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Advanced ternary (Ti,Al)N coatings were produced by reactive magnetron co-sputtering
technique with separate titanium and aluminium targets at a 30◦ magnetron configuration
under various substrate bias voltages and temperatures. The effect of substrate bias and
temperature on the microstructure and property development of the coatings was
investigated. It was found that an increase in substrate bias and/or substrate temperature
imposed no major effect on the composition and phase formation of the (Ti,Al)N coatings,
but had significant influence on the development of their microstructure and surface
morphology. As the substrate bias and/or temperature increased, the coating structure was
densified with development of fine grain size and reduced surface roughness, resulting in a
substantial increase of the coating hardness. However as the substrate bias increased over
200 volts, excessive residual stress was built up, causing a fracture of the coatings. It is
believed that the microstructure and property enhancement is attributed to an increased
translational kinetic energy of the depositing atoms and a greater thermal energy provided
to the substrate and the coating material with increasing substrate bias and/or temperature.
The adatom mobility and the surface diffusion of atoms are enhanced to reduce the
detrimental effects induced by the statistical roughening and self-shadowing of a sputter
deposition process. A densified zone T structure with low porosity and improved properties
is produced. C© 2002 Kluwer Academic Publishers

1. Introduction
It is generally accepted that an application of a bias
potential (usually negative) and/or a temperature to the
substrate can enhance the deposition of the coatings in
a sputtering deposition process. When a negative bias
voltage is applied to a substrate the number of ionised
molecules and atoms in the plasma increases. This ef-
fectively increases the ionisation within the plasma and
increases the total number of ions impinging on the sub-
strate. A number of researchers [1–6] have investigated
the effect of substrate bias on the microstructure and
properties of binary nitride coatings. An early work in
1983 by Sundgren et al. [1] found that an increase in
substrate bias caused an increase in the nitrogen content
of substoichiometric TiN films. Once a stoichiometric
film of TiN was formed, then no further change in the
composition occurred. Furthermore, the grain size of
the TiN film increased with increasing bias voltage to

a maximum at −200 volts and then decreased at higher
negative bias voltages. It was suggested that the struc-
tural changes that occurred when a substrate bias was
applied, involved the processes of re-sputtering, ion-
bombardment and enhanced diffusion of the atoms of
the coatings. However, in deposition of TiC, a different
trend of development was observed. With increasing
bias voltage the grain size of the TiC coatings continu-
ously decreased.

On the other hand, Sproul et al. [2–4] have reported
that the substrate bias strongly influenced the crystal-
lographic orientation of reactively sputtered TiN coat-
ings. As the bias voltage was increased from 0 to −200
volts, the (111) orientations were depleted and the (220)
component developed, resulting in an increase of the
coatings hardness. Richter et al. [5] have also investi-
gated the effect of bias voltage on the structure and
properties of TiN films produced by dc magnetron
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sputtering. It was found that the microstructure and
properties of the films were strongly dependent on the
impact of the energetic particles on the surface of the
growing film. Films produced with negative bias volt-
age, which grew under the bombardment of highly en-
ergetic ions, had a smaller grain size, a higher mass
density and higher hardness. Films produced with less
negative bias voltage exhibited larger grains, high re-
sistivity and low hardness. Research by Rickerby and
Burnett [6] revealed that in TiN films, high bias levels
resulted in coatings of higher internal strees and higher
hardness. Furthermore, the type of substrate imposed
a strong influence over grain size as it determined the
availability of suitable heterogeneous nucleation sites
on the substrate.

Research on the deposition of ternary nitride coatings
under different bias voltages is rather scarce and the re-
sults reported are somewhat contradictory. Rohde et al.
[7], using a dual unbalanced magnetron system for pro-
duction of nitride coatings, have found that film stresses
generally increased with increasing bias voltage. How-
ever, the films began to delaminate at a substrate bias of
−185 volts, and virtually all of the films delaminated
from the substrate at negative 200 volts due to inter-
nal stresses built-up in the films. It was also found that
the surface of the films became rougher with increasing
bias voltage, but the number and size of voids within the
films decreased. On the other hand, Musil et al. [8] have
reported contradictory results that increasing the sub-
strate bias voltage resulted in smoothening of the film
surface. Films produced below −200 volts were very
rough with development of porous microstructure simi-
lar to zone 1 of Thornton’s [9] structure zone model. At
higher bias voltages, a dense and smoother microstruc-
ture similar to the zone T structure developed.

Freller and Haessler [10] and Coll et al. [11] also
reported that in an arc sputtering process the Al : Ti ra-
tio in the TiAlN films decreased as the substrate bias
voltage increased. It was suggested that this demix-
ing effect might be due to either (i) titanium and
aluminium having different degrees of ionisation when
they were evaporated or (ii) preferential re-sputtering
of aluminium atoms at the higher bias voltages [11].
Roos [12] however reported that no bias effects were
encountered on the Al : Ti ratio in deposition of titanium
aluminium nitride coatings using magnetron sputter-
ing. In respect to microstructure and texture develop-
ment, Hakansson et al. [13] produced metastable sin-
gle phase polycrystalline Ti0.5Al0.5N coatings by dc
magnetron sputtering from a TiAl target in mixed Ar-N2
discharges. It was found that coatings produced be-
low −80 volts had a columnar structure with a high
intercolumnar/intragrain porosity. Increasing the bias
voltage above −80 volts resulted in a rapid increase in
both the lattice parameter and the width of the major
(111) peaks. As the bias voltage increased, the grain
size decreased and the microhardness of the coatings
increased. A decrease in the void density and an in-
crease in the dislocation densities at higher substrate
biases were also evident.

