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Abstract: Tellurene, an emerging two-dimensional chain-like semiconductor, stands out for its high switch ratio, carrier mobility
and excellent stability in air. Directly contacting the 2D semiconductor materials with metal electrodes is a feasible doping means
to inject carriers. However, Schottky barrier often arises at the metal-semiconductors interface, impeding the transport of carri-
ers. Herein, we investigate the interfacial properties of BL tellurene by contacting with various metals including graphene by us-
ing ab initio calculations and quantum transport simulations. Vertical Schottky barriers take place in Ag, Al, Au and Cu electrodes
according to the maintenance of the noncontact tellurene layer band structure. Besides, a p-type vertical Schottky contact is
formed due to the van der Waals interaction for graphene electrode. As for the lateral direction, p-type Schottky contacts take
shape for bulk metal electrodes (hole Schottky barrier heights (SBHs) ranging from 0.19 to 0.35 eV). Strong Fermi level pinning
takes place with a pinning factor of 0.02. Notably, a desirable p-type quasi-Ohmic contact is developed for graphene electrode
with a hole SBH of 0.08 eV. Our work sheds light on the interfacial properties of BL tellurene based transistors and could guide the

experimental selections on electrodes.
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1. Introduction

Two-dimensional (2D) semiconductor has been a compe-
titive candidate of channel material of transistors for the com-
ing sub-10 nm generation field effect transistor (FET) as they
offer several advantages over traditional silicon'-9., This cat-
egory holds a high immunity to short-channel effects out of
their ultrathin thickness'0 11, Few trap states and the de-
pressed scattering out of the roughness on the dangling
bond-free flat surface significantly enhance the carrier mobil-
ity(19.12,131 2D layered phosphorene and InSe own a high carri-
er mobility but unfortunately they do not hold a good ambi-
ent stability!® 4, It is highly desirable to discover a 2D semicon-
ductor with both high mobility and good stability. 2D PtSe,
and Bi,0,Se are reported to meet the two criterial'® 161, Very re-
cently, a new 2D semiconductor, few-layer tellurene (2D telluri-
um) has been experimentally prepared by both molecular
beam epitaxy and solution-based method!'7-'9], Tellurene has
a layer-dependent band gapl'® 11, 13, 20-221 Notably, the most
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stable few-layer tellurene is comprised of one-dimensional
Te spiral chains by van der Waals (vdW) forces, while the mo-
st stable monolayer (ML) tellurene takes the tetragonal pha-
sel20. 231, The fabricated few-layer tellurene FET exhibits a quite
large switch ratio (106)['9], Remarkably, tellurene owns both a
high carrier mobility of 700 cm?V-"s~" and high ambient stabil-
ity('9. Such characters render tellurene to surpass some stable
but low-carrier-mobility 2D dichalchogenide MX,24-291 and
high-carrier-mobility but air-unstable phosphorene and
InSel13:30,:31 and become one of the most competitive 2D chan-
nel materials.

Directly contacting the 2D semiconductor channel with
metal electrode is a feasible doping means in the absence of a
sustainable substitution doping method!'9, Schottky barrier is
generally brought about at the interface of metal electrode
and semiconductorB2 331, High Schottky barrier still stands in
the way of the performance of 2D semiconductor based
FETsB2. In light of this, figuring out interfacial properties and
accurate predictions on Schottky barrier height (SBH) is cru-
cial in guiding the design of 2D semiconductor based transist-
ors. However, the SBH cannot be simply achieved from the dif-
ference between the Fermi level of metal and the valence
band maximum (VBM)/conduction band minimum (CBM) of
the semiconductor, due to the Fermi level pinning (FLP)[34-36],

In this paper, we explore the vertical and lateral interfacial
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Table 1. Calculated data of the interface with bilayer tellurene on various kinds of metals.

