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1
Introduction

1.1 Two-dimensional materials

In future there will be an increasing demand for foldable, bendable, and rollable
devices that are wearable as easy as clothes or accessories [1, 2]. Flexible devices will
have the advantages of lightness, higher space efficiency, and improved comfort. The
development of flexible devices requires breakthroughs in materials with desirable
electronic and optical properties.

The discovery of graphene as a two-dimensional (2D) material has sparked con-
siderable scientific interest because of its unique properties and potential applica-
tions in electronic devices [3, 4]. Graphene has excellent conducting and mechani-
cal properties and shows a good adhesion to organic materials, which promises to
boost the field of flexible organic electronics: organic field-effect transistors (OFETs),
organic light-emitting diodes (OLEDs), and organic photovoltaic cells (OPVs) [1].
Graphene’s unique band structure, the linear dispersion at the conical points in par-
ticular, gives rise to novel phenomena such as a room-temperature quantum Hall
effect, and has opened up a new field of “Fermi Dirac” physics [5].

The quest for graphene analogues has resulted in the exploration of a variety of
other 2D materials, such as the transition metal dichalcogenides (TMDs) [6], hexag-
onal boron nitride (h-BN) [4], and 2D elemental allotropes collectively termed Xenes
[7]. The latter include silicene [8, 9], germanene [10] and phosphorene [11]. Materials
as the TMDs, h-BN, or phosphorus, form naturally layered crystals with strong cova-
lent bonding between the atoms in one layer, and much weaker van der Waals bond-
ing between the layers. This type of bonding facilitates the isolation of atomically
thin 2D sheets that have no dangling surface bonds, which makes them chemically
stable under ambient conditions. Such 2D materials promise superior intralayer
transport of fundamental excitations (charge, heat, spin and light) [12]. This thesis
focuses on TMD layers.

1
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Figure 1.1: a) Top and side views of a layer of graphene, b) germanene, and c) black
phosphorus, along with their corresponding band structures and positions in the
periodic table.

1.1.1 Monatomic 2D materials

Graphene is a 2D atomic layer of sp2-hybridized carbon. Its extended honeycomb
network (Fig. 1.1) is the basic building block of other important allotropes; graphene
can be stacked to form 3D graphite, rolled into 1D nanotubes, and wrapped into 0D
fullerenes [4]. Long-range π-conjugation gives graphene extraordinary electronic,
mechanical, and thermal properties, which has become an exciting area of research
for experimentalists and theorists alike. The experimental isolation of single-layer
graphene with a high carrier mobility has given access to a wealth of interesting
physics, for instance, an ambipolar field effect, a quantum Hall effect at room temper-
ature, and the first detection of single molecule adsorption [1, 5]. Future applications
envision the use of graphene in high-speed logic devices, thermally and electrically
conductive reinforced composites, sensors, and transparent electrodes for displays
and solar cells [1].
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Figure 1.2: (left) Top and side views of h-BN and (right) the band structure of h-BN.

Silicon, germanium, and tin come from the same chemical family as carbon. Un-
like carbon, the elements silicon, germanium, and tin do not naturally form 2D lay-
ers. The key element for carbon forming planar 2D honeycomb structures lies in the
relative stability of sp2 hybridization. In other group IV elements sp3 hybridization is
more stable, which leads to 3D diamond-like structures, for instance. Nevertheless
there is a large interest in making artificial 2D structures from group IV elements,
called silicene, germanene, and stanene. Calculations predict that such structures
prefer to have a corrugated hexagonal lattice (Fig. 1.1) [13]. Germanene, silicene
and graphene share several very peculiar and interesting electronic properties. The
electronic levels of these materials near the K and K′ points of the Brillouin zone
are described by a linear dispersion relation, and the electrons in the corresponding
states behave as relativistic massless particles.

Black phosphorus (black P), which is the most stable allotrope of elemental phos-
phorus, has recently been rediscovered as a 2D layered material [14, 15]. The atomic
layers in black P have a puckered geometry (Fig. 1.1). Phosphorus has one electron
per atom more than the group IV elements, which allows for a closed-shell config-
uration to be formed within a sp3-like hybridized 2D lattice of hexagons in chair
conformations, as in saturated cyclic hydrocarbons. Black P is a semiconductor with
a direct electronic band gap between 0.3 and 2 eV, depending on the number of phos-
phorus layers [16]. Because of its semiconducting properties, a high carrier mobility,
and anisotropic in-plane properties, black P is promising for novel applications in
electronics and photonics [17].

1.1.2 Diatomic 2D materials

An atomic layer of hexagonal Boron nitride (h-BN) has a similar planar hexagonal
lattice structure as graphene. A h-BN monolayer is a sp2-bonded honeycomb lattice,
where each hexagon is composed of alternating boron and nitrogen atoms (Figure
1.2). In contrast to graphene, h-BN is an insulator with a large band gap of approxi-

3
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Figure 1.3: (top left) Top and side views of a MX2 monolayer; (top middle and right)
band structures of a semiconducting MX2 (MoS2) and a metallic MX2 (NbS2) mono-
layer. The green dashed lines indicate the postions of the Fermi levels; (bottom) some
of the elements forming stable MX2 layers.

mately 5.9 eV [4, 18]. Because of its good electrical insulating qualities, bulk h-BN has
been applied as a charge leakage barrier layer in electronic equipment [4]. The use of
h-BN thin films as dielectric layers to gate graphene and as an inert flat substrate for
graphene transistors has been shown to significantly improve device performance
[19]. h-BN also shows far ultraviolet light emission, which is attributed to a direct
band gap (Fig. 1.2) [20].

Transition metal dichalcogenides (TMDs) MX2 form an interesting classes of ma-
terials. Depending on the metal (M) species they display a wide range of physical
properties such as semiconductivity, half-metallic magnetism, superconductivity, or
charge density waves [12, 21]. Bulk TMDs have applications in areas such as lubri-
cation, catalysis, photovoltaics, supercapacitors, and rechargeable battery systems
[22]. MoS2 is the prototypical TMD material. Bulk MoS2 is used for dry lubrication,
as a catalyst for removing sulfur compounds from oil, and for hydrogen evolution
in electrolysis [23]. Because of its absorption in the solar spectral region, bulk MoS2

has also attracted interest for its use in photovoltaic and photocatalytic materials
[22, 24]. Interestingly, whereas bulk MoS2 is a semiconductor with an indirect band
gap of 1.29 eV, a single layer of MoS2 has a direct band gap of 1.86 eV [24, 25].

A monolayer of a transition metal dichalcogenide MX2 consists of a layer of metal
atoms sandwiched between two layers of chalcogen atoms (Fig. 1.3). Two domi-
nant structures are found, which differ in coordination of the transition metal by the

4
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Figure 1.4: (Left) Sketch of a typical FET geometry; (right) sketch of the energy levels
at a MS interface. The work function WM of a clean metal is changed by the for-
mation of an interface potential step ∆V , resulting from the interaction between the
metal and the semiconductor; χS is the electron affinity of the semiconductor; Φn
and Φp are the SBHs for electrons and holes, respectively.

chalcogen atoms [21]. In the 2H-MX2 stucture, each M is coordinated by six X atoms
in a trigonal prism withD3h point group symmetry. From the top the resulting struc-
ture then looks like a honeycomb structure similar to h-BN. In the 1T-MX2 structures
each M is coordinated by six X atoms in a octahedron with a C3v symmetry. Depend-
ing on the coordination geometry and the oxidation state of the metal atoms, MX2

compounds can be semiconducting (e.g., 2H with M = Mo, W) or metallic (e.g., 2H
with M = Nb, Ta, or 1T with M = Mo). This thesis concerns 2H-MX2 layers.

1.2 Interfaces between 2D materials and metal contacts

It is technologically challenging to obtain defect-free 2D materials that can be used in
devices. However, the properties of a device are not only determined by the quality
of its components. In a 2D device geometry interfaces between the 2D layers, the
substrate, and the electrodes, play a prominent role (Fig. 1.4) [26], and it is a signifi-
cant challenge is to provide optimum interfaces. Metal-semiconductor (MS) contacts
play a key role in electronic and photonic devices, as they markedly influence the
transport behavior of charge carriers. A MS contact typically results in the formation
of a Schottky barrier at the MS interface, where the Schottky-barrier height (SBH)
is a measure of the mismatch of the energy levels for electrons or holes between
metal and semiconductor at the MS interface (Fig. 1.4). The SBH controls electronic
transport across a MS interface and is therefore of vital importance to the successful
operation of any semiconductor device [27, 28, 29].

The electronic states responsible for electrical conduction in the semiconductor
depend on the doping of the semiconductor. For n-type semiconductors, the elec-
trons near its conduction band minimum are primarily responsible for electrical
conduction, and for p-type semiconductors, holes near the valence band maximum
carry most of the current. Because of the presence of a fundamental transport gap,
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the lowest-lying states for an n-type semiconductor that can communicate with elec-
trons in the metal, are at an energy Φn above the Fermi level (Fig. 1.4). For electronic
transport across the MS interface, this energy offset is the n-type SBH. Similarly, Φp
is the SBH for transport of holes across the MS interface.

The Schottky-Mott limit (SBL) gives the n-type SBH between a metal with a work
function WM and a semiconductor with an electron affinity χS as [30, 31]

Φn = WM − χS . (1.1)

For a fixed semiconductor it has been found experimentally that when varying the
metal contact, by and large, metals with larger work functions give larger SBHs than
those with lower work functions, as in the Schottky-Mott limit. However, whereas
Eq. 1.1 predicts a slope S = dΦn/dWM = 1, experimentally it is found that S is often
very much smaller than 1. For particular semiconductors, one even finds S ≈ 0.
The phrase “Fermi-level pinning” is used to describe the insensitivity of the SBH
to the metal work function in those cases [32]. In practice, the characterization of
SBHs by a single slope S tends to be misleading, as the relation between Φn and
WM is generally not linear, and depends on the details of the MS interface structure
[28, 30, 33].

The reason that the SBL fails is obvious: the charge distribution at real MS inter-
faces is significantly different from a simple superposition of the charge distributions
of the clean metal and semiconductor surfaces. The metal and semiconductor chem-
ically interact at the interface, and the newly formed chemical bonds significantly
modify the charge distribution at the interface. One can attribute the net change in
the potential energy ∆V as a result of charge rearrangement at the interface to the
formation of an interface dipole layer, and write (Fig. 1.4)

Φn = WM − χS −∆V, (1.2)

The interface potential step ∆V depends on the chemistry of the metal and semicon-
ductor surfaces interacting at the interface [28, 30, 34]. There is no particular reason
why ∆V should be a simple (linear) function of WM , and in general it is not.

Some limiting cases can be identified, however. Surfaces of semiconductors such
as Si have a significant density of surface states with energies in the band gap, of-
ten resulting from “dangling bonds” on the surface atoms [35, 36]. Upon binding
the semiconductor to a metal, such surface states can be broadened into resonances,
which fill the band gap if the broadening is sufficiently large. If the resulting density
of states (DoS) of these so-called metal-induced gap states (MIGS) at the interface
is sufficiently large, it pins the Fermi level, and the SBH is almost independent of
the metal species. In other words ∆V ≈ EMIGS − WM , with EMIGS the pinning
level (typically close to the local charge neutrality level of the semiconductor surface
[37, 38, 39]). If the DoS of the MIGS is not large enough, but is approximately con-
stant for energies in the band gap, then ∆V is a linear function of WM , and Φn can
be characterized by a single slope S.
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In the absence of a strong chemical interaction at the MS interface, one may expect
the MIGS model to break down. If the interaction between metal and semiconductor
is weak, one might guess that ∆V is small, and that the SBH obeys the SBL. This
is in fact not true; even for weak van der Waals MS interactions sizable interface
potential steps, ∆V ≈ 1 eV, are found. Calculations trace this effect to a charge
rearrangment at the MS interface, caused by Pauli exchange repulsion between the
electrons of the metal and of the semiconductor surface [40]. The resulting potential
step ∆V has no simple relation to the metal work function, and the SBL does not
generally hold. However, for a weak MS interaction with a fixed semiconductor,
∆V can be modeled approximately as a monotonic function of a single parameter:
the equilibrium distance (deq) between the metal and semiconductor surfaces at the
interface. Metals for which deq is similar, give a similar ∆V , and the corresponding
SBHs then obey a modified SBL with a constant offset ∆V .

Naturally occuring 2D materials, such as the TMDs, have no dangling bonds at
their surface and no surface states. Hence the MIGS approach to SBHs is not likely to
be valid. The Pauli repulsion model may not work either, because many metals form
chalcogenide compounds, and the interaction between a TMD layer and a metal
substrate is not necessarily weak.

In chapter 2 the interface properties of TMD/metal contacts are studied, using
the prototype TMD, MoS2, and a range of metal substrates with different work func-
tions and reactivities. The interaction between a MoS2 layer and a metal substrate
ranges from strong chemisorption on Ti to weak physisorption on Au. The SBHs for
the physisorbed cases obey approximately a modified SBL, whereas chemisorption
tends to lead to Fermi level pinning, as shown in chapter 3. The Fermi level can
be unpinned, and the SBL can be restored by inserting an inert 2D layer (such as
h-BN), between MoS2 and the metal substrate. This allows for obtaining a zero SBH
between MoS2 and a well-chosen metal. As shown in chapter 4, the idea of inserting
an inert 2D layer (such as NbS2) also works for designing contacts with zero SBHs
to MX2 layers for holes.

1.3 1D edge states in 2D materials

Whereas 2D materials such as the TMDs have no surface states, finite 2D samples
have edges. An interesting feature of finite systems is the possibility of edge states.
In particular, edge states with energies in the band gap of a semiconducting TMD
are intriguing. As such states cannot exist in the interior the TMD, they must be
localized at the edges. Edge states are localized at the material-vacuum boundary
and decay exponentially away from it. They are realizations of one-dimensional (1D)
electronic systems, and are subjected to the electronic effects induced by electron-
electron correlation that are typical of 1D systems.

TMD edges show a surprisingly rich structure of edge states. They are not topo-
logically protected, but they are not easily destroyed either. Even in undoped form
many TMD edges give 1D metallic structures. Moreover, as the TMD lattice lacks
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Figure 1.5: 2D honeycomb structure with zigzag edges (green lines) and armchair
edges (red lines).

inversion symmetry, it can support an intrinsic polarization, which creates an inter-
nal electric field that can drive a transfer of electrons between the edges [41]. This
form of “self-doping” in general promotes the metallic character of the edges. In
chemistry, metallic TMD edges have been identified as sites of increased catalytic
activity.

The nature of the edge states depends not only on the crystal structure, but also
on the way it is terminated at the edge. As an example, Fig. 1.5 shows the two basic
edge orientations of the honeycomb lattice: the zigzag edge and the armchair edge.
For a monatomic 2D material such as graphene, the top and bottom zigzag edges
are identical, as are the left and right armchair edges. In contrast, for a diatomic 2D
material AB such as h-BN or MX2, the top zigzag edge is terminated by A atoms,
whereas the bottom zigzag edge is terminated by B atoms, which makes the two
edges electronically different. The left and right armchair edges are still identical
though.

In chapter 5 we develop a formalism suitable for calculating the electronic struc-
ture of a semi-infinite 2D layer, which is terminated by a single edge. This enables us
to calculate the electronic properties of the states belonging to a single edge, without
interference from other edges. The M-terminated and the X-terminated zigzag edges
of MX2 show a markedly different structure of edge states with energies in the MX2

band gap. Whereas some of these states can be characterized as “dangling bond”
states on the M or X atoms, others result from a more subtle change in the binding
of atoms at or near the edge. Most of the edge orientations, including the zigzag
orientations, result in metallic edges, with the exception of the armchair orientation,
which gives semiconducting edges.
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As the edge states are not topologically protected, it makes sense to study how
the states are affected by structural modifications of the edges. This is best done
at the first-principles density-functional-theory (DFT) level, which is not yet possi-
ble with the formalism discussed in chapter 5, as so far that is implemented at the
tight-binding level only. In our DFT calculations we are forced to use a nanorib-
bon geometry, where the ribbon is terminated by two edges. These calculations are
described in chapter 6. Using the guidance provided by the tight-binding calcula-
tions of chapter 5 one can disentangle the electronic structure of the two edges. Not
surprisingly, the dangling-bond edge states are sensitive to structural and chemical
changes at the edges, but the other edges states are remarkably robust.

Recent experimental techniques have made possible the materialization of nanorib-
bons of varying widths with almost smoothly defined edges [42, 43]. Control of
growth conditions should enable control of the edge terminations. The boundaries
between 2D MX2 crystal grains typically also show an abundance of 1D metallic
states. Often considered to be a nuisance in the growth of 2D semiconductors, such
grain boundaries could provide a playground for 1D physics.

1.4 Computational Methods

In this thesis, we perform DFT calculations using the Vienna Ab-initio Simulation
Package (VASP) [44, 45, 46, 47]. This program solves the Kohn-Sham equations nu-
merically to find the total energy of a given system. To solve these equations effi-
ciently the projector augmented wave method is used. In the following sections, a
brief introduction to DFT is given, and to the density functionals used in this thesis.

1.4.1 Density Functional Theory

Density functional theory (DFT) is based upon the Hohenberg-Kohn theorems [48,
49], which state 1) that the ground-state total energy is a universal functional of the
one-particle electronic density, and 2) that functional has a minimum for the exact
ground state density. Kohn and Sham developed DFT into a practical computational
scheme by mapping the real interacting electron system with electrons exposed to a
real potential, onto a fictitious independent electron system with electrons subjected
to an effective potential that is tuned such that the electron densities of the fictitious
and the real systems are identical [50, 51, 52, 53]. The many-particle wave function
of the independent electron system is a Slater determinant of one-electron orbitals
φn(r) that obey the eigenvalue equations [53, 54]{

− ~2

2m
∇2 + Veff(r)

}
φn(r) = εnφn(r), (1.3)
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with the effective potential

Veff(r) = Vext(r) + e2

∫
n(r)

|r− r′|
dr +

δExc[n(r)]

δn(r)
. (1.4)

Here Vext(r) is the “external” potential (usually the Coulomb potentials of the nu-
clei present in the system) and Exc[n] is a universal functional containing the effects
of exchange and correlation interactions between the electrons. The density of the
independent electron system is given by the usual expression

n(r) =

N∑
n

|φn(r)|2 (1.5)

Equations (1.3)-(1.5) constitute a set of non-linear equations that have to be solved
iteratively. One usually starts by choosing a trial density n0(r) to calculate the po-
tential Veff(r), Eq. (1.4), which is then used to calculate the orbitals φn(r), Eq. (1.3).
These are then used to generate a new density via Eq. (1.5). The loop is repeated
until the density is converged, i.e., it does not change anymore between cycles. Con-
vergence is usually monitored by the total energy

Etot = − ~2

2m

N∑
n=1

〈φn|∇2|φn〉+
e2

2

∫
n(r)n(r′)

|r − r′|
drdr′

+

∫
vextn(r)dr + Exc[n(r)]. (1.6)

This is the Kohn-Sham energy functional, which is variational. If each term in this
functional would be known explicitly, we would be able to obtain the exact ground
state density and total energy of any interacting many-electron system. Unfortu-
nately, there is one unknown term, the exchange-correlation (xc) functional (Exc).
Exc includes the non-classical aspects of the electron-electron interaction along with
the component of the kinetic energy of the real system different from the fictitious
non-interacting system. It is necessary to approximate Exc, which is the focus of the
next section.

1.4.2 Exchange and correlation functionals

Since the birth of DFT, approximative exchange-correlation functionals have been
both the strength and the Achilles heel of DFT calculations. By now there is a long
list of functionals at various levels of complexity. In the following a short description
is given of those functionals that are used in this thesis.

In the local density approximation (LDA) an inhomogeneous system is divided
into infinitesimal volumes, and the electron density in each of the volumes is taken
to be constant. The xc energy for the density within each volume is then assumed to
be the xc energy obtained from the uniform electron gas of that density. Thus, the
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total xc energy of the system can be written as [50]

ELDA
xc [n] =

∫
n(r)εxc (n(r)) dr, (1.7)

where εxc is the xc energy per particle of the interacting uniform electron gas of den-
sity n(r). In practice, exchange and correlation are treated separately. The analytical
expession for the exchange energy is known exactly [55, 56]

ELDA
x [n] = −3

4
(

3

π
)1/3

∫
n4/3(r)dr. (1.8)

The correlation energy is given by a parametrized expression, with parameters
obtained by fitting to numerical results on the correlation energy of the interacting
uniform electron gas at different densities, derived from quantum Monte Carlo cal-
culations [55, 56]. Strictly speaking, the LDA is valid only for densities whose varia-
tions have a small amplitude or a long wave length. Neither of these is true in atoms,
molecules, and solids, but experience has shown that the LDA works surprisingly
well for these systems. In general, LDA tends to overbind somewhat, i.e., overes-
timate cohesive energies and underestimate lattice constants [50]. The overbinding
problems of LDA become more severe for weakly bonded systems, such as van der
Waals (vdW) or hydrogen bonded systems [57, 58].

As the next level of improvement upon the LDA, Eq. 1.7, it seems obvious to
include terms based upon the gradient of the density, ∇n(r). In the generalized
gradient approximation (GGA) this is written as

EGGA
xc [n] =

∫
n(r)εxc (n(r))FGGA

xc (n(r),∇n(r)) dr, (1.9)

where FGGA
xc describes the enhancement or suppression of the LDA value due to a

local variation of the density. Becase of their dependence on ∇n(r), GGAs are called
“semi-local” functionals.

A straight-forward expansion of Exc in derivatives of the density can lead to
expressions that do not converge monotonically, contain divergencies, or disobey
important sum rules (the xc-hole density should integrate to −1, for instance). To
avoid these problems one uses expressions that (implicitly) sum over an infinite se-
ries of similar terms, and force them to obey physical constraints, such as sum rules
and important low/high density limits. There is no unique way of doing this, and
consequently a number of different GGA functionals have been developed. One of
the most popular GGAs is the Perdew-Burke-Ernzerhof (PBE) functional [59]. Its
exchange part has the form

FPBE
x (s) = 1 + κ− κ

(1 + µs2/κ)
. (1.10)
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Here s is a dimensionless reduced gradient.

s =
|∇n(r)|

2(3π2)1/3n(r)4/3
. (1.11)

The values for κ = 0.804 and µ = 0.21951 in the PBE expression are obtained from
physical constraints, which makes the expression non-empirical. If the density gra-
dient is zero, s = 0 and FGGAx (0) = 1, we return to the LDA exchange.

The PBE functional gives markedly better binding and cohesive energies than the
LDA for strongly bonded systems, which is at the basis of its popularity in chemistry
[59]. For many systems it also improves upon the description of the equilibrium ge-
ometry (bond lengths and angles). Sometimes it underbinds somewhat; for instance,
the in-plane equilibrium lattice constant of MoS2 is 1-2% too large as compared to
experiment. The underbinding becomes severe for weakly bonded systems, where
vdW interactions play an important role. For instance, PBE essentially fails to give
any bonding between the graphene layers in graphite [60], or between a MoS2 layer
and the Au(111) surface (chapter 2).

Density functionals based on the local density approximation (LDA) [56] or the
semilocal generalized gradient approximation (GGA) [55, 59] do not account for
long-range correlations, which are resposible for vdW interactions. The 2D layers of
the materials discussed in Sec. 1.1 interact through vdW interactions, and GGA/PBE
completely fails to capture the attraction between such layers. In contrast, LDA
yields reasonably good results for equillibrium distances and binding energies be-
tween graphene layers, between h-BN layers, and between h-BN or graphene and
metal(111) surfaces. But this is accidental and due to the fact that LDA overestimates
the range of the exchange interactions, and not because LDA correctly incorporates
vdW interactions [61, 62].

Van der Waals density functionals (vdWDF) have been developed that explicitly
model non-local vdW correlations [63, 64, 65]. The xc functional is divided into three
parts

Exc = Eloc
c + EvdW

c + Ex, (1.12)

where Eloc
c is a local correlation energy, EvdW

c describes nonlocal electron-electron
correlations, and Ex is the exchange energy. The LDA expression is used for Eloc

c ,
and for EvdW

c the vdW kernel developed by Dion et al. [63]

EvdW
c =

1

2

∫
n(r)φ(r, r′)n(r′)drdr′ (1.13)

In this thesis the exchange parts of the optB88 and optB86b GGA functionals are
used for Ex. The B88 exchange enhancement factor is

FB88
x (s) = 1 + µs2/(1 + βs arcsinh(cs)), (1.14)

with c = 24/3(3π2)1/3, µ = 0.2743, and β = 9µ(6/π)1/3/2c. For optB86b, the exchange
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Figure 1.6: Ionization potentials, electron affinities, band gaps, and in-plane lattice
constants of MX2 monolayers calculated with (a) the optB86b-vdWDF and (b) the
optB88-vdWDF functionals.

factor is

FB86b
x = 1 +

µs2

(1 + µs2)4/5
(1.15)

with µ = 0.1234 [63, 64, 66, 67]. These expressions give similar results as the ex-
change part of the PBE functional, Eq. 1.10, but used in the vdWDF, both optB88
and optB86b yield better equilibrium structures for graphite [60]. In general, vd-
WDFs give sensible values for the equilibrium structure of layered materials, where
the interlayer bonding is vdW, as well as for the interlayer binding energy. The same
holds for 2D layers adsorbed on metal substrates, see chapter 2. For strongly bonded
systems the vdWDF is generally not an improvement over PBE.

Figure 1.6 shows the optimized in-plane lattice constants, the ionization poten-
tials, the electron affinities and the band gaps of TMD 2D layers, calculated with the
optB86b-vdWDF and the optB88-vdWDF functionals. The optB86b-vdWDF in-plane
lattice constant is generally ∼ 1% smaller than the optB88-vdWDF lattice constant,
and is in good agreement with the experimental data, see Table 4.2 in chapter 4. The
optB86b-vdWDF band gap is 0.06-0.09 eV larger than the optB88-vdWDF band gap
(very likely because of the smaller lattice constant), and is in reasonable agreement
with the experimental optical band gap, see Table 4.2 in chapter 4. The difference
between the two functionals in ionization potentials is ∼ 0.15 eV and in electron
affinities ∼ 0.2 eV. Fortunately this does not result in a corresponding uncertainty in
the SBH, Eq. 1.2, as the metal work functions WM show a similar dependence, and
the interface potential step ∆V is almost functional independent.
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2
A first-principles study of van der

Waals interactions and lattice
mismatch at MoS2/metal interfaces

∗ We explore the adsorption of MoS2 on a range of metal substrates by means of first-
principles density functional theory calculations. Including van der Waals forces in the den-
sity functional is essential to capture the interaction between MoS2 and a metal surface, and
obtain reliable interface potential steps and Schottky barriers. Special care is taken to con-
struct interface structures that have a mismatch between the MoS2 and the metal lattices of
<1%. MoS2 is chemisorbed on the early transition metal Ti, which leads to a strong pertur-
bation of its (electronic) structure and a pinning of the Fermi level 0.54 eV below the MoS2

conduction band due to interface states. MoS2 is physisorbed on Au, where the bonding
hardly perturbs the electronic structure. The bonding of MoS2 on other metals lies between
these two extreme cases, with interface interactions for the late 3d transition metals Co, Ni,
Cu and the simple metal Mg that are somewhat stronger than for the late 4d/5d transition
metals Pd, Ag, Pt and the simple metal Al. Even a weak interaction, such as in the case of
Al, gives interface states, however, with energies inside the MoS2 band gap, which pin the
Fermi level below the conduction band.

2.1 Introduction

Transition metal dichalcogenides (TMDs) such as molybdenum disulfide (MoS2)
have layered structures, where the atoms within a TMD monolayer form a covalently
bonded planar network, and the interaction between these layers is a weak, van der

∗This chapter has been published as: M. Farmanbar and G. Brocks, A first-principles study of van der
Waals interactions and lattice mismatch at MoS2/metal interfaces, Phys. Rev. B 93, 085304 (2016).
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Waals interaction [4, 21]. A monolayer of MoS2 consists of a layer of molybdenum
atoms sandwiched between two layers of sulfur atoms. MoS2 monolayers can be
exfoliated through micro-mechanical cleavage, similar to graphene or boron nitride
[68]. Unlike graphene (a metal), or boron nitride (an insulator), MoS2 is a semicon-
ductor. Moreover, whereas bulk MoS2 has an indirect band gap (1.2 eV), monolayer
MoS2 has a direct band gap (∼1.8-1.9 eV), and shows a strong optical absorption
and luminescence [25, 69]. At present MoS2, and TMDs in general, are vehemently
pursued as promising materials for applications in electronics and optoelectronics
[69, 70].

