N

N

Amorphous alumina thin films deposited on titanium:
Interfacial chemistry and thermal oxidation barrier
properties
Loic Baggetto, Cédric Charvillat, Yannick Thébault, Jérome Esvan,
Marie-Christine Lafont, Emmanuel Scheid, Gabriel M. Veith, Constantin
Vahlas

» To cite this version:

Loic Baggetto, Cédric Charvillat, Yannick Thébault, Jérome Esvan, Marie-Christine Lafont, et al..
Amorphous alumina thin films deposited on titanium: Interfacial chemistry and thermal oxidation
barrier properties. Physica Status Solidi (A): Applications and materials science, 2016, 213 (2),
pp.470-480. 10.1002/pssa.201532838 . hal-03464232

HAL Id: hal-03464232
https://hal.science/hal-03464232
Submitted on 3 Dec 2021

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-03464232
https://hal.archives-ouvertes.fr

OATAO

Open Archive Toulouse Archive Ouverte

Open Archive TOULOUSE Archive Ouverte (OATAO)

OATAO is an open access repository that collects the work of Toulouse researchers and
makes it freely available over the web where possible.

This is an author-deposited version published in : http://oatao.univ-toulouse.fr/
Eprints ID : 15135

To link to this article : DOI : 10.1002/pssa.201532838
URL : http://dx.doi.org/10.1002/pssa.201532838

To cite this version : Baggetto, Loic and Charvillat, Cédric and
Thebault, Yannick and Esvan, Jérome and Lafont, Marie-Christine
and Scheid, Emmanuel and Veith, Gabriel M. and Vahlas,
Constantin Amorphous alumina thin films deposited on titanium:

Any correspondance concerning this service should be sent to the repository

administrator: staff-oatao@listes-diff.inp-toulouse.fr



http://oatao.univ-toulouse.fr/
http://dx.doi.org/10.1002/pssa.201532838
mailto:staff-oatao@listes-diff.inp-toulouse.fr

Amorphous alumina thin films
deposited on titanium: Interfacial
chemistry and thermal oxidation

barrier properties

Loic Baggetto™’, Cédric Charvillat', Yannick Thébault', Jérome Esvan', Marie-Christine Lafont’,
Emmanuel Scheid’, Gabriel M. Veith’, and Constantin Vahlas**"

! Centre Inter-universitaire de Recherche et d’Ingéniérie des Matériaux (CIRIMAT), UMR5085 CNRS, 4 allée Emile Monso, BP-44362,

31030 Toulouse Cedex 4, France

2 Laboratoire d’ Analyse et d’ Architecture des Systemes (LAAS), CNRS, 7 Avenue du colonel Roche, 31400 Toulouse, France
3 Materials Science and Technology Division, Oak Ridge National Laboratory, 1 Bethel Valley Road, Oak Ridge 37831, TN, USA

Keywords deposition, interdiffusion, oxygen barriers, thin films, Ti/Al,O5, X-ray photoelectron spectroscopy

“Corresponding-atthor: e-mail loic_baggetto@yahoo.fr, Phone: +33534323430, Fax: +33534323498

** e-mail constantin.vahlas@ensiacet.fr

Ti/Al,O5; bilayer stacks are used as model systems to
investigate the role of atomic layer deposition (ALD) and
chemical vapor deposition (CVD) to prepare 30—180 nm thick
amorphous alumina films as protective barriers for the medium
temperature oxidation (500-600°C) of titanium, which is
employed in aeronautic applications. X-ray diffraction (XRD),
transmission electron microscopy (TEM) with selected area
electron diffraction (SAED), and X-ray photoelectron spec-
troscopy (XPS) results show that the films produced from the
direct liquid injection (DLI) CVD of aluminum tri-isoprop-
oxide (ATI) are poor oxygen barriers. The films processed

1 Introduction Nowadays, aluminum oxide, com-
monly referred to as alumina, is a key component of various
products, devices, and equipment. For instance, alumina is
extensively employed as adielectric material in capacitors and
other electrical devices, as substrate and furnace materials,
filler in cosmetic formulations, hard coatings and soft
abrasives, and as support for catalysis [1-5]. The widespread
use of alumina is intimately linked to the functional properties
of its various crystallographic polymorphs (corundum,
sapphire, gamma alumina, etc.) [6]. Recently, there has been
a surge of interest for the use of alumina films as a protective
barrier for lithium-ion battery electrode materials as alumina
films prepared by atomic layer deposition (ALD) and
magnetron sputtering can significantly reduce electrolyte

using the ALD of trimethylaluminum (TMA) show good
barrier properties but an extensive intermixing with Ti which
subsequently oxidizes. In contrast, the films prepared from
dimethyl aluminum isopropoxide (DMAI) by CVD are
excellent oxygen barriers and show little intermixing with
Ti. Overall, these measurements correlate the effect of the
alumina coating thickness, morphology, and stoichiometry
resulting from the preparation method to the oxidation barrier
properties, and show that compact and stoichiometric
amorphous alumina films offer superior barrier properties.

