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ABSTRACT: Two-dimensional semiconducting SnS is expected to have great potential for application in nanoelectronics. By
using both ab initio electronic structure calculations and more reliable quantum transport simulations, we systematically explored
the interfacial properties of monolayer (ML) SnS in contact with a series of metals (Ag, Al, Au, Pd, Cu, and Ni) for the first time.
According to the adsorption level, three categories are found: strong adsorption is found in ML SnS—Pd and Ni contacts;
medium adsorption is found in ML SnS—Cu contacts; and weak adsorption is found in ML SnS—Ag, Al, and Au contacts.
Because the band structure of ML SnS is destroyed in all of the contact systems, a vertical Schottky barrier at the ML SnS—metal
interface is absent. However, at the metalized-SnS/uncontacted-SnS interface in a transistor configuration, a lateral Schottky
contact is always formed as a result of strong Fermi level pinning (with a pinning factor of 0.17—0.28) according to the quantum
transport simulations. This work provides guidelines to design ML SnS-based devices with optimized electrode contact for high

performance.

1. INTRODUCTION

Owing to their unique properties, two-dimensional (2D)
materials with atomic thickness are anticipated to have an
important influence on a huge diversity of applications, ranging
from electronics' > to high-performance sensors,”’ clean
energy storage,g_11 lithium-ion batteries,'””> metal—air bat-
teries,” supercapacitors,'* catalysis,"'® and so forth. 2D
semiconductors (2DSCs) such as phosphorene'”"® and layered
metal dichalcogenides (e.g., MoS,,"”*® MoSe,,”"** and
WSe,™®) often exhibit high electrostatic gating efficiency and
fewer trap states at the interface thanks to the ultrathin
geometry and dangling-bond-free interface. Therefore, they are
very promising to extend Moore’s law down to sub-10 nm
scales.”* ™’

Tin sulfide (SnS), as a compound analogue of black
phosphorus, is characterized by weak interplanar van der
Waals forces and strong in-plane Sn—S covalent bond,” as
shown in Figure 1a,b. SnS nanosheets have been synthesized by
physical vapor deposition,”” " thermodecomposition,*” liquid-
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phase exfoliation (bilayer SnS),** and facile solvothermal
method.>* According to our previous theoretical work by
HSE calculations,” 2D SnS has an indirect band gap that can
be tuned from 1.96 €V for the monolayer (ML) to 1.44 eV for a
six-layer structure. It was also found that such 2D SnS layers
show high carrier mobility (~10® cm® V™' s™") even superior to
that of phosphorene, which renders it a promising candidate for
nanoelectronic devices.

To make actual electronic and photoelectronic devices out of
2D materials, a contact with metal is often needed for injecting
appropriate types of carrier into the conduction or valence band
of 2D materials. The quality of the electrical contacts is as vital
to the performance of the device as the semiconductor
itself.*>*” Generally, a finite Schottky barrier will appear in
such contacts, leading to a decrease in the carrier injection
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Figure 1. (a) Side and (b) top views of freestanding ML SnS. (c) Schematic diagram of initial configuration of ML SnS on the metal surface before

structural optimization.

efficiency. Apparently, one of the keys to gain a high
performance of a device is to reduce Schottky barrier height
(SBH). However, because of the complex Fermi level pinning
effect, the SBH does not simply depend on the difference
between the intrinsic Fermi level (Ez) of a metal and the
intrinsic conduction band minimum (CBM) or valence band
maximum (VBM) of the semiconductor.’® Besides, injecting
appropriate types of carriers into the respective bands of 2D
materials has to rely on the work function of contact metals on
account of a lack of controllable and sustainable substitutional
doping scheme.”” Thus, it is of great importance to understand
the property of 2D SnS semiconductor—metal interfaces.

In this work, the interfacial nature of ML SnS contacted with
metal electrodes (Ag, Al, Au, Pd, Cu, and Ni) is systematically
studied by ab initio energy band calculations and quantum
transport simulations (QTSs) for the first time. In all of the
systems, chemical bonds are formed between ML SnS and
metal surfaces, resulting in a metallization of ML SnS and the
absence of the vertical Schottky barrier at the ML SnS—metal
interface. At the metalized-SnS/uncontacted-SnS interface of a
field effect transistor (FET) configuration, because of the
strong Fermi level pinning effect with pinning factors 0.28 for
electron SBH and 0.17 for hole SBH, n-type lateral Schottky
contacts are formed between ML SnS and Cu, Ni, and Ag
electrodes with SBHs of 0.43, 0.15, and 0.62 €V, respectively,
and p-type lateral Schottky contacts can be found between ML
SnS—Al, Au, and Pd electrodes with SBHs of 0.80, 0.68, and
0.44 eV, respectively.

