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Abstract In this paper, it is aimed to investigate the struc-
tural and mechanical properties of TiAIN coatings deposited
by the magnetron sputtering method on silicon substrates
using a compound Tip 5Alp 5 target at different nitrogen par-
tial pressures of 0.3, 0.6 and 1.2 mtorr, substrate bias volt-
ages of 0, —100 and —200 V and target to substrate dis-
tances of 6, 11, 16 and 21 cm. Scanning electron microscopy,
energy-dispersive X-ray spectroscopy, X-ray diffraction,
atomic force microscopy, the CSEM nano-hardness tester
and CSEM-Calotest were used to characterize the coatings.
The results showed that the hardness and mechanical prop-
erties of the coatings increased at low nitrogen pressures
and high bias voltages, and that target to substrate distance
showed a significant effect on the structural and mechanical
properties of the coatings. With a shorter target to substrate
distance, densified TiAIN coatings of substantially higher
hardness and Ti content were produced with enhanced depo-
sition rate. Furthermore, 11 cm target to substrate distance
was found as the critical distance for the hardness and Al con-
tent of the coatings, especially at low bias voltage and low
nitrogen pressure, respectively. In addition, X-ray diffraction
analysis in this study showed that short target to substrate dis-
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tances and high bias voltages indicated significant effect on
a (2 0 0) preferred orientation of the NaCl structure.
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1 Introduction

Ceramic coatings on various materials have shown significant
improvements since 1970. Some of the well-known coating
techniques are physical vapour deposition (PVD), chemical
vapour deposition (CVD), sol-gel (SG), plasma sprey (PS),
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etc [1]. The first of these, in PVD coating, basic deposition
processes are evaporation, sputtering and ion plating. The
basic sputtering process has been known for many years and
many materials have been successfully deposited using this
technique. However, the process is limited by low deposi-
tion rates, low ionisation efficiencies in the plasma, and high
substrate heating effects. These limitations have been over-
come by the development of magnetron sputtering and, more
recently, unbalanced magnetron sputtering. Consequently,
magnetron sputtering, especially the unbalanced magnetron
sputtering systems, now makes a significant impact in appli-
cation areas including hard, wear-resistant coatings, low fric-
tion coatings, corrosion-resistant coatings, decorative coat-
ings and coatings with specific optical, or electrical proper-
ties. Therefore, magnetron sputtering have been widely used
for the deposition of thin films in industrial applications [2,3].

The bond structure in transition metal nitrides consists of
a mixture of covalent, metallic and ionic components, and
is responsible for high hardness, excellent wear resistance,
chemical inertness, good electrical conductivity and super-
conducting properties. The interest in thin films of metal
nitrides is growing rapidly for wear and corrosion resistant
applications [4—7]. Especially, Ti-based hard ceramic films
deposited by physical vapour deposition (PVD) techniques,
such as titanium nitride (TiN), have been extensively studied
and successfully used in different areas because of their desir-
able properties of high melting point, high hardness and wear
resistance and high thermal conductivity [4,8,9]. By incor-
poration of aluminium in TiN film forms titanium aluminium
nitride (TiAIN), which improves the oxidation behaviour and
thermal stability of the coating [4,5,10]. The most impor-
tant properties of TiAIN coatings are high hardness (~28-32
GPa), relatively low residual stress (~5 GPa), superior oxida-
tion resistance, high hot hardness and low thermal conductiv-
ity. These features make TiAIN coatings most desirable in dry
machining, the machining of abrasive alloys at high speeds,
hot extrusion, die casting and cold drawing [4,11-17]. Fur-
thermore, the formation of a protective, adhesive Al,O3 top
layer at high temperatures increases the diffusion and oxida-
tion resistance of TiAIN films by preventing oxygen diffusion
to the coating [9,11,18-23].

