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ARTICLE INFO ABSTRACT

Keywords: Mesoporous coatings are widely used in industries such as optics, display technologies, photovoltaics, and
Mesoporous bioengineering, due to their attractive properties such as high surface area to volume ratio and excellent mass
Thin-film

and electron transport characteristics. While structural parameters and material composition can be routinely
tailored to the respective applications, improvements in their mechanical properties and robustness, essential for
their long-term performance, remain a challenge. Herein, we provide a comprehensive study on the relationship
between the degree of porosity, type of material processing and resulting mechanical properties for the use case
of mesoporous aluminosilicate thin films that were co-assembled via a sacrificial block copolymer structure-
directing agent. Several routes, including the introduction of chelating agents on the precursor solution, a
two-step calcination process, and a variation over the aluminium content were explored with the objective of
improving the scratch resistance and mechanical properties of the final mesoporous thin film. Pencil hardness
tests were combined with atomic force microscopy analysis to investigate the macroscopic scratch resistance, i.e.
plastic deformation. Ellipsometric porosimetry served to determine the elastic deformation of the nanoscopic
architecture via measurement of the Young’s modulus. Our comparative investigation highlights the promising
role of organic chelating agents in the sol-gel formulation to slow down the hydrolysis of the aluminium pre-
cursor, which facilitated improvements in the mechanical performance close to industrial standard.

Mechanical properties
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Block copolymers

porosity results in unfavourable mechanical properties of the coatings,
reducing their structural integrity and scratch resistance and compro-

1. Introduction

The use of mesoporous thin films as coatings has become increas-
ingly important in applications such as storage devices [1], integrated
circuits, semiconductor devices, anti-reflective coatings [2-4], photo-
voltaics [5,6], biosensors [7,8], and separation membranes [9]. Many of
these applications require the introduction of mesoporous coatings with
high porosity and pore size to wall thickness ratio, in order to improve
their optical as well as charge and mass transport properties,
respectively.

Different approaches have been developed to prepare such materials,
including the random packing of nanoparticles [10,11] as well as sur-
factant templating [12-14], replication [15,16], or colloidal and block
copolymer co-assembly of inorganic material often derived by sol-gel
chemistry [17-19]. Typically, the use of a sacrificial organic porogen
or structure-directing agent provides access to control over the porosity
of the resulting mesoporous inorganic coating. However, the induced

* Corresponding author.

mising their long-term performance [20].

Numerous strategies have been reported to improve the mechanical
characteristics of mesoporous films by either modifying the formulation
of the precursor solution or via post-coating film treatment [20]. Pre-
coating modifications include the addition of reflux and sol additives
such as tetrapropylammonium hydroxide to the inorganic solution,
promoting the condensation reaction between silanols groups, and
improving the mechanical strength of the final mesoporous films while
keeping high porosity values [21]. Alternatively, the addition of harder
metallic elements such as organofunctional metal alkoxides or metallic
nanoparticles has shown the possibility of modifying the final meso-
porous materials, achieving values as high as 5H pencil hardness [22,
23]. Others have explored the addition of cross-linker molecules to
improve the extent of inorganic condensation [24]. To this end, Wu and
co-workers reported improved scratch resistance of mesoporous silica
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films (from 2 B to 5H) by adjusting the quantity of ethylenediamine
added to the precursor solution [24]. The addition of this cross-linker
molecule was found to promote the opening of the epoxy ring of
(3-GlycidyloxypropyDtrimethoxysilane (GLYMO) monomers and in-
crease the crosslinking density within the coating [25].

On the other hand, post-deposition processing methods have been
generally focused on improving the degree of condensation within the
inorganic network to create denser inorganic structures. This has been
achieved using high-temperature calcination [26-28], UV curing [29],
and post-synthetic vapour treatments with water [30], ammonia [31,
32], and silane vapours [33-35]. More complex structures and coatings
were developed to improve both the mechanical and antireflective
characteristics of porous thin films [36,37]. To this end, ultra-thin TiO5
capping layers were found to improve scratch resistance and
self-cleaning in SiOs-based anti-reflective coatings [38].

