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Abstract
Over the past decade, two-dimensional semiconductors (2DSCs) have aroused wide interest
due to their extraordinary electronic, magnetic, optical, mechanical, and thermal properties,
which hold potential in electronic, optoelectronic, thermoelectric applications, and so forth.
The field-effect transistor (FET), a semiconductor gated with at least three terminals, is
pervasively exploited as the device geometry for these applications. For lack of effective and
stable substitutional doping techniques, direct metal contact is often used in 2DSC FETs to
inject carriers. A Schottky barrier (SB) generally exists in the metal–2DSC junction, which
significantly affects and even dominates the performance of most 2DSC FETs. Therefore, low
SB or Ohmic contact is highly preferred for approaching the intrinsic characteristics of the
2DSC channel. In this review, we systematically introduce the recent progress made in
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theoretical prediction of the SB height (SBH) in the 2DSC FETs and the efforts made both in
theory and experiments to achieve low SB contacts. From the comparison between the
theoretical and experimentally observed SBHs, the emerging first-principles quantum
transport simulation turns out to be the most powerful theoretical tool to calculate the SBH of
a 2DSC FET. Finally, we conclude this review from the viewpoints of state-of-the-art electrode
designs for 2DSC FETs.

Keywords: Schottky barrier, two-dimensional materials, transistor, first-principles quantum
transport simulation

(Some figures may appear in colour only in the online journal)

1. Introduction

The field-effect transistor (FET), the fundamental building
block of the most modern devices, kickstarted the digital rev-
olution and impelled our society into the information age. The
critical component of FETs is semiconductors (SCs). Over the
last 50 years, transistors based on silicon, the dominant SC
material, have kept shrinking in size at the pace of Moore’s law.
As a result, the information technology industry grows rapidly,
fueled by the exponential improvement in performance, speed,
and cost per function of every new generation of integrated
circuits. However, now it is hard to further sustain Moore’s
law as the node length beyond 7 nm due to the severe short
channel effects in silicon-based transistors [1]. In this con-
text, two dimensional (2D) SCs have come into focus recently
owing to their advantages over silicon (figure 1): 1. Atomically
thin thickness, leading to enhanced gate control capability;
2. Smooth surface without dangling bond, which reduces the
scattering from trap state and roughness and benefits carrier
transportation; and 3. Mechanical flexibility, in favor of flexi-
ble electronics [2–5]. Therefore, 2DSC is a powerful candidate
for the next-generation FET channel materials, especially for
sub-7 nm node technology.

The family of 2DSCs now includes a large variety of mate-
rials, like transition metal chalcogenides (TMCs), group VA
elemental material, group III–V, III–VI, and IV–VI compound
materials, which have triggered intensive interests for their
diverse characteristics [2–5, 7]. In the 2D limit, the contact
properties tend to govern everything and mask the intrinsic
properties of 2D materials [8]. Therefore, a low-resistance
Ohmic contact is always preferred in 2DSC FETs. However,
due to the ultrathin body of 2DSCs, the traditional technique
of selective ion implantation is not applicable for 2DSC FETs.
Alternative doping schemes such as surface charge transfer
suffer from long-term instability or low spatial selectivity
[9–12]. Consequently, direct metal contact is often used in
2DSC FETs, and Schottky barrier (SB) is generally estab-
lished at the metal–2DSC interface, which degrades the device
performance significantly. There are two different interface
geometries between metal and 2DSCs: top contact and edge
contact. The top contact is prevalently adopted due to its sim-
ple fabrication process, while the pure edge contact is diffi-
cult to make. In some experiments, the metal–2DSC contact

is a combination of these two geometries (combined-contact)
[13–16].

An essential figure of merit for the metal–2DSC contacts
is the SB height (SBH), which regulates the carrier injection
efficiency and the extent of performance deterioration. In the
ideal case, the SBH can be predicted by the Schottky–Mott
rule, that is

ΦSB,n = WM − χS (1)

ΦSB,p = IS − WM (2)

where ΦSB,n and ΦSB,p are the SBHs for electrons and holes,
respectively, WM is the work function of the metal, χS, and
IS are the electron affinity and ionization potential of the SC,
respectively. Unfortunately, owing to the Fermi level pinning
(FLP) effect, the SBH generally deviates from the Schot-
tky–Mott rule and thus is hard to be predicted. Although the
SBH in 2DSC FETs can be measured experimentally, it is still
imperative to develop a prediction technique that is both cost-
and time-effective for state-of-the-art designs.

Herein, we systemically review the latest progress made
in theoretical prediction of the SBH in 2DSC FETs and the
efforts made both in theory and experiments to achieve low
SB contacts in all kinds of 2DSC FETs. Firstly, we focus on
the basic concepts about the SB in 2DSC FETs. 2D transis-
tor model and the impact of SB on transport characteristics
are illustrated. The causes of the FLP effect are discussed in
detail, as well as the different methods, especially the theoret-
ical methods to derive the SBHs. Furthermore, we present an
overview of the SBH in FETs based on the different classes of
2DSCs. Comparisons of the SBHs assessed from both the the-
oretical and experimental methods are provided and highlight
the importance of the ab initio quantum transport simulation
(QTS). Finally, a summary and outlook conclude the paper in
the last section.

2. General knowledge of the Schottky barriers in
FETs based on two-dimensional semiconductors
(2DSCs)

2.1. Fermi level pinning effect

The SBH problem can be roughly stated as ‘alignment of
the energy levels at an SC–metal interface’. If the Schot-
tky–Mott rule holds, the SBH varies with the work function
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Figure 1. Comparison of 3D bulk SCs with two-dimensional
semiconductors (2DSCs) for transistor scaling. (a) Schematic of a
typical metal–oxide–semiconductor FET. (b) Schematic illustration
of a conventional bulk 3D semiconductor, featured by rich surface
dangling bonds, thickness variation, or film discontinuity.
(c) Schematic illustration of an atomically thin 2D semiconductor,
free of surface dangling-bonds. Reproduced from [6] with
permission of the Royal Society of Chemistry.

of the metal electrode (WM) with a slope of ±1, as indicated
by equations (1) and (2). However, the FLP phenomenon is
generally observed in experiments; that is, the SBH is insen-
sitive to WM. The FLP strength for a specific SC with a group
of metals is determined by S = |ΦSB,n/p/WM|. Pinning factor
S = 1 means no FLP; S = 0 indicates a complete FLP, namely,
the Fermi level is pinned to a fixed position; and 0 < S <
1 implies partial FLP, namely, the Fermi level is pinned to a
certain region.

There are many models to explain FLP, which have been
discussed in detail in the review by Tung [17]. Here we list
out the factors in regard to 2DSCs. First, an interface dipole
forms at the 2DSC–metal contact interface due to the charge
redistribution, which can shift the relative energy levels of the
2DSC and metal contact [18–20]. Second, chemical bonding
takes place at the 2DSC–metal contact interface and modifies
their band structures [13, 21]. Meanwhile, strain and structure
distortion may be created by the chemical bonding, working in
synergy together, changing the energy levels [22, 23]. Third,
metal-induced gap states (MIGS) at the interface. They are
the gap states that originate from the tails of the metal Bloch
wave functions and penetrate a small distance into the SC.
MIGS have a characteristic charge neutral level (CNL). They
act as a reservoir for carriers injected from the metal elec-
trode and therefore pin the Fermi level [13, 18, 24, 25]. Fourth,
defects and chemical disorders generated during the processes
of material and device fabrications lead to defect or chemi-
cal disorder-induced gap states in the 2DSC and result in FLP
as well [26–29]. For example, crystal damage at or near the
interface is caused during the aggressive electron beam metal
deposition processes [30]. Yet this factor could be neglected
for perfect metal contact interfaces formed through damage-
free metal deposition strategies with high-quality 2DSCs [31].
Last, if metal contact forms at or near the end of 2DSCs,
dangling bonds or reconstructions at the 2DSC edges lead to
surface states, which will be responsible for the FLP as well
[17, 32].

After considering the voltage drop V int raised from the
interface dipole, the SBH can be written as

ΦSB,n = WM − χS + eVint. (3)

Gap state model [21, 33] assumes that MIGS, defect, and
disorder-induced gap states, or surface states fill the 2DSC
band gap near the interface with a distribution of electronic
states with a density of N (per area per eV) and decay length
of δ, and with a charge neutrality level (CNL) of W0. The per-
area charge of the gap states is thus eN(ΦSB,n − W0), which
builds an interface dipole and a corresponding voltage dif-
ference eNδ

ε
(ΦSB,n − W0), where ε is the dielectric constant

around the interface. Then equation (3) is rewritten as

ΦSB,n = WM − χS + eVint −
e2Nδ

ε
(ΦSB,n − W0). (4)

We can derive that the pinning factor S = 1

1+ e2Nδ
ε

.

2.2. Structure of Schottky barrier in a 2D FET

Here we use the geometry of ML 2DSC–metal top contacts as
an illustration since it is simplest and can be easily extended
to other configurations. We denote the interface between the
metal and ML 2DSC under the metal in the source region
(regions A and B) as interface I and the interface between
ML 2DSC in the source and channel regions (regions B and
C) as interface II. Carriers flow from the electrode into the
2DSC channel mainly through two trajectories: the first one
is through interface I and then through interface II into the
channel, and the second one is directly from the source metal
edge into the channel as shown in figures 2(a)–(c). It has been
reported that the carrier injection through interface I is neg-
ligible in MoS2 FETs with Au electrodes in monolayer lim-
its because the region of the MoS2 film under the contact is
depleted [34]. By contrast, considerable contributions from
both the two trajectories are found in the ML arsenene FETs
with metallic multilayer arsenene electrodes [35] and in ML
black phosphorene (BP) FETs with BN–Ni electrodes [36].
Therefore, both the vertical and lateral SBs are analyzed in
2DSC transistors in this paper. The effective SBH (ESBH) of
a 2D FET is either the greater one of the vertical and lateral
SBHs or the later if the injection from the source metal edge
is dominant. The vertical SB at interface I is defined as

ΦV
SB,n = Ec−B − Ef (5)

ΦV
SB,p = Ef − Ev−B, (6)

where Ef is the Fermi level of the 2DSC transistor at zero bias,
and Ec-B and Ev-B are the conduction band minimum (CBM)
and the valence band maximum (VBM) of the contacted 2DSC
(region B), respectively. The lateral SB at interface II is defined
as

ΦL
SB,n = Ec−II − Ef (7)

ΦL
SB,p = Ef − Ev−II, (8)

where Ec-II and Ev-II are the conduction and valence band edges
of the channel 2DSC at interface II, respectively.

The ML 2DSC–metal top contact in the source region can
be classified into van der Waals (vdW) bonding (figures 2(a)
and (d)), weak chemical bonding (figures 2(b) and (e)) and
strong chemical bonding (figures 2(c) and (f)) according
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Figure 2. (a)–(c) Schematics and (d)–(f) corresponding band diagrams of a ML 2DSC–metal top contact with the (a) and (d) van der Waals
(vdW) bonding type, (b) and (e) weak chemical bonding type, and (c) and (f) strong chemical bonding type in a ML 2DSC FET with top
contact electrodes. The SB may form at the interface I and/or II (blue dashed lines in (a)–(c) in the vertical and lateral directions,
respectively. A denotes the metal electrode, B the 2DSC under the metal contact, and C the 2DSC channel. The arrows represent the
pathways of carrier injection from a metal electrode to the 2DSC channel. In (d)–(f) Ef and Ech are the Fermi levels of the FET and the
free-standing channel, respectively. Ec and Ev are the conduction and valence band edges of the 2DSC, respectively. ΦV

SB and ΦL
SB are the

vertical and lateral SB, respectively. The red lines denote the gap states.

to the interfacial distance and interaction strength [8, 13].
Such a classification corresponds to very weak adhesion,
medium adhesion, and strong adhesion, respectively, proposed
by Banerjee et al [13]. The interfacial distance is about 3 Å in
the vdW bonding type of contacts, and the band structure of
the 2DSC is well preserved without hybridization. Therefore,
in FETs with this kind of electrode contact, a tunneling bar-
rier (TB) may exist at interface I due to the large interfacial
distance as illustrated in figure 2(d). The SB is formed in the
vertical and lateral directions. The vertical SB would be dif-
ferent from the lateral one when a band bending of region B
occurs. The band bending or a built-in potential in region B
is induced by the charge transfers between regions B and C
and is observed in the weak and medium adhesion contacts,
where FLP is absent or weak. The example can be found in
the ML antimonene transistor with graphene electrodes (weak
adhesion) (section 3.1.4) and in the ML MoS2 transistors with
Pt electrodes (medium adhesion) (section 4.1.4). If the band
edges are flat in region B at zero bias, the vertical and lat-
eral SBHs are equal to each other. No MIGS exist because of

the non-damaging ultraclean vdW interface. Therefore, FLP is
rather weak as S approaches 1 [31, 37]. More intriguing is that
the SBH is regulable by gates when graphene, the first synthe-
sized 2D half-metal, is used as the back electrodes [38–40].
The Fermi level of graphene is gate tunable due to the finite
density states, which makes the SBH tunable toward Ohmic
contact. 2D material like graphene, h-BN, etc, are also utilized
as the buffer layer between the common metals with ultra-
low or high work function (for example, Co, Ni, or Pt) and
2DSCs to obtain a sharp clean vdW interface, thereby avoiding
the FLP and achieving a reduced and even demolished SBH
[41–43].

On the other hand, the interfacial distance is generally
below 3 Å in the chemical bonding type of contacts, and the
band structure of the 2DSC is slightly or strongly hybridized
according to the bonding strength. TB generally disappears
at interface I due to the small interfacial distance and large
orbital overlap. Gap states are formed in the 2DSC of region
B (figures 2(e) and (f)). The gap states herein include not only
the MIGS but also the states from the 2DSC originating from
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Figure 3. (a) Transfer characteristic of a typical SB FET. (b) The activation energy (ΦB) as a function of gate voltage VGS. VFB is the flat
band voltage, and VTH is the threshold voltage. At VGS = VFB, the effective barrier height gives the SBH ΦSB. (c) SBH lowering at finite bias
VDS induced by image charges. The SBH at zero bias can be derived through extrapolating the ΦSB at finite VDS to zero bias (dashed line).
(c) Reprinted by permission from Springer Nature Customer Service Centre GmbH: Nature Materials [8] © 2015.

hybridization with the metal states. The charge can flow from
the metal into the gap states. The model is close to the vdW
type if the density of gap states is quite low (figure 2(e)). For
the strong chemical bonding type, the covalent bonds disturb
strongly the band structure of the 2DSC so that the bandgap
of the 2DSC entirely vanishes in region B and carrier injection
is barrier-free in the vertical direction (figure 2(f)). The ML
2DSC–metal junction in the source region can be treated as a
new metal, which contacts with the 2DSC of region C in an
edge geometry and may even generate gap states at interface
II. The SB is formed in the lateral direction at interface II in
the ML 2DSC FETs with this type of electrode contact.

