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Through first-principles calculations, we investigated the structural properties and the electronic
structure of amorphous (ZnO)x (SiO2 )1−x . We examined the stability and the band gap of the
alloy as a function of the composition ratio. We found that the band gap of the (ZnO)x (SiO2 )1−x
composite was proportional its ZnO content. In the case of the 1:1 composition ratio x = 0.5,
the atomic structure is well locally ordered, and the deep level is found to be generated by the O
vacancy.
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ticles of ZnO [9]. Photoluminescence (PL) measurements showed that the ZnO-SiO2 nanocomposite thin
films were able to emit white light consisting of violet,
blue, and green-yellow band emissions [4]. The water
vapor transport mechanism is deeply related to macro
defects, nanoparticles and the emission of white light.
In spite of the various applications of ZnO-SiO2 , its
detailed electronic structure has not yet been studied
in detail. In this paper, through a first-principles total
energy and electronic structure calculation, we investigate the electronic structure and the phase stability of
amorphous (ZnO)x (SiO2 )1−x in terms of its ZnO content. Furthermore, we investigate the microscopic properties of O-deficient states.

I. INTRODUCTION
Recently, mixtures or layered structures of the binary
compounds ZnO and SiO2 have been extensively investigated for specific nanocrystal research or device applications, such as photonic crystals [1], surface acoustic wave
(SAW) gas sensors [2], protection effects for water vapor
[3], and white light emission [4]. They are used as the
protection layer between the anode and the plastic substrates in organic light emitting devices (OLEDs), and
their nanocomposite films play an important role in gassensing applications [5]. The protection layers are needed
to reduce moisture permeability through the plastic substrate, because, during the operation of the device under ambient atmosphere, OLEDs fabricated on plastic
substrates are degraded in a few hours with pinhole or
bubble defects generated by diffused moisture or oxygen.
Various gas barrier films using inorganic materials, such
as AlOx , SiOx Ny , and SiOx , have been researched extensively by many groups [6–8] to protect OLEDs from
water vapor. The ZnO-SiO2 nanocomposite showed superior protection effect against moisture [3].
The silica-based nanocomposites have drawn much attention for a wide range of device applications based
on their specific optical and electrical properties due to
quantum confinement through the formation of nanopar∗ E-mail:

II. CALCULATIONAL METHOD
All calculations in this work were carried out using the
Vienna ab-initio simulation package (VASP) [10] based
on density functional theory. We employed the PerdewBurke-Ernzerhof exchange-correlation functional (PBE)
[11] approach utilizing the generalized gradient approximation (GGA) scheme and projector augmented wave
(PAW) method [12, 13]. The local-density approximation (LDA) plus the multiorbital mean-field Hubbard
model (LDA+U) method is used to describe the semicore states of Zn-3d orbitals [14,15] because the semi-core
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localized states of Zn-3d orbitals are not accurately described by normal LDA calculations due to the strong
self-interaction effects in the localized orbitals. The
strong Coulomb energy can be compensated for by using
the LDA+U method. The photoemission spectrum of
ZnO indicated Zn-3d orbitals at -8.6 and -7.5 eV below
valence band maximum (VBM) [16,17]. The location of
the Zn-3d levels obtained through LDA+U calculations
with U = 7 for Zn-3d orbitals were similar to the experimental for photoemission data.
We employed simulated annealing through a molecular
dynamics (MD) simulation to generate the amorphous
structures. We used the Nosé algorithm [18–20] for a
canonical ensemble, which controls the frequency of the
temperature oscillation from 5000 K to 0 K with a 10ps
time step by using the VASP code; we performed an ionic
and volume relaxation (not molecular dynamics) at the
same time. During the MD simulations, we kept the stoichiometric ratio x of the amorphous (ZnO)x (SiO2 )1−x
fixed. We also employed a MD simulation in the calculation for (ZnO)0.5 (SiO2 )0.5 including oxygen vacancies.

III. RESULTS AND DISCUSSION
The amorphous structure has no long-range order of
atomic positions, unlike the crystalline structure. The
amorphous structure is usually described by using radial
pair distribution functions (RDFs) that count the number of neighborhood atoms surrounding atoms within a
radius r. The calculated results are shown in Fig. 1. On
average, the O atoms have about 3 ∼ 4 cations around
them, and the numbers of O atoms around Zn and Si
depend on the alloy ratio. Overall an increase in the
ZnO content brings about an increase in the number of
oxygens atoms around Si and a decrease in the number
of oxygen atoms around Zn.
In Fig. 1, it is indicates that the disordering of the
local structure is more serious around Zn atoms than
Si atoms. The bond length between Si and O atoms
is almost fixed, but the bond length between Zn and O
atoms is variable and irregular. Because of the covalency
of Si, the Si-O bond length does not change much while
the Zn atoms have irregular oxygen coordination numbers. This indicates that Zn plays a role in forming the
amorphous structure. The amorphous SiO2 has a high
moisture permeability [3]. The bond lengths in α-quartz
and wurtzite ZnO are about 1.61 Å and 1.98 Å, respectively. The bond strengths per bond of wurtzite ZnO
and α-quartz are 1.89 eV [21] and 4.80 eV [22], respectively. The bond energies of ZnO and α-quartz are 2.94
eV (284.1 kJ mol−1 ) [23] and 3.8 eV [24]. In general, the
bond length is also inversely related to the bond strength
and the bond dissociation energy, as a stronger bond is
also a shorter bond. Therefore, Si-O bond strength is
stronger than Zn-O bond strength thus, the disordering
energy is larger around Si than around Zn, so the disor-

Fig. 1. (Color online) Radial atomic distribution function (RDF) around (a) Zn and (b) Si in amorphous
(ZnO)x (SiO2 )1−x . Several alloy ratio, x, states are compared.