Non-reactive as well as reactive versions of magnetron
sputtering are based on the emission of film-forming sur-
face atoms from the target by the impact of hyperthermal
gas ions extracted from the plasma of a gas discharge [24].
The properties and performance of TiAIN coatings deposited
by PVD techniques are largely affected by deposition para-
meters such as nitrogen pressure and bias voltage. Jeong et
al. [25] found that the columns of TiAIN coatings became
denser and finer grained morphology as the nitrogen flow
rate increased. Ramana et al. [26] and Oliveira et al. [27,28]
reported that the hardness of TiAIN coatings increased as the
nitrogen content of the coating increased. Wuhrer et al. [29]
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showed that the deposition rate and hardness of the coatings
decreased and their surface roughness increased when the
nitrogen pressure increased. In addition, bias voltage has a
significant effect on coating properties. Barshilia et al. [30]
and Ramana et al. [26] found the optimum bias voltages as
—75 and —100 V, respectively. However, Ahlgren et al. [31]
reported that compressive residual stress also increased with
increased bias voltage. The application of additional bias
voltage is also probably necessary to achieve a superlattice
structure with relatively smooth interfaces and, simultane-
ously, a dense nanocrystalline microstructure [32].

Although target to substrate distance (TSD) is a very
important parameter in Ti-based coating properties, there is
only a limited number of studies on the subject in the litera-
ture [29,33,34]. Wuhrer et al. [29] showed that the coatings
deposited with a 65 mm TSD were generally of higher hard-
ness than coatings with a 110 mm TSD. Chen et al. [34]
found that the deposition rate decreased and the Al/Ti ratio
increased when the TSD increased from 57 to 85 mm. You et
al. [33] also showed that the deposition rate decreased when
the TSD increased from 30 to 100 mm. Panich et al. [35]
found that the hardness and coating-substrate adhesion of
the coatings deposited on stationary substrates were much
higher than those deposited on rotating substrates.

This paper reports and discusses the inter-relationship
between the nearer TSD, coating parameters and TiAIN coat-
ing properties in detail. The structural and mechanical proper-
ties of TiAIN coatings deposited by the magnetron sputtering
method on Si(100) substrates using a compound Tig 5Alg 5
target at different nitrogen partial pressures of 0.3, 0.6 and
1.2 mtorr, substrate bias voltages of 0, —100 and —200 V
and target to substrate distances of 6, 11, 16 and 21 cm were
investigated and the comparative properties were discussed.

2 Experimental Details
2.1 Coating Deposition

TiAIN coatings were deposited by the dual magnetron sput-
tering system shown in Fig. 1a on Si(100) substrates using a
compound Tig sAlg 5 target (at. 50 % Ti-50 % Al). The system
has a stainless steel vacuum chamber (600 mm in diameter
and 800 mm high) and two unbalanced planar magnetrons
powered by two independent 12 kW DC generators (12 MDX
advanced energy). The system used also has a plasma emis-
sion monitoring (PEM) system for monitoring and control-
ling the reactive sputtering processes for the production of
high-quality films, reproducibly. The sputtered species origi-
nated from a compound Tig 5Alp 5 target with a size of about
645 x 110 x 10 mm. The reactive sputtering process is very
non-linear and usually exhibits a hysteresis behaviour with
respect to the reactive gas flow [36,37]. To optimize the coat-
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Fig. 1 Schematic illustrations of a magnetron sputtering coating system, b substrate holder and TSDs, pictures of ¢ experimental set up, d substrate

holder in vacuum chamber

ing parameters preliminary tests were conducted and nitro-
gen flow rate-cathode voltage-plasma emission (EMS) hys-
teresis behaviour was investigated. According to the results,
the coating parameters were changed in the compound mode
to ensure the growth of high-quality nitrides.

Prior to deposition, the substrates were ultrasonically
cleaned in alcohol and also in acetone, each for 15 min,
rinsed in distilled water, dried and then put into the deposition
chamber. A stainless steel substrate holder was designed to
set different TSDs, as seen in Fig. 1b. The pictures of exper-
imental set up and substrate holder in vacuum chamber are
shown in Fig. lc, d. The TSDs were set 6, 11, 16 and 21

