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The nucleation and growth of titanium dioxide (TiO2) and zinc oxide (ZnO) thin ﬁlms on Fe2O3
(hematite), Al2O3 (a-alumina) and SiO2 (a-quartz) are studied by molecular dynamics simulations. The
results show the formation of a strong interface region between the substrate and the ﬁlm in the six
systems studied here. A combination of polycrystalline and amorphous phases are observed in the TiO2
ﬁlms grown on the three substrates. ZnO deposition on the Fe2O3 and Al2O3 crystals yields a
monocrystalline ﬁlm growth. The ZnO ﬁlm deposited on the SiO2 crystal exhibits less crystallinity. The
simulation results are compared with experimental results available in the literature.
& 2009 Elsevier B.V. All rights reserved.
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1. Introduction
Metal oxide thin ﬁlms are gaining more and more interest due
to their optical, chemical and electrical properties. Representative
examples of these include titanium dioxide (TiO2) and zinc oxide
(ZnO) ﬁlms, which are widely used in industrial applications.
TiO2 ﬁlms have a high refractive index and high dielectric
constant; they are transparent in the visible and near-infrared
range, chemically stable and non-toxic [1]. Therefore, they can be
used as a pigment [2] and ultraviolet (UV) ﬁlter in the cosmetic
industry, as an antireﬂective coating [3] in the glass industry and
as a dielectric material for integrated circuits [4]. TiO2 ﬁlms also
ﬁnd application in the production of solar cells [5] as well as in
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catalysis and photocatalysis [6] like, for example, in the destruction of organic materials [7,8].
ZnO ﬁlms exhibit semiconducting and piezoelectric properties,
excellent ultraviolet photosensitivity and are optically transparent. These properties make them useful for the construction of
thin ﬁlm transistors [9,10], light emitting diodes (LED) [11,12],
transparent conductive materials [13,14] and UV detectors [15,16].
Moreover, they could have novel applications in biomedical
sciences because they are biosafe and biocompatible [17].
TiO2 and ZnO ﬁlms can be prepared by different techniques
depending on the desired structural and mechanical properties of
the coating, e.g. sputtering [18–20], evaporation [21], atomic layer
deposition [22], molecular beam epitaxy [23–25], chemical
vapour deposition [7,8,26–40] and pulsed laser deposition
[41–43]. A number of papers investigated experimentally TiO2
and ZnO thin ﬁlms obtained by metalorganic chemical vapour
deposition (MOCVD) [30–40], which is a successful technique
permitting good control of deposition parameters and, consequently, of composition, microstructure and morphology of the
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ﬁlm. In contrast to the relatively large amount of experimental
work, and even when they can provide unique insights into the
growth mechanisms and structure of thin ﬁlm depositions,
atomistic studies of TiO2 and ZnO ﬁlms by computer simulations
are scarce because of the reasons we discuss below.
Atomistic simulation techniques use either a classical mechanical approach, i.e. classical molecular dynamics (MD) and Monte
Carlo (MC) methods [44] or a quantum mechanical approach, i.e.
density functional theory (DFT) [45]. The DFT techniques are
computationally very demanding and therefore limited to a rather
small number of atoms and consequently are limited to the very
initial or ﬁnal stages of the ﬁlm formation. For example, using
periodic plane wave DFT calculations, the structure of ZnO thin
ﬁlm slabs terminated in different surfaces were generated (not
deposited) to determine the lowest energetic conﬁguration of the
arrangement of atoms on the surfaces [46]. Another work
investigates the deposition of ZnO molecules on sapphire and
the temperature inﬂuence upon the surface and interface
structure by DFT simulations [47]. However, DFT techniques are
not yet suitable to study the mechanisms of the thin ﬁlm growth.
Classical MD simulations are well suited to overcome the
limitations of DFT and other ab-initio techniques. However, their
applications are limited by the ability to obtain high quality
transferable interatomic potentials. It should also be mentioned
that even the MD simulations are very CPU time consuming at the
current computational power available and therefore it is rarely
possible to investigate the processes in its real time. The
simulated time with MD is limited to nanoseconds or less because
of the small time step (in the order of fs) required for resolving the
atomic vibrations. These restrictions explain the limited number
of papers investigating the deposition not only of TiO2 and ZnO
ﬁlms but also of other oxide ﬁlms by MD simulations [48–50]. In
the work of Sayle et al. [48] the authors employed three MD
simulation methodologies to investigate the nucleation, growth
and structure of oxides deposited on oxide substrates, showing
that the substrate inﬂuences critically the structure of the
deposited ﬁlm, as well as the interfacial ion densities and various
epitaxial relationships. Hasnaoui et al. [49] investigated the
oxidation of aluminium single crystal using MD with dynamic
charge transfer between atoms. An amorphous structure of the
oxide ﬁlm and a layer by layer growth mode were observed.
Finally, Taguchi and Hamaguchi [50] studied the SiO2 deposition
process by MD combined with MC simulations emulating thermal
relaxation between two successive depositions.
The present work investigates the nucleation and growth of
thin TiO2 and ZnO ﬁlms on Al2O3 (a-alumina), Fe2O3 (hematite)
and SiO2 (a-quartz) by MD simulations. The inﬂuence of the
different substrates on the ﬁlm structure is discussed. The
simulation results are compared with experimental results,
available in the literature for TiO2 and ZnO ﬁlms deposited by
MOCVD.