Metal Ag Al Ni Au Pd Pt Cu Graphene
£ (%) 242 3.04 2.58 2.55 4.70 4.66 5.00 2.28
dy (R) 1.40 2.12 1.66 167 1.74 1.73 1.73 2.95
dre_m (R) 2.81 2.64 244 2.74 2.60 2.64 249 3.55
AV (eV) -13.29 -6.3 -12.08 -9.18 -13.21 -12.42 -11.21 -1.09
Ey (eV) 0.74 0.96 1.29 0.94 1.17 1.10 0.77 0.51
W (eV) 419 4.28 5.01 4.96 5.12 5.65 4.65 4.58
Wre-m (€V) 425 4.34 4.52 442 461 4,78 4.67 474
‘Piw 0.23 0.32 0.50 0.40 0.59 0.72 0.65 -
<D]}LW 0.73 0.64 0.46 0.56 0.37 0.24 0.31 -
‘Pi’T 0.39 0.38 0.39 0.39 0.40 0.44 0.51 0.53
<D]}LT 0.35 0.32 0.31 0.29 0.29 0.25 0.19 0.08
Eg 0.74 0.70 0.70 0.78 0.69 0.69 0.70 0.61

& represents for the average mismatch ratio of the lattice parameter of metal. d, is the average distance between the contact tellurene layer and
the contacted metal layer for the vertical direction. Tunneling barrier height AV, which is defined as the potential energy above the Fermi
energy Ef at the interfaces. dre_m is the minimal atom-to-atom distance between tellurene atom and metal atom. Binding energy E, is the en-
ergy taken to remove per tellurene atom from the metal surface. Wy and Wr._y are the calculated wave function of the free-standing metal
or graphene surface and the composite system. ¢i,w(‘plﬁ,w) is the electron (hole) SBH acquired from the wave function approxi-
mation (WFA) method for the lateral direction, while QDiT(de,T) is the electron (hole) Schottky barrier height (SBH) acquired by the
quantum transport simulation (QTS) method for the lateral direction. E, is the transport gap of the BL tellurene FET.

Fig. 1. (Color online) (a) Top-view and (b) side-view of bilayer (BL) tel-
lurene structure. Brown balls represent the contact layer while the or-
ange ones represent the noncontact layer. (c) Schematic diagram of
the interface when the BL tellurene atoms contact with metal surface.
Green balls stand for the contacting metal atoms.

properties of BL tellurene FETs by using ab initio electronic
band calculation and quantum transport simulation, which
takes FLP at the interfaces into counts and presents accurate
predictions on the SBHB7], The band structures of BL tellurene
exhibit various degrees of hybridization after contacting with
different metal electrodes. Ohmic contacts are developed for
Ni, Pd and Pt electrodes in the vertical direction due to the
strong hybridization of both tellurene layers, while Schottky
barriers take shape between the two tellurene layers for Ag, Al,
Au and Cu electrodes as the band structure of the noncontact
tellurene layer is maintained. On the contrary, the band struc-
ture of BL tellurene remains for the graphene electrode due to
the weak vdW interaction. As to the lateral direction, p-type
Schottky contacts are preferred with hole SBHs of 0.35, 0.32,
0.31, 0.29, 0.29, 0.25 and 0.19 eV, generated for Ag, Al, Ni, Au,
Pd, Pt and Cu electrodes, respectively. On the other hand, a lat-
eral p-type quasi-Ohmic contact takes shape with an ultralow
hole SBH of 0.08 eV for graphene electrode.

