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1. Introduction

Selective kinetic growth and role of local
coordination in forming Al,TiOs-based coatings at
lower temperaturest
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¢ and Mats Boman
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Negative thermal expansion is an elusive property found among certain materials, whose potential
applications have remained limited due to the many challenges faced in their synthesis. Herein, we
report the successful formation of aluminium titanate-based coatings (Al,TiOs), a material renowned for
its low-to-negative thermal expansion, by the co-deposition of aluminium-isopropoxide and titanium-
isopropoxide in a hot-wall chemical vapour deposition instrument. While coatings grown at 450 °C were
amorphous as-deposited, a short-range order into the Al TiOs-phase was found and analysed by using
Raman spectroscopy. Upon subsequent annealing at 700 °C for 3 hours, crystalline coatings were
achieved without forming any binary phases. The selective synthesis of the Al,TiOs phase is ascribed to
the precursors’ inherent chemical similarities, resulting in a kinetic targeting of this phase and a short-
range homogeneity, entailing its preferred crystallisation. The role of local coordination is expressed by
demonstrating the formation of intergrowth phases ascribed to lower coordinating interstices in the
compound. Both the formation and crystallisation temperatures reported herein, as well as the
timescales needed for the synthesises, are considerably lower than any conventional adopted solid-state
techniques used so far to attain the Al TiOs phase.

molybdates, vanadates,* and titanates,**>* including combina-

tions thereof.>> Because of their multidisciplinary properties,

Transition metal oxides carry unique sets of properties seldom
found among other material groups. Beyond their capabilities of
showing extraordinary features in the realms of magnetism,"?
ferroelectricity,”  photocatalysis,”> electrochromism®”  and
superconductivities,®'° they may also exhibit unusual thermal
properties, like contracting rather than expanding upon heating.
Such paradoxical behaviour is exclusively found among a rare
group of compounds possessing a negative thermal expansion
coefficient (NTE),"* a feature commonly ascribed to the presence
of differential and directional bonding characters in coordinating
(and distorted) oxygen polyhedrons."**® Besides common ice,"”
NTE is typically observed among more intricate forms of multi-
component oxide phases in the subgroups of tungstates,'®'
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these phases have increasingly started to attract interest for
applications in energy harvesting,***” electronics,”*** optics,*
catalyses,*'?* refractory®® and metallurgy,® to name a few.
This has also surged a need to find more efficient methods
to synthesise these compounds, constituting this study’s
overall theme.

Traditionally, solid-state syntheses have been widely used to
obtain many functional metal-oxides, which remains a
conventionally adopted approach. Whereas these methods have
successfully discovered many binary oxides, they remain
inadequate in the pursuit of novel multi-component phases,
having potentially improved properties, given their elaborate
stoichiometries and general metastable characters.*>® Since
solid-state techniques are heavily reliant on diffusion and
thermodynamic equilibrium,**>® they are restricted from
entering the metastable domain, lying energetically above those
of the most thermodynamically stable phases,””>° and accurately
targeting these.

As alternatives to solid-state synthesis methods, many solvent-
based and “soft-chemical”*® routes have been developed.>**' Besides
sol-gel,** solvothermal,** hydrothermal,**** ion-exchange,***®
and various intercalation/deintercalation techniques,””*® they
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also include low-temperature chemical vapour-deposition
(CVD) processes.***° Rather than relying solely on the diffusion
of the elements, these techniques may carry an extra degree of
freedom by allowing atomic-scale control of the synthesised
material through a series of step-wise polycondensations,**>"
targeted metatheses,””*® and ligand reactions.** This added
flexibility enables the adaption of functional inorganic materials
not merely from their elemental compositions but also through
their local short-range features,”*® such as coordination
environments,> bonding characteristics and presence of
(ordered) vacancies.>>>°

These features characterise many transition metal oxides,
showing extensive polymorphism in the metastable
domain.****** For example, a shared elemental composition
may exhibit vastly different properties depending on how the
comprising metal-oxygen polyhedral units are aligned through
tiltings, rotations, and distortions.>”*” Such subtle yet essential
nuances are notoriously difficult to isolate from conventional
solid-state synthesis processings,**°” offering limited control
of the reaction pathway and its corresponding kinetics.?®*">®
Hence, a selective targeting of the metastable phases rather than
any thermodynamically stable ones are rarely achieved.>”>?

Alternatively, solvent-based and “soft-chemical” techniques can
readily offer such selectivity by facilitating the controlled formation
and kinetic trapping of metastable compounds.*******> This is
particularly realised from metal-organic CVD processes (MOCVD),
which combines the flexibilities of strategic precursor designs to
a wide range of tactical and adaptable process parameters.
Additionally, mixing precursors in their gaseous states allows a
facile pathway to target the stoichiometry of multi-component
phases while simultaneously circumventing any significant binary
constituent formation.

This study expresses these hallmarks by demonstrating the
formation of aluminium-titanate-based coatings (AL, TiOs) at
lower processing temperatures and shorter timescales than
any solid-state technique. Using two reactants simultaneously,
a selective kinetic growth and targeting of this phase are
achieved instead of its stable binary constituents. The role of
local coordination is emphasised by the suggested growth
mechanism given in the discussion section. Furthermore,
detailed examinations of the short-range features using Raman
spectroscopy unveiled new phases beyond that of AL, TiOs.
These phases, known as intergrowths, have previously been
suggested by earlier authors in the field.”® This study confirms
these phases’ existence and extends their descriptions by
providing a plausible cause of their formation, relating to local
changes in Al,TiO5’s cationic arrangements.

1.1. ALTiO; - properties and applications

Al TiOs is an oxide compound renowned for its thermal
properties, such as a high melting point (1860 °C),°° high
thermal shock resistance (1544 W m '),*" low thermal
conductivity (1.5 W m~' K '),°* and a low-to-negative thermal
expansion coefficient.®>®* Along with insufficient wetting
towards non-ferrous metals,®* corrosion resistance®*®
and a remarkable self-healing ability of cracks at elevated
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temperatures,®>®” the compound stands as an ideal candidate
for many refractory- and metallurgical applications. Recent
studies have also revealed an excellent photocatalytic potential
of this material, owing to a moderate band gap (2.88 eV),*®
which has found practical use to improve solid-oxide fuel cells’
performances.®’

