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Abstract 

This chapter introduces the complex relationships existing among the process conditions, the 

microstructure and the functional properties for metal oxide films processed by metalorganic 

chemical vapor deposition. Amorphous aluminum oxide films are considered as a model 

material due to their promising barrier properties for various applications including non-

volatile memories and to the extended investigation of the process and the material. The first 

part of the chapter considers modeling and simulation aspects of the metal-organic chemical 

vapor deposition (MOCVD) process with the aim to conformally cover non line of sight 

surfaces. The second part establishes the relationship between short range order in the films 

and their barrier properties. 
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Introduction 

The stiffness, hardness and chemical inertia of amorphous aluminum oxide (Al2O3) thin 
films, combined with their optical transmittance make them a key player in several 

applications including microelectronics, optics, catalysis, protection against corrosion and high 
temperature oxidation. In particular, it was reported that, in contrast to doped polycrystalline 
hafnium dioxide HfO2, amorphous Al2O3 films possess the advantages of often low process 
temperature and operating frequencies up to ~GHz, which enable multi-gate non-volatile 
field-effect transistor (NVFET) with nanometerscale fin pitch 1-3. Furthermore, combination of 
Al2O3 with other oxides such as HfO2 results in high-k dielectric layers that exhibit high thermal 
stability, large band gap and high barrier for oxygen diffusion 4, while the thickness of such 
films can be assessed towards improving the ferroelectric performance of the device 5. These 
advantages allow fabricating non-volatile resistive memory devices on thermally sensitive 
supports such as paper 6 or polyethylene napthalate 3. 

Overall, the number of reports on the preparation of alumina films is significant using 
either physical vapor deposition (PVD) or chemical (atomic layer deposition, ALD, chemical 



vapor deposition, CVD) techniques. A practical way to produce amorphous alumina films is 
metal-organic CVD (MOCVD),7-12 in which a controlled amount of metal-organic precursor 
carried over a surface decomposes and reacts to form a conformal condensate thin film. 

MOCVD is a potentially attractive technique for processing of such coatings, especially 
on complex-in-shape temperature sensitive substrates. It allows depositing thin films on 
heated substrates, by the transport in the reactor of gaseous reactive molecules and then the 
occurrence of gas phase and surface chemical reactions leading to the formation of the film. 
CVD processes in general are of industrial interest offering a variety of coating compositions 
and morphologies to answer severe technological specifications, such as anti-corrosion or 
catalytic conformal deposits on complex surfaces, under the form of either thin films or 
nanomaterials (particles, tubes, wires). To overcome drawbacks of thermal incompatibility 
with the substrate and risks of manipulations of corrosive effluents, MOCVD processes have 
been developed at relatively low temperature involving liquid or solid metalorganic 
precursors. Composition, nature of deposited phases, stoichiometry, crystallinity and 
microstructure of the material can be adjusted by finely tuning the MOCVD operating 
parameters. However, MOCVD processes are rather difficult to develop and optimize, due to 
the complicated decomposition mechanisms of thermally sensitive molecular compounds in 

the gas phase and on the growing surface. The chemistry is often hard to catch due to the 
difficulty to implement non-intrusive metrology for the in situ monitoring of the process. 
Process numerical modelling allows correlating the local behavior of the MOCVD reactor 

parameters like the gas flow, temperature, concentration and deposition rate profiles with 
the reactor geometry and deposition parameters. When available, such models are a valuable 
tool to optimize a MOCVD process in terms of film thickness and composition, in particular on 

complex substrates, like micro-patterned silicon wafers, porous membranes or foams or 
hollow objects like vials. However, the bottleneck is often the knowledge of the chemical 
reactions and of the associated kinetic laws leading to the film formation. 

Because of the previously mentioned well-known technological interest of alumina thin 

films in various domains, including catalysis, corrosion protection, and electrical insulation, 

insight into the influence of the MOCVD process on the atomic structure of the ceramic is a 

valuable key to process and property optimization. Indeed, the development of materials with 

such superior properties is strongly linked to the understanding of their atomic structure 

dictated by the fabrication process. This has been illustrated for amorphous alumina films 

concerning, for example, the corrosion resistance measured by electrochemical impedance 

spectroscopy7 or their superior mechanical properties (hardness and Young’s modulus).12 It is 

therefore crucial to obtain comprehensive insights regarding the influence of a synthesis 

process on the material composition and atomic structure. 

The methodology used to develop a set of chemical reactions and kinetic laws is 
presented in a first part, together with the capability of a numerical model to help optimizing 
a MOCVD process on complex substrates. The particular case of an amorphous aluminum 
oxide deposit on glass vials is described. 

The second part is dedicated to the experimental analysis of the interplay existing 
between the amorphous alumina deposition conditions, the microstructure and local atomic 
organization of the thin films and their barrier properties against oxidation or biofouling.  

 



I. Process kinetic modeling and simulation of the MOCVD of metal oxides: the 

case of Al2O3 films. 

CVD processes are subjected to a strong interplay between the complex reactive 
transport phenomena occurring inside the reactor and the film characteristics in terms of 

thickness, composition and even morphology and microstructure.13 With the increasingly 
severe specifications regarding film properties, thickness and composition uniformities on 
always more complex 3D substrates, the empirical development of CVD processes is no more 
efficient. This is particularly true in the fields of microelectronics, photovoltaics, 
(microelectromechanical systems) MEMS and thermal barrier and anticorrosion coatings.13-15 

Computational Fluid Dynamics (CFD) models of CVD reactors associated with the 
appropriate kinetics laws of gas phase and surface chemical reactions allow to calculate the 
local profiles of gas flow, temperature, species concentration and deposition rates, as a 
function of the reactor and substrate geometry and of the deposition parameters. This 
corresponds to a purely continuous approach at a macroscopic scale. When combined with 
experimental studies, such models allow accurately analyzing the interplay between the 
reactive transport phenomena and the film thickness and composition, in order de develop 
and optimize new CVD processes with high capabilities. 

The governing equations that describe the transport phenomena occurring inside a CVD 

reactor include the conservation of mass, momentum, energy and chemical species, 
associated with the kinetic laws of the homogeneous and heterogeneous chemical reactions. 
These equations are implemented in standard CFD codes such as Comsol, Fluent/Ansys, CFX 

among others. 13-15 However, the kinetic laws are rarely known for CVD processes and their 
establishment is the real bottleneck of this field. This is particularly true for MOCVD processes 
involving complex metalorganic precursor molecules, which are decomposed in the gas phase 
in numerous unknown by-products themselves likely to contribute to the formation of the 

film. 

The methodology used to develop these kinetic laws is empirical. It combines (i) 
literature data on the reaction mechanisms and on deposition experiments, (ii) dedicated 
experiments providing the deposition rate and the chemical composition of the film and when 
possible, the gas phase composition at the exit of the reactor measured by gas 
chromatography – mass spectrometry (GC-MS) or other analytical techniques, for various 
operating conditions, and (iii) simulation work using apparent homogeneous and 
heterogeneous chemical reactions and kinetic laws, developed and optimized by trial and 
error from (i) and (ii). These apparent reactions represent in a simplified way the complex and 
numerous real reactions, which are difficult to precisely determine. It must be emphasized 

that, as they are only global and apparent, they are only valid for the studied range of 
deposition conditions. 