In FETs based on multilayer 2DSCs with top electrodes,
carrier injection goes through multiple interfaces: the interface
between the metal electrodes and top layer 2DSC (interface I)
and the vdW type of interfaces between adjacent 2DSC lay-
ers. As the thickness of 2DSC increases, interlayer resistance
should be considered and carriers flow in the top few layers of
the 2DSC [44]. SBs at the different interfaces can be derived
separately according to equations (5)–(7). An example of few-
layer BP FETs is provided in section 3.1.1 to illustrate the
implementation.

The studies about edge contact are much fewer compared
with the top contact. Despite the limited studies, edge contact
is reported to be advantageous compared with top contacts for
ML and especially multilayer 2DSCs [8, 45, 46]. The main rea-
son lies in the shorter bonding distance with large orbital over-
laps, the reduction or even disappearance of TB [13], weak-
ened FLP, and gate-tunable SBH [47–51]. The large orbital
overlap in the edge contact leads to a high density of states in
the original band gap and minimum valence electron densities
at the interface, implying a decrease in the contact resistance
when altering the contact configuration from top contact to
edge contact [13]. In the study of Banerjee et al [13], SB is
absent (In other words, FLP is absent) and TB is low or absent
for the ML MoS2 and WSe2 –metal edge contacts (metal = In,
Ti, Au, and Pd). In the study of Liu et al [47], TB is absent, and
SB remains in the 1T′–2H edge contact of ML MX2. How-
ever, the SBH is tunable by a gate voltage due to a masked
FLP. Experimentally, a low contact resistance has been found

in the 1T′–2H edge contact of ML MX2 (accompanied by a
low SBH) [52] and the Au–MoS2 [14], Ti–MoS2 [16], and
In–WSe2 [15] combined-contact (top contact and edge con-
tact). More explanations about the origin of the lower contact
resistance in the 1T′–2H edge contact of ML MX2 can be
found in section 4.1.7.

For multilayer 2DSCs, the edge contact performs better
than the top contact also because the in-plane conductivity
of the multilayer 2DSCs is much larger than that in the out-
of-plane direction. Another good merit of edge contact is
its immunity to contact scaling [53], while the top contact
electrode performs better for large contact area [13]. Hence,
the edge contact is surely a good contact strategy to design
the high-performance 2DSC transistors when the fabrication
process is more accessible.

As mentioned above, most electrodes in use today are in
pure top contact geometry or in geometry involving both top
and edge contact geometries. Moreover, owing to the sizeable
surface-area-to-edge-area ratio in the combo contact geome-
tries, the top surface has a major contribution to conduction.
Therefore, we mainly focus on the SBH in 2DSC FETs with
top contact geometry in this review. The SBH in FETs with
edge contact geometry is also summarized in section 4.1.7
based on the channel material of transition metal dichalco-
genides (TMDs).

2.3. Experimental and theoretical methods to determine the
SBH in 2DSC FETs

Due to an SBH, the transfer characteristic of an SB FET shows
three transport regimes, as illustrated in figure 3(a), that is,
thermionic emission, tunneling emission (or field emission),
and a crossover regime that the both thermionic and tunnel-
ing injections coincide [8]. For gate voltage, VGS < VFB (the
flat band voltage), thermionic emission is the dominant mech-
anism. Charge carriers must overcome the activation energy
ΦB to access the channel. The thermionic current over ΦB is:

ITHER = SA∗
2DT3/2 exp

(
− ΦB

kbT

) (
1 − exp

(
−qVDS

kbT

))
, (9)
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Figure 4. Flow chart of the framework for the SBH calculations using electronic BSC and WFA. (a) Step 1: choosing metals, (b) step 2:
interface modeling, (c) step 3: density-functional theory (DFT) calculations, and (d) step 4: contact evaluation. Reproduced from [13]. CC
BY 4.0.

where S is the contact area, A∗
2D is the 2D equivalent

Richardson’s constant, T is temperature, q is the electronic
charge, kb is the Boltzmann’s constant, and VDS is the drain
bias. ΦB depends linearly on VGS in the thermionic region and
becomes equal toΦSB when VGS =VFB, as shown in figure 3(b)
with a relation of ΦB = qΦSB − (1 + Cit/Cox)−1(VGS − VFB),
where Cit and Cox are the 2DSC interface trap capacitance
and gate oxide capacitance, respectively. Tunneling emission
occurs as VGS > VFB and dominates the transport as VGS

beyond the threshold voltage, VTH. VTH is defined as VGS

beyond which the band movement in the SC channel ceases.
And correspondingly, theΦB is non-linearly dependent on VGS

as VFB < VGS < VTH and is nearly constant as VGS > VTH.
Therefore, one method to obtain the SBH is to determine the
gate voltage where ΦB stops depending linearly on VGS. The
SBH can be measured experimentally by Arrhenius plot, i.e.,

ln(ITHER/T3/2) against 1000/T. ΦB can be derived from the

slope dln(ITHER/T3/2)
d(1000/T) at a fixed VDS. ΦB is plotted as a function of

VGS, and the SBH ΦSB is equal to the ΦB at the crossing point
of the linear and non-linear regions (figure 3(b)).

The thermionic current after considering SBH lowing to
first order is:

ITHER = SA∗
2DT3/2 exp

(
− 1

kbT

(
ΦSB − qVDS

n

))
, (10)

where n is the ideal factor. According equation (10), the slope

of the Arrhenius plot dln(ITHER/T3/2)
d(1000/T) = − q

1000k (ΦSB − VDS
n ) can

be plotted as a function of VDS. The SBH ΦSB at zero bias can
be extracted from the y-intercept, as shown in figure 3(c).

Now we pay attention to the theoretical methods for the
SBH prediction in FETs with top contact electrodes. The

6
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Figure 5. (a) Side and (b) top views of a 2DSC transistor model with semi-infinite left and right leads along the z-axis and central region
consisting of central region (C0) and buffer regions, under periodic, Neumann- and Dirichlet-type boundary conditions along the y, x, and z
directions, respectively.

popular theoretical method to evaluate the SBH in 2DSC FETs
is through the electronic band structure calculations (BSC) and
work function approximation (WFA) [13]. Effective potential,
band structure, the partial density of states (PDOS), valence
electron population, and bond Mulliken populations of the
contact are also calculated, from which the information of
the TB and orbital overlap can be evaluated together. The
whole flow path has been summarized in the review article [13]
about the interfacial properties of 2DSC–metal contacts, as
presented in figure 4. The vertical SBH was obtained from the
band structure or PDOS as the energy difference between Ef of
the contact and the CBM or the VBM of the contacted 2DSC.
The band structure of the contacted 2DSC is distinguishable
for the vdW and weak chemical bonding types. Therefore, the
vertical SBH in FETs with these two types of electrode contact
was derived through the BSC method. Some studies assume
that the band edges are flat near the interface II for the vdW
and weak chemical types of contacts, and the lateral SBH is
regarded as equal to the vertical SBH derived from the BSC.
For the strong chemical bonding type, the band structure of
the contacted 2DSC is strongly destroyed. The lateral SBH was
estimated using the WFA, defined as the difference of Ef of the
contact and the CBM or VBM of the pristine 2DSC channel.

It worth noting that the interaction between the source/drain
and the 2DSC channel is neglected using the BSC/WFA
method, and the FLP effect at the lateral interface is not con-
sidered at all. However, such a drawback can be fully over-
come through the ab initio QTS of a 2DSC FET. In the QTS
method, the transistors with different electrodes are simu-
lated as a whole by using a two-probe model and the DFT
or Hartree–Fork (HF) theory coupled with the nonequilibrium
Green’s function (NEGF). The couplings at both interfaces I

and II are considered, and thus FLP effects at both the vertical
and lateral interfaces are included.

The two-probe model used in the QTS method consists of
the fully relaxed left and right leads and the central region,
as shown in figure 5 (top contact geometry is adopted here
for illustration). The central region includes the cell denoted
as C0 and left and right buffers. The length of 2DSC chan-
nels (C0) is generally no less than 5 nm in the transmission
direction (z-direction here). The left and right leads are semi-
infinite. The electronic structure of the leads is calculated
self-consistently using DFT or HF method beforehand. Then
NEGF calculation of the device is performed incorporating the
self-energy matrices of the leads with Dirichlet boundary con-
dition between the central region and leads in the z-direction.
Neumann and periodic boundary conditions are adopted in the
x- and y-directions, respectively. It is necessary to evaluate the
bulk modes for a considerable number of different energies
(chemical potentials) and k points along the periodic y-axis for
accuracy.

DFT at the generalized gradient approximation (GGA)
level is often adopted during the QTS [25, 54, 55]. The first
reason is that the 2DSC channel is doped by intrinsic defects,
source/drain electrodes, and gates. The quasi-particle (QP)
bandgap of the 2DSC shrinks as the doping density increases
as a result of synergistic mechanisms of carrier-occupation
self-energy Σ1 = iδGW int, carrier screening Σ2 = iGintδW,
and double-difference term Σ3 = iδGintδW [56]. In this case,
the single electron theory of DFT-GGA is a good approxima-
tion to predict the transport gap, although it generally under-
estimates the intrinsic bandgap of 2DSCs. For examples, the
band gap of intrinsic ML phosphorene is 0.91 eV at the GGA
of Perdew–Burke–Ernzerhof (PBE) level [55], which is 90%
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Figure 6. Schematics and corresponding band diagrams of the (a) BSC, (b) WFA, and (c) QTS methods used for a 2DSC–metal contact of
weak chemical bonding type in a FET configuration. The BSC method is used to determine the vertical SBH, and the coupling between the
metal electrode and underlying 2DSC at interface I is considered. There are MIGS and FLP at interface I. The WFA is used to determine the
lateral SBH of a FET, and the coupling between the electrode compound (metal + underlying 2DSC) and the 2DSC channel and the FLP at
interface II are ignored. The QTS can determine accurately both the vertical and lateral SBH because the MIGS and thus the FLP effect at
both interfaces I and II are considered.
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Figure 7. (a)–(d) Schematic structure of ML BP: (a) top view, (b) schematic view, (c) and (d) side views. (e) Bandstructure for ML, BL, and
TL BP. Reprinted by permission from Springer Nature Customer Service Centre GmbH: Science Reports [61] © 2014. (f) Bandgap changes
with the number of BP layers. Reprinted figure with permission from [59] Copyright (2014) by the American Physical Society.

of the experimental value (1.0 eV) [57], while the QP GW
bandgap and hybrid functional Heyd–Scuseria–Ernzerhof
(HSE) bandgap of the pristine ML phosphorene are 2.0–2.2
[58, 59] and 1.5 eV [60, 61], respectively. The ML MoSe2

doped by a graphene substrate has a bandgap of 1.58 eV
according to the angle-resolved photoelectron spectroscopy
(ARPES) measurement [61]. The GGA-PBE method produces
a bandgap of 1.52 eV, which is in excellent agreement with the
experimental value and the GW calculated value of 1.59 eV
at the experimental doping level (5.3 × 1013 cm−2) [56, 62].
Besides, GGA-PBE is much cheaper and faster than the GW
method.

Local device density of states (LDDOS) can be calculated
and projected on the channel material, which clearly depicts
the states’ distributions and band edges in the real space.
The vertical/lateral electron (hole) SBHs are derived from the
energy difference between Ef of the transistor system and the
CBM (VBM) of the channel 2DSC at the interface I/II, as
illustrated in figures 2(d)–(f). The upper and lower bounds
of colormap of the LDDOS plots are chosen to reproduce the
measured transport bandgap of the 2DSC channel. If no experi-
mental transport bandgap is available, one can choose to repro-
duce the transport gap by calculating the QP bandgap of the
degenerately doped 2DSC based on the GW method [56, 62].
If neither bandgap is available, one can choose the LDDOS
bounds to reproduce the GGA-PBE bandgap of the intrinsic
2DSC or preferably a 10% larger band gap. After marking the
upper and lower bounds of LDDOS correctly, the lateral SBH

is acquired at the electrode–2DSC interface. Meanwhile, the
vertical SBH can be read from the LDDOS of the 2DSC under
the metal electrode (region B).

In figure 6, we illustrate the mechanism difference between
the BSC, WFA, and QTS methods using a weak chemical
bonding type of contact. The BSC method is generally used
to determine the vertical SBH and estimate the lateral SBH.
In the BSC method, the coupling between the metal electrode
and underlying 2DSC at interface I is considered (figure 6(a)).
Correspondingly, the MIGS and FLP at interface I are consid-
ered, and the calculated vertical SBH is accurate. However, the
coupling between the electrode compound (metal + underly-
ing 2DSC) and the 2DSC channel at interface II is ignored,
and its estimation to the lateral SBH is thus less reliable and
is actually totally invalidated when underlying 2DSC is met-
allized. The WFA is often used to determine the lateral SBH
of a FET when a metallization of underlying 2DSC occurs,
but the coupling between the electrode compound and the
2DSC channel and the FLP at interface II are also ignored
(figure 6(b)), resulting in an inaccuracy too. The QTS can accu-
rately determine both the vertical and lateral SBHs because the
MIGS and thus the FLP effect at both interfaces I and II are
considered (figure 6(c)). The discrepancy between the SBHs
obtained from the QTS and BSC/WFA is generally observed.
For example, the pinning factor of the ML MoS2 is 0.187
and 0.27–0.32, respectively, from the QTS and BSC/WFA
methods [63–66]. The value of 0.187 is well consistent with
the experimentally reported S of 0.09–0.11 [31], suggesting
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Figure 8. (a) Transmission spectra of the channel and (b) LDDOS in color coding in the ML BP FET under zero bias with Ag, Cu, Cr, Al,
Au, Ni, Ti, and Pd as electrodes and the channel length of L = 5 nm. (c) Lateral SBHs of the ML BP–metal contacts from the WFA,
quantum transport calculations, and experimental results. The values in the yellow and blue circles are extracted from
references [18, 58, 73]. Reprinted with permission from [74]. Copyright (2016) American Chemical Society.

that the coupling between the source/drain and the channel is
essential during the SBH assessment. Moreover, the scheme
of the ab initio QTS can also be applied to the 2D FETs with
edge contacts [47, 67].