2. Description of the model
The deposition process of TiO2 and ZnO molecules on Fe2O3,
Al2O3 and SiO2 is simulated using the MD package, DL_POLY_3
[51]. A driving program was written to automate the deposition of
molecules on the surface and relaxation of the system. In the MD
method the trajectory of all particles is generated by solving the
Newton equation of motion
~
v 0 Dt þ
r ¼~
r0 þ ~

~
F
~V
Dt2 ; ~
F ¼ r
2m

ð1Þ

where ~
r 0; ~
v 0 are the initial position and velocity for a given
particle, ~
F the total force acting on the particle and Dt the time
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step. The force is assumed to be conservative, and therefore, can
be expressed as a gradient of the interatomic potential, V. Hence,
the interatomic potential becomes the basic input for the
simulation, and its quality is the major factor in determining the
reliability of the results. In practice, ﬁnding a classical potential
that describes all the interatomic interactions only on theoretical
basis is a paramount task. Therefore, it is necessary to introduce
some assumptions to simplify the many-body interaction problem. One way of doing that is by calculating the potential energy
on the base of empirical considerations. Potential parameters can
also be obtained semi-empirically using both experimental and
theoretical data, or by ﬁtting parameters to potential curves
calculated theoretically.
In this work, the interactions between the atoms are described
by an ionic potential [52]. The potential energy is assumed
additive and the interactions are divided into long-range and
short-range interactions. At long range the potential energy of the
system is a purely electrostatic Coulomb interaction between two
ionic point charges. At short range a potential energy Vshort-range,
due to the repulsion between electron clouds, is considered as a
balancing counterpart to the Coulomb potential. The total
potential is given by
V¼

1 X q1 q2
þ Vshortrange
4pe0 ij rij

ð2Þ

where q1 and q2 are the ionic charges, rij, the distance between the
ith and jth ions, and e0 the vacuum permittivity. For the shortrange potential, different analytical expressions are proposed in
the literature. Here, the short-range interactions are described by
the two-body empirical Buckingham potential [53]