The capability of such approach is detailed below for the MOCVD of amorphous Al2O3 

films deposited at moderate temperature (350-500°C) and low pressure from aluminum tri-
isopropoxide (ATI) diluted in N2, first on planar16 and then on complex substrates.17 The CFD 
code used is first presented with its main assumptions and boundary conditions. Then, a 

bibliographic analysis is performed about the available chemical mechanisms and kinetic data, 
followed by the description of the development of the kinetic model and its validation using 
experimental results obtained on planar substrates. Finally, the model is applied for the 



optimization of an original MOCVD reactor dedicated to coat the internal surface of a complex 
part, namely a glass vial. 

 

1. Model characteristics 

The CFD code Fluent 16.2 (Ansys) was used for the works reported in this chapter. Fluent 
is a pressure-based, implicit Reynolds Averaged Navier Stokes solver that employs a cell-
centered finite volume scheme having second-order spatial accuracy. It discretizes any 
computational domain into elemental control volumes, and permits the use of quadrilateral 
or hexahedral, triangular or tetrahedral and hybrid meshes. The following assumptions were 
made: 

- Steady state conditions, 
- Laminar gas flow (Reynolds number lower than 1000), 
- Compressible ideal gas (Mach number of max. 1.4), 
- No consideration of the precursor in the evaluation of the physical properties of 

the inlet gas, and no effect of the heats of reaction, due to the high precursor 
dilution. 

The associated boundary conditions are the following: 
- At the gas inlet, a flat profile was imposed on the gas velocity, and the mass flow 

rate and species mass fractions were fixed in accordance with the process 
conditions. 

- At the symmetry axis and at the exit, classical Danckwerts conditions (diffusive flux 
densities equal to zero), were applied for gas velocity and mass fractions. 

- On the walls and substrate surfaces, a classical no-slip condition was used for the 
gas velocity; the mass flux density of each species was assumed to be equal to the 
corresponding heterogeneous reaction rate. 

- At the exit, the total pressure was fixed at the experimental value. 

The physical properties of the gaseous species and the multicomponent diffusion 
coefficients were calculated using the kinetic theory of gases and the Chapman-Enskog theory, 
respectively18. Lennard-Jones parameters for N2, O2 and H2O were taken from the FLUENT 
database. The Lennard Jones parameters for C6H12 and C3H6 were taken from Bird et al.18. 
These parameters are unknown for ATI and were considered the same as those of n-decane, 
this molecule having almost the same number of carbon atoms. The ATI molar fraction being 
low, a small error on these values did not affect the simulation results. 

 

2. Bibliographic analysis on the chemical mechanisms and kinetic laws 

Some groups worked on the Al2O3 MOCVD process from ATI. Kawase et al. 19 developed 
a CVD rate analysis method by using non-isothermal tubular reactors of small diameter (1.6 - 
5 mm) for alumina deposition from ATI. Since the gas composition can be kept practically 
constant in the thin tubular reactor, the deposition rate can be measured simultaneously at 
various temperatures20. Working at temperatures higher than 800°C and at 4 kPa of total 
pressure, they found that gas phase reactions control the deposition-rate and that the ATI 
decomposition rate is first order with respect to the ATI concentration. They mention that 
Barybin and Tomilin 21 reported the following overall reaction: 



2 Al(i-OC3H7)3 → Al2O3 + 3 C3H7OH + 3 C3H6     (R1) 

and that Pauer et al.22 reported: 

2 Al(i-OC3H7)3 → Al2O3 + 3 (C3H7)2O      (R2) 

(C3H7)2O → 2 C3H6 + H2O       (R3) 

Hofman et al. 23 performed mass spectroscopic experiments at the exit of a hot wall CVD 
reactor operating at 400 Pa between 220 °C and 450 °C. The authors found that the deposition 
kinetics is a second order process, explained by the fact that the rate-limiting step is 
dehydration of the deposited AlOOH into Al2O3. They also showed that deposition by-products 
are propene, water and 2-propanol, in agreement with Pauer et al.22.  

Blittensdorf et al.24 used a stagnation point cold wall CVD reactor to investigate the 
alumina deposition rate from ATI/O2/Ar mixtures between 350 °C and 1,080 °C and 5-25 kPa 
total pressure. The aim was to minimize gas phase reactions in order to mainly analyze the 
heterogeneous reactions. They found a deposition rate independent of temperature at 10 kPa. 
They attributed this behavior to the fact that the process was operated in the transport-
limited regime, meaning that the transition temperature between a surface to a transport 
limited regime occurs at temperatures below 400 °C. This result is in agreement with that of 
Saraie et al.25 who found that the temperature of the transition regime increased from 270 to 

350°C with the ATI concentration in the inlet gas. These authors25 experimentally studied the 
influence of various atmospheres (N2, N2/O2, N2/H2, N2/H2O) on the deposition rate of alumina 
from ATI in a hot wall reactor between 200 °C and 350 °C at a total pressure 2 kPa and 

proposed an activation energy of 80 kJ/mol. Kim et al.26 studied the deposition of alumina on 
membranes in a hot wall tubular CVD reactor using ATI/N2/O2 mixtures between 350 and 
400 °C and found a linear temperature dependence of the deposition rate. 

The discrepancy of literature results shows that the involved chemical mechanisms 
strongly depend on the geometry of the reactor, in particular on its surface on volume ratio 
and on the adopted operating conditions, especially on the deposition temperature and on 
the partial pressure of ATI. More largely, this bibliographic survey reveals that the low 
pressure MOCVD process for the deposition of alumina from ATI in the temperature range 
350-500°C has only been fragmentarily investigated. To the best of the authors’ knowledge, 
no local kinetic modeling of this CVD process was available before our work published in 
201116 summarized below. 

 
3. Kinetic model development and validation 

Based on the literature analysis summarized in the previous section, the following 
apparent chemical heterogeneous reaction was considered: 

[Al(OC3H7)3]4(g) → 2 Al2O3(s) + 12 C3H6(g) + 6 H2O(g)    (R4) 

This reaction represents the complete set of unknown homogeneous and 
heterogeneous chemical reactions involved. Hofman et al.23 showed that the alumina 
deposition rate RDi, from ATI can be represented by the following apparent kinetic law:  

RDi = k0 exp (-Ea/RT) [ATI]n       (1) 



where k0 is a pre-exponential constant, Ea (J/mol) an activation energy, T (K) the temperature 
and n the apparent reaction order (with RDi in kg/m2/s). 

