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Abstract. This study reports the structural, electronic, and magnetic properties of undoped and halogen (F, Cl, and Br) doped
ZnO monolayers (3 × 3 × 1) by replacing one Zn-atom. Using spin polarized Density Functional Theory (DFT) in VASP code
and a projected augmented wave basis set, we employed GGA-PBE and PBE+U exchange correlation functionals. The band
gap of pristine ZnO was measured to be 1.67 eV and 2.61 eV for PBE and PBE+U, respectively, whereas band gap decreased
significantly upon addition of halogen atom. Likewise, doped ZnO shows semimetallic behavior, whereas undoped ZnO exhibits
semiconducting behaviour. Further, the magnetic moments of about 1 µB for Cl and Br-doped ZnO, and 1.02 µB & 2.98 µB for
F-ZnO utilizing PBE and PBE+U functionals, respectively were observed. These findings suggest that halogen-doped ZnO might
carry huge potential for next-generation spintronic nanodevices.
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INTRODUCTION

As compared to conventional 3D semiconductors, two-
dimensional (2D) materials [1] with ultrathin thickness
enable for higher integration densities and have demon-
strated remarkable optical, electrical, and optoelectronic
capabilities [2, 3]. Also, two-dimensional materials are
well positioned to address the difficulties and improve
the performance, efficiency, durability, and thus sustain-
ability of electric cars in this century and beyond [4].
These properties promote the study of 2D materials for
use in next-generation optoelectronics and electronics
[5], such as light-emitting diodes (LEDs) [6], modulators
[7], photodetectors [8], and transistors [9]. Further, a lot
of attention has been drawn to recent advancements in
the field of two-dimensional (2D) van der Waals (vdW)
[10] materials because of potential uses in the upcoming
generation of complementary metal-oxide semiconduc-
tor (CMOS) [11] technology [12]. Among various 2D
materials, zinc oxide is one of the extensively studied
semiconducting materials due to its high energy band gap
of 3.37 eV and high binding energy of 60 meV [13–15].
Two-dimensional ZnO with honeycomb crystal structure
has already been synthesized and has its excellent elec-

tronic, thermal and optical characteristics [16]. Such
behavior of that compound carries a huge potential in the
fields of solar cells, LED, lasers, gas sensing and many
more [17, 18]. In particular, ZnO nanosheets’ chemical
characteristics and performance are mostly determined
by their nano-structuring, which is modulating and con-
trollable [19].
It is almost impossible to obtain a pure material devoid
of impurities in the real world, impurities are typically
introduced into materials in order to subtly enhance their
numerous physical and chemical properties. Different
properties of the nanomaterials can be tuned by adding
the impurities in the compounds. However, controlled
doping of the materials is crucial for device applica-
tion [20–22]. To obtain the desired qualities, it could
be helpful to add the right impurities in a right propor-
tion to the compounds. One of the effective techniques
to enhance the physical properties of the compound is
doping. Doping is the intentional insertion of the foreign
elements or impurities to the compound, which can be
performed in two ways; viz, n-type and p-type doping.
This work examines n-type doping using halogen atom
in ZnO monolayer. Halogen are the highly reactive non-
metal due to their high effective nuclear charge and strong
electronegativity. Furthermore, the introduction of halo-
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gen impurities into two-dimensional materials currently
opens up an inconceivable research area. Halogen dop-
ing has a significant impact on the mechanical, electrical,
sensing, electrochemical, and electrical properties of 2D
systems like graphene and Transition Metal Dichalco-
genides (TMDs) [23]. Likewise, adding halogens to 2D
materials can greatly increase their capacity for adsorp-
tion [24]. It is found that doping of SnO2 rutile [25] and
Cu2O [26] with halogens atom has been greatly enhanced
their electrical conductivity. Halogen doping has a sig-
nificant impact on the mechanical, electrical, sensing,
electrochemical, and electrical properties of 2D systems
like graphene and TMDs [27].
To optimize the performance of 2D materials, a thorough
comprehension and accurate manipulation of the flaws
are essential. Undoped ZnO monolayers and doped with
many elements ZnO monolayers have been studied exten-
sively, both experimentally and theoretically. So, in order
to comprehend how halogen impurities affect the dif-
ferent properties and their applications in device design,
we investigate the aforementioned properties of undoped
and F, Cl, and Br doped ZnO using spin polarized DFT
approach with the VASP [28] computational tool.