2. Models and methods

A fully relaxed BL tellurene structure is shown in Fig. 1
with lattice constants of a=4.32 Aand b=5.81 A, whichisin ac-
cordance with the calculation results reported beforel23],
Brown balls represent for tellurium atoms that are in direct con-
tact with the metal atoms, and we define them as the contact
tellurene layer. Their counterparts, the orange ones, are defi-
ned as noncontact tellurene layer. Inherent anisotropy is exhib-
ited that the Te chains connected by covalent bonds are
stacked by vdW forces vertically, and the bond length along a
direction is relatively longer than that along b direction. Latest
experiment of few-layer tellurene FET have examined the mo-
bility of channel directions along both a and b directions. The
extracted field-effect mobility along the Te chain surpass the
other with an average anisotropic mobility ratio of 1.43[38l,
Therefore, BL tellurene along the zigzag chain direction is ap-
plied as channel here for the consideration a better transport
property. Electrode materials commonly used in experiments
such as Ag, Al, Ni, Au, Pd, Pt, Cu and 2D graphene are em-
ployed('®39, and they cover a wide range of work function. As
shown in Fig. 1(c), six layers of bulk metal atoms (green balls)
are used to imitate the metal surface, on the side of which ab-
sorbs the BL tellurene. We slightly stretch the metal lattice to ad-
apt the fixed optimized BL tellurene unit cell with a tiny mis-
match within 5%, which is shown in Table 1. We adjust the 1 x
2 Al(110)/Ag(110)/Au(110) supercell and V3x2 Cu(111)/
Pt(111)/Pd(111) supercell to the a x b BL tellurene supercell,
and V3 x 5 Ni(111)/ML graphene supercell to the a x 2b BL tel-
lurene, separately. The initial distance of BL tellurene and met-
al surface is set as 3 A, and a vacuum zone with a length of at
least 15 A is applied for each configuration. Owing to the fact
that the geometry relaxation mainly takes place at the inter-
face, the bottom three layers of metal atoms are fixed.

We carry out density functional theory (DFT) calculations
using Vienna ab initio simulation package (VASP) to complete
geometric optimizations and electronic calculations#0-43], The
method of projector augmented wave and a plane-wave basis
set are applied here, the kinetic energy cut-off for which is set
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Fig. 2. (Color online) Schematic diagram of the BL tellurene FET. Schottky barriers may arise at the interfaces represented by dashed lines in two

directions.

to 500 eV. It is regarded to obtain a stable structure when the
residual force drops below 0.01 eV/A and the energy is con-
verged to within 1 x 10-% eV for each single atom between
two successive steps. K-points sampling density by a separa-
tion of 0.02 A-1 in the Brillouin zone is adopted according to
the Monkhorst-Pack method®4. Two corrections are consider-
ed below. One is the DFT-D3 correction method of Grimme,
concerning vdW interaction between the layers>l. Dipole cor-
rection is considered as well to avoid spurious interactions of
dipole moments owing to the asymmetry in zdirection.

A two-probe model is presented to simulate BL tellurene
based transistor, as shown in Fig. 2. We adopt the optimized
composite BL tellurene-metal systems for the source and drain
regions and BL tellurene for the channel with length of 5 nm.
Both electrodes are considered semi-infinite along the trans-
port direction. Gate voltage is set to zero in our calculation.
Transport simulations are carried out using DFT combining
with non-equilibrium Green’s function (NEGF) method imple-
mented in the Atomistix ToolKit (ATK) 2017 packagel#:- 471, The
transmission coefficient TXI(F) (kj is a reciprocal lattice vector
point along a surface-parallel direction (orthogonal to the tr-
ansmission direction) in the irreducible Brillouin zone (IBZ)) is
derived by

Th(E) = T EGEYEGTEY. (1)

R

. I . .k _ ak
thereln,I“IIi/R(E) = z( L/R L/R
dening owing to the left/right electrode and it is expressed on

the basis of the electrode’s self-energy Z IE‘/R,
the impact of the metal electrodes on the scattering area.
Meanwhile GXI(GKIT) stands for the retard (advanced)
Green's function. A double-{ polarized (DZP) basis set is
chosen and the transmission function at given energy T(E) can
be derived from the average over all k| in the IBZ. The real-
space mesh cut-off is 75 Hartree, and room temperature by
300 K is employed™8l, Periodic boundary, Neumann boundary
and Dirichlet boundary conditions are used for the x, y and
z directions separately™?, Besides, we use a Monkhorst-Pack
50 x 1 x50 and 50 x 1 x 1 k-point grids on the electrode re-
gion and central region, respectively.