3. Schottky barriers in the FETs based on
elemental 2DSCs

3.1. Group V 2DSC

3.1.1. Black phosphorene–metal top contacts. BP, as
the 2D structure of black phosphorus, has been firstly

mechanically cleaved from bulk black phosphorus in 2014
[68] and then has attracted broad interest among scientists
[69, 70]. BP possesses the plucked honeycomb structure
(figures 7(a)–(d)). Similar to other layered 2D materials, BP
layers are stacked together through vdW interaction. Different
from the isotropic graphene and semiconducting TMDs, BP
possesses anisotropic optical, electronic, mechanical, and
thermal properties [68, 71]. Especially, BP shows prominent
semiconducting properties in electronic and photoelectronic
applications. The bandgap of BP is direct and layer-dependent
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Figure 9. (a) ML BP transistors with bulk Ni, 2D metal, and 2D layer/Ni hybrid electrodes. (b) SS versus the on-state current in the ML BP
FETs with different types of electrode configurations. (c), (d) LDDOS projected on the position of the ML BP transistors with Ni and
graphene electrodes at off- and on-states. The applied bias is Vb = 0.5 V. The black dotted lines stand for the Fermi level of the left and right
electrodes, denoted by EL

f and ER
f , respectively. The lateral hole SBH of the transistor with graphene electrode is reduced from −0.06 eV in

the off state to −0.15 eV in the on state, but that of the transistor with bulk Ni electrode is intact. The MIGS (circled by the yellow dashed
lines) in the transistor with bulk Ni electrode decrease the SB width. Reproduced from [82] with permission of The Royal Society of
Chemistry.

from 0.3 eV for bulk BP to 1.0 eV for ML counterpart
(figure 7) [58, 72]. The BP FETs have been fabricated with
a high hole mobility (up to 1000 cm V−1 s−1) and also a
high on/off ratio (105) [58, 68, 73]. These properties indicate
that BP is capable of using as the channel materials in
nanoelectronic devices.

3.1.1.1. Interfacial properties of ML BP–metals in theory Pan
et al investigated the interactions between ML BP and a vari-
ety of metal electrodes Au, Cu, Cr, Al, Ag, Ti, Ni, and Pd by
using the BSC and QTS methods [74]. A band hybridization
is appeared at the interface between the metal electrode and
ML BP, leading to the metallization of ML BP and an Ohmic
contact in the vertical direction. When Au, Cu, Cr, Al, and Ag
are chosen as electrodes, n-type lateral Schottky contacts are
formed with the electron SBHs of 0.30, 0.34, 0.37, 0.51, and
0.52 eV, respectively, through the QTS method. When Ti, Ni,
and Pd are chosen as electrodes, p-type lateral Schottky con-
tacts are formed with the lateral hole SBHs of 0.30, 0.26, and
0.16 eV, respectively (figure 8).

Gong et al reported the electrical contacts between ML BP
and Cu(111), Zn(0001), In(110), TaP(110), and NbP(110) by
using first-principles BSC and QTS [18]. They predict that
most of the metals form Schottky contact with ML BP in
the vertical direction except Cu, which form Ohmic contact.
According to the LDDOS from the QTS, Cu and Zn electrodes
form n-type Schottky contacts in the lateral direction with the
electron SBHs of about 0.4 and 0.2 eV, respectively. The inter-
facial properties of ML BP–MXene (Zrn+1CnT2, T = O, F,
OH, n = 1, 2) also explored by Yuan et al in the BSC method
[75]. An Ohmic contact is formed at the vertical interfaces for

ML BP–MXenes. Lee et al calculated the electron SBH of ML
BP–Al contacts of 0.36 eV with n-type polarity, and no SB
exists at the ML BP/Ti and Sc interface in the vertical direction
[76].

To improve the electrical contacts to BP, novel electrodes
with vdW-type electrical contact (such as 2D metals electrodes
and bulk metal/2D layer hybrid electrodes) might be a promis-
ing choice [37, 76–79]. By utilizing graphene as the source
and drain, the fabricated black phosphorus FETs show linear
output characteristics [80]. By inserting a TiO2 buffer layer
between BP and cobalt, the SB is reduced, and high drain
current modulation and hole mobility are observed in the BP
transistor [81].

By ab initio QTS, a comparative study of a series of vdW-
type contacts and bulk metal Ni(111) contact demonstrate
the potential of 2D electrodes for the improvement of the
BP transistor performance (figure 9) [82]. Especially, the 2D
graphene electrodes show an overall enhancement in both the
on-state current and the gate electrostatics (reduced subthresh-
old swing (SS)). This phenomenon originates from two facts.
First, the interfacial interactions between graphene and ML
BP are weak, and few MIGS exist at the electrode–channel
interface. As a result, the SBH is tunable by changing the gate
voltage [80, 82]. By contrast, the SBH is difficult to be tuned
by the gate voltage with the bulk Ni electrode (figure 9). Sec-
ond, the electrode’s low dimensionality makes the screening
to the electric field weak, leading to strong gate controllability
[82].

3.1.1.2. Interfacial properties of the bilayer and trilayer
BP–metals in theory The interaction between BL and TL BP
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Figure 10. (a) Schematic of a typical metal–BL BP contact system from the cross-sectional view. (b) Band structure of pure ML (blue line)
and BL (magenta line) BP, and that of BL BP–metal interface systems. Gray lines: band structures for the interfacial systems; red (green)
lines: band structures of the layer of BP close to (far away from) the metal surface. BL (c) and TL (d) BP lateral SBHs obtained from the
QTS and the WFA. For comparison, the SBHs of BP obtained from experiments with Ni (for BL and TL BP) and Ti (for few layers of BP
thicker than 2 nm) as electrodes are also provided. (a)–(c) Reprinted with permission from [83]. Copyright (2017) American Chemical
Society. (d) Reprinted by permission from Springer Nature Customer Service Centre GmbH: Nano Research [84] © 2017.

and metal is systematically explored by Pan et al [83] and
Zhang et al, respectively [84]. In an FL BP EFT, SB can
appear at a variety of interfaces (figure 10(a) using BL BP as
an example). There are no SBs at the interface between the
metal electrodes and the top layer of BP as the band struc-
tures of the top BP layer are destroyed for both BL and TL.
SB appears at the interface between the top BP layer and the
bottom BP layer (for BL BP FETs) or the bottom two layers
(for TL BP FETs) in the vertical direction as the bandgap is
maintained after contact with the metal electrodes (blue lines
in figure 10(b)). In the BL BP FET, n-type Schottky contact is
formed at the interface D with Cr, Al, Ag, and Ti electrodes
while p-type Schottky contact is formed with Cu, Au, Ni, and
Pd electrodes (figure 10(b)). In the TL BP FET, n-type Schot-
tky contact is formed with Cr and Al electrodes, and p-type
Schottky contact is formed with Ag, Ti, Au, Ni, and Pd. Espe-
cially, vertical Ohmic contact is formed with TL BP when Cu is

used as an electrode. Lee et al [76] showed that Ti and Al elec-
trodes form n-type Schottky contacts with BL (TL) BP with the
electron SBHs of 0.4 (0.54), 0.47 (0.52) eV, respectively, and
Sc also forms n-type Schottky contact with TL BP but p-type
with BL BP, and the SBHs for the hole and electron are 0.59
and 0.5 eV, respectively, in the vertical direction.

The lateral SB exists at the interface between the BL (TL)
BP under the electrodes and the channel. An n-type lateral
Schottky contact is shaped between BL BP and the Cr, Al, and
Cu electrodes, and the resulting electron SBH is 0.27, 0.31, and
0.32 eV, respectively, whereas a p-type lateral Schottky contact
is shaped between BL BP and the Pd, Ti, Ni, Ag, and Au elec-
trodes, and the resulting hole SBH is 0.11, 0.18, 0.19, 0.20, and
0.21 eV, respectively (figure 10(c)) [83]. On the other hand, an
n-type lateral Schottky contact is shaped between TL BP and
the Ag and Cu electrodes, and the corresponding electron SBH
is 0.16 and 0.28 eV, respectively, while a p-type lateral Schot-
tky contact is shaped between TL BP and the Al, Au, Pd, Ni,
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Figure 11. SBH of BP for both electrons and hole with Ni as electrodes as a function of the layer number obtained in experiments. Reprinted
with permission from [58]. Copyright (2014) American Chemical Society.

Ti, and Cr electrodes, and the corresponding hole SBH is 0.30,
0.31, 0.11, 0.20, 0.30, and 0.05 eV, respectively (figure 10(d))
[84].

The SB types and heights are dependent on the layer num-
bers of the channel SCs. For example, Al and Cr form n-type
Schottky contact with ML and BL BPs in the lateral direction
but form p-type Schottky contact with TL BP in terms of the
QTS results, and the SBHs are also changed a lot. Besides,
the SBHs generally decrease as the number of layers of BP
increases in the lateral direction according to the QTS results
because of the decrease of the BP band gap. Interestingly,
according to the results obtained on the BL and TL BP FETs,
it is suggested that the lateral SBH in an N-layer 2D semi-
conducting material FET with a strongly interacting electrode
can be inferred from a BSC of its (N + 1)-layer counterpart
[83, 84].

3.1.1.3. Experimental results In the experiment, Zhang et al
tested the few-layer BP FET with Cr/Au as the electrode, and
the FET displays clear p-type Schottky behavior [68]. Sap-
tarshi et al used Ni as electrodes and found that the Ni electrode
forms p-type Schottky contact with the ML, BL, and TL BP
channels [58]. The electrons SBH for ML, BL, and TL BP
EFT are 0.64, 0.48, 0.40 eV respectively, and the hole SBH
are 0.35, 0.23, 0.21 eV respectively. They also find that the
SBHs for both electrons and holes decrease as the number of
BP layer increases (figure 11) when using Ni as the electrode
because the bandgap decreases. Saptarshi et al also used Ti
and Pd as electrodes and found that few layers of BP form p-
type Schottky contact with both Ni and Pd electrode [69]. Du
et al used Ni and Pd as the electrode in a few layers BP FET

and found that when Ni is used as an electrode, the BP transis-
tors can be switched from the p-type behavior into pronounced
n-type once the channel length is scaled down to deep sub-
micron [85]. Miao et al found that single Au as an electrode
also forms n-type Schottky contact with BP [86]. Liu et al used
Ti/Au as the electrode and found that BP shows well-behaved
p-type Schottky transistor characteristics [73]. Besides, they
measured the SBH for holes to be 0.21 eV at the Ti/BP junc-
tion. David et al reported unipolar n-type BP transistors with
the channel thickness of 3–13 nm when using Al as electrode
[87].

The lateral SB type and heights of BP from the experi-
ments and QTS are summarized in table 1 and also compared
in figures 8(c) and 10(c) and (d). The SBHs obtained from the
QTS are in accordance with the experiments, while those from
the WFA differ from the experiments greatly. For example,
the calculated hole SBHs in the ML/BL/TL BP FET with
Ni electrode obtained from the QTS are 0.26/0.19/0.20 eV,
respectively, which are in agreement with the experimental
values of 0.35/0.23/0.21 eV [58]. By contrast, the correspond-
ing hole SBHs are only 0.02/−0.10/−0.28 eV in the WFA,
implying an artificial Ohmic or quasi-Ohmic contact between
Ni and BP. The calculated hole SBH of 0.30/0.18/0.21 eV
in ML/BL/TL BP FETs with Ti electrode agrees well with
the experimental value of 0.21 eV with few-layer BP as the
channel [73].

3.1.2. Blue phosphorene–metal top contacts. Blue phospho-
rene (BlueP), a hexagonal phase of phosphorene, has been
fabricated on Au (111) substrate by molecular beam epitax-
ial growth method [90, 91]. BlueP has an indirect thickness-
dependent bandgap of around 1.10 (bulk) ∼1.98 (ML) eV at
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Table 1. Comparison of the SB type and SBH of ML and few-layer BP in the lateral direction between
the experiments and QTS for different metal electrodes.

Electrode
Experiments QTS [74, 83, 84]

Reference Thickness Polarity Φe/h (eV) Polarity Φe/h (eV)

Cr [88] Few-layer p-type

n-type (ML) 0.37/0.89 (ML)
n-type (BL) 0.27/0.49 (BL)
p-type (TL) 0.63/0.03 (TL)

Ni [58, 85] ML to 30 layers p-type

0.63/0.35 (ML) p-type (ML) 0.39/0.26 (ML)
0.47/0.23 (BL) p-type (BL) 0.52/0.19 (BL)
0.40/0.21 (TL) p-type (TL) 0.48/0.20 (TL)

Ti [69, 73] Few-layer p-type 0.21 for holes

p-type (ML) 0.75/0.30 (ML)
p-type (BL) 0.41/0.18 (BL)
p-type (TL) 0.33/0.30 (TL)

Pd [69, 85] Few-layer p-type

p-type (ML) 1.18/0.16 (ML)
p-type (BL) 0.72/0.11 (BL)
p-type (TL) 0.55/0.11 (TL)

Au [88, 89] Few-layer p-type

n-type (ML) 0.30/0.90 (ML)
p-type (BL) 0.48/0.21 (BL)
p-type (TL) 0.33/0.31 (TL)

Al [87] 3–13 nm n-type

n-type (ML) 0.51/0.60 (ML)
n-type (BL) 0.31/0.37 (BL)
p-type (TL) 0.47/0.30 (TL)

Figure 12. (a) Lateral electron SBHs for the ML BlueP and ML BP transistors against the metal work function. (b) Illustration of FLP in the
ML BlueP transistor. Reproduced with permission from [94]. © Tsinghua University Press.

the DFT-GGA level [92, 93]. Li et al theoretically studied the
interfacial properties of ML BlueP transistors with Sc, Ag, Pt,
Pd, and Au electrodes by using ab initio BSC and QTS meth-
ods [94]. ML BlueP on the Sc, Ag, Au, Pd, and Pt surfaces
is metalized, resulting in no SB in the vertical direction. In
the lateral direction, an n-type Schottky contact takes shapes
between ML BlueP forms and Sc, Ag and Pt electrodes, fea-
tured by electron SBHs of 0.22, 0.22, and 0.80 eV, respec-
tively, and p-type Schottky contact takes shape between ML
BlueP and Au and Pd electrodes, featured by hole SBHs of
0.61 and 0.79 eV, respectively (figure 12(a)). ML BlueP con-
tacted with the common metal electrodes exhibit a pinning

factor of 0.42 and prefers n-type lateral Schottky contact, as
shown in figures 12(a) and (b) [94]. This character is different
from ML BP, which favors a p-type lateral Schottky contact
with the common metal electrodes with a smaller pining factor
of 0.28 and thus a stronger FLP [74]. Such a polarity difference
is ascribed to a larger work function of ML BlueP (5.92 eV)
than that of BP (5.04 eV).

2D electrodes were also applied to reduce the SBH in the
BlueP transistors. The DFT calculation confirms a tunable ver-
tical SBH between BlueP and graphene by an external electric
field [95]. Such similar electric field tunability of the SBH
is also observed in the ML BlueP/1T–MoSe2 contact [96].
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Figure 13. (a) Electron SBHs of the ML arsenene devices with different bulk metals, 2D graphene, multilayer arsenene, and graphene–Pt
hybrid electrodes. (b) LDDOS in the ML arsenene device under zero bias with raphene–Pt hybrid electrodes. Adapted with permission from
[25]. Copyright (2017) American Chemical Society.

