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Abstract

Electrically contacting two-dimensional (2D) materials is an inevitable process

in the fabrication of devices for both the study of fundamental nanoscale

charge transport physics and the design of high-performance novel electronic

and optoelectronic devices. The physics of electrical contact formation and

interfacial charge injection critically underlies the performance, energy-

efficiency and the functionality of 2D-material-based devices, thus rep-

resenting one of the key factors in determining whether 2D materials can be

successfully implemented as a new material basis for the development of next-

generation beyond-silicon solid-state device technology. In this review, the

recent developments in the theory and the computational simulation of elec-

tron emission, interfacial charge injection and electrical contact formation in

2D material interfaces, heterostructures, and devices are reviewed. Focusing

on thermionic charge injection phenomena which are omnipresent in 2D-

materials-based metal/semiconductor Schottky contacts, we summarize vari-

ous transport models and scaling laws recently developed for 2D materials.

Recent progress on the first-principle density functional theory simulation of

2D-material-based electrical contacts are also reviewed. This review aims to

provide a crystalized summary on the physics of charge injection in the 2D

Flatlands for bridging the theoretical and the experimental research communi-

ties of 2D material device physics and technology.
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1 | INTRODUCTION

Layered materials with atomic-scale thickness have been
widely regarded as a revolutionary material class that
holds great promises in the 21st century solid-state device
technology.1 Following the discovery of graphene,2 the
family of two-dimensional (2D) layered materials has

been ever-expanding, covering almost the entire spec-
trum of the condensed matter phases, including
metal,3 semimetal,4 semiconductor,5 insulator,6 topo-
logical insulator,7 topological semimetal,8,9

superconductor,10 Mott insulator,11 Bose–Einstein
condensates,12 and can be artificially tuned into the
exotic topological Floquet insulator under light
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illumination.13 Recent breakthroughs in the fabrication
techniques and the fundamental physical understanding
of 2D materials have led to the successful incorporation
of 2D-material-based in various device applications,
ranging from nanoelectroncis,14 optoelectronics,14

photodetection,15 plasmonics,16 nanophotonics,17,18

nonlinear optics,19-21 energy storage and conversion,22-24

vacuum electronics,25 to the emerging devices classes of
twistronics,26 spintronics,27 valleytronics,28,29 quantum
emitters,30 and artificial neurons.31 One of the key
strengths of 2D materials not found in the traditional bulk
materials is the capability of creating “designer” hybrid
materials with tailor-made physical properties not found
in natural crystals by Lego-stack distinct types of 2D mate-
rials into vertical van der Waals heterostructures.32 Because
of the almost limitless combinations of the large family of
2D materials,33,34 van der Waals heterostructures open up
a new versatile architecture for the design of ultracompact
devices capable of meeting the ever-expanding needs of
the computing electronics communication devices and
metasurfaces that are essential for the development of
internet-of-things, 5G and beyond 5G networks,35 and
smarter machines.31 As the silicon wonderland is reaching
its scaling limit and the electrical properties of bulk mate-
rial degrades severely toward atomic-scale thickness, 2D
materials have emerged as a promising new candidate to
continue the legacy of Moore's law and to further expand
the functionality of solid-state technology into the “More
than Moore” regime.36

Despite rapid progress in unlocking the potentials of
2D materials in solid-state device applications in recent
years, the ultimate quest of transforming 2D materials
into industrial-grade materials remains severely hindered
by many challenges.37,38 Particularly for 2D-material-
based electronics, the following questions remains largely
incomplete: How to engineer efficient electrical contact
2D material with low contact resistance and high electri-
cal current in the ON state? How to fabricate large-area
2D-material wafers with high quality and high unifor-
mity? How to improve the reliability of 2D-material elec-
tronic devices? How to design 2D material devices that
fulfill the performance requirements as set out by the
International Road Map of Devices and Systems? The
answers to many of the above questions relies on the fun-
damental questions of how electrons can be injected
across a hetero-interface composed of a 2D mono-or few-
layer and another 2D or 3D material,39-41 which remains
one of the open questions thus far. The interfacial charge
injection process in 2D materials crucially affects multi-
ple device figures of merit, such as contact resistance,
current on/off ratio, effective delay time and the power-
delay product of the devices.42 Furthermore, an efficient
electrical contact to 2D materials serve as one of the

prerequisites for the electrical measurements of subtle
signals generated from exotic transport phenomena, such
as the anomalous Hall effect,43 valley/spin-polarized cur-
rents44,45 and Andreev reflections.46-48 A rigorous
physics-based models of charge injection is much sought
after for both the fundamental science and the applied
device engineering communities. Particularly for indus-
trial applications, a rigorous physics-based models of
charge injection is much sought after in the experimental
characterization, testing, and the development of next-
generation technology computational-aided design and
the compact modeling of 2D-material-based and their
van-der-Waals-heterostructure-based49 electronic devices
and circuits.50-52

Another issue closely related to the interfacial charge
injection is the formation of transport barriers, such as
Schottky barrier, at vicinity of the contact interface.53

Due to the atomic thickness of 2D materials, the physics
of contact formation is radically different compared to
the case of 3D-material-based contact interfaces. For
example, the charge injection mechanism from a 3D
metal electrode into the 2D semiconductor can be
strongly influenced by whether the 2D semiconductor is
metalized by the contacting metals. In the case of a
“clean” van der Waals interface, a Schottky transport bar-
rier is formed at the contact interface which reduces
charge injection efficiency. In contrast, if the 2D mate-
rials is metalized by the contacting metals either due to
the intrinsic materials interfacial coupling or due to the
inevitable presence of extrinsic defects introduced during
contact fabrication process, the 2D crystal can be severely
distorted, thus compromising quality of the electrical
contact,54,55 and the Schottky transport barrier becomes
laterally extending into the 2D channel in this case. Fur-
thermore, the physics of carrier depletion in 2D/2D and
2D/3D metal/semiconductor contacts and pn junction is
no longer well-described by the conventional electrostatic
model due to the atomic thickness of 2D materials.56-58

To understand the complex 2D/3D and 2D/2D nanoscale
interface physics, the first-principle density functional
theory (DFT) offers a powerful computational tool for
predicting the types of the contact (i.e., ohmic or Schottky
contacts), for predicting the electronic and optoelectronic
properties of the contact interface (i.e., whether
metalization of the 2D semiconductor occurs), and for
calculating the Schottky barrier height (SBH)—an impor-
tant physical parameter that sensitively influence the per-
formance of electron devices59—in a 2D-material-based
Schottky contact.

It should be noted that although the theoretical
modeling of electron injection in 2D materials has been
extensively studied in the recent years,53,60-68 the experi-
mental analysis of interfacial charge injection
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phenomena is often based on the simplistic archetypical
thermionic and field emission models of Richardson and
Dushman,69,70 and Fowler and Nordheim,71 respectively,
which are formulated nearly one century ago when the
quantum theory of materials are largely unknown.
Although these “classic” models provide ease-of-use
fitting tools for experimental data analysis without intro-
ducing severe numerical inaccuracy in extracting the
physical parameters of the contact interface (such as the
SBH), using an unsuitable injection model can lead to
severe conceptual fallacy where the charge transport in
low-dimensional materials is erroneously described in
terms of bulk material electron emission concepts.

In this review, we present a survey on the various
models of charge injection in the 2D Flatland developed
for various atomically thin layered materials and device
geometry in recent years. The radical differences between
the classic charge injection models and the 2D injection
models are discussed. Recent DFT studies on the forma-
tion physics of Schottky and transport barriers in 2D-
material-based heterostructures and electrical contacts
are summarized. Finally, we share our insights on the
challenges and outlooks on the physics of electron emis-
sion and charge injection in 2D material heterostructures
and devices. This review aims to provide a bridge linking
the theory, computational simulation and the experimen-
tal communities with particular focuses on illustrating
the physics of electron emissions and interfacial charge
injection in the 2D Flatland.

2 | THEORY OF ELECTRON
INJECTION IN 2D-MATERIAL-
BASED HETERO-INTERFACES

In this section, we review the theory of electron emission
from a solid material interface, which forms the basis of
interfacial charge transport phenomena in 2D-material-
based interfaces. We first provide a succinct introduction to
the “classic” electron emission theory of bulk materials.
Focusing on thermionic emission process—a key charge
injection mechanism across a metal/semiconductor
Schottky contact that are omnipresent in modern electron-
ics, we then review the thermionic charge injection models
developed for 2D materials with emphasis on their funda-
mental differences with the bulk-material counterpart.

2.1 | Basics of electron emission from a
bulk material interface

At solid surface, the electrons are bounded within the solid
material by an interfacial potential barrier. The emission of

an electron from the solid surface into either vacuum or
another solid material are government by three basic emis-
sion pathways72 (see Figure 1): (a) semiclassical thermionic
emission; (b) quantum mechanical tunneling; and
(c) photoemission. In the thermionic electron emission pro-
cess, electrons are thermally excited into higher energy
states and traverses semiclassically atop the interface poten-
tial barrier. In contrast, the quantummechanical tunneling
process does not require thermal excitations. In the case of
a sufficiently thin interfacial barrier, for example, a metal/
insulator/metal tunneling diode or the vacuum gap
between a scanning tunneling microcopy tip and amaterial
surface, the evanescent electronic wavefunctions can leak
across the forbidden interfacial barrier regime and
reemerges as a travelling electronic wavefunctions on the
opposite side to form an electrical transport current. This
tunneling process is commonly known as the direct tunnel-
ing process. For moderately thick interfacial potential bar-
rier, a sufficiently strong external electric field can be
applied across the interface which results in the “thinning”
of the interfacial potential barrier due to the presence of an
electric potential gradient across the interface and the over-
all lowering of the interfacial potential barrier height due
to the image charge effect. Such quantum mechanical
tunneling of an electron across an interface, mediated by a
strong electric field, is commonly regarded as the field-
induced electron emission, or simply the field emission. A
key difference between the two quantum mechanical
tunneling processes, namely the direct tunneling and the
field emission, is that the electrical transport current of the
former typically has a linear voltage dependence; whereas
that of the latter has an exponential voltage depen-
dence.73-76 Finally, in photoemission, an electron of energy
εk can energetically overcome the interfacial potential bar-
rier by absorbing a photon with sufficient photon energy,
ℏω, where ℏ is the reduced Planck constant and ω is the
angular frequency of the incident photon, such that
εk + ℏω > ΦB where ΦB is the interfacial potential barrier
height. Photoemission can also be mediated via the absorp-
tion of multiple photons through a process known as the
multiphoton emission.77-79 It is important to note that, in
general, the three basic electron emission mechanisms
described above do not occur exclusively of each other.
Multiple emission mechanisms simultaneously occur and
canmutually interact, which gives rise to rich physical phe-
nomena of electron emission. For example, photoemission
can be coupled with thermionic emission to achieve photo-
enhanced thermionic emission,80-84 or with field emission
to achieve the photo-assisted hot carrier field emission.85

