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In recent years, the use of X-Rays (XR) irradiation for the production of ordered
mesoporous thin fims has been well established. This technique allows obtaining
porous materials that contain thermal sensitive moieties or nanoparticles. Additionally,
in combination with lithographic masks, the generation of high aspect ratio patterns of
several geometrical shapes with micrometric resolution is possible. In this work, the
structural and mechanical properties of porous silica thin films obtained by sol-gel method
along with the exposure to high intensity XR is presented. Two templates (CTAB and Brij
58) and several irradiation doses and post-synthesis treatments were evaluated by a
combination of characterization techniques, including grazing incidence small-angle XR
scattering, electronic microscopies, XR reflectometry and nanoindentation. The results
demonstrate that all the irradiated oxides presented a highly ordered mesoporous
structure, independently of the XR dose and post thermal treatment. Their mechanical
properties, on the other hand, clearly depend on the irradiation dose; high hardness values
were measured on samples irradiated at low doses but higher doses are necessary to
obtain films with indentation modulus values similar to the obtained for thermally treated
coatings. The accessible porosity, essential for the application of these films in devices for
micro- and nanofluidics, is also dependent on the dose and the thermal treatment
performed afterward. The same tendency is observed for the fims contraction and
rigidity. After this characterization, it was concluded that thermal treatments are
needed after the consolidation with XR to increase the accessibility and structural
integrity of these porous oxides. Finally, the production of composites with metallic (Au
and Ag) nanoparticles was tested which envisioned their applications in sensing and
catalysis. Moreover, diverse geometrical patterns of both pure and Ag nanoparticles
doped silica mesostructured films were obtained, demonstrating the feasibility of the
proposed approach. The results presented in this work are of great importance to
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Mesoporous Films Synthesized by Deep-XRay

understand the transport mechanisms that operate in these silica porous films, in order to
integrate them in different devices for lab-on-a-chip applications.

Keywords: mesoporous thin films, deep x-ray lithography, silica, mechanical properties, metallic nanoparticles

INTRODUCTION

Mesoporous oxides, and particularly silica ones, have been widely
studied in the last years for transport related applications mainly
due to their high surface-volume ratio and their ordered porous
structure, which allows the rapid diffusion of analytes. One
approach to exploit their capabilities is through the synthesis
of mesoporous oxides in the form of thin films, enabling their
implementation in microfabrication techniques in order to be
integrated into complex functional devices. The combined
properties of a highly controlled porous system and those
inherent to a thin film make these materials attractive for
being included in several devices, from sensors to
supercapacitors or biological devices (Innocenzi and Malfatti,
2013).

Mesoporous oxide thin films are usually synthesized using the
sol-gel method in combination with the self-assembly of a
surfactant (Brinker et al, 1999; Grosso et al., 2004; Sanchez
et al., 2008). After the synthesis, two procedures can be used
to consolidate the inorganic walls and remove the organic
template to originate the porous structure: 1) thermal
treatments at moderate temperature (300-500°C) (Grosso
et al., 2000; Soler-Illia et al., 2012; Lionello et al., 2017); 2) a
low temperature (130-200°C) thermal treatment followed by
template elimination using chemical dissolution in a proper
solvent (Escobar et al, 2017; Gonzalez Solveyra et al., 2017;
Giménez et al., 2020). In these two cases, the contraction of
the films in the direction perpendicular to the substrate promotes
the interconnection of the pores, which generates the accessible
mesoporosity; this feature is usually required for the integration
of these films in functional devices. After synthesis and
consolidation of the mesoporous films, their accessible pores
can be filled with different species (solvents, organic
molecules, nanoparticles, etc.) to tune their final properties
and expand the application fields (Angelomé and Liz-Marzdan,
2014; Wolosiuk et al., 2014; Angelomé and Fuertes, 2018). The
films accessible porosity gives material scientists the possibility to
incorporate new functional features but also affects the structural
and mechanical properties of the oxides (Xiao et al., 2003; Fan
et al., 2007). In general, an increase in porosity leads to a
reduction in elastic modulus and hardness; this issue
represents a challenge to be addressed in the field of thin films
nanomechanics (Dubois et al., 2008; Zhou et al., 2011; Vanstreels
et al., 2012).

More recently, the use of hard XR as an alternative treatment
to thermal consolidation for the production of ordered
mesoporous films has been established (Innocenzi et al., 2012;
Innocenzi et al., 2014). The XR irradiation of sol-gel materials has
been successfully used to obtain porous oxides (mainly titania
and silica) that could contain thermal sensitive moieties (Falcaro
et al, 2009; Falcaro et al, 2011; Doherty et al., 2012) or

nanoparticles (Malfatti et al., 2010; Malfatti et al., 2011; Pinna
et al., 2013; Malfatti et al., 2016). In almost all reported cases, the
triblock copolymer Pluronic F127 was employed as structure
directing agent and thus all the obtained oxides presented the
same interpore distance (ca. 12 nm) and pore array (cubic Im3m).

Moreover, this technique of processing soft matter provides
the possibility to generate complex patterns and objects (extruded
in the direction perpendicular to the substrate) by the
combination of XR with lithographic masks (Marmiroli and
Amenitsch, 2012). This procedure, named deep X-Ray
lithography (DXRL), which generally employs synchrotron
radiation as light source, produces the patterns in a single
step, avoiding some typical problems associated with the
conventional microfabrication techniques, as photoresine
wastes and developing artifacts. Furthermore, DXRL presents
some other advantages over the existing microfabrication
technologies: very high aspect ratio (greater than 100), lateral
resolution limit in the nanoscale, and high penetration lengths,
which ensures an efficient patterning of thick films (Cerrina,
2000; Costacurta et al., 2010; Falcaro et al., 2011; Innocenzi et al.,
2012). DXRL specific capabilities could be exploited in device
production in several fields of nanoscience such as sensing,
electronics, biology, microfluidics, data storage, and
electrochemistry.  In  fact, mesoporous films and
nanocomposite materials based on porous silica have already
been fabricated using this patterning technique for applications as
surface-enhanced Raman spectroscopy (SERS) platforms
(Malfatti et al., 2011), bioactive substrates (Doherty et al,
2012) and lab-on-a-chip devices (Falcaro et al., 2008).

