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Abstract

Pulsed magnetron sputtering of graphite target was employed for deposition of diamond-like carbon
(DLC) films. Time-resolved probe measurements of magnetron discharge plasma have been performed. It
was shown that the pulsed magnetron discharge plasma density (~10' m™3) is close to that of vacuum arc
cathode sputtering of graphite. Raman spectroscopy was used to examine DLC films produced at low (U
<1 kV) pulsed bias voltages applied to the substrate. It has been shown that maximum content of diamond-
like carbon in the coating (50 - 60%) is achieved at energy per deposited carbon atom of Ec = 100 eV. In
spite of rather high percentage of sp*-bonded carbon atoms and good scratch-resistance, the films showed
poor adhesion because of absence of ion mixing between the film and the substrates. Electric breakdowns
occurring during the deposition of the insulating DLC film.also thought to decrease its adhesion.
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1. INTRODUCTION

Magnetron sputtering systems (or magnetro-
ns) are widely used for deposition of various
films on large-area surfaces (up to 2X2 m?.
An additional advantage of magnetrons is the
absence of a droplet fraction in the sputtered,
mainly atomic, flow. However, using conventio-
nal DC magnetrons for deposition of DLC films
is limited because of the low energy of sputte-
red carbon atoms and the low degree of plasma

ionization near the substrate?. Several modifi-
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cations of DC magnetron sputtering deposition
techniques have been employed for production
of DLC films, e.g. hollow cathode enhanced® or
unbalanced® magnetron sputtering deposition,
including ion-assisted one®. In the first case,
the energy of sputtered carbon atoms in the vi-
cinity of the substrate increases due to the co-
llisionless transport of these atoms at pressure
of 0.01 Pa. However, under these conditions,
graphitization of DLC films occurs because of
the high electron temperature (~5 eV). In the

second case, redistribution of the plasma by a



28 Konstantin V 9] / 3= FH 383 36 (2003) 27-33

magnetic field increases the Ar™ ion density and
the ionization degree (up to 70-80%) near the
substrate. This makes it possible to produce
DLC films using bias voltage applied to a sub-
strate® or its self-biasing®.

Using pulsed magnetron sputtering instead of
DC it is possible to attain the required plasma
parameters. It has been shown by Mozgrin et.
al. that peak current of pulsed diffuse magne-
tron discharge can reach 250 A®. It leads to in-
crease of plasma density in the substrate zone
up to 10" -10" m™* ®, which approaches the
plasma density of cathodic-arc” or pulsed laser
sputtering®. In conftrast to unbalanced magne-
tron sputtering, besides high density, the plasma
is characterized by high percentage of target
material ions (>30%) 9. All these features are
favorable for the formation of a high—quality
DLC film by ion-assisted pulsed magnetron
sputtering deposition.

Naturally, properties of DLC films produced
by pulsed magnetron sputtering of graphite
should depend primarily on the plasma charac-
teristics and on the bias voltage applied to a
substrate. So, the purpose of the work was to
investigate influence of these factors on the

DLC films characteristics.

2. EXPERIMENTAL

The experimental set-up for pulsed-magne-
tron sputtering deposition of DLC films is shown
schematically in Fig. 1. The vacuum chamber
(1) with dimensions of 600X600X600 mm?® is
evacuated by a diffusion pump (2). Inside the
chamber, a cylindrical magnetron (3) with a

graphite target is mounted. The graphite cath-

N
2

Fig. 1. Schematic of the experimental set-up:1-
vacuum chamber, 2-diffusion pump, 3-
magnetron, 4 -substrate holder, 5-magne-
tron power supply, 6-low-voltage sub-
strate bias power supply, 7 -high-voltage
substrate bias power supply.

ode is a 50-cm-long tube of diameter 50 mm;,
the chamber walls are used as an anode. Per-
manent magnets located inside the tube create
the magnetic field of 50 mT at the surface of
the graphite target. The target material is pyro-
lytic poreless graphite of density 2.2 g/cm?® and
purity 99.997 %.