The field emission can also occur at finite temperature in a
hybrid process known as the thermal-field emission.86 The
combination of intense ultrashort pulsed laser irradiation
and strong DC bias voltage, the electron emission can be
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switched between a large variety of distinct emission mech-
anisms, from single photon emission at low pulsed laser
intensity to multiphoton emission, multiphoton field emis-
sion, and dynamical optical field emission as the laser
intensity increases (see Figure 2(A–D)).87,88,92

Finally, we remark that when the emission current is
sufficiently large, the interface-limited electron emission
switches into space-charge-limited (SCL) emission93 in
which the electric field of the charge in-transit in the vac-
uum gap can limit the subsequent emission of electrons
from solid material surface—a phenomenon first
described by Child and Langmuir89,94 (Figure 2(E)) and
has been extended into the quantum regime for nanosize
gap (see Figure 2(F)).90,95,96 When electron are injected
into an insulator, rather than vacuum gap, the SCL cur-
rent is described by the Mott-Gurney model for bulk
insulator.97,98 The SCL model has been recently general-
ized to 2D insulator such as hexagonal boron nitride
(hBN) monolayer (see Figure 2(G)).91

2.2 | Electron emission from 3D
materials

How to distinguish the three electron emissions? The
electron emission pathway that underlies the charge

injection process across a solid/solid material interface is
not readily obvious, unlike the case of solid/vacuum
emission in which the electron emission mechanism can
be readily identified depending on the experimental
setup. Customarily, scaling laws are used as a simple yet
powerful tool in identifying the emission mechanisms.
Quite generally, the emission current density from a
material surface along the z-direction can be written
as72,99 (without photon absorption),

J V ,Tð Þ= ge

2πð Þ3
ð
B:Z:

d3k vzT kz,ΦB,Vð Þf FD k,μ,Tð Þ ð1Þ

where T kz,ΦB,Vð Þ is the electron tunneling probability,
fFD(k, μ,T) is the Fermi–Dirac distribution function,
k≡ (kx, ky, kz) is the electronic wavevector, vz≡ℏ−1∂εk/∂kz
is the electron group velocity along the emission direc-
tion, μ is the Fermi level, V is the applied voltage, T is the
temperature of the electron emitting surface, ΦB is
the one-dimensional interfacial potential barrier profile.
The thermionic and field emission current densities can
be readily solved by using the appropriate T kz,ΦB,Vð Þ
and fFD(k, μ,T), and by assuming a parabolic energy band
structure with the dispersion relation, εk = ℏ2k2/2m*,
where m* is the electron effective mass of the electron
emitter, in Equation (1). Importantly, the emission

FIGURE 1 Schematic drawings of electron emission processes in two-dimensional (2D) materials. (A) Three basic electron emission

processes: (1) thermionic emission; (2) quantum mechanical direct tunneling and field emission; (3) photoemission; and other hybrid

emission mechanisms. (B) The interfacial charge injection band diagram for the three basic emission processes (1), (2), and (3)
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current density, J(V, T), is sensitively influenced by the
voltage and temperature dependent on the emission pro-
cess. Thus, by experimentally measuring J(V, T) as a
function of V and/or T, the electron emission mechanism
can be confidently determined by analyzing the current–
voltage and/or the current-temperature scaling laws.
These scaling laws are summarized in Figure 3, and will
be reviewed in greater details below.

2.2.1 | Thermionic emission:
Richardson–Dushman model

By replacing fFD(k, μ, T) in Equation (1) with the semi-
classical Maxwell–Boltzmann distribution function, and
setting the tunneling probability to be unity (zero) when
the electron energy is larger (lower) than the interfacial
potential barrier height, we arrive at the Richardson–
Dushman law69,70 of thermionic emission from a bulk
material surface,

JTE V ,Tð Þ= γARDT
2exp −

ΦB−cSV 1=2

kBT

� �
ð2Þ

where ARD =4πmk2be=h
3 is the Richardson–Dushman

constant, cS= e3
4πϵ0

� �1=2
is the Schottky constant, ϵ0 is the

permittivity of free space, h is the Planck constant, and

FIGURE 2 Strong-field photoemission phenomena and space-charge-limited currents. (A) Model A and B denotes multiple-photon

photoemission and optical tunneling, respectively. (B) The schematic drawing of a tungsten tip excited by ultrashort pulsed laser.87 Reproduced

with permission. Copyright 2016, Nature. The emitted charge density showing transition from (C) one-photon to multiple-photon emission; and

(D) from multiple-photon tunneling to optical tunneling. Reproduced with permission from Reference 88 Copyright 2012, American Physical

Society. (E) Historical experimental of space-charge-limited (SCL) current in thermionic emission.89 Copyright 1913, American Physical Society.

(F) Transition from classical Child-Langmuir SCL conduction to quantum SCL conduction.90 Copyright 2003, American Physical Society.

(G) SCL in two-dimensional (2D) semiconductor and insulator.91 Copyright 2016, American Physical Society

FIGURE 3 Schematic illustrations of experimental data fitting

using scaling laws for thermionic emission (Richard–Dushman

law), field emission (Fowler–Nordheim law), Schottky emission,

and direct tunneling
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the term cSV
1/2 reflects the interface potential barrier

lowering effect due to image charge,59 and γ is a factor
that compactly contains the effect of quantum mechani-
cal reflections of electrons at the interface, electronic
properties of the material, and the quality of the contact
interface.100 Equation (2) can be recast into the following
current-temperature scaling law,

ln
JTE
T2

� �
/ −

1
T

ð3Þ

A negative-sloped linear relation in the plot of ln JRD
T2

� �
versus 1/T, which is also known as the Arrhenius plot, is
hence a direct evidence of the thermionic emission. Fur-
thermore, the current–voltage relation follows a distinct
scaling law, lnJRD/V1/2, which indicates the presence of
Schottky image charge effect during thermionic emission,
which can be used as another evidence of thermionic
emission.

2.2.2 | Cold field emission:
Fowler–Nordheim model

By applying a semiclassical WKB approximation of the
electron tunneling probability in Equation (1) and con-
sider zero-temperature limit T = 0 K, the Fowler–
Nordheim law71,72 for field emission of cold electrons can
be obtained as,

JFE Vð Þ= aFNβ2V 2

d2ΦB
exp −

bFNΦ
3=2
B d

βV

 !
ð4Þ

where aFN ≡ e3/16π2ℏ and bFN � 4
ffiffiffiffiffiffiffi
2m

p
=3ℏe is the first

and the second Fowler–Nordheim constant, respectively,
β is the local field-enhancement factor, and d is the width
of the gap across which the bias voltage V is applied. The
commonly used electron emission parameters and con-
stants are summarized in Table 1.

Equation (4) can be converted into the following cur-
rent–voltage scaling law,

ln
JFE
V2

� �
/ −

1
V

ð5Þ

Thus, the observation of a negative-sloped linear
trend in the plot of ln(JFE/V

2) versus 1/V, which is also
commonly known as the Fowler–Nordheim plot
(FN plot), provides a direct evidence of field-induced
electron emission.

2.2.3 | Thermal-field emission:
Murphy–Good model

A more realistic field emission model should take into
account both the image charge and the finite temperature
effects. In this case, Murphy and Good86 shows that the
field-emission current takes the following analytical form,

JTFE V ,Tð Þ≈aFNβ2V2

d2ΦBt20

πkBT=dF
sin πkBT=dFð Þexp −

bFNΦ
3=2
B d

βV
v0

 !

ð6Þ

where dF �V=bFNΦ
1=2
B d is a energy-like parameter pro-

portional to the applied bias voltage, v0 and t0 are image-
force correction factors which can be well-
approximated,101-103 respectively, as

v0≈1−y20 +
y20ln y0ð Þ

3

t0≈1+
y20
9
−
y20ln y0ð Þ

11
ð7Þ

and y0 ≡ cS(V/d)
1/2/ΦB. The image force effect modulates

the magnitude of the thermal field emission current den-
sity without significantly alters its functional dependence
on the applied voltage under typical operation regime of
an electron emitting surface.

Although the thermal-field electron emission described
Equation (6) departs quite significantly from the elementary
cold field emission model in Equation (4), the thermal-field
emission current density can still be well fitted by the FN plot
(i.e., Equation (5)) especially in the case of solid-state metal–
insulator–metal tunneling diode because of two reasons. First,
consider a planar tunneling diode configuration where F = V/
d and a moderate electric field strength of F = 0.1 V nm−1,
this corresponds to dF ≈ 1 eV which is much larger than the
thermal energy kBT around room temperature. As dF � kBT,
the thermal factor in Equation (6) approaches unity, that is,
πkBT=dF

sin πkBT=dFð Þ! 1 . Second, as the dielectric breakdown

strength of insulator is typically less than 1Vnm−1 and
the interfacial potential barrier height is typically a few
eV, the condition of ΦB� cSF

1/2 is always respected and
thus y0� 1 in Equation (7). Furthermore, the applied
bias voltage needs to be moderately large so to generate
sizable field-effect “thinning” of the interfacial potential
barrier. On the other hand, the applied bias voltage can-
not be too large so to avoid the dielectric breakdown of
the insulator. This limits the factor y0 into a rather
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narrow numerical range. Correspondingly, the image
charge correction factors v0 and t0 do not change their
values appreciably under typical bias voltage range and
can be treated as voltage-independent factors. The near-
unity thermal factor combined with the voltage-indepen-
dent image-charge correction factors allows Equation (6)
to be well captured by the current–voltage FN scaling
law in Equation (5). The FN plot thus remains a simple
useful analysis tool for the identification of field emission
process in solid-state tunneling diode even under finite
temperature with image charge effect.

2.2.4 | Direct tunneling

In the direct tunneling regime in which electrons quan-
tum mechanically tunnel through the full width of a rect-
angular interface potential barrier, the electrical current
density is described by the Simmons model,73,74

JDT Vð Þ= 3
ffiffiffiffiffiffiffi
2m

p

2d
e2

h2
exp −

4πd
h

ffiffiffiffiffiffiffiffiffiffiffiffiffi
2mΦB

p� �
V ð8Þ

Equation (8) can be reduced to the following current–
voltage scaling relation,

JDT /V ð9Þ

An ohmic current–voltage scaling at low applied bias
voltage is thus an evidence of the direct tunneling of elec-
trons across the interface potential barrier. Alternatively,
Equation (9) can also be expressed in the following scal-
ing form: ln(JDT/V

2) / ln(1/V).