2. METHODOLOGY

Six metals (Ag, Al, Au, Pd, Cu, and Ni) commonly used in a
transistor configuration were considered to cover a wide range
of work functions. All metals in (110) orientation were chosen
because they can match ML SnS well according to our analysis
on the corresponding mismatches which will be mentioned
below. Six layers of metal atoms were used to simulate the
metal surface and to build a supercell with ML SnS adsorbed on
one side of the metal surface, as shown in Figure lc. The lattice
constant of ML SnS was changed to adjust to the fixed lattice
constants of the metal surface. The 1 X 2 unit cell of ML SnS
matches 1 X 3 unit cells of Ag, Al, Au, and Pd, and the 1 X 3
unit cell of ML SnS matches 2 X 25 unit cells of Cu and Ni.
The lattice constants of metal supercells are shown in Table 1,
whereas the lattice constants of 1 X 1 unit cell of ML SnS are a
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Table 1. Calculated Interfacial Properties of ML SnS—Metal
Contacts”

Ag Al Au Pd Cu Ni
a (A) 4.09 4.05 4.08 3.89 443 432
b (A) 8.67 8.59 8.65 825 12.52 1221
€ (%) 2.01 2.03 2.02 5.54 1.97 2.02
dgon (A) 227 223 2.59 1.47 1.93 1.34
E, (eV) 0.46 0.47 0.53 1.06 0.61 112
W (eV) 4.34 4.07 5.07 491 4.45 473
Wy (eV) 446 4.07 5.19 5.09 4.61 4.89
AV (eV) 0.99 0 2.67 0 0 0
wy (A) 0.31 0 0.70 0 0 0
Ty (%) 72.90 100 30.92 100 100 100
@5 (eV) 0.93 0.66 0 1.50 1.12 1.40
D! (eV) 0.62 0.89 0 0.05 0.43 0.15
Df 1 (eV) 0.62 0.88 0.94 1.08 0.38 0.43
@b (eV) 1.05 0.80 0.68 0.44 1.35 1.17
Eg™ (eV) 1.67 1.68 1.62 1.52 1.73 1.60

“a and b are the lattice constants of metal supercells. € is the lattice
mismatch. The equilibrium interlayer distance dg,_ is defined as the
average distance from the topmost layer metal atoms to the bottom
layer Sn atoms in the vertical direction of the interface. E is the
binding energy. Wy, and W are the work functions for clean metal
surface and adsorbed ML SnS—metal system, respectively. AV, wy, and
Ty are the tunneling barrier height, the fwhm of the potential barrier,
and tunneling possibility, respectively. @ (®h) and (0N ((DILT) are
the SBH obtained by WFA and QTS of electron (hole) in the lateral
direction, respectively. Eg™" is the transport gap, which is defined as the
su;nmary of the electron and hole lateral SBHs, that is, E‘g““ =i+
D) 1.

=4.02 A and b = 444 A. The corresponding mismatches are
about 2% in all of the systems except the ML SnS—Pd system
where the mismatch is 5.54%. The matches are reasonable
because the corresponding mismatches are small. To ensure
decoupling between neighboring slabs, a vacuum buffer space
of at least 14 A is set. ML SnS mainly interacts with the
topmost two layers of metal atoms; therefore, the bottom four
layers of metal atoms are fixed.

Structure optimization and electronic property calculation
were performed using the Vienna ab initio simulation
package®”*' based on generalized gradient approximation
(GGA)* to density functional theory (DFT)."’ The
Perdew—Burke—Ernzerhof (PBE)** exchange correlation and
a plane-wave representation for the wave function with a cutoff
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Figure 2. Side view of the optimized structures and average electrostatic potentials normal to the interface of ML SnS—Ag, Al, Au, Pd, Cu, and Ni
systems. AV is the height of the barrier and wy is the fwhm of the potential barrier. The Fermi level is set to zero.

