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Nanotecnoloǵıa, Apartado Postal 14, Ens
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onic and optical properties of
pristine and functionalized MgO monolayers: a first
principles study

D. M. Hoat, *ab Vo Van On,*c Duy Khanh Nguyen,c Mosayeb Naseri, d R. Ponce-
Pérez,e Tuan V. Vu, fg J. F. Rivas-Silva,h Nguyen N. Hieu bi

and Gregorio H. Cocoletzih

In this paper, we present a detailed investigation of the structural, electronic, and optical properties of

pristine, nitrogenated, and fluorinated MgO monolayers using ab initio calculations. The two dimensional

(2D) material stability is confirmed by the phonon dispersion curves and binding energies. Full

functionalization causes notable changes in the monolayer structure and slightly reduces the chemical

stability. The simulations predict that the MgO single layer is an indirect semiconductor with an energy

gap of 3.481 (4.693) eV as determined by the GGA-PBE (HSE06) functional. The electronic structure of

the MgO monolayer exhibits high sensitivity to chemical functionalization. Specifically, nitrogenation

induces metallization of the MgO monolayer, while an indirect–direct band gap transition and band gap

reduction of 81.34 (59.96)% are achieved by means of fluorination. Consequently, the functionalized

single layers display strong optical absorption in the infrared and visible regimes. The results suggest that

full nitrogenation and fluorination may be a quite effective approach to enhance the optoelectronic

properties of the MgO monolayer for application in nano-devices.
1 Introduction

The discovery of graphene in 2004 by Novoselov and co-
workers,1 with extremely outstanding physical, chemical, and
mechanical properties,2,3 was the beginning of the boom in two
dimensional (2D) materials research. So far, researchers have
explored a large variety of 2D layered materials through exper-
imental synthesis and characterization as well as theoretical
predictions. For example, silicene,4,5 phosphorene,6,7 transition
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metal dichalcogenides,8,9 and monolayers belonging to the II–
VI,10–12 III–V,13–15 IV–IV,13,16,17 and MXene18,19 families have been
investigated. In recent years, the 2D heterostructures formed by
stacking two different monolayers17,20–22 and Janus mono-
layers23,24 have been widely investigated. In general, these 2D
layers possess electronic band gaps and are classied as semi-
conductors or insulators, presenting better optoelectronic
suitability than graphene, whose applications are limited
because of its zero band gap.

Experimentally, bulk II–VI compounds, for example, ZnO,25

CdO,26 ZnS27 and MgO : Cd28 among others, are important
materials for optoelectronic applications. However, the growth
and characterization of II–VI monolayers have not been well
studied, so far. Instead, the physical properties of these 2D
materials have been predicted using rst principles calcula-
tions. For example, the graphene-like MgO monolayer was
predicted by Zheng et al.29 The results indicated that the MgO
single layer has good dynamical stability and an indirect band
gap of 3.60 eV. Later, promising piezoelectric properties for the
2D II–VI family of compounds were predicted by Menderes
et al.30 Moghadam et al.31 have also studied the electronic,
magnetic and optical properties of the MgO monolayer doped
with B, C, N and F. As a result, an indirect energy gap of 3.8 eV
was obtained for the pristine MgO single layer. B, C and N single
atom doping induces signicant magnetization in the mono-
layer, generating half-metallic and magnetic semiconductor
behavior, while non-magnetic properties are induced with F
RSC Adv., 2020, 10, 40411–40420 | 40411
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doping. In addition, efforts have been made to obtain a more
accurate band gap for the MgO monolayer. Recently, mBJ
potential calculations carried out by Nourozi et al.32 yielded
a larger band gap of 4.2 eV. Luo et al.33 performed rst princi-
ples calculations based on the pseudopotential plus hybrid
functional HSE06 to investigate the electronic structure of the
graphene-like MgO monolayer, and obtained a band gap of
4.76 eV. To the best of our knowledge, the electronic properties,
including band structure formation and chemical bonding, as
well as the optical properties of the MgO monolayer have not
been well investigated, so far. Therefore, it is worth carrying out
a detailed investigation to address this lack of knowledge.

