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In this paper, we studied the structural and electronic properties of MoSe; monolayer in its pure and doped
forms, using the density functional theory (DFT), and the calculations were performed using Quantum Espresso
(QE) software package. The doped systems are a MoSep monolayer with a vacancy in Mo site (Mo vacancy sys-
tem), the MoSe> monolayer with an As atom as substitutional for Mo atom (As(Mo) doped system) and an MoSep
monolayer with As atom in an interstitial site in the hollow location of the center of one ring of the structure
between the plane Mo atoms and the plane containing Se atoms (As interstitial system). We calculated the for-
mation energy of various structures studied in Se-rich condition. We found that the As(Mo) doped system is a
favorable configuration, whereas the As interstitial system is metastable. Different defects introduce midgap
levels, which were interpreted according to the orbitals involved in their formation using the analysis of the
band structure and DOS and PDOS of each system. The energy gap increases in all system structures and its
value ranged between 1.5 eV and 1.73 eV, the Fermi level shifts toward the valence band for the Mo vacancy sys-
tem, and As(Mo) doped system which suggests that it can be a p-type semiconductor, whereas Fermi level shifts
to the conduction band for As interstitial system and suggests a n-type semiconductor behavior. The obtained
results enable us to predict the possibility of using these systems in many applications, since it can be used in
the As(Mo) doped system in photocatalysis or in photovoltaic applications in the visible light, and As interstitial
system can be used in electronics applications in the infrared field.
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1. Introduction

After Novoselov et al. won the Nobel prize in 2010 for their successful preparation of graphene by
exfoliation in 2004 [1]], graphene and layered materials received increasing interest from researchers
for their interesting structure and electronic properties [2} 3]. Graphene has very high carrier mobility
at room temperature (1.5 X 10* cm?/Vs) and resistivity as low as 10~° Q which is much lower than
copper and silver [4], although graphene has a zero band gap which limits its possible applications in
electronic and optoelectronic devices. It also has a low volumetric energy density and a large initial
irreversible capacity that limit its application in lithium-ion batteries [5]. These limitations in possible
graphene applications led to an intensive research work on the other layered 2D materials. Among these
materials are the 2D transition metal dichalcogenides (TMDCs) that have fascinating properties, such as
their intrinsic bandgap, highly efficient photovoltaic response, and tunable Seebeck coeflicient [6]. The
chemical formula of these materials is given by M X, (M is a transition metal and X is a chalcogen), and
they have a honeycomb structure that is similar to that of graphene when seen from above [7], although
the M atoms form a layer sandwiched between two layers of X atoms. The TMDCs can intrinsically
exhibit a range of electronic properties, including semiconducting like in MoSe;, MoS,, WSe;, and WS,
or metallic behavior like in TiS, and VSe, or even supraconductive behavior like in TaS, and NbS; [8]].
This property makes them important for applications in electronics and optoelectronics. It is known that
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materials in nature are not devoid of defects of various kinds. These defects have a great advantage in
improving the electrical, magnetic, and optical properties of matter. Therefore, point defects in particular
have recently received great attention where Haldar and coworkers conducted a thorough study of the
structural, electronic, and optical properties of many point defects in TMDCs which include single and
double vacancies [2]], while Ko6s and his colleagues found that the chalcogen vacancy is the most possible
point defect that plays an important role in determining the optical properties in MoSe; [9]. By contrast,
the vacancies Mo site in MoSe, was studied by Gao et al. [10], and the electrical, magnetic and optical
properties of defect complexes involving a Mo vacancy and absorbed C, O, Si, Ge, and several transition
metal atoms are also studied [2]. It is also very important to mention here that the band gap of TMDCs
can be tuned by factors such as layer thickness, strain, or chemical doping [[11]. This tunability makes
them very important candidates for electronic device applications. It is important to mention here that in
the case of chemical doping, there exist two types of doping, substitutional doping and metastable doping
(like interstitial). Metastable doping can be voluntary or involuntary which is caused by the environment
like the substrate, metals used as contacts, humidity, etc. [12]. MoSe; has gained attention in scientific
research and various technological applications due to its interesting properties [13]. It exists in nature
in three phases. The first one is the trigonal prismatic 2H, the second is the trigonal 3R and the third is
the octahedral phase 1T. In the octahedral phase, the MoSe, has a metallic behavior while in the two first
phases, it has a semiconductive behavior [14]]. It was also reported that physical and electronic properties
of MoSe; can be changed by doping with different elements like the transition metals or chalcogens
or other elements. Benquan et al. reported that MoSe, doped with Ta can be used in the detection
of toxic gases [15]]. In this study, Ta atom replaced Se atom. Dongzhi et al. were able to synthesize
Pd-decorated MoSe, used as a sensor of NH3 [16]]. Yang et al. synthesized a MoSe, nanosheet array
with layered MoS, heterostructures with high performance in hydrogen evolution and ions storage [17].
Jianlin et al. studied the effect of nonmetal doping (N, C, and Si) of MoSe, on Schottky regulation of
graphene/MoSe; heterojunction [18]]. Yafei et al. studied the effect of nonmetal atom doping of MoSe,
on its electronic properties and its possible application like in photocatalyse [19], where they showed that
nonmetal dopants with an odd number of valence electrons doped MoSe; have n or p-type conductivity
and better photocatalytic efficiency. In literature there is an important number of studies on doping MoSe,
with different atoms, although doping with an arsenic (As) atom is almost alike, and this encouraged us
to contribute to the study of the effect of As doping. In this work, we conduct a theoretical study using
the DFT for the effect of the As atom on the electronic properties, since we consider the As atom as a
substitute atom in the Mo site and compare it with the case of the vacancy in the Mo atom site. To expand
the study further we also studied As atom as an interstitial atom in MoSe, monolayer.

