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Abstract—The advent of graphene and related two-dimensional
(2D) materials has attracted the interest of the electron device
research community in the last fourteen years. The possibility
to boost transistor performance and the prospects to build novel
device concepts with 2D materials and their heterostructures has
awakened a strong experimental interest that requires continuous
support from modeling. In this paper we review the state of the
art in simulation of electron devices based on two-dimensional
materials. We outline the main methods to model the electronic
bandstructure and to study electron transport, classifying them
in terms of accuracy and computational cost. We briefly discuss
how they can be combined in a multiscale approach to provide
quantitative understanding of the mechanisms determining the
operation of electron devices and we examine the application of
these methods to the different families of 2D materials. Finally we
shortly analyze the main open challenges of modeling 2D-based
electron devices.

Index Terms—two-dimensional materials, simulation, modeling,
multiscale, density functional theory, GW, Monte Carlo, tight-
binding, Wannier functions, k·p, non equilibrium Green functions,
conditional wavefunction, drift-diffusion, compact models

I. INTRODUCTION

The two-dimensional (2D) materials world has experimented
an unstoppable expansion since 2004, when 2D sheets of carbon
atoms, namely graphene, were for the first time prepared and
subjected to measurement of charge transport under electric field
effect [1]. Nowadays several tens of 2D materials have been
synthesized [2], and hundreds of alternatives to increase the list
have been theoretically proposed [3]–[5]. The 2D family already
includes transition metal dichalcogenides (TMDs), the group IV
X-enes, i.e. silicene, germanene and stanene, group III- and
group IV-monochalcogenides, phosphorene and group-V layered
materials, hexagonal-BN and layered oxides, etc., showing very
diverse crystal structures (Figure 1-left). But the possibilities
of the two-dimensional world are not restricted simply to their
constituents. A plethora of combinations are possible (Figure 1-
right), with structures of diverse dimensionality built from these
2D blocks forming new artificial materials [6]. Possibilities range
from cutting them into quasi-1D nanoribbons, to stacking them in
3D van-der-Waals heterostructures [7]. Heterostructures can also
be fabricated laterally from different phases of the same material
[8] or with different number of stacked layers [9] resulting in
interfaces with different dimensionality. The creation of random
networks of nanotubes [10] or flakes [11] and their use in flexible
and wearable electronics are a next step in the adventure [12].

Very intriguing physics is emerging in the world of 2D
materials, including superconductivity, topological properties,
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Fig. 1. Left panel: Lateral and top views of the crystal structures present in
some 2D materials, e.g. TMDs (left) III-chalcogenides, group IV and black
phosphorous (right). Right panel: Structures of diverse dimensionality built from
these 2D blocks, including 2D lateral heterostructures (top), 3D vertical or van-
der-Waals heterostructures (middle), and networks (bottom).

spin transport and magnetism, phase transitions, or charge den-
sity waves and applications in photonics and valleytronics are
ventured [13], [14]. Even if very auspicious progresses might be
expected in these fields, one should not forget that electronics
represent a natural spot for 2D materials [15], [16]. At the heart
of field-effect transistors is the control of the potential energy
of the electron in the channel, and in 2D-material channels this
control might be optimal. A quantitative statement of that in
a thin body FET is the scaling length λ =

√
tstox(εs/εox)

which is a measure of the lengthscale of variation of the
electrostatic potential, where ts and εs are thickness and the
dielectric permittivity of the body, respectively, while tox and
εox and the thickness and the dielectric permittivity of the gate
oxide, respectively [17]. The smaller the scaling length, the better
the control of the gate over the channel. In this regard, the
monoatomic thickness of 2D materials guarantees the minimum
ts achievable. The other factor determining electronics is how
fast carriers can move in the device. Two of the main scattering
mechanisms, in particular in FETs, are the surface roughness
and the ionized impurities. In both cases 2D materials offer
distinct advantages. Regarding surface roughness, 2D materials
are free from surface dangling bonds and thus surface roughness
is avoided [18]. As for ionized impurities, the fact that most
of electric field lines in a 2D material are outside the material
itself can be used to dump, by the mediation of the surrounding
dielectric, the impact of these impurities [19]. The role of
phonons at its impact on the mobility is more controversial [20].
In this context, the application of 2D materials to electronics
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and to new devices are expected to be in the limelight of the
electronics research community in the short- and mid-future.

In spite of this promising potential for electronics and the
great advances in the last decade, the experimental techniques
in 2D materials are not mature (although big progress in syn-
thesis of wafer-scale graphene [21] and TMDs [22] have been
made) and the optimization of an electronic device from every
new theoretical alternative becomes prohibitive. It is therefore
essential to classify and select, in the increasing constellation of
materials, those which might deserve more experimental atten-
tion for electronics. Simulation and modeling are, in this context,
indispensable tools to perform timely and low-cost exploration,
pointing out early the most auspicious paths for experimental
investigation. In this review we discuss the main simulation
methods to investigate 2D materials electronic properties as well
as to determine the performance of 2D-materials-based electronic
devices. We will pay special attention to how the different
methods can be hierarchically ranked in terms of accuracy and
computational cost, and how they can be combined in multiscale
approaches to provide the most convincing trade-offs between
these two aspects. The rest of the paper is structured as follows.
In Section II-A we will briefly discuss the main methods for the
calculation of the electronic bandstructure of 2D materials and
review the main results. In Section II-B, we focus on the device
level and simulation approaches. Section III is dedicated to the
state of the art in simulation of several families of 2D materials,
while in Section IV we point out the main modeling challenges
that remain open. Finally we draw our conclusion.

