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Abstract: This study explores the effects of the substrate
temperature (25-200 °C) on SiO,-like thin films prepared
via atmospheric-pressure plasma jet. Films deposited at
elevated temperatures exhibited a reduced thickness ( from
242 to 156 nm ) but enhanced mechanical and chemical
performance. The pencil hardness improved from grade B
to 4H. The adhesion reached class 0 ( no detachment) at
temperatures of 100 °C and above. X-ray photoelectron
spectroscopy (XPS) confirmed carbon reduction and silicon
dioxide (SiO,) enrichment when the substrate temperature
increased from 25 to 200 °C, indicating intensified precursor
decomposition. Hydrochloric acid corrosion testing (3.0 h
immersion ) revealed that the films deposited at 200 °C
exhibited improved corrosion resistance, with a mass loss of
6.53% compared to 7.01% for the bare substrates. The
results indicate that the substrate temperature is a critical
process parameter for preparing protective films applied in
corrosive environments.
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0 Introduction

The escalating demands of modern industrial
applications impose progressively stringent requirements
on material surface performance, particularly under
extreme operational conditions involving thermal,
corrosive, and mechanical stresses''>'. While stainless
steel remains a critical structural material for acid-
handling infrastructure (e.g., pipelines and reactors in
fossil fuel exhaust systems) , its inherent vulnerability to
hydrochloric acid ( HCI) corrosion necessitates advanced
surface protection strategies. Silicon dioxide ( SiO, )

films have emerged as quintessential protective films due
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to their exceptional hardness ( a Mohs hardness of
7-8), superior chemical stability, and thermal
resistance exceeding 1 600 C, making them ideal
candidates for prolonging substrate longevity in
aggressive environments'™®" .

Recent advancements demonstrate the multifunctional
efficacy of SiO, films across diverse domains. Yang
et al."” developed sol-gel-derived  organic-inorganic
composite films that enhanced brick weather resistance by
42% , while Xie et al."” achieved a 68% improvement in
iron fiber oxidation resistance through silica surface
modification. Such films also exhibit cross-industry
potential, from scratch-resistant automotive finishes to
UV-stable architectural films.

Si0, deposition techniques include dip-coating'®”’,
magnetron sputtering' ", and liquid-phase deposition'""’.
Despite methodological progress in these techniques,
persistent limitations in film uniformity, deposition
efficiency, and scalability hinder their industrial
adoption. Plasma has been increasingly employed in the
preparation and treatment of materials'”"". Plasma jet
technology has gained prominence due to its non-line-of-
sight deposition capability, rapid growth rates, and
superior interfacial adhesion. However, since the
macroscopic performance of plasma-deposited SiO, films
is highly dependent on their microstructure, even minor
variations in substrate temperature can critically alter
crystallographic  orientation, defect density, and
stoichiometric composition'"""".

This study investigates the effect of substrate
temperature on plasma jet-deposited SiO, film
performance. A series of SiO,-like thin films were
fabricated through systematic substrate temperature
regulation. The temperature-dependent evolution of film
microstructure  and ~ macroscopic  properties ~ was
systematically investigated through surface morphology
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characterization ( by scanning electron microscopy,
SEM), compositional profiling ( by X-ray photoelectron
spectroscopy, XPS ), mechanical property assessments
(by pencil hardness and cross-cut adhesion tests), and
HCI corrosion testing.

1 Materials and Methods

1.1 Reagents and instruments

Hexamethyldisiloxane ( HMDSO ) was purchased
from Adamas Reagents Co., Ltd., Shanghai, China. HCI
was obtained from Sinopharm Chemical Reagents Co.,
Ltd., Shanghai, China. Argon gas with a purity of
99.995% was supplied by Shanghai Haoqi Gas Co., Ltd.,
Shanghai, China. Oxygen gas with a purity of 99. 995%
was supplied by Shanghai Shenzhong Gas Co., Ltd.,
Shanghai, China.

HMDSO was heated in an HH-1 thermostatic water
bath ( Tianrui, Changzhou, China) at 40 C. The
substrate was heated on an XKWKQ-A-1 heating block
( Xuvankang, Xinghua, China ). The gas flow was
regulated using CS200A mass flow controllers
( Sevenstar, Beijing, China ). The discharge was
generated using an RSG500S 13.56 MHz low-
temperature plasma source ( Rishige, Changzhou,
China) .

