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Abstract

Silica and silica-based materials with tunable functionalities are frequently encountered in
low-k material applications, porous membranes, and microelectonic devices. In the present
study, an innovative O»/O3 assisted CVD process for the deposition of such films at moderate
temperature is presented, based on a dual precursor chemistry from hexamethyldisilazane
(HMDS) and tetraethyl orthosilicate (TEOS). Films with tunable carbon content were
obtained through variation of the HMDS flow ratio. A comprehensive FT-IR study reveals the
transition of the material from a SiOxCyH type film containing -CHz moieties, to a methyl-
free SiOx film with the increase of the temperature. At the same time the water contact angle
of 81.0° at 400°C is decreased to 52.8° at 550°C, related to the absence of methyl moieties in
the latter. lon beam analysis (IBA) confirms the lack of carbon in the films when deposition
temperatures are equal to or exceed 500°C. The resistance to liquid corrosion is investigated
as a function of the deposition temperature; SiOx type films present a low Pliskin etching rate
of 15 A.s, with this value increasing to 60 A.s™ for the SiOxCy:CHj films produced at the
lower temperatures. It is found that the addition of HMDS to a TEOS chemistry can be
utilized to modulate the film composition from SiOx to SiOxCyH and by such, tune the film
functional properties, in particular its etching rate, opening the way to the development of

new sacrificial films.

Keywords: CVD; silica; silicon oxycarbides; Pliskin etching rate; mechanical properties;

hydrophilicity
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1. Introduction

The production of SiO- films through various chemical vapor deposition (CVD)
processes has been implemented for a multitude of applications, starting from
microelectronics in the nineties [1, 2] to energy harvesting and more recently to
environmental protection, waste water treatment and gas separation [3-6]. Silica-based
materials such as SIOCH films have also recently attracted attention as gas barriers in food
storage, or as gas and water permeation membranes [7, 8]. In contrast to dense films, certain
applications such as gas separation require SiOx selective membranes, with sub-nanometer
porosity [9]. Oftentimes, organosilica (SiOx+R, where R represents methyl, vinyl, phenyl and
other hydrocarbon groups) membranes are used to address this need, with the hydrocarbon-
content in the films playing an important role in influencing film porosity, and constituting as
such a parameter that can be tuned towards desired permeability and selectivity of Hz, He, N,

CHa4 or SF3 gases [10].

In other fields such as MEMS applications, certain steps of the fabrication process
require sacrificial silica-based layers with high etching rate [11]. Such sacrificial layers are
often produced by using silica from TEOS chemistries [12], phosphorous doped silica [13],
photoresists and other materials, adding multiple steps to the manufacturing process. It has
been shown that the etching rate of such SiO> films is directly linked to their nanoporosity,
their hydration level (Si-OH and Si-H concentrations) and their organic carbon content [14-
16]. These characteristics are usually dictated by process parameters, including the adopted
chemistry and activation mode of the CVD process. Other applications where organic carbon
is required in silica-based films or surfaces relate to the selective Cu or HfOx CVD deposition

through utilization of Si-CHs-terminated surfaces [17-20].

Carbon and hydrogen loaded silica (organosilica) films with tunable sacrificial

behavior are oftentimes produced by plasma enhanced CVD (PECVD) processes that ensure
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deposition at low temperature and produce films with good dielectric properties and low
mechanical stress [10, 21, 22]. Alternatively, thermal CVD is appealing when potential
damage of the substrate material by the directional ionized gases must be avoided, and when
deposition of uniform and conformal films on non-line-of-sight patterns and cavities is
required. The present work subscribes to the latter frame, since it addresses applications that
require deposition of alternating pure SiO2 and carbonated SiOx layers, in cavities of
thermally sensitive parts. The innovative aspect of the work is the processing of such films
from a unique chemistry mixing tetraethyl orthosilicate (SiCgH2004, TEOS) with
hexamethyldisilazane (Si2NCeH19, HMDS), two commonly utilized precursors for the
deposition of SiO; films by CVD [23, 24], and porous, carbonated SiOx (also designated as
SiOxCyH) films by PECVD, respectively [25, 26]. Both precursors are in liquid state at room
temperature, are non-corrosive and present comparable physicochemical properties; hence,
they can be used synergistically to provide films with complementary characteristics. In order
to form silica based films at moderate temperature by CVD, HMDS and TEOS require
reaction with an external oxidant, such as Oz, Oz or N20O [27-30]. In this work, we use an
oxygen-ozone mixture, taking advantage of ozone’s rapid decomposition, which leads to the
production of oxygen radicals that enhance chemical reactivity and enable film formation

with elevated deposition rates at low temperatures [31].

The paper is organized as follows: we first present the deposition mechanisms and
profiles of films from TEOS-O,/O3, followed by those from HMDS-02/Os. Then, we
extensively investigate co-deposition from HMDS-TEOS-02/O3 as a function of the
deposition temperature, with focus on the additive behavior of HMDS on the produced dual-
precursor films in terms of deposition rate, chemical composition, local structure and surface
functionality. We extensively analyze the films by FT-IR with the aim to clarify the transition
from a sacrificial SiOxCy:CHz3 to a more compact SiOx material, and vice versa. We combine

the findings with the elemental composition of the films monitored by lon Beam Analysis
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(IBA), and determine the change in carbon content as a function of the deposition temperature
and HMDS flow rate. Then, we reveal and discuss modifications of the functional and
mechanical properties of the films, such as wettability and hardness, based on the
aforementioned transition from a sacrificial SiOxCy:CHs to a compact SiOx material. We
apply wet etching corrosion tests to illustrate the increased sacrificial behavior of the
carbonated SiOxCy:CHzs films through the addition of HMDS before providing concluding

remarks and perspectives for further work.