The exposition to hard XR is indeed not only a lithographic
process but also could be used as a tool for manipulating the
materials properties (Innocenzi et al., 2014). It is well established
in the literature that the exposure of the sol-gel films to hard XR
produces the densification of the oxide and the partial
decomposition of the surfactant and other organic
components in the case of hybrids films (Innocenzi et al,
2011; Innocenzi et al., 2012). However, the accessible porosity
and stiffness of these irradiated films has not been evaluated in
previous works. These properties are of great interest for the
application of silica mesoporous platforms in devices for nano
and microfluidics, in which the transport of fluids and the film
stability in different solvents are of vital importance.

The aim of this work is to evaluate and correlate the
consolidation, contraction, accessible porosity and mechanical
properties of mesoporous silica films synthesized by high
intensity XR irradiation. Two templates were used to generate
the pore structure in silica films: the diblock copolymer Brij 58
and the cationic surfactant CTAB, which reproducibly generate a
highly accessible mesoporosity in the case of thermally treated
films (Etienne et al., 2007; Fuertes et al., 2008). Interestingly, the
use of these templates allows obtaining mesostructured silica
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films with smaller pore sizes and different pore arrays, in
comparison with the previously reported Pluronic F127
templated oxides. As a consequence, changes in their
properties and expanding in their potential applications can be
expected.

The structural and mechanical properties of the irradiated
films were studied using several techniques, including electronic
microscopy, infrared spectroscopy, ellipsometry, small-angle XR
scattering, XR reflectometry and nanoindentation. The effect of
the irradiation dose, the removal of the surfactant with ethanol
and post-thermal treatments was assessed.

Finally, the one-step production of patterned mesoporous
films based on metallic nanoparticles and silica composites
was evaluated, with promising results.

MATERIALS AND METHODS
Synthesis

Mesoporous SiO, thin films were synthesized by combining sol-
gel chemistry and evaporation induced self-assembly (EISA)
approach. Tetraethoxysilane (TEOS, Merck) was used as silica
precursor. Two surfactants were used to generate the mesoporous
structure: cetyltrimethylammonium bromide (CTAB, Sigma
Aldrich) and C;¢H;33(EO),,0OH (EO = ethylene oxide, Brij 58,
Sigma). For the first template, TEOS was first hydrolyzed by
refluxing for 1h in a water/ethanol solution, with molar ratios
[H,O]:[Si] = 1 and [EtOH]:[Si] = 3. Afterward, CTAB, ethanol
(EtOH, BIOPACK) and HCI aqueous solution were added to a
final molar composition of 1 TEOS: 20 EtOH: 5 H,0: 0.004 HCI:
0.1 CTAB. The solution was aged under stirring at room
temperature for at least 72 h before its use (Angelomé et al,
2006). In the case of Brij 58 template, sol was prepared by the
direct mixture of the template with TEOS, EtOH and aqueous
solution of HCI until a final molar ratio of 1 TEOS: 24 EtOH:
5.2 H,0:0.28 HCI: 0.05 Brij 58 (Liu et al., 2003). This solution was
used without aging treatment. The same sol was used to grow
metallic nanoparticles inside the films. For the case of Au
nanoparticles, a HAuCl, (Sigma-Aldrich) solution was directly
added to the sol until a final Au:Si molar relation of 3.7 x 10~ was
reached (Malfatti et al., 2010). For Ag nanoparticles, HNO; was
used instead of HCI (to avoid AgCl precipitation) for the sol
preparation; solid AgNO; (Sigma-Aldrich) was added to obtain a
Ag:Si molar relation of 8§ x 1072

Films were deposited on 20 x 20 mm” silicon or fused silica
substrates by spin-coating, at 2000 rpm. Substrates were cleaned
with ethanol before film deposition. In selected cases, fused silica
substrates with Au nanotriangles (Scarabelli et al., 2014) or Au
nanorods (Scarabelli et al., 2015) chemically attached by means of
aminopropyltriethoxisilane (Sigma-Aldrich) conjugation were
used as substrates (Angelomé and Liz-Marzan, 2010).

As-cast films were directly exposed to hard XR in the DXRL
beamline at Elettra Synchrotron facility (Trieste, Italy) (Pérennes
et al,, 2001). The energy per unit area incident to the sample
surface was varied from 34 to 2176 J.cm ™ by adjusting the
exposition time, ranging from a few minutes up to a couple of

hours. Some selected samples were irradiated at 14566 J.cm™>.

Mesoporous Films Synthesized by Deep-XRay

TABLE 1 | List of samples generated using XR irradiation and/or thermal
treatments. X = C for CTAB templated films, and X = B for Brij 58 templated
films. d = XR dose (J.cm™).

Sample XR dose (J.cm™) Thermal treatment
SX-0 0 —

SX-34 34 —

SX-68 68 -
SX-136 136 —
SX-272 272 —
SX-544 544 —
SX-1088 1088 —
SX-2176 2176 -
SB(Au)-2176 2176 —
SB(Ag)-68 68 -
SB(AQ)-544 544 —
SX-200°C — 30 min at 200°C
SX-300°C — 2 h at 300°C
SB-d-200°C d =68; 136 30 min at 200°C
SB-d-300°C d = 68; 136; 272; 2176 2 h at 300°C

The storage ring energy used was 2 GeV, and the XR beam energy
range from 2 to 20 KeV. Samples were fixed to a water-cooled
mobile stainless steel plate so an area larger than the beam section
could be exposed by rastering the sample in front of the beam
(Malfatti et al., 2011; Pinna et al., 2013). The maximum exposure
area achievable with this system is 80 (width) per 60 (height)
mm?; therefore the whole 20 x 20 mm? area of the samples was
irradiated.

