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modulate their electrical, optical, and struc-
tural properties by introducing impurities 
for doping.[5–10] So far, the chemisorption 
and charge transfer through surface func-
tionalization are effective approaches to 
achieve doping, but it has a relatively weak 
influences on band structures or improve-
ments of electronic properties.[11,12] By con-
trast, substitutional doping is more stable 
and capable of tailoring the bandgap of 
2D-TMDs without introducing in-gap 
states.[13–16] Such substitutional doping 
could be realized through replacing the host 
transition metal or chalcogen atoms with 
other elements during synthesis to form 
alloys such as Mo1-xWxS2, MoS2xSe2(1-x),  
and VxWyMo1-x-yS2zSe2(1-z), etc.[17–21]

Recently, oxygen doping of 2D-MoS2 
has attracted considerable research inter-

ests. Previous studies show that post treatments of intrinsic 
MoS2 in air, ozone, or oxygen plasma could induce oxygen 
doping, evidenced from the enhanced catalytic reactivity, 
quenched photoluminescence, and improved electrical con-
ductivity.[9,18,22–24] Such doping processes usually lead to oxygen 
substitution and oxidation as well and consequently yield highly 
disordered or fragmented lattice structures. In situ oxygen sub-
stitutional doping in 2D-MoS2 with a controlled and nonde-
structive manner is thus highly desired to preserve its original 
lattice structure, but still remains challenging so far.

In 2D semiconductors, doping offers an effective approach to modulate 
their optical and electronic properties. Here, an in situ doping of oxygen 
atoms in monolayer molybdenum disulfide (MoS2) is reported during the 
chemical vapor deposition process. Oxygen concentrations up to 20–25% 
can be reliable achieved in these doped monolayers, MoS2-xOx. These oxygen 
dopants are in a form of substitution of sulfur atoms in the MoS2 lattice 
and can reduce the bandgap of intrinsic MoS2 without introducing in-gap 
states as confirmed by photoluminescence spectroscopy and scanning 
tunneling spectroscopy. Field effect transistors made of monolayer MoS2-xOx 
show enhanced electrical performances, such as high field-effect mobility 
(≈100 cm2 V−1 s−1) and inverter gain, ultrahigh devices’ on/off ratio (>109) and 
small subthreshold swing value (≈80 mV dec−1). This in situ oxygen doping 
technique holds great promise on developing advanced electronics based on 
2D semiconductors.
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1. Introduction

2D transition metal dichalcogenides (TMDs) are emerging low-
dimensional materials with potential applications for optics and 
electronics.[1,2] Among many 2D-TMDs, 2H phase monolayer 
MoS2 is a representative direct bandgap semiconductor with 
bandgap (Eg) of ≈2.2 eV and has been intensely explored as an 
alternative for high-performance thin film transistors and large-
area integrated electronics.[3,4] In order to realize the full poten-
tial of 2D-MoS2 in such applications, it requires to effectively 

© 2020 The Authors. Published by Wiley-VCH GmbH. This is an open 
access article under the terms of the Creative Commons Attribution 
License, which permits use, distribution and reproduction in any 
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In this work, we demonstrated the in situ oxygen substitu-
tional doping of monolayer MoS2 in the chemical vapor deposi-
tion (CVD) growth process. By introducing oxygen gas in the 
growth environment, we can achieve uniform oxygen doping 
in monolayer MoS2 with tunable dopant concentrations, i.e., 
MoS2-xOx, without changing the lattice ordering. We also show 
the creation of in-plane heterostructures of MoS2-xOx with 
different doping levels by tuning the oxygen gas partial pres-
sure during the growth process. The atomic and electronic 
structures of the MoS2-xOx samples were systematically char-
acterized by scanning tunneling microscopy (STM), scanning 
tunneling spectroscopy (STS), scanning transmission electron 
microscope (STEM), X-ray photoelectron spectroscopy (XPS), 
Raman spectroscopy, and photoluminescence (PL) spectros-
copy. More importantly, we found that the bandgap of mon-
olayer MoS2-xOx can be tuned by the oxygen doping levels. 
Electrical measurements on the fabricated field effect transis-
tors (FETs) and logic gates reveal that, at an optimized doping 
level (within 20% doping concentration), MoS2-xOx monolayers 
feature excellent device performances including large current 
capacities, enhanced sheet conductance, and associated carrier 
mobilities. These superior electrical properties of monolayer 
MoS2-xOx suggest their potentials for high performance and 
low power consumption electronics.

