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ABSTRACT: Tellurene, a relatively new addition to the two-
dimensional (2D) material family, has shown promising prospect
in future nanoelectronics. Atomistic understanding of the
electronic properties of 2D material—metal interfaces is crucial
to promote optimal device performance. Monolayer tellurene
exhibits an unusual Ohmic nature when interfaced with any metal
surfaces, restricting its applications in vertical Schottky barrier
devices. Using density functional theory (DFT), here, we describe
a technique of adding a buffer layer to prevent the formation of
Ohmic contact. Using six different metals (Ag, Au, Pt, Pd, Ru, and
Ti), we show that the insertion of a graphene layer between
tellurene and a metal surface can screen the metallization of
tellurene and create Schottky barriers. The Schottky barrier heights

(SBHs) can be now modulated using metal electrodes with different work functions (WFs) because the graphene layer partially
depins the Fermi level. Our study provides quantum-chemical insights into the realization of vertical Schottky diodes using
monolayer tellurene that could be a key component in future high-frequency nanoelectronic devices.

B INTRODUCTION

Two-dimensional (2D) layered materials have emerged as
promising candidates for next-generation electronic and
optoelectronic devices because of their atomic-scale thickness,
tunable electronic characteristics, mechanical flexibility, and
strong light—matter interactions.' > The heterostructures
formed by contacting 2D materials with other 2D materials
or bulk metals have attracted special attention for applications
in next-generation flexible and wearable electronics.””® These
heterostructures usually lead to two types of contacts: Ohmic
with linear I-V relationship and Schottky with nonlinear I-V
characteristics. 2D material-based Schottky heterojunctions are
now being investigated for applications in transistors, rectifiers,
logic gates, sensors, memory devices, and so on.””® From a
plethora of 2D materials, researchers are focusing on forming
heterostructures with a new 2D material family.

Recently, as a new member of 2D material family, the
existence of group VI tellurene (2D Tellurium) in its
monolayer (ML) and few-layer form has been confirmed by
experimental work and theoretical calculations.'”™"* Bulk
tellurium possesses monoclinic (named a-Te),"” trigonal (j-
Te),'* and tetragonal symmetries among which f-Te is the
most stable in an ambient environment. Tellurene has a layer-
dependent band gap; bulk f-Te has a narrow band gap of
about 0.35 eV, while in ML Te, the band gap increases to
about 1.25 eV."® Tellurene has great potential applications in
nanodevices because of its favorable properties such as high
carrier mobility, excellent light absorption, superb thermo-
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electric performance, and good stability at room temper-
ature.'°~"? Recently, the interfacial characteristics of tellurene
with a series of metals and graphene have been reported.”” It
was shown that tellurene was metallized while contacting with
metals; hence, no vertical Schottky contacts can be made with
ML tellurene. However, vertical Schottky devices exhibit
several advantages over their counterpart lateral devices, such
as ultrafast charge transfer, scaling down device dimensions to
an atomic level, and precise tuning of the energy band
alignment.”"**

In the present study, we explore a technique to create
vertical Schottky barriers at the ML tellurene—metal interface.
Previous investigations have reported that inserting a graphene
layer between a 2D semiconductor and metal allowed the
modulation of Schottky barrier heights (SBHs).”*~*° Several
theoretical and experimental studies demonstrated SBH
reduction and Fermi-level pinning in graphene-inserted
MoS,—metal interfaces.”> >’ Inspired by these studies, we
have attempted to find out the consequence of graphene
insertion between ML tellurene and metal surfaces. Surpris-
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Table 1. Calculated Interlayer Properties of ML Tellurene—Metal and Tellurene—Graphene—Metal Contacts”

system Au-Te AgTe I')Ii Pt-Te Ru-Te TiTe
total number of 180 180 273 144 129 222
atoms
2( %) 0.80 0.61 045  0.54 0.70 0.62
d, (A) 2.28 2.20 216 2.1 2.13 2.13
E, (eV) -1.86 —-2.19 —44 —432 —492 —6.88