XR-consolidated films were labeled SX-d, where X = C for
CTAB or B for Brij 58, and d is the XR dose in J.em 2 When Agor
Au salts were included to form metallic nanoparticles, the
samples were labeled as SB(Ag)-d or SB(Au)-d.

For patterning evaluation, a mask containing test patterns of
different sizes, shapes and geometries was used. The mask has a
20 um-thick gold XR absorber and a 2.2 um-thick titanium
transparent membrane. Immediately after exposure, the
samples were developed by immersion in a mixture of the
same volumes of water and absolute ethanol for 10 min, so
that the unexposed regions of the films were dissolved.

Thermally treated samples were also prepared for comparison
purposes. After deposition, the films were consolidated at 60°C
for 30 min, then at 130°C for 30 min, and finally treated for
30 min at 200°C. These set of progressive thermal treatments
assure the consolidation of the silica matrix but it does not
remove the surfactant completely (Angelomé et al, 2006;
Fuertes et al., 2007). An additional thermal treatment at 300°C
for 2 h was performed in some cases, with a ramp of 1°C min ™.
These treatments thermally degrade the two studied surfactants.
Samples treated at 200°C (or 300°C) were named SX-200°C (or
300°C) or SX-d-200°C (or 300°C) if they received XR irradiation
prior to thermal treatment.

The synthesized samples are summarized in Table 1.

Characterization

Fourier transformed Infrared (FTIR) measurements were
performed on a Nicolet Magna 560 instrument, equipped with
a liquid nitrogen cooled MCT-A detector. FTIR spectra were
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acquired using a transmittance arrangement where the films were
placed perpendicular to the infrared beam incidence.

Transmission electron microscopy (TEM) images were
obtained with a Philips CM 200 electron microscope. Films
were scratched from the substrate and deposited on carbon-
coated copper grids.

Grazing-incidence small-angle XR scattering (GI-SAXS)
patterns were acquired at the Austrian SAXS beamline of Elettra
Synchrotron (Trieste, Italy), using a 1.54 A (8 KeV) incidence XR
beam (Amenitsch et al., 1997). Sample to detector (Pilatus 1M)
distance was fixed at 82.49 cm. Silver behenate was used as reference
for distance calculations. From GI-SAXS patterns, the pore array of
the obtained samples can be determined by comparison with
previously reported patterns. The contraction of the pore array,
which only occurs in the direction perpendicular to the substrate,
was calculated by determining the percentage of deviation from the
semicircle in which the first zone of the diffraction patterns area is
inscribed in as-prepared films.

Optical images of the samples were obtained using a Leica MZ
125 Microscope.

UV-vis spectra were recorded using either an Ocean Optics
spectrophotometer, operating with a DH-2000-BAL deuterium
and halogen lamps, and a QEPro CCD spectrometer, or a HP
Agilent 8453 spectrophotometer.

Film thicknesses were measured using a spectroscopic
ellipsometer HORIBA Auto SE (spectral range 440-1,000 nm
and spot size 100 x 100 um?). Ellipsometric data were fitted using
Cauchy dielectric model and reported thicknesses were calculated
averaging five measurements on each sample.

Mechanical characterization was performed using a Nano
Indenter Agilent G200 equipped with a XP head and a
Berkovich diamond tip. Separation distance between indents
was 50 um. Poisson’s ratio (v) of 0.2 was used for applying
Oliver and Pharr method to SiO, films (Fischer-Cripps, 2011).
More details related to these measurements are included in the
Supplementary Information.

XR reflectometry (XRR) measurements were made with a
Panalytical Empyrean diffractometer, using Cu Ka radiation
(154 A4), a 038 mm divergence slit and a 10 mm mask. A
monochromator was positioned between the sample and the
detector. The same equipment and experimental setup were
used to measure XR diffraction (XRD) patterns in the 1.8-3726
region. The critical angle and the diffraction peak corresponding to
the arrangement of mesopores were both determined at around 0%
and 100% relative humidity (RH) to calculate the accessible porous
volume of the samples and estimate the rigidity of the films walls
between pores (Dourdain and Gibaud, 2005; Gibaud et al., 20063
Klotz et al., 2006).

RESULTS AND DISCUSSION

Oxide Formation and Surfactant
Degradation

XR irradiation of sol-gel films produces multiple effects
depending on their composition (Innocenzi et al, 2014),
including the decomposition and depolymerization of the

Mesoporous Films Synthesized by Deep-XRay

A sC

2

H .//\/w 2176 J.cm’
T ——— ”/\m 1088 J.cm™
"\Ms:__._ ’//x\/\_\r 544 J.cm'j
"'——‘\J,‘/\‘“r——— __/’-/\/“ 272 J.t:m:2
— 136 J.cm
—’—\—:-/\«i————-— 34J.cm?
1 |
I

Absorbance (a.u.)

200°C

3300 3000 2700 1200 1000 800
B Wavenumber (cm™)

SB

i __/\,\_/_/2176 J.cm?
D 0§ ‘_/\/\/_,_,1088 J.cm®
5 x ‘/M\/«—) 544 J.cm®

I Py _—/\/\,_,, 272 J.cm®

Absorbance (a.u.)
588

”‘\i«-\l___ 200°C
3300 3000 2700 1200 1000 800
c Wavenumber (cm™)
0.35
m SB
030F © ® SC
u o SB-200°C
. N
025 o SC-200°C
— ®
z 0201 Tu g
=” 015} @ =
:I |
S 010} L n
2 °
- )
0.05} L4
0.00+ O
0 500 1000 1500 2000 2500

X Ray dose (J.cm™?)