2. Materials and methods
2.1. Reactor setup

The hot-wall CVD reactor was composed of a quartz tube (& 46 mm, 700 mm long),
heated by a resistive furnace (Trans Temp, Thermcraft Inc.). The setup has been described in
our recent work on the modeling of the SiO, CVD process from TEOS-02/03 [32], and was
modified minimally by adding an additional bubbler system to house the HMDS (99.9%,
Sigma Aldrich) liquid. The modified setup is presented in Fig. S1(a) of Supplementary
Material. A N2 (99.9999%, Messer) dilution line heated at 100°C transfered 1963.5 standard
cubic centimeters per minute (sccm) of N2 , while the N2 carrier gas line flowed 23.5 sccm
through the HMDS bubbler system set to 50 or 62°C, transporting 2.7 or 9.5 sccm of the
precursor’s vapors in the reactor respectively. This line was introduced into the reactor after
combining with the dilution line. The flow rates of TEOS (99.999%, Sigma-Aldrich) and O>
(99.9995%, Messer) were 2 sccm and 1960 sccm, respectively. An ozonizer (Lab2b
Laboratory Ozone Generator, Triogen LTD) connected to the O line was operating at its
maximum ozone output, supplying the reactor with an O2/O3z mixture, at an O3 concentration

of 60 mg.I"* at standard temperature and pressure. The HMDS and TEOS carrier gas lines



Surface and Coatings Technology, 2021, 407, 126762, doi.org/10.1016/].surfcoat.2020.126762

were heated downstream of the bubblers at approximately 85°C to avoid recondensation of

the precursor vapors.

For all runs with variable temperature, the total gas flow was fixed at 4040.7 sccm and
the total pressure at 97.3 kPa (730 Torr), monitored with a Pirani (MKS MicroPirani
Transducer Series 925C) gauge during vacuum stage preparation and a Baratron (MKS
Baratron Type 627) gauge during deposition, downstream of the deposition zone. Five
different set point (SP) temperatures, namely 360, 400, 450, 500 and 550°C were applied for
the deposition of the films, with the aim to study the transition of the material from
SiOxCy:CHs to SiOx and its properties along a wide thermal range. The SP temperatures
were defined as the temperature measured at 360 mm from the inlet, after which a 140 mm
long isothermal region existed. The samples analyzed in the present work were taken from

this isothermal region.

2.2. Film formation on flat substrates

Monocrystalline silicon (100) substrates were cut from 280 um thick wafers (Neyco)
into 32x24 mm? rectangles. Before being inserted into the reactor, the substrates were
degreased as described recently [32]. 18 substrates were treated in each experiment,
supported vertically by two home-made, stainless steel substrate holders positioned on the
row, with a 7 mm deep insertion slot (Fig. S1(b) of Supplementary Material). Five runs were
performed with the HMDS-TEOS-02/03 chemistry at the previously defined SP temperatures
and named hereafter SP360, SP400, SP450, SP500 and SP550. The deposition duration was
fixed at 30 min for all runs, leading to film thicknesses between approximately 45 and 150 nm
in the isothermal zone. For the nanoindentation analysis, additional experiments were
performed at selected SP temperatures with increased deposition duration, to target higher

film thicknesses of at least 500 nm and eliminate substrate interference.
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2.3. Measurement of deposition rates and thickness

The average deposition rates were calculated from the deposited mass, by measuring
each sample’s weight gain before and after deposition using a Sartorius Genius Series
ME215P analytical balance with 0.015 mg precision. For these results only, we assumed
uniform deposition on each substrate surface, with an average film density of 2.2 g.cm™.
Naturally, the film composition affects the density of the films, and can thus interfere
with the accurate calculation of the deposition rate. For that reason, local film
thicknesses were cross-checked by spectroscopic ellipsometry (SE) with a Semilab SE-2000
refractive ellipsometer, operating between 250 nm and 1000 nm wavelength range, at a
constant incidence angle of 70°. The measurements were performed by probing 3 points
along the vertical axis on the surface of each sample. The SE data were simulated and fitted
in the 250-1000 nm wavelength range using the Semilab SEA software. The calculated results
are acquired for a R? fit of over 0.99, using a Bruggeman’s Effective Medium Approximation
(BEMA) model, applying a two-component medium composed of SiO> and void. The given
thicknesses were further confirmed with the ones calculated by the Cauchy model, and by
observation of transmission electron microscopy (TEM) cross sections for samples SP360 and

SP500 (Fig. S2 in Supplementary Material).

2.4. Chemical bonding state and composition

The chemical bonding state of the films was studied using Fourier transform infrared
(FT-IR) spectrometry in transmission mode with a Frontier FTIR MIR/NIR instrument and a
custom-made substrate holder that enabled the analysis at different angles. The spectra were

taken by applying a 0° and 60° angle between the sample and the incident beam (Brewster
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angle), to clearly observe the TO-LO splitting [33]. The spectral range between 400-4000 cm’
! was probed with a resolution of 4 cm™. Sixteen spectrum accumulations were taken for each
sample, after removal of the background signal. After acquisition, the obtained spectral data
were further processed by removing the Si substrate’s signature and correcting the baseline.
Lastly, in order to compare bonding intensities, the absorbance values were normalized by
each film’s thickness, since in FT-IR transmission mode, the intensity of the main SiO>

absorptions are affected by the thickness of the film [34].

The chemical composition of the films was determined by lon Beam Analysis (IBA)
techniques located at the Pelletron facility of CEMHTI in Orléans, France. The contents in
silicon, oxygen, carbon and hydrogen were determined by Rutherford Backscattering
Spectroscopy (RBS), Nuclear Reaction Analysis (NRA) and Elastic Recoil Detection
Analysis (ERDA) techniques, on films with thickness in the range of 100-200 nm. RBS and
NRA are performed at a 166° detection angle with 2 MeV a particles for the former. Oxygen
and carbon concentrations were measured through the *80(d,00)**N and *2C(d, po)*3C nuclear
reactions, using incident deuterons of 0.9 MeV. ERDA measurements were performed using a
2.8 MeV alpha beam. The sample was positioned at a 15° grazing incidence angle and the
recoiled hydrogen atoms were collected at a scattering angle of 30°. Ten spectra of 1uC
charge were successively collected to get enough repeatability and intensity, and achieve a
satisfactory signal-to-noise ratio. Due to the presence of a strong desorption of hydrogen for

some samples, the ERDA spectra were considered individually.

The overall composition of the films was obtained by simulating the RBS, NRA and
ERDA spectra using the SIMNRA software [35]. 1°0(d,a0)*N: Sigma Calc-166° (71 mb/sr)
and *2C(d,po)*3C: Jose 165° (26 mb/sr) cross sections were used respectively for oxygen and

carbon quantification. Lastly, a polycrystalline silicon wafer with a top layer of 213 nm SiOg,
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an a-Si(H*) hydrogen standard at 2.19.10'7 H/cm2, a carbon and a SiC polycristalline film

were used for detector energy calibration.

