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Study of Atmospheric MOCVD of TiO2 Thin Films by Means of
Computational Fluid Dynamics Simulations**
By Neyda Baguer,* Erik Neyts, Sake Van Gils, and Annemie Bogaerts
This paper presents the computational study of the metal-organic (MO) CVD of titanium dioxide (TiO2) films grown using
titanium tetraisopropoxide (TTIP) as a precursor and nitrogen as a carrier gas. The TiO2 films are deposited under atmospheric
pressure. The effects of the precursor concentration, the substrate temperature, and the hydrolysis reaction on the deposition
process are investigated. It is found that hydrolysis of the TTIP decreases the onset temperature of the gas-phase thermal
decomposition, and that the deposition rate increases with the precursor concentration and with the decrease of substrate
temperature. Concerning the mechanism responsible for the film growth, the model shows that at the lowest precursor
concentration, the direct adsorption of the precursor is dominant, while at higher precursor concentrations, the monomer
deposition becomes more important.
Keywords: Atmospheric pressure, MOCVD, Simulation, TiO2 films, TTIP

1. Introduction
Titanium dioxide (TiO2) films are widely used in
industrial applications due to their optical, chemical, and
electrical properties. 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 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 have also found applications
in the production of solar cells,[5] as well as in catalysis and
photocatalysis[6] as, for example, in the destruction of
organic materials.[7,8]
TiO2 films can be prepared by various techniques, e.g.,
sputtering,[9] evaporation,[10] atomic layer deposition,[11]
and CVD.[7,8,12–14] Among these, MOCVD[15–17] is a low
cost technique, which allows controlling the microstructure
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and the stoichiometry of the films, while permitting large
areas to be treated.
MOCVD can be operated in a wide range of pressure,
temperature, and precursor concentrations. However, the
combination of these parameters determines the quality of
the film and therefore it is useful to predict under which
conditions the most desirable deposition can be achieved.
This can be accomplished with the help of computer
simulations.
In the present work, the influence of the precursor
concentration and substrate temperature on the deposition
and growth of TiO2 films resulting from atmospheric
MOCVD of titanium tetraisopropoxide, Ti(OC3H7)4
(TTIP), is investigated. Moreover, the influence of the
hydrolysis reaction on the onset temperature of the gasphase thermal decomposition is studied by means of
computational fluid dynamics (CFD) simulations, using a
commercially available code, ‘‘FLUENT’’.[18] Experimental
studies on atmospheric MOCVD for depositing TiO2 films
from TTIP using (horizontal) hot-wall reactors have been
reported in the literature.[15,17] In other work, a cold-wall
reactor, operating under conditions very similar to the
present study, was investigated.[19] Concerning theoretical
investigations, most of the MOCVD processes have been
modeled at low pressure. For example, the sintering of TiO2
particles on hot-wall reactors has been modeled,[20] while
TiO2 film deposition on a cold-wall reactor has also been
dealt with.[21,22] In a previous study,[23] we have simulated
atmospheric MOCVD, and the effect of substrate temperature on the deposition rate was investigated under a fixed
precursor partial pressure. In the present paper special
attention is paid to the role of the substrate temperature,
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Fig. 1. Geometry of the CVD reactor and its schematic representation.

precursor concentration, and TTIP hydrolysis reaction on
the deposition process.

2. Description of the Model
The simulations were carried out for a cold-wall, plugdown vertical reactor (see Fig. 1 below). The gas mixture
was assumed to be uniform. The flow was considered
laminar and since the film growth rate was slow compared to
the flow velocity, a steady state was assumed as well. The
homogeneous and heterogeneous reactions considered in
the model were the same as in the literature, [23] i.e., thermal
decomposition,[24] hydrolysis,[20] and surface deposition[25]
of TTIP vapor, as well as the surface deposition[13,23] of TiO2
monomers. These reactions are listed in Table 1. The
reaction rate constants were calculated through the
Arrhenius expression, and the corresponding activation
energies and pre-exponential factors are tabulated as well.
Note that there were two volumetric and two surface
reactions. These reactions were considered to occur only in
the right direction, i.e., they were far from equilibrium,
because CVD reactors can not operate at equilibrium, as
they continuously produce a net change of reactant to
product.
The transport and chemistry present in the CVD
processes were simulated by solving the conservation
equations for the mass, momentum, energy, and chemical
species. The differential equations were discretized using

