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Abstract. The results of the research on the formation of amorphous diamond-like carbon (DLC) thin films from
unfiltered plasma flow generated in the combined vacuum-arc are presented in the article. The films were deposited
on silicon (Si 100) and high-speed steel substrates at the negative substrate bias potential over 0 to –500 V range.
The dependence of the physical and mechanical properties of thin DLC films on the substrate bias voltage were
investigated using profilometry, scanning electron microscopy (SEM), Raman spectroscopy and X-ray photoelectron
spectroscopy, nanoindentation testing and scratch tests. The SEM studies have shown that the negative substrate
potential significantly affects the thickness and roughness of the synthesized DLC films, regardless of the substrate
material. The obtained results on the structure and mechanical properties of the films show that amorphous carbon
coatings synthesized at negative substrate potential values of –100 and –125 V have the smallest ID/IG ratio and the
highest internal stress values, and also have the best mechanical properties—hardness of 57 GPa and elastic modulus
of 580 GPa.
Keywords. Amorphous DLC thin film; Raman spectroscopy and XPS spectroscopy; adhesion; hardness and Young’s
modulus; substrate negative bias potential.

1.

Introduction

Diamond-like carbon (DLC) thin films have been developed to address a broad range of coating applications. The
first report on the investigation of amorphous carbon thin
films employed the vacuum-evaporation method [1], where
100 Å-thick carbon films were studied and a theoretical
model for the formation of the tetrahedral structure of
amorphous carbon films was proposed. This was followed
by a report on the deposition of amorphous carbon thin
films [2], where the term DLC (diamond-like carbon) was
first applied to amorphous carbon films, and amorphous
carbon films were synthesized on substrates at room temperature using the ion beam deposition method. Similar
experiments were conducted with direct current (DC) vacuum-arc plasma, generated on a graphite cathode, which
was used to deposit DLC films [3]. Synthesized amorphous
carbon films were also made from unfiltered and filtered
plasma flows, along with an investigation of the

dependence of the film properties on the DC and
radiofrequency (RF) bias potentials [4,5]. The Company
INOVAP (Germany, Dresden) developed a new type of
vacuum-arc evaporation process, which employs a DC-arc
with superimposed high-current arc pulses [6]. Studies have
shown that the use of a combined vacuum arc allows the
DLC films to be deposited without the use of an additional
accelerating potential on the substrate [7]. However, an
exhaustive literature search has shown that there are practically no publications that discuss the influence of the bias
potential on the structure and physico-mechanical properties of DLC thin films synthesized using unfiltered vacuumarc plasma, with the majority of the scientific publications
devoted to the synthesis of thin DLC films via vacuum-arc
plasma filtration [8–10].
Here the results of a series of experiments that deposits
amorphous carbon coatings by a combined DC vacuum arc
with superimposed high-current arc pulses are investigated.
The effect of the DC substrate bias potential in the range
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from 0 to –500 V on the thickness, roughness, microstructure and mechanical properties of the synthesized thin films
is analysed.

2.