Despite this extensive research, improvements in the mechanical
stability of highly porous mesoporous thin films remain limited. One
attractive approach to overpass this limitation relies on the incorpora-
tion of chelating agents into the sol-gel recipe. Organic moieties such as
acetylacetone (AcAc) or ethyl acetoacetate (EtOAcAc) have shown their
efficiency in slowing down the hydrolysis of inorganic precursors
[39-41]. Thus, their addition for example to aluminium tri-sec-butoxide
allowed handling of the solutions even under ambient conditions. The
addition of chelating agents provides access to stable and
precipitation-free sol-gel precursor solutions [42,43]. The slower
condensation kinetics allow the formation of denser inorganic networks,
by reducing the intrinsic microporosity of the inorganic material pro-
duced during the sol-gel condensation [44]. This can be expected to
have an impact on the mechanical properties of the films. However, such
study remains unexplored.

Another challenge involves the search for suitable techniques for the
assessment of the mechanical properties of mesoporous thin films due to
the small total surface area and pore volume of the active film and
background signal from the underlying substrate. Scratch and abrasion
resistance are commonly assessed by qualitative test methods, which are
regulated by the International Organisation for Standardisation (ISO).
These tests include pencil hardness [45], wiping [46], washing [47],
adhesive tape [48], and rotating abraders [49]. The aforementioned
approaches rely on qualitative visual inspection via optical or scanning
electron microscopy. Recently, image analysis techniques have been
employed to improve the accuracy of such inspection and provide a
route toward quantification of film removal during abrasion tests [49].
For more quantitative scratch resistance analysis, nano-scratch instru-
mentation employs nano-indenters of specific geometry to apply a
measurable load to a film. The visual identification of film delamination
and buckling can then be related to a specific load applied [50]. How-
ever, this increases the cost and complexity of scratch resistance
assessment.

Young’s modulus (E), also known as elastic modulus, is defined as the
ability of a material to withstand changes in length when under uniaxial
tension. This comprises an important characteristic for materials that
require multiple processing and packaging steps [16,51]. One example
is found in low-k materials, which are crucial for improving the inte-
grated circuit performance of semiconductor devices [52,53]. During
manufacturing processes, materials with low E are susceptible to ther-
mal and mechanical stresses, which may lead to delamination or cohe-
sive failure [53,54]. Coatings with E below 10 GPa pose some challenges
for industrial processing, yet E values of ~ 4 GPa were found to still
withstand common mechanical planarization processes [55].

The aforementioned techniques are prevalent when reporting the
film modulus and hardness. However, there are concerns about over-
estimating the film hardness due to the contribution of the substrate,
especially in films of thickness in the range of hundreds of nanometers
[56-59]. To this end, surface acoustic wave spectroscopy (SAWS) [60,
611, Brillouin light scattering (BLS) [62], and X-ray reflectivity [28]
were developed as alternatives to NI methods. While these techniques
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have demonstrated effectiveness for non-destructive E measurement,
disadvantages include requirements for X-rays, specialised substrates
[63], and high-resolution interferometry instrumentation [64].

In recent years, ellipsometric porosimetry (EP) has been identified as
a non-destructive technique for Young’s modulus calculation [65]. This
approach is based on monitoring the film thickness contraction during
capillary condensation and subsequent thickness relaxation. EP removes
the influence of the substrate from modulus calculations, while also
allowing for simultaneous non-destructive measurement of porosity and
pore size distribution. EP calculation of E demonstrated agreement with
SAWS and BLS but with the advantage of concurrent porosity and pore
size measurement, making it a powerful technique for the comprehen-
sive analysis of porous thin films [66].

In this work, the scratch resistance and mechanical properties of
mesoporous aluminosilicate thin films, fabricated following previously
established BCP co-assembly strategy [67-69], are investigated, with a
particular focus on the effect of structural characteristics, processing
conditions, and addition of chelating agents to the sol-gel precursor
solution. These results are benchmarked against the mechanical prop-
erties of coatings derived from commercially available colloidal silica
materials. While pencil hardness tests provide an overview of the
macroscopic scratch resistance, i.e. plastic deformation, EP measure-
ments enable quantitative determination of the nanoscopic Young’s
modulus, i.e. elastic deformation. Ultimately, this study aims to provide
an overview of the relationship between structural characteristics, ma-
terial processing and the resulting mechanical properties, providing
guidelines for future approaches under design constraints.

2. Experimental
2.1. Materials

PIB3 gx-b-PEO3 gx block copolymer (polydispersity 1.26, Mn 4.85 kg/
molfl) was provided by BASF [70]. Toluene (99.9%), 1-butanol
(99.4%), aluminium tri-sec-butoxide (97%), (3-glycidyloxypropyl)--
trimethoxysilane (GLYMO) (>98%), potassium chloride (KCl) (>99.9%)
and acetylacetone (for synthesis) were purchased from Sigma-Aldrich.
All chemicals were used without further purification.

