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Abstract: A MoS, monolayer is an emerging two-dimensional (2D) semiconductor for
next-generation flexible and miniaturized electronics. Its doping is of great importance in
order not only to adapt its properties, but also to facilitate many potential large-scale
applications. In this work, density functional theory (DFT) calculations, including spin-
orbit coupling (SOC), were performed to investigate the effects of p-type transition metal
Zr doping and Zr-N co-doping on the structural and optoelectronic properties of pristine
MoS,. Results obtained using both the PBE and TB-mBJ approximations show that while
pristine and Zr-doped MoS, monolayers exhibit semiconductor behavior with direct and
indirect band gaps, respectively, Zr-N co-doping leads to a transition to metallic behavior.
The Zr and N atoms significantly affect the partial and total density of state profiles, with a
main contribution of Zr — d, N — p, and S — p orbitals. The dielectric function and optical
refractive index are also determined. The findings show anisotropy in optical
characteristics, which is promising for optical applications. The Zr-doping and Zr-N co-
doping employed in this study provide an effective tool for changing the electrical and
optical properties of MoS, monolayers to fulfill the needs of a variety of technological
applications while producing an optoelectronic device based on a MoS, monolayer.

Keywords: MoS; monolayer, Zr doped, Zr-N co-doped, DFT study, Electronic properties,
Dielectric function.

1. Introduction

The most significant molybdenum mineral is
molybdenum disulfide (MoS,) [1], which occurs
naturally as molybdenite. MoS, belongs to the
VIB group of the transition metal dichalcogenide
(TMDC) monolayers and is one of the most
highly debated 2D materials in recent times,
second only to graphene [2, 3], due to its easy
synthesis, low cost, nontoxicity, and natural
abundance [4]. These layered materials have
attracted attention due to their weak van der
Waals interactions that allow to fabricate them
casily using mechanical exfoliation [5, 6].
Researchers reexamined this type of material and
succeeded in obtaining atomic-level two-

dimensional layered MoS, [7-12]. As a typical
graphene-like  single-layer transition metal
compound, single-layer molybdenum disulfide
exhibits a substantial band gap ranging from 1.3
to 1.8 eV [13], making it suitable for
applications such as transistors [14,15], solar
energy harvesting [16], flexible optoelectronic
devices [17], and sensors [18]. Lahourpour ef al.
[12] used full potential linear augmented plane
waves plus local orbital (FP-LAPW + lo) method
based on the DFT technique to study MoS,
nanolayers. Their findings reveal that the
estimated lattice parameters overshoot the actual
values, which is a characteristic of the typically
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generalized gradient approximation GGA-PBE
functional. Furthermore, they demonstrated that
MoS, exhibits semiconductor  behavior,
revealing a direct band gap of 1.72 eV at the K
point of the Brillouin zone, consistent with both
experimental observations [19] and theoretical
predictions [20, 21]. In recent years, numerous
studies have been conducted on the structural,
electronic, and optical properties of doped MoS..
The effect of doping with nonmetallic atoms (X
= 0O, C, N, B, Br, Cl, I, and F) using DFT
calculations on the structural, electrical, and
magnetic properties of single-layered MoS, has
been investigated. The outcomes indicated that
the systems doped with B, C, and N exhibit p-
type doping, while the halogen-doped systems
demonstrate  n-type doping. [21]. The
interactions with water molecules (H,O), carbon
dioxide (CO,), and sulfur dioxide (SO,) with
MoS, monolayers doped with Ru and Rh have
also been investigated using DFT calculations.
The investigation revealed the preferred
configuration for the adsorption geometry of SO,
on the monolayer Ru-MoS, [11]. In contrast,
Qian et al. [16] employed Au as a dopant to
modify both the structural and electronic
characteristics of MoS, fiber materials. Their
study utilized DFT theory to investigate the
adsorption effectiveness of Au-doped MoS,
towards gases such as C,H¢ and C,Hs The
results indicated that the presence of Au dopant
particles enhances the adsorption capability of
the MoS2 monolayer by influencing its
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electronic structure. Furthermore, Xu et al. [22]
conducted DFT computations to investigate the
electronic and optical properties of co-doped
monolayers of MoS, with C, N, B, and Mn. The
co-doped systems containing Mn-N and Mn-B
atoms exhibited semiconducting behavior, with
energy band gaps of 0.81 and 1.03 eV,
respectively. Recently, Raza ef al. [23] studied
the electronic properties of doped monolayers of
MoS, with transition metals (Ag, Co, Bi, and Zr)
using a local combination of atomic orbitals
(LCAO) approach within the framework of DFT
calculations. They confirmed that doping with
transition metals led to a reduction in the band
gap to a certain extent.

