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Zinc oxide, a typical semiconducting material crystallizing in either hexagonal wurtzite or cubic 
zincblende in bulk, exhibits graphite-like structure in ultrathin nanofilms with few layers. On the basis of 
first-principles calculations, we show that the ultrathin ZnO nanofilms regain their bulk structures with 
either surface hydrogenation or fluorination. In particular, a heterointerface containing only Zn-Zn or O-O 
bonds can be built spontaneously in ultrathin ZnO nanofilms depending on their surface chemical 10 

modification, dividing the nanofilm into two different domains. An extended impurity state, constrained 
in the heterointerface, is created around the Fermi energy level. The ZnO nanofilms with Zn-Zn 
heterointerface are metallic, whereas those with O-O heterointerface are still semiconducting. The built-in 
heterointerface presents a novel channel for charge collection and transport in ZnO nanofilms for their 
potential applications in electronic and optoelectronic devices. 15 

Introduction 

Zinc oxide is an important metal oxide semiconductor material 
with wide band gap (about 3.3 eV),1 large excition binding 
energy (60 meV), and extraordinary piezoelectric and optical 
properties.2 These unusual properties endow ZnO wide 20 

applications in UV-light emitting diodes,3 solar cells,4 and 
photocatalysts etc.5 Although crystalline in wurtzite or cubic 
zincblende structure in bulk, ZnO material can exhibit various 
morphologies at nanoscale, such as nanofilms,6-8 nanowires,9 
nanoclusters,10 nanobelts,11 and nanotubes,12 nanorods,13 25 

nanonails,14 and nanorings.15 In particular, the wurtzite-type ZnO 
nanofilms prefer a graphite-like structure when the number of 
ZnO (0001) layers is reduced due to the depolarization of the 
surfaces.16-18 Notably, polar oxide surfaces of compound 
semiconductors are electrostatic unstable due to the presence of 30 

this macroscopic dipole, which can be compensated by 
modification of charge density or at a critical film thickness 
which is a new compensation mechanism.19-26 The energetically 
preferred growth direction of ZnO is the (0001) axis, along which 
Zn and O planes alternate in a regular fashion. Experimentally, 35 

Tushce et al. have successfully synthesized two-monolayer-thick 
depolarized ZnO (0001) films deposited on Ag (111) surface, 
where Zn and O atoms are arranged in planar sheet like in the 
hexagonal boron-nitride (h-BN) monolayer.22 The graphene-like 
ZnO monolayer is predicted to be a semiconductor with a wide 40 

band gap of 3.57 eV with GW method.27 Further calculations 
have also shown that the half-metallicity may be induced in ZnO 
monolayer by introducing Zn vacancy, doping with metal or 
nonmetal element, or chemically modifying with H, F, or NH2.

28-

33 45 

 Recently, experiments and theoretical calculations have 

revealed that few layers of two dimensional materials, such as 
graphene, h-BN, and ZnO monolayers, can transformed into 
ultrathin nanofilms with covalent bonds between layers by 
chemical functionalization. For instance, graphene multilayers 50 

can be converted into ultrathin diamond (111) nanofilms by 
surface modification, which exhibit large band gap independent 
of their thickness. Similarly, theoretical work predicted that both 
diamond-like and cubic boron-nitride nanofilms with tunable 
band gap and magnetism can be obtained by chemically 55 

modifying h-BN multilayer.34 Tang et al. recently showed that 
the wurtzite-type ultrathin ZnO films can also be formed and 
stabilized with the hydrogenation of ZnO bilayer or trilayer.35 
Moreover, the half-metallicity was predicted in ultrathin ZnO 
nanofilms with semihydrogenation for their applications in 60 

spintronics. 
In this work, we show that the heterointerface with only Zn-Zn 

or O-O bonds can be formed spontaneously in diamond-like ZnO 
nanofilms when hydrogenating or fluorinating ZnO multilayer. 
The heterointerface divides ZnO nanofilms into two domains. In 65 

particular, contrary to the intrinsic semiconducting property of 
ZnO bulk, the ZnO nanofilms with heterinterface can be either 
metallic or semiconducting with an extended impurity state 
constrained at the heterointerface. Our studies present a new 
design of ZnO nanofilms with embedded metallic heterointerface 70 

for their applications in energy conversion and electronics. 