1.2 Experimental setup

The HMDSO precursor, existing as a liquid at
ambient temperature, was loaded into a bubbler and
maintained at 40 C within a thermostatic water bath
throughout the experimental process. The experimental
setup (Fig. 1) employed a dual-gas delivery system: a
primary argon stream functioned as the carrier gas,
transporting vaporized HMDSO from the bubbler into the
central copper tube, while a secondary argon stream
served as the discharge gas, which was precisely mixed
with oxygen through mass flow controllers before being
introduced into the reaction chamber’ s side inlet. The
reaction chamber comprises a custom-designed quartz
glass tube featuring a sealed upper section and an open
lower configuration. A lateral inlet port is incorporated
for the controlled introduction of argon and oxygen
mixtures through the delivery tubing system. A hollow
copper tube is positioned centrally, with an open upper
end for the intake of HMDSO and a closed lower end.
The base of the tube features eight evenly distributed
circular holes, each with a diameter of 1 mm, through
which HMDSO is delivered to the discharge region. The
experiment utilized a 13. 56 MHz radiofrequency power
source, which was modulated by an impedance matcher
and applied to the copper electrode surrounding the
exterior of the glass tube. The central copper tube was
grounded, and the region between the glass tube and the
copper tube served as the discharge area. The substrate
was positioned 2 mm from the jet exit and placed together
with the heater on a movable platform.
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Fig.1 Experimental setup

1.3 Experimental scheme

The radiofrequency power source was set at 40 W,
with flow rates of Ar, O,, and HMDSO adjusted to
1 000, 1, and 40 standard cubic centimeters per minute
( sccm ), respectively. The movable platform was
configured to translate at a speed of 1 cm/s. Single-
crystal silicon wafers were employed as substrates. The
heater parameters were adjusted to conduct experiments at
substrate temperatures of 25, 50, 100, 150, and 200 C,
and the corresponding samples were termed S25, S50,
S100, S150, and S200, respectively.
1.4 Performance characterization

The mass of the substrate was measured using an
ME204E electronic balance ( METTLER TOLEDO,
Shanghai, China). The voltage and current curves were
obtained using a combination of P6015A voltage probe
( Tektronix, Beaverton, USA ), P2877 current probe
(Pearson Electronics, Boulder, USA), and SDS2504X
HD digital oscilloscope ( Siglent, Shenzhen, China ).
The species information in the discharge area was
analyzed using an AvaSpec-2048TEC spectrometer
(AVANTES, Apeldoorn, the Netherlands). The cross-
sectional thickness of the film was observed using an
S-4800 scanning electron microscope ( Hitachi, Tokyo,
Japan). The film composition was analyzed using an
Escalab 250Xi X-ray photoelectron spectrometer ( Thermo
Fisher, Waltham, USA). The film hardness was tested
using a pencil hardness tester ( Huaguo, Dongguan,
China). The film hardness was evaluated in accordance
with the standard GB/T 6739—2022. Wooden drawing
pencils with a hardness grade range of 6B to 6H were
prepared, and their tips were ground vertically flat using
sandpaper. The pencils were then mounted on a pencil
hardness tester with a 750 g load, with the pencil tips
forming a 45° angle with the sample. The pencil hardness
tester was subsequently pushed. After completing the
hardness tests, the film was examined by a microscope
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for any signs of damage. The highest hardness grade at
which the film remained intact was designated as the
pencil hardness of the film. The adhesion of the film was
characterized by ethanol wiping tests and cross-cut tests.
The adhesion of the film was evaluated in accordance
with the standard GB/T 9286—2021, where class 0
represents the highest adhesion level characterized by
smooth edges and no detachment, and class 1 indicates
slight detachment at the intersections of the cuts. The test
required placing the specimen on a rigid, flat surface and
making six horizontal and six vertical cuts with a pitch of
1 mm between adjacent cuts, penetrating to the substrate
to form 25 individual squares. A pressure-sensitive
adhesive tape was then applied to completely cover the
grid, ensuring firm contact. Within 5 min after applying
the tape, the tape was smoothly removed at an angle of
approximately 60°. The detached area of the film was
subsequently evaluated under a scanning electron
microscope. The corrosion resistance of the film was
characterized by conducting corrosion experiments on
stainless steel substrates after coating.