In the present study, we extend the
exploration of electronic and optical properties
of MoS, monolayers through DFT calculations
utilizing the full-potential linearized augmented
plane wave (FP-LAPW) method. We introduce
p-type transition metal Zr atoms and explore
both Zr doping and Zr-N co-doping as strategies
to modulate the electronic and optical behavior
of MoS.. This choice is motivated by previous
findings showing that such dopants effectively
tune the physical properties of other 2D
transition metal dichalcogenide (TMD) materials
[24-26]. This research introduces a new
perspective by examining the effects of Zr
doping and Zr-N co-doping on the practical
applications of doped MoS, monolayers as

potential optoelectronic materials.
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FIG. 1. Optimized geometric structures of the MoS: monolayer: (a) top view and (d) side view of the pristine

MoS: monolayer; (b) top view and (¢) side view of the Zr-doped MoS: monolayer; (c) top view and (f) side
view.
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2. Computational Method

This article examines the impact of Zr doping
and Zr-N co-doping on the monolayer of MoS,,
as illustrated in Fig.1. To characterize the
structural, electronic, and optical properties of
both the pristine and doped MoS, monolayers,
DFT and FP-LAPW method [27-29] are
employed using the WIEN2K code [30]. The
generalized gradient approximation in the form
of the Perdew-Burke-Ernzerhof (GGA-PBE) and
Tran-Blaha modified Becke-Johnson (TB-mBJ)
[31, 32] is employed to approximate the
exchange-correlation (XC) energy functional,
accounting for the presence of SOC effects,
without including the van der Waals correction
due to weak van der Waals interactions [5]. The
muffin-tin (MT) radii for Mo, S, Zr, and N are
chosen as 242, 2.05, 2.40, and 2.00 a.u.,
respectively. A plane wave cut-off value of Ryr
x Kmax = 7 was chosen for the wave function in
the interstitial region. Here, Ryt represents the
smallest radius of the atomic sphere, and Ki.x
denotes the largest k-vector in the plane wave
expansion. The cut-off energy of -6 Ry was
consistently maintained to distinguish the core
and valence states. The maximum angular

momentum for the atomic orbital basis functions
was specified as lpax 10. The Fourier
expansion’s charge density was terminated at
Guax = 12. Throughout the calculations, a 3 x 3 X
1 supercell was employed for both the pristine
and doped MoS, monolayers in the x-y plane.
Periodic boundary conditions were applied,
while ensuring a minimum vacuum space of 15
A along the z-axis to prevent interactions
between adjacent layers. The first Brillouin zone
(BZ) was sampled using a total of 1000 k-points.
The iteration process was concluded when the
total energy reached a threshold of 10* Ry. The
random phase approach (RPA) was utilized to
compute the optical properties. [33]. The optical
spectra’s intensity was controlled by dipole
selection criteria, which differentiate optically
permitted and prohibited transitions [34]. The
Kramers-Kronig transformation yielded the real
part & [35] and then the optical refraction index.
An additional Drude term was included to
account for free-electron intraband input in
metallic structures. For accurate evaluation of
optical response properties, a denser k-point
mesh of 9 x 9 x 58 (equivalent to 5000 k-points
in the BZ) was employed [34].
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FIG. 2. Optimized energy-volume curves for (a) pristine, (b) Zr-doped, and (c) Zr-N c-doped MoS,.