2.2. Preparation of the mesoporous aluminosilicate thin films

Aluminosilicate sol was prepared as described in previous studies
[71-74]. In short, 2.8 g of (3-glycidyloxypropyl)trimethoxysilane
(GLYMO, > 98%, Sigma Aldrich) was mixed with 0.32 g of aluminium
tri-sec-butoxide (ALTSB, 97%, Sigma Aldrich) (molar ratio 9:1) and 20
mg of KCl (>99.9%, Sigma Aldrich). The solution was then stirred
vigorously in an ice batch for 15 min. In a first hydrolysis phase, 0.135
mL of 10 mM hydrochloric acid (HCl, 37%, Merck) was slowly added
dropwise. The solution was stirred for another 15 min before it was
removed from the ice bath and stirred for another 15 min at room
temperature. In a second hydrolysis phase, 0.85 mL of 10 mM HCI was
added dropwise, and the mixture was stirred for another 20 min. The
as-made sol was then diluted with the azeotrope solvent mixture to a
concentration of 1000 mg/mL and stored at 5 °C for further use, with a
shelf life of at least one month.

Inorganic sol was incorporated into the block copolymer stock so-
lution (40 mg/ml in an azeotrope solution of toluene/1-butanol (72.84/
27.16 wt%)) in volumes described in Table 1 to produce the so-called
hybrid solution and left mixing in a shaker for 30 min before use. 80
pl of the hybrid solution was subsequently spin-coated onto silicon
substrates (2000 rpm, 20 s, Laurell WS 650 MZ). In the case of the
chelating agent solution, 1.4 mmol of AcAc was added to the sol solu-
tion. Thin films were subsequently calcined. Films processed via a so-
called “one-step calcination” were calcined in air at 450 °C (30 min,
5 °C/min"}). Films made by “two-step calcination” were first annealed
in argon at 450 °C (30 min, 5 °C/min" 1) in a tubular furnace, and
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Table 1
Block copolymer and aluminosilicate volumes used to generate a hybrid solution
with BCP content of 20, 30 and 40%.

Sample  Block Block copolymer ~ BCP stock Aluminosilicate
copolymer content [% solution stock solution [pl]
mass] [p]
BCP2g PIB-b-PEO 20 469 120
BCPy,  PIB-b-PEO 30 469 70
BCP,  PIB-b-PEO 40 469 45

subsequently air calcined at 450 °C (30 min, 5 °C/min"1). All films were
cooled down inside the furnace.

2.3. Preparation reference samples

Ludox TMA colloidal silica nanoparticles (34 wt % suspension in
H20) were purchased from Sigma Aldrich and diluted to one quarter of
the original concentration in water before spin coating at 5000 rpm.
Thin films prepared from Ludox solutions (SiLudox) were tested either
after air drying at ambient temperature or additional high-temperature
treatment at 450 °C for 30 min.

2.4. Assessment of scratch resistance using pencil hardness test

To assess the scratch resistance of films, pencil hardness tests were
performed using a manual Elcometer 501 pencil hardness tester in
accordance with the standard American Society for Testing and Mate-
rials (ASTM) D3363 method [75]. Varying hardness values (from 5 B to
5H) graphite pencils were maintained at a constant angle of 45° while
exerting a downward force of 7.5 N when applied over the coatings (see
Fig. S1). In this work, the gouge hardness (defined as the appearance of
several scratches and/or removal of a significant portion of the film) was
considered the main method for assessing the scratch resistance.
Early-onset of single scratches were observed at times, which was
attributed to the manual nature of the pencil lead preparation process
[75]. All pencil scratch images were acquired and visually assessed using
a Zeiss Axioscope Al with 5x magnification.

2.5. Porosity, pore size, and Young’'s modulus calculation using
ellipsometric porosimetry

Ellipsometric porosimetry (EP) measurements were carried out on a
Semilab SE-2000 variable angle spectroscopic ellipsometer in the spec-
tral range. During ellipsometric porosimetry measurements with water,
spectra were obtained at minimum of 30 individual p/pg steps (in the
range between 0.5% and 100%) to construct the adsorption and
desorption isotherms from the fitted refractive index values. For the
measurements using methanol as adsorptive, spectra were obtained
similarly at minimum of 30 individual p/py steps inside a vacuum
chamber with a proportional valve connected to the adsorptive vessel
for precise pressure control [76]. Pore size distributions were calculated
from the former water adsorbed/desorbed isotherms based on the
modified Kelvin-equation.