Materials and methods

Experiments were performed in an industrial vacuum-arc
device C55CT (INOVAP GmbH, Germany) for the deposition of the DLC coatings. A detailed description of the
device and the operation of its main units is presented in the
study by Zavaleyev et al [11]. Each experiment was conducted under the same conditions, with the exception of the
DC bias potential, which varied from 0 to –500 V as follows: a 25 V step in the 0 to –150 V range, a 50 V step in
the –150 to –400 V range and a 100 V step in the –400 to
–500 V range. The temperature during the synthesis of DLC
thin films was maintained in 130–150°C range, with the
temperature control consisting of a thermocouple located in
the centre of the vacuum chamber, using standard equipment of the process unit. The procedure and parameters for
the deposition process of thin DLC coatings are presented in
table 1.
The thickness of the synthesized DLC thin films was
measured using scanning electron microscopy (SEM:
JEOL JSM-5500 LV), with cross-sections of the selected
DLC coatings deposited on silicon substrates at the different substrate bias potentials as shown in figure 1. The
internal stresses and the roughness of the deposited DLC
thin films were measured on the HOMMEL-ETAMIC
T8000 profilometer. A detailed description of the applied
measurements methodology is described in [11,12]. The
mean hardness and Young’s modulus of the films were
measured using a nanoindenter (Nano Indenter XP, MTS)
equipped with a diamond Berkovich tip, where a constant
indentation depth was applied and a minimum of ten
effective measurements were taken. The calibrated contact
area function was determined from the indentation tests
conducted on a fused quartz standard specimen. It was then
possible to obtain the elastic modulus and hardness data
continuously during a nanoindentation process by using the
Table 1.
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continuous stiffness measurement (CSM) method. The
results were calculated from the depth where there was no
influence of the substrate for each sample, which ranged
from 5 to 10% of the film thickness. The samples from
HS6-5-2 high-speed steel (HSS) steel ([30 9 3 mm) with
synthesized DLC thin films were also examined for
adhesion properties using the scratch tester (REVETESTÒ
CSM Instruments) with a conical diamond indenter
(spherical tip radius = 200 lm). The tester worked with
linearly increasing load from 0.9 to 100 N (loading rate 99
N min-1, track length 10 mm), performing three tracks for
each sample. With the use of an optical microscope, the
critical load values Lc1 and Lc2 were determined [13].
Raman spectra measurements were conducted using the
Renishaw inVia device, with the Raman scattering spectrometer working at the 514 nm wavelength in a reverse
scattering geometry. More detailed description of the
measurement’s methodology is described in the work [14].
High-resolution X-ray photoelectron spectroscopy (XPS)
studies were carried out on an Escalab 250 Xi (Thermofisher Scientific, USA). The spectroscope was equipped
with Al K-alpha source. The pass energy was 15 eV and
the spot size diameter was 650 mm. Charge compensation
was controlled through the low-energy electron and lowenergy Ar? ions emission by means of a flood gun. The
sp2-to-sp3 analyses were carried out after cleaning the
sample surface by Ar? ion bombardment (duration 50 s,
ion energy 1000 eV, electron emission 10 mA, raster size
1.2 mm). The deconvolution was processed using implemented Avantage v5.973 software (Thermofisher
Scientific).

3.
3.1

Results and discussion
Thickness and roughness of the DLC films

The thickness of the DLC
substrate bias potentials
decrease in the coating
increase in the substrate

coatings synthesized at different
is shown in figure 2, with a
thickness corresponding to an
potential. The thickness of the

Experimental parameters of DLC coatings deposition.

Process stage
Etching with Cr ions
Deposition of Cr layer
Substrate cooling to
90°C
Etching with C ions
Deposition of ta-C
coating

Treatment duration
in one step (s)

Pause duration
in one step (s)

Number of
steps

Ubias
(V)

pAr
(Pa)

IArc
(A)

Ipulse
(A)

120
200
1800

60
60
—

5
9
1

–500
–80
—

0.4
0.4
—

100
100
—

—

60
30

60
60

2
35

–500
0-500

0.01
0.01

50
50

1400
1400

Denotations used in the table: Number of steps — number of repetitions of particular process stages, Ubias — substrate negative bias potential, pAr — argon
pressure, IArc — current of DC arc discharge, Ipulse — peak current of pulse arc discharge.
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Figure 1. Photographs of the cross-sections of the DLC coatings deposited on silicon substrates: (a) Ubias ¼ 0 V; (b) Ubias ¼ 25 V;
(c) Ubias ¼ 100 V and (d) Ubias ¼ 500 V.

coatings decreases from 1.6 to 1.3 lm in an approximately
linear fashion, as the substrate potential increases from 0
to –500 V, with two constant-value regions for the bias
values over the –50 to –150 V and –200 to –400 V ranges.
This thickness decrease is most likely associated with the
increase in the efficiency of the surface sputtering during
the synthesis of amorphous carbon thin films as the
accelerating potential of the substrate increases. We also
used argon gas in the experiments to stabilize the work of
the vacuum-arc plasma sources, which can yield the effect
of additional surface sputtering. An additional contribution
to the sputtering effect, besides a high substrate potential,
can be associated with the use of a combined vacuum arc
in our experiments. This leads to high plasma ionization
during the synthesis of diamond-like thin films and, as a
result, additional surface etching occurs. It has been suggested that the superposition of additional high-current
pulses gives a high ionization of the plasma flow, which
may also contribute to intensive sputtering of the surface
when observed in combination with the applied negative
bias potential [6,7].