The SBH can be tuned to zero by the external electric field
to achieve Ohmic contact. Another possible way to tune the
SBH of the BlueP/graphene contact is to apply a strain on the
interface [97]. Under compressive strain, the Fermi level grad-
ually shifts from CBM to VBM of BlueP, resulting in the SB
type changed from n- to p-type. Other 2D metals with proper
work function are also considered to be promising candidates
of the contact electrodes, such as borophene and MXenes.
ML BlueP forms a vertical weak p-type Schottky contact with
the 2D metallic ML borophene electrode with a hole SBH
of 0.76 eV [98]. The SBH of the ML BlueP/ML surface-
engineered MXenes (the functionalized groups –F and –OH
absorbed on MXenes) contacts vanishes, achieving an Ohmic
contact [99]. The 2D-bulk metal combination electrode was
also tried in the BlueP FETs. For example, the electron SBH
of the ML BlueP/Sc contact is 0.22 eV, while it is reduced to
0.02 eV upon graphene intercalation between ML BlueP and
Sc [94].

3.1.3. Arsenene–metal top contacts. Layers of arsenic are
stacked together by vdW interaction, and the arsenic atoms
of ML arsenene are covalently bonded inside a single layer
and form a stable orthorhombic or hexagonal structure, cor-
responding to the α- and β-phase, respectively [100, 101].
Experimentally, FL α-arsenene FETs, which are fabricated
from mechanical exfoliation, show thickness-dependent elec-
tronic properties, with the highest carrier mobility of about
59 cm2 V−1 s−1 [102]. There is a semimetal–semiconductor
transition while thinning the bulk arsenic to FL arsenene
[103, 104]. ML α- and β-arsenene have an indirect bandgap of
1.38 eV and 2.21 eV at the HSE06 level of theory, respectively
[103]. Wang et al calculated the QP bandgap of ML β-arsenene
to be 2.47 eV under GW approximation [55]. First-principal
simulations show that α- (β-) arsenene possesses high carrier

mobility of the order of several thousand (decade) cm2 V−1 s−1

[55, 105]. All these properties make 2D arsenene promising for
semiconducting device applications.

Wang et al systematically studied the interactions between
ML β-arsenene and a variety of metal electrodes by using the
ab initio BSC and QTS methods (figure 13) [25]. In the follow-
ing, we denote ‘β-arsenene’ as ‘arsenene’ hereafter without a
particular statement. After contact with the bulk metals, ML
arsenene hybridizes with metal electrodes and forms an Ohmic
contact in the vertical direction. However, lateral SBs exist
between the metalized arsenene in the source and the channel
with a pinning factor of 0.33 (figure 13(a)). When Sc, Ti, Ag,
Cu, and Au are chosen as electrodes, n-type lateral Schottky
contacts are formed with the SBHs of 0.12, 0.21, 0.25, 0.35,
and 0.50 eV, respectively. While Pd and Pt are chosen as elec-
trodes, p-type lateral Schottky contacts are formed with the
SBHs of 0.75 and 0.78 eV, respectively.

2D vdW electrodes are tried in the design of high per-
formance ML arsenene FETs to decrease the SB [25].
With graphene, graphene/bulk metal hybrids, and multilayer
arsenene used as the electrodes, the FLP effect can be greatly
reduced with a pining factor of 0.86 due to the suppression
of MIGS (figure 13(a)). When graphene is used as electrodes,
gap states are absent. The vertical/lateral hole and electron
SBHs are both about 0.8 eV [25]. Owing to the disappeared
gap states, Ef of graphene not be pinned at the interface, and
the SBH is adjustable by gates [38, 39, 106, 107]. A p-type
Ohmic contact is achieved when a hybrid electrode of high
work function metal Pt and graphene is adopted as electrodes
(figure 13(b)). There are only a few MIGS at interface I. The
suppression of MIGS significantly alleviates FLP and results in
an Ohmic contact. Metallic multilayer arsenene was also stud-
ied serving as electrodes of the ML arsenene FETs without
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Figure 14. Electron SBHs in the ML antimonene transistors with various bulk metal electrodes. Reprinted figure with permission from
[112], Copyright (2019) by the American Physical Society.

doping [35]. The electron SBH is 0.808 eV with BL arsenene
electrode and is decreased to 0.682 eV with trilayer, four-layer,
and six-layer arsenene electrodes from the DOS analysis. The
SBH can be modulated by gates because of the absence of FLP.
Therefore, albeit the large SBH, the ML arsenene FETs with
trilayer arsenene electrodes can intrinsically offer larger on-
current as well as better SS than the homostructure metal oxide
semicondutor FETs (MOSFETs) with the 5 × 1013 cm2 doped
source and drain.

3.1.4. Antimonene–metal top contacts. Hexagonal anti-
monene, another group-VA 2D material, has also attracted the
interest of many scientists. High-quality antimonene has been
fabricated experimentally by mechanical exfoliation [108],
liquid-phase exfoliation [109], and epitaxy growth [110, 111].
Antimonene is quite stable under ambient conditions even in
water, while BP is severely damaged when uncovered to the
air. According to ab initio QTS, the optimal sub-10 nm ML
antimonene MOSFETs can meet the requirements of ITRS
for both the lower-power and high-performance applications
[55].

Zhang et al [112] theoretically studied the SBHs in the
ML antimonene FETs. The band structures of the examined
bulk metal contacts are all destroyed due to the strong cou-
pling interaction between the monolayer antimonene and bulk
metals. Hence, there is no SBH in the vertical direction. In
the lateral direction, ML antimonene forms n-type Schottky
contacts with Sc (Φe

L = 0.44 eV), Cr (Φe
L = 0.49 eV) and

Ti (Φe
L = 0.52 eV) electrodes, respectively. Correspondingly,

lateral p-type contacts are formed in the ML antimonene–Au
(Φh

L = 0.56 eV), Ag (Φh
L = 0.4 eV), Pt (Φh

L = 0.31 eV), Pd (Φh
L

= 0.29 eV) and bulk Sb (Φh
L = 0.44 eV) contacts as shown in

figure 14. There are clear MIGS at the interfaces. The pinning
factor is S = 0.29.

To decrease the SBH of ML antimonene transistors, Zhang
et al also tried the BN/graphene–bulk metal hybrid and
pure 2D metal electrodes, as shown in figure 15 [112]. The
QTS [112] predicts p-type lateral Ohmic contact with the

graphene–Pt electrode and n-type lateral Ohmic contact with
2D metal Hf2N(OH)2, according to the LDDOS maps in
figures 15(b) and (f). Whereas relatively large lateral electron
SBHs of 0.46 and 0.56 eV, respectively, are formed in the ML
antimonene-Sc contacts with a BN or graphene inserted layer
(figures 15(c) and (d)). 2D metal graphene was also tried and
formed a p-type SB with ML antimonene at zero bias with a
hole lateral SBH of 0.12 eV (figure 15(e)).

It is noteworthy that there is an apparent band bending for
the 2DSC under the 2D metal in the ML antimonene–BN–Sc,
-graphene–Sc, and -graphene contacts (figures 15(c)–(e)).
There are some MIGSs at interfaces II of the three contacts,
as shown in the LDDOS maps. The band bending in the elec-
trode region is ascribed to a charge transfer between the 2DSC
under the 2D metal and the MIGS at interface II (or 2DSC in
the channel). In the presence of a band bending the 2DSC in the
electrode region, the vertical SBH is no longer a constant. At
interface II, the vertical and lateral SBHs are equal. In the deep
region of the electrode (far away from interface II), the vertical
SBH should be equal to that obtained from the BSC performed
on an isolated compound electrode. For the graphene–Sc elec-
trode, the vertical SBH at the left edge of the selected electrode
region has decreased to 0.21 eV figure 15(d), which already
approaches the one of 0.17 eV obtained from the BSC.

3.1.5. Bismuthene–metal top contacts. Bismuthene is the
last one of group-V-enes, having a honeycomb structure and is
predicted to be a topology insulator [107, 113–115] having an
indirect bandgap of about 0.67 eV. Recently, ML bismuthene
has been grown on SiC substrate [116]. The ARPES found a
band split at the K-point and named it the ‘Rashba fingerprint’
(figure 16(c)), which is in close agreement with the DFT cal-
culation (as shown in figure 16(b)). Alternatively, bismuthene
has some superior characteristics: (1) it is much more stable
and resistant to oxidation at room temperature [117]. (2) It has
a high carrier mobility of 102 (ML) to 106 cm2 V−1 s−1 (bulk)
[118]. (3) Bismuthane (functionalized bismuthene) is also pre-
dicted to be a topological insulator that has one of the largest
bulk bandgaps [119–122].
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Figure 15. (a) Schematic diagrams of the ML antimonene transistors with vdW-type of electrodes. (b)–(f) LDDOS maps projected on the
ML antimonene channel of the transistors at zero bias with the different hetero-contact electrodes and 2D metal electrodes. The yellow circle
region shows the MIGS. Reprinted figure with permission from [112], Copyright (2019) by the American Physical Society.

Figure 16. (a) Theoretical band structure (DFT with SOC and HSE exchange functional) and (b) ARPES measurements of ML bismuthene.
The Fermi level lies at zero energy. (c) Close-up of the band splitting at the K-point from ARPES measurements. From [116]. Reprinted
with permission from AAAS.

To study the interfacial properties of the ML bismuthene
FETs, Guo et al chose Al, Ti, Ag, Au, Ir, Pt, and graphene
as electrodes [123]. After contact with the metals, ML
bismuthene undergoes a metallization, and the bands of ML
bismuthene are hybridization because of a covalent bond for-
mation in the vertical interface. The ML bismuthene FETs
have n-type Schottky contact on the Ag, Ti, and Ir electrodes

and p-type Schottky contact on the Pt, Al, and Au electrodes.
Strong FLP occurs at interface II because of an obvious MIGS,
and the ML bismuthene FETs have a pinning factor S = 0.12
in the lateral interface (as shown in figure 17) [123].

Graphene is selected as an electrode to improve the inter-
facial properties of the ML bismuthene FETs. In the vertical
direction, the direct bandgap is 0.58 eV without the SOC,

17



Rep. Prog. Phys. 84 (2021) 056501 Review

Figure 17. (a) Electron SBH of the ML bismuthene FETs using different metal contacts. (b) Illustration of the FLP in the ML bismuthene
FETs. Reprinted with permission from [123]. Copyright (2017) American Chemical Society.

Figure 18. Band structure (a) without SOC and (b) with SOC of ML bismuthene–graphene. The Fermi level lies at zero energy. Gray dots
represent the band structure of the compound system. Red dots represent the band structure projected on ML bismuthene, and the size of the
dots is the corresponding weight. Transmission spectrum (c) and LDDOS (d) of the ML bismuthene FETs (with a channel-length ∼5 nm) of
graphene electrode without SOC (VGs = 0 and Vb = 0 eV). Reprinted with permission from [123]. Copyright (2017) American Chemical
Society.
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accompanied by a hole SBH 0.12 eV (p-type Schottky con-
tact), while there is an indirect bandgap of 0.41 eV with the
SOC, accompanied by a p-type Ohmic contact (figures 18(a)
and (b)). In the lateral interface, the device has a quasi p-type
Ohmic contact because of a little hole SBH of 0.06 eV without
the SOC (figures 18(c) and (d)).

The VBM of ML bismuthene under graphene in the elec-
trode region is rather flat. In such a case, the vertical and lateral
SBH is equal. There is a vertical Ohmic contact from the BSC
with the SOC. Hence, if the SOC is included in the QTS, a
p-type lateral Ohmic contact should be available for the ML
bismuthine FET [123].

3.2. Group VI 2DSC

Group VI tellurium (Te) is one of the chalcogen element
family. Bulk Te consists of parallel-arranged helical Te atom
chains held by vdW force [124]. Experimentally, both β-
phase and α-phase ML and few-layer tellurene have been syn-
thesized [125–127]. Theoretically, more than five stable or
metastable phases for tellurene have been reported [128]. The
most stable ML tellurene has the tetragonal β-phase, while the
most stable few-layer tellurene has the α-phase derived from
the bulk trigonal structure (figure 19) [124, 128, 129].

As an emergent star of the 2DSCs, tellurene has attracted
much attention because of remarkable electronic properties.
For instance, tellurene is an intrinsically p-type semiconduc-
tor with a layer-dependent band gap varying from the direct
0.33 eV (bulk) to indirect 0.92 eV (ML) [124, 126, 127,
132–135]. The p-type 2D tellurene FET fabricated by Wang
et al has a large current on-off ratio of 106 and high field-effect
mobility of 700 cm2 (V−1·s−1) [127], later of which is higher
than that of MoS2 (100–480 cm2 (V−1·s−1)) [14, 136, 137] and
MoSe2 (50–200 cm2 (V−1·s−1)) [138–141]. Moreover, few-
layer tellurene FETs own much better air stability than the BP
FETs [68, 127, 142]. A 15 nm-thick tellurene transistor has no
significant degradation after two months in the air at room tem-
perature (figure 20(b)) [127]. All the appealing characteristics
make tellurene become the competitive 2D channel material.

Experimentally, the p-type 2D tellurene FETs have been
successfully prepared by employing Pd and Ni metals with
high work function as the electrode, and near Ohmic con-
tact is formed [127, 142, 144, 145]. In contrast, the n-type
2D tellurene FETs are fabricated with a low work-function Ti
electrode, and a Schottky contact is formed with higher con-
tact resistance than that in the p-type FETs with Pd and Ni
electrode, as shown in figure 20 [143].

Yan et al studied the interfacial properties of ML β-phase
tellurene contacted with metals [130]. Seven common metals
Sc, Ag, Cu, Au, Ni, Pt, Pd, and 2D graphene have been selected
as electrode materials for the ML β-phase tellurene FETs. No
vertical SBH exists in these ML tellurene-bulk metal systems
owing to the strong band hybridization. The main band fea-
ture of ML tellurene contacted with graphene is maintained,
indicating the weak vdW interaction. Moreover, the graphene
electrode realizes a vertical p-type Ohmic contact with ML
tellurene.

Lateral Schottky contacts are formed for all the bulk metal
electrodes in the armchair direction. Sc and Au electrodes

Figure 19. Structures of free-standing (a) ML β-phase and (b) BL
α-phase tellurene. (a) Reproduced from [130] with permission of
The Royal Society of Chemistry. (b) Reproduced from [131]. © IOP
Publishing Ltd. All rights reserved.

generate n-type Schottky contacts while the other five bulk
electrodes generate p-type Schottky contacts. Along the zigzag
direction, the Sc electrode generates an n-type Schottky con-
tact while the other six bulk metal electrodes form p-type
Schottky contacts. Moreover, a lateral p-type Ohmic contact
occurs in 2D graphene in these two directions. The calculated
armchair-directed S is 0.15, and zigzag-directed S is 0.09 for
the electrode-channel interface, respectively (figure 21). Rel-
atively low S indicates that a strong FLP occurs in both the
armchair and zigzag directions, and the degree of FLP in the
armchair direction is lower than that in the zigzag direction.