Young’s modulus (E) measurements were performed to assess the
stiffness of the material. E values provide a quantitative assessment of
the mechanical characteristics to complement the qualitative observa-
tions from pencil scratch tests. Ellipsometric porosimetry (EP) mea-
surements were carried out on a Semilab SE-2000 variable angle
spectroscopic ellipsometer in the spectral range of 300-900 nm. EP
desorption curves were fitted using Equations 1 and 2.

n.=In — — (€8}

where 7. is defined as the microscopic capillary pressure, P/Py as the
relative pressure, and Vi, the water molar volume. The film thickness
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evolution (d, dg) was then related to E as follows:

P
dfdgfklnp—o 2)

Where k = dyRT/V.E. A linear fit of the film shrinkage during desorp-
tion enables the calculation of E using Equation (2). The desorption
isotherm is used for the linear fit since incremental and non-uniform
pore filling influences film thickness measurements during adsorption,
while desorption typically exhibits more uniform pore emptying [77].
All data analysis was performed using the Semilabs SEA software
(v1.6.2).

2.6. Grazing-incidence small-angle x-ray scattering (GISAXS

GISAXS experiments were conducted on a SAXSLab Ganesha (8 keV).
The incidence angle was set at 0.2°. 2D scattering patterns were
collected with a PILATUS 300 K solid-state photon-counting detector at
a sample-to-detector distance of 950 mm. GISAXS data analysis was
accomplished with the FitGISAXS software [78].

2.7. Atomic force microscopy (AFM)

AFM images were obtained on a Bruker Dimension Icon atomic force
microscope with a Bruker ScanAsyst Air probe (nominal tip radius 2 nm)
in PeakForce tapping (PFT) mode.

2.8. Scanning electron microscopy (SEM)

SEM images were captured in an Xbeam 540 FIB/SEM (ZEISS)
directly on the film surface without applying any conductive coating by
using a low acceleration voltage (0.5-2 kV) and short working distance
(~1 mm).

3. Results and discussion

As previously introduced, the use of block copolymers (BCPs) as
sacrificial structure-directing agent via micelle co-assembly provides a
large degree of freedom for the resulting inorganic mesoporous thin film
architectures with regards to porosity, pore size and pore arrangement
[69]. This makes BCP co-assembly a particularly suitable fabrication
approach to study the influence of a variety of structural and experi-
mental parameters on the mechanical properties of mesoporous thin
films. Specifically, the effect of three independent experimental factors
on the mechanical properties (scratch resistance and Young’s modulus)
was studied during this work: (A) the total porosity, (B) the addition of
chelating agents to the precursor solution and (C) the introduction of a
two-step Ar/Os calcination process (see Fig. 1). Each of these processes
is presented in the following sections.

3.1. Effect of porosity

One of the most important advantages of the use of block copolymers
(BCP) as sacrificial structure-directing agents via micelle co-assembly is
the possibility of fine-tuning the total porosity of the inorganic sample
by controlling the organic to inorganic (O:I) ratio in the formulation.
Hybrid solutions with different O:I ratios were deposited onto silicon
substrates by spin-coating (samples AlSi-20; AlSi-30 and AlSi-40
respectively). The grazing-incidence X-ray Scattering (GISAXS) pattern
of the hybrid film exhibits a degree of ordering and peaks corresponding
to a hexagonally packed structure (Fig. S2). EP adsorption isotherms
after the calcination and subsequent polymer removal confirm the for-
mation of a porous structure. The hysteresis loops present in the
adsorption-desorption isotherms verify the formation of ellipsoidal
mesoscale pores with narrow interconnections. Increasing porosity
values of 35 + 0.8 (AlSi-20); 49 + 0.6 (AlSi-30) and 60 =+ 0.5% (AlSi-40)
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Fig. 1. Schematic of the different approaches pursued during this work for improving the mechanical properties of aluminosilicate mesoporous films: A) variation of
porosity, B) addition of chelating agent to the sol-gel precursor solution and C) modification of the processing conditions with two-step calcination (initially under

inert atmosphere).

were measured, which were scaled according to the O:I ratios in the
starting solution (20, 30 and 40% organic content respectively), see
Fig. 2A-C.