rij
C
 6
VBuckingham ¼ Aexp 
ð3Þ
r
rij
where the parameters A, r, C are particular to each pair
cation–anion and anion–anion interactions. The cation–cation
interactions are considered to be only of electrostatic type [53].
The exponential part of the Buckingham potential describes the
repulsion between the shells of bound electrons due to Pauli’s
exclusion principle. The negative power term describes an
induced dipole attraction or Van der Waals interaction, which is
present due to any asymmetry in the electron density distribution.
A three-body term is added to the Buckingham potential to better
represent short range interactions in SiO2 as discussed below.
Note that the Zn–O bond has also a covalent besides an ionic
character. However, Zn belongs to a d-block metal group 12 and its
compounds do not involve in the ionization of d shell [54]. In this
sense, Zn behaves more like an alkali metal. Coulomb plus
Buckingham potentials are known to work well for alkali and
alkaline earth metal compounds [55,56]. Therefore, we have
chosen these potentials to describe the interactions for ZnO as
well.
In general the potentials have limited applicability for
describing the surface interactions with the same parameters,
which were calculated by ﬁtting to the bulk properties. Therefore,
the simulation of deposition depends strongly on the potential,
which is used. We tested 4 potential sets for TiO2 and choose the
one that gave best agreement with experimentally deposited
ﬁlms. Using the other 3 potential sets either made the simulation
unstable or the simulation yielded a porous ﬁlm. The difference
between the outputs of the 4 sets can be a consequence of their
ﬁtting procedure. First, the partial charge model proposed by
Matsui and Akaogi [57] was applied. It was observed that the
calculations become very unstable when Ti and O ions come very
close to each other. Therefore, this approach was not successful
and subsequently the interactions in TiO2 were treated by the
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formal charge models [58–60]. In Ref. [58], the potential
parameters were obtained by least square ﬁtting to the lattice
parameters and assumed to be transferable between all three TiO2
polymorphs, since no angular dependence is accounted for in the
Buckingham function and the interatomic distances between the
O2–O2 and Ti4+–O2 are very similar in all the TiO2 polymorphs.
In Ref. [59], the potential parameters were ﬁtted to the anatase
lattice constants, using the so called ‘‘relaxed’’ least square ﬁtting.
However, these two potentials [58,59] yielded a porous ﬁlm.
Finally, the potential parameters obtained semi-empirically [60],
i.e. they were ﬁtted to a potential, which was calculated based on
the modiﬁed electron gas theory [61], yields a ﬁlm in agreement
with the experiments. We considered this potential set as the
most reliable for deposition of the TiO2 ﬁlms.
For ZnO, the ﬁrst potential set [62] we have tested, showed that
the simulated ZnO ﬁlm growth is in close agreement with the
experiment, which means that the used potential describes the
surface interactions in a reasonable way. The potential parameters
in this set were obtained by ﬁtting to the crystal structure and
properties of ZnO, calculated using classical and quantum
mechanical methods.
The Buckingham potential parameters for the cation–anion
and anion–anion interactions in Fe2O3 from Refs. [53,63], and in
Al2O3 from Ref. [64], and full charge model were used in the
present simulation. The O2–O2 Buckingham potential parameters were derived semi-empirically by Catlow et al. from the
free-ion Hartree–Fock self-consistent ﬁeld method [63]. In Refs.
[53,63] the potential parameters were obtained by least square
ﬁtting to experimental lattice parameters, and dielectric and
elastic constants.
The potentials so far described contain only two-body functions and are well suited for describing ionic bonds. However in
the case of SiO2, along with the signiﬁcant ionic bond, it has a
strong, directional covalent bond. Two potential forms are mainly
found to describe this kind of interactions in the literature. The
ﬁrst potential form considers only two-body interactions and the
Coulomb interactions are weakened by using partial charges. The
second potential form is a sum of Coulomb potential with full
ionic charges, and the short-range potential, which is the sum of a
two-body term in Buckingham form and a three-body term to
include the directional dependency of the bonding. We have
investigated both types of potentials. The ﬁrst potential, which
considers partial electrostatic charges coupled with a Morse
potential for the short-range interactions, was tested by the
potential sets developed by Demiralp [65] and Takada [66]. We
found these potential sets not suitable for the simulation of
deposition because the system becomes unstable when deposition started. The second potential form was tested by two
potential sets presented by Malavasi et al. [67], where the
Buckingham parameters are the same for the two sets. The
authors proposed the three-body screened Vessal potential [68] or
the three-body truncated Vessal potential [68,69]. Both Vessal
potentials worked well. However, they slowed down the computational time substantially, especially when the three-body
potential in the form of truncated Vessal function is used.
Therefore, we considered the screened Vessal potential to
simulate the three-body interaction in the SiO2 substrate and
the potential parameters for Buckingham and three-body term
have been taken from Ref. [67]. In the screened Vessal function
[68] the three-body interactions in the Si–O–Si and O–Si–O triads
are described by
Vves1 ðrij ; rik ; Wjik Þ ¼

k
8ðWjik  pÞ2

½ðW0  pÞ2

 