Contacting MoS2 to metal electrodes proves to be a problem; it tends to produce
unexpectedly high interface resistances, indicative of a high Schottky barrier at the
interface [71, 72, 73, 74, 75, 76]. A high barrier could be caused by strong interface
bonding creating interface states that pin the Fermi level [77], or by weak bonding
creating a potential step due to Pauli repulsion at the interface [40, 78]. The nature
of the interaction at the MoS2/metal interface is far from trivial. On the one hand,
one could argue that, as MoS2 has no dangling bonds at its surface, its interaction
with metal substrates should be weak and van-der-Waals-like. On the other hand,
many metal species form (di)chalcogenide compounds [25, 69, 79, 80], and when
adsorbing MoS2 onto a metal substrate, there could be a competition between the
metal surface and the Mo atoms for interacting with the sulfur atoms at the interface.
In that case, not only the MoS2/metal bonding would be a much stronger chemical
bonding, but also the structure and electronic structure of the MoS2 adsorbate could
be significantly perturbed.

In this paper we explore the adsorption of MoS2 on a variety of metal substrates
by means of first-principles density functional theory (DFT) calculations, following
up on work briefly reported in a short paper [77]. Previous DFT studies have con-
centrated foremost on the Schottky barrier formed at MoS2/metal interfaces using
the local density approximation (LDA) [55, 81, 82, 83, 84, 85]. LDA gives a reason-
able description of the adsorption of graphene and h-BN on metal surfaces, but such
results cannot be generalized to other systems, as it is known that LDA often leads to
an unrealistic overbinding [86, 87, 88, 89, 90, 91, 92, 78, 40]. Other studies have used
a generalized gradient approximation (GGA) functional, such as PBE [59], which ap-
parently works well for TMDs adsorbed on metals [93, 94, 77], although it generally
gives bad results for weakly bonded systems [95, 60].

Here we focus on the interface interaction and its implications for the structure
and electronic structure of the MoS2 adsorbate and the Schottky barrier. We choose
a wide range of metal substrates: the (111) surfaces of Al, Ni, Cu, Pd, Ag, Pt and Au,
and the (0001) surfaces of Mg, Ti, and Co, which are expected to have a wide range
of interaction strengths with the adsorbate. As the interface interaction can vary
from weak (physisorption) to strong (chemisorption), it is a priori not clear which
DFT functional describes such bonding. We test and compare results obtained with
a van der Waals functional, designed to describe weak, van der Waals, interactions
[63, 65, 64], to results obtained with GGA and LDA functionals, which are conven-
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2. A FIRST-PRINCIPLES STUDY OF VAN DER WAALS INTERACTIONS AND LATTICE MISMATCH
AT MOS2/METAL INTERFACES

tionally used to describe chemical bonding. We assess the importance of van der
Waals interactions for the interface interaction, and evaluate its effect on the struc-
ture and electronic structure of the MoS2 adsorbant.

We consider the situation where a MoS2 layer is adsorbed as a whole on a metal
substrate, making it more likely that the integrity of the MoS2 layer is preserved
in the adsorption process. If the MoS2/metal interaction is not too strong, and the
MoS2 and metal surface lattices are not matched, the interface structure is likely to
be incommensurable. In a supercell calculation one is forced to approximate such a
structure by a commensurable one. Previous calculations have used small supercells,
where in some cases appreciable artificial strain is generated because of the mismatch
between the MoS2 and the metal surface lattices [81, 83, 84, 85]. We apply a strategy
for choosing supercells such that the artificial strain is minimal, and test the influence
of strain on the electronic properties of the interface.

This paper is organized as follows. Section 2.2 describes the DFT calculations,
comparing different functionals in Sec. 2.2.2 and discussing the effect of lattice mis-
match in Sec. 2.2.3. Results are discussed in Sec. 6.3, with the metal/MoS2 interaction
in Sec. 2.3.1 and its effects on the interface potential step and the Schottky barrier in
Sec. 2.3.2. Strong chemisorption is discussed in more detail in Sec. 2.3.3, and a sum-
mary and the conclusions are presented in Sec. 2.4.

2.2 Calculations

2.2.1 Computational Methods

We calculate ground-state energies and optimize geometries at the density functional
theory (DFT) level, using projector-augmented waves (PAWs) as implemented in the
VASP code [44, 45, 46, 47]. The plane-wave kinetic-energy cutoff is set at 400 eV.
The surface Brillouin zone is integrated with the Methfessel-Paxton technique using
a smearing parameter of 0.05 eV [96], and a k-point sampling grid with a spacing
of 0.01 Å−1. The MoS2/metal interface is modeled as a slab of 4-6 layers of metal
atoms with one or two layers of MoS2 adsorbed on one side and a vacuum region of
∼12 Å. The in-plane supercell is chosen such as to minimize the mismatch between
the MoS2 and metal lattices, which is discussed in more detail in Sec. 2.2.3. A dipole
correction is applied to avoid spurious interactions between periodic images of the
slab [97]. We allow the positions of the atoms to relax until the force on each atom is
smaller than 0.01 eVÅ−1, except for the bottom layer of metal atoms, whose positions
are kept fixed. The electronic self-consistency criterion is set to 10−5 eV.

It is well known that commonly used DFT exchange-correlation functionals, based
upon LDA [55] or GGA [59], give decent descriptions of covalent and ionic bonding,
but they may fail for weakly bonded systems, as such functionals do not contain a
description of van der Waals interactions. For example, GGA functionals such as
PW91 or PBE [59], do not capture the bonding between h-BN or graphene layers,
nor that between h-BN or graphene and transition metal(111) surfaces [60, 98]. A
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—

Figure 2.1: (Color online) Side view of metal/MoS2 structure with corresponding
plane-averaged electrostatic potential V (z) and EF the Fermi level. The interface
potential step ∆V is reflected in the difference between the work function on the
metal side WM and on the MoS2 side WM|MoS2

.

priori we don’t know how important van der Waals interactions are in the bonding
between MoS2 and a metal surface. In Sec. 2.2.2 we compare results obtained using
a van der Waals density functional (vdW-DF) [63, 64, 65], with results obtained with
GGA and LDA functionals.

One way of visualizing bonding at a MoS2/metal interface is by the electron den-
sity difference

∆n(r) = nM|MoS2
(r)− nM(r)− nMoS2

(r), (2.1)

where nM|MoS2
(r), nM(r), and nMoS2

(r) are the electron densities of MoS2 adsorbed
on the metal, of the metal surface and of the free standing MoS2, respectively. The
system as a whole is neutral, and ∆n(r) is localized around the metal/MoS2 inter-
face, i.e. ∆n(r) → 0 for r sufficiently far from the interface. Solving the Poisson
equation with ∆n(r) as source then gives a potential step across the interface

∆V =
e2

ε0A

∫∫∫
z∆n(r) dxdydz. (2.2)

Here z is the direction normal to the interface, A is the interface area, and ∆V is
the difference between the asymptotic values of the potential left and right of the
interface.
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Figure 2.2: (Color online) (a) Binding energy curves Eb(d) of MoS2 on Au and
Pt(111), calculated with the GGA/PBE (black), opt88b-vdw-DF (green), and LDA
(red) functionals. (b) Interface potential steps ∆V (d) for MoS2 on Au and Pt(111),
calculated with the three functionals. d is the distance between the top metal and the
bottom sulfur layers.

Figure 2.1 also illustrates an alternative expression for the potential step

∆V = WM −WM|MoS2
, (2.3)

where WM, WM|MoS2
are the work functions of the clean metal surface, and of the

metal surface covered by MoS2, respectively. A practical way of obtaining work
functions from DFT calculations is to track the plane-averaged electrostatic (Hartree)
potential V (z) into the vacuum, see Fig. 2.1, where typically the asymptotic value is
reached with a few Å from the surface. In converged calculations the expressions of
Eqs. 2.2 and 2.3 give results that are with a few meV of one another.

The Schottky barrier height for electrons is defined as

Φn = EF − χMoS2
, (2.4)

with EF the Fermi level and χMoS2 the electron affinity of MoS2, both defined as dis-
tances to the vacuum level, i.e., positive numbers. There are several ways to extract
the Schottky barrier height from MoS2/metal slab calculations.

One could determine Φn by measuring EF − χMoS2 in the band structure or in
the density of states of the MoS2/metal slab, as in Refs. [82, 83, 84] and [85]. In order
to identify the MoS2 related states, one needs to calculate the amplitudes of the pro-
jections of the wave functions of the slab on the MoS2 layer. There is always some
arbitrariness involved in such a projection if the adsorbate and the substrate are in
close connection. In addition, identification of states belonging to the adsorbate is
possible only if its electronic structure is not significantly perturbed in the adsorp-
tion process, which is only the case if the adsorbate is (weakly) physisorbed on the
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substrate [40]. In practice we find that this procedure for obtaining the Schottky bar-
rier height at MoS2/metal interfaces is not sufficiently accurate when applied to the
projected density of states, and of practical use only when applied to the projected
band structure of a small supercell.

An alternative way of locating the conduction band edge χMoS2
in a MoS2/metal

slab calculation, without having to resort to wave function projections, is by aligning
the core levels of the Mo or S atoms in the slab with the corresponding core levels in
free-standing MoS2. It allows us to compare the densities of states of free-standing
and adsorbed MoS2, see Sec. 2.3.2, and, in principle, this procedure also allows for
calculating the Schottky barrier height. Of course, this only makes sense if the MoS2

electronic structure is not perturbed too strongly by the adsorption.
Alternatively, the two quantities EF and χMoS2 on the right-hand side of Eq. 2.4

are are easily obtained in separate calculations on an MoS2/metal slab and a free-
standing MoS2 layer, respectively. On the MoS2 side of the slab we have EF =

WM|MoS2
, see Fig. 2.1. Convergence as a function of slab thickness is usually faster if

we use Eq. 2.3, and extract ∆V from a calculation on an MoS2/metal slab, and WM

from a separate calculation on a clean metal slab. The Schottky barrier height is then
calculated as

Φn = WM − χMoS2
−∆V. (2.5)

Of course, if the MoS2 electronic structure is very strongly perturbed by adsorp-
tion, one has to reconsider the definition of the Schottky barrier, see Sec. 2.3.3. In the
following the potential step ∆V is used to characterize the MoS2/metal interface,
along with the binding energy and the structure.

2.2.2 Comparison of DFT Functionals

Materials such as graphite, h-BN and MoS2 have a layered structure, where the atoms
within one layer form strong covalent bonds, but the interaction between the layers
consists of weak, van der Waals, forces. Common GGA functionals, such as PBE [59],
lack a description of van der Waals interactions, which results in a severe underesti-
mation of the interlayer binding energy in graphite and h-BN, and an overestimation
of the interlayer bonding distance [60, 95]. Similar problems are encountered when
graphene or h-BN are adsorbed on a metal substrate [87, 89, 90, 91, 92]. The LDA
functional also lacks a description of van der Waals interactions, but it, somewhat
fortuitously, gives reasonable binding energies and geometries for graphite, h-BN,
and for the adsorption of these materials on metals [40, 86, 88, 78]. In general how-
ever, the LDA functional tends to overestimate binding energies, which is regularly
accompanied by an underestimation of the bonding distance.

Many of these problems are mitigated when using vdW-DFs [99, 100], which, for
instance, describe the bonding in graphite very well [60]. The exchange-correlation
energy in a vdW-DF takes the form

Exc = Ex + EvdW
c + Eloc

c , (2.6)
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Table 2.1: Equilibrium bonding distance deq , binding energy Eb, and interface poten-
tial step ∆V , for MoS2 on metal (111) surfaces, calculated with different functionals.

Au Ag Pd Pt

deq(Å) ∆V (eV) Eb(eV) deq(Å) ∆V (eV) Eb(eV) deq(Å) ∆V (eV) Eb(eV) deq(Å) ∆V (eV) Eb(eV)
LDA 2.6 0.54 −0.27 2.5 0.10 −0.33 2.2 0.50 −0.69 2.4 0.85 −0.43
PBE 3.3 0.38 −0.02 2.8 0.10 −0.08 2.3 0.34 −0.25 2.6 0.66 −0.11

vdW-DF 2.9 0.41 −0.33 2.8 0.11 −0.35 2.4 0.30 −0.54 2.6 0.71 −0.43

where Ex, Eloc
c and EvdW

c describe the exchange part, and the local and nonlocal
electron-electron correlations, respectively. For EvdW

c we use the vdW kernel de-
veloped by Dion et al. [63] and for Eloc

c the correlation part of the LDA functional.
For the exchange part Ex we use the optB88 functional [64]. The opt88-vdW-DF has
given good results for binding energies and geometries of graphite, h-BN, and the
adsorption of these materials on metals [60, 78].

In the following we test the GGA/PBE, LDA, and opt88-vdW-DF functionals for
the adsorption of MoS2 on metals. As test cases we use the 4d and 5d metals Ag, Au,
Pd, and Pt. We place a MoS2 monolayer on top of the (111) surface of these metals,
choosing a

√
3×
√

3R30o in-plane MoS2 unit cell on top of a 2× 2 (111) surface cell.
The in-plane MoS2 lattice parameters are kept at their optimized values for a free-
standing layer, and the in-plane metal lattice parameter is adapted accordingly. The
size of the adaption is maximal for Au, where it results in a compression of the in-
plane Au lattice by 4.2%. The effects of this artificial strain are discussed in the next
section.

Figure 2.2(a) shows the binding curves of MoS2 on Au and Pt(111) for the three
functionals. The binding energy is defined as the total energy per MoS2 formula
unit of the metal/MoS2 slab minus the total energies of the clean metal slab and the
free-standing MoS2 layer, as a function of the distance d between the top layer of
metal atoms and the bottom layer of sulfur atoms. For MoS2 on Au(111), PBE gives
virtually no bonding, and opt88-vdW-DF gives a sizable binding energy. The opt88-
vdW-DF result suggests that MoS2 is physisorbed on Au(111), with van der Waals
interactions playing the decisive role in the bonding. PBE does not capture this at all.
LDA gives a equilibrium binding distance that is 0.3 Å smaller, and an equilibrium
binding energy that is 32% larger.

For MoS2 on Pt(111) all three functionals give equilibrium bonding distances that
are shorter than for MoS2 on Au(111), and a bonding that is stronger, which suggests
that MoS2 may be weakly chemisorbed on Pt(111). PBE and opt88-vdW-DF give a
similar equilibrium distance, although PBE captures only 26% of the binding energy,
indicating that van der Waals interactions still play an important role here. LDA
gives a similar binding energy as opt88-vdW-DF, but an equilibrium binding dis-
tance that is 0.2 Å smaller.

Table 2.1 shows the equilibrium binding distances and energies obtained with the
three functionals for MoS2 on Au, Ag, Pd, and Pt(111). Treating the results for opt88-
vdW-DF as a benchmark, PBE is seen to severely underestimate binding energies,
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whereas LDA gives quite reasonable binding energies. LDA however gives binding
distances that are up to 0.3 Å shorter than those obtained with opt88-vdW-DF, in
particular for cases where the bonding is weak, such as Au and Ag. In contrast, PBE
gives binding distances that are similar to those obtained with opt88-vdW-DF, except
for Au, where PBE essentially fails to give any significant bonding.

Potential steps ∆V as a function of the distance d between the top layer of metal
atoms and the bottom layer of sulfur atoms, calculated according to Eq. 2.3, are
shown in Fig. 2.2(b) for Au and Pt. The curves for the PBE and the opt88-vdW-
DF functionals are within 0.05 eV of one another in the range d = 2.5-3 Å, whereas
LDA gives a potential step that is 0.10-0.15 eV higher. In view of the considerable
differences in the binding curves for these three functionals, the differences in the
potential steps are remarkably small. This is true for all metal substrates listed in
Table 2.1.

In Ref. [40] the main contribution to the potential step in the adsorption of h-BN
on metal substrates was attributed to Pauli repulsion. This can be modeled by an
electron density that is obtained by anti-symmetrizing the product of the metal and
the adsorbate wave functions. As long as these wave functions do not strongly de-
pend on the functional, the electron density and the potential step are also relatively
insensitive to the functional used. This is unlike the total energy, which for a given
electron density is very dependent on the functional. For the potential step to be
accurate it is however important to obtain the proper equilibrium binding distance
[86, 88, 78, 40].

2.2.3 Lattice Mismatch

The absolute values of the binding energies given in Table 2.1 are much smaller than
what one expects to find for true chemical bonding. The differences between the val-
ues obtained with PBE and opt88-vdW-DF indicate that van der Waals interactions
play a significant role in the bonding. With such a weak metal/adsorbate bonding it
is unlikely that the metal substrate can enforce its lattice periodicity onto the MoS2

overlayer. Therefore, a metal/MoS2 interface very likely becomes incommensurable
if the metal/MoS2 lattice mismatch is substantial. In electronic structure calculations
one is forced to use commensurable structures to model incommensurable systems.
Obviously care must be taken to ensure that the artificial strain introduced this way,
does not alter the electronic structure in an unrealistic way.

Based upon previous experience, we expect that modifying the in-plane lattice
constant of a close-packed metal surface by a few percent only affects its electronic
properties mildly [40, 78, 86, 88]. In contrast, changing the lattice parameter of MoS2

by just one percent already alters the band gap by ∼0.1 eV, and changes it from
direct to indirect. A larger change in the lattice parameter has an even more dramatic
effect. Applying a tensile strain of ∼ 5% to MoS2 reduces the band gap by ∼ 1 eV
[101, 102, 103, 104, 105, 106].

As an example, the PBE optimized in-plane lattice parameters of MoS2 and Au(111)
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Figure 2.3: (Color online) (a) Band structure of a free-standing MoS2 monolayer
in a

√
3×
√

3 cell, where the direct band gap appears at Γ; (b) Band structure of
MoS2/Au(111) with the in-plane Au lattice compressed by 4.2% to match the MoS2

lattice; the blue color indicates the weight of a projection of the wave functions on
the MoS2 sites; (c) as (b) but with the MoS2 lattice stretched by 4.2% to match the
Au(111) lattice.

are 3.19 Å and 2.88 Å. Placing a (
√

3×
√

3)R30◦ MoS2 cell on top of 2×2 Au(111) sur-
face cell then leads to a lattice mismatch of 4.2%. Figure 2.3(b) shows the electronic
band structure of MoS2/Au(111) where the in-plane Au(111) is compressed by 4.2%
to match the lattice parameter of MoS2. As the interaction between MoS2 and the
Au surface is relatively small, it is not surprising to see that the band structure of
adsorbed MoS2 resembles that of free-standing MoS2, shown in Fig. 2.3(a). Note that
in the

√
3×
√

3 MoS2 cell the bands are folded such that the direct band gap appears
at the Γ point. The work function of clean Au(111) is changed by only 0.08 eV by the
4.2% compression of its lattice.

For comparison, Fig. 2.3(c) shows the band structure of MoS2/Au(111) when
MoS2 is stretched by 4.2% to match the Au(111) lattice. Clearly the band structure
of MoS2 is now changed significantly. It no longer shows a direct band gap at Γ,
but an indirect band gap, and the size of the band gap is reduced to ∼1 eV, which
is consistent with previous studies [101, 102, 103, 104, 105, 106]. The Schottky bar-
rier for electrons (the energy difference between the bottom of the conduction band
and the Fermi level), which is a sizable 0.7 eV in Fig. 2.3(b), is reduced to zero in
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Table 2.2: In-plane supercell defined by the MoS2 lattice vector R(α)~T1, where ~T1 =

n1~a1 + n2~a2 and the metal lattice vector ~T ′1 = m1
~b1 + m2

~b2. δ gives the mismatch
between the MoS2 and metal lattices, Eq. 2.7 (PBE values).

n1, n2 m1,m2 α δ (%)
Mg 1, 0 1, 0 0o 0.6
Al 4,−1 4, 0 13.9o 0.5
Ag 4,−1 4, 0 13.9o 0.15
Ti 5,−2 4, 0 23.4o 0.7
Cu 4, 0 5, 0 0o 0.3
Au 4,−1 4, 0 13.9o 0.15
Pd 1, 1 2, 0 30o 0.3
Pt 1, 1 2, 0 30o 0.3
Co 5,−4 4,−3 3o 0.01
Ni 5,−4 4,−3 3o 0.8

Fig. 2.3(c) as in Ref. [81]. The latter is clearly unphysical: one would not expect a
high work-function metal such as Au to form a barrierless contact for electrons. In-
deed experimentally Au is found to form a substantial Schottky barrier with MoS2

[71, 74, 75, 107, 108].
In the following we base the in-plane lattice constant of the MoS2/metal slab on

the optimized values of free-standing MoS2, which are 3.13, 3.18, and 3.19 Å for the
LDA, optb88-vdW-DF, and PBE functionals, respectively. Experimentally reported
bulk MoS2 lattice constants are in the range 3.13-3.16 Å [109, 110, 111], suggesting
that the LDA result may be more accurate and both PBE and the vdW functional are
overestimating the lattice constant somewhat.

In making a commensurable structure we adapt the metal to the MoS2 lattice. To
minimize the artificial strain that is introduced by this adaptation, we construct in-
plane supercells following the procedure of Ref. [112]. We denote a basis vector of a
MoS2 supercell by ~T1 = n1~a1 + n2~a2, with {~a1,~a2} the basis vectors of the primitive
cell, and n1, n2 integers. Similarly, ~T ′1 = m1

~b1 + m2
~b2 is a basis vector of a metal

surface supercell, with {~b1,~b2} the basis vectors of the primitive cell, and m1,m2

integers. We search for a set of values for n1,n2,m1, and m2, such that the difference
between the MoS2 and the metal supercell basis vectors is less than a margin δ,

|~T1| − |~T ′1|
|~T1|

≤ δ. (2.7)

We then rotate the MoS2 lattice by an angle α such, that the directions of the ~T1 and
~T ′1 vectors coincide. Because of the symmetry of the lattice the second basis vector of
the supercell is easily obtained by a 120o rotation, ~T2 = R(120o)~T1. The commonly
used surface science notation of this supercell is a

√
N ×

√
NRα MoS2 lattice on top

of a
√
M ×

√
M metal lattice, where N = n2

1 +n2
2 +n1n2 and M = m2

1 +m2
2 +m1m2.

The parameter δ determines the mismatch between the MoS2 and the metal lat-
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Figure 2.4: (Color online) Top view of MoS2/Au(111) interface indicating the super-
cell (black lines), the primitive basis vectors ~a1,~a2 and~b1,~b2 of the MoS2 and Au(111)
lattices, respectively, and the basis vector ~T1 and ~T ′1 of the supercell.

Table 2.3: Equilibrium bonding distance deq , binding energy Eb, and interface poten-
tial step ∆V , for MoS2 on metal (111) surfaces, calculated with supercell lattices with
a different mismatch δ.

δ(%)
Au Ag

deq(Å) ∆V (eV ) Eb(eV ) deq(Å) ∆V (eV ) Eb
0.15 2.9 0.41 −0.33 2.8 0.11 −0.35
4.2 3.1 0.51 −0.30 2.9 0.47 −0.32

tices, and the strain we apply to the metal lattice. In this study, we choose the small-
est supercell for which δ < 1%. Figure 2.4 gives an example of a supercell for MoS2

on Au(111) that is constructed this way, and Table 2.2 lists the supercells and the
lattice mismatch δ used in this study for the different metals.

In the calculations discussed in Secs. 2.2.2 and 2.2.3 we have used a
√

3×
√

3R30o

MoS2 cell on top of a 2× 2 Au(111) cell, which leads to a lattice mismatch of 4.2%. A√
13 ×

√
13R13.9o on top of a 4 × 4 Au supercell, see Table 2.2 and Fig. 2.4, reduces

the lattice mismatch to 0.15%. Figure 2.5 shows that the binding energy curves for
the two structures are quite similar. The equilibrium binding energy is increased
by 0.03 eV upon compressing the Au lattice by 4.2%, and the equilibrium binding
distance is decreased by 0.02 Å. Typically the interface potential step is affected by
the compression on a scale of 0.1 eV, as is shown in Table 2.3. However sometimes
the effect is larger, as for Ag. In conclusion, compressing the metal lattice does not
generally have the same dramatic effect as stretching the MoS2 lattice has, but large
lattice mismatches should be avoided.
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Figure 2.5: (Color online) Binding energy curves Eb(d)(eV) of MoS2 on Au(111), cal-
culated with opt8b-vdW-DF functional for a mismatch of 0.15% (blue), and 4.2%
(green) between the MoS2 and the Au(111) lattices.

2.3 Results

2.3.1 Metal/MoS2 interaction

Calculated equilibrium binding energies and bonding distances for the MoS2/metal
structures of Table 2.2 are listed in Table 2.4. The binding energies obtained with
opt88-vdW-DF are in the range −0.3 to −0.6 eV. These numbers seem somewhat
too low in order to classify the bonding as physisorption, yet too high to call it
chemisorption. Van der Waals interactions play an important role in the bonding,
which becomes especially clear when comparing to the results obtained by PBE. The
PBE functional lacks van der Waals interactions, and it typically captures only ap-
proximately half the MoS2/metal binding energy or less.

A noticeable exception is MoS2/Ti(0001), where PBE gives approximately dou-
ble the opt88-vdW-DF binding energy. It suggests that MoS2 is chemisorbed on
Ti(0001), which is described better by PBE. This case will be discussed in more detail
in Sec. 2.3.3. In contrast, the PBE functional essentially fails to give bonding for the
adsorption of MoS2 on Au(111), and all bonding comes from van der Waals interac-
tions, so we may classify this case as physisorption. For the other metals it is difficult
to make a distinction between physisorption and chemisorption on the basis of the
binding energy alone.

In general terms, physisorption is accompanied by a weak perturbation of the
electronic structure of the adsorbed layer, whereas chemisorption results in a sizable
perturbation of that electronic structure. For graphene and h-BN adsorbed on metal
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Table 2.4: Equilibrium binding energy Eb, and bonding distance deq , for MoS2 on
metal (111) and (0001) surfaces in the interface structures of Table 2.2, calculated
with the optb88b-vdW-DF and the PBE functionals.

Eb(vdW) deq(vdw) Eb(PBE) deq(PBE)

(eV) (Å) (eV) (Å)
Mg −0.55 2.3 −0.20 2.2
Al −0.30 2.8 −0.30 2.8
Ag −0.35 2.8 −0.08 2.9
Ti −0.51 2.3 −0.67 2.3
Cu −0.40 2.5 −0.16 2.4
Au −0.33 2.9 −0.02 3.3
Pd −0.54 2.4 −0.25 2.3
Ni −0.51 2.2 −0.25 2.2
Co −0.57 2.2 −0.29 2.2
Pt −0.43 2.6 −0.11 2.6

surfaces it is possible to correlate that perturbation with the equilibrium bonding
distances deq. Those distances can be divided into two groups separated by a critical
binding distance dc. For deq > dc, the bonding is physisorption, and for deq < dc,
the bonding is chemisorption. For graphene and h-BN this distinction is successful
because there are hardly any cases where deq ≈ dc ≈ 2.8 Å as is illustrated in Fig. 2.6.
Clearly bonding distances and energies are correlated; a shorter distance generally
gives a lower energy.

Plotting the binding energies and distances for MoS2/metal interfaces in Fig. 2.6,
one observes that the distinction between physisorption and chemisorption is much
less clear for this case. The binding of MoS2 to a metal substrate is stronger than that
of graphene or h-BN, reflecting the fact that van der Waals interactions increase with
the atomic number. Maybe somewhat surprisingly the bonding distance of MoS2 to
a metal substrate is generally shorter than that of graphene or h-BN. Graphene and
h-BN have π-orbitals that stick out below their respective planes, which give rise to a
substantial Pauli repulsion at distances to the metal plane of . 3 Å [40]. Apparently
the wave functions of MoS2 do not stick out that far below the plane of the bottom
sulfur layer.