EP provides a reliable method for the determination of total porosity
in mesoporous thin films [73,79]. Contrary to more commonly used
techniques to study surface morphology (like scanning electron or
atomic force microscopy), EP probes the accessible porosity across the
entire film thickness and for a representative sample volume [71,72,80].
Moreover, EP provides also information about pore size distribution and
the Youngs modulus [77,81]. As shown in the Supporting Information
(Fig. S3), some changes were also observed with the modification over

the O:I ratio: 7.2 4+ 0.1 nm (AlSi-20); 8.2 £ 0.3 nm (AlSi-30) and 10.0 &
0.1 nm (AlSi-40), which is in agreement with previous studies [69],
Young’s modulus (E) values were obtained from the fitting of the EP
measurements (Fig. 2D). A clear decrease in Young’s modulus was found
with increasing porosity from the EP measurements (Fig. 2E) or in re-
turn, the lower the porosity, the stiffer the films. Samples with high
inorganic content, and therefore low porosity (AlSi-20) displayed an E of
3.4 + 0.3 GPa. This value was significantly reduced to 1.3 + 0.2 GPa for
samples with higher porosity (AlSi-30) and reached its minimum value
for the highest porous films (AlSi-40) with 0.6 + 0.1 GPa.

Scratch tests were performed on samples from the three different O:I
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references to colour in this figure legend, the reader is referred to the Web version of this article.)



B. Reid et al.

ratios. Fig. 3 displays representative optical microscopy images of the
scratch tests, in which the pencil hardness for the first damage of the
respective coatings was detected (see Fig. S4 for more details). From the
images, a clear trend in deterioration of scratch resistance with
increasing porosity was detected. The gouge hardness was reduced from
3H for a 35% porosity sample (AlSi-20, Fig. 3A), to 2H for 49% porosity
(AlSi-30, Fig. 3B), and 6B for 60% porosity samples (AlSi-40, Fig. 3C).
These trends correlate closely with results previously reported by other
authors [30,82,83]. A comparison of results in this section to benchmark
values (Fig. S5) shows that the mesoporous aluminosilicate samples
obtained by BCP co-assembly perform significantly better than coatings
with similar porosity obtained by the random packing of silica nano-
particles (Ludox) and compare favourably with published scratch
resistance data as summarized in Table S1 and S2. Thus, while the in-
clusion of porosity generally has a negative impact on the mechanical
properties of thin films, establishing suitable processing conditions that
control the structural characteristics of the porous architecture can help
to minimize this effect.

In order to confirm the impact of the nanoscopic structural control on
the mechanical properties of the created thin films, AFM measurements
were performed on an AlSi-20 sample after scratching with a 2H pencil
(Fig. 4). Importantly, the presence of pores underneath the pencil
scratch was still depicted, providing evidence that the pencil scratch did
not cause major damage to the network of pores underneath. Fig. S6
shows a height profile extracted from the 2H pencil scratched area. The
average pencil scratch depth was 14 nm, which equated to ~12% of the
film thickness, indicating that the 2H pencil only removed a small
amount of material from the film surface.

3.2. Control over sol-gel kinetics

As previously introduced, due to the rapid nature of the hydrolysis
and condensation reactions of metallic alkoxide precursors, chelating
agents have been widely employed to slow down hydrolysis reaction
rates and prevent precipitation and/or formation of large agglomerates
[39-41]. Aluminium tri sec-butoxide contains three reactive sites
(Fig. 5A) that are susceptible to rapid hydrolysis and gelation. Diketones
and -keto esters such as acetylacetone (AcAc) and ethyl acetoacetone
(EtOAcAc) have been introduced to control the kinetics of the hydrolysis
[40,84]. These chelating agents were reported to slow down the
condensation process by blocking reaction sites (shown on the
right-hand side of Fig. 5A), while still allowing the formation of tetra-
hedrally coordinated aluminium and Al-O-Si bonds during the sol-gel
process [84]. In the following, the effect of AcAc addition to the initial
sol-gel recipe on the mechanical properties of the resulting mesoporous
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thin films is presented. Hybrid solutions with different O:I ratios and
chelating agent content were deposited onto silicon substrates by
spin-coating.