cm for each coating. The substrate holder was positioned in
a static mode in front of the TiAl target and no turning was
applied in the chamber. The substrate holder was also con-
nected to an additional DC generator to apply ion bombard-
ment for enhanced film adhesion. Argon and nitrogen were
employed as the sputtering and the reactive gas, respectively.
Mass flow rates were controlled with mass flow meters and
pressures were measured with Baratron and Pirani pressure
gauges. The deposition chamber was evacuated to a vacuum
of about 3 x 10~2 mtorr and backfilled with argon gas to a
pressure of 5 mtorr. First of all, the target was sputter cleaned
in pure Ar to remove oxide and nitride layers on the target
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surface with a desired DC power until a constant discharge
voltage was reached. Then, the substrates were cleaned using
Ar™ ion bombardment for about 25 min at a negative DC
substrate bias voltage of about 750 V. Prior to the growth
of the TiAIN coating, a thin TiAl interlayer was deposited
to enhance the adhesion of the coating to the substrate (30
s at 4,000 W target power). Then high purity nitrogen gas
(99.998 %) was introduced to the system. The nitrogen flow
control was used to obtain the desired target voltage for com-
pound mode. Nitrogen pressures were changed between 0.3,
0.6 and 1.2 mtorr (4 x 1072, 8 x 1072 and 1.6 x 107!
Pa). TiAl target power was constant at 4,000 W and substrate
bias voltages were changed between 0, —100 and —200 V.
During the deposition process external heat was not used,
and during the growth of the coating the temperature of the
chamber was about 80 °C, as measured by a thermocouple.
The chamber walls were water-cooled during the deposition.
The deposition time was 45 min for all coatings.

2.2 Characterization Techniques

All coatings were studied using scanning electron microscopy
(LEO 440). The thickness of the coatings was measured
using scanning electron microscopy and also by CSEM-
Calotest. The deposition rates of the coatings were calcu-
lated from the overall thickness of the coatings divided by the
total deposition time. The composition of the coatings was
obtained using energy-dispersive X-ray spectroscopy. The
atomic rates were calculated as the average of three measure-
ments taken on different regions of each coating. The crystal-
lographic structure and orientation of the coatings were stud-
ied using X-ray diffraction (Bruker AXS-D8 advanced) with
Cu K, radiation. The main results of the mechanical prop-
erties, hardness (H) and elastic modulus (E), were recorded
by CSEM nano-hardness tester using a Vickers indenter. The
H and E values of the coatings were determined from the
load-indentation curves using the Oliver-Pharr method [38],
assuming a Poisson ratio of 0.30. Using a load of 15 mN the
contribution from the substrate was regarded as very small
or none for all coatings. The loading and unloading rates of
the Vickers diamond indenter were 30 mN/min. In addition,
the surfaces of the coatings were examined by atomic force
microscopy (Veeco multimode nanoscope 3D) on a surface
area of 2 x 2 wm? using tapping mode, and the Mahr pro-
filometer. All the above-mentioned comparative properties
were discussed.

3 Results and Discussion
3.1 Deposition Rates

The scanning electron micrographs of the fractured cross-
sections of TiAIN coatings revealed that the coating thick-
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Fig. 2 The fractured cross-section of TiAIN coating deposited at nitro-
gen pressure of 1.2 mtorr, —100 V bias voltage and 16 cm TSD

nesses up to 5.2 wm, and the deposition rates up to 115.5
nm/min were achieved. In addition, the thickness of the TiAl
interlayers was found as 303, 170, 125 and 105 nm for 6,
11, 16 and 21 cm TSDs, respectively. The scanning electron
microscope image of the fractured cross-section of TiAIN
coating deposited at nitrogen pressure of 1.2 mtorr, —100 V
bias voltage and 16 cm TSD can be seen in Fig. 2. There
it was seen that all the coatings deposited by different coat-
ing parameters generally exhibit a columnar structure with
a relatively compact structure and pore-free surfaces. The
variations of deposition rate of the coatings with TSD for
different nitrogen pressures and bias voltages are given in
Fig. 3. The results showed that increasing the TSD and nitro-
gen pressure caused a decrease in the deposition rate for
all coatings. At high nitrogen pressures, the poisoning of
the magnetron targets and the collision and scattering of
the atoms and molecules become significant, and reduce the
number and kinetic energy of the species approaching the
substrate. The deposition rate of the coatings can be signif-
icantly reduced at high nitrogen pressures but some models
including TSD, magnetron power and bias voltage must be
used to develop overall understanding [29]. A decrease in
deposition rate with increasing total (Ar + N») pressure can
be attributed to increased scattering losses as decreasing of
the mean free path (MFP) [34]. It was also found that a signifi-
cantly large increase in deposition rates was observed at 6 cm
TSD. Between the 11 and 21 cm TSDs the deposition rates
were relatively constant. No significant change was observed
with bias voltage.

