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Abstract

This study investigates the alteration behaviour of three CVD amorphous silica thin films deposited at
three different deposition temperatures, exhibiting thus different network qualities. The hydrolysis of
the networks was elucidated through ERDA hydrogen depth profiles acquired throughout the
alteration process. It is worth noting that this hydrolysis is insignificant since a maximum of hydrogen
atomic concentration of 10% was recorded during all the study. It was also evinced that the
concentration and distribution of hydrogen throughout the depth are influenced by two competing
phenomena: hydrolysis and ionic exchange of protons with K*ions coming from the solution. This
competition is particularly noticeable in the film deposited at the lowest investigated temperature,
where the presence of sufficiently large voids facilitates this exchange. Thickness loss rates were
successfully calculated showing remarkably low initial rates ranging from 2.5 to 4.8 nm/day, directly
correlated with the initial network quality. A residual rate as low as 0.5 nm/day was recorded,
indicating limited hydration and hydrolysis mechanisms leading to the release of H4SiOa, given the
higher dissociation energy required for such polymerized networks. These findings represent the first
available dataset on dissolution rates of CVD-deposited silica films. It was demonstrated that network
dissolution occurs evenly across the entire surface since the measured RMS values post-alteration
remain quite low with a maximum of 2 nm. Finally, our study was supported by nanoindentation tests
to assess hardness and elasticity, revealing a decrease of 38% and 13%, respectively, which was
attributed to the high sensitivity of these two properties to physicochemical changes, particularly on
the surface, during alteration. This comprehensive investigation has facilitated the accurate correlation
of CVD deposition conditions and, consequently, the network quality of silica films to the chemical and
mechanical response to aqueous alteration.




Introduction

Amorphous silica thin films are nowadays of major importance due to their involvement in many
technological fields such as optical coating applications, semiconductor devices, as well as chemical
protective coatings on glass [1-3]. These materials are of prime interest thanks to their excellent
mechanical properties, their high corrosion resistance but also thanks to their refractory properties [4-
6].

Preparation of amorphous silica thin films by chemical vapour deposition (CVD) process is very
attractive, as it allows their synthesis at relatively low temperature and under atmospheric pressure,
which makes it an inexpensive method [7]. It also permits the exploration of many chemical pathways
leading to film formation. Tetraethyl orthosilicate (Si(OC;Hs)s, TEQS) is a very popular precursor widely
used to produce this material [8-9]. Yet, the quality of deposited films is still arguable since defects,
including silanols Si-OH or Si-H bonds, can occur notably for deposition temperatures below 450°C [10-
12]. Adding oxidants to the gas phase, such as oxygen and ozone mixtures, can deeply enhance the
process by empowering the oxidation of TEOS and reducing the deposition temperature [5; 13; 14].
Recently, K. Topka et al. have combined experimental data taken from an atmospheric pressure
Chemical Vapor Deposition hot-wall reactor with horizontal configuration and Computational Fluid
Dynamics (CFD) simulation to understand the kinetics and chemical mechanisms behind SiO;
deposition from TEOS and 0,/0s oxidizing atmosphere. They asserted that ozone injection in the
reactor is a key to improve the yield and the precursor conversion [13]. B. Diallo et al have shown that
ozone allows increasing the structural and chemical quality of SiO; films [15]. In the same study, they
have confirmed the improvement of the chemical and structural quality of films at higher deposition
temperatures (Td), explaining this enhancement as a consequence of a dehydration-condensation
mechanism leading to lower amount of hydration species and stronger network connectivity. Young
modulus and hardness were also examined on these thin coatings. These parameters remain stable in
the investigated range of temperature (450 to 550°C) at 64.2 + 1.7 and 7.4 + 0.3 GPa respectively [15].
Such characterizations are very important to evaluate the films quality and to predict their durability.
However, a comprehensive evaluation of the performance can only occur when the response of the
material to external disturbances is investigated. Indeed, many studies were dedicated to silica and
silicate glasses chemical durability [16,17]. The diffusion, hydration and hydrolysis phenomena that
yield to the glass leaching are well described, although the debate is still open on the models of
alteration and the kinetics behind, given their complexity and the dependence on numerous
experimental parameters. Most of these studies were carried out on bulk materials (powder or
monolith) where the best results were found using nuclear glasses with initial dissolution rates range
between 0.3-8.2 g-m~2/day [18]. However, few studies are done on films and layers. Ponton et al. and
Diallo et al., for instance [5, 15], adopted the P-etch test developed by Pliskin to evaluate CVD-silica
films corrosion resistance in hydrofluoric acid [19]. Their results show a decrease by half of the etching
rate for Td varying between 400 and 550°C, reaching 10 A.s in a very acidic medium (pH = 1.5).
However, their experiment durations were very short and cannot be truly representative of the
chemical durability of the tested materials or report on the corrosion resistance of these coatings
under real application conditions, in various aqueous media [5, 15].M. Klause et al. have studied the
dissolution behaviour of SiO,-coatings deposited by plasma enhanced chemical vapor deposition using
a pulsed microwave plasma (PICVD) from hexamethyldisiloxane precursor (HMDSO). They rely on
thickness loss to calculate silica dissolution rates under different pH (5.5 and 7) and temperatures (60



and 90°C), assuming that the rate depends linearly on time. The rates vary between 0.1 and >50 nm/h,
with a notable increase with pH and temperature [20].

