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ABSTRACT

The insertion of a graphene (or h-BN) layer in a two-dimensional (2D) MoS,-metal interface to de-pin the Fermi level has been a common
strategy in experiments. Recently, however, the 2D material space has expanded much beyond transition metal dichalcogenides, and it is not
clear if the same strategy will work for other materials. Here, we select a family of twelve emerging, commercially available 2D semiconduc-
tors with the work function range of 3.8-6.1 eV and study their interfaces with metals in the presence and absence of the graphene buffer
layer. Using the density functional theory, we show that the graphene buffer layer preserves the ideal Schottky-Mott rule to a great extent
when the interfaces are made with Ag and Ti. However, the h-BN buffer layer does not yield a similar performance since its electrons are
not as localized as graphene. It is further observed that even graphene is not very effective in preserving the ideal Schottky-Mott rule while
interfacing with high work function metals (Au, Pd, and Pt). The quantum chemical insights presented in this paper could aid in the design
of high-performance electronic devices with low contact resistance based on newly developed 2D materials.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0106620

I. INTRODUCTION

After the first successful synthesis of graphene in 2004, these
two-dimensional materials have opened a new door to building
high-performance devices beyond the limit of traditional silicon
technology.”™* The heterostructures formed by contacting 2D semi-
conductors (SCs) with bulk metals or other 2D materials possess
several advantages, like atomic-scale thickness, ultrafast charge
transfer, scaling flexibility, and tunable bandgap.””” In the last
decade, 2D transition metal dichalcogenides (TMD), mostly MoS,,
have been extensively studied for their application in nano-
electronic devices.””'' However, the devices usually suffer from
high contact resistance, resulting in a much lower drain current
than the desired value required for high-performance applica-
tions.'>"” Due to the Fermi level (FL) pinning (FLP),"*"'* it is very
difficult to mitigate the contact resistance by changing electrode
materials. Buffer layer insertion between the metal and 2D TMD
are reported to be an effective strategy for weakening FLP.'” 2D
materials such as graphene and hexagonal boron nitride (h-BN) are
prospective buffer layers due to the atomic thickness, easy deposi-
tion, and van der Waals interactions with the TMD materials.'”"*
Most theoretical and experimental works on buffer layer insertion

. 9.
have been performed on MoS, based devices.'”~** However, as the

2D material library is growing every year, newly emerged 2D mate-
rials are gaining attention for their potential applications.”” Some
works have already been reported on developing field effect transis-
tors from different 2D families such as metal monochalcogenides
(SnS)*° and novel metal dichalcogenides (PdSe,/PtSe,),”” and
mono-elemental materials such as phosphorene” and tellurene.”
Recently, it was shown that monolayer (ML) tellurene suffers from
metallization when in contact with any metals.”’ Inserting gra-
phene can prevent metallization and create a Schottky barrier
whose height can be modulated by changing electrode materials.
Direct metal contacts of ML phosphorene’’ and SnS™ also show
metallization of the SC, restricting their use in vertical Schottky
devices. However, the strategy for FL depinning in the 2D materials
other than MoS, has not been well studied.

In this work, we investigated the effect of buffer layer insertion
in the metal contacts of a series of emerging 2D semiconducting
materials. We have selected twelve commercially available 2D SCs
with a wide range of work functions (WFs) (3.8-6.1 eV). Using rig-
orous DFT calculations, we have evaluated the electronic properties
of their interfaces with metals in the presence and absence of
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buffer layers. Ag and Ti are initially selected as electrode materials
as their WFs are nearly equal but chemical reactivity is different.
Comparing the obtained barrier properties with the traditional
Schottky-Mott (SM) rule, we have made a comparative analysis
between the performance of ML graphene and h-BN as the buffer
layer with these two metals. Furthermore, we have evaluated how
the barrier properties change when metals with high WF are used
as electrode materials. For the first time, the buffer insertion strat-
egy is evaluated in a series of 2D materials apart from MoS,. The
insights provide the selection of a suitable combination of the
buffer layer and metal electrodes to build heterostructures that can
approach the SM limit.

Il. CALCULATION DETAILS

The geometry optimizations were performed by using the pro-
jected augmented wave method (PAW)> as implemented in
Vienna Ab-initio Simulation Package (VASP).”>”> Generalized gra-
dient approximation (GGA) with Perdew-Burke-Ernzerhof
(PBE)™ functional and van der Waals correction proposed by the
Grimme DFT-D3”"" method has been used. A cutoff energy of
520eV and 3¢ x 30 x 1 Monkhorst-Pack’” k-points grids were
used, where a, b, and c are the lengths of the lattice parameters of a
supercell. The Gaussian smearing method with a smearing width of
0.05eV was used. As the self-convergence criteria, the energy dif-
ference in successive iterations was set to 107°eV. The geometry
was optimized until the force on every atom falls below 0.05 eV/A.
Dipole correction is applied to eliminate the pseudo-interaction of
the dipole moments due to the periodicity in the z-direction.

