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Abstract—This work computationally studies the monolayer
(ML) MoS2, WS2 and the substitutional Cr-doped ones. The lattice
parameters, band structure, density of state are calculated from
the density functional theory (DFT). The electron mobility and
Seebeck coefficient are estimated from the linearized Boltzmann
transport equation (BTE). Compared with ML-MoS2 and MLWS2, the direct band gaps of Cr-doped ML-MoS2 and ML-WS2
are reduced via DFT calculation. For the Cr-doped ML-MoS2 and
ML-WS2, estimated by the linearized BTE, the values of electron
mobility are about 5.7 and 11.8 times variations when the doping
concentration increase from 108 to 1012 cm-2 at room temperature.
The magnitudes of electron Seebeck coefficient of Cr-doped MLMoS2 and ML-WS2 are about 1220 and 1210 µV/K at the doping
concentration of 108 cm-2.
Keywords—Molybdenum disulfide; Tungsten disulﬁde;
Transition metal doping; Substitutional doping; Boltzmann
transport equation; Mobility; Thermoelectric.

I.

INTRODUCTION

The transition-metal dichalcogenide (TMD) in the twodimensional material family has drawn many attentions owing
to its direct band gap of monolayer structure and great process
stability. The researchers seek the ways to modify the material
properties such as doping techniques by using the first-principletheory [1-2]. At the same time, the electronic transport and
thermoelectric properties of pure monolayer MoS2 (ML-MoS2)
and other two-dimensional materials are revealed via BTE [3-4]
in recent years. The BTE studies can estimate the transport
properties of a material with n- or p-type doping. However, these
studies focus on the pure materials or only properties for electron.
In this work, not only pure monolayer MoS2 and WS2 but
also transition-metal-doped ones are discussed. First, to examine
the model of this work, the carrier mobility of monolayer MoS2
and WS2 are considered as the benchmark due to its abundent
experimental and theoretical literatures. Since the experimental
works so far are mainly based on fabricated transistors with pure
MoS2 or WS2, those measurement can be considered as intrinsic
device parameters; thus, our results of BTE with low doping
concnetration will be compared with these results. Then, based
on this technique, we can estimate the intrinsic properties of
semiconductor materials by the linearized BTE by setting low
doping concentration. From the simulated band structure, we
find out the Cr-doped ML-MoS2 and ML-WS2 still possess
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Fig. 1. The lattice structure of Cr-doped monolayer MS2 (M = Mo, W)
One of the Mo or W atom is replaced by Cr atom in a 2 2 monolayer
MoS2 or WS2 supercell and the structures are denoted as Mo3S8Cr and
W3S8Cr, respectively.

semiconductor properties with the direct band gaps. We do
further study the carrier mobility and Seebeck coefficient of
these Cr-doped materials.
II.

THE SIMULATION METHODOLOGY

The structure relaxation and electronic band structure are
calculated via using Vienna ab initio Simulation Package
(VASP) [5] under spin-polarized density functional theory
(DFT). The approach of Perdew-Burke-Ernzerhof (PBE) is used
as the exchange-correlation function in this study, the accuracy
are examined in our earlier work [6-7]. The cutoff kinetic energy
is 500 eV which is tested for accuracy for bulk and monolayer
structures. The Brillouin zone (BZ) was sampled with 18 18
1 and 10
10
1 Γ-centered k-meshes under the
Monkhorst–Pack scheme [6-7] for pure and Cr-doped structures,
respectively. The force acting on each atom of relaxed structure
is smaller than 5 10-4 eV/Å; the energy difference is less than
10-8 per atom. A 15 Å-thick vacuum layer is applied along c axis
to decouple the periodic images between adjacent monolayers.
Figure 1 shows the Cr-doped monolayer MoS2 and WS2

Fig. 2. The steps of simulation are mainly based on the density
functional theory and Boltzmann transport equation. First, an atomic
structure is relaxed via VASP with strict convergence. Then, according
to this result, the deformation potential, elastic coefficients, and the
dielectric coefficients are calculated sequentially. The deformation
potential is calculated by the energy of generated deformed and undeformed structures. The elastic constants are determined by the strainstress relationship. The calculation of dielectric constants is using the
perturbation theory in VASP. Then, Born effective charges,
piezoelectric constants, and ionic contributions to the dielectric tensor
can be calculated accordingly. With these values, the linearized
Boltzmann transport is solved and the electronic transport and
thermoelectric properties are obtained [15, 16, 17].

TABLE I.
LIST OF THE SIMULATED
AMONG THE STUDIED STRUCTURES

Fig. 3. The band structure of Mo3S8Cr and W3S8Cr. The simulated
band structures of monolayer MoS2, WS2, Mo3S8Cr, and W3S8Cr show
the direct band gap at K point of the BZ with values, 1.693, 1.838, 1.291,
and 1.288 eV, respectively.

LATTICE PARAMETERS

ML-MoS2

ML-WS2

Mo3S8Cr

W3S8Cr

a (Å)

3.18

3.181

6.299

6.307

dM-S (Å)

2.413

2.419

2.329

2.338

dS-S (Å)

3.131

3.148

3.169

3.169

(deg)

80.9

81.185

81.983

82.086

Eg (eV)

1.693

1.838

1.291

1.288
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1
(denoted as Mo3S8Cr and W3S8Cr) built from 2
monolayer MoS2 and WS2 supercells with one Mo or W atom
replaced by Cr atom. Figure 2 indicates the key steps from DFT
simulation to BTE calculation of this work. The acoustic
deformation potential scattering (ADP) and ionized impurity
scattering (IMP) are included for studying the electrical and
thermoelectric transport properties. The values of deformation
potential and elastic constant are for ADP scattering; the values
of dielectric constant are for IMP scattering. These
aforementioned values are separately simulated and extracted
from VASP results under the relaxed structure. The cutoff
kinetic energy for simulation of elastic properties is 550 eV for
ML-MoS2, ML-WS2, and Cr-doped ones after a large range of
convergence and stability tests. Not shown here, the simulated
elastic tensor and dielectric coefficients are examined with the
experimental works. Then, the BTE uses the grid uniformly
interpolated into a dense mesh of 180 180 1 and 100 100
1 for undoped and Cr-doped structures, respectively. Our
simulated electron mobilty of intrinsic MoS2 is 52.4 cm2V-1s-1

Fig. 4. The projected density of states (PDOS) of Mo3S8Cr and W3S8Cr
with respect to each element. The Cr atom contributes additional states
near the valence and conduction bands and reduces the band gap.