II. MODELING: THE MULTISCALE PICTURE

The complexity of current 2D nanoelectronics requires a versa-
tile modeling approach, able to capture the physical details of the
materials and at the same time to provide a high-level description
of device operation. To this purpose, there exist a plethora of
methods in the simulation community that, depending on the aim
of study, can be coarsely classified in two categories: materials
modeling and device modeling. In each category, these methods
can be ranked according to their accuracy and computational
demand.

For a proper study of 2D-materials-based electronic devices,
these descriptions must be combined in a flexible approach where
more accurate results are used at higher abstraction levels, and
materials properties feed device modeling. This is the purpose of
the multiscale approximation that has become a standard and a
increasingly adopted approach in the 2D materials community
[23]. The multiscale approach connects the various levels of
physical abstraction through well-defined interfaces for exchange
of information providing a complete depiction of the device
behavior. In the following we will briefly review the main
methods employed in the modeling of 2D materials and 2D
devices and we will discuss how they are connected.

A. Materials modeling

All the physics that takes place in a device is determined by
the constituting materials, specifically by the precise arrangement
of the atoms and their interactions. For an electron device, the
main information on the materials is embedded in the electronic
bandstructure, i.e. the energetic representation of the allowed

electronic states, that provides most of the electronic variables of
interest, e.g band-gap, electron affinities, workfunction, density
of states, effective masses, etc.

The exact calculation of the electronic bandstructure of a ma-
terial requires to solve the interacting many-particle Schrödinger
equation, which is unfortunately too complicated to be solved
except for extremely simple cases. However, there is a complete
hierarchy of methods, based on the Born-Oppenheimer approx-
imation for the nuclei motion, to approach its solution (Figure
2).

At the base of this hierarchy there are ab-initio or first principle
methods, including Quantum Monte Carlo, Density Functional
Theory and GW approximation. Atomistic models constitute the
next level of approximation: they are quantum mechanical in
form, but require inputs from ab initio, like Maximally Localized
Wannier Functions, and/or from empirical results like the Tight-
Binding approximation. A subsequent level is comprised by
methods focused at the energies surrounding the bandgap like
k·p. The rank in the material modeling ends up with analytical
approximations of the electronic band-structure. In the following
we will briefly review these methods and their application to the
investigation of 2D materials.

Quantum Monte Carlo (QMC) The essence of this method
relies on the evaluation of a multi-dimensional integral by statis-
tically sampling the integrand and averaging the sampled values.
Amongst the different QMC methods, the most popular one for
the calculation of the electronic bandstructure are the variational
Monte Carlo (VMC) and the diffusion Monte Carlo (DMC) [24].
The former is based on a mix of the variational principle and
Monte Carlo estimation of integrals; the latter, more sophisti-
cated and accurate, is based on the projector approach. Both
methods rely on a wavefunction ansatz on which the reliability,
efficiency and accuracy of the method drastically depend. Both
perform calculations of the average total energy of the system
E = 〈Ψ|Ĥ|Ψ〉/〈Ψ|Ψ〉. Nowadays the QMC techniques in the
2D materials framework are mainly used as a benchmark for
testing Density Functional Theory results. Indeed, as they are
free of approximations (except for their dependence on the initial
trial wave function) these techniques are superior for studying
layered systems where van-der-Waals interactions play a crucial
role [25], [26], but their extremely high computational cost limits
their use.

Density Functional Theory (DFT) is the most widely used
method to determine the electronic properties of solid-state
systems. In spite of well-known inaccuracy in determining
semiconductors bandgap (Figure 3), it is the touchstone for
most of bandstructure calculations. The Kohn and Hohenberg
theorems [27] establish the mathematical foundation of DFT. The
first theorem proves a one-to-one relation between the external
potential and the ground charge density for a system with a
given number of particles. The second theorem derives that the
ground state energy is a functional of the ground charge density
and can be determined by using the variational principle. These
two theorems are translated into practice by the Kohn and Sham
approach [28] where the many-electron interacting problem is
substituted by a many-electron non-interacting problem with
identical ground state charge density.

The differences between the interacting and non-interacting
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Fig. 2. Scheme of the different levels of approximation for the modeling of materials electronic properties hierarchically ranked according to their accuracy and
computational demand. Interfaces for the exchange of information between different methods are defined.

solutions are absorbed in the so-called exchange-correlation
functional Vxc. If Vxc collects exactly these differences, the
Kohn-Sham approach is an exact solution of the many-body
interacting stationary Schrödinger equation. However, this is so
far not possible and the Vxc must be approximated.