In the work on tellurene heterostructures,’® some discrepan-
cies between the projected band structures calculated using plane
wave basis and localized orbital basis have been reported. To calcu-
late projected states, the wave function is projected onto localized
atomic orbitals. For the projection calculation using a plane wave
basis set, some projection loss may arise as the radius of a sphere
around the atom is set to cut off the projection. As in localized
orbital basis, there is no need for approximating a sphere around
the atom, the projection calculation should be more accurate than
plane wave basis. Therefore, for the calculations of electronics prop-
erties, we have used QuantumATK-atomistic simulation software*’
that uses a linear combination of atomic orbital (LCAO) basis sets.
The accuracy of the basis set was set to “medium,” and SG15
norm-conserving pseudopotentials*'** were used. van der Waals
interactions with the zero damping DFT-D3 method of Grimme
were employed. A cutoff energy of 185Ha and a denser k mesh
80 5 & x 1 were chosen for these static calculations. The Gaussian
smearing method with a temperature of 600 K was used. For the
interface design, six layers of the (111)-cleaved surface of Ag and
the (0001)-cleaved surface of Ti were considered. The interfaces
were created using the QuantumATK interface builder module.*’
To create an interface, initially, the supercells of two surfaces were
aligned. Strain was then applied on one or both surfaces to match
the aligned supercells. As significant strain can alter the material
properties, the supercell size should be increased to reduce the
lattice mismatch. Therefore, in this work, we have used sufficiently
large supercells to keep the interface strain below 1%. To build the
buffer inserted heterostructures, first, the interfaces between the
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metal and buffer layer were created by applying strain on both sur-
faces. 2D SCs were then interfaced with the formed 2D buffer (gra-
phene/h-BN)-metal surfaces. All the details regarding the interface
building, including the applied strain, supercell size, surface rota-
tion angle, are given in Tables SI1 and S2 in the supplementary
material. A vacuum layer of 20 A was added for DFT calculations
to eliminate any pseudo-interaction between two periodic replicas.
During geometry relaxations, the top three layers of the metal
toward the vacuum side were fixed to emulate the bulk electrode
feature. The semiconductor atoms are free to move. Therefore, any
strain in the semiconductor layer while making contact is automati-
cally introduced during geometry relaxations.

Ill. RESULTS AND DISCUSSIONS
A. Graphene insertion
1. Interface geometries

We randomly selected twelve commercially available 2D
materials with WFs ranging from 3.8 to 6.1 eV. From monochalco-
genides group, SnS, GeSe, PbTe, GaTe, InSe, and InTe are used;
from dichalcogenides, WTe,, WSe,, PdSe,, PtSe,, and SnS, are
selected; and from M,X; group, Sb,S; is taken. At the equilibrium
state, ML SnS, GeSe, and PbTe have a space group symmetry
Pmn2_1, with an anisotropic structure in which a Sn(Ge/Pb) or S
(Se/Te) atom is covalently bonded to three S(Se/Te) or Sn(Ge/Pb)
atoms. In WTe, and WSe,, W and Te(/Se) atoms are arranged peri-
odically in hexagonal symmetry. ML GaTe, InTe, and InSe have
four covalently bonded atomic planes in Te(/Se)-Ga(/In)-Ga(/In)-
Te(/Se) sequence. PtSe,, PdSe,, and SnS, have T phases with the
P-3ml group in which each Pt(/Pd/Sn) atom is encompassed by
six Se (/S) atoms. In the crystal structure of Sb,S;, each Sb atom is
surrounded by six S atoms and four Sb atoms surround each S
atom. The top view and side view images of the atomic structures
of these materials are shown in Fig. 1(a). The lattice parameters are
mentioned in the figure caption. Among the 2D materials, SnS has
the lowest WF of about 3.87 eV, and SnS, has the highest of about
6.09 eV [Fig. 1(b)]. The WFs are calculated using the ghost atom
technique in QuantumATK. In Fig. 1(b), the schematic representa-
tions of band diagrams of the 2D materials are shown. The energy
values of conduction band minima (CBM) and valence band
maxima (VBM) are given in the figure. The calculated WFs and
bandgaps of all the materials are given in Table S3 in the
supplementary material.