2.5. HRTEM and AFM observations

High-resolution micrographs of the films and corresponding energy dispersive
spectroscopy (EDS) elemental information were acquired using a JEOL ARM200CF (JEOL
Ltd.) TEM instrument operating at 80kV, equipped with double spherical aberration
correctors and fitted with a JEOL SDD CENTURIO EDS system. A 0.13 nm probe size was
used for EDS analysis. Before analysis, the films were prepared by Focused lon Beam (FIB)
technique using Ga* ions in a FEI HELIOS 600i instrument. Analysis was performed

immediately after FIB preparation, to minimize contamination of the samples.

The surface roughness of the films was measured using an Agilent Technologies 5500
(Fermat) atomic force microscope (AFM) in tapping mode. The tip used was an APPNANO
ACT model, made of n-type silicon, with a radius of <10 nm. A scan size of 1 um2 was used

for all measurements.

2.6. Functional and mechanical properties

The hardness and Young’s modulus of the films were assessed by nanoindentation
tests using an UltraNanolndenter apparatus from CSM Instrument (Anton Paar) equipped
with a Berkovich diamond indenter. The applied load was gradually increased until a
maximum value of 0.5 mN, at which the load is maintained for 30 s. The loading and
unloading rate was set to 60 mN.min. Each sample was probed at 5 different locations.
Average elastic modulus and hardness were calculated from the load vs. depth curves with the

method proposed by Oliver & Pharr [36].
10
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Wettability was investigated by measuring pure water contact angle with a GBX
apparatus using the Young’s equation [37], according to which the value of the contact angle
depends only on the chemical composition of the material. Water droplets of 0.35 £ 0.01 pl
were placed carefully onto the sample surface at ambient atmosphere and temperature, and
the equilibrium static contact angle was measured at five different locations. The contact
angle value was assessed by a CCD camera. To obtain the contact angle affected by the

surface roughness, the model described by Wenzel [38] was applied.

2.7. Wet etching corrosion tests

The corrosion resistance of the films was evaluated by applying the P-etch solution
test developed by Pliskin [39, 40]. The etching test was performed by immersion at 25°C for
30 s under continuous stirring, of a coated sample in a solution of 3 parts hydrofluoric acid
(HF, 49 % m.), 2 parts of nitric acid (HNOs, 70 % m.), and 60 parts of distilled water. The P-
etching rate for each sample was determined by measuring the thickness of the probed film
before and after immersion using ellipsometry, and expressing the total thickness loss in A.s™

for a given etching time.

3. Results and discussion
3.1. Deposition rates and mechanism

The deposition rate (DR) profiles of films processed from TEOS-0O,/03 and HMDS-
0O2/03 (referred to as TEOS and HMDS hereinafter) are plotted in Fig. 1(a) for SP500 and in
Fig. 1(b) for SP550, as a function of the distance from the reactor inlet. Similarly, the DR of
films processed from HMDS-TEOS-0,/Oz (referred to as HMDS-TEOQOS hereinafter) at SP500

is presented in Fig. 1(c). The thermal profiles of the corresponding SP temperatures are also
11



Surface and Coatings Technology, 2021, 407, 126762, doi.org/10.1016/].surfcoat.2020.126762

included. For all experiments, the temperature in the first 80 mm of the reactor (pale blue

region A) remains low, i.e. between 115 and 170°C. After 80 mm, the temperature increases

rapidly (light blue region B) to reach the targeted SP temperature at 360 mm. Lastly, an

isothermal zone (blue region C) appears, spanning approximately from 360 to 500 mm. This

thermal behavior is representative of all runs.
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Figure 1. Typical thermal and deposition profiles for HMDS, TEOS, and HMDS-TEQOS films.

Deposition profiles from TEOS (black diamonds) and HMDS (blue squares) chemistries, at

SP500 (a) and SP550 (b). Deposition profile from HMDS-TEQOS dual-precursor chemistry at

SP500 (c). Blue areas signify the low temperature region at the inlet (A), the gradient

temperature region (B) and the isothermal region (C). Corresponding thermal profiles are

shown by grey triangles in all three diagrams. (d) Average deposition rates for HMDS-TEQOS

films taken from the isothermal region (C) from runs performed at various SP

temperatures.
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The presented five deposition profiles show qualitatively similar trends. Relatively
high DR values between 12 and 19 nm.min* are observed at the colder entrance region A,
independently from the chemistry used. These enhanced film-formation rates are attributed to
the presence of Oz, and to its ability to lead to film formation at low temperatures thanks to its
high reactivity through the generation of monoatomic oxygen radicals [31]. However, films
with such high DRs were powdery in nature, delaminating easily from the Si substrate,
and were therefore not studied in the present work. In region B, the DR decreases despite
the increase of the temperature, reaching a constant value of around 3 nm.min** and 2 nm.min-
! for HMDS and TEOS processed films respectively in Fig. 1(a), and approximately 4
nm.mint for the HMDS-TEOS processed films (Fig. 1(c)). A recent study, dealing with the
computational fluid dynamics simulation of the TEOS-02/Os chemistry, gave access to
predictions of the gas phase composition [32]. The simulated model, developed based on
literature and experimental data, revealed that the decreasing DR behavior is due to the
rapid consumption of O3 in regions A and B, to the benefit of both film formation as well as
production of intermediate gas-phase by-products. Due to their similarity in deposition
profile, we also argue that film formation by HMDS follows a comparable behavior, reacting
with Oz in region A to produce film and gas-phase species. As such, the quantity of Os that is
available in the first 5 cm of region B is constantly reducing. For the remainder of region B
and then region C, the DR remains low and almost constant, with film formation being
possibly dictated by the involvement of silicon-containing intermediate species. These species
stem from the decomposition of the precursors after their reaction with Os, and can lead to
film formation once they overcome their respective activation steps. Multiple such
intermediates can be produced through gas phase reactions, from both the TEOS [41] and

HMDS [28] precursors.

As such, comparison of the DRs from TEOS and HMDS at SP500 (Fig. 1(a)), reveals

similar deposition profiles for both chemistries, explained by Os’s diminishing concentration

13
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along the reactor. It is noted that after O3 consumption, the DR drops to a slightly higher
constant value for the HMDS chemistry. Despite the increase of the SP deposition
temperature to 550°C (Fig. 1(b)), no notable increase in the DR is observed in the isothermal
region (region C) for TEOS. Even though silicon-containing intermediates that are produced
from the decomposition of TEOS do contribute to film formation [32], they are, however,
consumed in so-called parasitic reactions, such as gas-phase polymerization, that lead to the
transformation of film-forming species into molecules that do not participate in
deposition. This phenomenon is more pronounced at elevated temperatures (>450°C). As a
result, the available concentration of the film-forming species in the gas phase decreases,
which subsequently partially decelerates further increase of silica deposition [27, 42, 43].