The bonding distances for MoS2/metal interfaces cannot easily be simply into
two groups, as is the case for graphene and h-BN/metal interfaces. Instead there is
a more gradual scale. The bonding distances of MoS2 on Al, Au and Ag are on the
physisorption side of Fig. 2.6, whereas on Co, Ni, Mg, and Ti, they are more on the
chemisorption side, with Pt, Cu, Pd as intermediate cases. However, a clear divid-
ing line like for graphene and h-BN can not be drawn. Indeed if one considers the
MoS2/metal interface for two similar metals that give rise to a fairly large difference
in bonding distance and binding energy: Ag and Pd, one does not observe a qual-
itative difference in the the electronic structure of the MoS2 adsorbate, see Fig. 2.7.
In both cases the MoS2 bands are perturbed by the metal-MoS2 interaction, but the
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Figure 2.6: (Color online) Binding energyEb(eV) per MoS2 versus equilibrium bond-
ing distance deq(Å) for MoS2 adsorbed on metal(111) and (0001) substrates (red cir-
cles), as calculated with the optb88-vdW-DF functional. For comparison, results for
h-BN (blue triangles) [78], and graphene (green squares) [113], are also shown.

signature of the MoS2 bands can still be recognized. In particular, it still seems to
be possible to identify the top of the MoS2 valence band, and the bottom of the con-
duction band. Nevertheless the MoS2 states do hybridize with those of the metal
substrate, as we will discuss in the next section.

Another way of characterizing the bonding is to analyze the geometry of the
MoS2/metal interface. Chemisorption involves the formation of chemical bonds be-
tween the adsorbate and the metal, which frequently also leads to a deformation of
the adsorbate’s structure. We can define a displacement ∆i = |Ri−R0,i| between the
position Ri of an atom i in the optimized MoS2/metal structure, and its position R0,i

in the free-standing MoS2 or in the clean metal substrate. The displacements are ob-
tained in a two-step procedure. First the MoS2/metal structure is optimized while
freezing the MoS2 layer and the metal substrate in their free-standing geometries.
Once the equilibrium distance deq is obtained, as in Figs. 2.2 and 2.5, all atomic posi-
tions are relaxed, and this last step defines the displacements. Table 2.4 gives ∆S and
∆M, which are the average displacements of the bottom layer of sulfur atoms, and of
the top layer of metal atoms, respectively, for some representative metal substrates.
In addition, this table gives the maximum displacements ∆max

S and ∆max
M .

The displacements are quite large for the MoS2/Ti(0001) structure, indicating that
there is a significant distortion of the geometries of both the MoS2 adsorbate and the
Ti surface, which strongly suggests that MoS2 is chemisorbed on Ti. At the opposite
end of the scale we find MoS2/Au(111), where the atomic displacements are small,
indicating that here we are in the physisorption regime. The behavior of the other
metal substrates is in between these two extreme cases but more to the physisorption
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Figure 2.7: (Color online) (a) Band structure of MoS2/Pd(111); the blue color indi-
cates the weight of a projection of the wave functions on the MoS2 sites; (b) idem for
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side. The 3d transition metals Co,Ni,Cu and the low work function simple metal
Mg show somewhat larger distortions than the 4d and 5d metals Pd,Ag,Pt and the
simple metal Al.

2.3.2 Interface Potential Step and Schottky Barrier

Table 2.6 gives the interface potential steps ∆V created by the adsorption of MoS2

on a metal substrate. This potential step strongly influences the Schottky barrier
at metal/MoS2 contacts, see Eq. 3.1, and as such it plays an important role in the
physics of MoS2 semiconductor devices. The potential steps can be divided into two
groups, i.e., positive ∆V for metals with a high work function, and negative ∆V for
low work function metals. A positive ∆V means that adsorption of MoS2 effectively
lowers the work function of the substrate. The MoS2 layer has no intrinsic dipole mo-
ment perpendicular to the layer that could create such a potential step. So the work
function lowering is a purely electronic effect that results from the displacement of
surface electron density into the metal by physisorption of the adsorbate.

This effect is known as the push-back effect or the pillow effect, which is a general
phenomenon observed in the physisorption of closed-shell atoms, molecules, and
layers on metal substrates. In Ref. [40] we have developed a quantitative model
for this effect, based upon an anti-symmetrization of the product of the metal and
adsorbate wave functions. When an adsorbate approaches a metal surface, the wave
functions of the two systems overlap. Pauli exchange repulsion between these states
leads to a spatial redistribution of the electron density, in particular to a decrease of
the density in the overlap region. Since the metal wave functions are usually more
extended and more easily deformable than those of the adsorbate, the net result of
this redistribution is that electrons are pushed back into the metal, which effectively
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Table 2.5: The average displacements ∆S and ∆M of the bottom layer of sulfur atoms,
and of the top layer of metal atoms, and the corresponding maximum displacements
∆max

S and ∆max
M , after the adsorption.

∆S(Å) ∆max
S (Å) ∆M(Å) ∆max

M (Å)
Ti 0.101 0.152 0.176 0.483
Co 0.010 0.021 0.068 0.102
Pt 0.006 0.009 0.049 0.098
Ag 0.002 0.005 0.030 0.058
Au 0.001 0.004 0.019 0.044
Pd 0.002 0.003 0.026 0.051
Ni 0.017 0.034 0.089 0.150
Al 0.001 0.047 0.046 0.105
Mg 0.022 0.022 0.091 0.091
Cu 0.033 0.052 0.070 0.124

lowers the work function.
In the adsorption of graphene and h-BN on high work function metals we found

potentials steps of up to 1-2 eV. The potential steps for MoS2 adsorbed on the same
metals are generally smaller, and more typically around 0.3-0.4 eV. The wave func-
tions of first-row elements (B,C,N) are compact and not easily deformable, as com-
pared to the wave functions of the metal substrate. The effect of Pauli repulsion in
the metal/adsorbate overlap region is then very asymmetric. It is foremost the metal
electron density that is deformed, i.e. pushed back, which gives a large work func-
tion lowering. If the adsorbate contains heavier elements, such as MoS2, the effect
of Pauli repulsion is more symmetric, i.e., both the metal and the adsorbate elec-
trons are pushed out of the overlap region in a more symmetric way. This gives a
smaller effect on the work function. Note that if the effect of Pauli repulsion would
be completely symmetric, the work function would be unchanged.

Low work function metals experience an increase of the work function upon ad-
sorption of MoS2, i.e. a negative ∆V , which indicates a net transfer of electrons from
the metal to the MoS2 adsorbate. As MoS2 is a semiconductor it can only receive
electrons in its conduction band. Therefore, for low work function metal substrates
one expects the Fermi level to be in the conduction band of MoS2. Analysis of the
electronic structure of the MoS2/metal slab however shows that this is not the case.
The interaction between MoS2 and the metal at the interface leads to interface states
with energies in the MoS2 band gap. That seems obvious if MoS2 is chemisorbed
onto the substrate, as in the case of MoS2/Ti(0001), which we will discuss in the next
section.

Somewhat surprisingly, a significant density of interface states also forms if the
interaction between MoS2 and the metal substrate is relatively weak. For exam-
ple, as discussed in the previous section, the interaction between MoS2 and Al(111)
can be classified as physisorption, see Fig. 2.6. Nevertheless, states with energies
inside the MoS2 band gap are formed at the MoS2/Al(111) interface, as is immedi-
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Table 2.6: Metal work functionWM, interface potential step ∆V , and Schottky barrier
height Φn calculated with the PBE and opt88-vdW-DF functionals, with calculated
MoS2 electron affinities of χ = 4.30 eV and χ = 4.57 eV, respectively.

PBE vdW-DF

WM(eV ) ∆V (eV ) Φn(eV ) WM (eV ) ∆V (eV ) Φn(eV )
Mg 3.78 −0.77 0.25 3.96 −0.74 0.13
Al 4.00 −0.54 0.24 4.20 −0.56 0.19
Ag 4.47 0.10 0.07 4.82 0.11 0.14
Ti 4.52 −0.28 0.53a 4.80 −0.27 0.54a

Cu 4.70 0.35 0.05 5.10 0.39 0.14
Au 5.30 0.32 0.68 5.58 0.41 0.60
Pd 5.35 0.35 0.70 5.48 0.30 0.61
Pt 5.75 0.64 0.81 5.96 0.68 0.71
Co 5.13 0.29 0.54 5.42 0.34 0.51
Ni 5.17 0.28 0.59 5.40 0.37 0.46

a See Sec. 2.3.3.

ately obvious when comparing the density of states of the interface with that of free-
standing MoS2, see Fig. 2.8. The density of these interface states is not extremely
high, yet sufficiently high to pin the Fermi level below the MoS2 conduction band,
as demonstrated by Fig. 2.8. The density of interface states increases with increas-
ing MoS2/metal interaction, but even for physisorption it seems sufficiently high to
prevent the Fermi level from reaching the MoS2 conduction band.

One can prove that these interface states are indeed responsible for pinning the
Fermi level by artificially enlarging the distance between the MoS2 layer and the
metal surface. This breaks the direct MoS2/metal contact that is responsible for the
formation of interface states. In the absence of interface states, the Fermi level is at
the bottom of the MoS2 conduction band, see Fig. 2.9(d), which is what one would
expect if the work function of the metal WM is smaller than the electron affinity of
MoS2 χMoS2

, see Eq. 3.1. A transfer of electrons between the metal and the MoS2

overlayer then yields a charge distribution that can be associated with a simple in-
terface dipole, see Fig. 2.9(b). In contrast, if interface states are formed, the band
structure of adsorbed MoS2 is perturbed, see Fig. 2.9(c), and the pattern of the charge
distribution at the interface is much more complicated, as shown in Fig. 2.9(a). In that
case, the interface states pin the Fermi level below the bottom of the MoS2 conduc-
tion band, see Fig. 2.8.

Schottky barrier heights (SBHs) for electrons, calculated according to Eq. 3.1, are
also listed in Table 2.6. The functional causes some uncertainty, as the work func-
tions of the clean metal surfaces obtained with the opt88-vdW-DF functional tend to
be somewhat higher than those obtained with the PBE functional. LDA in general
gives even higher work functions, so opt88-vdW-DF gives work functions that are
in between those of PBE and LDA [78, 88]. Note that the interface potential steps

31



2

2.3. RESULTS

-3 -2 -1 0 1
E(eV)

0

5

10

D
o

S
(e

V
-1

)

Figure 2.8: (Color online) (blue) The total density of states of the MoS2/Al(111) slab;
(red) the sum of the densities of states of free-standing MoS2 and of the Al(111) slab.
The densities of states are aligned by aligning the Mo 4s core levels, and the Al 2p
core levels.

∆V do not depend strongly on the functional. As the opt88-vdW-DF functional also
gives a larger electron affinity for MoS2, the Schottky barrier Φn according to Eq. 3.1,
also does not depend strongly on the functional.

Nevertheless there is an uncertainty in the calculated SBHs coming from the
MoS2 electron affinity. One may argue that the electron affinity calculated with ei-
ther of the functionals is too high, as DFT band gaps are too small, which would
give SBHs that are too small. The band gaps of a MoS2 monolayer calculated with
the PBE and opt88-vdW-DF functionals are 1.63 eV and 1.67 eV, respectively, which
can be compared to the experimental optical band gap of 1.86 eV [25, 114]. Such
a comparison is not stricktly fair, as the difference should reflect the exciton bind-
ing energy. Exciton binding energies between negligible [25], and 0.5 eV [115], have
been reported. Note however that the exciton binding energy strongly depends on
screening by the environment [115, 116]. For MoS2 adsorbed on metals one expects
the screening to be large, and consequently the exciton binding energy to be rela-
tively small.

We see that the SBH decreases with decreasing metal work function but does not
go to zero. Instead it goes through a minimum for Cu and Ag, and then increases
again for low work function metals like Al and Mg. As discussed above, this phe-
nomenon is caused by interface states. The only way to get rid of such states is to
break the direct interaction between MoS2 and the metal substrate. Ref. [77] dis-
cusses a practical way of doing this by inserting an atomic layer between the metal
surface and the MoS2 layer. If this intermediate layer is purely van der Waals-bonded
to MoS2, no gap states are formed at its interface with MoS2. In addition the inter-
mediate layer should be transparent to electrons, such that the interface resistance is
not dramatically increased. A monolayer of h-BN or graphene satisfy these criteria
[77, 117, 118].
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Figure 2.9: (Color online) (a) The electron density difference ∆n(z) of the
MoS2/Al(111) interface at the equilibrium distance deq = 3.2 Å, and (b) at a dis-
tance d = 6 Å; (c,d) the corresponding band structures; the blue color indicates the
weight of a projection of the wave functions on the MoS2 sites.

2.3.3 MoS2/Ti(0001)

As discussed in Sec. 2.3.1, MoS2 is chemisorbed in Ti(0001). The binding energy and
the equilibrium bonding distance of MoS2 on Ti(0001) does not seem to be qualita-
tively different from those for MoS2 on metal substrates such as Co(0001) or Ni(111),
see Table 2.4 and Fig. 2.6. However, the structural deformation of the MoS2 layer
adsorbed on Ti(0001) is much larger than that of MoS2 on other metals, see Ta-
ble 2.5. This deformation is illustrated in Fig. 2.10. Atoms of the bottom sulfur layer
make a bond with Ti atoms of the top layer of the substrate, where several of these
metal atoms are pulled up from the substrate. The MoS2 and the Ti(0001) lattices
do not fit very well; one needs a

√
19 ×

√
19R23.4o MoS2 supercell on top of a 4 × 4

Ti(0001) supercell to get a mismatch below 1%, see Table 2.2. The result therefore is a
MoS2/Ti(0001) interface that contains a substantial local strain, which explains why
the binding energy is not very large, despite the bonding being chemisorption.
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Figure 2.10: (Color online) Side view of two layers of MoS2 adsorbed on Ti(0001).

The potential step ∆V at the MoS2/Ti(0001) interface is negative, in contrast to
the potential step at the MoS2/Ag(111) interface for instance, which is positive, de-
spite the fact that the work functions of Ti and Ag are very similar, see Table 2.6.
We argued that physisorption should lead to a positive potential step because of
the Pauli repulsion effect, and indeed MoS2 is physisorbed on Ag(111). Chemisorp-
tion, as in the case of MoS2 on Ti(0001), leads to a more drastic reorganization of
the charge distribution at the interface, because of the formation of new chemical
bonds. Upon the formation of these bonds there is apparently a net displacement of
electronic density towards the sulfur atoms, which is not unreasonable as sulfur is
more electronegative than Ti. This displacement results in an increase of the work
function, i.e., a negative ∆V .

One expects that chemisorption also leads to a strong perturbation of the elec-
tronic structure of the adsorbate. Figure 2.11 shows the density of states (DOS)
of a MoS2 bilayer projected on the individual MoS2 layers. The DOS of the first
(chemisorbed) layer is indeed strongly perturbed as compared to the DOS of a free-
standing MoS2 layer. The MoS2 wave functions strongly hybridize with those of the
underlying Ti substrate, and the resulting hybridized states give a non-zero DOS for
energies all through the MoS2 band gap. It is sometimes argued that such interface
states promote having a good (ohmic) MoS2/metal contact [81, 83]. One could how-
ever also argue that chemisorption is harmful to obtaining a good contact, because it
damages the integrity of the MoS2 layer. In Ref. [119] it is found that MoS2/Ag gives
a better contact than MoS2/Ti, due to a much smoother interface in the former case,
suggesting to prefer physisorption over chemisorption.

It is not possible to define a Schottky barrier for a single MoS2 layer adsorbed on
Ti(0001). Chemisorption affects the electronic structure of MoS2 to such an extend
that its semiconducting character is lost. It is however possible to define a Schot-
tky barrier for a second MoS2 layer that is adsorbed on the first layer. The first and
second MoS2 layer are bonded by a van der Waals interaction, which does not per-
turb the electronic structure of the second layer significantly. Indeed the DOS of the
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Figure 2.11: (Color online) The red and the blue shaded areas indicate the DOS pro-
jected on the first MoS2 layer of MoS2 adsorbed on Ti(0001) and on the second MoS2

layer, respectively.

second MoS2 layer is quite similar to that of a free-standing MoS2 layer with a clear
band gap, see Fig. 2.11. The height of the Schottky barrier to the second layer is a
sizable 0.54 eV. This mainly results from the fact that the first adsorbed MoS2 layer
effectively increases the work function of the Ti substrate, see Table 2.6. The size
of the Schottky barrier indicates that it is not possible to make an ohmic contact to
pristine (undoped) MoS2 with Ti [81, 83].

2.4 Summary and Conclusions

In this paper, we explore the adsorption of MoS2 on a range of metal substrates by
means of first-principles DFT calculations. The (111) surfaces of Al, Ni, Cu, Pd, Ag,
Pt and Au, and the (0001) surfaces of Mg, Co and Ti cover a range of metals with
different interaction strengths, allowing for a systematic study of the metal-MoS2

interface.
We compare the results obtained with different DFT functionals. In many cases

the GGA/PBE density functional only captures a small part of the binding energy of
MoS2 on a metal substrate, as compared to the opt88-vdW-DF van der Waals density
functional, which indicates the importance of van der Waals interactions in the inter-
face bonding. Nevertheless, the equilibrium binding distances obtained with both
functionals are generally very similar, and so are the interface potential steps and
Schottky barrier heights. Exceptions are cases for which van der Waals interactions
essentially describe the whole bonding, where PBE fails completely. LDA tends to
overbind, leading to shorter binding distances and larger interface potential steps.

The interface structure that results from adsorbing an MoS2 layer on a metal sur-
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face will be incommensurable in most cases, as the two lattices have a mismatch. We
investigate the effects of the artificial strain introduced by approximating the lattice
using a commensurable supercell. We conclude that these effects are moderate pro-
vided the MoS2 lattice parameter is kept at its optimized value, and the metal lattice
is strained. Large lattice mismatches should however be avoided, and straining the
MoS2 lattice can lead to very unphysical results [81].

Of the metal substrates studied Ti is the one on which MoS2 is clearly chemisorbed.
Adsorption of MoS2 on Ti(0001) is accompanied by a clear structural deformation of
the Ti surface and of the MoS2 overlayer, due to the formation of bonds between
the surface Ti atoms and the sulfur atoms at the interface. Formation of these in-
terface bonds significantly alters the electronic structure of the MoS2 adsorbate. In
particular, the interface states fill up the band gap of MoS2, which makes defining
a Schottky barrier for this layer meaningless. However, for a second, unperturbed,
adsorbed MoS2 layer a Schottky barrier of 0.54 eV can be extracted.

MoS2 is physisorbed on Au(111), where the bonding is almost completely due
to van der Waals interactions, and the structure and electronic structure of MoS2 are
hardly perturbed by the adsorption. The properties of MoS2 adsorbed on other metal
substrates fall in the range between the two extreme cases (Ti and Au ), without the
possibility of drawing a clear dividing line, as has been done for the adsorption of
graphene or h-BN on metal substrates [40, 86, 88, 78].

Experiments have focused foremost on Schottky barrier heights. Transport mea-
surements on multilayer MoS2 devices generally yield small numbers for the Schot-
tky barrier heights, i.e. 0.03-0.2 eV, for different metals [120, 72, 71, 82, 75], whereas
photoemission, photoconduction, and scanning tunneling spectroscopy give higher
values 0.2-0.9 eV [74, 107, 108, 121]. It has been suggested that the MoS2 samples
used in devices is quite defective and inhomogeneous, such that the position of the
Fermi level does not reflect an intrinsic property of MoS2 or of the MoS2/metal con-
tact [121, 122], which obstructs a comparison to calculated results.

Our results for the 4d and 5d metals Ag, Au, Pd, and Pt agree qualitatively with
those reported in previous calculations [82, 83, 84, 85], provided the MoS2 lattice
is not stretched [81]. Quantitatively, the reported Schottky barrier heights for these
metals are ∼ 0.3 eV larger than our results. These calculations were based upon
the LDA functional, which tends to overbind, and to overestimate the metal work
functions [78, 88]. Compressing the metal lattice, which is sometimes required to
accommodate a lattice mismatch in a small supercell, does not help either, as that
gives an even higher work function [84]. The same is likely true for simple metals
such as Al and In [84, 83]. The strong interaction we find for Ti is also found in LDA
calculations [81, 83, 85]. In those calculations the lattice mismatch used was large,
however, which can alter the interface interactions.

The overall picture emerging from these calculations is that MoS2 interacts strongly
with the early transition metals, where it is clearly chemisorbed. The interaction with
the late transition metals is much weaker, where the 3d metals interact stronger than
the 4d and 5d metals. MoS2 interacts rather weakly with the simple metals, but
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the interaction increases for very low work function metals. In all but the strongly
chemisorbed case, van der Waals forces play an important role in the interface inter-
actions.

In case the interface interaction is weak (physisorption) the interface potential
step can be understood as resulting from Pauli repulsion, which effectively decreases
the substrate work function. The Schottky barrier is then simply calculated from the
modified work function. Strong interaction (chemisorption) leads to the formation
of bonds between the substrate metal atoms and the adsorbate sulfur atoms. It in-
creases the substrate work function if the electronegativity of the adsorbate is higher
than that of the metal. If the MoS2 layer is chemisorbed, its electronic structure is
perturbed to an extend that a Schottky barrier cannot be defined. However, a second
adsorbed MoS2 layer then shows the characteristics of a single unperturbed layer.
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Controlling the Schottky barrier at

MoS2|metal contacts by inserting a BN
monolayer

∗ Making a metal contact to the two-dimensional semiconductor MoS2 without creating a
Schottky barrier is a challenge. Using density functional calculations we show that, although
the Schottky barrier for electrons obeys the Schottky-Mott rule for high work function (& 4.7

eV) metals, the Fermi level is pinned at 0.1-0.3 eV below the conduction band edge of MoS2

for low work function metals, due to the metal-MoS2 interaction. Inserting a boron nitride
(BN) monolayer between the metal and the MoS2 disrupts this interaction, and restores the
MoS2 electronic structure. Moreover, a BN layer decreases the metal work function of Co
and Ni by ∼ 2 eV, and enables a line-up of the Fermi level with the MoS2 conduction band.
Surface modification by adsorbing a single BN layer is a practical method to attain vanishing
Schottky barrier heights.

3.1 Introduction.

Single layers of transition metal dichalcogenides (TMDs) such as molybdenite, MoS2,
can be exfoliated through micromechanical cleavage, similar to graphene [68]. In
contrast to graphene however, a MoS2 monolayer is a semiconductor with a siz-
able band gap of 1.8 eV [25], which has triggered a large interest in TMD semicon-
ductor devices [69, 123, 124]. Contacting MoS2 to metal electrodes remains a prob-
lem, as it tends to produce unexpectedly high contact barriers and resistances. Early
photoemission experiments claimed that the Schottky barriers at MoS2|metal inter-

∗This chapter has been published as: M. Farmanbar and G. Brocks, Controlling the Schottky barrier at
MoS2|metal contacts by inserting a BN monolayer, Phys. Rev. B 91, 161304(R) (2015).
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3.2. COMPUTATIONAL DETAILS.

faces obey the ideal Schottky-Mott rule [107], suggesting the possibility to control the
Schottky barrier height (SBH). In particular, the SBH for electrons might be reduced
to zero using a metal with a sufficiently low work function. However, the more re-
cent device experiments do not give zero SBHs, neither for metals with high work
functions, nor for metals with low work functions [71, 72, 73, 74, 75, 76].

SBHs of metal contacts with conventional semiconductors such as Si often only
weakly depend on the metal species, and the Fermi level is pinned inside the semi-
conductor band gap [28]. Common models used to explain Fermi level pinning rely
upon having a strong (chemical) interaction at the metal-semiconductor interface.
This yields a large density of interface states with energies in the semiconductor
band gap, which can be suppressed only by inserting an insulating layer between
the metal and the semiconductor [125, 126]. Unlike Si, MoS2 has no dangling bonds
at its surface. Its interaction with metal surfaces should therefore be relatively weak,
which makes it rather unlikely that midgap interface states are formed at a high
density. Indeed a recent density functional theory (DFT) study claims there is only a
weak Fermi level pinning at MoS2|metal interfaces [84]. That still leaves the prospect
of a zero SBH using a metal that has a sufficiently low work function.

In this paper we study the Schottky barriers at MoS2|metal interfaces by DFT
calculations with the objective of designing a contact with zero SBH. We start from
a series of metals covering a wide range of work functions (3.8-5.8 eV). Unlike pre-
vious studies we do not so much focus on the chemical interactions with specific
metals [82, 83, 127], but on establishing general rules for the SBHs. We show that
for clean MoS2|metal interfaces with high work function metals the Fermi level is
not pinned in the MoS2 band gap, and the SBH shows Schottky-Mott behavior [28].
This breaks down for low work function metals, and the Fermi level gets pinned just
below the MoS2 conduction band, leading to a finite SBH in the range 0.1-0.3 eV. The
metal-MoS2 interaction at the interface perturbs the electronic structure of MoS2, its
conduction bands in particular, creating a density of interface states just below the
conduction band that pins the Fermi level.

We “unpin” the Fermi level by inserting a h-BN monolayer between the metal
surface and MoS2. It breaks the direct metal-MoS2 interaction and destroys the in-
terface states. Like graphene, MoS2 is physisorbed on the h-BN-covered substrate
[128, 129], which leaves its electronic structure nearly unperturbed. Moreover, ad-
sorption of h-BN on a metal surface commonly decreases the work function consid-
erably. In particular, h-BN is lattice matched to Co and Ni(111), and turns these high
work function metals into low work function substrates. The combined effects of
breaking the metal-MoS2 interaction and lowering the metal work function yields
zero SBHs for contacts between h-BN-covered Co or Ni and MoS2.

3.2 Computational details.

We use projector augmented waves (PAW) as implemented in the VASP code [44, 45,
46, 47]. The MoS2|metal interface is modeled by a slab of four layers of metal atoms
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with a monolayer MoS2 adsorbed on one side, and a dipole correction to avoid an
interaction between repeated images [97]. We optimize all atomic positions, keeping
the layer of metal atoms furthest removed from the adsorbant in its bulk geome-
try, and using energy and force convergence criteria of 10−5 eV and 10−2 eV/Å,
respectively. The surface Brillouin zone is integrated using the Methfessel-Paxton
technique with a smearing parameter of 0.05 eV [96], and a k-point grid with a spac-
ing of 0.01 Å−1. The kinetic energy cutoff for plane waves is set at 400 eV. As the
properties of MoS2 are sensitive to its lattice parameter [101], we fix the latter to its
optimized value and force the metal lattice to be commensurable to the MoS2 lat-
tice, choosing in-plane supercells with a mismatch between the MoS2 and the metal
lattices of less than 1%. For instance, putting a

√
3 ×
√

3R30o MoS2 lattice on top
of a 2 × 2 Au(111) lattice [84, 83], requires decreasing the metal lattice parameter by
4.2% (PBE), whereas

√
13×

√
13R13.9o MoS2 on 4× 4 Au(111), see Fig. 3.1, involves

decreasing it by 0.15%. The difference in the interface potential step between these
two structures is ∼ 0.1 eV.

Figure 3.1: (Color online) (a)
√

3 ×
√

3R30o MoS2 on top of 2 × 2 Au(111). The black
rhombus indicates the surface supercell. (b)

√
13×

√
13R13.9o MoS2 on top of 4× 4

Au(111). (c,d) Top and side view of the MoS2|h-BN|Co(111) structure.

The metal-adsorbant binding distance is important for obtaining an accurate in-
terface potential profile, and in some cases this distance depends sensitively on
the DFT functional [40]. The PBE generalized gradient approximation [59] and the
optB88-vdW-DF van der Waals density functional (vdW-DF) [63, 64] give MoS2|Ag,
Au, Pd and Pt(111) binding distances within 0.1 Å of one another and interface po-
tential steps within 0.05 eV. The local density approximation (LDA) [55] yields on
average ∼ 0.2 Å shorter binding distances and ∼ 0.15 eV larger potential steps. We
use PBE in the following to avoid the risk of overbinding commonly found with
LDA. Whereas the interface potential step does not depend too critically on the DFT
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functional, the work function of a clean metal surface WM can be more sensitive
[78, 84], which is then reflected in the calculated SBHs, see Eq. (3.1).

