Published on 07 September 2018. Downloaded by University Town Library of Shenzhen on 3/16/2026 3:00:56 AM.

PCCP

ROYAL SOCIETY

OF CHEMISTRY

View Article Online

View Journal | View Issue

’ '.) Check for updates ‘

Cite this: Phys. Chem. Chem. Phys.,
2018, 20, 24641

Received 20th July 2018,
Accepted 7th September 2018

DOI: 10.1039/c8cp04615h

rsc.li/pccp

1. Introduction

n-Type Ohmic contact and p-type Schottky
contact of monolayer InSe transistorst

Bowen Shi, (22 Yangyang Wang, (2 *° Jingzhen Li,° Xiuying Zhang, (22
Jiahuan Yan, (29 Shiqi Liu, (¢ Jie Yang,® Yuanyuan Pan,® Han Zhang,® Jinbo Yang,**
Feng Pan*9 and Jing Lu**°

Owing to their few lateral dangling bonds and enhanced gate electrostatics, two-dimensional
semiconductors have attracted much attention for the fabrication of channels in next-generation field-
effect transistors (FETs). Herein, combining first-principle band structure calculations with more precise
quantum transport simulations, we systematically explore the interface properties between monolayer
(ML) indium selenide (InSe) and a sequence of common electrodes in an FET. The ML InSe band
structure is damaged by Sc, Au, Cr, Pt, and Pd electrodes but identifiable in contact with Ag, Cu, In,
graphene and ML O-terminated Cr,C electrodes. A lateral n-type Schottky contact is generated with Sc,
Au, Cr, Pt, Pd, and ML graphene electrodes owing to Fermi level pinning originating from the metal-
induced gap states, which feature a pinning factor of 0.32. Luckily, a highly desirable lateral n-type
Ohmic contact is generated with the Ag, Cu, and In electrodes. The calculated contact polarity is in
agreement with the available experimental results using Au, Cr, ML graphene, Ag, and In as electrodes.
Remarkably, a lateral p-type Schottky contact is generated with ML O-terminated Cr,C despite the very
high work function of ML InSe. Therefore, this study offers a deeper understanding of ML InSe device
interfaces and instructions for the design of ML InSe transistors.

carrier mobility (8390 cm® V™' s !)."® Phosphorene has a high
carrier mobility (1000 cm® V' s7') and a moderate band

Two-dimensional (2D) materials such as transition metals
dichalcogenides” (TMDs), graphene,® silicene,® phosphorene,’
arsenene,® stanene,” bismuthene,® and tellurene®*' have
attracted tremendous attention for the fabrication of nanoscale
electronic and optoelectronic devices. Their atomic thickness
favors fantastic gate control, and their few dangling bonds at
the interface benefit carrier transport.'> However, TMDs have
proper band gaps (1.0-2.0 eV)"® but suffer from relatively low
mobility (200 cm® V' s7%),** and thus are unsuitable for high
performance applications.® Also, the absence of a band gap in
graphene prevents its application in devices despite its superior
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gap (0.3-1.0 eV), but it easily decomposes in air.> Thus, the
development of high carrier mobility and high stability 2D
semiconductors is in high demand. Recently, a new 2D III-VI
semiconductor, indium selenide (InSe), with a band gap of
1.52 eV for its monolayer (ML) and 0.69 eV for five layers'’
has attracted much attention.’®>* It has been widely studied
in optoelectronic applications owing to its novel optical
properties.'®'%?*2¢ Remarkably, the intrinsic electron mobility
in multilayer InSe field-effect transistors (FETs) exceeds
10° em® V' s7' at room temperature.’>*”*® Furthermore,
InSe is more stable than phosphorene.?*® Thus, these two
advantages make 2D InSe a competitive candidate as a channel
material in next-generation electronics.”**°

When 2D semiconductors are used as channel materials, the
channel is mostly directly contact with the metal to be doped
owing to the lack of substitutional doping methods.*'** A finite
Schottky barrier is often generated at the interface between the
electrode and channel, which reduces the electron and hole
injection efficiency. Therefore, the formation of low-resistance
metal-2D semiconductor contacts, preferably Ohmic contacts,
is a vital in the fabrication of devices. However, the Schottky
barrier height (SBH) is not merely determined by the difference
between the valence band maximum (VBM) or conduction band
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minimum (CBM) of the intrinsic semiconducting 2D material
and the Fermi level of the electrode owing to Fermi level
pinning (FLP) at the semiconductor-metal interface. Thus,
quantum transport simulations are necessary to accurately
calculate the SBH in 2D FETs, which take electrode-channel
coupling into account.**3¢