Generalized gradient approximation (GGA) of Perdrew-
Burke-Ernzerhof (PBE) parameterization form is employed
throughout the paperB, Single electron approximation is ap-
propriate for both the periodical interfacial system band cal-
culation and for the FET configuration. This is due to the fact
that the electron-electron interaction of both the BL tellurene
under the metal electrode and at the channel is highly shiel-
ded by the doping carriers from the electrodes. Therefore,

) denotes the level broa-

which reflects

DFT-GGA method, which is based on single electron appro-
ximation, is chosen. For instance, a degenerately doped ML
MoSe, owns a band gap of 1.52 eV at the DFT-GGA level,
which coincides with the band gap of 1.59 eV derived by the
GW method and 1.58 eV observed in the experimentst'l, The
transport band gaps of the ML, BL, trilayer (TL) phosphorene
based FET with Ni electrode according to the DFT-GGA meth-
od have been calculated to be 0.79, 0.81 and 0.68 eV, which
are compared with the experiment results (1.00, 0.71 and
0.61 eV)>2-54],

3. Results and discussions

3.1. BL tellurene-metal interface

Eight composite tellurene-metal systems have been brou-
ght up, and after structural optimization, the Al, Ag, Au, Cu
and graphene interfaces are slightly distorted, while the Ni, Pd
and Pt interfaces are strongly distorted, as shown in Fig. 3. The
distortions are induced by the interactions between BL tel-
lurene and metals. For the optimized system, d, is the minim-
al distance between the contact tellurene layer and the
nearest metal layer along y direction according to Fig. 1(c),
while dre_m represents the minimal atom-to-atom distance
between the Te atom and metal atom. The binding energy £,
of the composite system is estimated as

Ep = (ETe + EM — ETe-M)/N, 2

where ETe, Enpp and ETe_\ separately stands for the relaxed
energy of the free-standing BL tellurene, the free-standing
metal structure and the composite system. Nis the number of
the contact tellurene layer atoms that directly contact with
the metal layers. Specific parameters of these eight optimi-
zed systems are given in Table 1. Three groups by different in-
teractions at these eight interfaces are distinguished by the
binding energy E,,. Graphene electrode owns the smallest £,
(0.51 eV), accompanied by the largest distance d, (2.95 A) and
re_w (3.55 A), implying a weak vdW interaction. The graphene
layer is slightly distorted on account of the asymmetry of the
stretching of graphene lattice in different directions (Fig. 3).
The second group consists of Ag, Al, Au and Cu interfaces
and is characterized by moderate E, (0.74-0.96 eV), implying
a weak covalent interaction. The third group consists of Ni,
Pd and Pt interfaces and is characterized by a large £, (1.10-
1.29 eV), implying a strong covalent interaction. The strength
of the interaction is in accordance with the deformation level
of BL tellurene (Fig. 3).

The distinction of the last two groups could be attributed
to the different configurations of the valence electron of the
metal atoms. Ag (4d'95s%), Al (3s23p’), Au (5d'%s"), and Cu
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Fig. 3. (Color online) Side-views of the calculated stable BL tellurene-Ag, Al, Ni, Au, Pd, Pt, Cu and graphene contacts. Brown balls are tellurene
atoms, while other colored balls are metal and graphene atoms. The diagram of average potential distribution is inset in the black box, where
the Fermi level is set to zero with the red dash lines and the tunneling barrier AVis shown by the black arrows.

(3d"%4s") atoms possess one unpaired electron. It forms no
more than one covalent bond with BL tellurene, and the rem-
nant would form the metallic bond for the metal surface. It
brings about a relatively small binding energy. On the other
hand, Ni (3d84s2) and Pt (5d°6s') atoms possess two unpaired
electrons, and at most two covalent bonds are formed with BL
tellurene correspondingly. Despite of the 4d'0 valence elec-
tron configuration of free-standing Pd atom, Mulliken popula-
tion analysis indicates that the Pd atom approximately owns
two unpaired electrons (4d°5s') when it interacts with tel-
lurene. The reason lies in that the s—-d orbit hybridization of Pd
atom gives partially unoccupied d states that could strongly in-
teract with p states of Te. Therefore, the Pd, Pt and Ni elec-
trodes possess large binding energies.

