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Theoretical Insights to Niobium-Doped Monolayer
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Abstract— We report a first principles study of the electronic
properties for a contact formed between Nb-doped monolayer
MoS; and gold for different doping concentrations. We first
focus on the shift of energy levels in band structure and the
density of states with respect to the Fermi level for a geometrically
optimized 5 x 5 MoS; supercell for both pristine and Nb-doped
structures. The doping is achieved by substituting Mo atoms
with Nb atoms at random positions. It is observed that for
an experimentally reported sheet hole doping concentration
of (pp) 1.8 x 10'4 cm=2, the pristine MoS; converts to degen-
erate p-type semiconductor. Next, we interface this supercell with
six layers of (111) cleaved surface of gold to investigate the
contact nature of MoS;—Au system. By careful examination of
projected band structure, projected density of states, effective
potential and charge density difference, we demonstrate that the
Schottky barrier nature observed for pure MoS;—Au contact can
be converted from n-type to p-type by efficient Nb doping.

Index Terms— Density functional theory (DFT), doping, MoS;,
niobium, Schottky barrier height (SBH).

I. INTRODUCTION

OVALENTLY bonded monolayer MoS; is a potential

channel material for future ultrathin body MOSFET [1].
MoS, crystals are shown to have n-type, nature mostly in
experimentally reported transistors [2]-[6]. However, for the
successful realization of CMOS circuitry, high-performance
p-channel MoS; transistor is equally required. It is challenging
to find a suitable atom for MoS, crystal which is competent
enough to donate holes and be thermodynamically stable at
the same time. Using the first principles analysis, niobium
emerged as a possible choice among all the p-type dopants
for Mo [7]. A p-channel transistor making use of p-type
MoS; crystals fabricated using chemical vapor transport [8]
and chemical vapor deposition [9] is attained successfully.
The p-type nanoparticles made of Nb-doped MoS, are also
synthesized [10]. Since the nature of MoS;—metal contacts
significantly affects the functioning of transistor, it is of
utmost importance to probe into the theoretical insights of the
electronic properties of Nb-doped MoS,—metal contact apart
from the experiments [8].
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In this paper, we investigate the contact nature in an
interface formed by pure and Nb-doped MoS; supercell
with Au (most commonly used in experiments) by employ-
ing density functional theory (DFT). We first examine the
electronic properties of pure and Nb-doped structures in a
5 x 5 supercell of MoS,. The doping concentration is varied
from 4 x 1013 to 1.8 x 10'* ¢cm™2, and the total number of
dopants replacing Mo atoms is calculated using the formula
p2p X (area of hexagonal sheet) respective to each doping con-
centration value. We consider five different structures where
Nb is substituted by Mo at random positions and using the for-
mation energy calculations (Eform), the most stable structure is
determined. It is observed that the n-type MoS; shows a trans-
formation to p-type with valence band (VB) shifting toward the
Fermi level (EF) and for high values of doping concentration,
the VB even crosses the EF, thus making MoS; a degenerate
p-type semiconductor. Furthermore, we make an interface of
this optimized supercell with (111) cleaved surface of Au and
explore the contact nature of this system. To calculate the
Schottky barrier height (SBH) for these interfaces, we make
use of band structure and projected density of states (PDOS),
and relative shifts in the VB and conduction band (CB)
with respect to Efr are explained by an effective potential
analysis. Charge redistribution and orbital hybridization are
studied using charge density difference analysis and PDOS.
Based on all the above analysis, we eventually conclude that
doping achieved by effective substitutional atoms is successful
in acquiring p-type conduction in MoS;, and can be utilized
further to reduce the MoS;—metal contact resistances.