In order to determine the values of these kinetic parameters for the range of operating 
conditions of interest, dedicated experiments were performed in a horizontal hot wall tubular 
CVD reactor heated by a Trans Temp transparent furnace. More information can be found in16. 
As received ATI (Acros Organics) was vaporized using a heated bubbler in which pure nitrogen 
(Air Products) was sent to carry ATI to the deposition zone. The films were deposited on 15 
mm*10 mm or on 8 mm*10 mm silicon substrates. They were weighed before and after the 
alumina deposition using a Sartorius balance (± 10 µg) to determine the deposition rate of the 
films. The substrate holder was an horizontal aluminium alloy plate with dimensions 1 mm * 
358 mm * 19 mm. Seven substrates were used per run, located between 8 cm and 36 cm from 
the reactor inlet. Four runs were performed using the same deposition conditions except the 
bubbler temperature and the deposition duration, as detailed in Table 1. The total pressure 
was of 658 Pa and the total flow rate of 653 sccm in all runs. 

Table 1: Investigated operating conditions.  

Run 

Tbubbler 
(°C) 

Deposition 

duration 
(min) 

QATI 
(sccm) 

ATI molar 
fraction 

(10-2) 

ATI mass 
fraction 

(10-2) 

E1 100 36 1.54 0.24 1.69 

E2 110 21 3.40 0.52 3.68 

E3 90 60 0.70 0.11 0.77 

E4 80 175 0.31 0.05 0.34 

 

Figure 1 presents the axial evolution of the temperature profile measured along the 
symmetry axis of the reactor as well as the alumina deposition rates deduced from substrates 
weight difference after and before deposition. The furnace and reactor characteristics led to 
a temperature profile presenting an isothermal zone close to 490°C between 0.15 and 0.25 m 
from the reactor inlet. Figure 1 also reveals a strong influence of the bubbler temperature; i.e. 
of the concentration of ATI, on the alumina deposition rate: a ten degrees increase of the 
bubbler temperature results in a high increase of the average deposition rate and in a 
decrease of the deposit thickness uniformity. This is due to a peak in deposition rate existing 
at the beginning of the isothermal zone and then to a depletion in ATI. 

 



 

Fig. 1. Experimental axial evolution of the reactor temperature (full circles) and comparison 
between the experimental (E1: square, E2: diamond, E3: triangle, E4 : circle) and calculated 

(E1: long dash, E2: solid line, E3: medium dash, E4 : dotted) deposition rates along the 

reactor axis for runs E1, E2, E3, E4.16 

 

Based on the kinetic equation (1), the results of experiments E1, E2 and E3 were used to 
fit the three parameters k0, Ea and n. The fitting was performed by virtually dividing the tubular 
CVD reactor into a series of perfectly mixed cylindrical reactors of 1 cm in length. The 

deposition rate was assumed to be uniform in each compartment i. An average value deduced 
from the weighing of each sample was considered for the substrate and for the reactor walls. 
In these conditions, the following mass balance was written for ATI: 

Qi-1 yi-1 – Qi yi = ± RDi Si       (2) 

where Qi (kg.s-1) is the total gas mass flow rate, Si is the deposition surface and yi is the mass 

fraction of ATI in the ith compartment. Qi was calculated along the CVD reactor by considering 

the mass of alumina deposited. The inlet mass fraction of ATI at the first compartment was 
considered equal to that provided by the bubbler at the reactor entrance. By minimizing the 
error between the experimentally determined deposition rate and the calculated one RDi for 
the three experiments, the following values of the kinetic parameters k0, Ea and n were 
obtained: k0 = 1.5 106 kg.m2.5/(mol1.5s), Ea = 78 kJ/mol, n = 1.5. 

This value of Ea corresponds to the main limiting phenomena involved during ATI 
decomposition and alumina deposition for the conditions tested. As detailed in section 3, 

Saraie et al.25 obtained a very close value of 80 kJ/mol by operating between 200 °C and 350 
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°C at 2000 Pa, with dry N2 as carrier gas. The apparent order of 1.5 proposed in this work 
reflects the dependence on ATI concentration of the dominant homogeneous and 
heterogeneous mechanisms existing in this range of operating conditions. It can be compared 
with the value of 1 adopted by Kawase et al.19 between 830 and 1160°C and with the value of 
2 found by Hofman et al.23 at temperatures slightly lower than the present ones.  

This kinetic law was implemented into the CFD code Fluent and the results obtained in 
terms of deposition rate along the reactor axis are compared with the experimental results in 
Figure 1. The average relative error for the three experiments is of 18 %. This error can be 
attributed to several factors, including the uncertainty of the inlet flow rate of ATI, due to that 
of the ATI saturation pressure law and the use of a simplified apparent kinetic law. The model 
was used to simulate the deposition rate profile for run E4 (not used for the establishment of 
the kinetic data). The obtained profile together with the experimental deposition rates are 
also reported in Figure 1. A satisfactory agreement is observed, which validates as a first 
approach the kinetic model for the investigated range of operating conditions. This is the 
reason why the model has then been applied to another reactor operating in the same range 
of deposition conditions, but treating a complex substrate. 

 

4. Optimization of an original reactor by process simulation 

As detailed elsewhere17, a direct liquid injection (DLI) MOCVD process was developed to 
deposit alumina thin films from ATI on the internal surface of glass vials. The term “DLI-
MOCVD” refers to reactors, which use liquid delivery units to feed the deposition zone in 
reactants.27 This technology allows performing reliable, accurate and repeatable vaporization 
of liquid and dissolved solid compounds and precursors since it is much easier to regulate 
precisely a liquid flow rate than that of powders. The aim was to form an anti-corrosion barrier 
against aggressive liquids which could be stored into the vials. The uniform deposition of thin 
films inside the inner surface of a closed geometry is a non-trivial target since the complex gas 
flow strongly interacts with the species local concentration profiles and then with the local 

deposition rates. Developing such a process from scratch purely empirically would have been 
time and cost consuming. We then decided to combine coating experiments and process 
simulation to develop and optimize the process. 

The DLI-MOCVD reactor is schematically represented in Figure 2. The glass vial to coat 
(4.25 cm in diameter, 7.3 cm in height) is put on a substrate holder in an inductively heated 
vertical quartz tube (5.5 cm in diameter, 33.5 cm in height).  

 



 

Figure 2: Schematic of the DLI-MOCVD reactor for the Al2O3 deposition inside a vial.17 

All experiments were performed at a temperature of 480°C on the external surface of 
the central part of the vial bottom. Figure 3 shows the experimentally measured thermal 
profiles on the inner walls of the vial for various reactor configurations, as it will be detailed 

below. ATI was dissolved in cyclohexane and then the solution was atomized and vaporized in 
a Kemstream Vapbox 500® DLI instrument. This reactive gas phase was diluted with pure N2 
and introduced into the reactor through a SS nozzle. The total gas flow rate was of 585 sccm 

and the inlet ATI molar fraction was fixed at 1.7 10-3. The total pressure was of 666 Pa, close 
to the value used in the tubular reactor. 

