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Abstract

We report a combination of experimental results with density functional theory (DFT) calculations to understand electronic structure of indium tin
oxide and molybdenum disulfide (ITO-MoS,) interface. Our results indicate ITO and MoS, conform an n-type Schottky barrier of ¢c.a. — 1.0 eV due to
orbital interactions; formation of an ohmic contact is caused by semiconducting and metal behavior of ITO as a function of crystal plane orientation.
ITO introduces energy levels around the Fermi level in all interface models in the I'-M-K-I" path. The resulted Van der Waals interface and the values

of Schottky barrier height enhance electron carrier injection.

Introduction

Layered two-dimensional materials have been highly attrac-
tive mainly for their usage to fabricate high-throughput low
dimension electronic devices.!'"*) As encountered in the lit-
erature molybdenum disulfide (MoS,), tungsten diselenide
(WSe,), graphene, and hexagonal boron nitride (hBN) were
used as materials for nanotransistors,>*! phototransistors and
photodetectors®®"! due to high electron mobility and significant
on/off current ratios that decreased power dissipation along
with low cost and low dimensionality. In this regard, Schottky
barrier height (SBH) and partial Fermi level pinning play a
significant role for chemical contact between semiconduc-
tor-metal interfaces during operation.’®”! Some of most used
contact materials in semiconductor-based devices are gold,
titanium, platinum, and nickel due to their low resistivity and
chemical compatibility with semiconductors.

The seek for ohmic or low Schottky contact is a highly
desirable properties of metal-semiconductor interfaces
because it reduces energy losses and provides a linear
dependency between current and applied voltage. An intense
discussion regarding the presence of ohmic or Schottky con-
tact in metal-semiconducting interfaces layered two-dimen-
sional materials prevails in the scientific community. This has
been highlighted by Das et al. who determined that metals
promote n-type Schottky contacts when MoS, is combined
with low work function metals like scandium (~ 3.5 eV) pro-
moting a high electron carrier, thereby lowering the contact
resistance.['”! Guo et al. used density functional theory (DFT)
methods to predict metal-induced gap states with a combina-
tion of metals as top contacts on top of MoS,, MoSe,, MoTe,,

WS,, WSe, and WTe, layers. They concluded that Schottky
barrier height and pinning near Fermi level depend on the
type of chemical bonding between the contact and the semi-
conductor material.''l Li et al., by means of computational
simulations, used titanium carbides Ti,CY, (Y=F and OH)
as contact materials with WSe, reporting that a Schottky con-
tact is present with a barrier height of 0.40 e¢V.[') By means
of DFT Gao & Gupta reported that TiS, as contact material
may possess both, ohmic and Schottky character with values
of 0.3 eV to 1.35 eV, respectively.l'3] By contrast, studies on
the contact nature between ITO and MoS, are scarce in the
literature despite the advantages that ITO offers as a transpar-
ent contact material.

Transparent ITO with a work function of~4.4 eV and com-
bined with MoS, was demonstrated to create a metallic—semi-
conducting interface.['*! This interface has been characterized
by means of atom probe tomography (APT), which is a recon-
struction technique to achieve physical information in three
dimensions with near atomic resolution.l'” To investigate the
electronic structure and electrical behavior, we present in here
a series of DFT calculations on ITO-MoS, interfaces for both
2H and 3R MoS, polyforms and ITO based on experimentally
obtained MoS, thin films deposited on ITO by radio frequency
sputtering (RF sputtering). Our objective is to determine
whether ITO provides a solid platform to achieve an either
ohmic or low Schottky barrier contact when combining it with
MoS, as a layered structure. If so, one could aim at using the
material in micro and nanolayers for high efficiency solar cells
and optoelectronic applications.
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Methods and materials

MoS, and ITO sputtering

RF sputtering layers of Indium Tin Oxide (ITO) and Molybde-
num disulfide (MoS,) were deposited on commercial coupons
for APT rendering using a Kurt J. Lesker PVD-75 equipment.
Deposition time of ITO was set for 1800s with a chamber
mixed with Argon (90%) and Oxygen (10%) at 20°C and 3
mT at 145 W. To achieve a homogenous layer of ITO a load
of oxygen at 40% volume was introduced during ITO deposit.
Once a layer of ITO is created the coupon was baked at 300°C
for 20 min to achieve an ohmic contact material at atmospheric
pressure using a 100 standard cm?/min gas flow mixture of
3.8% H,/Balance N,; next, one layer of approximately 700 nm
of MoS, was deposited in 3600 s as described in prior authors
works.!16:17]