II. COMPUTATIONAL DETAILS

Our DFT calculations (based on conventional
Kohn-Sham Hamiltonian [11], [12])  utilize  generalized
gradient approximation (GGA) with Perdew—Burke—

Ernzerhof form [13], [14] of the exchange-correlation
functional, as implemented in Atomistix Tool Kit [15].
Since GGA is well known to underestimate the bandgap of
MoS, [16], we first investigate the bandgap of monolayer
MoS, (lattice constant = 3.1604 A). Pseudopotentials
of molybdenum (Mo) and sulfur (S) generated using the
Hartwingster—Goedecker—Hutter [17] scheme with Tier 4 basis
set are found to give accurate bandgap of 1.8 eV, which is
consistent with the experimental results [18]. We continued
with the same pseudopotential and Tier set for niobium
and gold in order to maintain consistency in accuracy
in this paper. The iteration control parameters consist of
Pulay mixer algorithm using 100 as a maximum number
of iteration steps and 107> Hartree as the tolerance value.
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The Brillouin zone is sampled by 9 x 9 x 1 Monkhorst—Pack
k meshes [19] using a density mesh cutoff of 75 Hartree.
All the simulations are done using the aforementioned
functional and parameters.

A 5x5 hexagonal supercell of MoS, with lateral dimensions
of 15.802 x 15.802 A2, as reported earlier in [7], is found
appropriate to study the effect of doping by substitutional
atoms. Moreover, for MoS;—Au interface, this supercell size
is computationally acceptable, as the interface strain found
is 1.1%, and it further increases from 4% to 36% for supercell
sizes ranging from 6 x 6 to 10 x 10. Experimentally reported
value of high sheet hole concentration pap 1.8 x 104 cm~2 [8]
corresponds to a total of 4.5 dopants in this supercell. Accord-
ingly, in this paper, we investigate 0—4 Nb dopants in a
5 x 5 MoS; supercell. To maintain the comprehensiveness in
this paper, we do the interface study only for 0, 2, and 4 Nb
doping cases. The pure and Nb substituted MoS; supercell and
unit cell of gold and niobium in bulk fcc phase are relaxed
using limited memory Broyden—Fletcher—Goldfarb—Shannon
method [20] until the forces on the atom are 0.05 eV/A.
This optimized supercell is interfaced with six layers of (111)
cleaved surface of gold. A vacuum region of more than 20 A is
kept normal to the MoS;—Au interface structure to suppress
the effects of artificial and spurious interactions between the
individual structures.

III. RESULTS AND DISCUSSION
A. Nb-Doped MoS; Supercell and Interface Contact Geometry

Amongst all the feasible p-type dopants (having electrons
less than Mo in d-orbital) at the Mo-position, niobium is
found to be the most promising candidate [7]. To ensure
the stability of substitutional doping in MoS, supercell, we
calculate the (Efory) for each supercell given by the following
equation [21]:

Eform = Etotal(M0S2 4+ Nb) — Ejora1(M0S2)
+n(mo) — m(1Nb) (D

where Eo1(MoSy; + Nb) is the total energy of the Nb
substituted MoS, supercell in electronvolt, Eo@1(M0Sy) is
the total energy of pristine MoS, supercell in electronvolt,
UMo and unp are the chemical potentials of individual
Mo and Nb atoms in bulk FCC phases with the units of elec-
tronvolt, and n and m denote the number of Mo and Nb atoms,
respectively. We simulate five structures for each number of
dopants ranging from 1 to 4, where the number of Nb dopants
is randomly distributed in the MoS, supercell and choose
the supercell with minimum Efo. Then, we interface this
structure with six layers of (111) cleaved Au surface only for
0, 2, and 4-Nb-doped supercells. Fig. 1(a) shows the most
stable hexagonal geometry of MoS; supercell with randomly
dispersed 4 Nb dopants. While interfacing each thermodynam-
ically stable Nb-doped MoS; supercell, with Au, we observe
that the strain value remains 1.1%.

To find the most stable geometry of MoS,;—Au interface,
we perform binding energy (BE) calculations with vary-
ing interlayer distances between the two structures. Table I
depicts the values of Efom, BE, and interlayer separation

2347

<

z {29 A R
ool
HRERRRCRRIRY,
(b)

(, Molybdneum (Mo) ( Sulfur (S)

(@

@ Niobium (Nb) C Gold (Au)

Fig. 1. (a) Optimized geometry of 4-Nb-doped MoS; supercell. Niobium is
doped randomly all over the supercell. (b) Interface geometry of 4-Nb-doped
MoS; with six layers of (111) cleaved gold surface and the interlayer distance
corresponding to minimum BE.