To evaluate the electronic properties of 2D SC-metal systems,
the interfaces of these materials with Ag and Ti are formed. We
chose Ag and Ti primarily as their WFs are nearly equal, but most
of the 2D materials are physisorbed on Ag while chemisorbed on
Ti. Ti is more reactive due to partially filled d-orbitals. The relaxed
geometries of the interfaces of GeSe and WSe, are depicted in
Fig. 2. The structural parameters are listed in Table I. The average
interlayer distances between 2D materials and metal surfaces are in
the range of 2.5-3 and 1.5-2.5 A for 2D SC-Ag and 2D SC-Ti
interfaces, respectively. These distances are comparable with the
sum of covalent radii of metal atoms and neighboring 2D SC
atoms, implying the formation of chemical bonds between the two.
While interfacing with Ti, there is a slight distortion in the
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FIG. 1. (a) Top and side view images of crystal structures of the ML 2D SC. The latlice parameters are a=4.325 A, b=4.064 A (SnS); a=4.274 A, b=3.973 A (GeSe);
a=b=4.64 A (PbTe); a=b=3.55 A (WTep); a=b=3.32 A (WSe,); a=b=4.13 A (GaTe); a=b=4.37 A (InTe); a=b=3.75 A (PtSep); a=b=4.07 A (InSe); a=b=3.73
A (PdSe;,); a=b=3.92 A (Sb,S;); and a=b=3.69 A (SnS,). (b) Schematic representation of band diagrams of the 2D materials. The energy values of CBM and VBM

are mentioned for each material. The solid red line denotes the vacuum level.

structures of WSe,, WTe,, and GaTe. However, the rest of the
materials are completely distorted. But with Ag, only minor struc-
tural distortion is observed. The average binding energy values of
Ag adsorbed structures are much lower than Ti, implying strong
chemical reactions of the 2D materials with Ti.

The average binding energy is defined as

E;P™ = [Eyp_m — Eap — Eml/IN,

(1)
EP" M = [Eyp_c_m — Eap — Ec — Eml/N,

where Exp_m, Eap—c—m> Eap, Ec, Em denote the total energies of
2D-metal systems, 2D-graphene-metal systems, pure 2D materials,
pure graphene, and pure metal surfaces, respectively. N is the
number of atoms in the topmost layer of 2D materials that are in
direct contact with metal or graphene atoms.

The chemical interactions between metal and 2D SC can be
shielded by inserting a buffer layer between the two. Figure 2
shows the relaxed geometries of ML graphene inserted GeSe-metal
and WSe,-metal interfaces. The structures of 2D materials remain
unchanged in both graphene-Ag and graphene-Ti systems. The
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FIG. 2. Side view images of atomic structures of ML GeSe-Ag, GeSe—graphene-Ag, GeSe-Ti, and GeSe—graphene-Ti; WSe,~Ag, WSe,—graphene-Ag, WSe,~Ti, and

WSe,—graphene-Ti heterostructures.

interplanar distances between 2D materials and graphene are
around 3.5 A that are much higher than the 2D-metal distances.
These large distances and structural uniformity of 2D materials
suggest van der Waals interactions between 2D materials and gra-
phene. For the graphene-metal region, the interlayer distances
between graphene and Ag are around 3.3 A, while for graphene
and Ti, the spacings are reduced to around 2.1 A. The short

interlayer distances are comparable to the sum of covalent radii of
Ti and C atoms. The binding energies for the graphene-Ti system
are much higher than that of graphene-Ag systems (Table I).
Graphene also suffers from minor structural deformation at Ti
surfaces. From the projected band analysis (Fig. S1 in the
supplementary material), it is also found that the Dirac point of
graphene is somehow preserved in the graphene-Ag interface.

TABLE |. Interlayer properties of 2D SC-metal (Ag/Ti) and 2D SC-graphene-metal (Ag/Ti) interfaces. d4, dy, and ds are the average vertical distances between 2D-metal,
2D-graphene, and graphene-metal, respectively. E, is the calculated average binding energy using Eq. (1).

Ag interface C-Ag interface Ti interface C-Ti interface

2D material d, (A) E, (eV) d, (A) d; (A) E, (eV) d; A) E, (eV) d, (A) d; (A) E, (eV)
SnS 2.78 -0.53 3.56 3.37 —-0.39 1.57 —-2.68 3.42 2.11 —-1.49
GeSe 2.63 -0.58 3.45 3.28 —-0.39 1.96 -2.12 3.47 2.13 -1.36
PbTe 2.68 —-0.76 3.52 3.26 —0.48 1.90 -1.90 3.54 2.18 -1.69
WTe, 2.86 -0.73 3.45 3.17 —0.64 2.41 -1.22 3.39 2.19 -1.92
WSe, 2.78 -0.63 3.39 3.35 —0.49 2.51 -1.07 3.40 217 -1.53
GaTe 2.75 —-0.8 3.56 3.31 —0.65 231 —-3.28 3.85 220 —2.24
InTe 2.72 -1.09 3.44 3.21 —0.70 2.35 —2.17 3.57 221 —2.59
PtSe, 2.53 -0.95 3.24 3.20 —0.57 1.84 -2.35 3.62 2.14 -1.92
InSe 2.65 -0.73 3.29 3.19 —0.62 1.95 —4.06 3.57 2.19 —2.27
PdSe, 2.44 -1.1 327 3.23 —0.74 1.85 —-3.83 3.23 2.16 -1.92
Sb,S; 2.52 —-0.8 3.27 3.13 —0.65 1.64 —47 3.56 2.19 —2.14
SnS, 228 —0.86 3.31 3.24 —0.55 1.56 -5.92 3.32 2.18 -1.85
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However, the band structure of graphene completely distorts while
interfacing with Ti. The small interlayer separations, higher
binding energy, structural deformations, and band distortion
suggest graphene is chemisorbed on Ti while Ag is physisorbed.