Herein, we comprehensively study the electrical contacts of
monolayer InSe transistors using Ag, Cu, In, Sc, Au, Cr, Pt, Pd,
ML graphene, and ML O-terminated Cr,C (O-Cr,C) as electrodes
based on first-principle band structure calculations and quantum
transport simulations. No vertical Schottky barrier is generated
at the ML InSe-metal interface owing to band hybridization
(Sc/Au/Cr/Pt/Pd) and conduction band filling of ML InSe
(Ag/Cu/In). However, a vertical n-type Schottky contact exists
with the graphene electrode, which features an electron SBH of
0.01 eV. The quantum transport simulations reveal that Sc, Au,
Cr, Pt, Pd, and graphene form lateral n-type Schottky contacts
with ML InSe, which have electron SBH of 0.25, 0.35, 0.41, 0.54,
0.61, and 0.55 eV, respectively. Remarkably, Ag, Cu, and In form
lateral n-type Ohmic contacts with ML InSe. The calculated
Schottky contact type is consistent with the available experimental
results using Ag, In, Cr, Au, and graphene as electrodes.”*””7"
Only an n-type InSe-metal contact is reported in the previous
experimental and theoretical studies due to the large work function
of few-layer InSe. Thus, it is very important to form a p-type contact
in complementary metal oxide semiconductor devices. We find that
ML O-Cr,C, with a very large work function, forms a p-type Schottky
contact with ML InSe in both the vertical and lateral directions,
which exhibits a hole SBH of 0.68 and 0.76 eV, respectively. The FLP
exists in the lateral interface of ML InSe FETs owing to the metal-
induced gap states (MIGS) featured by a pinning factor of 0.32,
indicating strong coupling between the electrode and channel in
ML InSe FETs.

2. Methodology

2.1. Interface modeling

We used ten types of materials Ag, Cu, In, Sc, Au, Cr, Pt, Pd, ML
graphene, and ML O-Cr,C as electrodes, which cover a large
work function range. We placed ML InSe on the metal/ML
graphene/ML O-Cr,C surfaces as the electrode (Fig. 1(b)). Five-
layer metal atoms were selected to simulate the bulk metal and
the bottom two layers were fixed to simulate the internal atoms
in the electrode based on previous studies.***' The lattice
parameters of InSe (a = b = 4.065 A, as shown in Fig. 1(a))
was fixed to fit the metals/ML graphene/ML O-Cr,C. ML InSe
has a 1.52 eV indirect band gap without spin-orbital coupling
(Fig. 1(c)), which is consistent with the former result of 1.44 eV
at the density functional theory (DFT) level.'” The lattice para-
meter, band structure and density of states of ML InSe are
consistent with that from the previous theoretical study.'’
A vacuum space was set above 20 A in the direction perpendi-
cular to the surface between ML InSe and metals. The 1 x 1 ML
InSe matches v/3 x /3 Cu(111)/ML graphene. The v/3 x v/3 ML
InSe matches 2 x 2 Sc(0001). The 2 x 2 ML InSe matches

24642 | Phys. Chem. Chem. Phys., 2018, 20, 24641-24651

View Article Online

PCCP
(a) © ,
. 2 ?\%7\
a 1
S (ST N B
b B
. » &/_/\
\/
() " @ 8 3F M K iy
g° !
S .
= i
2 :
g :
221 |
»n ‘
(=] '
a ‘
B0 }
3 3

1 0 1
E-Eg (eV)
Fig. 1 (a) Top-view of freestanding ML InSe. Yellow and purple balls represent
In and Se atoms, respectively, and the diamond indicates the unit cell of ML
InSe. (b) Initial configuration of ML InSe on the metal surface (blue ball). (c) Band
structure and partial density of states (PDOS) of intrinsic ML InSe. Black, red,
blue, green lines represent s, p, d, and total orbitals, respectively.

V7 x v/7 Ag(111)/ML O-Cr,C and 3 x 3 Au(111)/Pt(111)/Pd(111).
The 2 x /3 ML InSe matches v/5 x v/5 In(110) and the v/13 x 1

ML InSe matches 2v/7 x v/3 Cr(110). The mismatch in these
contact was less than 5%, as shown in Table 1.

2.2. Computational details

Calculations were based on the Vienna ab initio simulation
package (VASP) code.””™** The projector-augmented wave (PAW)
pseudopotential and a plane-wave basis set with a 500 eV cut-
off energy were used in the calculation. The dipole correction
eliminates the pseudo interaction generated by the periodic
boundary condition in the vacuum direction and the DFT-D3
method takes the van der Waals (vdW) interaction into con-
sideration. The k-point mesh for the relaxation and single-point
calculation was sampled using the Monkhorst-Pack method
with a mesh of 0.03 and 0.015 A™! in the Brillouin zone,
respectively. The maximum force and energy were converged
to less than 2 x 1072 eV A™" per atom and 10" eV between two
consecutive steps, respectively.

