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ABSTRACT: Crystal impurities, such as atomic vacancies, are known to
modulate the charge transport characteristics of two-dimensional (2D)
materials. Here, we apply a first-principles-enriched tight-binding modelling
approach to assess the influence of sulfur vacancies on the electronic structure
and quantum transport characteristics of MoS, monolayers. To this end, an :
sp°d® orthogonal tight-binding (oTB) model of the pristine and defective Soale 4
MoS, monolayer is mapped with electronic structure calculations performed MoS: *
at the density functional theory level and subsequently used in the real-space ~Pristine ‘

(‘9\
&
32

MoSy: - o 4
With'S vacaneies-

Kubo—Greenwood (KG) scheme for charge transport simulations. The

calculated charge carrier mobility is found to be sensitive to both the density and spatial arrangement of vacancies. Our 0TB/KG
simulations predict a drop of mobility by two orders of magnitude when the vacancy concentration is increased from 0.1 to 3%, in
excellent agreement with experimental results. The simulation of realistic samples (including specific types of defects) pave a new
route toward the accurate understanding and the possible prediction of 2D materials for nanoelectronic devices.

B INTRODUCTION

The reduced dimensionality and symmetry of two-dimensional
(2D) materials generate physical phenomena that are quite
different from their three-dimensional (3D) counterparts."”
The unique properties of graphene,™ the archetype of 2D
materials, have triggered a scientific fervor toward the
development of several alternative 2D structures such as
metal chalcogenides, metal—organic frameworks, metal oxides,
and hydroxides,”® with biological and/or optoelectronic
applications.”™” Atomic monolayers of transition-metal dichal-
cogenides (TMDCs) such as MoS,, MoSe,, WS,, and WSe,
have rapidly emerged as a class of promising alternative 2D
materials for their high carrier mobility (up to ~100 cm* V'
s7'), sizeable direct band gap (1—3 eV), and mechanical
flexibility.'” The most investigated 2D-TMDCs is the MoS,
monolayer, both experimentally and theoretically, serving as a
prototypical example for the other TMDCs and has been
successfully used as the active layer in optoelectronic devices,
electronic switches, and as photodetectors in solar cells."' ™"
Previous theoretical investigations have attempted to under-
stand the intrinsic nature of charge transport in 2D
TMDCs,'*"® and seminal studies by Kaasbjerg et al. estimated
the electron mobilities of the MoS, monolayer to be of the
order of ~400 cm® V' s7' using semiclassical Boltzmann
transport equation (scBTE).'® However, the theoretical
charge-carrier mobilities do not fare well with the experimental
mobilities measured in field-effect transistor configurations
because of the residual electron scattering at the semi-
conductor—dielectric interface dominated by the ubiquitous
Coulomb impurities and the nonlinear dependence of free-
carrier density of the charge carriers as a function of gate
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voltage.”’18 Another source of residual scattering originates

from chemical defects, such as grain boundaries, dislocations,
and sulfur vacancies, which are commonly observed in MoS,
samples obtained by chemical vapor deposition.'”~** These,
sometimes, appear jointly leading to the formation of vacancy
complexes that have been evoked to explain the switching
mechanism in memtransistors.” However, most common and
important of these intrinsic defects are “sulfur” vacancies in the
case of MoS, samples, with an estimated concentration of
~3%.”**° These vacancies are reported to be thermodynami-
cally stable®”” and largely affect the charge transport
characteristics.””** While controlled density of sulfur vacancies
is desirable for modulating the catalytic activity of MoS,,””*
the presence of sulfur vacancies, in itself, could be detrimental
to the charge-carrier mobility. Some of us have investigated the
impact of sulfur vacancies on charge-carrier mobilities by
systematically engineering the experimental defect densities
through the irradiation of 2D MoS, sheets with ion beams and
by employing scBTE.”" However, despite the good agreement
with experimental data, theoretical charge carrier mobilities
reported in ref 31 are obtained by including the impurity
scattering mechanism in a phenomenological way and
neglecting the actual variation of electronic structure of the
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(a) Prlitmo MoS,: Atomic positions