COMPUTATIONAL DETAILS

First-principles calculation based on DFT [29] with the
plane-wave pseudo-potential method was performed as
implemented in the Vienna Ab-initio Simulation Pack-
age (VASP) [28] computational tool. In order to compare
and ensure the validity of our results, we have employed
two different exchange correlation functional: General-
ized gradient approximation (GGA) in the Perdew Burke
Ernzerhof (PBE) [30] and PBE+U functional [31]. GGA-
PBE approximation approximates the maximum possible
results of the system. Moreover, we employed PBE+U
functional to account the strong electron correlation of
ZnO. Herein, Herein, ZnO have wide band energy gap
between valence band and the conduction band, and for
such a system, Hubbard’s U potential should be used to
obtain the closest results. Several previous reports have
employed U potentials of 10 eV and 7 eV for Zn and O,
respectively. Sheetz R M et al. [32] have used the U value
of 10.5 eV and 7 eV for Zn and O atoms, respectively
and found the band gap of 3.72 eV. Similarly, Ma X et
al. [33] have used the U potential of 10 eV and 7 eV and
they have claimed that these value is optimal value to find
the appropriate band energy of the ZnO. Wu H-C et al.
[34] have used the DFT+Ud+Up method, in which the Ud
value for Zn-3d and the Up value for O-2p orbitals were
set at 10 and 7 eV, respectively. Additionally, in one of the
reported reviews [35], it has been concluded that the in-
clusion of these values of U has effectively produced the
accurate band gap. Based on these published paper, we

TABLE I. Optimized lattice parameters and bond lengths of un-
doped and Halogen doped ZnO monolayer obtained by using
PBE and PBE+U functional.

Lattice Parameters (Å) Bond length(Å)
Systems Method a b c Zn-O F-O Cl-O Br-O
ZnO PBE 9.88 9.88 4.54 1.91 - - -

PBE+U 9.20 9.20 4.54 1.91 - - -
F-ZnO PBE 9.70 9.70 4.05 1.89 2.01 - -

PBE+U 9.27 9.27 3.94 1.75 2.18 - -
Cl- PBE 9.82 9.82 4.31 1.85 - 2.08 -
ZnO PBE+U 9.29 9.29 4.26 1.74 - 2.08 -
Br- PBE 9.79 9.79 4.52 1.87 - - 1.94
ZnO PBE+U 9.43 9.43 5.31 1.75 - - 2.12

have opted the U value for Zn and O are 10 eV and 7 eV.
Also, the band gap value of ZnO and halogen doped ZnO
was corrected, and system energy was optimized using
the PBE+U technique [36]. We used the PAW potential
in the pseudopotential component to address the effect of
nuclear and inner-core electrons. Using plane waves with
a 360 eV kinetic energy cutoff, the valance electron (3d10

4s2 for Zn, 2s2 2p4 for O, 2s2 2p5 for F, 3s2 3p5 for Cl,
and 4s2 4p5 for Br) wave functions are expanded. Herein,
structural, electronic, and magnetic properties of undoped
and halogen doped ZnO is studied. For all the computa-
tion, the Monkhorst–Pack method Brillouin zone is sam-
pled using an 8 × 8 × 1 k-point grid for relaxation and
Scf calculation of the systems. However, DoS calcula-
tion is done by employing dense Kpoint mesh of 24 × 24
× 1 and band calculations were performed by using high
symmetric points (Γ-M-K-Γ). The overall energy shift on
each atom for geometry relaxation is less than 10 −6 eV.
Additionally, Vaspkit [37, 38] is used to extract the re-
quired output by using raw outputs. Lastly, VESTA soft-
ware [39, 40] is used to visualize the atomic structure of
the compound, to doped the system and to get the Poscar
file.