3.3 MoS2|metal interfaces.

The SBH for electrons can be written as

Φn = WM − χ−∆V, (3.1)

withWM the work function of the clean metal surface, χ the electron affinity of MoS2,
and ∆V the potential step formed at the MoS2|metal interface, see Fig. 3.2. The po-
tential step can be calculated without resorting to the details of the potential profile
across the interface, or its electronic structure, because ∆V = WM −Wads|M, where
Wads|M is the work function of the metal surface covered with MoS2 [97]. The results
are shown in Fig. 3.2(a). The SBH is then obtained from Eq. (3.1), using the calcu-
lated χ = 4.30 eV, cf. Fig. 3.2(b). Two regimes can be distinguished in Fig. 3.2(a).
Metals with WM & 4.7 eV yield a similar ∆V , whereas ∆V strongly depends on
WM for WM . 4.7 eV. The cross-over between the two regimes occurs for Cu, where
WCu ≈ χ + ∆V and the SBH is minimal, see Fig. 3.2(b). The results for the high
work function regime are consistent with the common observation that physisorp-
tion results in a net decrease of the work function, i.e., a positive ∆V . This has been
explained in terms of the Pauli exchange repulsion between the electrons of the metal
and those of the overlayer yielding a net pushback of electrons into the metal [40].
The effect is fairly moderate for MoS2, resulting in ∆V ≈ 0.35 eV for the high work
function metals, and a size that does not depend critically on the details of the metal
or the interface structure.

With a constant ∆V the SBH simply follows the work function, i.e., the slope S =

dΦn/dWM ≈ 1, which is the Schottky-Mott rule. This rule is typically found in the
absence of any interface states with energies in the semiconductor band gap, which
is consistent with the MoS2|metal interaction being weak. If ideal Schottky-Mott
behavior would persist for the low work function metals, the SBH would vanish for
WM < WCu. Clearly this is not the case in Fig. 3.2(b). The SBH has a minimum at
Cu, but it increases again for the low work function metals.

We analyze this behavior for Mg, being the metal with the lowest work func-
tion in this study. The band structure of the (1 × 1) MoS2|Mg(0001) interface is
shown in Fig. 3.3(a). At the optimized equilibrium distance d = 2.2 Å, the MoS2

bands are significantly perturbed by the interaction with the substrate. This per-
turbation can be visualized by comparing the density of states (DoS) of MoS2|Mg
to that of free-standing MoS2, see Fig. 3.3(e). The MoS2|Mg interaction leads to
interface states in the MoS2 band gap that are energetically close to the bottom of
the MoS2 conduction band. This is seen most clearly in the difference DoS, i.e.
∆DoS = DoSads|M − DoSads − DoSM, represented by the green curve in Fig. 3.3(e),
where DoSads|M,DoSads,DoSM are the DoSs of the interface, the free-standing adsor-
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Figure 3.2: (Color online) (a) The potential step ∆V at the MoS2|metal interface ver-
susWM, the work function of the clean metal surface. (b) The Schottky barrier height
(SBH) for electrons Φn. The blue and green dashed lines in (a) and (b) indicate the
Schottky-Mott rule and Fermi level pinning, respectively. Inset: schematic energy
diagram of the interface, with χ the electron affinity of MoS2.

bate, and the clean metal substrate, respectively.

The ∆DoS is negligible for energies inside the MoS2 band gap, except for a re-
gion . 0.4 eV below the conduction band edge (shaded orange in Fig. 3.3(e)). The
negative sign of the calculated potential step at the MoS2|Mg interface, ∆V = −0.77

eV, shows that electronic charge is transferred from the Mg substrate to the MoS2

overlayer. These electrons populate the interface states, thereby pinning the Fermi
level in the band gap. For high work function metals the Fermi level is well within
the MoS2 gap, where the density of interface states is negligible. The corresponding
SBHs then obey the Schottky-Mott rule. It is only for low work function metals, when
the Fermi level approaches the bottom of the MoS2 conduction band, that interface
states become noticeable and pin the Fermi level.

One can destroy the interface states by breaking the MoS2|Mg interaction. This
is demonstrated by Fig. 3.3(b), which gives the band structure of MoS2|Mg(0001)
with the adsorbant placed at an artificially large distance d = 5 Å from the metal
surface. The MoS2 bands are unperturbed, as there is no chemical interaction with
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Figure 3.3: (Color online) (a) Band structures of the MoS2|Mg(0001) interfaces at the
equilibrium distance deq = 2.2 Å and (b) at d = 5 Å. The red color measures a pro-
jection of the wave function on the MoS2 orbitals. The Fermi level is set at zero
energy. (c,d) The electron difference density ∆n(z), corresponding to the interface
distances of (a,b), respectively. (e) The total density of states (red) corresponding
to (a) DoSads|Mg, (blue) of free-standing MoS2 DoSads, and (green) the difference
∆DoS = DoSads|Mg − DoSads − DoSMg. The orange shading indicates the position
of the gap states, created by the interaction at the interface.
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the substrate at this distance. The Fermi level is in the MoS2 conduction band, which
is not surprising as the work function of Mg(0001), WMg = 3.8 eV is much smaller
than the MoS2 electron affinity χ = 4.3 eV. The calculated interface potential step,
∆Vni = −0.5 eV, indeed corresponds to WMg − χ, as it should for electron transfer
from Mg to MoS2 to equilibrate the Fermi level. It results in a zero SBH, according
to Eq. (3.1).

This interpretation is confirmed by the electron density difference
∆n(z) = nads|M(z) − nads(z) − nM(z), where nads|M(z), nads(z), nM(z) are the plane-
averaged electron densities of the interface, the free-standing adsorbate, and the
clean metal substrate, respectively. At an MoS2|Mg distance d = 5 Å, ∆n(z) shows an
accumulation of electrons at the position of MoS2, and an electron depletion at the
Mg surface, see Fig. 3.3(d), consistent with an electron transfer from Mg to MoS2,
which creates an interface dipole and potential step to equilibrate the Fermi level.
At the equilibrium MoS2|Mg distance, ∆n(z) shows a much more complicated pat-
tern, see Fig. 3.3(c), which is consistent with an interface interaction that alters the
electronic structure.

3.4 MoS2|h-BN|metal interfaces.

A Schottky barrier at a MoS2|metal contact is unavoidable, as the interface interac-
tion leads to states that pin the Fermi level below the conduction band. Breaking this
interaction by introducing a vacuum spacing at the interface, is not a practical way
to make a metal-semiconductor contact. However, inserting an inert layer between
the metal and MoS2 can be. This layer has to be sufficiently thin as not to form a high
barrier for electron transport. A monolayer of h-BN is ideally suited. A single layer
of h-BN can be deposited or grown on a range of metal substrates, and it is stable
under ambient conditions. Substrates consisting of a transition metal (111) surface
covered by a h-BN monolayer, are widely available. Sandwiching a monolayer of
h-BN between two metal electrodes gives metallic conduction [130], which indicates
that the layer is transparent to electrons.

We build MoS2|h-BN|metal structures by putting a (2 × 2) MoS2 cell on top of
a (
√

7 ×
√

7) h-BN|Co or Ni cell, see Fig. 3.1. The h-BN layer in a (1 × 1) registry
with the underlying metal surface [40, 78], which agrees with experiment [131]. As
before, we fix the lattice constant of MoS2, and adapt the lattices of h-BN and the
metal(111) substrates accordingly, which requires a 4% squeeze of the h-BN lattice.
A h-BN monolayer is chemisorbed on Co and Ni(111) surfaces, but MoS2 and h-
BN are bonded by a weak, van der Waals, interaction. Such interactions are not
represented in the PBE functional, so we use the optB88-vdW-DF van der Waals
density functional here.

Adsorption of h-BN has a dramatic effect on the work function; it reduces the
work functions of Co and Ni(111) by 1.9 eV and 1.8 eV, respectively. These reduc-
tions result from large interface dipoles that are formed at the h-BN|metal interfaces,
where Pauli exchange repulsion between the electrons at the interface gives an im-
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Figure 3.4: (Color online) ∆V versus WM. Inset: Φn versus WM. The blue and green
dashed lines indicate the Schottky-Mott rule and Fermi level pinning, as in Fig. 3.2.

portant contribution [40]. Adsorbants in the form of self-assembled monolayers
(SAMs) are commonly proposed in order to modify substrate work functions. How-
ever, SAMs often suffer from disorder, which diminishes their effect. Adsorption
of h-BN leads to a well-defined structure that is much less susceptible to disorder,
and gives a sizable work function lowering. Moreover h-BN presents a surface that
not only is chemically relatively inert, but also does not change its structure upon
adsorbing further layers.

The implications of work function lowering by h-BN adsorption are clearly demon-
strated in Fig. 3.4. Direct adsorption of MoS2 on Co and Ni(111) gives a behavior
that is typical for high work function metals. The potential step at the MoS2|metal
interface is ∆V ≈ 0.35 eV, and the SBHs follow the Schottky-Mott rule. In contrast,
adsorption of MoS2 on h-BN|Co and Ni(111) substrates gives a negative ∆V , and it
gives a zero SBH. Inserting a h-BN layer has not only effectively decreased the sub-
strate work function, but it has also weakened the MoS2|substrate interaction that
yielded Fermi level pinning and nonzero SBHs for clean low work function metal
substrates. The difference between adsorbing MoS2 directly onto a clean Co sur-
face and onto a h-BN covered Co surface is observed in the corresponding electronic
structures shown in Fig. 3.5. Direct adsorption onto Co(111) perturbs the MoS2

bands considerably, due to the interaction at the interface, as shown in Fig. 3.5(a). In
contrast, adsorbing MoS2 onto a h-BN|Co(111) substrate hardly perturbs the MoS2

bands at all, as demonstrated by Fig. 3.5(b), which is a clear indication that the inter-
action between h-BN and MoS2 is weak.

Adsorbing MoS2 directly onto Co leads to the Fermi level being well within the
MoS2 band gap, which is not surprising as Co is a high work function metal. In con-
trast, adsorbing MoS2 onto a h-BN|Co substrate yields a Fermi level that is pinned
at the bottom of the MoS2 conduction band. The electron density differences ∆n(z)
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Figure 3.5: (Color online) (a) Band structures of the MoS2|Co(111) and (b) the
MoS2|h-BN|Co(111) interfaces. The red color measures a projection of the wave func-
tion on the MoS2 orbitals. The Fermi level is set at zero energy. (c,d) The correspond-
ing electron difference density ∆n(z). The orange line indicates the position of the
h-BN layer.

shown in Fig. 3.5(c) and 3.5(d) substantiate this picture. Figure 3.5(c) shows the
complicated pattern that is typically associated with a direct MoS2|metal interaction,
compare to Fig. 3.3(c). ∆n(z) for MoS2 on a h-BN|Co shows an accumulation of
electrons at the position of MoS2, and an electron depletion at the position of the h-
BN, which reflects an electron transfer from the substrate to MoS2 to equilibrate the
Fermi level, compare Figs 3.5(d) and 3.3(d).

3.5 Conclusions.

We have shown that contacting MoS2 with low work function metals leads to Fermi
level pinning at 0.1-0.3 eV below the conduction band edge. This behavior results
from the interaction at the interface between the metal and the MoS2, creating a
considerable density of interface states just below the MoS2 conduction band. In-
serting a boron nitride (BN) monolayer between the metal and the MoS2 destroys
these interface states, and recovers the unperturbed MoS2 band structure. In addi-
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tion, absorbing h-BN on Co(111) or Ni(111) decreases the metal work function by
close to 2 eV. We predict that contacting MoS2 with h-BN|Co or Ni(111) does not give
a Schottky barrier.
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Ohmic contacts to 2D semiconductors

through van der Waals bonding

∗ High contact resistances have blocked the progress of devices based on MX2 (M = Mo,W; X
= S,Se,Te) 2D semiconductors. Interface states formed at MX2/metal contacts pin the Fermi
level, leading to sizable Schottky barriers for p-type contacts in particular. We show that (i)
one can remove the interface states by covering the metal by a 2D layer, which is van der
Waals-bonded to the MX2 layer, and (ii) one can choose the buffer layer such, that it yields
a p-type contact with a zero Schottky barrier height. We identify possible buffer layers such
as graphene, a monolayer of h-BN, or an oxide layer with a high electron affinity, such as
MoO3. The most elegant solution is a metallic M′X′2 layer with a high work function. A
NbS2 monolayer adsorbed on a metal yields a high work function contact, irrespective of the
metal, which gives a barrierless contact to all MX2 layers.

4.1 Introduction

Layered transition metal dichalcogenides MX2, M = Mo,W, X = S,Se,Te, are widely
explored because of their unique properties and their potential for applications in
electronic devices [21, 132]. MX2 monolayers are direct band gap semiconductors
with band gaps in the range of 1-2 eV, which have appealing electronic and opto-
electronic properties [69, 133]. MX2 layers can be obtained via micro-mechanical
cleaving [68], by chemical vapor deposition (CVD) [134, 135], or even by spin coat-
ing precursor molecules [136]. Important for applications in devices is the ability to
have both electron (n-type) and hole (p-type) transport in these 2D materials. Charge
carrier transport in MX2 field-effect transistors (FETs) is usually dominated by elec-

∗This chapter has been published as: M. Farmanbar and Geert Brocks, Ohmic contacts to 2D semicon-
ductors through van der Waals bonding,Adv. Electron. Mater., 1500405 (2016).
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trons; p-type transport has only been demonstrated in WSe2 [137, 138].
A major challenge for p-type transport is that MX2 forms a large Schottky bar-

rier (SB) for holes with metals commonly used for making electrical contacts. A
standard way to reduce a metal/semiconductor contact resistance is to heavily dope
the semiconductor in the contact region, which effectively decreases the SB width.
Local doping of a 2D semiconductor is however very challenging; so far most tech-
niques used for doping 2D materials, such as substitutional doping [139], adsorbed
molecules [137, 140, 93], or electrolytes [141, 142], have a limited spatial resolution.
Alternatively one tries to decrease the SB height, essentially by covering the metal by
a thin layer to increase its work function. Oxides have shown their potential for p-
type contacts in organic photovoltaics and light-emitting diodes [143, 144], and have
also been tested in MoS2 FETs [145, 146]. Oxides have also been applied succesfully
to reduce the SB height for n-type contacts to MoS2 [82].

Common metals generally give n-type contacts with substantial SB heights, lead-
ing to high contact resistances. Although MX2 monolayers are free of dangling
bonds, nevertheless they interact with low work-function metals to form a density
of interface states with energies inside the MX2 band gap, which is sufficiently large
to pin the Fermi level and cause a sizable SB for electrons [77, 83, 84]. We show that
high work-function metals yield high SBs for holes by a similar mechanism.

We suggest a practical way to solve the p-type contact problem and tune the SB
height by inserting a monolayer of a 2D material between the metal substrate and
the MX2 semiconductor, see figure 4.1. The buffer layer suppresses the metal/MX2

interface states. 2D materials have certain unique properties not found in buffer
layers of 3D materials [68]. As the interlayer bonding is van der Waals, neither the
structure of the 2D buffer layer, nor that of the MX2 semiconductor, is perturbed
significantly by stacking them. The 2D buffer layer need not be lattice matched to
the metal or to the MX2 layer, and the structure of the multilayer will in general
be incommensurate. Van der Waals interface bonding also promises the absence
of interface states. Covering the metal by an adsobant layer such as graphene, a
monolayer of hexagonal boron nitride (h-BN) or T -MoS2, has proved to be beneficial
for making n-type contacts [77, 147]. We show that a 2D buffer layer can be selected
to obtain a zero SB height for holes.

A h-BN monolayer is a buffer layer that can be used for making n-type contacts,
because adsorption of h-BN on a metal decreases its work function by up to 1-2 eV
[78]. For instance, Co/h-BN and Ni/h-BN are predicted to form zero SB height n-
type contacts to MX2 semiconductors, see figure 4.2 [77]. A decrease of the work
function is unfavorable for making p-type contacts. Metal/h-BN gives a p-type con-
tact to MX2 only if the metal work function is sufficiently high, and the MX2 ioniza-
tion potential is sufficiently low. We find a zero SB height for Pt/h-BN, and Au/h-BN
contacts to MoTe2 and a low SB for Pt/h-BN/WSe2, see figure 4.2. Alternatively, one
can use a graphene buffer layer [149, 150], whose behavior is qualitatively similar to
that of a h-BN monolayer.

To make more universely applicable p-type contacts, one needs a buffer layer that
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Figure 4.1: Side view of the metal/buffer/MX2 structure, M = Mo,W, X = S,Se,Te with
possible buffer layers graphene, h-BN, NbS2, and MoO3. Visualization by VESTA
[148].

effectively increases the metal work function. Oxides such as MoO3 are an option.
The MoO3 structure consists of bilayers, making it conceivable to cover a metal with
a single MoO3 bilayer, see figure 4.1. We find that the electron affinity of MoO3 is
sufficiently high to make carrier transport through its conduction band possible, so
that a bilayer of MoO3 does not present a tunnel barrier.

A very interesting option for creating p-type contacts is to use metallic M′X′2
buffer layers, such as NbS2 or TaS2 [151]. Their structure is similar to that of semi-
conducting MX2, they are chemically stable, and have work functions close to 6 eV.
We show that a monolayer NbS2 adsorbed on a metal gives a SB with zero height for
contacts to all MX2. The initital work function of the metal substrate is irrelevant;
Au/NbS2 and Al/NbS2 essentially give the same contact.

4.2 Results and Discussion

4.2.1 Van der Waals bonded contacts

The obvious way to make a p-type contact to a semiconductor is to use a metal with
a high work function. The calculated work function of Pt is 5.91 eV, suggesting that
this metal should give a zero SB to all MX2, except MoS2. In practice this is not true,
as MX2 interacts with Pt to give states at the interface whose energy is within the
band gap of MX2. Initially it was thought that MX2 could escape the formation of
interface gap states (IGS), as, unlike conventional semiconductors such as Si, MX2

has no dangling surface bonds that interact strongly with the metal surface [107].
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Figure 4.2: Middle: calculated valence band maximaEVB and conduction band min-
ima ECB of H-MX2 monolayers (band gaps are given in red), see section 4.4. Left:
work functions of n-type metal/buffer contacts [147, 86, 88, 78, 77]. Right: calculated
work functions of p-type metal/buffer contacts.

Nevertheless, even a relatively weak interaction yields IGS that pin the Fermi level
in the gap, which results in an appreciable SB [77].

As an example, figure 4.3(a) gives the band structure of the Pt(111)/MoTe2 in-
terface. The direct interaction between MoTe2 and the Pt surface perturbs the band
structure of MoTe2 significantly, the valence bands in particular. The perturbation
is accompanied by the formation of IGS inside the MoTe2 band gap, figure 4.3(b),
which pin the Fermi level. The SB height is defined as

Φp = EVB − EF, (4.1)

with EF the Fermi energy, and EVB the energy of the top of the valence band (mea-
sured as distances, i.e., positive numbers, from the vacuum level). The SB to an
electronically perturbed overlayer is of course not extremely well-defined. One can
estimate the SB by aligning the core levels of the adsorbed MoTe2 layer to those of
a free-standing MoTe2 layer, which gives Φp = 0.49 eV. With EVB = 5.04 eV (fig-
ure 4.1) this gives WM|WTe2 = 4.55 eV as the work function of of Pt covered by a
MoTe2 monolayer. As the calculated work function of clean Pt(111) is 5.91 eV, it im-
plies that adsorbing MoTe2 on Pt creates a large potential step at the interface of 1.36
eV.

The changes in the electronic structure of the adsorbed MoTe2 layer are visualized
in figure 4.3(b). Starting from the total density of states (DoS) of the Pt(111)/MoTe2

system, and subtracting the DoS of the clean Pt(111) slab, one can compare the result
to the DoS of a free-standing MoTe2 layer. The comparison shows considerable dif-
ferences in the MoTe2 band gap region, which are direct evidence for the formation
of IGS.
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The pattern of these IGS depends on the particular metal/MX2 combination. We
have however not found an elemental high work function metal that does not give
IGS. For all high work function metal/MX2 contacts we have studied, IGS are formed
that pin the Fermi level and yield a sizable SB. The same problem has emerged pre-
viously for low work function metals and n-type SBs. Introducing a buffer layer can
break the interaction between MX2 and the metal and eliminate the IGS. This layer
must be sufficiently thin, such that it does not form a large barrier for the charge car-
riers. In addition, the interaction between MX2 and the buffer layer must not create
new IGS.

A single atomic layer of graphene or h-BN obeys these criteria. Such a layer
presents only a thin barrier that essentially allows for metallic transport through the
layer [130]. Inserting graphene or a h-BN monolayer between a metal surface and
MX2 disrupts the metal-MX2 chemical interaction, and destroys any metal-induced
IGS. Graphene or h-BN bind to MX2 via van der Waals forces. One does not expect
such an interaction to create new IGS. This is illustrated for Pt(111)/h-BN/MoTe2 in
figures 4.3(c) and (d). Inserting a monolayer of h-BN restores the electronic structure
of MoTe2, where the projected bands are essentially those of free-standing MoTe2.
The DoS of Pt(111)/h-BN/MoTe2 minus that of Pt(111) is essentially identical to the
DoS of a free-standing MoTe2 layer, in particular in the gap region. In other words,
it shows no sign of IGS generated by any h-BN/MoTe2 interaction.

The concept also works if one uses graphene to cover the metal. The interaction
between metal/graphene or metal/h-BN and MX2 is van der Waals, so the electronic
structure of any MX2 is preserved, and IGS are absent. A serious drawback however
is that adsorption of graphene or h-BN generally decreases the metal work function
considerably, e.g., by 0.6-1.1 eV for Pt and Au, see table 4.1. The reduction originates
from a dipole layer that is formed at the metal/graphene or metal/h-BN interface,
where Pauli exchange repulsion gives an dominant contribution [40].

The reduction is partly canceled by a potential step ∆V formed at the graphene/MX2

or h-BN/MX2 interface, see figure 4.4. Although the weak interaction between h-
BN and MX2 does not give IGS, it does lead to an interface potential step, which
originates from the Pauli repulsion between the electrons from the h-BN layer and
those originating from the MX2 layer [40]. As the chalcogenide atoms form the outer
atomic layers in MX2, it is then not surprising that ∆V depends on the chalcogenide
species, but not on the metal species of the central atomic layer, see table 4.1. For
graphene/MX2 and h-BN/MX2 interfaces ∆V is positive toward MX2 i.e., it de-
crease the SB. The steps are actually quite moderate, i.e. in the range 0.2-0.3 eV, see
table 4.1, so they do not cancel out the work function reductions discussed in the
previous paragraph.

One obtains a zero SB height only with graphene- or h-BN-covered metals with
a high work function, such as Pt and Au, in contact with MX2 that has a sufficiently
low ionization potential. The SB height can be calculated from the numbers given in
table 4.1 and figure 4.2

Φp = EVB −W −∆V. (4.2)
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Figure 4.3: (a) Band structure (grey) of the Pt(111)/MoTe2 slab; the bands are colored
red according to the size of a projection of the corresponding wave functions on the
MoTe2 atoms. The zero of energy is set at the Fermi level. (b) Green: total density of
states, DoStot, of the Pt(111)/MoTe2 slab; black: DoStot minus the DoS of the clean
Pt(111) slab, ∆DoS = DoStot − DoSPt; red: the DoS of a free-standing MoTe2 layer,
DoSMoTe2 . The MoTe2 band gap region is indicated in white. (c,d) Band structure
and DoSs of the Pt(111)/h-BN/MoTe2 system.

As by definition Φp ≥ 0, a negative number indicates a zero SB height, Φp = 0. Only
the tellurides MoTe2 and WTe2 satisfy this criterion. WSe2 gives a small SB of 0.10
eV with Pt/h-BN but the other selenide monolayers give appreciable SB heights in
the range 0.2-0.5 eV. The sulfides (not shown in table 4.1) have large SBs with heights
∼ 1 eV.

One can however expect that the situation becomes more favorable for MX2 mul-
tilayers as the band gap of multilayer MX2 is smaller than that of a MX2 monolayer.
For MoS2 it has been argued that the band gap reduction is monotonic in the number
of layers and that it is equally divided into an upward shift of the valence band and
a downward shift of the conduction band [152]. This is likely to hold more generally
for all MX2 compounds. Indeed an explicit calculation of bilayer WSe2 on Pt/h-BN
gives a SB that is zero. It implies that vanishing SBs to multilayer WSe2 are possible
with graphene- or h-BN-covered high work function metals.
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Figure 4.4: Schematic diagram defining the energy parameters used to describe the
interface region in metal/h-BN/MX2 structures, with Evac and EF the vacuum level
and the Fermi level, W and ∆V the work function of metal/h-BN and the potential
step at the h-BN/MX2 interface, EVB and ECB, the top of the MX2 valence band and
the bottom of the conduction band, Eg the band gap, and Φp the SB height for holes.

Adding additional h-BN layers on top of a h-BN/Au or h-BN/Pt substrate does
not change the SB height, as the potential steps formed at the interfaces between the
h-BN layers are negigibly small. By itself h-BN is an insulator forming SBs for holes
with heights 0.9-1.1 eV and 1.1-1.3 eV with Pt and Au, respectively [78]. Therefore,
h-BN acts as a tunnel barrier between Pt or Au and MX2. A single h-BN layer forms
only a thin barrier that is very transparent [130], but the contact resistance is expected
to grow exponentionally with the number of h-BN layers [153].

The principles outlined above can be extended to other buffer layers besides
graphene or h-BN. For instance, adsorbing a single MoS2 layer on a high work func-
tion metal such as Au or Pt reduces its work function by 0.5-0.7 eV. That still leaves
us with a substrate that has a sufficiently high work function to yield p-type contacts
to the tellurides with a zero SB height, and a small to zero SB height to the selenides,
see table 4.1. As the Fermi level for MoS2 adsorbed on Au or Pt is close to the middle
of the MoS2 band gap [77], the MoS2 layer then acts as tunnel barrier between the
metal and the MX2 layer. Because a MoS2 monolayer is thicker than graphene or h-
BN, one expects it to present more of a barrier, and yield a higher contact resistance.

4.2.2 High electron affinity oxide layers

A buffer layer that effectively decreases a metal work function limits the scope for
using it to create p-type contacts. A buffer layer that increases the work function
would be more advantageous, which requires a layer that accepts electrons from the
underlying metal. Oxides such as MoO3 and WO3 are known for their potential as p-
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Table 4.1: Calculated work functions W of metal/graphene, metal/h-BN and
metal/MoS2 substrates; potential steps ∆V at graphene/MX2, h-BN/MX2 and
MoS2/MX2 interfaces; SB heights Φp (eq. 4.2). All values in eV; all MX2 in the H-
structure. The calculated work functions of clean Pt(111) and Au(111) surfaces are
6.04 and 5.58 eV, respectively.

MoSe2 WSe2 MoTe2 WTe2

W ∆V Φp ∆V Φp ∆V Φp ∆V Φp

Pt/Gr 4.86 0.21 0.42 0.21 0.21 0.28 0 0.28 0
Pt/h-BN 5.00 0.18 0.31 0.18 0.10 0.24 0 0.24 0
Pt/MoS2 5.32 0.14 0.03 0.14 0 0.18 0 0.18 0
Au/Gr 4.80 0.21 0.48 0.21 0.27 0.28 0 0.28 0

Au/h-BN 4.88 0.18 0.43 0.18 0.22 0.24 0 0.24 0
Au/MoS2 5.05 0.14 0.30 0.14 0.09 0.18 0 0.18 0

type contacts in organic photovoltaics and light-emitting diodes [143, 144], and have
also been tested in field-effect transistors based upn MX2 [145, 146]. More specifi-
cally, α-MoO3 (the thermodynamically stable phase of MoO3) is a layered material,
which consists of covalently bonded bilayers, see figure 4.1, that are van der Waals
stacked. MoO3 is a large band gap material with an experimental band gap of 3.0
eV. The electron affinity of this material is however an exceptionally high 6.7-6.9 eV
[143, 144]. Therefore, MoO3 is predicted to be an electron acceptor with respect to
common metals.

Adsorbing a MoO3-bilayer on a common metal leads to a transfer of electrons
from the metal to the MoO3, and sets up a dipole layer that effectively increases
the work function, provided that the adsorption process does not destroy the struc-
ture and integrity of the MoO3 overlayer. For instance, the calculated electron work
function of Cu(111)/bilayer-MoO3 is 7.08 eV, as compared to 4.98 eV for the clean
Cu(111) surface. Moreover, the density of states of the MoO3 conduction band is
sufficiently high such as to pin the Fermi level at the bottom of the conduction band,
see figure 4.5.