side reactions and increase the battery lifetime of future
electric cars [7-9]. Alumina produced by ALD has also shown
great promises as passivation layer of TiO, in organic solar
cells [10]. Apart from these applications, itis well known that
alumina can be used as a barrier material for corrosion and
medium temperature (400-600 °C) oxidation to serve as a
protection for metallic alloys used for instance in the
aeronautics [11, 12].

The use of thermal and oxygen barriers is critical for
aeronautic applications where engine parts can be exposed
to temperatures from few hundred to more than a thousand
degrees Celsius, with a steady push to increase the turbofan
engine temperature in order to increase fuel combustion
efficiency [13, 14]. Titanium alloys are widely used



materials in the cooler part of the engine where the
temperature does not exceed 600 °C [15]. The chemical
reactivity between alumina and titanium was formerly
studied using powder and thin film model systems with
emphasis on intermetallic and ternary compound formation
[16-19]. However, the works did not focus on the relation-
ships between the oxidation of Ti and the morphology,
thickness, and composition of the films resulting from the
processing conditions.

In the present article, we investigate the interaction
between titanium, the base material used in the medium
temperature engine parts, and three types of amorphous
alumina thin films prepared by ALD and chemical vapor
deposition (CVD) as protection barriers against thermal
oxidation. ALD and CVD are powerful techniques to
uniformly cover topologically complex objects or
substrates [20-22], as demonstrated by the widespread
use of the preparation methods in the microelectronic and
glass coating industries [23-25]. Moreover, these prepara-
tion techniques can be controlled to yield amorphous

alumina films that have optimal oxygen barrier and

mechanical properties, as shown for CVD films obtained
from evaporated aluminum tri-isopropoxide (ATI)

precursor [26-28]. Herein, we will discuss the properties
of Ti/Al,O5 bilayer model systems with emphasis on the
structure, interfacial chemistry, and oxygen barrier proper-
ties before and after annealing at 500 and 600 °C in air as
function of Al,Oz process. Results on bilayer stacks
prepared from sputtered titanium and alumina films
processed using the DLI CVD of ATI, named DLI ATI
hereafter, and DLI CVD of dimethyl aluminum isoprop-
oxide (DMAI), named DLI DMAI hereafter, will be
discussed. We have used these CVD precursors as they
can deliver amorphous alumina films at moderate temper-
atures, are relatively cheap, safe, and easy to handle [29, 30].
These results are contrasted to ALD grown Al,O3; from
trimethyl aluminum (TMA) precursor on the same Ti base
layer. For studying the surface and bulk properties, such as
phase formation and intermixing, we have employed atomic
force microscopy (AFM), X-ray diffraction (XRD), high
resolution transmission electron microscopy (HRTEM)
coupled with selective area electron diffraction (SAED),
and X-ray photoelectron spectroscopy (XPS) combined
with Ar ion etching. Special attention is given to the
relationship between the physico-chemical properties of
alumina (composition, thickness, and morphology) and the
barrier performance measured by the extent of titanium
oxidation and the interdiffusion between titanium and
alumina.

2 Experimental

2.1 Thin film preparation Ti thin films were
prepared by DC magnetron sputtering in a custom-built
reactor pumped down to a base pressure of 5.10~ Torr or
less. Pre-sputtering was conducted for 20min on a
polycrystalline Ti target (99.97%, Lesker) using an Ar
(99.9995%, Air Liquide) plasma at 40 W power and 5 mTorr

deposition pressure, and a target-substrate distance of
5 cm. Deposition took place onto polished Si (001) wafers
(University wafer). Thickness was calibrated using a
quartz microbalance mounted inside the chamber. Under
the present conditions, the growth rate was measured to be
about 34 nmmin~"' and four nominal thicknesses from 100
to 1000 nm were prepared. After deposition, the Si wafers
covered with Ti films were cut into small squares of 5 x 5 or
7 x 7mm? for alumina deposition.