2.2.5 | Photoemission: Generalized
Fowler–DuBridge model

The generalized Fowler–DuBridge photoemission equa-
tion for n-photon absorption is given by,77,78

JPE(T, ω) =
P

nJn(T, ω) where

Jn T,ωð Þ= anARD
e
ℏω

� �n
1−Rωð ÞnInT2F nℏω−ΦB

kBT

� �
ð10Þ

is the emission current component due to n-photon
absorption. Here, an is an absorption constant related to
the probability of n-photon absorption and decreases rap-
idly with increasing n, Rω is the ω-dependent reflectivity
coefficient, I is the intensity of the incident light, and the
Folwer factor is defined as,

F xð Þ�
ð∞
0

ln 1+ e−x−yð Þdy ð11Þ

Historically, the single-photon emission model was
formulated by Fowler and DuBridge,104-106 and general-
ized into a universal thermal-field-photoemission model
by Jensen et al107,108 more recently. The classic Fowler–
DuBridge model revealed the quantum efficiency depen-
dence of QE / (ℏω − ΦB)

2 which is in good agreement
with experimental measurement. Consider the case of
single-photon absorption with n = 1. When ℏω � ΦB,
Equation (10) reduces to the classic Fowler–DuBridge
equation of photoemission (an = 1),

JFD T,ωð Þ=ARD
eI
ℏω

1−Rωð ÞT2 ℏω−ΦBð Þ2 ð12Þ

Since the multiphoton emission process is based on
the overbarrier process akin to thermionic emission,
Equation (10) reduces to the case of zero-voltage
Richardson–Dushman thermionic emission model for
the zero-photon case of n = 0 (setting a0 = 1). Further-
more, when laser intensity is sufficiently high, the photo-
emission process switches from multiphoton emission to
optical field emission in which the electron emission pro-
cess is dominated by the dynamical modulation of the
interface potential barrier due to the intense incident
optical field.88,109 The transition from multiphoton emis-
sion to optical field emission are governed by the Keldysh
parameter,110 γ=ω

ffiffiffiffiffiffiffiffiffiffiffiffiffi
2mΦB

p
=eF , which signifies the domi-

nance of multiphoton (optical field) emission regime

TABLE 1 Commonly used electron emission parameter and constants

Useful emission model parameter Definition Numerical value Unit Emission process

ARN 4πmk2be=h
3 120.1 A cm−2 K−2 Thermionic

aFN e3/16π2ℏ 1.541 μA eV V−2 Field and thermal field

bFN 4
ffiffiffiffiffiffiffi
2m

p
=3ℏe 6.831 eV−3/2 V nm−1 Field and thermal field

cS e3
4πϵ0

� �1=2 1.200 eV (V nm−1)−1/2 Thermionic, field, and thermal field

dF V=bFNΦ
1=2
B d n/a n/a Field and thermal field
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when γ� 1 (γ� 1). The optical field emission from a
metal surface can be modeled by numerically solving the
Schrodinger equation coupled with a time-dependent
tunneling potential.88,111,112 Due to the requirement of
intense laser irradiation, the study of multiphoton and
optical field emission mostly focuses on a metal/vacuum
interface. Whether such transition can be implemented
at the solid-state counterpart, such as a metal/insulator
or semiconductor/insulator interface, remains an open
question thus far.

2.3 | Interfacial electron injection in the
2D Flatland

In this section, we review the physics of electron injection
in 2D material. We focus particularly on the thermionic
emission models of 2D materials since thermionic emis-
sion is the most important charge injection pathway
across the metal/semiconductor Schottky contacts which
are omnipresent in modern electronic and optoelectronic
devices.59

2.3.1 | Incompatibility of the 3D
emission model in the 2D material

In the formulation of the 3D material thermionic emis-
sion model, the following assumptions are made:

• Electrons follow parabolic energy–momentum disper-
sion relation.

• Material band structure disperses in all three spatial
directions as the crystal periodicity of a 3D solid is
well-defined in all three dimensions. Hence, electri-
cally contacting a 3D solid does not qualitatively affect
the physics of thermionic charge injection.

• Assume electrons are emitted along the z-direction.
Electron momentum component transversal to the
electron emission direction, that is, kk = (kx, ky), is
strictly conserved. The tunneling probability can be
fully expressed as a function of kz, that is, T k⊥,ΦB,Vð Þ.

In 2D materials, however, the above assumptions
completely breakdown since

• Electrons in 2D materials not necessarily follow para-
bolic energy dispersion relations;

• Crystal periodicity is only well-defined along the plane
of the 2D material. Thus, the energy band structure of
2D material disperses only in two spatial directions. In
the third spatial dimension perpendicular to the 2D

material plane, the electronic energy is quantized into
discrete bound states due to quantum confinement
effect. As a result, electron emission in the direction
parallel to the plane of the 2D material (i.e., lateral or
edge emission113) and that in the direction perpendicu-
lar to the plane of the 2D materials (i.e., out-of-plane
emission) are fundamentally different (see Figure 4
(A)), and exhibits completely distinctive characteristics
during thermionic charge injection.

• As the energy band structure does not disperses in the
out-of-plane direction, kk-nonconserving scatterings
can strongly influence the charge injection characteris-
tic in the out-of-plane directions. Thus, kk-
conservation can be relaxed and the tunneling proba-
bility of electron emission in the out-of-plane direction
can be modeled as a function of total wavevector,
k = (kk, k⊥ ), that is, T k,ΦB,Vð Þ.

Because of the above conditions,63 the validity of 3D
Richardson–Dushman thermionic emission theory in the
2D Flatland needs to be carefully scrutinized. In fact, the
reduced dimensionality effect on the thermionic emission
of electrons from 2D system has been first reported by
Anwar et al.114 A model of “side-way” thermionic charge
injection from a quasi-2D electron gas confined in a semi-
conductor quantum well structure (see Figure 4(B)) with
parabolic energy dispersion into a neighboring metal was
formulated. The thermionic injection current density is
found to be

JTE,2DEG V ,Tð Þ=
e
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8πk3Bm

�
q

ℏ2 T3=2exp −
ΦB−ΔΦB Vð Þ

kBT

� �
ð13Þ

where ΔΦB(V) is a barrier lowering term originates from
the image charge effect, and its exact value can be
numerically solved via an electrostatic image potential
simulation of a 2D/3D interface.

The 2D thermionic emission model in Equation (13)
has been highlighted in a recent hallmark review article
by Allain et al,39 and has since been widely adopted in
the analysis of thermionic charge injection in recent liter-
atures. However, extra care needs to be taken when
applying Equation (13) since the validity of Anwar's
model requires the following assumptions:

• Thermionic emission occurs in a “sideway” fashion,
that is, charges are thermionically injected from the
edge of the 2D electron gas laterally into an adjacent
metal.

• The 2D electron gas follows parabolic energy–
momentum dispersion relation.
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Thus, for a 2D electronic system with nonparabolic
energy–momentum dispersion relations, such as the
linear Dirac energy spectrum of monolayer graphene,
and/or electrically contacted by a metal using planar
surface contact configuration rather than the edge-type
contact configuration, Equation (13) ceases to be valid
and more general models are required to better cap-
tured the physics of thermionic charge injection in 2D
materials and devices. In the following section, we
provide a comprehensive review focusing on the
recently developed thermionic emission models for 2D
materials.

2.3.2 | Electron injection in 2D
materials: A universal theoretical
framework

Consider electron emission vertically out of the planar
surface of a 2D material, that is, the out-of-plane elec-
tron emission. Due to quantum confinement of electrons
into the 2D plane, the energy dispersion is quantized
into multiple 2D subbands115 indexed by n. The out-of-
plane electron emission is sensitively influenced by
whether the conservation of the electron momentum
transversal to the emission direction is respected. In

general, the out-of-plane electron emission current den-
sity with and without momentum conservation,63 are
given, respectively, as

J Cð Þ
2D,plane V ,Tð Þ= ge

2πð Þ2
X
n
τ−1
n⊥ T �knz,ΦB,V

� �ð
B:Z:

d2knk f FD kn,μ,Tð Þ

ð14Þ

J NCð Þ
2D,plane V ,Tð Þ= ge

2πð Þ2
X
n
τ−1
n⊥

ð
B:Z:

d2kk T �knz + knk,ΦB,V
� �

f FD kn,μ,Tð Þ

ð15Þ

where τ−1
n⊥ is the out-of-plane electron injection rate,

kn = (knk, knz) is the total electron wavevector, �knz is the
quantized electron wavevector perpendicular to the plane
of the 2D material, knk is the electron wavevector compo-
nent transversal to the emission direction, and n denotes
the 2D subband index. In Equation (15), coupling of �knz
and �knk in the tunneling probability reflects the non-

conserving nature of �knk during the out-of-plane emission
process, which can be due to electron–electron, electron–
phonon, and electron–defect scatterings.66,116-128 The
injection rate τ−1

n⊥ remains an elusive physical parameter.
The corresponding tunneling time, that is, τn⊥, has sev-
eral different definitions,129 for example, the Lamor
time,130 Buttiker–Landauer time,131 the Eisenbud–
Wigner time,132 the Pollack–Miller time,133 Ricco–Azbel
time,134,135 carrier lifetime associated with uncertainty
principle65,136 and semiclassical transit time related to
the discrete energy level and the 2D material thickness.63

The nature of τn⊥ is still under debate thus far. However,
as τn⊥ is related to the interfacial potential barrier profile,
it can be expected that, in the context of 2D-material-
based solid/solid electrical contact, the material property
and the quality of the contact shall play in important role
in τn⊥. For 2D material devices, τn⊥ can be readily
extracted from the electrical transport measurement by
fitting the data with an appropriate electron emission
model.64

For thermionic charge injection across a 2D-material-
based metal/semiconductor Schottky contact, the
electrical emission current density equations for several
representative classes of 2D electronic energy dispersions
relations, including graphene and its few-layer, Rashba
spintronic system, topological insulator thin-film, and
monolayer transition dichalcogenide, are summarized in
Figure 5. Remarkably, in the case of kk-nonconserving
thermionic injection process, the emission current den-
sity can be universally expressed for broad classes of 2D
materials by the general equation:

FIGURE 4 (A) Schematic drawing showing the two-

dimensional (2D) planar-type contact and 1D edge-type contact to

2D materials. (B) Schematic drawing of a quasi-2D electron gas

sideway thermionic injection in a semiconductor quantum well

structure considered by Anwar et al114 Copyright 1999, American

Institute of Physics

510 ANG ET AL.



J NCð Þ
2D,plane V ,Tð Þ=ATexp −

ΦB−cSV1=2

T

� �
ð16Þ

where A is a material-and device-dependent parameter.
Equation (16) reveals the existence of a universal current-
temperature Arrhenius scaling law for 2D materials:

ln
J NCð Þ
2D,plane

T

 !
/ −

ΦB

T
ð17Þ

which is in stark contrast to the Richardson–Dushman
model in Equation (3). Remarkably, for electron emission
laterally from the edge of the 2D material (see Figure 6),
the thermionic current similarly takes a universal form,