3.2 Coating Compositions

The variation of atomic Al/Ti ratios and the nitrogen contents
of the coatings with TSD for different nitrogen pressures and
bias voltages are shown in Figs. 4 and 5, respectively. Chen
et al. [34] concluded that losses due mainly to the scattering
and angular distribution of the sputter flux, together with the
different poisoning state of the Ti and Al particles of the
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Fig. 4 Variation of Al/Ti ratio of the coatings with TSD for different
nitrogen pressures and bias voltages

powder-metallurgically prepared Tig5Alps target, led to a
huge deviation in the Al/Ti ratio of the films as compared to
the target, which is clearly identified with the present results.
Except for 0.996, all the films investigated maintained higher
Al/Ti ratios than the target for all deposition parameters used
in this study, as seen in Fig. 4.

Increasing the TSD generally resulted in increased Al/Ti
ratios too. At 0.3 mtorr nitrogen pressure, a remarkable
increase in Al/Ti ratio is found when TSD increases from
6 to 11 cm. At the same nitrogen pressure, the Al/Ti ratio
decreases again at 16 cm TSD. The increase at 0.3 mtorr
nitrogen pressure and 11 cm TSD is not observed at 0.6 and
1.2 mtorr nitrogen pressures. The maximum Al/Ti ratio of
1.34 is found at 0 V bias voltage, 0.6 mtorr nitrogen pressure
and 16 cm TSD. At 0.3 mtorr nitrogen pressure, Al/Ti ratios
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Fig. 5 Variation of nitrogen content of the coatings with TSD for dif-
ferent nitrogen pressures and bias voltages

decrease with increasing bias voltage from 0 to —100 V and
increase again with increasing bias voltage from —100 to
—200 V. This increase in Al/Ti ratio at —200 V bias voltage
is not observed at 0.6 and 1.2 mtorr nitrogen pressures. The
21 cm TSD is found as a critical distance, because the Al/Ti
ratio increases again with increasing bias voltage from —100
to —200 V at 21 cm TSD. The back scattering of target atoms
from the substrate increases at higher bias voltages. In addi-
tion, Al atoms can back scatter much more as compared with
heavier Ti atoms. Consequently, increasing the bias voltage
generally resulted in decreased Al/Ti ratios. Furthermore,
the 11 cm TSD is also found as an important distance for 0.3
mtorr nitrogen pressure. Ti particles of the powder metallur-
gically prepared Tig5Alg 5 target are more easily poisoned
than the Al particles. Consequently, when the Ti particles
are already poisoned, the Al particles can still be in metallic
mode and different compositions can be found at different
deposition conditions [34].

Although the detection efficiency of low atomic mass
number elements such as nitrogen is low in energy-dispersive
X-ray spectroscopy analysis the relative nitrogen contents
(at.%) of the coatings deposited at different parameters were
also investigated (Fig. 5). Elemental analysis showed that the
nitrogen contents of the coatings up to 56 % were achieved
and were not influenced significantly by the deposition para-
meters because of the compound mode used in this study.
At conditions of 11 cm TSD, 1.2 mtorr nitrogen pressure
and —200 V bias voltage, the nitrogen content is found to
be higher than the others. Furthermore, in regard to nitrogen
contents, a small increase is found when nitrogen pressure is
increased, also a decrease is found when TSD is increased,
as can be seen in Fig. 5. This was attributed to the position
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of the nitrogen gas inlet in the chamber. Nitrogen gas was
sent into the chamber near the target surface and expanded
towards the interior. With bias voltage, no significant change
was observed in the nitrogen contents of the films. However,
nitrogen content tends to increase with increasing bias volt-
age from 0 to —100 V and decreases again with increasing
bias voltage from —100 to —200 V, at 6 and 11 cm TSDs.
In contrast, nitrogen content decreases with increasing bias
voltage from 0 to —100 V and increases with increasing bias
voltage from —100 to —200 V, at 21 cm TSD. Consequently,
the 11 cm TSD is found as an important parameter for the
nitrogen content of the coatings.

