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Pulsed Magnetron Sputtering Deposition of DLC Films
Part Il:High-voltage Bias-assisted Deposition
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Abstract

Short (r=40 ws) and high-voltage (U.,2=2~8 kV) negative substrate bias pulses were used to assist
pulsed magnetron sputtering DLC films deposition. Space- and time-resolved probe measurements of the
plasma characteristics have been performed. It was shown that in case of high-voltage substrate bias spatial
non-uniformity of the magnetron discharge plasma density greatly affected DLC deposition process. By Ra-
man spectroscopy it was found that maximum percentage of sp*-bonded carbon atoms (40~50%) in the
coating was attained at energy Ec~700 eV per deposited carbon atom. Despite rather low diamond-like
phase content these coatings are characterized by good adhesion due to ion mixing promoted by high accel-
eration voltage. Short duration of the bias pulses is also important to prevent electric breakdowns of insulat-

ing DLC film during its growth.
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1. INTRODUCTION

For deposition of DLC films it is principally
important to create thermodynamically non-
equilibrium conditions at the substrate, which
supply formation and conservation of the meta-
stable diamond-like carbon phase. This is attai-
ned, for instance, by argon ion bombardment of
the growing film. So, according to the calculati-
ons performed by Seitz and Koehler”, an ion
with energy of about 100 eV impinging a carbon
surface causes a short-term (7x107" s) local
(in a region of about 1 nm in size) increase in
temperature (up to 3823 K) and pressure (up to
1.3%x10'° Pa). Potentially, this can promote the
formation of a diamond-like nucleus and its
conservation due to quenching. Aisenberg? sug-
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gested that Ar* ions might efficiently transfer
energy to carbon atoms both in the plasma and
on the film surface. Such a knocking-on process
promotes penetration of carbon atoms into the
subsurface region, leading to the growth of dia-
mond nuclei by subplantation mechanism. Both
lack of energy per deposited carbon atom (<
30 eV) and its excess (> 1,000 eV) result in
growth of graphite-like carbon film.

Thus, in order to produce a high-quality DLC
film, it is necessary to control the energy of the
bombarding ions and to provide a high-density
ion current onto the surface. In our previous
paper? it was demonstrated that pulsed magne-
tron sputtering of graphite target synchronized
with low-voltage (up to 500 V) and rather long
(160 zs) pulsed substrate bias satisfied the



Chun H. & / &= %W 38 3] 36 (2003) 148-154 149

above conditions. This technique allowed to de-
posit DLC coatings with rather high percentage
(50-60%) of sp’~bonded carbon atoms on large
-area substrates. However, adhesion of the films
was not sufficient for wear-resistant applicatio-
ns due to absence of ion mixing at the film-
substrate interface and, probably, because of
electrical breakdowns of the growing DLC film.
We supposed that for deposition of highly-
adherent DLC it is necessary to use short (< 60
(s) high-voltage (> 1 kV) bias pulses®. Expe-
rimental verification of this supposition was the
main goal of the work.

2. EXPERIMENTAL

Installation for high-voltage bias assisted
pulsed magnetron sputtering deposition of DLC
films presented in Fig. 1. We used the same set-
up as for low-voltage bias assisted DLC deposi-
tion? except substrate bias voltage pulsed power
supply. The latter produced high-voltage (up to
10 kV) short (40 ts) negative bias pulses,

Fg. 1. Schematic of the experimental set-up:
1-vacuum chamber, 2 -diffusion pump, 3-
magnetron, 4 -substrate holder, 5-magne-
tron power supply, 6 -high-voltage substra-
te bias power supply.

Table 1. PFasma parameters at various distances to
the substrate

d (mm) n;(m™3) T (eV) Ji(Ma/cm?)
0 22x10 3.1 5.4
5 25 %10 3.0 6.2
10 4.2 X 10 2.8 9.6
15 57X 10 2.7 13.3

where d is distance to the substrate, n; is plasma density,
T. is electron temperature, Jj; is calaulated ion current
density at the substrate

which were synchronized with magnetron dis-
charge pulses, but delayed for 60 s with respe-
ct to their beginning, as it is shown in Fig. 2.