2. Results and Discussion

The in situ growth of MoS2-xOx monolayers was performed in 
our home-made CVD system as illustrated in Figure 1a. MoO3, 
S, and O2 were used as reaction sources and the growth of  
MoS2-xOx monolayers was achieved on preannealed c-plane 
sapphire substrates, which were vertically placed in the growth 
chamber. Such vertical placement is beneficial to achieve more 
uniform growth temperature and source flux homogeneity 
across the 2 in. substrate. Since the substrate directly faces to the 
evaporation sources, the growth rate is also increased as com-
pared to the lateral growth. The synthesized MoS2-xOx triangles 
are spatially uniform as comparing the synthesized MoS2-xOx 
triangles with horizontal placed sapphire substrate (Figures S1–
S3, Supporting Information). According to the designed reac-
tion routes in Figure 1b,[25] we use Ar and Ar/O2 carrier gases 
for S and MoO3 sources independently during the growth. Note 
that O2 carrier gas could not only balance the sulfurization 
capacity of S sources but also act as the oxygen doping source 
for growth of MoS2-xOx.[18,26,27] Besides, the growth temperature 
(TG), i.e., the temperature of substrates, affects the doping pro-
cess dominantly.[25,28] At TG > 900 °C, sulfur has very strong sul-
furation properties and MoO3 can be totally sulfureted to MoS2 
with improved crystal quality, and oxygen doping process is 

Figure 1.  The growth of monolayer MoS2-xOx films. a) Schematic set up of a three-temperature zone CVD system for synthesis monolayer MoS2-xOx 
films. b) The phase diagram and designed reaction routes for synthesizing MoS2-xOx. c–g) Optical images of the synthesized MoS2-xOx triangles with 
increasing doping levels by varying the oxygen carrier gas flow-rate (FO2) from 4 to 25 sccm and growth temperature (TG) from 930 to 800 °C. Inset in 
(e) is the AFM image across the boundary of MoS2-xOx triangle. Scale bar, 1 µm. h) The controllable growth of MoS2-xOx heterostructures with FO2 of 
20/6/10/6 sccm at 800 °C.
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suppressed meanwhile, as comparing optical properties of the  
MoS2-xOx samples synthesized with oxygen flow-rate (FO2) 
from 0 to 20 sccm at 930 °C  (Figures S4 and S5, Supporting 
Information). While the oxygen doping dopants can be reliably 
introduced and tuned at low TG, e.g., TG < 850 °C, by just var-
ying FO2 (Figures S6 and S7, Supporting Information).

Figure  1c–g shows optical microscope images of typical as-
grown MoS2-xOx triangles obtained under different growth con-
ditions. We can see that their optical contrasts accentuate with 
FO2, suggesting the formation of MoS2-xOx. Clearer contrast 
can be found from their undoped outer edges which are grown 
during cooling down process when O2 gas supply was switched 
off (Figure  1e). Atomic force microscope (AFM) imaging on 
these triangles shows no obvious height differences across the 
MoS2-xOx/MoS2 boundaries (inset in Figure 1e; Figure S8, Sup-
porting Information), and the 0.7 nm film thickness equals to a 
monolayer thickness. An excessive oxygen doping could lead to 
structural damages and etch the MoS2-xOx basal plane during 
growth as shown in Figure  1g. This in situ oxygen doping 
approach can also be used to produce 2D heterostructures in 
desired locations with controlled dimensions. As shown in 
Figure  1h, we synthesized lateral heterostructure in the same 
MoS2-xOx flake via spatially engineering the oxygen doping 
levels. The synthesized MoS2-xOx heterostructure with sharp 
optical contrast was produced by sequential switching FO2 to be 
20/6/10/6 sccm during the growth process at 800 °C.