 

 

 
Figure 3: Schematic representation of the reactor for runs A, B and C with relative positions 

of the bottle, the heating tube and the nozzle, associated with the experimental thermal 
profiles. The circles on the top represent bottom views of the nozzle outlet with the feeding 

hole in black.17 



 
After deposition, the deposit thickness profile was measured by scanning electron 

microscopy (SEM) on a LEO 435VP instrument after fracture of the vials. 
A first set of runs called Run A was performed with an arbitrary fixed distance between 

the nozzle and the vial of 15 mm and with a 2 mm inner nozzle diameter at its outlet. The 
experimental thickness profile along the internal walls of the vial is presented in Figure 4a. 
The thickness on the lateral walls (height of bottle from 20 to 55 mm) ranged between 600 
and 1,000 nm. An over-thickness was observed at the lower part (up to 5,600 nm from 0 to 20 
mm) and at the entrance (up to 1,300 nm from 55 to 70 mm). Visually, the thickest zone 
appeared as a powdery white layer while the other parts remained optically transparent. 
Cross-section SEM analyses of the deposit (not shown) revealed that that the powdery zone 
was composed of spherical particles aggregated on the film surface, whereas the other zones 
were dense and smooth. The simulated thickness profile using the kinetic law developed in 
the previous section is shown in Figure 4a. A good agreement can be observed between the 
experiment and the model only in the regions where the deposit is smooth and dense. This 
can be explained by the fact that a different deposition mechanism probably exists for the 
powdery zone, which is not represented by the model.  

 

 



Figure 4: Comparison between the experimental and the calculated thickness along the vial 
height for (a) run A, (b) run B, (c) run C. Adapted from 17. 

 

In order to better understand the mechanisms involved, the local gas velocity profiles 
are plotted in Figure 5 RUN A into the reactor and at the bottom of the vial in Figure 6 RUN A. 
The scales of velocities respectively higher than 100 and 150 m/s are saturated for a better  
representation of the flow. At the nozzle outlet, the gas velocity is very high (470 m/s) due to 
its narrow section. This creates an impinging jet perpendicular to the vial bottom surface with 
high gradients and a sharp change of direction after hitting the bottom surface. When zooming 
at the bottom corner (Figure 6 RUN A), a recirculation loop is present. The high residence time 
of the gas in this loop could explain the formation of the white powdery deposit by gas phase 
nucleation. Figure 7 presents the ATI molar fraction into the reactor.  The ATI concentration is 
not uniform into the vial and especially near its inner walls. The zones of highest ATI 
concentration correspond logically to the regions with the thickest deposits (neck and 
bottom). 

 
Figure 5: Simulated profiles of the local gas velocity in the reactor for the three runs.17 

 

 
Figure 6: Simulated profiles of the local gas velocity for the three runs at the bottom of the 

vial.17 
 

New simulations were then performed aiming to decrease the velocity of the impinging 
jet in order (i) to limit the recirculation zone leading to the powdery deposit and (ii) to have 
more uniform ATI local concentrations near the inner walls of the vial, so more uniform 



deposit thicknesses. After several trials, this was achieved (Run B) by increasing the distance 
between the nozzle and the vial from 15 mm to 40 mm. Experimentally, the setup was 
modified accordingly and the vial was then translated toward the bottom part of the heating 
system, leading to a new measured thermal profile (Figure 3b). The corresponding local gas 
velocity profiles calculated into the reactor and at the bottom of the vial are detailed in Figures 
5 RUN B and 6 RUN B respectively. The phenomena of impinging jet and of recirculation still 
exist but are attenuated. Figure 7 RUN B shows that the local ATI molar fraction profile is more 
uniform near the vial walls. However, the corresponding experimental results indicated that a 
white powdery thicker deposit was still present in the bottom corner of the vial, this over-
thickness can be seen in Figure 4b. A transparent dense layer coated all the other parts of the 
vial. The thickness at the neck and on the lateral walls of the vial was uniform while a slight 
over thickness was present at the vial entrance. The model reproduces well this behavior, 
except another time the powdery high thickness zone. 

 

 
Figure 7: Simulated profiles of the local ATI molar fraction in the reactor for the three runs.17 

 
New simulations were performed in order to still decrease the velocity of the impinging 

jet. As the total gas flow rate was imposed by the DLI system, the simplest way found was to 
increase the inlet diameter of the nozzle outlet from 2 mm to 5 mm, keeping the distance 
between the nozzle and the vial fixed at 40 mm. This new reactor configuration called Run C 
can be seen in Figure 3. Figure 5 RUN C indicates that the velocity profile inside the vial is 
different from Runs A and B. An impinging jet is no more present inside the vial, even if the 
inlet flow is mainly axial. The gas velocities are also much lower, not exceeding 100 m/s. 
Consequently, Figure 6 RUN C shows that the gas flow reaches the bottom part of the vial 
smoothly and no recirculation loop is present. The ATI concentration profile inside the vial 
(Figure 7 RUN C) is more uniform near the inner walls, but the convective transport being 
decreased, the local ATI concentrations are lower. The corresponding calculated thickness 
profile is presented in Figure 4c. From 0 to 55 mm, the thickness is quite uniform, ranging from 
250 to 450 nm and is logically lower than for Runs A and B. An over-thickness is present on 
the neck walls till 3,000 nm due to the higher ATI concentration existing in this zone. The 
calculated profile is in good agreement with the corresponding experimental thickness profile. 

 



II. Local coordination affects properties: The case of amorphous Al2O3 barrier 

coatings. 

 

Following Aboaf’s pioneering works 28, ATI is one of the most commonly used, single 

source precursors for the deposition of alumina films. It presents significant advantages since 

it is stable in air, only slowly reactive with water, and it is cheap. Once melt, it remains liquid 

below the melting temperature, its vapors can thus be transported to the process chamber by 

simply bubbling through a carrier gas. MOCVD of Al2O3 from ATI at moderate deposition 

temperature (Td) was first used to coat thermally sensitive semiconductor materials with 

isolating films in transistor devices. Films of Al2O3 were deposited in the range 350 – 500 °C.28-

34 The intrinsic corrosion resistance35, and the use of such films for the protection against 

corrosion of stainless steel7 and of titanium alloys36 were investigated. Most of these works 

were more pragmatic approaches to tune film properties rather than systematic investigations 

on the correlation between experimental parameters and film composition and properties. 

Compositional uncertainties are frequently reported for the films prepared at the lowest Td. 

More fundamental approaches were tentatively carried out with films grown in hot-wall 

reactors, by Morssinkhof 37-39, by Yoshikawa et al.40 and by Vahlas et al.16, 41 , 42 

However, ATI does not meet all the criteria required for an ideal MOCVD precursor. Its 

shelf-life, polymerization, and the condensation behavior of its tetramer during thermal 

ageing are problematic42 and lead to worsening film properties as well as to tedious reactor 

maintenance due to line pollution and injector blockage. Besides ATI, other volatile aluminium 

compounds have been proposed: aluminium tri-(2-ethylhexanoate),43 aluminium tri-(sec-

butoxide),44-46 aluminium (ethylacetoacetate)-di-isopropoxide,26 aluminium 

triacetylacetonate,47-49 dimethyl, diethyl and di-iso-butyl aluminium acetylacetonate,50 and 

dimethyl aluminium isopropoxide (DMAI). 10, 11 , 51-53, 54 , 55 , 56 , 57 The latter consists of an Al 

atom linked to two methyl and one isopropyl groups, and has an intermediate structure 

between ATI and trimethyl aluminum (TMA). Unlike TMA, the remaining isopropyl group in 

DMAI stabilizes the molecule, which is non-pyrophoric. Moreover, the molecule presents a 

significantly higher vapor pressure than ATI, it is liquid at room temperature, has a longer shelf 

life and is not prone to polymerization. The use of ATI and DMAI for the CVD of alumina will 

be taken as example of the impact of the precursor chemistry on the characteristics and the 

properties of the obtained films. 