B. Projected band analysis

The 2D materials selected in our work have bandgaps ranging
from 0.6 to 1.6 eV [Fig. 1(b)]. In Fig. 3, the projected band struc-
tures of 2D materials on Ag and Ti electrodes are shown. The semi-
conducting band structures of all the 2D materials are destroyed on
both Ag and Ti, implying chemical or covalent bonding between
them. The band hybridizations of 2D materials on Ti [Fig. 3(b)]
are more intense than those on Ag [Fig. 3(a)]. In all the 2D materi-
als, some bands cross the FL leading to metallization of the 2D
materials.

When graphene is inserted, the chemical interactions between
the 2D SCs and metal are shielded. As a result, the semiconducting
band structures of the 2D materials are restored (Fig. 4). It is found
that the projected bands of 2D SC in graphene inserted interfaces
are similar to those of the pristine 2D SC. It confirms the weak van
der Waals interactions between ML 2D SC and graphene-metal
contact regions. However, the bandgaps have slightly deviated from
the pristine 2D SC, and the bands are shifted with respect to the FL
due to the interlayer charge transfer. The vertical Schottky barrier
height (SBH) is determined by the energy difference between the
FL of the 2D SC-graphene-metal contact and the CBM (n-type
Schottky barrier) or VBM (p-type Schottky barrier) of 2D SC in
the graphene inserted interface. For SnS, GeSe, and PbTe contacted
with the graphene-Ag surface, the FLs shift toward the VBM, creat-
ing p-type Schottky barriers [Fig. 4(a)]. The hole SBHs (®,) are
found to be 0.4, 0.25, and 0.18 ¢V, respectively. In the case of
WTe,, WSe,, GaTe, and InTe, the FLs are adjacent to CBM indicat-
ing n-type Schottky contacts with electron SBH (®,,) of about 0.38,
0.68, 0.63, and 0.25 eV, respectively. For the rest of the five materi-
als, PtSe,, InSe, PdSe,, Sb,S;, and SnS,, the FLs shift inside the
conduction band region resulting in the disappearance of vertical
Schottky barriers.

As the metal electrode remains the same for all materials, the
FL shift occurs according to the WF of the 2D SC. As the WF of
the 2D materials increase, the barriers have gradually changed from
p-type to n-type. However, the change in barrier height does not
follow a linear relationship with respect to the 2D WFs as the
bandgaps of the materials are different. In the case of graphene-Ti
surface also, SnS, GeSe, and PbTe form p-type barrier with hole
SBH 0.5, 0.5, and 0.15¢eV, while WTe,, WSe,, GaTe, and InTe
create n-type barrier with electron SBH of about 0.35, 0.5, 0.4, and
0.1 eV, respectively [Fig. 4(b)].

C. Schottky barrier analysis

In an ideal metal-semiconductor (MS) junction, the contact
nature and barrier height can be well predicted by the SM rule.
According to the SM rule, if the metal WF is less than the SC’s
CBM or greater than the VBM, the barrier height will be zero cre-
ating an Ohmic contact. If metal WF falls within the bandgap of
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the SC, a Schottky contact is formed. SBH can be evaluated by

¢n = Ec - @M ¢p = @M — Ev> (2)
where ¢, and ¢, represent electron and hole SBH, respectively. ¢y
is the WF of metal and E, and E, denote the CBM and VBM of the
semiconductor. Band alignment follows the SM rule if no charge
redistributions occur during the formation of the MS interface.
Therefore, the SM rule holds for chemically non-interacting inter-
faces only.”* If the chemical reaction between two materials is sig-
nificantly high, FLP occurs at their interface, where the SM theory
completely fails. The lower the FLP, the lower the deviation from
the SM rule. DFT calculations can capture the chemical reactions
between two materials. As mentioned in Sec. III B, from DFT cal-
culated band diagrams, the SBH can be evaluated using the follow-
ing equation:

d)n :EF _Ec: qu :Ev _EF> (3)
where Ep is the FL of the MS junction after the contact is formed.
Therefore, comparing the DFT calculated barrier properties
[Eq. (3)] with the SM calculations [Eq. (2)], we can find out the
effect of buffer layer insertion in FL depinning.

