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Abstract

®

CrossMark

Filtered cathodic vacuum arc (FCVA) deposition is regarded as an important technique for the
synthesis of tetrahedral amorphous carbon (ta-C) films due to its high ionization rate, high
deposition rate and effective filtration of macroparticles. Probing the plasma characteristics of arc
discharge contributes to understanding the deposition mechanism of ta-C films on a microscopic
level. This work focuses on the plasma diagnosis of an FCVA discharge using a Langmuir dual-
probe system with a discrete Fourier transform smoothing method. During the ta-C film
deposition, the arc current of graphite cathodes and deposition pressure vary from 30 to 90 A and
from 0.3 to 0.9 Pa, respectively. The plasma density increases with arc current but decreases
with pressure. The carbon plasma density generated by the arc discharge is around the order of
10" cm ™. The electron temperature varies in the range of 2-3.5 eV. As the number of cathodic
arc sources and the current of the focused magnetic coil increase, the plasma density increases.
The ratio of the intensity of the D-Raman peak and G-Raman peak (Ip/Ig) of the ta-C films
increases with increasing plasma density, resulting in a decrease in film hardness. It is indicated
that the mechanical properties of ta-C films depend not only on the ion energy but also on the

carbon plasma density.
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temperature

(Some figures may appear in colour only in the online journal)

1. Introduction

Amorphous carbon films are a kind of metastable material
composed of sp?C hybridization and sp>C hybridization
[1-5]. Recently, tetrahedral amorphous carbon (ta-C) film
with a high sp® fraction has attracted increasing interest in
various industrial fields due to its unique properties such as
super hardness, excellent tribological behavior, chemical
inertness, self-lubrication and surface adaptation [6—10].
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Various deposition techniques such as magnetron sputtering,
filtered cathodic vacuum arc (FCVA) deposition, ion beam
assisted deposition and pulsed laser deposition have been
employed for the synthesis of ta-C films [1, 7, 11, 12]. The
FCVA method has the advantages of high incident particle
energy, high ionization rate, and fast deposition rate [13, 14].
In particular, the production of ta-C films by arc discharge
constitutes a classical example of plasma synthesis applica-
tion in the field of vacuum science. Moreover, the micro-
structure and properties of ta-C films strongly depend on
plasma parameters during cathodic vacuum arc discharge
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[15, 16]. To understand the formation mechanism of ta-C film
and control the film growth, it is necessary to measure carbon
plasma and precisely adjust ion flux [15, 17, 18].

The plasma diagnostic technique is fundamental for the
deposition process of films by different plasma characteriza-
tion methods, such as optical emission spectroscopy [19],
quadrupole mass spectrometry [20, 21], retarding field energy
analyzer [22] and Langmuir probe [15, 22-24]. Recently, the
Langmuir probe method has been successfully applied to the
measurement of plasma parameters, such as electron temp-
erature, plasma density, and plasma space potential for the
characterization of cathodic vacuum arc discharge in low-
temperature plasmas and monitoring the process. However,
due to the high density of carbon plasma in FCVA, the
Langmuir single probe used commonly in the diagnosis of
plasma parameters collects a large current in the region of
electron saturation, resulting in red heat and even abnormal
electron emission of the probe [25]. In addition, the carbon
plasma generated by FCVA is very unstable, which makes the
measured current—voltage (I-V) characteristic curve extre-
mely unsmooth and difficult to directly use for plasma para-
meter analysis. To solve these problems, the Langmuir dual-
probe system is designed, which exhibits obvious advantages
compared to a single probe. The detected ion current is small
and well below the ion saturation limit, so that it is protected
from the influence of high-density arc plasma. For example,
Thakur et al [26] reported that the current collected by the
dual probe was 15-20 times smaller than that collected by a
single probe, which facilitates diagnosis of plasma over a long
period and avoids damaging the probe with too much current.
Another is that the strong inherent fluctuation of the arc ion
plating plasma is smoothed out using a discrete Fourier
transform (DFT) algorithm. Moreover, the tip apex of the
probe is designed in such a way that no deposition can result
in a short circuit between the tip and its support [27]. Hence,
the Langmuir dual-probe system, combined with the DFT
smoothing method, is used to obtain the plasma average
density and electron temperature. It can be considered an
effective way to diagnose carbon plasma produced by FCVA.

In this study, the effects of the discharge arc current and
the deposition pressure on the electron temperature and
plasma density are investigated. The relationship between the
number of arc sources and carbon plasma parameters is also
studied. The plasma characteristics dependent on pressure, arc
current and number of arc sources provide a further under-
standing of the deposition mechanism of ta-C films.