FIGURE 1 | FTIR spectra of (A) SC and (B) SB films irradiated with
different XR doses. Films prepared with the same sols but consolidated with a
thermal treatment at 200°C are also shown. Bands corresponding to the
surfactants are marked with red dash lines. (C) Ratio of vc.y and vsi.o.s;

FTIR bands intensities for both systems, as a function of the XR dose. Results
for samples treated at 200°C are also presented, as indicated in the labels.

organic template due to bond cleavage. This effect has already
been demonstrated for block-copolymers like Pluronic F127
(Innocenzi et al,, 2010) and PS-b-PLA (Faustini et al., 2010).
When the surfactant is part of a sol, radicals are formed in the
matrix, due to the intrinsic residual humidity and to the presence
of OH groups in the sample. Free radicals promote the
densification of the inorganic matrix, but also enhance the
degradation of the organic surfactants. Thus, the template-

Frontiers in Materials | www.frontiersin.org

February 2021 | Volume 8 | Article 628245


https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles

Steinberg et al.

oxide interaction may also have an influence on the way the XR
degrade the template (Chemin et al., 2006).

FTIR measurements were conducted on irradiated SC and SB
samples in order to confirm both oxide formation and surfactant
degradation. These results are presented in Figure 1, along with
the ones obtained for similar films thermally treated at 200°C. All
the samples in each system were deposited using the same
experimental conditions, and thus contained the same amount
of precursor sol. Therefore, the comparison among FTIR spectra
is straightforward.

Silicon dioxide formation is evidenced by the presence of Si-O-
Si related bands located in the 1200-800 cm™" region (Falcaro
et al., 2005). The main band is asymmetrical, with a maximum
located at ~ 1075 cm™" accompanied by a defined shoulder at
higher wavenumbers. Such definition in this spectral region is
only observed when SiO, is formed. In fact, it has been shown in
the literature that the FTIR spectrum of the as deposited film
presents a single broad band in the same region (Malfatti et al.,
2011). Thus, since all the obtained spectra exhibit these defined
bands, it can be assured that the oxide is formed, even in the case
of the lowest XR dose explored (34 J.em ™).

Regarding to the template, C-H bands related to the
surfactants appear in the range from 3000 to 2850 cm™ (see
enclosed area with red dash lines in Figure 1 and the complete
FTIR spectra of the templates in Supplementary Figure S7). It
can be seen that CTAB is not degraded at 200°C (usually,
temperatures around 300°C are required to completely
eliminate it (Fuertes, 2009)) but it can be almost completely
degraded by using an XR dose of 544 J.cm ™ or higher. In the case
of SB, the surfactant degradation is almost complete only for the
highest dose studied.

For a more detailed analysis, the ratio between the vcy band at
2926 cm™ ! and the vgiog; band at 1072 cm™ was calculated; these
results are shown in Figure 1C. For the sake of comparison, SB-
200°C and SC-200°C were also analyzed, presenting ratios equal
to 0.007 and 0.3, respectively. For SC system, this ratio is much
higher for the sample treated at 200°C than for the irradiated ones,
confirming that this thermal treatment does not achieve the same
grade of surfactant degradation as XR exposure. For SB system,
this ratio is much lower for the sample treated at 200°C than for
the irradiated samples, implying that the surfactant degradation
with the XR is not as efficient as with thermal treatments, even at
low temperatures (total degradation of Brij 58 occurs at
temperatures above 250-300°C (Soler-Illia and Innocenzi,
2006; Fuertes, 2009)). These differences can be related with
the dissimilarity in the chemical structure and/or molecular
weight of the two templates.

The obtained tendencies regarding the influence of the XR
dose (i.e., higher degradation for higher doses) were previously
observed for mesoporous SiO, templated with the triblock
copolymer Pluronic F127 (Malfatti et al, 2011). At lower
doses, when more hydroxyls and water are present, the
degradation effect is higher, as evidenced by the decrease of
the CH bands for both SB and SC systems. Afterward, as
hydroxyls and water content decrease, the percentage of
degradation is not increasing much even for high doses
(Malfatti et al., 2015). The asymptotic level of degradation

Mesoporous Films Synthesized by Deep-XRay

FIGURE 2 | TEM images of (A) SC-2176 and (B) SB-2176 films.

reached by the different surfactants depends on their
composition and molecular weight. Other effects may also be
involved, like X-ray ablation, photoelectron generation or
Compton effect (Innocenzi et al,, 2012) but they go beyond
the scope of the present work.

Pore Structure and Films Contraction

The mesoporous arrays for both SC and SB irradiated films were
determined by TEM and GI-SAXS. TEM images of SC-2176 and
SB-2176 samples can be seen in Figure 2, images of the samples
obtained by thermal treatment are presented, for comparison, in
Supplementary Figure S1. Irradiated samples exhibit large
domains of ordered pores, seen as light gray areas, surrounded
by the oxide walls, seen as dark gray areas. The characteristic
ordering of the pores depends, as expected, on the template. In the
case of CTAB (Figure 2A), pores are arranged following a 3D
hexagonal structure (P63/mmc) (Besson et al., 2000; Nicole et al.,
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2005) while an array compatible with a body centered cubic phase
(Im3m) is obtained for Brij 58 (Angelomé et al, 2006)
(Figure 2B). From these patterns, the interpore distances were
calculated, resulting (5.1 £ 0.5) nm for SC-2176 sample and (5.6 +
0.7) nm for SB-2176 sample. The obtained pore arrays and
interpore distances values are in agreement with the ones
reported for mesoporous SiO, obtained with traditional
procedures using thermal treatments (Grosso et al, 2004;
Angelomé et al, 2012). As a result, it can be concluded that
surfactants micelles organization and sizes are not strongly
affected by XR irradiation.

