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Abstract: For the first time, the possibility of creating a multilayer system metal (Al, Cr, In, Mo, and W)
silicon–carbon coating was studied. A silicon–carbon film was synthesized from a polyorganosiloxane
polymer containing an active Si–O siloxane group. Due to the use of furnace pyrolysis, in which
the purge gas continuously removes the polymer thermal degradation products from the system, it
was possible to reduce the film formation temperature to 300 ◦C. According to the energy dispersive
analysis data, silicon–carbon film has the following composition: C—34.85 wt%, O—42.02 wt%,
and Si—23.13 wt%. Metallic coatings of Al, Cr, In, Mo, and W on a silicon–carbon substrate were
obtained by vacuum magnetron sputtering. The metallic coatings were evaluated by SEM as well as
by X-ray phase analysis. The adhesion strength of metallic coatings to the silicon–carbon substrate
was assessed by scratching under continuously increasing load with a Rockwell C Diamond Indenter.
At the same time, the friction coefficient was recorded at the corresponding value of load on the
indenter. The adhesive strength of metals with the silicon–carbon substrate increases in the sequence
W, Mo, In, Al, and Cr.

Keywords: polyorganosiloxane polymer; metal coatings; magnetron sputtering method; adhesion
strength; friction coefficient

1. Introduction

Semiconductor materials are widely used to make semiconductor diodes, transistors,
and integrated circuits. Semiconductors are essential to the operation of all electronic equip-
ment, from home computers to unmanned car circuits. The most widely used conductors
are based on silicon and gallium arsenide, which have optical properties [1,2]. They are
used in the production of solar panels and LEDs.

Despite the high popularity and efficiency of silicon semiconductors, scientists from
all over the world are currently working to develop new technologies to produce high-
efficiency semiconductors [3,4]. There are two factors that are pushing manufacturers to
accomplish this. Firstly, the technology has almost reached its limits, beyond which it will
be impossible to create ever-smaller and more powerful devices. Secondly, the constant
growth in demand for silicon leads to a significant increase in its price. The materials
based on silicon oxide and silicon carbide, as well as silicon oxycarbide, are of particular
interest. Despite the widespread availability of silicon oxide in nature, it is necessary to
use a particularly pure oxide without impurities in order to apply it as a semiconductor.
In addition, the phase structure of SiO2 is particularly important. For example, high
annealing or hydrothermal treatment is required to convert it from amorphous to crystalline
state [5–8].
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Silicon oxycarbide is a superposition of amorphous silica (SiO2) and silicon carbide
(SiC) [9]. It has good physical and mechanical characteristics and thermal and chemical
stability [10–12]. It is known that silicon oxycarbide can be obtained using pyrolysis of
organosilicon polymer precursors [13]. Despite many works on the research and application
of silicon oxycarbide, the creation of a system of a metal–silicon oxycarbide semiconductor
has not been considered so far. Consideration of contacts between metal and a silicon
oxycarbide semiconductor is of interest because they find application as rectifier contacts in
Schottky diodes, as well as in non-rectifier, or ohmic, contacts for input and output voltages
and currents in insulating junctions and semiconductor devices [14,15].

The future of electronics is associated with the development of such layered materials.
First of all, this will allow changing the physical dimensions of microcircuit elements and
creating nanotransistors. It is calculated that the nanotransistor will run faster and consume
less power [16].

The application of metal coatings can be carried out by several methods. The main
methods of thin-film deposition are vacuum evaporation (sputtering) with indirect heat-
ing; ion–plasma sputtering; deposition from the gas phase using gas-transport reactions;
reduction in a hydrogen atmosphere, and thermochemical decomposition, etc. [17–19].
The choice of one or another method depends on the nature of the deposited material,
substrate material, structure (amorphous, polycrystalline, or monocrystalline), and the
thickness of the metal film [20–23]. In [24], the method of obtaining metallic layers on
semiconductors by the electrochemical method is presented. The electrochemical method
of metal deposition is quite simple, technological, easily controllable, and low-temperature,
which makes it preferable for wide production. The authors studied the processes of
chemical deposition of Ag, Co, Cu, Zn, Sn, and Ni on p-Si from water solutions. Another
work [25] shows the method of deposition of aluminum thin films on SiO2/Si substrates
by magnetron sputtering. It was found that increased sputtering power enhances the
crystallinity of the deposited Al films. In [26], it was possible to create a film of metallic Ag
on an amorphous and crystalline α-quartz SiO2 substrate by thermal decomposition of Ag
oxalate at approximately 200 ◦C.

