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ABSTRACT

Monolayer (ML) Tl2O, as a newly discovered metal-shrouded two-dimensional

semiconductor with an appropriate bandgap and high carrier mobility, is a

promising candidate as the channel materials for the next-generation field-effect

transistors (FETs). Using ab initio electronic structure calculation and quantum

transport simulation, the contact properties of ML Tl2O–metal interfaces based on

FET are comprehensively investigated with Au, Sc, Tl, Ni, graphene, Ti2C, Ti2CF2,

and Ti2C(OH)2 electrodes. ML Tl2O undergoes metallization with Au, Sc, Tl, Ni,

and Ti2C, while it forms van der Waals-type contact with graphene, Ti2CF2, and

Ti2C(OH)2. An n-type lateral Schottky contact is formed with Ni, Au, Sc, and Ti2C

electrodes with the electron Schottky barrier height (SBH) of 0.25, 0.27, 0.27, and

0.36 eV, respectively, while a p-type lateral Schottky contact is formed with gra-

phene electrode with the hole SBH of 0.10 eV. Surprisingly, a desired n-type Ohmic

contact arises with Tl and Ti2C(OH)2 electrodes and a desired p-type Ohmic contact

arises with Ti2CF2 electrode. The study not only provides a deep understanding of

the interfacial properties of the ML Tl2O FETs but also reveals a versatile approach

to realize both n- and p-type Ohmic contact for the ML Tl2O FETs.

Introduction

Over the last decades, two-dimensional (2D) semi-

conductors have been drawing extensive attention for

their intriguing physical properties and promising

applications in nanoelectronic [1–3]. Due to improved

carrier transport associated with the absence of dan-

gling bond at the interface and the reduced scattering

at smooth surface and remarkable gate electrostatics

associated with atomically thin thickness, 2D semi-

conductors exhibit great potentials to be the channel
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materials beyond traditional semiconductors for the

next-generation nanoelectronic devices [4–6]. A suc-

cessful 2D semiconductor successor of traditional

semiconductor not only requires an advisable band-

gap greater than 0.4 eV [6] but also needs to meet two

other criteria: ambient stability and high carrier

mobility. 2D semiconductors, such as 2D MoS2 and

WSe2, black phosphorene, and 2D InSe, are inten-

sively researched for the electronics with the proper

band gaps [7, 8]. Unfortunately, these 2D semicon-

ductors cannot meet the other two criteria mentioned

above. For example, 2D MoS2 has relatively low

carrier mobility that causes the low on-currents in

experiments, which is less than 250 lA lm-1 [9–11].

Although black phosphorene and 2D InSe possess

high carrier mobility, their insufficient ambient sta-

bility results in the rapid degradation of device per-

formance when exposed to the air [12–15].

Consequently, looking for a proper 2D semiconduc-

tor that meets all these criteria is critical.

Monolayer (ML) Tl2O, the first metal-shrouded 2D

semiconductor, has been recently predicted with a

direct bandgap about 1.0 eV [16]. The calculated

carrier mobility of ML Tl2O is comparable to that of

ML phosphorene and 2D InSe, which is up to

4.3 9 103 cm2 V-1 s-1. What is more, it is dynami-

cally and thermally stable and is easy to be

mechanically exfoliated from the bulk Tl2O with a

low exfoliation energy (0.43 J m-2) [16, 17]. These

characteristics indicate that ML Tl2O is a promising

candidate for the future high-performance and low-

power nanoelectronic devices applications. In an

actual transistor of 2D semiconductor, forming low-

resistance contacts at the interfaces is just as impor-

tant as the semiconducting characters itself [18–20].

Contacting with metal electrodes is inevitable in 2D

semiconductors, and Schottky barrier and Fermi level

pinning (FLP) effects always appear at the 2D semi-

conductors–metal interfaces in their transistors

[21–23]. The interfacial properties of ML Tl2O tran-

sistors are still exclusive, and forming Ohmic contacts

of ML Tl2O–metal interface is expected. 2D metals,

such as graphene and MXene, are new and preferable

choice for the metal electrodes, which can form low-

resistance van der Waals (vdW)-stacked junctions

with 2D semiconductors [24–28]. Particularly, the

work function (WF) of MXene can be tuned by the

functional group at the surfaces, indicating that the

carrier polarity of 2D semiconductor field-effect

transistor (FET) can be tuned by choosing the surficial

functional group (Table 1).