s

(b) 1\1082 with 3 % V,: Atomic positions

(d) MoS, with 3 % V,: Band structure

Figure 1. Atomic positions of MoS, with (a) top, left: no sulfur vacancies and (b) bottom, left: with 3% sulfur vacancies present on both sides of
the monolayer. Sulfur vacancies (V) and the sulfur atoms (S,) on the opposite side vacancy atoms are represented in red and green, respectively.
Sulfur and molybdenum atoms are magnified to represent the distribution. Comparison of the band structure obtained with DFT (black curves) to
that obtained using the oTB parameters (red curves) for (c) top, right: pristine MoS, and (d) bottom, right: MoS, with 3% sulfur vacancy.

material as a function of defect concentration. Although, the
variations in the band structure and/or densities of states in
defective systems/monolayers are tractable with first-principles
calculations, these ab initio simulations become computation-
ally expensive to treat large systems, which are essential to
duplicate realistic experimental structures and/or to replicate
structures with low-defect densities.

Tight-binding (TB) models offer an attractive alternative in
efficiently treating the electronic structure of large systems. By
employing the Kubo—Greenwood (KG) formalism, based on
well-adjusted TB models, it is possible to predict the charge
carrier mobilities of the MoS, monolayer, as a function of
sulfur vacancies. The full-quantum real space order-N KG
formalism has been successfully employed in the past to study
the transport characteristics of graphene®™>* by explicitly
taking into account the changes in electronic structure of the
material as well as the time and energy-dependent wave packet
scattering in the presence of structural defects.”> " Also, the
simulations can be performed on larger systems/super cells®>*
containing few thousand to a million atoms, which is
computationally prohibitive for the scBTE. Previous studies
employed a nonorthogonal TB model involving 3d orbitals for
transmon metal and 3p orbitals for the chalcogen sulfur
atom,™ to estimate the electrical conductivities of MoS, and
WS, monolayers as a function of sulfur vacancies (up to 1%)."'
However, the resulting electronic band structure of MoS, and
WS, in their multilayer and monolayer forms show
considerable discrepancies with those obtained using density
functional theory (DFT). Alternatively, Zahid et al. developed
a nonorthogonal sp>d® TB model for pristine MoS, with a
better match of the TB electronic band structure to that of the
ab initio calculations.** Here, we report on the development of
a simpler orthogonal sp’d® tight-binding (0TB) model for
MoS, monolayer that correctly reproduces the reference DFT

electronic structure not only in its pristine form but also in the
defective form containing a small concentration of sulfur
vacancies. These 0TB parameters are further incorporated into
the KG simulation scheme estimating the band and field effect
mobilities of the MoS, monolayer as a function of sulfur
vacancy concentration. The estimated mobilities are compared
with the previously reported experimental and theoretical
electron mobilities obtained using the scBTE’" and in excellent
agreement. The effect of spatial arrangement of the sulfur
vacancies at a fixed vacancy concentration on the estimated
band mobilities is also discussed.

Computational Details. The orthogonal TB (0TB) model
for the MoS, monolayer was developed by employing the band
structure fitting strategy, wherein the electronic band structure
obtained by plane-wave DFT is taken as the reference and is
compared to that obtained by TB calculations. oTB parameters
were subsequently derived by minimizing the error between
the reference eigenvalues and those from the TB calculations,
using

EDFTP
I

S(P) — Z Z (}k) (] k)

