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Deep-to-shallow level transition of Re and Nb dopants in monolayer MoS,
with dielectric environments

Ji-Young Noh,"? Hanchul Kim,> Minkyu Park,® and Yong-Sung Kim" 3"

' Korea Research Institute of Standards and Science, Yuseong, Daejeon 305-340, Korea

2Department of Nano Physics, Sookniyung Women’s University, Seoul 140-742, Korea
3Department of Nano Science, University of Science and Technology, Daejeon 305-350, Korea
(Received 11 May 2015; published 21 September 2015)

We investigate the effects of dielectric environments on the transition levels of Re and Nb dopants in monolayer
MoS, through density functional theory calculations. The inherently weakly screened Coulomb interaction in
free-standing monolayer MoS, 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 MoS, 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) MoSe; 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-MoSe, 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-MoS, is ~1 cm? V~!s~! in a ML-MoS,/SiO, stacked
bottom gate thin-film transistor (TFT) [12], while it increases
to ~200 cm®*V~!'s™! in a HfO,/ML-MoS,/SiO, 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-MoS; has shown a good n-type conductivity, which is
unintentionally doped [15,16], and the n-type ML-MoS, TFTs
have been successfully fabricated [13,14]. Recently, Re and
Nb [17] impurities are suggested as possible shallow level
dopants in free-standing ML-MoS,, 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-MoS, 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-MoS; 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-MoS,. The ML-MoS,; is placed on a (SiO, or HfO,)
substrate and/or below an (SiO, or HfO,) 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-
MoS, 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 x 2 x 1 I'-centered k-point mesh in 6 x 6
ML-MoS,; supercells were used. For comparison, the defects
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FIG. 1. (Color online) (a) Calculated formation energies of Reyy,
and Nby,, in the neutral and singly charged states of the supercells in
free-standing ML-MoS, (thick solid lines) and bulk 2H-MoS; (thin
solid lines) as a function of the Fermi level (E ). The Reﬁ{,ﬂ donor
and Nb;;o/ % acceptor transition levels are indicated by the filled and
open symbols, respectively. The square symbols are for the dopants
in free-standing ML-MoS,, and the triangle symbols are for those in
bulk 2H-MoS,. Local electronic densities of states of Rey, (red) and
Nbyy, (blue) in (b) free-standing ML-MoS, and (c) bulk 2H-MoS, are
shown. The band edges of bulk 2H-MoS, are indicated by vertical
dashed lines.

in bulk 2H-MoS, were computed with a 6x6x3 supercell
and 2 x 2 x 2 I'-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 (Rey,) and Nb (Nbyy,) defects in
bulk 2H-MoS, and free-standing ML-MoS,, as a function of
the Fermi level (E ). The reference systems for the element
reservoirs are the hcp Re, bcc Nb, orthorhombic S, and
pristine 2H-MoS, for the bulk case and pristine free-standing
ML-MoS, for the ML case. This is the S-rich limit condition
in MoS,. The zero of Er is set to the valence-band maximum
(VBM) of the pristine free-standing ML-MoS, (EM"), and the
upper bound is set to its conduction-band minimum (CBM)
(Eg”“), both of which are located at the K valley in the 1 x 1
Brillouin zone. The VBM of the bulk 2H-MoS, (E%') (located
at the I valley) is about 0.8 eV above the EM*, and the CBM
of the bulk 2H-MoS, (E2"™) (located at a point in the X line)
is about 0.4 eV below the Eg/ﬂ“. The band-edge levels of the
bulk 2H-MoS, are indicated by the vertical dashed lines in
Fig. 1(a).

The Rep, and Nbyy, defects are found to have negative
formation energies in the S-rich limit condition. In n-type
MoS,, the formation energy of Rep, is —1.2 eV in bulk
2H-MoS, (when Er = E2'™) and —0.8 eV in free-standing
ML-MoS, (when Er = Eg™). In p-type MoS,, the formation
energy of Nby, is —3.6 eV in bulk 2H-MoS, (when Ep =
EY™) and —2.8 eV in free-standing ML-MoS, (when Ef =
EY™"). These indicate that the incorporation of Re and Nb
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impurities in S-rich bulk 2H- and free-standing ML-MoS, is
energetically favorable. The Rey, is a donorlike and Nbyy, is
an acceptorlike defect. Figure 1(b) shows the local densities
of KS levels for the Reyj, and Nby, defects in free-standing
ML-MoS,;, and Fig. 1(c) shows those in bulk 2H-MoS,, in
the neutral charge state of the supercells. The KS impurity
levels of the Repy, and Nby, are found to be near EgIL and
EM, respectively, in free-standing ML-MoS, [Fig. 1(b)], as
previously shown in a DFT study [18], and they are just above
and well below the EX' and E%* levels, respectively, in bulk
2H-MoS, [Fig. 1(c)].