Al,O5 amorphous thin films were prepared onto samples
of Si covered with Ti films and Si blank samples (Sil’tronix).
ALD was performed in a Fiji apparatus (Nanothech). ALD
cycles with TMA and an oxygen remote plasma (300 W) as
reactants were employed. Deposition was carried out at
substrate temperature of 300 °C and working pressure of
about 70mTorr. Each cycle consisted of 15ms TMA
dosing time, 5 s TMA purge, 20 sccm O, dosing during 5s
stabilization followed by plasma exposure for 20s, and a
final purge of 5.

DLI CVD was performed in a homemade horizontal
hot-wall reactor equipped with four gas lines and mass flow
controllers (MFC), a large evaporation stainless steel
chamber and a quartz tube (25mm diameter, 300 mm
length) heated by a resistive furnace described previ-
ously [29, 30]. In short, samples were placed on a stainless
steel holder in the center of the quartz tube where the
temperature was uniform, with a total reaction pressure of
5 Torr. Gas lines and the evaporation steel chamber were
heated to ca. 80 or 130 °C to prevent DMAI or ATI vapor
condensation, respectively. ATI powder (>98%, Acros
Organics) or DMALI liquid (>99%, Air Liquide) precursors
were weighted and sealed inside a Schlenk flask inside a
glovebox circulated with purified Ar (99.9997%, Air
Products). The sealed flask was taken out of the glovebox
and filled with the appropriate quantity of anhydrous
cyclohexane (99.5%, H,O < 10 ppm, Sigma—Aldrich) using
an air-tight, Ar-purged, glass syringe to prepare solutions of
0.2M. Then, the Schlenk flask was connected to the
injection system and purged several times with pressurized
N3 (99.9999%, Praxair). The frequency and opening times
of the injection system (Kemstream) were controlled to feed
the evaporation chamber with precursor solution micro-
droplets mixed with N, gas having a flow set from 300 to
400 sccm. For DMALI precursor, 50 sccm O, was added to
the dilution gas. Deposition was generally carried out at 420
and 500 °C for ATI and DMALI precursors, respectively. For
ATI precursor, some deposition runs were also conducted at
485 °C. Process conditions are summarized in Table 1.

Films were post-annealed at 500 and 600 °C for 65h
in a horizontal tube furnace kept in air. Heating was operated
at 60°Cmin~" followed by a plateau of 65h followed
by natural cooling to room temperature after which the
samples were carefully removed from the oven for further
characterization.

2.2 Materials characterization The film thickness
was measured on Si witness samples using optical



Table 1 Process parameters used during the preparation of alumina thin films. Cyclohexane solvent, a total pressure of 5 Torr, and
opening frequency and injection times of 2 Hz and 5 ms were used for the DLI CVD processes. Growth rate is in nmh ™" and nm cycle ™

for the DLI CVD and ALD processes, respectively.

temperature (°C) process precursor gas injection dilution growth rate
mixing flow (sccm) flow (sccm) (nm h™! or nm cyclefl)
500 DLI CVD DMAI N»/O, 400 400 300
420 DLI CVD ATI N, 300 300 1400
300 ALD TMA 0, n/a n/a 0.09

reflectivity (Mikropack, Nanocalc 2000). Samples surface
morphology and roughness were measured using AFM in

ambient conditions on an Agilent Technologies 5500.
Scanning was performed in contact mode with tips of spring
constant of about 0.292Nm™" (AppNano). Scanning rate
was set to 2pums '. The film crystalline structure was
measured by XRD on a Bruker D8 Advance using a Cu K,
(1.5418 A) X-ray tube operated at 40kV and 40 mA, a Ni

filter and solid-state Lynxeye detector in 64 3°/6 — 3°
configuration. Samples were measured on a zero back-
ground holder and a 6 offset of 3° was applied between the
source and detector arms to suppress the strong (004)
diffraction of the Si substrate normally measured around
68-69°. SEM micrographs were taken in backscattered
mode on a JEOL JSM-7800F field emission SEM operated
at 10kV. SEM samples were fractured then covered by a
thin layer of sputtered platinum to prevent charging effects.

For TEM observations, cross-sections of the CVD
deposit were prepared by cutting the substrates into thin
slices with a diamond wire saw. Two slices were glued face
to face and embedded in a 3 mm diameter brass tube with
epoxy resin. After curing, the tube was sectioned into
approximately 300 wm thick discs. These discs were then
mechanically polished on both faces with a tripod polisher
and diamond clothes down to 100 pm and finally dimpled
with a South Bay Technology Dimpler before ion-milling
to achieve electron transparency, with a low angle (0-10°)
GATAN precision ion-beam polishing system. TEM
coupled with SAED was measured using a JEOL JEM
2100F microscope operated at 200kV and equipped with a
Bruker energy dispersive X-ray spectrometer (EDX) for
chemical analysis.