There are different possibilities to approximate Vxc, with
the most common being the Local Density Approximation
(LDA) and the Generalized Gradient Approximation (GGA).
Its application to the study of 2D materials forms an extensive
literature discussing graphene, transition metal dichalcogenides
[29], group IV [30] and group V [31] layered materials, III-
V layered compounds [32] and practically any 2D material
conceived so far [3].

GW reformulates the many-particle Schrödinger equation,
under the Green’s function theory, into a set of single-particle-
Schrödinger-like equations where exchange and correlation ef-
fects are included in the so-called self-energies, Σ = iGW , that
give name to the approximation. Here G is the many-particle
system Green’s function and W is a dynamically screened
Coulomb interaction. The set of equations are solved iteratively
and self-consistently usually starting from a tentative solution
that is taken from a converged DFT simulation. The GW
method goes beyond DFT in considering the electron-electron
interactions by means of exact, nonlocal Fock exchange and
correlation dynamical screening, overcoming DFT problems in
the estimation of the bandgap of semiconductors (Figure 3), but
at the cost of a higher computational demand. To this purpose,
simplified implementations as G0W0, GW0 that relax the self-
consistency requirements are often employed. GW together with
DFT has been used to accurately determine the banstructure
and effective masses of a wide collection of 2D materials in
[33], what can be later used in device-level abstractions. In
particular, for complementary digital logic a sufficiently large
bandgap (> 1 eV) and symmetric electron (me) and holes (mh)
effective masses are desirable. Figure 3 shows me vs. mh for
some 2D materials as obtained from GW along zig-zag and
armchair orientations [33].

Tight-binding (TB) method is one of the most used methods
in the device community due to its computational efficiency and
accuracy. It can be formulated starting with a linear combination
of atomic orbitals of Bloch-form localized at each site of the
atomic lattice. The tight-binding ansatz wavefunction is written
(for one orbital per lattice site) as: |Ψ〉 =

∑
m eik·Rm |m〉/

√
N ,

where |m〉 is the state at site m, Rm is m site lattice vector, and k
is the wavevector. The energy bandstructure can then be obtained

by plugging |Ψ〉 into the Schrodinger equation and projecting it
into 〈Ψ| obtaining:

E(k) =

∑
n,m eik·(Rm−Rn)〈n|Ĥ|m〉∑
n,m eik·(Rm−Rn)〈n|m〉

where 〈n|Ĥ|m〉 and 〈n|m〉 are used as input parameters obtained
empirically or from first principle methods. Several tight-binding
models have been developed for 2D materials, making of it
the most used approach for bandstructure calculations amongst
atomistic methods. It has been employed to study e.g. the
bandstructure of TMDs [34], [35], black phosphorous [36], or
the effect of the spin-orbit coupling on silicene, germanene and
stanene [37], the impact of strain on graphene [38], or the
chirality in carbon nanotubes [39]. TB models are able to capture
the lower energy bandstructure, but usually have some difficulties
in reproducing high energy states with a limited number of
nearest neighbors. Its extension to higher unoccupied energies
in 2D materials has been treated in [40].

Maximally Localized Wannier Functions (MLWFs) method
represents the ideal connection between ab-initio calculations
and tight-binding Hamiltonians. Wannier Functions [41] retains

Fig. 3. Top Panel: Indirect and direct bandgaps obtained with DFT ad GW
extracted from the Computational Database Repository [33] for different TMDs
(XY2) compounds where X stands for a transition metal atom of group 4, 6, 10
or Ge and Sn and Y for a chalcogenide atom, i.e. Y=S, Se, Te, O. Bottom panel:
Electron vs. hole effective masses along the two principle axes of the crystal for
the same materials.
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the information of Bloch states, ψnk, in a single-particle approx-
imation like DFT, such that, the electronic ground state of the
system is mapped onto localized Wannier states, wnR.

The mapping of the Bloch states into Wannier functions is not
unique, since there is a Gauge freedom [42], with the subsequent
implication that from a set of Bloch states one can have differ-
ent sets of Wannier functions. MLWF represents among these
different possibilities the most localized ones. The procedure
of seeking the most localized Wannier functions was firstly
described for an isolated group of bands [43] and later extended
for and entangled group of bands [44] and implemented in the
code Wannier90 [45]. The usefulness of passing from extended
states to localized states resides on the possibility of deriving a
tight-binding-like Hamiltonian from the Wannier functions in a
fully automatic fashion, skipping time consuming procedures to
obtain optimized set of parameters as in the semi-empirical tight-
binding methods, through least-mean square or genetic algo-
rithms. The Wannier Hamiltonian has been successfully adopted
in the study of 2D materials to later compute transport properties.
Only to name a few, MLWFs have been used to confirm the
presence of edge states in 2D bismuthene alloys [46] calculate
transport in arsenene and antimonene 2D FET transistors [47],
to determine the Landau levels and the corresponding edge
states of several 2D crystals including graphene, hBN, MoS2,
phosphorene and InSe, [48], to evaluate the performances of
2D FET based on InSe [49], phosphorene and MoS2 devices
[50]–[52], to analyze the conductance of functionalized carbon
nanotubes [53], to study two dimensional transistor based on
heterostructures of MoS2 1T and 2H phases [54] and to propose
a TFET device based on stanene nanoribbon [55].