The generation of precursor vapors and their transport to the process chamber through 

the sublimation and the vaporization of solid and liquid precursors, respectively, presents a 

priori simplicity and cost effectiveness. Nevertheless, maintaining of temperature sensitive 

precursors such as ATI at the vaporization temperature for a long period impacts the stability 

of the molecule and subsequently the coating quality.42 In addition, it is difficult to access and 

control the generated reactive gas mass flow rate. This poorly controlled situation leads to 

non-reproducible operation, especially in cases where low activation energy prevails in the 

entire temperature range of interest, resulting in mass transport limited process. The direct 

liquid injection (DLI) technology allows overcoming these drawbacks with the controlled 

atomization and vaporization of pure liquid precursors or of solid ones dissolved in an 



appropriate carrier solvent.58-61 Both vaporization and DLI technologies will be used hereafter 

to feed the process chamber with the alumina precursors. 

 

1. Microstructure of amorphous alumina films 

Figure 8 presents cross-sectional SEM images of Al2O3 CVD films, deposited on Si wafers 

at 5 Torr from ATI (left column) and from DMAI (in the presence of O2, right), with the 

precursor molecules shown on top. The films are processed either by vaporization of the 

precursor (up, from ATI only) or from DLI (lower row), with the schematic of a bubbler and the 

photograph of a DLI equipment shown on the left of the upper and lower rows, respectively. 

Process temperature is indicated in each case. The AFM 3D topography image of the surface 

of the film processed from DMAI is also presented. Its scale spans from 0 to 15 nm. Films 

diffract neither X-rays nor electrons, with a characteristic electron diffraction pattern shown 

in the center of the figure. They are dense and present pinholes-free, highly smooth surfaces, 

witnessed by low roughness values, such as 1.35 nm and 1.71 nm for the arithmetic and rms, 

respectively, of the DLI DMAI/O2 sample. The only exception concerns the film processed from 

ATI by DLI, which is still smooth but slightly porous with nanometer cavities over the entire 

height. This particular morphology is attributed to the presence of the solvent, in this case 

cyclohexane in the DLI process. 

 

 

Figure 8. Cross-sectional SEM micrographs of Al2O3 CVD films deposited on Si wafers from 

ATI (a, b, left column) and from DMAI (c, right column), with the precursor molecules shown 

on top. The films are processed either by sublimation of the precursor (upper row) or from 

DLI (lower row). Temperatures refer to process conditions. The atomic force microscopy 

(AFM) 3D topography image is that of the surface of the film processed from DMAI with a 



vertical scale spanning from 0 to 15 nm. The electron diffraction pattern shown in the center 

of the figure is characteristic of all samples. Adapted from 62,63. 

 

The O/Al ratio of such films was determined by electron probe for microanalysis (EMPA) 

using internal standards. It is presented in Figure 2 as a function of Td and is compared to the 

ratios expected for AlOOH and Al2O3 references. Their carbon content was determined by X-

ray photoelectron spectroscopy (XPS). 

Films deposited from both evaporated and DLI ATI present O/Al ratios of 2.12 and ca. 

1.7 when deposited at 360 °C and 420 °C, respectively. These values correspond to 

compositions close to AlOOH (atomic ratio 2.0) and partially hydroxylated AlO1+x(OH)1-2x films. 

Films deposited between 470 °C and 650 °C show O/Al ratios close to, though slightly higher 

than 1.5, in good agreement with the formula Al2O3. The presence of hydroxylated aluminas 

at low Td and the decrease of the concentration of hydroxyl groups with increasing Td is 

confirmed by the O1s binding energy shown in the lower part of Figure 9. At higher Td (700 

°C), the O/Al ratio decreases to 1.44. The C content is below 1 at.% for all Td below 650 °C, 

while a small concentration of ca. 4 at.% C is detected by XPS. The XPS probed C1s binding 

energy reveals that this carbon is almost exclusively related to aliphatic moieties, and most 

likely results from carbon residues of ATI isopropoxide ligands trapped in the film. 

The films deposited from DMAI at 150 and 200 °C in the presence of H2O vapor show 

O/Al atomic ratios of 1.81 and 1.67, respectively. These values are contained between those 

of AlOOH and Al2O3 (1.5), thus revealing partially hydroxylated alumina AlO1+x(OH)1-2x. The 

O/Al ratio of films prepared at 250 °C and above is in good agreement with the formula Al2O3. 

This result is confirmed by the evolution of the O1s binding energy which, above this Td reveals 

the presence of O-Al bonds, exclusively. It is concluded that stoichiometric alumina films can 

be processed in this way for the protection and surface functionalization of thermally sensitive 

parts. The C content of such films is below 1 at%. The film prepared at 500 °C in the presence 

of O2 has an O/Al ratio of 1.48, which may be ascribed to the formula Al2O3. The films prepared 

at 600 and 700 °C have O/Al ratios of 1.25 and 1.10, well below 1.50. The decrease in O/Al 

ratio is clearly related to an increase in the C concentration, up to about 6.5 at% in the film 

prepared at 700 °C, as has been also evidenced by Schmidt et al. during the preparation of 

alumina films from sublimed DMAI in this Td range.56, 64 This suggests the formation of the 

aluminum carbide Al4C3 and/or of aluminum oxycarbides, e.g. Al4O4C or Al2OC 40, 41 , 42, 43, along 

with Al2O3, to lead to the generic composition of Al2OxC3/2-x/2. The formation of oxycarbides 

can be thought to result from the partial substitution of one C4- anion for two O2- anions, 

leading to the formulas Al4O4C, Al2OC, and ultimately Al4C3, as also illustrated by the strong C-

Al bond contribution in the C1s binding energies at 600 °C and above.63 

 



 

Figure 9. Top: O/Al atomic ratio and C content of the alumina films prepared from 

evaporated ATI and from DLI CVD of ATI (a), and from DLI CVD of DMAI in the presence of 

H2O and of O2 (b). For both diagrams the left ordinate corresponds to the O/Al ratio and the 

right one to the C-concentration (at%). Bottom: High resolution X-ray photoelectron O1s et 

C1s spectra of alumina films deposited from ATI in the range 360 °C – 560 °C (c), from DMAI 

+ H2O in the range 150 °C – 450 °C (d) and from DMAI + O2 in the range 500 °C – 700 °C (e). 

Adapted from 57,62. 

 

The above resumed compositional and property variations of the alumina films are 
indicative of modifications of the amorphous structure upon changing Td. We showed that for 
the films of general formula AlO1+x(OH)1-2x, structural modifications are expected to 
accompany dehydroxylation from AlOOH to Al2O3 with increasing the Td up to 250 °C for the 
DMAI process and up to 450 °C for the ATI one. {1H}27Al rotational echo double resonance 
(REDOR) nuclear magnetic resonance (NMR) experiments performed on films obtained from 
vaporized ATI confirm this trend.65 The question arises as to possible further structural 
modifications in Al2O3 for the films grown at higher Td. This question is investigated for both 
systems by very high-field (20 T) 27Al NMR and the main results are resumed in the next  
paragraphs. 