The goal of this paper is to evaluate the short and medium-term chemical and mechanical
performances of three films produced by CVD using the TEOS/0,/0; chemical route at three different
deposition temperatures (450, 500 and 550°C) by providing quantitative data and to discuss the
performances as a function of the initial structural and chemical network quality. The investigation
delves into the properties of the coatings when subjected to cycles of exposure to a weak acidic
aqueous solution at high temperature. Using lon Beam Analysis (IBA) techniques, we meticulously
examine the extent of alteration via chemical changes. These techniques are employed before and
throughout the alteration process to precisely track variations in elemental composition, including
hydrogen, as well as film thickness. Additional insights into composition are provided by Time-of-Flight
Secondary lon Mass Spectrometry (TOF-SIMS). Fourier Transform Infrared (FTIR) spectroscopy is
employed to detect structural changes, offering direct insights into molecular and submolecular
structures, alongside valuable data on hydrated species [21-25]. Complementing this, 1H solid-state
Nuclear Magnetic Resonance (NMR) aids in distinguishing the different forms of hydration species. The
surfaces of the films are scrutinized through Atomic Force Microscopy (AFM) and Scanning Electron
Microscopy (SEM). Lastly, nanoindentation tests are conducted to identify changes in mechanical
properties and establish correlations with the network state, thereby bolstering the comprehensive
nature of our study.

Experimental section

1-Film synthesis

Silica films were produced in a horizontal tubular hot-wall CVD reactor with a reaction chamber of 700
mm long quartz tube, described in previous works [13, 15]. The experiments have been carried out at
three different deposition temperatures namely 450°C (sample A), 500°C (sample B) and 550°C (sample
C), corresponding to the temperature measured in the second half of the reactor where an isothermal
regime is established in a region of around 140 mm. TEOS and O,/ Os flow rates were respectively 2
standard cubic centimetres per minute (sccm) and 1960 sccm, for O; concentration of 60 mg/L.

280 pum thick monocrystalline silicon wafers cut in rectangles of 32 X 24 mm?, were used as substrates.
They were put vertically in a substrate holder placed in the isothermal region spanning approximately
from 360 to 500 mm from the reactor inlet. An average deposition time of 300 minutes results in films
with a thickness ranging from 377 to 750 nm depending on the used temperature.
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Figure 1: Alteration steps of silica films.

Tablel: Deposition temperature and corresponding film thickness.

Film A B C
Deposition temperature (°C) 450 500 550
Thickness (nm) converted 37714 543114 750+ 1.4
from RBS results

2- Alteration experiments

Aqueous solution of potassium hydroxide with mass concentration of 0.055 g.L'! was used for the
alteration experiments. The pH was adjusted to 4 by adding few drops of sulphuric acid. The solid-
liquid system was put in a closed Teflon® box placed in a standard laboratory oven set at 90°C to
accelerate the process [26]. The film surface area to solution volume ratio was equal to 2 m™. In total,
three successive alteration cycles were done. At first, an explorative test of 11 days to inspect the
response of the films to these chemical conditions, followed by two other longer sequences that lasted
respectively 118 and 150 days. The last alteration experiment took place in a renewed solution to
accelerate the etching. After each alteration sequence, the sample is rinsed with ultra-pure water and
then left outdoors until completely dry. In the following, the notation to will be used to refer to analyses
on pristine films, while t1, t2, and t3 will represent analyses after 11, 129, and 279 days of exposure to
the aqueous solution.

3- Characterization techniques

lon Beam Analysis (IBA) was performed to determine the chemical composition of the films. Silicon,
oxygen and hydrogen contents were obtained by combining Rutherford Backscattering Spectroscopy
(RBS) and Elastic Recoil Detection Analysis (ERDA). A 2.8 MeV *He* beam from a Pelletron accelerator
was used for both RBS and ERDA with corresponding detectors positioned at 155° and 30° angles to



the ion beam axis. All the spectra were simulated using SIMNRA software [27]. For energy calibration
of the RBS detector, three distinct samples were utilized: a silicon substrate with a top layer of 213 nm
SiO; film, a silicon substrate with a 213 nm SiO; layer onto which a gold (Au) layer was deposited and
a cobalt (Co) layer on top of silicon substrate. To ensure the quantitative accuracy of ERDA analysis, a-
SiH hydrogen standard at 2.19 x 10Y” H/cm? was consistently employed to validate the cross section of
the *H(*He,'H)*He nuclear reaction.

Film thickness is calculated by SIMNRA and is expressed in 10 atoms.cm™?. To convert this
measurement to nm, we use the mathematical expression below assuming that all films have a density
p of 2.2 g/cm?.