In the case of HMDS chemistry, a slightly different behavior is observed. Contrary to
the TEOS chemistry, HMDS does not result in the stabilization of the DR after the
consumption of Og; instead, it shows a renewed increase. This increase is more noticeable
when comparing the two process temperatures: at SP500 (Fig. 1(a)), deposition from HMDS
results in a slight increase of the DR after 0.2 m and reaches a value of approximately
3.4+0.3 nm.min! in the isothermal region C, while at SP550 (Fig. 1(b)) the increase is more
pronounced and DR values in this region exceed 4 nm.min, averaging at 4.9+0.8 nm.minL.
This could be explained by the fact that the intermediates coming from HMDS’
decomposition are not participating in parasitic gas-phase reactions. As a result, they could
actively contribute to film formation, and overcome their activation step once the reactor
temperature exceeds approximately 500°C.

It is noted that the precursor flow rates used were the same (2.7 sccm for HMDS and
2 sccm for TEOS), whether they were tested separately or together in the utilized chemistries.
Logically, the dual precursor system HMDS-TEQOS has a deposition behavior that is dictated

by the participation of both precursors to the film formation. Hence, at SP500 (Fig. 1(c)) the

14
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DR is stabilized after the consumption of Os, however, at a value higher than that of the
separately TEOS and HMDS chemistries.

The DR of the HMDS-TEOS chemistry, averaged across the six samples located in the
isothermal region (region C) is shown in Fig. 1(d), as a function of the SP temperature. It
presents a wavy behavior between 1 and 6 nm.mint. More specifically, the DR increases from
SP360 to SP400, then decreases at SP450, after which it increases again from SP450 to
SP550. This non-monotonous trend has also been observed for the thermal CVD of SiO2 from
TEOS [43], and is explained through the participation of distinct reactive species in SiO2 film
formation, depending on the temperature. For temperatures lower than 400°C, deposition
depends primarily on the precursor molecule and on the presence of Oz in the gas phase. At
higher temperatures, the precursor molecules decompose into Si-containing gaseous
intermediate species. As a result, the deposition mechanism switches to an intermediates-
centered mechanism. Moreover, parasitic gas phase reactions that consume film-forming

species are activated in the high-temperature regime, resulting in the decrease of the DR.

As was previously pointed out, an upwards slope is observed in region (C) for the
HMDS chemistry at SP550 (Fig. 1(b)), while the DR from TEOS remains constant. It is
therefore assumed that when utilizing the dual precursor HMDS-TEOS chemistry, any
increase in the DR above 500°C is primarily due to the addition of HMDS. The dip at SP450
in Fig. 1(d) could be related to an overall transition of the deposition mechanism from
precursor-governed to intermediates-governed mechanism, lowering as a result the DR.
Potentially, a high contribution of carbon rich species to deposition could also be involved in
this behavior, as will be shown in later sections. The deposition rate profiles for all
experimental runs using the HMDS-TEOS chemistry are available in Fig. S3 of

Supplementary Material.

3.2. Film surface morphology

15
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AFM surface micrographs for HMDS-TEOS films deposited at all five SP
temperatures are presented in Fig. 2(a) to (e). The micrographs at the lower three SP
temperatures reveal rough surfaces, in contrast to the two higher temperatures SP500 and
SP550, which present a generally smoother surface. This trend is also confirmed when

plotting the root mean square (RMS) roughness as a function of the SP temperature as show

n

in Fig. 2(f). The RMS of surfaces prepared at SP360, SP400 and SP450 is spanning between 3

and 4.5 nm, whereas it decreases to values around 0.5 nm for SP500 and SP550. SEM surface

micrographs, representative of the two observed surface morphologies, are also reported in
Fig. 2(g) and (h), corresponding to samples processed at SP360 and SP500, respectively. In
agreement with the AFM observations, the films’ morphology appears rough at lower SP
temperature, becoming smoother when the latter is increased to SP550. Additionally, they
reveal a difference in the growth and nucleation mechanisms: an apparent 3D-dominated
nucleation and growth behavior is observed at lower temperatures, attributed to the high DR
combined with the limited mobility of the adsorbed species. At elevated temperatures, the
species participating in film formation have higher surface mobility, due to the increased
energy available through the increase of the process temperature. As such, they are able to
diffuse more easily on the surface, following primarily 2D growth behavior, and lead to the

production of denser and smoother films.
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Figure 2. Surface topography and roughness of HMDS-TEOS films at various SP
temperatures. AFM 1um? surface topography at SP360 (a), SP400 (b), SP450 (c), SP500 (d)
and SP550 (e). RMS roughness of HMDS-TEOS films for different temperatures measured

by AFM (f). Inset images show SEM surface morphology for SP360 (g) and SP500 (h).

Overall, the surface roughness decreases with increasing temperature, with the
exception of SP450. According to Gil et al. [44], who performed PECVD of silicon oxide
films from HMDS and O3, the organic carbon content, incorporated in the films as CH3
moieties, influences the surface roughness. The authors reported that increasing oxygen flow
aids in the decomposition and oxidation of HMDS, which leads to a decrease in the amount of
Si—(CHBa)x bonds in the films, and subsequently to the decrease of surface roughness. In our
work however, the O2/O3 flow rate remains unchanged across all runs, with the temperature
being the only variable. Based on their findings though, we argue that the increased roughness
observed at SP450 could be a result of the transitioning deposition mechanism happening at

this temperature, and propose that this transition introduces more CHz moieties in the films,
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increasing in turn the RMS roughness. According to the above, we also propose that the
surface roughness can be adjusted by tuning the CHs content of the films through variation of
the HMDS:TEOS, or (HMDS+TEOS):0,/O3 ratio, in combination with the deposition

temperature.

3.3. Film chemical bonding state

The infrared spectrum of a HMDS-TEQS film produced in the isothermal region of
SP360 is presented in Fig. 3, as representative of the samples processed at low SP
temperatures. A survey spectrum of a HMDS-TEOS film deposited at SP500 is presented for
comparison in Fig. S4 of Supplementary Material. Both of these acquisitions were done at a
Brewster incidence angle of 60°, with the aim to increase the signal-to-noise ratio and to
reveal additional information related to the silica network [33].