When making a metal film, special attention is paid to the adhesion properties. The
adhesion strength of Pt, Cu, and Ti metals with Si and SiO2 surfaces with different rough-
ness was investigated in [27]. It was found that changes in the chemical composition of the
surface had a greater effect than roughness on the adhesive strength of the systems studied.

This paper presents the results of the research on the adhesion strength of Al, Cr, In,
Mo, and W metallic coatings on a silicon–carbon film substrate obtained by pyrolysis of an
organosilicon liquid.

2. Materials and Methods
2.1. Silicon–Carbon Film Synthesis

Polyalkylhydrosiloxane liquid containing the active siloxane group Si–O (Point LLC,
St. Petersburg, Russia) was used for the synthesis of the silicon–carbon film. Chemically
pure n-hexane (JSC ECOS-1, Moscow, Russia) was used as a solvent in the amount of
70 wt.%. Silicon–carbon film was formed on 1 mm thick glass slides.

The formation of the silicon–carbon film on the glass slides was carried out in glass
beakers with a lid at a total volume of the reaction mixture of 49.4 mL for each unit of
glassware. The glass slides were kept in the solution for 15 min. After that, the slides were
removed and heat-treated in the drying oven. The initial temperature was 60 ◦C, with
an exposure time of 90 min. Then, the temperature was gradually raised to 300 ◦C. At
100 ◦C, the film was incubated for 30 min, and then the temperature was raised to 150 ◦C
and the film was incubated for another 30 min at 200 ◦C, where it was kept for 30 min;
at 250 ◦C, it was incubated for another 30 min, and, finally, the film was exposed to the
maximum temperature of 300 ◦C also for another 30 min. After that, the substrate with
the film was cooled to room temperature. Gradual rise in temperature is due to the fact
that, with increasing temperature, the number of formed particles grows and the reaction
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proceeds faster, so the silicon–carbon film is evenly fixed on the glass slide by means of a
gradual increase in temperature.

2.2. Metallic Coating Application

The metallic coatings Al, Cr, In, Mo, and W were applied to the substrates with a
silicon–carbon film using dual magnetron sputtering in the UniCoad 200 vacuum machine
with an unbalanced magnetic system. Before sputtering the coatings, the substrates were
washed with ethanol and dried in a stream of dry nitrogen. The vacuum chamber was
evacuated to the pressure of 9·10−3 Pa, which was achieved using a diffusion (steam–oil)
pump. The pumping rate was 790 L/min at a pressure of 0.005 Pa. To remove residual
contaminants, the surface of the substrates was cleaned with argon ions. The ion cleaning
was performed for 8 min at the pressure of 8·10−2 Pa and the voltage of the ion source
of 1.8 kV. The coatings were deposited from two vertically mounted targets (cathode) by
sputtering the corresponding metal in the Ar atmosphere at the pressure of 0.17 ± 0.01 Pa.
The rotation speed of the samples was 20 rpm to achieve uniform deposition. The distance
from the substrates to the magnetron and ion source was 70 mm. During coating, the
substrate was not additionally heated. Table 1 shows the conditions of applying metallic
coatings of Al, Cr, In, Mo, and W.

Table 1. Technological conditions of the metal coating process.

Coating

Parameters

Magnetron
Discharge
Current, A

Discharge
Voltage, V Frequency, kHz Displacement

Voltage Us, V

Al 2 447/435 *

18 20
Cr 2 461/451
In 1 453/449

Mo 2 420/416
W 1 405/397

* the values for each magnetron are provided.

The parameters indicated in Table 1 were determined experimentally for each metal
coating. With these parameters, there is no overheating of the silicon–carbon film substrate.
The maximum temperature at the specified parameters did not exceed 200 ◦C. Since the
thickness of the silicon–carbon film is small, at a higher temperature, it could be deformed
and warped. Also, with the indicated parameters, stable electrophysical characteristics of
metal coatings were obtained. With the parameters indicated in Table 1, the metal coatings
behaved like a massive electrical conductor; i.e., specific electrical resistance was equal to
the resistance of pure metal.

2.3. Research Methods

Scanning electron microscope MIRA3 TESCAN (Tescan, Brno, Czech Republic) was
used to study the surface morphology and thickness of the coatings.

The crystalline structure of the coatings was studied using X-ray diffraction (ARL
X’TRA, Thermo Fisher Scientific, Waltham, MA, USA) with CuKα source in the range of 2θ
angles from 4◦ to 70◦ in the asymmetric coplanar shooting mode with a sliding incidence
angle α = 3◦ (θ-scan). Phase identification and peak indexing were performed using the
ICDD (International Centre for Diffraction Data) JCPDF database JCPDF database.

