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Transition metal dichalcogenide (TMD) shows layer-dependent electrical conductivity. However, there are
conflicting experimental reports on the trend of conductivity, which is attributed to originating from point defects
as a function of the number of layers (NLs). Using density functional theory, we analyze the layer-dependent
defect thermodynamics of n- and p-type defects in MoS, and WS,. The shallow donor levels of hydrogen
defects systematically become deep with the increasing NLs to six or seven-layers and hence reduces the n-type
conductivity. Moreover, the deep acceptor Vs in a one-layer turns into a weak shallow acceptor for six-layers.
Interestingly, from eight-layers onwards, the thermodynamic defect transition levels shift towards the conduction
band due to the interplay between the bonding characteristic of the localized defect state and Coulombic
repulsion of the added charge in the changing dielectric environment. The study uncovers the plausible cause of

the layer-dependent electrical conductivity of TMDs.
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I. INTRODUCTION

In modern electronics, layered transition metal dichalco-
genides (TMDs) such as MoS, and WS, have attracted a
great deal of attention as candidates to replace conventional
Si technology [1,2]. The quantum confinement of electrons in
two-dimensional (2D) crystal make one-layer (1L) MoS; and
WS, as a direct band-gap semiconductor. Their band structure
shows a remarkable evolution with the number of layers,
transitioning from direct to indirect as the thickness increases
from 1L onwards [3,4]. 1L-MoS,(WS,)-based FETs exhibit
good electrical mobility of ~ 200(486) cm>V~!s~!, however,
they show poor mobilities in the bulk phase, which fall in the
range of ~ 0.3-0.5 cm?>V~!s~! [2]. Moreover, the electrical
conductivity (o) of layered MoS, and WS, increases as the
number of layers (NLs) reduces [5—7]. On the other hand,
there are conflicting experimental reports on the trend of
conductivity with the function of NLs [8—12]. Therefore, the
origin of this change in electrical conductivity and mobility is
still under debate and remains an open question.

In the crystal structure of bulk TMDs, each 2D layer is
bounded by the weak van der Waal’s force, which makes it
possible to exfoliate a few layers or even a 1L through the
various experimental techniques [13—19]. However, none of
the existing processes provides the capability to exclusively
produce uniform monolayers over a large area [6,20]. Ad-
ditionally, none of these processes can precisely control the
NLs. For example, 1L.-MoS; and 1L-WS; obtained from these
processes always coexist with thicker layers [17,20,21]. As
the properties of MoS, and WS, strongly depend on NLs, a
controlling number of layers in exfoliated samples remains a
tremendous challenge for the improvement of device perfor-
mance [7,22-25]. As-grown 1L-MoS; and 1L-WS, are n-type
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semiconductors because of the unintentional presence of hy-
drogen during growth [26,27]. Hydrogen in interstitial (H;)
and the H-S adatom configuration provide effective shallow
donor levels in 1L-MoS, [26] and 1L-WS, [27]. However,
these donor levels are deep in the bulk phase [28], highlighting
the tremendous changes in defect behavior as a function of the
number of layers.

Using density functional theory, we carried out a compre-
hensive study of n-type (H; and H-S adatom) and p-type (Vs)
defects in MoS; and WS,, from one-layer (1L) to nine-layers
(9L) and then in the bulk phase. We found that the shallow
donor levels in 1L-MoS; and 1L-WS,, systematically tuned to
deep levels as NLs increase, which reduce the n-type conduc-
tivity. Interestingly, from eight-layers (8L) onwards, the deep
levels shift towards the conduction band and resembles the
bulk behavior. On the other hand, sulfur vacancy (Vs), which
is a deep acceptor in 1L-MoS, and 1L-WS,, turns out to be a
weak shallow acceptor for six-layers (6L). These weak shal-
low acceptor levels start shifting towards the conduction band
after 6L onwards and become deep, and therefore, reduces
the p-type conductivity. The competition between the bonding
characteristics of the defect state, Coulombic interactions of
added charge, and dielectric screening determine the layer-
dependent behavior of electrical conductivity. The finding
suggests that the electrical conductivity can be controlled by
adding the NLs of TMDs, without changing their integrity.

