International Journal of Nanoelectronics and Materials @ _GN IVERSITI
Volume 13 (Special Issue) Dec 2020 (225-234) \ MALAYSIA
l! mnp PERLIS

First-Principles Study on the Doping Effects of La on the Structural,
Electronic and Optical Properties of MgO

M. F. M. Taib16*, M. H. Samat®, S. Z. N. Demon?, N. H. Hussin3, 0. H. Hassan*6, M. Z. A. Yahya5 6 and A. M. M.
Alil.6

1Faculty of Applied Sciences, Universiti Teknologi MARA (UiTM), 40450 Shah Alam, Selangor, Malaysia.
2Centre for Defence Foundation Studies, National Defence University of Malaysia, 57000 Kuala Lumpur,
Malaysia.
3Faculty of Applied Sciences, Universiti Teknologi MARA (UiTM), 26400 Jengka, Pahang, Malaysia.
4Department of Industrial Ceramics, Faculty of Art & Design, Universiti Teknologi MARA (UiTM), 40450 Shah
Alam, Selangor, Malaysia.
SFaculty of Defence Science & Technology, Universiti Pertahanan Nasional Malaysia, 57000 Kuala Lumpur,
Malaysia.
¢6Jonic Materials & Devices (iMADE) Research Laboratory, Institute of Science, Universiti Teknologi MARA
(UiTM), 40450 Shah Alam, Selangor, Malaysia.

ABSTRACT

The structural, electronic and optical properties of pure MgO and La-doped MgO were
investigated by first-principles study based on density functional theory (DFT). The good
agreement of the calculated lattice parameters of MgO with experimental and other
theoretical data was obtained. It was found that the calculated band gap of MgO using LDA
functional is 4.756 eV and the presence of La impurity in MgO decreases the band gap to
1.812 eV. The high contribution of La 5d state was found at conduction band while the main
peak of valence band is represented by O 2p state. The optical properties for the absorption
coefficient with and without scissor operator (S0) were also presented and compared with
the optical absorption spectra from experimental data. The red-shift of the absorption was
obtained which show that the La doping can extend the absorption range in MgO. These
findings would be useful for understanding the behavior of MgO and La-doped MgO for
promising material in photocatalyst application.
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1. INTRODUCTION

Magnesium oxide (Mg0O) as nanostructures material is a technologically important material. In
the last few years, there is an extensive study on MgO due to its non-toxicity, low cost, high-
temperature resistance, high optical transmittance and one of the most abundant minerals on
Earth [1]. Nowadays, some applications such as chemical sensors and solar cells using MgO [2, 3].
MgO also plays a role in electronic and optoelectronic devices for the laser and light-emitting
diodes (LEDs) especially for blue or green light emitters [4, 5]. Many superconductor products
also using MgO as a catalyst and substrate [6]. Normally, perfect MgO crystallizes in the cubic
rocksalt structure where the cations are surrounded by octahedral anions with filled valence p
bands. The Mg is in a 2+ state as its two electrons are transferred to the neighbor O atom, which
isin a 2- state [7]. The band gap of MgO is very large at 7.8 eV that falls into deep ultraviolet (UV)
region [8]. Therefore, there is a need to adjust the optical absorption spectra of MgO especially
for solar cell and photocatalyst applications.
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To date, several studies have been conducted to investigate the properties of pure MgO [9-11]
and doped-MgO [12-15]. Recently, Vaizogullar [16] reported the La-doped MgO for photocatalyst.
The obtained results conclude that La*3 can remarkably increase the photocatalytic performance
of MgO.