)’ (1)

where E(Tﬁ) and E]al,i)T correspond to the eigenvalues of the jth
band at the kth k-point, obtained using oTB model and DFT
calculations, respectively, and U(j‘k)z is the weight being equal
for each data point. The numerical derivatives of the error from
eq 1 with respect to each TB parameter were incorporated into
the Broyden—Fletcher—Goldfarb—Shanno algorithm, acceler-
ated by an efficient line search scheme. All TB calculations
were performed using the TB_Sim code, which was earlier
employed to investigate the charge transport characteristics in
graphene layer as a function of structural defects”* and
correlated energetic disorder.”* The TB_Sim code was
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appropriately modified to include the structure of the MoS,
monolayer, in its pristine and defective (sulfur vacancies)
forms. DFT calculations were carried out using Quantum-—
Espresso test suite” with PBE functional for a hexagonal unit
cell (a =3.1790 A and ¢ = 30.00 A) and uniform Monkhorst—
Pack mesh of 12 X 12 X 1 for pristine MoS, monolayer. Here,
six bands, including two occupied and four unoccupied states,
were considered to extract the oTB parameters. The oTB
parameters for the MoS, monolayer in the presence of sulfur
vacancies were computed using a 4 X 4 X 1 hexagonal super
cell at the same level of theory, where the transfer integrals
between sulfur vacancy and other surrounding atoms were set
to zero, while its on-site energy was set to a very large value
(30 eV) in order to remove spurious localized states from the
energy window of interest. To refine the resulting band
structure for the defected MoS,, the interaction parameters of
the three neighboring Mo and of the opposite S atoms were
tuned, using the fitting procedure described above. The oTB
parameters are reported in the Supporting Information, Table
S1. It is to be noted that sulfur vacancy concentrations
indicated as percentage in this work represent the fraction of
sulfur atoms removed with respect to the total number of
sulfur atoms present in the monolayer. The atomic positions of
the pristine MoS, monolayer and for the monolayer with 3%
sulfur vacancy concentration, along with the corresponding TB
and DFT electronic band structures of a 4 X 4 supercell are
presented in Figure 1. TB versus DFT band structure fit
employed to derive the oTB parameters is reported in Figure
S1. The pristine MoS, monolayer shows a direct DFT band
gap of 1.63 eV at the K-point, in close quantitative agreement
with the previous results.***” Defective MoS, with 3% sulfur
vacancy shows two additional/defect states very close to the
conduction band edge and one defect state very close to the
valence band edge, with a transition to the indirect band gap.
The variation of sulfur vacancy concentration, however,
changes the broadening of the defect state because of the
interacting sulfur vacancies.””*® The band structure of the
MoS, monolayer obtained from the oTB parameters is in good
quantitative agreement with those obtained from DFT
calculations, both in-terms of the electronic band gap as well
as the band dispersion.

Subsequently, the 0TB model was coupled to a real-space
order-N KG simulation scheme®****°° to extract the
transport quantities of pristine and defective forms of the MoS,
monolayer associated to the different transport regimes
(ballistic, diffusive, and localized). The transport quantities,
derived from the wave packet dynamics as a function of energy
E, are characterized by the time-dependent diffusivity, D(E,t),
given by

2

D( E, t) = M

@)
where the mean quadratic spread of the wave packet, AR* =
AX? + AY?, along the directions X and/or Y is computed from
the Hamiltonian and the position operator is X(E,t) as

Tr[6(E — H)IX(t) — X(0)1*]

AX*(E, t) = -
Tr[6(E — H)] (3)

where Tr is the trace over sp>d® orbitals and Tr[S(E — /S =
p(E) is the total density of states (DQS) per unit surface area,
S. Heisenberg representation X(t) = U'(£)X(0)U(t) and Y(t) =
U'(1)Y(0)U(t) are used to express the position operators

AXX(Et) and AYA(E,t), where U(t) = [\, exp(i1At/) is
the time evolution operator and At is the time step computed
with the Chebyshev polynomial expansion method.*”*°
Calculations were performed with eight initial random phases
of the wave packet distributed on each orbital of the large 64 X
94 supercell of the pristine and defective MoS, monolayers.
The system is 35.23 nm along the armchair direction (set to x
axis) and 30.51 nm along the zigzag configuration (set to y
axis), both long enough to avoid finite size effects as periodic
boundary conditions are applied. Sulfur vacancies were created
by removing sulfur atoms randomly or following a particular
spatial distribution (“vide infra”) in any case keeping a
minimum cut-off distance of 7 A between two sulfur vacancies
and modulating the defect density between 0.1 and 3.0%. The
time-dependent diffusivity coefficient (D(E,t)), is computed to
extract the conductivity (6,.(Ep,T)) and mobility (ux(E,T%))
in the semiclassical asymptotic limit (see ref 35 for details) as