J2D,edgeð V ,Tð Þ=A0T3=2exp −
ΦB−cSV 1=2

T

� �
ð18Þ

where A0 is a material-and device-dependent parameter.
Correspondingly, the current-temperature scaling law in
an edge-type Schottky contact is

ln
J2D,edge
T3=2

� �
/ −

ΦB

T
ð19Þ

which is again distinctive from the conventional
Richardson–Dushman model. Importantly, Equations (18)
and (19) generalized the Anwar's sidewall Schottky con-
tact model114 to the case of all 2D electronic systems. The
universal edge emission model thus provides a strong
assurance for the use of the “T3/2” Arrhenius plot39 (see
Equation (19)) when analyzing the experimental data of
2D edge-type Schottky contact via the thermionic Arrhe-
nius plot of ln(J/T3/2) versus 1/T. Furthermore, as the
edge-type Schottky contact typically occurs at the electrical
contact region in the technologically important 2D semi-
conductor field-effect transistor (FET; discussed in

FIGURE 5 Thermionic charge injection model for two-dimensional (2D)/3D planar-type vertical Schottky contacts. (A) Schematic

drawing of the device and the current-temperature scaling law. (B) Tabulated of thermionic emission equations for various 2D electronic

systems.63 Copyright 2018, American Physical Society
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Section 3), Equations (19) and (20) provide a useful and
universal tool for the experimental characterization and
the computational modeling of broad classes of 2D metals,
such as graphene and 2D TMDC with metallic phases,137

and 2D semiconductors, such as 2D TMDC,137 black
phosphorous,138 and noble metal dichalcogenide,139 in
nanoelectronic and optoelectronic device applications.

2.3.3 | Graphene thermionic emission
model with lateral momentum
conservation

One of the first reformulations of thermionic emission
model for 2D material was conducted by Liang and

Ang.61 By explicitly considering the linear Dirac energy
dispersion of graphene, that is, εk = ℏvFk, where
vF = 106 m s−1 is the graphene Fermi velocity, the follow-
ing thermionic emission equation is obtained,

J Cð Þ
TE,Gr V ,Tð Þ= 2ek3B

πℏ3v2F
T3exp −

ΦB Vð Þ+ cSV1=2

kBT

� �
ð20Þ

The superscript (C) in Equation (20) Liang–Ang
thermionic emission model is derived under the
assumptions that: (a) kk is strictly conserved during the
emission process; and (b) the out-of-plane carrier
dynamics is described by a continuous energy
dispersion—a condition also previously employed in the

FIGURE 6 Thermionic charge injection model for two-dimensional (2D)/3D edge-type lateral Schottky contacts. (A) Schematic drawing

of the device and the current-temperature scaling law. (B) Tabulated of thermionic emission equations for various 2D electronic systems.63

Copyright 2018, American Physical Society
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study of thermionic emission from semiconductor-based
quantum well structure by Schneider and Klitzing.140

Due to the atomically thin nature of graphene and the
vanishing density of states around its Dirac point, the
Fermi level can be sensitively tuned by an external elec-
tric field, thus resulting in a voltage-tunable work func-
tion, ΦB(V) = ΦB0 − εF(V), where ΦB0 is the intrinsic

work function measured from the Dirac point and
εF(V) is the field-effect tunable Fermi level of graphene.
Importantly, the pre-exponential factor in equation is
proportional to T3 rather than the T2 dependence in the
classic Richardson–Dushman model for 3D solids.
Hence, the current-temperature scaling law takes a non-
Richardson form,

FIGURE 7 Liang–Ang and Sinha–Lee, and few-layer graphene thermionic emission models. (A) Liang–Ang model of thermionic

emission in graphene and fitting with experiment.61 Copyright 2015, American Physical Society. (B) Fitting of graphene/silicon Schottky

contact experimental data with modified Shockley diode equation based on the Liang–Ang model.142 Copyright 2017, IEEE. (C) Schematic

drawing of internal photoemission in graphene/SiC contact.143 Copyright 2020, Nature Publishing Group. (D) Schematic drawing of a

graphene/silicon Schottky contract and the fitting of the experimental data with Sinha–Lee model.64 Copyright 2014, American Chemical

Society. (E) Current–voltage characteristics of few-layer graphene with ABA-and ABC-stacking configurations and different layer numbers.62

Copyright 2016, American Physical Society
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ln
J Cð Þ
TE,Gr

T3

 !
/ −

1
T

ð21Þ

The Liang–Ang thermionic emission model for
graphene has demonstrated better agreement with the
current–voltage data obtained from graphene/vacuum
thermionic emission141 as compared with the classic
Richardson–Dushman model (Figure 7(A)). Further-
more, equation also indicates that the Shockley diode
equation needs to be revised as

J V ,Tð Þ= J Cð Þ
TE,Gr V ,Tð Þ exp

eV
ηkBT

� �
−1

	 

ð22Þ

where η is the ideality factor for the diode. A good agree-
ment between the modified Shockley diode equation
and the experimental data obtained from a graphene/sil-
icon Schottky diode has been demonstrated (see
Figure 7(B)).142 The thermovoltage experimentally mea-
sured in an Au/hBN/graphene heterostructure144 also
exhibits good agreement with the Liang–Ang model in
Equation (20). Recently, the internal photoemission
between graphene/SiC interface has been successfully
explained by using the Liang–Ang thermionic model
and a two-temperature photoemission model (Figure 7
(C)).143 The Liang–Ang model has been extended into
few-layer graphene, and it is found that the thermionic
emission current is sensitively influenced by the layer
number and the stacking configurations (see
Figure 7(E)).62

An important application of thermionic emission in
solid-state device technology, apart from charge injec-
tion in electrical contact, is the thermionic-based energy
conversion (see Figure 8).149,150 Excellent energy conver-
sion performance in thermionic energy converted has
been theoretically predicted in transition metal
dichalcogenide (TMDC) van der Waals heterostructure
contacted by graphene electrodes145 (see Figure 8(A)),
graphene/phosphorene/graphene van der Waals
heterostructure contacted by gold electrodes146 (see
Figure 8(B)), and TMDC van der Waals heterostructure
contacted by scandium electrodes147 (see Figure 8(C)).
TMDC van der Waals heterostructure contacted by
graphene electrodes has been experimentally demon-
strated as a feasible thermionic energy converter148 (see
Figure 8(D)), yielding ZT = 1.5 × 10−3 which is three
orders of magnitude higher than that of the thermoelec-
tric energy conversion ZT in graphene/hBN/graphene
heterostructure.151

2.3.4 | Graphene thermionic emission
model without lateral momentum
conservation: “Landauer-like” Shockley
diode equation

Sinha and Lee modeled the injection current flowing
across a graphene/semiconductor Schottky contact
(Figure 7(D)) by a Landauer-type transport equation,64

J = eτ−1
⊥
Ð
B:Z:d

2kkT kk
� �

f FD,Gr− f FD,SM
� �

, where f FD,Gr and
f FD,SM are the Fermi–Dirac distribution function of
graphene and the semiconductor under electrical contact.
In this formalism, the thermionic injection component of
the interfacial transport current, including the effect of
image-charge, can be analytically obtained as

J NCð Þ
TE,Gr V ,Tð Þ= 2ek2B

πℏ2v2Fτ⊥

ΦB

kBT
+1

� �

T2exp −
ΦB−cSV1=2

kBT

� �
≈
2ekBΦB

πℏ2v2Fτ⊥
Texp −

ΦB−cSV 1=2

kBT

� �
ð23Þ

where the superscript (NC) signifies that the Sinha–Lee
thermionic emission model is a kk-nonconserving emis-
sion model, and the second equality of Equation (23)
arises from the fact that ΦB � kBT for typical Schottky
contact devices operating near room temperature.

Assuming that τ⊥ does not have a temperature depen-
dence, the current-temperature scaling law can be suc-
cinctly expressed as

log
J NCð Þ
TE,Gr

T

 !
/ −

1
T

ð24Þ

which is in unison with the universal scaling law for
planar-type Schottky contact in Equation (17) when the
thermionic charge injection is subjected to significant scat-
tering events at the contact region. For graphene/silicon
planar-type Schottky contact, the injection time has been
reported as τ⊥ = 4.62 × 10−11 s64 and τ⊥ � 10−13 s152 in
separate experiments, thus suggesting τ⊥ could be
influenced by fabrication process and contact quality. For
graphene/WSe2,

82 graphene/palladium153 planar-type
Schottky contact, τ⊥ = 4.7 × 10−11 s and τ⊥ = 1.3 × 10−13 s
are reported, respectively. The smaller τ⊥ in graphene/pal-
ladium contact is consistent with the lower contact resis-
tance of such contact as compared to that of graphene/
silicon contact. τ⊥ is hence a useful device-specific parame-
ter for providing additional insights on the contact quality.

514 ANG ET AL.



2.3.5 | Graphene thermionic emission
and Heisenberg uncertainty principle

In Sinha–Lee thermionic emission model,64 the injection
rate τ−1

⊥ is treated as a “black box” parameter. Although
this parameter is related to the quality of the contact and
the formation physics of the solid/solid interface, the
actual physical origin remains elusive. In Liang–Ang
model,61 although the out-of-plane thermionic injection
process does not rely τ−1

⊥ parameter, the assumption of
strict kk-conservation during the interfacial tunneling
process appears to be inconsistent with the experimental
observations that kk-conservation can be easily violated
by scattering effects such as phonon and point defect in
the 2D crystal. Trushin proposed that the out-of-plane
dynamics of the electrons undergoing thermionic injec-
tion can be explained by the concept of a hot electron

liquid confined in a 2D plane.65 Due to quantum confine-
ment of electrons within a thickness of Δz within the 2D
material thickness, the electrons acquired an out-of-plane
momentum component, Δpz�ℏ/Δz by virtue of Heisen-
berg uncertainty principle, which provides the required
dynamics for the electrons to perform out-of-plane
tunneling. In this interpretation, the injection rate is
governed by the quasiparticle lifetime in in a confined
geometry, rather than by the interface disorder.

