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We investigate the effects of dielectric environments on the transition levels of Re and Nb dopants in monolayer
MoS2 through density functional theory calculations. The inherently weakly screened Coulomb interaction in
free-standing monolayer MoS2 makes the dopant electrons and holes strongly bound, and the Re and Nb impurities
are found to produce deep levels. It is shown that when the monolayer MoS2 is placed near high permittivity
dielectrics the screened Coulomb interaction induces carrier delocalization with generating shallow levels.
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Low-dimensional semiconductors have unique properties
that are not present in conventional bulk semiconductors.
In a free-standing low-dimensional semiconductor, Coulomb
interactions between charges are generally weakly screened,
and as consequences (i) large quasiparticle renormaliza-
tion energy (electron-electron) [1–6], (ii) large exciton
binding energy (electron-hole) [1–6], (iii) a large scatter-
ing cross section of carriers by charged defects (carrier-
electron–charged-defect) [7–9], (iv) deep levels of defects
(bound-electron–charged-defect) [10], and (v) large electro-
static interaction energy between charged defects (charged-
defect–charged-defect) [10] are induced as their typical
features.

The strong Coulomb interactions can be effectively
screened by dielectric environments surrounding the low-
dimensional semiconductor, and the dielectric screening effect
can make great changes in the material’s (intrinsic) properties.
Atomically thin transition-metal dichalcogenides (TMDs) [11]
are novel two-dimensional (2D) semiconductors, which have
attracted tremendous interest recently. While the band gap of
a free-standing monolayer (ML) MoSe2 is 2.26 eV, it reduces
down to 2.13 eV with a bilayer graphene substrate [1]. The ex-
citon binding energy of a free-standing ML-MoSe2 is 0.65 eV,
but it weakens to 0.52 eV with a bilayer graphene substrate [1].
Not only with a substrate, additionally with a dielectric
encapsulation, the property changes by the environments are
even more remarkable. The carrier mobility of electrons of
a ML-MoS2 is ∼1 cm2 V−1 s−1 in a ML-MoS2/SiO2 stacked
bottom gate thin-film transistor (TFT) [12], while it increases
to ∼200 cm2 V−1 s−1 in a HfO2/ML-MoS2/SiO2 stacked
top gate structure [13,14]. As such, for the low-dimensional
semiconductors, the material’s properties depend on where the
material is.

Shallow level defects are enormously important in semi-
conductors to control the electrical conductivity, and efficient
n- and p-type doping technologies are essential prerequisites
for electronic device applications. However, especially in low-
dimensional semiconductors, generation of a shallow level is
not always a simple job, because the defect electrons are typi-
cally localized near the defect center through the strong bound-
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electron–charged-defect Coulomb interaction. In 2D TMDs,
the situation is not expected to be different. Nonetheless, the
ML-MoS2 has shown a good n-type conductivity, which is
unintentionally doped [15,16], and the n-type ML-MoS2 TFTs
have been successfully fabricated [13,14]. Recently, Re and
Nb [17] impurities are suggested as possible shallow level
dopants in free-standing ML-MoS2, through investigating the
Kohn-Sham (KS) levels in density functional theory (DFT)
calculations [18,19]. However, the strong electron-electron
interaction in free-standing ML-MoS2 makes it doubted
whether such an independent particle picture provides correct
defect transition levels qualitatively as well as quantitatively.
Charging with electron inclusion in or electron exclusion
out of the system always results in electronic relaxation
of the total system of electrons by the electron-electron
interactions. When we study a charged state of a defect with
the rigid bands or density of states obtained from a neutral
defect, this electronic relaxation effect is neglected. The delta
self-consistent field (SCF) approach [20] uses the DFT total
energies of the charged as well as neutral defects to determine
the electronic transition levels of defects, and the electronic
relaxation with the charging is included within the DFT level.
Since the low-dimensional semiconductors are always under
some environments in isolated as well as in integrated devices,
understanding the environment dependence of their properties
is of big importance.

In this work, we investigate the defect transition levels
of Re and Nb impurities in ML-MoS2 using the delta SCF
approach based on DFT calculations. It is shown that the
Re and Nb impurities are deep level defects in free-standing
ML-MoS2. The ML-MoS2 is placed on a (SiO2 or HfO2)
substrate and/or below an (SiO2 or HfO2) encapsulation, and
the defect transition levels are found to shoal with increasing
the environmental dielectric constants. The screened Coulomb
interaction between the bound electron and the charged
impurity induces the deep-to-shallow level transition in ML-
MoS2 with the dielectric environments.