the finite volume method.[26] The obtained system of
algebraic equations was solved iteratively and semiimplicitly using the pressure-based segregated solver in
which the governing equations were solved sequentially,
(i.e., ‘‘segregated’’ from one another) in each time iteration.
In this solution method, the pressure equation was derived
from the continuity and momentum equations in such a way
that the velocity, corrected by the pressure, satisfied the
continuity equation, i.e., following the projection
method.[27] For this pressure-velocity coupling the Simple
method[28] was selected, and the second order upwind
Scheme [29] was used to interpolate the variables on the
surface of the control volume. Together with the pressurebased segregated solver, the so-called ‘‘stiff chemistry’’
solution procedure[30] was used, which allows solving the
chemistry and the transport equations decoupled in time.
This was necessary because the hydrolysis reaction had a
very high reaction rate, and hence its reaction time scale was
much faster than the convection and diffusion time scale,
which makes the solution of the transport equations
numerically difficult.
Due to the axial symmetry of the reactor, the fundamental
equations of the fluid dynamics were solved in twodimensions in a mesh system of 5939 node points, in which
the size of the grids was refined in the region close to the
substrate. Indeed, a larger gradient in temperature and
species concentration was expected in this region. In order
to solve the system of equations in the computational
domain the following boundary conditions were assumed for
the reactor walls and the gas flow. A constant temperature at
all the reactor walls and the substrate was assumed.
Moreover, for the flow, the velocity, the temperature, and
the chemical species mass fractions were defined at the
reactor inlet, while at the outlet, an overall mass balance
correction and zero diffusion flux in the direction normal to
the exit plane were assumed for all the flow variables. The
set of thermochemistry data used in the calculations for all
the chemical species and the gas mixture is provided in the
Appendix. A schematic diagram of the simulated reactor is
shown in Figure 1.

3. Results and Discussion
The simulation results presented here correspond to the
MOCVD of titanium dioxide films grown using TTIP as a
source precursor, and nitrogen as a carrier gas. The TiO2

Table 1. Chemical reactions considered in the model, as well as the activation energy and pre-exponential factors used to calculate their rate constants.

1
2
3
4
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Reactions

Classification

Activation energy [kJ mol1]

Pre-exponential factor [s1]

Ti(OC3H7)4 ! TiO2(g) þ 4C3H6 þ 2H2O
Ti(OC3H7)4 þ 2H2O ! TiO2(g) þ 4C3H7OH
Ti(OC3H7)4 ! TiO2(c) þ 4C3H6 þ 2H2O
TiO2(g) ! TiO2(c)

volumetric
volumetric
surface
surface

70.5
8.43
126.01
126.01

3.96  105
3.0  1015
1.0  109
1.0  109
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films were deposited under atmospheric pressure. The inlet
gas (nitrogen þ TTIP) temperature was set to 408 K, and its
velocity to 0.368 m s1. The mole fraction of TTIP was varied
between 103 and 105. The reactor walls were considered
temperature controlled, and a constant temperature of
408 K, which corresponds to the assumed inlet gas
temperature, was assumed for the axial walls. For each
value of the TTIP concentration, the substrate temperature
was varied from 773 K to 973 K, which are typical conditions
for the MOCVD of TiO2 films using TTIP as the precursor.
This arrangement allows the study of the effect of the
precursor concentration and substrate temperature in the
deposition process.