Atom probe tomography (APT)

The three-dimensional (3D) rendering of sulfur, molybde-
num, indium, tin, and oxygen atoms was obtained by APT
model Cameca® LEAP 4000X, equipped with a UV laser
(A~355 nm). All APT measurements were taken at a set tem-
perature of 50 K with an evaporation rate of 0.2 and a laser
frequency of 100 kHz and laser beam at 20 pJ/V. Data rendering
and three-dimensional (3D) reconstruction was completed with
aid of Cameca IVAS© 3.6.14 package.

Scanning electron microscopy

Scanning electron microscopy was done via a Hitachi SU5500
equipped with an energy-dispersive X-ray unit and operated at
15 kV with 8A.

Computational methods

All proposed computational models were subjected to geo-
metric optimization with CASTEP code!'® with a revised
Perdew—Burke—Ernzerhof (RPBE) exchange—correlation
functional as part of the generalized gradient approximation
(GGA). Energy cutoff was set at 400 eV with a self-consistent
field convergence criterion of 1 x 107 ¢V/atom and maximum
displacement of 2 x 107> A per atom. We employed a Brillouin
zone mesh of 2x2 x 1 k-point. For DFT calculations we used
the 2H MoS, phase with lattice parameters of a=bh=3.2 A,
c¢=17.347 A and angles a=4=90° and y=120°, 3R MoS,
phase with lattice parameters of a=b=3.2 A, ¢=26.0 A and
angles a=£=y=90°, and ITO (In,Sn,0-) unit cell with lattice
parameters of a=b=c=7.3 A and a=$=y=60°. The plane of
contact along (002) for 2H and 3R MoS, phases was set using
a surface of 2 x 2-cell and a thickness of c.a. 20 A on top of ITO
(222) and (400) surfaces, each with a crystal thickness of 10 A,
exposing oxygen surface. To ensure no periodic boundary con-
ditions affect the geometrical optimizations, a vacuum space of
25 A in z direction was placed for every interface model.
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Results and discussion

Atom probe tomography and RF
sputtering

The experimental fabrication of ITO and MoS, was completed
by radio frequency sputtering, as described previously in Meth-
ods section aiming to determine whether ITO provides a plat-
form to achieve a reliable contact with MoS, as a layered struc-
ture. An overview of the prepared layered structure (obtained
by electron microscopy in scanning mode) can be seen in the
Supplemental Material S1. Along with APT it was possible to
determine a heterojunction interface between ITO and MoS,
(see Fig. 1(a)) in agreement with Ramos et al.'*l APT analysis
indicates negligible interaction between ITO and MoS, creat-
ing a well-defined interface. From this data, we can observe
the approximate spatial distribution of atomic species of either
ITO, corresponding to the lower part of model depicted in
Fig. 1(a), and MoS,, now corresponding to the upper part of
the model of Fig. 1(a). In the 3D reconstruction, cyan balls
represent molybdenum atoms, while yellow ones represent
sulfur atoms; at the ITO side, red balls stand for oxygen spe-
cies, black for tin, and purple for indium. With this, we were
able to extract a representative portion of the sample (green
rectangle in Fig. 1(a)) to model the interface used in the DFT
calculations (Fig. 1(b)). MoS, deposited under the mentioned
conditions tends to have needle-like crystallites nucleated
along the < 110> direction!'”) as observed by scanning electron
microscopy characterization (Fig. S2a). It is worth mention the
fabrication methodology allows MoS, phase to remain encap-
sulated between ITO, avoiding degradation by exposure to air
and moisture.['” ITO is predicted to have preferential growth
along [111] and [100] directions which signifies (222) and
(400) planes as commonly observed on ITO layers deposited
by RF sputtering technique.[”)

We estimated that the quality of the interface can be greatly
improved whereby variation of the deposition parameters such
as deposition time, RF power, and chamber conditions, i.e.,
as proposed by Samassekou et al.*'! In addition, achieving a
well-defined interface can be attributed to the presence of an
oxidized surface (ITO surface) in contact with the MoS, as
previously stated by Muratore et al. where authors indicated
that transition metal dichalcogenides growth are favored by
oxygen-rich surfaces.l*]