We first identify and discuss the main peaks of the survey spectrum in Fig. 3, and
present the evolution of the various moieties as a function of the SP temperature in respective
inset graphs. Globally, the films are characterized as a silica-based material, evidenced by the
strong absorption at 1064 cm™* attributed to the Si—O-Si transverse optical asymmetric
stretching mode (TO3) [10, 45]. This absorption is characteristically present in SiOx films
prepared by TEOS-0O,/0O3 and HMDS-O; thermal CVD [30]. Other absorptions related to the
Si—O-Si network are found at 448 cm™ and 806 cm™ corresponding to its transverse optical
rocking (TO1) and bending or stretching (TO2) modes, respectively [45]. A fourth transverse
optical absorption (TO4) can be observed at lower incidence angles (0°), appearing as a
shoulder between 1100 cm™ and 1250 cm™2, and has been attributed to various phenomena,
among which strains in the network [46] or out of phase vibrations of the TO3 mode [47, 48].
However, when inspecting the spectrum at a 60° angle, the TO4 peak, as well as its LO4 pair,

are obscured under the split of the main Si—O-Si asymmetric stretching absorption into the
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transverse (TO3) and longitudinal (LO3) optical components at approximately 1064 cm™ and
1216 cm™® [33].

The presence of carbon is also identified in the films, mostly in the form of
hydrocarbons. Methyl-related absorptions are observed at different wavenumbers as indicated
in Fig. 3. Generally, weak absorptions within the 2800-3000 cm™ range are related to
stretching vibrations of the saturated C—H bonds [25, 49] with the increase in their intensity
corresponding to an organo-rich structure [50]. In the present work, one such absorption is
found at 2970 cm™ and is assigned to the CHz asymmetric stretching of CH3 functional
groups [28]. Secondly, the absorption at 1278 cm™ is related to the symmetric CHs bending
vibrations of Si-(CHs)x groups [44, 51], while the shoulder at 845 cm™ is attributed to the
rocking CHs vibration in Si—(CHz)s groups [28, 52]. The evolutions of these three absorptions
are plotted versus the deposition temperature in the inset figures Fig. 3(a), (b) and (c). This
information reveals that the CHz related absorptions follow a similar behavior, and their
intensities decrease at higher temperatures, with all three methyl absorptions reaching zero for
temperatures equal to or higher than 500°C. This indicates that films deposited above 500°C
do not contain carbon, thanks to the additional provided energy being high enough to break
the Si-CHzs bond in the starting molecule (HMDS in the present work). A spike is observed
though for films processed at 450°C. We propose this increase in methyl moieties to be linked
to the transition in the deposition mechanism at this specific temperature as discussed in
section 3.1. Additionally, the probing of an increased methyl concentration in films deposited
at SP450 correlates well with the RMS roughness results discussed in section 3.2, and
demonstrates how a higher methyl content increases the surface roughness. In the histogram
of Fig. 3(d), the three methyl absorptions are probed for films processed under two different
HMDS flow rates, with the temperature constant at 400°C. Higher concentrations for all three
CHs modes are found at the higher HMDS flow rate. This, combined with the fact that no

methyl incorporation was observed on TEOS films (to be published), indicate that the methyl
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moieties originate from the HMDS molecule, as was also observed by Gil et al. [44] and Lee
et al. [53]. This subsequently impacts film surface roughness, suggesting that coatings with
tunable properties can be produced based on selected variations of the two precursors’ flow
rates.

Other vibrations related to carbon are observed at 1620 cm™ and 790-820 cm ™,
corresponding to olefinic carbon [54], and Si—C stretching bonds respectively [49]. However,
the absorption at 1620 cm™ can also be related to weakly adsorbed molecular water, that can
be removed by heating [55, 56]. The evolution of the 1620 cm™ absorption versus the
temperature is presented in Fig. 3(f), and we note that it follows neither the intensity evolution
nor the characteristic spike at 450°C coherent for the methyl absorptions discussed above.
This makes us more inclined to attribute this peak to adsorbed molecular H.O instead of a
carbon-related absorption.

Further indications of carbon in the films are observed through a rocking vibration of
CHjs from Si(CHs)2 groups, found at 800 cm™ [52]. Additionally, a small absorption is found
at 1410 cm corresponding to the asymmetric CHs bending vibrations in Si-(CHs)x [51],
while a weak absorption at 1478 cm™ could originate from the bending vibration of methylene
(CHy) groups [10]. Further absorptions related to CH. vibrational modes can be observed at
1372 cm™, potentially related to scissoring and wagging CH. vibrations in Si-CH,-Si
bondings [10, 53, 57]. The signal for Si—-CH-Si, normally found at 1350 cm™, is usually
weak [10] and was not observed in the present work. At the same time, a related absorption,
namely the wagging vibrations of CH: in Si-CH>-Si, can be typically found at around 1060
cm [53], but is most likely overshadowed by the strong Si—-O-Si asymmetric stretching
absorption at 1064 cm™. Similarly, the main peaks related to Si-O—C and Si-CH>-Si,
normally reported at 1100 cm™* and 1000 cm™ [58, 59], possibly overlap once again with the
strong Si—O-Si network absorptions. As such, their presence cannot be confirmed with

certainty.
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Figure 3. FTIR survey spectrum of a HMDS-TEQS film deposited at 360°C, analyzed for an
incidence angle of 60°. Inset diagrams show the intensity’s evolution of the CHs asymmetric
stretching (a), the CHs symmetric bending in Si-(CHz3)x (b) and rocking CHz vibration in Si—
(CH3)3 (c) as a function of the SP temperatures. Inset histogram (d) shows these three

absorptions for two different HMDS flow rates, at SP400. The remaining inset figures show
the evolution of water-bonded silanol (e), water (f), free Si-OH (g) and Si-H (h) absorptions

with the SP temperature.

Further inspecting Fig. 3, the large band between 3000 and 3700 cm™ is noted, which
contains absorptions related to water and Si-OH bonds, and hints to a hydrated network. It is
known that Si-OH terminated silica films readily absorb water after exposure to air [60]. As
such, Si-OH bonded with water is probed at ~3400 cm™ [42], while free —OH silanol groups
are probed at ~3650 cm™ [42, 61]. An additional silanol fingerprint is found at 942 cm™ [30,
44]. The intensity of both water-bonded and free Si-OH groups is tracked as a function of the
SP temperature in Fig. 3(e) and (g), revealing a decreasing absorption for films deposited at

higher temperatures. This behavior suggests that the concentration of silanol bonds decreases
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when the temperature increases, with the silicon-hydroxyl bond being broken to lead to new

Si-O-Si and a less hydrated network.