Still, the challenges concerning the synthesis of this
material have restricted its widespread applicability. Solid-state
synthesis methods, like sintering, are widely adopted to obtain
the AL TiOs phase by mixing and heating equimolar ratios
of Al,O; and TiO, powders. Because of these binary phases’
stabilities, their mutual solubility remains relatively poor,”®”"
resulting in a low net Gibbs free energy change to drive this
reaction, which is less than 600 ] mol™' below 1600 K.”?
Accordingly, elevated sintering temperatures and prolonged
reactions times — occasionally lasting for several days’® - are
required to yield sufficiently high phase purity of this material.
Even so, the formation of AL, TiOs without the remaining
residues of parent phases remains hard to accomplish. For that
reason, AL, TiOs is readily claimed to be thermally unstable, and
alleged to decompose spontaneously below its formation
temperature at 1280 °C through a eutectoid reaction.®>”*
Thermogravimetric analyses have supported this general view,*
showing an endothermic reaction and positive formation
enthalpy to this compound when being sintered.”® As such,
Al TiOs is commonly referred to as an ‘“entropy-stabilised”
compound owing to its positive configurational entropy term
(15 ] mol ' K 1).7¢78

The entropy-stabilisation of this material correlate strongly
with its structural features. Al,TiO5 is isomorphous to a group
of compounds known as pseudobrookites, having general
formula A,**B*'0;,”” which Linus Pauling first studied in
1930.”° It crystallises in the orthorhombic system with
space group Cmcm®* (or as Bbmm within older literature).®*”””°
For clarity in this context, the Cmcm setting is adopted throughout
this study.

The cations in Al,TiOs may occupy two octahedrally coordinated
crystallographic sites with different symmetries, represented by
Wycoff notation as 4c (M1); 8f (M2).°*°*’”7 These sites form
double-chained polyhedrons running parallel with the c-axis and
are connected from apex-sharing bridging oxygens across the
perpendicular g-axis. Along the b-direction, the chains are linked
through edge-sharing of polyhedral oxygen units. Accordingly,
different bonding characteristics are present along the crystallo-
graphic axes, giving rise to a marked anisotropic behaviour of this
material, particularly its thermal expansion.”” Upon heating,
Al,TiOs tends to contract in the direction of its stronger bonding
apex-sharing oxygens,” ie the a-axis,”> meaning a negative
thermal expansion in this direction.

Earlier investigations from neutron scattering,’® X-ray
diffraction,®”® and high-resolution TEM investigations®® have
shown that AL TiO; readily displays cationic disorder, in the sense
that the metal atoms can interchangeably reside in the two available
metal interstices. The cationic mixing on both sites cause local
distortions to the oxygen octahedrons®" and, conceivably, contri-
butes to this compound’s sizeable configurational entropy term.”®

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Few studies have so far investigated the formation of Al,TiOs
as coatings, which would extend the material’s applicability in
harsh thermal environments as a potential thermal barrier- and
corrosion-resistant coating. Principal studies using CVD as a
method includes the work made by D. Leinen et al.®* In their
study, a combined ion-beam and CVD set-up was used to
deposit amorphous coatings of AlLTi,O,, which reportedly
transformed into a sole crystalline TiO, phase upon subsequent
annealing. Similarly, P. Innocenzi et al. were among the first
to report crystalline Al,TiOs thin film formation at lower
temperatures, using sol-gel as the method and the two
precursors aluminium-sec-butoxide and titanium-butoxide.®®
However, as noted by these authors, the obtained coatings were
only partially crystalline and showed a residual amorphous
phase that transformed into TiO, on further annealing.

More recent attempts to deposit coatings of Al,TiOs have
encountered similar challenges with co-formation of
binary constituents. D. Hau-Kuo et al. made attempts to use a
combination of aluminium-sec butoxide, titanium tetrachloride,
CO, and H, to deposit coatings of AL, TiO5 by CVD.*** They
referred to AL TiOs as Al,0;-TiO, interchangeably throughout
their articles, implying difficulties in attaining the correct phase
stoichiometry. These issues have also been noted within other
deposition techniques, such as physical vapour deposition (PVD)
and thermal-spraying.®®*”

Hitherto, A. Ito et al. are the only ones to have reported the
formation of Al,TiOs coatings without secondary binary phases
formation. They used a laser CVD apparatus to deposit porous
feather-like structures of Al,TiOs, which was investigated with
TEM.*®

2. Experimental section

2.1. CVD system

Depositions were made using an in-house built 3-zone hot-wall
CVD reactor, consisting of a horizontally aligned fused quartz
tube (outer diam. 600 mm, inner diam. 580 mm, 1600 mm
long). A schematic illustration of the reactor is given in Fig. 1.
Radial heaters were used for the deposition zones, and the
temperature within the reactor was monitored using several
Pt/Rh type K thermocouple units (Pentronic 8102000). All
pipelines to the reactor were also heated from glass-fibre liner
heating tapes kept constant at 190 °C, to avoid condensations
of the precursors in the main gas-supply lines. Additionally, for
uniform heating of the precursor flasks, specially designed
tube-fitting heating jackets were used together with separately
mounted thermocouple units inside each flask container.
Multiple connected PID-controller units (Eurotherm 3216)
monitored all heating.

Highly pure (99.999% Alphagaz™, Air Liquide) argon acted
as a carrier gas for all experiments. Tylan 2900-series mass-flow
units, connected to PR4000B controllers (MKS), regulated the
flow rates from these gases. Moreover, an automatic butterfly
check valve, positioned by the outlet, monitored the reactor’s
total pressure during each deposition run. This check valve was

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic overview of in-house-built CVD equipment, marking all
major components.

regulated by a separately connected MKS 651C controller and
two 10/100 torr pressure transducer units (MKS). For pumping
the system to vacuum, a single oil-sealed roughing pump was
used (Edwards). The operating pressure for all experiments was
below 2 torr.

2.2. Substrates

Depositions were made on 1 x 1 cm Si P(100) non-etched wafer
pieces. Before each deposition attempt, these pieces were carefully
cleaned in an ultrasonic bath for 30 min in acetone, followed by
an ethanol solution for the same duration of time. Substrates were
then dried in a stream of argon gas before being immediately
placed on top of a system-designed graphite sample holder.

2.3. Precursors

The used precursors for all experiments were as-received and
commercially available aluminium isopropoxide (98+%,
STREM chemicals) and titanium(wv) isopropoxide (>97%,
Sigma-Aldrich), abbreviated henceforth as ATP and TIP, respectively.
Due to their air- and moisture sensitivity, the precursors
were transferred to their respective flask under an inert argon
atmosphere using a glove box. Both precursors were kept in a
heating cabinet overnight at 200 °C before getting filled. For the
first use, the AIP precursor was melted overnight in its
container at 140 °C to achieve adequate gas-phase volatility
on subsequent deposition runs.