TABLE I
BINDING AND FORMATION ENERGIES FOR PURE AND NIOBIUM
SUBSTITUTED MoS, SUPERCELLS

Number of dopants  Ef,.,(eV) BE(eV) Equilibrium Distance
0 - -3.57 3.1A
2 -0.382 -5.339 3.1A
4 -0.78 -6.103 2.9A

between MoS,-Au with increasing the number of dopants.
Notably, the value of Eform becomes more negative by increas-
ing the number of dopants, which means that presumably
the Nb substitution is stable under thermodynamic condi-
tions. The interlayer distance decreases when the number of
dopants increase which implies there must be a better charge
redistribution at the interface, which results in a significant
modification of SBH at the interface. Fig. 1(b) shows the
interface contact geometry of 4-Nb-doped MoS; supercell with
gold, having an equilibrium interlayer distance of 2.9 A in
a hexagonal lattice structure. This distance is less than the
distance obtained for pure MoS,>—Au interface and even MoS,
(2-Nb doped)-Au, and it is expected that the SBH will be
less for 4-Nb-doped MoS, supercell in comparison with
2-Nb-doped interface geometry.

B. Band Structure and DOS of Pure and
Doped MoS, Supercell

Before proceeding into the evaluation of MoS;—Au contact
nature, we develop insights to the electronic properties of pure
and doped MoS; supercells. We simulate MoS, supercell with
increasing the number of dopants from 1 to 4 by replacing
Mo atoms with Nb atoms. Fig. 2 shows the band structure
(left-hand side) and DOS (right-hand side) of pure and doped
5 x 5 MoS; supercell with a proper alignment of Ef. Here,
we observe that for a doped MoS, supercell, the VB shifts
upward with respect to Fermi level at the proximity of Ef
as compared with pure supercell. With the increase in doping,
the shift is even more pronounced and it even crosses the Ef,
which shows this amount of doping is actually a degenerate
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Fig. 2. Band structure and PDOS for optimized structures of (a) pure MoS;,
(b) 2-Nb-doped MoS,, and (c) 4-Nb-doped MoS,. Acceptor states are formed
for both 2 and 4 Nb doping in (b) and (c), and it is higher for a large number
of dopants, i.e., 4. Bandgap varies for the doped structure due to a variation in
the Mo-S bond length and the emergence of Nb—S bonds due to Nb doping.
CB, VB, Ef, and Eg denote CB edge, VB edge, Fermi level, and bandgap,
respectively.

doping for MoS; supercell. There is also an acceptor state
formation for doped supercells and it is at a higher level
with the increase in the number of dopants. As the amount
of doping is increased to 4, we observe that the acceptor state
is formed at 0.165 eV as compared with 0.045 for 2-Nb-doped
supercell, evident from Fig. 2(b) and (c). One more interesting
point noticed here is a minor variation in the bandgap of
MoS; supercell. For pure MoS; supercell, the bandgap value
obtained exactly is 1.8 eV. However, with Nb doping, the
bandgap varies, which can be attributed to the change in the
bond length of Mo-S and the emergence of a new Nb—S bond
with Nb substitution. However, the value is more closer to the
exact with 4 Nb doping. It is observed that the average bond
length of the pristine MoS, supercell does not significantly
change even after replacing 4 Mo atoms with Nb. Thus, the
bandgap remains unchanged with doping. However, at the
same time, even with a single Mo atom replacement with
Nb an acceptor state close to the VB is created leading to
a significant shift of VB maxima (VBM).

