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structural and electronic properties
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and Yanfeng Gao *b

Two-dimensional zinc oxide (ZnO) materials have been extensively investigated both experimentally and

theoretically due to their novel properties and promising applications in optoelectronic and spintronic

devices; however, how to tune the electronic property of the ZnO monolayer is still a challenge. Herein,

employing the first-principles calculations, we explored the effect of chemical functionalization on the

structural and electronic properties of the ZnO monolayer. The results demonstrated that the

hydrogenated-, fluorinated- or Janus-functionalized ZnO monolayers were thermodynamically and

mechanically stable except for the fully hydrogenated ZnO monolayer. The band gap of the ZnO

monolayer could be effectively modulated by hydrogenation or fluorination, which varied from 0 to

2.948 eV, as obtained by the PBE functional, and from 0 to 5.114 eV, as obtained by the HSE06

functional. In addition, a nonmagnetic metal / nonmagnetic semiconductor transition was achieved

after hydrogenation, whereas a transition from a magnetic half-metal to nonmagnetic semiconductor

occurred after fluorination of the ZnO monolayer. These results demonstrate that tunability of the

electronic properties of the ZnO monolayer can be realized by chemical functionalization for future

nanoelectronic device applications.
1. Introduction

Ever since graphene has been successfully fabricated in 2004, it
has been widely used1 and thus has signicantly promoted the
development of other two-dimensional (2D) materials2–6 due to
their intriguing properties and great potential in many impor-
tant applications such as in eld-effect transistors, nanoscale-
electronic and spintronic devices, and optoelectronic devices.2–6

The ZnO (zinc oxide) monolayer, as one of the representative
2D materials, possessing a graphene-analogous structure,7 has
been theoretically predicted and experimentally synthesized on
a Ag or Pd substrate.8,9 The pristine ZnO monolayer with the
direct wide band gap of 3.4–4.0 eV exhibits the characteristics of
a nonmagnetic semiconductor.10 However, its non-magnetism
and improper band gap limit its applications in spintronic
and optoelectronic devices. Thus, introducing magnetism and
tailoring the band gap of the ZnO monolayer are valuable for
both basic science and applications. Therefore, to signicantly
broaden the application scope of the ZnO monolayer, many
attempts have been made such as element and hole doping,11,12
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surface adsorption,13 and application of strain or an electric
eld.14,15 However, the question remains whether there are
other routes to manipulate the electronic properties of 2D
materials for their potential applications in nanoelectronics.
Obviously, surface functionalization is an effective way to
maintain the stability and reliability of devices to avoid rapid
degradation caused by their reaction with oxygen under
ambient conditions.16 Moreover, it has been reported that
surface functionalization, such as hydrogenation and uorina-
tion, can indeed tailor the electronic andmagnetic properties of
2D materials.17–19 For example, complete hydrogenation and
uorination increased the record zero-bandgap of graphene
and raised the band gap to 3.5 eV and 3.07 eV, respectively;18,20

recently, Shu et al.21 showed that hydrogenation and uorina-
tion of the GaN monolayer not only solved the problem of
instability, but also manipulated its bandgap from indirect to
direct. Thus, the fundamental electronic and magnetic prop-
erties of the ZnO monolayer need to be further explored under
surface functionalization.

Actually, the effect of chemical functionalization on the
electronic and magnetic properties of ZnO has been previously
studied. As early as 2010, Huang et al.22 have reported the results
of the rst-principles calculations, showing that the surface
chemistry presents a strong effect on the electronic structures of
ZnO nanowires, which is as signicant as that of quantum
connement; moreover, they have found that full uorination
of ZnO nanowires leads to a decrease in their band gap. Chen
RSC Adv., 2019, 9, 21831–21843 | 21831
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et al.23 have reported that uorination can also turn the nature
of few-zinc oxide layers from semiconductor to half metallic
with the half-metal gap of up to 0.56 eV and found that the F–
ZnO ML has ferromagnetic coupling; in addition, Wang et al.24

have proposed that the half-metallic behavior exhibited by
semi-uorinated ZnO sheets is attributed to the decrease in the
charge transfer from the Zn to the O atoms, and the nonmag-
netic semiconductor behavior of the fully uorinated ZnO
sheets is due to their structural conformation. Experimentally,
via selective surface molecular functionalization, the charge
transport properties of ZnO nanowires could be affected
depending on the polarity and orientation of molecules.25

Jayalakshmi et al.26 proposed a new approach to turn nonmag-
netic ZnO into ferromagnetic ZnO via surface functionalization
using thiol and amine due to the interaction between the
adsorbates and the ZnO lm and found that the oxygen
vacancies were passivated upon surface functionalization; Han
et al. reported that the electronic properties of the ZnO nano-
wires could be signicantly tuned via surface modication for
the application of these nanowires in eld-effect transistors.27

In addition, the surface functionalization of ZnO nanoakes
with thiourea can enhance their sensitivity and selectivity, and
the ZnO nanoakes exhibit gas sensing characteristics, which
pave the way for the realization of highly sensitive and selective
ber optic sensors.28 Trino et al.29 found that the functionali-
zation of ZnO with four different organic bifunctional mole-
cules not only could increase the corrosion resistance in ZnO,
but could also lead to different wettabilities and surface energy
behaviors.