1. Barrier analysis in 2D SC-graphene-Ag
heterostructures

For 2D SC-graphene-metal systems, the metal WF should be
replaced by the WF of the graphene-metal system to calculate the
barrier height from the SM rule. Figure 5(a) shows the comparison
between the contact nature and barrier height in 2D SC-graphene-
Ag heterostructures obtained from projected band structures and
the SM rule. The WF of the graphene-Ag system is obtained to be
4.27 eV. We have also included the band diagrams for ML tellurene
and phosphorene in this plot. The calculations for ML tellurene
have been described in detail in Ref. 30 In both methods, SnS,
GeSe, and PbTe form the same p-type contacts with the graphene-
Ag surface. For SnS and GeSe, the electron (1.15/1.175eV) and
hole SBH (0.4/0.375 V) are almost similar in the two methods. For
PbTe, the electron and hole SBH obtained from band analysis are
about 0.2 eV lower than those calculated from the SM rule. When
PbTe is contacted with graphene-Ag, the bandgap of PbTe is
reduced from its pristine value. For WTe, and tellurene, the barrier
polarity is reversed in the two methods. The contact of WTe, with
graphene-Ag electrode changes from n-type with a smaller electron
SBH of 0.38eV (band structure calculations) to p-type with the
larger electron SBH of 0.635eV (SM rule). The hole SBHs are
nearly equal in both methods. On the other hand, tellurene with
graphene-Ag changes from the p-type Schottky contact with
smaller hole SBH of 0.65 ¢V (band structure calculations) to n-type
contact with larger hole SBH of 1.065 eV (the SM rule). For phos-
phorene, both methods show the formation of the n-type Schottky
contact with a small difference of about 0.1eV in the barrier
heights. WSe,, GaTe, and InTe form an n-type contact with gra-
phene-Ag in both the methods. However, the electron SBH is
about 0.25eV (WSe;) and 0.3 eV (GaTe) larger in band structure
calculations as compared to the SM rule. For InTe, the barrier
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height calculated using the two methods is nearly equal. For the
rest of the five materials, PtSe,, InSe, PdSe,, Sb,S;, and SnS,, both
methods show a shifting of FL in the conduction band region, cre-
ating Ohmic contacts with zero barrier heights.

2. Barrier analysis in 2D SC-graphene-Ti
heterostructures

The comparison between the Schottky barriers in 2D SC-gra-
phene-Ti contacts calculated in the two methods is shown in
Fig. 5(b). For all the materials except tellurene, the majority carrier
polarities are the same in both methods. Similar to Ag, the values
of the electron and hole SBH for SnS and GeSe contacted with gra-
phene-Ti are nearly equal in two methods. For PbTe, the hole SBH
obtained from band analysis is about 0.34 eV lower than that calcu-
lated from the SM rule. In case of WTe,, the hole SBH are almost
similar in both methods while a small difference of about 0.15eV
is observed in the electron SBH. Like graphene-Ag, the barrier
polarity in tullerene-graphene-Ti contact is reversed in the two
methods. Band structure analysis shows a p-type contact with
smaller hole SBH (0.6 eV) and larger electron SBH (0.7 ¢V), while
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FIG. 5. Comparisons of the SBH in (a) 2D SC-graphene-Ag and (b) 2D
SC—graphene-Ti heterostructures calculated using band analysis and the SM
rule. The bars represent the energy regions from CBM to VBM in 2D SC in the
heterostructures. The blue line corresponds to the FL of the 2D SC-graphene—
metal heterostructures.
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the SM rule suggests an n-type contact with larger hole SBH
(1.2 eV) and smaller electron SBH (0.29 V). The values of electron
SBH obtained for phosphorene, WSe,, GaTe, and InTe using band
analysis are slightly larger compared to SM calculations. For the
rest of the five materials, both methods show Ohmic contact for-
mation with zero electron SBH.