3. Numerical Results and Discussion
3.1. Structural Properties and Stability

A 3 x 3 x 1 supercell comprising 27 atoms
with hexagonal symmetry was constructed using
the supercell approach to model the pristine
MoS2, Zr-doped MoS: (ZrSz), and Zr—N co-
doped MoS: (ZrSN) structures. The unit cell of a
MoS: monolayer consists of one Mo atom and
two S atoms. In the case of ZrS», one Mo atom is
substituted with a Zr atom. For the ZrSN
structure, one Mo atom is replaced by a Zr atom
and one S atom by an N atom, as illustrated in
Fig. 1. To determine the stability and ground-
state properties of the pristine and doped
structures, energy minimization was performed
using the generalized gradient approximation

(GGA-PBE) in conjunction with the Murnaghan
equation of state, expressed as [39]:

+Q_
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Figure 2 shows the plot of total energy versus
volume. Here, Eo, V, V,, B,, and Bolare the
minimum energy at T = 0 K, unit cell volume,
unit cell volume at P = 0 GPa, bulk modulus, and
its pressure derivative, respectively. The crystal
structures and the estimated ground-state
parameters of all configurations are shown in
Table 1. The results show that the pristine MoS,,
Zr-doped, and Zr-N c-doped MoS, structures
crystallize in hexagonal structures with space
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groups P-6m2 (No. 187), P-6m2 (No. 187), and
P3ml (No. 156), respectively. The theoretically
optimized lattice parameters for the pristine
MoS, monolayer unit cell are a = b = 3.19A,
consistent ~with prior experimental and
theoretical values, as shown in Table.1. After Zr
doping and Zr-N co-doping, the Zr-S and Zr-N
bond lengths become larger than in the case of
Mo-S, which can be explained by the difference
in the radii of Mo, Zr, S, and N atoms. To
validate the thermodynamic stability, the
formation energies of all compounds are
calculated using the following equation [40],

which is  deduced experimentally for
semiconducting materials in any form:
Er = Eot(X) — Erot(M0S;) — nyp (2)

Ew(X) and E(MoS,) serve as
representations of the total energy for the doped
and pristine MoS, monolayers, respectively. The
term n; > 0 represents the number of doped
atoms, while n; < 0 represents the number of
replaced atoms from the MoS, monolayer. The
chemical potential of a single atom, which is
determined as the overall energy per atom of the
element’s most stable structure, is represented by
u;. The negative formation energies observed in
Table 1 indicate the thermodynamic stability of
the doped compounds, suggesting the feasibility
of material synthesis. In addition, the Zr-N co-
doped MoS, structure is more stable than Zr-
doped MoS, because it presents a smaller
formation energy value.

TABLE 1. Space groups, lattice parameters (a, b, ¢), unit cell volume at P = 0 GPa (V0), bulk modulus
(B0), pressure derivative of bulk modulus (B 0 0), formation energy (E¢), and band gap with
approximations PBE and TB-mBJ (Eg) for pristine, Zr-doped, and Zr-N co-doped MoS2

monolayers.
Space group bond length (A) a=b(A) c(A) Vo(A’) By(GPa) B Es (eV) E;(eV)
MoS, P-6m2 dpo—s)= 242 3.19 17.46 1046.001 51.672 4713 1.66pp;
1.6378-mB]
2.38 [36] 3.16 [36] 1.66 [37]
242 [22] 3.17 [37] 1.80 [38]
1.79 [36]
Zr / MoS> P-6m2 diz,_s)=2.59 3.55 1746 1308.645 46.512 5.000 -1.39 0.99p5;
11475
Zr-N / MoS; P3ml d(z,_s5)=2.45 3.36 16.40 1107.009 28.343 0200 -4,62 Opg:
diz,_ny=245

078—mB]

3.2 Electronic Properties
3.2.1 Electronic Band Structure and Band Gap

To fully wunderstand the optoelectronic
behavior of semiconductors, it is essential to
examine their electronic structure. The electronic
band structures were computed using the GGA-
PBE approximation while accounting for spin—
orbit coupling (SOC) effects. The nature of the
band gap, whether direct or indirect, is a critical
factor in determining a material’s suitability for
optoelectronic applications.