All the abovementioned experimental and theoretical studies
show that it is an interesting opportunity to achieve tunable
electronic properties of the ZnO monolayer by surface func-
tionalization. However, a systematic theoretical understanding
of the electronic properties of the ZnO monolayer with half-,
full-, and Janus-functionalization remains unclear. Therefore, it
would be very interesting to further explore the structural and
electronic properties of the ZnOmonolayer by functionalizing it
via hydrogenation or uorination.

In this study, the possibilities of tuning the stability and elec-
tronic properties of the ZnO monolayer by chemical functionali-
zation were extensively investigated based on the rst-principles
calculations. Our calculations revealed that surface functionaliza-
tion could tune the band-gap of the ZnO monolayer; furthermore,
the half-hydrogenated ZnO monolayer was found to be nonmag-
netic metallic, whereas the half-uorinated ZnO monolayer was
found to bemagnetic half-metallic. In addition, the hydrogenated-,
uorinated- and Janus-functionalized ZnO monolayers were ther-
modynamically and mechanically stable except for the fully
hydrogenated ZnO monolayer. These studies provide guidance for
future experiments and a deep understanding of the electronic
properties of the ZnO monolayer, which are essential for ZnO-
based optoelectronic devices.

2. Computational details

The Vienna ab initio simulation package (VASP) was employed
to carry out the spin-polarized density functional theory (DFT)
21832 | RSC Adv., 2019, 9, 21831–21843
calculations, wherein the exchange correlation potentials
within the Perdew–Burke–Ernzerhof (PBE) functional of the
generalized gradient approximation (GGA) were chosen.30,31 The
cutoff energy for the plane-wave basis was set as 450 eV. A 3 � 3
� 1 Monkhorst–Pack k-point grid in the Brillouin zone was
sampled for structural optimization, and the 5 � 5 � 1 Mon-
khorst–Pack k-point grid was used for the density of states (DOS)
calculations; to avoid coupling between neighboring slabs, the
vacuum thickness was set as 15 Å along the z direction. The
force and energy convergence criteria were set to be 0.02 eV Å�1

and 10�5 eV, respectively.
The elastic constants32,33 of solids provide a detailed insight

into the nature of the forces andmechanical behaviors of solids,
and they also, in particular, provide information about the
stability and stiffness of materials. While calculating the elastic
constants of the chemically functionalized ZnO monolayer with
a 4 � 4� 1 supercell, we used a 450 eV energy cutoff and a 7 � 7
� 1Monkhorst–Pack k-point mesh to converge the stress tensor.
The force and energy convergence criteria were set to be
0.001 eV Å�1 and 10�5 eV, respectively.

The phonon frequencies of the pristine ZnO monolayer were
calculated by the density functional perturbation theory at the
force and energy convergence criteria of 0.0001 eV Å�1 and
10�8 eV, respectively.

Moreover, to more accurately predict the band gap of ZnO
under chemical functionalization, the Heyd–Scuseria–Ernzer-
hof (HSE06) hybrid functional34 with the screening parameter of
0.2 Å�1 was used. In HSE06, a 2 � 2 � 1 supercell was adopted
for structural relaxations. Moreover, a 5 � 5 � 1 Monkhorst–
Pack k-point grid was used. The force and energy convergence
criteria were set to be 0.001 eV Å�1 and 10�8 eV, respectively.

3. Results and discussion
3.1 Pristine ZnO monolayer

Table 1 presents the structural parameters of the relaxed ZnO
monolayer with different chemical functionalizations. A 4 � 4
� 1 supercell (Zn16O16) of the pristine ZnO monolayer con-
taining 32 atoms was constructed. Clearly, the Zn and O atoms
are almost on the same plane with the buckled height of 0.002 Å
(Dh ¼ 0.002 Å), presenting a graphene-like at plane for the
pristine ZnO monolayer, as shown in Fig. 1(a). Aer structural
optimization, the Zn–O bond length is 1.876 Å, which is 0.134 Å
shorter than that in the pristine ZnO bulk (2.01 Å). These results
are in agreement with the previous theoretical values of 1.80–
1.90 Å (ref. 11–13) and the experimental value of 1.92 Å.8 As
presented in Table 1, aer structural relaxation, the Zn–O–Zn
bond angle is 120�. These results show that the pristine ZnO
monolayer exhibits sp2 hybridization of the Zn and O atoms. As
shown in Fig. 1(b), the spin-up density of states are just
symmetric with the spin-down density of states; this indicates
that the pristine ZnO monolayer is actually a non-magnetic
semiconductor; this agrees well with the previous theoretical
results.11–13 Unless otherwise specied, when the density of
states are greater than zero, the states are labeled as spin-up
electronic states; however, when the density of states are less
than zero, the states are labeled as spin-down electronic states.
This journal is © The Royal Society of Chemistry 2019
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Table 1 Structural and energetic parameters of the ZnO monolayer with different functionalizations: binding energy Eb (eV), Zn–O–Zn bond
angle:Zn–O–Zn (�), buckling height Dh (in Å), and the F–Zn, F–O, Zn–O, and H–O bond lengths are denoted as dF–Zn, dZn–O, dH–Zn, dF–O, and
dH–O (in Å), respectively

