxidation state III. 
On one hand, iron halides are metallic since the metal electrons 
(5) are localized in the three t2g orbitals (dxy, dxz and dyz), while 
the eg orbitals lay higher in energy. On the other hand, their 
molybdenum analogues are semiconductors with partially filled 30 

t2g orbitals that lead to band gaps of 0.80 and 0.56 eV in MoCl3 

and MoBr3, respectively, at PBE level of theory (Figure 8). 

5. Synthetic 2D organic frameworks  

5.1. Layered Covalent Organic Frameworks  
Covalent organic frameworks (COFs) are crystalline porous 35 

materials formed from the covalent bonding of light elements (H, 
B, C, N and O). COFs have low mass densities, possess high 

thermal stabilities, and provide permanent porosity. COFs are 
known to crystallize in either 2D or 3D forms. If connectors and 
linkers are planar, layered COFs are obtained (most of the 40 

boronic-acid-derived bulk COFs). Indeed, the first COFs that 
have been reported are layered materials. Their structures have 
been denoted by the Yaghi group as COF-n, n being an integer 
labelling the material in the historical order of their synthesis.25  

More recently, Banerjee and co-workers have extended the 45 

range of connectors and linkers e.g. by using boroxine and 1,3,5-
triformylphloroglucinol.123-127 A large number of phenyl-based 
molecules have been used as linkers such as phenyl, meta- 
terphenyl and hexadecahydropyrene, leading to a wide variety of 
2D COFs (Figure 10). As another alternative, Xu et al. have used 50 

Schiff-base coupling on solid surfaces. They mixed different 
linkers, principally benzene- 1,3,5-tricarbaldehyde, with diamine 
in octonoic acid and let them polymerize on a surface while 
heating moderately. Using this approach, Xu et al. prepared four 
well-ordered honeycomb Schiff-base surface COFs on a HOPG 55 

surface.128 The lone pair electrons of nitrogen make the Schiff-
base group a good ligand for coordination, thus these Schiff-base 
surface COFs can be potentially used in the field of chemical 
sensing and catalysis. 2D COFs are predicted to be stable in 
organic media, but exfoliation techniques to obtain single layers 60 

are still a hot topic. First Covalent Organic Nanosheets (CONs), 
exfoliated by micromechanical means, have been reported 
recently by the Banerjee group.124 

The electronic structure of 2D COFs has been predicted to be 
insulating or semiconducting. The band gap is typically very 65 

similar to the smallest HOMO-LUMO gap of the constituting 
molecules, confirming the concept of reticular chemistry.129 For 
example, single layer phenyl/boroxine, meta-terphenyl/boroxine, 
hexadecahydropyrene/boroxine, byphenyl/boroxine and  
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Figure 9. Selected examples of layered covalent organic frameworks (COFs): COF-1 (a), COF reported by Xu and co-workers (b), COF 
incorporating in-plane hydrogen bridges reported by Banerjee and co-workers. (c) COF-5 (d). Colour code: Boron in pink, oxygen in red, 
nitrogen in blue, carbon in grey and hydrogen in white. Unit cell is depicted in black. 
 5 

hexadecahydropyrene COFs have gaps larger than 2 eV, 
respectively, at PBE level of theory and using the Γ point 
approximation. This restricts their application in nanoelectronics. 
However, their porous nature opens new possibilities towards the 
development of 2D nanoporous organic membranes (nanosieves). 10 

The membrane selectivity could be tuned with the pore size as 
well as with the proper linker functionalization. 

 
6. Conclusions and perspectives  

The discovery of 2D materials has started a new era of materials 15 

science. New materials, atomically thin and mechanically, 
thermally and electronically stable, with a large variety of 
electronic properties are available and they can be assembled in 
ultrathin flexible devices. The manufacturing of new devices 
requires the detailed understanding of the properties of 2D 20 

materials, which is supported by the electronic properties 
presented in this work. Band gaps and effective electron and hole 
masses allow the estimation of charge and spin mobilities for 
basic device simulations. The band structures, given in the ESI, 
allow the parameterization of tight-binding models that are useful 25 

for more elaborate electron transport calculations and device 
simulations. Our results show that all classes of materials that are 
known from the 3D world have counterparts in 2D. We find 
metals and insulators, semiconductors with a large variety of 
band gaps and with different band features. In addition, 2D 30 

materials exhibit properties that are unknown from the bulk, for 
example massless Dirac electrons. 