XPS measurements were performed on a Thermo
Scientific K-Alpha instrument capable of a typical base
pressure of 107~ Torr using monochromatic Al K,
(1486.7¢eV). The spectrometer energy calibration was
performed using the Au 4f;, (83.94+0.1eV) and Cu 2p3),
(932.7 £0.1 eV) photoelectron lines. Charging compensation
and neutralization were applied by using a dual beam flood
gun. The probed areas were about 400 pm diameter. Constant
pass energy of 30 eV and energy steps of 0.1 eV were used for
high-resolution scans. Surface erosion was employed using
Ar ions accelerated at 2keV, resulting for alumina in an
erosion rate of about 0.08 nms™~'. The atomic concentrations
were determined from photoelectron peak areas using the

atomic sensitivity factors reported by Scofield, taking into
account the transmission function of the analyzer. This
function was calculated at different pass energies from Ag3d
and AgMNN peaks collected for a silver reference sample.

3 Results and discussion The surface morphology
and roughness measured by AFM of 100 nm thick Ti films
before and after deposition of amorphous alumina are shown
in Fig. 1, and the corresponding roughness parameters are
listed in Table 2. The surface of the pristine Ti films presents
a needle-like morphology with an arithmetic roughness S,
of 5.1nm and a root mean squared roughness value S, of
6.3 nm over an area of 4 um?”. During the growth of alumina
films onto polished Si substrates, the nuclei density and
surface diffusion of precursors are high enough to produce
very smooth films (see Supporting Information (in the
following named as SI), Fig. S1, online at www.pss-a.com)
with roughness parameters S, and Sq of 0.6 and 0.8 nm for
the DLI DMAI films, of 1.9 and 2.4 nm for the DLI ATI
films, and of 0.2 and 0.3 nm for the ALD films (Table 2).
When alumina deposition takes place onto the surface of Ti
films, the bilayer stack surfaces are generally accompanied
with a decrease of the roughness with regard to the Ti
starting surface. The ALD films, which are extremely
smooth when deposited onto Si, yield smoother surfaces
whereas the CVD films, which are somewhat less smooth
than the ALD films, lead to the formation of rougher
surfaces when deposited onto Ti. Indeed, the ALD of
alumina leads to the formation of peaks with larger lateral
widths and lower heights, resulting in a lower surface
roughness, in particular for the thicker film of 70 nm with S,
and S, values of about 3.0 and 3.8 nm, respectively. For the
films prepared by CVD, the morphology resembles more
closely that of the starting Ti surface, in particular for the
DLI ATI film, accompanied with higher roughness
parameters of about 4.5 for S, and 5.6 nm for S,

The morphology of the films was further investigated
using SEM on cross-sections prepared for Si/Al,O3 (SI
Fig. S2) and Si/Ti/Al,O5 (Fig. 2 and SI Fig. S2) systems.
Similar surface morphologies and roughness were observed
in the SEM photographs and surface AFM measurements.
Cross-sections photographs better reveal the internal
structure of the films. Alumina films prepared onto Ti by
ALD and DLI DMAI have a compact structure (Fig. 2a, b,
and d), which is similar to that obtained for alumina films
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Figure 1 3D topography images of alumina surfaces measured by contact AFM for 100 nm thick Ti and 100 nm thick Ti films covered by
30nm of ALD Al,05, 70 nm of ALD Al,O3, 140 nm of DLI ATI Al,O5 prepared at 420 °C, and 180 nm of DLI DMAI Al,Oj3 prepared at
500 °C. The z scale ranges from 0 to 50 nm. The roughness parameters derived from the measurements are listed in Table 2.

grown directly onto Si substrate (SI Fig. S2¢ and S2d). The

morphology of alumina films prepared by DLI ATI differs

significantly from that of the aforementioned films. The DLI
ATI leads to the formation of agglomerated nodules along

columns at 420°C (Fig. 2c), which is similar to the
morphology of the alumina films directly grown onto Si at
485 °C (SI Fig. S2a) and of that of a thicker Ti/Al,O5 bilayer
stack prepared at 420°C (SI Fig. S2b). Moreover, this
difference in morphology is correlated to a significant
difference in composition with the formation of a
stoichiometric oxide using DLI DMAI at 500 °C [29], in
contrast to the formation of partly hydroxylated aluminum
oxide (O/Al=1.80) when using DLI ATI at 420 °C [30].