3.3 Crystal Structures

X-ray diffraction patterns recorded from TiAIN films deposit-
ed on Si(100) substrates showed that TiAIN present the cubic
B1 structure with major preferential orientations along the
(1 11)and (2 00). The X-ray diffraction patterns of films
deposited at 0 V bias voltage, 6 cm TSD and 0.3-1.2 mtorr
nitrogen pressures are shown in Fig. 6. It was found that
when nitrogen pressure was increased from 0.3 to 1.2 mtorr,
the intensity of (1 1 1) sharply increased, and the grain size
also increased from 36 to 45 nm, at 6 cm TSD. X-ray diffrac-
tion patterns of the films deposited at —200 V bias voltage,
16 cm TSD and 0.3-1.2 mtorr nitrogen pressures are also
given in Fig. 6. With increasing nitrogen pressure, the peak
reflections were found to decrease. Furthermore, a strong
development of (2 0 0) component was found at —200 V
bias voltage and 0.3 mtorr nitrogen pressure, which was not
seen at 0 V bias voltage. Bias voltage applied to the substrate
has a significant effect on ion-energies. When increasing ion-
energies the peak reflection of (1 1 1) is able to change to (2
0 0) preferential orientation in TiAIN films [39]. Deposition
at high bias voltages is resulted in a coating structure con-
taining large single crystalline domains [40]. In addition, the
use of higher bias voltages is resulted densification of grain
boundaries with a corresponding decrease in average grain
size [41]. Increasing the nitrogen pressure also caused a small
decrease in grain size from 8 to 6 nm, at 16 cm TSD. With
increasing the TSD, the peak reflection of (1 1 1) increased
when the peak reflection of (2 0 0) decreased at —100 V bias
voltage and 0.6 mtorr nitrogen pressure, as can be seen in Fig.
7. The grain sizes were found 14.5, 18.5, 34.5 and 39.5 nm at
6, 11, 16 and 21 cm TSD, respectively. Consequently, X-ray
diffraction analysis in this study showed that short TSDs and
high bias voltages indicated significant effect on a (2 0 0)
oriented structure.

3.4 Mechanical Properties

Nano-hardness measurements revealed that the hardness of
the coatings up to 2,916 HV and that the elastic modulus up
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to 340 GPa were achieved. Indentation depths up to 195 nm
were achieved under the load of 15 mN. The variation of the
hardness and the elastic modulus of the coatings with TSD
for different coating parameters are given in Figs. 8 and 9,
respectively.

The results showed that increasing the TSD caused a
decrease in both the hardness and the elastic modulus of the
coatings. The kinetic energy of depositing atoms/molecules
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has been considered as a major factor affecting the adatom
mobility and formation of the nucleated clusters. With higher
depositing energies, the nucleation rate will be enhanced and
coatings with smaller grain sizes develop [29]. The energies
of depositing species are higher for short TSDs and cause
a dense microstructure with high hardness. Lower nitro-
gen pressures have a similar effect on the kinetic energy of
the species approaching the substrate, as mentioned before.
Increasing the nitrogen pressure results in decreasing the
elastic modulus of the coatings (Fig. 9). In the case of hard-
ness, this decrease was found at 16 and 21 cm TSDs, as seen
in Fig. 8. Furthermore, the 11 cm TSD was found as the
critical distance for enhanced hardness at 0 V bias voltage
and all nitrogen pressures. The hardness of the coatings were
found to give similar peak values at —200 V bias voltage,
11 cm TSD, 0.6 and 1.2 mtorr nitrogen pressures. Increas-
ing the bias voltage generally results in increasing hardness.
However, —100 V bias voltage was found to give maximum
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hardness for 6 cm TSD. In the case of elastic modulus, the
increase at —100 V bias voltage was found at 0.6 and 1.2
mtorr nitrogen pressures.

The H/E ratio, which is proportional to the resistance of
the film to plastic deformation, was determined for all coat-
ings, as can be seen in Fig. 10. 0 V bias voltage was found
to give minimum H/E ratios for the films, similar to the
hardness values. The H/E ratio is also widely quoted as a
valuable measure in determining the limit of elastic behav-
iour in a surface contact, which is clearly important for the
avoidance of wear [42]. Furthermore, the H/E ratios of the
coatings were found to be higher at 0.6 and 1.2 mtorr nitro-
gen pressures than at 0.3 mtorr. No significant change was
observed with TSD. However, the 11 cm TSD was also found
to give a peak value for the H/E ratios.