We first performed X-ray photoemission spectroscopy 
(XPS) for semiqualitative analysis of the oxygen dopant con-
centrations of MoS2-xOx samples as shown in Figure  2a and 

Figure  S9 (Supporting Information). The Mo 3d spectrum is 
fitted to the doublet peaks at 230  and 233.1  eV with ≈3.1  eV 
spin–orbit splitting, corresponding to Mo4+ peaks of MoS 
bonds, the doublet peaks at 230.2 and 233.3 eV, corresponding 
to Mo4+ peaks of MoO bonds, the doublet peaks at 233.2 and 
236.3  eV, corresponding to Mo6+ peaks for MoO3 compounds 
formed in oxygen-doped MoS2-xOx samples.[29,30] Note that 
the peak at 227.3 eV corresponds to the binding energy of S 2s 
electrons. Thus, we can qualitatively estimate the amount of 
oxygen dopant concentrations by considering the peak areas 
of Mo4+ of MoO bonds and MoS bonds, and Mo6+ of MoO3 
as shown in Table  1. For the OS concentrations (x), it follows 
0%, 0%,16.5%, 22.7%, 24.7%, and 26.1% for FO2  = 0, 4, 6, 10,  
20, and 25 sccm MoS2-xOx samples according to: S(MoO)/
[S(MoO)  + S(MoS)] of Mo4+ species. For the MoO3 con-
centrations, it follows 0%, 0%, 5.5%, 10.5%, 17.2%, and 15.8% 
according to: S(Mo6+)/[S(Mo4+) + S(Mo6+)].

Figure 2.  The optical properties characterizations of MoS2-xOx. a) XPS spectra of MoS2-xOx synthesized with FO2 = 6 sccm. b,c) Raman and PL spec-
trum of MoS2-xOx with increased oxygen doping levels. d–f) PL mapping of as-grown MoS2-xOx samples synthesized with FO2 of 4 sccm (d), 10 sccm 
(e), and 20/6/10/6 sccm (f).

Table 1.  Oxygen dopant concentrations of MoS2-xOx.

FO2 [sccm] TG [°C] OS ratio [%] MoO3 ratio [%]

0 930 0 0

4 930 0 0

6 800 16.5 5.5

10 800 22.7 10.5

20 800 24.7 17.2

25 800 26.1 15.8
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Then, we further carried out optical spectroscopy charac-
terizations for these monolayer MoS2-xOx samples with dif-
ferent doping concentrations as illustrated in Figure 1c–g. The 
Raman spectra are shown in Figure  2b. Beside E2g and A1g 
modes of intrinsic monolayer MoS2, a series of new Raman 
vibration modes appear. The new peaks at 287 cm−1 (B2g), 
331 cm−1 (B1g), and 464 cm−1 (B1g), corresponding to the vibra-
tion modes of MoO bonds,[24,31] confirm the oxygen doping 
in monolayer MoS2. According to Hardcastle’s empirical rela-
tionship[32] between MoO bond length (R, Å) and Raman 
vibrational frequencies (v, cm−1), which follows: v(cm−1) = 
32895exp(−2.073·R), based on diatomic approximation, we 
could estimate the MoO bond lengths of 2.29 Å from the first 
observed Raman vibrational frequencies at 287 cm−1, which is 
close to MoS bond length (2.41 Å) in MoS2 lattice with a ≈5% 
shortening. Thus, we assign the Raman peaks at 287  cm−1 to 
excellent estimates of the vibrational modes of MoO bonds 
for oxygen substitutional atoms in MoS2 lattice. These new 
Raman peaks become more prominent with increased FO2, 
which suggests an increased oxygen dopant concentration 
and indicates the gradually formation of MoO3 areas at high 
oxygen dopant concentrations of MoS2-xOx samples. Apart 
from these new modes, increased oxygen doping levels would 
induce gradual broadening and red/blue shifts of E2g/A1g vibra-
tion modes as shown in Figure 2b.[29] PL spectra of MoS2-xOx 
samples with FO2 varying from 0 to 20 sccm were shown in 
Figure 2c. With the increased oxygen doping levels, the optical 
bandgap decreases from 1.9  eV at FO2  = 0 sccm to 1.82  eV at 
FO2  = 10 sccm, revealing a modulation of the bandgap by 
oxygen doping. Significant PL quenching is present when FO2 > 
10 sccm. Note that the two prominent sharp PL peaks around 
1.78  eV originate from sapphire substrate. Figure  2d–f shows 
the spatially resolved PL mapping of monolayer MoS2-xOx tri-
angles with FO2 of 4 and 10 sccm, as well as MoS2-xOx hetero-
structure with FO2 of 20/6/10/6 sccm. The good uniformity of 
PL intensity in Figure 2d,e indicates the spatially homogeneous 
doping of the entire MoS2-xOx triangles. Besides, the sharp PL 
intensity contrast of the synthesized MoS2-xOx heterostructures 
(Figure  2f) indicates the successful synthesizing of in-plane 
MoS2-xOx heterostructures with sharp boundaries. Thus, we 
are able to engineer the electronic structure of MoS2-xOx by 
spatial modulation the oxygen dopant concentrations.