k·p method is based on perturbation theory and provides
accurate information regarding conduction band minima and/or
valence band maxima of the material. A priori information about
the main orbitals contributing to these states is needed. The
Hamiltonian, Ĥ = Ĥ0 + Ĥk·p +HSO, is then built as the com-
bination of the unperturbed Hamiltonian, Ĥ0, including kinetic
and external potential energy terms, the k ·p perturbation Ĥk·p,
and a spin-orbit-coupling term, HSO. k·p must be fed by input
parameters from ab-initio or tight-binding models, but provides
a simple and accurate enough depiction of the bandstructure at
low energies. A recent review presents an extensive collection
of k·p parameters for transition metal dichalcogenides [56]. The
k·p methods has also been employed to model silicene and
germanene bandstructures at low energies [37]
B. Device modeling

In order to model the behavior of an electronic device, it
is necessary to determine the carrier distribution out of the
equilibrium, i.e. when some external voltages are applied at its
terminals. Differently from materials modeling, where a quantum
description of the electronic bandstructure is mandatory, the
length scales involved in device modeling enable to choose be-
tween quantum approaches mostly inspired in the seminal work
by R. Landauer [57] and a semi-classical approach based on
the Boltzmann Transport Equation (Figure 4). Consequently, the
hierarchy of methods includes: i) quantum-based methods like
the conditional wave function (CWF) or Non Equilibrium Green
Functions (NEGF) and ii) semi-classical descriptions based on
the solution of the Boltzmann Transport Equation (BTE), e.g.

Monte Carlo transport, Drift-Diffusion (DD). At the bottom of
the hierarchy, simplified compact models appear. There is a
variety of ways in which the materials description information
enters in these methods, from Tight-Binding depictions in NEGF,
to definitions of the dispersion relationship at low energies for
CW, or the density of states for DD. Nevertheless, for a consis-
tent solution, the study of the device must include the electrical
connection between the external potential and the charge carriers
by means of the Poisson equation. In the following, we review
the aforementioned methods to calculate transport in electronic
devices and some of the main studies employing them in 2D
based transistors.

Non Equilibrium Green Functions (NEGF) formalism solves
the open-boundary Schrödinger equation [58]: since electron
devices interchange particles and energy with outside, a direct
application of the Schrödinger equation (only valid for closed
systems) is not possible, and a reformulation of it is needed, i.e
Eψ = Hψ → EG = HG + Σ + 1, where Σ accounts for the
interchange with the outside, and E, H and G are the energy,
the Hamiltonian and the Green functions; the latter containing
all the information required to study transport in the device and
calculated as:

G(E) = [EI −H −Σ −Σph]−1

were, optionally, Σph are self-energies accounting for elastic
and inelastic scattering processes (as e.g those from electron-
phonon interactions) in the device region. NEGF is able to
provide important information as the free carrier concentration
and the transmission coefficient. When applying the NEGF
method to the study of devices, it is important to bear in mind the
assumptions it is based upon, namely the single-particle approach
and the mean-field approximation. Therefore, this formalism is
not suitable in cases of strongly correlated transport or in the
‘Coulomb blockade’ regime. Nonetheless, it is a central tool in
the determination of the transport in 2D-based electronic devices
and has been widely employed to determine transport in a
variety of 2D-based structures, including carbon nanotubes [59],
TMDs transistors [52], [60]–[62] and heterostructures [54], [63],
monochalcogenides FETs [49], [50], [64], black phosphorous
and other group V layered materials transistors [47], [65], [66],
or group IV nanoribbons [55], [67].

Conditional wave function (CWF) approach has been re-
cently developed to study quantum transport in 2D (and 3D)
materials. This method arises from Bohmian Mechanics, an al-
ternative version of Quantum Mechanics in which particles have
a definite position and their motion is choreographed by the wave
function [68]–[70]. In particular, the CWF is the wavefunction
of a subsystem defined in this theory that serves to propose
an alternative solution to the so-called many-body problem.
The CWF of each particle evolves under a Schrödinger-like
equation where Coulomb interactions and the external voltage
are treated exactly, while two unknown potentials, which retain
the non-local correlations of the many-body wavefunction, must
be approximated [71]. This method has been recently applied
to investigate quantum dissipations in two dimensional materials
with graphene-like band structure [72].