Grazing-incidence X-ray scattering (GISAXS) patterns of the hybrid
films provide evidence that the addition of the chelating agent to the
inorganic precursor solution did not affect the degree of order (Fig. 5B),
thus maintaining the hexagonal packing observed in the previous sec-
tion (Fig. S2). Adsorption isotherms of the inorganic mesoporous coat-
ings obtained after calcination of the hybrid films show an increasing
porosity, related to the O:I content in the starting solution (Fig. 6A-C).
While for a 20% organic content sample a total porosity of 38 + 0.7%
(AcAc-20) was obtained, values increased to 48 + 0.6 and 59 + 0.8% for
a 30% (AcAc-30) and 40% (AcAc-40) organic content, respectively.
Thus, the addition of the chelating agent to the inorganic precursor
solution did not have an effect on the total mesoscale porosity of the
created inorganic films, allowing a direct comparison with previous
results.

Similarly to the previous section, mechanical properties were eval-
uated by EP and pencil hardness tests, respectively. In the case of the
former, EP fittings show an increase in the elasticity of the aluminosil-
icate film with increased porosity, a similar trend to the previous results
with standard aluminosilicate precursors. However, a clear improve-
ment in absolute values was observed with the addition of the chelating
agent. The presence of the AcAc on the hybrid films led to an increase in
E from 3.4 4+ 0.5 (AlSi-20) to 4.3 + 0.7 GPa (AcAc-20) in the case of the
20% organic content film, after calcination. Corresponding results of 1.6
4+ 0.2 and 0.9 £+ 0.1 GPa were observed for 30% (AcAc-30) and 40%
(AcAc-40) organic content, improving previously obtained values for the
reference samples without chelating agent of 1.3 & 0.1 (AlSi-30) and 0.6
+ 0.1 GPa (AlSi-40) (Fig. 6D and E). It is important to highlight the 4.3
=+ 0.7 GPa Young’s modulus value obtained for the 20% organic content
sample. Based on previous reports for samples with E ~ 4 GPa, it is
reasonable to assume that these films are capable of withstanding in-
dustrial mechanical planarization processes [55].

Since the GISAXS results presented in Fig. 5B demonstrate a com-
parable structural order and structural dimensions of the mesoporous
architectures, it is reasonable to assume that the observed mechanical
improvements were not related to altered structural characteristics of
the mesoporous films but rather to chelating agent induced improve-
ments in the mechanical properties of the mesoporous films. Indeed,
evidence of a denser inorganic network formation, following calcination
and removal of the BCP, is observed with the addition of the chelating
agent. While water represents a suitable solvent for characterizing
sample mesoporosity, its high surface tension makes it less sensitive to
changes in the microporosity [85]. To this end, the use of small apolar
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Fig. 4. Optical microscope (A) and AFM images of AlSi-20 aluminosilicate mesoporous films with a chelating agent without scratch (B) and after scratching with 2H

pencil (C).
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Fig. 5. Schematic representation of the reaction of the aluminium tri-sec-butoxide precursor with the acetoacetone chelating agent (A). GISAXS scattering pattern
and corresponding 1-dimensional line cut along qy of a standard aluminosilicate-BCP hybrid film (B-C) and with the presence of the chelating agent (D-E). Radially
integrated q(I) plots of GISAXS patterns, which were fitted to a 2D hexagonal paracrystalline array of spherical objects, shown in red. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)

molecules, e.g., methanol, has shown better performance for micropo-
rosity detection and characterization [86]. Methanol adsorption iso-
therms presented in Fig. S7 show a clear decrease in the microporosity
with the addition of the chelating agent to the inorganic matrix. This
result agrees with the measured refractive index (RI) values shown in
Table 1. Although similar mesoporosity values were reported, the RI of
the AcAc aluminosilicate mesoporous coatings were higher than the
corresponding without the chelating agent. This indicates that a denser
inorganic network has formed, following calcination and removal of the
BCP.

In order to investigate the effect of densification on the mechanical
properties, pencil hardness scratching resistance tests were performed
on all coatings. Fig. 7 shows the optical microscopy images of the
scratched mesoporous films. In comparison to standard aluminosilicate

films shown in the previous section, where gouge hardness rapidly
deteriorated from 3H (AlSi-20) to 2H and 6B (AlSi-30 and AlSi-40
respectively); the samples with AcAc showed consistently a higher
scratch resistance. Samples of 30% porosity exhibited a gouge hardness
of 4H (AcAc-20) (Fig. 7A), decreasing to 3H and 2H for 50 (AcAc-30)
and 60% (AcAc-40) porosity respectively (Fig. 7B and C).