We provide the energy band structures of free-standing
BL tellurene and the eight interfacial systems in Fig. 4. Free-
standing BL tellurene owns an indirect band gap of 0.96 eV
without considering spin-orbit coupling, which keeps pace
with the previous experiment result of 0.85 eVl Especially
we separately extract the band structure of the contact tel-
lurene layer (blue lines) and its counterpart, the noncontact tel-
lurene layer (red lines). All the shapes of the band structures of
the contact tellurene layer are largely varied with vanishing
band gaps except for the graphene electrode. However, the
origin shapes and dispersion relations of the noncontact layer
are relatively preserved for Ag, Al, Au and Cu electrodes, while
those for Ni, Pd and Pt electrodes are not preserved. Such a dif-
ference results in an Ohmic contact between the two tel-
lurene layers for Ni, Pd and Pt electrodes but a Schottky con-
tact between the two tellurene layers for Ag, Al, Au and Cu elec-
trodes. The barrier height of the Schottky contact is derived
from the difference between the Fermi level and the
CBM/VBM of the noncontact tellurene, which could be identi-
fied from the distinguishable red energy band of the noncon-
tact tellurene layer (Fig. 4). There are small amounts of com-
ponents of the noncontact tellurene layer lying within the
band gap of the noncontact tellurene layer and are identified

as metal induced interfacial states (MIGS) for bulk metal elec-
trodes. N-type Schottky contacts are formed for Ag, Al, Au
electrodes with electron SBHs of 0.54, 0.56 and 0.42 eV, res-
pectively, while vertical p-type Schottky contacts take place
with hole SBHs of 0.35 eV for Cu electrode. As to the graphene
electrode, both the band structures of BL tellurene and
graphene are preserved, confirming the vdW interaction
between them. The Fermi level is 0.23 eV above the VBM of BL
tellurene, namely a p-type Schottky contact is formed for
graphene electrode. The band gap of the noncontact tel-
lurene layeris 1.17,1.17, 1.08 and 1.20 eV for Ag, Al, Au and Cu
electrodes, respectively, and is in accordance with the band
gap of ML tellurene (1.14 eV)B7), The graphene system holds a
band gap of 0.90 eV, and it is comparable with that of BL tel-
lurene (0.96 eV).

The distributions of the total potential of the interfacial
systems, which contains Hartree potential with exchange po-
tential and correlation potential, are presented in Fig. 3. The
red dash line represents the Fermi level and the difference
between the Fermi level and the vacuum level is the work
function (Wre_p\) of the composite system. The tunneling
barrier (AV) at the interface between BL tellurene and the elec-
trode is defined as the potential energy appearing above the
Fermi level. A detailed diagram with Al-BL tellurene as an ex-
ample is shown in Fig. S1. The negative value of AV for all
cases implies that electrons could transfer freely from the met-
al electrode to BL tellurene.

Partial density of states (PDOS) is also plotted to further
expound the interactions between BL tellurene and the elec-
trodes. The PDOS of free-standing BL tellurene is shown in
Fig. 5(a), while those of the composite systems are shown in
Figs. 5(b)-5(i) with the solid lines representing the contact tel-
lurene layer ingredients and the dash lines representing the
noncontact tellurene layer ingredients. For the bulk metallic
electrodes, a large number of the states appear around the
Fermi level of the contact layer, whereas a relatively small num-
ber of the states around the Fermi level of the noncontact lay-