On the other hand, chemical functionalization has been
experimentally and theoretically demonstrated to be an effec-
tive method to ne tune the electronic structure and related
properties of low-dimensional materials.34–39 Results have
shown that half-functionalization may induce important
magnetism, while fully functionalized single layers exhibit no
magnetic properties.40 Motivated by such observations, in this
work we investigate systematically the structural, electronic and
optical properties of pristine, nitrogenated and uorinated
MgO monolayers. Calculations show that the MgO single layer
is a semiconductor with a wide indirect band gap of 3.481 eV,
therefore in order to make it suitable for optoelectronic appli-
cations, it is necessary to reduce its energy gap. Reviewing the
literature, we realized that uorination may decrease the elec-
tronic band gap of 2D materials,40,41 therefore, uorine (F) is
chosen as a functionalization agent in this work. Moreover, we
also examine the effects of nitrogenation and nd that it
induces metallization of the monolayer. We focus on analyzing
the effects of functionalization on the structural and optoelec-
tronic properties of the MgO monolayer. It is anticipated that
functionalizing the MgO single layer with N and F atoms leads
to enhancement of its optoelectronic properties, making it
more suitable for practical applications in nano-devices.
2 Computational approach

First principles density functional theory (DFT)-based42 calcula-
tions are performed using the WIEN2k simulation code,43 which
makes use of the full-potential linearized augmented plane wave
(FP-LAPW) method to solve the self-consistent Kohn–Sham equa-
tions. The electron exchange–correlation interactions are deter-
mined by the generalized gradient approximation with the
Fig. 1 Atomic structures of the pristine and functionalized MgO monola

40412 | RSC Adv., 2020, 10, 40411–40420
Perdew–Burke–Ernzerhof (PBE) functional.44 In addition, for reli-
able calculation of the energy gap, the hybrid functional HSE06
(ref. 45) is also employed. Within the spherical muffin-tin, the
maximum quantum number lmax ¼ 10 is used for the base func-
tions of the spherical harmonics. While the basis set of the plane
wave expansion is limited by the product of the smallest muffin-tin
radius RMT and the maximum wave vector Kmax so that RMTKmax ¼
7 in the interstitial regions. The maximum Gaussian parameter
Gmax ¼ 12 is set for the charge and potential expansion. In the
calculations, the core states and valence states are determined
separately with a cut-off energy of �6.0 Ry. In the structural opti-
mization process, the force is set to 1 mRy/a.u. and the Brillouin
zone is sampled with an 8 � 8 � 1 k-mesh.46 While a denser 16 �
16� 1mesh is employed for the electronic properties calculations.
In order to get self-consistent energy convergency, an energy
criterion of 0.0001 Ry is used. In the periodic calculations of low
dimensional materials, it is necessary to generate a large enough
vacuum gap to prevent interlayer interactions. In this work, the
layers are separated by an empty region larger than 14 Å to avoid
interlayer interactions.
3 Results
3.1 Structural properties

The MgO monolayer is formed by alternating Mg and O atoms
in a hexagonal honeycomb structure, with space group P�6m2
(no. 187). Fig. 1 shows a 4 � 4 � 1 supercell of the MgO
monolayer atomic structure. The calculations give a lattice
constant of 3.29 Å, which is in good agreement with previous
theoretical results,29,30 generating the interatomic distance dMg–

O ¼ 1.90 Å. The interatomic Mg–O–Mg and O–Mg–O angles are
120�, which results from the structural planarity of the single
layer. The phonon dispersion curves displayed in Fig. 2 show
that the MgO monolayer is dynamically stable due to the
absence of imaginary frequencies in the phonon modes.