3.5 Surface Properties

The variation of surface roughness of the coatings with TSD
for different parameters is shown in Fig. 11. The R, values
of the coatings were calculated as the average of four mea-
surements taken on different regions of each coating. The
results showed that R, values of the coatings up to 6 nm were
achieved with respect to deposition parameters. In the litera-
ture, it is reported that the surface texture becomes smoother
with increased bias voltage and decreased nitrogen pressure
and also TSD [4,29]. From Fig. 11, although no specific
change was observed with coating parameters in R, values,
a slight decrease was found when TSD increased from 6 to
21 cm. However, at 0.6 mtorr nitrogen pressure, 0 and —100
V bias voltages, surface roughness values tend to increase
after the 11 cm TSD. Furthermore, a similar increase in R,
values after 11 cm TSD is also seen at —200 V bias voltage.
—100 V bias voltage is found to give higher R, values than

@ Springer
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Fig. 11 Variation of surface roughness of the coatings withTSD for
different nitrogen pressures and bias voltages

—200 V at 0.3 mtorr nitrogen pressure, 6—11 cm TSDs, and
also at 1.2 mtorr nitrogen pressure.

The surface properties of the coatings were also investi-
gated by atomic force microscopy. The atomic force micro-
scope images of the coatings grown for —100 V bias voltage,
0.6 mtorr nitrogen pressure and different TSDs are shown
in Fig. 12. The results show that all the coatings exhibit a
columnar structure and the columns are homogeneously dis-
tributed vertical to the deposition direction as demonstrated
by scanning electron microscopy. Each column has a dome
on the coating surface in nanometric scale height. The atomic

Fig. 12 Atomic force
microscope images of TiAIN
coatings grown for —100 V bias
voltage, 0.6 mtorr nitrogen
pressure and a 6, b 11, ¢ 16 and
d 21 cm TSDs

(a) TSD: 6 cm

0.4pum

(c)TSD: 16 cm

@ Springer

force microscope images also indicate that the coatings have
pore-free surfaces with no micro-cracks. The 11cm TSD is
found to give the smoothest surface morphology (R; 3.0 nm)
at —100 V bias voltage and 0.6 mtorr nitrogen pressure, as
seen in Fig. 12b. The coatings deposited at 0 V bias volt-
age are found to have relatively large columns. The dense
microstructure of the coatings deposited at —100 and —200
V bias voltages is attributed to ion bombardment during depo-
sition. Bias voltage resulted in coatings with a fine-grained
morphology. This is also demonstrated by hardness enhance-
ment at high bias voltages. The optical microscope (Nikon)
images and the pictures of the coatings grown for —100 V
bias voltage, 0.6 mtorr nitrogen pressure and different TSDs
are shown in Fig. 13.

4 Conclusions

From the above study on TiAIN films deposited on Si(100)
substrates by DC magnetron sputtering, the following con-
clusions can be drawn:

TSD showed a significant effect on the microstructure and
mechanical properties of the coatings. Decreasing the TSD
and nitrogen pressure caused an increase in the deposition
rate for all coatings as a result of decreased scattering losses.
A maximum deposition rate of 115.5 nm/min was achieved
at 0 V bias voltage, 0.3 mtorr nitrogen pressure and 6 cm
TSD.

Increasing the bias voltage generally resulted in decreas-
ing Al/Ti ratios because of the back scattering of lighter Al

(b) TSD: 11 cm

2.0 pm

(d) TSD: 21 cm

2.0 ym 2.0 pym
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(@) TSD: 6 cm

(b) TSD: 11 cm

(d) TSD: 21 cm

Fig. 13 Optical microscope images and pictures of TiAIN coatings grown for —100 V bias voltage, 0.6 mtorr nitrogen pressure and a 6, b 11, ¢

16 and d 21 cm TSDs

atoms from the substrate. Furthermore, decreasing the TSD
also resulted in decreasing Al/Ti ratios. The 11 cm TSD was
found to be an important distance for enhanced Al/Ti ratio at
0.3 mtorr nitrogen pressure. In regard to nitrogen contents, a
small increase is found when nitrogen pressure is increased,
also a decrease is found when TSD is increased.

From the indentation tests it was found that decreasing the
TSD caused an increase in both the hardness and the elastic
modulus of the coatings because of the high kinetic energies
of the species approaching the substrate. High bias voltage
and low nitrogen pressure were found to have a similar effect
on hardness. The paper also revealed a correlation between
grain size and coating hardness. For decreased crystallite
size, hardness increased especially at short TSDs and high
bias voltages which resulted a (2 0 0)-oriented structure. The
fine-grained morphology of the coatings with increased bias
voltage was also demonstrated by atomic force microscopy.
Furthermore, the 11 cm TSD showed a critical behaviour for
enhanced hardness at 0 V bias voltage. However, 0 V bias
voltage was found to give minimum H / E ratios for the films,
similar to hardness values, as compared to —100 and —200
V bias voltages.
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