An FET with the ML InSe-metal compound system as the
electrode and 5 nm ML InSe as the channel was constructed to
simulate the properties of the electrode and channel interface
(Fig. 2). Based on former results,***> the observed SBHs of
the electrode and channel interface in 2D semiconductor FETs
are well reproduced by a 5 nm channel. The transport proper-
ties were calculated using the Atomistix ToolKit (ATK) 2016
package*®™® based on DFT and non-equilibrium Green’s
function (NEGF) method. The transmission coefficient T/(E) was
calculated as follows: (k; represents the reciprocal lattice vector
parallel to the interface in the irreducible Brillouin zone (IBZ))

T4(E) = Te [ (E)G (E)I{(B)GT(E)] (1)
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Table1l Calculated interfacial properties of ML InSe—metal contacts ¢ is the average lattice constant mismatch between the metal surfaces and ML InSe.
The equilibrium distance, d,, is the average distance between the contact ML InSe—metal interfaces in the vertical direction. djnse—m is the minimum
atom-to-atom distance from the selenium atoms to the metal atoms. The binding energy, E,, is the energy per indium selenide unit (In,Se,) required to
remove ML InSe from the metal surface. Wy and W,se-m are the calculated work function for a clean metal surface and the ML InSe—metal system,
respectively. dfw(@E,W) and dif,T(@ET) are the lateral electron (hole) SBHs obtained from the work function approximation and the quantum transport

simulation, respectively. Eg is the transmission gap of the ML InSe FETs

Metal Ag Cu In Sc Au Cr Pt Pd 0O-Cr,C Graphene
£ (%) 4.24 2.63 3.60 4.26 4.02 0.91 1.55 0.99 1.17 3.10
d, (10\) 2.61 2.31 3.09 1.53 2.66 1.81 2.08 2.06 2.55 3.52
dinse-m (A) 2.76 2.47 3.41 2.62 2.75 2.32 2.51 2.47 3.10 3.52
Ey, (eV) —-0.72 —0.86 —0.36 —1.74 —-0.77 -1.70 -1.10 —1.28 —0.30 —0.09
Winse-m (€V) 4.33 4.40 4.18 3.78 4.87 4.72 5.11 4.93 5.78 4.68
Wy (eV) 4.20 4.77 4.00 3.60 5.00 4.69 5.76 5.27 6.45 4.60
Df w (eV) —0.28 —-0.21 —0.43 —0.83 0.26 0.11 0.50 0.32 1.17 0.07
Pf 1+ (eV) —0.04 —0.02 —0.01 0.25 0.35 0.41 0.54 0.61 1.01 0.55
(0.23) (0.00)° (0.64)

¢}3,W (ev) 1.80 1.73 1.95 2.35 1.26 1.41 1.02 1.20 0.35 1.45
P 1 (eV) 1.58 1.27 1.48 1.32 1.30 1.13 1.12 0.90 0.75 0.88
Eg (eV) 1.54 1.25 1.47 1.57 1.65 1.54 1.66 1.51 1.76 1.43

¢ From ref. 54.
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Fig. 2 Right: Schematic diagram of an ML InSe transistor. Left: Schematic
cross-sectional view of a typical metal contact with the intrinsic ML InSe
channel. A, C, and E are the three charge transfer (electron/hole-transfer)
regions. B and D are the source/drain interface (red dashed line) and the
source/drain-channel interface D (blue dashed lines), respectively. @, and
@ represent the vertical SBH and lateral SBH, respectively. Yellow and
purple balls represent In and Se atoms, respectively. The x, y, and z axes are
the period direction, direction vertical to the ML InSe plane, and direction
along the channel length, respectively.

. rky ek
where, the gamma function I’ IL“/R(E) =i| >, — > | represents
L/R  L/R
Wl
the level broadening stemming from left and right electrodes. >
L/R

represents the self-energy of the left/right junction. G* is the
retarded (advanced) Green’s function. The transmission function
at a specified energy T(E) was obtained by averaging all the
different k| in the IBZ. According to our former calculation,"’ the
single-¢ polarized (SZP) basis set is often sufficiently accurate for
bulk metal electrode systems. However after testing, we found that
for ML graphene and O-Cr,C electrodes, the double-¢ polarized
(DZP) basis set is required. The temperature was set at 300 K to
simulate the environment. A Monkhorst-Pack of 50 x 1 x 1 and
50 x 1 x 50 k-point grids was adopted to simulate the electronic
structures of the central region and the electrodes, respectively.
A generalized gradient approximation (GGA) of the Perdew-
Burke-Ernzerhof (PBE) form was employed throughout.>® In a