At argon pressure of P=0.7 Pa pulsed mag-
netron discharge of voltage U=800 V, peak
current =52 A, pulse width =100 s (Fig. 2
(a)), and pulse repetition rate f=250 Hz was
ignited in the chamber by magnetron pulsed
power supply (5). In front of the magnetron, at
the distance of 50 mm, a substrate holder (4)
was placed. Polished silicon, titanium and stain-
less steel plates were used as substrates. Low-
voltage (up to 500 V) negative bias pulses of
duration r=160 (s (Fig. 2(b)) synchronized
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Fig. 2. Time-dependent parameters of the DLC
coating deposition:a-voltage U, and cur—
rent J. pulses of the magnetron discharge,

b-low -voltage substrate bias U., and
corresponding current Jsub pulses, c-the
magnetron discharge plasma density ny
taken at the substrate vicinity.

with magnetron discharge pulses were applied
to the substrate holder from pulsed bias power
supply (6). Conditions of DLC deposition exper-
iments are given in Table 2.

Time-dependent plasma probing was per-

formed in the vicinity of the substrate. The La-
ngmuir probe was made of ¢ 0.6-mm nichrome
wire, the length of the charge-collecting part
of the probe was 6.0 mm. The measurements
were used to determine the main plasma para-
meters (the plasma density and electron tempe-
rature given in Table 1). The time dependence
of the plasma density is plotted in Fig. 2(c).
Using the plasma parameters, the steady state
(flat top of substrate current oscillogram in Fig.
2(b)) substrate ion current density ji was dete-

rmined by Bohm's formula

Ji=0.4en 2kT./M: ], (1)

where e is the electron charge, ni is plasma
density at the substrate vicinity in steady state
(flat top of graph in Fig. 2(c)), k is Boltzman
constant, 7. is electron temperature and M, is
the ion mass.

The energy E¢ per deposited carbon atom was

determined as
E.= eUsub‘I)i/(Dc,, (2)

where @ is the carbon atom flux and ®; is the
ion flux onto the surface. The carbon atom flux

was estimated by the formula
®c = pv/me, (3)

where o 1s the mass density of the film, v is the
film growth rate, and mc is the mass of carbon
atom. Obviously, the atom flux depends only on
the discharge characteristics, and, thus, it can
be determined for every sputtering mode in the
absence of substrate bias. Glassy carbon-like
films were deposited onto a substrate under
these conditions. The coating thickness was

measured with an optical interferometer. Densi-
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ty of the glassy carbon-like films was evaluated
equal to 2 g/cm’® by floatation experiments.
Since the substrate current pulse has trapezium
-like shape, the ion flux onto the surface can be

found as

o= jiz—subf/e, (4)

where 7., sub is the current pulse width at half
~height and f is the pulse repetition rate.

The deposited DLC coatings were investigated
by Raman spectroscopy. Films of thickness 100
nm and more deposited on crystalline silicon
were used as samples for examination. The
films were absorbing enough to exclude the in-
fluence of the substrate on the measurements.
Raman spectra were obtained with a 514-nm Ar*
laser whose radiation was focused into a 50um-
diameter beam. The energy density in this case
was low enough to prevent graphitization of the
films during examination. The spectra were re-
corded in the range 800-1800 cm™' with 1.5-cm
~! resolution and then fitted by two Lorentz
curves having maxima in the regions 1500 (
1600 cm™" (G-peak) and 1300-1400 cm™' (D-
peak). The Raman spectra for the samples de-
posited in the conditions presented in Table 2
are given in Fig. 3, and their fitting parameters

are given in Table 3.

The hardness and adherence of the coatings
were determined qualitatively using a rubber
with SiO, abrasive particles moved reciprocally
with an applied load of ~ 1 kg. The results of
the sand-rubber test (scratches and/or detach-

ments) were examined by optical microscopy.