2 Results and Discussion

2.1 Plasma characteristics

Figure 2 shows the voltage and current curves of the
discharge at a power supply setting of 40 W. It can be
observed that both curves are sinusoidal, with the current
phase leading the voltage phase by approximately 133°,
indicating that the discharge is a typical capacitive
discharge''®’. The information in Fig. 2 indicates that the
discharge has a peak-to-peak voltage of 1 196 V and a
peak-to-peak current of 0.42 A, with a discharge
frequency of 13. 56 MHz, which is consistent with the
experimental settings.
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Fig.2 Voltage and current curves of discharge

The spectral diagnostic method was applied to
analyze key species information in the plasma discharge
region. Under the experimental conditions described in
Subsection 1.2, spectral lines were collected during
discharge. = While maintaining other parameters
unchanged, the discharge gas was replaced with pure
argon for comparative spectral acquisition. The
comparison results are shown in Fig. 3. The spectral
intensity of nitrogen exhibits a decrease compared with
that of pure argon discharge. This reduction is
attributed to chemical reactions induced by HMDSO
addition, which consumed partial energy and weakened
nitrogen ionization. Additionally, the silicon spectral
line at 251. 6 nm was detected, confirming precursor
decomposition and indicating the feasibility of SiO,
synthesis.
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Fig.3 Spectrum measurement results

2.2 Mechanical properties

The movable platform was fixed, and single-crystal
silicon wafers were used as substrates for 2-min static
deposition at different temperatures. The results are
shown in Fig. 4. As the substrate temperature increases,
the deposited spot patterns shrink, and the film thickness
decreases, consistent with a reduced growth rate at higher
temperatures. To evaluate the adhesion strength, the
coated surfaces were subsequently sprayed with ethanol
and wiped. The extent of pattern removal gradually
diminished with rising substrate temperature, and at
200 C, the patterns remained virtually unchanged after
wiping. Given that the reduced thickness would
intuitively facilitate easier removal, this resistance to
ethanol  wiping strongly suggests a  significant
enhancement in interfacial adhesion at elevated

temperatures' " .
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Fig. 4 Patterns before and after wiping with ethanol at different substrate temperatures: (a) 25 C; (b) 50 T; (c¢) 100 C; (d) 150 T;

(e) 200 C

To further characterize the adhesion of the films,
dynamic film deposition was performed by activating the
movable platform, and cross-cut tests were conducted on
samples deposited at different temperatures. The test
results are shown in Fig. 5. It can be observed that

(@) (b)

samples fabricated at 25 and 50 C exhibit distinct
notches, with an adhesion class of 1, whereas the
samples fabricated at other temperatures remain intact,
achieving an adhesion class of 0.
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Fig.5 Cross-cut test results at different substrate temperatures; (a) 25 C; (b) 50 T; (¢) 100 C; (d) 150 T; (e) 200 T

If the film merely adheres to the substrate through
van der Waals interactions, it generally fails the hardness
test''. The hardness of the film is summarized in
Table 1, which shows a significant increase in hardness
with increasing substrate temperature. Enhancing the
kinetic energy of adsorbed atoms by elevating the
substrate temperature during deposition promotes better
reorganization and agglomeration of these atoms,
resulting in higher density. This, in turn, is reflected in
the progressively increasing hardness of the film.

Table 1 Mechanical properties of films

Pencil hardness Cross-cut
Temperature/ C ]
grade adhesion class
25 B 1
50 HB 1
100 H 0
150 3H 0
200 4H 0

2.3 Film thickness and composition

The cross-section of the film was observed using a
scanning electron microscope, as shown in Fig. 6. To
ensure the accuracy of the data, three random points were
selected on the image to measure the film thickness, and
the average was calculated. The film thickness gradually
decreased with increasing substrate temperature,
consistent with the trend obtained from the stationary
deposition (Fig.4), where an increase in substrate
temperature led to a reduction in the film growth rate.
This is because elevated temperatures not only accelerate
the forward deposition reaction but also promote the
reverse reaction (e.g., etching or decomposition of the
deposited SiO, species) , thus reducing the growth rate of
the film'"'. The increased substrate temperature can
increase the mobility of surface atoms and promote the
diffusion and reaction of adsorbed species, and thus a
more stable surface structure forms. However, high
temperature tends to reduce the residence time of the
adsorbed species, which may lead to the detachment of
some active species from the surface before the reaction,
thereby reducing the deposition rate'™’ .
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Fig. 6  Cross-sectional morphologies of SiO,-like thin films prepared at different substrate temperatures: (a) SEM images;