2. Computational details

In this work, all calculations are done using density functional theory (DFT) based on the (PBE-GGA)
approximation, whereas the methods of planar wave (PAW) and ultra-soft (US) atomic pseudopotentials
(PPs) have been employed to calculate electronic properties [20}[21]], which were extracted from Standard
Solid State PPs (SSSP). All the calculations that we have done are approached using the Quantum Espresso
(QE) software package [20]. We built the supercell by repeating a unit cell along the x —y plane by 4 x4 x 1
witha 15 A vacuum created along the z-axis i.e., in an out-of-plane direction to avoid the false interaction
with replicas. We get a system that has 48 atoms as shown in figure[I] of which 36 are Se atoms and 16
are Mo atoms. So the defect coefficient will be 6,25% with respect to the number of Mo atoms when
we replace the Mo with an As atom. All parameters used have been chosen with convergence in mind,
where the parameter @ = 3.32 A was chosen for a single cell. The first Brillouin zone was employed
with a Monkhorst-Pack K-point mesh of 2 X 2 x 1 for the SCF calculation, while more dense k-points
were used for calculation in DOS and PDOS, which were estimated at 8 x 8 X 1 [22], and a plane-wave
cut-off of 50 Ry, the convergence threshold on forces and estimated SCF accuracy were taken at 2 x 1073
Ry and 107°, respectively, and the Murnaghan state equation was also used to calculate the value of the
minimum energy [23].
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3. Formation energy

The formation energies for different defects of monolayer MoSe; were calculated as:

Ey = Egef — Epure — Z ni Wi (3.1)

4

Where Eg.r represents the total energy of a supercell containing a single defect, Epyee is the total
energy of a pristine MoSe; supercell with the same size, y; is the chemical potential and #; is the number
of atoms added or removed of species i (n; > 0 added and n; < 0 removed) [2} (7, [24]]. For the calculation
of chemical potentials, we use the bulk bcc phase of Mo and Se, and the bulk rhombohedral phase
of As. The experimental growth conditions mainly control the values of the chemical potentials, we
consider the Se-rich conditions, where both py, and pse are linked by this thermodynamic relationship
HMoSe, = UMo +2Hse, Where tivose, represents the Eyo of the pristine unite cell and the values of chemical
potentials are presented in table[I} The formation energies in Se-rich conditions of different structures
studied are presented in table[2] It can be observed that the MoSe, doped with As atom in a substitutional
cite of Mo is a favorable configuration looking at its small formation energy 1.839 eV. The substitutional
site of Se is also a stable configuration and the case was studied in [19]]. The formation energy of As
interstitial defect is 17.422 eV which suggests that the formation of this defect is possible but it looks like
a metastable one.