1
GSC(E) 0 I<) = Zezp(E)Dmax(E)

© Of(E, Eg, T)
Ep, T :f dE——"F "7 (E,0K
0,(Eg, T) . o a( ) @

o-sc(EF! T)

E, T)=
ﬂKG( F ) en(EF, T) (5)

where e is the elementary charge, Eg is the Fermi energy,
f(E',Eg,T) is the Fermi-Dirac distribution for a given
(electronic) temperature T, which was set to room temper-
ature of 300 K, n(Eg,T) is the charge carrier density, and D,y
is the diffusivity coefficient at the semiclassical asymptotic limit
(e, lim,,D[t] = D,,)- Indeed in the diffusive transport
regime, the diffusivity saturates to a given value, while in the
ballistic case, it continues to increase linearly with time.

B RESULTS AND DISCUSSION

KG simulations were performed on the MoS, monolayer, in its
pristine form and with sulfur vacancies, to extract the transport
characteristics (6. and pixg) in the semiclassical asymptotic
limit. In the following sections, the impact of different spatial
distributions of sulfur vacancies, created at a fixed vacancy
concentration, on the charge carrier mobilities of the MoS,
monolayer is discussed. Subsequently, the charge carrier
mobilities of the MoS, monolayer in the presence of various
concentrations of randomly distributed sulfur vacancies are
discussed in conjunction with the available experimental data.

Sulfur Vacancies: Impact of Spatial Distribution. The
density of sulfur vacancies can be controlled experimentally, by
suitably tuning the experimental conditions such as time and
duration of ion beam irradiation,®" electron irradiation,”" or by
thermal annealing.30 However, these sulfur vacancies can be
present as isolated defects or as cluster of vacancies, which can
be either on one side or on both the sides of the MoS,
monolayer.”” >° In order to elucidate the impact of different
arrangements of sulfur vacancies, present either as isolated or
as cluster of vacancies, on the electron mobility of the MoS,
monolayer, we consider different vacancy arrangements at a
fixed vacancy concentration of 1.5%. First, the charge transport
characteristics of MoS, with sulfur vacancies (Vg) randomly
distributed on both sides of the monolayer are compared to
those where the random vacancies are created only on one
side, which are hitherto referred to as rD, and D), respectively.

https://dx.doi.org/10.1021/acs.jpcc.0c04203
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(a) 7Ds - Two sided Vg (b) rD; - One sided Vg

(c) sD1 - One sided Vg

Figure 2. Atomic positions of MoS, with 1.5% sulfur vacancies, (a) left: random sulfur vacancies on both sides of the MoS, monolayer (rD,), (b)
middle: random sulfur vacancies on only one side of the MoS, monolayer (tD,), (c) right: spatial distribution of sulfur vacancies on top side of the
monolayer (sD,). Sulphur vacancies (V) on one side of the monolayer are indicated by green and on the other side by red. Vacancy atoms are

magnified to show the distribution.
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Figure 3. Diffusion coefficient of MoS,, with 1.5% sulfur vacancies, obtained at different energies for the carriers (a) left: 0.75 eV in the conduction
band and (b) right: 1.25 eV in the conduction band. Sulfur vacancies are arranged either randomly: on both sides of the monolayer (rD,: red
curves) and only one side (rD;: blue curves) or with a spatial distribution of vacancies (sD;: magenta curves). Black curves represent the pristine

case, when no sulfur vacancies are present.