A MoO3 bilayer has no dangling bonds. A MX2 layer adsorbed on MoO3 is there-
fore likely to be van der Waals-bonded. Indeed from our calculations we find a small
MoO3-MoS2 equilibrium binding energy of 0.17 eV per MoS2 formula unit, and a
large equilibrium bonding distance (between to top layer of oxygen atoms and the
bottom layer of sulfur atoms) of 3.1 Å. The weak MoS2/MoO3 bonding has little
influence on the electronic structure of either layer. Any metal that can be covered
by bilayer-MoO3 without disrupting its structure should then give a work function
W that is sufficiently high to give a zero SB height to all MX2, see figure 4.2. As
W > EVB electrons are transferred from MX2 to MoO3, thereby pinning the Fermi
level at the top of the MX2 valence band, as well as at the bottom of the MoO3 con-
duction band, see figure 4.5.

The MoO3 layer does not act as a tunnel barrier, as transport of charge carriers
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Figure 4.5: Densities of states of Pt(111) (left), bilayer-MoO3 (middle), and MoS2

(right). In a Pt/bilayer-MoO3/MoS2 multilayer the Fermi level EF is pinned at the
bottom of the MoO3 conduction band ECB and at the top of the MoS2 valence band
EVB.

takes place through the conduction band of the oxide. If one adds additional MoO3

layers, one expects that for thicknesses below the mean free path of the charge car-
riers the characteristics for injection from the metal into the MX2 layer remain the
same. The contact resistance does increase for thicker MoO3 layers, however, as
charge carrier mobilities in oxide layers are typically substantially smaller than in
metals [145].

In principle any oxide that has a layered structure can be used this way. One can
cover a metal with an oxide monolayer; if the oxide layer bonds to MX2 through van
der Waals interactions, and if its electron affinity is sufficiently high, it should give
a p-type contact. In contrast to graphene or h-BN, the metal species is not very im-
portant, as the conduction band of the oxide pins the Fermi level. Besides MoO3, for
instance V2O5 has a layered structure and a high electron affinity of up to 7 eV [143].
A drawback of using such oxide layers are that they are strong oxidizing agents,
which can react with molecules in the environment, or with the metal electrodes.
For instance, the Cu/MoO3 interface is metastable and oxidized Cu ions can dif-
fuse into MoO3 [143]. Other metal/MoO3 interfaces, such as Au/MoO3, are stable,
however.
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4.2.3 Metallic M′X′
2 buffer layers

A buffer with a high electron affinity that is less reactive than an oxide would be
very convenient. Metallic M′X′2, M′ = V,Nb,Ta, X′ = S,Se compounds have a
layered hexagonal structure similar to that of semiconducting MX2. The latter com-
pounds contain a group VI transition metal M, whereas the former compounds con-
tain a group V transition metal M′. The electronic structure of these two compound
groups is basically similar, but in MX2 the topmost valence band is completely filled,
whereas in M′X′2 it is only half-filled because M′ has one electron less than M [151].
This makes the M′X′2 compounds metallic with a relatively high work function. For
example, NbS2 and TaS2 monolayers have calculated work functions of 6.22 and 6.12,
respectively.

Most common metals have a lower work function. If they are covered by a M′X′2
monolayer, electrons are transferred from the metal to the M′X′2 layer, effectively
increasing the work function, as in the case of an MoO3 overlayer. As the density of
states at the Fermi level of M′X′2 is high, the transferred electrons will hardly modify
the Fermi level, which is therefore effectively pinned by the M′X′2 layer. For instance,
the Au(111) and Al(111) surfaces have calculated work functions of 5.58 and 4.24 eV,
respectively. Adsorbing a NbS2 monolayer gives work functions of Au/NbS2 and
Al/NbS2 surfaces of 6.11 and 6.06 eV, respectively. In other words, the work function
differs by . 0.15 eV from that of a free-standing NbS2 monolayer, irrespective of the
metal substrate.

This remarkable property make metallic M′X′2 compounds viable buffer layers
for making p-doped contacts to MX2 semiconductors. We envision that M′X′2 layers
can be deposited on a metal substrate in a similar way as MX2 layers. A MX2 layer
can then be deposited on M′X′2 by van der Waals epitaxy, for instance [134, 135]. The
interaction at the M′X′2/MX2 interface is van der Waals, which hardly perturbs the
electronic structure of either layer. The potential step at the M′X′2/MX2 interface,
∆V ≈ 0.1 eV, is small and hardly affects the M′X′2 work function.

Figure 4.6 shows the calculated band structure of the Au(111)/NbS2/WSe2 mul-
tilayer. It illustrates the perfect p-type contact formed in this case, with the Fermi
level coinciding with the top of the WSe2 valence band. At the same time the Fermi
cuts the valence band of NbS2, confirming that it acts as a conducting layer. Indeed,
the local DoS calculated at the Fermi energy shows a state that is delocalized over
the whole multilayer, see figure 4.6. We expect that similar p-type contacts can be
formed with other MX2 layers using NbS2 or TaS2 monolayers as a buffer.

Adding additional NbS2 or TaS2 layers, the charge carrier injection into MX2

should remain the same as long as the thickness of the buffer layers is below the
mean free path of the charge carriers. For thicker layers the contact resistance starts
to depend on the thickness of the buffer layers.
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Figure 4.6: (a,b) Band structure of Au(111)/NbS2/WSe2. The red and blue colors
indicate projections of the wave functions on the WSe2 and the NbS2 atoms, re-
spectively. The zero of energy is set at the Fermi level. (c) Local density of states
calculated in an energy interval of 0.1 eV around the Fermi level.

4.3 Conclusions

We propose a particular technique to construct p-type contacts with zero SB heights
to MX2 (M = Mo,W; X = S,Se,Te) 2D semiconductors. Using first-principles DFT cal-
culations we show that a direct metal/MX2 interaction leads to interface states that
pin the Fermi level in the MX2 band gap, giving a sizable SB. Inserting a well-chosen
buffer layer between the metal surface and the MX2 layer breaks this interaction,
and unpins the Fermi level, if MX2 is bonded to the buffer layer with van der Waals
forces.

A monolayer of h-BN or graphene constitute only a thin barrier for transport.
Adsorbing h-BN on a high work function metal such as Pt or Au, gives a zero SB
height for contacts to the MX2 tellurides, a low SB to WSe2, and zero SB heights
for contacts to telluride and selenide multilayers. Adsorbing graphene works in a
similar way, but is somewhat less effective in reducing SBs. To obtain p-type contacts
one has to combine these layers with high work function metals, as adsorption of h-
BN or graphene substantially reduces the work function of the metal substrate.
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Alternatively one can use a buffer layer of an oxide with a high electron affinity.
By explicit calculations on metal/MoO3 we show that adsorbing a bilayer of MoO3

gives a zero SB height for contacts to all MX2. The metal substrate is relatively unim-
portant here, as the Fermi level is pinned at the MoO3 conduction band, which also
ensures that bilayer-MoO3 does not act as a tunnel barrier to MX2. Bilayer-MoO3

binds to MX2 layers via van der Waals interactions, consistent with the principal
idea of this paper.

Strong oxididants such as MoO3 might suffer from chemical instability. The most
elegant solution for the p-type contact problem is using a metallic M′X′2 (M = Nb,Ta;
X = S) monolayer as a buffer. These compounds are stable and have a high work
function. Adsorbed on a metal substrate they yield a high work function contact,
which gives a zero SB height to all MX2 monolayers. The metal substrate is of lit-
tle importance, as the Fermi level is pinned by the M′X′2 layer. MX2 forms a van
der Waals bonded contact to M′X′2, and the states formed at the Fermi level extend
throughout the whole metal/M′X′2/MX2 multilayer.

4.4 Computational section

We perform first-principles density functional theory (DFT) calculations using the
VASP code and the projector augmented wave (PAW) datasets from the VASP database
[44, 45, 46, 47]. For the computational set-up and the choice of computational param-
eters (unit cell, k-point sampling, etc.) we follow Refs. [77] and [154].

Obviously different 2D materials have different in-plane lattice constants. Van
der Waals stacking of 2D materials then generally leads to incommensurable struc-
tures, which are observed experimentally in the form of moiré patterns. In elec-
tronic structure calculations one is forced to approximate these by commensurable
structures, which introduces an artificial strain. As the MX2 electronic structure is
very sensitive to strain, we keep the in-plane lattice constant of MX2 at its optimized
value, adapting the lattice constant of the metal surfaces and the buffer layers ac-
cordingly. The supercells defining the commensurable structures are constructed
such that the lattice mismatches between the different layers are minimal, following
the technique explained in Ref. [154]. As an example, a (2×2) MoTe2 cell on top of
(3×3) h-BN on (

√
7×
√

7) Pt gives lattice mismatches of 6 and 4% in the h-BN and Pt
lattices respectively.

Van der Waals interactions are vital to descibe the bonding between the layers.
Here we use the van der Waals density functional opt86b-vdW-DF [63, 64, 65]. The
optimized lattice parameters a of MX2 monolayers are in good agreement with the
experimental lattice parameters of the bulk hexagonal structures, see table 4.2. (The
experimental structure of WTe2 is not hexagonal [161]; it has been added for com-
pleteness reasons.) Also in table 4.2 are listed the calculated monolayer band gaps
Eg . DFT calculations usually severely underestimate band gaps, but for MX2 mono-
layers the differences are tolerable, if one compares to the measured optical gaps
Eexp

opt of the monolayers, see table 4.2.
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Table 4.2: Optimized in-plane lattice constant a(Å) and calculated band gap Eg(eV)
of the H-MX2 monolayers. All calculated values are obtained using opt86b-vdw-DF.

MoS2 MoSe2 MoTe2 WS2 WSe2 WTe2 NbS2

a 3.16 3.29 3.52 3.16 3.29 3.52 3.31
a

a)
exp 3.16 3.30 3.52 3.15 3.28 — 3.31
Eg 1.76 1.50 1.13 1.89 1.62 1.13 —
Eexp

opt 1.86b),c),d) 1.63d),e) 1.10f) 1.99g) 1.65b) — —
a) Refs. [155, 156, 157], b) Ref. [158], c), Ref. [25] d) Ref. [114], e) Ref. [115], f)

Ref. [159], g) Ref. [160].

Such a comparison is not entirely fair, as Eg −Eexp
opt is the exciton binding energy.

The latter depends strongly on the environment of the exciton, and decreases if the
electrodynamic screening by the environment increases [116]. Values of the exciton
binding energy between zero [25, 162], and 0.5 eV [115, 158] have been reported. In
our case one expects the screening to be strong as the MX2 layers are close to a metal
substrate, and we speculate the exciton binding energy to be relatively small.

Comparing to previous calculations, one observes that the opt86b-vdw-DF func-
tional gives an improvement over the GGA/PBE functional regarding optimized
lattice constants and band gaps of MX2 [163]. The opt86b-vdw-DF lattice constants
are close to the HSE06 values, and the band gaps are in between the GGA/PBE and
HSE06 values. Concerning the absolute positions of the energy levels, the valence
band maxima EVB calculated with opt86b-vdw-DF (figure 4.1) and HSE06 [163] are
generally with ∼ 0.15 eV of one another. It is difficult to compare these values to
experimental data. Note however that the experimentally determined valence band
offset of 0.83 eV between MoS2 and WSe2 [158], is in excellent agreement with the
0.83 eV derived from the numbers in figure 4.1.
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5
Green’s function approach to edge

states in transition metal
dichalcogenides

Two-dimensional semiconductors such as transition metal dichalcogenides often show an
abundance of one-dimensional metallic edges and grain boundaries. Standard techniques
for calculating edge states typically model nanoribbons, and require the use of large super-
cells. In this paper we formulate a Green’s function technique for calculating edge states of
(semi-)infinite two-dimensional systems with a single well-defined edge or grain boundary.
We express Green’s functions in terms of Bloch matrices, constructed from the solutions of
a quadratic eigenvalue equation. The technique can be applied to any localized basis repre-
sentation of the Hamiltonian. Here we use it to calculate edge states of MX2 monolayers by
means of tight-binding models. Besides the basic zigzag and armchair edges, we study edges
with a more general orientation, structurally modifed edges, and grain boundaries.

5.1 Introduction

In the wake of graphene a whole new class has emerged of materials that are essen-
tially two-dimensional (2D) in nature [4, 164]. The subset of materials with honeycomb-
like structures alone contains metals such as graphene, insulators such as boron
nitride (h-BN), and semiconductors such as the transition metal dichalcogenides
(MX2; M = Mo,W, X = S,Se,Te) [21, 68]. It becomes more and more feasible to grow
nanostructures and in-plane heterostructures of 2D materials in a controlled way
[165, 166, 167, 168, 169, 170, 171]. As a result the electronic structure of edges and
grain boundaries attracts increasing attention.

Graphene edges, for instance, are predicted to have remarkable one-dimensional
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electronic and magnetic properties [172, 173]. The edges and grain boundaries of
MX2 sheets are generally metallic [170, 174, 175, 176, 177, 178, 179, 180]. As the
bulk 2D MX2 materials are semiconducting, the metallicity is truly localized at the
edge or grain boundary, giving access to one-dimensional (1D) physics. In chem-
istry MoS2 edges have been identified as sites that show a special catalytic activity
[174, 176, 181]. Such experimental developments have motivated a large number of
calculations on the electronic structure of edge states, both first-principles calcula-
tions, as well as model calculations.

The electronic structure of graphene edges in particular have been studied ex-
tensively. As graphene has a relatively simple electronic structure, some features
of the edge states in graphene can be studied by analytical or simple numerical
techniques [182, 183, 184]. The edges of MoS2 have also attracted special attention
[174, 175, 176, 177, 178, 185, 186, 179, 187, 188, 94, 189, 180, 190, 191, 192]. Here the
complexity of the electronic structure requires more extensive calculations, even for
relatively simple modeling at the tight-binding level. A standard technique for cal-
culating edge states uses supercells to model nanoribbons of a finite width. Draw-
backs of this approach are that the electronic structure of the edge states is mixed
in with that of the bulk-like interior of the nanoribbon, and that the two edges of
the nanoribbon can interact electronically. The ribbon has therefore to be sufficiently
wide in order to electronically separate the two edges from one another and from the
bulk. It requires the use of large supercells, which in particular if the materials are
modeled from first principles, leads to time-consuming calculations and analysis of
the results.

Green’s function techniques constitute an alternative approach. They enable cal-
culations on semi-infinite structures with a single well-defined edge or infinite struc-
tures around a grain boundary, and they generally do not require the use of large
supercells. Green’s function techniques have been formulated and explored for cal-
culations of surface states of 3D materials [193, 194, 195, 196, 197]. Here we formulate
a special Green’s function technique for calculating edge and grain boundary states.
This technique is inspired by the Green’s function formalism that has been intro-
duced for calculating electronic transport through nanostructures [198, 199, 200, 201,
202].

We express both edge Green’s functions and bulk Green’s functions in terms of
Bloch matrices, which are constructed from the eigenvalues and eigenfunctions of a
quadratic eigenvalue problem [198, 199, 200, 203, 201, 202]. Structural and chemi-
cal modifications at the edges and grain boundaries are then tackled by connecting
the modified edges to semi-infinite bulk structures. The method allows for a clean
separation of edge and bulk properties at a moderate computational cost.

Our Green’s function approach requires a representation of the Hamiltonian on
a localized basis, such as atomic orbitals or Wannier functions, or a real space grid.
It can be applied to tight-binding, as well as first-principles models. In this paper
we illustrate its use on tight-binding models for MX2 monolayers, MoS2 in partic-
ular. We apply the approach to the three-band model for the simplified electronic
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structure of MoS2, developed by Mattheis [151] and Liu et al. [204]. We study the
electronic structures of the elementary (zigzag, armchair) MoS2 edges, and of edges
of a more general orientation. We illustrate the effect on the electronic structure of
edge modifications and of the formation of grain boundaries. For comparison we
also study edges within an eleven-band model comprising all MoS2 valence orbitals,
developed by Rostami et al. [205] and in the present paper.

The paper is organized as follows. In Sec. 5.2.1 we formulate the technique of
calculating Green’s functions by Bloch matrices. How to apply this technique to
MX2 edges and grain boundaries is described in Sec. 5.2.2. The specific tight-binding
models are discussed in Sec. 5.2.3, and appendices A.1 and A.2. We discuss results
obtained with these models for MX2 edges and grain boundaries in Secs. 5.3.1 and
5.3.2.

5.2 Theory

5.2.1 Green’s functions

We divide the 2D layers into 1D strips, see Fig. 5.1 [195]. Assuming translational
symmetry with period a along the strip, the Hamiltonian matrix can be labeled by
a Bloch wave number −πa < k ≤ π

a . For clarity of notation we suppress the label k
in the following. The thickness of the strips is chosen such that a direct interaction
exists between neighboring strips only. We label the strips by an index i, and divide
the Hamiltonian matrix into blocks Hi,j , with an i, j = −∞, . . . ,∞ for an inifinite
system. Having only nearest neighbor interactions between strips means that the
Hamiltonian matrix is block tridiagonal, i.e., Hi,j = 0; j 6= i, i ± 1. For a unit cell in
the strip containing N orbitals, all these matrix blocks are N ×N .

The columns of the retarded Green’s function matrix blocks Gi,j obey

−Hi,i−1Gi−1,j +
(
E+I−Hi,i

)
Gi,j −Hi,i+1Gi+1,j = Iδij , (5.1)

where I is the N ×N identity matrix, and E+ = E+ iη with η the usual infinitesimal
positive real number. Note that we assume a representation based upon an orthogo-
nal basis set. We are foremost interested in the layer resolved density of states, given
by the usual expression ni = −π−1ImTrGi,i. Obviously, besides on the Bloch wave
number k, the Green’s function matrix also depends on the energy E. Again for ease
of notation we often omit both these labels in the following.

In an infinite system with translational symmetry between the layers, the strips
are identical, and Eq. 5.1 then becomes

−BGi−1,j +
(
E+I−H

)
Gi,j −B†Gi+1,j = Iδij , (5.2)

with B = Hi,i−1, H = Hi,i, and B† = Hi,i+1 for i = −∞, . . . ,∞, see Fig. 5.1. For
a left semi-infinite system with i = −∞ to i = 0, the equations remain the same,
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Figure 5.1: (Color online) A 2D layer is divided in 1D strips. Translation symmetry
along the strips gives the Bloch wave number k. Translation symmetry between
the strips results in identical on-strip Hamiltonian matrix blocks H(k) and hopping
matrix blocks B(k).

except for the i = 0 equation, which becomes

−BGL
−1,j +

(
E+I−H

)
GL

0,j = Iδ0j . (5.3)

In surface science the matrix block gL = GL
0,0 is called the surface Green’s function.

In the context of 2D structures we call it the edge Green’s function.

In a similar way, for a right semi-infinite system with i = 0,∞, only the equation
for i = 0 is different from the bulk equation, Eq. 5.2(

E+I−H
)
GR

0,j −B†GR
1,j = Iδ0j , (5.4)

with the matrix block gR = GR
0,0 the edge Green’s function. Note that if the 2D layer

has no two-fold symmetry, such as inversion, a mirror plane perpendicular to the 2D
layer, or a two-fold rotation axis perpendicular to the 2D layer, then gR 6= gL, i.e., a
right edge is different from a left edge.

The density of states of the edge strip of a left/right semi-infinite system is given
by

n
(S)
L/R =

N∑
α=1

nα; nα = −π−1Im
[
gL/R

]
α,α

, (5.5)

where nα is the density of states projected on a single orbital α.

Partitioning the infinite system into a right and a left semi-infinite halve, the on-
strip matrix blocks of the Green’s function of the infinite system can be expressed
as

Gi,i =
[
g−1
L −B†gRB

]−1
. (5.6)
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Eigenmodes and Bloch matrices

We will express the Green’s function matrices of (semi)infinite systems in terms of
Bloch matrices [198]. Equation 5.2 for i 6= j is the same as the Schrödinger equation
in tight-binding representation

−Bci−1 + (EI−H) ci −B†ci+1 = 0, (5.7)

where ci is the N -dimensional vector of orbital coefficients of the wave function on
strip i. With translational symmetry between the strips, the elementary solution is
a Bloch wave, and ci+1 = λci, with λ a complex constant. For an inifinite system
this holds for all i, and for a left (right) semi-infinite system for i < 0 (i > 0). Using
this relation as an ansatz in Eq. 5.7 gives a quadratic eigenvalue equation in λ of
dimension N .

A(λ)u = 0; A(λ) = −B + λ (EI−H)− λ2B†. (5.8)

As A(λ) = λ2A†(1/λ∗), if λ is a root of det A(λ), then so is 1/λ∗. Numerically, the
solutions are usually found by solving an equivalent linear generalized eigenvalue
equation of dimension 2N [203],[(

I 0

EI−H −B

)
− λ

(
0 I

B† 0

)]
z = 0, (5.9)

which resembles the eigenvalue equation for the transfer matrix [195, 196, 206, 207,
208, 209].

The maximally 2N solutions of this equation can be divided into two classes, i.e.
right-going modes and left-going modes, labeled respectively by + and − super-
scripts in the following. Right-going modes are either evanescent waves that decay
to the right, |λ+

n | < 1, or waves that travel to the right, meaning |λ+
n | = 1 and a pos-

itive group velocity. Left-going modes either decay to the left, |λ−n | > 1, or travel to
the left, |λ−n | = 1 with negative group velocity. With un the eigenvector belonging to
the eigenvalue λn in Eq. 5.9, the group velocity is given by [200]

vn = −2a

~
Im
[
λnu†nB†un

]
, (5.10)

Only for traveling waves is the group velocity non-zero.

We divide the eigenvectors into a set ofN+ right-going modes u+
n and a set ofN−

left-going modes u−n . The evanescent waves always come in pairs of a right-going
and a left-going mode, i.e., if λ+

n is the eigenvalue of a right-going mode, then λ−n =

1/(λ+
n )∗ gives a left-going solution. Traveling waves do not necessarily come in such

pairs, and the numbers of right- and left-going traveling waves may be different.
Neither right-going modes or left-going modes necessarily form a complete set in
N -dimensional space, nor are they an orthogonal set in general.
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One can use these two sets of modes to form the two N ×N± matrices

U± =
(
u±1 ,u

±
1 , . . . ,u

±
N±

)
, (5.11)

and construct the two Bloch matrices

F± = U±Λ±Ũ±, (5.12)

where Λ± are the N± ×N± diagonal matrices with the eigenvalues λ±n on the diag-
onal, and Ũ± are the N±×N (pseudo)inverses of U±.[210] The Bloch matrices have
the convenient property (

F±
)p

= U±
(
Λ±
)p

Ũ±, (5.13)

for any integer p, as Ũ±U± = IM± , the M± ×M± identity matrix, with M± ≤ N±.
It follows that

ci =
(
F+
)i

c+
0 +

(
F−
)i

c−0 , (5.14)

satisfies the tight-binding equation, Eq. 5.7, where c±0 set the boundary conditions in
strip number 0. We assume that all relevant solutions can be expressed this way.

Green’s functions in terms of Bloch matrices

The general expression of Eq. 5.14 also applies to the columns of the Green’s function
matrices, compare Eqs. 5.2 and 5.7. The boundary conditions require that a retarded
Green’s function comprises traveling waves moving outwards from its point source
and/or evanescent waves decaying away from the source. For left and right semi-
infinite systems this gives

GL
i,0 =

(
F−
)i

gL, i < 0, (5.15)

GR
i,0 =

(
F+
)i

gR, i > 0. (5.16)

Using Eq. 5.15 in Eqs. 5.2 and 5.3 then leads to[
−B

(
F−
)−1

+ E+I−H
]

gL = I, (5.17)[
−B

(
F−
)−1

+ E+I−H−B†F−
] (

F−
)−1

gL = 0.

Solving these two equations gives the edge Green’s function of a left semi-infinite
system as

gL =
[
B†F−

]−1
, (5.18)

where the inversion should be treated as a pseudoinversion if B† is singular.[210]
Using Eq. 5.16 in Eqs. 5.2 and 5.4 gives the edge Green’s function of a right semi-
infinite system

gR =
[
B
(
F+
)−1
]−1

. (5.19)
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Finally, using Eq. 5.6 gives the on-strip Green’s function matrix block of an infinite
system

Gi,i =
[
B†F− −B†F+

]−1
. (5.20)

Ideal edge states

One cannot have traveling Bloch waves for energies in the band gap of a semicon-
ductor. In semi-infite systems one can however have solutions in the form of evanes-
cent states that originate from the edge of the system. One can find the energies of
these edge states from the edge Green’s functions, Eqs. 5.18 and 5.19, which have iso-
lated poles at these energies. Obviously in numerical calculations one has to work at
complex energies E + iη to avoid these poles, but η can be chosen small.

Alternatively, edge states can be obtained from the solutions of the eigenvalue
problem, Eq. 5.8, solved at real energies E [195, 208, 211, 212]. As edge states should
decay away from the edge, only the u−n modes can contribute to an edge state for
a left semi-infinite system, and only the u+

n modes for a right semi-infinite system.
An edge state of a left semi-infinite system has amplitude zero beyond the edge of
that system, i.e., c1 = F−c−0 = 0 (Eq. 5.14). This means rank(F−) < N−, the number
of left-going solutions of Eq. 5.8. Because rank(F−) = rank(U−), see Eq. 5.12 with
rank(Λ−) = N− and rank(U−) = rank(Ũ−), a necessary and sufficient condition
for the existence of an edge state is that the eigenmodes u−n are linearly dependent.
A similar reasoning holds for the edge states of a right semi-infinite system. The
number of edge states at a particular energy E and wave number k of a left/right
semi-infinite system is then given by NL/R

e = N−/+ − rank(U−/+).

Ideal grain boundaries

A model for an ideal grain boundary is shown in Fig. 5.2. Space is divided into
two parts with B′ the hopping matrix block connecting the left and right halves. We
assume that the on-strip Hamiltonian matrix blocks of all the strips in the left half are
given by HL right up to the boundary, and that the hopping matrix blocks between
all nearest neighbor strips in the left part are given by BL. The corresponding matrix
blocks for the right half are HR and BR, respectively. The Green’s function matrix
blocks gIL and gIR pertaining to the two strips just left and right of the grain boundary
interface can be derived like Eq. 5.6

gIL =
[
g−1
L −B′

†
gRB′

]−1

, (5.21)

gIR =
[
g−1
R −B′gLB′

†
]−1

, (5.22)

where gL and gR are the edge Green functions of the left and right semi-infinite
systems, respectively. With Eqs. 5.18 and 5.19 one can express the interface Green’s

69



5

5.2. THEORY

Figure 5.2: (Color online) Grain boundary between a left semi-infinite system with
on-strip Hamiltonian matrix blocks HL(k) and hopping matrix blocks BL(k) and
a right semi-infinite system with matrix blocks HR(k) and BR(k). The coupling
between left and right parts is given by the hopping matrix block B′(k).

functions in terms of Bloch matrices

gIL =
[
B†LF−L −B′(BR(F+

R)−1)−1B′
†
]−1

, (5.23)

gIR =
[
BR(F+

R)−1 −B′(BLF−L )−1B′
†
]−1

. (5.24)

Modified edges

So far we have assumed that all layers are identical right up to an edge or grain
boundary. The formation of an edge or boundary often involves an electronic and a
structural reconstruction, which makes the Hamiltonian matrix blocks of the strips
adjacent to an edge or grain boundary different from those of the bulk strips.

We illustrate this on a left semi-infinite system with an edge layer (i = 0) that is
different from the bulk. The tight-binding equations for the two layers closest to the
edge are

−Bc−2 + (EI−H) c−1 −B′
†
c0 = 0

−B′c−1 + (EI−H′) c0 = 0, (5.25)

where H′ 6= H is the on-site Hamiltonian of the edge layer, and B′ 6= B is the
coupling of this layer to the rest of the system, see Fig. 5.3. Using c−2 = (F−)−1c−1,
see Eqs. 5.14 and 5.15, transforms Eq. 5.25 into(

EI−H−B(F−)−1 −B′
†

−B′ EI−H′

)(
c−1

c0

)
=

(
0

0

)
. (5.26)
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Figure 5.3: (Color online) Left semi-infinite system with a modified edge. H(k) and
B(k) are the matrix blocks of the unperturbed system; H′(k) and B′(k) are the matrix
blocks of the perturbed edge strip.

In the terminology used in non-equilibrium Green’s function (NEGF) transport cal-
culations, the term ΣL(E) ≡ B(F−)−1 is called the self-energy of the left lead [200].
The Green’s function matrix blocks pertaining to the two layers closest to the edge
are then given by

GL =

(
EI−H−B(F−)−1 −B′

†

−B′ EI−H′

)−1

. (5.27)

The Green’s function gives the density of states in the usual way, cf. Eq. 5.5. The
density of states is zero for energies inside the band gap, except for isolated poles
at particular energies, which represent the edge states of the modified edges. This
formalism can be adapted in an obvious way to model modified edges of right semi-
infinite systems, or grain boundaries where the strips left and right of the interface
are modified.