dering can be accommodated more easily around Zn.
The calculated electronic structure of amorphous
(ZnO)0.5 (SiO2 )0.5 is shown in Fig. 2. The valence bands
are mainly composed of O-2p orbitals while the conduction bands are from the hybridization of cations Zn-s
and (O, Si)-p orbitals. The valence band edges are also
characterized as O-p orbitals while the conduction band
edge is mainly described by the Zn-s orbital. The experimental (theoretical) band gaps of the binary oxides SiO2
and ZnO are known to be about 9.0 eV (5.4 eV) and 3.4
eV (1.5 eV), respectively. In the case of x = 0.5, with
identical amounts of SiO2 and ZnO, the band gap at the
Brillouine zone center Γ-point is calculated to be about
3.27 eV. We tested the variation in the band gap with
the amount of ZnO from x = 0.2 to 0.8 in amorphous
(ZnO)x (SiO2 )1−x , and the results are shown in Fig. 3.
As the alloy ratio x of ZnO decreases, the band gap increases [9] because SiO2 is a wider band gap material
than ZnO.
(The formation energy of amorphous structure) Next,
we estimated the heat of formation (F ) and the amorphous formation energy (Ω) per atom of amorphous
(ZnO)x (SiO2 )1−x with x variation by using
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Fig. 2. (Color online) Electronic structure of amorphous
(ZnO)x (SiO2 )1−x for x = 0.5 is described by the density of
states.

Fig. 3. (Color online) Change in the band gap of amorphous (ZnO)x (SiO2 )1−x with the alloy ratio x.

am
Ωam
(ZnO)x (SiO2 )1−x = E(ZnO)x (SiO2 )1−x

− xEZnO − (1 − x)ESiO2 ,
am
am
F(ZnO)
=
E(ZnO)
x (SiO2 )1−x
x (SiO2 )1−x

(1)

− (aµZn + bµSi + cµO ),
assuming that x is the amount of ZnO. Here, E am , µZn ,
µSi , and µO are the total energy of the amorphous species
with about 100 atoms, and the chemical potentials of
Zn, Si, and O, respectively. The maximum chemical
potentials of Zn and Si were obtained by using the relation µZn = EZnO − EO2 /2 and µSi = ESiO2 − EO2
under the extreme oxygen rich condition. a, b, and c
are the numbers of each type of atom in amorphous
(ZnO)x (SiO2 )1−x . The calculated heats of formation of
crystalline binary ZnO and SiO2 are about 2.07 eV/atom
and 3.21 eV/atom, respectively, as compared to the experimental values of 1.81 eV/atom and 3.15 eV/atom
[25]. The heats of formation of the amorphous phase
are significantly reduced, indicating that the amorphous
state can be easily dissociated into Si or Zn. The formation energies per atom of (ZnO)x (SiO2 )1−x are only

Fig. 4. (Color online) Electronic structure of an oxygen
vacancy in amorphous (ZnO)x (SiO2 )1−x for x = 0.5.

0.41, 0.31, 0.23, 0.13, 0.17, 0.21, and 0.25 eV for x =
0.20, 0.25, 0.33, 0.50, 0.67, 0.75, and 0.80, respectively.
It decreases with increasing Zn composition ratio until
x = 0.5, after which it decreases. This indicates that
for the 1:1 mixed state, the amorphous structure can be
most easily formed, relatively. The amorphous formation
energies (Ω) per atom (relative to the binaries) are 0.026,
0.023, 0.015, 0.008, 0.010, 0.014, and 0.018 eV for x =
0.20, 0.25, 0.33, 0.50, 0.67, 0.75, and 0.80, respectively.
The amorphousized formation energy is the lowest when
x = 0.5; i.e., the amorphous phase mixed with the same
ratio of ZnO to SiO2 displays superior amorphous qualities. Interestingly, the average number of oxygen atoms
around both cations is maintained at about 4 only for
the composition ratio x = 0.5.
We investigated the electronic structure of the Odeficient amorphous (ZnO)0.5 (SiO2 )0.5 . In order to understand the electrical properties of the oxygen vacancies, we removed oxygen atoms. As shown in Fig. 4, a
continuous supply of oxygen vacancies induces the formation of many deep donor levels in the band gap. Differently from other amorphous transparent conducting
oxides such as InGaZnO [26] and ZTO [27], the formation of one oxygen vacancy induces one deep donor level.
The deep level is mainly characterized by the O-p orbital, Zn and the Si-p orbital. This indicates a strong
p-p interaction between cations such as Si and Zn. The
O-p character in the deep level suggests a localization
effect by serious disordering of the amorphous structure.
Therefore, the oxygen vacancies act a kind of trap center
rather than an n-type source.
We estimated the formation energy of O-vacancies by
using:
ΩVO = EVO − Estoichiomery + µO .

(2)

The total energy is compared to the stoichiometric
case (ZnO)0.5 (SiO2 )0.5 . Here, EVO is the total energy of
the amorphous state with an oxygen vacancy. The chemical potential of oxygen was obtained under an oxygen
rich condition. The formation energy of one O vacancy
was calculated to be 3.94 eV.
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IV. CONCLUSIONS
The amorphous structure properties of (ZnO)x
(SiO2 )1−x were investigated. The electronic structure
of stoichiometric (ZnO)0.5 (SiO2 )0.5 and the microscopic
properties of O-deficient (ZnO)0.5 (SiO2 )0.5 were investigated through first-principles calculations. The formation of the amorphous phase of (ZnO)x (SiO2 )1−x is predicted to be relatively the easiest for the 1:1 composition
ratio. The band gap is reduced as the composition ratio
of Zn increases.
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