Previous first-principles studies have reported the use of La dopant in metal oxide such as ZnO
[17-20], SnO; [21], TiO2 [22, 23] and other materials [24-28]. The previous reported on the La-
doped ZnO by Deng et al. [18] and Peng et al. [19] showed that the wider energy gap was achieved
in the ZnO system with La doping. Thus, the blue shift of absorption threshold was obtained.
Changpeng Chen and Meilan Qi [21] studied La-doped SnO; and the results revealed the red-shifts
in the absorption spectra due to the effective reduction of the band gap of Sn0O; after doping with
La. For La-doped TiO», the band gap decreased with the increase of the La doping level as reported
by Huang et al. [22]. The band gap narrowing will cause an enhancement of visible-light
absorption and photocatalytic performance. However, to the best of our knowledge, the first-
principles study on the properties of La-doped MgO has not been reported.

In this work, the structural properties (lattice parameters, volume, bond length and formation
energy) electronic properties (band structure and density of states) and optical properties
(absorption coefficient) of pure MgO in cubic structure and the effect of La doping on the
properties of MgO were reported and discussed. The first-principles calculations were performed
to understand the properties of MgO and the role of La impurity in MgO.

2. COMPUTATIONAL METHOD

The calculations on structural, electronic and optical properties of MgO and La-doped MgO were
performed using density functional theory (DFT) based on plane wave ultrasoft pseudopotential
approach. All of the calculations were implemented using the Cambridge Serial Total Energy
Package (CASTEP) computer code [29]. The local density approximation by Ceperley and Adler
[30] as parametrized by Perdew and Zunger [31] (LDA-CAPZ) and generalized gradient
approximation by Perdew-Burke-Ernzerhof (GGA-PBE) [32] and Perdew-Burke-Ernzerhof for
solids (GGA-PBEsol) [33] were used for the exchange-correlation. The wave function was
expanded as much as 400 eV plane wave cutoff energy and k-points of 4x4x4 to ensure to ensure
good convergence results. The valence electron configurations were treated as 2p¢ 3s2for Mg, 2s2
2p* for O and 5p¢ 5d! 6s2 for La. The geometrical optimization was performed using the total
energy of 5.0x10-¢ eV/atom, maximum force of 0.01 eV/A, maximum stress of 0.02 GPa and
maximum atomic displacement of 5.0x104 A.

3. RESULTS AND DISCUSSION
3.1.1 Structural Properties

MgO has the rocksalt crystal structure with cubic structure (space group: Fm3m, No. 225) as
visualized in Figure 1. The structural properties of MgO were studied in terms of lattice
parameters, cell volumes and also the bond lengths. The lattice parameters and volumes of the
optimized structure of pure MgO were calculated using LDA, GGA-PBE and GGA-PBEsol as listed
in Table 1 to validate the best functional of the calculations. The reliability of the computational
method was approved by comparing the structural properties of MgO with experimental data.
The results indicate that the LDA functional provides the best agreement with the experimental
data by 0.14% for lattice parameters and 0.41% for volume compare to GGA-PBE and GGA-
PBEsol. The present results were also consistent with other theoretical calculations from various
methods and software.
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Figure 1. Crystal structure of pure MgO.

Table 1 Lattice parameter (a = b = ¢) and volume (V) of pure MgO (Fm3m, No. 225) from theoretical and
experimental data

Method a(A) V (A3) Software
LDA 4.206 (-0.14%) 74.41 (-0.41%) CASTEP
GGA-PBE 4.298 (+2.04%) 79.37 (+6.22%) CASTEP
GGA-PBEsol 4.268 (+1.33%) 77.77 (+4.08%) CASTEP
LDA [34] 4.240 76.20 ABINIT
GGA-PBE [35] 4.270 77.85 CASTEP
GGA-PBE [36] 4.237 76.06 VASP
GGA-PBEsol [37] 4.22 75.15 WIEN2k
Experiment [38] 4.212 74.72 -

The La-doped MgO was constructed by replacing one of the Mg atoms with La atom as illustrated
in Figure 2. The unit cell of MgO consists of 4 Mg atom and 4 O atom. There are 4 different
positions of Mg that can be replaced by La. Therefore, the most stable position of La was searched
by calculating the formation energy of La doping in MgO at different doping positions as shown
in Figure 3. According to the law of energy conversion, the difference between the energy of the
systems after and before the replacement is called formation energy. In this work, the formula of
formation energy is referred to the formalism defined by Chen et al. [39]. The formation energy,
Efof La-doped MgO was calculated by:

Ef = E1a.mgo + Emg — (Emgo + Eira) (D

where Era: mgo is the total energy of La-doped MgO, Eumgo is the total energy of pure MgO and Ewug
and Ei. represent the energy of single Mg atom and La atom, respectively. The favorable position
for La doping in MgO according to its formation energy is at P4 due to its lowest formation energy.
The position at P4 is more stable than other positions with Ef= 7.842778620 eV. Therefore, the
calculations for the structural, electronic and optical properties of La-doped MgO have been
performed with these structure.
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Figure 2. Crystal structures of La-doped MgO with different doping position (a) P1, (b) P2, (c) P3 and (d)
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Figure 3. Formation energy of La-doped MgO in different La positions.

The lattice parameters, volume and bond length of pure MgO and La-doped MgO from LDA
functional are listed in Table 2. After La doping in MgO, the lattice parameters and volumes
induces a more significant lattice expansion with a unit cell volume of 106.16 A3 which increased
by 42.67%. The bond length of Mg-0 in La-doped MgO is longer than pure MgO while La-O bond
also has the same bond length with Mg-0 as displayed in Figure 4. This is consistent with the fact
that the ionic radius of the La atom (1.95 A) that is larger than the Mg atom (1.45 A).

Table 2 The lattice parameters, volume and bond length of pure MgO and La-doped MgO from LDA

functional
Structures a (A) V (A3) Mg-0 (A) La-0 (A)
Pure MgO 4.206 74.41 2.103 -
La-doped MgO 4.735 106.16 2.367 2.367
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(a) (b)

Figure 4. Bond length of Mg-0 and La-O for pure MgO and La-doped MgO.
3.1.2 Electronic Properties

The calculated band gap of pure MgO using LDA, GGA-PBE and GGA-PBEsol with comparison to
other theoretical and experimental band gaps as well as the band gap of La-doped MgO are listed
in Table 3. It was found that the calculated band gap with LDA functional is higher than the
calculations with GGA-PBE and GGA-PBEsol. The calculated direct band gap of pure MgO is
consistent with other theoretical band gap using standard DFT in the range of 4.45 to 4.74 eV. It
is well-known that the DFT method usually provides a significantly underestimated band gap
value as compared to one that was obtained experimentally. This is because, the DFT only relates
to ground-state properties and the band gap itself refers to an excited-state property, which
standard DFT is unable to describe correctly. The local functional from LDA and GGA can result
in poor for electronic band gap due to the lack of self-interaction corrections [40]. In this work,
the calculated band gap is lower than the experimental band gap of 7.8 eV by 39% [41]. Thus,
MgO requires a description beyond DFT such as a hybrid functional or DFT+U method [42], [43].
Although the band gap of MgO is lower than the experimental value, the discussion of this work
remains unaffected since this is mainly focused on the relative improvement in MgO properties
after doping with La.

The calculated electronic band structure of pure MgO and La-doped MgO along some high-
symmetry lines in the Brillouin zone is shown in Figure 5. The Fermi level (indicated by a
horizontal line) lies at zero energy. The calculated band gap of pure MgO at G point using LDA is
4.756 eV which is a direct band gap. It can be seen that the band gap of MgO after doping with La
is reduced to 1.812 eV. The narrowing of the band gap of La-doped MgO is due to the presence of
La state that causes the shift of the conduction band toward the lower energy region.