In this article, based on the FET configuration, the

interfacial properties between ML Tl2O and eight

metals (traditional bulk metals: Au, Sc, Tl, and Ni; 2D

metals: graphene, Ti2C, Ti2CF2, and Ti2C(OH)2) are

systematically investigated by utilizing ab initio

electronic structure calculations and quantum trans-

port simulations. ML Tl2O encounters a metallization

contacting with Au, Sc, Tl, Ni, and Ti2C electrodes,

while it forms vdW-type contacts with graphene,

Ti2CF2, and Ti2C(OH)2 electrodes with the band

structure of ML Tl2O kept. In the ML Tl2O FETs, an n-

type lateral Schottky contact is formed when Sc, Ni,

Ti2C, and Au are electrodes with the electron Schot-

tky barrier height (SBH) of 0.27, 0.25, 0.35, and

0.27 eV, respectively, while a p-type lateral Schottky

contact is formed when graphene is the electrode

with the hole SBH of 0.10 eV. The desired n-type

Ohmic contact is formed with Ti2C(OH)2 and Tl

electrodes, and the desired p-type Ohmic contact is

formed with Ti2CF2 electrode. Because of the metal-

induced gap states (MIGS) and the interaction

between the channel ML Tl2O and the electrodes,

strong FLP is discovered in the ML Tl2O FETs with

the pinning factor of 0.15.

Methodology

Interface and device models

Au, Ni, Sc, Tl, graphene, Ti2C(OH)2, Ti2CF2, and Ti2C

are taken into consideration as electrodes, which

cover a wide range of WF. For bulk metal Au, Ni, Sc,

and Tl, five layers of metal atoms are constructed to

model the metal surface, while for two-dimensional

metal graphene and Ti2C without and with F/OH

termination, ML structure is constructed. ML Tl2O is

absorbed on one side of the metal surfaces as shown

in Fig. 1c. The lattice constant of ML Tl2O is fixed

with the optimized lattice constant a = b = 3.59 Å,

and the lattice constants of metal surface are changed

to adapt it correspondingly. The 1 9 1 unit cell of ML

Tl2O matches 1 9 1 unit cell of Sc and Tl surface, and

the 2 9 2 unit cells of ML Tl2O match 3 9 3 unit cell

of Au (111), Ni (111), and graphene surface, and thep
5 9

p
5 unit cells of ML Tl2O match the 2 9 2 unit

cells of Ti2C, Ti2CF2, and Ti2C(OH)2 surfaces. The

mismatches of lattice constant with Ti2C(OH)2,
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Ti2CF2, Ti2C, graphene, Ni, Tl, Au, and Sc surfaces

are 0.56%, 1.10%, 1.51%, 1.79%, 2.59%, 2.62%, 3.89%,

and 3.96%, respectively. ML Tl2O mainly couples

with the top three layers of metal atoms for Ni, Tl,

Au, and Sc [29], so the bottom two layers of the metal

atom freeze in the geometry optimizations.

We build a two-probe ML Tl2O FET to study its

interfacial properties as shown in Fig. 1d. Pristine ML

Tl2O is used in the channel region with the channel

length of 5–6 nm along the transport direction, and

the optimized ML Tl2O–metal interfaces are used in

the left and the right electrode region with semi-in-

finite length.

Computational methods

The geometry optimizations and the electronic

properties of the ML Tl2O–metal interfaces are cal-

culated based on density functional theory (DFT)

performed in the Vienna ab initio simulation package

(VASP) code [30–32]. Ion–electron interactions are

described by utilizing projected augmented wave

(PAW) approximation [33]. The plane-wave basis is

applied with cut-off energy of 500 eV. In the inter-

facial systems, vdW correction is processed by zero

damping DFT-D3 method of Grimme [34]. The con-

vergence threshold for the residual force is not more

than 0.01 eV/Å and the energy difference converges

to 1 9 10-6 eV for per atom during geometry opti-

mization. The Monkhorst–Pack k-point grid is sam-

pled in the Brillouin zone [35] with a separation of

0.02 Å-1. To satisfy decoupling between the adjacent

slabs, the vacuum buffer layer is set at least 15 Å.