This journal is © the Owner Societies 2018

heavily doped semiconductor, its electron behavior, especially
its band gap, can be approximately depicted by DFT-GGA. For
instance, the band gap of a degenerately doped ML MoSe, at
the DFT-GGA level is 1.53 eV, which is in accord with the
renormalized band gap of 1.59 eV obtained by the GW method
and experimental result of 1.58 eV.>" Since doped carriers from
the electrode highly screen the electron-electron interaction in
FET, we adopted DFT-GGA to evaluate the SBH.”"** Specifically,
the single electron approximation is sufficiently effective to
describe the electron behavior in an FET. For instance, the
experimental transport gap of ML, bilayer (BL), and trilayer (TL)
black phosphorene with Ni as the electrode is 0.99, 0.71, and
0.61 eV,”* respectively. The result of the transport gap for the
same system at the DFT-GGA level is 0.79, 0.81, and 0.68 eV,
respectively, in terms of the LDDOS at the interface.**° The
root cause of the discrepancy may come from two reasons. One
is that defects always exist in the actual sample, which cause
FLP and affect the SBH. However, in our model, no defect was
considered, and this ignorance will lead to uncertainty. The
other is that the many-body effect remains, which is not fully
captured by DFT-GGA although it is greatly depressed in an
FET. In addition, the calculated electron (hole) SBH in the ML/
BL/TL phosphorene FET with an Ni electrode is 0.39/0.52/0.48
(0.26/0.19/0.20) eV**>® at the DFT-GGA level, which is consistent
with the observed value of 0.64/0.48/0.40 (0.35/0.23/0.21) eV.*®

3. Results and discussion

3.1. Electronic band structure calculations

The optimized ML InSe-metal/ML graphene/ML O-Cr,C contact
configurations are shown in Fig. 3. The structure of ML InSe
changes slightly on the Ag, Cu, In, Au, Pt, Pd, ML graphene, and
ML O-Cr,C surfaces and strongly on the Sc and Cr surfaces. The
equilibrium distance, d., is the distance in the vertical direction
between InSe and the closest metal layer (Fig. 1(b)), and dise-m
is the closest distance between the selenium atom and the

Phys. Chem. Chem. Phys., 2018, 20, 24641-24651 | 24643
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Fig. 3 Side-view of the optimized structures and average electrostatic potential distributions in the planes normal to the interface of ML InSe on Ag, Cu,
In, Sc, Au, Cr, Pt, Pd, ML graphene, and ML O-Cr,C surfaces, respectively. Yellow and purple balls represent In and Se atoms, respectively. At the interface
of ML InSe on ML O-Cr,C, the red, gray, and light blue balls represent O, C, and Cr atoms, respectively. The Fermi level is set to zero.

metal/carbon/oxygen atom. The binding energy E;, of the ML
InSe-metal/ML graphene/ML O-Cr,C system is defined as:

Ep, = (Emse * Em — Emse-m)/N

where, Einse, Em, and Ernsem represent the binding energy of
the pristine InSe, metal and electrode, respectively. N is the
total number of (InSe), in the system, which for (InSe), is the
basic unit of the ML InSe structure. The relevant parameters
of the ML InSe-metal/ML graphene/ML O-Cr,C systems are
presented in Table 1. The interaction between ML InSe and the
metal/ML graphene/ML O-Cr,C surface can be divided into
three classes based on the binding energy, Ep, equilibrium
distance, d,, and the closest distance between the selenium
atom and the electrode atom, di,se-m- The first group is ML
InSe on the ML graphene/ML O-Cr,C/In with vdW interaction,
which is characterized by a small E;, (—0.09 to —0.36 eV), and
large distance d, (2.55-3.52 A) and dipse_v (2-83-3.52 A). The
second group is ML InSe on Ag/Cu/Au surface with moderate
interaction, which features a medium Ej;, (—0.72 to —0.86 V),
d, (2.31-2.66 A) and dipsen (2.47-2.76 A). The third group is
ML InSe on Sc/Cr/Pt/Pd surface with strong interaction, which
is characterized by a large E;, (—1.10 to —1.74 eV), and small
d, (1.53-2.08 A) and dipsem (2.32-2.62 A).