rij þ rik
ðWjik  pÞ2 2 exp 

r

ð4Þ

where W0 is the equilibrium bond angle, k the three-body spring
constant and r the spherical cutoff, given as a speciﬁc distance
from the central atom. The cutoff is selected to increase the order
around Si as a centre and to decrease the order around O, i.e. the
connecting bond in the tetrahedrons. In general, the three-body
contribution accounts for less than 0.1% of the total potential
energy, but it is important for the stiffness of the Si–O4
tetrahedron [70].
The data for the crystal structures of Fe2O3, Al2O3 and SiO2
were taken from the database MINCRYST [71]. Fe2O3 and Al2O3
both have a corundum-type crystal structure and space group R3c.
The primitive unit cell of the corundum crystal is rhombohedral.
However, in the present context, it is more convenient to describe
it by the hexagonal non-primitive unit cell, which contains 30
atoms. Each Al or Fe atom in this crystal is coordinated to six O
atoms and each O atom to four Al or Fe atoms. For the SiO2, we
have selected the a-crystal structure, which has a hexagonal
primitive unit cell with 9 atoms and space group P321. In a-quartz,
each Si atom is bound to four O atoms in a Si–O4 tetrahedral
coordination, while each O atom is bound to two Si atoms which
link the tetrahedrons in a continuous network.
The MD calculations were carried out in a simulation box with
three-dimensional (3D) periodic boundary conditions. The surface
(0001) was emulated by adding vacuum gaps in z-direction above
and below the substrate. The substrate slab was separated from its
nearest periodic image by a vacuum gap of 20 Å to avoid selfinteraction. The simulation box was symmetrical in the directionxy plane as depositing molecules were placed both above and
below the substrate to prevent the generation of instantaneous
dipole moment. The 3D periodicity was required for the calculation of the Coulomb potential through the Ewald summation
technique [72], which is computationally efﬁcient and unconditionally convergent. The dimensions of the simulated box were
obtained by scaling the corresponding unit cell so that the length
in each direction is at least two times greater than the cutoff
radius for the long-range interactions, which is set to 9 Å in the
present study. The initial substrates consist of 5000–6000 atoms
and the dimensions are in the order (40  40  30) Å. All substrate
atoms are allowed to move.
The initial (x,y,z) coordinates of each molecule (TiO2 or ZnO) to
be deposited were randomly sampled at a distance between 8 and
11 Å above the (0 0 0 1) substrate surface. The initial velocity of the
molecules was calculated for an energy of 0.066 or 0.075 eV,
which corresponds to the substrate temperature of 770 K (in case
of deposition on the Si2O substrate) or 870 K (in cases of
deposition on the Al2O3 and Fe2O3 substrates), with a direction
perpendicular to the surface of the substrate. The initial bond
length and O–Ti–O bond angle were set to 3.8 Å and 117.91
according to the study of the ground-state geometry of TiO2
molecules [73]. The initial bond length in the ZnO molecule was
set to 1.98 Å based on the Zn–O bond length in the ZnO crystal.
The time step was chosen to be variable and is calculated in the
model in the order of 1–2 fs. The variable time-step algorithm was
used to shorten the time to solution of the simulations and to
ensure satisfactory numerical stability of the integration algorithms. This is necessary when the dynamics of the system
changes its pace considerably, usually due to the nature of the
virtual experiment. A ﬁxed time stepping can make the simulation
(i) numerically unstable when the time step is too big and (ii)
computationally too expensive if the time step is too short. The
variable time-step algorithm adjusts the time-step value so that
the integration is in the most favourable regime: the shortest time
to obtain a solution without compromised numerical accuracy
[51]. For example, when the deposition of a molecule is simulated
the time step is usually shortened (approaching 0.5 fs) because the
deposited atoms move faster than the substrate atoms. Once the
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depositing molecule reaches the surface the time-step self-adjusts
to about 2 fs.
The deposition of each molecule was simulated for 15,000
time steps, i.e. 15–30 ps, with the NVE-ensemble (i.e. the number
of particles N, system volume V and total energy E are kept
constant). After the deposition the system was relaxed to constant
temperature of 770 K (in case of deposition on the Si2O substrate)
or 870 K (in cases of deposition on the Al2O3 and Fe2O3
substrates), which is the substrate temperature, for 20,000 time
steps, i.e. 40 ps, with the NVT ensemble (i.e. the number of
particles N, system volume V and temperature T are kept
constant). In each simulation in the order of 1000 TiO2 molecules
or 500 ZnO molecules were deposited on each surface so that the
ﬁlms grow to at least 3 nm and the total deposition time reaches
the order of 10–50 ns.