2.4. Deposition experiments

Table 1 summarises the main parameters used for all depositions
throughout this study. A constant temperature for the AIP flask
was always used, set to 110 °C. For the corresponding TIP flask,
the container’s temperature was varied within the temperature
interval of 50-70 °C. Each precursor’s vapour pressure was
allowed to stabilise around its set point for about 1 hour before
deposition. A stream of carrier gas (25 sccm) was bubbled through
each solution’s container. This flow was accompanied by a
separate bulk flow (850 sccm) through the main reactor chamber.

Mater. Adv,, 2021, 2, 5737-5751 | 5739
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Table 1 List of used deposition parameters

Pressure range 1-2 torr
Deposition temperature 450 °C
Total carrier gas flow rates 900 sccm
Deposition time 1h

Evaporator temperature, TIP
Evaporator temperature, AIP

50-70 °C (varied)
110 °C (fixed)

Thus, during each experiment, the total flow rate of the carrier gas
was fixed at 900 sccm.

Depositions were initialised by opening both outlet bellow
valves simultaneously. The duration of each run was always
1 hour.

2.5. Annealing of samples

Annealing of the as-deposited coatings was made in incremental
steps of 50 °C using a vacuum furnace. The operating base
pressure of the furnace was below 5.5 x 10~ ® torr. Samples were
placed in an alumina crucible, and the chamber was pumped
out for 8 hours before heating was started. The heating and
cooling rates were fixed at 10 °C min~" and the calcination time
was 3 hours.

2.6. X-ray diffraction

Offset coupled Cu Ka 6/20 scans were made on a Bruker D8
Advance X-ray diffractometer in Bragg-Brentano configuration,
equipped with an air scattering screen and a Lynxeye XE-T
solid-state strip detector. The divergence for the incident beam
optics was 0.6°. Measurements were made in the 20 angular
range of 10-60°, using a step size of 0.059° and a collection time
of 10 s per step. To avoid scattering from the Si(100) substrate, a
1° w detector offset was used. All conducted XRD measurements
were performed at ambient room conditions. Whole pattern
analyses of the annealed diffractograms were made using a
Pawley refinement and the software Topas (Bruker AXS).

2.7. Raman spectroscopy

Raman spectra were recorded at ambient conditions using a
micro-Raman spectrometer (Renishaw inVia Qontor) equipped
with a 30 mW 405 nm (blue) laser and a long-pass edge filter,
allowing analysis of in-elastically scattered light from 114 cm ™"
by the incident laser line. All spectra were collected using a 20x
objective (Olympus, N plan, NA = 0.40) with cosmic ray removal
enabled. The instrument was calibrated before measuring from
a reference Si P(100) sample to ensure that its characteristic
Raman mode was positioned at 520.5 cm '. The spectral
resolution was +1 cm™'. Data acquisitions were performed
using neutral density filters to decrease the laser’s intensity to
10% and collect 50 scans in total for the range 100-2400 cm ™.
Measurements using lower intensities were also performed to
validate that no heating effects from the laser had affected the
10% laser intensity measurements. Moreover, data acquisitions
were made on several different positions on the sample surface
to ensure that the Raman data was representative of the whole
coating. Deconvolution and curve fitting of the obtained
bands in the spectra was done in the software Fityk using a
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pseudo-Voigt peak profile after a baseline correction (cubic
spline interpolation).

2.8. Electron microscopy

Cross-sectional and top-surface imaging of the coatings were
made using a Schottky FEG Zeiss Merlin™ instrument equipped
with an X-max 80 mm?® silicon drift EDS detector (Oxford
Instruments). For all secondary-electron and in-lens imaging,
an EHT voltage of 1 kV was used together with a probe current
of 100 pA. For BSE imaging, EDS mapping, and EDS line-scans,
an EHT voltage of 10 kV was used along with a probe current of
1 nA. Analyses were made using the software AZtec™ (Oxford
Instruments).

Additional analyses of the samples’ cross-sections were
made using transmission electron microscopy (TEM) via an
FEI Titan 80-300 instrument operated at 300 kV. An FEI Versa
3D focused ion beam/scanning electron microscope (FIB-SEM)
was used to prepare the TEM lift-out samples.

3. Results

3.1. As-deposited samples

EDS analyses of the as-deposited coatings (Fig. 2) revealed
variations to the cationic atomic percentages from altering
the TIP precursor’s evaporation temperature. A close-to-ideal
stoichiometry of the Al: Ti molar ratio (1.88) was obtained when
the TIP flask container’s temperature was set to 54.7 °C.
In order to study the effect of varying molar ratio, four different
compositions were selected for further investigations. These
were designated as L1 (Al-enriched), L2 (~ideal), L3 (1:1) and
L4 (Ti-enriched), respectively.

SEM top view images (Fig. 3) demonstrated morphologies
consisting of nano-sized globular domains. This feature was
seen in all batches regardless of Al:Ti molar ratio. The only
deviance to this trend was observed for the Ti-enriched batch
(L4), showing slightly smoother and larger domains on their
top surfaces. For the samples’ cross-sections, their intrinsic
appearances were similar as well. As seen in Fig. 3, all coatings
possessed a dense homogenous appearance with few distin-
guishing features.

XRD in 6-26 geometry (Fig. 4) was conducted to study the
samples’ phase contents. These measurements indicated an
amorphous phase by revealing an asymmetric hump in intensity
at lower 20 angles for all coatings. A few very weak peaks were
seen within the L4 (Ti-enriched) sample, which was identifiable
as peaks belonging to anatase. A sharp narrow peak with low
intensity could also be seen at 27° in the L2 (~ideal stoichio-
metric) batch. This peak, and the possible diffuse low-intense
peak at 55° for this sample, could be assigned to a rutile
secondary phase. However, the presence of binary phases in L2
was not further supported by either Raman spectroscopy or TEM
evaluations, as described below.

TEM analyses were adopted to cross-evaluate the structural
and phase-related similarities observed from SEM. As seen
in Fig. 5, (a) and (b) are bright-field (BF) micrographs of the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Compilation of EDS data, showing in (A) the variation of aluminium
and titanium content and in (B) the corresponding Al: Ti molar ratio. Both
graphs plotted as function of heating temperature for TIP. Dashed expo-
nential lines added for guidance of trend.

cross-sections belonging to the L1 (Al-enriched) and L2
(~ideal) batches, respectively. The absence of any pronounced
diffraction contrast in these micrographs indicates no crystal-
line phase in the as-deposited coatings. This notion is also

L1 (Al-rich)

L2 (~Ideal)
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XRD 6/26 scan - As-deposited samples, varying Al:Ti ratios
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Fig. 4 Diffractograms of as-deposited samples having different Al:Ti

molar ratios. An amorphous background can be seen in all samples
between 15-40°.

accentuated by the conducted selected area electron diffraction
(SAED), as shown in (c) and (d) in Fig. 5. Accordingly, based on
SEM, XRD and TEM examinations, all coatings were essentially
amorphous as-deposited regardless of their inherent Al:Ti
molar ratios.