C-Te Au-C-Te Ag-C-Te Pd-C-Te Pt-C-Te Ru-C-Te Ti-C-Te

96 258 258 396 200 200 353

0.61 0.30 0.80 0.50 0.49 0.52 1.97

338 d; =304 d, =311 d, =348 d, =316 d, =336 d, =215
d, =367 d,=344 d,=348 d,=345 d,=336 d,=322

-0.3 -0.9 —0.94 —-1.12 —1.36 —-1.04 —341

“ is the average lattice constant mismatch between ML tellurene and the metal/metal—graphene surface. d, is the average vertical distance between

the contact layers of tellurene and metal. E, is the average binding energy.

ingly, we found that the sandwiched graphene layer acts as a
buffer that prevents the metallization of tellurene, creating a
vertical Schottky barrier. Utilizing density functional theory
(DFT), we have evaluated the geometries, electronic proper-
ties, and charge transfer across the interfaces of ML tellurene—
graphene—metal heterostructures. We have employed six
metals (Au, Ag, Pd, Pt, Ry, and Ti) with a wide range of
workfunctions (WFs), which are commonly used as electrode
materials. Unlike the previous reported studies™ on 2D
semiconductor (like MoS,)—metal interfaces where graphene
was usually used to pin the Fermi level, this study reveals the
Fermi-level depinning for Ohmic-to-Schottky conversion using
the graphene insertion technique.

B COMPUTATIONAL DETAILS

Geometry relaxation has been carried out using the Vienna ab-
initio simulation package (VASP)**™*° with the projector-
augmented wave (PAW) method’’ and generalized gradient
approximation—Perdew—Burke—Ernzerhof (GGA—PBE)*” ex-
change correlation functional. A sufficiently large cutoff energy

of 520 eV is used to avoid Pulay stress. For all structural

% Monkhorst—Pack k-points grids** are

c

used to sample the Brillouin zone, where g, b, and ¢ are the
lengths of the lattice parameters of a supercell. As electronic
convergence criteria, the energy difference in successive
iterations was set to 107° eV. The Gaussian smearing method
was used with a smearing width of 0.05 eV. The structural
geometry was optimized until the Hellmann—Feynman force
on every atom falls below 0.01 eV/A. Two corrections were
considered in all calculations. One is the van der Waals
interaction with the zero damping DFT-D3 method of
Grimme*** and the other is the dipole correction applied
to eliminate the pseudo-interaction of the dipole moments
caused by periodicity in the z-direction.

For the calculations of electronics properties, we used
Quantum ATK®® instead of VASP because of some
discrepancies raised in the projected band calculations in the
VASP. These are discussed in detail in the Results and
Discussion section. The SG1S norm conserving pseudopoten-
tials***” were employed along with the linear combination of
atomic orbital (LCAO) basis sets of “medium” accuracy. Van
der Waals interactions with the zero damping DFT-D3 method
60
b
chosen, and a cutoff energy of 185 Ha was used for these static
calculations. The Gaussian smearing method with an electron
temperature of 600 K was used.

For the interface design, six layers of <111>-cleaved surfaces
of Au, Ag, Pd, and Pt and <0001>-cleaved surfaces of Ru and
Ti are considered. To create an interface, the supercells of two

.30 30
relaxation, — X 5 X
a

. 60 60
of Grimme were used. A denser — X X — k mesh was
a c

12976

surfaces are aligned and matched by applying strain on one or
both surfaces. Large supercells can minimize the lattice
mismatch between the two surfaces. In a recent work™ on
tellurene—metal interfaces, the interface strain is quite high
(above 2%); even for some metals, it is about 5%. Sometimes,
such high strain may alter the electronic properties of the
heterostructures. Therefore, in this work, we have used large
supercells to make the interface strain below 1% for all the
metals. The interfaces are built with a QuantumATK interface
builder’® module. All the details regarding the interface
building, including the supercell size, surface rotation angle,
and strain tensor are given in Supplementary Table 1. In Table
1, the mean interface strain and the number of atoms in each
heterostructure are listed. A vacuum layer of 20 A was added to
eliminate any spurious interaction between two periodic
replicas. During DFT simulations, the top three layers of
metal atoms toward the vacuum side were fixed to emulate the
feature of bulk electrodes.