Monte Carlo (MC) statistical solution of BTE has been the
workhorse for the study of transport in semi-classical approaches
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Fig. 4. Different approaches to modeling an electron device hierarchically ranked according to their accuracy and computational demand. The information from
the materials bandstructure feeds each method differently.

in traditional semiconductors. It uses statistics to track the
trajectory of classical particles in between stochastic scattering
events that change the particle’s trajectory and that are treated
quantum-mechanically using Fermi’s golden rule. MC solution
of BTE does not make any assumption about the distribution
function and is suitable for high-field scenarios. The statistical
solution proves to be a direct description of the dynamics of
the carriers in the material. Variations of the MC approach
exist depending on the homogeneity and time-dependence of the
system, with the ensemble MC method being more appropriate
for nanoscale devices. MC has been used to investigate transport
in several 2D based electronic devices as in [73]–[77]. In low
field scenarios a simpler approach to the BTE is the Momentum
Relaxation Time (MRT) approximation. It linearizes the BTE
assuming close to equilibrium conditions, i.e small electric fields,
uniform transport, i.e the distribution function becomes indepen-
dent of the transport coordinate, and stationary conditions. The
derivation is well documented in the literature [78]. The final
result of the approach is an explicit estimation of the scattering
rate dependent on a scattering matrix that is determined for every
scattering mechanism using Fermi’s golden rule and/or ab-initio
simulations. These calculations are in any case fed by parameters
coming from ab-initio, in particular for phonon scattering. The
low-field mobility can later be determined from τ using the
Kubo-Greewood approximation [79], [80], and used to estimate
a low-field current [81]. The MTR approximation is commonly
used in conjunction with simplified band-structures based on
tight-binding or analytical approximations in the close vicinity
of the band minima or maxima. Several works have made use
of the MRT to calculate the scattering limited mobility in, e.g.
graphene and graphene nanoribbons [81]–[83], MoS2 [19], [84],
phosphorene [85], silicene and germanene [86].

Drift-Diffusion (DD) has been one of the most used ap-
proximations to model transport in traditional semiconductors
and the literature treatment is extensive [87], [88]. It can be
derived from BTE under the relaxation time approximation, re-
sulting in independent expressions for the electron/hole current:
Jn/p = Jdrif +Jdiff = ρµn/p∇V ±qDn/p, where ρ, µ, and D are
the charge density, low field mobility and diffusion coefficient,
respectively. The latter two can depend on the electric field. DD
needs to be solved in conjunction with the continuity equation
that might introduce a time-dependent variation of the carrier
densities. The bandstructure information for a 2D material is em-
bedded in the calculation of the electron density. DD is specially

Fig. 5. Comparison of the material and device methods from different according
to their accuracy and computation time. The main approximations/limitations and
the strengths of each method are also highlighted.

suitable to compute transport in microscale experimental devices
as well as to understand transport in the diffusive regime [89],
[90]. A simplified version (while neglecting the diffusive term)
is sometimes recalled in the literature invoking linear response
theory. A more sophisticated version is the Hydrodynamic
model (HD) that also includes heating effects due to high electric
fields. The temperature gradient introduces an additional driving
force and the current becomes Jn/p = Jdrif + Jdiff + ρDT∇T ,
where DT is a thermal diffusivity. HD is a viable alternative to
the Monte-Carlo method when dealing with high-field transport
and has been used to study the effect of different substrate on
graphene at high-field transport [91], providing also a benchmark
with experimental results [92].

Compact Models are specially useful to provide concise but
rigorous theoretical support to experiments. Depending on the
main mechanism determining the current in the 2D based device,
different procedures must be considered. The ‘top of the barrier’
[93] and the ‘gradual channel approximation’ [94], [95] are
mostly considered to model thermionic FETs, in the ballistic
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and diffusive regimes respectively, but Boltzmann statistics are
many times used to simplify the algebra and find closed ex-
pressions [96]. In some cases, Poisson equation is simplified
and replaced by a capacitance network [97]. Richardson’s ap-
proach, particularized for 2D materials have been developed
distinguishing the effect of the surface and the edges of flake
[98], [99]. It has proven to be useful to explain 2D junctions and
diodes. When tunneling phenomena are dominant, the Wentzel-
Krammer-Brillouin [100] or Bardeen Transfer Hamiltonian [101]
models are more appropriate and interesting interlayer tunneling
devices been analyzed using these approximations.

In Fig. 5, we show then summarize the main outcomes of the
above-mentioned methods, both regarding material and transport
models, and specifically how these methods can be classified in
terms of accuracy and computing time, highlighting their main
strengths and limitations.

III. MODELING OF 2D-MATERIALS-BASED DEVICES

Here we focus on the main progress made in the modeling
of 2D-based electron devices in the last years, organizing the
discussion in materials families. We start the discussion, while
studying the expected performance of thermionic devices ex-
ploiting 2D materials in terms of Power-Delay-Product (PDP),
intrinsic delay time (τ ), ION, IOFF ratio and Subthreshold-Swing
(SS) as in Fig. 6.