Figure 2. Dependence of the DLC coating thickness on the
negative substrate bias potential.

The relationship between the surface roughness of DLC
coatings deposited on the Si and HSS substrates and the
applied DC negative bias potential is shown in figure 3. An
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increase in film roughness is observed with increasing
substrate bias potential over the 0 to –100 V range, and a
decrease in the roughness with the further bias increase
from –100 to –500 V, regardless of the substrate material. A
similar dependence was observed between the roughness of
a-C films and the negative substrate potential, which were
synthesized using the filtered cathodic jet carbon arc technique [15], where an increase in the surface roughness of
the carbon condensates occurred for the bias voltage up to
–150 V and then a decrease at higher voltages. This initial
increase in surface roughness is due to the increasing surface mobility and clustering of small particles on the surface
with increasing negative potential of the substrate. A further
increase in the negative potential of the substrate (over
–150 V) leads, via the intensive bombardment by high-energy ions, to a closed packing, instead of clustering, of
small particles at the surface and the subsequent decrease in
surface roughness. These a-C films, deposited by the filtered
cathodic jet carbon arc technique, contained carbon
nanoparticles embedded in the amorphous carbon matrix,
with the nanoparticles that formed on the cathode in the
region of the cathode spots and transported by plasma flow
to the substrate, where they clustered. The clustering processes could also take place in the jet, on the way to the
substrate. Studies of the DLC thin films synthesized using
an unfiltered vacuum-arc plasma concluded that an increase
in film roughness via direct unfiltered plasma flows was
caused by the flux of graphite microparticles deposited on
the substrate [3]. It can also be assumed that the
microparticles that bounce off the substrate may influence
the state of the film surface, because a part of their kinetic
energy changes into heat, which in turn causes local
graphitization of the film surface. Such interpretations of the
increase in DLC film roughness are in good agreement with
our experimental data. Here we use a combined vacuum-arc
method in the synthesis process, where the simultaneous
operation of a constant vacuum arc with superimposed
high-current pulses can also contribute to the occurrence of

Figure 3. Dependence of the DLC film roughness on the
substrate negative bias potential.
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all the effects described above. The SEM images of the
surfaces of DLC coatings synthesized at different negative
substrate bias potentials on the Si and HSS substrates show
that the maximum amount of microparticles is observed at a
bias potential of –100 V, regardless of the substrate material
(figure 4). We also observe a gradual decrease in the
number of microparticles on the film surfaces as the negative potential of the substrate is increased to –500 V. An
increase in the negative bias potential of the substrate from
–100 to –500 V most likely leads to an intensive sputtering
of the thin film surface (figure 4), which can in turn lead to
a decrease in the surface roughness of the thin films. This
effect of intensive sputtering is also visible in the dependence of the DLC films thickness on the substrate bias
potential (figure 2).

3.2 Visible Raman spectroscopy and compressive stresses
in the DLC films
The Raman spectra of DLC films synthesized by the combined vacuum-arc method at the substrate bias potential
values from 0 to -500 V are shown in figure 5. The presented graphs indicate that all Raman spectra demonstrate a
typical peak for amorphous DLC films and all the spectra
are almost the same. Deconvolution of the obtained Raman
spectra, using the Gaussian curve, allowed to determine the
locations of the constituent peaks maxima: at 1355 cm-1
(for D peak) and at 1575 cm-1 (for G peak). The G peak
results from the E2g bond stretching modes of all pairs of
sp2 atoms in both aromatic rings and carbon chains, while
the D peak is due to the A1g symmetry breathing modes of
sp2 atoms only in rings [16–22]. The intensity ratios of the
D and G peaks (ID =IG ) were calculated, based on the results
of a Gaussian fitting, for all samples of amorphous carbon
thin films deposited by the combined vacuum-arc method.
The dependence of ID =IG for the deposited DLC films on
the substrate bias potential is shown in figure 6, where it can
be seen that ID =IG decreases from 0.9 to 0.52 as the negative
bias potential increases from 0 to –125 V. However, ID =IG
increases from 0.52 to 0.8 with the continued increase in the
negative bias potential from –125 to –500 V. The lowest
ID =IG value in the deposited DLC films was obtained at a
bias potential of –125 V, which allows us to assume that the
largest concentration of sp3-bonds in the films occurs at this
bias potential [21–24]. The Raman spectra measurements
and ID =IG ratios are in good agreement with the data
obtained for the internal stresses, which are described
below.
The average values of the internal stresses measured in
the DLC films deposited on Si substrates (100) at different
negative bias voltage values of the substrate are presented in
figure 7. All of the synthesized amorphous carbon films
have compressive stresses. It can be seen that the compressive stresses in the DLC films increase with increasing
bias voltage and reach a maximum value of 3.2 GPa at a
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Figure 4. Typical SEM micrographs of the DLC film deposited at different negative substrate bias potentials
on the (a) Si substrate and (b) HSS substrate.