DFT combining with nonequilibrium Green’s

function (NEGF) method is applied for the ML Tl2O

FET calculations, which are carried out in Atomistix

Figure 1 a Top and b side views of the free-standing ML Tl2O.

The rhombus indicates the unit cell of ML Tl2O. c Atomic

configuration of ML Tl2O–metal interfaces. d Schematic diagram

of a ML Tl2O FET at the upper-right portion. The enlarged picture

of the electrode region at the lower-left portion. Black rows

represent the pathways that the carrier transfers from the electrode

to the channel ML Tl2O. Blue dashed lines indicate two interfaces

at ML Tl2O FET, i.e., vertical interface A and lateral interface B.

UV and UL represent the corresponding vertical and lateral SBH,

respectively.

Table 1 Calculated interfacial

properties of the ML Tl2O–

metal contacts

Graphene Ti2CF2 Ti2C(OH)2 Ti2C Tl Au Sc Ni

�e (%) 1.79 1.10 0.56 1.51 2.62 3.89 3.96 2.59

dz (Å) 3.45 2.97 3.32 2.54 3.18 2.76 2.61 2.29

Eb (eV) 0.30 0.24 0.43 1.29 0.50 0.63 0.97 1.36

WT-M (eV) 4.22 4.81 1.10 3.98 3.48 4.70 3.52 4.60

WM (eV) 3.91 4.92 1.66 4.43 3.35 5.07 3.68 5.18

Ue;trans
L (eV) 0.92 0.98 0.00 0.36 0.00 0.27 0.27 0.25

Uh;trans
L (eV) 0.10 0.00 1.02 0.65 0.95 0.77 0.71 0.90

Etrans
g (eV) 1.02 0.98 1.02 1.01 0.95 1.04 0.98 1.15

L (nm) 5.0 5.4 5.4 5.6 5.6 5.0 5.6 5.2

�e is the absolute average lattice constant mismatch of the ML Tl2O–metal interface. The equilibrium

distance dz is the average distance of the ML Tl2O–metal interfaces in the vertical direction. The

binding energy Eb is the energy of per MLTl2O being removed from metal surface. WM and WT-M are

the calculated work function for the clean metals surface and the MLTl2O–metal system, respectively.

Ue;trans
L (Uh;trans

L ) is the electron (hole) SBH in the lateral direction obtained by quantum transport

simulation. Etrans
g is the transport gap, defined as Etrans

g ¼ Ue;trans
L þ Uh;trans

L . L is the channel length of

the ML Tl2O FETs. The calculated work function of the pristine ML Tl2O is W = 4.59 eV

J Mater Sci (2020) 55:11439–11450 11441



ToolKit (ATK) 2019 package [36–38]. The transmis-

sion coefficient Tðky;EÞ is defined by the following

equation:

Tðky;EÞ ¼ Tr CLðky;EÞGðky;EÞCRðky;EÞGþðky;EÞ
� �

where G(ky, E) (G
þ ky; E
� �

) represent a retarded (ad-

vanced) Green function in the central region and ky is

the y portion of the reduced wave vector. (The coor-

dinate axis is labeled in Fig. 1d.) The self-energy cor-

rection termCL=R ¼ ið
Pr

L=R �
Pa

L=RÞ expresses the level
broadening that is produced by the interaction

between the center region and the electrode, and the

electrode self-energy can be regarded as an effective

Hamiltonian todescribe the interplay between the lead

and the device [39]. In the simulations, temperature is

set to 300 K. The linear combination of the atomic

orbits (LCAO) basis set with the double-n polarization
(DZP) form is taken into account. TheMonkhorst–Pack

[35] k-point meshes are sampled in the device with a

separation of 0.08 Å-1 in xorientation and 0.007 Å-1 in

z orientation. The Periodic, Neumann, and Dirichlet

boundary condition are implemented in the x, y, z ori-

entation of the ML Tl2O FETs, respectively.

In the paper, the generalized gradient approximation

(GGA) of Perdew–Burke–Ernzerhof (PBE) method is

adopted to describe the exchange and correlation

interactions [40, 41]. When contacting with metals, 2D

semiconductors are significantly doped with the carrier.