The differences between the bond strength in the latter two
groups are due to the difference in the number of covalent
bonds between ML InSe and the metals. The isolated Ag
(4d*s5s")/Cu (3d*°4s")/Au (5d'°6s") atoms have one unpaired s
electron in their outermost orbit, thus one covalent bond is
formed with ML InSe, which corresponds to a smaller E;,. The
isolated Sc (3d"4s”)/Cr (3d°4s")/Pt (5d°6s")/Pd (4d"°) atoms have
one/six/two/zero unpaired electrons in their outer orbits,
respectively. When these atoms are in the solid form, the nd
and (n + 1)s electrons undergo a redistribution due to the
orbital overlap. The electronic configuration of bulk Sc and
Pd can be approximatively expressed as 3d’4s' and 4d°5s"
considering the respective Mulliken population analysis results of

24644 | Phys. Chem. Chem. Phys., 2018, 20, 24641-24651

3d"%4s™* and 4d*?5s%7, respectively. Accordingly, Sc/Cr/Pt/Pd
provides three/six/two/two unpaired electron to form covalent
bonds with ML InSe, which correspond to a larger Ej,.

To analyze the electrical properties in the ML InSe-metal/
ML graphene/ML O-Cr,C contacts, the band structures of the
contacts were determined, as displayed in Fig. 4, which are
consistent with the previous experimental results.>>** The ML
InSe band structure is almost intact in contact with graphene
and ML O-Cr,C owing to the weak vdW interaction. The band
structure of ML InSe is slightly hybridized and identifiable on
Ag/Cu/In owing to the weak covalent bonding or strong vdwW
interaction (In). Also, in the case of the InSe-Ag, Cu, In, ML
graphene, and ML O-Cr,C systems, their band structure is
identifiable. (Namely, the band structure of the InSe-projected
bands in the electrodes is basically the same as that of
the intrinsic InSe). A vertical Ohmic contact is formed in the
InSe-Ag, Cu, In, and ML graphene systems, and a vertical
Schottky contact is formed in the InSe-ML O-Cr,C system. Since
ML InSe has a large work function (5.37 eV), the Fermi level
of this system is above the CBM of the ML InSe in ML
InSe-Ag/Cu/In and ML graphene systems, implying electron
doping in ML InSe. The conduction band filling of ML InSe on
Ag, Cu, In and ML graphene in terms of carrier density
is approximately 4.1 x 10", 2.2 x 10", 1.1 x 10", and
2.2 x 10™ electrons per cm?, respectively. Thus, ionic inter-
actions exist in the three interfaces in addition to weak
covalent/strong vdW interactions. The band structure is
strongly destroyed on Au/Sc/Cr/Pt/Pd due to the strong covalent
interaction, suggesting the metallization of ML InSe. The band
structure is unidentifiable and InSe is metallized, thus the
Schottky contact cannot exist. In general, the hybridization
degree of the ML InSe band structure on different metal
surfaces is consistent with their binding strength.

The partial density of states (PDOS) of the ML InSe-metal/
ML graphene/ML O-Cr,C systems projected in ML InSe are shown
in Fig. 5. The states around the Fermi level are predominantly

This journal is © the Owner Societies 2018
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Fig. 4 Band structures of the ML InSe—metals/ML graphene/ML O-Cr,C systems. Gray line: band structures of the interfacial system and Red line: band
structures projected to ML InSe. The Fermi level is set to zero energy and is denoted by the dashed line.

p orbitals, which is in agreement with the outmost electronic
structure of In (5s>5p") and Se (4s°4p®). The ML InSe band gap
disappears in all the ML InSe-metal systems as a result of
hybridization of ML InSe. In the ML InSe-ML graphene system,
the ML InSe band gap is preserved well. However for ML O-Cr,C,
there is a small amount of states around the Fermi level, which
are identified as MIGS. The PDOS of the latter two systems are in
agreement with the weak vdW interaction.

To further assess the interaction of ML InSe-metal/ML
graphene/ML O-Cr,C interface, we plotted the electron localiza-
tion function of the compound systems in Fig. 6. There is no
significant electron cumulation in the interface with In, ML
graphene, and ML O-Cr,C, in agreement with the small
E, (—0.09 to —0.36 eV) and vdW interaction. Electrons are
slightly accumulated in the interface with Ag, Cu, and Au, in
agreement with the moderate E, (—0.72 to —0.86 eV). The
electron density distribution is strongly accumulated at the
interface with Sc, Cr, Pt, and Pd, in agreement with the large
Ey (—1.10 to —1.74 eV) and strong covalent bonding.