Table II depicts the values of both CB minima (CBM) and
VBM for doped MoS; supercell with the increasing number of
dopants from 1 to 4. It is observed here that with the increase
in the number of dopants, the value of CBM becomes more
positive, VBM shows a negative-to-positive transition, and
the acceptor state too becomes more positive. If we compare
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TABLE II
CBM AND VBM FOR PURE AND NIOBIUM SUBSTITUTED
MoS, SUPERCELLS

Number of dopants CBM(eV) VBM(eV) Acceptor State(eV)
0 1.09 -0.67 -
1 1.75 -0.014 -0.0071
2 1.78 0.012 0.045
3 1.83 0.027 0.15
4 1.87 0.075 0.165

Mo([Kr] 4d° 5s!) and Nb([Kr] 4d* 5s!) in their electronic
configurations, we see that Nb is deprived of one electron
in the d-orbital, which makes it positive as compared with
Mo atom. Therefore, we can see an acceptor state and an
increase in its value with an increase in Nb dopants (due to
the decrease in the number of electrons).

C. MoS>-Au Contact Evaluation (Pure and Nb Doped)

We continue by performing DFT simulations to develop
comprehensive concepts regarding the MoS,—Au (pure and
Nb doped) contact evaluation. We present a detailed analysis of
band structure, density of states, charge density difference, and
effective potential to understand the nature of contact forma-
tion for pure and Nb-doped MoS; supercells. The main obser-
vation is the variation of SBH at the MoS,—metal interface
calculated using band structure and DOS. The relative shifts
in energy levels and charge redistribution is further explained
using effective potential and charge density difference.

1) Schottky Barrier Height Evaluation Using Band Struc-
ture and Density of States: To evaluate the nature of contact
(Schottky or Ohmic) of the MoS; (pure and doped)-Au
interface, we perform band structure and DOS calculations
(projected MoS;), as shown in Fig. 3. For a combined
MoS,—Au systems, due to strong interface orbital hybridiza-
tion, it is difficult to identify the MoS, CB and VB [22], and it
becomes more difficult with doping. This complication arises
because of Nb substitution, Mo—S bond length varies and
Nb-S bond appears, which alter the bands to a high degree,
but still they are recognizable to some extent. Before depicting
details regarding the Schottky barrier, we closely examine both
VB and CB with a perfect alignment of Er of projected
MoS;, keeping aside band structure and DOS, as shown in
Fig. 3. For pure MoS; [Fig. 3(a)], the CB and VB are clearly
visible and the bandgap is confirmed by DOS with minimum
or no mid gap states. For 2 Nb doping [Fig. 3(b)], the
VB is clearly visible with an acceptor state at —0.585 eV but
CB is ambiguous along with a few mid gap states. The CB is
identified among all the midgap states, and using DOS, we find
that the contribution of these mid gap states is negligible. Thus,
we confirm the exact position of CB and VB by measuring
the bandgap between two and found it approximately equal
to 1.8 eV. Since this is a heterogeneous interface, due to
strong interface orbital hybridization, the accurate value of
MoS; bandgap is difficult to obtain. The absolute positions of
CB and VB are shown by connecting them in both DOS and
band structure plot, as shown in Fig. 3 (light blue lines). In the
case of 4 Nb doping [Fig. 3(c)] as well, the VB is visible
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Fig. 3. Projected band structure and DOS of (a) pure, (b) 2-Nb-doped, and
(c) 4-Nb-doped MoS; supercell for MoS,—Au interface geometry. CB and VB
are the CB and VB edge, respectively. ¢ sp p and ¢ gp n are the p-type
and n-type Schottky barriers. Ep and Eg denote Fermi level and bandgap,
respectively. Acceptor states are seen for Nb dopants, and it is higher for
4 Nb doping. Fermi levels are aligned to figure the positions of VB and CB
edges and are connected by straight blue lines in both band structure and DOS.