Computational Methods 

 All calculations are performed within the framework of spin-
polarized plane-wave density functional theory (DFT), 
implemented in the Vienna ab initio simulation package 75 

(VASP).36, 37 The generalized gradient approximation (GGA) with 
the Perdew-Burke-Ernzerhof (PBE) functional and projector 
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augmented wave (PAW) potentials are used.38-40 We adopted a 
unit cell for the investigation and a test calculation with a 2 × 2 
supercell yields nearly the same results. The vacuum size is larger 
than 15 Å between two adjacent images. In ZnO bilayer with AB 
(AA) staking between two layers, we let the Zn (Zn/O) atom of 5 

one layer directly above the O (Zn/O) atom of the other layer. An 
energy cutoff of 400 eV is used for the plane-wave expansion of 
the electronic wave function. Geometry structures are relaxed 
until the force on each atom is less than 0.01 eV/Å, and the 
convergence criteria for energy 1 × 10-5 eV is met. The two 10 

dimensional Brillouin zone integration using Γ-center scheme is 
sampled with 9 × 9 × 1 grid for geometry optimizations and 15 × 
15 × 1 grid for static electronic structure calculations. The lattice 
parameters were optimized for each system. Note that PBE 
method always underestimated the band gap of semiconductor, 15 

the screen hybrid HSE06 method is used to check the band 
structures.41,42  

Results and Discussions 

 At first, the benchmark calculations were performed on the 
pure ZnO monolayer. The fully relaxed ZnO monolayer presents 20 

a graphene-like planar structure with Zn-O bond length of about 
1.90 Å. The electronic structure calculation indicates that the 
graphene-like ZnO monolayer is a nonmagnetic (NM) 
semiconductor with a direct band gap of about 1.66 eV at the Γ 
point of the first Brioulline zone, consistent well with previous 25 

theoretical calculations.43-45 Note that the DFT always 
underestimated the band gap of semiconductor. The formation 
energy difference between ZnO bulk and ZnO monolayer is 0.46 
eV per ZnO pair, where ZnO monolayer is energetically 
unfavorable. Nevertheless, the ZnO monolayer can be realized in 30 

experiment.17 Due to the ionicity of Zn-O bond in ZnO 
monolayer, the adsorption of H and F atom on ZnO monolayer is 
site-selective. The adsorption energy is defined as Eads = E(H/F 
adsorbed ZnO sheet) – E(H/F) –E(ZnO sheet), where E(system) is 
the total energy of system. The calculated adsorption energy 35 

indicates that H atom prefer to adsorb on the top site of O oxygen 
atom with the adsorption energy of 1.65 eV. The adsorption 
energy on the top of Zn atom is only 0.30 eV. The optimized O-H 
and Zn-H bond lengths are 0.98 and 2.12 Å, respectively. 
Differently, F atom prefer to adsorb on the hollow site of ZnO 40 

monolayer with the total adsorption energy of about 2.30 eV. The 
optimized F-Zn and F-O bond lengths are 2.11 and 2.01 Å, 
respectively 

AB-Stacked ZnO Bilayer 

 Upon the graphene-like ZnO bilayer, there are two possible 45 

stacking configurations, i.e. AB or AA stacking. Fig. 1(a) displays 
the optimized structures and electronic band structures of AB-

stacked ZnO bilayer. The interlayer distance is 2.43 Å and AB-
stacked ZnO bilayer is nonmagnetic semiconductor with a direct 
band gap of 1.45 eV at Γ point, consistent with previous 50 

theoretical calculations.28 
 As shown in Fig. 1(b), different from the perfect AB-stacked 
ZnO bilayer, the hydrogenation of AB-stacked ZnO bilayer’s 
surfaces induce a spontaneous binding of Zn atoms between two 
layers and a heterointerface with only Zn-Zn bonds is formed. 55 

Note that H atom prefers chemically adsorb on the top site of O 

atom. Each Zn atoms forms three Zn-Zn bonds with neighboring 
three Zn atoms in the neighboring layer and two ZnO layers still 
keep their AB stacking. The optimized bond lengths of Zn-O, Zn-
Zn, and O-H are 2.12, 2.75 and 0.98 Å, respectively. As shown in 60 

Fig. 1(b), the calculated band structure indicates that 
hydrogenated ZnO bilayer is metallic. Two bands (labeled with α 
and β) cross the Fermi energy level with large dispersion. The 
bellow in Fig. 1(b) shows that the charge density of the extended 
α and β bands are mainly contributed by Zn atoms in the 65 

heterointerface. Test calculation with the screened hybrid HSE06 
functional confirm the metallicity of hydrogenated ZnO bilayer 
with AB stacking (see Fig. S1(b)). To further investigate the 
stability of the hydrogenated ZnO bilayer with Zn-Zn 
heterointerface, we calculated the interaction energy between two 70 