By employing the Fermi liquid theory for doped
graphene with Fermi level fulfilling jεFj � kBT, and the
2D Dirac liquid theory for undoped graphene with
jεFj � kBT, the injection time are found to be τ⊥,εF�kBT �
ℏ j εF j = kBTð Þ2 and τ⊥,εF�kBT �ℏ=kBT , respectively. Using
this uncertain-principle-based injection time interpreta-
tions, Trushin proposed Equation (22) can be rewrit-
ten as,

FIGURE 8 Thermionic energy conversion devices based on two-dimensional (2D) material heterostructures. (A) Graphene/TMD

thermionic energy converter and its energy conversion efficiency.145 Copyright 2017, Nature Publishing Group. (B) Graphene/phosphorene

thermionic energy converter and the first-principle density functional theory (DFT) calculation of the coefficient of performance.146

Copyright 2017, Royal Society of Chemistry. (C) TMD-based thermionic energy converter and its energy conversion efficiency calculated

using DFT simulation.147 Copyright 2018, Nature Publishing Group. (D) Experimental studies of a graphene/WSe2/graphene thermionic

energy converter.148 Copyright 2019, American Association for the Advancement of Science
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J NCð Þ
TE,Gr V ,Tð Þ=A�

GrT
2exp −

ΦB−cSV 1=2

kBT

� �
ð25Þ

where the modified Richardson constant is temperature
dependent,

A�
Gr =

2ek3B
πℏ3v2F

ΦB

kBT
+1

� �
T, for εFj j� kBT

2ek4B
πℏ3v2F εFj j

ΦB

kBT
+ 1

� �
T2, for εFj j� kBT

8>>><
>>>:

ð26Þ

Interestingly, in the low-doping and high-temperature
limit where jεFj � kBT, Equations (25) and (26) jointly
reduce to the Liang–Ang model in Equations (20) and
(21) with the same characteristic “T3” scaling in the pre-
exponential term. In the high-doping limit of jεFj � kBT,
Trushin thermionic emission model has been successfully
employed in the analysis of Schottky contact composed
of silicon and mono-and few-layer graphene.154 Nonethe-
less, it should be noted that the verification of Trushin
model in the undoped of jεFj � kBT remains challenging
since electrons capable of performing thermionic emis-
sion are typically in the high-energy states high above the
Dirac point at which the 2D Dirac liquid theory breaks
down. How the thermionic emission under the 2D Dirac
liquid regime can be experimentally probed remains an
open question.

2.3.6 | Other thermionic emission
models

In this section, we outline other thermionic emission
models related to Schottky contact based on graphene
and other 2D materials, namely: (a) high-energy therm-
ionic emission from graphene at high-temperature and
high-barrier regime; (b) thermionic charge injection in
graphene/organic-semiconductor Schottky contact;
(c) thermionic charge injection beyond semiclassical car-
rier statistics; and (d) thermionic charge injection in
metal/black-phosphorus Schottky contact at low-bias-
voltage regime.

2.3.7 | Generalized high-energy
thermionic injection model of graphene:
Full band structure effect

In the case of high-temperature and high-barrier therm-
ionic emission typically occurs in graphene/vacuum
interface, the thermionic emission is dominantly

contributed by high-energy electrons that are no longer
described by the simple Dirac linear energy dispersion
(Figure 9(A)). In this case, the full band structure of
graphene needs to be considered in calculating the
thermionic electrical current density.155 For interface
potential barrier ΦB > 1 eV, the Dirac cone approxima-
tion breakdowns which can lead to severe inaccuracy in
the electrical and heat current density as shown in
Figure 9(B).

2.3.8 | Thermionic injection model for
graphene/organic-semiconductor Schottky
contact

Graphene/organic-semiconductor Schottky contact is
another technologically important structure that has been
actively studied in recent years. Large current on/off ratios
exceeding 106 and a large on current of 200 mA cm−2 have
been demonstrated in a graphene/organic Schottky-contact-
based vertical FET (VFET) with dinaphthothienothiophene
evaporated on to graphene (Figure 10(A)).156 Furthermore,
p-type pentacene/graphene VFET and n-type N,N00-dioctyl-
3,4,9,10-perylenedicarboximide/graphene VFET (Figure 10
(B)) have been successfully assembled to produce comple-
mentary NOT-gate logical operation,157 thus demonstrating
the potential of graphene-based organic computing
nanoelectronics.

The charge injection from metal into a low mobility
material, such as insulator and organic material can be
modeled using the detailed balance principle and the car-
rier recombination near the metal/organic interface as
described by the Langevin theory. Consider the case
where the mobility of the organic semiconductor is field-
independent, the Scott–Malliaras metal/organic-
semiconductor contact-limited transport model159 can be
extended to the case of a graphene/organic-semiconductor
Schottky contact158 (see Figure 10(C)),

JGr=organic V ,Tð Þ= 16πεε0N0μk
2
BT

2

e

ψ2exp −
ΦB + εF0−η0ξ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε2F0 + ξ ε2C +�ε2Cf G

� �q� �
kBT

+ f 1=2

0
B@

1
CA ð27Þ

where η0 � sign ε2F0 + ξ ε2Cf +�ε2Cf G
� �� �

, ξ≡ sign(εF0), f G �
eVG�rC=kBTdG , �rC � e2=4πεGε0kBT, dG is the thickness of
the gate dielectric, εG is the gate dielectric constant, �εC �

ℏvF=4�rC , ψ � f −1=2 + f −1− f −1
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1+ 2f 1=2

q
, f≡ rCeV/kBTd,

rC≡ e2/4πεε0kBT, εC≡ℏvF/4rC, εF0 is the graphene Fermi
level; N0, μ and ε are the density of the transport sites,
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mobility, and dielectric constant of the organic semicon-
ductor. Equation (27) takes into account the field-effect
tuning of the Fermi level of graphene via an external gate
voltage VG.

For organic semiconductor with more complex
electrical mobility, such as the field-dependent
mobility,160,161 μ(F) = μ0exp(γF

1/2), where μ0 is the zero-
field mobility and γ is a material-dependent constant, the
thermionic charge injection current becomes158

In Equations (27) and (28), the current-temperature
scaling follows the Richardson–Dushman form of ln
(J/T2) / − 1/T. Nonetheless, the linear dependence of
JGr/organic / μ and JGr/organic / N0 are unique signature of
thermionic charge injection in organic Schottky interface,
and the gate-tunable transport current represents another
hallmark of 2D graphene.

2.3.9 | Photo-assisted electron injection
and hot carrier effects in graphene

By studying the charge injection across a graphene/hBN/
graphene (G/hBN/G) van der Waals heterostructure,162

Ma et al reported136 the tunable electron thermalization
pathways in graphene that can be dynamically tuned via
bias-voltage, V, and photon energy, ℏω, via the ratio eV/
ℏω where ω is the incident light frequency. At low eV/

ℏω, the charge transport across G/hBN/G is dominated
by photon-assisted tunneling and thermionic emission. In
this case, the photoexcited electrons undergo rapid ther-
malization in graphene before traversing across the hBN
tunneling barrier. In contrast, at high eV/ℏω, the field-
effect narrowing of the hBN tunneling barrier allows
electron to readily tunnels across the barrier before

FIGURE 9 Generalized high-energy electron thermionic emission model for graphene. (A) Schematic drawing of the band structure

and the electronic density of states of graphene. (B) The thermionic electrical and heat current densities calculated using the linear Dirac

cone approximation model compared to that of the full-band model.155 Copyright 2019, American Physical Society
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scatterings with other carriers in graphene, thus
switching off the thermalization process (Figure 11(A)).
The eV/ℏω thus provides a useful tuning knob to under-
stand the thermalization pathways in graphene.

In the photo-assisted field emission regime when
eV � Δ where Δ = ΦB − ℏω is the apparent barrier
height due to the absorption of one photon, a useful scal-
ing relation is identified (Figure 11(B)),

β2=3 =
4
ffiffiffi
2

p
d

3eℏ

� �2=3

m�1=3 ΦB−
ℏω
2

� �
ð29Þ

where m* is the whole effective mass in hBN, and β is the
slope extracted from the FN plot (see Equation (5)) at each

photon energy ℏω. The linear relation in the β2=3 versus ω
plot thus indicates photon-assisted field emission as
the dominant charge injection mechanism. Interestingly,
an alternative interpretation of voltage-dependent
tunneling time, that is, τ⊥(V) is proposed. Here,
τ⊥ Vð Þ= τ Vð Þ=T εk,Vð Þ , where τ(V) is a carrier lifetime
and is related to the energy difference between the initial
and final states of the tunneling electrons, Δε(V) which is
a function of the applied bias-voltage, by the energy-time

uncertainty relation, τ(V)� h/Δε(V), and T εk,Vð Þ is the
tunneling probability.

A comprehensive understanding of the photo-assisted
hot electron emission in graphene requires the detailed
modeling of thermalization of electrons via various scat-
tering processes. Such modeling was reported by
Rezaeifar et al164 and Ahsan et al163 in a nonequilibrium
Monte Carlo Boltzmann transport equation (MCBTE)
simulation is employed to rigorously model the promi-
nent carrier scattering events in graphene, that is, the
electron–electron, optical phonon, and supercollision
acoustic phonon scatterings (Figure 11(C)). By combin-
ing: (a) the relaxation times calculated via MCBTE simu-
lation; (b) the 2D electron emission models with
kk-nonconservation

63,64; and (c) the carrier-energy-and
voltage-dependent tunneling rate, that is, τ−1

⊥ εk,Vð Þ cal-
culated using the transfer Hamiltonian approach devel-
oped by Bardeen165 and Harrison,166 it is demonstrated
that the two distinct regimes of photo-assisted electron
emission from graphene, namely the (a) single particle
hot electron emission, where a photo-excited electron is
emitted before losing significant energy through scatter-
ings; and (b) ensemble hot electron emission, where the

FIGURE 10 Graphene/organic-semiconductor Schottky contact. (A) Graphene/dinaphthothienothiophene (DNTT) vertical tunneling

diode exhibiting high on/off current ratio of 106 with an on current of 200 mA cm−2.156 Copyright 2012, American Chemical Society.

(B) Graphene-based organic logical NOT gate.157 Copyright 2016, Wiley. (C) Theoretical modeling of thermionic injection model for

graphene/organic-semiconductor Schottky contact.158 Copyright 2019, Frontiers
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electrons undergoing emission are heated beyond the
electron lattice temperature by photoexcitations, can both
be used to create ultrahigh-current and ultrafast electron
emission.