The crystal structure of the Ti films before and after
deposition of alumina was monitored using XRD. The

starting films are nanocrystalline (SI Fig. S3a) and adopt the
hexagonal o-Ti structure (P63/mmc space group). As is

often observed during the growth of thin films, the films
show texture and, as the thickness increases the preferential

Table 2 Roughness parameters derived from AFM measurements
for 100nm thick Ti films covered by 30nm and 70 nm of ALD
Al,03, 140 nm of DLI ATI Al,O; prepared at 420 °C, and 180 nm
of DLI DMAI Al,O3 prepared at 500 °C, corresponding to Fig. 1.
Values obtained for the alumina and Ti films deposited directly
onto Si (SI Fig. S1) are given as references. S, and S, stand for the
areal arithmetic and root mean squared roughness of an entire area
scan, respectively. Values are in nm.

sample Sa Sy

Si/Al,0; ALD 70 nm 0.23 0.34
Si/Al;,0; CVD ATI 140 nm 1.94 2.44
Si/Al,0; CVD DMAI 180 nm 0.63 0.79
Si/Ti 5.11 6.31
Si/Ti/Al,0; ALD 30 nm 3.94 5.03
Si/Ti/Al,0; ALD 70 nm 2.99 3.83
Si/Ti/Al,0; CVD ATI 140nm 4.52 5.71
Si/Ti/Al,0; CVD DMAI 180 nm 441 5.53




orientation of the nanocrystallites changes toward a texture
closer to that expected for the randomly oriented reference
pattern. After the DLI ATI at 485 °C, the crystal structure of
the Ti film remained unchanged but a displacement of the
diffraction peaks to lower angles was observed matching
that of TiOg4g phase (SI Fig. S3b). The shift implies an
increase of the lattice parameters (SI Table S1), as expected
during the formation of TiOys_, hexagonal (P63/mmc)
phase [31, 32].

In order to understand if these changes result from
oxidation during the growth process of alumina or from pre-
oxidation during the temperature ramp under vacuum with
oxygen traces, a sample was annealed inside the CVD
reactor at 2 Torr N, pressure at 485 °C without the addition
of alumina precursor. The resulting diffraction pattern (SI
Fig. S3b) shows the presence of TiOg3,5 phase, which
adopts the same space group as a-Ti and TiOg45. Hence,
this result either suggests that oxidation of the Ti film took
place under vacuum with residual oxygen traces or that O
impurities present in the starting sputtered Ti incorporated
the «-Ti structure during post-annealing. The latter

hypothesis was confirmed by the XPS results, as discussed

later, and implies the sputter growth of Ti films with a
residual amount of O not inserted in the a-Ti structure. The

absence of O inserted in the o-Ti structure is supported by
the lattice parameters matching those expected for pure Ti
(SI Fig. S4 and Table S1). The presence of O may result
from O stored in the grain boundaries of the polycrystalline
target material, as observed with Cu targets for instance [33],
and/or from trace impurities in the Ar gas (99.9995%).
Moreover, Ti is a known O getter for ultra-high vacuum
applications and is often employed in so-called “titanium
sublimation pumps.” It is thereby plausible that despite the
low base pressure of the sputtering system (5 x 10~ Torr),

Figure 2 SEM cross-section micrographs of
Ti films covered by (a) 30 nm of ALD Al,O5,
(b) 70nm of ALD Al,O3, (¢) 140nm of DLI
ATI Al,O3 prepared at 420 °C, and (d) 180 nm
of DLI DMAI Al,O; prepared at 500 °C.
Images were taken in backscattered mode.
Note the different magnifications.

some of the O comes from residual contaminants of the
sputter chamber.

During the introduction in the CVD reactor and pre-
annealing to reach the steady-state deposition temperature,
there is enough thermal energy for the Ti structure and O at
the grains surface to intermix and form TiOg3,5. As the
subsequent deposition of alumina takes places, further O
coming from the CVD precursor can be incorporated into
the Ti film, depending on the deposition duration and
temperature, to lead to a composition up to TiOg4g. The
refined lattice parameters for the patterns shown in Fig. S3b
are listed in Table S1 (SI), and comparison with
crystallographic data from the PDF database is shown in
SI Fig. S4. A good agreement is found and confirms the
incorporation of O in the starting Ti structure in the form of
TiO,, with x up to ~0.5 [31, 32].