Therefore, except for the barrier polarity reversal in one or
two cases, the SM rule is followed when 2D materials are contacted
with graphene inserted Ag and Ti surfaces. The minor discrepan-
cies in the barrier height occur due to interlayer charge transfer.
Even a very small charge transfer can create an interface dipole that
cannot be neglected. Due to the formation of such small interface
dipoles, the barrier heights vary from the ideal values calculated
from the SM rule. The dipole formation between the 2D SC-gra-
phene interfaces can be determined by the electron localization
function (ELF). ELF is a tool to identify electron localization in
molecular systems. The ELF is formulated by Becke and
Edgecombes,”” who associated the localization of an electron with
the probability density for finding a second like-spin electron near
a reference point. For small probability density, the electron is
more localized. ELF is a dimensionless quantity that can have
values in the range between 0 and 1. ELF=1 represents perfect
localization, whereas ELF = 0.5 corresponds to an electron gas. If
no chemical reaction occurs at the interface, no electrons will be
there, hence, the ELF value would drop to zero at the interface.
However, the nonzero value of ELF is observed at the 2D SC-gra-
phene interface due to the induced dipole interactions (Fig. S2 in
the supplementary material). We have found that for Ag and Ti
both, the barrier polarity reversal occurs in tellurene. So, we
compare the ELF of the tellurene-graphene interface with another
material like SnS-graphene, for which the barrier height matches
the ideal values (Fig. S2 in the supplementary material). A larger
value of ELF at the touching point between C and 2D SC denotes
stronger interactions. For the tellurene-graphene interface, the ELF
value at the touching point is 0.079 while for the SnS-graphene inter-
face it is 0.045. Hence the dipole formation in tellurene-graphene
interface is more than SnS-graphene; as a result, the barrier proper-
ties of tellurene deviate from the ideal values. However, the nature of
the contact, whether Schottky or Ohmic, can accurately be predicted
from the SM rule for all the examined 2D materials.

3. Barrier analysis in 2D SC-graphene-Au (/Pd/Pt)
heterostructures

To further check whether the SM rule is valid for other metals
also, we have made heterostructures by inserting graphene between
some of the 2D SCs and higher WF metals like Au, Pd, and Pt.
The WFs of graphene-Au, graphene-Pd, and graphene-Pt systems
are 5.18, 5.29, and 5.66 eV respectively. In Fig. 6, the comparisons
of the obtained barrier using the DFT band analysis and the SM
rule are shown. To make interfaces with graphene-Au [Fig. 6(a)],
graphene-Pd [Fig. 6(b)], and graphene-Pt [Fig. 6(c)] surfaces, four
materials, tellurene, InTe, InSe, and PtSe,, have been selected. Band
structure analysis shows tellurene forms p-type Schottky contacts
with all the three metals with barrier heights 0.32, 0.19, and
0.12 eV, respectively. The SM rule predicts the formation of p-type
Schottky contacts with Au and Pd, while an Ohmic contact with
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Pt. The barrier heights are slightly different from the calculated
values. InTe forms p-type contacts with graphene-Au and gra-
phene-Pd surfaces in both methods. The hole SBH for the gra-
phene-Au interface is about 0.15eV and for the graphene-Pd
interface is about 0.38 eV. The barrier heights are higher in band
analysis than SM values. For the InTe-graphene-Pt interface, the
SM rule predicts the creation of the Ohmic contact as the WF of
the graphene-Pt system is higher than the VBM energies of InTe.
However, band analysis shows the formation of the p-type Schottky
contact with a sufficiently large barrier of about 0.65 eV. According
to band analysis for all three metal surfaces, the FLs shift toward
the conduction band of InSe, creating an n-type Schottky contact
with the same barrier height of 0.4 eV. According to the SM rule,
InSe forms an n-type contact with the graphene-Au surface having
a barrier height of about 0.73 eV, while a p-type contact would be
formed for Pd and Pt with hole SBH about 0.78 and 0.37 ¢V,
respectively. PdSe, band structure analysis shows that when it is
interfaced with the graphene-Au surface, the FL crosses the con-
duction band, creating the Ohmic contact. However, the SM rule
predicts valence band maxima come close to the FL making a
p-type contact with hole SBH about 0.33eV. In case of contact
with the graphene-Pd surface, the barrier polarity is reversed in the
two methods. Band analysis shows an n-type contact with smaller

electron SBH of 0.16 and larger hole SBH of 0.4 eV. The SM theory
predicts a p-type contact with larger electron SBH of 0.47 and
smaller hole SBH of 0.21eV. In the case of the graphene-Pt
surface, the FL comes near the conduction band of PdSe, creating
an n-type contact with a barrier of 0.25eV. But, according to the
SM rule, the contact should be Ohmic.

In the case of InSe, the barrier height varies when we increase
the WF of metals from 4.49 (Ti) to 5.19eV (Au). But further
increasing the metal’s WE, the barrier height does not change, sug-
gesting FLP at the InSe—graphene interface. If the barrier properties
of the four SCs contacted with graphene-Au, graphene-Pd, and gra-
phene-Pt surfaces are compared, a significant difference from the
SM theory is found in the case of the graphene-Pt interface. To find
out the reason behind the discrepancy, we have calculated the ELFs
for graphene-Ag, graphene-Ti, and graphene-Pt interfaces (Fig. S3
in the supplementary material). Due to the chemical interactions
between graphene and Ti, the ELF value at their interfaces is higher
than that of the other graphene-metal interfaces. However, for the
graphene-Pt interface, the difference between the peak values at gra-
phene and Pt is reduced compared to the other metals. Therefore, it
can be said that the electrons of graphene become delocalized with
respect to Pt. As the delocalization increases, the chemical reaction
between SC and graphene is more probable, causing significant FLP.
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FIG. 7. Projected band structures of 2D materials (colored in red) in 2D SC-h-BN-Ag systems.