107 . thickness (1015 atoms.cm™2 ) Molar mass
o.NA

Thickness (nm) = (1)

The depth concentration profiles for hydrogen relies on the concept of depth resolution in our analysis
conditions. This refers to the smallest distance needed to detect a contrast in H concentration between
two consecutive sub-layers. For SIMNRA simulation of the experimental ERDA spectrum, the sample is
virtually cut in SiO; sublayers for which we can adjust the hydrogen concentration. It hinges on factors
such as the minimum detectable energy difference and the material's stopping power. Following the
methodology outlined by Martin et al.[28], we determined the depth resolution of hydrogen within
silica films to a value of 430 10 at/cm?, corresponding to xx?? nm.

Complementary analyses by TOF-SIMS were performed using an IONTOF TOF 5 instrument. An Ar* ion
beam of 20 keV and 12 nA was used for surface abrasion (500 x 500 um?). The analysis was then
provided by a Bis* ion sputtering beam (25 keV, ~0.2 pA, 100 x 100 um?) to investigate by ToF the
secondary ions extracted from the samples. The surface was neutralized during analysis by a low-
energy electron flux (<20 eV). The depth of the final crater was measured using a 3D profilometer,
allowing elemental profile depth calibration. The following species profiles were selected for analysis:
Si*, Si0*, SiHO*, H* and K*.These profiles were then normalized to that of Si* to avoid matrix effects,
taking into account the low mobility and the abundance of silicon. The following formula was used for
this purpose:

g =T/ g2

Where Jn{* is the normalized intensity of an element a, and J{*and ]iSi+ are the as-measured intensities
at a point i of the profile for the elements a and Si™.

Structural information was provided by a Thermo Scientific «Nicolet is 10» FTIR spectrometer. All
spectra were recorded in a transmission mode at normal incidence and at 60° off-normal, to facilitate
separation of the TO band from its corresponding LO [29-30]. The spectral range between 400-4400
cm™ was probed with a resolution of 4 cm™. Thirty-two spectra accumulations were taken for each
sample. After acquisition, baseline corrections were performed using OMNIC software followed by the
removal of silicon substrate signal. NMR spectroscopy characterization was performed only on the
altered sample A (t3). Signals, obtained from H Hahn echomas pulse sequences with different echo



delays going from 218.3 to 2018.9 us, were collected with a Bruker Avance 750 MHz spectrometer with
a magnetic field of 17.62 T. A 4 mm probe was used for this purpose, allowing us to work at 10 kHz
spinning rate. The best signal to noise ratio was obtained with the shorter echo delay that will be
presented in this work. *H chemical shifts were referenced with tetramethylsilane at 0 ppm.tH NMR
signal deconvolution was performed using DMfit program [31], considering a Gaussian model line.
Microstructure of the films was analysed by means of a «JEOL JSM-IT800» Scanning Electron
Microscope (SEM) equipped with Scintillator Backscattered Electron Detector (SBED). Since SEM
imaging is performed under vacuum, a small piece was cut from film A at t; and was dedicated to this
analysis to avoid any change induced by vacuum. The surface roughness was measured using a Bruker
Dimension ICON, BRUKER, Nanoscope V Atomic Force Microscope (AFM) working with tapping mode.
A surface of 1x1 um? was scanned for all the measurements. Finally, mechanical properties i.e. Young
modulus and hardness were evaluated using an ultra nano indenter apparatus from CSM Instruments
with a Berkovich diamond indenter and with ultra-low thermal drift thanks to the utilization of passive
surface referencing. For nanoindentation, the load was gradually increased until a maximum value of
0.5 mN, at which it was maintained for 30 s, and then decreased down to zero. The loading and
unloading rate was 1 mN/min. The system has typical load and displacement resolutions of 0.25 mN
and 0.1 nm respectively. Elastic modulus and hardness were calculated from the load vs. depth curves
with the method proposed by Oliver and Pharr [4]. A fixed indentation depth of 70 nm was used for all
the films performed using a Berkovich diamond indenter. At this indentation depth, we assume that
the contribution of silicon substrate in the measurements is wholly eliminated [32].

Results

1- Chemical composition and Structure

Figure 2A shows the RBS spectra for sample A (deposited at 450°C), recorded at different times (to, ti,
t; and t3) throughout the alteration experiment. A significant evolution of the spectra is observed
marked by the reduction in width of both plateaus corresponding to the elements of the film: Si (grey
area) and O (green area) throughout alteration. These coupled phenomena denote progressive silica
thickness reduction. This evolution is observed for all the films with a sample-dependent intensity. The
loss was quantified by means of SIMNRA software simulations. Thickness loss after t; alteration time
was found to be more pronounced for low temperature-deposited films,157 £ 1.4 nm is obtained for
film A against 151 + 1.4 nm for sample B and only 141 + 1.4 nm for sample C (table 2). It is worthy to
note that a variation in film thickness of + 2 nm around the optimized value (best simulation of the
experimental RBS spectrum) affects the quality of the simulation and can be perceived as an under or
over estimation of film’s thickness.. Thus, errors in thickness measurements by RBS are estimated to
within 2 nm. Figure2b exposes thickness loss rate curves of all analysed films. For the three samples,
two main stages are identified. An initial and expected fast stage taking place during the first days of
exposure characterized by a high rate going from 4.8 nm/day for A to 2.5 nm/day for C. After that,
between t; and ts;, an important drop is recorded for all the samples and the rate stabilizes during the
rest of the exposure at 0.5 nm/day for A and B, and 0.4 nm/day for C.