Electron–electron interactions are screened in the

doped 2D semiconductor, and thus, DFT–GGA comes

to be a good approximation for the estimation of the

bandgap and Schottky barriers [42, 43]. For instance,

the bandgap of the doped ML MoSe2 obtained at the

DFT–GGA level of 1.53 eV is in good agreement with

that derived from the GW calculation of 1.59 eV [43].

What is more, the SBH in ML/bilayer/trilayer phos-

phorene FET is well reproduced, i.e., the calculated

electron SBHs of 0.34/0.19/0.20 eV at the DFT–GGA

level are well kept with those of 0.39/0.23/0.21 eV from

the experimental measurements [44–47].

Results and discussion

Configuration and bonding degree of ML
Tl2O–metal interfaces

After optimization, the atomic configurations of the

ML Tl2O–metal interfaces are presented in Fig. 2 and

figure S1. The geometrical structure of ML Tl2O is

well maintained on all the metal surfaces. On Ni (111)

and Au (111) surface, both the Tl and O atoms are

almost located in the center of the triangle formed by

the three layers of metal atoms; on the Tl and Sc

(0001) surface, the Tl atoms exactly sit above the

metal atoms, and the O atoms sit above the center of

the hexagon of metal atoms; on Ti2C surface, the O

atoms sit above the topmost Ti atoms and C atoms,

and the Tl atoms sit above the center of triangle

shown in figure S1(i); on graphene, Ti2CF2, and Ti2-
C(OH)2 surfaces, the O and Tl atoms are randomly

scattered on these metal surfaces.

To illustrate the binding level of these interfaces,

we have calculated the binding energy and the

interlayer distance. The binding energy Eb between

ML Tl2O and metals is defined as follows:

Eb ¼ ðET þ EM�ET�MÞ=N

where ET, EM, and ES-M stand for the optimized

energy for the free-standing ML Tl2O, the clean

crystalline metal, and the corresponding combined

system per supercell, respectively, and the N denotes

the number of Tl atom in the sublayer near metals per

supercell. The equilibrium separation of the inter-

layer dz is the average distance in the vertical direc-

tion to the interfaces between the nearest metal atom

layer to ML Tl2O and the neighboring Tl atom layer

as indicated in Fig. 1c. According to the binding

energy and the equilibrium interlayer distance, the

ML Tl2O–metal interfaces are divided into three cat-

egories. Weak bonding is formed for the ML Tl2O–

Ti2CF2, Ti2C(OH)2, and graphene interfaces with

2.97\ dz\ 3.45 Å and 0.24\Eb\ 0.43 eV; medium

bonding is formed for the ML Tl2O–Tl interface with

dZ = 3.18 Å and Eb = 0.50 eV; strong bonding is

formed for the ML Tl2O–Au, Sc, Ti2C, and Ni inter-

faces with 2.29\ dz\ 2.76 Å and 0.63\Eb-

\ 1.36 eV. In the case of the weak bonding, the small

binding energy suggests that vdW-type stacking is

formed between ML Tl2O and graphene, Ti2CF2, and

Ti2C(OH)2. In the most cases, the binding degree of

ML Tl2O with metals is stronger than that of ML

transition-metal dichalcogenides (TMDs) with met-

als, such as the binding energy of ML Tl2O vs. ML

MoS2 (Ni: 1.36[ 0.83 eV; Au: 0.63[ 0.307 eV)

[48, 49]. This may be because the metal-shrouded ML

Tl2O with Tl atoms is more active than the nonmetal-

shrouded ML TMDs.
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Electronic structure of ML Tl2O–metal
interfaces

The band structures of the pristine ML Tl2O and the

interfacial systems are shown in Fig. 3. The free-s-

tanding ML Tl2O is a semiconductor with a direct

bandgap of 1.0 eV located at M point by the plane-

wave basis set with the PBE level, which agrees with

the previous theoretical results [14]. The bandgap of

ML Tl2O is also calculated by the DZP basis set in the

ATK package with the same value of 1.0 eV as shown

in figure S2. The effective mass m* ( 1
m� ¼ 1

�h2
d

2
E

dk2
) is

calculated by the band structure of ML Tl2O. The

band near the conduction band minimum (CBM) is

relatively steep, bringing about a really small electron

effective mass of 0.18me and 0.62me (me is the mass of

an electron) along M ? C and M ? K direction,

respectively; the band near the valence band maxi-

mum (VBM) along M ? C direction is also quite

steep, resulting in a small hole effective mass of

0.37me. On the contrary, the band near the VBM along

M ? K direction is flat, resulting in a large hole

effective mass of 5.90me. The calculated effective

masses are well consistent with the previous results

[50]. The small effective masses promise a large car-

rier mobility comparable to that of black phospho-

rene [51, 52].