ZnO sheet with or without hydrogenation. The interaction energy 
is defined as EIE = Eup + Edown – Ebilayer, where Eup is the total 
energy of up ZnO layer with or without H/F adsorption, Edown is 
the total energy of down ZnO layer with or without H/F 
adsorption, Ebilayer is the total energy of ZnO bilayer with or 75 

without H/F adsorption. For the pure ZnO bilayer with AB 

stacking, the interaction between two ZnO sheets is van der 
Waals interaction and the calculated interaction energy is as low 
as about 0.29 eV. Note that the weak interaction can’t be 
described accurately with pure DFT calculations and DFT 80 

method with dispersion calculation may present improved results 
on binding energy. The hydrogenation of ZnO bilayer’s surface 
definitely strengthens this interaction via forming Zn-Zn 
chemical bonds. The calculated interaction energy between two 
ZnO sheets in hydrogenated ZnO bilayer is about 1.23 eV per 85 

supercell, indicating the forming Zn-Zn heterointerface has high 
thermal stability. 

 
Fig. 1 The optimized structures and the calculated band structures of (a) 
pure, (b) hydrogenated, (c) fluorinated and (d) H and F co-adsorbed ZnO 90 

bilayer with AB stacking. The red, grey, white and blue balls represent O, 
Zn, H and F atoms, respectively. The Fermi level is marked by a dashed 
line. The bellow in (b) is the partial charge density distribution of the α 
and β bands acrossing the Fermi level. The bellow in (a), (c) and (d) is 
partial charge density distribution of the corresponding α and β bands, 95 

respectively. The isosurface value is 0.01 e/ Å3. 

 Differently, the fluorination of AB-stacked ZnO bilayer leads 
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to the spontaneous formation of O-O heterointerface in ZnO 
bilayer, as shown in Fig. 1(c). F atoms adsorbed on the hollow 
site of ZnO hexagon rings and pulls out three Zn atoms from its 
original planar. The average bond length of Zn-F bonds is 2.09 Å 
and the O-O bond length in heterointerface is 1.48 Å. The 5 

calculated interaction energy between two ZnO sheets in 
fluorinated ZnO bilayer is 2.01 eV, which is larger than that in 
the hydrogenated ZnO bilayer with AB stacking. The calculated 
electronic structure shows that the fluorinated ZnO bilayer is a 
semiconductor with a direct band gap of 1.50 eV, as shown in 10 

Fig. 1(c), which is slightly larger than that of pure ZnO bilayer 
(1.45 eV). The partial charge density analysis shows that the 
highest valence band (α) mainly comes from the p orbital of the O 
atoms in the interface, and Zn’s d and F’s p orbitals have minor 
contributions. The lowest conduction band (β) is also mainly 15 

contributed by the p orbital of the O atoms in the heterointerface, 
and the s orbital of the O atoms in the interface and F’s p orbital 
have minor contributions, as shown in the bellow of Fig. 1(c). 
 As a comparison, the AB-stacked ZnO bilayer with both 
hydrogenated and fluorinated surfaces are considered, as shown 20 

in Fig. 1(d). The hybrid hydrogenation and fluorination on both 
surfaces of AB-staked ZnO bilayer leads to the formation of Zn-O 
bonding between two ZnO monolayers, recovering its bulk 
structure. The Zn-F, Zn-O, and O-H bond lengths are 2.10, 1.81, 
and 0.98 Å, respectively. The calculated interaction energy 25 

between two ZnO layers is 4.78 eV per supercell, revealing that 
the bulk-like Zn-O connected ZnO bilayer is the most stable 
configuration. Notably, the bulk-like ZnO bilayer with both 
hydrogenation and fluorination is a semi-metal. However, the 
hybrid HSE06 result (see Fig. S1(d)) shows that it is a 30 

semiconductor with direct band gap of 1.0 eV. The partial charge 
density analysis shows that the lowest conduction band (β) is 
mainly contributed by terminated H’s s orbital, whereas the 
highest valence band (α) is mainly contributed by O’s p, F’s p 
and Zn’s d orbitals at the fluorinated surface. 35 

 The formation of heterointerface in ultrathin ZnO films results 
from the breaking of p-d bonding between O and Zn atom in ZnO 
monolayer due to the hydrogenation or fluorination. For instance, 
the adsorption of F atoms on the Zn top leaves the dangling pz 

orbitals in O atom, which results in the spontaneous formation of 40 

O-O hetero-interface in the fluorinated ZnO bilayer. Similar 
behaviors can be predicted in hydrogenated ZnO bilayer. 