Fig. 1 also shows a schematic 4 � 4 � 1 supercell of the fully
functionalized MgO monolayer (X–MgO–X, X ¼ N and F). The
optimized structural parameters of the nitrogenated and uo-
rinated MgO single layers are given in Table 1. Note that the
Mg–X bond length (X ¼ N and F) is larger than the O–X one,
suggesting that the former bond is considerably weaker than
the latter. This behavior can be attributed to the ionicity of the
Mg–X chemical bond due to the large electronegativity differ-
ence between the Mg and X atoms, while the O–X bond may be
yers.

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Phonon dispersion curves of the pristine MgO monolayer.
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predominantly covalent. Also, the functionalization induces an
important change in theMgO single layer structure. Specically,
a buckling appears, destroying the structural planarity, and
consequently the interatomic distance dMg–O increases while
the Mg–O–Mg and O–Mg–O angles decrease considerably.

In order to examine the stability of the pristine and func-
tionalized MgO monolayers, the binding energy Eb is deter-
mined using the following expression:

Eb ¼ Et � aEaðMgÞ � bEaðOÞ � cEaðXÞ
aþ bþ c

(1)

Here, Ea(Mg), Ea(O), and Ea(X) refer to the energy of isolated Mg,
O and X atoms, respectively; a, b and c are the numbers of Mg, O
and X atoms in the cell, respectively. The obtained Eb values are
listed in Table 1. The results suggest the chemical stability of
the 2D materials at hand, given that their binding energies take
negative values. It is important to mention that functionaliza-
tion reduces the stability of the MgO single layer, and a stronger
effect is observed in the case of uorination because the
binding energy becomes more positive in the following order:
MgO / N–MgO–N / F–MgO–F.
3.2 Electronic properties

Fig. 3 shows the band structure, total density of states (TDOS)
and partial density of states (PDOS) of the pristine MgO
monolayer in an energy range from �3 to 9 eV, in which the
Table 1 Optimized structural parameters and binding energies of the p

dMg–O (Å) d1 (Å) Dd (Å)

MgO 1.900 — 0
N–MgO–N 2.130 1.994 0.964
F–MgO–F 2.007 1.742 0.648

This journal is © The Royal Society of Chemistry 2020
Fermi level is set at 0 eV. The MgO single layer is predicted to be
an indirect band gapmaterial given that the highest point of the
valence band is found at the K point, while the lowest conduc-
tion band point appears at the center of the Brillouin zone, that
is the G point. PBE- and HSE06-based calculations provide
electronic band gaps of 3.481 and 4.693 eV, respectively. Our
results are in good agreement with those previously re-
ported.29,31–33 Undoubtedly, the HSE06 hybrid functional
produces better results given that the standard GGA-PBE func-
tional frequently underestimates the energy gaps of materials.
The electronic congurations of elemental Mg and O are [Ne]3s2

and 1s22s22p4, respectively. Due to the large electronegativity
difference, it is expected that the Mg atom gives two electrons to
the O atom to totally ll the O-2p orbital, giving rise to the major
presence of the O-2p state in the upper part of the valence band
and the Mg-3s state in the lower part of the conduction band.
Consequently, the Mg–O chemical bond is predominantly ionic.
However in the case of the MgOmonolayer, Fig. 3 indicates that
the O-p state is the main contributor to the valence band in the
energy range from �2.30 to 0 eV, in which a small contribution
from the Mg-s and Mg-p states can also be noted. While the
conduction band from 3.481 to 9 eV is formed mainly by the O-
p, Mg-s, and Mg-p states. The PDOS prole suggests s–p
hybridization in the single layer to yield an sp2 state. The
valence charge distribution in the pristine MgO monolayer is
illustrated in Fig. 4a and 5a. Note that a large charge density is
centered around the O atom, indicating a high electron
concentration, and consequently an ionic chemical bond is
generated. However, signicant charge density is also distrib-
uted in the Mg–O bridge regions, which is a result of the sp2

hybridization, creating a covalent bond. The analyzed results
provide evidence that the chemical bond in the pristine MgO
single layer is a mixture of ionic and covalent in nature.