XPS depth profiling data for the starting Ti films, Ti
films annealed at 485 °C in flowing N,, and of Ti films
oxidized in air at 600 °C to form pure rutile TiO, are shown
in Fig. 3. In all cases, the surface of the films is fully
oxidized into TiO,, as evidenced by a binding energy around
458.5eV in Ti 2p3,, spectra. For the starting Ti films, as
discussed above, the bulk of the film contains about 30 at.%
O (Fig. 3a). Interestingly, this amount does not increase after
annealing in the CVD reactor at 485 °C in flowing N,, which
highlights that the base pressure of the CVD reactor is low
enough to prevent further oxidation of bulk Ti. In the case of
TiO, (Fig. 3b), the composition remains almost constant
from the surface to the bulk, which is in agreement with the
full oxidation of Ti. However, it is clear from the Ti 2p high-
resolution spectra that ion erosion rapidly and importantly
reduces part of the Ti*" ions to lower oxidation states.
This change in oxidation state results from primary Ar ion
bombardment, which can cause preferential sputtering,



important structural damage, and provokes the partial
reduction of Ti*" [34]. Although this effect limits the
quantitative interpretation of the actual Ti oxidation state in
the bulk of the film, qualitative information of the Ti/Al,O3
samples can be obtained by comparing the changes in Ti 2p
signals for the various bilayer structures.

The XRD patterns of the Ti/Al,Oj3 bilayer stacks before
and after post-annealing in air at 500 and 600 °C are shown
in Fig. 4; they provide information on the impact of
annealing conditions on the reactivity between the two
phases. In order to minimize the extent of oxidation during
alumina growth, the temperature during the DLI ATI was
decreased to 420°C, which prevents the oxidation into
TiOg4g and yields the formation of TiOg3,5 (Fig. 4a).
Moreover, for both ALD film thicknesses, the patterns
match that of pure Ti (Fig. 4b). This result indicates the
intermixing between a-Ti nanocrystallites and O stored at
their boundaries does not take place at the lower temperature
of 300 °C used in the ALD process. In contrast, this reaction
takes place at 420 °C to form TiOg 3,5, and further reaction
occurs at 485 °C during the DLI ATI. Similarly, the Ti film
is oxidized to a larger extent after the DLI DMAI at 500 °C,
with the formation of TiOy 45 (Fig. 4b). For this process, the
rather slow growth rate practically prevents the use of
deposition temperatures lower than 500 °C [29]. Moreover,

Figure 3 Depth profiles results for (a) Ti and
Ti annealed at 485 °C in N,, and for (b) TiO,
thin film systems. The concentration profiles
(left) and the Ti 2p X-ray photoelectron
spectra (right) at various stages of erosion are
presented.

the process with DMAI uses O, to compensate for the lower
than 1.5 O/Al ratio in DMAI compared to ATI.

After post-annealing of the films obtained by DLI ATI,
full oxidation into rutile TiO, is observed independently of
the post-annealing temperature of 500 and 600 °C (Fig. 4a).
This suggests poor oxygen barrier properties of this alumina
material, which can originate from the porous morphology
(Fig. 2 and SI Fig. S2) and the presence of hydroxyl
groups as revealed by the off-stoichiometric composition
(O/A1=1.80) of the DLI ATI films [30]. For the alumina
films prepared from the DLI DMAI and ALD processes,
TiOg 45 and Ti phases from the starting bilayer stack evolve
after post-annealing at 500 °C for 65 h to a mixture of cubic
Fm-3m TiO and hexagonal P63/mcm TisSiz (Fig. 4¢). It is
worth recalling that cubic TiO is widely non-stoichiometric
over the range of composition 0.8 <O/Ti < 1.2 [31, 35-37].
The XRD patterns of the bilayer stacks of alumina films
prepared by ALD and DLI DMATI that were post-annealed at
600 °C (Fig. 4d) show the presence of rutile TiO, along with
the silicide TisSiz. These results support the backside
reaction with Si and front side reaction with O. The O likely
originates from diffusion of O from the air through the
alumina film at high temperatures. Oxidation takes place
even though the CVD alumina films are significantly
thicker (140-180 nm) than the ALD films (30-70 nm). This



suggests that at the higher temperatures, enough time is
given for the diffusion of O.