The left part of Figure 10 illustrates the 2D 27Al 3-quantum magic-angle spinning nuclear 
magnetic resonance (3QMAS NMR) spectra of alumina films processed from vaporized ATI at 
six different Td.65 The use of very high magnetic field allows high spectral resolution and yields 

a clear identification of the tetra-, penta-, and hexa-coordinated aluminum sites ([n]Al with n = 
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4, 5, or 6). Their line shapes are characteristic of a typical amorphous structure as seen in 
alumina-containing glasses. The percentage of each [n]Al site was calculated from these and 
from the corresponding 1D 27Al MAS spectra. Its evolution with Td is drown in the upper left 
part of the figure. The respective percentages of tetra- and hexa-coordinated sites vary with 
opposite trends. The [4]Al content increases from 33 % for Td = 360 °C up to 53 % for Td = 480 
°C; at the same time, the [6]Al content decreases from 26 % to 5 %. For Td = 550 °C, the 
respective percentages have values that are nearly the same as those for 480 °C, suggesting 
that the maximum of [4]Al sites and the minimum of [6]Al sites occur at ∼515 °C. From 360 to 
515 °C, the [5]Al content is at its highest with values between 40 % and 43 %. It can be noticed 
that the [n]Al percentages measured for Td = 480 °C (and 550 °C) compare well with those 
measured by Lee et al. for two aluminum oxide films prepared by PVD and ALD.66, 67 In the 
550−720 °C range, the [6]Al content increases to 59 % and the [4]Al and [5]Al contents decrease 
to 29 % and 12 %, respectively. The lower right diagram of Figure 3 shows the evolution of 

chemical shift distribution (CS) of each [n]Al environment. CS is maximal for a Td more or 
less half-way between 480 and 550 °C for each coordination number. This suggests that the 
utmost structural disorder corresponds to the highest rates of [4]Al and [5]Al sites.  

 

 

Figure 10. (a): Two-dimensional 27Al 3QMAS spectra of the films deposited at different 

temperatures. Black and red lines refer to experimental and simulated spectra, respectively. 

(b): Percentages of the [n]Al environments and (c): their corresponding chemical shift 

distributions (CS), as a function of Td. Black squares, red circles, and green triangles refer to 
[4]Al, [5]Al, and [6]Al sites, respectively. Open diamonds in (b) correspond to the averaged 

coordination number calculated from the formula CN = [4 ([4]Al atom %) + 5 ([5]Al atom %) + 6 

([6]Al atom %)]/100. All lines are a guide to the eye. Adapted from 65. 
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A similar, nuclear magnetic-resonance spectroscopy (NMR) investigation was applied to 

the films processed from DMAI.68 As an example, the left part of Figure 11 presents 1D 27Al 

MAS NMR spectra of alumina films prepared from DMAI + O2. All spectra consist of 3 or 4 

overlapping broad lines each corresponding to a specific Al coordination, characteristic of 

amorphous alumina-containing materials. The spectral reconstructions evidence [4]Al (AlO4), 
[5]Al (AlO5) and [6]Al (AlO6) coordination units in all films. Furthermore, an additional broad line 

centered at around 90 ppm is detected for the films processed at 600 °C and 700 °C, which 

suggests the presence of a carbon containing aluminum environment. The reported in the 

figure 2D 3QMAS spectrum for the 700 °C sample confirms the presence in the film of these 

four Al environments. The diagram on the right of Figure 11 presents the distribution, as a 

function of Td, of the concentrations (at%) of the four Al environments in films processed from 

DMAI plus H2O (up to 300 °C) and from DMAI plus O2 (from 500 °C and above). The [4]Al and 
[5]Al concentrations increase(decrease) with increasing Td for films processed in the presence 

of H2O(O2). All corresponding [n]Al values evolve in a way which allows assuming either a 

saturation or a maximum of [4]Al plus [5]Al coordination environments in the Td range 300 – 

500 °C. In this Td range the concentration of the [6]Al coordination environments reaches a 

remarkably low value of less than 5 at%. The carbon containing aluminum environment is null 

at Td less or equal 500 °C; it strongly increases at higher Td and approaches 30 at% at 700 °C. 

 

 

Figure 11. Left: Experimental (dashed black lines) and reconstructed (full red lines) 27Al MAS 

NMR spectra of alumina films prepared from DMAI plus O2 from 500 to 700 °C. The 2D 

3QMAS for 700 °C is shown as an example. The AlO4 (blue), AlO5 (green), AlO6 (pink) and 

Al(O,C)4 (grey) coordination environments are fitted with their respective MAS-related 

sidebands (*) which correspond to the bands n = 0 of the external transitions. Right: 

Distribution, as a function of Td, of the AlO4 (blue diamonds), AlO5 (red squares), AlO6 (green 

triangles), and Al(O,C)4 (black circles) concentrations (at%) in films processed from DMAI plus 

H2O (full symbols) and from DMAI plus O2 (open symbols). Pink bars reveal investigated 

process temperatures resulting in films with maximum AlO4 plus AlO5 coordination 

environments. Adapted from 68. 



 

The impact of the distribution of the [n]Al environments of films processed from 

vaporized ATI on different properties of such films is presented in Figure 12. The bottom 
diagram of the figure resumes the compositional and structural information of the films and 
their evolution as a function of Td. The middle diagram presents the corresponding evolution 

of their hardness and of the Young modulus, determined from nanoindentation experiments 
on alumina films deposited on Ti6Al4V titanium alloy.12 The hardness increases with increasing 
Td up to 480 °C, where it reaches a maximum value of 10.8 ± 0.8 GPa. Similar trends are 
obtained for the modulus, which increases from 92 ± 8 GPa to 155 ± 6 GPa with increasing Td 
from 350 °C to 480 °C. The value of both parameters vanishes at Td 750 °C, because at this 
temperature, the film becomes nano-crystallized and thus it presents limited cohesion and 
high roughness. The upper diagram presents the evolution, with increasing Td of the 
impedance modulus, obtained after 1 h of immersion in a 0.1 NaCl solution, for films deposited 
on Ti6242 titanium alloy.36 The film deposited at 480 °C stands out by improving the corrosion 
resistance of nearly two orders of magnitude in comparison with the uncoated sample, whose 

impedance modulus is 1.3x105  cm2). Contrastingly, films processed at 350 °C and at 750 °C 
slightly improve the corrosion resistance of the bare alloy. The evolution of the contact angle 
with pure water is also presented in this diagram.69 It slightly increases from 103±1 ° at 350 °C 
to 106 ± 2 ° at 480 °C, these values illustrating the hydrophobic nature of the amorphous 
aluminum oxyhydroxides and alumina surfaces. It decreases to 48±3 °at 700 °C, revealing the 
hydrophilic nature of the surface of the nanocrystalline film. 