In order to reveal the atomic structure and local electronic 
properties of monolayer MoS2-xOx samples, we thus performed 
STM/STS and STEM experiments. Monolayer MoS2-xOx film 
was grown on the highly oriented pyrolytic graphite (HOPG) 
with FO2 = 6 sccm at 800 °C as shown in Figure 3a. Figure 3b,c 
shows typical atomic resolution STM images of monolayer 
MoS2-xOx at different scanning scales. The uniformly distrib-
uted hexagonal halo patterns in Figure  3b are assigned to OS 
substitutional sites in the MoS2 crystal lattice, in agreement 
with previous reports.[15,16,18] Importantly, two different halo 
patterns having obvious contrasts than the background MoS2 
lattice are visualized. Our simulated STM images based on 
density-functional theory (DFT) calculations (details in the 
Experimental Section) show that these two features, i.e., the 
darker/brighter, correspond to substitutional O atom in the top/
bottom S layer (OS-top/OS-bottom), as illustrated in the suggested 
atomic structures and simulated STM images in Figure  3d,e. 

From our STM images, it shows clearly that the substitutional 
sites are predominately on the top S layer of MoS2-xOx. The 
O-atom density is estimated to be in the range of 1013–1014 cm−2. 
Compared to the pristine MoS2, the introduction of OS atoms 
into it clearly modifies its local electronic structure, evidenced 
from our STS measurements. Figure  3f shows the dI/dV 
spectra taken on OS sites in monolayer MoS2-xOx together with 
a control spectrum from pristine MoS2 (Figure S10, Supporting 
Information). The measured electronic bandgap of pristine 
MoS2 is ≈2.25  eV and the bandgap reduced to ≈1.75  eV of  
MoS2-xOx sample (FO2 = 6 sccm). In general, sulfur vacancies 
would introduce in-gap states in STS spectra;[33,34] while there 
are no obvious in-gap states observed in the measured STS 
spectra, suggesting that oxygen dopants are in a form of substi-
tution chalcogen atoms in our CVD grown monolayer MoS2-xOx  
samples and this substitutional doping can effectively modulate 
their bandgaps. Further, we carried out atomic structure charac-
terizations of as-grown MoS2-xOx samples with different doping 
levels as shown in Figure 4. Though it is difficult to distinguish 
the light substitutional atoms of OS (SO) and S vacancy (S) 

Figure 3.  Atomic structure configuration and localized electronic proper-
ties of OS in MoS2-xOx. a) AFM image of as-grown MoS2-xOx on HOPG 
substrates (FO2 = 6 sccm, 800 °C). b,c) High-resolution STM images of 
MoS2-xOx at different scale. Set points: 0.74 V, 100 pA (b); 0.8 V, 50 pA 
(c). The OS could be distinguished by dark (OS-top) or bright (OS-bottom) 
hexagonal halo patterns. d,e) Simulated STM images of OS-top (d) and 
OS-bottom (e). Left panels correspond to top and side view of the DFT-
calculated atomic structure and OS sites are marked by black circles. 
f) Representative dI/dV spectra acquired on OS of MoS2-xOx and pristine 
MoS2. Set points: 1.1 V, 50 pA.
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due to their relatively weak intensity contrast (Figures S12 and 
S13, Supporting Information),[35] the overall structural integ-
rity and periodical atomic structure of 2H phase still maintain 
even at high doping levels as confirmed by high-resolution 
STEM images (Figure  4a–d; Figure S14, Supporting Informa-
tion) and selected area electron diffraction (SAED) pattern 
(Figure  4e–h), which indicate that our doping strategy is non-
destructive technique for realizing controllable doping in MoS2  
crystal lattice.