We performed DFT calculations as implemented in the
Vienna ab initio simulation package (VASP) code [21,22].
The ultrasoft pseudopotentials [23] and the local density
approximation (LDA) [24] were used. A kinetic-energy cutoff
of 350 eV and 2 × 2 × 1 �-centered k-point mesh in 6 × 6
ML-MoS2 supercells were used. For comparison, the defects
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FIG. 1. (Color online) (a) Calculated formation energies of ReMo

and NbMo in the neutral and singly charged states of the supercells in
free-standing ML-MoS2 (thick solid lines) and bulk 2H-MoS2 (thin
solid lines) as a function of the Fermi level (EF ). The Re(0/+)

Mo donor
and Nb(−/0)

Mo acceptor transition levels are indicated by the filled and
open symbols, respectively. The square symbols are for the dopants
in free-standing ML-MoS2, and the triangle symbols are for those in
bulk 2H-MoS2. Local electronic densities of states of ReMo (red) and
NbMo (blue) in (b) free-standing ML-MoS2 and (c) bulk 2H-MoS2 are
shown. The band edges of bulk 2H-MoS2 are indicated by vertical
dashed lines.

in bulk 2H-MoS2 were computed with a 6×6×3 supercell
and 2 × 2 × 2 �-centered k-point mesh. For charged defects,
the spurious electrostatic interaction between supercells was
eliminated using the model charge correction scheme [10,25–
29]. Inclusion of van der Waals interaction with the DFT-D2
scheme [30] did not alter our results.

Figure 1(a) shows the calculated formation energies of
the Mo-substitutional Re (ReMo) and Nb (NbMo) defects in
bulk 2H-MoS2 and free-standing ML-MoS2, as a function of
the Fermi level (EF ). The reference systems for the element
reservoirs are the hcp Re, bcc Nb, orthorhombic S, and
pristine 2H-MoS2 for the bulk case and pristine free-standing
ML-MoS2 for the ML case. This is the S-rich limit condition
in MoS2. The zero of EF is set to the valence-band maximum
(VBM) of the pristine free-standing ML-MoS2 (EML

V ), and the
upper bound is set to its conduction-band minimum (CBM)
(EML

C ), both of which are located at the K valley in the 1 × 1
Brillouin zone. The VBM of the bulk 2H-MoS2 (Ebulk

V ) (located
at the � valley) is about 0.8 eV above the EML

V , and the CBM
of the bulk 2H-MoS2 (Ebulk

C ) (located at a point in the � line)
is about 0.4 eV below the EML

C . The band-edge levels of the
bulk 2H-MoS2 are indicated by the vertical dashed lines in
Fig. 1(a).

The ReMo and NbMo defects are found to have negative
formation energies in the S-rich limit condition. In n-type
MoS2, the formation energy of ReMo is −1.2 eV in bulk
2H-MoS2 (when EF = Ebulk

C ) and −0.8 eV in free-standing
ML-MoS2 (when EF = EML

C ). In p-type MoS2, the formation
energy of NbMo is −3.6 eV in bulk 2H-MoS2 (when EF =
Ebulk

V ) and −2.8 eV in free-standing ML-MoS2 (when EF =
EML

V ). These indicate that the incorporation of Re and Nb

impurities in S-rich bulk 2H- and free-standing ML-MoS2 is
energetically favorable. The ReMo is a donorlike and NbMo is
an acceptorlike defect. Figure 1(b) shows the local densities
of KS levels for the ReMo and NbMo defects in free-standing
ML-MoS2, and Fig. 1(c) shows those in bulk 2H-MoS2, in
the neutral charge state of the supercells. The KS impurity
levels of the ReMo and NbMo are found to be near EML

C and
EML

V , respectively, in free-standing ML-MoS2 [Fig. 1(b)], as
previously shown in a DFT study [18], and they are just above
and well below the Ebulk

C and Ebulk
V levels, respectively, in bulk

2H-MoS2 [Fig. 1(c)].
The Re1+

Mo and Nb1−
Mo formation energies are calculated

based on the delta SCF DFT approach, and the Re(0/+)
Mo donor

and Nb(−/0)
Mo acceptor transition levels are estimated. In free-

standing ML-MoS2, the calculated Re(0/+)
Mo and Nb(−/0)

Mo defect
levels are EML

C − 0.53 eV and EML
V + 0.52 eV, respectively,

as shown in Fig. 1(a). This means that when EF = EML
C

the Re0
Mo is the most stable and the electronic excitation of

Re0
Mo → Re1+

Mo+e− requires 0.53 eV, where e− is a conduction
electron. When EF = EML

V , the Nb0
Mo is the most stable and

the excitation of Nb0
Mo → Nb1−

Mo+h+ requires 0.52 eV, where
h+ is a valence hole. The electronic relaxation with adding or
removing an electron from the impurity center is important,
and as expected from the strong electron-electron Coulomb
interaction the KS levels within the LDA [Fig. 1(b)] fail to
describe the deep nature of the ReMo and NbMo defects in
free-standing ML-MoS2.