Congurations Eb :Zn–O–Zn Dh dZn–O dF–Zn dH–Zn dF–O dH–O

Pristine — 120 0.002 1.876 — — — —
Half-hydrogenated 1.669 99.451 1.008 2.129 — — — 0.984
Full-hydrogenated 2.172 99.511 1.006 2.128 — 1.525 — 0.973
Half-uorinated 1.876 107.403 0.738 2.016 — — 2.130 —
Full-uorinated 1.875 104.571 0.836 2.054 1.768 — 1.487 —
Janus-functionalized 3.098 101.251 0.948 2.102 1.763 — — 0.974
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The non-magnetic behavior is attributed to the fact that each O
atom receives sufficient electrons from the nearest Zn atoms to
ll up all its p orbitals.23 Furthermore, the valence bands are
mainly contributed by the O-2p and the Zn-3d states. In addi-
tion, as shown in Fig. 1(c), the conduction band minimum and
the valence band maximum are at the same G point; this indi-
cates that the ZnO monolayer is a direct bandgap semi-
conductor. Unless otherwise specied, the red lines with circles
represent the spin-up bands, and the blue lines with square
boxes represent the spin-down bands in the band structure
diagram. The calculated band gap of the pristine ZnO mono-
layer (1.69 eV) is larger than that of the bulk ZnO (0.76 eV) ob-
tained using the same method due to the existence of the
quantum connement effect, which is also consistent with the
previous theoretical values of 1.66–1.96 eV for the ZnO mono-
layer.11,35,36 Fig. 1(d) shows the phonon spectra for the pristine
ZnOmonolayer. There is no imaginary frequency in the phonon
spectra; this indicates that the pristine ZnOmonolayer has good
dynamic stability. This result is consistent with other calculated
results.37
Fig. 1 Calculated results for the pristine ZnO monolayer: (a) top and side
and (d) phonon spectra.

This journal is © The Royal Society of Chemistry 2019
3.2 Hydrogen-functionalized ZnO monolayer

The total energy of the hydrogen atoms on the O atoms is more
energetically favorable, which is comparatively lower than that
on the Zn atoms. Thus, the stable conguration of the half-
hydrogenated ZnO monolayer, as shown in Fig. 2(a), is that in
which all the H atoms are bonded to the O atoms with the
stoichiometric formula of Zn16O16H16. Specically, the
hydrogen atoms prefer to locate on top of the O atoms; this is
consistent with the fact that the semi-hydrogenated atoms at
the Zn sites are least stable.36 Aer structural optimization, the
calculated Zn–O bond lengths in the half-hydrogenated ZnO
monolayer increased to 2.129 Å, whereas the H–O bond length
(0.984 Å) was similar to that of the typical H–O bond (0.98 Å);
this was also consistent with the previous calculated values of
0.972–0.974 Å for the H–O bond length.36 These results indicate
that strong chemical bonds are formed between the hydrogen
atoms and the substrate. The calculated Zn–O–Zn bond angle is
99.451�, indicating that the interaction between the Zn and the
O atoms changes from sp2 hybridization in the pristine ZnO to
views of the crystal structure, (b) DOS and PDOS, (c) band structures,

RSC Adv., 2019, 9, 21831–21843 | 21833
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Fig. 2 Calculated results for the half-hydrogenated ZnO monolayer: (a) top and side views of the crystal structure, (b) DOS and PDOS, and (c)
band structures.
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sp3 hybridization in the half-hydrogenated ZnO monolayer. As
shown in Fig. 2(b), near the Fermi level, the energy bands
ranging from �2.5 eV to 2.5 eV are mainly contributed by O-2p
and slightly contributed by the H-1s orbital. Furthermore, the
half-hydrogenated ZnO monolayer exhibits metallic properties
as its Fermi level crosses the conduction band. Specically, the
conduction and valence bands overlap each other. The
phenomenon of the metallization of the ZnO monolayer is
attributed to its partially occupied surface state; actually, Tang
et al. have found the same phenomenon that the ZnO sheets
with semi-hydrogenated O sites exhibit a nonmagnetic metal
state.36 As early in 2007, Jia et al.38 have also reported that the
ZnO nanowires with partial dangling bonds of the side surface
saturated by the H atoms are metallic. However, as compared to
the case of the hydrogenated ZnO monolayer, graphene may
turn the highly conductive zero-overlap semimetal into an
insulator with dramatic changes in its transport properties.39

Fig. 3(a) shows the relatively stable conguration for the fully
hydrogenated ZnO monolayer (Zn16O16H32), in which 16
hydrogen atoms are bonded to 16 oxygen atoms on the O
surface, and the other 16 hydrogen atoms are bonded to 16 Zn
atoms on the Zn surface. Aer structural optimization, the H–