As mentioned above, the oxygen substitutional doping in 
MoS2 can significantly affect their electronic properties. We 
also fabricated FETs based on these MoS2-xOx monolayers 
to study their electronic transport properties as shown in 
Figure  5a. Refer to the Experimental Section and Figure S15 
(Supporting Information) for details on the device structure 
and fabrication. Mechanical exfoliated few-layer graphene 
(FLG) was used as the source/drain and gate electrodes 
since graphene contact[36,37] has low contact resistance (Rc) 
of 2.96 kΩ µm as confirmed in Figure S16 of the Supporting 
Information. Thin hBN flakes with atomically smooth surfaces 
and free of dangling bonds were used as the dielectric layers to 
effectively avoid impurity scatterings and trapped charges.[38] 
Figure 5b,c shows output (Ids–Vds) and transfer (Ids–Vg) curves, 
respectively, of a typical MoS2-xOx device (FO2 = 6 sccm). The 
on-current density (Ids/W) is as high as ≈90 μA µm−1. The 
linear Ids–Vds characteristics at small biases suggest an excel-
lent contact between MoS2-xOx and FLG. The saturation 
characteristics of Ids–Vds at large biases and wide range tun-
able threshold voltages are important features when intercon-
necting them for integrated circuits. High on/off ratio of ≈4.5 ×  
109, low off-current ≈100  fA, and ideal subthreshold swing 
(SS) of 80  mV dec−1 can also be achieved in these devices, 
indicating outstanding device performances. Figure 5d shows 

the transfer curves of several MoS2-xOx FETs with FO2 = 4, 6, 
10, and 20 sccm. An obvious shift of subthreshold voltages 
(Vth) by doping (n-type) levels can be clearly seen. We also 
calculated the field effect mobility (μFE) of these MoS2-xOx 
FETs at different doping levels (Figure  5e). Surprisingly, μFE 
can be significantly improved by moderate doping, e.g., from 
30 cm2 V−1 s−1 at FO2 = 4 sccm (which is close to an intrinsic 
case), to 70 cm2 V−1 s−1 at FO2 = 6 sccm, and a maximum value of  
105 cm2 V−1 s−1 can be achieved at FO2 = 10 sccm (Figures S17–
S21, Supporting Information, for detailed electrical analysis). 
As the highly conductive phase of MoS2-xOx from OS substi-
tutional doping could be formed into MoS2 lattice,[9,14] the 
electronic behavior of doped MoS2 films could be modulated, 
and the sheet conductance and associated field effect mobility 
(μFE) could be enhanced with appropriate doping levels (FO2 ≤ 
10 sccm) as shown in Figure  5e and Figure S22 (Supporting 
Information). At heavy doping levels (FO2  ≥ 20 sccm), the 
defects and visible damages (Figure  1g) prone to form on 
the MoS2-xOx basal plane and serve as the main carrier scat-
tering centers, thus degrading its electronic quality. Indeed, 
an abrupt dropping of μFE when FO2 > 20 sccm was observed. 
Furthermore, SS of devices also increases gradually due to the 
enhanced oxygen doping concentration (Figure  5d). As high-
lighted in Figure  5f, these moderate doped MoS2-xOx mon-
olayers show much higher mobilities and on/off ratios than 
the intrinsic monolayer or few layer MoS2.[3,39–42]

Based on these high-quality MoS2-xOx monolayers, we also 
fabricated complexed logic gates. Figure 6a–d shows as-fabri-
cated inverters, NAND, NOR, and AND gates by integrating 2, 
3, 3, and 5 FETs, respectively. The output voltage of an inverter 
has a sharp switching characteristic when sweeping the input 
voltage (Figure 6e). The voltage gain is 90 at Vdd = 5 V, which is 
superior to pristine MoS2.[43] Logic functions of NAND, NOR, 

Figure 4.  The atomic structural integrity of MoS2--xOx with increased oxygen doping levels. a–d) As-recorded high resolution ADF-STEM images and 
e–h) SAED patterns of MoS2-xOx samples.
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Figure 6.  Demonstration of MoS2-xOx logic gates devices. a–d) Optical images of (a) inverter, (b) NAND, (c) NOR, (d) AND gates with MoS2-xOx 
(FO2 = 6 sccm) as channel materials. Insets are corresponding schematics of logic gates. e) Output voltage Vout (left axis) and voltage gain (right axis) 
as a function of input voltages Vin with Vdd = 5 V. f–h) Output voltages of the logic NAND (f), NOR (g), and AND (h) gates at four typical input states 
with Vdd = 2 V. “0” and “1” labels represent the low and high binary output states, individually.