Raman spectroscopic measurements (Fig. 6) were carried
out to attain additional information on the samples’ short-
range order. With exception to the two intense Raman bands at
520 and 970 cm ™" (including the possible shoulder at 1030 cm ™)
originating from the Si-substrate, all coatings revealed bands
positioned at values around 170; 230-300; 390-433; 615-670
and 793-871 cm ™. These bands’ coherent positions correspond
to the AL,TiOs phase and are in excellent agreement with the
literature.®**° Interestingly, no other phases were found in the
spectra of L1 and L2, including possible TiO, and Al,O; binary
phases. For instance, the ordinarily intense E, vibrational mode of
anatase, positioned around 140 cm ™', was never observed in these
batches.

L3 (~1:1) L4 (Ti-rich)

Fig. 3 Plan view (top surface) and cross-sectional SEM imaging of the as deposited coatings having various Al: Ti molar ratios. Yellow dashed line marks

the interface to the underlying silicon substrate.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 TEM of the L1 (Al-enriched) and the L2 (~ideal stoichiometric)
as-deposited samples. (a) and (b) are TEM BF micrographs of the L1 and the
L2 samples, respectively. (c) and (d) are electron diffraction patterns
collected from the L1 and the L2 samples, respectively.

In conclusion, the combined results from XRD, EDS, TEM
and Raman spectroscopy revealed many inherent similarities of
the as-deposited samples regardless of their varying Al:Ti
molar ratios. EDS analyses combined with TEM and XRD
showed that all coatings possessed a homogenous elemental
distribution and were essentially amorphous as-deposited.
Few distinguishable microscopic features could be discerned from
top- and cross-sectional imaging using SEM. Upon inspections with
Raman spectroscopy, clear indications of a short-range order
corresponding to the Al TiOs phase was seen for all samples.

3.2. Annealing of amorphous Al TiO5 coatings

Annealing of samples showed an amorphous-to-crystalline
phase transition occurring collectively for the L1, L2, and L3
sample batches at 700 °C for 3 hours. This was evident from the
obtained diffractograms (Fig. 7), which matched the Al,TiOs
phase.®” Subsequent attempts also confirmed that the transition
occurred for samples lacking any prior heating history, ie.
samples being directly heated from room temperature up to
700 °C and then calcinated for 3 hours.

The samples belonging to L1 (Al-enriched) and L2 (~ideal
stoichiometric) were found for being primarily comprised of
the Al,TiOs phase even after annealing. The presence of peaks
identifiable to any titania or alumina phases were absent in
their corresponding diffractograms. On the contrary, peaks
belonging to the anatase phase, particularly the (101) reflection
at 25.3°, started to appear after annealing for the samples with
Al: Ti molar ratio towards the more Ti-enriched side (i.e. L3 and L4).
These anatase peaks were noticeable already after exposure to

5742 | Mater. Adv, 2021, 2, 5737-5751
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Fig. 6 Raman spectra of as-deposited samples having different Al: Ti
molar ratios. Modes assigned to Al,TiOs can be found in all samples. The
intense bands at 520.5 and 970 cm™* (including the possible shoulder
around 1030 cm™Y) originates from the underlying Si-substrate. Certain
modes are boxed for enhanced visualisation.

550 °C for 3 hours (not shown). On further annealing of L3 and
L4, weak peaks belonging to the Al,TiOs; phase started to
appear for these two batches as well, which then coexisted with
the anatase peaks.

Although most peaks matched accurately to either Al,TiOs
or anatase, some remaining peaks could not be assigned to any
expected phases in the Al-Ti-O system. This observation mainly

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Diffractograms of annealed samples having different Al: Ti molar
ratios. Peaks belonging to Al,TiOs and intergrowth phases are evident in all
samples. Presence of anatase can be viewed from the L3 and L4 batches in
the Ti-enriched domain.

concerned the peaks appearing at 20 values around 19°; 29°;
34.5% 40.8°% 44.6° and 48.7° in the recorded diffractograms
(Fig. 7). These peaks were particularly prominent in the L1
(Al-enriched) and L2 (~ ideal stoichiometries) sample batches, yet
they could also be observed in L3 and L4. Similar observations of
such peaks were initially made by Hoffman et al., who assigned
these to the formation of unconventional phases present in the
Al O;-TiO, pseudo-binary phase diagram.”® The phases existed at
higher Al:Ti molar ratios and had much larger unit cells than
ALTiOs. The larger unit cells stem from a reduction in point
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symmetries, leading to an elongation of the c-axis while keeping
the a- and b-axis more or less unchanged. Thus, these intergrowth
phases’ stoichiometries are dissimilar from Al,TiO5 and proposed
to be AlgTi,O;5 and Al;Ti;O;,4, respectively.”® Their presence is
particularly marked from the intense peak seen around 34.5° in
the corresponding diffractograms.>® This intense peak could also
be noticed in this study’s diffractograms, particularly for the
annealed Al-enriched L1 and the L2 batches. By matching the
previously unassigned peaks to Hoffman et al’s XRD data,
excellent agreements to the presence of these intergrowth phases
could be made.****

To further elucidate the presence of these phases, whole-
pattern refinements of the diffractograms belonging to L1 and
L2 was carried out. These refinements confirmed that the
diffractograms could solely be described based on the presence
of Al,TiOs and the two suggested intergrowths phases. The
calculated unit cell parameters of each phase are given in
Table 2, whereas the refined diffractograms and structural reports
for L1 and L2 are provided in the ESL{ The values align with those
given by the references, although our calculated data shows a
slightly larger cell volume to the Al;4TisO3, phase in particular.

Raman spectroscopic measurements of the annealed samples,
viewed in Fig. 8, were coherent with the XRD observations.
Compared to the as-deposited states, the results demonstrated
more refined appearances of the bands belonging to the AL, TiOs5
phase for the L1 and L2 batch. Also, detailed analyses of the
spectroscopic features in these spectra, including shifts of bands
to higher wavenumbers, unveiled structural changes related to the
presence of the intergrowth phases. These features are further
expounded in the discussion, Section 4.3. Analogous to those
observations made in L1 and L2’s as-deposited states, no
secondary phases such as anatase could be detected in these
batches’ spectra. Contrastingly, bands belonging to anatase
became visible for the Ti-enriched batches after annealing,
particularly for the most Ti-containing L4 batch. The modes
assigned to the ALTiOs; phase, initially observed in L4’s as-
deposited state, wholly disappeared after the annealing of
this batch.