(b) film thickness derived from SEM images as a function of substrate temperature

The chemical composition of the film was analyzed
by XPS. The corresponding survey spectra are displayed
in Fig. 7, and the derived atomic percentages of the
constituent elements (e.g., Si, O, and C) on the films
are summarized in Table 2. The C—O—C bond is
formed when methyl radicals, released from HMDSO
cleavage, react with oxygen. According to the
comparison of data at 25 and 200 C in Table 2, as the
substrate temperature increases, the atomic percentages
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of Si and O increase from 32.9% to 34.4% and from
43.9% to 50.4% , respectively, while that of C
decreases from 23.2% to 15.2%. The results indicate
that the elevated substrate temperature promotes more
complete pyrolysis of the organic precursor. This is
attributed to the enhanced thermal motion of precursor
molecules,, which facilitates bond cleavage and generates
reactive fragments that readily interact with plasma-
active species to form SiO,.
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Fig. 7 XPS spectra of SiO,-like thin films: (a) full spectra; (b) Si 2p spectra; (c) O 1s spectra; (d) C 1s spectra
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Table 2 Atomic percentages of elements

Atomic percentage/ %

Temperature/ C -
C Si (0]
25 23.2 32.9 43.9
200 15.2 34.4 50. 4

2.4 Corrosion testing results

This study used the immersion coupon method to
investigate the corrosion behavior of samples in HCI
solutions at varying temperatures. Customized 304
stainless steel plates (50 mm X 20 mm X2 mm ) were
prepared with 3-mm-diameter holes at identical positions
for suspension during immersion tests. The surfaces were
mechanically polished with sandpaper and subsequently
ultrasonically cleaned in acetone, ethanol, and deionized
water for 10 min each to eliminate organic contaminants,
and then dried in an oven. The prepared steel plates were
mounted on a custom-designed movable platform for

dynamic film deposition. The deposited steel plates were
allowed to cool to room temperature. A set of uncoated
steel plates served as a control group. The mass of each
steel plate was measured and recorded using a
microbalance.

The HCI solution (a mass fraction of 10.5%) was
prepared and placed in a water bath maintained at 60 C.
The steel plates were suspended on a rack to ensure full
immersion of their surfaces in the HCl solution. After
immersion for 1.5 h and 3. 0 h, respectively, the steel plates
were removed, ultrasonically cleaned, dried, and weighed.

The experimental results in Table 3 show that the
mass loss decreases as the substrate temperature
increases. The increase in the substrate temperature
facilitates the diffusion of atoms deposited on the
substrate surface, enabling them to recombine more
readily and repair defects within the film, thereby
enhancing the film density and achieving improvement in
corrosion resistance.

Table 3 Mass changes of samples before and after HCl immersion

Mass loss (after Mass loss ratio

Mass/g
Sample immersion (after immersion
Before immersion  After immersion for 1.5 h  After immersion for 3.0 h 5.3 o h)/g for 3.0 h)/%

Control 15.318 2 14.649 5 14.244 3 1.073 9 7.01

S25 15.327 9 14. 687 2 14.262 9 1.065 0 6.95

S50 15.296 9 14. 664 3 14.237 7 1.059 2 6.92

S100 15.319 1 14.680 9 14.253 6 1.065 5 6.96

S150 15.306 8 14.705 2 14.256 4 1. 050 4 6. 86

S200 15.316 6 14.720 2 14.317 0 0.999 6 6.53

3 Conclusions

The plasma jet technology was employed to deposit
SiO,-like thin films on substrate surfaces and the effects
of the substrate temperature on film performance were
systematically investigated. A series of thin film samples
were prepared with substrate temperatures ranging from
25 to 200 C, at a fixed power supply of 40 W and an
Ar/0,/HMDSO flow ratio of 1 000 : 1 : 40. SEM
observations revealed a decrease in film thickness with
increasing substrate temperature, decreasing from 242 nm
at 25 C to 156 nm at 200 C. Pencil hardness tests
demonstrated an improvement in hardness from initial
grade B to 4H. Cross-cut adhesion tests showed class 1
adhesion at 25 and 50 C, with improved adhesion to
class O at higher temperatures. HCI corrosion experiments
indicated that the films deposited at 200 C demonstrated
improved corrosion resistance. These findings provide
new insights for surface treatment technology in specific

application scenarios, particularly highlighting the
temperature-dependent optimization of film properties.
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