The band structures of the ML Tl2O in the inter-

facial systems, which reflect the difference of the

bonding level, are shown in Fig. 3. In the weak

bonding, although band folding exists owing to the

supercell calculation, the intrinsic band structure of

ML Tl2O is preserved with the formation of the vdW-

type interactions. The bandgap is maintained with

the value of 0.92, 0.98, and 1.00 eV after contacting

with graphene, Ti2CF2, and Ti2C(OH)2, respectively.

Electron transfer occurs at these interfaces, which

leads to the energy level shift of the ML Tl2O. As for

the medium and the strong bonding with Tl, Au, Sc,

Ti2C, and Ni electrode, the band structures of the ML

Tl2O are destroyed with the bandgap disappearing,

resulting in the metallization of the ML Tl2O. It is

found that although the ML Tl2O-Tl system has a

smaller Eb and a larger dz than the strong bonding,

Figure 2 Side view of the

optimized atomic structures

and average electrostatic

potential distributions in the

planes normal to the interfaces

of ML Tl2O on Au, Ni, Tl, Sc,

graphene, Ti2C, Ti2C(OH)2,

and Ti2CF2 surfaces. The

Fermi level is represented by

blue dashed lines.

Figure 3 Band structures of the pristine ML Tl2O and the ML

Tl2O–graphene, Ti2CF2, Ti2C(OH)2, Ti2C, Tl, Sc, Au, and Ni

interfaces. Gray lines represent the band structure of the interfacial

systems, and blue lines represent the band structure projected to

the ML Tl2O in the interfacial systems. The line width is

proportional to the weight. The Fermi level is set at zero energy

and denoted by the black dashed lines. The inset graph shows the

Brillouin zone.
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the energy band structure of ML Tl2O is also heavily

hybridized resulting from the consistency of the

orbital of Tl atoms in the metal substrates and the ML

Tl2O.

In order to get a deeper insight into the electronic

properties of the ML Tl2O contacted with metals, we

further analyze the partial density of states (PDOS) of

the ML Tl2O in the interfacial systems, as shown in

Fig. 4. In agreement with the band structure, the

bandgap of the ML Tl2O is kept in the case of the

weak bonding with the value of 0.90, 0.89, and

0.85 eV in contacting with graphene, Ti2C(OH)2, and

Ti2CF2 electrodes, respectively. By contrast, a large

amount of DOS are extended into the bandgap of the

ML Tl2O in the case of the medium and the strong

bonding, and thus, electron state appears at the Fermi

level, which is a typical character of metallization.

The DOS near the CBM is mainly composed of s and

p orbitals, while that near the CBM is mainly com-

posed of px ? py orbitals in the free-standing ML

Tl2O. The orbital component of the ML Tl2O in the

case of the weak bonding interfacial systems is sim-

ilar to that of the free-standing ML Tl2O. In the

medium and strong bonding case, the s and p orbitals

of the metalized ML Tl2O nearly make the same

contributions at the Fermi level. To further visualize

the physical picture of the interaction at the interface,

the real-space total electron distribution of a slice that

crosses both ML Tl2O and metal atoms is plotted in

figure S3. There is apparently more electron accu-

mulation at the interfaces for the medium and strong

binding (ML Tl2O–Ti2C, Tl, Au, Sc, and Ni interfaces)

than that for the weak binding interfaces (ML Tl2O–

Ti2C(OH)2, Ti2CF2 and graphene interfaces).

