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Abstract—Hydrogenized carbon films 0.5—7.0 um thick doped with silicon (11.9 + 0.4 at %) and oxygen
(1.7 £ 0.1 at %) have been grown on VT-6 titanium and silicon substrates in an externally heated arc discharge
plasma. The hardness, internal stresses, surface morphology, wettability, and surface potential of the films
against their thickness have been studied. It has been found that as the film gets thicker, the allowable load on
the material and its hardness grow. It has been shown that the films have low internal stresses (below 600 M Pa)
and the water contact angle is 75°—80°. It have turned out that an increase in film thickness raises the negative

surface potential from 50 to 670 mV.
DOI: 10.1134/S1063784221010096

INTRODUCTION

Diamond-like carbon (a-C) and hydrogenized car-
bon (a-C:H) films are attracting much interest owing
to their high hardness, low friction coefficient, high
wear resistance, and biocompatibility [1]. Because of
such a combination of properties, diamond-like films
are in demand in medicine, mechanical engineering,
aerospace engineering, and other branches of indus-
try. However, diamond-like films have a significant
drawback: high internal compression stresses (1.5—
10.0 GPa), which, being due to a large content of sp3
bonds, may cause cracking at high loads [2]. To reduce
residual stresses in diamond-like films and improve
the adhesion of the films, the following approaches are
used: doping of films with different elements (N, Si, F,
Cu, Ag, Mo, SiO,, etc.) [3—7], application of an adhe-
sive sublayer [8], high-temperature (>300°C) anneal-
ing [9], and electron and/or ion processing of films
[10, 11].

Doping of hydrogenized carbon films with silicon
(a-C:H:Si) or silicon dioxide (a-C:H:SiO,) reduces
internal stresses, raises adhesion, and improves the
biomedical properties of films [12]. Hardness H of sil-
icon-doped films drops to 10—20 GPa because of the
decrease in the fraction of sp® hybridized carbon
atoms. The properties of Si- or SiO,-doped diamond-
like films depend both on dopant concentration [13—15]
and on deposition conditions (such as the amplitude
of pulsed substrate bias [16, 17], composition and con-
sumption of precursors [17, 18], and the density of ion
current toward the substrate [19]).

When the silicon content in a-C:H:Si films rises
from 4 to 16 at %, hardness H slightly drops (from 10.8
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to 9.4 GPa) but adhesion improves considerably [13].
In this case, plasticity index H/E (FE is the elasticity
modulus) and plastic deformation resistance H°/E?
increase from 0.08 to 0.10 MPa and 65 to 100 MPa,
respectively. In addition, the increase in silicon con-
tent in the film improves its biocompatibility [ 14]. It was
shown [15] that when the silicon content in a-C:H:Si
films rises from 0 to 22 at %, internal stresses decline
from 1.5 to 1 GPa and the hardness decreases form 14
to 12 GPa.

In [16] it was shown that the tribological properties
of a-C:H:SiO, films obtained by plasma-assisted
chemical vapor deposition depend on the amplitude of
if substrate bias voltage. At an optimal bias voltage of
—100 V, the films had a low friction coefficient (less
than 0.05) and a high adhesive strength (a critical load
at scratch tests was equal to 32 N). In [7], the hardness
of the film was varied between 5 and 17 GPa depend-
ing on bias voltage and precursor (hexamethyldisilox-
ane) consumption.

It was found [20] that the mechanical performance
of a-C:H films, as well as their tribological properties,
are thickness dependent. The hardness of 1.6- and
2.4-pm-thick films was equal to 24 and 33 GPa,
respectively, with wear rates being close to each other.
This means that thicker films will serve for a longer
time under identical conditions. However, the thick-
ness dependence of silicon- and oxygen-doped a-C:H
films has been little understood to date. In [21], the
contact angle of wetting for a-C:H:SiO, films from 4 to
180 nm in thickness was measured. This angle depends
on thickness only slightly and varies between 67° and
76°. In [22], hardness H and elasticity modulus E of
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films 2—9 um thick were measured. It turned out that
H and E vary insignificantly in this thickness range,
being equal to 22—25 and 135—140 GPa, respectively.