Data obtained from ERDA analysis for each film between to and t; are illustrated in figure 3 that shows
the depth profile evolution of hydrogen contents (at.%). The graph confirms the thickness loss already
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observed by RBS for all the samples and its Td dependence. Concerning hydrogen content, figure 3
reveals that for pristine films (blue curves), the higher the deposition temperature, the lower the
hydrogen content with average values of 7.2+ 0.2%, 5.8+ 0.2% and 4.3+ 0.1%, respectively for A, B and
C (table 2). The profile shapes for B and C are quite similar, exhibiting a maximum concentration of H
near the surface, which decreases gradually with depth. However, in the case of A, the maximum
concentration is situated in the middle depth of the coating, presenting a bell curve profile across the
layer. During the first alteration cycle, the three films adopt the same alteration behavior by
accumulating more hydrogen atoms between to and t; (orange curves). The apex of the curve shifts
marginally towards greater depth for both A and B, whereas in the case of C, there is no noticeable
shift, indicating a consistent concentration of H throughout the film. In C, the H profile is distinguished
by a significant decrease across the film, underscoring the limited diffusion of protons. At t; and ts, the
thickness loss is combined with hydrogen levels decrease in A, whereas for B there is no significant
profile evolution to note except the change of H content at the extreme surface. For C however,
hydrogen concentration remains stable between t; and t; and then resumed the rise between t; and
ts. Finally, despite of the long period of contact with the aqueous solution, the films still exhibit quite
low concentration in hydrogen, with average values along the profile of 7.13+ 0.24%, 8.17+ 0.26% and
6.74% 0.21% respectively for A,B and C at t3. Hydrogen profiles show also that small amounts (lower
than 5 at.%) diffuse into the substrate.

TOF-SIMS depth profiling of the films obtained at ts, exhibited in figure 4, evidences the good quality
of the silica films with homogeneous Si* and SiO* signals into the coating after alteration regardless of
Td. The slope of the signals observed in figure 4b and 4c is considered to be an artefact linked to
acquisition, given the slope of the Si signal. The SiO* and SiOH* normalized signals are regular along the
thickness for the three coatings. Table 3 shows the decrease with Td of the intensity ratio SiOH*/SiO*
as expected, from 0.61 for sample A to 0.49 for sample C. Penetration of potassium in the silica network
coming from the solution has been spotted. While B and C samples exhibit high K* surface
concentration profiles followed by a strong drop of the concentration up to an average level around
0.004 for sample B and 0.0005 for sample C, sample A shows a K*slight accumulation with a maximum
appearing towards 20 nm at around 0.01 of intensity followed by a stabilization along the depth at
around 0.009. As for hydrogen, TOF-SIMS shows very close amounts for A, B and C confirming thus the
reliability of ERDA upshots. A notable correlation between the profiles of K* and H* is evident across
all samples, where a decrease in H* coincides with an increase in K* concentration at the surface within
the first few nanometers (observed in sample A) and in the deepest sections of the layer close to the
film-substrate interface (observed in all samples),which supports the hypothesis of ionic exchange
between the two cations. Sample A records the highest mean K* to H* intensity ratio (2.7) followed by
B (0.9) while C has the lowest one (0.3).
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Figure 2: (A) RBS spectra of the film A recorded before alteration (to blue curve), after the first cycle
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(B) Evolution of thickness loss as a function of the duration of alteration for sample A (blue curve), B
(orange curve) and C ( green curve). The lines are just indicative guide for observation.
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Table2: Film thicknesses and composition evolution throughout alteration obtained from RBS and

ERDA analysis.
Film A (450°C)
Analysis time Film Thickness Thickness (nm) %Si %0 %H
(10%*atm/cm?)
t0 2675 377 31.09 +0.96 61.68 +1.92 7.23 +0.23
tl 2350 324 30.10 £ 0.94 60.80 £ 1.92 9.10£0.29
t2 2120 293.62 30.00 £ 0.93 61.45+1.94 8.55+ 0.27
t3 1570 219.97 30.00 £ 0.97 62.87+ 2.07 7.13+0.24
Film B (500°C)
Analysis time Thickness(10%atm/cm?) Thickness(nm) %Si %0 %H
t0 3810 543 31.25 +0.95 62.91+1.93 5.84 +0.18
tl 3590 504.85 31.25 +0.96 61.07 +1.89 7.68 £ 0.24
t2 3290 460.20 31.00 + 0.96 60.86 + 1.89 8.14 +0.25
t3 2800 391.56 31.00 +0.97 60.83 +1.94 8.17+ 0.26
Film C (550°C)
Analysis time Thickness(10%atm/cm?) Thickness(nm) %Si %0 %H
t0 5230 750 30.08 + 0.92 65.65 + 2.01 4.25+0.13
tl 5100 722.59 30.09 +0.92 64.10 £ 1.96 5.81+0.18
t2 4730 670.10 30.00+ 0.91 64.25 +1.97 5.75+0.18
t3 4330 608.19 29.90+ 0.92 63.63 +1.96 6.74 £ 0.21
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Figure 4: TOF-SIMS depth profiles of samples A (a), B (b) and C (c), all recorded at ts.