The calculated band structures using both
PBE and TB-mBJ approximations, along the
high-symmetry points in the Brillouin zone (BZ),
are presented in Fig. 3. Analysis of the pristine
MoS: monolayer reveals that both the valence
band maximum (VBM) and the conduction band
minimum (CBM) occur at the K point, as seen in
Figs. 3(a) and 3(d), indicating a direct band gap
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under both approximations. This confirms that
the undoped MoS: monolayer is a promising
candidate for optoelectronic applications. The
estimated band gaps are 1.66 eV (PBE) and 1.63
eV (TB-mBJ), which are in good agreement with
experimental values [19].

However, upon Zr doping, a transition from a
direct to an indirect band gap is observed,
accompanied by a reduction in band gap energy
to 0.99 eV (PBE) and 1.14 ¢V (TB-mBJ), as
shown in Figs. 3(b) and 3(e). This suggests that
Zr-doped MoS: may be less suitable for
optoelectronic devices.

In contrast, co-doping with Zr and N atoms
eliminates the band gap entirely, reducing it to 0
eV under both approximations. This transition
indicates a metallic behavior for the Zr-N co-
doped MoS:, as presented in Figs. 3(c) and 3(f).
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3.2.2 TDS and PDOS

Partial (PDOS) and total density of states
(TDOS) calculations were carried out to
comprehend the role that Zr and N atoms played
in the formation of the valence band VB and
conduction band (CB) energies for the
compound MoS,, as well as any potential
hybridization and interactions between these
atoms. Fig. 4 presents the computed TDOS and
PDOS of pristine, Zr-doped, and Zr-N co-doped
MoS: monolayers over the energy range from -5
to 5 eV, using the PBE exchange—correlation
(XC) approximation. The VB and CB are
divided by the Fermi level, which has a value of
0.0 eV. The results show that the choice of the
doping manner and the two Zr and N atoms
significantly affect the DOS and PDOS profiles.
Indeed, significant effects are observed in the
TDOS profile in the energy range of -5 eV to 0

eV. By doping with the Zr atom, the gap value
width decreased, as shown in Figs. 4(a) and 4(b),
which is due to the d orbital of Zr dominating the
conduction band and which was dominated by
Mo — d and S — p orbitals [Figs. 4(d) and 4(e)],
with a clear annulment of the states in the
interval from 2.5 to 3.4 eV, which plays a crucial
role in defining the material’s electronic
behavior. While the valence band is strongly
dominated by p-orbitals in both structures, with
an annuity of states in -5 to 5 eV in the doped
structure. For the third compound, substitution of
Mo by Zr and S by N gives a different curve
shape. The conduction band retains its structure
with a slight diminution in the number of
states/eV, and the gap width decreased by 0.25
eV from that of the Zr-doped structure, as
presented in Fig. 4(c).
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FIG. 3. Calculated band structures using PBE and TB-mBJ approximations for (a), (d) pristine, (b), (¢) Zr-doped,
and (¢), (f) Zr-N co-doped MoS,.
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This band gap is primarily formed from the d-
states of Zr, p-states of N, and p-states of S. Yet,
the valence band has undergone a clear change:
it has displaced the Fermi level from -2 to 0.25
eV. The N — p orbital is the major contributor,
as evidenced by the increased intensity of the
observed peaks. In the energy range from -4 to 2
eV, S — p is the dominant orbital, as shown in
Fig. 4(f). The contribution from the Zr — d
orbitals is smaller, indicating that the
hybridization of these atoms occurs mainly
between the N — p and S — p orbitals, introducing
a strong interaction between them, and they are
responsible for the observed TDOS profile. In
contrast, the s orbitals of each atom show a weak
contribution.
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FIG. 4. Calculated total and partial DOS of (a), (d) pristine, (b), (¢) Zr-doped, and (c), (f) Zr-N co-doped MoS,.