The distribution, size, and identification of phases
formed after annealing at 600 °C were further investigated
by means of TEM on the Ti/Al,O3 stack prepared with
70nm of ALD alumina (Fig. 5). The micrographs clearly
show two distinct layers present on top of the Si substrate.
The two layers consist of a crystalline film covered by an
amorphous layer. The EDX line scan shows the presence of
a layer rich in Ti and Si along with a small amount of O,
which can suggest the formation of a Ti—Si alloy and TiO,
clusters in the Ti film. The reaction between Si and Ti is
well evidenced with the formation of large nanocrystals
(see black arrows) expanding into the Si substrate. SAED
and FFT patterns (Fig. 6) further confirm the formation of
TisSi; phase in the layer, in excellent agreement with the
XRD data (Fig. 4). This result highlights the inhibition of O
diffusion by the alumina film preventing the formation of
oxide materials, in turn promoting the intermixing reaction
between Si and Ti. The outer layer of the stack (Fig. 5) is
mostly composed of Al and O elements along with a small

amount of Ti. It is interesting to note that the alumina film
remains amorphous, similar to the result obtained for a

DLI DMAI film annealed in air at 500 °C (SI Fig. S5).
Moreover, it is clear that the amorphous alumina layer has
many inclusions of small crystallites up to the surface,
which are most likely TiO, nanoparticles. This result
highlights that it is important to consider the intermixing of
Ti and Al,Oj as a possible root cause for O diffusion within
alumina since Ti and TiO, are superior O conductor than
AlyOs;.

Figure 4 X-ray diffraction patterns of Si/Ti
samples covered by (a) ~150nm Al,O3 DLI
ATI before and after thermal treatment at 500
and 600 °C in air for 65h, (b) 30 and 70nm
Al,0O3 ALD, and ~170 nm Al,0; DLI DMAL
The patterns for the samples shown in (b)
annealed at 500 and 600°C for 65h are
presented in (c) and (d), respectively. Refer-
ence patterns hexagonal Ti, TiOg3,5, and
TiOy_48, cubic TiO, rutile TiO,, and hexagonal
TisSi3 phases are included when applicable.

In order to further understand the intermixing of the
materials, XPS depth profiling was conducted on the
bilayer stacks before and after post-annealing in air. First,
we will discuss the results for the ALD films of 30 nm
(SI Fig. S6) and 70nm (Fig. 7). The XPS results for the
as-prepared (SI Figs. S6a and 7a) and 500 °C annealed
(SI Figs. S6b and 7b) samples show the presence of the
alumina film on the surface of partially oxidized Ti up to a
O:Ti ratio of about 1:1, in good agreement with the XRD
data. As the temperature increases to 600 °C (Figs. S6¢ and
7c), there seems to be a substantial increase in the amount
of O stored in Ti up to the composition of TiO,. For the
70nm thick ALD film, an important decrease of the O
content is observed at larger erosion depth. In both cases,
there is little intermixing of Ti and Al,O5 films at 500 °C
but significantly more intermixing occurs at 600 °C.
Indeed, Ti is now present within the alumina film up to
the surface, which is in very good agreement with the TEM
data (Fig. 5) that evidenced the inclusion of Ti-containing
nanoclusters up to the surface of alumina. Ti on the surface
is fully oxidized into TiO,, as shown by the binding energy
around 458.5¢V in the Ti 2p3,, spectra (SI Figs. S6c and
7c, right side). In the case of the 30 nm thick alumina film
annealed at 600 °C, oxidation of Ti appears to take place
over the entire measured thickness whereas the oxidation
of the deeper part of the Ti film is partly prevented for the
70 nm thick ALD film. The latter result is visible in the Ti
2p spectra showing signals of Ar-ion-reduced TiO, for the
30nm thick film (Fig. S6c and Fig. 3b) whereas signals
attributed to TiO, (x < 1) and Ti® (Ti metal or Ti-Si) are
measured around 454 eV in Ti 2ps3,, at high erosion depths



for the 70nm thick film (Figs.7c and 3b). This result
complements the results obtained with XRD and TEM that
showed the formation of TisSis at the Si/Ti interface where
Ti is expected to display a metallic character in this phase.
In summary, these results demonstrate that thin ALD films
(30-70nm) can prevent the full oxidation of Ti when

Figure 5 TEM micrographs of the bilayer
stack consisting of a Ti layer covered by a
70nm thick ALD alumina film post-annealed
at 600 °C. The white arrows indicate the Ti—Si
and AlL,O; layers and the black arrows
highlight some of the products formed
between Si and Ti, and Ti and Al,O;
materials. The concentrations obtained by
EDX across the Si/Ti/Al,O5 stack (dashed
arrow) are shown in the lower graph.