3. RES.ULTS AND DISCUSSION

Plasma characteristics measurements results
and calculated accordingly (1) ion current den-
sity for pulsed magnetron sputtering of graphite
in argon atmosphere are summarized in Table 1.
These data correspond to 60-120.s from the
beginning of the voltage pulse. The probe was
placed at the substrate position holder that is 50
mm from the target surface. For comparison,
the characteristics of the plasma of the DC
magnetron discharge are given. The obtained
values of the plasma density (~10" m™) are
close to the plasma parameters attained by ca-
thodic-arc” or pulsed laser sputtering® of a
graphite target. The time dependence of the
plasma density is plotted in Fig. 2(c). It is
shown that plasma is almost stable in the inter-
val between the 60™ and 120™ from THe begin-
ning of the pulse. This is also followed from the

substrate current oscillogram (Fig. 2(b)).

Table 1. Flasma parameters for various modes of magnetron sputtering of the graphite target in argon

MOd PA; PUm Jm Tm f Te ‘N ji
© (Pa) V) (A) (15) (Hz) (eV) (m™® | (mA/em?)

DC 0.6 450 1 — — 2.7 9,101 0.2

Pulsed 0.7 800 52 100 250 3.1 2.210"7 54

where PAr is argon pressure in the chamber, Um and Jm are magnetron discharge voltage and cur-
rent respectively (pulsed or DC), mis duration of magnetron discharge currentr pulse, f is pulse
repetition rate, Te is electron temperature, ni is pasma density, ji is ion current density at the sub-

strate
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Deposition conditions of the investigated DLC
are presented in the Table 2. During the experi-
ments only bias voltage has been changed.
Other parameters of magnetron discharge and
bias pulses were constant (see Section 2 of the
paper). That is why fluxes of ions ®;=1.0x10"
cm ? 87" and atoms ®c = 3.1X10%cm™* s7' to
the substrate calculated accordingly (3) and
(4) were also constant. As the bias voltage var-

ied from 0 to 500 V, the calc‘ulated according to

Table 2. Experimental conditions of low-voltage
bias assisted pulsed magnetron sputter—
ing deposition of DLC films

F Uw &) v m/fs)__ EcleV)
10 o 0
2 01 02 80
3 0.3 0.20 100
4 o401 130
5 05 016 160

where Usub is negative substrate bias voltage, vis
film growth rate, EC is energy per deposited car-
bon atom

(2) energy per deposited carbon atom Ec
changed from 0 to 160 eV, and the film grow™
rate decreased from 0.29 to 0.16 nm/s due to
sputtering and densification processes.

The Raman scattering spectra for the depos-
ited DLC films are given in Fig. 3, and their fit-
ting parameters are given In Table 3. It can
readily be seen that all spectra can be approxi-
mated by the sum of two Lorentz curves having
maxima in the regions 1500-1600 cm™ (G-
peak) and 1300-1400 cm™' (D-peak), respecti-
vely. The G-peak is sharper than the D-peak
and can be attributed to the scattering by opti-
cal zone center phonons of graphite. The D-
peak is a wide “shoulder" resulting from the

scattering by optical zone edge phonons activa-

ted by disordering of graphite”. The Raman
spectra give no possibility to estimate quantita-
tively the sp*-to-sp? bond ratio; nevertheless,
some qualitative information can be extracted
from them. So, the increase in the ratio of the
integrated intensities of the D-peak and the G-
peak (I,/I;) simultaneous with the shift of the
G -peak toward the region of higher wave num-
bers, as well as the widening of the D-peak and

the narrowing of the G-peak testify to an in-
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Fig. 3. Raman spectra of the DLC films deposited
according to the experimental condiions
presented in Table 2.

crease in sp® bond content in the amorphous
carbon film?.