GI-SAXS images for both mesostructured systems were
obtained for the as-prepared films and for the irradiated and
calcined films, to evaluate the meso-order and the degree of
contraction. The results are concisely presented in Figure 3 and
in more detail in Supplementary Figure S2 (SC system),
Supplementary Figure S3 (SB system) and Supplementary
Figure S4 (thermally treated systems). Clear diffraction
patterns, seen as an array of points at defined distances,
were found for both systems at all explored doses. This fact
indicates that a high degree of 3D meso-order is present in
all cases.

The different diffraction patterns observed in SC system
(assigned to Pm3m and P6sy/mmc structures) are in
concordance with the structures reported for CTAB templated
mesoporous SiO, (Besson et al., 2000; Grosso et al., 2002; Grosso
etal,, 2004) and with the structure observed by TEM for the higher
dose sample. In regard to thermally treated samples, the inter-
conversion between both phases as well as their coexistence are
due to slight changes in the film composition during evaporation
and consolidation processes as demonstrated by (Grosso et al.,
2002; Grosso et al., 2004). Remarkably, a similar behavior is shown
by samples exposed to XR. For SB films, an Im3m pore array was
obtained for all studied doses, verifying the results obtained with
TEM. This is the pore structure usually found for this oxide-
template system (Angelomé et al., 2006).

The variation of the pore structure contraction (measured
from the GI-SAXS patterns) and the films thicknesses (measured
by ellipsometry) with the applied XR dose are presented in
Figure 4.

The initial thicknesses of the films (i.e., after deposition and
before the irradiation) are around 400 nm for SC samples and

around 250 nm for SB samples. In both systems, the thickness
decreases when the XR dose is incremented, as was observed for
other irradiated oxides such as ZnO (Malfatti et al., 2015), SiO,
(Innocenzi et al., 2011), hybrid SiO, (Costacurta et al., 2010;
Innocenzi et al, 2011; Jiang et al,, 2016) and F127 templated
mesoporous SiO, (Malfatti et al., 2011). The macroscopical
thickness reduction is accompanied by the uniaxial contraction
of the pore structure in the direction perpendicular to the
substrate, indicating that both effects are correlated (Lionello
et al., 2017). The contraction process starts immediately after the
thin film deposition, due to solvent evaporation, and continues
during the following processing, due to the condensation of the
oxide walls and the partial degradation of the template. These last
two processes can be induced either by the irradiation or by
calcination.

At first glance, from Figure 4 observation, it can be seen that
the structure contraction is more notorious when higher
irradiation doses are used. However, the obtained contraction
values for XR treated samples are less than 27% in all cases, even
for films irradiated at 2176 J.cm™2. The rate of thickness change
and pore structure contraction is greater at lower doses for both
systems, and from a 300J.cm™> dose, the changes are less
noticeable. This fact can indicate that a significant degree of
consolidation of the silica matrix has been produced at the lowest
dose, as was also seen from the FTIR results.

Calcined films were also studied to evaluate the differences in
the contraction degree between films consolidated with XR and
temperature. The contraction values calculated from the SAXS
patterns (Supplementary Figure S4) are included in Figure 4. It
is clear that films irradiated with all studied doses contract less
than calcined films: on average, the contraction of irradiated
samples (around 20%) in both systems is about half of the
contraction reached for films calcined at 300°C. This fact has
important consequences for the mechanical and sorption
properties, as will be shown in following sections.

It can also be observed that doses higher than 2000 J.cm™
generate an additional contraction and thickness reduction,
which is more pronounced in SB films. This fact could be
related with the surfactant degradation previously seen with
FTIR (Figure 1). Further experiments at higher doses were
then performed to obtain a more contracted structure without
using additional thermal treatments. It was found that doses
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around 14500 J.cm™> are necessary to achieve similar
contractions in both systems and, consequently, a pore
interconnectivity as the one obtained for calcined films
(Supplementary Figure S5).

Accessible Porosity

One of the structural parameters of major importance for
applications in nanofluidics and sensors is the porosity. Pores
interconnectivity and surfactant elimination are necessary to
achieve accessible porosity (P).

The porosity accessible to water vapor of irradiated films was
determined using XRR, as described in the experimental section;
an example of the measurements is presented in Supplementary
Figure S6. For SB and SC irradiated films, a value of P around 0%
was measured in almost all samples. The only exception was SC-
2176; for this sample, the measured P was (15 + 2)%. This value is
lower than the usual porosity reached in this system calcined at
300°C (which is around 35-45%).

To increase the P of irradiated films, different thermal
treatments and solvent rinsing for surfactant removal were
explored. SB-68 and SB-136 samples were selected to
accomplish this study, as they were found to be the best
candidates for obtaining well-developed patterns using DXRL.
Firstly, the irradiated films were rinsed in absolute ethanol for 24
and 48 h; a procedure usually applied in films consolidated at
200°C to remove the surfactant residues from inside the pores
(Dourdain and Gibaud, 2005; Escobar et al., 2017). Then, films
were rinsed with the same solvent and dried at 130°C. After 48 h,
residues of the surfactant were still detectable by FTIR, as can be
seen in Supplementary Figure S6. This fact could be related with
the previously observed lack of contraction, which does not
permit an extensive percolation of the pore system and
hinders the surfactant removal. In addition, these poorly
consolidated samples were macroscopically damaged during
the extraction process. Hence, the immersion in ethanol,
which usually works for porogen removal in non-irradiated
films, is not a suitable method to eliminate the surfactant in
these low-dose irradiated oxides.