3.1. Analysis of the Gas Flow Profile
Figure 2a shows the gas velocity profile throughout the
reactor. In the radial direction, the velocity reached its
maximum at the axis and decreased toward the walls due to
the viscous drag, i.e., a typical parabolic pattern, characteristic of laminar flows. In the axial direction the velocity
increased upward until a layer was reached, close to the
substrate, where the axial velocity became almost zero, i.e.,
until the velocity boundary layer.
In axisymmetric reactors, the concentration boundary
layer can be taken equal to the velocity boundary layer,
since this is where the flow stream begins to stagnate.[31]
Hence from this distance it can be considered that the
transport of reactants to the surface is no longer by
convection, but by diffusion through a relatively stagnant
boundary layer of gas. In the present reactor, we can
consider that the transition from convective to diffusive
transport occurred at a distance of around 1 mm from the
substrate surface, as can be observed from the axial velocity

Fig. 2. a) Profile of the velocity vector colored by the speed magnitude,
b) contour plot of the axial velocity, at 973 K and a TTIP mole fraction of
7.5  104.

Chem. Vap. Deposition 2008, 14, 339–346

profile shown in Figure 2b. The fact that the stagnant
boundary layer was close to the substrate favored the
uniformity of the film as the monomers had less time
(volume) to nucleate and form particles in the gas phase
before being carried away by the gas flow.

3.2. Temperature and Homogeneous Reaction Rates
The gas temperature throughout the reactor stayed
constant at its inlet value (408 K) except at the region very
close to the substrate, where a steep temperature gradient
was present (see Fig. 3a).
Hence the occurrence of precursor decomposition was
limited to that region (see Fig. 3b), as in the gas phase the
depletion of TTIP was due to its thermal decomposition and
hydrolysis reactions. By comparing the zoomed-in view
contour lines of the temperature (Fig. 3c) and thermal
decomposition rate (Fig. 3d), the onset temperature for this

Fig. 3. Profiles of a) the temperature and b) thermal decomposition rate, and
c), d) the corresponding detailed views, at a substrate temperature of 773 K
and a TTIP mole fraction of 7.5  104. Note that the contour line corresponding to 408 K, (i.e., the temperature of the gas at the inlet), is found at
z ¼ 4.95 cm, i.e., at a distance from the substrate surface of 2.5 mm.
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process was estimated to be around 415 K. However this
temperature does not necessarily indicate the onset
temperature for the film growth as the surface reactions
in Table 1 have higher activation energy, so they will
probably only occur at higher temperature. In our previous
work, the onset temperature for the film growth was
estimated to be around 550 K.[23] In the literature it has been
reported that the onset temperature for the film growth
depends on whether or not TiO2 has been previously
deposited;[11,32] for example Komiyama[33] observed that the
onset temperature for the surface decomposition of TTIP
was around 523 K, in reactors where TiO2 has been
deposited earlier, and 643 K in reactors that were clean.
In previously reported work, based on IR measurements,
precursor depletion near the substrate surface was observed
and the gas-phase dissociation of TTIP was suggested to be a
possible reason.[3] In order to check this assumption,
additional simulations were carried out in which only the
volumetric reactions were included. When comparing both
calculations, it was concluded that the gas-phase reactions
were slightly more important for the depletion of TTIP in
the reactor at high substrate temperature, (i.e., around 55%
for a substrate temperature of 973 K) but with decreasing the
substrate temperature, the heterogeneous reactions became
more important, and at 773 K they accounted for around
70% of the calculated TTIP depletion close to the substrate.
These results are almost independent of the TTIP
concentration at the reactor inlet at the range of TTIP
concentrations investigated here.
The thermal decomposition of TTIP (reaction R1) gave
rise to the production of water and TiO2 monomers. As soon
as water was present in the reactor, due to its oxidation effect
on TTIP, hydrolysis occurred almost instantaneously
(reaction R2), increasing even more the TiO2 monomer
population. The hydrolysis reaction of TTIP became
predominant over the gas thermal decomposition under
all conditions investigated, especially at higher precursor
concentration (see Fig. 4). Hence close to the substrate

Fig. 5. Profiles of the a) TTIP and b) TiO2 monomer concentrations at a TTIP
mole fraction at the inlet of 105 and at a substrate temperature of 773 K.