3.2. Vertical and lateral SBH of the ML InSe transistors

The Schottky barrier plays an important role in FETs. A low
Schottky barrier will decrease the scattering of carriers, increase
the carrier mobility, and improve the property of a transistor.
A schematic diagram of a 5 nm-channel ML InSe FET is
displayed in Fig. 2. Two types of Schottky barrier possibly exist
in the FET. One is the vertical Schottky barrier, @y, at interface
B (between the ML InSe and the metal/ML graphene/ML
O-Cr,C) in the vertical direction, and the other is the lateral
Schottky barrier, ¢;, at interface D (between the ML InSe
channel and the electrode) in the lateral direction. The electron/
hole SBH is calculated from the difference between the CBM/VBM
of ML InSe and the Fermi level at interface D. The metallization of
ML InSe on Sc, Au, Cr, Pt, and Pd eliminates the vertical Schottky
barrier at interface B, while the conduction band filling of ML
InSe on Ag, Cu, In, and ML graphene results in a vertical n-type
Ohmic contact at interface B. However, when ML InSe is contacted
with ML O-Cr,C, the band structure is identifiable (Fig. 4).

5, InSe-Ag InSe-Cu InSe-In InSe-Sc InSe-Au
Z | i | |
%4 : : : :
5 | | i i
§(} % : P 7\’/‘\ I //—%
5, InSe-Cr InSe-Pt InSe-Pd InSe-Gr  InSe-(0-Cr,C)
: | i i | E
%4 : : ! ! ]
L W = : \/\ s V: s
2 IR A | i I '~ :
E 3 2 a1 0 1 23 3210 1 2 3 32401 2 3 3 2101 2 3 32120 1 2 3
£-Ey (eV) £-Eg (eV) E - Eg (eV) E-Eg (eV) E-Eg (eV)
s P d total

Fig. 5 Partial density of states (PDOS) of ML InSe on the metal/ML graphene/ML O-Cr,C surfaces. The Fermi level is set to zero energy and is denoted by

the dashed lines.
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(j) ML O-Cr,C. Yellow and purple balls represent In and Se atoms, respectively.

A vertical p-type Schottky contact is generated, which features a
hole SBH of 0.68 eV.

If the band structure of ML InSe can be identified in the
electrode region (Ag, Cu, In, ML graphene, and ML O-Cr,C
systems), we can also obtain the vertical SBH from the LDDOS
(Fig. 7). The vertical electron/hole SBH is defined as the
difference between the CBM/VBM of ML InSe and the Fermi
level in the deep electrode part (far away from the channel). For
Ag, Cu, and In, a vertical n-type Ohmic contact is obtained from
the LDDOS, which is in agreement with the result for the band
structure (Fig. 4). However, in the ML graphene system, a
vertical Ohmic contact is obtained from the band structure
(Fig. 4), while a Schottky vertical contact is obtained from the
LDDOS at the interface (Fig. 7(i)). The reason for the difference
is that the CBM/VBM (represented by black line) of ML InSe is
bent downwards in the electrode region due to the electron
transfer from the electrode to the channel. As a result, the vertical
SBH decreases as it moves toward the electrode direction. If the
electrode region is long enough, an n-type Ohmic contact is
expected in the LDDOS, which is in agreement with the band
structure calculation. If the electrode region is long enough, an
n-type Ohmic contact is expected in the LDDOS. For ML O-Cr,C, a
vertical p-type Schottky contact is obtained from the LDDOS with
a height of 0.69 eV, which is consistent with the value obtained
from the band structure (0.68 €V).

There are two methods to calculate the lateral SBH. One is
the work function approximation (WFA) and the other is the
first-principle quantum transport calculation. In the WFA, the
difference between the CBM (VBM) of the intrinsic InSe and the
Fermi level of the ML InSe-metal/ML graphene/ML O-Cr,C
system determines the lateral electron (hole) SBH. At the WFA
level, a lateral n-type Ohmic contact is generated between ML
InSe and Sc, In, Ag, and Cu. A lateral n-type Schottky contact is
generated between ML InSe and Cr, ML graphene, Au, Pd, and
Pt, which features electron SBHs of 0.11, 0.21, 0.26, 0.32, and

24646 | Phys. Chem. Chem. Phys., 2018, 20, 24641-24651

0.50 eV, respectively. ML O-Cr,C forms a lateral p-type Schottky
contact with ML InSe, featuring a hole SBH of 0.35 eV. The
lateral SBH results of the WFA are shown in blue in Fig. 8(a).
In the WFA, electrode-channel coupling is neglected.