As it follows from the integrated intensity
ratio of the peaks I/l the percentage of dia-
mond-like carbon in the DLC films initially
abruptly increases, as E¢ is increased from zero
to 140 eV, and then decreases. This dependence
of the diamond-like carbon content in a coating
on Ec¢ is in good agreement with the data avail-
able in the literature for the DLC films produce-

d by cathodic-arc PVD”. These results, as well
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Table 3. Parameters of Raman spectra of the
DLC films

Lelem™) welem ™| Mp(ecm™) WD(Cm_I) I/I;
1577 107 1354 244 1.77
15565 125 1365 247 1.13
1548 159 1352 257 0.84
1552 143 1360 2b8 1.02

5 1562 135 1358 244 1.14

where I'c is G-peak shift, we is G-peak width at
half-maximum, I'p is D-peak shift, w, is D-peak
width at half-maximum

I RVORE ORI e = of

as plasma density measurements, confirm that
conditions realized in the case of low-voltage
bias assisted pulsed magnetron sputtering PVD
are close to "ose typical of cathodic-arc PVD.
Such a behavior can be explained by the forma-
tion of diamond-like carbon phase accordingly
subplantation theory at E; > 50 eV, followed by
its graphitization as the excessive (Ec > 140
eV) particle energy converts into heat. Accord-
ing to Qian et. al., this I,/I; ratio (0.84-1.14) is
typical of DLC films containing about 50-60%
of sp*-bonded carbon atoms'®.

Despite high concentration of sp®-bonded
carbon, the deposited DLC can not be used as
protective or wear-resistive coatings. No scrat-
ches were observed after the sand-rubber test,
but film delamination was obvious. To produce
hard and highly-adhesive DLC coatings, besides
the required energy per carbon atom (~100
eV), it is important to provide bombardment of
the substrate and growing film by high-energy
lons to activate mixing at the film-substrate in-
terface and between the film layers.

The deterioration of adherence might be
caused by electric breakdowns of the insulating
DLC coating occurred as the coating was cha-

rged to a critical voltage (there were spot-like

defects observed on the surface of the films)
during the comparatively long (160 &#s) bias
voltage pulse. Let us use the electrical characte-
ristics of typical DLC films given in'" (the
breakdown electric field lying in the range 10® -
10" V/m and the dielectric constant varying
from 4 to 9) and put the current density at the
substrate equal approximately to 60 A/m? (see
Table 1). We then obtain that in these conditio-
ns a DLC film can be charged to a critical volt-
age within 60 ts, i.é., before the end of the bias
pulse at the substrate. Thus, to produce DLC
coatings of higher quality, it is necessary to
apply to the substrate high-voltage bias (sever-
al kV) and short (< 60 ws) pulses synchronized
with 'the magnetron discharge pulses. Experi-
mental demonstration of validity of this state-

ment is yet to be done.
4, CONCLUSION

1) Pulsed magnetron sputtering of graphite
synchronized with a high pulsed bias voltage
applied to the substrate makes it possible to
produce high-quality DLC films with high
growth rates (up to 1 zn/h) and rather high
percentage (50-60%) of sp®-bonded carbon
atoms. This is possible due to denser plasma
generated by pulsed magnetron sputtering of
graphite (10'7 - 10"* m™?% compared to dc mag-
netron sputtering (~10"° m™3).

2) Despite high concentration of sp®- bond-
ed carbon, the deposited DLC showed poor
adhesion. Possible reason is absence bombard-
ment of the substrate and growing film by high
—energy lons activating mixing at the film (

substrate interface and between the film layers.
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Deterioration of adherence might be caused also
by electric breakdowns of the insulating DLC
coating that occurred as the coating was
charged to a critical voltage during the compar-
atively long (160 ts) bias voltage pulse. Thus,
to produce DLC coatings of higher quality, it is
necessary to apply to the substrate high-voltage
bias (several kV) and short (< 60 us) pulses
synchronized with the magnetron discharge
pulses. Experimental demonstration of validity

of this statement is yet to be done.
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