The prediction of ITO preferential growth makes sense by
computing the surface energy (y) values of each surface consid-
ered in our DFT study compared to a hypothetical ITO surface.
Surface energy (y) calculations on the (222) and (400) ITO sur-
faces have lower values compared to the theoretical (440) ITO
surface, as shown in Table S1, indicating why the latter have
little evidence about its presence when ITO films are fabricated
by RF sputtering.
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Figure 1. (a) Experimental atom probe tomography data (rendered) obtained from ITO-MoS, interfaces fabricated by RF sputtering tech-
nique. Green rectangle indicates the representative portion that we modeled in this work. (b) Schematic of our interface models (sideview)
and (c) top view. In the z direction, each model differs depending on the MoS, phase and ITO surface direction. In our schematic, red balls
indicate oxygen species, gray tin, brown indium, cyan molybdenum, and yellow sulfur.

Electronic structure of ITO-MoS,
interfaces

Our theoretical model was built upon experimental information
as obtained by atom probe tomography. In here we consider
the (002)-plane of 2H and 3R MoS, to be in contact with (222)
and (400) planes of ITO to create an interface (Fig. 1(b)). Our
four proposed models are designated ITO,,,-2HMoS,, ITO,,,-
3RMOoS,, ITO,)-2HMoS, and ITO,y)-3RMoS, in what fol-
lows. The aim of our DFT calculations was to understand elec-
tronic structure and behavior of the proposed interface models.
We noticed that (222) ITO surface has a narrow bandgap of
0.133 eV and (400) ITO surface presents a metallic nature as
presented in Fig. S4. This is in agreement with previous stud-
ies that indicate (400) planes enable a higher carrier injection
-meaning free electrons- into the ITO in comparison with (222)
planes.[?"]

We found that ITO introduces several energy levels around
the Fermi level in all our interface models seeing the band
structure of the interface estimated for the I'-M-K-I" path
(Fig. 2(a)); these additional energy levels leave an altered
electronic structure compared to the band structure of iso-
lated MoS, under bulk conditions (Fig. S4). The band struc-
ture results suggest that redistribution of molecular orbitals
plays a major role in the electronic nature of the ITO-MoS,
interfaces as hinted previously.[**) For the ITO,,,-2HMoS,
and ITO44-3RMoS, structures the band structure resulted
quite similar and without higher energy level insertion than
ITO,,,-3RMoS, and ITO,,,-2HMoS, structures, which can be

attributed a lower repulsion among orbitals and the spread of
molecular orbitals without severe overlapping or hybridization.
The insertion of energy states in the I'-M-K-T path denotes the
existence of a molecular orbital redistribution process, which
cases the flow of charge through the material creating a contact
with low resistivity.

From plots of the partial density of states, one deduces a
low density of states near the Fermi level, which indicates two
situations, first, that molybdenum atoms preserve their covalent
binding behavior as in MoS, (Fig. 2(b)). This is contrary to
what is found in metal-MoS, interfaces where a high density
of d electrons appears in the vicinity of Fermi levell®¥ attrib-
uted to a disturbance of metallic d orbitals. Second, the similar
distribution of the orbitals at the same region, indicates a low
or partial hybridization, both at the top of the valence band and
at the bottom of the conduction band. Moreover, by visualizing
the individual distribution of orbitals from MoS, (s, p, and d
orbitals) and ITO (s and d orbitals) and their partial density
of states (Fig. 3), we see that ITO orbitals are those whose
contribution are more pronounced just around de Fermi level,
and thus, inserting energy states in the I'-M-K-I" path as stated
previously. This process of s and p orbitals spreading through
the bandgap happens without disturbance of molybdenum d
orbitals and have a direct impact on the electronic distribution
(and electrostatic potential) as discussed next.