Schottky barriers in ML Tl2O FETs

When electron transfers from the metal electrode to

the channel ML Tl2O, it will encounter two kinds of

interfaces: One is between metal electrode and the

underneath contacted ML Tl2O in the vertical direc-

tion, which is called vertical interface (labeled as

interface A in Fig. 1d); the other is between the ML

Tl2O–metal systems and the channel ML Tl2O in the

lateral direction, which is called the lateral interface

(labeled as interface B in Fig. 1d). There may be

Schottky barrier and tunneling barrier at the two

interfaces. For the weak bonding (the vdW-type

interactions) with the band structures of ML Tl2O

preserved, Schottky barrier and tunneling barrier

may appear at the vertical interfaces A. However, for

the medium and strong bonding, Schottky barrier

and tunneling barrier will disappear at the vertical

interfaces A owing to the metallization of the

underneath contacted ML Tl2O. The metalized ML

Tl2O–metal systems are treated as a new metal sys-

tem, and therefore, lateral Schottky barrier may exist

at the interfaces B. Tunneling barrier is determined

Figure 4 Partial density of

states (PDOS) (DOS on the

specified orbitals) of the

pristine MLTl2O and MLTl2O

on the graphene, Ti2CF2,

Ti2C(OH)2, Ti2C, Tl, Sc, Au,

and Ni surfaces. The Fermi

level is set at zero. The PDOS

of the pristine ML Tl2O is

calculated in the primitive unit

cell.
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by the electrostatic potential barrier going through

the Fermi level at the ML Tl2O–metal interfaces.

Figure 2 shows the average electrostatic potential

profiles normal to the interface between ML Tl2O and

metals. Apparently, the electrostatic potential is

below the Fermi level at the interfaces, so the tun-

neling barrier is zero in all the checked systems.

The vertical electron/hole Schottky barrier Ue
V / Uh

V

is defined as the energy difference between the Fermi

level of the interfacial systems and the VBM/CBM of

the ML Tl2O in electrode. From the band structure

analysis, a p-type and an n-type vertical Ohmic con-

tact are formed with Ti2CF2 and Ti2C(OH)2, respec-

tively, because of the Fermi level of the interfacial

systems under the VBM or above the CBM of the ML

Tl2O. When contacting with graphene, a p-type ver-

tical Schottky contact is established, and the hole

vertical SBH is 0.10 eV. Due to the metallization of

ML Tl2O under the metal electrodes, vertical Ohmic

contact is formed at the ML Tl2O-Tl, Au, Sc, Ti2C, and

Ni interfaces.

The commonly used method to examine the lateral

SBH is work function approximation (WFA), in

which the lateral electron/hole SBH Ue;WFA
L /Uh;WFA

L is

determined by the energy difference between the

CBM/VBM of the channel materials and the Fermi

level of the interfacial systems. We plot the band

alignment of the free-standing ML Tl2O and line-up

of the WF of the interfacial systems in Fig. 5. An n-

type lateral Ohmic contact is formed with Ti2C(OH)2,

Tl, and Sc electrodes, while a p-type lateral Ohmic

contact is established with Ti2CF2 and Au electrodes

in ML Tl2O FETs. What is more, an n-type Schottky

contact is established with Ti2C electrode with the

lateral electron SBH Ue;WFA
L of 0.37 eV, and a p-type

Schottky contact is established with graphene and Ni

electrodes with the lateral hole SBHs Uh;WFA
L of 0.39

and 0.01 eV, respectively.

The electrode and the channel ML Tl2O are treated

as the independent parts in the WFA, and thus, the

coupling between the two parts is ignored. The more

direct and reliable method to calculate the lateral SBH

in 2D semiconductor FETs is ab initio quantum

transport simulation based on a real two-probe FET

model with including the coupling. For example, the

calculated SBHs of ML, bilayer, and trilayer black

phosphorene with Ni electrode by quantum transport

simulations are 0.34, 0.19, 0.20 eV, respectively, con-

sistent well with that of 0.39, 0.23, and 0.21 eV in the

experimental measurements [44–46]. The SBHs of ML

MoS2 with Au and Pd electrodes by quantum trans-

port simulations are in better agreement with those

observed in experiments than that by the WFA

[22, 49, 53, 54].

The transport properties of the two-probe ML Tl2O

FETs are calculated by using the quantum transport

simulation. Figure 6 is the local device density of

states (LDDOS) of ML Tl2O FETs under zero-bias and

zero-gate voltage with graphene, Ti2CF2, Ti2C(OH)2,

Ti2C, Ni, Au, Tl, and Sc electrodes, where the density

of states is projected into the ML Tl2O. In the elec-

trode regions, the hybridization degree of the elec-

tronic band for the ML Tl2O is well consistent with

that in the band structure. The bandgap of ML Tl2O is

well preserved when contacting with the graphene,

Ti2CF2, and Ti2C(OH)2, while the band structure of

ML Tl2O hybridizes with that of the metal electrode

when contacting with Ti2C, Au, Ni, Sc, and Tl.