B RESULTS AND DISCUSSION

Tellurene—Metal Interface. Interface Geometry. The
relaxed structure of ML f tellurene is composed of six-
membered chairlike rings and four-membered planar rings
(Figure 1a). The optimized lattice parameters a = 4.22 and b =
5.61 A and obtained two Te-Te bond distances x; = 2.76 A
and % = 3.01 A are in good accordance with the reported
value."™

~
~—

K

b “r x ¢ Y T

Figure 1. (a) Top and side views of pristine ML tellurene. The
calculated lattice parameters are a = 422 A and b = 5.61 A. Te-Te
bond distances are x; = 2.76 A and x, = 3.01 A.(b) Energy band
structure of ML tellurene showing an indirect band gap of 1.49 eV.
Black dashed line represents the Fermi level.

The relaxed geometries of ML tellurene—metal interfaces are
shown in Figure 2. The structure of ML tellurene distorts
slightly while interfacing with Au and Ag. However, for the
other four metals, there is a strong change in the tellurene
structure; especially for Ti, the structure completely destroyed.
The mean strain of the interfaces, vertical average distance (d,)
between the top layers of tellurene and the bottom layers of
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Figure 2. Side view of the relaxed structures of ML tellurene interfaced with Au, Ag, Pd, Pt, Ru, and Ti surfaces.
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Figure 3. Energy band diagrams of ML tellurene—metal systems. Red lines denote the bands projected to tellurene. Fermi level is located at zero

energy and is represented by white dashed lines.

metals, and binding energies are listed in Table 1. The average
binding energy is defined as follows:

EllavlTe = (Ewre — Em — Er)/N (1)

where Eyr., Ey, and Erp, are the total energies of tellurene—
metal systems, pure metal surfaces, and pure tellurene,
respectively. N is the number of tellurene atoms in the
topmost layer that are in direct contact with metal atoms.
Tellurene interactions on the metal surfaces can be classified
into two types according to the binding energy values. On Au
and Ag, adhesion is moderate with a binding energy value in
the range —2.5 < E, < —1.5 eV. On the other four metal
surfaces, the adhesion is strong with a binding energy < —4 eV.
The binding energy is most negative in the tellurene—Ti
interface where structural distortion is also maximum. The
difference in bonding strength may arise from different
numbers of unpaired electrons in metals. Au (5d'%s') and
Ag (4d'5s') only have one unpaired electron in their
outermost orbitals, whereas Pd (4d°Ss') and Pt (5d%6s')
have two, and Ru (4d’Ss") and Ti (3d%4s') have four unpaired
electrons. Therefore, tellurene atoms form a smaller number of
covalent bonds with Au and Ag compared to other metals.
Band Structure Analysis. In Figure 3, the projected band
structures of tellurene in the tellurene—metal systems are
plotted. From our simulations, we obtain that pure ML

tellurene has an indirect band gap of 1.49 eV (Figure 1b) that
is close to the other reported data.’” While interfacing with
metals, the band structure of tellurene completely destroyed,
implying chemisorption of tellurene on all metal surfaces.
Some bands always cross the Fermi level, indicating
metallization of tellurene. On all the metal surfaces, tellurene
becomes metallic from semiconducting. This phenomenon is
quite different from other 2D semiconducting materials like
MoS,, WS,, and ReS,, where both the Ohmic and Schottky
nature of contacts were observed.””*”*" To compare the
chemical reactivity of these materials, we have evaluated the
electron localization functions (ELFs)** of these 2D materials.
The ELF introduced by Becke and Edgecombe has been
proven to be a valuable tool to determine the location of
electron pairs. The existence of a localized electron pair implies
that there is a high probability of finding two electrons of
opposite spin in a given space, and hence, the probability of
exchange with other electrons outside of this space is small.
High ELF values show that the electrons are more localized at
the examined position than in a uniform electron gas of the
same density. The ELF of ML tellurene has a low peak value
compared to other 2D materials (Supplementary Figure 1),
implying the electron density is more delocalized in tellurene,
and hence, it is more reactive, forming metallic nature of ML
tellurene while interfacing with any metal.