of 500 eV were used. The work functions of the ML SnS—Pd
system and pure Pd metal obtained by standard PBE and PBE
+ U methods are almost the same according to our test (Table
S1). Thus, the Hubbard U was not adopted in following
calculations. The maximum residual of force during geometry
optimization was less than 0.01 €V/A, and energies are
converged to within 1 X 107> eV per atom. The
Monkhorst—Pack™ k-point mesh was sampled with a
separation of about 0.02 A™' in the Brillouin zone during the
relaxation and electronic calculation periods. The work
functions for adsorbed ML SnS—metal systems given by spin-
polarized and spin-unpolarized calculations are almost the same
(Table S2). Therefore, the spin-unpolarized configuration is
used for the following calculations. Many schemes and
algorithms have been proposed to include van der Waals
interactions.”® One widely used approach is the vdW density
functional (vdW-DF) method made by a proper choice of
exchange functional.”’” Another promising approach is dis-
persion-corrected DFT-D in which an atom pairwise potential
is added to a standard DFT result.*® Here, van der Waals
interaction is taken into account with the vdW-DF level of
optB88 exchange functional (optB88-vdW),*” which does not
depend on external input parameters and yielded reasonable
results in the calculation of phosphorene—metal contacts.”’
DFT-D2 and DFT-D3 give similar results according to our tests
on structure optimization (Table S3).

ML SnS transistors of two terminals are built to explore the
transport properties. The contacted ML SnS—metal interfaces
are as electrodes, and S nm ML SnS is as the channel. In the
light of our previous experiences, a 5 nm channel is enough to
obtain the SBH of 2DSC FETs. Left and right electrodes are
semi-infinite. The transmission spectrums and local device
density of states (LDDOS) of these transistors are calculated by
using DFT coupled with the nonequilibrium Green’s function
method, which is implemented in the Atomistix ToolKit
(ATK) 2016 package. The GGA of the PBE form to the
exchange—correlation functional and double-{, plus polarized
basis set is used. The cutoff energy of real-space mesh is 75
hartree, and the temperature is set at 300 K. Monkhorst Pack
70 X 1 X 4 and 70 X 1 X 1 k-point grids are applied for
electrodes and central region, respectively. Periodic-type
boundary conditions are applied in the ML SnS plane vertical
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to the source-to-drain directions. The Neumann boundary
condition is used out of the ML SnS plane and in the vacuum
for the direction vertical to the source-to-drain direction, and it
corresponds to a zero electric field at the boundary of the
computational box. In the source-to-drain direction, the
boundary condition for the electrostatic potential is decided
by the electrostatic potential of the electrodes, matching the
Dirichlet boundary conditions. The transmission coeflicient is
TH(E) [ky is a reciprocal lattice vector along a surface-parallel
direction (orthogonal to the transmission direction) in the
irreducible Brillouin zone (IBZ)] and is calculated as

TH(E) = Tr[[{(E) GM(E){(E)G (E)]

where GM(E)(GMT(E)) is the retarded (advanced) Green’s

function and F’ICJ‘/R(E) = i(ZrL’f‘l‘l - ZaL’/kl”K) is the level broad-

ening because of the left and right electrodes expressed in terms

. )k . .
of the electrode self-energies ZVL /k, which reflects the influence

of the electrodes on the scattering region. The transmission
function at a given energy T(E) is averaged over different k in
the IBZ.

3. RESULTS AND DISCUSSION

3.1. Geometry and Stability of ML SnS—Metal
Interfaces. The calculated primary parameters of ML SnS—
metal contacts are listed in Table 1. The binding energy E, of
the ML SnS—metal contact is defined as

Ey = (Esps + Ey — Egps-m) /Ny,

where Egg, Eyy, and Eg gy are the relaxed energies for pristine
ML SnS, the clean metal surface, and the combined system,
respectively, and N, is the number of Sn atoms in a supercell.
The equilibrium interlayer distance dg, ) is defined as the
average distance from the topmost layer metal atoms to the
bottom layer Sn atoms in the vertical direction of the interface,
as shown in Figure lc. According to the bonding level, three
categories of ML SnS—metal interfaces are classified. Weak
bonding is formed for ML SnS—Ag, Al, and Au interfaces with
smaller binding energy of 046 < E, < 0.53 eV and larger
interlayer distance of 2.23 < dg,_; < 2.59 A, medium bonding
is formed for the ML SnS—Cu interface with a modest binding
energy of 0.61 eV and an interlayer distance of 1.93 A, and
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Figure 3. Band structures of ML SnS and ML SnS on Ag, Al, Ay, Pd, Cu, and Ni surfaces. The Fermi level (green line) is set to zero. Light blue line:
band structures of the interfacial systems; red line: band structures of ML SnS. The line width is proportional to the weight. The band structures of
freestanding ML SnS are calculated in 1 X 2 (type 1) and 1 X 3 (type 2) supercells. The high symmetry points for type 1 supercell are I' (0, 0, 0), X
(0,0.5,0), A (0.5,0.5,0), and Z (0.5, 0, 0). The high symmetry points for type 2 supercell are I" (0, 0, 0), X (0, 0.5, 0), L (0.5, 0.5, 0), and Y (0.5, 0,