In a previous work carried out with titania mesoporous films,
it was found that a thermal treatment at 450°C was necessary to
eliminate surfactant residues and open the pores in order to have
accessible porosity (Faustini et al, 2011). Then, a thermal
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FIGURE 5 | XR diffraction patterns measured at low humidity (5% RH,
solid lines) and high humidity (90% RH, dash lines) for (A) SB samples
irradiated at different doses and SB-300°C and (B) SB-136 system with
different additional thermal treatments.

treatment was explored in these silica systems to both
eliminate the surfactant and open the porosity. The FTIR
results are also shown in Supplementary Figure S8. It was
found that the treatment at 200°C, even if it is followed by an
extraction procedure, does not allow the fully removal of the
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surfactant. However, the treatment at 300°C eliminates the
template, as the contraction and pore interconnection rise. In
fact, after this treatment, the P reaches values of 21-31%,
depending on the initial XR dose. An example of such
behavior is presented in Supplementary Figure S6, where the
change in the critical angle of SB-136 system after the thermal
treatment is shown. Thus, the thermal treatment at 300°C after
irradiation is a suitable method to open the porosity in these
systems.

Additional experiments were performed in the SB irradiated
films to evaluate the water intrusion into the non-consolidated
structure and the oxide stiffness. This template-oxide system was
selected for the same reason established before, related to the ease
of patterning using XR. The sample SB-300°C (P = (42 + 2)%) was
also measured for comparison purposes. The XR diffraction
patterns presented in Figure 5 exhibit Bragg peaks
corresponding to the planes of mesopores parallel to the
substrate (Dourdain and Gibaud, 2005). The Bragg peak
position measured for irradiated samples varies remarkably
when the RH is changed, as can be seen in Figure 5A. The
peak moves toward lower angles when the humidity rises,
indicating that the mesostructure is swelling in the direction
perpendicular to the substrate. In these samples, there are no
measurable changes in the critical angle with the humidity because
the intruded water is not replacing air inside the pores, which
would generate a noticeable change in the film electronic density,
but probably entering in the interfaces between the oxide and the
template micelles and/or inside the unconsolidated oxide. The
electronic densities of not-fully condensed silica and water are in
the same order; for this reason, the critical angle does not
significantly change when the water enters into the film. For the
well consolidated porous oxide SB-300°C, the Bragg peak position
does not change with the humidity as water is entering inside the
empty pores. The change in Bragg peaks position with humidity
diminishes with the dose, from 0.075°20 for SB-136 up to 0.0526
for SB-2176, indicating a rise in the oxide stiffness. For the highly
consolidated film SB-300°C, the variation with the humidity is just
0.005728.

Finally, the same experiment was performed on SB-136-200°C
and SB-136-300°C samples; the results are shown in Figure 5B. It
is observed that, after the treatment at 200°C, there is still no
measurable P but the Bragg peak displacement when increasing
the humidity changes from 0.075728 for SB-136 to 0.050°26 for
SB-136-200°C, indicating an increment in the oxide stiffness.
After the treatment at 300°C, the mesopore order is still present,
as indicated by the existence of the Bragg diffraction peak.
Besides, the P rises to (28 + 1)% (Supplementary Figure S6)
and the Bragg peak displacement diminishes to 0.025°26. In
conclusion, a thermal treatment at 300°C performed on SB
samples irradiated with a low XR dose allows obtaining a film
with ordered mesopores, accessible porosity and consolidated
oxide walls.

Mechanical Properties

After the findings related to the films stiffness, indentation elastic
modulus (E) and hardness (H) were measured using
nanoindentation for SC and SB samples. Some representative

Mesoporous Films Synthesized by Deep-XRay

load vs. displacement curves are shown in Supplementary Figure
$9. The measured curves do not present discontinuities or pop-
ins in all studied cases, indicating that fracture or delamination
events are not taking place in these supported samples (Fischer-
Cripps, 2011). This is the first indication of the high toughness of
these irradiated films.

E and H values were calculated from the nanoindentation
curves. The results obtained as a function of the XR dose are
plotted in Figure 6, compared with the values measured for the
thermally treated samples.

For both systems, E and H rise with the applied XR dose. The
densification effect of the irradiation on the silica matrix is the
responsible for this behavior, which is similar to the one
previously found for non-porous hybrid silica films also
synthesized using hard XR irradiation (Jiang et al., 2016).

For low XR doses, the film is composed of not fully condensed
silica and residues of surfactant. This is the reason for the low E
values obtained in films with doses up to 1088 J.cm™2, which are
similar values as the obtained for films treated at 200°C. In
particular, it was not possible to determine E values in SB
samples irradiated at very low doses. However, in both studied
systems, E values measured for the highest XR dose used
(2176 J.em™) were comparable to E values of calcined
samples, (see Figures 6A,C). These values are also similar to
the ones found in the literature for thermally treated porous
systems templated with Brij 76 (Jung et al., 2005; Ha et al., 2012),
CTAB (Chemin et al., 2006) and PE6800 (Chemin et al., 2006).
This implies that it is possible to obtain high E values without
using thermal treatments, minimizing film contraction and
preserving the samples from cracking and distortion.

Figures 6B,D show the change in H with the dose. In
particular, a stepped increase in H with the dose up to
300 J.cm ™ is observed for both systems. This behavior is also
related to the consolidation of the inorganic structure. A plateau
is found for greater doses; around 1.1 GPa for SC and 0.9 GPa for
SB irradiated films. These values are in the same range of samples
treated at 300°C and for other calcined mesoporous silica films
reported in the literature (Jung et al.,, 2005; Chemin et al., 2006;
Ha et al,, 2012).