_ — Pristine (@) 45+ —rD; (b)
NE 800f —rD> s —rD;
e —rD, £ —sD,;
§600——SD1 “ 100 t 30-
a a 50 o
£ A.F >
£ 400 o =
; Energy (eV) —é 15+
i ZOO\NL N
50- 1 1 0 1 1 1

1 | Ly 1
-15-1.0-05 0.0 05 1.0 1.5
Energy (eV)

1 1 1
-1.5-1.0 -05 0.0 05 1.0 1.5
Energy (eV)

Figure 4. DOS and mobility of the MoS, monolayer, with 1.5% sulfur vacancies. Sulfur vacancies are arranged either randomly: on both sides of the
monolayer (rD,: red curves) and only one side (xD;: blue curves) or with a spatial distribution of vacancies (sD;: magenta curves). The
mathematical divergence when E =~ 0 is removed from the mobility plots for the sake of clarity.

Subsequently, spatial distribution of sulfur vacancies are
created on one side of the monolayer, so as to contain well-
separated cluster of defects that are distributed in space
imposing an interaction potential between two sulfur vacancies
with an equilibrium distance of 11 A, hitherto referred to as
sD;. The charge transport characteristics of sD; are compared
to those obtained using random distribution of sulfur
vacancies, that is, rD; and rD,. The spatial arrangements of
the aforementioned sulfur vacancy types on the MoS,
monolayer, following a nomenclature of xD,, x representing
random (r) or spatial (s) and y representing one side (1) or
two sides (2), are presented in Figure 2.

The diffusion coefficients of the wave packet spread [D(E,t)
as defined in eq 2] for random sulfur vacancies present either
on two sides (rD,) or on one side of the monolayer (tD,),
along with the spatially distributed vacancies (sD;) are
presented in Figure 3, at conduction band energies (E) of
0.75 eV and 1.25 eV. D(E,t) accounts for both the arm-chair
and zig-zag directions of the pristine/defective MoS,

15079

monolayer. After roughly S femtoseconds (fs), a time
corresponding to the onset of the spreading of the wavepacket
over few atomic distances, the diffusion coeflicient in pristine
MoS, shows a ballistic regime, wherein the diffusion coefficient
increases linearly with the diffusion time. In the presence of
sulfur vacancies, D, shows an initial ballistic transport followed
by a plateau, indicating the semiclassical asymptotic limit
(Dpmax)- For random sulfur vacancies arranged either on one
side or on both sides of the monolayer (rD; and rD,), D,
remains the same at conduction band energies (E) of 0.75 eV
and 1.25 eV. However, D, is comparatively larger where
sulfur vacancies are arranged spatially (sD,). It follows that, at
any given sulfur vacancy concentration, random sulfur
vacancies present either on both sides or only on one side of
the monolayer generates the same diffusion coefficient in the
semiclassical asymptotic limit (D,,,,), whereas the presence of
spatially correlated sulfur vacancies at the same vacancy
in the diffusion

concentration can induce a variation

coeflicient.

https://dx.doi.org/10.1021/acs.jpcc.0c04203
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(a) Vg: 0 defects

(c) Vg: 25 defects

Figure S. Time evolution of one EWF of the MoS, monolayer with (a) top: zero sulfur vacancies (pristine form), (b) middle: one sulfur vacancy,
and (c) bottom: twenty-five random sulfur vacancies. The snapshots, from left to right, were extracted at simulations times of 5.85, 24.0S, and 52.65

fs, respectively. Vg represents the number of sulfur vacancies.

The DOS and charge carrier mobilities (evaluated with KG
simulation scheme, see eq S) as a function of Fermi energy (E
which can be modulated by a gate voltage) for random and
spatial distribution of sulfur vacancies are presented in Figure
4. The DOS for the MoS, monolayer with random sulfur
vacancies are identical when vacancies are present either on
both sides or only on one side of the monolayer (D, and rD;),
whereas when sulfur vacancies are spatially arranged (sD; ), the
DOS shows small variations with respect to randomly arranged
vacancies. In line with the band structure reported in Figure 1,
the DOS of pristine MoS, exhibits a clear band gap of 1.63 eV,
whereas in the defective case, additional peaks appear within
this band gap (defect states) because of the presence of sulfur
vacancies (see the inset of Figure 4a). These additional
(defect) states, localized with a maximum at band energies of
~0.3 eV also contribute to the band mobilities within the band
gap, indicated by nonzero mobilities (1) at E &~ 0.3 eV, as
reported in Figure 4b. Further, while the charge carrier
mobilities (ugg(Eg)) are identical when random sulfur
vacancies are present either on two sides or only on one side
of the monolayer, yixg(Ep) are competitively larger when
vacancies are spatially arranged. Note, however, that the band
mobilities computed with the KG simulation scheme display a
mathematical divergence (see Supporting Information, Figure
S3 for details) in the band gap when E = 0. This is because the
mobility is inversely proportional to the number of charge
carriers (n) (see eq 5) and the number of charges carriers
vanishes when approaching the Fermi energy reference (E;°)
corresponding to zero gate voltage (which was set at E = 0 eV