The Refvf; and Nbllvl_o formation energies are calculated
based on the delta SCF DFT approach, and the Ref\%ﬂ donor
and Nbf&o/ 0 acceptor transition levels are estimated. In free-

standing ML-MoS,, the calculated Reg%ﬂ and Nbl(\go/ O defect
levels are EM-—0.53 eV and EM + 0.52 eV, respectively,
as shown in Fig. 1(a). This means that when Ep = EX"
the Rej,, is the most stable and the electronic excitation of
Re},, — Rey +e~ requires 0.53 eV, where e is a conduction
electron. When Er = EML, the NbY,, is the most stable and
the excitation of Nb;, — Nb\; +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 Rey, and Nby, defects in
free-standing ML-MoS,.

On the other hand, in bulk 2H-MoS,, the Rey, and Nbyy,
defects generate shallow levels. The calculated Rei\%ﬂ donor
level is 2" — 0.06 eV (at best qualitative) in bulk 2H-MoS,,
as shown in Fig. 1(a). The formation energies of Nby, in
the neutral and (1—) charged states of the supercell cross
near EY'® [see the open triangle in Fig. 1(a)]. Since the
Nby, defect KS level is well inside the bulk valence bands
[Fig. 1(c)], the doped hole occupies the band-edge state
EY'™, when Ep=E%', and the neutral charge state of the
Nbyo-containing supercell actually means Nbllvl_0+h+. The
shallow nature of the Reyy, and Nbyy, defects in bulk 2H-MoS,
originates in part from the band-edge shifts from the ML ones,
as indicated by the EM“ and ER', and EM" and EP'X in

Fig. 1(a). If we compare the Re](\%’L) donor levels in bulk and
free-standing ML-MoS, from the EM, it is closer to EM" in
bulk 2H-MoS, than in free-standing ML-MoS, [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-MoS, than in free-
standing ML-MoS,, as a result of the dielectric screening
from the environment (the other MoS, layers) surrounding
the Reygo-containing MoS; layer in bulk 2H-MoS.

We consider various dielectric environments surrounding a
ML-MoS,. Figures 2(a)-2(f) show the model atomic structures

for the free-standing ML-MoS;: vacuum/MoS;/vacuum
(VMYV), vacuum/MoS,/Si0, (VMS), SiO,/MoS,/SiO,
(SMS), vacuum/MoS,/HfO, (VMH), Hf0O,/MoS,/SiO,

(HMS), and HfO,/MoS,/HfO, (HMH) systems. The in-plane
periodicity of the ML-MoS; is 6 x 6. The SiO; is modeled
by 4 x 4 a-quartz SiO,(0001) slab, on which the surface
dangling bonds are passivated by H, and the HfO, is modeled

115431-2



DEEP-TO-SHALLOW LEVEL TRANSITION OF Re AND Nb ...

(@) VMV (b) VMS (c)

MS (d) VMH

(e) HMS () HMH

I L
20 15 10 5 020 15 10 5 020 1510 5 0201510 5 02015 10 5 020 15 10 5 0
€ € € € € €

13__V &I T ‘ TT ‘ TT | TT | T Y_ L frT ‘ T ] \
g F 1 r ] \
5 4Gia -4 8r i N
(2) Zf‘;’ 1 e ¢ [:fd‘_ 7.2 yARNN 2.4 Ih 1\ "/\Ii
0 3 6 9 12 15 18 10 10.410.8 16 17 18

Distance (A) Distance (A)  Distance (A)