Table 3 The band gap of pure MgO and La-doped MgO

Structures Method Eg (eV) Software

Pure MgO LDA 4.756 CASTEP
GGA-PBE 4.234 CASTEP
GGA-PBEsol 4.276 CASTEP
GGA-PBE [7] 4.74 WIEN2k
GGA-PBE [44] 4.45 WIEN2k
GGA-PWOI1 [42] 4.56 VASP
Experiment [41] 7.8
Experiment [8] 7.77

La-doped MgO LDA 1.812 CASTEP
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Figure 5. Band structures of (a) pure MgO and (b) La-doped MgO.

The partial and total density of states (DOS) was used to analyze the distribution of elements in
each orbital and to identify the main peaks in the DOS whether they are from s, p or d character.
The total and partial DOS of pure MgO and La-doped MgO are shown in Figure 6 while Figure 7
shows the total and partial DOS of all the atoms in MgO and La-doped MgO to provide further
insight of DOS. For pure MgO, the valence band maximum is mainly contributed by O 2p state near
the Fermi level while there is a small appearance of Mg 3s and Mg 2p states founds at the
conduction band. For La-doped MgO, the Fermi level moved towards the conduction band due to
the high contribution of impurity energy level (IEL) from La 5d state. This formation of the
impurity energy of La leads to the band gap narrowing. A low contribution of La 5d state appears
at the valence band while the high contribution of La 5d state can be seen at the bottom of the
conduction band. This location of IEL made the IEL becomes a shallow donor level. This kind of
IEL could act as a trap center for photoexcited holes or electrons which could reduce the
recombination rate. The La 5d states at the conduction band overlap with O 2p states, indicating
a strong exchange interaction between them. This strong interaction causes the splitting of
energy levels.
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Figure 6. Total and partial DOS of (a) pure MgO and (b) La-doped MgO.
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Figure 7. Total and partial DOS for La, Mg and O atoms.

3.1.3 Optical Properties

The optical properties for the absorption coefficient derived from the effect of light passing
through the MgO were analyzed for the pure and La-doped MgO as shown in Figure 8 and 9 for
absorption versus energy and wavelength, respectively. It is difficult to obtain the exact optical
absorption due to the underestimation of the band gap. Therefore, the results of optical
absorption were corrected by scissors operator [45] (scissors operator = 7.8 eV - 4.756 eV =
3.044 eV) where 7.8 is the experimental band gap (7.8 eV) [41]. The scissor operator was
introduced to shift all the conduction levels to match the measured value of the band gap. The
absorption coefficient a(w) determines how far light of a particular wavelength can penetrate a
material before it is absorbed. The absorption of MgO occurs in the UV light region. After La
doping, the absorption edge shift towards lower energy or longer wavelength spectrum. This is
consistent with the recent experimental results reports by Vaizogullar [16] where the UV-vis
spectra of La-doped MgO were red-shifted due to the presence of secondary La,03; phase which
can remarkably increase the photocatalytic performance of MgO. Therefore, more sunlight can be
absorbed by La-doped MgO compare to pure MgO.
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Figure 8. The optical absorption coefficient of the pure MgO and La-doped MgO against energy (eV) (a)
without scissors and (b) with scissors operator.
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Figure 9. The optical absorption coefficient of the pure MgO and La-doped MgO against energy (eV) (a)
without scissors and (b) with scissors operator.

4. CONCLUSION

In summary, the structural, electronic and optical properties of pure MgO and La-doped MgO
were calculated using the first-principles study based on DFT. The calculations were performed
using CASTEP by using three exchange-correlation functionals which are LDA, GGA PBE and GGA-
PBEsol. The pure MgO has low optical absorption due to its wide band gap Thus, La atom was
substituted into Mg to improve its optical properties. The LDA functional was used as the
exchange-correlation functional to report the properties of La-doped MgO because it shows the
closest value of the lattice parameter and band gap with the experimental values. The absorption
edges of La-doped MgO shifted toward longer wavelength spectrum which extended from UV
light. This result gives a good explanation of the red-shift of the light absorption in La-doped MgO
and also may be helpful to provide atomic level understanding on the structural, electronic and
optical properties of MgO and La-doped MgO for photocatalyst applications.
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