https://doi.org/10.1021/acs.jpcc.1c02723
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Schottky Barrier Analysis. Figure 4a shows the schematic Vacuum
diagram of Schottky junctions formed in ML tellurene—metal-
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Figure 4. (a) Schematic diagram of vertical and lateral contacts
formed between metal and ML tellurene. @, and ®; denote vertical
and lateral SBHs between the metal—tellurene interface, respectively.
Black arrow shows the direction of charge carrier flow. (b) Schematic
energy band diagram at the lateral junction formed between the
combined metal—tellurene system (M-Te) and pristine tellurene
(Te). E. and E, denote the energies of the conduction band (CB) and
valence band (VB) of pristine tellurene nearest to the Fermi level. E
and Eg,, represent the Fermi levels of pristine tellurene and the
combined metal—tellurene system.

based typical semiconducting devices. As depicted in the
figure, two distinct interfaces are formed: one is the vertical
interface between metal and tellurene (S;) and another is the
lateral interface formed between the contacted tellurene and
pristine tellurene (S,). According to tellurene-projected band
structure analysis, ML tellurene forms an Ohmic contact with
metal owing to its metallization. Therefore, for all metals,
SBHs (®,) between metal—tellurene vertical interfaces are
zero. The Schottky barrier across the lateral interface can be
formed because of the work function difference between the
combined metal—tellurene system and pristine tellurene. The
Schottky Mott rule may be used to evaluate the lateral SBH
(®,). To find out ®;, the WF of the combined metal—
tellurene system and pristine tellurene is calculated using DFT,
and the vacuum levels of the two are aligned (Figure 4b).
According to the Schottky Mott rule, the p-type and n-type
Schottky barriers are defined as follows:

q)Ln = ¢MTe - EC (2)

@, = Ey — @yre 3)

where @7, is the WF of the combined metal—tellurene
system, and E. and E, are energies corresponding to
conduction band minima (CBM) and valence band maxima
(VBM) of pristine tellurene.

Figure S shows the WFs of metal—tellurene systems along
with the CB and VB energies of pristine tellurene. In
QuantumATK, the WFs are calculated using the “ghost
atom” technique.” Pristine metal WFs calculated using this
technique match well with the reported data.”® Because there
are limited studies on metal—tellurene systems, we have
calculated all the WFs using VASP and compared with the
ATK data. The results are in good accordance with each other
(Supplementary Table 2). If the WF of the combined system is
below the VBM or above the CBM of pristine tellurene, the

Figure S. Representation of the WF of the combined metal—tellurene
system with respect to the CBM and VBM of pristine tellurene across
the lateral junction shown in Figure 4. If the metal WF is between the
CBM and Fermi level, the contact is n-type, and if the metal WF is
between the Fermi level and VBM, the contact is p-type. If the WF is
lower than the CBM and higher than the VBM, Ohmic contact forms.

lateral contact is Ohmic, and if it falls within the band gap,
Schottky contact forms. ML tellurene forms n-type lateral
Schottky contacts with Ag and Ti, while p-type Schottky
contacts with Au and Ru. For Pd and Pt, the contacts are
Ohmic. In Table 2, the WFs of metals, combined metal—

Table 2. Evaluation of Lateral Schottky Barriers across
Metal—Tellurene interface®

structure oy (eV) Pure (€V) @, (eV) Dy, (ev)
Au-Te S.11 S.12 0.63
Ag-Te 4.49S5 4.4 0.19
Pd-Te 5.305 5.35 ohmic ohmic
Pt-Te 5.65 5.61 ohmic ohmic
Ru-Te 5.01 5.08 0.49
Ti-Te 4.49 4.54 0.0

“@yp and @yr. denote DFT-calculated WFs of the pristine metal
surface and metal—tellurene composite system; @, and @, denote
n-type and p-type lateral SBHs, respectively.

tellurene systems, and corresponding lateral SBH are listed.
According to the metal WF values, metals leading to lower
WFs (Ag and Ti) form n-type Schottky contacts, whereas
metals with higher WFs (Au and Ru) form p-type Schottky
contacts, and metals with large WFs (Pd and Pt) form Ohmic
contacts. The heights of the Schottky barrier also increase with
increasing metal WFs.