FIG. 2. (Color online) Atomic structures of the (a) VMYV, (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 Rey, defect states are
shown in (a)—(f). (g)—(1) Plane-averaged Rey, 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 x 5 cubic HfO,(111) slab. The SiO,
and HfO, are strained by +1.1 and +6.0%, respectively,
to match their lattice constants to that of the ML-MoS,;
(3.124 A in LDA for the free-standing ML-MoS,). Six (five)
Si or four (four) Hf atomic layers are used for the bottom (top)
dielectric slab. The interface spacing between the MoS, and
Si0, (HfO,) is 2.45 (2.74) A. The Ren, and Nbyy, defects,
separately, are put into the ML-MoS, 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-MoS, with Rey;, and
Nby, until less than 0.01 eV/A, and it is used for the Rep,-
and Nby,-doped ML-MoS, with the dielectric environments
(no further atomic relaxations). The atomic structures of the
Si0, and HfO, 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 Rey, and Nby, in the ML-MoS,
with the dielectric environments, as a function of E r. The zero
of E is set to the EM™ of the pristine free-standing ML-Mo$S,
(VMV), and the upper bound (1.877 eV) of the Ef is the EM"
of the pristine free-standing ML-MoS,. With the dielectric
environments, the CBMs of the pristine ML-MoS, (EZMX,
where X =V, S, or H) are found to be nearly the same as
that of the pristine free-standing ML-MoS, (EM"), while the
shifts of the VBMs of the pristine ML-MoS, with the HfO,
dielectrics (E {,‘MH, where X =V, S, or H) from the E{‘,/IL are
not negligible. (The S-3p contribution is larger in the EM"
state at the " point than in the EM" state, and the interface
hybridization is stronger in the E)'™ state.) The VBM shifts
with SiO, dielectrics are small [16]. The E{MX s are indicated
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FIG. 3. (Color online) (a) Calculated formation energies of Rey,
and Nby, 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 (E ) with respect to
EML_Those as a function of E with respect to EMX are plotted in the
inset of (a). The Re](\?,{f) donor and Nb;}o/ % 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 &g.

by the vertical lines near E£r=0.0-0.3 eV in Fig. 3(a). Setting
the zero of Er to the E{MX’s of the pristine ML-MoS,’s with
the dielectrics, the formation energies of the Nby, are plotted
in the inset of Fig. 3(a). The transition levels of the Re(o/ +

and Nbl(\/[o/ % are found to be shallower, close to the CBMs and
VBMs, respectively, of the ML-MoS,’s with the dielectrics,
in order of the VMYV, VMS, SMS, VMH, HMS, and HMH

structures for Re&%ﬂ and in order of the VMYV, VMS, VMH,

SMS, HMS, and HMH for Nby,/”.

The electronic contributions of the dielectric constants
of bulk SiO, and HfO, 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.-MoS, 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 (¢g) as eg = (ertr + tc + eptp)/L,, where the er
and ep are the dielectric constants of the top and bottom
dielectrics, respectively; the 7 and 7 are the thicknesses of the
top and bottom dielectrics, respectively; #¢ is the thickness of
the ML-MoS,; and the L. is the length of the supercell normal
to the layers (7 = 11.741 A, tc = 6.033 ;\, tg = 14.060 A,
and L, = 31.834 A). The calculated ef’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 Rel(\%ﬂ and Nb;o/ 0
are plotted as a function of g in Fig. 3(b), showing that
the Rep;, donor and Nby, acceptor transition levels nearly
monotonically decrease with eg.

The charge densities of the Rey, (representatively) defect
state in ML-MoS, 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

115431-3



NOH, KIM, PARK, AND KIM

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 ¢g increases. The environmental dielectrics near the ML-
MoS; are likely to screen the bound-electron—charged-defect
Coulomb interaction in the ML-MoS, 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-MoS, are deep level defects, while
they are shallow level ones in bulk 2H-MoS;. When the
ML-MoS; is placed with nearby other materials (as in a device
structure), the Rey;, and Nby, defect states are found to be
shallower. The intrinsic Coulomb interaction in free-standing
ML-MoS,; is strong, but it can be effectively screened by

PHYSICAL REVIEW B 92, 115431 (2015)

dielectric environments surrounding the ML-MoS,;. With
a HfO, encapsulation, the Rey, and Nbyy, are found to be a
shallow donor and acceptor, respectively, in ML-MoS, on a
SiO, or HfO, substrate, of which structure and dopants can
be utilized in ML-MoS,-based electronic devices.
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