The electronic band structures of the nitrogenated and
uorinated MgO monolayers are presented in Fig. 6. Note that
nitrogenation induces metallization of the MgO single layer
given that the upper part of the valence band crosses the Fermi
level, with the highest point located at an energy of 0.771 eV
above the Fermi level. Specically, there are four subband lines
that intercept the Fermi level, which are called “V1”, “V2”, “V3”
and “V4” (see Fig. 6a). To show more clearly the metallic nature
of the N–MgO–Nmonolayer, its Fermi surface is calculated, and
the results are given in Fig. 7. From the gure, it can be observed
that there are four separate Fermi surfaces. Specically, those of
the V1 and V2 lines are found centered at the Brillouin zone
center, while the surfaces centered at the zone corners (K point)
correspond to the V3 and V4 energy lines. It is important to
mention that the N–MgO–N metallicity is also predicted by the
HSE06 functional, however, hybrid functionals may falsely
ristine, N- and F-functionalized MgO monolayers

d2 (Å) a (�) b (�)
Eb (eV
per atom)

— 120 120 �5.420
1.324 101.113 101.113 �4.340
1.518 110.109 110.109 �4.000

RSC Adv., 2020, 10, 40411–40420 | 40413
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Fig. 3 Band structure (black lines and red lines represent the results from the PBE and HSE06 functionals, respectively), and total and partial
density of states (states per eV) of the pristine MgO monolayer.

Fig. 4 3D valence charge density of the (a) pristine, (b) N-functionalized and (c) F-functionalized MgO monolayers (isosurface 0.2 e bohr�3).
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predict the fundamental properties of metallic materials.47

Therefore, in the case of nitrogenation only the results obtained
with the PBE potential are presented and discussed. In the case
of the uorinated MgO monolayer, the valence band maximum
Fig. 5 2D valence charge density along (a) the (001) plane of the pristine M
F-functionalized MgO monolayers.

40414 | RSC Adv., 2020, 10, 40411–40420
touches the Fermi level at the G point, while a at subband
appears in the lower part of the conduction band, considerably
reducing the electronic band gap. To be precise, the F–MgO–F
monolayer has a G–G band gap of 0.648 (1.879) eV as obtained
gOmonolayer, and the (110) planes of the (b) N-functionalized and (c)

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 Band structures of the (a) N- and (b) F-functionalized MgO monolayers (black lines and red lines represent the results obtained with the
PBE and HSE06 functionals, respectively).

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
N

ov
em

be
r 

20
20

. D
ow

nl
oa

de
d 

on
 7

/1
7/

20
24

 2
:4

0:
30

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
with the PBE (HSE06) functional, corresponding to a reduction
of 81.34 (59.96)% as compared with the pristine MgO case. It is
worth mentioning that chemical functionalization of the MgO
monolayer with F and N atoms may lead to enhancement of
sunlight harvesting, as well as avoiding the energy loss favored
by the direct nature of the band gap. The TDOS and PDOS of the
functionalized MgO single layers are given in Fig. 8. In the
gure, the labels “1” and “2” indicate that the functionalization
agent is bound to the Mg and O atoms, respectively. The DOS
proles demonstrate that the nitrogen electronic states exhibit
almost no participation in the conduction band formation in
the N–MgO–N monolayer. While the valence band is built
mainly by the N1-p, N2-p and O-p states, where the metallic
nature can be attributed mainly to the p states of the nitrogen
atoms which range from �1.5 to 0.771 eV, and the presence of
the O-p state is less important. In the energy range from �4 to
0 eV, the valence band of the F–MgO–F monolayer is divided
into two separate subbands, and a similar feature is noted in the
Fig. 7 Fermi surface of the N–MgO–N monolayer.