Furthermore, the geometric optimized equilibrium distance
(deg) at which MoS, and ITO create a Van der Waals interface
is displayed in Table I. Hereby, d, is considered as minimum
distance between ITO and MoS, for both 2H and 3R, which
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Figure 2. Band structure and partial density of states around the Fermi level estimation of ITO/MoS, models in the I'-M-K-T" path. The
band intercrossing with the Fermi level (at the zero level) indicates semi-metallic behavior of the structure in all cases.
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Figure 3. Contribution from s, p, and d orbitals from MoS, and ITO to the partial density of states for all four interface models. We observe
that s and p orbitals from ITO contribute the more just in the vicinity of the Fermi level (located at 0 eV). Molybdenum d orbitals contribute

to most of the valence and conduction band as reported previously.
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ITO,p3RMoS,  3.50 - - - 431 1.277 2.96 - 115
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3R MoS, - 5.66 5.46 7.27 - - - -

The estimated g7 0 1os2» calculated A, p-type Schottky barrier (®p) and n-type Schottky barrier (®n) for each
interface. A calculation include a correction of W fitted onto MoS, lattice parameters as discussed in
Supplemental Material S2. Work function of 2H and 3R MoS, and position of the conduction (£.) and

valence band (£)).

is chemically detached from ITO to form a Van der Waals
interface -typical contact distances between 2.8 and 4.0 A, and
approximately 3.2 A for graphite interlayer distance. We cal-
culated that d,, ranges from 3.0 to 3.5 A (Fig. 4(a)). Despite
these relatively large values, the nature of the electronic con-
figuration of ITO and MoS, lead us to expect an interaction
between s, p, and d orbitals on ITO-MoS, interfaces, implying
the electronic structure compatibility toward usage on fabrica-
tion of microelectronic devices, mainly as transparent-semicon-
ductor nanolayers for solar cells applications as demonstrated
before.[1]

Schottky barrier formation and band
alignment estimation at the MoS,/ITO
interface

The Schottky—Mott theory states that having an ohmic contact
for an n-type semiconductor requires a material, typically a
metal, whose work function is comparably close to the elec-
tron affinity of the semiconductor (xs). Dipole formation in the
ITO-MoS, interface shows a dependence on the ITO surface as
displayed in Table I (see details in Supplementary Material S3).
The p-type Schottky barrier height in our model is defined as?®”!

(Dp =Ev — Mro + Aps (1)
where the additional term A is included to consider the dipole
formation at the interface. Ev and Wit are the position of the
valence band and the work function of the clean ITO surface

(see Supplementary Material S2), respectively.
The n-type SBH is defined as
Oy = Eg — @y (2)
where E is the bandgap of MoS,, calculated with respect to
the vacuum level.

The p- and n-type Schottky barrier height estimations are
summarized in Table I for each ITO-MoS, interface consid-
ered. Remarkably, all our interface models present positive and
negative values of @, and @, respectively, indicating the for-
mation of ohmic contacts in all cases, which are larger to those
reported in other metal-transition metal dichalcogenides inter-
faces.['>!3] The calculation of positive and negative values of
&, and &, respectively, suggest a high carrier injection into the

interface expecting similar carrier injection as in MoS, sand-
wiched between layers of ITO and Cu,0.%! All p- and n-type
Schottky barrier height values remain close to each other, sug-
gesting a dependence on MoS, phase.

From the estimation of band alignment, a band bending
downwards is expected because of the negative values of @,
(Fig. S6). This band bending then induces an electron accumu-
lation region in the MoS, near the interface. Electron accumula-
tion at the MoS, side would induce a positive charge at the ITO
side, thus, one would not expect significant energy losses and a
high injection of charge carriers throughout the interface, cre-
ating a contact of ohmic nature; a linear dependency between
current and applied voltage is expected.

We assume that two main factors are responsible for these
particularly values of Schottky barrier height: carrier concen-
tration and work function modification. As described in Sup-
plemental Material S4, one notes that the estimated contact
resistance of our interface models (R,) decays strongly around
1 Qcm? (considering an intermediate carrier concentration in
MoS,) indicating an ohmic contact behavior and a field emis-
sion mechanism dominance.?’”! As a consequence, an inter-
action either between ITO and MoS, orbitals or within each
material has to occur at least to some degree,?* similar to other
interface scenarios with involvement of MoS,.1**

In here, we neglect the chemical nature of the work function
decrease due to the lack of chemical bonding between ITO and
MoS, because it is considered a Van der Waals heterojunction.
Then, the effect must be attributed to the distribution of orbit-
als of each material. The estimated partial density of states as
shown in Figs. 2 and 3, indicates a low degree of hybridiza-
tion between ITO and MoS, exemplified by the low density of
states around the Fermi level and the same curves’ behavior; in
addition, electron density difference plots of our four interface
models are indicating a small interaction between ITO, Mo, and
S orbitals (Fig. 4). However, this interaction is strong enough to
achieve a conduction channel but not strong enough to disturb
the MoS, electronic structure and the small insertion of states
at the bandgap (Fig. 3) is mainly caused by orbitals from sulfur,
oxygen, indium, and tin atoms.