Figure 2(b) presents oscillograms of a high
bias voltage U.. and the current J, onto the
substrate. Slight decrease in bias voltage during
the pulse is caused by the discharging of the
capacitor in the primary circuit of the high-
voltage pulse generator. The waveform of the
substrate current depends on the state of the
plasma in the gap between the magnetron cath-
ode and the substrate. The time it takes for a
stable plasma boundary to form is 5~7 s.
Thereafter the substrate current J., remains
almost constant until the end of the voltage
pulse (Fig. 2 (b)).

Pulsed magnetron discharge parameters (Fig.
2(a)) were also the same as in® (i. e. argon
pressure P=0.7 Pa, voltage U =800 V, current
I=52 A, pulse width r=100 s and pulse repe-
tition rate f=250 Hz). Polished Si, Ti and
stainless steel plates were used as substrates.
Conditions of DLC deposition experiments are
given in Table 2.

Compared to lowvoltage bias assisted DLC
deposition®, in this case it is necessary to per-
form time-resolved probe measurements of
plasma density and electron temperature not
only in substrate vicinity, but also at the dista-
nces of 5~15 mm from the substrate. It is ex-
plained by the fact that at high bias voltage
plasma sheath at the substrate is rather thick
(up to 15 mm), and substrate ion current densi-
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Fig. 2. Time-dependent parameters of the process
of ta-C coating deposition:a-voltage Ua
and current J. pulses of the magnetron dis-
charge, b-highvoltage substrate bias Use
and corresponding current J., pulses, ¢c-the
magnetron discharge plasma density n; taken
at various distances from the substrate.
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ty 1s determined by plasma density at the
sheath boundary. Results of plasma parameters
measurements are given in Table 1. The time
dependences of the plasma density, taken at
various distances from the substrate, are plotted

in Fig. 2(c).

Using the plasma parameters, the ion current
density j:(s) at the plasma boundary was deter-
mined by the formula

7d(s)=0.31en{s)V2kT.(s)/M;, (1)

where e is the electron charge, n;(s) is the
plasma density at the plasma boundary, k£ is Bo-
ltzman constant, 7.(s) is the electron tempera-
ture, M; is the ion mass, and s is the width of
the plasma sheath formed at the substrate when
negative bias voltage is applied. The width is
determined by the formula

_ 4 2¢ 2y A
S ‘/980(Mi) ji(s) s (2)

where & is the electrical permittivity of vacuum
and U is the bias voltage at the substrate.

The energy L. per deposited carbon atom
was determined as

EC:eUsub¢i/@Cv (8)

where ®¢ is the carbon atom flux and @; is the
ion flux onto the surface. The carbon atom flux
was estimated by the formula

&= 01// Wi, ‘ (4)

where p is the mass density of the film, v is the
rate of growth of the film, and mc is the mass
of a carbon atom. In the previous paper it was
shown that the film density can be roughly esti-
mated as 2 g/cm® *. For steadystate conditions,
the ion flux onto the surface can be found as

Qi:ji(s)z-subf/ey (5)

Table 2. Experimental conditions of high-voltage bias assisted pulsed magnetron

sputtering deposition of DLC films

# Uan(kV) j{mA/cm?) ®{cms™) v(nm/s) Ec(eV)
1 2 5.9 3.7-10" 0.11 240
2 5 7.1 4.4-10" 0.10 710
3 7.5 8.2 5.1-10" 0.06 1230
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where 7. is the width of the current pulse and
f is the pulse repetition rate.

Deposited DLC coatings were investigated by
Raman spectroscopy, which experimental details
described in®. The hardness and adherence of
the coatings were determined qualitatively using
a rubber with SiO, abrasive particles moved re-
ciprocally with an applied load of around 1 kg.
The results of the sand-rubber test (scratches
and/or delamination) were examined by optical
microscope.