 

 

Figure 12. Evolution of the impedance modulus and the contact angle with water (a), of the 

hardness and the Young modulus (b) as a function of deposition temperature for alumina 

films processed from evaporated ATI. (c): Corresponding evolution of the concentration of 

(a)

(b)

(c)



the [4]Al, [5]Al, and [6]Al sites and of the composition and the crystallinity of the films. Adapted 

from 12,70,69. 

 

2. Application examples of barrier function of amorphous alumina films 

Such alumina films find applications in a large number of key enabling technologies. Two 

examples will be sketched hereafter to illustrate this utility. 

The first concerns the protection of lightweight titanium alloys against high temperature 

oxidation. We have already provided selected data from this research in the previous 

paragraphs to illustrate intrinsic characteristics of the alumina films. Here, we focus on their 

capacity to durably protect such alloys in operating conditions, which simulate the operation 

of specific parts of aero turbines. The scope of the work is to extend the implementation of Ti 

alloys to hotter parts of the turbine, in replacement of stainless steel. The limited resistance 

of these alloys to high temperature oxidation hinders this implementation. It is due to the 

rapid formation on the surface of titanium alloys in contact with the air, of a very stable, non-

protective titanium oxide layer, and also, to the ingress of oxygen at interstitial position in the 

alpha phase of these alloys.71, 72 

Alumina films were deposited on all faces of a near-alpha titanium alloy coupons 

Ti6242S from both ATI and DMAI following the previously described CVD processes. Figure 13 

presents parabolic rate constants kp for the oxidation of the Ti6242S alloy, bare and coated 

with ca. 500 nm thick amorphous alumina processed from DMAI at 300 °C (DMAI300) and at 

500 °C (DMAI500), and from vaporized ATI at 520 °C (ATI520). The values were calculated 

according to the equation: kp = [(mf/S)² - (mi/S)²]/(tf - ti), where mi and mf are 

respectively the mass gain of a sample with free surface S, at the beginning, ti and at the end, 

tf of each temperature dwell. The diagram shows that the three coatings DMAI500, DMAI300 

and ATI520 (where the codes correspond to alumina deposition from DMAI at 550 °C and at 

300 °C, and from vaporized ATI at 520 °C, respectively), are efficient for oxidation protection 

during the short term (10 to 20 h) thermogravimetric experiment, between 600°C and 700°C. 

They are less efficient at 800°C except for the DMAI500 one, and they are inefficient at 900°C. 

This first set of TGA experiments was completed by long term oxidation annealing in 

laboratory air at 600 °C, which is close to the maximum temperature of use of such alloys. The 

weight gain of the DMAI500 coated coupon after 5000 h is ca. 0.20 mg*cm-2, to be compared 

with 1.63 mg*cm-2 for the bare alloy. The surface micrographs of the two samples are 

presented in the bottom right side of Figure 13. The whole surface of the bare alloy is covered 

with thin, few-micrometers-long needles. This morphology corresponds to the well-known 

acicular rutile that forms when Ti6242S is exposed to oxidation treatments.73 The surface of 

the DMAI500 coated coupon presents a smaller number and thinner needles than those 

observed on the oxidized Ti6242S. The formation of a few excrescences on the surface, one of 

which is shown in the left bottom part is due to scarce defects of the coating, probably created 

from homogeneous nucleation during deposition. These results confirm the excellent 

oxidation protection conferred to Ti6242S by the 500 nm thick amorphous Al2O3 films. 



Figure 14 shows SEM images in backscattered electrons mode of cross-sections obtained 

by focused ion beam (FIB), and corresponding electron dispersive spectroscopy (EDS) maps of 

a bare Ti6242S alloy (micrographs a-d) and a coated coupon (e-h) after oxidation at 600 °C 

during 5000 h. The bare Ti6242S cross-section after oxidation (a) can be divided into 3 layers. 

The top 1.6 µm-thick layer corresponds to the needles observed on the surface, with a great 

density of large open pores. The intermediate layer is 2 µm-thick, with a high density of small 

pores. The deepest region corresponds to the bulk part of the sample with the known 

microstructure of the alloy. The EDS mapping (b-d) reveals that a (Al, Ti) mixed oxide is formed 

on the top layer of the acicular rutile TiO2 with a clear preferential segregation of Al from the 

bulk to the free surface. In contrast, the intermediate layer mainly contains Ti and O. After 

oxidation of the coated coupon, its microstructure and chemical composition are strongly 

modified. The cross sectional SEM micrograph (e) shows the presence of pores in the vicinity 

of the initial alumina/Ti6242S interface. In this porous region, the Al2O3 coating has been 

replaced by a mixed Ti, O, Al layer. The thickness of the initial alumina protective film has been 

reduced by half at the end of the oxidation. Finally, the behavior of the coated coupons was 

also evaluated under thermal cycling conditions. Indeed, in such conditions spallation of the 

ceramic coating on the metallic substrate may rapidly occur resulting in limited durability of 

the material. The tests are performed with a TGA apparatus which allows thermal cycling with 

continuous recording of the mass.74 The sensitivity on mass variation of the instrument is 0.1 

µg, allowing for detection of tiny spallation events. 80 one hour cycles were performed 

between 50 °C and 600 °C, under flowing synthetic air. The top right insert of Figure 13 

presents the evolution of the mass gain per unit area of the DMAI300 coated sample, and of 

the temperature variation as a function of time. No mass gain or mass loss could be detected 

for this sample at the microgram scale. Despite the fact that this test is rather short compared 

with the usual service periods in turbine applications, it is still a valuable indicator of the 

excellent adherence of the alumina layer and of the relatively low level of elastic strain energy 

in the system during thermal cycling. These results confirm the efficiency of the protection of 

the alloy by the alumina coating. The considered CVD processes are transferable and can be 

used for the surface treatment of parts of aeroturbines with complex shapes. 

 



 

Figure 13. Parabolic rate constants for the oxidation of the Ti6242S alloy, bare and coated 

with amorphous alumina processed from DMAI at 300 °C (DMAI300) and at 500 °C 

(DMAI500), and from vaporized ATI at 520 °C (ATI520). Results are compared with the 

kinetics of the development of gamma, theta and alpha alumina on NiAl, from 75. (a): 

Evolution of the mass gain per unit area of the DMAI300 sample, and of the temperature 

variation (cycling) as a function of time. The insert is a zoom on two cycles, detailing the 

temperature profile. (b) and (c): Surface SEM micrographs of two samples after 5000 h of 

isothermal oxidation at 600°C: bare Ti6242S (b), and DMAI500 coated coupon (c). Adapted 

from 76. 
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Figure 14. SEM cross-sections and EDS mapping of O, Al, Ti elements of two samples after 

5000 h of isothermal oxidation at 600°C: bare Ti6242S (a-d), and DMAI500 coated coupon (e-

h). Adapted from 76. 