2.3.10 | Thermionic carrier injection
into 2D semiconducting channel:
Landauer-type model and beyond
semiclassical carrier statistics

Penumatcha et al developed an analytical Schottky
barrier charge injection model for from ultrathin-body
FET based on the Landauer's approach.68 The 2D current
density (i.e., electrical current per unit channel width)
injected sideway from the contacted region of the 2D
semiconductor into the 2D channel region is,

J V ,Tð Þ= 2e
h

ð
T εkð ÞM εkð Þ f FD εkð Þ− f FD εk−eVð Þ½ �dεk

ð30Þ

where M εkð Þ= gv
πℏ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2m�

e=h εc=v VGSð Þ−εk
� �q

is the density of
modes in the 2D channel, gv is the valley-degeneracy, and
m�

e=h is the electron/hole effective electron mass, and

εc/v(VGS) is the conduction/valence band edge in the gate-
controlled channel region. The tunneling barrier is
assumed as a triangular barrier laterally extending into
the 2D channel that spans over a width given by the char-

acteristic body thickness167 λ=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
εbody
εox

� �
tbodytox

r
, rather

than the depletion width in the case of bulk-material
channel. The electron and hole SBHs (i.e., ΦBn and ΦBh)
can be directly extracted by fitting the experimental
transfer curve with Equation (30) that takes into account

FIGURE 11 Hot electron emission from graphene. (A) The thermalization pathway of hot carriers injection in a graphene/hexagonal

boron nitride (hBN)/graphene vertical tunneling heterostructure can be switched into hot carrier thermionic emission and direct tunneling

processes. (B) The β-parameter scaling law with photon energy.136 Copyright 2016, Nature Publishing Group. (C) Computational modeling

of hot electron emission current densities, efficiency, and response time in graphene.163 Copyright 2020, American Physical Society
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both electron and hole injection currents across the
source/channel and drain/channel contacts (see
Figure 12(A,B)). The model accurately captures the
transition between various electron and hole tunneling
and thermionic current. The extracted band gap
(i.e., Δ = ΦBn+ΦBh) of few-layer black phosphorus
FETs with channel thicknesses ranging from 5 nm to
12 nm exhibits excellent with DFT simulation. It
should be noted although Equation (30) accurately cap-
tures the current–voltage transfer characteristics of a
ultrathin-body phosphorene FET (Figure 12(C)) and
the extracted transport band gap value is in good agree-
ment with DFT simulation (Figure 12(D)), the overall
magnitude of the calculated injection current still
needs to be arbitrary adjusted to match the experimen-
tal data. Such inadequacy contact possibly arises from
the omission of the interfacial injection rate parameter,
τ−1
⊥ which captures essential physics of interfacial charge
injection in 2D-material-based contact. The fact that

omitting τ−1
⊥ in Equation (30) does not lead to severe

error in the current–voltage scaling also suggests the
possibility of τ−1

⊥ being only weakly dependent on the
voltage during the thermionic charge injection across a
Schottky contact, which is consistent with Trushin's
uncertainty-relation-interpretation of τ−1

⊥ discussed
above.65

Under the small-bias condition eV � kBT, Equa-
tion (30) reduces into a simple analytical expression of
sideway thermionic injection,168

J V ! 0,Tð Þ= 2πgve
2

ℏ2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2m�

e=hkB

π

s
T1=2exp −

ΦB

kBT

� �

The T1/2 scaling dependence is also consistent with
the low-voltage limit of the thermionic charge injection
model for thick 2D layered semiconductor developed by

FIGURE 12 Landauer-type charge injection models for two-dimensional (2D) semiconductor field-effect transistor. (A) The calculated

injection current into a 2D semiconducting channel. (B) Band diagram at various applied gate voltage, (C) Fitting of few-layer phosphorene

field-effect transistor experimental data with the Landauer-type charge injection model. (D) Comparison of the transport gap with density

functional theory (DFT) calculations for few-layer phosphorene.68 Copyright 2015, Nature Publishing Group. (E) Analytical modeling of

charge injection in “thick” 2D-semiconducting channel and the T1/2 thermionics scaling law at low bias voltage.67 Copyright 2017, American

Physical Society
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Grassi et al67 based on the Bardeen's transfer Hamilto-
nian theory (see Figure 12(E)).165,166

Finally, we discuss the thermionic charge injection
model beyond semiclassical carrier statistics. in the case
where the SBH is reduced to a small value by an external
gate voltage, the charge injection is no longer dominant
by the Fermi tail of the Fermi–Dirac distribution func-
tion, and it becomes necessarily to employ the full
Fermi–Dirac carrier statistic to model the thermionic
charge injection, rather than the semiclassical Maxwell–
Boltzmann carrier statistics commonplace to the classic
thermionic emission theory. Li et al formulated a
Landauer-type transport equation with full Fermi–Dirac
carrier statistics,169 which successfully explains the
anomalous apparent SBH and the metal–insulator transi-
tion observed in few-layer black phosphorus FETs.

2.4 | Generalized Thermionic Arrhenius
Plot and Its Application in SBH Extraction

In summary, the thermionic emission current can be
quite generally written in a generalized thermionic equa-
tion for 2D and 3D materials,

JTE,2D V ,T,βð Þ=ATβexp −
ΦB−cSV 1=2

kBT

� �
ð31Þ

which follows the generalized Arrhenius scaling law,

log
J

Tβ

� �
/ −

1
T

ð32Þ

The term −1/T in the right-hand side of the propor-
tionality is a hallmark of thermal-activated overbarrier
transport process of carriers residing at the Fermi tail
with energy constraint (εk − εF) � kBT which is usually
well-obeyed for solid-state Schottky contact with sizable
Schottky barrier near room temperature. More impor-
tantly, β is a signature material-and device-dependent
scaling exponent whose exact form is strongly
influenced by:

1. Contact geometry, that is, edge-type versus planar-
type Schottky contact can have distinct β.

2. Electronic properties of the contacting materials: Energy–
momentum dispersion can lead to different β in the case
of planar Schottky contact with kk-conservation.

3. Lateral momentum conservation and the injection
rate parameter: Whether kk-conservation is respected,
and choosing a different interpretation of injection
rate can both lead to different β.

In Figure 13(A), the thermionic charge injection
Arrhenius scaling law and the corresponding β are
listed for various contact geometries of 2D-material-
based devices. For 2D metal (such as graphene) in con-
tact with a 3D semiconductor (such as silicon) via its
planar surface, the thermionic injection occurs via the
2D metal surface and belongs to the type of 2D planar
thermionic emission. The scaling exponent is thus uni-
versally β = 1 in the presence of scattering-induced
kk-nonconservation. For 2D-metal/2D-semiconductor
contact, because there is a strong overlap of the 2D
carriers in both sides, the charge injection is domi-
nantly mediated by the 1D edge type thermionic emis-
sion. Correspondingly, the scaling exponent is
universally pinned to β = 3/2. In the case of 2D semi-
conductor contacted by 3D metal which is commonly
found in the FET setup, the scaling exponent is depen-
dent on the coupling of the metal atoms and the 2D
crystals. In the absence of metalization in the 2D semi-
conductor, carriers are injected into the 2D semicon-
ductor via the 2D planar type thermionic emission (see
Figure 13(B)) with the universal scaling exponent of
β = 1 in the presence of scattering-induced kk-non-
conservation. In contrast, if substantial metalization is
induced in the contacted region of the 2D semiconduc-
tor, the charge injection is effectively mediated by the
new metalized system into the 2D semiconducting
channel via “sideway” 1D edge type thermionic emis-
sion (see Figure 13(C)) and the scaling exponent fol-
lows the universal form of β = 3/2. From
Equation (31), we obtain the generalized Shockley diode
equation for 2D-material-based Schottky contact,

J2D VDS,T,βð Þ=ATβexp −
ΦB−cSV

1=2
DS

kBT

 !
exp

eVDS

ηkBT

� �
−1

	 


ð33Þ

where A is a constant and VSD is the source-drain bias
voltage. In a simple Schottky contact, the SBH in the neg-
ative bias voltage eV/ηkBT� 0. In this case, the carrier
injection is dominated by the thermionic emission, and
the SBH can be straightforwardly extracted from the slope
of the generalized Arrhenius plot in Equation (32). In a
three-terminal metal/2D-semiconductor/metal FET, the
true SBH of the contact can be determined by identifying
the flat-band voltage, VFB, at which the injection current
is contributed exclusively via thermionic emission only170

(see Figure 14(A)). Such SBH extraction can be obtained
via the following steps15 (see Figure 14):

1. Plot a series of Arrhenius plots (Equation (32)) for dif-
ferent gate voltages, VGS (Figure 14(E)).
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2. Extract the apparent SBH, ΦB, from the slope of each
Arrhenius curves.

3. Plot the extracted ΦB versus their corresponding VGS

(Figure 14(F)).
4. The gate VGS at which the ΦB versus VGS curve starts

the deviate from a linear relation is the flat-band volt-
age, VFB, and the SBH that corresponds to this VGS is
the actual SBH, ΦSB of the source/channel contact
(see Figure 14(F)).

It should be noted that the Steps 1–4 above are per-
formed under a constant bias voltage, VDS, which also
lowers ΦB due to Schottky image-force effect. To remedy
this inaccuracy, Steps 1–4 can be repeated for multiple
VDS, the extracted ΦSB(VDS) can be plotted against VDS,
and the extrapolation of ΦSB(VDS ! 0) yields the actual
SBH without image force effect (see Figure 14(C)).39

Apart from offering a tool for extracting the SBH, the
generalized Shockley diode model in Equation (33) can
also be utilized for the contact resistance analysis. For
electrical contacts dominated by thermionic injection,171

the contact resistivity is Rc / lim
VDS!0

dVDS=dJð Þ , which,

when combined with Equation (33), yields the general-
ized contact resistance temperature scaling law,

ln RCT
β−1

� �
/ΦB

T
ð34Þ

The temperature scaling of RC thus offers another
method to extract the SBH via Equation (34).

3 | FIRST-PRINCIPLE DENSITY
FUNCTIONAL THEORY
SIMULATION OF ELECTRICAL
CONTACTS TO 2D MATERIALS

Due to the inevitable mismatch of the work function and
the affinity of metal and semiconductor, a SBH (often den-
oted as ΦB) is typically formed in a metal/semiconductor
device. In bulk material without severe Fermi level pinning
effect, the SBH can be approximately described by the
Schottky–Mott rule,54,172,173 ΦB = WM − χSM where WM is
the metal work function in isolation, and χSM is the electron
affinity of the semiconductor. Due to the formation of
metal-induced gap states (MIGS) in the semiconductor the
SBH often deviates from the Schottky–Mott rule. The accu-
rate determination of the SBH in 2D-material-based
Schottky contact requires first-principle DFT simulation.

FIGURE 13 Thermionic charge injection scaling law in two-dimensional (2D)-material-based electrical contacts. (A) Generalized thermionic

charge injection current-temperature Arrhenius scaling laws with device-dependent β scaling exponents for (i) 2D-metal/3D-semiconductor planar

contact; (ii) 3D-metal/2D-semiconductor planar contact without metalization in the 2D semiconductor; (iii) 3D-metal/2D-semiconductor planar

contact with substantial metalization in the 2D semiconductor; (iv) 3D-metal/2D-semiconductor edge contact; (v) 2D-metal/2D-semiconductor

edge contact. (B) Schematic illustration of the planar charge injection in the interface between 3D metals and 2D semiconductor without

metalization. (C) Schematic illustration of the sideway charge injection in the interface between 3D metals and metalized 2D semiconductor
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In this section, we review the DFT computational
simulation of 2D-material-based electrical contacts. From
a microscopic viewpoint, two physically distinctive types
of Schottky barrier can be defined53: (a) vertical Schottky
barrier that exists across the van der Waals gap between
2D/2D and 2D/3D interface; and (b) lateral Schottky bar-
rier that extends laterally from a 3D bulk metal into the
2D-semiconducting channel. This section highlights the
importance of DFT simulation as a versatile tool which,
when combined with the charge injection model dis-
cussed in previous section, provides a comprehensive
understanding on the physics of electrical contacts in 2D-
material-based devices.