This journal is © The Royal Society of Chemistry 2020
conduction band up to 8 eV. The lower valence subband from
�3.68 to�2.64 eV and the at conduction subband from 0.65 to
1.09 eV are dominated mainly by the O-p and F2-p states, sug-
gesting strong hybridization of the 2p orbitals in the O–F2 bond.
While the F1-p state forms the upper valence band from �1.45
to 0 eV.

Fig. 4b and c and 5b and c show the valence charge distri-
butions of the functionalized MgOmonolayers. As expected, the
strong hybridization of the O-2p and X2-2p (X2 ¼ N2 or F2)
orbitals gives rise to a large charge density in the bridge regions
between the O and X2 atoms and the distribution is quite
symmetric, generating a covalent O–X2 chemical bond. In the
N–MgO–N monolayer, the N1–Mg and Mg–O chemical bonds
are predominantly ionic given that there is only small charge
density in the interatomic regions. Unlike the N–MgO–N
monolayer, the F1–Mg and Mg–O bonds in the F–MgO–F
monolayer may contain a portion of covalence as signicant
charge density is noted in the bridge regions. However, we can
conclude that these last-mentioned chemical bonds are
predominantly ionic given that the distribution is considerably
directed toward the F1 and O atoms, respectively.
3.3 Optical properties

In this section, we discuss the optical response of the pristine
and functionalized MgO monolayers to electromagnetic radia-
tion by determining and analyzing the optical properties.
Electronic transitions can be categorized into interband tran-
sitions and intraband transitions, which are responsible for the
optical response in semiconductors and metals, respectively. As
a rst step, the complex dielectric function 3(u) ¼ 31(u) + i32(u),
which contains the reective character (real part) and absorp-
tive character (imaginary part), is calculated. Then, the optical
properties including reectivity R(u), absorption coefficient
a(u), and refractive index n(u) are deduced from the known
RSC Adv., 2020, 10, 40411–40420 | 40415
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Fig. 8 Total and partial density of states of the N- and F-functionalized MgO monolayers.
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dielectric function.48 Hexagonal symmetry generates isotropy
along the in-plane x- and y-directions, therefore for all optical
quantities the effect of incident light (electromagnetic radia-
tion) polarized along the x- (E//x) and z-axes (E//z) is discussed.

3.3.1 Dielectric function. The imaginary part 32(u), which is
related to the optical absorption, can be calculated from the
electronic band structure as follows:49

32ðuÞ ¼ Ve2

2pħm2u2

ð
d3k

X
nn0

����
�
~kn

����P
����~kn0

�����
2

f
~k
n

�
1� f

~k0
n

�
d

�
E

~k
n � E

~k
n0 � ħu

�
: (2)

Here P is the momentum operator, f~kn denotes the Fermi
distribution function, and energy conservation is introduced
through the Dirac function dðE~kn � E~kn0 � ħuÞ.

Fig. 9 shows 32(u) plots of the pristine and functionalized
MgO monolayers as a function of energy. As mentioned above,
interband transitions may provide the main contribution in the
case of pristine and uorinated MgO single layers due to their
semiconducting nature. Meanwhile intraband transitions are
manifested in the nitrogenated monolayer due to the metal-
licity, in which no energy is required to excite the electrons from
the valence band to the conduction band. Therefore, at
extremely low energies, the 32(u) value of N–MgO–N takes high
values of 7.741 and 1.238 in the case of E//x and E//z,
40416 | RSC Adv., 2020, 10, 40411–40420
respectively. On the contrary, the 32(u) edges of MgO and F–
MgO–F start near their respective band gaps, above which the
energy is sufficient for electronic excitations. 32(u) increases
dramatically to reach maximum values at 5.455 (6.571), 0.150
(0.340) and 2.054 (3.388) eV in the case of the MgO, N–MgO–N
and F–MgO–F monolayers, respectively, when the incident light
is polarized in the x (z) direction. Aer that, 32(u) uctuates in
the ultraviolet regime, exhibiting some prominent peaks. It
appears that the 32(u) value of MgO for E//x is slightly larger
than that for E//z. Moreover, in the infrared regime the 32(u)
value of N–MgO–N takes very large values, reaching 18.505 at
0.150 eV. However, in most of the considered energy range, z-
polarized light may be more efficient in promoting electronic
transitions in the functionalized single layers given that 32(u)
takes values considerably larger than those observed in the case
of x-polarization. This behavior can be attributed to the orien-
tation of the functionalization agents, which are aligned verti-
cally with respect to the MgO single layer host.