According to the energy-level distribution in the

electrode region, a p-type vertical Schottky contact is

established with the SBH of 0.1 eV for graphene,

while an n-type and a p-type Ohmic contact are

established with Ti2C(OH)2 and Ti2CF2 electrode,

respectively. Because of electron transfers from Ti2-
CF2 electrodes to the channel ML Tl2O, the CBM of

the ML Tl2O is obviously bent downward at the

interface. The band hybridization of ML Tl2O makes

carrier directly go thorough from the metal to the

underneath ML Tl2O without vertical Schottky bar-

rier with Ti2C, Au, Ni, Sc, and Tl electrodes.

According to the LDDOS of ML Tl2O FET at the

lateral interface, it is found that ML Tl2O forms n-

type lateral Schottky contact with Ti2C, Sc, Au, and

Ni electrodes with the lateral electron SBHs Ue;trans
L of

0.36, 0.27, 0.27, and 0.25 eV, respectively. For the Tl

electrode, the Fermi level is above the CBM of ML

Tl2O at the interfaces indicating that an n-type Ohmic

contact is established in ML Tl2O FETs. Transmission

gap is defined as the sum of the lateral holes and

electrons SBH: Etrans
g ¼Ue;trans

L þ Uh;trans
L . The transport

gap of ML Tl2O FETs extracted from the LDDOS is

1.15, 1.02, 1.04, 1.02, 1.01, 0.98, 0.98, and 0.95 eV with

Ni, graphene, Au, Ti2C(OH)2, Ti2C, Ti2CF2, Sc, and Tl

electrodes, respectively. The transport band gaps are

similar to the bandgap of the free-standing ML Tl2O.

The transmission spectrum of the ML Tl2O FETs

under zero-bias and gate voltage is plotted in Fig. 6

(right side of each figure). When Ti2C, Au, Ni, and Sc
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are used as electrodes, n-type FETs are established

with the electron SBHs of 0.33, 0.29, 0.28, and 0.24 eV,

respectively. When graphene is used as electrode, a p-

type Schottky FET is established with the hole SBH of

0.14 eV. Obviously, Tl and Ti2C(OH)2 electrodes form

the desired n-type Ohmic contacts, and Ti2CF2 elec-

trode forms an expected p-type Ohmic contact in ML

Tl2O FETs. The height and polarity of the lateral

Schottky barrier calculated by the transmission

spectrum are generally consistent with those

obtained from the LDDOS.

The desired Ohmic contact is realized with Ti2-
C(OH)2 and Ti2CF2 electrodes in the ML Tl2O FETs,

and the carrier polarity is changed from n-type with

OH functional group to p-type with F functional

group. The modulation of the contact type with the

terminal Ti2C electrodes is beneficial from the sig-

nificant difference of WF for Ti2C with different

functional groups. For example, the WFs of Ti2-
C(OH)2 and Ti2CF2 are 1.10 and 4.81 eV, respectively.

The phenomenon is also reported in the ML MoS2
counterpart [55]. What is more, weak vdW junction is

always formed between the ML Tl2O and terminated

Ti2C with functional group, and the band structures

of the ML Tl2O are preserved, which favors the per-

formance of 2D semiconductor FETs. Thus, MXene is

an excellent electrode candidate for the ML Tl2O

FETs, and the contact can be tuned by changing the

functional group at the surface of MXene.

Discussions

The polarity and height of the lateral Schottky barri-

ers obtained from the quantum transport simulation

and the WFA are compared in Fig. 7. The carrier

polarity of the ML Tl2O FETs is the same in the two

methods for Sc, Tl, Ti2C, graphene, Ti2C(OH)2, and

Ti2CF2 electrodes, while it is completely reversed in

the two approaches for Au and Ni electrodes. The n-

type lateral Schottky contacts in the quantum trans-

port simulations are changed into p-type Ohmic

contact and quasi-Ohmic contact in the WFA for Au

and Ni electrode, respectively. The SBH of the ML

Tl2O FET is similar for Ti2C electrode by using the

two approaches; Ohmic contacts are both formed

when Ti2C(OH)2, Tl, and Ti2C as electrodes in the two

approaches; the SBH of ML Tl2O FET is overesti-

mated by the WFA than the quantum transport

simulation for graphene electrode; a false Ohmic

contact is examined with Sc electrode by using WFA.