3. RESULTS AND DISCUSSION

The time dependences of the plasma density,
taken at various distances from the substrate,
are plotted in Fig. 2(c). As it follows, the densi-
ty of the magnetron discharge plasma is maxi-
mum and almost stable in the interval between
the 60th and the 120th microsecond from the
beginning of the pulse. Therefore, in the exper-
iment on deposition of DLC films, the high-
voltage pulsed bias was applied to the substrate
with a delay of 60 s relative to the magnetron
discharge pulse (see Fig. 2). As it can be seen
from Fig. 2(b), in this case the substrate cur-
rent remains approximately constant after the
formation of the cathode plasma sheath, thus
Eags. (1) - (2) are valid.

As mentioned above, spatial nonuniformity is
characteristics of the pulsed magnetron dis-
charge plasma. Plasma density n: measured at
various distances from substrate is presented in
Table 1. Besides, measured electron temperature
T. and calculated substrate ion current density
J: are given for the 60th microsecond after
magnetron discharge pulse start. Fiig. 3 presents
the plasma density spatial distribution at the
60th and the 120th microsecond from the be-
ginning of the discharge pulse. The coincidence
of these two curves also proves terporal stabil-
ity of the plasma characteristics within the

mentioned time interval.

Accordingly Egs. (1) and (2), the ion current
density j(s) in the case of magnetron sputter-
ing is not a constant, unlike the case of a uni-
form plasma, but depends on the plasma sheath
width s gt the substrate. The reason for this is
the spatial nonuniformity of the plasma density
n;(s) and electron temperature T.(s) resulting
from the cylindrical geometry of the magnetron
sputtering system. Thus, dependences of the ion
current density and the substrate plasma sheath
width on the substrate bias voltage can be
found by solving the system of Egs. (1) and (2)
using results of plasma measurements (Table
1). As it follows from Fig. 3, dependence of
plasma density on distance to the substrate can
be approximated as:

n;(s) =2.2+0.016 s°, (6)

where s and n,(s) are given in mm and 10" m™3
correspondingly. Assuming electron temperature
equal approximately to 3 eV and independent

H

n (10" m?)

s (mm) -

Fig. 3. Measured plasma density n; vs. distance to
substrate for various time intervals (points -
experimental data, line - approximation),

@® — 60 s from the beginning of the magne-
tron discharge pulse,

(O— 120 s from the beginning of the mag-
netron discharge pulse.
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on s (see Table 1), accordingly to (1) and (6)
we can deduce ion current density vs sheath
thickness as:

Ji(s) =5.4+0.039 s* (7)

where s and j;(s) are given in mm and mA/cm?
correspondingly. Substituting ion current densi-
ty in (2) by (7) we can derive s (U and then
7i(U.w) as functions of substrate bias voltage:

s(Uos) =8.32/ /1 +0.15U.2"7 —1, (8)
7(U)=2.714+0.15U..,"* +1) 9)

where s, Ji(s) and U, are given in mm, mA/
cm? and kilovolts correspondingly.

Fig. 4 presents the dependences of the ion
current density at the plasma boundary and the
substrate sheath thickness on the substrate bias
voltage. It can be seen that for these sputtering
modes the width of the substrate plasma sheath
is small compared to the characteristic dimen-
sions of the substrate holder throughout the
range of bias voltages, which were applied to
the substrate in our experiments. So, we can
neglect the difference between the ion current

12 —— . 12

0 4 8 12
U,y (V)

Fig. 4. Calculated ion current density ji and thick-

ness s of the substrate plasma sheath vs.

the substrate bias voltage U (points -ex-

perimental data, lines - approximations),

O -ion current density at the substrate,
@ - substrate plasma sheath thickness.

densities at the substrate and at the plasma
boundary and use the J:(U.s) values from Fig.
4 to calculate Ec from Egs. (3) - (5).

Conditions of DLC deposition are described in
Section 2 of the paper and given in Table 2, and
results of their examination by Raman scatteri-
ng are presented in Fig. 5 and in Table 3. Dur-
ing the experiments only bias voltage has been
changed. Other parameters of magnetron dis-
charge and bias pulses were constant. That is
why fluxes atoms @. = 3.1X 10" cm™?s™' to the
substrate calculated accordingly (3) was con-
stant. But the ion flux ®; was increased as the
bias voltage changed from 2 to 7.5 kV due to
increase in substrate ion current (see Fig. 4)
density. At the same time energy per deposited
carbon atom E¢ is changed from 240 to 1,230
eV, and the film growth rate decreased from 0.
11 to 0.06 nm/s. These growth rates are several
times lower than in case of low-voltage bias®
due to more intensive film sputtering caused by
higher ion energy.