Graphene-Inserted Tellurene—Metal Interface. To
build a vertical Schottky device, the metallization of tellurene
on the metal surfaces must be screened. Yan et al. have shown
that the band structure of ML tellurene is preserved well on
graphene surface.”® To verify this, we have also designed an
ML tellurene—graphene interface with an interface strain
below 1% and evaluated its electronic properties. The binding
energy of tellurene on graphene is quite low compared to other
metals (Table 1), and also, the interlayer distance is large,
implying weak van der Waals interactions. Unlike metals,
tellurene band gaps remain unchanged while interfacing with
graphene. The Fermi level comes very close to the VB of
tellurene, implying the formation of p-type Schottky contact,
but the SBH is extremely low. Owing to the physisorption of
tellurene on the graphene surface, sandwiching a graphene
layer between tellurene and metal may screen the hybridization
of tellurene and prevent its metallization.

Interface Design. To design the tellurene—graphene—metal
heterostructures, initially, the interface between metal and
graphene layers are created, and the supercell of the combined
graphene—metal surface is matched with the supercell of ML

https://doi.org/10.1021/acs.jpcc.1c02723
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Figure 6. Side view of relaxed geometries of metal—graphene-ML tellurene heterostructures. d; and d, denote average vertical distances between
the bottom metal layer and graphene; and graphene and top tellurene layer, respectively.
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Figure 7. Band structures of tellurene—graphene—metal heterostructures. In the upper panel, projected band structures of graphene and in the
lower panel, projected band structures of tellurene are shown. Gray lines represent total bands, green and red lines represent bands projected to
graphene and tellurene, respectively. Fermi level is set at zero energy and denoted by blue dashed lines.

tellurene. To minimize the strain, large supercells are used. The
relaxed geometries are displayed in Figure 6. The mean
interface strains, interlayer distances, and binding energies are
listed in Table 1. The binding energy of the graphene-inserted
system is calculated as follows:

Ella\ACTe = (Eycre — Em — Ec — Eq)/N (4)

where Eycre Emy Ec, and Ep, are the total energies of
tellurene—graphene—metal systems, pure metal surfaces, pure
graphene, and pure tellurene, respectively, and N is the number
of tellurene atoms directly contacted with graphene.

The average binding energy of tellurene in the graphene-
inserted system is quite low compared to that of the pure metal
system. The binding energy of the tellurene—graphene—Ti
system is more negative compared to other metals. More
negative binding energy means a more stable structure with a
greater number of chemical bonds. In all the composite
systems, the tellurene structure remains unchanged, implying
the physisorption of tellurene. However, the structure of
graphene is little distorted at the Ti interface and preserved on
other metals. According to the relaxed geometries and binding
energy values, graphene is chemisorbed on Ti and physisorbed
on the rest of the metals. Projected band structure analysis will
give more insights into the chemisorption and physisorption of
graphene on different metal surfaces.

Band Structure Analysis. The projected band structures of
both graphene and tellurene in tellurene—graphene—metal
heterostructures are shown in Figure 7. For the tellurene—
graphene system, the Dirac cone is visible at the I" point. The
shift of the Dirac point from the K point to the I" point is due
to band folding in supercells. For tellurene—graphene—metal
systems, the Dirac points of graphene are preserved for Au, Ag,
and Pd but shifted with respect to the Fermi level. For Ru and
Pt, the band structures of graphene are perturbed slightly, but
still the Dirac point is visible between Y and I" paths, while at
the Ti interface, the band structure became completely
perturbed, implying the chemisorption of graphene on Ti.