Charge neutrality level

Experimentally the Fermi level in MX2 compounds is often determined by uninten-
tional doping due to defects [146, 213, 214]. In addition, as MX2 compounds are
polar materials, an internal electric field is created if a crystallite is terminated by
polar edges [41, 215]. Such an electric field can cause a long range charge transfer
between different edges, even if the bulk material does not contain any impurities.
The position of the Fermi level can then become dependent on the size and the shape
of the sample, which makes the intrinsic Fermi level an ill-defined quantity.

Each edge or grain boundary has a well-defined energy level at which that edge
or grain boundary is electrically neutral, the charge neutrality level (CNL). We use
the CNL as a reference point in the following. The charge neutrality level ECNL is
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defined as the energy at which

N(ECNL) = Nstrip, (5.28)

where Nstrip is the number of electrons that makes the strip neutral, and N(E) is the
electron counting function

N(E) =

∫ E

−∞
n(E′)dE′, (5.29)

with n(E) is the k-integrated density of states

n(E) =
a

2π

∫ π
a

−πa
n(E, k)dk. (5.30)

The k-resolved density of states n(E, k) can be obtained from Eq. 5.5 for edge strips,
and a similar expression for a bulk strip.

5.2.2 MX2 edges

The hexagonal lattice of MX2 is shown in Fig. 5.4. We specify an edge starting from
a supercell spanned by vectors T1 and T2. This supercell is used to define a semi-
infinite system, choosing one of the vectors as the translation vector parallel to the
edge.

Zigzag and armchair edges

Similar to graphene the basic-type edges of the MX2 lattice are the zigzag and arm-
chair edges as defined in Fig. 5.4. A zigzag edge is defined by T1 = a1 and T2 = a2,
with T2 as the vector parallel to the edge. The matrix blocks discussed in section 5.2.1
become

H = H0,0 + H0,1e
i2πk + H0−1e

−i2πk, (5.31)

B = H−1,0 + H−1,−1e
−i2πk, (5.32)

where Hp,q denotes the real space Hamiltonian matrix block that describes the in-
teraction between atoms in the unit cell situated at the origin and atoms in the unit
cell situated at pa1 + qa2. The matrix elements of Hp,q depend on the specific tight-
binding model that is used to represent the electronic structure of MX2. They are
given in the appendices.

Note that by solving the quadratic eigenvalue equation, Eqs. 5.8 and 5.9, one has
simultaneous access to the Green’s functions of both the edges of a right and a left
semi-infinite system via Eqs. 5.18 and 5.19. Unlike graphene the MX2 monolayer
lacks inversion symmetry, which means that the zigzag edge termination of a right
semi-infinite system is different from that of a left semi-infinite system, see Fig. 5.4.
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Figure 5.4: (Color online) Top view of the MX2 lattice with M and X atoms in purple
and yellow, respectively. The lattice vectors a1 and a2 are indicated by arrows. The
M and X zigzag edges runs parallel to a2 and are the edges of right and left semi-
infinite systems, respectively. The armchair edge runs parallel to 2a1 + a2.

The zigzag edge of a right semi-infinite system is terminated by metal atoms. We
call this the M-edge, consistent with previous studies on MoS2, where it is called the
Mo-edge [174, 175, 176]. The zigzag edge of a left semi-infinite system is then called
the X-edge, as it is terminated by chalcogen atoms. In previous studies on MoS2, it
has been called the S-edge.

An edge in armchair orientationcan be constructed from T1 = 2a1 +a2 and T2 =

a2 with T1 the translation vector parallel to the edge, see Fig. 5.4. The corresponding
supercell is twice as large as the unit cell, so the dimension of the matrix blocks
defining the edge are twice the dimension of the blocks defining the zigzag edge.

H =

(
H0,0 H1,1 + H−1,0e

−i2πk

H1,0e
i2πk + H−1,−1 H0,0

)
, (5.33)

B =

(
H0,−1 H1,0 + H−1,−1e

−i2πk

0 H0,−1

)
. (5.34)

Note that the termination at the edge is controlled by the contents of the cell used to
define the primitive vectors a1,a2. In particular, the cell defined in Fig. 5.4 does not
lead to a pristine armchair edge, but one with additional M or X atoms attached to
the edge. It is straightforward to remove these atoms and by applying the technique
outlined in Sec. 5.2.1 obtain the electronic structure of a pristine armchair edge.
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Figure 5.5: (Color online) Left: generalized zigzag edge parallel to T1 = 3(a1 +a2) +
(2a1 +a2). Right: generalized armchair edge parallel to T1 = (a1 +a2)+2(2a1 +a2).

General edges

Edges with a somewhat more general orientation are defined by the supercell

T1 = m (a1 + a2) + n (2a1 + a2) ; T2 = a2, (5.35)

with T1 the translation vector parallel to the edge. It is defined as m zigzag vectors
plus n armchair vectors, see Fig. 5.5. The angle with the direction of a2 is given by

θ = arccos

( 1
2m√

m2 + 3mn+ 3n2

)
. (5.36)

Because of the symmetry of the lattice one only has to cover the 30o angle between a
zigzag orientation m = 1, n = 0, θ = 60o, and an armchair orientation m = 0, n = 1,
θ = 90o. Left and right edges (M-type and X-type edges) are then obtained by using
T2 = a2 and T2 = −a2, respectively.

A series of edge orientations is obtained by setting n = 1 and varying m, where
the translation vector along the edge is the sum ofm zigzag vectors and one armchair
vector. We call this a generalized zigzag edge, see Fig. 5.5. The supercell defined by
the lattice vectors, Eq. 5.35, contains m + 2 unit cells. For instance, values m =

1, 2 give angles θ = 79.1o, 70.9o, respectively. The construction of the Hamiltonian
matrix blocks defining the edge is straightforward. As an example, the Hamiltonian
matrix blocks for m = 2, n = 1 are

H =


H0,0 H1,1 0 H−1,0e

−i2πk

H−1,−1 H0,0 H1,1 0

0 H−1,−1 H0,0 H1,1

H1,0e
i2πk 0 H−1,−1 H0,0

 , (5.37)
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B =


H0−1 H1,0 0 H−1,−1e

−i2πk

0 H0,−1 H1,0 0

0 0 H0,−1 H1,0

0 0 0 H0,−1

 . (5.38)

To generate edges with an orientation closer to the armchair edge (θ = 90o) one
can use the series with m = 1 and vary n. The translation vector parallel to the
edge is then the sum of one zigzag vector and n armchair vectors, which we call
a generalized armchair edge, see Fig. 5.5. The supercell then contains 2n + 1 unit
cells. As an example, m = 1, n = 3 gives θ = 85.3o. The edge termination can
be controlled by adding and removing atoms at the edge, and apply the technique
outlined in Sec. 5.2.1.

5.2.3 Tight-binding models

We consider tight-binding models with spin degeneracy, i.e., we neglect spin-orbit
coupling. The main contributions to the valence and conduction bands of MX2

around the band gap come from the valence d-shell of the M atom and the p-shell
of the X atoms. A minimal basis set then comprises eleven orbitals: five metal d-
orbitals, and six p-orbitals of the two chalcogen atoms [104]. Monolayer MX2 has
D3h point-group symmetry. The trigonal prismatic coordination of the metal atom
splits the d-states into three groups: A

′

1{d3z2−r2}, E
′{dxy, dx2−y2}, and E

′′{dxz, dyz}.
The six p-orbitals of the two chalcogen atoms split into the groupsA

′

1{p−z = pz(X1)−
pz(X2)},E′{p+

x = px(X1)+px(X2), p+
y = py(X1)+py(X2)},A′′2{p+

z = pz(X1)+pz(X2)}
andE

′′{p−x = px(X1)−px(X2), p−y = py(X1)−py(X2)}. Mirror symmetry in the plane
of the metal atoms, σh, allows for hybridization between orbitals that are even with
respect to σh, i.e., A

′

1 and E
′

orbitals, or between orbitals that are odd, i.e., A
′′

2 and
E
′′

orbitals.
The set of orbitals with even symmetry thus comprises the six orbitals d3z2−r2 ,

dxy , dx2−y2 , p−z , p+
x , and p+

y , and the set with odd symmetry the five orbitals dxz , dyz ,
p+
z , p−x , and p−y . As the even/odd symmetry is conserved for the edges and grain

boundaries considered in this paper, all corresponding Hamiltonian matrices are
blocked, and the even/odd solutions can be obtained separately. The matrix blocks
Hp,q required for constructing the Hamiltonian matrices of Sec. 5.2.2, are given in ap-
pendix A.2. The values of the tight-binding parameters have been obtained by fitting
the bulk band structure to bands obtained from density functional theory (DFT) cal-
culations with the generalized gradient approximation (GGA/PBE) functional [59].
For the even states we use the parameters given by Rostami et al.,[205] and for the
odd states we use the parameters given in appendix A.2.

The eleven band model can be simplified further. From early theoretical studies
and recent first-principles calculations one observes that the MX2 bands at the top
of the valence band and at the bottom of the conduction band, are dominated by the
metal d-orbitals, in particular those with even symmetry, i.e., d3z2−r2 , dxy , and dx2−y2

[151, 216, 104]. Contributions to the bands around the gap from the dxz and dyz or-

75



5

5.2. THEORY
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Figure 5.6: (Color online) (a) k-resolved density of states (DoS) per MoS2 unit of bulk
MoS2 in the three band tight-binding model, with the k-vector parallel to the zigzag
edge, and the zero of energy at the top of the valence band. The DoS plotted is on
a logarithmic scale (right-hand side n denotes amplitude 10−n) using a broadening
parameter η = 0.05 eV (Eq. 5.1). (b), (c), (d) k-resolved DoSs of the Mo-edge, the S-
edge, and the armchair edge, respectively. (e),(f),(g),(h) k-integrated DoS per MoS2

unit of bulk MoS2, the Mo-edge, the S-edge, and the armchair edge, all plotted on
a linear scale (η = 0.05 eV). The red solid lines give the counting function and the
green dashed lines indicate the charge neutrality level (CNL), Eqs. 5.28-5.30.

bitals and from the chalcogen p-orbitals are much smaller. Matheiss has constructed
an effective tight-binding model for MX2, where only the metal sites are taken into
account explicitly [151]. These sites form a two-dimensional triangular lattice, and
the presence of the X atoms lowers the symmetry of this lattice from D6h to D3h.
Only the metal orbitals with even symmetry, d3z2−r2 , dxy , and dx2−y2 , are used to
construct an effective three-band model. The matrix blocks Hp,q of this model are
given in appendix A.1. We use the parameters given by Liu et al.,[204], which have
been obtained by fitting the bulk bands to GGA/PBE results.
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5.3 Results

5.3.1 Three-band model

Zigzag and armchair edges

The eigenvalues and eigenvectors of Eq. 5.8, are used to construct the Bloch matrices,
Eq. 5.12. The bulk density of states n(k,E) is shown in Fig. 5.6(a), as calculated
from the Green’s function matrix of a bulk strip, Eqs. 5.2 and 5.20, in the zigzag
edge orientation. In the three-band model, the lowest band is the valence band, and
the overlapping two upper bands form the conduction band. Note that the zero
of energy is chosen at the top of the valence band. The same Bloch matrices give
access to the Green’s function matrices of the zigzag edge strips, Eqs. 5.18 and 5.19.
Here gR(k,E) and gL(k,E) are the energy and k-resolved Green’s function of the
M-edge and the X-edge, respectively, see Fig. 5.4. Again using MoS2 as an example,
the associated densities of state nR(k,E) and nL(k,E) of the Mo-edge, respectively
the S-edge, are shown in Fig. 5.6(b) and (c).

The Mo-edge has a prominent edge state inside the bulk band gap dispersing
upwards from k = 0 to k = 1

2 . The S-edge has an edge state that starts in the bulk
conduction band at k = 0, and disperses downward to k = 1

2 . In surface physics
such states are termed Shockley states [217]. These edge states are also found in the
more detailed eleven-band model with a similar dispersion, see Sec. 5.3.2. The latter
model shows a richer edge state structure, originating from bands that are omitted in
the simple three-band model. Nevertheless, the three-band model finds prominent
Mo-edge and the S-edge states with the correct dispersion. Edge states are also found
at ∼ 3 eV, which is in the hybridization gap between the two conduction bands.

The structure of a bulk strip in armchair orientation has a mirror plane perpen-
dicular to the MX2-plane and along the armchair orientation, see see Fig. 5.4. It
follows that the densities of states of right and left edges, nR(k,E) and nL(k,E), are
identical for the armchair orientation. The k-resolved density of states of the MoS2

armchair edge, Eq. 5.33-5.34, is shown in Fig. 5.6(d). There are two clear edge states
with energies in the band gap. One edge state is just below the conduction band and
roughly follows the dispersion of the conduction band edge, whereas the other one
is positioned at∼ 0.5 eV above the valence band, following the dispersion of valence
band edge.

The k-integrated densities of states, Eq. 5.30, of a bulk MoS2 strip in zigzag orien-
tation, the Mo-edge, the S-edge, and the armchair edge, are given in Figs. 5.6(e)-(h),
respectively. These densities of states show the van Hove singularities at the band
edges that are typical of 1D structures. With the zero of energy at the top of the
valence band, the bulk valence band lies in the energy range −0.5-0.0 eV, and the
two conduction bands in the range 1.6-3.5 eV, see Fig. 5.6(e). The Mo-edge shows
edge bands in the energy range 0.1-1.4 eV, and around 3 eV. The S-edge has an edge
band starting at 0.5 eV, which merges with the conduction band at higher energies,
and additional edge states with energies 2.7-3.0 eV. The armchair edge has two edge
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band in the gap at in the energy ranges 0.3-0.6 eV and 1.4-2.0 eV, respectively, and an
edge state around 3.1 eV.

Also shown in Figs. 5.6(e)-(h) are the electron counting function (red curves),
Eq. 5.29, and the charge neutrality level (CNL; green lines), Eq. 5.28. Obviously for
the bulk the CNL is at the top of the valence band, see Fig. 5.6(e). The position of the
CNL at the Mo-edge corresponds to a 2/3 filled edge band in the gap, see Fig. 5.6(f).
One might interpret this as effectively two-third of the bonds being broken for a Mo
atom at the Mo-edge. Likewise, the position of the CNL at the S-edge corresponds to
a 1/3 filled edge band in the gap, see Fig. 5.6(g). This correlates with one-third of the
bonds being broken for a Mo atom at the S-edge. The supercell of the armchair edge
has two Mo atoms along the edge, where the local environments of one is similar to
that of a Mo atom at an Mo-edge, and the local environment of the other is similar
to that of a Mo atom at the S-edge, see Fig. 5.4. Summing the 2/3 and 1/3 edge state
occupations at the Mo- and S-edges, one predicts that the armchair edge has one
completely filled edge band. The calculated CNL shows that this is indeed the case;
the armchair edge has one fully occupied edge band, and one empty edge band, see
see Fig. 5.6(h).

The CNLs of all three basic edges are quite close, cf. Figs. 5.6(f)-(h). This is an
artefact of the three-band model, and of disregarding the odd bands in particular.
The latter play an important role in setting the CNLs in MX2 edges, as we will discuss
in Sec 5.3.2. In polar lattices such as MX2 the CNL does not fix the intrinsic Fermi
level, unlike in a non-polar lattice such as graphene [41, 215]. In a finite-sized MX2

sample electrons can be redistributed among all the edges in the sample, driven by
the internal electric field set up by the intrinsic polarization of the material.

So far we have focused on edges of MoS2, but all MX2 compounds with a similar
structure (D3h point group, trigonal prismatic coordination of M atoms by X atoms)
have similar edge structures. Figure 5.7 shows the densities of states of the W and Te
zigzag edges of H-WTe2 as an example. These densities of states are very similar to
those of the corresponding Mo- and S-edges of MoS2, see Figs. 5.6(b), (c), (f) and (g).
The band gap of bulk WTe2 is somewhat smaller than that of MoS2, and the band
widths are somewhat larger. WTe2 has a band gap of 1.1 eV (GGA/PBE), a valence
band in the range −0.7-0.0 eV, and conduction bands in the range 1.1-3.7 eV. The W-
edge has a state in the gap in the energy range 0.0-1.4 eV, and the Te-edge has a state
in the gap in the range 0.5-2.0 eV. As is the case for the bulk bands, the band widths
of these edge states are somewhat larger than the corresponding states in MoS2.

General edges and grain boundaries

The electronic structure of the more general edges defined in Sec. 5.2.2 can be cal-
culated along the same lines. Figs. 5.8(a) and (b) give the densities of states of gen-
eralized zigzag edges of MoS2 with translation vectors along the edge defined by
m = 1 and 3, respectively, and n = 1, see Eq. 5.35 and Fig. 5.5. The generalized
zigzag edge has a rich structure of edge states within the bulk band gap. The peak
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Figure 5.7: (Color online) (a),(b) k-resolved DoSs of the W-edge and the Te-edge
within the three band tight-binding model of H-WTe2. (c),(d) k-integrated DoSs of
the W-edge and the Te-edge. The same conventions and parameters are used as in
Fig. 5.6.

at 0.4 eV in Figs. 5.8(a) and (b) results from the armchair part of this edge, compare
to Fig. 5.6(h). The band in the range 1-1.5 eV in 5.8(a), and the structure of bands in
the range 0.8-1.9 eV in 5.8(b) originates mainly from the zigzag parts.

The counting system for the three-band model, as outlined in the previous sec-
tion, gives a filling 2/3 per Mo atom at a Mo-edge and a filling 1 per two Mo atoms
at an armchair edge. For a generalized zigzag edge one would then predict the CNL
to correspond to 2m/3+n filled edge states. This would mean that the CNL is inside
an edge band, unless m is a multiple of three. This is confirmed by a calculation of
the CNL according to Eq. 5.28. In Fig. 5.6(a), where m = 1, the position of the CNL
corresponds to a 2/3-filled edge band, whereas in Fig. 5.6(b), where m = 3, the CNL
is in a gap between two edge states. The gaps between the edge states of the general
edges are quite small however. In a sample that involves long range charge transfer
between the edges, as discussed above, these semiconducting edges easily become
doped.

Figures 5.8(c)and (d) show the densities of states of generalized armchair edges
of MoS2, with translation vectors along the edge with m = 1 and n = 2 and 3,
respectively, see Eq. 5.35 and Fig. 5.5. Again this general edge has a rich structure
of states within the bulk band gap. In particular the peaks around 0.4 eV and 1.7
eV have a strong armchair character. The counting model gives 1/3 + n filled edge
states, so it predicts that the CNL always lies inside an edge band. Calculations of the

79



5

5.3. RESULTS

-1 0 1 2 3 4
E(eV)

0

1

2

3

4

5

D
oS
(e
V-

1 )

-1 0 1 2 3 4
E(eV)

0

1

2

3

4

5

0 2 4
E(eV)

0

1

2

3

4

5

-1 0 1 2 3 4
E(eV)

0

1

2

3

4

5

D
oS
(e
V-

1 )

0 2 4
E(eV)

0

1

2

3

4

5

0 2 4
E(eV)

0

1

2

3

4

5

-1 0 1 2 3 4
E(eV)

0

1

2

3

4

5

D
oS
(e
V-

1 )

0 2 4
E(eV)

0

1

2

3

4

5

0 2 4
E(eV)

0

1

2

3

4

5

-1 0 1 2 3 4
E(eV)

0

1

2

3

4

5

D
oS
(e
V-

1 )

(a) (b)

(c) (d)

Figure 5.8: (Color online) k-integrated DoSs of the generalized zigzag edges defined
by Eq. 5.35 with (a) m = 1, n = 1 and (b) m = 3, n = 1, and of the generalized
armchair edges with (c) m = 1, n = 2 and (d) m = 1, n = 3.

CNL according to Eq. 5.28 confirm this, as shown in Fig. 5.8(c) and (d). In conclusion,
within the three-band tight-binding model, pristine charge neutral edges are metallic
for most edge orientations.

A similar analysis can be applied to the states found at grain boundaries. We
illustrate the use of Eq. 5.21 for calculating the states at grain boundaries using a
simple grain boundary in MoS2. It consists of a left semi-infinite part, terminated by
a S-edge, connected to a right semi-infinite part, terminated by a Mo-edge. As hop-
ping matrix defining the coupling between left and right parts, Fig. 5.2, we choose a
scaled version of the bulk hopping matrix, Eq. 5.32.

B′ = αB; 0 ≤ α ≤ 1. (5.39)

Obviously α = 0 gives two uncoupled S- and Mo-edges with corresponding edge
states, Figs. 5.6(b), (c), (f) and (g), whereas α = 1 gives the bulk electronic structure,
Figs. 5.6(a) and (e), without any edge states. The values 0 < α < 1 then represent a
simple model for a weak link with zigzag orientation.

Figure 5.9(a) gives the k-resolved density of states for α = 0.2, which represents
a relatively weak coupling between the left and right parts. In the band gap one
observes the two edge bands that are typical of the Mo-edge and the S-edge, see
Figs. 5.6(b) and (c). Due to the coupling between the S- and Mo-edges at the grain
boundary, the two bands interact, which results in an avoided crossing between the
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Figure 5.9: (Color online) (a) k-resolved DoS of a model grain boundary between a
Mo-edge and a S-edge, with a coupling between the edges α = 0.2, Eq. 5.32. (b)
k-resolved DoS with α = 0.8. (c),(d) the corresponding k-integrated DoSs.

two edge states at k ≈ 0.35 and E ≈ 1 eV. The avoided crossing creates an energy
gap in the range 0.7-1.2 eV, which is clearly visible in the k-integrated density of
states for α = 0.2, shown in Fig. 5.9(c). The counting model predicts 2/3, respec-
tively 1/3 filling per Mo atom of an edge state at the Mo-edge and the S-edge, if the
grain boundary is charge neutral. This implies that the lower edge band is fully oc-
cupied, whereas the upper edge band is empty. A calculation of the CNL according
to Eq. 5.28 confirms this, see Fig. 5.9(c).

Figure 5.9(b) gives the k-resolved density of states for a strong coupling between
the left and right parts, α = 0.8. The interaction between the two edge bands is
now much stronger than for the case discussed in the previous paragraph, which
results in a much larger gap in the range 0.2-1.6 eV, see Fig. 5.9(d). The two edge
bands are pushed toward the valence band and the conduction band, respectively,
and they more closely follow the dispersions of the valence and conduction band
edges. The occupancy of a charge neutral grain boundary is the same as before, i.e.,
a fully occupied lower edge band and an empty upper edge band.

As a final point in this section we illustrate the technique introduced in Sec. 5.2.1
for handling edges that involve an electronic or a structural reconstruction. For the
zigzag edges we have found a 2/3 respectively a 1/3 occupied edge band for the
Mo-edge and the S-edge. It suggests that a reconstruction that triples the transla-
tional period along the edge, may lead to fully occupied edge states for both edges.
As a proof of principle, we test a very simple reconstruction, where one in three
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Figure 5.10: (Color online) (a,c) k-resolved and k-integrated DoS of a Mo-edge with
a 3× reconstruction, where the on-site energy of every third Mo-atom is 1 eV lower
than that of the other two; (b,d) the same information for the S-edge.

Mo atoms at the Mo-edge or the S-edge has a different on-site energy. The Green’s
function matrix is calculated from Eq. 5.25. The densities of states of the modified
edge layers are shown in Fig. 5.10(a) and (c) for the Mo-edge and (b) and (d) for the
S-edge. Obviously increasing the periodicity from 1× to 3× folds the edge band, so
one observes three edge states instead of one. Decreasing the on-site energy of every
third Mo atom at the edge by 1 eV introduces energy gaps between the edge states.

By calculating the CNL we observe that at the Mo-edge the two lowest edge
bands, starting at 0.4 eV and 0.7 eV in Fig. 5.10(b) and (d), are filled, whereas the
third band, starting at 1.1 eV, is empty. The lowest edge band of the S-edge at 0.0 eV,
Fig. 5.10(a) and (c), is filled, whereas the two upper bands, starting at 0.9 eV and 1.6
eV, respectively, are empty.

5.3.2 Eleven-band tight-binding model

As discussed in Sec. 5.2.3, the eleven-band tight-binding model of MX2 uses a basis
set composed of the five valence d-orbitals of the M atom, and the six valence p
orbitals of the two X atoms. Because mirror symmetry σh in the MX2 plane holds
both for monolayers as well as for edges, states that are even or odd with respect
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Figure 5.11: (Color online) As Fig. 5.6 but for the states within the eleven band
model with even symmetry with respect to a mirror plane through the plane of the
Mo atoms. (a),(b),(c),(d) k-resolved DoS per MoS2 unit of bulk MoS2, the Mo-edge,
the S-edge, and the armchair edge, respectively. (e),(f),(g),(h) The corresponding k-
integrated DoSs of bulk MoS2, the Mo-edge, the S-edge, and the armchair edge. The
same conventions and parameters are used as in Fig. 5.6.

this mirror symmetry are treated separately. The even symmetry set comprises the
six orbitals d3z2−r2 , dxy , dx2−y2 , p−z , p+

x , and p+
y , and the odd symmetry set the five

orbitals dxz , dyz , p+
z , p−x , and p−y , leading to six- and five-dimensional Hamiltonian

matrices, respectively.
Again we use MoS2 as an example of a MX2 monolayer. The procedure for ob-

taining the Green’s functions and the densities of states are the same as those de-
scribed in the previous section. In the following we will only discuss the results
obtained for the basic edges, the zigzag and the armchair edges, and compare those
to the results obtained with the three-band model.

Even bands

The k-resolved density of states of the even states of a bulk strip in the zigzag edge
orientation is shown in Fig. 5.11(a) in an energy region around the band gap, and
the corresponding k-integrated density of states is given in Fig. 5.11(e). As before,
the zero of energy is positioned at the top of the valence band. Qualitatively, these
densities of states are similar to those of the three-band model, compare to Figs. 5.6(a)
and (e). Quantitatively, the eleven-band model gives a highest valence band that is
wider by ∼ 0.3 eV, whereas the two lowest conduction bands are narrower by ∼ 0.5
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(a) (b) (c)

(d) (e) (f)

d3z2-r2 dx2-y2,dxy px, py, pz

d3z2-r2 dx2-y2,dxy px, py, pz

Figure 5.12: (Color online) Projected densities of states (PDoS) calculated according
to Eq. 5.5. (a),(b),(c) For the Mo-edge, projected on the Mo d3z2−r2 orbital, the dxy and
dx2−y2 orbitals, and the p orbitals of the S atoms, respectively. (d),(e),(f) The same
information for the S-edge. The PDoSs are calculated using a broadening parameter
η = 0.1 eV, Eq. 5.1, and are plotted with a linear grayscale.

eV in total.

Figures 5.11(b) and (f) show the k-resolved and k-integrated densities of states
of the Mo-edge. There are two prominent edge bands with energies in the MoS2

band gap. One edge band emerges from the bulk valence band at k ≈ 0.3, and
disperses upward with increasing k to 1 eV. A second band disperses downward
from the conduction band to 1.6 eV. The first edge band is also found in the three-
band model, compare Figs. 5.6(b) and (f), albeit at a slightly higher energy, such that
it is completely isolated from the bulk valence band. The second edge band is absent
in the three-band model. We will discuss the character of these bands in more detail
below. Like in the three-band model, there are also edge states at other energies, for
instance just below the highest valence band at ∼ −1.1 eV, or in the hybridization
gaps of the conduction bands.

The k-resolved and k-integrated densities of states of the S-edge are given in
Figs. 5.11(c) and (g). At energies in the MoS2 band gap there is one prominent edge
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state, which starts at k = 0 in the conduction band, and disperses downward with
increasing k to 0.7 eV. The three-band model shows the same edge state with more or
less the same dispersion, compare to Figs. 5.6(c) and (g). In the eleven-band model
this state is somewhat more prominently isolated from the conduction band. For the
S-edge the eleven-band model does not give additional even edge states in the band
gap as compared to the three-band model.