DFT works very well for predicting the structure of 2D 
materials. It should be reminded that – if interlayer interactions 
are investigated – presently available DFT functionals need to be 35 

augmented by a scheme that corrects for the missing London 

dispersion interactions.  
DFT yields excellent band structures, however, the position 

of the conduction bands, and hence the band gaps, tend to be 
underestimated. The quenched Coulomb screening in 2D 40 

materials causes strong exciton binding energies of ~1 eV. This 
energy is included in the electronic band gaps predicted by 
quasiparticle theories such as the GW approximation or the 
GLLB-SC model. In some cases, e.g. in the MoWSeS TMCs, this 
leads to an error cancellation for DFT functionals that perform 45 

very well for these systems. 
In 2D materials, the ultimate frontier of miniaturization has 

been reached – at least in one dimension. The calculations of 
properties of 2D infinite layers are state-of-the-art. However, 
calculations beyond that limit are still demanding. Besides the 50 

included in the tables of the main text, obvious challenges such as 
the inclusion of structural and stoichiometric defects and doping, 
a remaining issue is lateral quantum confinement, where 
electronic and optical properties depend on the lateral size of the 
2D structures.114, 130 Another important problem is the interaction 55 

of the 2D materials with substrates and other factors present in 
their environment. The enormous progress in the field of 2D 
materials suggests that many of those challenges will be tackled 
in the not too distant future. In this vein it is interesting to note 
that special issues on 2D materials beyond graphene are planned 60 

for 2014, one in Accounts of Chemical Research and another one 
in Chemical Society Reviews. 

7. Computational Details 

All DFT calculations were performed using the Amsterdam 
Density Functional (ADF2013-BAND) package. 29-31 We used 65 

the local VWN exchange-correlation potential with nonlocal 
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Perdew–Burke–Ernzerhof exchange-correlation correction and 
empirical D3 treatment of London dispersion interactions (PBE-
BJ-D3).50, 51, 131 A triple-ζ plus two-polarization function basis set 
was used for all atoms. Relativistic corrections were introduced 
by scalar relativistic zeroth order regular approximation 5 

(ZORA).42-46 Both K-space and accuracy were set to 5. All band 
structures have been evaluated on the PBE-BJ-D3 optimized 
structures including spin-orbit corrections. Additional 
calculations using the M06-L meta-GGA exchange-correlation 
functional and the GLLB-SC model57, 132 have been performed. 10 

The former ones are given in the ESI, while the latter ones are  

8. The Atlas of 2D materials 

For all the materials discussed in this article and additional ones, 
Cartesian coordinates, electronic band structures, band gaps and 
effective masses of electrons and holes are available as part of the 15 

Electronic Supplementary Information. 
 
Atomically Thin 2D materials 

Graphene, graphane, fluorographene, chlorographene, silicene, 
silicane, fluorosilicene, germanene, germanane, fluorogermanene, 20 

chlorogermanene, silicon carbide, boron nitride, α-ZnO, α-ZnS, 
α-ZnSe, α-ZnTe, α-CdO, α-CdS, α-CdSe, α-CdTe, β-ZnS, β-
ZnSe, β-ZnTe, β-CdO, β-CdS, β-CdSe and β-CdTe. 
 
Ultrathin 2D materials 25 

GaS, GaSe, InS, InSe, HfS2, HfSe2, HfTe2, MoS2, MoSe2, MoTe2, 
NbS2, NbSe2, NbTe2, NiS2, NiSe2, NiTe2, PdS2, PdSe2, PdTe2, 
PtS2, PtSe2, PtTe2, ReS2, ReSe2, ReTe2, TaS2, TaSe2, TaTe2, TiS2, 
TiSe2, TiTe2, WS2, WSe2, WTe2, ZrS2, ZrSe2, ZrTe2, CoCl2, 
CoBr2, FeCl2, FeBr2, FeI2, HfCl2, HfBr2, HfI2, MnCl2, MnBr2, 30 

MnI2, MoCl2, MoBr2, MoI2, NbCl2, NbBr2, NbI2, NiCl2, NiBr2, 
TaCl2, TaBr2, TaI2, TiCl2, TiBr2, TiI2, VCl2, VBr2, VI2, WCl2, 
WBr2, WI2, ZrCl2, ZrBr2, ZrI2, AsCl3, CrCl3, CrBr3, CrI3, FeCl3, 
FeBr3, MoCl3,MoBr3, SbCl3, ScCl3, ScBr3, TiCl3, TiBr3, VCl3, 
VBr3, YCl3 and ZrCl3. 35 
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