3. Results
3.1. Analysis of the growth of thin TiO2 ﬁlms on Fe2O3, Al2O3, and
SiO2
3.1.1. Initial stage of the TiO2 ﬁlm formation
Figs. 1 and 2 show snapshots of the initial stages of the growth
of TiO2 ﬁlms on the Fe2O3 and SiO2 substrates, respectively.
The nucleation mechanism of the TiO2 ﬁlm on the Al2O3 substrate
was found to be similar to the case of the Fe2O3 substrate
presented in Fig. 1 and therefore is not shown here. During the
formation of the ﬁrst monolayer, the deposition of TiO2 molecules
(Figs. 1(a) and 2(a)) resembled a non-dissociative adsorption (the
molecules did not dissociate when deposited on the substrate).
The Ti ion bound preferentially with the O ions of the crystal,
while the O ion of the TiO2 molecules bound with the Fe (Al, Si)
ions of the lattice. When the ﬁrst TiO2 molecules were adsorbed
on the SiO2 substrate, and a new TiO2 molecule impinged onto a
place where adsorbate atoms were already present in the
neighborhood, the new TiO2 molecule tended to bind through
the Ti–O bonds with another TiO2 molecule, rather than to the
substrate atoms, which is the preferred binding mechanism for
the Fe2O3 and Al2O3 substrates. In Figs. 1(b) and 2(b) one can see
that at the early stage of the ﬁlm formation, regions of quasiordered arrangement of Ti and O atoms were present. It was also
observed that some Ti ions bound to the substrate O ions, which
had already migrated to the ﬁlm as a result of the surface
reconstruction.
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3.1.2. Further growth of thin TiO2 ﬁlms
Fig. 3 (a)–(c) present snapshots of the deposited TiO2 ﬁlms on
the Fe2O3, Al2O3, and SiO2 substrates, respectively. It was observed
that the TiO2 ﬁlm grew on the three substrates by islands and its
structure was a mixture of amorphous and polycrystalline phases.
The calculated Ti–O and O–O radial distribution functions
(RDFs) of the TiO2 ﬁlms deposited on the Fe2O3, Al2O3 and SiO2
substrates are plotted in Fig. 4(a) and (b), respectively. The
corresponding RDFs in the TiO2 crystalline rutile and anatase
phases are also shown. Comparison of the RDFs in the ﬁlms to the
corresponding ones in the crystalline phases makes it difﬁcult to
conclude which crystalline phase was observed in the ﬁlms due to
signiﬁcant presence of amorphous structure in the ﬁlms. In
addition, the crystalline regions are not large enough to be
distinguished from the amorphous regions to be analyzed
separately. Moreover, the randomly orientated small crystals
result in a RDF close to the RDF describing an amorphous
structure, for which the proﬁle typically consists of one peak at
the bond length between the two atoms and further it has values
close to 1. Therefore, the angular distribution function (ADF) of the
O–Ti–O bond angle was also calculated. Both RDFs and ADFs were
calculated at the end of the simulation when the snapshots were
taken. The ADFs of the three investigated ﬁlms are presented in
Fig. 5 and compared with the O–Ti–O ADFs in the rutile and
anatase crystalline phases. The ADF of the TiO2 ﬁlm deposited on
the Al2O3 substrate shows a broad maximum which covers the
broad maximum in rutile at 901 and a second maximum at 1651,
which is close to the second maximum in the rutile crystal at 1751
Hence, the crystalline regions that are observed in the TiO2 ﬁlm
deposited on the Al2O3 (see Fig. 3(b)) can probably be described as
rutile. The ADF of the TiO2 ﬁlm deposited on the Fe2O3 substrate
shows one broad maximum that covers the maximum in rutile at
901 while the maximum in the ADF of the ﬁlm deposited on SiO2
is moved to 1001 where a broad maximum in anatase is found.
Therefore, the ﬁlms deposited on the Al2O3 and Fe2O3 substrate
have a structure, which could be described as randomly oriented
rutile crystals embedded in the amorphous structure, while the
ﬁlm deposited on the SiO2 substrate is more amorphous like.
The calculated coordination number of the Ti atom in the ﬁlms
supports this conclusion. The Ti coordination number was deﬁned
when the O–Ti–O ADF was calculated, more speciﬁcally by
counting the number of the nearest neighbor O atoms at a
distance where the ﬁrst maximum in the Ti–O RDF was found, i.e.
1.7–2.2 Å. If the ﬁlm has a crystalline structure then the
coordination number is close to the coordination number

Fig. 1. Formation of the ﬁrst monolayer (a) and further growth (b) of a TiO2 ﬁlm on a Fe2O3 (hematite) substrate. The color scheme is shown in the ﬁgure. In all presented
ﬁgures the color scheme of the axes is as follows: x-axis is red, y-axis is green and z-axis is blue. (For interpretation of the references to colour in this ﬁgure legend, the
reader is referred to the web version of this article.)
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Fig. 2. Formation of the ﬁrst monolayer (a) and further growth (b) of a TiO2 ﬁlm on a SiO2 (a-quartz) substrate. The color scheme is shown in the ﬁgure. (For interpretation
of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