Adhesion strength of the coatings was evaluated on the MFT-2000A scratch tester
(Rtec Instruments, Oakland, CA, USA) using a Rockwell cone indenter with an apex angle
of 120◦ and a tip rounding radius of 200 µm. At the end of each test, the scratch trace of
the coatings was evaluated using the SIAMS 800 solid microstructure fragment analyzer
(SIAMS LLC, Yekaterinburg, Russia).
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3. Results and Discussion
3.1. Study of Silicon–Carbon Film

Figure 1 shows a scheme of thermal degradation of polyorganosiloxane polymer, on
the basis of which a silicon–carbon film of SixCyOz o composition can be obtained as a
result of temperature treatment at ~300 ◦C. The Si/C ratio can be controlled by choosing
the organic substituents (R1 and R2) at the silicon atom.
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Figure 1. Scheme of thermal degradation of polyorganosiloxane polymer.

After formation and solidification (intermolecular cross-linking) of polyorganosiloxane
polymer on the slide glass, a film is formed as a result of destruction and removal of organic
groups (methyl, phenyl, and vinyl), as well as Si–H- and Si–OH- groups [28]. Such processes
usually proceed at high temperatures (~1000 ◦C). In this study, we used furnace pyrolysis,
in which the purge gas continuously removes polymer thermal degradation products from
the system [29]. This reduced the firing temperature to 300 ◦C.

Figure 2 shows the SEM image data of the film obtained from the polyalkylhydrosilox-
ane liquid.
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Figure 2. SEM image of the film obtained from the polyalkylhydrosiloxane liquid: (a,b) surface
morphology; (c) cross-sectional chipping of the film.

The analysis of the data in Figure 2 showed that the film obtained from the polyalkyl-
hydrosiloxane liquid is quite homogeneous, without delaminations and chips. On the
surface of the film, one can notice a number of nanospheres with a diameter of 29 nm. The
analysis of the cross-sectional chipping (Figure 2c) showed that the film thickness was
almost the same along the entire length of its contact with the substrate and was ~9 µm. In
Figure 2c, the boundary between the film and the substrate is clearly visible. It can also be
noted that the film was formed quite tightly on the glass slide: no detachment of the film
from the substrate was detected.

The elemental composition of the film was determined by X-ray spectral analysis. The
composition was determined by averaging the experimental data by three measurements in
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different points of the sample. Experimental data on determining the chemical composition
of the film are presented in Table 2.

Table 2. Elemental composition of polyalkylhydrosiloxane film.

C, at. % O, at. % Si, at. %

34.85 42.02 23.13

As was expected, the film has the SixCyOz composition and can be called a silicon–
carbon film. No atoms of other elements were recorded. The experiments showed that all
Si, C, and O atoms are distributed almost homogeneously along the film depth.

The structure of the silicon–carbon film was studied by the method of X-ray phase
analysis. Figure 3 shows the X-ray diffraction pattern of the silicon–carbon film. It was
found that the structure of the film was completely amorphous. There are two pronounced
amorphous halos at angles 2θ = 9◦ and 23◦ on the X-ray diffraction pattern.
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3.2. Study of Al, Cr, In, Mo, and W Metal Coatings

Figure 4 shows the X-ray diffraction patterns of the obtained metallic coatings using
the method of vacuum magnetron sputtering of the corresponding targets. The use of the
sliding beam technique to obtain the X-ray diffraction patterns made it possible to register
the characteristic radiation of the atoms of the crystal lattice only of the Al, Cr, In, Mo, and
W metal coatings and exclude the appearance of reflexes corresponding to the lattice of the
silicon–carbon substrate. This became possible because the X-ray penetration depth at a
very small angle is much less than the thickness of the Al, Cr, In, Mo, and W metal coatings.

The X-ray diffraction pattern of the coating obtained by sputtering of the Al target
(Figure 4a) is typical for crystalline aluminum diffraction reflexes in regions (111), (200),
and (211). The presence of X-ray maximums of different orders of reflection from crystal-
lographic planes is consistent with the International X-ray Database PDF-2 (Al card No.
85-1327). The presence of narrow high diffraction peaks on the Al X-ray diffraction pattern
indicates that the coating is well-oxidized and homogeneous in lattice parameters. The
resulting thin aluminum coating has a polycrystalline structure with a face-centered cubic
lattice. The intensity of the reflexes of the aluminum coating reflected by the plane (111)
significantly exceeds the intensities of the other peaks, which suggests a high degree of
structuring of the crystal lattice.
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The X-ray diffraction pattern of the coating obtained by sputtering of the Cr target
(Figure 4b) corresponds to the X-ray pattern of metallic Cr according to the X-ray Database
PDF-2 (card Cr No. 85-1335). Three diffraction peaks corresponding to (110), (200), and
(211) crystal planes of a volume-centered cubic lattice were recorded on the X-ray diffraction
pattern.