In order to confirm the statistical significance of the obtained results,
a paired-sample t-Test analysis was performed for each pair or values,
comparing standard and chelated AlSi respectively at each porosity. In
the three cases p-values (defined as the probability that the null hy-
pothesis is true, i.e. chelating agents having no effect) close to 0 were
obtained: paisi.20-acac-20 = 5.59 % 107> paisi-30-acac30 = 1.65 x 10°%
and PAIsi-40-AcAc-40 = 2.25 X 107°. This allowed us to conclude that the
mechanical properties of the samples with chelating agents are different
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from the standard samples, and therefore, the improvements observed in
the mechanical properties of the mesoporous films are statistically
significant.

We note that there may be additional factors that could be affected
by the use of the chelating agent. For the conventional approach, the
aluminium is typically found in tetrahedral and octahedral coordina-
tion, i.e. evenly distributed in the silicon-framework and in aluminium
microdomains, respectively [87]. The ratio may be affected by the
chelating agent, which was not in scope of this study. Furthermore, the
chelating agent may lead to a greater adhesion of silica surfaces, which
could further impact in scratch resistance [39].

3.3. Effect of two-step calcination

Recent work has shown the potential of a two-step calcination pro-
cess, composed of high-temperature treatment in argon followed by air
calcination, for enhancing structural order in aluminosilicate meso-
porous thin films [88]. The formation of a carbon scaffold during the
calcination in argon enables the inorganic matrix to fully condense
before template removal during the subsequent oxygen calcination. This
independent control over sol-gel condensation reaction and template
removal presents a viable route for reducing anisotropic shrinkage due
to decreased volume contraction, retaining a higher porosity as well as
larger, more uniform pores with extended hexagonally closed-packed
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order [88]. This section explores the impact of the aforementioned
two-step calcination approach on the thin-film mechanical properties.

In order to establish a direct comparison with previously presented
results, similar O:I ratios were used for preparing the hybrid films on
silicon substrates. In this case, a two-step calcination process was con-
ducted. The first calcination under argon was followed by another
calcination process in ambient atmosphere. The formation of meso-
porous films was confirmed by the EP adsorption isotherms shown in
Fig. 8. In line with previous observations [88], the two-step calcination
led to more porous samples. Thus, for a 20% organic content, porosity
increased from the previous 35 + 0.8 (AlSi-20) to 40 + 0.9% (Ar-20).
The same trend was observed for higher organic content, 59 + 0.8%
(AISi-30) vs 49 + 0.6% (Ar-30) for 30% organic content and 68 + 0.7%
(AlSi-40) vs 60 + 0.5% (Ar-40) for 40% organic content respectively.
This is related to the reduction in the anisotropic shrinkage of the film
during the calcination process. Importantly, the mean pore sizes
remained near constant.

Mechanical properties in terms of Young’s modulus and scratching
resistance were assessed by EP and pencil scratching test respectively.
Similarly to previous sections, the introduction of higher porosity in the
films led to a clear deterioration of both Young’s modulus (Fig. 8D) and
scratching resistance (Fig. 9). However, when these results are
compared with those obtained for a one-step calcination, an interesting
trend can be observed: at low organic content both E and scratching
resistance values followed the same trend as for the one-step calcination,
but at higher organic content the deterioration of the mechanical
properties of the film was slowed down with the introduction of the two-
step calcination approach (Fig. 8E).

This is related to the effect of the carbon scaffold formed during the
argon calcination step. High organic content meant that more carbon
was formed during the first calcination step, and therefore the effect of
this factor in the stabilization of the mesoporous structure was more

Microporous and Mesoporous Materials 345 (2022) 112246

important. Structural stability of high porosity films >60% is generally
compromised by the fast removal of the BCP template compared to the
time scale of the sol-gel reaction kinetics. The introduction of the two-
step calcination step process allowed the independent control over
condensation reaction (argon) and template removal (oxygen), leading
to an improvement in the structural order of the high porous films and
therefore increasing their mechanical stability. The same trend was
observed also during pencil scratching tests (Fig. 9). Similar hardness
(3H) values were obtained at low organic content (Ar-20), even if two-
step calcination samples presented a higher porosity. However, when
organic content increased, a clear improvement in the mechanical sta-
bility of the mesoporous films was observed. Interestingly, with a 40%
organic content, and porosity values of 68% (close to an ideal hexagonal
close-packed structure of 74%), the carbon scaffolding presented during
the Ar calcination allowed for an improvement of the Gouge hardness of
the films from 6B (AlSi-40) to H (Ar-40) despite a ~10% higher porosity
compared to the one-step counterpart.