The values of the energy gap of all studied structures are shown in table[2]

4. Result and discussion

In figure 2] we present the band structure and total and projected density of state (DOS and PDOS) of
pure MoSe, monolayer. The results presented in figure[2]show that MoSe, monolayer is a semiconductor
with a direct bandgap at the K point of the Brillouin zone. The position of Fermi level suggests that this
material is an n-type semiconductor. Since we are interested in the DOS in the vicinity of the bandgap, we
have presented it between —2 eV and +2 eV. The DOS at the top of the valence band and the bottom of the

Table 1. Chemical potentials of Mo, Se and As atoms in (Ry).

Chemical potential (Ry)
HMo —139.746
HUse —-20.777
HAs —20.456

Table 2. Formation energies for the various cases studied in (eV).

structure Ef (eV)
MoSe; with Mo vacancy 2.670
MoSe, with As(Mo) doped 1.839
MoSe, with As interstitial 17.422

Table 3. Energy gap of different structures in (eV).

structure E, (eV)
Pure MoSe, 1.41
MoSe; with Mo vacancy | 1.66
MoSe; with As(Mo) doped | 1.73
MoSe, with As interstitial | 1.5
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Figure 1. (Colour online) The crystal structure of 4 x4 x 1 supercell monolayer of MoSe, with and without
defects, where (a) and (b) top and side views of pure MoSe, structure respectively, (c) and (d) top and
side views MoSe, with As(Mo) doped structure respectively, (e) and (f) top and side views of MoSe,
with Mo vacancy respectively, (g) and (f) top and side views of MoSe, with As interstitial respectively.
The gray, yellow and green spheres denote the Mo, Se and As atoms, respectively.
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Figure 2. (Colour online) (a) Band structure of pure MoSe, monolayer, (b) DOS and PDOS of pure
MoSe; monolayer.

conduction band are mostly constituted of Mo 4d and Se 4p orbitals. These results are in good agreement
with other studies [25-28]]. As it can be seen in figure 3] the introduction of a vacancy in a Mo atom site
increases the bandgap of the system and creates two different localized defect levels at the middle of the
bandgap where the first can be attributed to the non-contributing Mo 4d orbital in bonding (vacancy) at
+0.05 eV, while the second can be attributed to the non-contributing Se 4p orbital in bonding at —0.3 eV.
The position of Fermi level in the system with a vacancy suggests that it is a p-type semiconductor. These
results are in good agreement with previous studies [25]], [29].

Figure ] shows the band structure and the total and projected DOS of a monolayer MoSe; containing
a substitutional As atom in a Mo vacancy site. The bandgap of the As(Mo) doped system increases as
compared to the pristine system and the system containing a vacancy as shown in table 3] the DOS and
PDOS show that the top and the bottom of the valence band and the conduction band respectively are
composed of Mo 4d and Se 4p orbitals. The As(Mo) system shows a pair of defect levels in the bandgap,
the first and the highest one is at 0 eV (Fermi level), while the second is slightly lower and is at +0.35 eV
and a shoulder at the tail of the valence band at about —0.35 €V as it is obviously seen in figure [dp. The
PDOS in figure 4 does not help to understand the origin of these defect levels, where we cannot see the
contribution of the As atom because the PDOS contains the contribution of all Mo and Se atoms (15
and 32 atoms, respectively), since we have only one atom of As, that is why we have drawn the PDOS
of per atom for Mo and Se that occupy positions close to the As atom position and the PDOS for As
atom itself (as seen in figure [5). That leads us to attribute the defect level at 0 eV to Mo 4d and Se 4p
orbitals like in vacancy defect, while the defect at +0.35 eV can be attributed to Se 4p and Mo 4d and
As 4s orbitals, the defect at —0.35 eV can be attributed to the As 4s and Se 4p orbitals. This shows us
that when we introduce an As atom in substitutional site of a Mo atom, the bandgap increases. The Fermi
level moves toward the valence band and three different defect levels appear in the midgap. The first is
located at O eV, the second at +0.35 €V above Fermi level and the third at —0.35 €V below Fermi level.
The volume of an As atom is smaller than the volume of Mo and Se atoms and this can explain that the
DOS of an As (Mo) system is a combination of the effect of the As atom itself and the vacancy in the Mo
site. The same observation is reported for the Sb(Mo) system in MoS, structure [7, 130]]. The widening
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Figure 3. (Colour online) (a) Band structure of MoSe, monolayer with Mo vacancy, (b) DOS and PDOS

of MoSe, monolayer with Mo vacancy.
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Figure 4. (Colour online) (a) Band structure of MoSe, monolayer with substutional As in Mo cite, (b)