From the projected band structure of tellurene, we found
that the semiconducting nature of tellurene remains preserved
in all the heterostructures, only the energy bands are shifted
with respect to the Fermi level, creating vertical Schottky
barriers between the tellurene and graphene—metal interface.
Regarding the shift, we found discrepancies in the projected
band calculations using VASP and ATK. From VASP
calculations, we found that for Au, Pd, Pt, and Ru, the VBs
of tellurene come near the Fermi level, making p-type Schottky
contact, whereas for Ag and Ti, the CBs of tellurene are near
the Fermi level, forming an n-type Schottky contact
(Supplementary Figure 2). However, from QuantumATK
simulations, we observed that tellurene builds p-type Schottky
contacts with all graphene-inserted metal surfaces. To explain
such discrepancies, we have performed Bader charge analysis**
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Figure 8. Electron density difference (EDD) for (a) tellurene—graphene—Au, (b) tellurene—graphene—Ag, (c) tellurene—graphene—Pd, (d)
tellurene—graphene—Pt, (e) tellurene—graphene—Ru, and (f) tellurene—graphene—Ti heterostructures. The red line superimposed on each graph

represents EDD for the tellurene—graphene system.

in these heterosystems using VASP. According to the
calculated Bader charge (Supplementary Table 3), the total
charge of tellurene in all the heterostructures is less than that of
pristine tellurene, that is, charge depletion takes place with
interfacing tellurene with graphene—metal surfaces, implying p-
type nature. The Bader charge analysis contradicts the
projected band calculations performed by VASP itself but
validates the QuantumATK results. The atom-projected states
are calculated by projecting the WF onto localized atomic
orbitals. In VASP, for the projection calculation, the radius of a
sphere around the atom is set to cut off the projection. The
discrepancy may arise because of some projection loss in
VASP. As QuantumATXK use localized atomic orbital basis, the
evaluation of the atom-projected state is more accurate than
VASP.

Charge-Transfer Investigation. The generation of Schottky
barriers is further explored by evaluating the electron density
difference (EDD) and Mulliken population analysis calculated
using QuantumATK. For the tellurene—graphene—metal
interface, the EDD is defined as

Ap = Pycre = Pu T Pe T Pre (s
where p is the electron density.

The EDD plots are shown in Figure 8. Blue lines denote the
EDD averaged along the z-direction of tellurene—graphene—
metal heterostructures. The EDD of the graphene—tellurene
system is shown by the red line superimposed on each graph.
Both charge accumulation and depletion regions are found at
the interfaces. These charge redistributions lead to further
dipole formation at interfaces that results in band alignment.
Comparing the EDD at the graphene—metal interface, charge
transfer is very high for Ti compared to other metals, implying
chemisorption of graphene on Ti. At the tellurene—graphene
interface, the electron density is negative at the tellurene side
while it is positive at the graphene side, implying electron
transfer from tellurene to graphene. To understand the charge
transfer at tellurene, we have calculated the area under the
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EDD graph in the entire tellurene region (Table 3). The
positive area implies more accumulation while negative means

Table 3. Heights of Vertical Schottky Barriers and Charge
Analysis at ML Tellurene and Graphene—Metal Interfaces.
@y, and @y, Denote n-Type and p-Type SBHs,
Respectively”

Dy, Dy, EDD area Qre Qucre
structure (V) (V) (X107t AR (e) (& Aqle)
C-Te 1.35 0.047 —3.9878 368 367.674 —0.326
Au-C- 1.1 0.32 —5.0515 384 383.695 —0.305
Te
Ag-C-Te 0.82 0.57 —4.1354 384 383.648 —0.352
Pd-C-Te 1.25 0.195 -3.6106 576 575.627 —0.373
Pt-C-Te 1.28 0.12 —4.3180 288 287.772  —0.228
Ru-C- 1.0 0.35 —4.7704 288 287.684 —0.352
Te
Ti-C-Te 0.7 0.6 —8.1512 528 527.274 -0.726