0).

Pure SnS type 1 Ag

Au

PDOS(states/eV)
'S

o

P

Pd

Al

Cu
M
3 2 A 1 2 3-

. Pure SnS type 2
=
<
3
T 4
&
%] i
9 o
&9 !
R - 2 -1 0 1 2 3 - 0
E-EfeV) E-E(eV)
p orbital of S p orbital of Sn Total orbital

Figure 4. PDOS (density of states on specified orbitals) of pure ML SnS and ML SnS on the Ag, Al, Au, Pd, Cu, and Ni surfaces at the DFT level.
The Fermi level is at zero energy. The PDOS of pure ML SnS is calculated in 1 X 2 (type 1) and 1 X 3 (type 2) supercells.

strong bonding is formed for ML SnS—Pd and Ni interfaces
with larger binding energy of 1.06 < Ey, < 1.12 eV and smaller
interlayer distance of 1.34 < dg,_\ < 1.47 A. As shown in
Figure 2, the shape of ML SnS changes little in weak bonding
systems (ML SnS—Ag, Al, and Au), while showing an obvious
deformation when contacting with Pd, Ni, and Cu.

3.2. Ab Initio Electronic Structure Calculations. The
band structures of pure ML SnS and the interfacial systems are
shown in Figure 3. The pure ML SnS shows an indirect band
gap of 1.55 eV, close to the former GGA result but smaller than
the former HSE value (1.96 eV).** As Figure 3 shows, the ML
SnS-derived bands always cross the Fermi level for all of the
interfacial systems, which means that ML SnS undergoes
metallization because of the strong hybridization. However, the
hybridization degree for the band structures of ML SnS on
metals varies: the band hybridizations of ML SnS on Cu, Nj,
and Pd electrodes are more intense than those on Al, Ag, and
Au electrodes, which is in accordance with the binding energies.
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For comparison, the band structures of ML MoSe, absorbed on
Ag and Al are still distinguishable.38 These facts indicate that
ML SnS is chemically adsorbed on metal surface and strong
covalent bonds are formed.

The calculated partial density of states (PDOS) on Sn and S
orbitals for ML SnS—metal systems is shown in Figure 4 and is
helpful for deeper understanding of the metallization degree. A
large portion of Sn and S states appear in the original band gap
of pure ML SnS, especially the Sn p orbital and S p orbital,
which reflects the strong band hybridization and the covalent
bond formation between the metal and the Sn and S p orbitals.
The PDOS at the Fermi level (Eg) is not zero, indicating that
ML SnS undergoes metallization when contacted with metals.
The PDOS of Cu, Nj, and Pd is larger than those of Ag, Al, and
Au at Eg, reflecting a higher metallization degree on Cu, Ni, and
Pd, a result consistent with their higher hybridization degree.
The total electron distribution of ML SnS—metal interfacial
systems, which can reflect the interaction between ML SnS and
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metal surfaces, is shown in Figure S. The electron accumulation
in the ML SnS—metal interfaces indicates the formation of a
covalent bond between ML SnS and metal surfaces again. The
electron accumulation at ML SnS—Ni and Pd interfaces is more
apparent than that at ML SnS—Ag, Al, Au, and Cu interfaces, as
is in line with their bonding and hybridization levels.
Furthermore, Bader charge analysis’ ~* can give quantitative
results of charge on S and Sn atoms. As listed in Table 2, the