DOS and PDOS of MoSe, monolayer with As(Mo) doped structure.
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Figure 5. (Colour online) PDOS in As(Mo) doped system of: (a) per atom for Mo close to the As position,
(b) per atom of Se that occupy positions close to the As atom position, (c) As substitutional atom, (d) all
previous cases for easy comparison.
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Figure 6. (Colour online) (a) Band structure of MoSe; monolayer with As interstitial, (b) DOS and PDOS
of MoSe, monolayer with As interstitial.
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Figure 7. (Colour online) PDOS in interstitial As system of: (a) per atom for Mo around the interstitial As,
(b) Se around the interstitial As, (c) As interstitial atom and (d) all previous cases for easy comparison.

of the bandgap and the introduction of new defect levels increases the optical absorption in the visible
light spectral region. This enhances the possibilities of using the As(Mo) system in photocatalysis or in
photovoltaic applications [13} [19]. During the experimental preparation of As(Mo) system, one could
suppose that the As atom occupies an interstitial site in the MoSe, monolayer. The same case could be
envisaged when using the MoSe, monolayer in an environment containing As. For this we studied a
MoSe, system containing an As atom in an interstitial site between the plane Mo atoms and the plane
containing Se atoms as it is shown in figure [Ijg and h. Figure [6h and b show the band structure and total
and projected DOS of a monolayer MoSe; containing interstitial As atom. We can see a slight increase in
the bandgap compared to the pristine system. The presence of an interstitial As in the MoSe, monolayer
produces two single defect levels in the midgap, where they are located at —1.04 eV and —1.29 eV. To
explain the reason for these two levels, it is necessary to draw the DOS and PDOS of the interstitial As
atom, as well as the DOS and PDOS of the Mo atom and As atom surrounding the As interstitial atom as
shown in figure[7} shows that the defect levels can be attributed to the Mo 4d, Se 4p, and As 4p orbitals.
We also notice a very simple distribution of Mo 4d orbital for the defect level in —1.04 eV. In this case,
Fermi level shifted towards the conduction band, so the MoSe, monolayer can be doped n-type by As
interstitial atom. This indicates the possibility of using this compound in optoelectronics and electronics
applications in the infrared field and photocatalysis in the visible light region [19], [31].

5. Conclusion

In conclusion, we have studied the structural and electronic properties of pure MoSe, monolayer
and their doped forms represented by MoSe, monolayer with Mo vacancy, As(Mo) doped system, and
with As interstitial atom. These structures are observed experimentally in MoS,. First, we calculate the
formation energies in Se-rich condition. We found that the As(Mo) doped system is likely to be formed,
whereas the As interstitial system is unlikely to be formed and is metastable. Then, by studying the band
structure and the PDOS of different systems and comparing them with the pure structure, we arrived at the
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existence of impurity levels in the band edge, which are estimated by two different levels for MoSe, with
Mo vacancy attributed to the noncontribution of Mo 4d atom for the first level and the noncontributing of
Se 4p atom for the other level, and by a pair of the defect level for As(Mo) doped system which attributed
to 4p Se and 4d Mo and As 4s. These results can explain that the contribution of orbitals in As(Mo)
doped system is a mix between the effect of the As atom and the vacancy effect due to the small size of
the As atom compared to the Mo and Se atoms. In the As interstitial system we can see two levels in
the midgap attributed to the Mo 4d and Se 4p orbitals. Next, we found that the gap energy increases in
all cases studied, whereas Fermi level position suggests that Mo vacancy system and As(Mo) system are
p-type semiconductor and the As interstitial system is n-type semiconductor. These results enhance the
possibility of using the As(Mo) doped system in photocatalysis and photovoltaic applications in visible
light and using the As interstitial system in electronics applications and photocatalysis in the infrared and
visible regions.
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Bname neryBaHHS MULL'AKOM Ha CTPYKTYPHi Ta e/IeKTPOHHi
B/1aCTUBOCTi MOHOLWIapy MoSe;: nepLuONPUHLNIHI A0CNiA)KEHHS