II. METHODOLOGY

Our calculations are based on density functional theory
(DFT) within the generalized gradient approximation (GGA)
[29-31] and projector augmented wave (PAW) potentials
as implemented in the Vienna ab initio simulation package
(vASP) [32,33]. The kinetic energy cutoff is set to 400 eV for
the plane-wave expansion. All the structures are completely
relaxed until the components of the Hellmann-Feynman

©2022 American Physical Society
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forces are less than 0.005 eV/A. A dense Monkhorst-Pack
k-point, 21 x 21 x 1 for a unit cell of 1L and 15 x 15 x 11
for a unit cell of 2L to 9L of MoS, and WS, is used for the
complete geometry optimization.

The defect [X] formation energy in charge state g is
given by

Ef[Xq] — Et(il):fect _ Etlz)r[istine _ Zniﬂi + qEF + Aq, (1)
i

where E&fect and EPy*"™ are the total energies of defective and
pristine supercells, respectively. n; is the number of atoms of
the i species, either added to (n; > 0) or removed (n; < 0)
from the pristine supercell. p; is the chemical potential of
the i™ element. Ep is the Fermi-level position, referenced
to the valence-band maximum (VBM). AY represents the
charge-state correction due to the finite size of the supercell.
To correct the spurious Coulombic interactions, first we con-
verged the defect formation energies as a function of supercell
size. We considered sufficiently large supercells, wherein the
periodic distance of the charged defect is more than 18 A.
Previous studies [34,35] suggested that in 1L and few-layered
MoS,(WS,), for the lower charge state, i.e., =1, the periodic
distance 18 A was sufficient to predict the converged forma-
tion energies with an error bar of ~0.15 eV. A 4 x4 x 4
k-point sampling is used for all the calculations. The signif-
icance of the defect transition level (DTL) is explained in the
Supplemental Material (SM) [36].

III. RESULTS AND DISCUSSION

The unit cells of 1L and bulk MoS, consist of three and
six sublayers in the chalcogen-metal-chalcogen (X-M-X) con-
figuration [1,2]. In order to assess the interlayer coupling
strength, we calculate the layer-dependent cohesive energy.
The analysis suggests that separating the layers from the bulk
requires a large amount of energy, please see Fig. S1 of SM
[36]. Few-layered MoS, having an even number of layers, has
inversion symmetry, which is not present in odd layers. The
optimized lattice parameter and interlayer distance are a =
3.17 A and dyiomo = 6.15 A, respectively. This is consistent
with the previous experimental reports [1,2,4,37]. The van der
Waal’s (vdW) interaction is included through the semiempir-
ical Grimme’s DFT-D2 [38] formalism. We find that a and
dmo-Mo are independent of the NLs.

The calculated PBE-GGA direct energy gap of 1L-MoS,
is 1.7 eV, which is very close to the previous experimen-
tal value 1.8 eV [1,3,4,37,39]. The VBM at the K-point is
54 meV higher in energy than the local maximum at I for
the 1L-MoS,, as shown in Fig. S2(a) of the SM [36]. As
the number of layers increases, VBM shifts monotonically
from K to I', and CBM remains at K, making it an indirect
band-gap semiconductor. From 2L to 6L, the orbitals at I"
(VBM) are composed of metal d» and chalcogen p, orbitals,
while CBM is composed of only metal d,» orbitals. After 7L,
CBM starts shifting halfway along the I' — K direction. As
the NLs increase, the lowest conduction band moves down
reducing the band gap, which reaches to 0.99 eV for the bulk,
as shown in Fig. S2(c) of the SM [36]. In bulk MoS,, CBM
is composed of d,y, dy>_,2, and d orbitals, whereas VBM
originates from d,> and p, orbitals. The band-edge positions of

layered (n = 2, ..., 9) and bulk MoS, are shown in Fig. S2(b)
of the SM [36]. The band gap monotonically decreases with
the NLs and converges to the bulk value, which indicates the
effect of quantum confinement [3,40—42].