The real part 31(u) represents the electronic polarizability,
and it is linked with the imaginary part 32(u) as follows:50

31ðuÞ ¼ 1þ 2

p

ðN
0

32
�
u

0�
u

0
du

0

u02 � u2
(3)

31(u) of the pristine and functionalized MgO monolayers is
plotted in Fig. 10 as a function of energy. At the zero frequency
This journal is © The Royal Society of Chemistry 2020
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Fig. 9 Imaginary part of the dielectric function of the pristine, N- and F-functionalized MgO monolayers.

Fig. 10 Real part of the dielectric function of the pristine, N- and F-functionalized MgO monolayers.
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limit, the static dielectric constants of the MgO, N–MgO–N and
F–MgO–Fmonolayers are 1.212 (1.207), 26.419 (7.211) and 1.156
(1.404), respectively, in the case of E//x (E//z). Similar to 32(u), for
N–MgO–N, 31(u) has large values in the infrared region, and it
shows decreasing behavior above zero energy. In contrast, the
31(u) values of the pristine and uorinated monolayers increase
to reach maximum values of 1.417 at 5.156 eV (and 1.576 at
5.726 eV) and 1.310 at 1.865 eV (and 2.024 at 3.170 eV),
respectively, when the incident light is x-polarized (and z-
polarized). Aer that, 31(u) presents an obvious uctuation. It is
important to mention that for N–MgO–N, 31(u) decreases to
negative values, and the most negative value is �1.253 at
1.782 eV for E//x. For E//z, a similar feature is noted for the
uorinated single layer. Specically, there are two negative
peaks at 3.497 and 10.926 eV, whose values are �0.292 and
�1.663, respectively. Negative 31(u) values indicate the interac-
tion of free electrons with the incident light, and the reection
may be large. Functionalization may enhance the electronic
polarizability of the MgO monolayer under z-polarized incident
electromagnetic radiation given that the 31(u) values are
increased considerably, and the opposite trend is noted for E//x.

3.3.2 Reectivity. Fig. 11 shows the energy-dependence of
the reectivity R(u) of the pristine and functionalized MgO
This journal is © The Royal Society of Chemistry 2020
monolayers. Note that the reectivity is quite small (lower than
10%) in the case of E//x, with the exception of the N–MgO–N
monolayer whose reectivity is large in the range of energy up to
2.46 eV, in which the maximum reectivity is 48% at energy
0.12 eV. In contrast, the reection of z-polarized light can be
enhanced considerably by functionalization in the considered
energy range. At zero frequency, R(0) of the MgO monolayer is
only 0.22%, and those of N–MgO–N and F–MgO–F are 21.35%
and 0.72%, respectively. The nitrogenated single layer exhibits
reection in the infrared and ultraviolet regimes, in which the
reectivity may reach 23%. However, the highest reection is
observed for the uorinated MgO monolayer, which displays
two pronounced peaks at 3.497 and 11.090 eV, at which the
reectivity values are 23.74% and 48.41%, respectively. It is
worth remembering that the large reectivities occur in the
energy range in which 31(u) takes negative values.

