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Abstract

Titanium carbide is a well-established wear resistant coating due to its excellent tribological properties including high hardness and elastic
modulus, good wear resistance, low coefficient of friction against steel, and high temperature stability. Recent advances in sputtering technology
have resulted in improvements in the properties and performance of wear resistant coatings. Closed-field unbalanced magnetron sputtering and
pulsed magnetron sputtering have greatly improved the structure and properties of titanium carbide films by increasing ion bombardment at the
substrate. The goal of this research was to investigate how processing ties into the structure–property–performance relationship for these types of
films. An electrostatic quadrupole plasma analyzer was used to measure the energy of ions at the substrate position. Energy ranges from 0.5 to
280 eV were observed under different pulsing conditions. Excessively high ion energy during deposition was found to erode the tribological
performance of films.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

In recent years it has become well established that nano-
composite hard coatings offer superior properties and perfor-
mance over their single phase counterparts. Typically, high
values of toughness and hardness are achieved at the expense
of one another, however nanocomposite thin film designs are
capable of incorporating both properties at exceptional levels.
Low friction tribological coatings can benefit from this combi-
nation of properties, specifically titanium carbide wear resistant
thin films. Nanocomposite TiC thin films consist of nanocrys-
talline TiC grains embedded in an amorphous carbon matrix
(nc-TiC/a-C). Hardness values of nanocomposite thin films can
exceed those of their bulk constituents due to hardness enhance-
ment effects [1,2]. The properties of such films are governed by
not only the constituent materials, but by the microstructure, in
terms of the crystallite size and volume fraction of the matrix
[3].
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While stoichiometry plays a large role in dictating the mic-
rostructure of nanocomposite films, many other process vari-
ables also influence the growth and resultant structure of the
coating. Structure-zone models are a convenient way of sum-
marizing how process variables contribute to the growth and
structure of thin films. Particular modifications to the Thornton
diagram [4] account for bombarding energy due to substrate
bias [5], as well as ion flux [6] for metal films. Ion energy is
dependent not only on the substrate bias, but also on the
deposition technique. The typical energy of arriving ions for DC
magnetron sputtering and ion beam sputtering is about 5 eV,
while for pulsed laser deposition and cathodic arc the energy is
above 40 eV [7]. Energy at the surface of the growing film,
whether it is due to incident energy or substrate temperature,
contributes to the adatom mobility and therefore determines the
microstructure of the film.

Pulsed DC magnetron sputtering was originally developed
for the reactive deposition of insulating films. Pulsing the dis-
charge reduces arcing during the deposition process in addition
to improving the quality of the deposited films [8,9]. Sub-
sequently it has been observed that high electron temperatures
and ion energies are associated with the pulsed discharge
for pulsed closed-field unbalanced magnetron co-sputtered TiC–C thin films,
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that consequently modify the film microstructure [10–12].
Conductive and non-reactively deposited films can also benefit
from the additional energy and film growth modification that
pulsing provides. The goal of this research was to study how
pulsing parameters affect the ion energy distribution in the
plasma and to correlate the resulting microstructures to the
performance of nc-TiC/a-C films.

2. Experimental procedure

Films were deposited in a cylindrical closed-field unbal-
anced magnetron sputtering chamber equipped with four
unbalanced planar magnetrons (300 mm×100 mm), shown
schematically in Fig. 1. A graphite target (N99.5% purity) was
adjacent to a titanium target (99.99% purity), while the other
two targets remained in place but covered to maintain the
closed magnetic field. The substrate remained stationary during
deposition, positioned midway between the titanium and gra-
phite targets, 200 mm from the chamber wall. The magnetrons
were powered by an Advanced Energy Pinnacle® Plus pulsed
DC power supply operating in power control mode. The reverse
time is the “off” time of the cycle during which the voltage
is reversed to a positive value which is approximately 10% of
the negative “on” value. In the synchronous mode both cathodes
are pulsed at the same frequency and reverse time simulta-
neously. In asynchronous mode the frequencies and reverse
times of the cathodes can vary independently. Substrate bias
(−50 V) during film deposition was provided by an Advanced
Energy MDX power supply. Argon (99.9999% purity) was used
Fig. 1. Schematic plan view of the closed-field unbalanced magnetron chamber
for the co-sputtering of titanium and graphite. The dashed lines represent an
approximation of the magnetic field lines. Stronger outer magnets unbalance the
magnetrons, while adjacent magnetrons with opposite polarity close the
magnetic field.
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as the working gas at a pressure of 0.33 Pa (2.5 mTorr). The
base pressure of the chamber was less than 2.67×10−4 Pa
(2×10−6 Torr).

Silicon substrates and 304 stainless steel substrates were
ultrasonically cleaned in acetone for 15 min, then in ethanol for
15 min. Immediately prior to deposition substrates were sputter
etched in 0.93 Pa (7 mTorr) of Ar for 10 min at −400 V to
remove any residual organic contaminants. A thin titanium
interlayer (50 nm) was first deposited on the substrate followed
by the titanium carbide film. Total film thickness was in the
range of 950–1050 nm.

Hardness measurements were taken using an MTS Nanoin-
denter XP in DCM mode with a Berkovich type diamond
indenter. X-ray diffraction patterns were collected on a Phillips
X-Pert Diffractometer with a glancing incidence angle of 2°.
Coefficient of friction values were measured using a CETR
UMT-2 Series Microtribometer in a pin-on-disk configuration.
440C stainless steel balls of 1/16 in. diameter were used as the
counterface. A load of 3 N was applied over a total sliding
distance of 100 m at 20 mm/s in laboratory atmosphere (23–
25 °C and 15–18% relative humidity). SEM images were taken
on an FEI Quanta 600 ESEM in high vacuum mode. XPS
analysis was performed by a commercial analytical laboratory.

A Phillips/FEI CM 200 TEM operating at 200 kV was used
to evaluate the grain size and nanostructure of the films. Holey
carbon TEM grids were coated directly in the chamber with the
film of interest, the overall film thickness was approximately
450 nm. The deposition process caused considerable damage to
the carbon support, presumably due to stress in the coating
which caused the carbon to buckle and roll onto itself. Despite
the damage, some areas of the carbon support remained
sufficiently intact to enable nanostructural analysis. A shadow-
ing effect due to fixturing created a thickness gradient on the
grid, enabling imaging at different film thicknesses which
provided some insight to the grain growth evolution. The
validity of the sample preparation method was determined by
comparing coated grids to equivalent films deposited onto
silicon substrates.

ATektronix TDS 2014 four channel digital oscilloscope was
used to measure the voltage waveforms of the magnetrons and
the substrate under deposition operating conditions. A Hiden
Analytical EQP Analyzer, which combines an electrostatic
sector energy analyzer with a quadrupole mass filter, was used
to observe the energy of the species in the plasma. The sampling
orifice of the probe was placed in the same position as the
substrate to simulate film deposition conditions.

Three primary films of interest were deposited as follows:
film Awas deposited with DC power to both targets, film B was
deposited with DC power to the graphite target and pulsed
power (at a reverse time of 1 μs and a frequency of 100 kHz,
hereafter denoted as 1 μs/100 kHz) to the titanium target, film C
was deposited with synchronous pulsed power (1 μs/100 kHz)
to both targets. The effects of pulsing configuration were
studied in terms of tribological film properties, time-averaged
ion energy distributions (IEDs), and cathode voltage wave-
forms. Target powers were held constant at 450 W for the
titanium target and 1000 W for the graphite target.
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