Hydrogen impurities are frequently observed in MoS, due
to the use of H,S gas as the sulfur source and predicted
to be the cause of electron doping [43-45]. We considered
hydrogen (H) impurities at different lattice sites in 1L and bulk
MoS,. After the complete geometrical optimization, hydrogen
is found to be the most stable in two different structural
configurations; (i) H interstitial H;, wherein hydrogen is in
the middle of the hexagon center and (ii) H-S adatom with
hydrogen on the top of the S atom. For the H; configuration,
the calculated Mo-H bond length is 1.88 A, which is close
to the experimental value of 1.74 A. For the H-S adatom
configuration, the calculated H-S bond length is 1.34 10\, which
is close to the H-S bond length in H,S gas. The variation
of the bond length and total energy per atom as a function
of the number of layers is in the range of ~ 0.01 A and
0.05 eV, respectively. The H-S adatom is energetically more
stable when H stays between the layers rather than on the top
layer. The energy difference for these two configurations is
~ 0.12 eV. The H-S bond length remains unchanged in both
configurations. Hence, the defect thermodynamic analysis of
the H-S adatom is done for the lowest-energy (second) config-
uration. We also analyzed layer-dependent thermodynamics
of the sulfur vacancy (Vs), which is one of the most abundant
defects in MoS, and WS, [2,6]. After the geometrical opti-
mization, the three Mo(W) atoms surrounded by the Vs move
0.13 A, inward.

The defect transition levels (DTLs) analysis as a function
of the Fermi level, of H;, H-S adatom, and Vs in 1L and bulk
MoS,; are shown in Figs. 1(a) and 1(c), respectively. For 1L,
the H; and H-S adatom provide a shallow donor level and lead
to n-type conductivity under an S-rich condition, as shown in
Fig. 1(a). In disagreement with the previous experimental re-
ports [5-7], we found V; as an electron acceptor defect and the
associated DTL €(0/ — 1) occurs at 1.61 eV (0.68 eV) above
the VBM for 1L (bulk) MoS,. Under the Mo-rich condition,
when the Fermi level approaches to CBM (n-type doping),
VS’1 is most stable compared to Hf ! and the H-S*! adatom,
which will trap the free carriers and reduces the n-type con-
ductivity of 1L. Interestingly, H;j, which is a shallow donor in
1L, turns out to be a deep donor in bulk, as shown in Fig. 1(c).
The €(41/0) level occurs 0.31 eV below the calculated CBM
or 0.42 eV below the experimental CBM [3]. Moreover, the
simultaneous presence of the H-S*! adatom donor and VS_l
acceptor, pins the Fermi level at Ep = Ecgy — 0.35 eV, as
shown in Fig. 1(c). The H; and H-S adatom both provide
midgap states and cannot be the source of the n-type conduc-
tivity of bulk MoS;. The DTLs are shallow in 1L and are deep
in bulk, therefore, it is important to understand their changes
as a function of the number of layers.

We investigate the variation of DTLs of Hj, and H-S
adatom as a function of the number of layers (NLs) of MoS; as
shown in Fig. 1(b). All the DTLs plotted as a function of Fermi
level are shown in Figs. S3 and S4 of the SM [36]. For 2L
MoS,, the €(+1/0) level occurs at 0.25 eV and 0.38 eV below
the CBM for H; and H-S adatom, respectively. Therefore,
shallow donor levels of H; and H-S adatom in 1L turns out
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FIG. 1. Defect formation energies as a function of Er for H;, H-S adatom, and Vs in (a) 1L, (b) as a function of number of layer, and
(c) bulk MoS,. The Fermi level is referenced to the respective VBM. The corresponding optimized structures are shown in the inset. The
vertical green shaded region represents the band gap of 1L and bulk MoS, with the calculated value (lower Fermi-level) and experimental
value (upper Fermi-level). The vertical black dotted line represents the pinned value of the Fermi level. Solid and dotted horizontal blue color
lines represent the formation energy of Vs in Mo-rich and S-rich conditions, respectively.

to be a deep donor in 2L. The DTLs also shift progressively
towards the valence band for 3L onwards. The €(41/0) level
for H; (H-S adatom) occurs at 0.49 eV (0.32 eV), 0.67 eV
(0.56eV),0.74 eV (0.63eV), 0.74 eV (0.64 eV), and 0.73 eV
(0.63 eV) below the CBM for 3L, 4L, 5L, 6L, and 7L re-
spectively. The position of the transition levels for 5L, 6L,
and 7L remains almost unchanged, as shown in Fig. 1(b).
Interestingly, for 8L and 9L, the deep donor levels of H;
and H-S adatom start shifting towards the conduction band.
The €(+1/0) level of H; (H-S adatom) for 8L and 9L of
MoS,, occurs at 0.58 eV (0.50 eV) and 0.50 eV (0.40 eV),
respectively. Therefore, the electrical conductivity of MoS;
will strongly depend on NLs, and it will start to behave as
bulk after 6L or 7L, indicating a nano to bulk transition.