Zn and H–O bond lengths became 1.525 Å and 0.973 Å, which
indicated that the hydrogen atoms on top of the Zn atoms or O
atoms formed strong Zn–H or O–H bonds; this was consistent
with the previous calculated results for fully hydrogenated ZnO
nanosheets (1.519 Å and 0.972 Å, respectively).36 Compared with
those for the half-hydrogenated ZnO, the calculated Zn–O bond
length (2.128 Å) and Zn–O–Zn bond angles (99.511�) for the fully
hydrogenated ZnO monolayer exhibited no changes, also
exhibiting the feature of sp3 hybridization. However, the
21834 | RSC Adv., 2019, 9, 21831–21843
electronic structure for the fully hydrogenated ZnO monolayer
is quite different from that of the half-hydrogenated system. As
shown in Fig. 3(b and c), the valence bands are attributed to
a mixture of Zn-3d, O-2p and little H-1s orbitals. The spin-up
and spin-down density of states are symmetric, demonstrating
that the fully hydrogenated ZnO monolayer is a nonmagnetic
semiconductor. Furthermore, the valence band maximum and
the conduction band minimum are located at the M and G
points, respectively, indicating that the fully hydrogenated ZnO
monolayer is an indirect band gap semiconductor with the
band gap of 1.732 eV, which is slightly higher than that of
pristine ZnO (1.69 eV). This can be explained as follows: on the
one hand, the H atoms are fully bonded to the Zn and O atoms,
being saturated. On the other hand, the formation of the H–O or
H–Zn bonds can stabilize the bonding molecular orbitals, push
the antibonding molecular orbitals upward, remove the local-
ized electronic states near the Fermi level, and thus increase the
gap.22 In particular, a transition from a nonmagnetic metal to
a nonmagnetic semiconductor can be achieved in the hydro-
genated ZnO monolayer. Specically, the ZnO monolayer with
only O atoms saturated by the H atoms is metallic. In contrast,
being completely saturated by the H atoms, the ZnO monolayer
still exhibits a semiconductor behavior.

3.3 Fluorine-functionalized ZnO monolayer

Similar to the hydrogen-functionalized ZnO monolayer, the
uorine-functionalized ZnO monolayers, including half-
uorinated and fully uorinated ZnO monolayers, were
considered. As shown in Fig. 4(a), the relatively stable structure
of the half-uorinated ZnO monolayer is Zn16O16F16, where 16
uorine atoms are bonded to 16 oxygen atoms on the oxygen
This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Calculated results for the fully hydrogenated ZnO monolayer: (a) top and side views of the crystal structure, (b) DOS and PDOS, and (c)
band structures.
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surface. Aer geometric optimization, the F atoms are also on
top of the O atoms, and the calculated F–O bond length is 2.130
Å, which is similar to the previously calculated value of 2.170 Å
with the F atom located at the hollow site.23 The calculated Zn–O
bond length is 2.016 Å, which is about 7.46% greater than that
of the pristine ZnO. The Zn–O–Zn bond angle is 107.403�, which
also displays the characteristic of sp3 hybridization. As shown in
Fig. 4(b), the spin-up and spin-down densities of states for the
half-uorinated ZnO monolayer are asymmetric, exhibiting
a magnetic behavior. Furthermore, the spin-down channel
crosses the Fermi level, displaying the characteristic of a half-
metal. In addition, the energy ranging from �4 to 0 eV is
attributed to a mixture of the F-2p, O-2p and little Zn-3d
orbitals, and the energy ranging from �5.5 to �4 eV is mainly
Fig. 4 Calculated results for the half-fluorinated ZnOmonolayer: (a) top
structures.

This journal is © The Royal Society of Chemistry 2019
dominated by Zn-3d and slightly dominated by the F-2p and O-
2p orbitals. More interestingly, the 2p electrons of the O and F
atoms are nearly the same in a short energy range near the
Fermi level. Therefore, we can conrm that the magnetism with
the total magnetic moment of 1.0 mB per formula for the half-
uorinated monolayer ZnO mainly originates from the O-2p
and F-2p orbitals (as shown in Fig. 4(b)). This result is consis-
tent with the other calculated results with the magnetic
moment of 1 mB per unit in the F-center conformation.24

Moreover, Chen et al. have found that the total magnetic
moment of the half-uorinated ZnO ML is around 0.84 mB per
unit cell.23 The spin-density distribution of the half-uorinated
ZnOmonolayer is plotted in Fig. 5(a). It can be observed that the
magnetism is mainly localized around the O atoms. The
and side views of the crystal structure, (b) DOS and PDOS, and (c) band

RSC Adv., 2019, 9, 21831–21843 | 21835
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Table 2 Bader charge (in e) of the atoms for the pristine ZnO
monolayer and chemically functionalized ZnO monolayer. Note that
X1 (X¼ F and H) represents the X atoms located on the top of O atoms,
while X2 (X ¼ F, H) represents the X atoms located on the top of the Zn
atoms

Conguration O Zn F1 F2 H1 H2

Pristine 7.227 10.773 — — — —
Half-hydrogenated 7.263 11.297 — — 0.440 —
Full-hydrogenated 7.267 11.096 — — 0.411 1.225
Half-uorinated 6.786 10.654 7.560 — — —
Full-uorinated 6.496 10.740 7.545 7.219 — —
Janus-functionalized 7.286 10.720 7.623 — 0.373 —

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
Ju

ly
 2

01
9.