2. Experimental details

2.1. Langmuir probe measurements

To determine the carbon plasma characteristics such as
plasma density and electron temperature during the synthesis
of ta-C films, the Langmuir dual-probe system has been
successfully developed in the laboratory. The probe system is
the model of the MMLAB-prob series Langmuir probe sys-
tem, based on the virtual instrument principle with the
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Figure 1. Schematic of the experimental setup (a) and structural
diagram of the Langmuir probe (b).

advantages of simple structure, strong reliability and strong
anti-disturbance ability. The Langmuir probe was mounted at
the vacuum chamber of the FCVA system, as shown in
figure 1(a). The site of probe diagnosis was located at the
center of the chamber and the midline of the arc source. To
filter macroparticles, the magnetic filter device has been
designed as a system consisting of a source magnetic (SM)
coil and a focused magnetic (FM) coil [28-30].

Figure 1(b) describes the structure of the Langmuir
probe. The probe system is made of copper wire, ceramic
bushing, a heat-resistant glass tube, a silica tube and probe
needles composed of two cylindrical tungsten wires of 3 mm
in length and 1 mm in diameter. The driving power connected
with the probe was used to apply a sweeping voltage in the
range of —50 to 50 V between the two probes. Plasma
parameters of arc discharge in the vacuum chamber with a
magnetic filter device were investigated, varying the working
pressures from 0.3 to 0.9 Pa and the arc current of graphite
cathodes from 30 to 90 A, respectively. The experiment
details for plasma diagnosis are summarized in table 1.

The I-V curves were analyzed concerning the electron
temperature 7. and the electron density n., as shown in
figure 2. The curve of the saturated ion current region was
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Figure 2. I-V curves.

Table 1. Langmuir probe experiment conditions.

Item Value
Voltage range (V) —50 to 50
Bias step (V) 0.50

Sampling rate (kS s™') 125
Sampling number 500
Probe area (sz) 0.12
FFT factor 7
Gas pressure (Pa) 0.15-0.9
Arc current (A) 30-90

fitted linearly, and the saturated ion current was obtained from
the intercept of the fitted line. The slope of the corrected curve
can be used to calculate the electron temperature T, as shown
in equation (1) [31].

e dV
I.=—" ey
k dlnlf
where e is the electron charge and ~ is the Boltzmann con-
stant. The electron density n. can be obtained using electron
temperature 7, and saturated ion current /; s, as confirmed in

equation (2) [32].
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where [ s, is the ion saturation current, m,. is the electron
mass and A is the surface area of the probe.

2.2. Discrete Fourier transform smoothing method

If the function f(x) represents the measured data f(0), (1), ...,
f(@2n—1), f(x) can be expanded as a Fourier series:

N—1
ap ™ .
x~—+§ ay cos —kx + b sm—kx]
T~ kl[" N Y

an m
+ — cos —7x
2 N

where fo(x) represents the inherent physical law of the mea-
sured data, and N(x) represents the noise composition. If the
function is smoother or more regularly periodic, the
corresponding Fourier series converges faster. Since f(x) is
generally smooth and continuous, and noise N(x) is essen-
tially random and discontinuous, the convergence properties
of their Fourier expansions are convergent and divergent,
respectively. By truncating the Fourier series of f(x) and
discarding the high-frequency terms, the noise components
can be greatly filtered and the measured curves become
smoother.

2.83. Characterization of the deposited film

The bond structures of carbon atoms in the films were ana-
lyzed by a Raman spectroscope (Renishaw inVia, UK) using
an Nd:He-Ne laser with a wavelength of 532nm and an
inverted microscope (ZEISS Axiovet model 25). The hard-
ness and elastic modulus of the as-deposited films were
characterized using a nano-indentation tester (MTS, 100BA-
1C, USA). To avoid the influence of the substrate on the test
results and ensure measurement accuracy, the indentation
depth was controlled at about 140-160 nm and nine inden-
tations were selected for each sample.

3. Results and discussion

In this work, the current of the FM coil is set as 0.25 A for
magnetic type A and 0.5 A for magnetic type B. Meanwhile,
the ratio of SM:FM is 2:1 for magnetic types A and B. The
convergence effect of the carbon plasma increases at higher
coil current of the focused magnetic field, as shown in
figure 3(a). The combustion states of the target under magn-
etic fields A and B are divergent and convergent respectively.

Figure 3(b) displays the motion law of arc spots on the
target’s surface at different times for magnetic type B. The
positive ions attracted to the cathode surface form a layer of
space charge, which generates a strong electric field, and the
cathode surface starts to emit electrons. Joule heating causes
the temperature to rise to produce hot electrons, thereby fur-
ther concentrating the current locally. At the same time, the
ability of the cathode to emit electrons is closely related to the
magnitude of its current. With increasing current, the



Plasma Sci. Technol. 25 (2023) 065506

M Wang et al

(b) K 10's 35s
| / ’
95
-»
245 s 3

-

S

Figure 3. Arc discharge images of the graphite target. (a) Magnetic
field-related discharge, (b) arc spot motion for magnetic type B.

emission of electrons increases, thus increasing the degree of
ionization [33]. Subsequently, local ionization is generated on
the cathode surface, emitting electrons and ions, and leaving
discharge marks, which is also the process of arc spot for-
mation. Therefore, the above process is repeated and the arc
light spots move violently and irregularly on the cathode
surface.