surface, a steep mass density gradient was present, as can be
seen from the TTIP and TiO2 monomer mole fraction
profiles presented in Fig. 5.
Throughout almost the entire reactor volume, the TTIP
concentration stayed at the inlet mole fraction, which for the
present case was equal to 105, and consequently there was
not any production of monomers. At a distance of around
1mm from the substrate surface, the precursor concentration
began to decrease, reaching a minimum of 5.7  107 just in
front of the substrate (see Fig. 5a) while the monomer mole
fraction increased from zero to its maximum value of
1.05  108 (see Fig. 5b). This meant that at this condition,
i.e., at the lower precursor concentration and substrate
temperature, the mole fraction of TiO2 in the gas
represented only 0.1% of the mole fraction of TTIP which
had been depleted in the reactor. On increasing the
temperature and inlet precursor concentration this percentage increased, and at a TTIP inlet concentration of
7.5  104 and 973 K, the mole fraction of TiO2 monomers
in the gas flow represented 65% of the mole fraction of
depleted TTIP. Hence the rest of the TiO2 could either be
deposited on the substrate or swept out from the reactor. A
clarification for this can be found by investigating the
mechanisms responsible for the surface deposition.

3.3. Surface Deposition

Fig. 4. Homogeneous reaction rates as a function of substrate temperature
and for different TTIP mole fractions. The thermal decomposition (R1) and
hydrolysis (R2) rates are represented by the dashes and solid lines, respectively.
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The deposition profile for all the conditions was found to
be uniform as a function of the radial position, as is clear
from Figure 6, except at the end of the substrate, which was
an end-effect due to the reactor geometry (see Fig. 1).
The uniformity of the substrate deposition could be
inferred from the temperature profile, where a gradient was
only present very close to the substrate (i.e., 2.5 mm above
the surface) and the contour lines of constant temperature
were almost parallel to it (see Figs. 3a and 3c).
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Fig. 6. Surface deposition rate as a function of radial position, for various
substrate temperatures and precursor concentrations.

The importance of the different surface deposition
mechanisms can be deduced from the ratio of the surface
deposition rates, presented in Figure 7. It was found that at
105 mole fraction of the precursor, the direct adsorption of
TTIP was almost completely responsible for the film growth
(99% at 773 K to 95% at 973 K). At 7.5  104 mole fraction
of TTIP, direct adsorption of TiO2 monomers represented
54% of the total surface deposition rate at 773 K, increasing
to 83% at 973 K.
We have found that, at low precursor concentration, the
mole fraction of TiO2 represented a maximum of 1% of
the amount of TTIP depleted in the gas phase and the
deposition was mainly by direct adsorption of the TTIP. This
suggests that at low inlet precursor concentration, most of
the TiO2 monomers were swept away from the reactor,
while with increasing concentration, a higher fraction of
monomers could reach the substrate. This means that for all
the conditions investigated here, the mass transfer to the
substrate was the slowest step in the deposition, i.e., the
reactor was working in a diffusion-limited regime. In a