Fig. 3. Axial views (along the z-axis) of the TiO2 ﬁlm growth on the Fe2O3 (a), Al2O3 (b) and SiO2 (c) substrates. The color scheme is shown in the ﬁgure. (For interpretation
of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

calculated in a perfect crystal. If the ﬁlm has an amorphous
structure, the coordination number will decrease based on the
simple reasoning for close packing in the crystal. The coordination
number of Ti in perfect rutile and anatase structures is 6, while
the coordination number of Ti in the ﬁlms deposited on the Fe2O3,
Al2O3 and SiO2 substrates are calculated to be 5.1, 5.4 and 4.4,
respectively.
Experimentally, it was found that TiO2 ﬁlms growing on steel
by MOCVD at atmospheric pressure and temperature in the range
500–700 1C had a polycrystalline structure, which was a mixture
of anatase and rutile phases [35] whereas on alumina only rutile
phase was observed [32]. XRD measurements found that
randomly oriented polycrystalline anatase structures were observed in TiO2 ﬁlms deposited on quartz by CVD [36].

3.2. Analysis of the growth of ZnO ﬁlms on Fe2O3, Al2O3 and SiO2
3.2.1. Initial stage of the ZnO ﬁlm formation
Figs. 6 and 7 present snapshots of the initial stages of the
growth of ZnO ﬁlms on the Fe2O3 and SiO2 substrates,
respectively. The nucleation mechanism of the ZnO ﬁlm on the
Al2O3 substrate was similar to that on the Fe2O3 substrate
presented in Fig. 6 and, therefore, is not shown here. Similar to
the case of TiO2 ﬁlm formation, when ZnO molecules were

deposited on the Fe2O3, Al2O3, or SiO2 substrates, the ZnO
molecules did not dissociate immediately either. During the
formation of the ﬁrst monolayer, the O ion of the ZnO adsorbate
bounds to the cation of the crystal whereas the Zn bound to the O
ions of the substrate. In the vicinity of both types of molecules
(substrate and adsorbate) the next impacting ZnO molecules
tended to bind to the already deposited ZnO forming some chains
of successively bonded ZnO molecules. It is worth noticing that
already during the formation of the ﬁrst monolayer of ZnO on the
Fe2O3 (and Al2O3) substrate, the O and Zn ions tended to lie
parallel to each other and to the Fe and O ions of the substrate,
which was not observed in the growth mechanism on the SiO2
substrate (compare Figs. 6(b) and 7(b)).

3.2.2. Further growth of the thin ZnO ﬁlm
Snapshots of the simulated ZnO ﬁlms on the Fe2O3, Al2O3 and
SiO2, substrates, are shown in Fig. 8(a–c), respectively. During the
formation of the next monolayers, following the ﬁrst monolayer in
the ﬁlms deposited on the Fe2O3 and Al2O3 substrates, the
alignment of Zn and O atoms was observed almost over
the entire layer (Figs. 8(a) and (b)), while in the ﬁlm deposited
on the SiO2 substrate only small regions of ordered structure were
observed (Fig. 8(c)). The pattern of the ZnO ﬁlm growth on the
Fe2O3, Al2O3 and SiO2 substrates differed from the one obtained
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Fig. 5. Calculated O–Ti–O bond ADFs of the deposited TiO2 ﬁlms on the Fe2O3,
Al2O3 and SiO2 substrates. The corresponding ADFs in relaxed TiO2 rutile and
anatase crystals are also shown for comparison.
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Fig. 4. Calculated Ti–O (a) and O–O (b) RDFs of the deposited TiO2 ﬁlms on the
Fe2O3, Al2O3 and SiO2 substrates. The corresponding RDFs of relaxed TiO2 rutile
and anatase crystals are also shown for comparison.

for the TiO2 ﬁlm. In general, the deposition of ZnO molecules
produced a better coverage for the three substrates, as well as a
more uniform mass distribution and a higher average density,
compared to that of the TiO2 molecules on the same substrates
and at the same simulation parameters. The ZnO ﬁlms deposited
on the Fe2O3 and Al2O3 substrates showed an epitaxial growth
with good crystallinity (Figs. 8(a) and (b)). Epitaxial growth of thin
ZnO ﬁlms growing on Al2O3 substrates at atmospheric pressure by
MOCVD has also been reported by several authors for similar
conditions [37,38]. The simulated ﬁlm grew with the main
crystallographic c-axis parallel to the (0 0 0 1) Al2O3 substrate,
which was also observed by the ﬁlms deposited by MOCVD at