H Pang et al.: Bilayer tellurene-metal interfaces
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Fig. 4. (Color online) (a) Band structure of the BL tellurene. (b)-(i) Band structure of the BL tellurene-metal systems (projected to the bilayer tel-
lurene). The Fermi level is set at zero and represented by the dashed lines. Gray lines: the band structure of the composite system. The red lines

reflect the band structure of the tellurene layer away from the metal surface (the noncontact tellurene layer), the blue ones reflect the band
structure of the tellurene layer near the metal surface (the contact tellurene layer). The line width is proportional to its weight.

er. It further confirms a much stronger hybridization between
the bulk metal electrodes with the contact tellurene layer com-
pared with the noncontact tellurene layer. By contrast, there
are no states at the Fermi level of tellurene for graphene elec-
trode, indicating a weak vdW interaction between tellurene
and graphene.

3.2. SBH of the BL tellurene transistors

Here a two-probe model with BL tellurene as the channel
material is set up to examine the Schottky barriers in a transist-
or configuration, which might be formed at three interfaces as
shown in Fig. 2. A vertical Schottky barrier ((15{,) might arise at
the interface A between the contact tellurene layer and metal
layer. Another vertical Schottky barrier(tb%,)appears attheinter-
face B between the two tellurene layers. Besides, a lateral one
(21,) might also arise at the interface C between the BL tel-
lurene channel zone and the electrode zone.

The vertical Schottky barrier qﬁ{, vanishes as the contact
tellurene layer are metallized for bulk metal electrodes in
terms of electronic band calculations. And the localized device
density of states (LDDOS) projected to the noncontact tel-

lurene layer is carried out to demonstrate the Schottky barrier
(¢%) atthe vertical interfaces (Fig. S2). The band gap of the non-
contact tellurene of Ni, Pd and Pt electrodes vanishes, and Ohm-
ic contact takes place. On the other hand, that of Ag, Al, Au
and Cu electrodes remains, accompanied by the MIGS. The
above results are in line with the electronic band calculations,
but the CBM/VBM of the noncontact tellurene is hard to identi-
fy due to the interference of the MIGS, so is the vertical SBH. A
p-type Schottky contact with SBH of 0.18 eV is formed for
graphene electrode, which is compared with that (0.23 eV) ob-
tained from the electronic band calculations.

As to the lateral Schottky barrier (@ ), we use two meth-
ods including the work function approximation (WFA) and the
quantum transport simulation (QTS). Traditional WFA method
is generally used to estimate the lateral SBH of the metalized
electrode, and the electron/hole SBH is derived from the differ-
ence between the Fermi level of the optimized electrode zone
and the CBM/VBM of the free-standing BL tellurene channel
zone. N-type Schottky contacts are generated for Ag, Al and
Au electrodes, featured by an electron SBH of 0.23, 0.32 and
0.40 eV for the lateral direction, respectively. Meanwhile p-

H Pang et al.: Bilayer tellurene-metal interfaces
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type ones take place for Ni, Pd, Pt and Cu electrodes, featured
by a hole SBH of 0.46, 0.37, 0.24 and 0.31 eV, respectively. The
WFA method only gives an approximate result, owing to the
neglect of the interactions between the electrode and chan-
nel.

The QTS method is based on a two-probe model, where
both the electrode and the channel parts are calculated as a
whole. The method is confirmed to offer SBHs consistent with
the experimental results53-551, The LDDOS projected to BL tel-
lurene of the BL tellurene FETs are shown in Fig. 6 so as to visual-
ize the energy band in real space. The MIGS are also gener-
ated at the channel region, and are indicated by the black
dashed lines. Under the QTS method, the transport electron
(hole) SBHs QBi T(qﬁlﬁ T) are derived as the difference of the
Fermi level and the VBM/CBM of the channel at the lateral in
terface. We obtain lateral p-type Schottky contacts for all the
electrode cases, with hole SBHs of 0.35, 0.32, 0.31, 0.29, 0.29,
0.25, 0.19 and 0.08 eV for Ag, Al, Ni, Au, Pd, Pt, Cu and
graphene electrodes, respectively. The zero-bias transmission
spectrums of the BL tellurene FET devices are also presented
in Fig, 6, and the SBHs read from the transmission spectrums
are in agreement with those read from the LDDOS. The QTS

method suggests that the BL tellurene based transistors tend
to form lateral p-type Schottky barriers at the interfaces with
above mentioned electrodes.