RESULTS AND DISCUSSION

Structural Properties

Initially, we obtained the unit cell of hexagonal ZnO
(space group P63mc) from material projects. The unit
cell is then changed to 3× 3× 1 super cell using VESTA
software. The hexagonal structure of 3× 3× 1 monolayer
of ZnO is shown in figure 1. Zinc oxide (ZnO) consists
of an equal ratio of zinc (Zn) and oxygen (O) atoms. The
resulting structure is then relaxed with narrow Gaussian
smearing of 0.1, an ISIF value of 3, and a cut-off energy
of 360 eV. After obtaining the relaxed structure, one Zn
atom is substituted with a halogen atom. We optimized
the system after doping the halogen atom to obtain the
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FIGURE 1. Top view of optimized structure of: Pristine ZnO, F-doped ZnO, Cl-doped ZnO and Br-doped ZnO, where brown,
red, blue, green and dark brown color ball represents Zn, O, F, Cl & Br atoms, repectively

relaxed configurations of halogen-doped ZnO. Upon re-
laxation, we found the ground state energies for PBE and
PBE+U functional to be -23.01 eV and -21.23 eV for F-
ZnO, -31.23 eV and -23.31 eV for Cl-ZnO, and -37.21
eV and -33.12 eV for Br-ZnO. We further investigated the
structural properties of undoped and halogen-doped ZnO
(F, Cl, and Br) by analyzing the bond lengths between
the nearest atoms and examining the lattice parameters.
Figure 1 illustrates the top view of optimized and stable
structure of Pristine, F-ZnO, Cl-ZnO, and Br-ZnO respec-
tively.
Different lattice parameters and bond lengths of undoped
and halogen doped ZnO are presented in Table I. Bond
length of Zn-O for ZnO monolayer is found to be 1.91(Å)
while applying PBE and PBE+U functional, which is al-
most similar to the previous studies [41, 42]. However,
bond length between Zn-O gets decreased to be 1.89 and
1.79(Å) for F-ZnO, 1.85 and 1.74(Å) for Cl-ZnO, and
1.87(Å) and 1.75(Å) for Br-ZnO, while using PBE and
PBE+U functional respectively. Similarly, the halogen
atom form bond with oxygen and their corresponding
bond length are 2.01 and 2.18(Å) for F-ZnO, 2.08 and
2.08(Å) for Cl-ZnO and 1.94 and 2.12(Å) for Br-ZnO
while applying PBE and PBE+U functional, respectively.
On the other hands, the lattice parameters of halogen
doped ZnO is found comparatively less than pristine ZnO.

Electronic Properties

The electronic property is one of the widely studied prop-
erties of 2D materials, as it is very useful for device de-
sign. Generally, band structure, density of states (DoS),
and projected density of states (PDoS) are computed to
study the electronic behavior of the materials. Figure 2
disclose the information about the band energy and DoS
of undoped and halogen doped ZnO, which is obtained
by employing PBE, and PBE+U functional respectively.
The vertical green dash line indicates the high symmetric
points, whereas the horizontal blue dash line represents
the Fermi level. For undoped ZnO , when the PBE func-
tional is used, a band gap of 1.67 eV is obtained, which
is less than the actual band gap of 3.37 eV because of the
well known shortcoming of the PBE functional. In order

to overcome this error, we employed PBE+U functional.
On applying the suitable potential, more accurate band
gap can be calculated as it accounts the 3d-orbitals of the
compound. Herein, potential of 10 eV and 7 eV is used
for Zn and O atom respectively. While applying these po-
tential, a band gap of 2.61 eV is obtained that is closer to
the previous study [32–35]. On the other hand, when one
Zn-atom is replaced by F-atom, some of the band are seen
near the Fermi level, while applying PBE functional with
a narrow band gap of 0.01 eV. Similarly, a wide band gap
of 1.14 eV is found when PBE+U is used. Nonetheless,
on studying the spin up and spin down bands, we obtained
the asymmetric nature in both the band. However, the dif-
ferent scenario is seen when Chlorine and Bromine atom
are placed in place of Zn in ZnO. Figure 2 (c) represent
the band energy and 2 (g) DoS of Cl-ZnO. Both of them
agree with each other. When Cl-atom is doped in the ZnO,
some of the band are seen around Fermi level, while ap-
plying the PBE and PBE+U functionals. Also, band gap
obtained, while using both the functional are almost 0 eV.
Moreover, Figure 2(d) and 2 (h) shows the Band and DoS
of Br-ZnO. Both of them vividly agree with one another.
We found the band gap for both the functional was about
0 eV after doping with Br-atom in ZnO monolayer. Based
on the findings, we discovered that adding a halogen atom
in place of the Zn atom increases the system’s conductiv-
ity. Further, on studying the DoS of all system, we ob-
tained that ZnO which is semiconductor that behaves like
a magnetic material after doping with halogen atom.