Microscopical characterisations of the annealed samples
were made by using TEM, whose results are compiled in
Fig. 9. (a) and (b) are TEM bright-field imaging for the L1 and
L2 batches, respectively. Unlike the images for the as-deposited
states, these demonstrated clear diffraction contrast showing a
polycrystalline microstructure for both samples. Thus, the TEM
results support the view that a polycrystalline transition from
the initial as-deposited amorphous coatings has occurred due
to the annealing of the samples.

Table 2 Calculated unit cell parameters for the three phases Al TiOs, AlgTi>O13 and AligTisO34, represented for the two batches L1 (Al-enriched) and L2

(~ideal composition)

L1 - Al-enriched

L2 - ~ideal composition

Phase a(d) b (A c (&) cla V(A% Phase a (&) b (&) N cla v (A%
ALTIO;  3.605(6) 9.106(14)  9.493(7)  2.63 311.6(7) ALTIO;  3.6003(18) 9.4292(17)  9.6809(11)  2.69  328.65(18)
AlTi,O0;  3.709(3) 9.30(2)  12.519(16)  3.38 432.0(12) AlTi,Oy;  3.6727(14) 9.331(3)  12.555(3) 342 430.3(2)
Al Ti;0;,  3.658(2) 9.287(10) 65.36(4)  17.87 2220(3)  AlTisO,, 3.6723(8)  9.2883(18) 65.494(10)  17.83  2234.0(7)

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Raman spectra of annealed samples with different Al: Ti molar
ratios. Modes assigned to A, TiOs can be found in L1, L2, and L3, with more
refined appearances than their as-deposited states. In L4, the Ti-enriched
batch, only modes belonging to anatase can be distinguished. The two
bands at 520.5 and 970 cm™ (including the possible shoulder around
1030 cm™?) originates from the underlying Si-substrate. Certain modes are
boxed for enhanced visualisation.

Additional TEM evaluations by using SAED was carried out
to evaluate the phases formed in the grains. (c) and (d) in Fig. 9
represent bright-field and dark-field imaging of a single grain
in L1 and L2, respectively, whereas (e) and (f) represent the
corresponding electron diffraction patterns. Clear diffraction
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spots emerged from both imaged grains, which were positively
indexed to Al,TiOs for L2 (~ideal) and the larger Al¢Ti,O,; for
L1 (Al-enriched). The presence of the Al;¢TisO3, phase was not
corroborated from these evaluations, which can be ascribed to
the different probing volumes and projection depths between
XRD, Raman and TEM.

In summary, the annealing procedure demonstrated an
amorphous-to-crystalline phase transition for the main Al TiOs
phase at 700 °C for 3 hours in a vacuum. The transformation
occurred collectively for all samples regardless of their Al:Ti
molar ratios and yielded polycrystalline coatings. Also, experi-
mental data supported the simultaneous development of inter-
growth phases, consistent with previous authors descriptions.”
These were particularly prominent for the Al-enriched L1 and
~ideal stoichiometric L2 sample batches. On the other hand, the
two Ti-enriched batches (L3 and L4) demonstrated anatase
formation as a second phase after the annealing. Altogether, these
findings were evident from XRD, Raman spectroscopy and TEM.

(1.-3.4)(0,-2,4) ¢1-14)

(1,-1,0)

Fig. 9 Compiled results from TEM of annealed coatings belonging to L1
(Al-enriched) and L2 (~ideal). (@) and (b) represent bright-field (BF)
micrographs for L1 and L2, respectively, showing several grains in the
coating structure. In (c) and (d) BF and dark-field imaging of single grains
belonging to L1 and L2 are respectively visualised, and their corresponding
SAED patterns are given in (e) and (f). Indexing of the pattern in (f) matches
to Al TiOs for L2, while the pattern in (e) matches to AlgTi,O;3. Orange
circled area represent the SAED aperture. Projected zone-axis is given in
the lower right corner of (e) and (f).
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4. Discussion

4.1.
phase

Selective kinetic growth and formation of the Al,TiO5

The present study shows a new synthesis method to obtain
coatings of Al TiOs from the co-deposition of aluminium
isopropoxide and titanium isopropoxide at lower temperatures.
In this regard, the Al:Ti molar ratio could be fine-tuned by
altering the TIP precursor’s partial vapour pressure. The possible
range where the Al:Ti molar ratio can be adjusted is extensive
despite the relatively small TIP precursor’s varied heating inter-
val. This finding is best illustrated in Fig. 2, where a significant
reduction in the coatings’ aluminium content occurs when the
TIP flask’s heating temperature and corresponding vapour
pressure increases accordingly (and vice versa).

This relationship emphasises a strong and direct influence
of the gas-phase mixture on the coatings’ growth behaviour and
final stoichiometry. Also, by evaluating the variations in coating
thicknesses for the as-deposited coatings, seen in Fig. 3, the
Ti-enriched batches (L3 and L4) show that an increased flux
from the TIP precursor does not correspondingly increase the
coatings’ thicknesses. Even if the TIP precursor’s vapour
pressure increases within the reactor, the growth rate stagnates
for higher TIP concentrations, thus becoming ostensibly
independent of this parameter. Altogether, these features indicate
a deposition process not limited by the supply of gaseous pre-
cursors but rather from the chemical reactions on the surface.
Therefore, the presented MOCVD process seems to operate in a
kinetically controlled regime, which will have implications on the
growth and formation of the AL, TiOs phase in competition with
other possible phases.

In order to achieve the ternary Al,TiOs phase rather than any
binary constituents, it is argued that the rate-determining steps
for the involved precursors should be essentially akin to one
another. Otherwise, the fastest reaction will likely dominate,
leading to inhomogeneities and loss in stoichiometric growth
control. In essence, this inference implies that the involved
precursors should share common chemical features, decompose
similarly, operate under the same kind of growth mechanisms
and, above all, possess overlapping and analogous process
windows.