Owing to a unique set of mechanical, tribological,
and biomedical (biocompatibility) properties, dia-
mond-like films are of great interest in medicine, in
which they can be used as wear-resistant and barrier
coatings for metallic implants. Medical implants are
usually fabricated of stainless steel, as well as titanium-
and cobalt-based alloys. Electrical compatibility
between implants and living tissues is a critical charac-
teristic for their interaction [23]. Electric fields in tis-
sues govern the migration [24] and vitality of cells. It is
known that blood cells have a negative zeta-potential
[25].; therefore, to prevent blood cells from adhering
to the implant surface, its potential must also be nega-
tive. In the case of dielectrics, the surface electrostatic
potential is due to the self-charge and/or a charge
resulting from external actions.

The aim of this study was to see how the thickness
ofa-C:H:SiO, films applied from the externally heated
arc discharge plasma influences the morphology,
mechanical performance, and electrostatic potential
of a surface being modified.

1. EXPERIMENTAL

As substrates, we used 15 X 15-mm square plates of
VT-6 titanium, 0.2-mm thick (average roughness R,
about 0.25 um and 400-pum-thick Si(100) wafers
(R, less than 0.015 pm). Experiments were conducted
mainly with VT-6 substrates; sometimes, however, sil-
icon substrates were used for convenience or to
improve the measurement accuracy (for example, in
internal stress measurements). Substrates were
cleaned in an ultrasonic bath, which was filled first
with isopropyl alcohol, then with acetone, and finally
with distilled water. In each of the liquids, substrates
were cleaned for 10 min. After that, substrates were
dried in a compressed air flow. The working chamber
was evacuated to a residual pressure of 10~2 Pa by means
of a turbomolecular pump. The block diagram and
parameters of the experimental setup were described in
detail elsewhere [19].

To reduce the surface roughness, VI-6 substrates
were subjected to electron-beam processing (EBP)
[26]. To this end, a pulsed low-energy high-current
electron beam with an energy density of 6.5 J/cm? and
a number of pulses of 10 was applied. After EBP, the
surface roughness R, decreased from 0.25 to 0.15 um.
Before an a-C:H:SiO, film was deposited, substrates
were processed in an argon plasma at a pressure of
0.3 Pa for 10 min to remove oxide inclusions from the
surface. In this case, a bipolar bias voltage with a neg-
ative voltage pulse of 1000 V, a voltage frequency of
100 kHz, and a fill factor of 60% was applied to the
substrate holder. The discharge current and voltage
were, respectively, 7.0 = 0.5 A and 100 = 5V, and the
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heating current of the tungsten cathode was 45 = 5 A.
Then, an a-C: H: SiO, film was deposited from a mix-
ture of argon and polyphenyl methylsiloxane (PPMS)
vapor. The argon flow rate was 4 = 0.2 L/h, and that of
PPMS was 1.0 = 0.1 mL/h. The working pressure was
equal to 0.1 Pa, and a bias voltage with a negative pulse
amplitude of 300 V was applied to the substrate holder.
The discharge current and voltage were, respectively,
5.0 £ 0.2 A and 140 = 5V, and the heating current of
the tungsten cathode was 45 = 5 A. The temperature of
the substrate holder during deposition was no higher
than 200°C. The film growth rate was 19 + 1 nm/min.

The surface of obtained substrates was examined
using a QUANTA 200 scanning electron microscope
(FEI Co., United States). Micrographs were taken at
an accelerating voltage of 30 kV, and the elemental
composition was determined at a voltage of 10 kV.
Micrographs were processed by means of the ImagelJ
1.5 program package. Internal stresses in the film were
determined by measuring the curvature of a 20 X 2 X
0.44-mm silicon sample before and after the applica-
tion of the a-C:H:SiO, film. The surface curvature was
measured using a Micro Measure 3D Station three-
dimensional contactless profilometer (STIL, France).
Internal stresses were calculated by the Stoney formula
[27]. The contact angle of wetting for water was deter-
mined by a KRUSS Easy Drop device. In each sam-
ple, the contact angle was measured three times and
then the average value was found. The values of H and
E were determined using a Nanotest 600 instrument
(Micro Materials Ltd., United Kingdom) by the Oli-
ver—Pharr method [28]. The indentation load was var-
ied between 10 and 100 mN. Parameters H and E were
measured 10 times, after which the average value was
found. The adhesion strength of the film was men-
tioned by an MST-S-AX-0000 microscratch tester
(CSEM, Switzerland). A diamond needle with a tip
radius of 100 um was moved over the film surface at a
constant rate of 2.45 mm/min with load gradually
increasing with a rate of 3.75 N/min. The maximal
applied load was equal to 15 N, and the scratch length
was 7 mm. The surface roughness and electrostatic
potential of samples were determined using a Solver HV
tapping-mode atomic force microscope (NT-MDT,
Zelenograd, Russia) with a cantilever made of W,C.
Experimental data were processed by means of the
Gwiddion program package. The surface potential was
found by the Kelvin method [29].