It is worth noting that no SiH. absorption, normally appearing in the range
1900-2200cm™ is observed in any of the spectra [62, 63]. A weak absorption appears at 2353
cm?, which could correspond to a Si-H stretching mode [30]. However, atmospheric CO; is
probed at 2353 cm™ as well [64, 65], originating from incomplete background signal removal
and as such, absorption at this wavenumber cannot be entirely assigned to Si-H. The weak
absorption observed at 636 cm™ could relate to the Si-H bending absorption normally found at
630 cm® [66] or Si-H wagging/rocking at ~640 cm™ [62]. However, when its intensity is
traced as a function of the SP temperature (Fig. 3(h)), it is shown that the minimal Si-H
absorption falls to insignificantly low values for T > 400°C. In light of the above, we assume

that films processed from HMDS-TEQS are devoid of Si-H bonds.

3.4. Evolution of silica network

A zoom in the 1300-950 cm™ region of the FT-IR spectra is presented in Fig. 4,
showing two SiO; vibrational modes (TO3 and TO4) and a methyl one (CHz symmetric
bending in Si-(CH3)x groups) for all SP temperatures. The evolution the two silica vibrational
modes, such as the shift of their position or their broadening, reveals information regarding
the porosity [67], level of disorganization and strain [68] and the presence of defects or

impurities in the silica network, and will be discussed in detail in the present section.
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Figure 4. Evolution of the FT-IR spectrum of HMDS-TEOS films deposited at various SP
temperatures, analyzed for an incidence angle of 0°. Inset diagram (a) shows the evolution of
the TO3 and LO3 components, as observed for an incidence angle of 60°. Right hand-side
inset diagrams show 0° angle evolution of the TO3 full width half maximum (b), the TO4

position (c), and the TO4 full width half maximum (d) as a function of the SP temperature.

First, the position of the TO3 asymmetric Si-O-Si stretching vibration is noted. Even
though a change in its wavenumber is not visible for 0°, observation is facilitated when it is
inspected under an incidence angle of 60°, which enhances interaction between the
electromagnetic field and the film. At this oblique angle, the LO3 and TO3 components are
separated [33] and can be studied as a function of the temperature, an evolution that is traced
in Fig. 4(a). It is revealed that an increase in SP temperature results in a shift of the TO3 mode
towards lower wavenumbers, and in a shift of the LO3 towards higher ones. According to

Ponton et al. [14], a shift of the TO3 peak towards lower wavenumbers is a trend commonly
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observed in silica films processed at temperatures up to 600°C [67, 69]. At temperatures
higher than 600°C, a TO3 shift towards lower spatial frequencies hints at a decrease in film
density; however, this is not the case for films deposited below 600°C. As argued by Ponton
et al., the shift of the TO3 peak towards lower wavenumber is a behavior influence by
multiple parameters such as film impurities, defects, or mechanical strain and thus no clear
correlation to the network densification can be derived for films deposited below 600°C. In
contrast, the LO3 component is less biased by other types of vibrations [33] and its shift
towards higher wavenumbers can be correlated more safely with a densification of the SiO>

network as the process temperature is increased.

Additionally, the TO3 peak broadens as shown in Fig. 4, an evolution observed more
closely in the inset Fig. 4(b). As indicated, the TO3 absorption becomes broader with
increasing temperature, normally hinting at a disorganization of the network [50]. However,
instead of being solely related to the full width at half maximum (FWHM), the broadening is
impacted by a change in the shape of the TO3 peak. More specifically, when probed for high
temperatures, the TO3 peak deviates from a gaussian or lorentzian function, its shape
becoming asymmetric and increasing on one side, suggesting the contribution of additional
absorptions [70].

Regarding the asymmetric stretching “out of plane” mode TO4 shoulder, a decrease in
its intensity is observed with the temperature, while its position shifts towards higher
wavenumbers, a trend more closely presented in the inset Fig. 4(c). Interestingly, the increase
in TO4 position follows a similar trend to the broadening of the TO3 vibrational mode,
indicating the parallel and linked evolution of these two absorptions. Generally, the TO4
shoulder is associated with Si-O-Si groups that are impacted by porosities [46], or impurities
related to hydrogen species such as water or silanol [69]. Moreoever, Si-O-Si groups vibrating
at the TO4 frequency also indicate at structural disorder of the SiO4 tetrahedra [53]. As a

result, the decrease in TO4 intensity with the temperature translates into more organized
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tetrahedra, and is coherent with the lower signature of hydrogen species (H20, Si-OH, and
hydrocarbons) observed at higher temperatures, as was presented in section 3.3. The shrinking
of the TO4 shoulder is also noted, its evolution presented in the inset Fig. 4(d). The decrease
in TO4 FWHM is readily associated with the further organization of the network [68], and in

good correlation with the results discussed so far.

3.5. Chemical composition by IBA techniques

Three IBA techniques, namely RBS, NRA and ERDA were used to determine the
elemental composition of the HMDS-TEOS films. The atomic concentrations of Si, O, C and
H are represented in Fig. 5 as a function of the SP temperature. No nitrogen was detected in
any of the produced films. The concentration of carbon reaches approximately 5 at.%, and is
found in films deposited at 360, 400 and 450. No carbon is detected for films deposited at 500
and 550. Globally, the carbon concentration tends to decrease with the deposition
temperature, although a slight spike is observed at 450°C. It is recalled that a similar spike
was noted in the intensity of the -CHz asymmetric stretching, symmetric bending and
symmetric rocking absorptions (Fig. 3(a) to (c)) at 450, while at 500 and 550 their intensities

dropped to zero. This reveals a good match between FT-IR and IBA results.

Based on the compositional analysis and the infrared absorptions detailed in Fig. 3,
two different materials are identified hereinafter. The one material type is given a generic
formula SiOxCy:CHz, with carbon encountered as Si-C, but most predominantly in the form of
methyl moieties. This type of material is assigned to films processed at temperatures equal or
lower than 450°C depicted by the grey area in Fig. 5. The other type of material is defined as
a carbon-free, sub-stoicheiometric silicon oxide, SiOx (off-white area in Fig. 5) and is

encountered for films deposited at 500 and 550°C. The stability domains of the two materials
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also coincide with the reported morphological evolution probed by AFM, namely rough and

smooth surfaces for the SiOxCy:CHs and SiOx surfaces, respectively.
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Figure 5. Evolution of HMDS-TEOS films composition as a function of SP temperature,
obtained from the first spectral acquisition through IBA techniques. Grey and off-white areas

signify SiOxCy:CHz and SiOx material domains respectively.