Table 2. Bader Charges on S and Sn Atoms in the ML SnS—
Metal Contacts”

atom Ag Al Au Pd Cu Ni
S1 691 7.13 6.88 6.76 691 6.83
S2 6.94 6.93 691 6.92 691 6.88
S3 6.90 7.13 6.90 6.74 6.89 6.82
S4 6.94 6.94 693 6.86 691 691
Ss 6.82 6.72
S6 6.93 6.90
S 6.93 7.03 691 6.82 6.89 6.84
Snl 13.06 13.06 13.06 13.09 13.08 13.13
Sn2 13.08 13.34 12.92 12.82 13.05 12.94

Sn3 13.06 13.07 13.06 13.08 13.08 13.06
Sn4 13.09 13.17 12.95 13.01 13.33 13.08

SnS 13.06 13.09
Sné6 13.08 13.29
Sn 13.07 13.16 13.00 13.00 13.11 13.11

“S and Sn mean average of all of the S and Sn atoms.

average charge on $ in strong bonding systems (ML SnS—Pd
and Ni) is smaller than that in weak or medium bonding
systems (ML SnS—Ag, Au, Al, and Cu). The less charge
accumulated on S atoms, the stronger the covalent bond
between S and metal. The Bader charge results are in
accordance with the hybridization degree. The different
hybridization degrees can be attributed to the different
occupied levels of the d-orbital of metals. Group 11 elements
Cu (3d"%s"), Ag (4d'°Ss"), and Au (5d'%s") have fully filled d-
orbital, and p-block element Al (3s*p') has unfilled d-orbitals,
so they only form one covalent bond with the orbitals of the
contacted S atoms. Ni atom (3d%4s®) has partially filled d-
orbital and half-filled s-orbital. Isolated Pd atom (4d'°) has fully
filled d-orbital, but the electron distribution of Pd is similar to
Ni and Pt in the solid form.>>*® Thus, additional d-orbital-
related covalent bond is formed between Ni/Pd and ML SnS,
which makes the binding energies of ML SnS—Ni and Pd larger
than that of other systems.

Figure 6a shows the schematic drawing of a ML SnS FET.
Schottky barriers may exist at either of two different interfaces

of a ML SnS—metal interfacial system: one is between metal
and ML SnS contacted surface (labeled interface B) and the
other is between the interfacial system and channel SnS
(labeled interface D). If the contacted ML SnS becomes
metallization, the Schottky barrier is absent at interface B and
only can appear at interface D. It should be noted that the
tunneling barrier would exist at interface B when electrons or
holes cross the gap between metal and ML SnS, though there is
no Schottky barrier at interface B.

Because of the high hybridization degree, there is no vertical
SBH at interface B. Lateral SBH at interface D can be attained
by work function approximation (WFA). The WFA method
calculates the energy differences between Eg of the interfacial
system and the CBM or VBM of channel pure ML SnS. Figure
7 shows the line-up of the metal Fermi level with the electronic
bands of ML SnS. The calculated work functions of ML SnS are
3.41 eV for type 1 and 3.33 eV for type 2, respectively. It is
found that after contacting with ML SnS, the work function of
the interfacial systems is larger than that of the pure metal
except the ML SnS—Al system. As shown in Figure 8, according
to WFA, ML SnS forms p-type Schottky contacts with Pd, Ni,
Cu, Ag, and Al with SBHs @} = 0.05, 0.15, 0.43, 0.62, and 0.89
eV, respectively, whereas it forms Ohmic contacts with Au; for
the interfacial systems, Ej is lower than the VBM of channel
ML SnS. SBH as small as 0.05 eV indicates quasi-Ohmic
contact between ML SnS and Pd.

The tunneling barrier is another important character of a
semiconductor—metal contact. The potential profiles at the
vertical ML SnS—metal interfaces are shown in Figure 2. The
barrier height of ML SnS—Ag and Au is 0.99 and 2.67 eV,
respectively. A square potential barrier is adopted to estimate
the real potential barrier. The tunneling probability Ty is
defined by”’

2mA
Ty = exp(—ZmTV X wB)

where m is the mass of the free electron, 7 is the reduced
Planck constant, AV is the height of the barrier, and wy is the
full width at half-maximum (fwhm) of the potential barrier
(Figure 2). The results of T values are 30.92, 72.90, 100, 100,
100, and 100% for ML SnS—Ag, Au, Cu, Al, Pd, and Ni
contacts, respectively. The tunneling barrier vanishes in strong
and medium bonding systems such as ML SnS—Cu, Ni, and Pd,
whereas appears in weaker bonding systems including ML
SnS—Ag and Au. The absence of tunneling barrier makes the
electron or hole transfer freely.