To take the electrode-channel coupling into consideration,
the first-principles quantum transport calculation was used
to ascertain the lateral SBH. In the first-principles quantum
transport calculation, the lateral electron (hole) SBH is quanti-
tatively described by the difference between the CBM (VBM)
and the Fermi level at the lateral interface D (Fig. 2) attained
from the LDDOS. If the lateral electron (hole) SBH is different
in the left and right interface, we take the average SBH of the
left and right interface. (The reason for the difference in the left
and right interface is due to the asymmetric crystal surface
structure in the transmission direction.) This method has been
verified using ML, BL, and TL black phosphorus FETs with an
Ni electrode.> The lateral hole SBHs (0.20/0.19/0.26 eV) from in
the quantum transport calculation agree with the observed hole
SBHs (0.21/0.23/0.35 eV) in TL/BL/ML black phosphorus FETs.
There is an ~30% difference between the calculated value of
0.26 eV and observed 0.35 eV. We should point out that firstly,
the observed values of SBH may be different among different
experiments. For example, the electron SBHs in an MoS, FET
using Ti as the electrode are 0.18, 0.25, and 0.26 eV in different
devices, where there is an ~30% difference between 0.18 eV
and 0.26 eV.** Secondly, defects always exist in actual samples,
which cause FLP and affect the SBH, but in our model, no
defect was considered, and this ignorance will lead to uncertainty.
Thirdly, the many-body effect remains and is not fully captured by
DFT-GGA although it is greatly depressed in an FET. Overall, the
~30% difference between the calculated 0.26 eV and observed
0.35 eV is not considered as a significant difference. Thus
far, there is no qualitative discrepancy with the contact polarity
and type between the ab initio quantum simulation and experi-
ment for the examined 2D semiconductors.**® Nevertheless, the
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the lateral direction, respectively. The upright black lines indicate the boundary of the ML InSe—bulk metal and the intrinsic ML InSe channel.

lateral hole SBHs (0.02/—0.10/—0.28 eV) of ML/BL/TL black phos-
phorus FETs obtained from the WFA are apparently different
from the experimental results. Thus, it is crucial to take the
electrode-channel coupling into consideration in order to repro-
duce the measured SBH.

The ML InSe FETs LDDOS and transmission spectra using
the first-principle quantum transport calculation are depicted
in Fig. 7. From the LDDOS, Sc, Au, Cr, Pt, Pd, and graphene
generate n-type Schottky contacts with ML InSe, which feature
lateral electron SBHs of 0.25, 0.35, 0.41, 0.54, 0.61, and 0.55 €V,

This journal is © the Owner Societies 2018

respectively. Remarkably, Ag, Cu, and In form highly desirable
n-type Ohmic contacts with ML InSe. In a recent quantum
transport simulation, Cu also generated an n-type Ohmic
contact with ML InSe, but Ag generated an n-type Schottky
contact with ML InSe, featuring an electron SBH of 0.23 eV, and
Au forms an n-type Schottky contact with a slightly higher
electron SBH of 0.64 €V (vs. 0.41 eV in this work).>* Ag has a
lower work function (4.20 eV) than Cu (4.77 eV), thus Ag tends
to form a lower n-type SBH than Cu. In this regard, our result
appears more reasonable. In that article, the hybrid functional
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the Schottky—Mott rule. (c) Illustration of FLP in the ML InSe transistor.

(HSE06) was used, which always overestimates the transport
gap because the channels in FETs often work in heavily doped
states, and heavy doping significantly decreases the intrinsic
band gap.’'** Therefore, as mentioned in the computational
details section,**3%°1% our results using the GGA method
appear more reliable.

In our calculation, the lateral contact polarity obtained from
the WFA is same as that from the quantum transport simula-
tion. However, the contact type in the Sc contact with ML InSe
is different between the two methods. The WFA gives a lateral
n-type Ohmic contact, while the quantum transport simulation
gives a lateral n-type Schottky contact with an electron SBH of
0.25 eV. Besides, the WFA underestimates the electron SBH for
metals/graphene and underestimates the hole SBH for ML
O-Cr,C compared with the quantum transport simulation.
The calculated contact type for ML InSe is consistent with the
available observed data with Ag, In, Cr, Au, and graphene as
electrodes for multilayer InSe.>>*”*”-*® Furthermore, the experi-
ment shows that In forms a lower n-type SBH than Cr for
multilayer InSe,*® which is consistent with our calculation for
ML InSe. Since multilayer InSe is constructed by monolayer
InSe with weak vdW interaction,’ the band gap center of
multilayer InSe is approximately equal to that of monolayer
InSe if the broadening of the valence band maximum and the
conduction band minimum are equal to each other (Fig. S1,
ESIT). Actually, according to our calculation, the band
gap centers of ML (5.37 eV) and bilayer InSe (5.30 eV) are quite
close to each other. Hence, the contact polarity and the
relative relation of SBH are basically independent of the layer
number, and these results obtained in ML InSe remain valid

24648 | Phys. Chem. Chem. Phys., 2018, 20, 24641-24651

in multilayer InSe. Thus, it is reasonable to compare our
theoretical results with the published experimental results.