r M K

and acceptor state is formed at —0.108 eV which is higher
than 2 Nb doping. A spike at that particular value is also seen
in DOS. We follow the same methodology of observing CB
in 4-Nb-doped interface geometry as done for 2 Nb doping.
The value of SBH is calculated as Ec — Efr (n-type)
and Er — Ey (p-type) using the projected band structures
of MoS,. As we can see from Fig. 3(a), pure MoS; gives
an n-type SBH with a value of 0.471 eV and a p-type
SBH of 1.325 eV. Au is found to be an n-type contact for
MoS, which is consistent with the previous reports [23].
The bandgap of MoS, is also quite similar to that of the
original value. For 2-Nb and 4-Nb-doped MoS;, we observe
that there is a drastic transition in the type of SBH obtained.
Since Nb is a p-type dopant for MoS,, we see that the n-type
barrier increases to 1.139 eV and p-type barrier (0.666 eV)
decreases with the formation of acceptor state. The p-type
SBH decreases to 0.291 eV and n-type SBH increases to
1.509 eV when the Nb dopants increase to 4. Thus, from the
above analysis, we can conclude that a doping concentration
corresponding to four number of dopants is successful in
significant alteration of p-type SBH at the MoS,—Au interface.
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Fig. 4. Average charge density difference versus the fractional distance
along the y-direction. The distance is limited only at the interface between
the nearest S atom and the nearest gold atom. The respective position of
the interfacial atoms is denoted by dashed black, red, and blue lines for pure,
2 and 4 Nb doping, respectively. The position of gold atom shows a near over-
lap for 2 and 4 Nb doping. Inset: area calculated between the interfacial atoms.

2) Charge Density Difference: To develop further under-
standing regarding the charge movement across the interface,
we calculate the charge difference analysis given by

Ap = PMoS; (pure/doped) + Gold — PMoS; (pure/doped) — PGold 2)

where  pMos, (pure/doped) + Gold 18 the charge density of the
complex system, pMmos, (pure/doped) 1S the charge density of
pure/doped MoS; supercell, and pgolq is the charge density
of gold slab [24].

Fig. 4 shows the charge density difference for pure and all
the doping interfaces assembled in a single plot. Here, we see
a dipole formation showing peaks at both the negative and
positive sides at the interface. It leads to another observation
that both the charge accumulation and the depletion region
exists at the interface, and it increases with an increase in the
number of dopants. However, the increase in depletion region
is more pronounced as compared with the accumulation.
In Fig. 4 (inset), we show the area calculated in the interfacial
region formed of the nearest S and the nearest Au atomic
layers. When we compare this area for the pure and doped
cases, we find that the area is more negative for 4-Nb-doped
interface, which means that the depletion regime is higher
for 4-Nb-doped system as compared with 2-Nb doped and
pure. Hence, for 4-Nb-doped system, the interface is devoid of
charge carriers making it more p-type doped [25], thus shifting
the VB more toward the Er. If we analyze the depletion at
the gold atom and the accumulation at the sulfur atom for
all the three systems, we observe that both the depletion and
the accumulation increase with the dopant increase. Therefore,
more charge transfer takes place from gold to sulfur side with
doping and shows a better barrier reduction for this system.
In addition, due to a large accumulation, a strong orbital
hybridization occurs at the 4-Nb-doped MoS,—Au system [26].

We also evaluate average electron density at the interface,
which gives a measure of quantum mechanical probability
of locating electrons at particular positions in space [27].
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forming the interface are aligned with the effective potential of the MoS;—Au
interface. The overlap of pure MoS; with the interface structure is elaborated
on the right-hand side for all the three systems.

Higher values indicate a better feasibility of charge transfer.
The values of electron density are found to be 0.083(4 Nb),
0.0607(2 Nb), and 0.0606(pure) A~3. The highest value is
obtained for 4-Nb-doped interface, which facilitates easy
transfer of charge carrier across this interface.