These prerequisites are met by the metal-alkoxides used within
this study. In particular, previous studies on the formation of
binary oxides from these precursors have revealed that both AIP
and TIP independently may share a common rate-determining
step. Namely, the hydrolysis of the precursors near the substrate
surface.””®* Although deviations may exist covering the possible
variations in used process parameters, as H. Vergnes et al
have noted,” the surfacelimiting reaction step has been
ascribed to a second-order mechanism for both AIP and TIP,
individually.®*°*°® More so, the activation energies of this process
is practically equal between these precursors, reported as 87 +
7 k] mol™* for TIP®® and 76-98 k] mol ' for AIP.*” Thus, the
similarity in these precursors’ rate-determining step and joint
growth mechanisms infers that a kinetic selectivity’®*° to obtain
the ternary AL, TiOs phase (rather than any binary ones) can be

© 2021 The Author(s). Published by the Royal Society of Chemistry
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realised if these precursors are simultaneously combined.
For example, in an MOCVD process as illustrated in this study
and schematically shown in Fig. 10.

Given similar process conditions for the precursors, the
decomposition of AIP and TIP in our CVD process will primarily
occur by thermal activation through pyrolysis.'*®*°* The
process may principally take two different reaction paths: (1)
cyclic elimination'® and (2) B-hydride elimination.?*9%193104
These mechanisms are similar to those occurring in sol-gel
processes,'® where the precursors’ successive end-
transformation to their metal oxide counterparts occur via a
condensation pathway.’*'®° In the process, oxy-bridges are
readily formed by condensing hydroxyl groups, leading to the
formation of metal-oxygen bonds and the elimination of water
as a by-product.’®®'% If the rates of this process are different
enough for the used reactants, the faster one will be dominating,
leading primarily to homo-condensation and the principal
formation of M-O-M bonds.'*%® In such a scenario, the
nucleation and growth of the multi-component phase will be
impeded, and the formation of binary phases will take
precedence.'® On the other hand, if the condensation rates
are similar between the involved reacting precursors, such as
being evident for AIP and TIP, hetero-condensation is favoured
instead. In this scenario, the formation of M-O-M* bonds
will dominate."*'°® The multi-component phase’s growth,

Thermal
decomposition

Hetero-
condensations

Hydrolysis Intermediate

Short-range
formation

Fig. 10 Schematic description of the reaction steps deemed involved for
the growth of the AlLTiOs phase, listing five main steps. In (1) the gaseous
precursors of TIP and AIP decompose thermally to yield a hydroxylated
compound through the release of propene groups. At (2) the hydroxylated
compound chemisorbs to the surface, where two hydroxyl groups may
react by condensation reactions to form an oxy-bridge with elimination of
water in the process. Hydroxylation and subsequent condensation of these
groups may occur for all attached ligands (as illustrated from the inter-
mediate in step (3). In (4), hetero-condensation occurs by attachment of a
hydroxylated TIP complex to an already chemisorbed AIP molecule
(or vice versa). Finally, at (5), multiple polycondensation reactions involving
recurring condensation reactions of AIP and TIP lead to the formation of
heterometallic Al-O—-Ti bonds, resulting in a short-range order but a lack
of long-range ditto, especially in the formed oxygen lattice.
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e.g. AL, TiOs, will then be significantly advantaged rather than
any binary constituents.

When all involved precursors’ formation rates are alike, it
also becomes more feasible to adjust the coatings’ final stoi-
chiometry through varying precursor feed ratios. Supposedly,
this feature is facilitated for pseudobrookite compounds like
Al,TiOs, since these may display a nearly complete random site
preference of their cations.®*'%” Hence, few limitations exist
that may restrict the condensation reactions of either AIP or TIP
to occur. This allows for a random mixing of the cations as the
coating grows, led by an ample formation of linking oxy-
bridges.'® The structure of these oxy-bridges entail a high
degree of Al-O-Ti order on the short-range molecular
scale,’® but may not necessarily create any long-range
order in the evolving oxide framework. The latter notion is
particularly emphasised by knowing that each gaseous AIP and
TIP molecule arriving at the surface, having three or four
bonded isopropyl ligands, may theoretically offer up to seven
sites where these oxy-bridges can start to grow and
propagate from.

Since the hetero-metallic bonds are needed to form the
ternary Al,TiOs phase, their preferential creation would be
marked by a high level of phase purity and a short-range
homogeneity." This image conforms to the general observations
made in this study’s results, as seen by the SEM and TEM imaging
for the as-deposited coatings (Fig. 3 and 5). Also, Raman spectro-
scopy (Fig. 6), enabling probing of the samples’ short-range
features, indicates modes belonging to AL, TiOs for all inspected
batches regardless of their Al: Ti molar ratios. Likewise, XRD and
TEM (Fig. 4 and 5) demonstrate a complete lack of long-range
order for the samples, showing that all coatings are, in essence,
amorphous as-deposited.

4.2. The crystallisation of the Al,TiO5 phase

Upon annealing at 700 °C for 3 hours, a crystalline phase
transition occurred for the Al, TiO5 phase in all inspected coatings
regardless of their inherent Al:Ti ratio (Fig. 7). The transition is
mainly observable in the L1 (Al-rich) and L2 (~ideal) batches,
where the combined results showed no other crystalline phases
present. On the other hand, the L3 and L4 batches demonstrated
secondary phase formation by forming anatase after annealing.

The phase transition for all samples occurring at 700 °C is
interesting from a couple of aspects. Firstly, the change occurs
at much lower temperatures than those used in conventional
solid-state synthesis. Secondly, the heating time (3 hours)
reflects a significant reduction in synthesis time. Therefore,
the crystallisation of the Al,TiOs phase seems to be favoured if
it originates from an intermediate state characterised by a high
intrinsic phase homogeneity on the molecular, short-range
scale.®*1%°

Such homogeneity is readily achieved by using MOCVD as a
synthesis method. During growth, the step-wise atomic
arrangement enables the Al,TiOs-phase to become stabilised
in an amorphous state, held together by its oxide framework
acting as a backbone for its coordinating cations. While being
amorphous, the state is characterised by a high degree of
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hetero-metallic AlI-O-Ti bonding and short-range phase homo-
geneity. Consequently, the ordinarily energetic and kinetically
demanding steps of arranging the short-range order, a challenge
seen among many conventional solid-state approaches,'® are
absent and already predominantly fulfilled. In such cases, only a
slight readjustment, presumably mainly from the disordered
oxygen framework, are required for the phase to commence its
nucleation and subsequent crystallisation.’*'%® If the stoichio-
metry of the amorphous homogenous solid is close to the ternary
phase, its crystalline formation will be significantly favoured
instead of any binary phases.’®°*'% This notion is both
ascribed to a reduced nucleation barrier for the multi-
component phase - stimulating its crystallisation at lower
temperatures®®®° and insufficient diffusion at these
temperatures to redistribute the cationic interior to yield any
binary constituents.'*'°® From a thermodynamic perspective,
the crystallisation of binary phases from such homogenous
mixtures should also be at a significant disadvantage, as this
would require both disproportionation and considerable diffu-
sion lengths to occur.”®

Nevertheless, the formation of secondary phases may still
arise if the stoichiometry of the amorphous phase deviates
from its ideal ternary counterpart, that is, being off-
stoichiometric."”>'%> In such cases, the high level of short-
range homogeneity is lost in terms of the essential Al-O-Ti
bonds. As shown in Fig. 7 and 8, this tendency is evident from
the annealing outcome of the samples in the Ti-enriched
domain (L3 and L4), where anatase readily appears as a
secondary phase.