3.3.3 Absorption coefficient. The calculated absorption
coefficient a(u) of the pristine and functionalized MgO mono-
layers as a function of energy is shown in Fig. 12. Due to its
metallic nature, the optical absorption of the N–MgO–N
monolayer starts at zero energy, with a(0) values of 0.103 and
0.032 (104 cm�1) in the case of E//x and E//z, respectively.
Meanwhile the absorption thresholds of MgO and F–MgO–F are
RSC Adv., 2020, 10, 40411–40420 | 40417
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Fig. 11 Reflectivity of the pristine, N- and F-functionalized MgO monolayers.

Fig. 12 Absorption coefficient of the pristine, N- and F-functionalized MgO monolayers.
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located near their energy gaps. Note that functionalization
provides the ability to absorb light ranging from the infrared to
the ultraviolet regimes, and the absorption coefficient can reach
values of 24.12 (104 cm�1) at 1.754 eV for the nitrogenated single
Fig. 13 Refractive index of the pristine, N- and F-functionalized MgO m

40418 | RSC Adv., 2020, 10, 40411–40420
layer (E//x) and 35.75 (104 cm�1) at 3.442 eV for the uorinated
case (E//z). Moreover, all the studied 2D materials show light
absorption in the ultraviolet region. However, the intensity of x-
polarized light absorption may be reduced in the far-ultraviolet
onolayers.

This journal is © The Royal Society of Chemistry 2020
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region. When the incident light is polarized perpendicular to
the monolayer, a(u) increases considerably with functionaliza-
tion. And very large values can be obtained in the ultraviolet
region. Specically, values of 85.99 (104 cm�1) at 7.22 eV for N–
MgO–N and 179.52 (104 cm�1) at 10.897 eV for F–MgO–F are
obtained. The results suggest that the nitrogenated and uori-
nated systems may be prospective 2D materials for nano-
optoelectronic applications given that they exhibit promising
optical absorption of visible and ultraviolet light.

3.3.4 Refractive index. Fig. 13 depicts the refractive index
n(u) of the pristine and functionalized MgO monolayers as
a function of energy. Large n(u) values indicate strong interac-
tions between the incident photons and valence electrons,
which cause reduction in the photon speed during the trans-
mission. At the zero energy limit, the static refractive index n(0)
takes values of 1.101 (1.098), 5.19 (2.70) and 1.075 (1.185) for the
MgO, N–MgO–N and F–MgO–F monolayers, respectively, in the
case of E//x (E//z). For both polarizations, the n(u) values of MgO
and F–MgO–F increase with increasing energy to reach maxima
of 1.19 (1.26) at 5.156 (5.756) eV and 1.15 (1.50) at 1.862
(3.306) eV, respectively, for x(z)-polarization. In contrast, from
zero energy the n(u) value of N–MgO–N decreases as the energy
is raised. For photonic energy ranging from 1.65 to 7.82 eV,
functionalization induces reduction of the n(u) value of the
MgO monolayer for in-plane polarization, and a minimum is
observed for the N–MgO–N monolayer at 2.205 eV, with a value
of 0.34. In the case of E//z, the lowest values of 0.51 (at 3.605 eV)
and 0.28 (at 11.252 eV) are observed for the F–MgO–F mono-
layer, and the highest value is 1.95, which occurs at an energy of
10.705 eV. Two important peaks in n(u) for N–MgO–N are
located at energies of 3.500 eV and 7.144 eV, with values of 1.77
and 1.84, respectively.