On the other hand, in bulk 2H-MoS2, the ReMo and NbMo

defects generate shallow levels. The calculated Re(0/+)
Mo donor

level is Ebulk
C − 0.06 eV (at best qualitative) in bulk 2H-MoS2,

as shown in Fig. 1(a). The formation energies of NbMo in
the neutral and (1−) charged states of the supercell cross
near Ebulk

V [see the open triangle in Fig. 1(a)]. Since the
NbMo defect KS level is well inside the bulk valence bands
[Fig. 1(c)], the doped hole occupies the band-edge state
Ebulk

V , when EF =Ebulk
V , and the neutral charge state of the

NbMo-containing supercell actually means Nb1−
Mo+h+. The

shallow nature of the ReMo and NbMo defects in bulk 2H-MoS2

originates in part from the band-edge shifts from the ML ones,
as indicated by the EML

C and Ebulk
C , and EML

V and Ebulk
V in

Fig. 1(a). If we compare the Re(0/+)
Mo donor levels in bulk and

free-standing ML-MoS2 from the EML
C , it is closer to EML

C in
bulk 2H-MoS2 than in free-standing ML-MoS2 [see the filled
triangle at the right side of the filled square in Fig 1(a)]. This
implies that the bound-electron–charged-impurity Coulomb
interaction weakens more in bulk 2H-MoS2 than in free-
standing ML-MoS2, as a result of the dielectric screening
from the environment (the other MoS2 layers) surrounding
the ReMo-containing MoS2 layer in bulk 2H-MoS2.

We consider various dielectric environments surrounding a
ML-MoS2. Figures 2(a)–2(f) show the model atomic structures
for the free-standing ML-MoS2: vacuum/MoS2/vacuum
(VMV), vacuum/MoS2/SiO2 (VMS), SiO2/MoS2/SiO2

(SMS), vacuum/MoS2/HfO2 (VMH), HfO2/MoS2/SiO2

(HMS), and HfO2/MoS2/HfO2 (HMH) systems. The in-plane
periodicity of the ML-MoS2 is 6 × 6. The SiO2 is modeled
by 4 × 4 α-quartz SiO2(0001) slab, on which the surface
dangling bonds are passivated by H, and the HfO2 is modeled
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FIG. 2. (Color online) Atomic structures of the (a) VMV, (b)
VMS, (c) SMS, (d) VMH, (e) HMS, and (f) HMH model systems.
The structures include Mo (purple), S (yellow), Si (blue), Hf (gold), O
(red), and H (white) atoms. The dielectric constant real-space profiles
across the slabs and the charge isosurfaces of the ReMo defect states are
shown in (a)–(f). (g)–(i) Plane-averaged ReMo defect charge densities
in VMV (black), VMS (purple), SMS (blue), VMH (green), HMS
(orange), and HMH (red) along the in-plane lattice vector directions
(solid and dashed lines). (g), (h) Magnification of the area near the
impurity center. (i) Magnification of the area far from the impurity
center.

by an O-terminated 5 × 5 cubic HfO2(111) slab. The SiO2

and HfO2 are strained by +1.1 and +6.0%, respectively,
to match their lattice constants to that of the ML-MoS2

(3.124 Å in LDA for the free-standing ML-MoS2). Six (five)
Si or four (four) Hf atomic layers are used for the bottom (top)
dielectric slab. The interface spacing between the MoS2 and
SiO2 (HfO2) is 2.45 (2.74) Å. The ReMo and NbMo defects,
separately, are put into the ML-MoS2 that has the nearby
dielectrics, and the formation energies and defect transition
levels are calculated. The Hellmann-Feynman forces are
relaxed only for the free-standing ML-MoS2 with ReMo and
NbMo until less than 0.01 eV/Å, and it is used for the ReMo-
and NbMo-doped ML-MoS2 with the dielectric environments
(no further atomic relaxations). The atomic structures of the
SiO2 and HfO2 dielectrics are not relaxed. A test for the VMS
system including the atomic relaxation shows no essential
change in the results.