 D
ow

nl
oa

de
d 

on
 9

/1
3/

20
24

 1
:5

7:
07

 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
calculated magnetic moments of the O atoms and F atoms are
0.568 mB, and 0.295 mB, respectively. This phenomenon of
magnetism can be explained as follows: the point group of the
half-uorinated ZnO monolayer is C3V. As shown in Fig. 5(b),
there are six energy levels: 1a1, 1e, 2a1, 3a1, 2e, and 4a1. Because
the O atom has six valence electrons and F atom has seven
valence electrons, the fully occupied 1a1, 1e, 2a1, 3a1, and 2e
levels are below the Fermi level, and the unoccupied 4a1 level is
empty. According to the principle of minimum energy and
Pauling's principle of non-tolerance, the electron occupation
can be described as 1a1[Y, 1e[Y[Y, 2a1[Y, 3a1[Y, and 2e[Y
[, and thus, half-uorination can result in the magnetic
moment of 1 mB per unit cell in the ZnO monolayer. These
results are also proven from the F-2p PDOS and its neighboring
O-2p PDOS of the uorinated ZnO monolayer, as shown in
Fig. 5(c and d). Most states near the Fermi level mainly originate
from the hybridization between the O-px and the O-py orbitals,
and the others originate from the hybridization between the F-
px and the F-py orbitals; as presented in Table 2, for the pristine
monolayer, the O atoms receive electrons from the nearest Zn
atoms, and the O-2p orbitals are lled and form pairs. Thus, the
pristine ZnO exhibits a nonmagnetic behavior. However,
compared with those in the pristine ZnO monolayer, the O-2p
orbitals in the half-uorinated ZnO monolayer are partially
occupied and lead to half-metallicity. Aer half-uorination,
the electrons will transfer from the Zn atoms to the F atoms,
and thus, the electrons in the O atoms will be unpaired.
Therefore, half-uorination produces the total magnetic
moment of 1.0 mB per formula. As shown in Fig. 4(c), the
majority of spin states open the band gap of 2.929 eV, exhibiting
semiconducting characteristics. However, the minority spin
states have densities up to 0.60 eV above the Fermi level, pre-
senting a metallic state.

Subsequently, we have explored the structural and electronic
properties of the fully uorinated ZnO monolayer (Zn16O16F32),
wherein 16 F atoms are bonded to 16 O atoms on the O surface,
and the other 16 F atoms are bonded to 16 Zn atoms on the Zn
Fig. 5 (a) Spin-density distribution, (b) schematic of molecular orbitals (M
the half-fluorinated ZnO monolayer. The Fermi level is aligned to zero.

21836 | RSC Adv., 2019, 9, 21831–21843
surface. Although there are four possible congurations of the
fully uorinated ZnO monolayers, i.e. the hill, chair, boat and
twist-chair congurations,24 their energy difference obtained
employing the PBE potential is only about 0.2 eV. Therefore,
herein, we only considered the chair conguration since it is
similar to uorinated-graphene.18 As shown in Fig. 6(a), the
calculated F–Zn and F–O bond lengths are 1.768 Å and 1.487 Å,
respectively. In addition, the bond lengths of Zn–O are
increased to 2.054 Å aer full uorination, being similar to that
of the wurtzite bulk ZnO system (2.01 Å). The calculated Zn–O–
Zn bond angle is 104.571�. These results further conrm that
the hybridization transformation is still from sp2 to sp3 aer full
uorination. Interestingly, unlike the case of the half-
uorinated ZnO monolayer, the spin-up and spin-down
density of states are totally symmetric in the case of the fully
uorinated ZnO monolayer; this indicates that the fully uori-
nated ZnO monolayer exhibits a nonmagnetic behavior, as
shown in Fig. 6(b). Furthermore, its valence bands are mainly
contributed by the O-2p and Zn-3d states, whereas the
conduction bands within the range of 0.5–2.0 eV are mainly
composed by the O-2p and F-2p states, and the contributions
from the O atoms are negligible. In addition, as shown in
Fig. 6(c), the calculated direct band gap for the fully uorinated
O), (c) spin-polarized F's 2p PDOS, and (d) neighboring O's 2p PDOS for
The isosurface value for the spin charge is 0.0098159 e Å�3.

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 Calculated results for the fully fluorinated ZnOmonolayer: (a) top and side views of the crystal structure, (b) DOS and PDOS, and (c) band
structures.
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ZnO monolayer as low as 2.948 eV is larger than that of the
pristine ZnO monolayer, which is attributed to the formation of
localized states induced by the paired O-2p states (as shown in
Fig. 5(b)). This result also agrees with the fact that 100% F
passivation of the surfaces of ZnO nanowires leads to a decrease
in their band gap.22 Compared to the case of the hydrogenated-
ZnO monolayer, a transition from the magnetic half-metal
behavior to the nonmagnetic semiconductor behavior can be
observed in the uorinated ZnO monolayer.
3.4 Janus-functionalized ZnO monolayer