here).

15080

To shed light on the variation of the diffusion coefficient
when sulfur vacancies are spatially arranged, we evaluate the
one electron wave function (EWF) propagation in the MoS,
monolayer as a function of time. EWF, as reported in Figure S,
is evaluated for the pristine MoS, monolayer as well as for the
monolayer with one sulfur vacancy and also with twenty five
sulfur vacancies that are randomly arranged. In the pristine
case, the wave packet spreads through the material,
unhindered, whereas the presence of sulfur vacancy scatters
the wave packet, as can be seen in the case of one sulfur
vacancy from Figure Sb. However, the presence of more sulfur
vacancies can allow the formation of percolation pathways
permitting spread of the wave packet, as demonstrated in
Figure 5c. While scattering diminishes the ballistic diffusivity of
the wave packet leading to a plateau represented by the
semiclassical asymptotic limit of diffusivity (D,,,), the
formation of percolation pathways can enhance the absolute
values of D,,,. The difference in band mobilities in the MoS,
monolayer when comparing the random sulfur vacancies (D,
and rD,) to those of the spatially arranged sulfur vacancies
(sD,) can therefore be traced back to the spread of the wave
packet as a function of time and the formation of percolation
channels that can enhance charge carrier mobilities at any
given vacancy concentration.

Sulfur Vacancies: Impact of Vacancy Concentration.
As demonstrated in the previous section, the diffusion
coefficient and the band mobilities of MoS, are not influenced
by the presence of random sulfur vacancies either on one side
or on both sides (rD; and rD,) of the monolayer. Hereafter,
the charge transport characteristics of the MoS, monolayer are
therefore discussed as a function of different concentrations of

https://dx.doi.org/10.1021/acs.jpcc.0c04203
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Figure 6. Diffusion coefficient of the MoS, monolayer for different concentrations of sulfur vacancies (up to 3%), obtained at (a) left: 0.75 eV in

the conduction band and (b) right: 1.25 eV in the conduction band.
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Figure 7. Calculated DOS and band mobility of the MoS, monolayer for different concentrations of sulfur vacancies (upto 3%). The mathematical

divergence when E =~ 0 is removed from the mobility plots for clarity.

randomly arranged sulfur vacancies, ranging from 0.1 to 3%,
created on both sides of the monolayer. The diffusion
coefficient, DOS, and band mobilities of MoS, as a function
of vacancy concentration are reported in Figures 6 and 7.
Calculations performed on larger 128 X 192 supercell of the
pristine and defective MoS, monolayers, with size of 70.47 X
61.03 nm along the armchair and zigzag directions, show
identical results (see Figure S2 for details).

With the increase in vacancy concentration, the mean
diffusion coefficient in the semiclassical asymptotic limit
(Dpmax) decreases as reported in Figure 6, and additional defect
states start to evolve in the band gap, as presented in Figure 7a.
This decrease in D, with increase in vacancy concentration,
in turn, leads to a decrease in band mobilities in the
conduction band (Figure 7b), with highest electron mobilities
(at any specific concentration) recorded at the band energies
of 20.75 eV (in the window of 0.5 and 1.0 eV). The presence
of additional defect states in the band gap induces a variation
in both conductivity (see Supporting Information, Figure S3)
and band mobilities within the band gap. The diffusion
coefficient at the additional/defect states at =~ 0.3 eV (see
Supporting Information, Figure S4) in the band gap increases
with the increase in sulfur vacancy concentration, contrary to
D« at ®0.75 eV, as mentioned above. However, the diftusivity
at these additional/defect states exhibits a localization regime
(ie., a weak localization phenomena), where an exponential
decrease in the diffusivity is observed as a function of time,
with a dependence on vacancy concentration. Therefore, the
conductivities and band mobilities evaluated in this spectral
region are to be taken with caution, as the quantum
interferences and localization phenomena captured by the
KG simulation scheme tend to vanish for experimental
observations because of phonon scattering that destroys
phase coherence, unless when observations at very low
temperatures are invoked.