Figure 3(a) shows the calculated DFT formation energies
of the neutral and ionized ReMo and NbMo in the ML-MoS2

with the dielectric environments, as a function of EF . The zero
of EF is set to the EML

V of the pristine free-standing ML-MoS2

(VMV), and the upper bound (1.877 eV) of the EF is the EML
C

of the pristine free-standing ML-MoS2. With the dielectric
environments, the CBMs of the pristine ML-MoS2 (EXMX

C ,
where X = V, S, or H) are found to be nearly the same as
that of the pristine free-standing ML-MoS2 (EML

C ), while the
shifts of the VBMs of the pristine ML-MoS2 with the HfO2

dielectrics (EXMH
V , where X = V, S, or H) from the EML

V are
not negligible. (The S-3p contribution is larger in the EML

V

state at the � point than in the EML
C state, and the interface

hybridization is stronger in the EML
V state.) The VBM shifts

with SiO2 dielectrics are small [16]. The EXMX
V ’s are indicated
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FIG. 3. (Color online) (a) Calculated formation energies of ReMo

and NbMo defects in the neutral and singly charged states in VMV
(black), VMS (purple), SMS (blue), VMH (green), HMS (orange),
and HMH (red) as a function of the Fermi level (EF ) with respect to
EML

V . Those as a function of EF with respect to EXMX
V are plotted in the

inset of (a). The Re(0/+)
Mo donor and Nb(−/0)

Mo acceptor transition levels
are indicated by the filled and open symbols, respectively. (b) The
donor and acceptor transition levels as a function of the environmental
dielectric constant εE .

by the vertical lines near EF =0.0–0.3 eV in Fig. 3(a). Setting
the zero of EF to the EXMX

V ’s of the pristine ML-MoS2’s with
the dielectrics, the formation energies of the NbMo are plotted
in the inset of Fig. 3(a). The transition levels of the Re(0/+)

Mo

and Nb(−/0)
Mo are found to be shallower, close to the CBMs and

VBMs, respectively, of the ML-MoS2’s with the dielectrics,
in order of the VMV, VMS, SMS, VMH, HMS, and HMH
structures for Re(0/+)

Mo and in order of the VMV, VMS, VMH,
SMS, HMS, and HMH for Nb(−/0)

Mo .
The electronic contributions of the dielectric constants

of bulk SiO2 and HfO2 are calculated to be 2.5 and 5.0,
respectively, using density functional perturbation theory [31]
in LDA level. That of the free-standing ML-MoS2 is calculated
to be 15 (in plane) and 2 (out of plane), and we plot
the dielectric constant (real-space) profiles across the slabs
in Figs. 2(a)–2(f). We define the environmental dielectric
constant (εE) as εE = (εT tT + tC + εBtB)/Lz, where the εT

and εB are the dielectric constants of the top and bottom
dielectrics, respectively; the tT and tB are the thicknesses of the
top and bottom dielectrics, respectively; tC is the thickness of
the ML-MoS2; and the Lz is the length of the supercell normal
to the layers (tT = 11.741 Å, tC = 6.033 Å, tB = 14.060 Å,
and Lz = 31.834 Å). The calculated εE’s are 1.000 (VMV),
1.662 (VMS), 2.216 (SMS), 2.767 (VMH), 3.138 (HMS), and
4.242 (HMH). The transition levels of the Re(0/+)

Mo and Nb(−/0)
Mo

are plotted as a function of εE in Fig. 3(b), showing that
the ReMo donor and NbMo acceptor transition levels nearly
monotonically decrease with εE .

The charge densities of the ReMo (representatively) defect
state in ML-MoS2 with the dielectric environments are
compared in Fig. 2. The charge isosurfaces are shown in
Figs. 2(a)–2(f), and the plane-averaged charge densities are
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shown in Figs. 2(g)–2(i) along the in-plane lattice vector
directions (solid and dashed lines). The spatial distributions
of the defect charge densities are found to be delocalized
with the dielectric environments. Those in the central region
where the impurity is located are reduced [Fig. 2(h)], while
those far from the impurity center are increased [Fig. 2(i)],
as εE increases. The environmental dielectrics near the ML-
MoS2 are likely to screen the bound-electron–charged-defect
Coulomb interaction in the ML-MoS2 and make the defect
charge density spread out, resulting in the shallow levels.

In conclusion, the Mo-substitutional Re and Nb impurities
in free-standing ML-MoS2 are deep level defects, while
they are shallow level ones in bulk 2H-MoS2. When the
ML-MoS2 is placed with nearby other materials (as in a device
structure), the ReMo and NbMo defect states are found to be
shallower. The intrinsic Coulomb interaction in free-standing
ML-MoS2 is strong, but it can be effectively screened by

dielectric environments surrounding the ML-MoS2. With
a HfO2 encapsulation, the ReMo and NbMo are found to be a
shallow donor and acceptor, respectively, in ML-MoS2 on a
SiO2 or HfO2 substrate, of which structure and dopants can
be utilized in ML-MoS2-based electronic devices.
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