For the 2L.-MoS,, the €(0/ — 1) level of Vs occurs at
0.88 eV above the VBM, Fig. 1(b). The DTLs as a function
of the Fermi level is shown in Fig. S5 of the SM [36]. For
the 3L, 4L, 5L, and 6L, the €(0/ — 1) levels are located at
0.81 eV, 0.72 eV, 0.55 eV, and 0.46 eV above the VBM,
respectively. Interestingly, the hole excitation of VS0 — VS’1
+ A, which requires 1.61 eV in 1L reduces to 0.40 eV in
the 6L-MoS,. Therefore, 6L.-MoS, may show weak p-type
conductivity. After the 6L, the €¢(0/ — 1) level starts shifting
towards the CBM. For 7L, 8L, and 9L, the ¢(0/ — 1) levels are
located at 0.51 eV, 0.57 eV, and 0.61 eV, respectively, above
the VBM. The positions of all the DTLs with respect to the
vacuum level are summarized in Fig. S2(b) of the SM [36].

We calculate the defect concentrations using the formation
energies at the conduction band minima of H; and H-ad de-
fects, as they provide n-type doping to MoS,. We assume
the growth temperature to be 7 = 1200 K for the estima-
tion of defect concentrations. The defect concentrations of H;
(H-ad) in 1L, 2L, 5L, and bulk MoS, are 1.2 x10" c¢cm™3
(1.8 x10%cm™3), 2.8 x10" cm™3 (2.8 x10% cm™3), 4.9
x105 ecm™ (4.9 x105 cm™3), and 3.3 x10'"* cm™3 (2.8
x 10 ecm™3), respectively. The estimated hydrogen impuri-
ties concentration is in the range of ~0.3-5 x 10" ¢cm™3

in MoS,. As a hydrogen defect can provide one electron,
therefore, the total charge carrier concentrations (np) will be
equal to the total hydrogen impurities’ concentration. How-
ever, the charge carrier concentrations (n,), which actively
contribute to the electrical conductivity, depends on the activa-
tion energy (E,) of the defects in their respective charge states
(.e., Hi+1 and H-S*'). We calculate 7, through the statisti-
cal distribution n, = ny exp(—E,/kgT). The n, of H; (H-ad)
are 1.2 x 10 ecm™ (1.8 x 10 cm™), 6.2 x 10'* ¢cm™3
(3.7 x 10" cm™3), 1.5 x 10"® cm™3 (3.6 x 10"* cm™?), and
2.85 x 10" ecm—3 (2.89 x 10" ¢cm—3) for 1L, 2L, 5L, and
bulk, respectively (at a 1200 K growth temperature). We
showed the variation of the charge carrier concentration as
a function of NLs in Fig. 2, which clearly shows the layer
dependence nature of charge carriers and hence the electrical
conductivity (o). We found that the o shows the superlinear
behavior with the sample thickness (¢) of Mo0S,, i.e., o0 « =k,
which agrees well with the previous reports [8,12]. Moreover,
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FIG. 2. Variation of electron carrier concentrations provided by
H; and H-ad defects in layered MoS,, as a function of NLs.
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FIG. 3. Variation of DTLs for Vs, H;, and H-adatom as the
function of static dielectric constant in layered MoS,. The open
and filled triangle represents the acceptor and donor nature of
transition levels.

the thickness-dependent electrical conductivity has commonly
been observed in MoS, regardless of the synthesis methods,
e.g., mechanical exfoliation [11,46], chemical vapor deposi-
tion [10,47], chemical and physical vapor transport [8,12],
and so on. Hydrogen is a ubiquitous impurity, present unin-
tentionally in most of these growth environments and acts as a
donor defect [26]. Therefore, our study provides an atomistic
origin of the layer-dependent conductivity from donor defects
in MoS,. We emphasize here that the trend of the electrical
conductivity or the value (k) of superlinear behavior may
differ depending on the amount of donor hydrogen defects
present in different growth environments.