For a few-layer tellurene, the α-phase is more stable than
the β-phase. Figure 19(b) shows the structure of BL α-phase
tellurene. Pristine BL α-phase tellurene is a p-type semicon-
ductor with an indirect bandgap of about 0.96 eV. Experimen-
tally, the mobility along the Te chain is higher than that perpen-
dicular to the chain, and an average anisotropic mobility ratio
is about 1.43 ± 0.10 [127]. Pang et al studied the SBH in tran-
sistors based on the chain-directed BL tellurene. In the lateral
direction, all these eight electrodes generate p-type Schottky
contacts with BL tellurene [131]. Pang et al figured out a low
pinning factor of 0.02 for BL tellurene transistor (figure 22),
indicating an extremely intense FLP [131].

Because of the small work function of 4.61 and 4.51 eV
for the ML and BL tellurene, a lateral p-type Schottky contact
is favored to form both in the ML and BL tellurene contacted
with metal electrodes, respectively [130, 131]. When the thick-
ness of the tellurene increases, the band gap becomes smaller,
and lateral electronic transmission efficiency is improved.
Hence, the SBHs of the BL tellurene contacted with metal
electrodes are generally lower than those of the ML ones.

4. Schottky barriers in the FETs based on
compound 2DSCs

4.1. 2D transition-metal chalcogenide (TMC)

4.1.1. MoS2 –metal top contacts. MoS2 is a prototypical lay-
ered material held by weak interlayer vdW force [146, 147].
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Figure 20. (a) Schematic of the p-type 2D tellurene transistor structure. (b) Transfer curves of 2D tellurene transistor and stability measured
for about two months. The contact resistance of the p-type tellurene FET with Pd and Ni contacts (c) and n-type FET with Ti contact
(d). (a) [142] John Wiley & Sons. © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (b), (c) Reprinted by permission from
Springer Nature Customer Service Centre GmbH: Nature Electronics [127] © 2018. (d) Reproduced with permission from [143]. © IEEE.

Figure 21. (a) Lateral electron SBH as a function of the metal work function in the armchair and zigzag direction for the ML tellurene FETs.
(b) Schematic plot of the FLP for ML tellurene FETs. Reproduced from [130] with permission of The Royal Society of Chemistry, copyright
2018.

Each layer is comprised of a sandwich S–Mo–S unit boned
by strong intralayer covalent force [146, 148–150]. MoS2 has
three main phases (figure 23(b)): metallic tetragonal phase
(1T) has one layer per repeat unit with octahedral coordination

[151–154]; semiconducting hexagonal phase (2H) possesses
two layers per unit cell with trigonal prismatic coordination
[153, 155, 156]; and semiconducting rhombohedral phase
(3R) owns three layers with trigonal prismatic coordination
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Figure 22. (a) The lateral SBHs of the BL tellurene FETs from the WFA and QTS methods. (b) Lateral electron SBH for BL tellurene FETs
as a function of the metal work function. (c) Schematic plot of the FLP for the BL tellurene FETs. Reproduced from [131]. © IOP Publishing
Ltd. All rights reserved.

Figure 23. (a) Structure of MoS2. (b) Structures of hexagonal 2H, rhombohedral 3R, and tetragonal 1T. (c) Schematic view of one of the
ML MoS2 transistors. (d) Room-temperature transfer characteristic for the ML MoS2 FET. (b) Reprinted by permission from Springer
Nature Customer Service Centre GmbH: Nature Nanotechnology [154] © 2012. Reprinted by permission from Springer Nature Customer
Service Centre GmbH: Nature Nanotechnology [14] © 2011.
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Figure 24. LDDOS and transmission spectra of the ML MoS2 FETs with different metal electrodes. Adapted with permission from [164].
Copyright (2019) American Chemical Society.
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Figure 25. (a) Lateral SBHs of the ML MoS2 FETs with different metal electrodes from the QTS, WFA, and experiments. (b) SBHs of ML
MoS2 vs the work function of metals. The green squares, red stars, and blue triangles represent the ab initio QTS results by Pan et al [164]
and the experimental results by Kim et al [158] and Liu et al [31], respectively. Adapted with permission from [164]. Copyright (2019)
American Chemical Society.

[154, 156]. 2D 2H–MoS2 is mostly studied. Therefore, we
denote ‘2H–MoS2’ as ‘MoS2’ hereafter without a special
statement. MoS2 undergoes a transition from the indirect
bandgap of 1.2 eV in bulk to the direct bandgap of 1.9 eV in
ML based on the DFT calculations [146]. The ML MoS2 FET
fabricated by Radisavljevic et al [14] possesses high mobility
of 200 cm2 (V−1·s−1) and a huge current on-off ratio of 108

(figure 23(d)). Besides, Desai et al [157] fabricated a 1 nm-
gate-length BL MoS2 FET contacted Ni electrode with a high
current on-off ratio of 106. Hence, 2D MoS2 is a promising
candidate as the FET channel material.

It is necessary for 2D MoS2 FETs to realize low resis-
tant contacts by using appropriate metal electrodes. So far,
2D MoS2–metal contacts have been extensively studied in
experiments. Fabricated Co, Cr, Ag, Cu, Au, Pd, and Pt
electrodes form n-type Schottky contacts with ML MoS2

[31, 41, 66, 158], while the contacts for transferred Au, Pd, and
Pt electrodes fabricated by Liu et al [31] turn to be p-type. Ti
electrode is reported to generate n-type Schottky contacts with
ML and BL MoS2 with SBHs of 0.23 and 0.065 eV in exper-
imental work, respectively [155, 158]. Moreover, both n- and
p-type characteristics have been reported for the Pd electrode
on ML and multilayer MoS2 transistors [66, 159, 160]. Das
et al [65] found that Sc, Ti, Ni, and Pt form n-type Schottky
contacts with multilayer MoS2 with SBHs of 0.03, 0.05, 0.15,
and 0.23 eV, respectively.

To make a comprehensive examination of metal contacts to
ML and few-layer MoS2, Zhong et al [13, 64, 161–163] inves-
tigated the interfacial properties of ML and BL MoS2–metal
contacts by using ab initio BSC, and Pan et al [164] further
reexamined the SBHs in ML MoS2 FETs by using ab initio
QTS.

Zhong et al [64] selected six commonly used metals Sc,
Ti, Ag, Pt, Ni, and Au as electrode materials for ML and
BL MoS2 transistors and studied the vertical SBH using the
BSC. No vertical SB occurs at the ML/BL MoS2–metals inter-
face for Sc and Ti electrodes because of the strong band
hybridization, resulting in an Ohmic contact. Moreover, Ag

and Ni electrodes realize vertical n-type Schottky contacts
while Pt forms a p-type Schottky contact with ML/BL MoS2.
Au surface generates a midgap Schottky contact with ML
MoS2 and a vertical n-type Schottky contact with BL MoS2.
Kang et al [13] reported that Mo, Ti, In, and Au form verti-
cal n-type Schottky contacts, and Pd forms a midgap Schottky
contact with ML MoS2. It is reported by Chen et al [162] that
Ir, Ru, and Pd generate vertical n-type Schottky contacts with
ML MoS2. Gong et al [163] reported that ML MoS2 is formed
vertical n-type Schottky contacts with Al, Ag, Au, Pd, and Ir
and a vertical p-type Schottky contact with Pt.

Lateral SBH of ML and BL MoS2 were theoretically
determined by the Schottky–Mott limit, WFA, and QTS [64,
164, 165]. In order to consider the complex coupling at the
electrode-channel regions in transistors, Pan et al examined
the lateral SBHs in the ML MoS2 FETs with Au, Pt, Ag, Ti,
Cr, Pd, Ni, and ML CCr2 electrodes [164] using the QTS. The
LDDOS of the ML MoS2 FETs has been depicted in figure 24.
Lateral n-type Schottky contacts are formed for ML MoS2

contacted with Au, Pt, Ag, Ti, Cr, Pd, and Ni electrodes. On
the contrary, ML CCr2 electrode forms a lateral p-type Schot-
tky contact with ML MoS2. A band bending occurs for ML
MoS2 under Pt (medium adhesion) as a result of charge trans-
fer between regions B and C. Such a band bending is rather
localized compared with that in the case of weak adhesion,
such as the ML MoS2–ML CCr2 contact (figure 24(h)) and
the ML antimonene–BN–Sc, -graphene–Sc, and -graphene
contacts (figures 15(c)–(e)).

The SBHs extracted from the QTS are compared with those
from other calculations and the experiments in figure 25(a).
Notably, a lateral n-type Schottky contact for the Pt electrode
obtained by the QTS is consistent with the experimental work
[65] when the coupling at the electrode-channel regions is fully
considered. In contrast, the other calculation gave the oppo-
site result that Pt forms a p-type contact with ML MoS2 [64].
The SBHs from the QTS are closer to those from the exper-
iments than those extracted by other calculations for Au, Pt,
Ag, Ni, and Pd electrodes. The opposite doping type for ML
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Figure 26. (a)–(d) Side views and LDDOS in color coding for the ML MoS2 FET of Pd electrode with (a) two interfacial defects, (b) four
interfacial defects, (c) two channel defects, and (d) six channel defects in the built device models, respectively. White dash lines represent
the band edge of the channel ML MoS2. The defect-induced gap states are marked by the rose-red short dash circles. Adapted with
permission from [164]. Copyright (2019) American Chemical Society.

MoS2 contacted Pt, and the large overestimation of the SBHs
from other calculations are ascribed to the ignorance of the
complex coupling. The theoretical S of 0.187 from the QTS
is closer to the experimental values of 0.097 [31] and 0.105
[158] for ML MoS2 (figure 25(b)). While S from the Schot-
tky–Mott limit or WFA evaluation is about 0.3, which is appar-
ently overestimated [63–66]. Therefore, the QTS turns out to
be an improved method to determine the lateral SBH and S of
a FET.

The dangling-bond-free interfaces and no defects were also
considered in the QTS. The slight overestimation of the SBH
and S in the QTS is attributed to the defects in the experimental
samples [158, 164].

Perfect crystal structure and homogeneous and sharp
interface are assumed in the above QTS. However, atomic
defects are observed at the interface of the 2D MoS2 FETs
[31, 166, 167]. The slight overestimation of the SBH and S
in the above QTS is attributed to the existence of defects in the
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Figure 27. Experimentally determined SBHs in the ML MoS2 FET
for different transferred metals and evaporated metals. Reprinted by
permission from Springer Nature Customer Service Centre GmbH:
Nature [31] © 2018.

experimental samples [158, 164]. The existence of defects in
2D MoS2 leads to a variation of its electronic properties and
can induce extra electron states in the band gap, which are
referred to as defect-induced gap states. The defect-induced
gap states at the interface function as the MIGS and surface
states and usually determine the Fermi-level’s effective pin-
ning position (To be specific, the Fermi level is pinned close
to the characteristic level of the defects) or even differences
in CNL of different 2D materials if their concentration is high
enough [17]. The effects of the interfacial and channel defects
of the ML MoS2 FETs are also investigated with Pd electrodes
by using QTS, and the results are shown in figure 26 [164].
Both the interfacial and channel defects give rise to gap states
in the ML MoS2 FETs. With the increase of the defects, the
electron SBH of the ML MoS2 FETs decreases.

Moreover, Liu et al [31] fabricated vdW metal–ML MoS2

junctions that contain dangling-bond-freeML MoS2 and atom-
ically thin electrodes laminated onto the ML MoS2 surface.
Such a chemical bond-free metal–ML MoS2 interface essen-
tially eliminates the gap states. Compared with the conven-
tional evaporated metal–ML MoS2 junctions with a low S of
0.09, these transferred metal–ML MoS2 junctions overcome
the FLP with a huge S of 0.96, approaching the Schottky–Mott
limit (figure 27).

4.1.2. MoSe2–metal top contacts. MoSe2, as a Se counter-
part of MoS2, has a layer-dependent bandgap from 1.1 eV in
bulk (indirect) to 1.5 eV in ML (direct) [61, 168]. The large
size and high-quality ML and few-layer MoSe2 have been syn-
thesized by mechanical exfoliation and chemical vapor depo-
sition [141, 169]. What is more, few-layer MoSe2 FETs also
have been fabricated with Ni and Ti as electrodes. The field-
effect mobility of the MoSe2 FETs is 150–200 cm2 (V−1·s−1),
and the current on-off ratio is up to 106 [139–141, 170].
Thus, 2D MoSe2 is comparable with 2D MoS2 in the potential
nanoelectronic applications.

Çakır et al studied the interfacial properties of ML MoSe2

with Sc and Au electrodes by applying the first principles
BSC and QTS (figure 28) [171]. Sc and Au electrodes form
an n- and p-type Schottky contact with ML MoSe2, respec-
tively, with the corresponding electron/hole SBH of around
0.20 and 0.5 eV. Pan et al reported the contact properties in
the ML MoSe2 FETs with a series of metals Ag, Al, Ti, Cr,
Ni, and Pt (figure 28) [172]. The QTS method predicts that
an n-type lateral Schottky contact takes shape with Ag, Al,
and Ti electrodes, characterized by electron SBH of 0.25, 0.56,
and 0.29 eV, respectively, and a p-type lateral Schottky contact
takes shape with Pt electrode with hole SBH of 0.78 eV.

4.1.3. MoTe2–metal top contacts. The ML MoTe2 is reported
as another promising TMDC with a smaller bandgap of
1.28 eV than the ML MoS2 [173]. Different from the inherent
n-type behavior of MoTe2, the polarity of the 2D MoTe2 can
be modulated through light and electrostatic activation [174]
and used in the ambipolar FETs [175]. The MoTe2 FET fab-
ricated in 2014 exhibits a high on-off ratio of ∼106, a SS of
140 meV/dec, and field-effect mobility of 10 cm2 V−1 s−1

[175, 176]. Later, the heterophase homojunction MoTe2 tran-
sistors are reported to show significantly enhanced field-effect
mobility of 50 cm2 V−1 s−1 [177]. Recently, the sub-10 nm
FETs are fabricated and show good switching characteristics
with an on-off ratio of 105 and a SS of 73 meV/dec [174].

The interfaces between ML MoTe2 and metals are inves-
tigated both theoretically and experimentally, as shown in
figure 29 [24, 158]. The experiment shows that the lowest
effective hole SBH of 0.14 eV in ML MoTe2–Au contact.
The extraordinarily strong FLP effect with S = 0.07 is shown
in the experiment [158]. The BSC predicted larger SBHs of
0.5–0.9 eV and a larger S = 0.17. The researchers ascribe such
a discrepancy to that the BSC method ignores the coupling
between the electrode and the channel. The charge neutrality
level of ML MoTe2 is 0.22 eV higher than the VBM; therefore,
ML MoTe2 is more likely to form p-type contact with met-
als. Besides, the contact resistance in the FET configuration is
examined to be exponentially proportional to the SBHs. Chem-
ical doping methods involving viologen or AuCl3 is reported
to weaken the FLP effect in ML MoTe2–metal contact, which
can realize the modulation of both the SBH and the contact
resistance [11, 178].