FTIR spectra (figure 5) were recorded before and after the alteration experiment (to and ts). All spectra
are commented for two main areas. A first area is situated between 800 and 1300 cm™ and dominated
by the vibrational modes corresponding to the Si-O-Si chemical bond [33]: the asymmetric stretching
mode TO3 appearing at 1080 cm™ and its corresponding longitudinal optical vibration mode LO3 at
around 1240 cm™ (when recorded at 60°)[34]. TO3 is more intense for sample C since it is the thickest
one but also it is supposed to have a denser initial network due to the higher temperature of
deposition. The transverse optical bending mode TO2 appears at 800-820 cm™ [35] and the vibration
of Si-OH band is seen at 935 cm™ [36]. A second zone situated in the range 2800 to 3700 cm™ holding
hydration species absorption bands, namely silanol appearing at 3650 cm™ and the broad band of
adsorbed molecular water H,O with a maximum standing out at around 3400 cm™ [37]. FTIR spectra
show that for a same film, the network evolves throughout the alteration experiment. This evolution
is proven by the variation of band positions and intensities from pristine to altered sample [38-39].
Indeed, it is clearly observed in figure 5-a that, for A, the intensities of TO3 and TO2 bands decrease
remarkably after alteration, Si-OH and water vibrations follow the same tendency. For film C, as shown
in figure 5-c, a decrease in TO2 and TO3 bands intensities is also observed but in a lesser degree than
for A. The spectrum of altered C is also interestingly marked by the appearance of Si-OH vibration at
935cm* and the LO3 signal that starts to appear after being present just as a shoulder at to. Molecular
water band intensity also increased during alteration. Graph 5-d compares the spectra from the three
altered samples (at ts). Figure 5-e shows for t3 the TO2 and Si-OH bands intensities and total peak ratio
of water (3400 cm™) to Si—O-Si (TO3) peak versus Td. Film C has the highest TO2 band intensity
followed by B and A, however Si-OH intensity follows a reverse order, where the strongest one is
observed in A. Bands intensities ratio of water to Si-O-Si (TO3) tends to reduce at higher deposition
temperature.
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Figure 5: FTIR spectra of films A recorded at a 60° angle (a) and 0° (b) at to (green) and t3 (orange)
alteration. (c) FTIR spectra of film C recorded at a 60° angle at to and t3 (d) comparison of the FTIR
spectra for samples A (red), B (green) and C (blue) at t3, (e) intensity evolution for Si-OH, TO2 and the
ratio of water band to Si—O-Si TOs band vs deposition temperature of the altered films (t3).

H NMR spectrum from sample A altered during ts, exhibited in figure 9, shows a set of overlapped
peaks appearing in the range of chemical shifts going from 0 to 7 ppm. This signal can be divided into
two parts corresponding to two different environments of the proton. A first part holding the most
intense peaks appearing between 0 and 3 ppm assigned to isolated silanols. A second part with only
two broad peaks arising between 3 to 7 ppm that could be attributed to silanol bounded to water
molecules or to water molecules strongly bounded to the silicate network. The signal assigned to water
molecules at 5 ppm that often dominates the spectrum in altered glasses, appears here very weak [40].

2- Surface state and mechanical properties

AFM surface maps fulfilled at t; are illustrated in figure 6. They show, for film C (figure 6c), quite
homogeneous smooth surface corresponding to a root mean square roughness (rms) of 0.6 + 0.1nm,
while A (figure 6a) presents a rougher surface with many porosities reflecting a higher rms value of
2.0£0.1nm. An intermediate surface state is observed for B (figure 6b) with a roughness value of 1.7 +
0.3nm. Further analysis of film A, conducted via SEM, provided a more in-depth examination of its
surface characteristics. The backscattered electron (BSE) image displayed in Figure 6d reveals the
presence of small, bright spots of nanometric size clustered across the entire surface of the film.
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Mapping of silicon (Si) and oxygen (O) distribution (figures 6e-f) accentuates the correlation between
these bright spots and an enrichment of oxygen.

Figure 6: AFM images of films A (a), B (b) and C (c) at t;, SEM-BSE image of film A at t3(d) and joint
EDX mapping of silicon (e) and oxygen (f)
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After complete alteration experiment, nano-indentation tests have led to similar results of Young
modulus and hardness for all the films represented respectively by the average calculated values 55.7+
0.9 GPa and 4.5 + 0.1GPa. Same noting was observed with the pristine films where higher values of
mechanical parameters were found as it is shown on figure 7. Thus, altered films recorded a strong
drop on the average hardness of about 38%, while the elasticity has decreased by 13% after alteration.
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Figure 7: Average values of Young’s Modulus (E)and Hardness (H)of the three films before (to) and
after (t3) alteration.