4 Conclusions

In summary, the structural, electronic, and optical properties of
the MgO, N–MgO–N, and F–MgO–F monolayers have been
comprehensively investigated using the FP-LAPW technique
within the DFT scheme. The planar honeycomb MgO single
layer is proven to be structurally and dynamically stable.
Chemical functionalization induces the appearance of buckling
and reduction of the interatomic angles Mg–O–Mg and O–Mg–
O. The Mg–X1 (X ¼ N and F) bond is predominantly ionic and is
weaker than the covalent O–X2 bond, and consequently the
length of the former is considerably smaller than that of the
latter. The MgO single layer possesses an indirect K–G gap of
4.693 eV, and the s and p states of both constituents form the
valence band and conduction band. In contrast, the N–MgO–N
monolayer has a metallic nature that is attributed mainly to the
N-p state, whose Fermi surfaces are centered at the center and
corners of the Brillouin zone. A band gap reduction to 0.648 eV
is a consequence of full uorination, which is regulated mainly
by the F1-p state and the F2(p)–O(p) hybridized state given that
they compose the upper valence band and lower conduction
band. The results suggest that the N–MgO–N and F–MgO–F
monolayers may be more promising 2D optoelectronic mate-
rials than the pristine MgO single layer given that they possess
This journal is © The Royal Society of Chemistry 2020
the ability to absorb light lying in a wide energy range from
visible to ultraviolet with large absorption coefficients. The
results presented herein are expected to provide good theoret-
ical guidance for the application of MgO monolayers in nano
optoelectronic devices.
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T. V. Vu and G. H. Cocoletzi, J. Phys. Chem. Solids, 2020, 144,
109490.

24 S.-D. Guo, X.-S. Guo, R.-Y. Han and Y. Deng, Phys. Chem.
Chem. Phys., 2019, 21, 24620–24628.

25 A. Tsukazaki, M. Kubota, A. Ohtomo, T. Onuma, K. Ohtani,
H. Ohno, S. F. Chichibu and M. Kawasaki, Jpn. J. Appl.
Phys., 2005, 44, L643.

26 S. Cheemadan, A. Raudeen and M. C. S. Kumar, J.
Nanophotonics, 2016, 10, 033007.

27 J. S. McCloy, R. Korenstein and B. Zelinski, J. Am. Ceram.
Soc., 2009, 92, 1725–1731.

28 K. Kaviyarasu and P. A. Devarajan, Adv. Appl. Sci. Res., 2011,
2, 131–138.

29 H. Zheng, X.-B. Li, N.-K. Chen, S.-Y. Xie, W. Q. Tian, Y. Chen,
H. Xia, S. Zhang and H.-B. Sun, Phys. Rev. B: Condens. Matter
Mater. Phys., 2015, 92, 115307.

30 M. M. Alyörük, Phys. Status Solidi B, 2016, 253, 2534–2539.
31 A. D. Moghadam, P. Maskane and S. Esfandiari, Phys. C,

2018, 549, 33–36.
32 B. Nourozi, A. Aminian, N. Fili, Y. Zangeneh, A. Boochani

and P. Darabi, Results Phys., 2019, 12, 2038–2043.
33 B. Luo, Y. Yao, E. Tian, H. Song, X. Wang, G. Li, K. Xi, B. Li,

H. Song and L. Li, Proc. Natl. Acad. Sci. U. S. A., 2019, 116,
17213–17218.

34 T. Kuila, S. Bose, A. K. Mishra, P. Khanra, N. H. Kim and
J. H. Lee, Prog. Mater. Sci., 2012, 57, 1061–1105.

35 K. Balasubramanian and M. Burghard, Small, 2005, 1, 180–
192.
40420 | RSC Adv., 2020, 10, 40411–40420
36 S.-H. Cheng, K. Zou, F. Okino, H. R. Gutierrez, A. Gupta,
N. Shen, P. Eklund, J. O. Sofo and J. Zhu, Phys. Rev. B:
Condens. Matter Mater. Phys., 2010, 81, 205435.

37 D. Hoat, M. Naseri, N. T. Binh, J. Rivas-Silva, T. V. Vu and
G. H. Cocoletzi, Phys. Lett. A, 2020, 126444.

38 Q. Li, Q. Zhou, X. Niu, Y. Zhao, Q. Chen and J. Wang, J. Phys.
Chem. Lett., 2016, 7, 4540–4546.

39 D. Hoat, M. Naseri, N. N. Hieu, R. Ponce-Pérez, J. Rivas-Silva
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