Regarding the hydrogen content in the films, it should be noted that the evolution of its
atomic concentration does not follow, in shape, that of the carbon. This behavior is expected,
when taking into consideration that hydrogen is not present only in CHz moieties, but is also
involved in H20 and Si-OH hydrated species, as revealed by the FT-IR spectra. The hydrogen
content measured for SiOxCy:CHjs films is high, with values between 8 and 17 at.%,
depending on the process conditions, and decreases to around 7 at.% for SiOx type films. An
opposite evolution is observed for oxygen. The measured oxygen content is higher for SiOx
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compared to SiOxCy:CHs films. The determined silicon content remains almost constant, with
a slight minimum atomic concentration observed at the lowest SP temperature of 360 °C, for

which the carbon content is the highest measured.

3.6. Hydrogen desorption

The evolution of the ERDA probed hydrogen content during ten sequential
acquisitions is presented in Fig. 6 for a sample processed at SP400. The value of 120.10*°
at.cm obtained during the first acquisition corresponds to 17 at.% H concentration in the
film, reported in Fig. 5. A decrease of the hydrogen content is observed in the first three
spectral acquisitions down to a value of ca. 35.10% at.cm, after which the measured
hydrogen concentration appears constant. This phenomenon was observed in samples
produced at all SP temperatures, and corresponds to the desorption of a significant amount of
hydrogen atoms during the interaction of the film with the 2.8 MeV ion beam. The desorption
percentage, as calculated from the difference between the first and the third acquisition, is
presented in the inset graph of Fig. 6, and its evolution is tracked for all temperatures studied.
It appears that the SiOxCy:CHa type films show a stronger desorption behavior, while the SiOx
films are less affected by this phenomenon, since the desorption of hydrogen atoms between
the first and the third acquisition drops from ca. 60 % down to 20 % when crossing the
stability domains of the two kinds of ceramic films. This desorption behavior is attributed to
the high hydrogen concentration in the SiOxCy:CHjs films as measured by ERDA, additionally
established from the strong intensity of hydrogen-involving bonds shown through FT-IR
analysis. Indeed, the highest hydrogen desorption is observed for the SP400 films (inset Fig.

6), which also have the highest hydrogen atomic concentration (Fig. 5).
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Figure 6. Hydrogen content of an SP400 HMDS-TEOS film as analyzed by 10 consecutive
ERDA spectra acquisitions. Inset figure shows evolution of the percentage of hydrogen
desorption between the first and third spectral acquisitions as a function of the SP

temperature.

3.7. Film morphology

TEM cross sectional micrographs for a HMDS-TEOS film deposited at 360°C are
shown in Fig. 7. The TEM micrograph shows that the film is homogeneously deposited on the
Si substrate at this scale, with an average thickness of 662 nm. Its top surface in contact with
the FIB carbon layer is relatively rough, in agreement with the 3.8 nm RMS roughness
determined by AFM. High resolution TEM shows intimate contact with no interfacial
porosity between the film and the Si substrate. The SiOxCy:CHa film is amorphous, as shown
by Fast Fourier Transform imaging. The EDS profile performed from the Si substrate to the

film surface, yields 5.5, 35.0 and 59.5 at% C, Si and O concentration, respectively, which

28



Surface and Coatings Technology, 2021, 407, 126762, doi.org/10.1016/].surfcoat.2020.126762

favorably compares with the IBA results for this film (6.2, 27.9, 65.9 at.% for C, Si and O

considering H-free films).
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Figure 7. TEM analysis of a HMDS-TEOQOS SP360 film. Cross section (top), high-resolution
cross section and Fast Fourier Transform (bottom left), and EDS elemental profile (bottom

right).

3.8. Wettability

The water wettability of the HMDS-TEOS films was assessed and the measured

contact angles are presented in Fig. 8 as a function of the deposition temperature.
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Figure 8. Water contact angles for HMDS-TEOS films and their evolutions as a function of
the SP temperature. Grey and off-white regions signify SiOxCy:CHs and SiOx material

domains respectively.

Overall, the films are hydrophilic; however, there are noticeable differences among
them, depending on the deposition temperature. The hydrophilic character of the high SP
temperature films is rather strong, with a 57.6° contact angle for SP500, and an even lower
contact angle of 52.8 for SP550. In contrast, a decrease of the deposition temperature results
in a noticeable increase of the contact angle, which passes from 57.6° to 74.5° between the
SP500 and SP450 films. This increase is maintained upon further decrease of the deposition
temperature, with the contact angle for the SP400 film being 81.0°, i.e. the highest value
noted among the produced films. The trend is inverse for the SP360 film, for which the
contact angle decreases to 63.8°. This behavior reveals a clear distinction among the films,
namely between the carbon-free material domain defined as SiOx at high temperature, and the
carbon-rich SiOxCy:CHs, processed at the lower SP temperatures. The reduced hydrophilic

character of the latter, despite the increase in roughness that should normally enhance the
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hydrophilicity according to Wenzel [71], is attributed to the presence of carbon in the form of
methyl moieties, as was observed by infrared spectroscopy (Fig. 3). According to Gil et al.
[44], the methyl-termination of surfaces increases the contact angle, and renders the films less
hydrophilic. Additionally, HMDS is widely used for as a silylation agent in hydrophobic
coatings, removing Si-OH surface termination and replacing the silanol species by Si-CH3
ones, to increase film hydrophobicity [72, 73]. Indeed, the intensity of all methyl-containing
bonds in Fig. 3(a) to (c) is higher at low deposition temperatures, globally explaining

satisfactorily the less hydrophilic character of SiOxCy:CHjs films.

Nonetheless, the above cannot explain the behavior of the SP360 sample, for which
the contact angle is lower than that of SP400. A possible explanation for this behavior comes
from the synergistic decrease of the hydrogen and the increase of the oxygen contents
between SP400 and SP360 films, which could correspond to increased network hydration at
the lowest deposition temperature, as shown by the evolution of the vibration at 3424 cm™ in
the FT-IR spectra (Fig. 3). At this point, the results of Wei et al. can be considered [74], who
deposited films by HMDS via PECVD at low temperatures. Their HMDS films gave a contact
angle of 87-90°, but this value decreased to <10° when O plasma was utilized. The authors
proposed that this change of wettability stems from the significant surface chemistry variation
caused by the change in reactants used, specifically the addition of oxygen (which reduces —
CHs incorporation). In the present work, it is evident that wettability does not only depend on
film surface methylation, but is a parameter affected by the synergy between global surface

chemistry (-CHs, -OH, water, etc.), roughness, and surface energy.