D. h-BN insertion

Furthermore, we have evaluated h-BN insertion between 2D
SCs and metal interfaces and compared the effect of FL depinning
with the graphene inserted structures. Eight SC and two metals Ag
and Ti are selected. The projected band structures of 2D SCs in
SC-h-BN-Ag heterostructures are shown in Fig. 7. Like graphene,
h-BN prevents the metallization of 2D materials and restores their
semiconducting band structures. However, except InSe, Sb,S;, and
SnS,, the barrier properties of other 2D SCs differ from graphene
inserted systems. For SnS, GeSe, and PbTe, h-BN insertion creates
an n-type Schottky contact, and for WSe, and GaTe Ohmic con-
tacts are formed. However, for graphene inserted systems, SnS,
GeSe, and PbTe create p-type and WSe, and GaTe create n-type
contacts. The barrier heights are also different.

Figure 8 shows the comparison between the barriers obtained
from DFT band calculations and the SM rule in SC-h-BN-Ag het-
erostructures. In the two methods, large deviations are found in the
barrier nature and heights. From band analysis, it is found that in
case of SnS, GeSe, and PbTe, the FLs come near the conduction
band creating an n-type Schottky contact with a barrier height of
0.25, 0.29, and 0.2 eV, respectively. However, according to the SM
rule, the WF of the h-BN-Ag system (4.39 eV) is close to the VBM,
hence a p-type contact should be formed. Band diagrams show that
when the rest of the five SCs WSe,, GaTe, InSe, Sb,S;, and SnS are
contacted with the h-BN-Ag surface the FLs cross their conduction
bands creating an Ohmic contact. However, for WSe, and GaTe,
the SM rule predicts the formation of an n-type Schottky contact
with a barrier height of 0.55 and 0.44 eV, respectively. For the other
three materials, the SM rule also predicts an Ohmic contact. h-BN

insertion between 2D materials and Ti interfaces also gives
similar barrier nature with a minor change in SBH (Fig. $4 in the
supplementary material).

In most materials, the barrier properties significantly vary
from ideal values if h-BN is used as a buffer layer instead of gra-
phene. From the ELF analysis, we found that the peak value of ELF
of h-BN is lower than graphene (Fig. S5 in the supplementary
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FIG. 8. Comparisons of the SBH in 2D SC-h-BN-Ag heterostructures calcu-
lated using projected band analysis and the SM rule. The black line corresponds
to the FL of the 2D SC-h-BN-Ag heterostructures.
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material). Therefore, the electrons in h-BN are more delocalized,
resulting in stronger interactions with the 2D SC surface. Due to
stronger chemical reactions between SC and h-BN the barrier prop-
erties significantly vary from the SM theory. The traditional quanti-
tative measurement method of FL depinning'’ is not possible here
as we have fixed the electrode and varied the semiconductor WFs.
As the bandgaps of the semiconducting materials differ, we cannot
obtain a linear change in SBH by changing the SC WE. Therefore,
we cannot measure the FLP factor'” for each 2D material. However,
we can comment on the level of depinning from the comparisons
performed between the DFT calculated, and the SM theory predicted
results. Analyzing the above results, we found that when graphene is
used as a buffer layer for contacting Ag or Ti electrodes, the depin-
ning of FL is maximum. Although h-BN can shield the chemical
interactions between 2D SC and metal, it cannot de-pin the FL well
for Ag/Ti electrodes. Also, the depinning effect gets reduced when
graphene is interfaced with the Pt electrode. The WFs of ML gra-
phene and h-BN are 4.47 and 3.68 eV, respectively. The WFs of Ag,
Ti, and Pt are 4.50, 4.49, and 5.65 eV, respectively. The WF of gra-
phene is nearly the same as the Ag and Ti WF, while Pt has a much

ARTICLE scitation.org/journalljap

higher WF. It is found that a significant WF difference between the
buffer layer and the metal electrode can perturb the electron localiza-
tion of the buffer layer, as a result, more deviations from the SM rule
occur. Therefore, the buffer layer and metal electrodes having near
WEFs may lead to better depinning of FL.