Only n-type InSe-metal contacts are reported in the previous
experimental®>*”*7*% and theoretical’’”* studies. In the
Schottky-Mott limit, a large work function material will help
form an n-type contact and prevent the formation of a p-type
contact. Due to the large work function of ML and few-layer
InSe, it is extremely difficult to obtain a p-type contact, and to
the best of our knowledge, the ML InSe and O-terminated Cr,C
contact is the first p-type contact. We admit it is a rather weak
p-type Schottky contact, and a strong p-type Schottky contact
should be the goal of future work. It is very important to form a
p-type contact in complementary metal oxide semiconductor
devices. Remarkably, a p-type Schottky contact is generated in
both the vertical and lateral directions, which feature hole SBHs
of 0.68/0.69 (band structure/LDDOS) and 0.76 €V, respectively.
The difference between the vertical and lateral directions is the
result of the bending of the band structure (Fig. 7(j)).

The quantum transport calculation takes the coupling
between the electrode and channel into consideration, and
this coupling generates the FLP effect. The intensity of FLP is
quantitatively described by the pinning factor S, which is
defined as the slope of the fitted red line (Fig. 8(b)) and
describes the change in the electron SBH with the work func-
tion of the electrode materials. According to this definition,
S =1 represents no FLP and S = 0 represents complete FLP.
We obtained S = 0.32 in the ML InSe-metal lateral interface,
which is comparable with the calculated values in ML MoS,
(S = 0.27),>*> ML black phosphorene (S = 0.28),>* ML arsenene
(S = 0.33),>>°° and ML blue phosphorene (S = 0.42).>” This value
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indicates strong FLP between the electrode and channel in the
ML InSe transistor. The metalized ML InSe induces new states
in the gap of channel ML InSe, namely MIGS. The MIGS serve
as a partially filled container of electrons, which can accept or
donate electrons and fix the Fermi level to the MIGS.

Our study suggests that ML InSe prefers n-type Schottky
contacts with electrodes owing to its large work function of
5.37 eV, which is larger than that calculated (4.57 eV) for ML
black phosphorene.*® ML black phosphorene prefers p-type
Schottky contacts with metals both experimentally and
theoretically.***® Ohmic contacts have a low contact resistance,
which favors a high on-current and high-frequency operation in
transistors.”® However, it is difficult to form Ohmic contacts in
2D transistors. ML black phosphorene only forms a p-type hole
SBH of 0.1 eV using graphene as the electrode in theory.>**° No
Ohmic contact is generated with ML blue phosphorene.””
Fortunately, in our study, ML InSe generates an n-type Ohmic
contact with Ag, Cu, and In. Although ML InSe prefers n-type
Schottky contacts, we find that ML O-Cr,C, a high work func-
tion metallic carbide, forms a p-type contact with InSe, which is
vital in complementary metal oxide semiconductor devices.

The transport gap, Ey, is the sum of the lateral electron
and hole SBH in the quantum transport simulation, that is
Ey = &1 + ®r. The E; of the ML InSe transistor with Ag, Cu,
In, Sc, Au, Cr, Pt, Pd, graphene, and ML O-Cr,C is 1.54, 1.25, 1.47,
1.57, 1.65, 1.54, 1.66, 1.51, 1.72, and 1.76 €V, respectively, as shown
in Table 1. These values are consistent with the intrinsic ML InSe
band gap of 1.52 eV at the DFT-GGA level owing to doping.

4. Conclusion

In conclusion, we comprehensively studied the contact properties
in ML InSe FETs using bulk metals, ML graphene and ML O-Cr,C
as electrodes. First-principle electronic structure calculations and
quantum transport simulation were adopted herein. The metalli-
zation of ML InSe on Sc/Au/Cr/Pt/Pd leads to the absence of a
vertical Schottky barrier, and the conduction band filling of ML
InSe on Ag/Cu/In/graphene results in a vertical n-type Ohmic
contact. Due to the strong FLP at the lateral interface of the ML
InSe FETs due to the MIGS, Sc, Au, Cr, Pt, Pd, and ML graphene
form a lateral n-type Schottky contact with ML InSe, featuring
electron SBH of 0.25, 0.35, 0.41, 0.54, 0.61, and 0.55 eV,
respectively, using first-principle quantum transport simulations.
The fitted pinning factor is 0.32. Remarkably, Ag, Cu, and In form
a lateral n-type Ohmic contact with ML InSe. For the first time,
a p-type Schottky contact in both the vertical and lateral directions
is generated with ML InSe on ML O-Cr,C, which features a hole
SBH of 0.68 and 0.76 eV, respectively, compensating for the
absence of a p-type contact. This study provides a deep under-
standing of ML InSe-metal interfaces and instructions for the
design of ML InSe-based devices.
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