4.1.4. WS2–metal top contacts. Another common TMDs
material is WS2, whose ML form has a finite bandgap reported
in a range of 1.8–2.2 eV [179, 180]. ML WS2 is of reason-
ably high carrier mobility, reported as 214/486 cm2 V−1 s−1 in
room temperature/5 K [181], leading to the outstanding per-
formance of ML WS2 device. ML WS2 FETs are predicted to
surpass ML MoS2 counterpart in terms of the on-current [179]
and show a high on-off ratio of about 105–106 in experiments
[182].

Tang et al studied the SBH between ML WS2 and six com-
mon metals (Sc, Ti, Ag, Cu, Au, Pt) and compared with the
previous experiments [180]. In the vertical interfaces, n-type
SBs exist for Au, Ag, and Cu electrodes with the electron SBHs
of 0.41, 0.17, and 0.50 eV, respectively, while ML WS2 under
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Figure 28. SBHs in the ML MoSe2 FET with Sc, Ag, Al, Ti, Cr, Au, Ni, and Pt electrodes through the BSC, WFA, and QTS methods,
respectively. Reprinted figure with permission from [171]. Copyright (2014) by the American Physical Society. Reprinted with permission
from [172]. Copyright (2016) American Chemical Society.

Figure 29. (a) Hole SBH of ML MoTe2 as a function of metal work functions obtained from experiments (red) and calculations (black). The
dotted line represents the prediction given by the Schottky–Mott rule. (b) FLP for the theoretical SBH and measured SBH for ML MoTe2.
Reprinted with permission from [158]. Copyright (2017) American Chemical Society.

Sc, Ti, and Pt are metalized without the existence of the verti-
cal SBs. Unfortunately, lateral SBs form in all the investigated
interfaces according to the QTS, as shown in figure 30(a). N-
type Schottky contact exists with the lateral electron SBHs of
0.28, 0.36, 0.25, 0.46, 1.00 eV for Sc, Ti, Ag, Cu, and Au

electrode, respectively, while p-type Schottky contact takes
shape, accompanied by a lateral hole SBH of 0.98 eV for Pt
electrode. Experiments show that the vertical electron SBH for
Au is 0.40 eV, and the lateral electron SBH for Ti and Pt is 0.24
and 0.23 eV, respectively, close to the calculation results. The
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Figure 30. (a) Electron and hole SBHs for the ML WS2 FETs calculated by the WFA (Φe/h
W ) and QTS (Φe/h

T ). Φe
exp is the experimental SBH

value. (b) Illustration of FLP in ML WS2–metal contacts. The Fermi levels are pinned to the CNL, 0.31 eV below the CBM, and the average
pinning factor S is equal to 0.32, according to the QTS. [180] John Wiley & Sons. © 2019 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim

small discrepancy can be caused by the defects and/or impu-
rities in the experimental condition in contrast with the ideal
lattice in the calculation.

ML WS2 is prone to n-type Schottky contact with metals, as
metals’ Fermi level is partly pinned to the CNL located 0.31 eV
below the CBM in the upper part of the gap, as displayed in
figure 30(b). The pinning factor is calculated by both the lin-
ear fitting of the SBHs and equation (4), showing S = 0.32 and
S = 0.28, respectively. When using equation (4) for calcu-
lation, parameters N and δ are extracted from the LDDOS
at the Fermi level. Such results show reasonable consistency,
strengthening their reliability. The pinning factor of ML WS2

is larger than some other TMDs like MoS2 and MoTe2, demon-
strating the relatively weak pinning effect. This is probably
because the influence of electrodes introduces fewer MIGS
around the Fermi level to the ML WS2 channel, as implied by
the LDDOS results.

ML WS2 is prone to n-type Schottky contact with metals, as
metals’ Fermi level is partly pinned to the CNL located 0.31 eV
below the CBM in the upper part of the gap, as displayed in
figure 30(b). The pinning factor is calculated by both the lin-
ear fitting of the SBHs and equation (4), showing S = 0.32
and S = 0.28, respectively. When using equation (4) for cal-
culation, parameters N and δ are extracted from the LDDOS
at the Fermi level. Such results show reasonable consistency,
strengthening their reliability. The pinning factor of ML WS2

is larger than some other TMDs like MoS2 and MoTe2, demon-
strating the relatively weak pinning effect. This is probably
because the influence of electrodes introduces fewer MIGS
around the Fermi level to the ML WS2 channel, as implied by
the LDDOS results. Here we emphasize that the calculations in
[180] do not consider the SOC effects that could be evident for
the heavy element like W. The SOC splits the CBM and VBM
and is likely to results in smaller SBs. However, the general
trend in figure 30 holds true considering its consistency with
experiments.

4.1.5. WSe2–metal top contacts. The 2D WSe2, another
intensively studied 2D TMD, is characterized by its strong
SOC [183, 184] and preference of p-type doping compared
with other 2D TMDs [13, 14]. The bandgap of ML (BL) WSe2

is 1.60 (1.43) and 1.33 (1.15) eV [185] with and without con-
sidering SOC, respectively, showing the evident reduction by
the SOC of 0.27 (0.28) eV that makes 2D WS2 suitable for
spintronic applications. The WSe2–MoS2 p–n heterojunctions
are fabricated in experiments with outstanding rectification
and photoresponse [186, 187]. The experimentally fabricated
WSe2-based FETs are confronted with limited on-current
[15, 188], which is possibly attributed to the high-resistance
contact between WSe2 and the electrodes. Such difficulties
address the importance of searching for electrode materials
with optimal interfacial properties.

Wang et al investigated the interfacial properties between
2D WSe2 and common metals (Sc, Al, Ag, Au, Pd, Pt) by
the first-principles BSC method considering the SOC effects
[185]. The calculated SBs of ML and BL WSe2 are shown in
figures 31(a) and (b). The general comparison shows that two
kinds of coupling effects can reduce the vertical SBH: (1) the
SOC generally reduces the p-type vertical SBH. Remarkably,
the p-type Ohmic contact is predicted for both ML WSe2–Pt
and BL WSe2–Pt vertical interfaces. (2) The interlayer cou-
pling in the BL WSe2 reduces both n-type SBH and p-type
SBH. Besides the WSe2–Pt contact, the ML (BL) WSe2 –Pd
and WSe2 –Sc vertical interfaces are also predicted as low
resistance contacts due to the low p-type SBs of 0.23 (0.09)
and n-type SBs of 0.25 (0.25) eV, respectively. Therefore, Pt
(the best) and Pd are recommended as electrode materials that
form low resistance p-type contacts while Sc is recommended
for n-type contacts in ML or BL WSe2 based devices.

The calculations of the lateral SBHs considering the SOC
are still in lack due to computational costs. Generally, the lat-
eral SBHs are not equal to the vertical SBHs because of the
curve of band edges at interface II. Nevertheless, the band
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Figure 31. Calculated SBH of (a) ML WSe2–metal contacts and (b) BL WSe2–metal contacts by the GGA of DFT. The light (deep) red,
green, and blue bars represent the electron (hole) vertical SBH without SOC, the vertical SBH with SOC, and the lateral SBH without SOC
adopted from[185], the purple bar represents the lateral SBH without SOC adopted from [13]. (c) The real space band structures of ML
WSe2–2D titanium carbides contacts. The blue dash lines separate the space into 2D titanium carbides, the contact area, and ML WSe2 from
left to right. The green (solid/dash), yellow, and red lines represent the Fermi level, the CBM, and the VBM, respectively. (a), (b)
Reproduced from [185] with permission of The Royal Society of Chemistry. (c)–(e) Reprinted from [189], Copyright (2018), with
permission from Elsevier.

Figure 32. (a) Lateral SBHs for the ML ReS2 FETs with metals. (b) The lateral electron SBHs as a function of the work function of metals.
Reproduced from [191] with permission of The Royal Society of Chemistry.
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Figure 33. (a) Diagram of an ML TiS3 transistors. LDDOS for ML TiS3 transistors contacted with (b) Ir and (c) Ni electrodes. Reprinted
with permission from [193]. Copyright (2019) American Chemical Society.

edge is flat using the QTS for WSe2 –Pt contact, and the lat-
eral SBH without the SOC is equal to the vertical SBHs with-
out SOC [185]. Therefore, the lateral SBH with the SOC also
approximates the vertical SBH with the SOC. Therefore, the
prediction of the p-type Ohmic contact between WSe2 and Pt
is suitable for both the vertical and lateral interfaces, and such
a p-type Ohmic contact is confirmed in the experimental FET
configuration [190].

The 2D titanium carbides are also proposed as promising
electrode materials in WSe2 devices [189]. The n-type lateral
Schottky contact with an electron SBH of 0.4 eV is formed
for the Ti2C electrode, while the n-type Ohmic contact and p-
type quasi-Ohmic contact (with a tiny SBH of 0.02 eV) are
formed for Ti2CF2 and Ti2C(OH)2, respectively, as displayed
in figures 31(c)–(e). TBs and vertical SBs are absent in all
electrodes above. Therefore, the 2D Ti2CY2 (Y = F or OH)
provides selections of electrode materials for both n-type and
p-type low-resistance contacts in ML WSe2 FETs.

4.1.6. Other TMCs–metal top contacts. Among the large
family of TMCs, Mo- and W-based dichalcogenides are the
most studied materials for their potential applications in elec-
tronics and optoelectronics. Nonetheless, many other TMC
materials, which may have the same potential, are far unex-
plored. The scheme of BSC and QTS can also be applied to

study the SBH in FETs based on other TMCs. Zhao et al inves-
tigated the contact properties of the ML ReS2 with silicene,
borophene, Al, Ni, and Cu metals, Ti3C2, and Hf3C2 MXenes
[191]. Freestanding ML ReS2 possesses a direct bandgap of
1.45 eV [191]. In the vertical direction, ML ReS2 forms n-
type Schottky contacts and relatively large TB with silicene
and borophene, indicating weak interactions. There is no ver-
tical SBH in the other five considered heterostructures due to
the metallization of the ML ReS2. The lateral SBH is deter-
mined using the ab initio QTS [191]. As shown in figure 32(a),
ML ReS2 forms n-type lateral Schottky contacts with silicene,
borophene, Al, and Ni. Lateral Ohmic contacts are formed for
ML ReS2 when contacted with Cu, Hf3C2, and Ti3C2 elec-
trodes. Moreover, the pinning factor S of the ML ReS2 is 0.49,
as shown in figure 32(b).

TiS3, one of the transition metal trichalcogenides, pos-
sesses highly anisotropic electronic properties. The few-layer
TiS3 nanoribbons FETs exhibit an n-type conduction behav-
ior with on-off ratios as high as 104 and mobilities up to
2.6 cm2 V−1 s−1 [192]. Sun et al explored the interfacial
properties of ML TiS3 contacted with Au, Ag, Pd, Pt, Ir, and
Ni electrodes by using the ab initio BSC and QTS [193]. In
the vertical direction, there is no TB in all the considered
ML TiS3/metal systems. ML TiS3 is metalized with vanishing
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Figure 34. (a) Schematic diagrams of MoTe2 transistors based on edge-contacted 1T′–2H phase. (b)–(d) Transport through phase
homojunction structure in MoTe2. (b) Output characteristics with gate voltage VG from −60 V to 60 V. (c) Conductance of the 1T′–2H
MoTe2 transistors. (d) The field-effect mobility of 1T′–2H MoTe2 transistors changes with temperature. (a)–(d) From [177]. Reprinted with
permission from AAAS.

vertical SBH when contacted with all these six metals, accord-
ing to the BSC. In the lateral direction, Ir generates a p-type
Schottky contact with the hole SBH of 0.37 eV while Ni real-
izes an Ohmic contact with ML TiS3 from the ab initio QTS
(figure 33).

4.1.7. TMD–metal edge contacts. Many efforts have been
devoted to investigating the semiconducting 2H phase TMD
transistors with edge-contacted metallic 1T′/1T phase TMD.
These kinds of edge-contacted 1T′/1T–2H heterojunctions
have been successfully fabricated in experiments by phase
engineering, such as mechanical strain [194, 195], the organo-
lithium chemical method [196–199], laser-irradiation [177],
and electrostatic gating inducing [200]. Compared to the per-
formance of MoS2 and MoTe2 transistors with a top-contacted
bulk metal electrode, transistors based on their 1T′–2H phase
edge-contact exhibit improved device performancewith higher
carrier mobility and lower contact resistance (figure 34) [177,
201, 202]. The observed lower contact resistance also means
the lower and gate-tunable SBH in such a phase edge-contact
[52, 201, 202].

Liu et al systematically studied the interfacial properties of
SBFETs based on ML MX2 (MoS2, MoTe2, MoSe2, WS2, and

Figure 35. Schematic model of the ML MX2 1T′–2H edge-contact
transistor. Reproduced from [47] with permission of The Royal
Society of Chemistry.

WSe2) edge-contacted 1T′–2H phase using the QTS method
[47]. In the two-probe model with double gates (figure 35), the
5 nm channel was built with semiconducting 2H MX2, and the
semi-infinite electrodes adopted the semi-metallic 1T′ MX2.

LDDOS (figure 36) shows specific edge states (not only the
MIGS but also the hybridization states of the two phases) at the
1T′–2H edge-contacted interface. Such edge states distribute
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Figure 36. LDDOS and transmission spectra of the ML MoS2 and MoTe2 edge-contacted 1T′–2H transistors at Vg = 0 ((a) and (b)) and
Vg �= 0 ((a′) and (b′)). Intrinsic VBM/CBM is represented by solid black curve. Reproduced from [47] with permission of The Royal Society
of Chemistry.

Figure 37. SBH of ML MX2 1T′–2H edge-contacted transistors obtained from the WFA (Φe
W/Φh

W) and the QTS (Φe,intri
T /Φh,intri

T ,
Φe,e f f

T /Φh,e f f
T ). The blue bar and the yellow bar represent the ISBH and the ESBH, respectively. Reproduced from [47] with permission of

The Royal Society of Chemistry.
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Figure 38. Left: schematic diagram of the band alignment of ML MX2 1T′–2H edge-contact heterojunction at Vg = 0 V. EF is Fermi level
(black dashed line). Eeff

v is the effective VBM (white line). Right: illustration of band alignment of Ohmic contact at Vg �= 0. The green
arrow points out the carrier injection pathway formed by deeply expanded edge states. Reproduced from [47] with permission of The Royal
Society of Chemistry.

continuously and deep-enough to bridge the source/drain and
channel, resulting in a lower hole ESBH extracted from the
effective VBM (solid white line in figure 36) than intrinsic
SBH (ISBH) extracted from the intrinsic VBM (solid black
line in figure 35). [47]. Besides, the ESBH is tunable (see
figures 36(a)–(a′) and (b)–(b′)), corresponding with experi-
ment results that desirable Ohmic contact can be realized by
tuning gate voltage [52, 202]. The comparison between SBHs
from the WFA and SBHs from the QTS is shown in figure 37.