Figure 4 shows the plasma density as a function of the
magnetic type. When the arc current is the same, the plasma
densities for magnetic type B are higher than those for magnetic
type A, as shown in figure 4(a). As an example of the arc current
of 60 A, the plasma density is 1.80 x 10" cm™ and
2.69 x 10" cm ™ for the magnetic types A and B, respectively.
It is found from figure 4(b) that a similar phenomenon is
observed in the case of working pressure, in which the plasma
densities for magnetic type B are higher than those for magnetic
type A. These results indicate that the plasma density increases
with increasing coil current of the FM and the higher the current,
the greater the focusing effect.

Figure 5 shows the effect of deposition parameters on the
plasma density of a single target for magnetic field A. It is
found that the plasma density increases gradually with
increasing arc current from 30 to 90 A in figure 5(a). At the low
pressure of 0.3 Pa, the plasma density is 0.29 x 10'® cm ™2 for
30 A and 4.37 x 10" cm ™2 for 90 A, respectively. In the case
of high pressure of 0.6 Pa and 0.9 Pa, the plasma density is
approximately directly proportional to the arc current. The
plasma density increases rapidly to 3.66 x 10'® cm ™ when the
arc current is higher than 45 A, which could be attributed to
carbon plasma disturbance generated by arc discharge of a
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Figure 4. Variation of plasma density as a function of magnetic type
for arc current (a) and pressure (b).

single target at lower pressure. As shown in figure 5(b), plasma
density decreases with increasing pressure at different arc cur-
rents. At low arc current, no obvious change is observed for
30 A and 45 A. However, it is quite distinct for higher arc
currents above 60 A that the plasma density varies with the
pressure. For the arc current of 90 A, the plasma density
decreases from 4.37 x 10" em™ at 0.3 Pa to 1.96 x 10"
cm > at 0.9 Pa with increasing pressure, which is attributed to
collisions between ions, electrons, and neutral particles and
reductions of ionic charges in the plasma. As the pressure
increases, the mean free path of the electrons decreases, and the
electrons gain less energy before colliding with the molecules,
leading to fewer new electrons and ions [34]. In addition, the
charges of ions in plasma decrease gradually with increases in
deposition pressure and inelastic collision [34, 35]. Figure 5(c)
presents the single target’s electron temperatures as a function
of the pressures at different arc currents. The electron temper-
ature under a single target varies in the range of 2.06-3.42 eV.
It can be seen that the electron temperature fluctuates greatly
and without obvious regularity.

Figure 6 shows the effects of arc current and pressure on
plasma characteristics under the double cathodic target dis-
charge. Compared to the single target, the plasma density
value generated by the double targets fluctuates much less. As
the current increases from 30 to 90 A, the plasma density
increases proportionally to the current, as shown in
figure 6(a). Figure 6(b) shows the double targets’ plasma
density as a function of pressure from 0.3 to 0.9 Pa. Similar to
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Figure 5. Variation of plasma density as a function of arc current (a) and pressure (b); variation of electron temperature (c) for the single
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Figure 7. Variation of plasma density as a function of arc current (a) and pressure (b); variation of electron temperature (c) for three target

discharge.

a single target, the plasma density under double targets
decreases with increasing pressure gradually, and the change
becomes more pronounced as the arc current increases.
Figure 6(c) depicts the electron temperatures of the double
targets. The electron temperatures of the double targets vary
in the range of 1.92-3.41 eV.

Figure 7 exhibits the plasma characteristics measured
under the three target discharge. The plasma density presents
a similar trend to that of the single target and double targets.
When the arc current changes from 30 to 90 A, the plasma
density increases proportionally under the different pressures.

Like the single target and double targets, the plasma density
decreases with increasing gas pressure gradually, as shown in
figure 7(b). It is worth noting that the proportional relation-
ship between plasma density and current is clearer for the
three targets. Figure 7(c) shows the relationship between the
electron temperatures and deposition pressure at the different
discharge arc currents. Similar to the variation law of the
single target and double targets, the electron temperature of
three targets decreases with increasing gas pressure. It can be
seen that when the pressure changes from 0.3 to 0.9 Pa, the
electron temperature decreases from 2.89 to 2.22 eV. As the
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gas pressure increases, the number of collisions per unit of
time increases in the process of arc discharge, and kinetic
energy exchange occurs between electrons and other particles,
which leads to a decrease in electron temperature 7.. In
addition, it is worth noting that compared with the single
target and double targets, the fluctuation of electron

temperature of the three targets decreases with increasing gas
pressure. This means that increasing gas pressure contributes
to the continuity and stability of arc discharge.