The high H values obtained for the irradiated systems at very
low doses are probably due to the low degree of contraction in
comparison to the calcined films: these less contracted films
present a non-distortive surface, without the micro cracks and
residual tensions that are usually generated during larger
contraction events. The long-range order found by GI-SAXS,
TEM, and XRD studies also reflects this aspect. Besides, the
amount of residual surfactant inside the mesopores could
increase the toughness of the irradiated films, as they behave
as hybrid materials (Mammeri et al., 2005). A slight increase in H
occurs at the highest studied doses, probably correlated with the
densification of the oxide walls. In particular, there is an increase
in H of over 27% in SC-2176 and of 50% in SB-2176, comparing
with films calcined at 300°C for each system.

Finally, for all studied samples, the H/E ratio was calculated;
the values are presented in Supplementary Figure S10. The H/E
ratio is related with the amount of strain that a coating can suffer
before a permanent deformation occurs. Therefore, a higher H/E
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ratio indicates a better wear resistance and toughness (Leyland
and Matthews, 2000). In low doses irradiated films, extremely
high H/E ratios were found, reaching values of 0.65 + 0.06 for SC-
136 and 0.21 + 0.06 for SB-272. These values are one order of
magnitude higher than the values usually found for silica or
titania (Fischer-Cripps, 2011) and similar to the values measured
for a ceramic nitride (Leyland and Matthews, 2000). As the dose
rises, the H/E ratio approaches toward the values measured for
the calcined porous oxides (0.09 + 0.03 for SC-300°C and 0.06 +
0.02 for SB-300°C, see Supplementary Figure S8).

In summary, for applications that require a well-consolidated
and porous oxide with good mechanical properties without the
application of thermal treatments, SC irradiated at high doses is a
good candidate. However, if high hardness and toughness are the
required properties, hybrid SB or SC materials, irradiated at low
doses, can be both good options. This irradiation at low doses can
be also useful for obtaining patterned structures, with the porosity
opened in a second step by using thermal treatments or an
adequate solvent extraction.

Applications

One of the main advantages of treating mesostructured thin films
with XR is the possibility to prepare, in a single step, hierarchical
and multifunctional materials, whose characteristics make them
useful in a wide variety of applications. In this work, and for the first
time to the best of our knowledge, the possibility of obtaining these
advanced materials using Brij 58 templated silica was evaluated.

In a first approach, SB films were combined with metallic
nanoparticles (NPs) in order to expand their potential
applications for the production of sensing devices and
catalysts. Two different combinations were explored: 1)
architectures in which the NPs are formed during the XR
exposure and 2) architectures in which the NPs were
immobilized on the substrate surface prior to SB film
deposition and irradiation.

For type 1) architectures, HAuCl, or AgNO; were included in
the SB sol in order to obtain Au or Ag NPs, respectively. This
approach has been used before to obtain Au and Ag loaded
mesoporous SiO,, templated with Pluronic F127 (Malfatti et al.,
2010; Malfatti et al., 2011). In SB samples, for the case of gold,
after a XR dose of 2176 J.cm ™, the sample color changed from
colorless to pink-red, typical of the presence of metallic Au NPs.
The UV-visible spectrum (Figure 7A) reinforces this observation:
a broad plasmonic band, characteristic of localized surface
plasmon resonance of metallic nanoparticles, is observed (Liz-
Marzan, 2004). This band presents a maximum absorption at
530 nm, as expected for spherical-like Au NPs. Additionally,
TEM images (Figure 7B) confirm the presence of Au NPs
homogeneously distributed in the oxide matrix. A broad NPs
size distribution was obtained with an average diameter of (9 + 3)
nm (see Supplementary Figure S11). On the other hand, when a
Ag salt was included in the sol, after a XR dose of 544 J.cm 2 the
system presented a broad absorption band, centered around
410 nm (Figure 7A). This plasmonic band corresponds to the
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presence of metallic Ag NPs, confirmed by TEM images, where
black spherical features (i.e., the Ag NPs) distributed all around
the mesoporous structure can be observed (Figure 7C). The
obtained NPs present a broad size distribution, as shown in
Supplementary Figure S11, in which two populations can be
distinguished. The NPs of the first group present an average
diameter of (16 = 6) nm and are included in the oxide matrix,
distributed homogeneously throughout the film. A second
population, consisting of larger NPs with a diameter of (36 +
8) nm appears to be deposited at the film surface; and even
NPs ordered in lines can be distinguished. The amount of Ag NPs
obtained is clearly greater than in the case of Au NPs, because a
higher concentration of Ag(I) salt was included within the
original sol.

These preliminary results indicate that both Au and Ag NPs
can be included within the structure of SB films. Moreover, the Ag
loaded system could be used for the SERS based detection of a
probe molecule (p-nitrothiophenol). The obtained spectra, shown
in Supplementary Figure S12, demonstrate that this molecule
can diffuse through the composite and reach the Ag NP surface to
be detected. Moreover, a very regular signal distribution is
observed, in agreement with previous results obtained for
thermally treated composites (Zalduendo et al, 2018).
However, some bands attributed to Brij 58 and its degradation
products are also observed in the spectra, in accordance with
FTIR results shown in Figure 1. Thus, further experiments are
required to improve the system accessibility and to tune the
metallic loading.