In particular, Figure 6a shows PDP vs. τ for different 2D
based devices obtained from recent multiscale studies [49], [54],
[55]. The simulated devices are defectless transistors, with ideal
contact resistance and no scattering in the channel, representing
the ultimate performance one may expect, while exploiting such
materials (i.e., within the best case scenario). The specifications
of the ITRS [102] –recently substituted by the IRDS [103]
in its mission of defining a device roadmap– are included for
comparison purposes and establish the minimum requirements
for the devices to be technologically competitive. Circles and dia-
monds symbols correspond to high performance and low power
applications, that according to the ITRS constraints for static
consumption satisfy currents in OFF state (IOFF) of 100nA µm−1

and 100pA µm−1, respectively. The preferred corner in Figure
6a is the bottom left, and the different 2D materials families
are are shaded in colors. In order to optimize the PDP vs. τ
picture it is necessary to increase the ON state current (ION)

Fig. 6. a) PDP vs. τ and b) SS vs. ON/OFF ratio for FETs with channels of
different 2D materials obtained from multiscale simulations [49], [54], [55].

keeping low the supply voltage (VDD) and the transistor total
capacitance (C) because τ = CVDD/ION and PDP= CV 2

DD.
This is achieved if the gate has a good electrostratic control
on the channel, that can be evaluated through the subthreshold
swing (SS). Figure 6b shows the ION/IOFF ratio vs. SS. The
preferred corner in this picture is the top-left. The ION/IOFF

ratio and SS are very affected by the device length and similar
lengths ranging from ∼ 5 nm to ∼ 10 nm have been considered.
It is apparent that most of the structures do comply with the
ITRS requirements and would deserve more critical testing to
determine their performance in non-ideal conditions.

Once summarized the big picture, we focus now on reviewing
the electron device modeling advances in the better known
families of 2D materials.

Graphene is the most investigated 2D crystal. Its study has
been covered for almost every physical perspective, ranging from
excitons and spin transport to antiferromagnetism in nanoribbons
or stacked crystals. There are several excellent reviews focusing
on the basic science of graphene [104] up to its application in
electronics [105]. The well-know zero bandgap of monolayer
graphene jeopardizes its use in FETs and more generally in logic
devices, but it has been proposed for RF applications or tunneling
transistors [100], [106]. When stacked as in bilayer graphene,
the bandstructure becomes sensitive to the vertical electric field,
property which has been assessed in both thermionic [107] and
Tunnel FETs [108]. Heterostructures combining graphene with
other 2D materials have attracted an intense experimental inter-
est, and different multi-scale studies combining ab-initio methods
and atomistic transport have been realized [23]. Transport studies
based on Monte Carlo [73]–[75] and Drif-Diffusion [89] with the
scattering rates and mobility obtained from ab-initio have also
been performed [109].

Group-IV 2D-Xenes: silicene, germanene, stanene structures
are similar to graphene but slightly buckled (see Fig. 1), due to
their larger interatomic distances, which in turn leads to spin-
orbit interaction (SOI) [110]. SOI has been investigated from
ab-initio and atomistic methods and it has been shown to open
small gaps in these 2D crystals [111], [112]. First-principles
calculations have shown that the bandstructure can be tuned with
a vertical electric field, although the required electric fields are
so large that would break any known field oxide in the FETs.
[112], [113].

An option explored through ab-initio simulations consists in
functionalizing the materials to open larger gaps [114]. Nonethe-
less, when cut in armchair nanoribbons, a linear dispersion
relationship has been predicted from ab-initio and tight-binding
models showing a periodic gap dependence on the nanoribbon
width [112], [115]. When cut in zig-zag nanoribbons, on the
contrary, they show topologically protected states [116], local-
ized at the edges [112], [117], [118]. This would enable ideal
conduction through free-of-scattering edges.

On the basis of edge-state transport, a zig-zag stanene nanorib-
bon transistor based on semi-metallic states has been studied
with atomistic models leveraging the possibility of switching
the current via scattering modulation [119]. If the nanoribbon
is narrow enough, an antiferromagnetic order might prevail
with edges of different spin at conduction band minima and
valence band maxima, which can be exploited in TFET as
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demonstrated for stanene by means of multiscale calculations in
[55]. Theoretical investigation of FETs based on these materials
have also been discussed using ab-initio and atomistic methods
[93], [120] as well as Monte Carlo transport simulations [77]
and it mobility estimated from MRT [86].

Transition metal dichalchogenides (TMDs) electronic prop-
erties have been extensively studied via first-principle methods
showing a wide range of behaviors: from metallic NbS2 to
insulating HfS2 including better known semiconducting MoS2,
WSe2, MoSe2, just to name a few [121]–[123]. However, the
band structure is determined not only by the atomic composition
and the metal coordination, but also by layer stacking. TMDs
have attracted particular attention for electronics due to their
semiconducting bandgap that, in addition, undergoes an indirect-
to-direct transition when thickness is reduced from bulk to the
monolayer.

The bandstructure is quite convoluted: eleven orbitals are
believed to be relevant in most situations, 6 p-orbitals from the
chalcogen atoms and 5 d-orbitals from the metal, which are
responsible for spin-orbit coupling [123]. For this reason, single-
orbital tight-binding models fail to represent their complexity
and models with up to 11 bands are necessary [124], although
the simplest alternatives for monolayers based on k · p are
available [125]. The heavy electron effective mass in TMDs
together with their low in-plane dielectric constant initially
placed these materials as good candidates for ultra-short channel
FETs [51], [126] and also TFETs [63], but nowadays many more
of their properties are being explored and more applications in
electronics are found. One of them is the possibility of combining
them as building blocks to form lateral or vertical van der
Waals heterostructures (LH and VH, respectively) with tailor-
made characteristics.