3.3. Quantum Transport Simulations. To further
accurately describe the lateral SBH, we build a two-terminal
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Figure 7. Line-up of the work functions of the interfacial systems with
the electronic band of channel ML SnS in terms of separate electronic
energy band calculations. The purple dashed and red solid lines
present the work function of the pure metal and ML SnS—metal
systems, respectively.

ML SnS transistor, as shown in Figure 7a, and calculate the
properties of the transistors by using the ab initio QT'Ss. The
channel length is 5 nm. Zero-bias and zero-gate voltage
LDDOS and transmission spectra of the ML SnS transistors
with Cu, Ag, Ni, Al, Au, and Pd as electrodes are plotted in
Figure 8. LDDOS gives the energy band in the real space of the
ML SnS transistors. The band edges of the channel ML SnS
with Ag and Au as electrodes are flat as the free-standing ML
SnS, whereas those with Cu, Ni, Al, and Pd as electrodes are
tilted. The tilting of the band edges results from the distorted
contacted structures shown in Figure 2 and the asymmetric
structures between left and right electrodes. At the source/
drain—channel interfaces, the lateral electron (hole) SBH is
defined as the energy difference between the Fermi level and
the CBM (VBM) of the channel ML SnS. For the transistors
with asymmetric electrodes, the lateral electron (hole) SBH is
the average of the electron (hole) SBH at the source—channel
interfaces and that at the drain—channel interface.

ML SnS forms n-type lateral Schottky contact with Cu, Ni,
and Ag electrodes with electron SBHs of 0.38, 0.43, and 0.62
eV, respectively, whereas it forms p-type lateral Schottky
contact with Pd, Au, and Al electrodes with hole SBHs of 0.44,
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0.68, and 0.80 eV, respectively. There are apparent metal-
induced gap states (MIGS) in the gap of the ML SnS channel,
which often cause Fermi level pinning and will be discussed
later. The transport gap Eg™ is defined as the summary of
electron and hole lateral SBHs, that is, Etg"“n =@+ (I)?JyT. The
transport gaps are 1.73, 1.60, 1.67, 1.68, 1.62, and 1.52 eV for
ML SnS transistors with metals Cu, Ni, Ag, Al, Au, and Pd as
electrodes, respectively. These transport gaps are consistent
with the intrinsic band gap of 1.55 eV of the infinite ML SnS.

3.4. Comparison of the Lateral Schottky Barriers
between the Two Methods. We have compared the lateral
electron/hole SBH of the ML SnS transistors obtained by the
QTSs and the WFA in Figure 9. The type and height of the
Schottky barrier by these two methods are apparently different
from each other. Under the WFA, ML SnS forms p-type
contacts with all metals except with Al, especially it forms p-
type Ohmic contacts with Au. By contrast, under the QTS, ML
forms n-type Schottky contact with Cu, Ni, and Ag, whereas it
forms p-type Schottky contacts with Pd, Au, and Al. The WFA
prefers a smaller hole SBH, such as the hole SBHs with Pd, Ag,
Cu, and Ni are 0.35, 0.43, 0.88, and 1.02 eV lower than that by
using the QTSs, respectively. The significant differences
between these two methods originate from the fact that the
WEFA deals with the electrode and the channel separately, and
thus, it ignores the coupling between these two regions. While
the QTS treats the electrode and the channel as a whole and
includes the coupling between the two regions. The ignoration
of such a coupling at the interface generally brings about an
underestimation of the SBH, as revealed in previous
works, 595860

In view of tunneling barriers and Schottky barriers given by
the QTSs, four types of ML SnS—metal contact are identified,
as shown in Figure 6b—f. ML SnS forms the type 1 contact with
the Au electrode, in which ML SnS forms p-type Schottky
contact with Au at lateral interface D and tunneling barrier
appears at vertical interface B. ML SnS forms the type 2 contact
with Al and Pd, in which holes only face a p-type Schottky
barrier at the lateral interface D. In type 3, electrons face both
an n-type Schottky barrier at the lateral interface D and a

DOI: 10.1021/acs.jpcc.8b03308
J. Phys. Chem. C 2018, 122, 12322—12331


http://dx.doi.org/10.1021/acs.jpcc.8b03308

The Journal of Physical Chemistry C

Energy {eV)

MLSn$  Cu-MLSnS % °° 02 10

-2
Cu-ML $nS Transmission

Ag-ML SnS ¢

< =081cV A3
o~ 014y

Energy (eV)

'
N

12

i 00 02 04 06
Transmission Ni-ML SnS

ML SnS e
Transmission

i

Energy (eV)

E
e

Energy (eV)

0 1 2
AMMLSNS ML SnS  ALMLSnS §_ t .2 AuMLSnS  MLS:

Au-MLsSns ¢ !