2. RESULTS AND DISCUSSION

Figure 1 shows the micrographs of the a-C:H:SiO,
film applied on the VT-6 substrate. It is known that the
surface roughness of amorphous diamond-like coat-
ings is low (0.2—2.0 nm) [30]. Therefore, the surface
morphology of coated samples to a great extent
depends on that of the substrate. At a small thickness
of coatings, they copy the surface relief of substrates.
As coatings get thicker, the film is expected to smooth
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Rq =10.3 nm

Fig. 1. Surface images of a-C:H:SiO, films with a different thickness applied on VT-6 titanium substrates: (a) uncovered sub-
strate; (b—d) films 1.7, 4.6, and 7.5 um thick, respectively; and (e) magnified image of the 7.5-um-thick film.

out. The micrograph in Fig. 1a is the surface image of
the titanium substrate after EBP. EBP alters the sur-
face layer structure through dynamic recrystallization,
which is initiated by superhigh heating and cooling
rates. Depressions and microcraters may be observed
on the sample surface. Their number can be mini-
mized by appropriately selecting EBP conditions [31].
In Fig. 1b it is seen that depressions appear on the sur-
face of the 1.7-um-thick a-C:H:SiO, film, which per-
sist even after EBP. They become less visible on the
surface of the 4.6-pum-thick film (Fig. 1c) and com-
pletely disappear on the surface of the 7.5-um-thick
film (Fig. 1d).

According to energy-dispersive analysis data, the
films contain 83 = 1 at % of carbon, 11.9 = 0.4 at % of
silicon, 1.7 = 0.1 at % of oxygen, and 3.2 &+ 0.3 at % of
argon. It seems that argon present in the film results
from argon ion bombardment of the film during
growth. The surface of the 7.5-um-thick film contains
intricately shaped particles to 9 um across (Fig. 1 e). A
follows from energy-dispersive analysis data, these
particles contain about 32 at % of silicon, which far
exceeds the content of silicon in films. More detailed
examination of a-C:H:SiO, films by means of X-ray
photoelectron spectroscopy, Raman spectroscopy,
and IR spectroscopy is presented in our previous arti-
cles [31, 32].
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According to atomic force microscopy (AFM)
data, root-mean-square surface roughness R, of the

samples is 10 £ 1 nm over a 5 X 5-um? area.

Figure 2 shows the thickness dependences of inter-
nal stresses ¢ and contact angle of wetting 6. It was
found that internal stresses in a-C:H:SiO, films are
compressive stresses. When the thickness increases
from 1.7 to 7.5 um, internal stresses rise from 410 to
530 MPa. Nevertheless, these values are far below
those typical of diamond-like films. Even 1-um-
thick-C:H:SiO,, films obtained in [17] had higher
internal stresses: 0.5—1.4 GPa depending on substrate
bias voltage and hexamethyldisiloxane consumption.

A clear-cut dependence of the contact angle on a-
C:H:SiO, film thickness is not observed (Fig. 2). For
the films being studied, the contact angle varies
between 74° and 79°. Similar values of contact angle
(75°=78°) for a-C:H:SiO, films were obtained in [33].
The absence of the thickness dependence of contact
angle comes as no surprise, since the surface wettabil-
ity depends on the chemical composition of the film
and the presence of polar groups on its surface, which
does not depend on thickness.

Figure 3 plots the hardness versus indentation load
in the load interval 10—100 mN for VT-6 titanium sub-
strates coated by a-C:H:SiO, films with different
thicknesses. When the load in the uncoated sample
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Fig. 2. Internal stresses ¢ and contact angle of wetting
0 vs. a-C:H:SiO, film thickness.