Figure 8 illustrates the effects of arc current and gas
pressure on the plasma density with different numbers of
targets, respectively. It can be seen from figure 8(a) that when
the arc current is constant, the plasma density increases with
an increase in the number of targets in approximately direct
proportion. Similar to figures 8(a) and (b) also shows the
same variation of plasma density with the number of targets
under the condition of constant pressure. In addition, com-
pared with the single target and the double targets, the elec-
tron temperature fluctuations of the three targets are the
smallest, indicating that the plasma tends to be stable at this
time. Therefore, with the increase in the number of targets, the
plasma becomes more and more stable and the electron
temperature fluctuates less, which can provide a stable plasma
environment for obtaining a more uniform film. It can be
concluded that the arc current, gas pressure and number of
target materials can have a direct impact on plasma
characteristics.

To explain the relationship between the plasma para-
meters and film structure and properties, the carbon bonding
structure and hardness of deposited ta-C films were char-
acterized by Raman spectroscopy and the nano-indentation
technique, respectively. The Ip/Ig ratio and hardness of as-
deposited ta-C films are shown in figure 9. Generally, the
fitted Raman spectra by Gaussian function can be divided into
D-peaks around 1360 cm ™' and G-peaks around 1580 cm ™.
The D-peak is generated by the respiration vibration mode of
the sp® atoms in the ring, and the G-peak is generated by the
stretching motion of all pairs of sp® atoms in the ring or long
chain [36, 37]. The intensity ratios of the D-peak to G-peak
(Ip/Ig) can be employed to qualitatively analyze the fraction
of sp® and sp® bonds in carbon films; that is, the smaller
Ip/Ig, the higher the sp’/sp” ratio. As the plasma density
increases from 1.11 x 10'° to 5.83 x 10'° cm™3, the In/Is
ratio increases from 0.71 to 5.05, while the hardness
decreases from 56.67 to 4.69 GPa. This result indicates that
the sp> bond fraction and hardness of DLC films decrease
with the increase in plasma density. Based on the above
results, the structure and mechanical properties of amorphous
carbon films are closely related to plasma parameters.

It is well known from the subplantation model proposed
by Lifshitz [38] and Robertson [39] that the properties of
amorphous carbon film depend on the ion energy per C atom.
The highest sp® bonding fractions are formed by C" ions with
ion energy around 100 eV. When the ion energy is low, the
ions cannot be injected into the sub-surface layer of the film, but
just stick to the surface and grow in the way of sp® hybrid
structure. When the ion energy is greater than 100 eV, the extra
ion energy can cause local structure and stress relaxation of
atoms inside the film, which promotes the transformation of
some sp> hybrid bonds into sp® hybrid bonds, resulting in a
decrease in the content of sp> hybrid bonds in the film. Therefore,
in previous studies [40-42], it is generally accepted that the
highest sp> fractions are formed by C* ions with ion energy
around 100 eV. However, it can be concluded from this work
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that the properties of ta-C films depend not only on the energy of
ions but also on the value of plasma density. The carbon atoms
that form ta-C films on the substrate are derived from carbon
plasma, and the density of carbon plasma represents the number
of carbon atoms in the plasma. Under the condition of low
plasma density, the super-hard ta-C film can be obtained by
FCVA, as shown in figure 9. With increasing plasma density, the
carbon ions involved in the formation of sp> hybridization bond
increase, and the excess ions cause coupling reaction with the
formed sp® hybridization bonds and destroy sp> bonds to form
more stable sp” hybridization bonds [43]. In addition, with
increasing plasma density, the thermal peak effect is also
induced, which makes the film structure relax and tend to sp2
hybrid structure [44]. This is the reason why sp” hybridization
bond in ta-C films decreases with an increase in plasma density.
Hence, it can be concluded that the plasma characteristics during
cathodic vacuum arc discharge play an important role in the
microstructure and properties of ta-C films.

4. Conclusions

A Langmuir dual-probe system was established and suc-
cessfully used to measure the carbon plasma parameters
during the deposition process of ta-C films by an FCVA
technique. The plasma characteristics of ta-C films were
strongly affected by the deposition parameters including the
focused magnetic field, arc current, pressure and number of
cathodic targets. The plasma density increased proportionally
with increasing coil current, arc current and number of
cathodic targets, but decreased with increasing gas pressure.
The electron temperatures varied in the range of 2-3.5 eV.
The carbon plasma density generated by FCVA was of the
order of 107'° cm*3, and directly influenced the micro-
structure and properties of the ta-C films. Ta-C films with
super-hardness could be successfully deposited by adjusting
the ion energy and carbon plasma density.
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