Pd-ML Sng %0 0% 10
Transmission

2
2 2 Pd-ML SnS

e ML SnS
Transmission

Figure 8. LDDOS and transmission spectra of ML SnS FETSs with Cu, Ag, Ni, Al, Au, and Pd as electrodes. The channel length is set as 5 nm with
zero-bias and zero-gate voltages. The Fermi level is represented by black dashed line and is set at zero. The white dashed lines represent the band
edge of ML SnS in the channel. The black solid line indicates the boundary of the ML SnS source/drain electrode. ®f  and CD]]:‘T denote the lateral
electron and hole SBHs, respectively. The color scale is shown in the right. The black circles denote the interfacial states in the band gap of channel

ML SnS.

B v
] ors

Dsp y (eV)
1.40

Figure 9. Comparison of the lateral hole/electron SBHs at ML SnS—
Pd, Ni, Cu, Ag, Al, and Au interfaces by using DFT WFA and the
QTSs.

tunneling barrier at vertical interface B. ML SnS forms an n-
type Schottky contact at lateral interface D, and tunneling
barrier vanishes at vertical interface B.

To further uncover the dependence of the lateral SBH on the
work function of the intrinsic metal and the Fermi level
pinning, we plot the SBH versus the metals work function in
Figure 10a. The pinning factor is defined as the slope S =
dCDi{%/ dW,,;, where W), is the work function of the intrinsic
metals. The pinning factor varies between S = 0 for strongly
pinned interfaces (Bardeen limit) and S = 1 for unpinned
interfaces (Schottky limit).”"> The pinning factors for electron
and hole are roughly estimated to be 0.28 and 0.17,
respectively, which are comparable with the calculated values
in other 2DSC, such as black phosphorene (0.28), ML
bismuthene (0.12), ML MoS, (0.30), and arsenene
(0.33).50565860.63=65 The gmall pinning factor indicates a
strong Fermi level pinning, and the Fermi level is pinned
around the center of the band gap, as illustrated in Figure 10b.

4. CONCLUSIONS

The interfacial properties of ML SnS contacting with a series of
metals (Ag, Al, Au, Pd, Cu, and Ni) were investigated
systematically by using both ab initio electronic structure
calculations and more reliable QTSs. It is found that group 10
metals Pd and Ni show strong absorption, whereas group 11

16
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Figure 10. (2) Calculated electron and hole SBHs as a function of the work function of the intrinsic metals. S is the pinning factor according to the
Schottky—Mott rule. (b) Schematic figures of the Fermi level pinning in the ML SnS transistors.
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Cu, Ag, Au, and p-block metal Al show weak or medium
absorption with ML SnS. Because of the metallization of ML
SnS in all of the contact systems, a vertical Schottky barrier at
the ML SnS—metal interface is absent. However, a lateral
Schottky contact can still exist in ML SnS—metal systems at the
metalized-SnS/uncontacted-SnS interface for real FET devices.
The ab initio band calculations and QTSs give reversed carrier
polarity when Cu, Ni, and Ag are used as electrodes.
Furthermore, the ML SnS FET with a Au electrode changes
from Ohmic contact (the electronic band structure calcu-
lations) to p-type Schottky contact with a large hole SBH of
0.68 eV. On the basis of the QT'Ss, n-type Schottky contacts are
formed between ML SnS and Cu, Ni, and Ag electrodes with
SBHs of 0.43, 0.15, and 0.62 eV, respectively, and p-type
Schottky contacts can be found between ML SnS—Al, Au, and
Pd electrodes with SBHs of 0.80, 0.68, and 0.44 eV,
respectively. Our further study also shows that the tunneling
barrier vanishes in ML SnS—Cu, Al, Ni, and Pd systems, leading
to enhanced carrier transfer performance. This article provides
a theoretical guideline for designing ML SnS-based nano-
electronic devices with high performance.
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