As it can be concluded from the Raman spec-
troscopy data, the sample with E.=710 eV
shows the best combination of parameters (the

Intensity (arb. units)
W

! 2
i 1
800 1200 1600 2000

Raman shift (cm™)

Fig. 5. Raman spectra of the DLC films deposited
according to the experimental conditions
presented in Table 2.
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Table 3. Parameters of Raman spectra of the DLC

films
# | Felem™) | wolem™) | Folem™) | wolem™) | In/Io
1 1,546 142 1,360 263 1.13
2 1,540 14 1,350 291 1.09
3 1,665 125 1,365 247 1.28

lowest integrated intensity ratio for the D-peak
and the G-peak, the greatest halfwidth of the
G-peak, and the greatest shift of the G-peak
toward small wave numbers)®. The graphite-
like phase content in the film is higher for
lower Ec values (240 eV) and, especially, for
higher Ec values (1,230 eV). In the first case,
this is caused by lack of the energy promoting
the formation of a dense diamond-like phase,
while in the second one, this is a consequence
of its excess, which converts into heat and
causes graphitization of metastable carbon. In
our opinion, this substantial difference in opti-
mum Ec for high-voltage and low-voltage bias?
might be due to (1) a decrease in the ratio of
the ion-to-neutral flux onto the film surface,
resulting from a shortening of the bias pulse;
and (2) deposition of graphite-like carbon wit-
hout bias at the substrate, i.e., at the beginning
and at the end of the magnetron sputtering
pulse. So, considerable part of the ion energy is
spent for resputtering and etching of nondia-
mond-like carbon from the surface of the
growing film, and for ion-induced mixing.
These deposition conditions are close to those
of ion beam assisted PVD, for which optimal Ec
values are 300-1,000 eV®*~®. However, even dis-
regarding the above considerations, the obtai-
ned range of optimal E. values is in agreement
with the data reported by Lifshitz et. al.”®.
Furthermore, Lacerda et. al. noted that, althou-
gh some increase in the content of sp? carbon in
the films with increasing Ec up to 1,000 eV is
observed, the hardness of the films decreases
insignificantly compared to the abrupt decrease
in the intensity of the internal stresses and the

enhancement of their adhesion®,'?.

The I,/Is values for the Raman spectra of
the DLC films deposited at a high-voltage sub-
strate bias (1.09~1.28) are higher than those
obtained with a low-voltage one (0.84~1.14)%.
This corresponds to a lower percentage (40~50
9%) of tetrahedrally bonded carbon in the coat-
ings'”. Despite this, adhesion of these films to
metals is considerably higher than in the case of
a low-voltage bias applied to the substrate” and
no scratches and delamination were observed
for the DLC films after the sand-rubber test.
The improvement may be caused by ion-indu-
ced mixing between the film and the substrate
and between neighboring layers in the film, as
well as by relaxation of internal stresses in the
film under the high-energy ion bombardment.
Besides, as it was observed by optical micro-
scope, insulating DLC film is not subject to
breakdowns because of the shortening of the
bias pulse, that is also favorable to its quality.

4. CONCLUSIONS

Pulsed magnetron sputtering of graphite
synchronized with high-voltage (~5 kV) and
short (~40 ws) pulsed substrate bias voltage
makes it possible to produce DLC films with
moderate percentage (40~50%) of sp®-bonded
carbon atoms and rather low growth rates (~
300 nm per hour) compared to low-voltage bias
assisted deposited DLC. In spite of this fact,
these films are characterized by reasonable
scratch resistance and high adhesion. It can be
supposed that the improvement of the coating
adhesion is caused by high-energy ion bomba-
rdment leading to ion mixing at the film-sub-
strate interface. Besides, short voltage pulses
help to avoid electric breakdowns of the insula-
ting DLC film.
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