4.3. Formation of AlgTi,0;3/Al;6Tis03, intergrowth phases

The recorded diffractograms for the annealed samples (Fig. 7)
presented several features that could not be assigned to the
main Al,TiOs phase. These features included peak shifting and
splitting effects traced to the formation of so-called intergrowth
phases.”® The appearance of these intergrowth phases has
earlier been associated with a high degree of stacking faults,
evident by the systematic shift of specific reflections in these
phases diffractograms.>® Concurring observations to these
findings are also apparent within this study, particularly for
the L1 and L2 batches found in the Al-richer domain. The peak
splitting features seen in the diffractograms of these batches
imply a reduction in the diffracting crystals’ long-range symmetry
and, compatibly, the formation of the suggested intergrowth
phases.

However, besides the presented XRD findings, additional
information on the formation of these intergrowth phases can
be extracted from the Raman spectroscopy used in this study.
These investigations provide further details about the amorphous
intermediates and the local short-range features in the crystalline
states, both of which cannot be deduced from any diffraction
measurements. Principally, these results reveal a rearrangement
of the cations in the Al,TiOs-based structure by observing shifts in
bond vibrational features in our Raman spectra. We correlate
these features to structural changes of the M1 (4c) octahedral site,
which is proposed to give rise to these intergrowth phases.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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The adjustment became more noticeable upon annealing and is
characterised by a cohesive alteration of M-O bond angles and
distances for this interstice, consistent with other authors’
studies.®®> As a result, an overall reduction in the distortion of
the M1 cationic site occurs by changing the interstice into having
a preferred four- or five-coordinating environment instead of six
(for a regularly shaped octahedron). Moreover, due to this local
symmetry breaking, a change of the AL, TiOs-based structure’s
long-range symmetry occurs, necessitating an enlarged unit cell to
describe the arisen structure adequately. Such local symmetry
breaking would be more prominent in the Al;Ti5O;, intergrowth
phase, where Hoffman et al explained its structure from a
repeating assemblage of M,0; units possessing five-and-six coor-
dinated cations.>

The features leading to these deductions are particularly
noticeable in the Raman spectra of the annealed L1 and L2
batches, respectively (Fig. 8). A collective shift of Raman modes
to higher wavenumbers can be seen in both batches’ spectra
upon annealing, particularly for the bands appearing in the
lower and higher spectral domain. Such features typically arise
from weakening bond strength, implying an overall reduced
symmetry of the local short-range environment.'®® Apart
from the changes in the M-O bond strengths for an under-
coordinated octahedron, the difference in local symmetry may
also be derived from the loss of vibrational degeneracy. That is,
splitting features such as doublets'®® and triplets seen in the
lower band region of the Raman spectra. These features are
mainly observed in the annealed samples and can be ascribed
to local changes in symmetry bond coordination with possible
contributions from vacancies and stacking faults.'®® Hoffman
et al. indeed reported observation of stacking faults among
these phases.>

Utilising the mass difference between aluminium (~27 u)
and titanium (~48 u), a quantitative difference in their
respective M-O frequencies can be extracted assuming similar
force constants. Recalling that the zone-centred maximum
frequency, Wpax, iS given as

Winax = (29/1)"? 1)

where y is the force constant and u is the reduced mass in a
linear chain model with alternating metal-oxygen bonds - a
less heavy element would translate to a higher frequency shift
for a situation with unchanged bond strength. Since Raman
spectroscopy is exceptionally sensitive to such changes, it is
possible to deduce that the lower band region in the recorded
spectra relates to the heavier titanium atoms’ vibrations with
its surrounding coordinating atoms, ie. oxygen. Thus, the
symmetry-breaking elements and splitting effects seen for the
Raman bands at lower wavenumbers primarily relate to the inter-
stices incorporating titanium as a cation.

Before using this information to analyse the local coordination
further, it is instructive to review previously reported findings.
Although Al,TiOs is commonly claimed to possess a complete
cationic disorder, evidence has shown that the occupancy ratio
between its two metal sites may vary significantly with ambient
conditions, such as the phase’s exposed temperature.”® While

© 2021 The Author(s). Published by the Royal Society of Chemistry
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earliest observations from Navrotsky et al. showed a general
preference for Ti to occupy the M2 (8f) site within pseudobrookite
compounds,”’ recent findings involving ALTiO; have instead
demonstrated a moderate tendency for Ti to occupy the larger
M1 (4c) site, particularly at room temperature.®*”®''® Because
Raman spectroscopy has been made at ambient room conditions
in this study, it is inferred that the observed symmetry breaking
relates to positional changes predominantly occurring on the M1
(4c) site. This view adds to the findings made by R. D. Skala et al.,
who demonstrated by neutron diffraction that a structural transi-
tion of the M1 (4c) site mainly occurred for ALTiOs after
annealing.®” Interestingly, similar structural changes have been
shown to occur for other pseudobrookite compounds, such as
MgTi,05."""* The transition has been linked to a shift in
symmetry, causing a reduction in the distortion of the M1
site.%037811L112 Glaala et al mentioned that this transition
resulted in an increased unit-cell of AL, TiO; after annealing.®
Likewise, Navrotsky et al. suggested a possible local ordering of
cations in these pseudobrookite compounds giving rise to a
denoted superstructure.”” Nonetheless, neither of these authors
recognised or ascribed these features to the formation of any new
phases in the AI-O-Ti system, which Hoffman et al. initially did,”®
and which we further expound on here.

The structural transition to the M1 site is due to a synchro-
nised transformation of the six M-O bonds constituting the
disordered octahedron, which give rise to the features seen in
our Raman spectra. In the study of Skala et al., the transition of
the M1 site involved a lengthening of four M1-O1/M1-0O3
bonds and a shortening of two M1-O2 upon increasing
temperatures.®> Although not explicitly mentioned by these
authors, such rearrangement would transpose the once
distorted octahedron to a tetragonal bipyramid. This geometry
is marked by its lower coordination, such as four- or five, which
essentially makes up the designated intergrowth phases.”®!
Similar occurrences of pseudo-tetrahedral units have also been
found in the comparable MgTi,O5 pseudobrookite
compound.'” All the more so, Morosin & Lynch made early
claims that such geometry may arise in Al,TiOs by cleaving
planes perpendicular to the a-axis (here referring to the Bbmm
space group as used within their study).®®

Due to the structural transition of M1, where the site may
offer a lower coordinating environment to house its cation,
Skala et al. also described an increased aluminium occupancy
to this site.®® That is, aluminium seemed to prefer the altered
M1 (4c) site having lower, tetrahedral coordination, leading to
increased mixing of cations between the two sites once this site
had transformed.