The discrepancy of the Schottky barrier of the two

approaches is huge for the ML Tl2O–metal contact,

and the phenomena are common in the FET of 2D

semiconductors [44, 48, 49]. The cause of the dis-

crepancy is that the interaction between the electrode

and the channel region is taken into consideration in

the quantum transport simulations, but it is neglected

in the WFA. The interaction is weak in the case of the

weak binding (Ti2C(OH)2, Ti2CF2, and graphene

Figure 5 Band alignment of

the free-standing ML Tl2O and

line-up of the work functions

of the interfacial systems in

terms of separate electronic

energy band calculations. Ef

denotes the Fermi level of the

ML Tl2O. E
DFT
C and EDFT

V are

the conduction and valence

band edges of the ML Tl2O

calculated at DFT level,

respectively. The orange

dashed and the green solid

lines present the work

functions of the pristine metals

and the corresponding ML

Tl2O–metals systems,

respectively. The unit of the

data in the figure is eV.
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electrodes), and the two methods give similar

Schottky barrier. However, the interaction is strong in

the strong binding case (ML Tl2O-Ti2C Tl, Sc, Au, and

Ni electrodes), and the two approaches give the

apparently different Schottky barrier type and height.

The quantum transport simulation is more reliable to

examine the lateral SBH by using a real two-probe

model.

Strong FLP effect always occurs at 2D semicon-

ductor–metal interfaces, such as for ML MoS2 [22]

and black phosphorene [44, 56], and the degree of

FLP is decided by the pinning factor S, which is

described by the following equation:

S ¼ dUe=dWm ð1Þ

where Ue denotes the SBH of the electron and Wm is

the WF of the pristine metal. The Ue as a function of

Figure 6 Zero-bias and zero-

gate voltage LDDOS (left

panel) and transmission

spectra (right panel) of the ML

Tl2O FETs with graphene,

Ti2CF2, Ti2C(OH)2, Ti2C, Tl,

Sc, Au, and Ni electrodes. The

Fermi level is represented by

the black dash line. The white

dash lines represent the VBM

and the CBM of the channel

ML Tl2O. The MIGS are

represented by the red short

dash lines.
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the Wm is plotted in Fig. 8. The value of pinning

factor is 0.15 by using the quantum transport calcu-

lation, indicating a strong FLP appearing between the

ML Tl2O and metals. The strong FLP is from the

MIGS, which apparently appears at the lateral inter-

faces with graphene, Ti2C, Sc, and Au electrodes, as

presented in Fig. 6. The other reason for the strong

FLP is the interaction between the channel ML Tl2O

and the metal electrode considered in the quantum

transport simulation. The pinning factor calculated

by the WFA is 0.54 without including the coupling,

which is apparently larger than that (0.15) calculated

by the quantum transport simulation. The FLP effect

of the ML Tl2O FET is comparable with that of the

ML MoS2 FET with the pinning factor of 0.187 [53].

Conclusions

In conclusion, on the basis of ab initio electronic

structure calculation and the quantum transport

simulation, the interfacial properties of the ML Tl2O

FETs are comprehensively investigated with Au, Sc,

Tl, Ni, graphene, Ti2C, Ti2CF2, and Ti2C(OH)2 elec-

trodes. The n-type Schottky FETs are discovered with

Ni, Au, Sc, and Ti2C electrodes with the lateral elec-

tron SBH of 0.25, 0.27, 0.27, and 0.36 eV, respectively,

while the p-type Schottky FET is discovered with

graphene electrode with the lateral hole SBH of

0.10 eV. Surprisingly, the desired n-type Ohmic con-

tacts arise with Tl and Ti2C(OH)2 electrodes, and a

desired p-type Ohmic contact arises with Ti2CF2
electrode in the ML Tl2O FETs. Strong FLP is

observed in the ML Tl2O FETs with a small pinning

factor of 0.15, which is mainly from the MIGS and the

coupling between the electrode and the channel ML

Tl2O. Our result reveals a versatile approach to real-

ize both n- and p-type Ohmic contact in the ML Tl2O

FETs.
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