Figure 5.  Electrical performances of MoS2-xOx FETs. a) Cross-section schematic illustration and optical image of MoS2-xOx FETs with few-layer graphene 
(FLG) contact. b,c) Output and transfer curves of a MoS2-xOx device with FO2 = 6 sccm. Channel length/width (L/W) is 5/5 µm and hBN thickness (t) 
is 31 nm. d) Normalized transfer curves with 1 V bias as a function of carrier density (n = Ci Vg) of MoS2-xOx FETs with different oxygen doping levels. 
Solid/dashed lines correspond to left/right panels in logarithm/linear scales. e) Device mobility (μFE) of MoS2-xOx FETs at different oxygen doping 
levels. f) Comparisons of μFE and on/off ratio with literature values.
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and AND could be reliably realized at four typical input states 
(VA = 0 (0 V) or 1 (2 V), VB = 0 or 1) as shown in Figure 6f–h. 
These results suggest that these MoS2-xOx monolayers with 
tunable electronic properties could serve as promising 2D 
building blocks for novel electronics with better performances 
than that of the intrinsic MoS2 monolayers.

3. Conclusion

In summary, we developed an effective CVD technique for in 
situ oxygen doping of monolayer MoS2 in a controlled manner 
and oxygen dopants mainly adopt a form of substitution chal-
cogen atoms in monolayer MoS2-xOx samples. We found that 
the oxygen doping leads to a significant modulation on their 
optical and electronic properties. Greatly improved carrier 
mobilities and controllable n-type electronic doping effects 
resulted from optimized oxygen doping levels of MoS2-xOx 
were revealed. The MoS2-xOx-based devices behave excellent 
electronic performances comparing with intrinsic MoS2 mon-
olayers, suggesting that such high-quality monolayer films 
could be better alternatives for future electronic applications.

4. Experimental Section
Growth of MoS2-xOx: The growth of monolayer MoS2-xOx was carried 

out in a three-temperature zone CVD system (Figure 1a). S powder (Alfa, 
99.5%, 8 g) and MoO3 powder (Alfa, 99.9995%, 30 mg) were loaded in 
two inner quartz tube before growth and placed at zone I and zone II, 
and c-plane polished sapphire (or newly exfoliated graphite) was placed 
at zone III as substrate. Note that sapphire substrates were preannealed 
in O2 atmosphere at 1000  °C for 4 h to form atomic flat surfaces. The 
carrier gas of Ar (40 sccm) and Ar/O2 (240/0–25 sccm) was fluxed for 
S power and MoO3 sources individually. The pressure in the chamber 
was kept at ≈1  Torr. Temperatures at zone I, zone II, and zone III 
were 130, 530, and 800–930  °C and maintained for 30–50 min during  
the growth.

Sample Characterizations and Measurements: Raman and PL spectra 
were carried out by a micro-Raman spectrometer (Horiba LabRAM HR 
Evolution) in a confocal backscattering configuration with an excitation 
laser wavelength of 532  nm, a laser power of 1  mW and spot size of 
1 µm2. The PL mapping was obtained with WiTec (Alpha 300R) Raman 
microscope with a laser power of 1  mW and step size of 300  nm. 
The XPS was acquired from Kratos Analytical Axis Ultra system. STM 
experiments were performed in a homebuilt low temperature-STM 
system (4.5 K, 10−10  Torr) with chemical etched W tip. STM data were 
processed by using the free WSxM software.[44] The STS spectra were 
taken by using a lock-in amplifier with a modulation voltage of 20  mV 
and at a frequency of 677  Hz. STEM characterizations were acquired 
by an aberration-corrected Nion U-HERMES200 system operated at 
60 kV and STEM simulation was carried out by COMPUTEM software. 
AFM measurements were performed by Asylum Research Cypher S 
instrument using RTESP-300 tips. All the electrical measurements were 
carried out in a Janus probe station (base pressure ≈10−6  Torr) with 
Agilent semiconductor parameter analyzer (4156C and B1500, high 
resolution modules) at room temperature.

DFT Calculations: First-principles calculations were performed for top 
and bottom OS atoms in the MoS2-basal plane by using the Quantum-
ESPRESSO software package,[45,46] which is based on the DFT. The 
ultrasoft pseudopotential[47] and exchange-correlation functional within 
a generalized gradient approximation of Perdew–Burke–Ernzerh formula 
have been used.[48] The sampling of Brillouin zone with a 16 × 16 × 1 
k-point mesh was used for a 5 × 5 supercell with a vacuum layer of ≈15 Å  
for simulations.
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