The Raman spectra within this study can help understand
the aforementioned suggestions of local structural changes not
only to Al, TiOs but also possibly to other relatable pseudobroo-
kite phases. For instance, the broadening of bands seen in the
annealed samples of L1 and L2 (Fig. 8) - compared to their
as-deposited conditions - correlate to an increased isotropic
displacement factor, implying a higher uncertainty and an
increased level of cationic mixing. Similar notions have been
made within comparable material systems.'*>""'3  n
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addition, an increased level of lower coordinating cationic sites,
indicating the presence of intergrowth phases rather than
Al,TiOs, is derived from the intense, symmetric Raman band
around 850-900 cm ' in Fig. 8. This band is particularly
evident in the annealed samples of L1 and L2. Typically,
vibrational modes lying in this frequency region signify a
tetragonal environment for aluminates and similar
systems.'*> "7 Likewise, their presence has been assigned to
the symmetric stretching of tetragonal Al-O bonds."'® Hence,
the combined features discernible in the Raman spectra of the
annealed samples (Fig. 8) - such as vibrational shifts, splitting
effects, broadenings, and significant growth of intensity for
specific bands in the higher spectral domain - may all be
collectively invoked to explain the presence of lower coordinating
environments in our samples upon annealing.

Even if much attention has been brought to the annealed
coatings, the presence of five- or even four-coordinated M1 sites
in their as-deposited states cannot be entirely ruled out. That is
because of AIP’s known ability to stabilise itself in its vapour
phase both as a trimeric and tetrameric form.'*® The two
species’ ratio seems to depend on the AIP precursor’s thermal
prehistory, which accounts for its ability to self-oligomerise
with time in its stored melted, supercooled state."'® Markedly, the
stabilisation of five-coordinated aluminium is a known feature
from using AIP as a sole precursor.”*® Therefore, if AIP’s trimeric
configuration attaches to an already chemisorbed tetrameric
TIP molecule on the surface (or vice versa), it may efficiently
encapsulate the aluminium ion into having a lower coordination
environment. Such would then lead to a local symmetry breaking
already during the actual growth of the coating and not
necessarily from the subsequent annealing step. Seemingly, this
may explain the apparent connection between the band splitting
features found in the spectra’s lower frequency region (Fig. 6
and 8) - indicating a lower symmetry - to the bands lying at 850-
900 cm ™ area - marking a tetrahedral symmetric stretching. This
relation is most noticeable in the as-deposited Raman spectra of
L1 and L2, yet surprisingly, it could also be viewed in the as-
deposited L3 (1:1) batch. The observation of these features
already in the as-deposited state of L3 (1:1) - being at higher
Ti-contents - implies that the formation of the intergrowth
phases, as initially explained by Hoffman et al,”® may not
necessarily arise from an Al-enriched environment only. Instead,
it emphasises the role of local coordination. This view is further
supported from XRD (Fig. 7) since peaks associated with the
intergrowth phases are not only visible in the Al-enriched L1
batch after annealing but in the ~ideal stoichiometric L2 and
Ti-enriched L3 (1:1) batches as well.

Consequently, our results suggest that the formation of the
intergrowth phases is primarily dependent on the M1 (4c) site’s
role and local coordination rather than the strict compositional
role of aluminium. In other words, the appearance of these
intergrowth phases seems primarily correlated to the structural
integrity, size, and function of this M1 (4c) site. Aluminium’s
increased possession of this site could then possibly be
regarded as an effect — not a principal cause - of this transfor-
mation by offering a more suitable location to house this
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particular cation. It remains nonetheless to be understood
why aluminium may prefer this lower coordinating site and
how this, in turn, may influence the intergrowth phases’
general properties on a larger, macroscopic scale.

In conclusion, the intergrowth phases’ formation appears
not to be compositional driven, at least not for the MOCVD
process presented herein. Instead - and perhaps even more
importantly - it seems that the inherent local short-range
features of the M1 (4c) site found in the Al,TiOs-structure,
and also within other similar pseudobrookite compounds, are
the key and original determinants for the formation of these
intergrowth phases.

5. Summary & conclusions

Solid-state techniques have long sought an efficient way to
synthesise Al,TiOs with good phase purity without any binary
oxides co-formation. In its bulk form, the Al,TiOs phase is
renowned for its low-to-negative thermal expansion coefficient,
making it an excellent potential candidate for many refractory
and metallurgical applications. However, its synthesis has
remained challenging, both in terms of solid-state processings
and in the form of coatings. Herein, we have presented a
co-deposition MOCVD method to obtain this phase using
two analogous metal alkoxide-based precursors at lower
temperatures: aluminium-isopropoxide and titanium-isopropoxide.
By varying the titanium precursor’s feed rate, it became
possible to alter the Al: Ti molar ratio in the finalised coatings
to a high degree. As a result, the grown coatings possessed
a short-range homogeneity and were essentially amorphous as-
deposited. Upon annealing at 700 °C for 3 hours, crystalline
Al,TiOs coatings were achieved without any binary phases’
formation. Besides Al,TiOs, unconventional intergrowth phases
based on Al,TiOs could also be detected within the samples,
especially after annealing. The appearance of the ternary
Al,TiOs phase instead of any binary constituents is ascribed
to the shared chemical features between the used precursors,
resulting in a selective kinetic growth and targeting of this
phase. Moreover, the presented MOCVD process enables the
step-wise atomic arrangements to yield the Al,TiOs-phase that,
upon heating, readily crystallises at lower temperatures
and shorter timescales than with any solid-state techniques
presented thus far.

Raman spectroscopy was utilised to probe the local short-
range features in the samples before and after annealing. These
findings indicate lower coordinating domains in the samples
whose presence is a characterising feature to the described
intergrowth phases. Furthermore, the results show that these
lower coordinating domains correlate to a transformation of
the interstices found in Al,TiO5, mainly the M1 (4c) site. This
rearrangement allows the formation of these intergrowth
phases to occur in the Al,TiOs-structure, emphasising the role
of local coordination for this compound and its role for
phase evolution and final structure in potentially other pseudo-
brookite compounds as well.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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