Type (2) architectures, on the other hand, have been previously
tested for the production of selective and highly sensitive SERS
based sensors (Lopez-Puente et al., 2013; Lopez-Puente et al., 2015;
Zalduendo et al., 2018; Steinberg et al., 2019). When these systems
are prepared, a clear limitation appears: anisotropic NPs, the ones
that present the higher SERS activity, go through a reshaping
process when a thermal treatment is applied (Vanrompay et al,

2018; Cho et al., 2020). This has been observed, for example, for Au
nanostars covered with SC films, that turn into spheres after being
treated at temperatures as low as 60°C (Angelomé et al., 2012).
Thus, when anisotropic NPs are used, their morphology
(responsible for their interesting properties) cannot be
guaranteed if thermal treatments are to be used. Since there is
no significant temperature increase during XR irradiation, the
preparation of type (2) architectures using anisotropic Au NPs
(gold triangles and gold rods) was tested. The obtained results are
presented in Supplementary Figure S13. Firstly, the Au NPs
deposited onto fused silica were irradiated with XR (dose
1821J.cm ™). No spectral changes were observed after
irradiation, indicating that the NPs are stable under these
conditions. When the SB film was deposited on top and the
films were treated with the same XR dose, only a shift in the
spectra toward higher wavelength is observed due to the increase of
the refractive index around the NPs (because of replacing air with
porous SiO, (Angelomé and Liz-Marzan, 2010)). The shape of the
spectra remains unaltered, indicating that no significant NPs
reshaping was produced. Hence, XR consolidated SB
mesoporous thin films can be successfully combined with
anisotropic Au NPs. More experiments are under way to
evaluate the obtained systems as SERS based sensors.

The second approach toward the applications of SB films in the
production of devices involves the use of DXRL. After exposure to
XR, the unexposed sections of a mesoporous thin film can be easily
etched from the substrate leaving well defined and sharp patterns.
This approach was demonstrated before for a wide variety of
mesoporous oxides and templates (Innocenzi et al, 2012
Marmiroli and Amenitsch, 2012; Innocenzi et al, 2014), but
was not presented for SB systems. Thus, sols to obtain SB and
SB(Ag) films were deposited onto silicon substrates and exposed to
XR using a test mask that includes several patterns with a wide
variety of sizes and shapes. After exposure, the structure was
developed using different solvents and mixtures of them. Several
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doses and developing solutions were tested in order to obtain
adequately patterned mesoporous films. Figure 7D shows digital
images of the samples obtained using the optimal irradiation and
development conditions. The patterns can be observed by naked
eye as differences of interference colors. A more detailed view of
these samples, observed by optical microscopy, is presented in
Figures 7E,F for pure SiO, and in Figure 7G for the Ag NPs loaded
oxide. In both cases, it is possible to observe the developed pattern.
For SB-68 sample, both hexagonally shaped pillars and holes are
clearly observed, while for SB(Ag)-68 sample, rectangular pillars
with different sizes can be seen. Interestingly, the formation of Ag
NPs does not alter the lithographic process, and the presence of the
particles can be noticed from the color difference observed when
comparing with pure SB films. In this point, it is important to
highlight that the patterns were obtained using relatively low doses,
since the test experiments performed using higher doses gave rise
to structures that could not be adequately developed. Thus, taking
into account the results presented in the previous sections, an
additional thermal treatment would be required if completely
consolidated silica walls are needed together with fully
accessible open porosity.

In summary, these results confirmed that XR treated SB films
can be patterned and combined with metal NPs to obtain
composite systems of different compositions.

CONCLUSION

An improved strategy, combining XR irradiation with post-
thermal treatments, to obtain well-consolidated, robust and
accessible mesoporous silica films templated with CTAB or
Brij 58 and devices derived from them, was presented in this
work. By using a wide variety of characterization techniques,
several aspects of the effect of XR irradiation over the two studied
mesostructured films were evaluated and compared.

TEM and GI-SAXS measurements revealed that the pore
ordering of these systems is not affected by the XR dose used.
FTIR measurements, on the other hand, proved that a significant
degree of consolidation of the silica matrix is produced even at
very low XR doses. For CTAB-templated silica, the surfactant
degradation with the XR is evident but for Brij 58-templated
films, an extra thermal treatment at 300°C is necessary to
eliminate the organic components.

Ellipsometry measurements and GI-SAXS patterns analysis
demonstrated that the macroscopic and mesoscopic contractions
are smaller for irradiated films, in comparison with thermally
treated ones. Interestingly, while the treatment with XR generates
highly ordered mesostructured and non-distorted crack free
films, there is no accessible porosity in these irradiated films.
Thus, to open such porosity, the efficiency of using a thermal
treatment on irradiated samples was demonstrated. This thermal
treatment is required not only to degrade completely the organic
templates but also to interconnect the mesopores due to
macroscopic film contraction. In the future, the effect of the
use of solvent mixtures immediately after the XR exposure will be
evaluated, in order to achieve at least partial pore accessibility by
solvent extraction, without the use of temperature.

Mesoporous Films Synthesized by Deep-XRay

Water intrusion measurements, followed by XR diffraction,
allowed determining that the films stiffness increased with the
XR dose as the inorganic matrix consolidates. From the measured
nanoindentation curves, it was determined that neither fracture
nor delamination from the substrate occurred at the applied loads.
Moreover, the indentation elastic modulus values were lower than
the obtained for calcined films due to the presence of a not fully
condensed oxide matrix and surfactant residues inside the pores.
On the other hand, high hardness values were obtained even at low
doses, probably due to the presence of surfactant and to the less
contracted structure, in comparison to thermally treated films. The
combination of high hardness with low modulus obtained at low
doses makes these films excellent candidates for applications where
a surface with high wear resistance is required.

The knowledge of the structural and mechanical parameters of
irradiated mesoporous silica films will allow the design of the
synthesis strategy to integrate these materials in several devices.
Achieving accessible porosity will be particularly useful for this
purpose. As a first approach in this way, the possibility of
combining SB films with Ag and Au metallic nanoparticles in
several architectures and the use of DXRL to obtain patterned
films was demonstrated. These results open new possibilities in
the development of sensors, catalysts and nano and microfluidic
devices with biomedical, nanoeletronics and nanoionics applications,
among others. In fact, new kind of lab-on-a-chip devices with tailored
areas that can be selectively functionalized for manipulation of
biological substances like proteins can be envisioned.
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