TABLE II.
A SUMMARIZED TABLE OF AVERAGED ELECTRON
MOBILITY WITH LOW DOPING CONCENTRATION. THE VALUES OF
ELECTRON OF MONOLAYER MOS2 AND WS2 WITH LOW
CONCENTRATION ARE USED TO COMPARE WITH THE INTRINSIC
MOBILITY FROM OTHER EXPERIMENTAL AND THEORETICAL WORKS.
Electron mobility (cm2V-1s-1) of ML-MoS2
Temperature

200 K

260 K

300 K

400 K

This work

71.7

60

52.4

42.4

Experimental [8]

-

-

37

-

Experimental [9]

-

-

80

-

Experimental [10]

-

-

40

-

Theorical [3]

-

-

47-68

-

Experimental [11]

-

64

-

-

2

-1 -1

Electron mobility (cm V s ) of ML-WS2
Temperature

200 K

300 K

400 K

This work

73.3

47.6

37.2

Experimental [13]

-

44

-

Experimental [14]

-

50 7

-

Electron mobility (cm2V-1s-1) of ML-Mo3S8Cr
Fig. 5. The electron mobility of (a) monolayer MoS2, (b) monolayer
WS2, (c) Mo3S8Cr, and (d) W3S8Cr for the doping concentration from
108 to 1012 cm-2. The electron mobility decreases while the doping
concentration increases mainly due to high impurity scattering. And, the
mobility decreases at high temperature. (c)-(d) The Mo3S8Cr and
W3S8Cr show the significant increase of electron mobility mainly
because of their relatively reduced band gaps.

which is in the range of 37-80 cm2V-1s-1 from various fabricated
devices [8-10] and also falls in the range of 47-68 cm2V-1s-1 by
other theoretical calculations [3]. For accuracy comparison, our
simulated electron mobility at 260 K is close to the
experimental value of 64 cm2V-1s-1 [11]. The Seebeck coefficient
of electron of MoS2 is 574 µV/K which is close to the theoretical
value of 570 µV/K [14] with the doping concentration of 1011
cm-2 at the room temperature. For the intrinsic monolayer WS2,
our simulated electron mobility is 47.6 cm2V-1s-1 which is close
to experimental works of 44 and 50 7 cm2V-1s-1 [13-14]. The
definition of the doping concentration is based on the view of
two-dimensional material; notably, the doping concentration of
bulk material can be scaled by dop2D = dop3D c, where c is the
length of simulated domain along the c-direction.
III.

RESULTS AND DISCUSSION

The lattice parameters of relaxed structures of this work are
listed in Table I. The two distances, dM-S and dS-S, are the
distances from Mo/W atom to their neighbor S atom and from
top S to bottom S atom, respectively. For Mo3S8Cr and W3S8Cr,
the dM-S and dS-S are the distances from Cr atom to its neighbor
S atom. Notably, the largest value of dS-S is chosen since it varies
in Cr-doped structure. The simulated energy band structures are
shown in the figure 3. Since the Cr, Mo, and W elements are all
in VIB group of periodic table, the Cr-doped monolayer MoS2

Temperature

200 K

300 K

400 K

This work

189.6

133.1

100.4

Electron mobility (cm2V-1s-1) of ML-W3S8Cr
Temperature

200 K

300 K

400 K

This work

363.5

251.9

194

and WS2 can remain direct band gap at K point of the BZ. The
monolayer MoS2, WS2, Mo3S8Cr, and W3S8Cr show direct band
gap at K point of the BZ with values, 1.693, 1.838, 1.291, and
1.288 eV, respectively. The projected density of states (PDOS)
of Mo3S8Cr and W3S8Cr, as shown in the figure 4, indicate that
the Cr atom contributes additional states near the valance and
conduction bands and thus decreases the band gap significantly.
Figures 5(a)-(d) plot the averaged electron mobility including
ADP and IMP scattering for monolayer MoS2, monolayer WS2,
Mo3S8Cr, and W3S8Cr with respect to different carrier
concentrations from 108 to 1012 cm-2 and temperatures (T = 200,
300, and 400 K). The trend shows that the averaged electron
mobility increases while the temperature decreases or the doping
concentration decreases. Not shown here, the temperature effect
and the doping concentration dominate the ADP and IMP
scatterings, respectively. Compared with ML-MoS2 and MLWS2, at the low doping concentration of 108 cm-2, the Mo3S8Cr,
and W3S8Cr have significantly higher electron mobility and
adjustable range when temperature varies from 200 to 400 K.
However, at the high doping concentration of 1012 cm-2, the
Mo3S8Cr, and W3S8Cr have marginal tunable ranges due to their
relatively small band gaps.
The table II summarizes the values of averaged electron
mobility of this work and other referenced works. The values of
our work are from the BTE estimation with low doping

doping concentration; and, notably, it is insensitivity to the
temperature variation for all the studied structures.
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