3.4. Overview - improving mechanical properties of aluminosilicate thin

films

Table 2 shows all the structural and mechanical characteristics of the
samples studied during this work. The results corroborate other reported
studies regarding the detrimental impact of increased porosity on
scratch and mechanical characteristics of the material. However, the
BCP co-assembly strategy allows for a complete control over the struc-
tural characteristics of the obtained mesoporous thin films (porosity,
pore arrangement, size of pores and interconnections, wall thickness),
promoting the generation of highly tuneable mesoporous architectures.
The incorporation of the chelating agent acetylacetone allowed control
over the kinetics of the sol-gel hydrolysis, leading to an improvement in
the mechanical characteristics of the mesoporous thin films, related to
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Fig. 8. EP absorption-desorption isotherms (A-C) and corresponding thickness isotherms plotted in the log p/py scale (D) for samples with different porosity after the
two-step calcination, linear fit shown in green: Ar-20 (A); Ar-30 (B) and Ar-40 (C). Absorption-desorption isotherms of the standard one-step calcination process are
presented for direct comparison. The evolution of the Young’s modulus is plotted in (E) following a one-step (black) and a two-step (red) calcination approach. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Table 2

Summary of all the structural and mechanical parameters studied during this work: Organic content, porosity, refractive index (at 632.8 nm ™), pore size, thickness,

Young’s modulus, and gouge hardness.

Organic content (%) Porosity (%) RI PS (nm) T (nm) E (GPa) Hardness
Porosity variation 20 35+0.8 1.23 7.2+0.1 123 £ 0.4 3.4+0.5 3H

30 49 + 0.6 1.17 8.2+ 0.3 120 £ 0.8 1.3+0.1 2H

40 60 + 0.5 1.13 10 £ 0.1 97 +£ 0.4 0.6 + 0.1 6B
Addition of chelating agent 20 38+0.7 1.28 7.8+ 0.2 93+1.3 4.3+0.7 4H

30 48 £ 0.6 1.20 8.6 + 0.3 87 £ 0.5 1.6+ 0.2 3H

40 59+ 0.8 1.17 10.9 +£ 0.5 77 £0.3 0.9+0.1 2H
Two-step calcination 20 40 + 0.9 1.24 9.5+0.8 150 + 1.2 24+£03 3H

30 59+ 0.5 1.20 9.7 £ 0.3 147 £ 2.5 0.9 £ 0.2 2H

40 68 + 0.7 1.16 12.0 £ 0.2 132+ 1.5 0.4+£0.2 H

the creation of denser aluminosilicate networks. The modification of the
fabrication conditions by the addition of a two-step calcination pro-
cedure enabled the creation of aluminosilicate thin films with porosities
close to 70% and with improved mechanical properties.

4. Conclusions

Improving the scratch resistance and mechanical characteristics of
mesoporous thin films remains a fundamental challenge to long-term
coating performance. This work described the influence of material
porosity, chemistry, and processing conditions on the mechanical
characteristics of the final porous material. Evaluation was performed
by qualitative pencil scratch tests and quantitative determination of the
Young’s modulus via EP, which represents a non-destructive and high-
sensitive platform for structural and mechanical thin film character-
ization. Interestingly, the addition of organic chelating agents to the
aluminosilicate sol-gel recipe slowed the hydrolysis of the aluminium
precursor, leading to a densification of the inorganic network, i.e. loss in
microporosity while retaining its mesoporous characteristics. As a
result, these coatings exhibit mechanical properties close to industrial
standards. Moreover, a two-step calcination process with initial high-
temperature treatment in an inert atmosphere provides an additional
mean to improve the structural integrity, in particular of highly porous
samples, i.e. in the range of 60%-70%. These results demonstrate the
versatility of BCP/sol-gel co-assembly, not only as a highly tuneable
fabrication route for mesoporous thin films but also by providing
amenable processing steps for enhanced mechanical properties. With
aluminosilicate mesoporous thin films being used in demanding appli-
cations such as bio-/chemosensors or optical coatings, insights pre-
sented herein about their enhanced mechanical properties will enable

improvements in their long-term performance.
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