The lateral SBHs obtained by the WFA and the QTS meth-
ods are compared in Fig. 7(a). Even though the QTS and WFA
method provides the same contact polarity for Pt, Pd, Cu and
Ni electrodes, the hole SBH differs (0.01, 0.08, 0.12 and 0.15 eV
for Pt, Pd, Cu and Ni electrodes, respectively). Remarkably, the
QTS and WFA methods provide opposite contact polarity for
Ag, Al and Au electrodes. Opposite to the QTS method, the
WFA method does not consider the interaction between the
electrode and the channel. Therefore, the difference of the
SBHs revealed by those two methods lies on the interaction
between the electrode and channel parts. Here we state the in-
teraction to two aspects. First, the contact between the chan-
nel and electrode gives rise to abundant interfacial states,
which are indicated by the black dashed lines in the LDDOS
diagram of Fig. 6. Considering that there is no termination of
BL tellurene crystal structure at the interface and the flat sur-
face of 2D semiconductor, those interfacial states are not in-
duced by defects, dangling bonds or the termination of tel-
lurene structure. Therefore, they are mainly induced by metal-
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Fig. 6. (Color online) Localized density of states (LDDOS) of the BL tellurene FET devices with metals Al, Ag, Ni, Au, Pd, Pt, Cu and graphene as
electrodes (left panel) with a 5-nm channel length as well as the zero-bias transmission spectrum of the FET devices (right panel). Metal-induced
gap states at the interfaces are indicated by the black dashed lines, and the Fermi level is represented by white and red dashed lines.

induced interfacial states (MIGS) that exponentially damp
when penetrating into BL tellurene from metals. The MIGS
would bring about intense Fermi pinning effect, thus modu-
late the Fermi level of the system and the SBHs. Second, the
contact between the drain/source and channel regions also
gives rise to a charge transfer or a charge redistribution, which
induces a dipole field. The built-in field makes a relative move-
ment between the Fermi level of the electrode and the band
structure of the BL tellurene and changes the SBH. Therefore,
SBHs obtained by quantum transport simulation differ from
the ones obtained by work function approximation due to the
coupling between the channel and electrode.

The transport energy gap £ is defined as Eg = q)i,T+

D and the calculated transport energy gap of Ag, Al, Ni,

h
LT

Au, Pd, Pt, Cu and graphene electrodes is 0.74, 0.70, 0.70, 0.78,
0.69,0.69,0.70,and 0.61 eV separately (Table 1), which are com-
parable with the experimental gap of 0.85 eV on graphene/
6H-SiC (0001) substrate via scanning tunneling spectra mea-
surement('7),

The FLP effect is measured by the pinning factor S, which
is the slope of the relationship between the lateral electron
SBH and the work function of the bulk metal electrodes. S =1
denotes a no FLP case while S= 0 denotes a full FLP case. Here
we plot the lateral electron SBHs as a function of the metal
work function, as shown in Fig. 7(b). The fitting lines are
shown of the two methods leaving out the graphene cases. An
extremely low pinning factor of S, = 0.02 is obtained by the
QTS method, that is much smaller that of the WFA method
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trode cases for the quantum transport calculations. (c) Schematic plot of the Fermi level pinning (FLP) in the BL tellurene transistors.
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channel materials’ band gap. Rrepresents for the linear correlation coef-
ficient, where ML black phosphorene and MoS, are not included.

(S, = 0.29). It indicates that the consideration of the interac-
tion between the BL tellurene channel and the electrode will
induce further FLP effect. What's more, the pinning factor of
BL tellurene is smaller than that of ML tellurene (S = 0.09),
ML black phosphorene (S = 0.28) and ML MoS, (S = 0.27) as
wellB37.52.56],indicating an extremely intense Fermi level pin-
ning. The pinning effect is demonstrated in Fig. 7(c), and the
Fermi level is highly pinned to a small region in the band gap
of the BL tellurene.