Recently, 2D Janus materials in the form of ultra-thin lms have
received extensive attention.18,40 For example, Sofo et al.18 have
predicted that graphene possess a fully saturated hydrocarbon
structure constructed by the bonding H atoms on both sides of
a single graphene layer that leads to the band gap widening of
3.5–3.7 eV. Ng et al.40 also reported that the combined hydro-
genation and halogenation on graphene could realize band
structure engineering possibilities.40 Sun et al.41 found that the
band gap of Janus silicene could vary from 1.91 to 2.66 eV by
tuning the chemical composition of the adatoms. Actually, half-
functionalization could be obtained experimentally by applying
an external electric eld perpendicular to the fully functional-
ized monolayer.39 Following the idea of Janus-graphene, herein,
we studied the Janus-functionalized ZnO monolayer with the H
and F atoms; this monolayer was constructed in a way such that
its one side was hydrogenated and the other side was uori-
nated; hereinaer, this monolayer has been referred to as the
Janus-functionalized ZnO monolayer. For the Janus-
functionalized ZnO monolayer, a relatively stable structure
(Zn16O16F16H16) is that in which 16 H atoms are bonded to 16 O
atoms and 16 F atoms are bonded to 16 Zn atoms. The relaxed
atomic conguration of the Janus-functionalized ZnO mono-
layer from the top and side views is shown in Fig. 7(a). As re-
ported by Huang et al., the structural transformation is related
This journal is © The Royal Society of Chemistry 2019
to the electronegativity of elements.22 For example, the electro-
negativity of O (3.44) is lower than that of F (3.98) and larger
than that of H (2.20), the F atoms on top of the Zn atoms may
obtain more electrons from the Zn atoms, and the H atoms may
obtain some electrons from the O atoms. Thus, the strength of F
bonded to Zn is larger than that of F bonded to O, and the
strength of H bonded to Zn is smaller than that of H bonded to
O; thus, the Janus-functionalized ZnO monolayer is formed.
Aer structural optimization, as shown in Fig. 7(a), the calcu-
lated Zn–O bond length is 2.102 Å. The calculated H–O and F–
Zn bond lengths are 0.974 Å, and 1.763 Å, respectively, indi-
cating strong chemical bonds. The Zn–O–Zn bond angle is
101.251�. These results indicate that the Zn and O atoms are in
sp3 hybridization with the H atoms and the F atoms. As shown
in Fig. 7(b), the spin-up and spin-down densities of states are
totally symmetric; this indicates that the Janus-functionalized
ZnO monolayer maintains the non-magnetic states. The
valence band near the Fermi level is mainly dominated by the F-
2p and Zn-3d orbitals and slightly dominated by the O-2p
orbital. Moreover, the F-2p orbitals become fully occupied.
The Bader analysis shows that the full occupancy originates
from the charge transfer from the Zn to the F atoms aer Janus-
functionalization. Interestingly, the Janus-functionalized ZnO
monolayer is still a semiconductor material but with the direct
band gap of 0.958 eV (as shown in Fig. 7(c)).
3.5 Discussion

As shown in Fig. 8(a), aer chemical functionalization, along
the z direction, the Zn atoms relax inward, whereas the O atoms
relax outward, and thus, signicant buckling is formed. For
example, the optimized structure of the Janus-functionalized
ZnO monolayer is buckled with the buckling height (Dh) of
0.948 Å between Zn–O atoms, which is higher than that of the
uorinated-functionalized monolayer (0.738 Å and 0.836 Å for
the half-uorinated and fully uorinated monolayers,
RSC Adv., 2019, 9, 21831–21843 | 21837
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Fig. 7 Calculated results for the Janus-functionalized ZnO monolayer: (a) top and side views of the crystal structure, (b) DOS and PDOS, and (c)
band structures.
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respectively), but lower than that of the hydrogenated-
functionalized monolayer (1.008 Å and 1.006 Å for the half-
hydrogenated and fully hydrogenated, respectively). These
phenomena are in close accordance with the previous results
obtained for ZnO nanowires.22,24 Chemical functionalization
can induce an increase in the buckling height (Dh) between Zn
Fig. 8 Calculated results for the ZnO monolayer with different functio
potential, (c) electrostatic potential along the z direction, and (d) binding

21838 | RSC Adv., 2019, 9, 21831–21843
and O in the ZnOmonolayer; this is due to the formation of H–O
and F–Zn bonds. Furthermore, it was found that the planar sp2

hybrid orbitals changed to sp3-like orbitals aer chemical
functionalization. In addition, high Dh induces strong anisot-
ropy.42 These results can be explained from the charge distri-
butions and charge transfer. As shown in Table 2, for the
nalizations. (a) Buckled height (Dh), (b) band gaps by PBE and HSE06
energy (Eb) and the adsorption energy (Eads).

This journal is © The Royal Society of Chemistry 2019
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pristine ZnO monolayer, the Zn and O atoms gain or lose the
charges of about 1.227e (12e � 10.773e ¼ 1.227e) and �1.227e
(6e� 7.227e¼�1.227e), respectively; this indicates that the Zn–
O rings weakly affect the charge distribution on the Zn and O
atoms.22 However, a certain amount of charge is transferred
from the ZnO monolayer to the H or F atoms aer chemical
functionalization, which will induce notable buckling in the
ZnO monolayer.

To obtain a more accurate prediction of the band gaps of
chemically functionalized ZnO monolayer, the HSE06 func-
tional calculations were employed. Considering our limited
computational resources, the 2 � 2 � 1 supercells were
employed. Fig. 9 and 10 show the band gaps of the pristine and
chemically functionalized ZnO monolayer with the HSE06
functional. It has been found that the pristine ZnOmonolayer is
a semiconductor with the direct band gap of 3.374 eV, which is
consistent with the experimental result of about 3.4 eV. As is
well-known, the band gap is also very sensitive to chemical
functionalization. As shown in Fig. 9 and 10, the band gaps with
the HSE06 functional for the half-uorinated, Janus-
functionalized and fully uorinated ZnO monolayer are
5.114 eV, 2.523 eV, and 3.322 eV, respectively. In contrast, the
corresponding band gaps obtained from the PBE functional are
2.929 eV, 0.958 eV, and 2.948 eV. It has been found that the
variation trend in the band gap of the pristine and chemically
functionalized ZnO monolayer is the same as observed using
the PBE and HSE06 functionals (as shown in Fig. 8(b)). Aer
chemical functionalization, the congurations except for the
half-functionalized conguration still maintained the semi-
conductor state. Furthermore, it has been found that the band
gap of the ZnO monolayer increases with the coverage of
hydrogen, whereas it is just the opposite for the uorinated ZnO
monolayer. On the one hand, the variable band gap aer
chemical functionalization is attributed to the hybridization
transformation from sp2 to sp3, which is supported by the
structural information, as displayed in Section 3.1–3.4. On the
Fig. 9 Band structures of the ZnO monolayer obtained by the HSE06 fu
The red lines represent the spin-up bands, whereas the black lines repre

This journal is © The Royal Society of Chemistry 2019
other hand, the reason may be due to the stronger electroneg-
ativity of uorine than that of hydrogen. The currents results
indicate that the surface-functionalized ZnO monolayer is ideal
for applications in nanoelectronics.