 

The second example of the use of alumina to meet diverse technological challenges 

concerns the environmental monitoring. Here, alumina is considered as the matrix component 

of a nanocomposite film. The work is motivated by the increased needs for environmental 

monitoring and consequently for robust and reliable sensors. It aims at increasing the service 

time of optical sensors immersed in riverine waters by decreasing the development of 

biofouling on their surface. In this aim, nanocomposite coatings composed of metallic silver, 

Ag nanoparticles (NPs) embedded in alumina are co-deposited on sensor glass windows.77 The 

CVD process consists in simultaneously introducing in the process chamber vaporized ATI and 

direct liquid injected silver pivalate (CH3)3CC(O)OAg in the form of a solution in a 90/10 vol. 

mesytylene/dipropylamine solvent.78 Co-deposition was performed at 450 °C and 5 Torr. The 

left part of Figure 15 presents a bright field TEM cross section micrograph of such a coating 

(15a). It is composed of a 70 nm thick Al2O3 sub-layer (2) by the Si substrate (1), followed by a 

260 nm thick layer consisting of Ag NPs (black dots) embedded in Al2O3 (3). The external part 

of the coating is composed of a ca. 75 nm thick Al2O3 sub-layer (4). In Figure 15b one can 

observe the Ag NPs. Their size distribution is monodisperse centered at 6 nm. Figure 15c shows 

a high resolution TEM micrograph of one Ag NP and the insert in this figure reveals the fcc 

compact stacking of Ag, perfectly oriented in the [111] direction, with a lattice spacing of 0.290 

nm between the (110) planes. The right part of Figure 15 presents a phase-contrast image of 

a 400 × 400 nm2 surface area. A two scale microstructure, one with ca. 90 nm features size, 

on the top of which are smaller features, attributed to Ag NPs, whose size does not exceed 10 

nm. The quadratic roughness (Sq) of the surface is 5.0 ± 0.5 nm, averaged over 10 images, to 

be compared with the slightly lower Sq of the bare substrate, 0.8±0.2nm. Such moderate 

increase of the roughness shouldn't affect the sensor operation and will be taken into account 

during its calibration phase. 

 



 

Figure 15. Left: (a) Bright field TEM micrograph of a cross section of a representative 

amorphous Al2O3/Ag NPs composite coating with an alumina rich top-layer, deposited on Si. 

(b) and (c) High-Resolution TEM micrographs illustrating Ag NPs dispersed in Al2O3. The 

insert in (c) highlights the [111] orientation of an fcc-crystallized Ag NP. The spacing between 

the (110) reticular planes is 0.290 nm. Right: Atomic force microscopy phase-shift mapping 

that highlights the contrast between Ag NPs and the Al2O3 matrix. Adapted from 77. 

 

Figure 16 summarizes the results of the evaluation of the two targeted functional 

properties of such films, namely their optical transparency and protection against biofouling. 

The left part of the Figure shows optical transmittance spectra of four nanocomposite films of 

increasing thickness from 200 nm (Q4) to 300 nm (Q4). The four dotted lines point on the 

wavelengths used by the sensor. All four spectra consist of a transmittance band peaking at a 

fixed position of 315 nm and a broad absorption band covering the vis-NIR spectral domain, 

which contains several interference fringes. The fixed transmittance band results from the 

minimum of the imaginary part of the refractive index of bulk Ag kAg
79 due to Ag interband 

transitions from 3.83 eV (323 nm) to higher energies.80 The transmittance band intensity 

gradually increases from Q1 to Q4, due to the decrease of the film thickness. Thickness 

increase results in the increase of the absorption since the imaginary part of the resulting 

effective refractive index of the medium composed of Ag NPs (kAg ≠ 0) and Al2O3 (kalumina=0) 

host media is non null. Besides, the gradual displacement of the interference fringes towards 

longer wavelengths is also characteristic of the film thickness increase. The absorption band 

originates from surface plasmon resonance of Ag NPs which is known to occur between 350 

and 800 nm in Al2O3 environments.81, 82 The transmittance at the four wavelengths of interest 

for sample Q4 is between 0.5 and 0.7. This degradation of the transmittance can be reduced 

through appropriate tuning of the characteristics of the coating, namely its thickness, and the 

density and size of the Ag NPs, while maintaining the anti-biofouling efficiency. 

The middle part of Figure 16 presents two SEM surface micrographs of bare (Figure 16a) 

and coated (Figure 16b) glass surfaces after immersion. The observed surfaces confirm visual 

observations of the samples, namely the complete coverage by microorganisms of the surface 

of the untreated sample in contrast to the limited, and localized development of biofouling on 

the surface of the coated one. Quantitative assessment of the biofouling fraction was made 

by measuring the fraction of bright areas of SEM micrographs of four bare and the four (Q1-



Q4) coated samples by using the using nanoTOPO_SEM™ software (Nanometrisis). The results 

of the analysis are shown on the top right part of Figure 16 where the biofouling fraction is 

plotted for various grayscale thresholds (0.4–0.7) used to define the bright areas. In addition 

to an expected decrease of measured biofouling vs. grayscale threshold, one can notice that, 

for all grayscale thresholds, the biofouling fraction of coated samples is systematically and 

unambiguously lower than that of bare samples. To quantify this decrease, we plot the ratio 

of biofouling of coated to the biofouling of bare samples for four grayscale thresholds, shown 

in the bottom right diagram of the figure. The value of this ratio is included between 0.30 ± 

0.10 and 0.35 ± 0.17; it does not monotonically vary with the value of the grayscale threshold. 

It is concluded that CVD nanocomposite thin films of Ag NPs embedded in Al2O3 are efficient 

in decreasing biofouling on glass windows. 

 

 

Figure 16. Left (a): Transmittance spectra of four as processed samples composed of Ag NPs 

doped alumina films co-deposited from ATI and Ag pivalate at 450 °C on commercial sensors 

glass windows. The thickness of the nanocomposite coatings decreases from Q1 to Q4. 

Fused silica window and a-Al2O3 deposited on fused silica are shown for comparison. The 

four dotted lines point on the wavelengths used by the sensor. Middle: SEM surface 

micrographs of bare (b) and coated (c) glass samples after one-week immersion. Right: 

Bright area over total area ratios of bare and coated glass samples for a wide range of 

grayscale thresholds used in the analysis of SEM images (d), coated over bare bright area 

ratio as a function of the grayscale threefold (b). The error bars indicate the uncertainty of 

measurements in different images. Adapted from77. 

 

 

Concluding remarks 

Applied to aluminum oxide thin films, this chapter illustrates the capabilities of the 
MOCVD process to meet severe requirements of various high-tech industrial fields like 
microelectronics, photovoltaics, MEMS or anticorrosion barrier layers, to deposit thin films on 
complex substrates.  
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Two different and complementary aspects are treated. First, process modelling allows 
analyzing the interplay between the reactive transport phenomena and the film thickness and 
composition, in order de develop and optimize new MOCVD processes able to conformally 
coat complex-in-shape substrates. The second part demonstrates how dedicated multi-
criteria experimental studies can correlate the film microstructure and local atomic order to 
key properties like protection against oxidation and biofouling.  

These two generic approaches can be applied to MOCVD thin films of oxides, metals, 
carbides, nitrides, to coat a great variety of substrates, including patterned wafers, foams, 
porous media like membranes and even powders. 
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