AA-Stacked ZnO Bilayer 

 Upon the pure ZnO bilayer with AA stacking, the optimized 
interlayer distance is 3.30 Å and the interaction energy between 45 

two ZnO sheets is negligible, indicating that the AA-stacked ZnO 
bilayer is meta-stable compared with AB-stakced ZnO bilayer, as 
shown in Figure 2(a). The band structure indicates that the pure 
ZnO bilayer exhibits semiconducting with a direct band gap of 
1.18 eV at the Γ point, similar with AB-stacked ZnO bilayer. The 50 

partial charge density analysis indicates that the α band  is mainly 
contributed by the p orbitals of O atoms and the d orbitals of Zn 
atoms, while the β band is mainly contributed by the d orbitals of 
Zn atoms and the p orbitals of O atoms have little contribution. 
 Although AA stacked ZnO bilayer is energetically unfavorable 55 

compared with AB-stacked ZnO bilayer, the hydrogenation of 
ZnO bilayer with AA stacking leads to the spontaneous formation 
of different Zn-Zn heterointerface between two ZnO sheets, as 

shown in Figure 2(b). In the heterointerface, only one Zn-Zn 
bond is formed between neighboring Zn atoms from two ZnO 60 

sheets. The optimized bond lengths of Zn-O, Zn-Zn, and O-H are 
2.13, 2.37, and 0.97 Å, respectively. The Zn-Zn bond length in 
hydrogenated AA-stacked ZnO bilayer (2.37 Å) is distinctly 
shorter than that in hydrogenated AB-stacked ZnO bilayer (2.75 
Å), indicating the intereaction between two layers in the former is 65 

stronger than the latter. The calculated interaction energy also 
confirms this point, where the value is 1.41 eV per supercell in 
hydrogenated AA-stacked ZnO bilayer, largher than that of 
hydrogenated AB-stacked ZnO bilayer (1.23 eV). The total 
energy of AA and AB stacking after hydrogenation are -24.26 eV 70 

and -24.07 eV, respectively. Compared with hydrogenation AB 
stacking, hydrogenation AA stacking is a meta-stable state. The 
calculated band structures, as shown in Fig. 2(b), indicates that 
the hydrogenated AA-stacked ZnO bilayer is still metal, whereas 
the band acrossing the fermi level shifts downward. Test 75 

calculations with hybrid HSE06 functional also suggests that the 
hydrogenated AA-stacked ZnO bilayer is still a metal (see Fig. 
S1(f)). The bands states acrossing the Fermi energy level (α and 
β) are still mainly contributed by  Zn atoms in the heterointerface. 
 The fluorination of ZnO bilayer with AA stacking leads to 80 

same configuration as that of ZnO bilayer with AB stacking, 
whereas the AA-stacked ZnO bilayer with both hydrogenation and 
fluorination on two surfaces also shows different configuration 
from that of ZnO bilayer with AB stacking, as shown in Fig. 2(c) 

and 2(d). Two fluroinated ZnO monolayers are AA stacked with 85 

the formation of O-O heterointerface. The optimized bond 
lengths of Zn-O and Zn-F are 1.49 and 2.09 Å, respectively. The 
calcualted band structures, shown in Fig. 2(c), and the interaction 
energy between two semi-fluorinated ZnO sheets are same as 
those of hydrogenated ZnO-bilayer with AB stacking. As shown 90 

in Fig. 2(d), with AA stacking, graphene-like ZnO bilayer 
recovers its cubic bulk structure with formed Zn-O bonds. The 
optimized bond lengths of Zn-F, Zn-O and O-H are 2.07, 2.08, 
and 0.97 Å, respectively. The calculated band structure in Fig. 
2(d) indicates that it shows semiconducting with a direct band 95 

gap of 1.72 eV at the Г point. The partial charge density analysis 
indicates that the α band is mainly contributed by the p orbitals of 
the O atoms in the iner layer and the d orbitals of the Zn atoms 
have little contribution, while the β band is mainly contributed by 
the s orbitals of terminated H atoms. The interaction energy of the 100 

bulk-like ZnO bilayer is 4.94 eV, which is that of  ZnO bilayer 
with AB staking (4.78 eV). 

Note that the presence of adsorbates usually result in a 
different polarity of the surface, necessitating a spontaneous 
reconstruction since a polar surface is unstable.23-26 To investigate 105 

the stability of surface with hydrogen or fluorine adsorption, we 
performed a geometric optimization, as well as Born-Oppenheim 
molecular dynamic simulations with AA stacking.46 The anonical 
ensembel (NVT) simulation with total time of 5ps and time step 
of 1fs are performed at the temperetaure of 300 700 K, 110 

respectively. Our results show that the surface is stable without 
reconstruction. 