3.1 | Where are the barriers?

In 3D bulk-material-based Schottky contact, the Schottky
barrier that limits the charge injection across the contact
lies in the band bending region between semiconductor
and the contacting metal. To illustrate the major differ-
ence between 3D Schottky contact (Figure 15(A)) and 2D
Schottky contact, two main classes of 2D metal/semicon-
ductor interfaces39,53,176 are shown in Figure 15(B,C).
Figure 15(B) corresponds to the case where the bulk
metal electrode couples weakly with the 2D material. In
this case, a vertical Schottky transport barrier is formed at
the 2D/3D van der Waals interface which limits the

FIGURE 14 (A) Schematic illustration of the charge injection band diagram in a 3D-metal/two-dimensional (2D)-semiconductor

electrical contact showing various electron emission mechanisms. (B and C) illustrate how the actual Schottky barrier height of the contact

can be extracted from the apparent barrier height measured at different gate voltages and bias voltages.39 Copyright 2015, Nature Publishing

Group. An example of how actual Schottky barrier height can be extracted from the electrical measurements of a 2D material field-effect

transistor are illustrated in (D–F).15 Copyright 2013, American Chemical Society

ANG ET AL. 523



contact-to-channel charge injection. Figure 15(C) illus-
trates the opposite situation where a strong hybridization
occurs between the bulk metal and the 2D semiconduc-
tor. In this case, the 2D semiconductor directly under the
metal contact is metalized, and the charge injection
becomes limited by the lateral Schottky transport barrier
that extends laterally into the 2D channel. In more realis-
tic cases, the lateral transport barrier can have different
band bending types dependent on the interactions
between the metal and the 2D semiconductor, thus giv-
ing rise to multiple types of metal/2D-semiconductor
Schottky contact (see Figure 15(F)). Importantly, having
an ohmic vertical interface does not necessarily warrants
an ohmic charge injection176—the presence of a lateral
Schottky transport barrier can still severely limit the
current injection efficiency even when the contacting

metal has a sustain no vertical Schottky barrier with the
2D semiconductor.

The vertical Schottky barrier can be extracted from
the spatial profile of the effective electrostatic potential
across the contact region177 (see Figure 15(D)) via DFT
simulation. In contrast, the lateral Schottky barrier
requires nonequilibrium Green's function transport cal-
culation coupled with DFT for a source-channel-drain
FET device configuration.53,175,176,178-181 By profiling the
local device density of states (LLDOS) across the entire
device (see Figure 15(E)), the electron (hole) lateral
SBH Φ eð Þ

SB,T (Φ eð Þ
SB,T ) can be extracted from the LLDOS as

the energy difference between the Fermi level in the
source region to the conduction (valance) band edge
energy at the flat-band region of the 2D channel. The

transport gap can then be calculated as Δ=Φ eð Þ
SB,T +Φ hð Þ

SB,T.

FIGURE 15 Density functional theory (DFT) simulations of electrical contacts in two-dimensional (2D) semiconducting materials.

(A) The schematic drawing of a 3D/3D electrical contact. (B and C) Two different types of 2D/3D contacts and their band diagram with and

without metalization, respectively.39 Copyright 2015, Nature Publishing Group. (D) The vertical Schottky barrier height in a 2D/3D contact

can be extracted from the effective electrostatic potential spatial profile across the contact region,53 Copyright 2014, American Physical

Society. (E) An example of lateral Schottky transport barrier extraction from the local device density of states calculated from DFT-based

nonequilibrium Green's function quantum transport simulation of a field-effect transistor setup.174 Copyright 2017, American Chemical

Society. (F) Various types of 2D/3D contacts as classified by the band diagram at the contacts in realistic device configurations.175 Copyright

2016, Nature Publishing Group
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In relevance to charge transport theory, the presence of
lateral Schottky transport barrier adjacent to metalized
2D semiconductor suggests that the charge injection is
more appropriately described by the edge-type sideway
thermionic emission model63 (Equations (18) and (19))
even though the contact is of planar-type.

3.2 | DFT simulations of electrical
contacts to 2D semiconductors

SBH critically influences many important figure of merits
of FET device performance, such as the contact resis-
tance, the magnitude of the on state current, the leakage
current in off state operation, the delay product, and the
power-delay product. We first review the DFT studies of
2D/2D contacts reported in recent years. For graphene-
based 2D/2D Schottky contacts, such as GaS/graphene,182

SnS2/graphene,
183 phosphorene/graphene,184 InSe/

graphene,185 blue-phosphorene/graphene,186 SnSe/
graphene,187 and the Janus system of MoSeS/graphene
and MoSSe/graphene,188 and PtSSe/graphene189 the SBH
is found to be tunable by external parameters, such as
mechanical strain, electric field, dopant atoms and inter-
layer distance. In GaS/graphene heterostructure,182 an n-
type Schottky contact with the SBH of 0.51 eV and can be
tuned by applying vertical strain. A similar behavior is
similarly present in SnS2/graphene

183 heterostructure.
For phosphorene/graphene184 contact, the SHB and the
doping level of phosphorene can be modulated by an
external electric field. Such field-effect tunable SBH is
also present in InSe/graphene which can be further
transformed into an ohmic contact when the external
electric field is larger than 1.5 V nm−1.185 For blue pho-
sphorene/graphene contact, layer-number-dependent
Schottky contact is predicted, with an n-type SBH of 0.63
and 0.33 eV for monolayer and bilayer blue phorphorene,
respectively. Doping graphene with boron or nitrogen
atoms has been explored as a possible route for Fermi
level depinning and for forming ohmic contact in the
SnSe/graphene heterostructures.187

Planar-asymmetric Janus 2D semiconductor repre-
sents another interesting system in which the electronic
properties is significantly different between the two oppo-
site planar surfaces. For example, graphene/MoSeS and
graphene/MoSSe heterostructures188 exhibits a contra-
sting SBH of 0.53 and 0.07 eV, respectively, which can be
tuned by electric field. In the case of Janus PtSSe con-
tacted by graphene, the SBH can be adjusted by multiple
device parameters, such as the interlayer distance, exter-
nal electric field, and layer number,189 and a Schottky-to-
ohmic transition is predicted when the layer number of
PtSSe is increased to three. The Janus semiconducting

mono- and few-layers thus offer a versatile material plat-
form with tunable electronic and transport properties.

Beyond the semimetallic 2D graphene, 2D/2D hetero-
structures composed of TMDC monolayers, such as
MoSe2 and WSe2, and 2D metallic monolayer NbSe2, the
SBH also exhibits good tunability by applying external
electrical field, tensile strain, or vertical compressive
pressure.190 In the case of WSe2/titanium-carbide 2D/2D
heterostructures, the contact types can be tuned by con-
trolling the surface functional groups in titanium carbide
monolayers.191

For 2D/3D heterostructure composed of bulk metals
(e.g., Sc, Ti, Ag, Cu, Au, Pd, Pt, Cr, Ni, etc.) in contact
with TMDC monolayers of WS2,

178 WSe2,
192 WTe2,

193

MoS2,
175,194 MoSe2,

195 and with black phosphorene,196

and black-phosphorene-analogues such as SnS197 and
SnSe198 are studied using DFT and quantum transport
simulations. Rich contact phenomena, such as the forma-
tion of n-type and p-type Schottky contacts, ohmic con-
tacts, and the strong metalization of the 2D
semiconductors by contacting metals are identified in
these materials. For monolayer WS2 contacted by six
common metals (Ag, Au, Cu, Pt, Sc, Ti), it is found that
p-type Schottky contact exists only in contact with Pt
electrode, while n-type Schottky contact are predicted for
Sc, Ti, Ag, Cu, and Au electrode.178 The WSe2/metal
interfaces192 exhibits a dominantly ohmic behavior.
When 2D semiconductor is contacted by bulk metals, the
2D semiconductor can also be metalized to form a new
metallic system at the contacted region. For example, the
integrations of Sc, Ti, Pd, and Pt on WTe2

193 and of Ni,
Ti, and Cr on MoSe2

195 are found to exhibit substantial
metalizations. In the case of monolayer MoS2 contacted
by metal, different types of metals exhibit contrasting
charge transfer behavior. This leads to the formation of
n-type Schottky contact in Au, Pt, Ag, Ti, Cr, Ni, and Pd,
and p-type Schottky contacts in monolayer CCr2.

175,194

Beyond TMDCs, black phosphorene196 and black-
phosphorene-analogues, such as SnS197 and SnSe,198 are
also extensively studied. For this class materials, strong
metalization and substantial Fermi level pinning effect
are identified. For phosphorene,196 n-type Schottky con-
tact are formed in the Au, Cu, Cr, Al, and Ag contacts,
while p-type Schottky contact formed with Ti, Ni, and Pd
contacts. In another class of 2D elemental monolayers,
such as arsenene174 and tellurene199 and blue pho-
sphorene, strong Fermi level pinning effect due to the
presence of MIGS is observed and can be remedied by
using graphene as an electrode to eliminate the MIGS.

Apart from 3D metals and graphene, 2D MXenes rep-
resents another class of potential electrical contact mate-
rial to 2D semiconductors. Intriguingly, as the surface
chemistry strongly influences the Fermi level of MXenes,
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the work function can be tuned to an optimal value via
different species of surface termination (such as O, OH,
and F) to generate Schottky-barrier-free interfaces that
are highly beneficial for charge injection.200 More
recently, the ultrathin film of topological semimetal,
namely the bilayer Na3Bi,

200 have also been proposed as
a candidate electrical contact material to 2D semiconduc-
tors. The calculated Schottky transport barriers in bilayer
Na3Bi contacted WS2 and MoS2 are substantially lower
than that of many commonly studied metal contacts,201

thus revealing the potential of ultrathin films of topologi-
cal solids for 2D material contact engineering.

It should be noted that when calculating the elec-
tronic and transport properties of 2D-material-based con-
tact interface, the crystal planes of the contacting metals
that are most probable in the exeprimetns53 are typically
chosen. Some commonly used crystal planes are the (111)
surfaces of Al, Ni, Cu, Pd, Ag, Pt, and Au, the (0001) sur-
faces of Mg, Ti, Mo, W, and Co, and the (101) surface for
In.53,178,202 The role of different crystal surface of the
metal contacts in charge injection and Schottky barrier
formation, and whether such crystal surface can be
harnessed as a tuning knob for contact engineering
remains open questions thus far.