E. Mulliken analysis

To evaluate charge transfers between the interfaces, we have
calculated Mulliken charges% for two materials (SnS and SnS,)
contacted with pure metals and buffer layer inserted metals. The
Mulliken charges of SC atoms before and after forming contacts
are given in Table S2 in the supplementary material. When SnS is
contacted with pure Ag and Ti, it is found that there is significant
electron transfer from metal atoms to the nearest Sn and S atoms.
The change in Mulliken charges for Ti contacted atoms is much
higher than Ag, implying strong chemical reactions. The charge
transfer significantly reduces as the buffer layer is inserted, lowering
FLP. In SnS-Ag, the average change in Mulliken charge in con-
tacted Sn atoms is about —0.174 e, whereas inserting graphene or
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h-BN reduces to about +0.006 and —0.012 e, respectively. Similarly,
for the SnS,-Ag interface, the average change in charge in the
interface nearest S atoms is about —0.242 e. As graphene or h-BN is
inserted, it reduces to about —0.70 and —0.81e, respectively.
However, the charge transfer in the SC-h-BN interface is more
than in the SC-graphene interface, implying that h-BN is more
reactive than graphene. As a result, the FLP effect is also higher,
leading to deviation from the SM rule.

F. Effect on the tunnel barrier

Inserting a buffer layer introduces an additional tunnel barrier
between SC and metal. The tunnel barrier is characterized by its
height and width. The effective tunnel barrier height (¢rg) is calcu-
lated by taking the difference between average gap potential (V)
and SC potential (Vsc) as shown in Figs. 9(a) and 9(b). The width
can be specified by the physical separation between the SC and
contacted metal (d;) or buffer layers (d,). According to Table I, the
distance between the SC and buffer layers (d,) is larger than that
between the SC and metals (d;), implying an increase in barrier
width due to the insertion of graphene or h-BN. The tunnel barrier
heights of different SC-Ag contacts and SC-graphene(/h-BN) con-
tacts are shown in Fig. 9(c). Due to chemical reactions, most of the
SC-Ag contacts have very low barrier heights. As graphene(/h-BN)
is inserted, the tunnel barrier height increases due to weak chemical
bonding. For some materials, @rp is slightly lower in SC-h-BN
contacts compared to SC-graphene. This is because chemical reac-
tions between SC and h-BN interfaces are more than that of gra-
phene. Hence, the buffer layer insertion process can significantly
reduce the Fermi level pinning in the cost of increasing the tunnel
barrier. However, the rise of barrier heights is different for different
2D materials. As shown in Fig. 9(c), ¢1p for PbTe and GaTe are
lower compared to other materials making them more suitable for
contact with graphene(/h-BN). Therefore, the tunnel barrier calcu-
lations can provide essential guidelines for selecting efficient 2D
semiconductors to form low-resistance Schottky contacts.

IV. CONCLUSIONS

In this work, using rigorous DFT calculations, we have evalu-
ated the electronic properties of heterostructures formed with
several 2D SC having a wide range of WFs. We found that all the
materials form chemical bonds even with novel metals like Ag.
Inserting 2D buffer layers such as graphene or h-BN can shield the
chemical interactions between the 2D materials and metals and
restore their semiconducting band structures. For most materials,
the SM rule is preserved when graphene is interfaced with Ag or Ti
metal electrodes. For tellurene-graphene-Ag, WTe,-graphene-Ag,
and tellurene-graphene-Ti, the carrier polarity obtained from DFT
calculations is different from the SM rule. However, whether the
contact is Schottky or Ohmic can accurately be predicted from the
SM rule for all the materials. If the electrode material is changed to
Pt, the electron localization of graphene is perturbed, as a result the
barrier properties significantly differ from SM predicted values.
The SM rule is also not followed if graphene is replaced with h-BN.
Therefore, it may be said that graphene combined with Ag or Ti
electrodes can de-pin the FL to a great extent. This study gives
insight into the FL depinning strategy using the buffer layer in the
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emerging 2D materials. Selecting a suitable combination of
the buffer layer and metal electrodes, the chemical interactions at
the SC interface can be shielded significantly and, hence, the depin-
ning of FL can be enhanced. If the depinning is at maximum, then
the barrier properties of new 2D materials can be predicted simply
by calculating the bandgap and the WF of the material. This study
is highly beneficial in selecting 2D materials, buffer layers, and
metal electrodes for high-performance Schottky device fabrication.

SUPPLEMENTARY MATERIAL

See the supplementary material for details of interface build-
ing of 2D-metal and 2D-graphene-metal (Ag/Ti), comparison of
the calculated WF and bandgaps with theoretical value, the pro-
jected band structure of graphene in GeSe-C-Ag and GeSe-C-Ti,
electron localization functions, the Schottky barrier analysis of 2D
SC-h-BN-Ti heterostructures, and Mulliken charge analysis.
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