The widely-dispersed and deeply-expanded edge states
originate from the strong coupling at the edge-contact
interface. Besides, compared with bulk metal electrodes,
low-dimensional electrodes shield the gate electric field less
[82, 203, 204]. Therefore, the formation of new transport path-
ways by the gate-tunable edge states (a mixture of MIGS
and hybridization state) and the improved gate control abil-
ity by adopting the 2D 1T′ phase electrodes lead to a tunable
ESBH and thus a better performance in the ML MX2 1T′–2H
edge-contact (figure 38).

As for the low contact resistance in the fabricated edge-
contacted 1T/1T′–2H MX2 heterojunction, we also provide
other points of view in addition to our opinion. The exper-
imental works ascribe such a low contact resistance to the
reduced physical separation between electrode and channel
and the decreased TB [50], or the in-plane 1T/1T′–2H phase
hybridization state that is still metallic with a high conductiv-
ity [205, 206], or the interfacial defects and adsorption from
the technical process [50, 177]. For the ideal edge-contacted
1T/1T′–2H heterojunction, the theoretical works also give dif-
ferent viewpoints. Paz et al proposed that the Fermi level is
pinned near the VBM, and the local upward bending of the
VBM near the interface increases the DOS at the interface for
hole injection [48]. Fan et al pointed out that the SB thick-
ness can be changed by a gate voltage. If the thickness is
smaller than the given value, the tunneling becomes very effi-
cient (close to 1); in other words, the SBH is tunable by a
gate voltage [49, 67]. Urquiza et al also found that the SBH
can be tuned by a gate voltage [51]. All these theories come
to the conclusion that a gate-tunable SB exists at the lateral
1T/1T′–2H interface (equivalent to the absence of the FLP),
resulting in a more efficient carrier transmission and a lower
contact resistance.

4.2. Group III–VI 2DSC

4.2.1. InSe/GaSe–metal top contacts. InSe (figure 39(a)),
a new 2D III–VI semiconductor, has attracted much atten-
tion owing to its novel optical and electrical characters [106,
207–210]. ML InSe has an indirect bandgap of 1.52 eV, and
the bandgap of InSe reduces as the thickness increases. BL,
TL, and bulk InSe have a 0.97, 0.81, and 0.49 eV bandgap
at the GGA-PBE level, respectively [211, 212]. The range of
InSe bandgap is suitable for optical and electronics applica-
tions. The Hall mobility surpasses 103 cm2 V−1 s−1 in multi-
layer InSe FETs at room temperature [106, 213, 214]. These
advantages make 2D InSe a promising next-generation chan-
nel material in electronics. The on-off ratio has achieved 105 in
the six-layer InSe transistors, but it becomes 102 in ML InSe
transistor in Geim’s experiment [106]. The big difference is
due to the higher electrode-channel resistance in ML InSe tran-
sistor than that in a six-layer InSe transistor [106]. Besides, the
sub-7 nm ML InSe MOSFETs achieve a remarkable device
performance in the QTS, which makes the electrode–channel
interface more important [54].

Several metals have been tested as the electrode of ML InSe
based on first-principle BSC and QTS [215, 216]. The ver-
tical Ohmic contacts are formed between ML InSe and Ag,
Cu, In, Sc, Au, Cr, Pt, and Pd electrodes. Vertical quasi-Ohmic
contact exists with a graphene electrode featured by a tiny elec-
tron SBH of 0.01 eV. The lateral n-type Schottky contacts are
formed in the interface between ML InSe and Sc, Au, Cr, Pt,
Pd, and graphene in QTS, with the electron SBHs of 0.25, 0.35,
0.41, 0.54, 0.61, and 0.55 eV, respectively (figure 40(a)). More-
over, n-type Ohmic contacts are formed in the lateral interface
between Ag/Cu/In and ML InSe. The Schottky contact type
in the simulations consists of the experimental data, includ-
ing Ag, In, Au, Cr, and graphene as electrodes [106, 213,
217, 218]. A p-type Schottky contact is formed between ML
O–Cr2C and ML InSe due to a huge work function of ML
O–Cr2C. The hole SBHs are 0.68 and 0.76 eV in the verti-
cal and lateral interface, respectively. The FLP exists with a
pinning factor of 0.32 (figure 40(b)) in the lateral interface in
the ML InSe FETs. The pinning factor is large owing to the
large amount of MIGS, indicating a robust electrode-channel
coupling in the ML InSe FETs [215]. Jin et al also investigated
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Figure 39. (a) Structure of the ML and BL InSe. Red and purple balls represent selenium and indium atoms, respectively.
(b) Cross-sectional schematic of a 2D InSe FET. (c) Optical micrograph of an InSe device. The top gate is the bright central area that covers
the encapsulated InSe. Peripheral Au contacts with FLG encapsulated by hBN, which is not covered by the top gate. The FLG region is dark
yellow. (d) Transfer characteristic in 6L InSe FET using two-probe measurements. (Isd is the current between the source and drain. V tg is the
voltage of the top gate. V sd is the voltage between the source and drain.) Reprinted by permission from Springer Nature Customer Service
Centre GmbH: Nature Nanotechnology [106] © 2017.

the interface between metals and ML InSe [216]. The electron
SBHs calculated for Ag and Au electrodes are larger than those
in the work of [215], as shown in figure 40(b). The reason may
lie in that the hybrid functional (HSE06) is used in Jin’s work
and probably overestimates the transport gap and thereby the
SBH [56, 219].

The vertical SBH is also revealed in the LDDOS when the
ML InSe band structure can be identified in the electrode (Ag,
Cu, In, ML graphene, and ML O–Cr2C systems) [215]. The
vertical hole/electron SBH is displayed as the energy differ-
ence between the Fermi level in the deep electrode part (far
from the channel) and the VBM/CBM of ML InSe. A vertical
n-type Ohmic contact is obtained from the LDDOS for Ag,
Cu, and In, which is the same as the result in the BSC. How-
ever, for ML graphene, the LDDOS reveals a vertical Schot-
tky contact while the band structure reveals a vertical quasi-
Ohmic contact. The difference is because the VBM/CBM of
ML InSe is downbent in the electrode region induced by the
electrons transferring from the electrode to the channel. If the
electrode region is long enough, the downbent will stop. An
n-type quasi-Ohmic contact is expected in LDDOS, which is
in agreement with the BSC. A vertical hole SBH (0.69 eV) is
obtained in LDDOS for ML O–Cr2C, which consists with the
hole SBH (0.68 eV) obtained from the band structure [215].

As for BL InSe, electron SBs exist at the lateral interface
between BL InSe and Sc, Au, Pt, and Pd with the electron
SBHs 0.16, 0.20, 0.33, and 0.38 eV, respectively (figure 41)
[220]. The FLP is 0.16, which is much smaller than ML
InSe. Remarkably, n-type Ohmic contacts are formed between
Ag/Cu and BL InSe.

GaSe shares similar electronic properties with InSe. ML
GaSe has an indirect bandgap of 1.89 eV [221]. Zhao et al the-
oretically investigated the interfacial properties of ML GaSe
contacted with various bulk metals and MXenes [221]. In the
vertical direction, from the BSC, ML GaSe is completely met-
alized with zero SBH with V2C, Mo2C, Nb2C, Cu, and Ni.
Besides, Pt and Au form n-type vertical Schottky contact while
V2CO2 and Nb2CO2 form p-type vertical Schottky contacts
with ML GaSe. In the lateral direction, the lateral SBH val-
ues are shown in figure 42 obtained from the ab initio QTS.
Mo2C, Nb2C, Cu, Ni, Pt, and Au generate n-type lateral Schot-
tky contact as electrode materials in ML GaSe FET. Moreover,
ML GaSe forms n-type Ohmic contacts with V2C and p-type
Ohmic contacts with V2CO2 and Nb2CO2. Pinning factor S of
ML GaSe is 0.74, indicating a weak FLP (figure 42).

4.2.2. In2Se3–metal top contacts. Although 2D InSe per-
forms well as a channel material for the FET, its ambient insta-
bility is a big issue, which restricts the further applications
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Figure 40. (a) Lateral electron SBHs obtain through WFA and QTS in the ML InSe FETs. (b) Lateral electron SBHs in the ML InSe FET
from QTS versus the work function. S represents the pinning factor. The red stars (from [215]) and the blue stars (from [216]) represent the
lateral SBHs of different metals. (c) Diagram of FLP in the ML InSe FETs. Reproduced from [215] with permission of The Royal Society of
Chemistry.

[106, 217, 222]. By contrast, as one of the allotropies of 2D
InSe, 2D In2Se3 (figure 43(a)) has been fabricated and pos-
sesses appropriate stability at ambient conditions [223–226].
ML In2Se3 has an indirect 0.82 eV bandgap based on the DFT
calculations. A considerable electron (hole) carrier mobility
of 920–960 (510–560) cm2 V−1 s−1 is calculated for ML
In2Se3 [227]. Ye et al successfully constructed 2D In2Se3-
FETs (figure 43(b)) recently, which exhibit high performance
with a high on-off ratio of over 108 at VDS = 1 V, a large max-
imum current of 671 μA μm−1, and the high electron mobility
of 488 cm2 V−1 s−1 (figure 43(c)) [228]. These unique prop-
erties make 2D In2Se3 a promising candidate as the channel
material for the next-generation FETs. Furthermore, 2D In2Se3

is also a kind of 2D ferroelectric materials, which possesses the
unique planar direction-dependent electrical properties [229].
The ferroelectric property potentially broadens the 2D In2Se3

based electronic device for wide applications, such as fer-
roelectric semiconductor FET with a large memory window
[228].

Yang et al explored the contact properties between ML
In2Se3 and Au, In, Sc, and Ag metal electrodes in a FET
structure using the first principles BSC and QTS [230]. The
planar-direction is defined by the built-in electric field of

ML In2Se3 due to its out-of-plane ferroelectric property. Both
up and down planar-directions are considered [229]. As a
result, all the ML In2Se3 band structures are hybridized in
the contacting structures, indicating no vertical SBs at the
metal–ML In2Se3 interfaces. In the lateral direction, the ab
initio QTS was performed (as shown in figure 44). The pla-
nar direction-dependent interfacial properties were observed:
n-type Schottky contacts occur in In, Sc electrodes with up-
directed ML In2Se3, but p-type Schottky contacts were formed
at the interfaces between In, Sc electrodes and down-directed
ML In2Se3. Furthermore, two metals could generate highly
desirable Ohmic contacts: (1) Au electrode generated n-type
Ohmic contact with the up-directed ML In2Se3. (2) Ag elec-
trode generated n-type Ohmic contact with both two directions
of ML In2Se3. The pinning factors are S = 0.04 and 0.05 for
up and down directed ML In2Se3, respectively.

For the real FET devices, both n- and p-type contacts
between semiconducting channel and metals are vital. Com-
monly, a semiconductor can only generate one kind of con-
tact type with the same metal electrode. Changing electrodes
always means extra costs. Yang et al demonstrated that con-
tact types could be changed by the planar direction of ML
In2Se3 with the same metal contact, which broadens the future
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Figure 41. (a) Lateral electron SBHs obtain through WFA and QTS in the BL InSe FETs. (b) The comparison of the lateral electron SBHs
between the QTS and the metal work function. S represents the pinning factor. (c) Diagram of the FLP effect in the BL InSe FETs. Reprinted
with permission from [220]. Copyright (2019) American Chemical Society.

applications of In2Se3 material [230]. Besides, the Ohmic con-
tacts found in ML In2Se3 make it a more competitive choice
to be used as a channel material in next-generation transistors.

4.3. Group III–V 2DSC

Group III–V 2DSC is another semiconducting group mate-
rial, such as GaN, having been widely researched for several
years [231–236]. They are used in high-efficiency optoelec-
tronics and electronic device, such as light-emitting diodes,
laser diodes, and transistors [237–240]. J A Robinson group
manufactured the 2D GaN via graphene encapsulation recently
(figures 45(a) and (b)) [241]. Comparing with bulk mate-
rial, the 2D GaN has quite promise applications in electron-
ics and optoelectronic devices. It has two hexagonal struc-
tures after relaxation: a buckled and a planar one [231, 241].
The passivated buckled structure has a direct Eg = 5.28 eV
(figures 45(c)–(f)) [241], and the planar GaN has a structure
similar to graphene with an indirect Eg = 2.17 eV [242–244].

Guo et al studied the interfacial properties of the ML GaN
FETs (with Pt, Au, Al, Ag, Ti, and Sc electrodes) [245]. In

the vertical interface, planar GaN is metalized, while the band
structure is identifiable for buckled ML GaN. In the lateral
interface, the planar GaN FET has n-type Schottky contact on
the Ag electrode, p-type Schottky contacts on Ti, Au, and Al
electrodes, and p-type/n-type Ohmic contact on the Pt/Sc elec-
trode (figure 46(a)). In the vertical interface, the buckled GaN
FETs have Ohmic contact (p-type) on Au/Pt electrodes and p-
type Schottky contact on Ag, Al, Ti, and Sc electrodes. In the
lateral direction, the buckled ML GaN FETs have Ohmic con-
tact (p-type) on Au/Pt electrodes and Schottky contact (p-type)
on Ag, Al, Ti, and Sc electrodes.

The ML GaN FETs have a moderate FLP. The calculated
pinning factors of the ML GaN FETs (shown in figure 46(a))
are Se

L = 0.63 (planar) and Sh
L = 0.75 (buckled), which are

higher than those of other typical 2DSC FETs (arsenene
(Se

L = 0.33) [25], BlueP (Se
L = 0.42) [94], BP (Se

L = 0.28)
[74], and and bismuthene (Se

L = 0.12) [123]). Such a moderate
FLP is attributed to the smaller amount of MIGS at the lateral
interface [245]. Figure 46(b) shows the FLP effect of the GaN
FETs, and the position of FLP of the ML buckled GaN FETs
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Figure 42. (a) Lateral SBH for the electron (red) and hole carriers (green) in the GaSe FETs. (b) Lateral electron SBH varies with the work
function of metal electrodes. The black dashed line is a linear fitting of the data points. Reproduced from [221] with permission of The
Royal Society of Chemistry.

Figure 43. (a) Structure of freestanding ML In2Se3 and configurations of the ML In2Se3–metal interfacial systems with up- and
down-directed of In2Se3. (b) Schematic diagram of the fabricated 2D In2Se3-FET and the responding SEM image. (c) Transfer curve at
room temperature of a representative 2D In2Se3-FET. (a) [230] John Wiley & Sons © 2019 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim. (b), (c) Adapted by permission from Springer Nature Customer Service Centre GmbH: Nature Electronics [228] © 2019.

drops by about 2 eV because of the coupling at the interface
[245].

4.4. Group IV–VI 2DSC

4.4.1. SnS–metal top contacts. Another well-studied family
of vdW solids is the compounds with IV–VI elements, such
as SnS2, SnSe2, SnS, and SnSe [14, 147]. A high on-off ratio

n-type FET by using 2D SnS was produced in 2016 [246].
Theoretically, FL SnS is predicted to have high carrier mobil-
ity with a sizeable bandgap [247]. The interfacial properties
of ML SnS in contact with Ag, Al, Au, Pd, Cu, and Ni were
explored in 2018 [248].