Magnetic Properties

Ferromagnetic semiconductors are simple to integrate
into semiconductor systems by appropriate doping of the
foreign elements and their magnetic materials are con-
sidered as beneficial in the field of spintronics [43, 44].
In addition to inherent magnetic materials, dilute mag-
netic semiconductors (DMSs) [43] in which doping of
hole impurities induces magnetism, have also been the
subject of research interest. In this study, density of states
(DoS) and partial density of states (PDoS) is analyzed to
study the magnetic properties of the undoped and halogen
doped ZnO. Figure 3 and 4 depicts the DoS and PDoS of
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FIGURE 2. Band structures (a-d) and DoS (e-f) of: Pristine ZnO, F-doped ZnO, Cl-doped ZnO, and Br-doped ZnO.

undoped and halogen doped ZnO. Figure 3(a) is the spin
polarized density of state for pristine ZnO, which is ob-
tained by employing PBE and PBE+U functional. In
this graph, it is clearly seen that spin up and spin down
are almost symmetric to each other that proves that ZnO
is non-magnetic. Nonetheless, spin polarized DoS and
PDoS of halogen Doped ZnO is not symmetric. Spin

polarized DoS for F-ZnO in figure 3(b) is asymmetric
while applying both the functional. Similarly, Figure 4
(a) shows the spin polarized DoS for Cl-ZnO and 4 (b)
represent the spin up and spin down of Br-ZnO. The spin
up and spin down for both the system are not symmetric,
which suggest that both the compounds are magnetic in
nature. Moreover, these asymmetric nature is seen due
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FIGURE 3. Spin polarized DOS: (a) Pristine ZnO, (b) F-doped ZnO
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FIGURE 4. Spin polarized DoS: (a) Cl-doped ZnO, (b) Br-doped ZnO

to the unpaired electrons in the atom. Also, calculating
the magnetic moment, we found the magnetic moment
of 1.02 µB and 2.98 µB for F-ZnO, 1 µB and 1µB for
Cl-ZnO and 1 µB and 1 µB for Br-ZnO, while applying
PBE and PBE+U functional respectively. So, on the basis
of these results, it can be concluded that halogen doped
ZnO behaves like a magnetic materials.

CONCLUSION

In this work, we have studied the structural, electronic,
and magnetic properties of undoped and halogen-doped
ZnO monolayers by employing DFT using VASP com-
putational tool. The formation energy and ground state
energy represent that the systems are structurally stable.
On the other hand, band gap of pure ZnO was found to
be 1.67 eV and 2.61 eV while applying PBE and PBE+U
functional, respectively. However, when halogen atoms
are doped in ZnO, we found that the band gap is sharply
decreased. Thus, calculated band gaps were found to be
almost 0 eV for all the functional. Although, the bands of

these systems crossed the Fermi level, bands in the con-
duction band and valance band do not overlap with each
other. So, this implies that system under consideration be-
haves like a semimetallic material. Likewise, on comput-
ing the magnetic moment of these system, we found that
the magnetic moment of pristine ZnO is 0 µB on applying
PBE and PBE+U functional. Additionally, the magnetic
moments of 1.02 µB & 2.98 µB for F-ZnO, 1.0 µB & 1.0
µB for Cl-ZnO and Br-ZnO were obtained. These results
suggest that halogen-doped ZnO is semimetallic accord-
ing to band structure calculations and magnetic materials
according to density of states and partial density of states
studies. As a result, halogen -doped ZnO, which has a
conducting spin channel, may hold great promise for use
in next-generation spintronic nanodevices.
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