annealing at 500 °C is conducted for 65 h, however, they do
not prevent O diffusion and the partial oxidation of Ti.
Moreover, further oxidation of Ti can partially take place at
higher temperatures (600°C and above). Finally, it is
striking to observe a significant efficiency in the oxidation
barrier properties when a thin 70 nm alumina film is used,

Figure 6 HRTEM micrographs, FFT pattern
of a crystallite fringes (upper right), and
SAED pattern (lower right) of the Ti layer

covered by an ALD 70 nm thick alumina film
post-annealed at 600 °C (Fig. 5). Indexing of

the diffraction spots (SI Table S2) confirms
the presence of P63/mcm TisSi; phase.



as evidenced by the absence of full oxidation of the inner
part of the Ti layer.

In contrast, when Ti is covered by a 150 nm thick alumina
film produced by the DLI ATI (SIFig. S7), annealing at 500 or
600 °C leads in both cases to the oxidation of Ti into TiO,,
as already observed with XRD (Fig. 4a). This result further
supports the poor oxidation barrier properties of this type

of alumina material. Indeed, the composition of the films
obtained by DLI ATI deviates from stoichiometry [30], and

the films are composed of agglomerated nodules in the form

Figure 7 Depth profiles results for (a) an as-
prepared Ti/Al,05; 70 nm (ALD) bilayer stack,
and Ti/Al,0; 70nm (ALD) bilayer stacks
annealed in air 65h at (b) 500°C and (c)
600 °C. The concentration profile (left) and Ti
2p X-ray photoelectron spectra at various
stages of erosion (right) are presented.

of columns with apparent internal porosity (Fig. 2c and SI
Fig. S2a and S2b) [29], which may more easily allow O
diffusion toward the Ti film. In summary, these results
illustrate that the thickness of the alumina film is not a
crucial requirement for an oxidation barrier but instead the
morphology, stoichiometry and local coordination order are
critical factors to the good properties [28].

Alumina films obtained by the DLI DMATI at 500 °C in
the presence of O, are good candidates as oxygen barriers as
the films are stoichiometric, and show a compact structure



(Fig. 2d and ST Fig. S2c¢) [29]. After annealing in air, films of
about 180 nm show a behavior similar to the ALD films with
the partial oxidation of Ti at 500 °C (Fig. 8b) and a more
profound oxidation at 600 °C (Fig. 8c). In the case of these
films, the intermixing of Ti with Al,0O3 is much lower than
for the ALD films with fairly narrow diffusion zones
(Fig. 8b and c). Moreover, there is no evidence for the
presence of Ti near the outer alumina surface or included in
the alumina film far from the interface. This contrasts with
the results of the ALD films for which Ti was measured

about 70 nm apart from the initial Ti/Al,O5 interface, and
indicates the beneficial role of the DLI DMAI films
for preventing intermixing with Ti. The reasons for the
improvement cannot solely be related to the larger film
thickness as no Ti was detected by XPS at 50-100 nm from
the initial Ti/Al,O; interface (Fig. 8c), and suggests that the
film density and local atomic structure can prevent Ti and
Al,Oj interdiffusion. Further work is necessary to elucidate
the differences in local atomic structure of these DLI DMAI
and ALD alumina films.

Figure 8 Depth profiles results for (a) an as-
prepared Ti/Al,O3 (DLI DMAI) bilayer stack,

and Ti/AlL,O; (DLI DMAI) bilayer stacks
annealed in air 65h at (b) 500°C and (c)
600 °C. The concentration profile (left) and Ti
2p X-ray photoelectron spectra at various
stages of erosion (right) are presented.



4 Conclusions Ti/Al,O3 bilayer stacks were used as
model systems for the investigation of Ti protection from
medium temperature (500-600 °C) oxidation by using
amorphous alumina thin films of 30-180 nm thickness as
oxygen barriers. The films produced from the DLI ATI
are very poor oxygen barriers. In opposition, the films
processed using the ALD of TMA show good barrier
properties but an extensive intermixing with Ti is
monitored, followed by the subsequent oxidation of Ti.
With a stark contrast, the films prepared from DLI DMAI
offer excellent oxygen barrier properties and show little
intermixing with Ti. In summary, these measurements
correlate the effect of the alumina coating thickness,
morphology, and stoichiometry resulting from the prepara-
tion method to the oxidation barrier properties, and show
that compact and stoichiometric amorphous alumina films
offer superior barrier properties.
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online version of this article at the publisher’s web-site.
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