The electrostatic potential (C) plotted parallel to the z
direction of the surfaces shows a significant alteration of the
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Figure 4. (a) Geometric optimization series and (b) electron density difference (EDD) profiles obtained. The EDD plots indicate an electronic
migration occurring between ions, and blue zones indicate depletion of electrons, red zones indicate electron enrichment, finally green
zones indicate neutralized charge. The d,, corresponds to equilibrium distance between ITO and MoS, contact. The yellow color balls
correspond to sulfur atoms and blue represent molybdenum atoms for MoS, proposed model. The red, brow, and gray balls indicate oxy-
gen, tin, and indium, respectively. (c) Electrostatic potential (C) for the isolated 2HMoS, surface, (d) isolated 3RMoS,, () ITO»,,/2HM0S,
and (f) ITO4q/3RMO0S,; interfaces with respect to the fractional distance in the z direction (d,). Blue dashed line indicates the surface and
the interface location for the 2HMoS,, 3RMoS,, surface and the ITO,,,/2HM0S, and ITO,,,/3RMo0S, interface.

potential after the formation of the interface at the MoS, side
(Fig. 4(c)—(f)). Such change results from repulsion between
the uppermost electrons 2s and 2p, belonging to oxygen, and
the bottom electrons from the sulfur, also 2s and 2p. This
then suggest that these orbitals hybridize inside each material
changing the electrostatic of the material and hence, the work
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function on each side. Moreover, the bulk part of ITO suc-
cessfully acts as an electron reservoir allowing the repulsed
clectrons to reallocate the 2s with point symmetry a,, and 2p
with point symmetry t;, orbitals from oxygen without further
hybridization with MoS,*” and without disturbance of metallic
molybdenum d orbitals. These delocalized electrons explain
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the high carrier injection in such interfaces and the creation of
an ohmic contact.

Lack of hybridization of surface electronic orbitals between
ITO and MoS, can be understood recalling the preferred octa-
hedral coordination in MoS, and ITO. This is exemplified in
Figs. S7a and S7b as schematic molecular orbitals of metal
oxides, resembling what happens in indium tin oxide, and
MoS,, respectively. In the first case, e, point symmetry metal
orbitals corresponding to the 4d level (equivalent to the dxz_y2
and d,? orbitals) are aligned with the 2p oxygen orbitals result-
ing in strong overlap and hybridization of orbitals. In second
case, triple degenerated t,, orbitals (d,,, d,, and d,, orbitals)
yield a small overlap with the 2p orbitals of oxygen or sulfur
because of misalignment between orbitals leading only to weak
7 bonds.

Similarly, in the MoS, model (Fig. S7b), 4d molybdenum
orbitals aligned with the 3p sulfur orbitals results in strong
hybridization having MoS, characteristic metallic edges.!*"!
However, the lack of available t;, orbitals (p orbitals) allows
a;, (s orbitals) to extend, modifying the distance between
the unoccupied and occupied molecular orbitals, leading to
the formation of the bandgap (£,). Without hybridization,
overlap between same symmetry orbitals would leads to the
formation of a continuum of levels and the loss of E,,.

Conclusions

Our electronic structure calculations, based on density func-
tional theory and on experimental information from atom
probe tomography of RF sputtered ITO-MoS, interface, indi-
cates that ohmic contact are present within MoS, and ITO
architecture. The calculations of contact planes of ITO (222)
and (400) coupled with 2H and 3R MoS, implies formation of
ohmic contacts in all cases with remarkably negative values
of n-type Schottky barrier height (@,) of around — 1.6 eV
for 2H and — 1.2 eV for 3R MoS, and a computed contact
resistance of about 1 Qcm?. We attributed this behavior to the
non-disturbance of metallic molybdenum d orbitals. Finally,
the results from this work provides important insights about
ITO and MoS, materials towards development of nanoscale
device fabrication for next generation of high efficiency pho-
tovoltaic devices and optoelectronic applications.
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