We compile The SBHs determined in previous DFT-
based electrical contact calculations of various 2D semi-
conductors into the Schottky–Mott plot in Figure 16 by
plotting the DFT calculated lateral electron SBH, Φ eð Þ

SB,T

with the metal work function, WM. Although individual
2D materials does not strictly follow the Schottky–Mott
rule due to the inevitable presence of MIGS and interfa-
cial hybridization,203 the general trends of the data points
from the 16 types of 2D materials surveyed in this review
does provide overall agreement with the Schottky–Mott
rule. A comparison between the calculated and the exper-
imentally extracted SBH for the monolayers of MoS2,
WS2 and monolayer black phosphorus196 is shown in
Figure 17. For the commonly studied MoS2 monolayer,194

the DFT calculated SBHs of the Au (0.20 eV) and Pt
(0.28 eV) contacts are in good agreement with the experi-
mental SBH values of 0.32 eV204 and 0.23 eV,15 respec-
tively. For Ag, Ti, Cr, Ni, and Pd electrodes, the
calculated SBHs are, however, larger than the experimen-
tal values (Figure 17(A)). In the case of WS2,

178 the DFT
predicted SBH of Ti contact (0.38 eV) is in good agree-
ment with the experimental value of 0.24 eV15 (Figure 17
(B)). For monolayer black phosphorus,192 the calculated
p-type SBHs of 0.30 and 0.26 eV for Ti and Ni contacts
are consistent with the experimental value of 0.21 eV15

and 0.35 eV,15 respectively (Figure 17(C)). For WSe2 con-
tacted by Au, the DFT calculated SBH value (0.66 eV)192

is much larger than the experimentally value of 60meV
in the van der Waals contacted device.55

In relevance to the injection models discussed in pre-
vious sections, the DFT-based simulations yield impor-
tant insights on the contact type (ohmic or Schottky),
contact configuration (1D edge or 2D planar contact), the
SBH value and the device transport spectrum, which can
be readily incorporated in the charge injection model,
such as the J / Tβexp(−ΦB/kBT) with β = 3/2 commonly
used in the study of 2D semiconductor devices,39 to pro-
vide a comprehensive modeling of the device transport
characteristics. The DFT calculated SBH value can also
serve as a benchmark to the SBH value extracted from
the experimental data using the thermionic injection
model. Furthermore, DFT simulation offers an important
tool toward the design and engineering of high-
performance electrical contact to 2D materials. Recently,
2D material contact engineering have been extensively
studied (see References 41,205 for a review). For exam-
ples, 2D materials can be contacted via its atomically
sharp edge.113 Such 1D edge contact results in a much
larger depletion width when compared to the 2D planar
face contact, which significantly weaken the Fermi level
pinning effect as demonstrated in 3D-metal/2D-TMDC
edge contacts.206 In the case of graphene/2D-TMDC lat-
eral heterostructure, high-quality ohmic contact with low
contact resistance has also been reported.207 The use of
insertion layer, such as hBN,208-211 graphene,212,213

MoSe2,
214 and ultrathin metal oxides,200 has also been

actively explored as an effective strategy to eliminate inter-
facial dangling bonds, to suppress Fermi level pinning,
and to engineer low-resistance ohmic contacts. More
recently, the creation of atomically sharp van der Waals

FIGURE 16 Schottky–Mott plot of the lateral electron

Schottky transport barrier versus the metal work function for

various two-dimensional (2D) semiconductors contacted by

common bulk metals. The dashed-line represents the Schottky–
Mott rule
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interfaces between 3D metals and 2D semiconductor have
been successfully demonstrated as a new paradigm toward
the engineering of high-quality electrical con-
tact.54,55,215,216 A remarkably low contact resistance of
3 kΩμm in indium/MoS2 contact,

215 and the near absence
of Fermi level pinning and chemical disorders
approaching the Schottky–Mott limit in MoS2 monolayer
contacted by various mechanically transferred metals54

have been realized. In this regard, the combination of
charge injection theory and first-principle DFT simulation
offers a powerful approach toward realistic 2D device
modeling, which is particularly crucial for the computa-
tional design and optimization of practical 2D material
contacts and devices, and for the verification of experi-
mental transport measurements so to pin down the

underlying physical mechanisms for improving the quality
of electrical contacts. With the advances of computing
hardware and computational material science in recent
years,217,218 we expect the synergy of experiments, trans-
port theory and first-principle calculation to shed new
lights on both the fundamental physics of electron trans-
port and the practical design of novel functional devices
based on 2D materials and their heterostructures.

4 | CHALLENGES AND OUTLOOKS

Before closing this review, we discuss some of the chal-
lenges and outlooks of electron emission and charge injec-
tion physics in 2D materials, heterostructures, and devices.

FIGURE 17 Comparison of density functional theory (DFT) calculated Schottky barrier height with experimental extracted value for

(A) MoS2
194 Copyright 2019, American Chemical Society; (B) WS2

178 Copyright 2019, Wiley; and (C) phosphorene196 Copyright 2016,

American Chemical Society
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4.1 | How to experimentally verify the
thermionic injection models?

The fitting of the thermionic emission current with
different β scaling exponents in the thermionic emis-
sion model (Equation (29)) typically does not affect the
linearity of the data points in the Arrhenius plot. For
example, for 2D graphene whose electronic properties
clearly do not obey parabolic energy dispersion, the
thermionic current still can be well-fitted by the
Richardson–Dushman Arrhenius plot of ln(J/T2) versus
−1/T without strong nonlinearity, rather than the
more appropriate ln(J/Tβ) versus −1/T with β = 3 and
β = 3/2, respectively, for charge injection with and
without kk-conservation. The identification of β from
experimental data is thus challenging.

To illustrate the elusive nature of β, we rearrange the
generalized thermionic model in Equation (31) as (ignor-
ing image charge effect for simplicity),

J

T2 =ATβ−2exp −
ΦB

kBT

� �
ð35Þ

After some algebra, Equation (35) can be trans-
formed into the classic Richardson–Dushman scal-
ing form,

log
J

T2

� �
= log

AΦβ−2
B

kβ−2
B

 !
−

ΦB

kBT
+Λβ Tð Þ ð36Þ

where Λβ Tð Þ� 2−βð Þlog ΦB
kBT

� �
originates from the devia-

tion of Equation (35) from the classic Richardson–
Dushman law. Typically, ΦB> kBT in typical Schottky

contact, hence ΦB
kBT

> log ΦB
T

� �
. Furthermore, the Arrhenius

plot is typically plotted over a small temperature range of
from Tl to Th (e.g., from Tl = 200 K to Th = 400 K). The

difference Λβ Thð Þ−Λβ Tlð Þ
 = log Tl

Th

� �  is much smaller

than ΦB
kBTh

− ΦB
kBTh

  . As a result, whether Λβ(T) is included

in fitting the experimental data does not significantly
affect the linearity of the Arrhenius plot. The classic
Richardson–Dushman Arrhenius scaling of log(J/T2) ver-
sus 1/T would likely to result in a good linear fit to the
experimental data.

Which β to use when the thermionic emission mecha-
nism is not clearly known? When the choice of β cannot
be directly made, we proposed that, by virtue of Occam's
razor, the Arrhenius plot should be plotted without
including any temperature-term in the log-current term
in Equation (31), that is,

log Jð Þ= log
AΦβ

B

kβB

 !
−

ΦB

kBT
+Λ0

β Tð Þ, ð37Þ

rather than assuming the Richardson–Dushman model a
priori. Correspondingly, this gives rise to a semiempirical
Arrhenius law,

log Jð Þ/ −
ΦB

kBT
ð38Þ

We propose Equation (38) to be used in the fitting the
experimental data of 2D-material-based thermionic injec-
tion contact when β cannot be straightforwardly deter-
mined, rather than assuming the Richardson–Dushman
model a priori, which could lead to misinterpretation of
the underlying electron emission physics.

4.2 | Lateral momentum conservation:
To conserve or not to conserve?

Lateral momentum nonconserving interfacial charge
transport has been extensively reported in quasi-2D elec-
tron gas confined in semiconductor quantum well
structures,116,118,219,220 and more recently in 2D mate-
rials.66,117,119,124-127 In the tunneling charge injection
across graphene/hBN/graphene heterostructure, the
experimental transport measurements are better
explained by a momentum nonconservation tunneling
model.124 Nonetheless, a direct smoking gun signature of
electron momentum nonconservation in the charge injec-
tion across 2D/2D and 2D/3D Schottky contact, espe-
cially in the thermionic, thermal-field and field emission
regimes, remains elusive. We propose that investigating
the bias-voltage, gate-voltage, and temperature depen-
dence of the tunneling rate parameter, τ⊥, may yield
important insights on the nature of momentum conserva-
tion in 2D-material-based electrical contact.

4.3 | What new insights can be
crystalized out from the vast DFT studies
of 2D-material-based heterostructures and
electrical contacts?

DFT-based simulation provides a power tool for the
modeling of/3D and 2D/2D electrical contacts. Nonethe-
less, the computationally expensive and fully numerical
natures of DFT-based approach often forbid the underly-
ing physics of the electrical contacts to be straightfor-
wardly extracted. As the number of DFT studies in the
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literature are growing rapidly in recent years, now
seems to be the right time to search for broad-scope
insights, such as general trends, simple rules, and scal-
ing universalities, from the DFT “big data”. For exam-
ple, Jiang et al221 performed a carpet search on wide
array of 2D layered materials through DFT calculation
and identified a universal scaling law between quasi-
particle band gap and the exciton energy. Chen et al181

identified a simple rule for determining the metal/2D-
semiconductor contact type through a critical metal/
semimetal separation of d≈2:3 Å. The recent advance-
ment of machine learning in material science222 and
condensed matter physics223 shall offer a new viable
route toward the extraction of hidden physical insights
from the vast-growing literature of 2D material theoreti-
cal and computational studies.

5 | CONCLUSION

In summary, we review the theory of electron emission
and the recent progresses theoretical and computa-
tional modeling of charge injection and contact forma-
tion in 2D-material-based heterostructures and devices.
The 2D thermionic charge injection models and their
scaling laws developed for 2D materials in recent years
are summarized. A survey of DFT simulation on the
lateral Schottky transport barrier in a 3D-metal/2D-
semiconductor FET electrical contact is performed. As
interfacial charge injection represents an important
electrical route for the extraction of electronic and
optoelectronic behaviors of 2D materials and their het-
erostructures, we expect a comprehensive understand-
ing of electron emission phenomena, which remains
an ongoing unfinished quest, to be of critical impor-
tance for the development of novel architectures 2D
material device and devices. We prompt more experi-
mental, theoretical and modeling works to be per-
formed in order to fully unearthed the unusual
electrical contact and charge transport physics in the
wonderful 2D Flatland.
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