The X-ray diffraction pattern of the coating obtained by sputtering of the In target
(Figure 4c) shows the following diffraction reflexes in regions (002), (101), (103), (110),
(112), (200), (202), and (211). The resulting X-ray diffraction is fully consistent with metallic
indium (card In No. 85-1409). The obtained indium coating also has a polycrystalline
structure, but with a tetragonal face-centered lattice.

As can be seen from Figure 4d, the X-ray diffraction pattern of the coating obtained by
sputtering of the Mo target contains the reflexes reflected by crystallographic planes (111),
(200), and (220). As the results of X-ray diffraction analysis show, the coating corresponds
to the Mo card No. 88-2331. The obtained molybdenum coating is well-oxidized and has a
polycrystalline structure with a volume-centered cubic lattice.

According to Figure 4e, it was found that the diffractogram of the coating obtained by
sputtering of the W target was metallic tungsten (PDF card No. 4-806); no additional peaks
were detected. Reflexes reflected by crystallographic planes (110) and (200) were recorded
on the X-ray diffraction. Tungsten crystals have a volume-centered cubic lattice.

Figure 5 shows SEM images of the surface of the obtained metallic coatings, as well as
their cross-sectional chips.
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Figure 5. SEM images of the surface of the obtained metallic coatings: (a,b) Al; (d,e) Cr; (g,h) In; (j,k)
Mo; (m,n) W, as well as their cross-sectional chips: (c) Al; (f) Cr; (i) In; (l) Mo; (o) W.

The structure of the Al coating is a granular (spongy) surface. The electron microscopy
results (Figure 5a,b) show that the Al crystallites have a dispersed, homogeneous nanos-
tructure. The SEM image of the cross-sectional chip (Figure 5c) clearly shows a defect-free
transition region between the silicon–carbon substrate and the aluminum coating. The
thickness of the applied metallic aluminum coating is almost the same along the entire
length of the chip surface and is ~115 nm.

The surfaces of Cr, Mo, and W metal coatings are fairly uniform and smooth (Figure 5).
Meanwhile, when sputtering the In target, the coating has a rougher surface morphology.
Individual spherical crystallites of In can be observed here. The morphology of the In metal
coating is characterized by a porous and heterogeneous structure with a coating thickness
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of ~85 nm. This is due to the fact that bombardment with In ions can cause sputtering
and formation of structural defects, which are the sources of microstructure heterogeneity.
With a thicker coating, the structure will be more homogeneous and the concentration of
defects will be greatly reduced. As the coating is deposited, the surface heats up where it
condenses. This causes increased diffusion of atoms, which can result in a more perfect
microstructure.

All the metallic coating samples (Al, Cr, In, Mo, and W) have a microstructure close
to a columnar one, which corresponds to the classical model concepts of the coating
structure [30]. The Cr coating thickness is 90 nm, Mo coating thickness is 70 nm, and W
coating thickness is 35 nm. The interface between the applied Al, Cr, In, Mo, and W metallic
coatings and the silicon–carbon substrate can be traced over the entire survey area.

3.3. Adhesive Properties

To determine the adhesion strength of Al, Cr, In, Mo, and W metal coatings to a
silicon–carbon substrate, the samples under study were scratched under continuously
increasing load using a Rockwell C Diamond Indenter with a tip radius of 200 µm. The
friction coefficient was recorded at the corresponding value of load on the indenter. In order
to obtain reliable results, three scratches were applied to the surface of the coated samples
on each sample. The tests were performed under the following conditions: the load on
the indenter increased from 0.1 to 10 N, the indenter travel speed was—4 mm/min, the
scratch length was 4 mm, and the loading speed was 9.9 N/min. All tests were performed
at 23 ◦C. The moment of adhesive or cohesive fracture of the coating was recorded after the
tests by visual inspection using an optical microscope equipped with a digital camera. The
tests of the adhesion strength of Al, Cr, In, Mo, and W metal coatings to the silicon–carbon
substrate determined

- minimum (critical) load Lc1, which denotes the moment when the first crack appears;
- Lc2—peeling of coating segments or appearance of multiple cracks;
- Lc3—plastic abrasion of the coating up to the substrate.