3.3 Optical Properties
3.3.1 Dielectric Function

Investigating the optical properties provides
valuable insight into the interaction of materials
with electromagnetic radiation [41]. These
properties are essential for the design and
optimization of photoelectronic devices and
semiconductor-based technologies. In this work,
the optical characteristics were calculated using
the random phase approximation (RPA) within
the framework of DFT [42]. This approximation
considers only the interband transitions between
the valence and conduction bands, neglecting the
local field effects [42—44]. The substitutional
doping with Zr and co-doping with Zr-N alters
the structural parameters and modifies the band
structures of MoS: (see Fig. 3), which
consequently affects the optical transitions.
These transitions are captured through the
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complex dielectric function ¢&(w), which
characterizes the linear optical response of the
system. The dielectric function consists of a real
part, €(®) and an imaginary part, &(®), as
shown in the following equation:

£(w) = & (w) + ig(w) 3)

Once the e(w) is obtained, many other
interesting optical properties can be deduced.
The &;(w) and &(®) for various materials of the
pristine, Zr-doped, and Zr-N co-doped MoS,
monolayers were estimated using the RPA
method as implemented in the Wien2k package.
Calculations  were performed for two
polarization directions: parallel (xx) and
perpendicular (zz), denoted as € (w) and et (w),
respectively. Figs. 5 and 6 demonstrate that g(m)
exhibits anisotropic behavior for two distinct
polarizations of the light. The curves of & (w),
shown in Fig. 5, indicate that the threshold
energy (optical gap) occurs at 1.8, 0.8 eV, and
2.5, 0.5 eV for pure and Zr-doped MoS,
monolayer for both polarization xx and zz
directions, respectively, while the Zr-N co-doped
MoS, monolayer exhibits no optical gap. It can
be seen that the doped and co-doped MoS,
monolayer process decreases the optical gap by
generating permissible states in the MoS,
monolayer band gap. As a result, the MoS,
monolayer exhibits an adjustable band gap. The
absorption transitions from the valence bands to
the conduction bands are represented by the
peaks observed in the &(w). Additionally, the
MoS; monolayer &(w) shows one main peak at
2.86 eV (visible region) and 5.36 eV (UV
region), for the xx and zz polarization directions,
respectively. At the same time, the sg exhibits
four prominent peaks at 1.74, 3.65, 3.91, and
4.78 eV and 0.35, 1.22, 4.00, and 6.26 ¢V, for
the Zr-doped and Zr-N co-doped MoS,
monolayers, respectively. On the other hand, the
£5 shows four main peaks at 1.40, 5.65, 6.26, and
7.30 eV and 2.96, 4.00, 5.65, and 5.91 eV, for
the Zr-doped and Zr-N co-doped MoS2
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monolayers, respectively. All peaks are formed
by mto m *, 6 to 6 *, and o to 7 * transitions. Fig.
6 presents g;(w), showing several peaks across
the IR, VL, and UV regions. The &;(®) response
also varies with doping and co-doping and

exhibits  noticeable anisotropy in  both
polarization directions for all investigated
models.

3.3.2 Refraction Index

The complex refractive index, denoted as
N(m), characterizes how electromagnetic waves
propagate through a material relative to a
vacuum. It is calculable using the following
relationship [45]:

N(w) =n(w) + ik(w) @)

For optical devices, the extinction
coefficient is k(w) while the value of the
refractive index is represented by n(w). Fig. 7
displays the spectra of n(w) and k(w), both
calculated using the GGA-PBE approximation
for MoS,, Zr-doped MoS,, and Zr-N co-doped
MoS,. The n(w) plot indicates the anisotropic
behavior, as seen in Fig. 7. The static refractive
index, n(0), is one of several key elements in
€1(m), and it is given by [46]:

n(0) = /&1(0) )

The computed values of n(0) in both parallel
and perpendicular orientations are shown in the
Table. 2. In the case of the parallel mode, the
findings reveal that MoS,, Zr-doped MoS,, and
Zr-N co-doped MoS, exhibit semiconducting
and insulating behaviors. In contrast, in the
perpendicular direction, all studied structures
exhibit typical semiconducting behavior.