“EDD area means the area under the EDD curve in the tellurene
region. Qr, and Qyicr, represent Mulliken charges in pristine tellurene
and tellurene layers in the composite system, respectively. Aq =
Qumcre — Qre- Negative values of Ag imply depletion of charge in
tellurene when interfaced with a graphene—metal surface.

depletion. For all the heterostructures, the area is negative
inside the tellurene region. Therefore, contacting tellurene with
the graphene—metal interface depletion of charge occurs at
tellurene transforming it into p-type. The same is verified using
the Mulliken population analysis.”> The Mulliken charges of
tellurene in its pristine form and in the tellurene—graphene—
metal heterostructures are listed in Table 3. In all the
composite systems, the Mulliken charge in the tellurene layer
is less than the charge in the pristine tellurene alluding the
depletion of charge.

Schottky Barrier Analysis. Pure tellurene is an intrinsic
semiconductor; while interfacing with a graphene—metal
surface, the VBs of tellurene come close to the Fermi level,

converting it into p-type. The height of the p-type Schottky
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barrier has been evaluated by taking the energy difference
between the Femi level and VBM from the tellurene-projected
band structure. The SBH is lowest for pure graphene—
tellurene interface (Table 3). In the tellurene—graphene—metal
system, the shift of the VB is maximum for Pt, suggesting
maximum charge transfer. However, the EDD area and
Mulliken charge do not depict the same. The charge analysis
cannot quantitatively explain the change in SBH but accurately
describe the p-type or n-type nature of contacts. There is,
however, a correlation between the change in the SBH and WF
of metal. In Figure 9, we have plotted the change in the SBH

0.6{ mTi
_ 0.5{Ag
T 04]
é 0.3 Ru 'il
N
o N
.14 N

44 46 48 50 52 54 56
WF of metal (eV)

Figure 9. Plot showing p-type vertical SBHs at tellurene and
graphene—metal interface with respect to the WFs of six investigated
metals.

with the metal WFE. With increasing WFs the SBH reduces
almost linearly. When tellurene makes contact with pure
metals, its band gap diminishes, and the barrier nature
becomes utterly insensitive of the metals. Graphene insertion
not only preserves the semiconducting nature of tellurene but
also makes the barrier height dependent on the metal WF. This
phenomenon is similar to “Fermi-level depinning.” Fitting the
WE—SBH characteristic curve with the linear equation, we
obtain a straight line of slope 0.41 that can be considered as
the Fermi-level depinning factor.

B CONCLUSIONS

In summary, this study demonstrates a simple technique to
convert Ohmic contacts between ML tellurene and metal
surfaces into Schottky contacts. Using rigorous DFT
simulations, we have found that tellurene is chemisorbed on
most of the metal surfaces that are commonly used as
electrodes in experimental devices. When the tellurene—metal
interface is formed, because of strong chemical bonding the
semiconducting nature of tellurene is destroyed, and it
becomes metallic. Therefore, only Ohmic contacts can be
formed vertically between tellurene and metal surfaces.
However, by inserting a graphene layer between the two
surfaces, the semiconducting nature of tellurene can be
preserved. Because of weak van der Waals interactions between
graphene and tellurene, graphene acts as a buffer layer that
prevents the chemical bond formation between metal and
tellurene, eliminating metallization. For all the six investigated
metals (Au, Ag, Pd, Pt, Ru, and Ti), we found p-type Schottky
barriers at tellurene and graphene—metal interfaces. The
barrier height is dependent on the metal WF; as the metal
WF decreases, the SBH increases. Therefore, graphene
insertion leads to depinning of the Fermi level in ML
tellurene—metal interface, creating vertical Schottky barriers
in which barrier heights can be tuned by changing metal
electrodes. This study is extremely useful in realizing vertical
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Schottky barrier diodes using ML tellurene, a newly invented
high-mobility 2D semiconductor for future high-frequency
nanoelectronic devices.
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