Fig. 8(c) shows a shi in the vacuum level when the Fermi
level is aligned manually. The calculated work function of the
pristine ZnO monolayer is 5.08 eV, which is higher than our
previous theoretical result (4.574 eV) based on DFT + U.
However, the result is closer to the experimental work function
of the ZnO surface in the range of 5.4–6.5 eV.43 Compared with
the case of the pristine ZnO monolayer, surface functionaliza-
tion leads to an increase in the work function except for the half-
hydrogenated monolayer. We could tune the work function of
the ZnO monolayer by 2 eV aer uorinated-functionalization.
For example, the work function aer Janus-functionalization
could be increased by an additional 1.96 eV when compared
with the case of the pristine monolayer. This phenomenon may
be attributed to the changes in the electron behavior in the
surface-functionalized ZnO monolayer.

Next, the magnetic properties of the chemically functional-
ized ZnO monolayer have been discussed. Why the half-
uorinated ZnO is spin-polarized, whereas the half-
hydrogenated ZnO monolayer is nonmagnetic? As discussed
in Section 3.2, the electron states in the half-hydrogenated
monolayer at the Fermi level mainly originate from the contri-
bution by the O-2p and little H-1s valence orbitals. There are
abundant localized surface states near the Fermi level, which
will induce the metallization of the ZnO monolayer. Further-
more, the dangling bonds on the Zn atoms exhibit much less
spin density. However, for the half-uorinated ZnO monolayer,
the electron states near the Fermi level mainly originate from
the contribution by the O-2p and F-2p valence orbitals. The
dangling bonds will remove the localized surface states from
the band-gap region. On the other hand, because the electro-
negativity of O (3.44) is lower than that of F (3.98) but higher
than that of H (2.20), the F atoms on the F–O bonds increase the
nctional. (a) Pristine, (b) half-hydrogenated, and (c) fully hydrogenated.
sent the spin-down bands.

RSC Adv., 2019, 9, 21831–21843 | 21839
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Fig. 10 Band structures of the ZnO monolayer obtained by the HSE06 functional. (a) Half-fluorinated, (b) fully fluorinated, and (c) Janus-
functionalized. The red lines represent the spin-up bands, whereas the black lines represent the spin-down bands.
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charge of O, whereas the H on the H–O bonds reduce the charge
of O. Thus, the charge of F bonded to O is larger than that of H
bonded to O. These results can also be proven by the atomic
charges obtained via the Bader charge analysis. For the hydro-
genated ZnOmonolayer, each O atom receives enough electrons
from the nearest H atoms to ll up all the p orbitals, and thus,
the hydrogenated ZnO monolayer exhibits a non-magnetic
state. However, for the uorinated ZnO monolayer, about one
electron transfers from a Zn to a F atom, leaving an electron in
the O atoms unpaired, and thus, magnetic moment in the half-
uorinated ZnO monolayer is produced.

Finally, we have discussed the stability of the ZnOmonolayer
with chemical functionalization from the point of view of energy
and mechanical parameters. The binding energy Eb of the ZnO
monolayer with chemical functionalization is dened by Eb ¼
(Epristine + nEatom � Etot)/n, where Epristine, Eatom, and Etot repre-
sent the total energies of the pristine ZnO monolayer, isolated
H/F atom, and the systems with surface functionalization. The
higher binding energy shows surface functionalized occurs
easily. As shown in Fig. 8(d), it is found that the ZnO monolayer
with surface functionalization is thermodynamically stable and
possible to obtain. More interestingly, the binding energy of the
Janus-functionalized ZnO monolayer is the highest in all the
considered cases, indicating that the Janus-functionalized ZnO
monolayer is the most stable and can be realized in experiment.
Therefore, we can conclude that it is an easy way to achieve
Janus-functionalized ZnO monolayers in experiments. To
further discuss the structural stability of the chemically func-
tionalized ZnO monolayer, here, we calculated the adsorption
energy (Eads) of all the considered cases. The adsorption energy
(Eads)13 is calculated by Eads ¼ (Echemical-functionalized � Epristine �
nmH/F)/n, where Echemical-functionalized is the total energy of the
chemically functionalized ZnO monolayer, Epristine is the total
energy of the pristine ZnO monolayer, and mH/F is the chemical
potential the H or F atom in its reference phase (calculated with
respect to the gas in nature). As shown in Fig. 8(d), the
21840 | RSC Adv., 2019, 9, 21831–21843
adsorption energies of the ZnO monolayer are all negative,
indicating that hydrogenation and uorination on the ZnO
monolayer are more energetically stable. Fig. 11 shows the
phonon spectra for the chemically functionalized ZnO mono-
layer. Phonon soening instabilities were obtained from the
DFT calculations, which imply that the chemically functional-
ized ZnO monolayer is not a stable structure. These results are
expected because chemical functionalization is stable only
under typical growth/synthesis conditions. It is well-known that
the chemical vapor deposition of ZnO thin lms is generally
completed at temperatures above 700 �C. For example, the ZnO
nanowires were found to grow downstream at a temperature of
approximately 700 �C on horizontally positioned alumina
substrates.25