Based on the BSC, ML SnS undergoes a metallization after
contact with metals, and SB is absent in the vertical direction.
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Figure 44. Lateral electron and hole SBHs of the Au/In/Sc/Ag contacting up- and down-directed ML In2Se3 (obtained from the QTS). [230]
John Wiley & Sons © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

Lateral SBH is calculated by WFA and QTS, and the results
are compared in figure 47. By using the QTS, n-type lateral
Schottky contact is observed between ML SnS and Cu, Ni, and
Ag with an electron SBH of 0.38, 0.43, and 0.62 eV, respec-
tively. P-type lateral Schottky contact is observed between ML
SnS and Pd, Au, and Al with a hole SBH of 0.44, 0.68, and
0.80 eV, respectively. The pinning factor is estimated to be 0.28
for electron and 0.17 for the hole [248].

These small pinning factors indicate a strong FLP effect,
resulting in a pinned Fermi level around the center of the band
gap of ML SnS and large lateral SBHs. These large lateral
SBHs will degrade the device performance of the ML SnS
FETs. By using vdW contact with 2D metal such as graphene
or intercalating 2D material between ML SnS and bulk metal,
a small SBH or even an Ohmic contact in the lateral direction
is possible to obtain for ML SnS.

4.4.2. GeSe–metal top contacts. Germanium selenide
(GeSe), as one of the IV–VI 2DSC family, is very stable
in ambient air and easily fabricated [251, 252]. GeSe has a
puckered structure (figure 48(a)) and anisotropic properties
similar to isoelectronic phosphorene [253]. ML GeSe has
band gaps (including direct and indirect) of 1.1–1.2 eV
(figure 48(b)) overlapping with the solar spectrum [105, 251,
254, 255]. GeSe have been fabricated on SiO2/Si substrates
with the Au electrode to produce the photodetectors and solar
cells [254, 256].

Guo et al used the ab initio BSC and QTS to calculate the
interface properties of ML GeSe FETs (Ag, Pt, Au, Pd, Ti, Cu,
graphene–Cu, and graphene electrodes) [250]. The devices
have excellent Ohmic contacts in the vertical interface because
of metalized ML GeSe. In the lateral interface, the puckered
ML GeSe has anisotropic Schottky contacts. Along the zigzag
direction (a-axis), the ML GeSe FETs have n-type Schottky
contacts on Pt and Ag electrodes and p-type Schottky contacts
on Pd, Ti, Cu, and Au electrodes (as shown in figure 49(a)).
Along the armchair direction (b-axis), the ML GeSe FETs
have n-type Schottky contacts on Cu and Ag electrodes and

p-type Schottky contacts on Au, Pd, Ti, and Pt electrodes. In
the zigzag and armchair direction, the FLP factor is Sa =−0.03
and Sb = 0.14, respectively (figure 49), which is rather strong
compared with other 2DSCs.

The vdW contact with 2D metal is an effective approach
to low the SBH. By using graphene–Cu hybrid electrode,
the ML GeSe FETs form quasi p-type Ohmic contact along
zigzag (a-axis) direction. By using graphene electrode, the ML
GeSe FETs form quasi p-type Ohmic contact along both the
two directions (figure 49(b)). Hence, using graphene–Cu and
graphene electrodes can make high-performance ML GeSe
FETs with low contact resistance [250].

4.5. Oxychalcogenide 2DSC

Bi2O2Se is an emerging 2D material with a layered struc-
ture. Its tetragonal structure with I4/mmm space group (a =
3.88 Å, c = 12.16 Å and Z = 2) is shown in figure 50(a)
[257]. Each layer of Bi2O2Se has one oxide layer [Bi2O2]2+

sandwiched by Se2− square arrays through weak electrostatic
interactions. Recently, large-area and the thin atomic lay-
ers Bi2O2Se with high quality have been synthesized on the
mica substrate by the CVD method (figures 50b) and (c))
[257–259]. The experiment showed that the electron mobil-
ity of CVD-grown Bi2O2Se could reach ≈450 cm2 V−1 s−1,
and the value can even reach 2000 cm2 V−1 s−1 for thicker
Bi2O2Se at around 300K [257, 258]. The bandgap of 2D
Bi2O2Se is thickness-dependent [257]. At the LDA-MBJ level
with the inclusion of SOC, ML Bi2O2Se’s bandgap is 1.14 eV
while the BL Bi2O2Se’s bandgap shrinks to 0.18 eV. The band
structures of Bi2O2Se are given in figure 50(d). The fabri-
cated 2D Bi2O2Se samples exhibited robust stability in the air,
moisture, or thermal conditions [257, 258, 260]. Remarkably,
even down to ML, the surface roughness of Bi2O2Se remains
almost the same when exposed to air for ∼4 months, far supe-
rior to few-layer black phosphorus. Easy-accessibility to large
production, high electron mobility, layer-dependent bandgap,
and excellent environmental stability, all these satisfactory
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Figure 45. (a) Cross-section of 2D GaN by high-angle annular dark-field-STEM. (b) Elemental energy dispersive x-ray mapping of 2D
GaN. The structure (c), (d) and the band structure (e), (f) of planar/buckled ML GaN. (a), (b) Reprinted by permission from Springer Nature
Customer Service Centre GmbH: Nature Materials [241] © 2016. (c), (d) Reproduced from [245] with permission of The Royal Society of
Chemistry.

features make Bi2O2Se become one of the most competitive

2D channel materials for next-generation FET [257, 258].

The fabricated BL Bi2O2Se SBFETs with Au/Pd elec-

trodes already achieved Ohmic contact. The contact resis-

tance for a 6.2 nm-thick Bi2O2Se FET is calculated to be 5

kΩ·μm by analyzing its linear Ids–Vds curve. An ideal SS value

(∼65 mV/dec) and a large current on-off ratio (∼106) are also

achieved at room temperature (figure 51) [257, 261]. For ML

Bi2O2Se, reaching Ohmic contact is still a big issue [257].

Liu et al studied the SBH in ML Bi2O2Se FETs with Au, Pd,

Pt, Ag, Sc, and Ti electrodes through the BSC and QTS meth-

ods [261]. For all the studied interfacial systems, band analysis

reveals that the pristine ML Bi2O2Se undergoes metalization,

featured by Bi2O2Se’s bandgap disappearing after contact with

metal. This illustrates that no vertical SBH at interface I. At

interface II, ML Bi2O2Se–Au/Pd/Ag FETs witness n-type SBs

(figure 52) [261]. However, the desirable lateral n-type Ohmic

contacts observed at the ML Bi2O2Se–Pt/Sc/Ti FETs imply
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Figure 46. (a) Comparison of lateral contact properties of the ML GaN FETs with the metalwork function. Se
L and Sh

L are the pinning factor
of the planar and buckled ML GaN FETs from the Schottky−Mott rule. (b) Illustration of FLP in the ML GaN FETs. Reproduced from
[245] with permission of The Royal Society of Chemistry.

Figure 47. Comparison of the lateral SBH on the interface between
metal and ML SnS between using the WFA and QTS. Reprinted
with permission from [248]. Copyright (2018) American Chemical
Society.

that such devices with low contact resistance are still worthy
of expectation.

The strong coupling at the interface of the composite elec-
trode and channel can induce MIGS, which can be used to
explain the formation of 0.52 eV electron SBH within Ag-ML
Bi2O2Se SBFET. The interfacial coupling can also modulate
the Fermi level of the metal–Bi2O2Se electrode (The Fermi
levels of Pt/Ti-ML Bi2O2Se are even lifted over the CBM
(3.51 eV) of the channel so that the devices directly reach
Ohmic contact. The average S of FLP is 0.12, with the within-
gap S of −0.07 and the beyond-gap S of 0.05, indicating a
strong FLP at the lateral interface II [261].

As the simplest multilayer of Bi2O2Se, the experimen-
tal BL Bi2O2Se has realized desirable Ohmic contact with
top-contacted Au/Pd electrodes. Xu et al carried out a sys-
tematic exploration of the contact properties in BL Bi2O2Se
SBFETs with Au, Pd, Pt, Ag, Sc, and Ti electrodes [262]. Their

investigation shows Bi2O2Se–Pd SBFET forms n-type Ohmic
contacts at its lateral interface, matching well with the experi-
mental result [257, 258]. For the discrepancy that experimen-
tal BL Bi2O2Se transistor with Au/Pd electrode shows Ohmic
contact while the ML Bi2O2Se cannot work well, the simula-
tion demonstrates that the dramatic band gap increase from BL
(0.43 eV) to ML limit (1.32 eV) is the main reason. Compared
to its ML counterpart, BL Bi2O2Se prefers establishing (quasi)
Ohmic contact with all the six investigated metals due to the
relatively small band gap. Meanwhile, BL Bi2O2Se is believed
to be a promising channel material for technology nodes under
5 nm in the future [262].

5. Summary and outlook

This review provides a comprehensive overview of the SB in
2DSC FETs from theory to experiment. In 2DSC FETs with
vdW or weak chemical bonding top electrodes, the carriers
transport first from the metal electrode to the underneath 2DSC
in the vertical direction and then inject into the 2DSC channel
region in the lateral direction. The SB may exist both in the
vertical and lateral directions. If the energy band is flat from
the contacted 2DSC to the channel 2DSC region at zero bias,
which usually occurs in the vdW bonding type, the vertical
and lateral SBHs are equal. In this case, the BSC based on an
interfacial system is enough to provide the correct SBH. Such a
calculation has taken into consideration the metal–2DSC cou-
pling in the vertical direction. If there is band bending from
the contacted 2DSC to the channel 2DSC, the vertical and lat-
eral SBHs are no longer equal. The vertical and lateral SBHs
should be determined from the spatially-resolved band edges
generated from the ab initio QTS, which includes the coupling
between the 2DSC underneath the metal and channel 2DSC.

In 2DSC FETs with robust chemical bonding top elec-
trodes, the 2DSC underneath the metal electrode undergoes a
metallization, and vertical SBH vanishes. Due to the existence
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Figure 48. (a) Structure of GeSe. (b) Band structure and PDOS of ML GeSe. (c) HRTEM image of 2D GeSe nanosheet. (d) SAED pattern
of GeSe. (a), (c) and (d) Reproduced from [249]. CC BY 4.0. (b) Reproduced from [250]. © IOP Publishing Ltd. All rights reserved.

Figure 49. (a) Lateral electron SBH of the ML GeSe FETs as a function of the metals work function. Sa and Sb are the FLP factor of devices
along the zigzag (a-axis) and armchair (b-axis) directions. (b) Illustration of FLP in the ML GeSe FETs. Reproduced from [250]. © IOP
Publishing Ltd. All rights reserved.

of the FLP induced chiefly by the MIGS, the lateral SBH is
not merely a difference between the work function of metal-
ized 2DSC and the CBM/VBM of the channel 2DSC (namely
WFA). It is imperative to fully consider the complex coupling
between the metalized 2DSC and the channel 2DSC through
the ab initio QTS. Actually, the lateral SBHs derived from the
ab initio QTS are in significantly better agreement with the
experimental results.

The theoretical pinning factor S with bulk metal contacts
as a function of the bandgap from the ab initio BSC and QTS

is shown in figure 53. Except for ML GaN and ML GaSe, the
Femi level of the 2DSC was strongly pinned with a pinning
factor S < 0.5, due to the interface dipole, chemical bonding,
and the most crucial factor of all, MIGS. A linear fit to these
data gives S = 0.30 Eg − 0.14. A smaller bandgap generally
corresponds to a smaller S and thus a stronger FLP. Moreover,
the theoretical S from the QTS is close to the experimental
values for ML MoS2 [31, 158]. Therefore, the ab initio QTS
provides the most powerful theoretical tool to predict the SBH
and pinning factor of a 2DSC FET.
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Figure 50. (a) Layered crystal structure of Bi2O2Se. (b) Bi2O2Se nanoplates synthesized through the CVD process. (c) Typical OM image
of synthesized 2D Bi2O2Se crystals grown on mica. Reprinted with permission from [259]. Copyright (2017) American Chemical Society.
(d) DFT-calculated band structures of bulk Bi2O2Se. Reprinted by permission from Springer Nature Customer Service Centre GmbH:
Nature Nanotechnology [257] © 2017.

Figure 51. SBFET based on 2D Bi2O2Se. (a) Output curves of a 6.2 nm-thick and 21-um-long Bi2O2Se transistor. The insets are a
schematic device model of a top-gated Bi2O2Se transistor (top row) and an optical microscopy image of this device on mica substrate with
Al2O3 and HfO2 as the dielectrics (bottom row). (b) Transfer characteristics of the 6.2 nm-thick 21-um-long Bi2O2Se transistor with a
different bias. Reprinted by permission from Springer Nature Customer Service Centre GmbH: Nature Nanotechnology [257] © 2017.
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Figure 52. (a) Fermi level change during device construction. (b) Lateral electron SBH of the ML Bi2O2Se FETs changes with metal work
function. The average S of FLP is 0.12, with the within-gap S of −0.07 and the beyond-gap S of 0.05. [261] John Wiley & Sons. © 2019
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

Figure 53. Pinning factor of 2DSC FETs versus the bandgap of
2DSCs. Black dots denote the theoretical values obtained from the
BSC and QTS, and blue dots denote the experimental values
[31, 158]. The data in this figure are for MLs unless explicitly
stated. The pinning factor S is averaged over the two directions for
ML In2Se3, ML GeSe, and ML tellurene.

vdW type of top metal electrode can be used to reduce
the FLP, including 2D metal electrodes, 2D material–bulk
metal hybrid electrode, and atomically flat bulk metals, which
can create a clean interface with 2DSC with suppression of
direct chemical bonding, defects, and chemical disorders. The
damage-free top electrode integration has been experimen-
tally demonstrated [31] and has shown great potential for
high-performance electronics.

Although the edge contact electrode is not as common as
the top one, it provides a solution to contact length scaling in

2DSC FETs [53]. The SBH in FETs with the electrode of edge
contact geometry can also be determined by the QTS method.
The TMDC MX2 has semiconductor and metal phases, which
can form trap-free lateral heterostructures with seamless bond-
ing. The 1T′/1T–2H edge contacted MX2 transistors generally
reveal a lower SBH than the top-contacted ones according to
the QTS method, which is consistent with the observed low
contact resistance in experiments [52, 201, 202]. For 2DSCs
without metallic phase, in situ edge contacts with various bulk
metal could be fabricated using a directional ion beam [53].
Nonetheless, a systemic theoretical investigation is still lack-
ing to understand better the carrier injection mechanism in
2DSC transistors with edge bulk metal electrodes.

The transistor model built for the QTS is generally defect-
less with ideal geometry. The intrinsic defects of the 2DSC
channel have a severe impact on the SBH and FLP, which
has been verified in the QTS study of MoS2 transistors [164].
Therefore, defects should not be ignored in the modeling of
2DSC FETs, and their effect on the SBH should be evaluated
in the future state-of-the-art computer-aided design of 2DSC
FETs.
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