The ultralow S (0.02) could be inferred by the deep-into-
channel MIGS in the narrow band gap. Here we plot the fitting
line of the S and the band gap of the 2D channel material, as
shown in Fig. 8. The calculated pinning factors of various 2D ma-
terial containing blue phosphorene (0.42), arsenene (0.33),

InSe (0.32), black phosphorene (0.28), MoS, (0.1), Bi,O,Se
(0.12), ML tellurene (0.09) and BL tellurene (0.02) are presen-
ted herel37: 52,55 57-601 An linear relationship of S = 0.48E, -
0.45 is observed, leaving out black phosphorene and MoS,,
with linear correlation coefficient R2=0.99). This trend could de-
duce that under normal circumstances, a narrow band gap
would give rise to an intensive distribution of the MIGS. It
brings about an intensive Fermi level pinning and robust
SBHs. Therefore, a small S is expected in the case of a small
band gap in terms of S = d®gp/dWy;. However, the pinning
factor S depends on the selection of the metal electrode and
the contact details, e. g. the orientation of the metal elec-
trodes. Therefore the scale factor and even the linearity prob-
ably would change as the range of the metal electrode and
the contact details change. The abnormal pinning factors for
ML MoS, and black phosphorene couldn’t fit in the linear rela-
tionshipl>2 39, The correlation coefficient A2 would drop to
0.44 with these two considered.

Our study indicates that the BL tellurene based transistors
favor p-type Schottky contacts for the lateral direction, and
this is owing to the small work function (4.51 eV) of BL tel-
lurene. Experimentally, a lateral p-type Schottky contact is gen-
erated for the 7.5 nm-thick tellurene based FET with Pd elec-
trode, which is in line with our study!'’]. Theoretically, BL tel-
lurene based transistors often hold the same lateral contact po-
larity with the ML tellurene based transistors but with lower
SBHs for the electrodes mentioned in our studyB7., It could be
expected that few-layer tellurene based transistors would
hold better lateral electronic transmission efficiency due to
the narrower band gap. Surprisingly, the graphene electrode
survives from strong FLP and owns an ultralow hole SBH at the
lateral interface, different from bulk metal electrode cases. It is
expected to hold great potential in transistor devices, and a
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few attempts of electrodes by 2D material have been ex-
amined[>7,61-63],

4. Conclusion

To sum up, we explore the interfacial properties of the BL
tellurene based transistors with eight common electrodes in-
cluding 2D graphene by using ab initio electronic structure
calculations and quantum transport simulations. Covalent in-
teractions take place between BL tellurene and bulk metal elec-
trodes. We find that both tellurene layers for Ni, Pt and Pd elec-
trodes undergo metallization, while only the contact tellurene
layer for Ag, Al, Au and Cu electrodes undergoes metallization,
leaving the uncontact tellurene layer semiconducting. There-
fore, no vertical Schottky barriers are formed for Ni and Pt and
Pd electrodes but Schottky barriers are formed between the
two tellurene layers for Ag, Al, Au and Cu electrodes. VdW inter-
action between the BL tellurene and graphene takes place and
a vertical p-type Schottky contact for graphene electrode is
formed. The Fermi level is tightly pinned in the band gap of BL
tellurene with a pinning factor S = 0.02 owing to the deep-in-
to-channel MIGS and work function modulation at the lateral in-
terfaces for the bulk metal electrodes. As a result, lateral ro-
bust Schottky barriers are developed for the bulk metal elec-
trodes. Besides, a lateral quasi-Ohmic contact is developed for
graphene electrode. Our work offers a systematic investiga-
tion on the interfaces of the BL tellurene based transistors and
also will guide electrode selections of few-layer tellurene
based transistors.
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