3) Effective Potential: Fig. 5 shows the effective potential
of pure and doped MoS;—Au geometry with the effective
potential of individual MoS, (dashed red lines) and six layers
of gold (dashed cyan lines) superimposed that are obtained
before the formation of interface. The shifts observed in
individual gold slab are <0.1 eV while for individual MoS;
considerable shifts in the potential are observed. The effective
potential of MoS, is expanded to highlight these changes
with respect to the doping as shown on the right-handside
for each interface pointed by violet arrows. Here, it is found
that there is a shift in the potentials for pure MoS;, which can
be attributed to the interaction of MoS; with gold similar to
the effect observed in [25] for graphene—metal contacts. While
comparing the variation of pure and doped interface, we see
that it increases with the increase in doping, which implies
a better interaction between the doped supercell and the gold
slab. The change is almost double for 2-Nb-doped interface in
comparison with the pure interface, and it further enhances for
4-Nb-doped case implying a stronger interaction. Moreover,
there is an upward shift in the potentials, which is consistent
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Fig. 6. PDOS showing the individual orbital contribution of interfacial atoms
(the nearest layer of S atoms and Au atoms) and Mo atoms with dopant
Nb for (a) pure, (b) 2-Nb-doped, and (c) 4-Nb-doped supercell. The major
contribution comes from the d-orbitals of Mo and Nb, d-orbitals of Au, and
p-orbitals of S in all cases. Since the number of Nb atoms is much less
than Mo, S, and Au atoms; its contribution is also quite small. Plots on the
right-hand side elaborate the contribution of orbitals of Mo, Nb, and S atoms,
highlighted by brown ring in the left-hand side figure.

with the shifts observed in the energy levels in band structure
and DOS for pure and doped supercells as explained earlier.
Therefore, from the above observations, we confirm the nature
of shift in energy levels is upward, and both the shifts and the
charge interaction are maximum for 4-Nb-doped interface.

4) Orbital Hybridization Using Projected Density of States:
In the section Charge Density Difference, while discussing
about the formation of accumulation region at the MoS;—
metal interface, we highlight the point that it increases with
enhancement in doping. By a careful scrutiny of the individual
orbital contribution, it is found out that this accumulation
region is attributed to the strong MoS>—Au hybridization. It is
well known that the contribution of Mo—d orbitals is greater
than S—p orbitals and the same can be seen from Fig. 6. If
observed carefully, we see a strong correspondence among all
the orbital contribution as there is a similarity in the nature
of states. In the bandgap regime, the PDOS has low values,
so we highlight the contributions in the right-hand side of
each figure and observe that the PDOS of various orbitals
are similar to each other. For Nb, we observe that when the
number of dopants increase from 2 to 4 the corresponding
states rise high and effectively tends to decrease the nearly
equivalent zero states in the bandgap.

As far as the orbital hybridization is considered, we examine
that the Au—d states are higher for doped systems as compared
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with pure ones. Even for pure systems, the metal atoms at
the interface tend to disturb the bonding of the nearest sulfur
atoms with Mo leading to wave function overlaps. However,
for the doped cases, both the dopant atoms, the interfacial gold
atoms, and the decrease in the inter layer distance influence
the Mo-S bonding, hence higher spikes are observed for all
the two cases which covers the bandgap regime efficiently.
This observation also leads to a better charge transport across
the interface.

We resimulate all the MoS,;—Au interface structures using
the Grimme’s DFT-D2 [28] correction factor and the inter
layer separations are found to be 2.8, 2.8, and 2.7 A for
pristine, 2-Nb and 4-Nb-doped geometries, respectively.
While the nature of the band structure remains the same as
Fig. 3, the respective p-type SBH gets modified to 1.356,
0.918, and 0.491 eV.

IV. CONCLUSION

Here, we present a comprehensive study to explore the
contact nature of an interface formed of pure and Nb-doped
MoS; supercell with Au for various doping concentrations.
We first analyze the shifts in energy levels corresponding
to pristine and doped structures and observe formation of
degenerate p-type MoS, semiconductor. The electronic prop-
erties of an interface formed by supercell and Au contact
are then studied to evaluate energy level shifts, SBHs, charge
transfer and orbital hybridization. It is seen that there is a
transition from n-type SBH for pure systems to p-type SBH
for Nb-doped configurations. Therefore, we hereby conclude
that p-type doping, which is successful in achieving p-type
conduction in an inherent n-type MoS,, facilitates in attaining
efficient MoS>—metal contacts as well.
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