Additionally, the results show that after Zr
doping and Zr—N co-doping, n(0) increases in
the parallel direction but decreases in the
perpendicular direction. This is because the
refractive index is inversely related to the band
gap of the compound.

Energy (eV)

()

FIG. 5. #2(w) of (a) pristine, (b) Zr-doped, and (c) Zr-N co-doped MoS2 in perpendicular (zz) and parallel (xx)
directions.
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FIG. 6. #1(w) of (a) pristine, (b) Zr-doped, and (¢) Zr-N co-doped MoS, in perpendicular (zz) and parallel (xx)

directions.
TABLE 2. Static refractive index n(0).
Material n(0) n.(0)
MosS, 260 185
Zr doped MoS> 230 1.9
Zr — N codoped MoS, 410 2.00
All  highest peaks in parallel and band gap is cancelled, indicating a metallic

perpendicular polarizations are listed in Table 3,
corresponding to the pristine, Zr-doped, and Zr-
N co-doped MoS, monolayer materials. At
roughly 6.25 eV, the refractive indices fall below
unity in some ranges, which provides the
photoluminescence phenomenon, in which the
phase velocity of passing light exceeds the speed
of light in a vacuum.

4, Conclusion

The structural, electronic, and optical
properties of the pristine, Zr-doped, and Zr-N co-
doped MoS, monolayer were studied by the DFT
method with GGA-PBE calculations. The
analyses of the formation energy calculations
indicate that all doped structures are
energetically stable, with the Zr-N co-doped
structure being the most stable. More
importantly, the band structure results show that
the pristine MoS, monolayer has a direct band
gap of 1.66 eV, which agrees with the
experimental results. The band gap decreases
after doping with the Zr transition metal and
changes its type to an indirect band gap.
Howeyer, in the case of Zr-N co-d?ping, the

xx dierction
22 direction

character for the co-doped structure. The Mo - d,
Zr - d, N - p, and S - p orbitals are often
responsible for the observed DOS and PDOS
profiles. The results also show that the Zr-doping
and Zr-N co-doping are practical tools for tuning
the pristine MoS, monolayer’s optical properties.
The optical response is completely distinct in the
two polarization orientations, suggesting
anisotropic optical characteristics, making these
materials promising for applications such as
linear polarizers. The analyses of the dielectric
function show that the & (w) of all studied
structures possesses various peaks at different
energy regions (IR, VL, and UV regions),
indicating the possibility of light absorption in
these regions. All investigated structures have
refractive indices lower than a unit value in a
specified range. The phase velocity of travelling
light is greater than the speed of light in a
vacuum, resulting in photoluminescence. This
study provides valuable insights into the nature
of the pristine, Zr-doped, and Zr-N co-doped
MoS, monolayers and is a powerful tool for
experimental research in the future.

xx dierction -«
2z direction

xx dierction
2 direction

(a)“‘ (bi“‘ ‘ (© .
FIG. 7. n(w) of (a) pristine, (b) Zr-doped, and (¢) Zr-N co-doped MoS2 in perpendicular (zz) and parallel (xx)

directions.
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TABLE 3. Energies, polarization states, and spectral region of the refraction index peaks of pristine,
Zr-doped, and Zr-N co-doped MoS2 mono-layer materials.

Material Peaks || Peaks L Energy [eV] Spectrum region
MoS> monolayer 3.1 - 1.80 VISIBLE
3.5 - 2.80 VISIBLE
- 2.60 4.80 uv
- 270 5.00 uv
- 2.50 5.20 uv
Zr-doped MoS; 2.60 - 1.50 IR
2.62 - 3.40 uv
- 222 1.42 IR
- 2.05 425 uv
- 2.03 5.26 Uv
Zr-N codoped MoS, 4.30 - 0.17 IR
2.18 - 1.20 IR
- 2.18 1.20 IR
- 2.14 24 VISIBLE
- 2.13 29 VISIBLE
B 2.10 3.84 Uv
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