15081

Having assessed the trend of charge transport characteristics
of the MoS, monolayer as a function of sulfur vacancy
concentration, we now turn our attention to the charge
transport characteristics of charge carriers injected into the
MoS, conduction band. As mentioned earlier, the field effect
mobilities measured experimentally differ from the band
mobilities, as demonstrated in refs 18 and 31. The band
mobilities therefore need to be rescaled by using the density of
charge carriers above (n,.) and below the mobility edge (N;)
to obtain the calculated field effect mobilities,

pf = - % 43" The field effect mobilities (ufg) are

N + o
therefore evaluated from the calculated KG band mobilities
(uBg) at E = 0.75 eV, that is, close to the conduction band
edge and with N set to 1.5 X 10" cm ™ taken from ref 31. Our
results are compared to the experimental data in Figure 8. The
band and field effect mobilities evaluated in this work (u%g and

<. ¥ Exp
= 100'*.®\&. =y
NE @% \0\6\ —-— ufr
€ 10 %y g;?lg_ﬂ'_‘o - s
g \\ N H —— Ui
g WY
P Ry
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Figure 8. Comparison to the previous work of Bertolazzi et al®' The
subscripts BT and KG represents the band (superscript: B) and field
effect (superscript: F) mobilities, obtained using the scBTE (taken
from ref 31 and the KG band mobilities, respectively. upg is the
maximum mobility of the MoS, monolayer obtained at band energies
of 0.75 eV.
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Uke, respectively) show a power-law dependence as a function
of sulfur vacancy concentration (uxVi(y), 7 being the falloff
parameter), with a decrease of mobility at increased vacancy
concentrations. These mobility trends are in close quantitative
agreement with the experimental data, as well as with the band
and field effect mobilities calculated with the scBTE scheme
(uBy and pky, respectively), reported by Bertolazzi et al.*’ The
KG mobility trends (ukg) as well as those obtained earlier
using the semi-classical Boltzmann transport scheme (ugr),
where the scattering by charged impurities (vacancies) is
included in a phenomenological way,’' signify that the
modulation of charge transport characteristics in MoS,
monolayers is mainly because of the scattering of charge
carriers at the sulfur vacancies.

B CONCLUSIONS

oTB parameters of the sp°d® form are reported for the MoS,
monolayer (in its pristine and defect forms: sulfur vacancy)
which are in good agreement with the reference DFT
calculations in terms of their electronic band structures.
These parameters are incorporated into the KG simulation
scheme to compute the band and field effect mobilities. The
electron mobilities from the charge carriers injected into the
MoS, conduction band show a decrease in theoretical
mobilities at increased vacancy concentrations that are in
close quantitative agreement with the experimental data. It
evolves that the sulfur vacancies act as scattering centers that
modulate the charge transport characteristics in MoS,
monolayers. Also, in comparison to random sulfur vacancies,
spatially arranged sulfur vacancies at the same concentration
can increase the mobility in MoS, monolayers because of the
formation of percolation pathways permitting spread of the
wavepacket. The experimental/theoretical formation of such
vacancy clusters, however, needs further investigations. Also,
the impact of interacting metal/chalcogen vacancies on the
charge transport characteristics of MoS, monolayers as well as
in other TMDC materials, needs the development of the
additional tight-binding parameters, for which oTB parameters
developed in this work can be used as a starting point.
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