The degree of heterogeneity of materials may vary signifi-
cantly: from quantum-engineered structures involving layers with
no atomic species in common, completely different band struc-
tures and incommensurate lattices, to band-engineered structures.
Interestingly, in the case of MoS2 one can take advantage of the
change from the metallic 1T - to the semiconducting crystalline
2H-phase to realize a single-material LH [54]. More recently,
their application as memristive devices is attracting attention
with some theoretical investigation of their use as phase-change
materials [127]–[129].

In addition to well-documented TMDs, a new sub-family has
recently emerged combining noble transition metals, Pt, Pd, and
Ni, with chalcogenides that are so called Noble TMDs [130],
[131]. They are predicted to have a strong gap dependence on
the number of stacked layers, leading in some cases to a change
of electronic phase, from semiconductor to metal. The so-called
noble-TMDs are promising contenders to build electronic devices
as are expected to have high carrier mobility [132]. The modeling
of devices based on these materials is still preliminary [133].

Black Phosphorous (BP) or phosphorene has a honeycomb
structure, as graphene and other monolayer materials, but puck-
ered (see Fig. 1) leading to a semiconducting bandgap and
a high electrical and thermal anisotropy [134], [135]. Experi-
mental realizations of FETs based on Black Phosphorous have
been demonstrated [136] and their performance in the ballistic
regime by means of multiscale simulations has been assessed

[50], [137], [138]. Its quasi-1D and 3D forms have also been
investigated [139]. An alternative allotrope of phosphorene is
Blue Phosphorous, with a larger single-layer gap which might be
of interest for thermionic devices [140]. Other group-V 2D ma-
terials, arsenene, antimonene and bismuthene have also been
studied for electron device applications [31], [141]. Arsenene
and Antimonene, differently from black phosphorous, present a
buckled structure similar to group IV 2D-Xenes. Their mobility
has been studied from first principles [142] and their performance
in Field Effect Transistors has been studied with a multiscale
study combining DFT and NEGF [47]. Bismuthene electronic
bandstructure has been investigated from first principles [143]
and it is predicted to be a room temperature topological insulator
on top of SiC [144]. From the device perspective, bismuthene
has received limited attention. However a 2D crystal compound
of Bi, Bi2Se3 is on the limelight due to its topological properties
[46] and its use in Tunnel FET as well as other devices has been
discussed [145].

Group III and group IV monochalcogenides. This sub-
family of 2D crystals includes combinations of group III el-
ements (e.g Ga and In) or group IV (e.g. Ge, Sn,) with
chalcogenides. They are also referred as post-TMDs. In par-
ticular, group IV chalcogenides present two puckered atomic
planes similar to those of black phosphorus [146], [147]. They
have been predicted to have a strong spontaneous ferroelectric
polarization by ab-initio calculations, [148] which might be
of use to achieve devices with negative quantum capacitance.
However, comprehensive theoretical studies of electron transport
and of the application of these materials to electron devices
are still lacking. Group III chalcogenides, that consist of four
atomic planes in a sequence Y-X-X-Y in which Y and X are
chalcogenides and group III atoms (see Fig. 1), respectively,
have been studied from ab-initio calculations [149], [150]. They
present reasonable bandgap for digital logic and intrinsically
large mobility. As a consequence, they have been extensively
explored as channel materials in FETs by means of multiscale
approaches combining ab-initio calculations and quantum trans-
port in the ballistic regime and show compelling performance
with respect to industry requirements [49], [50], [64]. In addition
a particular crystal phase of InSe has been predicted by ab initio
calculations to have a phase transition under strain [151].

IV. CHALLENGES AND OPPORTUNITIES

We finally discuss some of the challenges concerning two-
dimensional materials and their application to electron devices
that have not been fully addressed so far, and which certainly
deserve further investigations from the simulation and modeling
perspective (Figure 7).

Contact resistance. Contact resistance is the main limiting
factor of the performance of 2D-based devices. It limits the
injection of carriers in the device from the external metal leads.
For an industrial adoption of the 2D materials technology, values
of the contact resistance under 100Ωµm are required [102] and
under 10Ωµm to be on par with CMOS [16]. The inclusion
of degenerate doped regions, as in traditional semiconductors, is
desirable but the precise control of the doping is still experimen-
tally challenging. A more novel approach are metallic phases of
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2D materials, that are being explored theoretically both from ab-
initio and atomistic models [152], [153]. Understanding contact
resistance often requires ab-initio modeling of the interface
between 2D material and metal and of its transport properties
[154], [155], but very often also requires significant support
from experiments, in order to gather information about possible
interdiffusion or formation of other compounds at the interface,
which can significantly alter its transport properties.