b. bpaaxi, M. J1. benxegip

JNlabopaTopis TeopeTMYHOI Ta NpuknagHoi ¢isnkm yHisepcutety Ewwaxig LWeiix Nlap6i, 12000 Tebecca, Anxup

Ha ocHoBi Teopii ¢pyHKLiOHaNY rycTUHN JOCNIAXEHO CTPYKTYPHI Ta e1eKTPOHHI BNacTMBOCTI MoHoLwapy MoSep
y oro uucTili Ta nerosaHiii ¢opmax; po3paxyHk1 MPOBOAMAMUCL 3a AOMOMOrOK Naketa nporpam Quantum
Espresso. B skocTi fieroBaHnx cuctem Bnbupannce MoHoluap MoSes i3 BakaHci€to B okoni Mo (cuctema Ba-
KaHcii Mo), moHowap MoSe, 3 aToMoM As K 3aMicHVKOM aToma Mo [neroBaHa cuctema As(Mo)] Ta MOHoLLAp
MoSe; 3 aToMOM As y MixXXBY3/10Bili AiNSHLi B NOPOXHUCTOMY MiCLi NO6AN3Y LleHTPY OAHOTO KilbLA CTPYKTYpK
MiX MJIOLLMHOK aTOMiB MO Ta MAOLLMHO, LLIO MiCTUTb aToMu Se (MixXBY3/10Ba cucTema As). PospaxoBaHo eHep-
rit0 YTBOPEHHSA Pi3HUX CTPYKTYP, AOCNIAKEHMX Y HacMYeHoMy Se cTaHi. BusasneHo, Lo nerosaHa cuctema As(Mo)
€ CNPUSITANBOIO KOHIrypaLii€to, To4i K MiXBy3/10Ba crcteMa As € MeTacTabinbHoto. Pi3Hi gedekTn yTBOPHOOTHL
MiX30HHI LLIMHK, AKi iHTepnpeTyBanncs BiANOBIAHO A0 opbiTaneid, 3any4eHnx Ao ix GopMyBaHHS, BUKOPU-
CTOBYHOUM aHani3 30HHOI cTpykTypn Ta DOS i PDOS koxHOi crcTemn. 3a60poHeHa 30Ha 36ibLUYETLCA B YCiX
HasiBHWX CTPYKTypax, a ii 3HaueHHs MiHsAeTbCa Big 1,5 eB go 1,73 eB. PieHb Pepmi 3cyBaeTbCs B 6ik BaneHTHOI
30HM A1 CcucTeMU BakaHcili Mo Ta cuctemu, nerosaHoi As(Mo), LLLO CBiAYNTL NPO YTBOPEHHSA HaniBNpPoBiAHYKA
p-Tuny, ToAi SK BiANOBiAHe 3MilleHHs piBHA ®epMi B 30HY NPOBIAHOCTI AN MiXBY310BOI cuctemn As xapa-
KTepu3ye noBeAiHKy HaniBNpoBigHMKa TUMY 1. OTPUMaHi pe3ynbTaT A03BONAIOTL TOBOPUTU MPO Pi3HOMaHITHe
npuknagHe BUKOPUCTAHHA TakuUX cucTeM, 3o0kpema y $poTokaTanisi Ta GOTONEeKTPUUHNX eKCriepuMeHTax y Bu-
AUMOMY Jdiana3oHi ceiTaa [nerosaHi cuctemu As(Mo)], ToAi SK MiXXKBY3/10BY crcTeMy AS MOXHa BUKOPUCTOBYBaTU
B iHGpayepBOHOMY Ziana3oHi.

KnrouoBi cnoBa: repexigHi guxanbkoreHigu metanis, Teopis yHKLIOHaNy rycTuHu, eNeKTpoHHa CTPYKTypa,
1eryBaHHa
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