Fig. 7. Surface reaction rates as a function of substrate temperature and for
various TTIP mole fractions. The rates of direct adsorption of TTIP and TiO2
(i.e., R3 and R4) are represented by the dashed and solid lines, respectively.
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previous work,[23] it was found that at a TTIP inlet
concentration of 0.1% the transition from kinetic to
diffusive regime occurred at substrate temperature of
723 K. In other work,[19] where a cold-wall reactor operating
under similar conditions as in the current work was studied,
it was found that the onset of the homogeneous decomposition of TTIP, and hence the switch from kinetic to
diffusive regime, occurred at higher temperatures, in the
range 873 - 923 K, for a precursor mole fraction of 3.8  105
to 4.5  104. However, when water was added at the inlet,
in the same proportion as the precursor, the onset
temperature for the TTIP gas phase decomposition
decreased to 723 K. A reason for the quantitative disagreement between those experimental data and our calculated
results can be an overestimation of the depletion of TTIP
due to the hydrolysis reaction. The activation energy and
pre-exponential factor for the hydrolysis reaction of TTIP
available in the literature,[20] were determined at 673 K and
based on rather high initial water to TTIP ratios (ten times
or higher). In the present simulation the water was obtained
only as a by-product of the TTIP thermal decomposition,
and the rate coefficients depended on the experimental
conditions under which they were determined.[34]
3.3.1. Influence of the Temperature and Precursor
Concentration
The TiO2 net deposition rate increased with the rise of
precursor concentration and decreased with the increase of
substrate temperature (see Fig. 6) under all conditions
investigated here.
The rising trend with precursor concentration is logical.
The decreasing trend with increasing substrate temperature
is a bit unexpected, but can be explained, based on the
thickness of the boundary layer (D) and its dependence on
the Reynolds number (Re).[35] Indeed, D was inversely
proportional to the square root of Re. Re decreased with
increasing temperature
(T) at constant fluid mass density,
pﬃﬃﬃﬃﬃﬃ
i.e., D / 1= Re / T. Indeed, a high temperature corresponded to a low Re and hence to a larger boundary layer.
Therefore, the molecules responsible for the film growth,
i.e., TTIP and TiO2, could be swept by the radial flow early in
space before they could reach the substrate by diffusion. On
the other hand, at low substrate temperature, Re increased,
and the layer became thinner. Consequently, the film growth
molecules had to diffuse over a shorter distance to reach the
substrate, and they could more easily contribute to the film
growth.
Experimentally, a drop in the deposition rate with the rise
of the temperature, in the temperature range where no
particles are formed yet, has also been observed for low
pressure MOCVD in several works,[3,13,36] and it was
suggested that the deposition rate began to decrease with
the temperature as soon as the gas-phase dissociation of
TTIP had started. Besides the effect of temperature, the
effect of the inlet TTIP concentration on the growth rate has
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Fig. 8. Comparison of the deposition rates as a function of temperature and
for different TTIP mole fractions, with (solid lines) and without (dashed lines)
considering hydrolysis.

also been investigated,[13] and it was found that the growth
rate increased with precursor concentration. Our calculated
growth rates as a function of precursor concentration (see
Fig. 6) are in very good agreement with the experimental
rates previously reported,[17] which varied from 0.01 mm
min1 at 3.8  105 to 200 mm min1 at 4.5  104 mole
fraction of inlet precursor concentration. However as
mentioned before, our calculations predicted that the
deposition rate decreased in the temperature range
investigated here, i.e., from 773 K to 973 K, while it was
observed that the film growth rates began to decrease at
temperatures higher than 873 K.
3.3.2. Influence of Hydrolysis
In the gas phase, the TTIP depletion was due to its thermal decomposition and hydrolysis. From
Figure 4 we can see that at low
precursor concentration, the hydrolysis and thermal decomposition
rates are in the same order of
magnitude, but as the concentration
of TTIP increased, the hydrolysis
became four orders of magnitude
faster than the thermal decomposition. Thus we expect that under
those conditions its influence is
stronger.
As appears from Figure 8, the
absolute value of the calculated
deposition rate does not change
considerably whether the hydrolysis
reaction is included or not. However, hydrolysis promotes the depletion of TTIP and it is a much faster
reaction than the thermal decomposition. Hence the hydrolysis will
increase the monomer concentra344
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Fig. 9. Comparison of the TTIP homogeneous thermal decomposition rates,
as a function of substrate temperature and for various TTIP mole fractions,
calculated with (solid lines) and without (dashed lines) considering hydrolysis.

tion, particularly at higher mole fraction of the precursor,
and consequently the surface deposition rate by monomers
will also increase.
For example as shown in Figure 9, at 105 mole fraction of
TTIP, the homogeneous thermal decomposition rate,
calculated when hydrolysis is included in the model (solid
lines), or without hydrolysis (dash lines) are similar.
Consequently, the monomer concentration and the
surface deposition rate by direct adsorption of monomers
stays almost the same. Indeed, at 973K substrate temperature, the TiO2 mole fraction increased from 9.91  108 to
1.01  107 when hydrolysis was considered, which represents a rise of only 8%. At a TTIP mole fraction of
7.5  104, the calculated thermal decomposition rate is