3.9. Wet etching corrosion resistance and Hardness

The wet etching corrosion resistance (Pliskin test) and the hardness of the films are

presented in Fig. 9 as a function of the deposition temperature.
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Fig. 9. Performance of HMDS-TEOS films in terms of corrosion resistance and mechanical
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As can be observed in Fig. 9, the etching rate of HMDS-TEOS films at low SP

temperatures is between 50 and 60 A s, dropping down to 15 A.s™ at SP550. It is evident

that the etching rate depends strongly on the process temperature, and is decreasing for higher

SP temperatures. This behavior is linked to the composition and intrinsic nature of the

material, with the SiOxCy:CHs films exhibiting lower wet etching corrosion resistance

compared to the SiOx ones. Decreasing trends for the etching rate with increasing temperature

for films by HMDS and Oz, Oz or N2O are also observed in the literature [29], linking the

change in etching rate to an effect of the composition.

To further consolidate this claim of composition-effect, the FT-IR results of Fig. 3

suggestd that the lower H2O incorporation and the elimination of CHz at higher SP

temperatures is one of the reasons for the improvement in corrosion resistance. Additionally,

the breakage of Si-OH bonds when depositing at higher temperatures also contributes to the
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formation of new Si-O-Si bonds and increases network crosslinking [30]. Additionally,
consideration of the IBA results (Fig. 5) reveals that the P-etching rate follows the overall
trend of the atomic hydrogen content. This information is coherent with the etching
mechanism of HF solutions, under which the silica network is dissolved primarily through a
dissolution reaction initiated via the substitution of surface silanol groups (-Si-OH) by -Si-F

groups [75].

It is noted though that a high corrosion resistance is not always the target. On the
contrary, in applications requiring sacrificial films, such as those encountered during the
manufacturing process of MEMS devices, the opposite behavior is desired, and etching rates
should be as high as possible to decrease the releasing time of the manufactured components
[13]. In such cases, the interest is shifted towards materials with higher porosity, a property
which, in the case of HMDS-TEQS co-deposition, can be tuned through adjustment of the
HMDS flow rate, the ratio between the two precursors and the oxidant, and even the
deposition temperature. Therefore, optimization of the deposition conditions can lead to the
production of a material with desired nanoporosity aand etching rate, able to meet the

requirements of the target-application.

The elastic modulus and hardness of HMDS-TEQS films are also presented in Fig. 9.
Elastic modulus increased with the temperature from 25.9+1.3 to 32.6+£1.0 GPa, a change
which is linked mostly to the transition of the material’s nature from SiOxCy:CHs to SiOx, and
the increase in Si-O-Si bonds in the film [76]. Hardness is measuring 2.9+£0.19 GPa at SP360,
and increases slightly to 3.1+0.15 GPa at SP500. Despite the transition of the material type
from SiOxCy:CHjs to SiOy, the films present an almost constant hardness of approximately
3.0£0.17 GPa, independent from the process temperature. Such a behavior has also been
reported by Merekov et al. [77] , who performed Laser-assisted CVD using

hexamethyldisilane, a precursor similar to HMDS, and measured a hardness value of 9+2
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GPa, that remained constant with the temperature. Their value is higher than the one
measured in the present work, potentially related to their much higher temperature probed
(1210-1510°C). It is possible that for small thermal ranges, the hardness values do not variate
much, and are possibly more likely linked to the process itself or the precursor chemistry. In
fact, recent results for films deposited at similar conditions using a TEOS-02/O3 chemistry (to
be published) show that films processed from TEOS have a hardness of approximately
8.0+0.3 GPa. In contrast, literature finds for double-discharge atmospheric pressure CVD of
HMDS, plasma polymerized HMDS and PECVD of HMDS resulted in 1.47-3.15, 1.37 and
0.5-3.0 GPa, respectively [78-80]. It is therefore assumed that the change in precursor
chemistry, that is, the addition of HMDS, globally degrades the mechanical properties of the
film. This is oftentimes correlated to the presence of —(CHs)x groups in HMDS films,
potential C=C or Si-H bonds, and the resulting film porosity [78-80]. In the present work,
even though the transition in material type and presence of —(CHs3)x has been clearly
illustrated though FT-IR and IBA, it seems like the mechanical properties of dual-source
HMDS-TEOS films are not as sensitive to compositional changes as other functional

properties (i.e. wettability, corrosion resistance, roughness, etc.).

4. Conclusion

Amorphous SiOx and SiOxCy:CHa films were prepared by atmospheric pressure
thermal CVD using a dual-source chemistry of tetraethyl orthosilicate (TEOS) and
hexamethyldisilazane (HMDS). An oxygen-ozone mix played the role of the oxidant and
facilitated deposition at relatively low temperatures. The effect of deposition temperature on
the composition, chemical structure, wettability and mechanical properties was extensively
investigated. FT-IR spectroscopy combined with lon Beam Analyses and wet etching

corrosion tests revealed that the nature of the material transitions from a sacrificial
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SiOxCy:CHjs to a more compact SiOx film with an increase in temperature past 450°C, and
vice versa. Additionally, film RMS roughness increases from 0.36 nm up to 4.5 nm with
increasing the concentration of —CHs groups in the films, a spike of both being noted for the
transitional temperature of 450°C. The water contact angle increases from 52.8 up to 81.0°,
however no spike was observed for that particular temperature, revealing that this surface
property is not solely impacted by surface roughness or methylation. For all temperatures,
sequential ERDA analysis at the same location on the films systematically revealed hydrogen
desorption during the first acquisitions, due to the interaction of the film with the ion beam,
with a stronger desorption for the SiOxCy:CHs films. In light of additional FT-IR results, it
was established that methyl moieties originate from the HMDS precursor. It is concluded that
a large variety of film properties, with the only exception noted being film hardness, which
remained stable within the examined 360-550°C thermal range, can be controlled by the
film’s composition, and more specifically the carbon content. The latter can in turn be tuned
through adjustment of the HMDS flow rate and reactor temperature. An investigation of other
process parameters such as oxygen flow rate, along a wider range of HMDS/TEOS ratios, are
pathways that should be explored, since they could lead to new combinations of functional

properties and potential for application in other sectors.
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