temperature of 773 K [39,40]. The prevalence of c-axis oriented
ZnO ﬁlms has also been observed by other deposition techniques
[41–43].
In the case of ZnO deposition on SiO2 (see Fig. 8(c)), the ﬁlm
showed crystalline regions, but it was not a monocrystalline
structure as in the case of ZnO ﬁlms on the Fe2O3 and Al2O3
substrates (compare with Figs. 8(a) and (b)). The corresponding
Zn–O and O–O RDFs are presented in Fig. 9(a) and (b) and are
compared with the Zn–O and O–O RDFs calculated in the perfect
ZnO crystal. The interatomic distances between the Zn–O and O–O
atoms of the ZnO ﬁlms are similar for the three substrates as seen
from the RDF’s. The O–Zn–O bond ADFs was also calculated.
Fig. 10 compares the O–Zn–O ADFs in the three deposited ﬁlms
with the ADF in a relaxed ZnO crystal and reasonable agreement is
observed. The ADFs of the three ﬁlms show a broad maximum at
1151, which is very close to the broad maxima at 1101 in the ZnO
relaxed crystal structure. The second maximum observed in the
ADF of the ﬁlm deposited on the Al2O3 substrates at 901 could be
due to the atoms occupying the sites in the ﬁlm-substrate
interface and/or the sites in the free surface.
The comparison of the calculated coordination number of Zn in
the ZnO ﬁlms deposited on the Fe2O3, Al2O3 and SiO2 substrates
(3.6, 3.6 and 3.2, respectively) with the coordination number of Zn
in the ZnO perfect crystal (i.e. 4) also conﬁrms that the crystallinity in the ﬁlm deposited on the SiO2 substrate is lower. The Zn
coordination number was deﬁned when the O–Zn–O ADF was
calculated, more speciﬁcally by counting the number of the
nearest neighbor O atoms at a distance where the ﬁrst maximum
in the Zn–O RDF was found, i.e. 1.5–2.5 Å.

4. Discussion
The simulated growth of TiO2 or ZnO ﬁlms on the Fe2O3 and
Al2O3 substrates developed in a similar manner on both substrates
as the TiO2 ﬁlms grew as an amorphous structure combined with
polycrystals whereas the ZnO ﬁlm grew more as a monocrystal.
The similarity of growth behaviour on the two substrates could be
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Fig. 6. Formation of the ﬁrst monolayer (a) and further growth (b) of a ZnO ﬁlm on a Fe2O3 (hematite) substrate. The color scheme is shown in the ﬁgure. (For
interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

Fig. 7. Formation of the ﬁrst monolayer (a) and further growth (b) of a ZnO ﬁlm on a SiO2 (a-quartz) substrate. The color scheme is shown in the Figure.

Fig. 8. Axial views (along the z-axis) of the ZnO ﬁlm growing on the Fe2O3 (a), Al2O3 (b) and SiO2 (c) substrates. The color scheme is shown in the ﬁgure. (For
interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

due to both crystals having the same structure (corundum),
similar cohesive energies and constituent cations and anions with
the same formal charges.
There are a few arguments to reason why the ZnO ﬁlms would
grow as a monocrystal on the Fe2O3 and Al2O3 substrates while
the TiO2 would form polycrystal ﬁlms. First, ZnO (zincite), Al2O3
(a-alumina) and Fe2O3 (hematite) crystals have hexagonal unit
cells, which facilitate the epitaxial growth, while TiO2 rutile and
TiO2 anatase have tetragonal unit cells. Second, Zn behaves, in
some ways, as an alkali metal although it belongs to the d-block
metals while Ti is a transition metal (see above), and it is known
that alkali metals generally give rise to ﬁlms with good crystallinity [1]. Finally, it is known that a good deposition on the surface
occurs, when the interaction energy between the depositing

atoms is weaker than the interaction energy between them and
the atoms of the substrate surface. The main contribution to the
total conﬁgurational energy, in the case of an ionic system, is due
to the Coulomb potential energy. Indeed, the short-range potential
energy represents on average, around 10% of the total conﬁgurational energy of the system. The Ti–O and Zn–O Coulomb,
Buckingham, and total (Coulomb+Buckingham) potential energy,
calculated with the potential parameters used in the present
simulation, is shown as a function of the distance between the
ions in Fig. 11. It is observed that at a distance of 1.9–2.0 Å, which
corresponds to the bond lengths in Ti–O and Zn–O in the ﬁlms and
corresponding crystals the Coulomb part of the total potential
energy is dominant (see Fig. 11(b)). Hence, one explanation for the
better coverage of ZnO ﬁlms compared to TiO2 ﬁlms can be based
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Fig. 9. Calculated Ti–O (a) and O–O (b) RDFs of the deposited ZnO ﬁlms on the
Fe2O3, Al2O3, and SiO2 substrates compared with the corresponding RDFs of a
relaxed ZnO (zincite) crystal.
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Fig. 10. Calculated O–Zn–O bond ADFs of the deposited ZnO ﬁlms on the Fe2O3,
Al2O3 and SiO2 substrates. The corresponding ADF in a relaxed ZnO crystal is
shown for comparison.