Finally, Figs. 5.11(d) and (h) show the k-resolved and k-integrated densities of
states of the armchair edge. There are three edge bands with energies in the MoS2

band gap. One band is situated at −0.1-0.5 eV and a second edge band lies at 0.9-1.5
eV. These two edge bands roughly correspond to the ones that are found in the three-
band model of the armchair edge, see Figs. 5.6(d) and (h). In the eleven-band model
these two edge bands are found at a slightly lower energy in the gap. In addition the
present model finds a third edge band in the gap, just below the conduction band at
1.7-1.9 eV.

(a) (b)

(e) (f) (g) (h)

E(
eV
)

(c) (d)

k k k k

Figure 5.13: (Color online) As Fig. 5.11, but for the states with odd symmetry with
respect to a mirror plane through the plane of the Mo atoms.

In conclusion, although there are quantitative differences between the electronic
structures found with the eleven-band model and the three-band model, qualita-
tively they give similar results concerning the prominent edge states of even sym-
metry found in the MoS2 band gap. For the Mo-edge and the armchair edge, the
eleven-band model gives an additional edge state, as compared to the three-band
model, with energies just below the conduction band.

Figures 5.11(e)-(h) also show the CNLs. One needs of course all the bands to
calculate the CNLs, including the odd bands to be discussed in the next section. A
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comparison to Fig. 5.6 reveals that the odd bands are in fact instrumental in fixing
the CNLs. For instance, the CNLs of the Mo-edge and the S-edge differ by 1.4 eV,
Figs. 5.11(f) and (g), whereas the corresponding CNLs in Figs. 5.6(f) and (g) differ
by 0.3 eV only. The eleven-band model gives one completely occupied edge band
for the Mo-edge one one empty one, see Fig. 5.11(f), and for the S-edge it gives one
completely empty edge band, see Fig. 5.11(g), which is unlike the partially filled
edge bands found from the three-band model. As we will see in the next section,
edge states of odd symmetry, which are absent in the three-band model, pin the
CNLs of the Mo-edge and the S-edge, and make these edges metallic. The CNL at
the armchair edge is in the gap between the two edge bands, see Fig. 5.11(h).

The orbital character of the edge states can be analyzed using the projected den-
sity of states, as calculated according to Eq. 5.5. The projections on the Mo d3z2−r2

orbital, the dxy and dx2−y2 orbitals, and the p orbitals of the S atoms are given in
Figs. 5.12(a), (b), and (c), respectively, for the Mo-edge. The results indicate that both
edge states in the MoS2 band gap have a mixed Mo and S character. The dominant
Mo contributions clearly come from the dxy and dx2−y2 orbitals. The upper edge
state has S p character mixed in, in particular for k < 0.4, whereas the lower edge
state has some S p character mixed in for k > 0.4. There is little d3z2−r2 character
mixed in these edge bands, except at the band edges.

The projected densities of states of the S-edge, projected on the same orbitals, are
given in Figs. 5.12(d), (e), and (f). Also here the edge state in the MoS2 band gap has
a mixed Mo and S character. As for the Mo contribution, for k = 0 the dominant
character is Mo dxy and dx2−y2 . That changes somewhat for larger k; at k = 0.5 the
dominant character is Mo d3z2−r2 . The contribution of the S-orbitals is fairly constant
throughout the whole edge band.

Odd bands

The k-resolved and k-integrated bulk densities of states n(k,E) corresponding to the
odd states are given in Figs. 5.13(a) and (e). The band gap between the odd states
is 3.3 eV, which is significantly larger than the gap between the even states. The
top of the highest valence band of the odd states is approximately 0.8 eV below the
top of the highest valence band of the even states, whereas the bottom of the lowest
conduction band of the odd states is approximately 0.6 eV above that of the even
states.

The k-resolved densities of state of the odd bands are shown in Figs. 5.13(b)
and (c) for the Mo-edge and of the S-edge, respectively, and the corresponding k-
integrated densities of states are shown in Figs. 5.13(f) and (g). Both edges have
a prominent edge band with moderate dispersion inside the gap between the odd
states. The edge band of the Mo-edge lies close to the conduction band between 1.3
and 1.8 eV, whereas the edge band of the S-edge is close to the top of the valence
band between −0.5 and 0.2 eV.

If we also take the bulk band structure of the even bands into consideration,
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Figure 5.14: (Color online) As Fig. 5.12, but for the states with odd symmetry with
respect to a mirror plane through the plane of the Mo atoms.

Figs. 5.11(a) and (d), then most of the edge band at the S-edge, Figs. 5.13(c) and
(g) overlaps with the valence band. It is still a true edge state though, because the
interaction between the odd edge state and the even bulk bands is symmetry forbid-
den. The edge band at the Mo-edge, Figs. 5.13(b) and (f) partially overlaps with the
conduction band of the even states. Also this is a true edge state over the whole 1D
Brillouin zone, as interaction with the bulk states is symmetry forbidden.

Figures 5.13(d) and (h) give the k-resolved and k-integrated densities of states
corresponding to the armchair edge. These results show two edge bands in the gap
region with a modest to small dispersion. The lowest of these edge bands has a
dipersion of 0.4 eV, and taking also the even bulk bands into consideration, it lies in
the MoS2 valence band. The upper edge band is near dispersionless; it is found in
the gap at 1.6 eV.

The calculated CNLs are also given in Figs. 5.13(e)-(h). From these figures it be-
comes clear that the odd edge states are instrumental in controlling the CNLs of the
edges. The CNL of the Mo-edge is found in the edge band that is close to the MoS2

conduction band, see Fig. 5.13(f), and the CNL of the S-edge lies in the edge band
close to the MoS2 valence band, see Fig. 5.13(g). Within the eleven-band model both
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these edges are metallic in their charge neutral state. The CNL of the armchair edge
lies between the two edge bands, Fig. 5.13(h), which means that the neutral armchair
edge is semiconducting.

The orbital character of the odd symmetry edge states is identified using the pro-
jected densities of state. Figures 5.14(a) and (b) show the projections on the d- and
p-orbitals of the density of states of the Mo-edge, and Figs. 5.14(c) and (d) show the
projections for the S-edge. The edge state at the Mo-edge has a mixed character, but
it is still dominated by Mo d-orbitals. In contrast, the edge state at the S-edge has a
clear S p character.

5.4 Summary and Conclusions

Growth of 2D semiconductors, such as the transition metal dichalcogenides MX2,
commonly results in sheets that contain quasi-1D metallic structures, which are lo-
cated at the edges of 2D crystallites, or at the boundaries between 2D crystal grains.
Such edges and grain boundaries then form a practical realization of 1D metals. Met-
alic edges have also been identified as the active sites in MX2 catalysts. A standard
technique for modeling edge or grain boundary states starts from nanoribbon struc-
tures. Nanoribbons involve the use of large supercells if one aims at obtaining con-
verged results that enable the separation between edge and bulk properties. More-
over, as a nanoribbon has two edges, electron transfer between the edges can occur
in order to equilibrate the system, which complicates identifying the properties of
single edges.

In this paper we formulate a Green’s function technique for calculating edge
states of (semi-)infinite 2D systems with a single well-defined edge or grain bound-
ary. We express bulk, edge and boundary Green’s functions in terms of Bloch matri-
ces. The latter are constructed from the solutions of a quadratic eigenvalue equation,
which gives the traveling and evanescent Bloch states of the system. Electronic and
structural reconstructions of edges or grain boundaries are easily incorporated in the
technique. The formalism can be realized in any localized basis representation of the
Hamiltonian.

Here we use it to calculate edge and grain boundary states of MX2 monolayers
by means of tight-binding models. A simple three-band model is used to explore
the electronic structures of the basic pristine zigzag and armchair edges in MX2.
Within the three-band model the zigzag edges are metallic in their charge neutral
state, whereas the armchair edge is semiconducting. We also analyze the electronic
structures of MoS2 edges with a more general orientation, which are generally metal-
lic, and the electronic structures of grain boundaries and of structurally modifed
edges.

The three-band model captures part of the rich electronic structure of MoS2 edges,
but more complete information is obtained from an eleven-band tight-binding model
comprising the d metal valence orbitals and the p valence orbitals of the chalcogen
atoms. Edge states in the band gap with even symmetry (with respect to a mirror
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through the plane of M atoms) are qualitatively similar to those found in the three-
band model. The eleven-band model also gives edge states of odd symmetry in
the band gap. The odd states are instrumental in fixing the charge neutrality level,
and are most likely found at or near the Fermi level under experimental conditions.
Charge neutral zigzag edges are metallic and the armchair edge is semiconducting.
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6
One-dimensional edge states of 2D

transition metal dichalcogenide
nanoribbons

We analyze the electronic structures of edges of transition metal dichalcogenide (TMD)
nanoribbons using first-principles density functional theory calculations. We focus on edge
states of MoS2 in particular. Pristine edges in zigzag orientation are metallic, whereas arm-
chair edges are semiconducting. Saturating the Mo-edge with S atoms annihilates dangling-
bond states, but preserves its metallic character. The same holds for reconstructions at the
S-edge, which modify the number of edge states and their dispersions. Magnetic moments
are created at the Mo atoms at the edges of some of the structures, either by exchange (Stoner)
or by correlation (Hubbard) effects. The electronic structures of other TMD nanoribbons are
similar to that of MoS2.

6.1 Introduction

As it becomes feasible to grow nanostructures and in-plane heterostructures of tran-
sition metal dichalcogenides (MX2; M = Mo,W, X = S,Se,Te), the edges of these ma-
terials attract increasing attention [174, 170, 186, 218, 219]. The MX2 compounds
are semiconducting, and their edges show a surprisingly rich structure of electronic
states with energies in the MX2 band gap [176, 181]. These states are localized on the
first few atomic rows along the edges, and they have an one-dimensional character.
Unlike the surface states of simple semiconductors, the edge states are often not as-
sociated simply with dangling bonds, but they reflect subtle changes in the electronic
structure close to the edges [177, 187, 220, 221].

In many cases the edges are metallic, in particular for edge orientations as they
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are typically found in growth experiments [170, 222]. The metallic edge states are not
topologically protected, but they are not easily destroyed either. Even after saturat-
ing the edges with chalcogen atoms, and allowing for structural reconstructions, the
edges generally remain metallic [223]. The states of pristine MX2 edges have been
discussed in the previous chapter at the tight-binding level. Studying chemically or
structurally modified edges is best done at the first-principles level, as structural op-
timization requires reliable calculations of total energies. At present we can do such
calculations only on nanoribbons of a finite width, which has the drawback that the
two edges of the nanoribbon can interact electronically.

The relatively low symmetry of the MX2 lattice (D3h) implies that in many orien-
tations nanoribbons have two chemically or structurally different edges with differ-
ent electronic structures. Even if the ribbon is sufficiently wide, such that electronic
states of the two edges do not overlap, one can still have a transfer of electrons be-
tween the edges to equilibrate the system. In addition, the MX2 lattice carries a
polarization, which for terminations with polar edges creates an electric field across
the ribbon that drives a transfer of electrons [41, 215, 224]. The inequivalence of the
two edges complicates the interpretation of their electronic structure.

In the following we analyze the electronic structures of MX2 nanoribbon edges,
obtained from first-principles density functional theory (DFT) calculations. We focus
on MoS2 nanoribbons, and on the so-called zigzag edges in particular, which form
the orientation that emerges most prominently in growth experiments. We consider
pristine, i.e., bulk-terminated, edges and various chemical and structural modifi-
cations. Computational details and structures are discussed in Sec. 6.2; electronic
structures are analyzed in Sec. 6.3. Some edge structures lead to possible magnetic
effects, which is discussed toward the end of Sec. 6.3.

6.2 Calculations

We calculate electronic ground state energies within the framework of the projec-
tor augmented wave (PAW) method [45], as implemented in the Vienna Ab initio
Simulation Package (VASP) [44, 46, 47], at the level of the DFT generalized gradient
approximation (GGA), using the Perdew-Burke-Ernzerhof (PBE) functional [59]. The
plane-wave kinetic-energy cutoff is set at 400 eV. The surface Brillouin zone is inte-
grated using the Methfessel-Paxton technique [96] with a smearing parameter of 0.05
eV, and a k-point sampling grid with a spacing of 0.01Å−1. Structures are optimized
until the forces on the atoms are smaller than 0.01 eV/Å. The energy convergence
criterion is set at 10−5 eV.

MoS2 nanoribbons are modeled in a periodic supercell geometry. The supercell
contains a ribbon of ten MoS2 units across (the y-direction in Fig.6.1), and one to
six units along the edges (the x-direction) depending on the reconstruction. Peri-
odic boundary conditions are used in all three directions. Ribbons in neighboring
supercells are separated by 15 Å (13 Å) vacuum in the z- (y)-direction.

92



6

6. ONE-DIMENSIONAL EDGE STATES OF 2D TRANSITION METAL DICHALCOGENIDE
NANORIBBONS

Mo-edge

S-edge
x

y

Top-view Side-view

S-edge

pristine

dimerized

alternating

Mo-edge

pristine

dressed

S-dimer

y

z

Side-view

x

z

Figure 6.1: Middle: MoS2 nanoribbon with Mo and S zigzag edges along x; armchair
edges are along y. Right, top: pristine Mo-edge, middle: dressed Mo-edge, bottom:
dressed Mo-edge with dimerized S pairs. Left, top: pristine S-edge, middle: S-edge
with dimerized S pairs, bottom: S-edge with alternating dimerized and undimerized
S pairs.

6.2.1 Edge structures

Obviously the D3h symmetry of a MX2 monolayer is broken in a ribbon geometry.
All structures we are considering here however keep the mirror symmetry σh with
respect to a plane through the M atoms, and consequently all electronic states can be
classified as even or odd with respect to σh. The edges of an hexagonal lattice with
(10) and (12) orientation are called zigzag edges, respectively armchair edges, see
Fig. 6.1. A nanoribbon with edges in armchair orientation has two identical edges.
However, a nanoribbon with edges in zigzag orientation lacks an in-plane twofold
symmetry, so the (10) and (10) edges are structurally different. The (10) edge is
commonly called the M-edge, as in its pristine form it is terminated by metal atoms,
see Fig. 6.1. Similarly the (10) edge is called the X-edge; it is terminated by chalcogen
atoms.

The pristine M-edge exposes a row of metal atoms that have a coordination of
four chalcogen atoms only. The metal edge atoms prefer to have sixfold coordi-
nation, allowing for the adsorption of two additional chalcogen atoms per metal
edge atom, which is particularly favorable under chalcogen-rich growth conditions
[176, 181]. We called this the dressed M-edge. The incomplete coordination of the
chalcogen atoms dressing the M-edge can be partially offset by dimerization of the
chalcogen edge atoms, see Fig. 6.1. In fact, the undimerized form of the dressed
M-edge is not stable, and dimerization occurs spontaneously during geometry op-
timization. Dimerization of the sulfur atoms at the Mo-edge of MoS2 decreases the
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total energy by −0.43 eV/S-dimer.
The chalcogen atoms at the X-edge can also dimerize. Here, however, it does

not occur spontaneously, and the undimerized form is metastable. Nevertheless, the
dimerized form of the S-edge of MoS2 is−0.65 eV/dimer lower in energy. Dimeriza-
tion decreases the energy because new chemical bonds are formed, but it also intro-
duces strain in the lattice at the X-edge. Edge structures that are only partially dimer-
ized relieve this strain and can be lower in energy. A S-edge structure of MoS2 that
consists of alternating dimerized and undimerized sulfur pairs, see Fig. 6.1, gives a
structure that is −0.95 eV/S-dimer lower in energy than the fully dimerized form.
In the following we discuss the electronic structures of pristine zigzag and armchair
edges, dressed M-edges, and of pristine and reconstructed X-edges.

6.3 Results

6.3.1 Pristine nanoribbons

Figures 6.2(a) and (b) show the band structures of pristine MoS2 nanoribbons with
edges in zigzag and in armchair orientations, respectively. The nanoribbon with
edges in zigzag orientation contain a Mo-edge, as well as a S-edge. Consequently,
the band structure contains the edge states associated with both these edges. In the
following we use the colors red and blue for states that are localized at the Mo-edge,
respectively the S-edge of the ribbon.

The zigzag nanoribbon shows four edge bands with energies inside the MoS2

gap. Two of these, numbered (1) and (2) in Fig. 6.2(a), belong to the Mo-edge. They
are of even and odd symmetry, respectively. Projecting the corresponding wave
functions on local atomic orbitals shows that these edge states have a large Mo d

contribution; (dxy, dx2−y2 , d3z2−r2 ) for the even states (1), and (dxz, dyz) for the odd
states (2). The latter has a dangling bond character, but the former is chemically more
robust, as we will see in the next section. The two other bands, numbered (3) and
(4) belong to the S-edge. Edge band (3) has even symmetry and it has a mixed S-p
and Mo-d character, whereas edge band (4) has odd symmetry and has a dominant
S-p character. The latter is a dangling bond state with a significant pz contribution,
hence its small dispersion.

These four edge bands are also found in the eleven-band tight-binding model
used to describe edges of semi-infinite systems in the previous chapter. In some
cases the tight-binding model gives these edge bands at slightly different energies.
For most bands the differences with the DFT calculations are smaller than 0.5 eV,
with the exception of the odd band (2) at the Mo-edge, where the DFT result for the
nanoribbon is∼ 1 eV lower in energy, as compared to the tight-binding result. Shifts
such as these may come from the difference in local potential experienced by edge
and bulk atoms, which is an effect captured in the DFT, but not in the tight-binding,
calculations.

The band dispersions obtained by DFT and tight-binding calculations are also
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Figure 6.2: (a) The energy bands of a pristine MoS2 nanoribbon in zigzag orientation.
Red and blue colors indicate edge bands resulting from the Mo-edge and the S-edge,
respectively. The size of the symbols reflects projections of the wave functions on the
MoS2 unit at the edges. Circles indicate even states, and triangles indicate odd states
with respect to σh symmetry. The zero of energy is set at the Fermi level. (b) The
energy bands of a pristine MoS2 nanoribbon in armchair orientation with the edge
bands in the gap indicated in black.

slightly different, yet the agreement between the two is sufficiently strong to use the
tight-binding results of the previous chapter for identifying the states of the nanorib-
bon. The tight-binding model shows additional edge bands with energies close to
the MoS2 band edges, for instance, two states of even symmetry at the Mo-edge,
one close to the bottom of the conduction band, and one not far from the top of the
valence band. With some effort these states can also be identified in the electronic
structure of the nanoribbon, Fig. 6.2(a).

The band structure of a nanoribbon terminated by armchair edges, is shown in
Fig. 6.2(b). For a nanoribbon in armchair orientation the two edges are equivalent,
and they give identical edge states (provided the ribbon is sufficiently wide). The
electronic structure reveals five bands per edge in the gap region, which agrees well
with the tight-binding results for the armchair edge, discussed in the previous chap-
ter. Bands (1), (2) and (4) have even symmetry, and bands (3) and (5) have odd
symmetry. Bands (2) and (4) have a dispersion of ∼ 0.4 eV, and have a mixed Mo-
d and S-p character. The remaining three bands have a very small dispersion and
their states are localized on the edge atoms. Bands (1) and (3) have a dominant Mo-d
character, whereas band (5) has a dominant S-p character.

According the the DFT calculations, the pristine nanoribbon in zigzag orientation
is metallic, whereas that in armchair orientation is semiconducting. The position of
the Fermi level in the armchair nanoribbon corresponds to the charge neutrality level
of the armchair edge found in the tight-binding calculation discussed in the previous
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Figure 6.3: (a) The energy bands of a MoS2 nanoribbon with a dressed Mo-edge. The
size of the red circles reflects projections of the wave functions (even or odd) on the
MoS2 unit at the Mo-edge. The zero of energy is set at the Fermi level. (b) The same
for a ribbon with dimerized S pairs at the dressed Mo-edge.

chapter. For the zigzag nanoribbon the Fermi level is close to valence band. If one
starts from the positions of the charge neutrality levels of the Mo- and the S-edge
calculated with tight-binding, this suggests that equilibration between the edges of
the nanoribbon should give a transfer of electrons from the Mo- to the S-edge. The
position of the Fermi level in Fig. 6.2(a) is consistent with that.

6.3.2 Dressed Mo-edges

Dressing the Mo-edge of a nanoribbon with S atoms in bulk-like positions gives the
band structure shown in Fig. 6.3(a). Not surprisingly, the band structure of the Mo-
edge is strongly modified. Most prominent is an edge band (2) that starts above
midgap at k = 0 and disperses downward with increasing k into the valence band.
The corresponding states are almost completely localized on the sulfur atoms dress-
ing the Mo-edge. The states have odd symmetry and are composed mainly of S-px
orbitals (with x the direction parallel to the edge, Fig. 6.1), see Fig. 6.4. The edge
band show a dispersion that is typical of a p σ-interaction, with the high energy anti-
bonding state at k = 0, and increasing bonding character (decreasing energy) with
increasing k.

Below the Fermi level the edge band extends into the MoS2 valence band, where
due to its interaction with states belonging to the interior of the nanoribbon, it be-
comes a resonance. From the part of the edge band that can be traced one estimates
its total width as ∼ 3 eV. In addition we find in Fig. 6.3(a) a pair of edge bands (1)
close to the top of the valence band. The pair can be interpreted as one band dispers-
ing from −0.5 to 0.5 eV, crossing an almost dispersionless band. The latter is likely a
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Figure 6.4: (a) Density of states (DoS) of a MoS2 nanoribbon with a dressed Mo-edge,
projected on the row of Mo atoms at the edge. (b) DoS projected on the dressing S
atoms at the Mo-edge. (c) Local DoS at E = 0. (d) Local DoS at E = 1 eV.

S dangling bond state with a significant pz contribution, similar to band (4) in Fig. 6.2
(a). The character of band (1) is very similar to edge band (1) found for the pristine
Mo-edge, Fig. 6.2(a).

Optimizing the structure of the dressed Mo-edge results in a dimerization of the
dressing S atoms, see Fig. 6.1. The resulting band structure is shown in Fig. 6.3(b).
The prominent edge band (2) remains, but it is shifted downward in energy by ∼
0.5 eV, as compared to the edge with undimerized S atoms shown in Fig. 6.3(a).
The character of the band remains unchanged upon dimerization, i.e., its has odd
symmetry and is formed by a σ-interaction of S-px orbitals.

Of the pair of bands (1) of the undimerized dressing, only one edge state remains
in the dimerized case, which is the band with a dispersion ∼ 1 eV that is similar to
edge band (1) of the pristine Mo-edge. It should be emphasized that the edge states
at the dressed Mo-edge with dimerized S pair, are not a consequence of dangling
bonds, since the edge atoms are now fully coordinated.

To further characterize the edge bands (1) and (2), Figs. 6.4(a) and (b) show the
density of states projected on the Mo and S atoms at the Mo-edge. Edge state (1) has
a large contribution from the Mo atom and no contribution from the S atoms at the
edge, see Fig. 6.4(a). The Van Hove singularities at the band edges (±0.4 eV) vividly
demonstrate the one-dimensional character of the edge states. In contrast, edge state
(2) has a large contribution from the edge S atoms, Fig. 6.4(b). ∗

∗The latter also seems to have some contribution from the Mo atoms, but this is an artefact coming
from the projection method. Projections in VASP proceed by decomposing each plane wave in the basis
set into spherical partial waves in a sphere around an atom. The radius of such a sphere is of course not
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Plotting the wave function densities of these two edge states confirms their char-
acter. An example of a wave function density belonging to a state at E = 0 eV in
edge band (1) is given in Fig. 6.4(c). It contains a bonding interaction between dxy
orbitals of neighboring Mo atoms, and an anti-bonding interaction with py orbitals
on the second row of S atoms and the dx2−y2 orbitals of the second row of Mo atoms.
Remarkably the density has virtually no contribution from the S atoms right at the
edge.

As mentioned before, the character of edge state (1) of the dressed Mo-edge is
very similar to that of edge state (1) of the pristine Mo-edge. The main difference
is that edge state (1) in the dressed Mo-edge is 0.5 eV lower in energy than in the
pristine Mo-edge. It suggests that the presence in the dressed Mo-edge of an outer
row of S atoms results in a more attractive potential at the Mo atomic sites, which
decreases the energy of edge state (1).

An example of a wave function density belonging to a state at E = 1 eV in edge
band (2) is given in Fig. 6.4(d). It is consistent with an anti-bonding σ-interaction
between px orbitals on neighboring S atoms, as expected.

6.3.3 Reconstructed S-edges

Pristine S-edges are not dressed under clean growth conditions, but they are sub-
jected to reconstructions. A reconstruction consisting of alternating dimerized and
undimerized S pairs at the edge, Fig. 6.1, yields the band structure shown in Fig. 6.5(a).
Dimerizing all the S atoms at the edge gives the band structure shown in Fig. 6.5(b).
In both these cases the band structures have changed considerably, as compared to
the band structure of the undimerized S-edge, Fig. 6.2(a), apart from the trivial fold-
ing of the bands resulting from doubling the period by the reconstruction.

For the fully dimerized case there is only one folded edge band (3) with ener-
gies in the MoS2 gap, as compared to the two bands (3) and (4) at the S-edge for
the undimerized case. Dimerization has removed edge band (4) (S-p character, odd
symmetry) from the gap region, which in the undimerized case we have identified
as corresponding to dangling bonds. In addition, dimerization has lowered band (3)
(mixed Mo-d, S-p character, even symmetry) in energy. The Fermi level now cuts
through edge band (3), and it is the band that determines the metallicity of the S-
edge.

As discussed in Sec 6.2.1, a reconstruction consisting of alternating dimerized
and undimerized S pairs, has a lower energy than the fully dimerized or the fully
undimerized forms. The band structure corresponding to this alternating structure,
Fig. 6.5(a), shows three edge bands with little dispersion in the band gap. Edge band
(4), which stems from the undimerized S pairs, reappears, and edge band (3) splits
up into two bands, (3) and (3′). The band (3) at the Fermi level corresponds to states
that are localized on the dimerized S pairs (and the Mo atoms at the edge, see below),

uniquely defined. If choosing it small, one throws away most of the information. Choosing it large results
in picking up information belonging to neighboring atoms.
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Figure 6.5: (a) The energy bands of a MoS2 nanoribbon with a reconstructed S-edge,
consisting af alternating dimerized and undimerised S pairs. The size of the blue
circles reflects projections of the wave functions (even or odd) on the MoS2 unit at
the S-edge. The zero of energy is set at the Fermi level. (b) The same for a ribbon
with all dimerized S pairs at the S-edge.

whereas the edge band (3′) at ∼ 1 eV corresponds to states that are localized on the
undimerized dimerized S pairs (and the Mo atoms at the edge). All of these edge
bands have a small dispersion, which means we are dealing with localized states.

The density of states, projected on the Mo and S atoms at the S-edge with this
reconstruction, is given in Figs. 6.6(a) and (b). It clearly shows that edge band (4)
has S character, whereas band (3) and (3’) have a mixed Mo and S character. Of the
latter two, band (3) has a dominant Mo character, whereas for band (3’) the Mo and
S contributions are more evenly matched. The wave function density belonging to
a state in band (3) is given in Fig 6.6(b). It clearly shows a state that is localized on
the dimerized S pair, and the pair of Mo atoms bonded to it. The state has even
symmetry and has dominant contributions from Mo d3z2−r2 and dx2−y2 , and S px.

6.3.4 Magnetic reconstructions

Bulk MoS2 is nonmagnetic, but the edge states shown in Fig. 6.6 have a very small
band width, which makes it worth while to investigate whether this S-edge is sub-
jected to magnetic instabilities resulting from exchange or on-site Coulomb interac-
tions. A spin-polarized calculation gives no exchange splitting for the edge states
at the dressed Mo-edge, Fig. 6.4, but it gives a sizable splitting for the states at the
reconstructed S-edge. The result is shown in Fig. 6.7. The flat band at the Fermi level
splits up into spin-up and spin-down bands with an exchange splitting of ∼ 0.4 eV,
and the band at ∼ 1 eV acquires an exchange splitting roughly half that size.

The partially filled edge state at the Fermi level results in local magnetic mo-
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Figure 6.6: (a) Density of states (DoS) of a MoS2 nanoribbon with a reconstructed
S-edge of alternating dimerized and undimerized S pairs, projected on the row of S
atoms at the edge. (b) DoS projected on the Mo atoms at the S-edge. (c) Local DoS at
E = 0.

ments, which are almost exclusively carried by the Mo atoms at the reconstructed
edge, see Fig. 6.6(b) The calculated magnetic moments on these Mo atoms are 0.31
µB . The S atoms of the dimerized pairs at the edge carry a very small magnetic mo-
ment of −0.03 µB , whereas the undimerized S atoms have a zero magnetic moment.
The lack of dispersion of the polarized edge state at the Fermi level clearly indi-
cates that the magnetic moments are localized. It suggests that the coupling between
those moments is small, so that the paramagnetic state is much more likely to form
than any long-range magnetic ordering. A purely one-dimensional system would
not have a long-range ordering anyway, of course (according to the Mermin-Wagner
theorem).