170

Page 6 of 8

Figure 5. Raman spectra of the DLC coatings obtained at
different negative bias potentials.

Figure 6. The ID =IG ratios of the DLC coatings deposited at
different substrate negative bias voltages.

negative bias voltage of –125 V. The compressive stresses
show an approximately linear decrease to the minimum
value of 1.9 GPa for a further increase in the substrate bias
voltage. The formation of high compressive stresses is
associated with the relatively high fraction of sp3-bonds
between the carbon atoms in the film. Figure 8 shows the
effect of negative substrate bias potential on the content of
diamond-like sp3-bonds in the synthesized amorphous DLC
films. The figure shows that the content of the diamond-like
sp3-bonds linearly increases from 40% to about 65%, as the
negative bias potential of the substrate increases from 0 to
–125 V, and then decreases almost linearly to a minimum
value of about 35%, at the negative bias potential of –500V.
The minimum ID =IG value in the Raman spectra of the
deposited amorphous DLC films was obtained for the bias
voltage of –125 V, which is in good agreement with the
maximum value of the compressive stresses and the results
of XPS measurement’s obtained at this value of the substrate bias potential. A similar dependence of the internal
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Figure 7. The influence of the negative bias potential of the
substrate on the compressive stresses in the synthesized amorphous
DLC films.

Figure 8. Effect of negative substrate bias potential on the
content of diamond-like sp3-bonds in synthesized amorphous DLC
films.

stresses on the negative potential of the substrate was previously obtained [25,26], where a-C thin films were synthesized using magnetic plasma filters. The maximum value
of the internal stresses in the amorphous carbon a-C films
was obtained at the negative bias potential of –120 V
(which corresponds to a carbon ion energy of about 140
eV). The studies conducted by the X-ray photoelectron
spectroscopy and electron energy loss spectroscopy methods demonstrated that thin amorphous carbon a-C films that
were synthesized at the substrate bias potential of –120 V
contained the maximum amount of sp3-bonds (up to 80%).

3.3

Mechanical properties of the DLC films

The mechanical properties of the coatings were measured
using the nanoindentation method (figure 9). The hardness
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Figure 9. The influence of the negative bias potential of the
substrate on the hardness and Young’s modulus of the synthesized
amorphous carbon DLC films.

and Young’s modulus of amorphous carbon thin films
deposited using the combined DC/high-current pulse-arc
method at the negative bias potential of the substrate rising
from 0 to –100 V increased from 36 to 57 GPa, and from
406 to 582 GPa, respectively. With a further increase of the
substrate bias from –100 to –500 V, the hardness and the
Young’s modulus decreased almost linearly to 38 and 374
GPa, respectively. Such a large scatter of the mechanical
properties of amorphous carbon films indicates the decisive
role of the negative potential of the substrate in the coating
formation process, which was also noted by other authors
[3,4].
The scratch test was used to determine the adhesion of
the deposited DLC coatings. The dependence of the average
values of the critical load Lc2 on the negative bias potential
of the substrate is presented in figure 10. These results
demonstrate that the best adhesion of thin DLC films was
obtained when the bias potential was –50 and –150 V. A
DLC coating thickness of 1.5 lm was obtained at these
substrate bias potentials, with an optimum internal stress
values of 2.7 and 2.5 GPa, respectively. The internal
stresses in the deposited DLC coatings increase when the
substrate bias potentials are in the –75 to –125 V range,
which most likely leads to a decrease in the adhesion
properties of the films. The internal stresses of our coatings
decrease as the substrate potential increases from –125 to
–500 V, but the adhesion also decreases. Here the influence
of the high negative potential of the substrate on the
structure of a thin film, as well as its thickness, most likely
plays a role. It is known that thin film adhesion can be
influenced by both the thickness of the DLC film itself and
the thickness of the transition adhesive sublayer, which is
composed of a carbide-forming metal (we used a sublayer
of Cr here). The adhesion of DLC thin films synthesized
using the filtered cathodic vacuum-arc method is strongly
influenced by the thickness of the DLC coating itself, as
well as the thickness of the transition metal sublayer, where
the optimum thickness of the Cr metal sublayer was 0.5 lm
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Figure 10. Dependence of the critical load Lc2 of the DLC
coatings on the substrate negative bias potential.