Discussion section

Based on prior research [13, 15], silica films deposited via Chemical Vapor Deposition (CVD) using the
TEOS/0,/03 route within the temperature range of 400 to 550°C, are anticipated to exhibit
characteristics of amorphy, homogeneity, and a low surface roughness typically ranging from 0.4 to
0.5 nm. These films are known to possess excellent structural integrity. Consistent with these findings,
detailed assessments conducted via lon Beam Analysis (IBA) and Infrared Thermal Imaging (IRTF) on
the pristine coatings synthesized at Td of 450°C, 500°C, and 550°C initially demonstrated a further
improvement in film quality with increasing Td. Notably, the measured O/Si ratios range between
1.98+0.01 at 450°C and 2.18+0.01 at 550°C, compared to 1.93+0.01 at 400°C and 2.24+0.01 at 550°C
as reported in a previous study [15]. Additionally, the hydrogen content is determined to be 7.2+0.2%
in film A (450°C), 5.8+0.2% in B (500°C), and 4.3+0.1% in C (550°C), compared to 7.8 at.% and 4.5 at.%
respectively at 400°C and 550°C according to the same study [15]. These measured O/Si and H levels
align entirely with the anticipated values. Furthermore, IRTF spectra reveal significant splitting in TO3
/ LO3 and intensified TO2 vibration, the intensity of which escalates with deposition temperature,
indicating a heightened degree of silica network polymerization influenced by deposition temperature.
Despite the detected chemical and structural differences between films A, B, C, it is important to
emphasize that all of them have a high quality network. Thus, comparing their behavior during
chemical alteration is crucial to establish links between these slight structural and compositional
differences and their chemical and mechanical performances.

During successive alterations of approximately 9 months in KOH aqueous solution with pH adjusted to
4, the samples have been characterized using numerous tools to obtain information on the
macroscopic and microscopic changes that could occur. Surface characterization by AFM has
highlighted an increased RMS roughness at t; compared to t0 for the three films. The alteration has
more affected the surface of film A and especially, created pores that are quite visible on the images
with a mean width of approximately 50 nm and a depth of some nanometers. The retained RMS of 2.0
nm reflects the balance of these irregularities (peaks/pores). This is a proof that film A was affected by
the solution through silica dissolution. In a lesser degree, B film’s surface was affected, having thus a
moderately large porosity with a width around 10 to 20 nm and a lower RMS value of 1.7 nm. However,
sample C surface remains very smooth and homogeneous with extremely small nanoscopic pores that
cannot be resolved by AFM, RMS value retained is 0.6 nm, which underscores its higher chemical
resistance [41]. Further exploration of sample A surface at t; by SEM-EDX reveals the presence of white
spots distributed all over the surface and corresponding to an oxygen enriched composition compared
to the surrounding area corresponding to silica (figure 6). These observations can be explained by the
adsorption of molecular water (hydration) and the generation of depolymerized areas through
formation of silanol bonds (hydrolysis).

According to IBA characterizations, all the films have experienced a noticeable thickness loss. However,
film A has the most important loss of 157 + 1.4 nm compared to B and C that lost respectively 151+ 1.4
nm and 141+ 1.4 nm at t3. These thickness losses are the result of dissolution of silica in the solution
[42]. Hydrolysis of Si-O-Si linkages is the main step controlling the dissolution of silica network [43]. In
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fact, water molecules near the film surface start reacting with adjacent Si-O-Si bridges by breaking
them, leading to the formation of Si-OH groups:

=S5i—-0-Si= +H,0= 2 =Si—0H (3)

This reaction is repeated until the splitting of all the Si-O-Si bonds of a same silicon atom resulting in
the release of HsSiO4 in the solution. However, the probability of occurrence of this hydrolysis reaction
is strongly depending on its corresponding energy barrier, which is directly linked to the connectivity
of the silicon atom to the solid. As a matter of fact, A. Pelmenschikov estimated dissociation energies
for the double-, triple- and quadruple-linked Si species to be 23, 33 and 49 kcal/mol respectively [44].
Thus, the larger the number of Si-O-Si bonds for a same silicon atom, the stronger the resistance of the
film to hydrolysis. This assumption can explain the variation of thickness losses of our films given the
enhancement of the network polymerisation by the deposition temperature. Therefore, films
produced at higher temperatures are denser and mainly constituted of Q* tetrahedra (filmC), hence,
will resist more to the dissolution [45]. This same assumption can also elucidate the discrepancy in the
initial thickness loss rate values among the three films, as depicted in Figure 2-b, ranging from 2.5
nm/day for C to 4.8 nm/day for A. This discrepancy can be attributed to the robust resistance of films
deposited at higher temperatures, which retards the dissociation mechanism [46]. It is worthy to note
that the removal of H,SiO4 units seems to be happening evenly all over the surface as evidenced by the
consistent thickness measurements obtained from various probed positions on the altered films,
particularly for film C. This uniformity in thickness suggests that all sites within the upper surface of
the coatings exhibit a similar reactivity, contributing to the even removal of H.SiO, units. AFM images
can confirm this observation as roughness is still quite low. It is worth mentioning that despite the
observed reduction in thickness, the initial rates of thickness loss in our films are relatively low
compared to the sparse reported values of silica films thickness loss rates in the literature, which
typically range from 0.1 to 50 nm/h [20].