For flat bands such as they are found at the reconstructed S-edge one may expect
that electron correlations due to on-site Coulomb interactions are relatively impor-
tant. In particular, the edge state at the Fermi level with a close to 1/3 electron per
Mo atom suggests the possibility of a Mott-Hubbard transition and a mixed-valence
compound, if one triples the unit cell along the edge. We study this possibility by
GGA+U calculations on a nanoribbon with 3× periodicity along the edge, with a
Hubbard U = 1 to 4 eV on the Mo atoms. No qualitative changes from the homoge-
neous state described in the previous paragraph are found, i.e., no tendency to form
Mo atoms with different valences. For a sufficiently large U the Mo-edge also be-
comes spin-polarized, as edge band (1) splits up into a lower and an upper Hubbard
band, Fig. 6.5(b). A more definite conclusion requires an explicit calculation of U in
this structure, which is outside the scope of the present study.
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Figure 6.7: (a) Spin-polarized DoS of a MoS2 nanoribbon with a reconstructed S-edge
of alternating dimerized and undimerized S pairs, projected on the row of S atoms
at the edge. (b) Magnetic moments on the edge atoms.

We also studied the influence of spin-orbit coupling on the edge states in MoS2.
The corresponding band structure of a nanoribbon with a dressed Mo-edge, and a
reconstructed S-edge, is shown in Fig. 6.8 (here U is set to zero again). The Mo-edge
shows the edge bands (1) and (2) we have identified Fig. 6.3(b). The bands are folded
in Fig. 6.8, because we have doubled the unit cell along the edge. Spin-orbit coupling
splits band (1) by 50-60 meV, but it hardly splits band (2) at all. This is consistent with
the character of these bands. The states of band (1) have a sizable Mo-d character,
whereas those in band (2) have a pure S-p character, see Fig. 6.4. Obviously the spin-
orbit coupling on the Mo atom is much larger than that on the S atom.

The bands at the S-edge are already spin-split before we apply spin-orbit cou-
pling, see Fig. 6.7. Bands (3) and (3′), see Fig. 6.5(a), remain spin-split, and are only
slightly shifted by spin-orbit coupling. These bands have important Mo-d contribu-
tions. Band (4) is hardly affected at all, as it is mainly composed of S-p states.

6.3.5 Other MX2 compounds

MX2 (M = Mo,W, X = S,Se,Te) monolayers have the same basic structure as MoS2

and similar chemical properties. Therefore, one may expect the electronic structure
of their nanoribbon edges to be similar to that of MoS2. This is indeed the case, as
we see in Fig. 6.9. The dressed M-edges of MoSe2 and WS2 show the edge bands
(1) and (2) identified for MoS2 in Fig. 6.3(b). In Fig. 6.9 these bands are folded, as
we have used a unit cell along the edge of double size here. The states in bands (1)
and (2) have the same character as the MoS2 bands shown in Fig. 6.4. States in band
(1) have even symmetry, and have a considerable M-d character. The corresponding
band has a moderate dispersion of 0.7-1.0 eV. States in band (2) have odd symmetry,
and foremost consist of the px orbitals of the X atoms dressing the edge. Band (2) has
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Figure 6.8: The energy bands of a MoS2 nanoribbon with a dresssed Mo-edge and a
reconstructed S-edge, including spin-orbit coupling.

a dispersion ∼ 3 eV; only the top half of the band lies within the band gap.
The reconstructed X-edges display the edge bands (3) and (4) we found for MoS2

in Fig. 6.5(a). The states in band (3) have the character shown in Fig 6.6, and have
strong M-d contributions. They are susceptible to possible magnetic instabilities, as
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Figure 6.9: (a) The energy bands of a MoSe2 nanoribbon with a dressed Mo-edge and
a reconstructed Se-edge. The size of the blue and red circles reflect projections of the
wave functions on the MoSe2 unit at the Se-edge and Mo-edge respectively. The zero
of energy is set at the Fermi level. (b) The same for a WS2 nanoribbon.
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discussed in the previous section. Band (4) has a X-atom dangling-bond character.
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A
Tight-binding model

A.1 Three-band tight-binding model

Following Mattheis, the three-band tight binding model discussed in Sec 5.2.3 only
explicitly uses the sublattice of M atoms and the d-orbitals of A′1 and E′ symmetry,
i.e., the orbitals that are symmetric with respect to σh, mirror symmetry in the MoS2

plane [151]. We number these orbitals as

d3z2−r2 = |0〉, dxy = |1〉, dx2−y2 = |2〉. (A.1)

The matrix blocks Hp,q discussed in Sec. 5.2.2 are then 3×3 matrices, where Hp,q de-
notes the real space Hamiltonian matrix block pertaining to the interaction between
atoms in the unit cell at the origin and atoms in the unit cell at pa1 + qa2. Using
only nearest neighbor interactions, one has |p|, |q| ≤ 1. Defining the tight-binding
parameters εi = 〈i|h|i〉; i = 0, 1, 2 and tij = 〈i|h|j〉; i, j = 0, 1, 2, and making use of
the rotation properties of the d-orbitals, one derives the matrix blocks

H0,0 =

 ε0 0 0

0 ε1 0

0 0 ε2

 ;

H1,0 =

 t00

√
3

2 t02 + 1
2 t01 − 1

2 t02 +
√

3
2 t01√

3
2 t02 − 1

2 t01
1
4 t11 + 3

4 t22

√
3

4 (t11 − t22)− t12

− 1
2 t02 −

√
3

2 t01

√
3

4 (t11 − t22) + t12
1
4 t22 + 3

4 t11

 ;

(A.2)
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H0,1 =

 t00 −t01 t02

t01 t11 −t12

t02 t12 t22

 ;

H1,1 =

 t00 −
√

3
2 t02 − 1

2 t01 − 1
2 t02 +

√
3

2 t01

−
√

3
2 t02 + 1

2 t01
1
4 t11 + 3

4 t22 −
√

3
4 (t11 − t22) + t12

− 1
2 t02 −

√
3

2 t01 −
√

3
4 (t11 − t22)− t12

1
4 t22 + 3

4 t11

 .
(A.3)

The coupling associated with matrix elements t00, t02, t22, t11 is even with respect
to inversion and the one associated with t01, t12 is odd. It is easy to see that

H−p,−q = (Hp,q)
T (A.4)

The values of the tight-binding parameters are taken from Liu et al.,[204] which have
been obtained by fitting the tight-binding band structure of a MX2 sheet to a DFT
GGA/PBE band structure [59], using the highest valence band and the two lowest
conduction bands in the fit. GGA/PBE gives an optimized lattice parameter of 3.19 Å
for MoS2, which is 1-2 % larger than the reported experimental values [109, 110, 111].
With this lattice parameter the calculated band gap is 1.63 eV, which is smaller than
the experimental optical band gap of 1.85 eV [25].

A.2 Eleven-band tight-binding model

The eleven-band tight-binding model of MX2 uses a basis set composed of all five
d-orbitals of the M atom, and the six p orbitals of the two X atoms. Following the
approach of Cappelluti et al.,[104, 225] we include next nearest neighbor interactions,
and use the Slater-Koster two-center approximation for the hopping matrix elements
[226]. The real space matrix blocks Hp,q discussed in Sec. 5.2.2 then have the form

H0,0 =

[
εd t0,0

dp

(t0,0
dp )T εp

]
, H1,0 =

[
t1,0
dd 0

0 t1,0
pp

]
, H0,1 =

[
t0,1
dd 0

(t0,1
dp )T t0,1

pp

]
,

H1,1 =

[
t1,1
dd 0

(t1,1
dp )T t1,1

pp

]
,

(A.5)

with the remaining blocks constructed according to Eq. A.4. The bulk Hamiltonian
for an infinite layer with two-dimensional translation symmetry is written in this
notation as

H(k1, k2) = H0,0+A+A†; A = H1,0e
i2πk1 ++H0,1e

i2πk2 ++H1,1e
i2π(k1+k2). (A.6)
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The parameters in the model can be found by fitting the tight-binding band struc-
ture obtained with this bulk Hamiltonian to a band structure obtained from a DFT
calculation. The model turns out to be too restrictive to obtain a satisfactory fit for
all eleven bands with one parameter set. A good fit can however be obtained if we
divide the bands into a set of even symmetry, and a set of odd symmetry, and use
different parameters for the two sets. Mirror symmetry σh in the MX2 plane holds
for monolayers, as well as for edges, so states that are even or odd with respect to σh,
can be treated separately. In Sec. A.2.1 we give the expressions for the matrix blocks
εa and tp,qab in Eq. A.5 for the even states, and in Sec. A.2.2 for the odd states.

A.2.1 Even states

The even states are composed of orbitals of E′ and A′1 symmetry,

d3z2−r2 = |0〉, dxy = |1〉, dx2−y2 = |2〉,
1√
2

[px(X1) + px(X2)] = |3〉, 1√
2

[py(X1) + py(X2)] = |4〉,

1√
2

[pz(X1)− pz(X2)] = |5〉.

(A.7)

The matrix blocks εa and tp,qab in Eq. A.5 are then all 3× 3

εd =

 ε3z2−r2 0 0

0 εxy 0

0 0 εxy

 , εp =

 εpx + Vppπ 0 0

0 εpx + Vppπ 0

0 0 εpz − Vppσ

 ,
(A.8)

where εa are the on-site orbital energies and Vabα are the Slater-Koster two-center
integrals [226]. Similarly,

t0,0
dp =

√
2

7
√

7

 9Vpdπ −
√

3Vpdσ 3
√

3Vpdπ − Vpdσ 12Vpdπ +
√

3Vpdσ
−Vpdπ − 3

√
3Vpdσ −5

√
3Vpdπ − 3Vpdσ −6Vpdπ + 3

√
3Vpdσ

−5
√

3Vpdπ − 3Vpdσ 9Vpdπ −
√

3Vpdσ −2
√

3Vpdπ + 3Vpdσ

 ,
(A.9)

t1,0
dd =

 1
4 (3Vddδ + Vddσ) 3

8 (−Vddδ + Vddσ)
√

3
8 (−Vddδ + Vddσ)

3
8 (−Vddδ + Vddσ) 1

16 (3Vddδ + 4Vppπ + 9Vddσ)
√

3
16 (Vddδ − 4Vddπ + 3Vddσ)√

3
8 (−Vddδ + Vddσ)

√
3

16 (Vddδ − 4Vddπ + 3Vddσ) 1
16 (Vddδ + 12Vppπ + 3Vddσ)

 ,
(A.10)

t1,0
pp =

 1
4 (3Vppπ + Vppσ)

√
3

4 (Vppπ − Vppσ) 0√
3

4 (Vppπ − Vppσ) 1
4 (Vppπ + 3Vppσ) 0

0 0 Vppπ

 , (A.11)
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t0,1
dd =

 1
4 (3Vddδ + Vddσ) 3

8 (Vddδ − Vddσ)
√

3
8 (−Vddδ + Vddσ)

3
8 (Vddδ − Vddσ) 1

16 (3Vddδ + 4Vppπ + 9Vddσ)
√

3
16 (−Vddδ + 4Vddπ − 3Vddσ)√

3
8 (−Vddδ + Vddσ)

√
3

16 (−Vddδ + 4Vddπ − 3Vddσ) 1
16 (Vddδ + 12Vppπ + 3Vddσ)

 ,
(A.12)

t0,1
pp =

 1
4 (3Vppπ + Vppσ)

√
3

4 (−Vppπ + Vppσ) 0√
3

4 (−Vppπ + Vppσ) 1
4 (Vppπ + 3Vppσ) 0

0 0 Vppπ

 ,
t0,1
dp =

2
√

2

7
√

7

 0 −3
√

3Vpdπ + Vpdσ 6Vpdπ + 1
2

√
3Vpdσ

Vpdπ 0 0

0 −3Vpdπ − 2
√

3Vpdσ 2
√

3Vpdπ − 3Vpdσ

 ,
(A.13)

t1,1
dd =

 1
4 (3Vddδ + Vddσ) 0

√
3

4 (Vddδ − Vddσ)

0 Vddπ 0√
3

4 (Vddδ − Vddσ) 0 1
4 (Vddδ + 3Vddσ)

 , t1,1
pp =

 Vppσ 0 0

0 Vppπ 0

0 0 Vppπ

 ,
(A.14)

t1,1
dp =

√
2

7
√

7

 −9Vpdπ +
√

3Vpdσ 3
√

3Vpdπ − Vpdσ 12Vpdπ +
√

3Vpdσ
−Vpdπ − 3

√
3Vpdσ 5

√
3Vpdπ + 3Vpdσ 6Vpdπ − 3

√
3Vpdσ

5
√

3Vpdπ + 3Vpdσ 9Vpdπ −
√

3Vpdσ −2
√

3Vpdπ + 3Vpdσ

 .
(A.15)

We use values of the parameters as obtained by Rostami at al. from fitting the even
tight-binding bands to DFT GGA/PBE bands [205]. A lattice parameter of 3.16 Å for
MoS2 has been used in these calculations, which is 1% smaller than the optimized
GGA/PBE value, but close to the reported experimental values. It results in a cal-
culated band gap of 1.76 eV, which is slightly smaller than the experimental optical
band gap of 1.85 eV [25]. We have shifted the tight-binding bands such, that the zero
of energy coincides with the top of the valence band.

A.2.2 Odd states

The odd states are composed of orbitals of E′′ and A′′1 symmetry,

dxz = |1′〉, dyz = |2′〉,
1√
2

[px(X1)− px(X2)] = |3′〉, 1√
2

[py(X1)− py(X2)] = |4′〉,

1√
2

[pz(X1) + pz(X2)] = |5′〉.

(A.16)

The matrix blocks εa in Eq. A.5 are 2 × 2 if a = d and 3 × 3 if a = p, whereas the
matrix blocks tp,qab are 2× 2 if ab = dd, 3× 3 if ab = pp, and 2× 3 if ab = dp

εd =

[
ε′xz 0

0 ε′xz

]
, εp =

 ε′px − V
′
ppπ 0 0

0 ε′px − V
′
ppπ 0

0 0 ε′pz + V ′ppσ

 , (A.17)
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t0,0
dp =

√
2

7
√

7

[ √
3V ′pdπ + 9V ′pdσ −6V ′pdπ + 3

√
3V ′pdσ −

√
3V ′pdπ − 9V ′pdσ

−6V ′pdπ + 3
√

3V ′pdσ 5
√

3V ′pdπ + 3V ′pdσ −V ′pdπ − 3
√

3V ′pdσ

]
,

(A.18)

t1,0
dd =

[
1
4 (3V ′ddδ + V ′ddπ)

√
3

4 (V ′ddδ − V ′ddπ)√
3

4 (V ′ddδ − V ′ddπ) 1
4 (V ′ddδ + 3V ′ppπ)

]
,

t1,0
pp =

 1
4 (3V ′ppπ + V ′ppσ)

√
3

4 (V ′ppπ − V ′ppσ) 0√
3

4 (V ′ppπ − V ′ppσ) 1
4 (V ′ppπ + 3V ′ppσ) 0

0 0 V ′ppπ

 , (A.19)

t0,1
dd =

[
1
4 (3V ′ddδ + V ′ddπ)

√
3

4 (−V ′ddδ + V ′ddπ)√
3

4 (−V ′ddδ + V ′ddπ) 1
4 (V ′ddδ + 3V ′ddπ)

]
,

t0,1
pp =

 1
4 (3V ′ppπ + V ′ppσ)

√
3

4 (−V ′ppπ + V ′ppσ) 0√
3

4 (−V ′ppπ + V ′ppσ) 1
4 (V ′ppπ + 3V ′ppσ) 0

0 0 V ′ppπ

 , (A.20)

t0,1
dp =

√
2

7
√

7

[ √
3V ′pdπ 0 0

0 −
√

3V ′pdπ + 12V ′pdσ 2V ′pdπ + 6
√

3V ′pdσ

]
, (A.21)

t1,1
dd =

[
V ′ddπ 0

0 V ′ddδ

]
, t1,1

pp =

 V ′ppσ 0 0

0 V ′ppπ 0

0 0 V ′ppπ

 , (A.22)

t1,1
dp =

√
2

7
√

7

[ √
3V ′pdπ + 9V ′pdσ 6V ′pdπ − 3

√
3V ′pdσ

√
3V ′pdπ + 9V ′pdσ

6V ′pdπ − 3
√

3V ′pdσ 5
√

3V ′pdπ + 3V ′pdσ −V ′pdπ − 3
√

3V ′pdσ

]
. (A.23)

We obtain values of the parameters by fitting the tight-binding bands of odd sym-
metry to bands obtained from a density functional theory (DFT) calculation with the
generalized gradient GGA/PBE functional [59, 46, 47], using the same lattice param-
eter as for the even bands. The optimal parameters are given in table A.1, and the
quality of the fit can be judged from Fig. A.1.
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Table A.1: Values of the tight-binding parameters (eV) used for the bands of odd
symmetry.

ε′px −2.188 ε′pz −0.682
ε′xz 0.604
V ′ddπ −0.075 V ′ddδ 0.051
V ′ppσ 1.166 V ′ppπ −0.389
V ′pdσ 2.115 V ′pdπ −0.626

Γ K M Γ

-6

-4

-2

0

2

4

E-
E F(e

V)

Figure A.1: (Color online) GGA/PBE band structure (black) of the odd symmetry
bands of MoS2; (red) tight-binding fit.
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[93] D. Çakır, C. Sevik, and F. M. Peeters, “Engineering electronic properties of
metal-MoSe2 interfaces using self-assembled monolayers,” J. Mater. Chem. C
2, 9842–9849 (2014).

117

http://dx.doi.org/ 10.1021/nl303909f
http://dx.doi.org/ 10.1103/PhysRevX.4.031005
http://dx.doi.org/ 10.1021/nl403465v
http://dx.doi.org/ 10.1021/nl403465v
http://dx.doi.org/10.1021/acsami.5b02782
http://dx.doi.org/10.1021/acsami.5b02782
http://dx.doi.org/10.1103/PhysRevLett.101.026803
http://dx.doi.org/10.1103/PhysRevLett.101.026803
http://dx.doi.org/10.1103/PhysRevB.78.045409
http://dx.doi.org/10.1103/PhysRevB.78.045409
http://dx.doi.org/10.1103/PhysRevB.79.195425
http://dx.doi.org/10.1103/PhysRevLett.106.186102
http://dx.doi.org/10.1103/PhysRevLett.107.156401
http://dx.doi.org/10.1103/PhysRevB.86.085405
http://dx.doi.org/10.1103/PhysRevB.86.085405
http://dx.doi.org/http://dx.doi.org/10.1063/1.4807855
http://dx.doi.org/10.1039/C4TC01794C
http://dx.doi.org/10.1039/C4TC01794C


A REFERENCES
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Summary

The discovery of graphene and its intriguing properties has given birth to the field
of two-dimensional (2D) materials. These materials are characterized by a strong co-
valent bonding between the atoms within a plane, but weak, van der Waals, bonding
between the planes. Such materials can be isolated as single or few atomic layers, or
controllably grown by van der Waals epitaxy. Graphene has no band gap, but other
2D materials are natural semiconductors, such as the (group VI) transition metal
dichalcogenides (TMDs) MX2, M = Mo,W, X = S,Se,Te. As the band gap of single
layers of these TMDs is direct, they attract a large interest because of their potential
applications in opto-electronics.

This thesis concerns interfaces and edges of TMDs. It can be divided into two ma-
jor parts. The first part, chapters 2,3, and 4, deals with the interfaces between these
materials and metal contacts, which play a crucial role in the successful operation of
electronic devices. In part two, chapters 5 and 6, we focus on the edges of 2D TMDs.
Whereas the interior is semiconducting, many TMD edges are metallic and show a
rich structure of electronic states with energies in the band gap. The metallicity is
localized at the first few atomic rows along the edges, and it has one-dimensional
character.

In chapter 1 we give a brief introduction to 2D materials and their edges, and to
the physics of metal contacts. In this thesis we use density functional theory (DFT)
calculations to study these systems. A short review of the basic ideas behind this
formalism is given.

In chapter 2 we examine the interface properties of MoS2 contacts with a wide
range of metals, where the interactions vary from weak physisorption to strong
chemisorption. The MoS2 and metal surface lattices generally do not match at the in-
terface. We examine the effects of lattice mismatch on the interface structure. Weak
interface interactions require the inclusion of van der Waals forces. We critically
compare results obtained with different density functionals. Somewhat surprisingly,
even a weak interaction between MoS2 and a metal surface gives interface states
that pin the Fermi level at an energy in the band gap. This generates an undesirable
Schottky barrier at the interface.

In order to unpin the Fermi level, we insert a layer of h-BN between MoS2 and the
metal substrates, as discussed in chapter 3. A monolayer of h-BN breaks the interac-
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tion between the metal surface and the overlayer and eliminates the interface states.
In addition, adsorbing a h-BN layer on a metal surface effectively reduces its work
function. This work function reduction leads to zero Schottky-barrier-height n-type
contacts in MoS2|h-BN|Co and Ni structures. A monolayer of h-BN is sufficiently
thin, such that electrons can easily tunnel through this layer.

In chapter 4, we expand upon this idea and investigate possible buffer layers
to make zero Schottky-barrier-height p-type contacts to MX2 semiconductors. We
consider buffer layers such as graphene, a monolayer of h-BN, or an oxide layer with
a high electron affinity, such as MoO3. The most elegant solution is a metallic M′X′2
buffer layer with a high work function. For example, a layer of NbS2 adsorbed on
metal substrates gives high work function contacts with zero Schottky barriers for
holes to all MX2 semiconductors.

One-dimensional edge states are studied in chapters 5 and 6. In chapter 5, we
formulate a Green’s function technique to model the edges of semi-infinite two di-
mensional systems. We express Green’s functions in terms of Bloch matrices that can
be constructed from the solutions of a quadratic eigenvalue equation. The technique
can be applied to any localized basis representation of the Hamiltonian. Here we
use it to calculate edge states of MX2 monolayers by means of tight-binding mod-
els. We begin with a three-bands tight-binding model, and study the basic zigzag
and armchair edges, as well as edges with a more general orientation, structurally
modifed edges, and grain boundaries. We extend the study to an eleven-band model
comprising all valence orbitals of the M and X atoms.

In chapter 6, we analyze the electronic structure of edges of transition metal
dichalcogenides (TMDs) in a nanoribbon geometry, by means of first-principles DFT
calculations. We consider pristine edges in zigzag and armchair orientations, dress-
ing the edges with additional chalcogen atoms, edge reconstructions, and possible
magnetic orderings.
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De ontdekking van grafeen met haar intrigerende eigenschappen heeft het tijdperk
van twee-dimensionele (2D) materialen ingeluid. Deze materialen worden geken-
schetst door sterke covalente bindingen tussen de atomen in een vlak, en zwakke
vanderwaalsbindingen tussen de atoomvlakken. Ze kunnen geı̈soleerd worden in de
vorm van één of enkele atoomlagen, of gecontroleerd worden gegroeid door middel
van vanderwaalsepitaxie. Grafeen heeft geen bandkloof, maar andere 2D materialen
zijn natuurlijke halfgeleiders, zoals de (groep VI) overgangsmetaaldichalcogeniden
(TMDs) MX2, M = Mo,W, X = S,Se,Te. Omdat de bandkloof van een enkele laag
direct is, trekken deze TMDs grote belangstelling voor mogelijke toepassingen in de
optoëlectronica.

Dit proefschrift houdt zich bezig met grensvlakken en randen van TMDs. Het
kan verdeeld worden in twee delen. Het eerste deel, met de hoofdstukken 2, 3 en
4, gaat over grensvlakken tussen TMDs en metaalcontacten, welke een cruciale rol
spelen in het functioneren van elektronische devices. In het tweede deel, met de
hoofdstukken 5 en 6, richten we ons op de randen van 2D TMDs. Terwijl het bin-
nenste van een TMD halfgeleidend is, is menige rand metallisch, en vertoont een
rijke structuur aan elektronische toestanden met energieën in de bandkloof. Het
metaalgedrag is gelokaliseerd in de eerste paar atoomrijen aan de randen, en het
heeft een één-dimensioneel karakter.

In hoofdstuk 1 geven we een korte inleiding in 2D materialen en hun randen, en
in de fysica van metaalcontacten. In dit proefschrift gebruiken we dichtheidsfunc-
tionaaltheorieberekeningen om deze systemen te bestuderen. We geven een kort
overzicht van de basisideeën achter dit formalisme.

In hoofdstuk 2 bestuderen we de grensvlakeigenschappen van MoS2-contacten
met een uitgebreide selectie van metalen, waarbij de interacties variëren van zwakke
fysisorptie tot sterke chemisorptie. De MoS2- en de metaal-roosters zijn niet passend
aan het grensvlak in het algemeen. We onderzoeken de effecten van deze roostermis-
match op de grensvlakstructuur. Zwakke grensvlakinteracties vereisen het meene-
men van vanderwaalskrachten. Resultaten verkregen met verschillende dichtheids-
functionalen worden kritisch vergeleken. Enigszins verrast stellen we vast dat zelfs
een zwakke interactie tussen MoS2 en een metaaloppervlak leidt tot grensvlaktoes-
tanden die het ferminiveau vastpinnen op een energie in de bandkloof. Dit leidt tot
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een onwenselijke schottkybarrière aan het grensvlak.
Om het ferminiveau te ontpinnen voegen we een laag h-BN tussen MoS2 en het

metaalsubstraat, hetgeen besproken wordt in hoofdstuk 3. Een h-BN monolaag ver-
breekt de interactie tussen het metaaloppervlak en de MoS2-laag, en elimineert de
grensvlaktoestanden. Daarenboven wordt de werkfunctie van het metaaloppervlak
gereduceerd door de adsorptie van een h-BNlaag. Deze werkfunctiereductie geeft n-
type contacten in MoS2|h-BN|Co- en Ni-structuren met een schottkybarrièrehoogte
nul. Een monolaag h-BN is voldoende dun, zodat electronen gemakkelijk door de
laag kunnen tunnelen.

In hoofdstuk 4 breiden we dit idee uit, en onderzoeken mogelijke bufferlagen
voor p-type contacten met MX2 halfgeleiders met een schottkybarrièrehoogte nul.
We bekijken bufferlagen zoals grafeen, een monolaag h-BN, of een oxidelaag met een
hoge elektronenaffiniteit gelijk MoO3. De meest elegante oplossing wordt gevormd
door een metallische M′X′2-bufferlaag met een hoge werkfunctie. Bijvoorbeeld, een
laag NbS2 geadsorbeerd op een metaalsubstraat, geeft hoge werkfuncties, wat leidt
tot contacten met alle MX2 halfgeleiders zonder schottkybarrières voor gaten.

Eén-dimensionele randtoestanden worden bestudeerd in de hoofdstukken 5 en 6.
In hoofdstuk 5 formuleren we een Greense functietechniek voor het modelleren van
de randen van twee-dimensionele systemen. We drukken de Greense functies uit in
blochmatrices die geconstrueerd worden uit de oplossingen van een kwadratische
eigenwaardevergelijking. Deze techniek kan toegepast worden op iedere gelokaliseerde
basisrepresentatie van de Hamiltoniaan. Hier gebruiken we haar om de randtoe-
standen van MX2 monolagen te berekenen met behulp van tight-bindingmodellen.
We starten met een driebandstight-bindingmodel, en bestuderen de elementaire zigzag-
en leunstoelranden, alsmede randen met een meer algemene richting, randen met
een gemodificeerde structuur, en korrelgrenzen. We breiden deze studie uit naar een
elfbandsmodel dat alle valentie-orbitalen van de M en de X atomen bevat.

In hoofdstuk 6 analyseren we de elektronische toestanden van TMD randen in
een nanolint-geometrie, met behulp van dichtheidsfunctionaaltheorieberekeningen.
We beschouwen ongerepte randen in zigzag- en in leunstoeloriëntatie, randen aangek-
leed met toegevoegde chalcogenatomen, gereconstrueerde randen, en mogelijke mag-
netische ordeningen.
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