Fig. 11. Ti–O and Zn–O Coulomb, Buckingham and total (Coulomb+Buckingham)
potential energy V(eV) as a function of distance between the ions r(Å) (a). The plot
presented in (b) is a zoomed view of the plot presented in (a) for distances r
between 1.5 and 2.5 Å.

on the difference of electric charges of Zn and Ti ions (Zn2+
interacting with O2 compared to Ti4+ interacting with O2) which
suggests a weaker interaction energy between Zn–O than
between Ti–O.
Both TiO2 and ZnO ﬁlms deposited on the SiO2 substrate
exhibit a more amorphous-like structure. We think that one
possible reason is the change in the structure of the upper layers
of the SiO2 substrate (see Figs. 3(c) and 8(c)). It seems that
amorphization of the substrate surface affects the growing ﬁlm.
As it is explained in Section 2, SiO2 has a well-deﬁned local
structure by forming a Si–O4 tetrahedron. The O atom is bound to
two Si atoms and in this way linking the tetrahedrons. This
‘‘bridge’’ bond between two Si atoms is ﬂexible, i.e. the Si–O4
tetrahedrons can be linked at widely varying angles, which results
in SiO2 having many different possible crystalline structures, and
can very easily form amorphous materials. The most stable
crystalline form under normal conditions is a-quartz [74]. We
suppose that the deposited molecules can break the long-range
order in the SiO2 a-quartz and therefore the surface layers form an
amorphous structure. In turn, this amorphous structure affects
the structure of deposited ﬁlm.
Finally, it is worth mentioning that although the MD simulations can provide a valuable insight into the ﬁlm growth process,
as it is shown above, the simulated time with MD is limited to
nanoseconds or less. The reason is the time step, which has to be
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small enough to resolve the atomic vibrations, i.e. in the order of
femtoseconds. In the present study, the ﬁlms have grown at least
to 3 nm for 10–50 ns and therefore, deposition rate in the
simulation is in the order of 109–1010 nm/min while typical
experimental deposition rate is in the order of 1–102 nm/min [35].
Hence, the simulated deposition rates are several orders of
magnitude higher than the experimental deposition rates.
Thermally activated processes with low rates are excluded in
the MD simulations. Therefore, other methods should be employed to extend the simulation time scale and, in this way,
phenomena such as terrace diffusion and interlayer transport to
be considered. Recently, several accelerated dynamics methods
were proposed [75]. As a further improvement of our study we
will consider coupling one of the accelerated dynamics methods
with MD to achieve simulation deposition rates in the order of the
experimental deposition rates.

5. Conclusions
The present work investigates the nucleation and growth of
TiO2 and ZnO thin ﬁlms on three different substrates (Fe2O3, Al2O3
and SiO2) by a MD simulation. The results can be summarized as
follows:
In the six systems studied here, the formation of a strong
interface region between the substrate and the ﬁlm was observed;
therefore, a good adhesion of the TiO2 and ZnO ﬁlms to the
substrate can be expected.
The TiO2 ﬁlms on the three investigated substrates grew by
islands. The ﬁlms deposited on the Al2O3 and Fe2O3 substrate have
a structure that is a mixture of amorphous and rutile phases,
while the ﬁlm deposited on the SiO2 substrate has mainly an
amorphous structure. The structure of the ﬁlm deposited on the
Al2O3 substrate is in good agreement with experimental observations from literature.
The ZnO ﬁlms deposited on the Fe2O3 and Al2O3 substrates
exhibited a monocrystalline structure, which correlates well to
the structures of experimentally deposited ﬁlms on an Al2O3
substrate. The ZnO ﬁlm deposited on the SiO2 substrate, on the
other hand, showed a less crystalline structure.
Our results are in reasonable qualitative agreement with
experimental observations found in literature, which conﬁrms
that such simulations can provide a realistic picture of the ﬁlm
growth, and can be used for a better understanding of the
underlying mechanisms.
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