for an amorphous carbon film with a thickness of 0.9 lm
[27–29]. There was a significant influence of the compressive internal stresses in the synthesized DLC thin films on
their adhesion properties. A certain thickness of the Cr
metal sublayer reduces the internal compressive stresses of
thin films, which leads to an increase in their adhesion. Here
the thickness of the Cr transition adhesive sublayer was 0.3
lm (figure 1) for all the synthesized DLC coatings, with
identical experimental conditions where only one parameter, the negative accelerating potential of the substrate, was
changed in each process.
The presented dependences of mechanical properties of
deposited coatings on the bias potential are in good agreement with the results obtained for ID =IG and the internal
stresses. The obtained results allow us to assume that
amorphous carbon films synthesized using a combined
vacuum arc contain the maximum amount of diamond-like
sp3-bonds, which are responsible for the basic physical and
mechanical properties of the films, when the negative bias
potential of the substrate is in –100 to –125 V range.
The studies described above have thus shown that the
properties of the DLC coatings synthesized by the combined vacuum-arc method strongly depend on the negative
potential of the substrate and its temperature (we have
previously described the study of the substrate temperature
effect on the properties of synthesized DLC films [11]). The
formation of amorphous carbon thin films with the best
physical and mechanical properties occurs at a negative
substrate bias potential in –100 to –125 V range, which is
consistent with the results obtained for DLC coatings
deposited using various plasma filter designs
[4,8–10,25–30]. Such a dependence of the properties of
amorphous carbon films, which are synthesized without
filtration of the plasma flow from microparticles, on the
substrate bias potential may only concern the processes
carried out using the combined pulsed-DC vacuum-arc
method applied here.
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Conclusion

The combined pulsed-DC vacuum-arc method was
implemented in the C55CT industrial plant to synthesize
amorphous carbon DLC coatings and conduct a detailed
study of the dependence of their properties on the negative DC potential of the substrate. The obtained results
proved that there was a strong influence of the substrate
bias on the structure and mechanical properties of the
amorphous carbon coatings. These investigations have
demonstrated that the negative bias potential values of the
substrate in –100 to –125 V range are most suitable for
the synthesis of amorphous carbon thin films. The DLC
coatings that formed at a bias potential of –100 V have a
maximum roughness (Ra ¼ 0:24 lm). However, further
research is needed to explain this effect and the effect of
the constant-value regions in the films thickness that
occurred within two ranges of the studied substrate bias
values. It has been also established that the minimum
value of estimated ID =IG ratio, as well as the maximum
value of the internal compressive stresses and the maximum content of sp3 bonds in the synthesized DLC films
were obtained at the negative bias potential of –125 V
(their values were 0.52, 3.2 GPa and 65%, respectively).
The average hardness of the DLC films synthesized at the
substrate bias values of –100 and –125 V is 57 GPa, and
the average modulus of elasticity is 580 GPa. The results
of the scratch tests on the deposited DLC coatings showed
that the adhesion of the film is weak for the negative
substrate bias potentials in –100 to –125 V range. The
dependencies of the ID =IG ratio, internal compressive
stresses, the maximum content of sp3 bonds, hardness and
adhesion on the substrate bias potential are in good
agreement with each other.
The studies carried out in this work showed that one of
the main parameters for the synthesis of thin DLC films of
amorphous carbon by the combined vacuum-arc method
without plasma flow filtration, along with the substrate
temperature, is the negative bias potential of the substrate
and its optimal range is from –100 to –125 V.
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