To gain physical insights into the layer-dependent prop-
erties of these defects, next, we analyzed the variation of
the DTLs of layered MoS, as a function of the dielectric
constant. Due to the significantly reduced dielectric screen-
ing [34,48], the charged defects experience strong Coulomb
interactions in 2D layers than the bulk, and hence strongly
affect the DTLs. The dielectric constants are calculated using
the density functional perturbation theory (DFPT) [49]. The
calculated dielectric constant for a supercell Lyy, can be ap-
proximated by an average of the dielectric constant for the 2D
layer (Lyy) with the thickness of 2dy and that for the vacuum
region (with a thickness of L, — 2dj), and given by

avz 2dpe; + (L, —2dy) x 1
g = ,
L,
where ¢, is the relative dielectric constant of the 2D layer.
The variation of transition levels of the H;, H-S adatom, and
Vs as a function of the dielectric constant is shown in Fig. 3.
In 1L, due to the weak screening and strong quantum con-
finement, V5 gives rise to a strongly localized defect state,
i.e., deep level. As the NLs increases, the dielectric screening
of the charged defects increase, which delocalizes the defect
states, thereby the ionization energies of VS’1 systematically
decrease. The same delocalization of defect levels gives rise
to an opposite behavior for the donor defects, i.e., H; and H-S
adatom, where all the DTLs progressively become deep with
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FIG. 4. COHP analysis of (a) layered pristine MoS,, (b) H;, and
(c) Vs in MoS,, respectively. Colors represent the respective NLs.
Positive and negative X axis represent the bonding and antibond-
ing nature of states. The vacuum-level-aligned energy diagram of
(d) layered MoS,, (e) H;, and (f) Vs in MoS,, respectively. a and
b represent the antibonding and bonding states. The filled and open
circle represents the occupied and unoccupied states, respectively.

the increasing NLs. Interestingly, we found that for both donor
and acceptor defects, first DTLs move towards the VBM;
subsequently, after 6L or 7L, they all move towards the CBM
following the trend in the dielectric constant.

To analyze it further, we study the character of low-energy
states and the local bonding near the Fermi level. We cal-
culated the Kohn-Sham levels of H;, H-S adatom, and Vg
by using the crystal orbital Hamiltonian population (COHP)
[50] shown in Fig. 4. We also analyzed the orbital-resolved
electronic density of states (DOS) of H; and Vs in the lay-
ered MoS; and summarized in Fig. S6 of the SM [36]. In
defect-free 1L to 6L MoS, and the bulk, the frontier occupied
and unoccupied orbitals forming the conduction bands are all
antibonding types, which are in the negative X -axis as shown
in Fig. 4(a). When an H atom is placed at the interstitial posi-
tion of 1L MoS,, the H-1s orbital strongly interacts with the
occupied d,2 and p, orbitals of VBM, as shown in Fig. 4(e).
This interaction forms a bonding state located at ~ 3 eV below
the VBM and an antibonding state located at ~ 0.8 eV above
the CBM, as shown in Fig. 4(e).

The two of three electrons (one from H-1s and two from
the occupied d,2 and p, orbitals) fill the bonding state; the third
electron, which would occupy the antibonding state lying high
in the conduction bands, is transferred to the CBM, Fig. 4(e).
This antibonding transferred electron leads the n-type con-
ductivity in 1L-MoS,. From 2L onwards, the donor level
(antibonding state) shifts from the conduction band to inside
the gap, while the bonding state remains inside the valence
band. As the NLs increase to 6L or 7L, the antibonding and
bonding states start to approach the Fermi level and the system
minimizes energy in the neutral charge state. In the 41 charge
state, the Coulomb repulsion due to the added electron (H? —
Hi+1 + e7) results in the shift of DTLs towards VBM making
it deep, Figs. S3 and S4. Therefore, the n-type conductivity
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FIG. 5. Variation of defect transition levels as the function of
the number of layers of WS,. Y -axis represents the defect transition
levels of H;, H-S adatom, and Vs, respectively, and the X -axis rep-
resents the NLs. Colors represent their respective defects. n = oo
represents the bulk limit of WS,.