Figure 6 shows curves of the friction coefficient dependence on the indenter load
obtained when studying the adhesion strength of all Al, Cr, In, Mo, and W metal coatings
on a silicon–carbon substrate. The panorama photographs of the scratch grooves obtained
by loading the indenter onto the corresponding metal coating are shown in Figure 7. Also,
Figure 7 shows the areas corresponding to the critical forces determined on the basis of the
optical photographs of the scratch grooves. Figure 7 shows the areas Lc1, Lc2, and Lc3. The
load values at which cracks begin to appear (Lc1), the value at which multiple cracks appear
(Lc2), as well as the values of adhesion strength of metal coatings with silicon–carbon
substrate (Lc3) are presented in Table 3.

Table 3. Values of adhesion properties of metal coatings.

Metal Coating

Critical Loads

Lc1 Lc2 Lc3

[N] [J/m2] [N] [J/m2] [N] [J/m2]

Aluminum 2.78 0.445 4.22 0.796 6.26 0.628
Chromium 1.47 0.118 4.37 0.024 6.51 0.012

Indium 2.06 3.431 4.61 4.259 6.07 2.930
Molybdenum 2.98 0.198 4.48 0.208 6.03 0.128

Tungsten 1.55 0.168 3.64 0.071 4.86 0.019
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The work of adhesion (W, J/m2) at critical load (Lc) was calculated using the formula
proposed by Bull et al. [31]:

W =

(
Lc ·ϑ·µ

A1

)
·t

2E
where Lc is the critical load, N; ϑ is Poisson’s ratio; µ is the coefficient of friction; A1—cross-
sectional area of the scratch track at the point where the critical load Lc is reached, m2; t is
the coating thickness, m; E is Young’s modulus, Pa.

The work of adhesion is different for each critical load as it corresponds to different
modes of coating failure (e.g., «first cracking», «buckling spallation», or «delamination»).

The analysis of the photos of the scratches (Figure 7) showed that cracking of the
coating on the substrate surface due to indentation is typical for all the studied metals.
No significant peeling was detected for all metal types. The comparative analysis of the
obtained data on the adhesion strength (Figure 7) shows that the Al, Cr, In, Mo, and W
metal coatings on the silicon–carbon substrate abrade under scratching, but they do not
peel. It can be claimed that the coatings fail by the cohesive mechanism associated with
plastic deformation and formation of fatigue cracks in the coating material. All the metallic
coatings are characterized by the fact that, under load Lc1, microcracks are initiated on both
sides of the indenter passage and spread as the indenter progresses. This is clearly shown
in Figure 7. It can also be noted that, when the first cracks and chips appear (Lc1), there is
an increase in the friction coefficient accompanied by a small jump on the curve (Figure 6).
After load Lc1, the continuation of crack formation on both sides of the indenter stroke is
observed. The value of load Lc2 corresponds to the areas in which multiple cracks appear on
both sides of the scratch (Figure 7). The value of load Lc3 is taken as the value of adhesion
strength of metal coating, at which plastic abrasion of metal coating to silicon–carbon
substrate is observed. This failure mode is characteristic of coatings that have low adhesion
strength and possess high compressive residual stresses [32].

Despite the similar nature of the adhesive failure of metal coatings on a silicon–carbon
substrate, the coatings have different values of adhesion strength. The tungsten coating
has the worst adhesion strength (Lc3), and the chromium coating has the best one. The first
scratches (Lc1) appear the fastest on the chromium coating, and the molybdenum coating
remains crack-free the longest.

4. Conclusions

For the first time, the possibility of obtaining a silicon–carbon film from a poly-
organosiloxane polymer as a result of heat treatment at ~300 ◦C, as well as the deposition
of metal coatings (Al, Cr, In, Mo, and W) on it, was established. According to scanning
electron microscopy, the thickness of the silicon–carbon film was determined to be ~9 µm.
It has been established that the film thickness is practically the same along the entire length
of the contact with the substrate.

Metallic coatings on a silicon–carbon film were obtained by vacuum magnetron sput-
tering. The thickness of the obtained coatings is Al—115 nm, Cr—90 nm, In—85 nm,
Mo—70 nm, and W—35 nm. The interface between the applied metallic coatings of Al, Cr,
In, Mo, and W and the silicon–carbon substrate is traced throughout the entire survey area.
All samples of metallic coatings (Al, Cr, In, Mo, and W) have a microstructure close to the
columnar one.

The tungsten coating has the worst adhesion strength with the silicon–carbon film
(Lc3 = 4.86 N, while the chromium coating has the best adhesion strength (Lc3 = 6.51 N).
The first scratches appear most quickly on the chromium coating (Lc1 = 1.47 N), and the
molybdenum coating remains without cracks the longest (Lc1 = 2.98 N).

Further research should be directed to studying the adhesion strength of a wider
range of metallic coatings with silicon–carbon films, as well as finding ways to improve the
adhesion strength.
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