The chemical composition of the films measured at to, t1, t; and tsusing IBA analyses (Table 2) highlights
the dependence of hydrated species progression on Td. The measured hydrogen concentration
increases during the first days of alteration for all the films but is still rather quite low, the highest level
was measured in film A at t; where it reached 9.10 + 0.29%. After t;, as it was mentioned in results
section, dissimilar behaviours were noticed, particularly for film A that has shown a decrease in
hydrogen content to reach 7.13 £ 0.24 at.% at ts. It must be noted that the concentration measured in
film C at t; is lower than the initial concentration (to) in sample A. It is probable that a cyclic process
leads to the gradual hydration then dissolution of a highly hydrated extreme surface, resetting the
diffusion process. As illustrated by the ERDA profiles of sample C, the initial polymerisation degree of
silica is a key parameter to establish an efficient barrier to the water diffusion and to hydrolysis.
Considering the O/Si ratio, surprisingly the values at t; are rather stable during alteration and
comparable to pure silica, namely2.10 : 1.96 : 2.12 respectively for samples A:B:C.

IRTF spectroscopy was used to highlight network evolution throughout alteration and this analysis is
particularly rich to describe the network of such systems. Before discussing IRTF results, we have to
comment on the shape of LO3 band of pristine film C that appears as a shoulder rather than a complete
band despite the fact that we were working at 60° off normal. According to the literature, the thickness
of the sample affects the TO3 and LO3 bands intensities. In fact, J.A. Moreno et al working with an
incident angle of 45° have shown that the intensity of TO3 band evolves linearly with film thickness,
whereas the LO3 band intensity follows an exponential evolution, which means that for thicknesses
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beyond 500 nm as shown on figure 8-b, the gap between the two intensities becomes significant and
affects the shape of the spectrum in the concerned area [46]. To adapt this observation to our own
samples, 3 additional films have been dedicated to this study. They have been deposited in exactly the
same conditions (Td = 550°C) except the deposition time, which leads to similar silica networks with
different thicknesses ranging between 80 and 750 nm. As shown in figure 8-a, the intensities ratio of
LO3 to TO3 decreases significantly with the film thickness. Our values appear to be very close to those
obtained by Moreno, and we verified that the small gap in bands intensities is due to the difference of
the used incident angles (45° for Moreno against 60° for us). LO3/TO3 ratio also depends on the
incident angle as shown in figure 8-c.

Regarding the film A alteration results, the decrease in TO3 intensity recorded between toand t; can
be interpreted by network depolymerisation via hydrolysis and conversion of siloxane into silanol, but
mainly by network dissolution since the signal intensity is very sensitive to the oscillator number and
so to the coating thickness. The decrease of TO2 band intensity for the same film would translate to a
decrease in the number of chemical bonds between SiOstetraedra and so to network depolymerisation
[47]. Similar observations were made for film C, where a less pronounced decrease in TO3 and TO2
band intensities was observed. Additionally, a new band at 950 cm™ corresponding to Si-OH appeared,
a feature not present in the spectrum of the pristine film, which indicates a small depolymerisation
giving birth to Q3 or probably both Q3 and Q? tetrahedra [40;48]. Contrary to A, sample C has recorded
an increase in the adsorbed water reflected by a stronger band around 3400 cm™. LO3 band at around
1230 cm™ becomes more visible after alteration, which is thought to be due to thickness decrease
effect as mentioned above.

For film A, the unexpected reduction of the Si-OH and water bands intensities after alteration can be
explained by two facts: first of all, the stronger and faster network dissolution compared to the other
samples that automatically reduces the water and silanol content in the sample by leaching HSiOa.
Secondly, the ToF-SIMS results have shown the presence of potassium in the three samples, occurring
by cation diffusion coming from the solution via ion exchange with protons of the network (equation
(4)) [49]. TOF-SIMS depth profiling (figure 4) upholds this finding by exhibiting the penetration of
potassium to a larger extent in film A. Minor quantities of potassium were also detected in B and C
reflecting a fractional cation exchange, which is directly related to the initial incorporation of hydrogen
through hydrolysis (K*/H*= 2.7 for A against only 0.3 for C). In fact, since film A is the most attacked, it
is supposed to develop large enough pores (confirmed by AFM) that permit a more massive
penetration of such voluminous K* cation via ion exchange with protons. In agreement with Almeida
et al., this rise of porosity is confirmed on the 0° IRTF spectrum by the rising of the shoulder appearing
at 1200 cm (figure 5-b) after alteration (t3) [50] .