of MoS, reduces as the number of layers increases. From
8L onwards, CBM starts slowly moving towards high energy.
On the other hand, the donor levels (antibonding states) are
strongly localized in the band gap, and the bonding states in
the valence band are continuously moving to higher energy.
The combined effect raises the energy of the neutral charge
state of H-interstitial (H?). The significant energy shift of the
neutral charge state and minor energy shift of +1 charge state
push the DTLs towards the CBM up to the bulk limit, Figs. S3
and S4. The H-S adatom provides an antibonding shallow
donor state below CBM for 1L, which was inside the CBM
for the case of H;. From 2L onwards, H-S adatom follows the
same behavior as Hj, i.e., the shifting of DTLs towards the
in-gap region initially and then towards the CBM after the 6L.

In the case of V5 two excess electrons occupy the anti-
bonding state a; at the VBM and two unoccupied antibonding
states e located at 1.6 eV above the VBM in the 1L-MoS,,
Figs. 4(c) and 4(f). The Fermi level is in between the a;
(deep donor) and e (deep acceptor) states. As NLs increase
up to the 4L or 5L, a; and e states start coming closer to the
Fermi level and increase the energy of neutral Vg. In the —1
charge state, the Coulomb repulsion due to the added valence
hole (V{ — Vg!' + i) shifts the DTLs towards the VBM,
Fig. S5. Therefore, the deep acceptor level becomes the weak
shallow acceptor for the 6L-MoS,. From 7L onwards, the
acceptor levels shift towards the CBM and the DTLs become
deep again. Therefore, as the NLs increase up to 6L, the ion-
ization energy of Vg5 decreases and hence increases the p-type
conductivity of MoS,. All the DTLs become deep and hence
reduce the p-type conductivity from 7L onwards up to the bulk
limit.

We further investigate the dependence of DTLs as the func-
tion of the NLs for WS,. The band gap of WS, varies between
1.9-1.2 eV, as shown in Fig. 5. For 1L-WS,, H;, and H-S
adatom provide effective donor levels inside the CB and leads
the n-type conductivity. All the DTLs first shift towards the

VBM, and after 6L, they move towards the CBM, as shown
in Fig. 5. For 1L-WS,;, Vs, provides a deep acceptor level
and DTLs shift with NLs. WS, follows the same behavior as
MoS; and shows the layer-dependent electrical conductivity
and nano to bulk transition after 6L or 7L. Moreover, due
to the similarity in the electronic structure of MoS, with the
other layered TMDs such as MoSe;, and WSe,, and so on, the
layer-dependent behavior of the DTLs as a function of NLs
will be very similar. We note that the electrical conductivity in
semiconducting materials is strongly influenced by scattering
centers and external stimuli. The ionized impurity scattering
limits the mobility of the electrons in MoS; [51]. The presence
of the tilted grain boundaries also decreases the electrical
conductivity of MoS, [52]. Moreover, the defect levels be-
come shifted inside the gap when the external strain is applied
in MoS; [53]. In the present study, we only consider the
contribution to the total conductivity from the donor defects
only. Therefore, our study will explain the conductivity trend
agreeably where the donor defect contribution predominates
over other factors.

IV. CONCLUSION

In summary, using DFT, we observed that the electrical
conductivity of MoS, and WS is very sensitive to the number
of layers (NLs). We investigate the variation of the defect
transition levels of n-type defects, i.e., hydrogen interstitial,
H-S adatom, and p-type defect, i.e., sulfur vacancy as the
function of NLs of MoS, and WS,. In 1L, the shallow donor
levels of H;j, H-S adatom, become deep as the NLs increase
to 6L or 7L. The continuous shift of antibonding and bonding
states towards the Fermi level lowers the energy of the neutral
charge state. Furthermore, the Coulomb repulsion due to the
added electron (H? — H;rl + ¢7) shift DTLs towards VBM,
making them deep defects. Interestingly, from 8L onwards,
the deep donor levels start shifting towards the conduction
band. Moreover, Vg, which is a deep acceptor in 1L, turns out
to be a weak shallow acceptor with the ionization energy of
0.40 eV, for the 6L-MoS,. After 6L, DTLs of Vg start shifting
towards the conduction band and become a deep acceptor.
Our study provides a comprehensive understanding of the
layer-dependent behavior of the key defects in TMDs, thereby
settling the long-standing debate on their origin of electrical
conductivity.
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