Page 3 of 5 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 

4  |  Journal Name, [year], [vol], 00–00 This journal is © The Royal Society of Chemistry [year] 

 
Fig. 2 The optimized structures and calculated band structures of (a) pure, 
(b) hydrogenated, (c) fluorinated and (d) H and F co-adsorbed ZnO 
bilayer with AA stacking. The red, grey, white and blue balls represent O, 
Zn, H and F atoms, respectively. The Fermi level is marked by a dashed 5 

line. The bellow in (b) is the partial charge density distribution of the α 
and β bands acrossing the Fermi level. The bellow in (a), (c) and (d) is 
partial charge density distribution of the corresponding α and β bands, 
respectively. The isosurface value is 0.01 e/ Å3. 

Hydrogenated Graphene-Like ZnO Multilayers 10 

 At last, we consider the surface hydrogenation 4-, 8-, and 12-
layer of graphene-like ZnO nanofilms with ABBA, ABABBABA, 
and ABABABBABABA stackings, respectively. As shown in 
Fig. 3, with the surface hydrogenation, the Zn-Zn heterointerface 
can be stabilized in the ZnO wurtzite-type bulk structure. The Zn-15 

Zn bond lengths are 2.48, 2.64, and 2.89 Å for 4-, 8-, and 12-
layers ZnO nanofilms, indicating the stability of Zn-Zn bonding 
in the heterointerface decreases with the increase of layer 
thickness. However, the calculated band structures indicates that 
all these ZnO ultrathin films with Zn-Zn heterointerface are 20 

metallic. 
 The partial charge density distribution of electronic band states 
acrossing Ferimi energy level was plotted in Fig. 3. Upon the 
hydrogenated 4- and 8-layer ZnO ultrathin nanofilms, the major 
band acrossing the Fermi energy level originates from the Zn-Zn 25 

heterointerface, indicating an extended impuritiy states are 
confined within the heterointerface in ZnO ultrathin films. 
However, the bands crossing the Fermi energy level in the 
hydrogenated 12-layer ZnO ultrathin films mainly contributed by 
the surface atoms. One reason to this difference is that the 30 

interaction energy between two domains in 12-layer 
hydrogenated ZnO ultrathin film is quite weak and there is no 
strong intereaction between Zn atoms from two domains. The 
calculated interaction energy between two domains also confirms 
this point, where the values are 1.05, 0.60, and 0.50 eV for 4-, 8, 35 

and 12-layer ZnO ultrathin films. 

Discussion 

Finally, it should be pointed out that it is still a technique 
challenge to get hydrogenated ZnO ultrathin films with 
heterointerface before freestanding ZnO sheets are synthesized. 40 

However, as many freestanding two-dimensional materials have 
been realized in experiments, such as graphene and h-BN sheet, 
and hydrogenated graphene has been obtained in experiment by 
exposing graphene in hydrogen plasma environment,47 it is quite 
possible to realize our design in experiment. Alternatively, ZnO 45 

films have been grown on various metal surfaces, such as 
electronegative Au(111) support,21 and electropositive Ag(111)22 
or Pd(111)20 substrate. Using polar substrate may be a practicable 
method to realize the hetero-interface designed in our work. 

 50 

Fig. 3 The band structures partial charge density distribution of 
hydrogenation (a) 4layer (b) 8layer and (c) 12layer ZnO nanofilms. The 
red, grey, and white and balls represent O, Zn and H atoms, respectively. 
The Fermi level is marked by a dashed line. The isosurface value is 0.008 
e/ Å3. 55 

Conclusions 

 In conclusion, based on the first-principles calculations, we 
show that the graphene-like ZnO multilayer recover its bulk 
structure with surface hydrogenation or fluorination. Depending 
on the surface modification, O-O or Zn-Zn heterointerface can be 60 

formed spontaneously in ZnO ultrathin films, and ZnO ultrathin 
films present tunable metallic, semi-metallic, or semiconducting 
properties. The surface fluorination of ZnO multilayer results into 
semiconducting ZnO ultrathin films with O-O heterointerface, 
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whereas the surface hydrogenation of ZnO multilayer leads to 
metallic ZnO ultrathin films with Zn-Zn heterointerface. In 
addition, the ZnO ultrathin films with both hydrogenation and 
fluorination on two surfaces are semi-metallic. The built-in 
heterointerface presents a novel channel for charge collection and 5 

transport in ZnO nanofilms for their potential applications in 
electronic and optoelectronic devices.  
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