Interfaces of different dimensionality. The new perspective
of dimensionality introduced with 2D crystals is pushing towards
the exploration of new heterostructures with mixed dimensions
and their applications [156]. The problem of contact resistance
in 3D-metals-to-2D-materials is a case of interest in electron-
ics. Other mixed interfaces combining 2D crystals and 0D,
1D and 3D structures are emerging and can have interesting
applications for electron devices (e.g. the patterned graphene
contacts have demonstrated better injection due to 1D-edge-to-
3D-metal interfaces).In particular, the mixed interfaces are more
complex than the ones appearing in traditional heterostructures,
as they add to the discontinuity in the bandstructure a steep
transition in the density of states as a consequence of the abrupt
change of dimensionality. The interacting forces might be van-
der-Waals or result from orbitals hybridization, depending on the
structure. These interfaces have been studied from ab-initio or
semi-classical approaches, but better insight and simpler models
on the main principles governing the change of dimensionality
will be required.

Surface functionalization In 2D materials, the crystal sym-
metry is broken at the edges, which play an important role
[157]. The way the edges are passivated have an influence on
the bandstructure, and several ab-initio studies have looked at
their impact on graphene [158], and TMDs [159]. Intentional
introduction of defects or 1D molecules in the 2D surface
in order to modify the bandstructure through functionalization
has been investigated in [160], [161]. Differently from 3D
semiconductors, charge transport properties can be engineered
by means of functionalized 2D materials, which can be at the
basis of new device concepts, and which might deserve attention
from the point of view of modeling.

Transport through vertical or van der Waals heterostruc-
tures. A very interesting possibility to be explored with 2D
material is the creation of vertical heterostructures [7], [16],
[162]. The absence of interlayer covalent bonds and the weak
van-der-Waals forces holding the layers together avoid issues
related to lattice mismatches although they are not completely
free from imperfections [163]. The stacking of different materials
phases and the unique intrinsic quasi-electric fields created
between them are of strong interest for electronics. In spite of the
high experimental interest in these structures and the modeling
efforts [164]–[166], there is still a big space for improvement
on the knowledge of the principles that govern the electronic
transport in vertical heterostructures as well as on the impact that
rotational alignment can have on them. A critical aspect is the
fact that the transversal energy dispersion relationship of adjacent
layers can be totally different, so that the simple physical picture
of the one-dimensional band profile can lead to gross errors
[167]. For this reason, there is an urgent need for a model that is
simpler from the computational point of view than ab-initio, but

Fig. 7. Challenges and opportunities for the modeling of 2D materials and their
application to electron devices.

that includes the relevant physics. One step in this direction has
been the introduction of pseudo-atomistic Hamiltonians [145],
that on the one hand take into account the variations of the
energy dispersion relationship and the of the crystalline structure
between adjacent layers, but on the other hand are much simpler
than atomistic tight-binding Hamiltonians.

High frequency performance and noise. Due to the in-
creasing demand of bandwidth for telecommunications, electron
devices are expected to enter deep into the THz regime, and the
impact of 2DMs in this scenario is to be determined. In addition,
noise behavior is more and more important both for analog high
frequency applications and for low supply voltage. In order to
properly model both high frequency behavior and noise, it is
often necessary to abandon the quasi-static approximation and
to embrace full time-dependent modeling of quantum transport,
which is much more demanding from the computational point
of view. The topic is particularly challenging also from a
purely theoretical standpoint because the separation of devices in
quantum regions and reservoirs, typical of the Landauer-Buttiker
approach to quantum transport and noise, does not hold in a
simplistic manner.

Printed networks. Flexible devices might be a big technolog-
ical revolution in electronics [12] and they will be very likely
based on printed materials. Indeed, the experimental realization
of inkjet printable formulations of 2D materials is progressing
rapidly and water-based inks are already available for a range
of two dimensional materials including graphene and TMDs
[168]. The complexity and randomness of the generated networks
requires a multiscale modeling approach. Some theoretical work
has been developed in the field of networks of carbon nanotubes
and percolation theory, providing even analytical expression
in some simplistic scenarios [169]–[171]. The upgrade of this
models to 2D materials networks, characterized by a greater
interconnection complexity, and the understanding of the mech-
anisms controlling the current transport in these networks, as
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well as the devices that would emerge from them, will be an
important topic in the simulation and modeling community of
2D materials.

V. CONCLUSION

The rise of 2D materials has opened a new phase in the
investigation of electronic devices. The exploration of materials
and their application to electronics are still at an early stage.
However, the novelty in the physics that 2D materials are
bringing guarantees promising opportunities for novel device
concepts. In order to evaluate these new avenues in electronics,
a strong theoretical support to the experimental progress will
be needed. In this context, a multiscale approach that combines
different levels of accuracy and complexity for materials and
device description will be mandatory. However, while the theory
seems to keep the pace of experiments in the description of the
physical properties of the new synthesized materials, mainly with
ab-initio methods, the design and study of electronic devices
would require increasing efforts to address the best technolog-
ical options for nanoelectronics. New proposals able to take
advantage of the distinct peculiarities of 2D materials have to
be introduced, and conceptual advances to address some of the
current modeling challenges will be required. Nonetheless, cou-
pled devices/materials modeling for electronics will continued to
be an essential tool for technology progress, with the multiscale
approach very likely playing the role of today’s semi-classical
TCAD software.
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