To further examine their stability, we analyzed the
mechanical stability of the pristine and chemically functional-
ized ZnO monolayers by calculating their linear elastic
constants. The elastic constants of the chemically functional-
ized ZnO monolayer are listed in Table 3. According to ref. 44,
the mechanical stability criteria are given by the relationship:
C44 > 0, C11 > |C12|, and (C11 + C22)C33 > 2C13

2. It can be found
that the ZnO monolayers with surface functionalization are
mechanically stable except the fully hydrogenated monolayers.
Interestingly, using the same criterionmethod, fully-uorinated
borophene was also found to be unstable, while the half-
uorinated borophene was shown to be dynamically stable.45

In addition, it is well-known that the value of Bv/Gv can reect
the brittleness of a material.46 A high value of Bv/Gv is associated
with malleability and a low value with brittleness. According to
the equations: Bv ¼ (1/9)[2(C11 + C12) + 4C13 + C33], Gv ¼ (1/30)(M
+ 12C44 + 12C66), andM¼ C11 + C12 + 2C33 � 4C13, Bv, Gv, and Bv/
Gv were calculated. As shown in Table 2, the Bv/Gv for the half-
hydrogenated ZnO monolayer is much larger than others,
indicating that the ZnO monolayer with half-hydrogenation is
malleable. However, the Bv/Gv for the fully hydrogenated ZnO
monolayer is negative, further proving that the fully
This journal is © The Royal Society of Chemistry 2019
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Fig. 11 Phonon spectra for the chemically functionalized ZnO monolayer. (a) Half-hydrogenated, (b) fully hydrogenated, (c) half-fluorinated, (d)
fully fluorinated, and (e) Janus-functionalized.
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hydrogenated ZnO monolayer is mechanically unstable. The
other systems are relative mechanically stable. In addition, the
in-plane Young's modulus Y and Poisson's ratio n were calcu-
lated using the following relationship:47 Y ¼ (C11

2 � C12
2)/C11

and n ¼ C12/C11, respectively. The Poisson's ratio reects the
stability of the crystal against shear. As shown in Fig. 12(a), it
has been found that the Young's moduli of the fully uorinated
and hydrogenated ZnO monolayer are smaller than that of the
pristine ZnO monolayer, showing that the fully uorinated and
Table 3 Elastic constants (N m−1), bulk modulus B (N m−1), and shear
functionalization

Conguration C44 C11 C12 C33 C1

Pristine 14.13 95.84 66.65 6.3
Half-hydrogenated 0.3 4.26 0.80 −19.37 −1
Full-hydrogenated −14.52 15.48 29.1 5.24
Half-uorinated 21.80 68.12 26.51 12.35
Full-uorinated 13.58 37.64 9.45 11.90 −

Janus-functionalized 12.84 41.91 17.69 8.30

This journal is © The Royal Society of Chemistry 2019
hydrogenated ZnO monolayer have good exibility. In addition,
as shown in Fig. 12(b), aer uorination or hydrogenation of
the ZnO monolayer, the Poisson's ratio decreases in the range
from 0.19 to 0.42, which is lower than that of the pristine ZnO
monolayer with the value of 0.7. Therefore, surface functional-
ization by the H and F atoms serves as an important approach
for tailoring the electronic properties of the ZnO monolayer.
However, the theoretical calculation results need to be further
veried experimentally.
modulus G (N m−1) for the ZnO monolayer with different chemical

3 C22 C55 C66 Bv Gv Bv/Gv

1.67 94.38 0.54 1.04 37.55 11.69 3.21
5.69 −4.07 −18.74 −4.71 −8.00 −0.80 10.00
1.20 7.8 −16.83 −4.67 11.37 −6.11 −1.86
3.86 72.03 −1.61 −1.83 24.11 11.45 2.11
3.68 60.56 −4.07 −9.6 10.16 4.44 2.29
1.73 44.96 −24.15 −12 14.93 3.11 4.81

RSC Adv., 2019, 9, 21831–21843 | 21841
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Fig. 12 Calculated Young's modulus (a) and Poisson's ratio (b) of the relatively stable configurations for the chemically functionalized ZnO
monolayer.
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4. Concluding remarks

In summary, the behaviors of the hydrogenated and uorinated
ZnO monolayers and the inuence of hydrogenation and uorina-
tion on the structural and electronic properties of the ZnO mono-
layer were investigated using the rst-principles calculations. The
results indicate that the hydrogenated and uorinated ZnO mono-
layers, except for the fully hydrogenated ZnO monolayer, are ener-
getically and mechanically stable. The hydrogenated or uorinated
ZnO monolayers exhibit a semiconductor behavior with band gaps
in the range of 0–2.948 eV by the PBE functional and from 0 to
5.114 eV by the HSE06 functional except for the half-hydrogenated
ZnO monolayer. In addition, a transition from the nonmagnetic
metal to nonmagnetic semiconductor can be achieved aer
hydrogenation. However, a magnetic half-metal / nonmagnetic
semiconductor transition occurs aer uorination. The current
ndings show that the possibility of tuning the structural and
electronic properties via surface functionalization opens a door to
the applications of ZnO-based materials in electronic and opto-
electronic devices.
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