Fig. 10. Details of the a) temperature and b) TTIP homogeneous thermal decomposition rate profiles, at a
substrate temperature of 773 K and TTIP mole fraction of 7.5  104, when hydrolysis is not considered. Note
that the isotherm corresponding to 408 K, (i.e., the temperature of the gas at the inlet), is found at z ¼ 4.87 cm, i.e.,
at a distance from the substrate surface of 3.3 mm, and when hydrolysis was considered it was found at a distance
of 2.5 mm.
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around one order of magnitude lower than the rate
calculated without hydrolysis. For example at a substrate
temperature of 973 K, when both reactions (R1 and R2)
were included in the model, the TiO2 mole fraction
increased 63 times (i.e., from 7.9  106 to 4.4  104),
and the surface deposition by direct adsorption of monomers rises 3 times, when compared to the calculations
without hydrolysis.
In Figure 10 it can be observed that when the hydrolysis
reaction was not considered in the model, the thermal
decomposition of TTIP began to occur at z ¼ 5.05 cm, i.e., at
a distance of 1.5 mm from the substrate. This is closer to the
substrate and at a region of higher temperature, when
compared with the case in which the hydrolysis reaction is
taken in account. Indeed, by comparing the contour lines of
the thermal decomposition rate (Fig. 10b) with the
temperature profile in Figure 10a, we can estimate that
the onset temperature for this process is around 425 K, while
it was around 415 K when hydrolysis was considered (see
Fig. 3). Therefore we can conclude that when hydrolysis is
taken into account in the model, the onset temperature for
initiating the thermal decomposition of the precursor in
the gas phase decreases slightly. This result agrees well with
the experimental observation that when water is added the
depletion of TTIP begins at lower temperatures.[11,19,37] For
example it has been reported[19] that when water is added at
the reactor inlet, the reactivity of the gas mixture increases
(compared when water was not added), leading to the
deposition of the TiO2 film at lower temperatures.

4. Conclusions
The atmospheric MOCVD of thin TiO2 films using TTIP
as precursor and nitrogen as a carrier gas was simulated by
means of CFD. The influence of the substrate temperature,
precursor concentration, and occurrence of the hydrolysis
reaction on the film growth was investigated. It was found
that the temperature gradient was concentrated in the
region just in front of the substrate surface; the surface
deposition was uniform for all the conditions, whilst the net
deposition rate increased with the precursor concentration
and the decrease of the substrate temperature. At a mole
fraction of TTIP of 105, direct adsorption of TTIP was
almost completely responsible for the film growth, while for
a mole fraction of TTIP of nearly 103, the TiO2 monomer
deposition became more important. Furthermore, it was
found that the hydrolysis reaction of TTIP decreased slightly
the onset temperature of the gas-phase thermal decomposition and increased the monomer production. Our calculated
results are consistent with experimental observations
reported in the literature.

Table 2. Thermochemistry data for all the species considered in the model
(the reference temperature for all the data is 298.15 K).

1
2
3
4
5
6
7

Species

Molecular weight
[kg kmol1]

Specific heat
capacity
[J kg1 K1]

Standard state
enthalpy
[J kmol1]

Ti(OC3H7)4
C3H7OH
C3H6
H2O
TiO2(gas)
TiO2(solid)
N2

284.215
60.095
42.081
18.015
79.866
79.866
28.013

1.257[a]
1425.5[b]
1440[c]
2014[c]
691.84[b]
691.84[b]
1040.67[c]

1.5079  109[b]
2.56  108[b]
2.0441  107[c]
2.4184  108[c]
3.0543  108[b]
9.3872  108[b]
0[b]

[a]

Calculated based on the gas kinetic theory.
NIST, http://webbook.nist.gov.
[c]
Taken from the literature [18].
[b]

and the standard state enthalpy for each species considered
in the model.
Due to the small concentration of TTIP in the carrier gas,
the mass diffusivity, viscosity, and thermal conductivity of the
fluid mixture were taken as constant and equal to those of the
nitrogen gas, as proposed by Nami et al.[22] The heat capacity
for the gas mixture was calculated as the mass fraction
P
average of the pure species heat capacities (cp ¼ Yi cp ; i)
and the gas mixture density (r) was calculated based on the
ideal gas law for an incompressible gas
r¼
RT

P
PY

i=
Mwi

where R is the universal gas constant, P the pressure, Yi is
the mass fraction of each species, which was calculated in
FLUENT, through the solution of the continuity equation
for the ith species.
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