rises from 10 to 100 mN, the hardness drops from 4.5
to 3.0 GPa (Fig. 3, curve I). After the application of a
1.7-um-thick a-C:H:SiO, film, the surface hardness
increases threefold (to 14.3 GPa) at a load of 10 mN.
In this case, the indenter penetration depth equals
162 nm. For a load of 100 mN, the hardness lowers to
4.8 GPa because of the influence of the less hard sub-
strate. It is known that the actual hardness of the film
can be measured if the penetration depth is not greater
than 10% of the film thickness [34]. At loads of 40 and
100 mN, the penetration depths were 550 and 1100 nm,
respectively. Then, for an a-C:H:SiO, film 1.7 um
thick, it is reasonable to measure hardness only at a
load of 10 mN. At a load of 10 mN, the hardness of a
4.6-um-thick film is 15.6 GPa, and the increase in
load to 100 mN decreases hardness insignificantly.
This means that the substrate influences the measured
values of hardness to a lesser extent. The indenter pen-
etration depth at a load of 100 mN equals 550 nm.
After the a-C:H:SiO, film 7.5 um thick was applied,
the surface hardness in the given load interval even
somewhat increases (Fig. 3, curve 4). At a load of
40 mN, the hardness was equal to 19.2 GPa (with an
indenter penetration depth of 342 nm). It seems that
the substrate influences hardness measurements even

Table 1. Mean surface potential of a-C:H:SiO, films vs.
thickness

Surface potential, mV
Film thickness, —
um Si-substrate VT-6 titanium
substrate
0.1 —48.2 —65.9
1 —280 —210.9
—520.1 —
7 —676.7 —

H, GPa
25
20 a_ 4 ___. -A
.- R e ]
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Fig. 3. Hardness H vs. load P on the indenter for (1) VT-6
titanium substrate and a-C:H:SiO, films (2) 1.7, (3) 4.6,
and (4) 7.5 um in thickness.

if the penetration depth does not exceed 10% of the
film thickness.

Figure 4 shows scratch (hardness) test data for the
a-C:H:SiO, films, namely, signals from an acoustic
emission sensor and scratch images at different loads
on the indenter. According to acoustic emission data,
the maximal critical load at which the coating breaks
down is observed in the thinnest film (1.7 wm). The
critical load for this film was equal to 13 N. As the
thickness of this film increases from 4.6 to 7.5 um, the
critical load declines to 9 N.

The electrostatic field potential on the surface of
a-C:H:SiO, films was measured by the double pass
method using a Kelvin-probe atomic force micro-
scope. In the first pass, the surface relief of the sample
was determined in the tapping mode. In the second
pass, this relief was monitored by passing at some
height above the sample to determine the surface elec-
trostatic potential. It was found that the surface poten-
tial of a-C:H:SiO, films applied on silicon and VT-6 sub-
strates is negative (Table 1). Remarkably, when the
thickness of films on Si substrates grows from 0.5 to
7.0 um, the mean value of surface potential grows (in
magnitude) from —50 to 670 mV. The potential of
films applied on VT-6 substrates has comparable val-
ues and also tends to grow with film thickness.

As follows from energy-dispersive analysis data,
the elemental composition of the film does not change
with increasing film thickness. Accordingly, the per-
mittivity of the film is thickness independent. This
means that the surface potential is influenced by the
capacitance of the dielectric, which is inversely pro-
portional to the thickness of the of a-C:H:SiO,, film.

TECHNICAL PHYSICS  Vol. 66 No.1 2021
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Fig. 4. Acoustic emission signals and scratch images taken
during scratch testing of a-C:H:SiO, films (a) 1.7, (b) 4.6,
and (c) 7.5 um in thickness.

CONCLUSIONS

The influence of the thickness of silicon-doped
(11.9 £ 0.4 at %) and oxygen-doped (1.7 = 0.1 at %)
hydrogenized carbon films (obtained in the externally
heated arc discharge plasma) on their surface mor-
phology, hardness, internal stresses, adhesion, and
surface electrostatic potential was studied. It was

TECHNICAL PHYSICS  Vol. 66

No.1 2021

shown that the increase in the thickness of a-C:H:SiO,
films in the interval 1.7—7.5 pum smoothes out the sur-
face roughness on VT-6 titanium substrates. Although
internal compressive stresses rise from 400 to 550 MPa
when a-C:H:SiO, films thicken, these values are much
lower than in undoped diamond-like films. The appli-
cation of a-C:H:SiO, films on VT-6 titanium sub-
strates increases the hardness of the films, and the
increase in their thickness raises the allowable load on
the material. This is of importance when the films are
used as protective or wear-resistant coatings. It was
found that when a-C:H:SiO, films thicken, their neg-
ative surface potential grows from 50 to 670 mV. This
fact is significant when these films are used in fabrica-
tion of medical products and implants to be in contact
with blood.
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