Si— OH(g) + K(*;lq) = Si— 0K + H(th) (4)

Furthermore, the decrease in Si-OH bonds due to ion exchange will provoke a decrease in the amount
of adsorbed water bonded to Si-OH via hydrogen bonding, which explains the drop of the adsorbed
molecular water band intensity too. This phenomenon of ionic exchange will occur in a lesser degree
for B and C since they are fewer affected by the aqueous corrosion and that is probably why it was not
detected by IRTF. Despite this, as shown in figure 5-¢, film A at tsstill exhibits the strongest Si-OH band
and the weakest TO2 compared to the other samples. It also possesses the topmost intensity band
ratio of water to TO3 while C has the smallest one. This shows the different levels of alteration of our
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coatings. Thus, the intensity of the high frequency band relative to hydration species is dependent on
a competition between hydrolysis (equation 3) and ionic exchange (equation 4).

1400 1200 1000
T T T
731 nm 1099 T T T T
14 |- .
L (a) 1066 L (b)
L {033 1
L 4 0.00 ]
1 1 —
126 nm {096 2 =
= ©
=3 e -
- {064 §
e =y
: 2
L {032 5 9 7
2 £
L 40,00 -
1 1
80 nm| {09
L 40,64
- 0,32 . :
0 2000 4000 6000 8000 10000
L 10,00 Thickness (A)
L 1 L 1 i
1400 1200 1000
Wavenumbers (cm-1)
70 o

(c)

Absorbance (u.a)

wavenumber (cm?)

Figure 8: (a) TO3 and LO3 bands intensities recorded at 60° for silica coatings with different
thicknesses, (b) evolution of LO3-TO3 intensities at 45° off normal with thickness given by Moreno et
al.[46]and (c) evolution of the FTIR fingerprint spectrum with incident angle.
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'H NMR spectrum for sample A (at t3) confirms the very low hydrogen content in the film, as measured
by ERDA, ToF-SIMS and IRTF. Signals deconvolution showed that the strongest peaks appearing
between 0.12 and 1.31 ppm correspond to isolated silanol that could be located in the depth of the
layer. On the other hand, there are two broad weak peaks that could be assigned to silanol bounded
to water molecules or to water molecules strongly bounded to the silicate network that should be
located at the extreme surface of the film. This is in agreement with ERDA depth profiles that show a
lower hydrogen level at the film surface and tends to rise inside the sample.
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Figure 9: IH MAS NMR signal obtained on altered film A at tsat 750 MHz.

Table 3: peaks positions, widths and intensity of the *H MAS NMR signal of film A at ts, recorded at
750 MHz.

Chemical shift (ppm) | 0.12+0.1 | 0.43+0.1 | 0.88+0.1 | 1.31+0.1 | 4.23+0.1 | 5.01+0.1
Width (ppm) 0.13 0.09 0.31 0.31 0.71 0.64
Intensity (%) 26 3 15 22 20 14

The average measured values of the mechanical properties for the three films have decreased during
the alteration process. However, despite their chemical and structural differences, the altered films
exhibit similar hardness and elastic modulus values. The drop of about 13% in Young's modulus
suggests that the films did not develop significant defects such as pores, fractures, or cracks [51-52].
This result aligns with the low content of hydration species and the limited network depolymerisation
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observed during the alteration experiments, but also the relatively low rms values measured at ts. In
the case of film A, the presence of K* ions likely contributes to reinforcing the coating through chemical
guenching, compensating for the lower quality of the silica network compared to film C. However, the
significant 38% decline in hardness indicates that the extreme surface has been strongly modified.
Consequently, the strength of the intermolecular bonds within the network is weakened, likely due to
the creation of new non-bridging oxygen, which affects their resistance to deformation. Hardness is
known to be highly sensitive to the extent of cross linking in the material, explaining the observed
decline in this mechanical property [53-54].

Conclusion

In this study, we monitored the gradual evolution of three amorphous silica films, each characterized
by a distinct initial network quality, considering structural and chemical properties. Through the
combined use of ERDA depth profiles established during the alteration process and IR analyses, we
were able to precisely observe the hydration and hydrolysis dynamics within our films. Moreover, we
qguantified the dissolved thicknesses from each film and derived dissolution rates by analysing and
simulating RBS spectra. Initially, dissolution rates were found to range between 2.8 and 4.5 nm/day,
stabilizing around 0.4-0.5 nm/day. These findings represent the first available dataset on dissolution
rates of silica films deposited via atmospheric pressure CVD. A diffusion of potassium via an ionic
exchange with protons has been identified and its intensity is remarkably correlated with the initial
network quality. Furthermore, we delved into other pertinent aspects of the study. For example, we
underscored the extent of structural modifications on mechanical properties, particularly highlighting
the significant impact on hardness due to its close association with network connectivity. In contrast,
Young's modulus exhibited a slight decrease, indicative of the network relative stability and creation
of few defects, in agreement with the O/Si ratio still being close to 2. This hypothesis is substantiated
by surface characterizations, which revealed a remarkably smooth surface even after 279 days of
alteration, with the maximum roughness measured at 2nm.
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