There is less research work in relation to the substrate
temperature for sputter deposition. In an investigation
of deposition of metallic films, Thornton [9] reported

that the substrate temperature played a major role in the
development of the coating microstructure. A structure
zone model (SZM) incorporating the effect of tempera-
ture on coating microstructure was proposed to explain
the structure development at different substrate temper-
atures. Musil et al. [8] further modified the SZM with
a new system of coordinates of T/Tm incorporating
the effects of formation energy of the films. It has been
suggested that to give the adatoms on the growing films
a sufficiently high thermal mobility the substrate tem-
perature must exceed three tenths (0.3) of the melting
temperature of the depositing material.

Combadiere and Machet [14, 15] have also investi-
gated the effect of substrate temperature on the compo-
sition, morphology and mechanical properties of TiN
coatings. It was found that for a give nitrogen pressure,
the texture development was greatly affected by the
substrate temperature. Increasing the substrate temper-
ature caused the coatings to grow with their most dense
planes parallel to the substrate surface. In other words,
an increase in substrate temperature favoured a pre-
ferred growth on denser planes of the crystallographic
structure. Combadiere and Machet [14, 15] also found
that coatings produced at lower temperature showed a
(111) texture, which were relatively hard but of poor
wear resistance [15]. However, coatings produced at
increased temperatures had a (200) texture with high
hardness and good wear resistance. Similar observa-
tion was reported by Meng et al. [16] for TiO2 films
deposited on glass substrates. For ternary (Ti,Al)N coat-
ings, Wang et al. [17] reported that the substrate tem-
perature was one of the most important parameters af-
fecting the mechanical properties of the coatings. With
increasing substrate temperature, the microstructure of
the (Ti,Al)N coatings became denser, which in turn im-
proved the lattice and strengthened the interface, thus
increasing the coating hardness.

In the present study, a detailed and systematic
investigation of the effects of the substrate bias and
temperature on the microstructure and property de-
velopment of the d.c. magnetron cosputtered (Ti,Al)N
coatings was performed. Analyses of the atomic force
microscopy of the (Ti,Al)N coatings were conducted
to achieve quantitative measures of the coating
morphology. This paper reports the results obtained
from the study. The overall effects of major deposition
parameters including nitrogen pressure and magnetron
discharge power on the coating development will also
be discussed in this paper.

2. Experimental
The reactive magnetron co-sputtering technique, with
separate titanium and aluminium targets was used to
produce the titanium aluminium nitride coatings in
the present study. (Ti,Al)N coatings were deposited
with two slightly unbalanced, independently controlled
magnetrons at a 30◦ magnetron arrangement. The tar-
get to substrate distance was set at 110 mm. The
(Ti,Al)N coatings were deposited on glass slides 75 mm
(length) × 25 mm (width) × 1.5 mm (thickness), which
were thoroughly cleaned with ethanol and dried before
being placed in the vacuum chamber.
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The system used for coating was a Varian 3120 de-
position unit equipped with Pirrani gauges and Tylan
mass flow controllers to monitor the pressures and flow
rates of nitrogen and argon gas respectively. With the
deposition of (Ti,Al)N, the titanium magnetron current
was set at 0.6 amp which corresponds to a discharge
power of 9.0 W/cm2 and the aluminium magnetron
was set at 0.4 amps (6.0 W/cm2). The nitrogen and
argon gas pressures and flow rates were adjusted to
suitable values. Before sputtering, the chamber was
evacuated to a pressure below 2 × 10−6 Torr. Once a
high vacuum of at least 2 × 10−6 Toor was reached,
the sample holder was heated and maintainted at a pre-
determined temperature for the deposition. The targets
were then sputter cleaned with argon for 10 minutes
while the substrate were shielded by shutters over the
magnetrons. Then a thin intermediate layer of titanium
followed by a titanium aluminium layer were each de-
posited for 5 minutes respectively on the substrate with
a preset substrate bias. After the titanium and titanium-
aluminium interlayer films are deposited, reactive gas
of high purity nitrogen was injected through an Alltech
gas purifier filter into the deposition chamber to form
titanium aluminium nitride. The coatings were de-
posited at a constant nitrogen pressure of 0.4 mTorr,
which corresponded to gas flow rates of 10 standard
cubic centimeters (sccm). The argon pressure was
maintained constant at 2.4 mTorr during the deposi-
tion process. In studying the effect of substrate bias,
the substrate temperature was set at a constant temper-
ature of 240◦C and the bias voltage was varied from
0 to −200 volts. In study of the substrate temperature
effect, the bias was set at −100 volts and the substrate
temperature was varied from 120 to 360◦C. After com-
pleting a deposition for 60 minutes, 1.5 to 2.0 µm thick
coatings developed on the substrate. The coating thick-
ness was then determined using a Tencor Alphastep
profilometer.

A number of characterisation techniques including
scanning electron microscopy (SEM), atomic force mi-
croscopy (AFM) and X-ray diffractometry (XRD) were
used to study the microstructure and morphology of the
coatings. The microstructure of the coatings was exam-
ined using a JEOL 6300F field emission SEM operated
at an accelerating voltage of 8 kV. Composition of the
coatings was determined using energy dispersive X-ray
spectroscopy (EDS) at 8 kV and the �(ρZ) quantitative
analysis software. Aluminium and titanium standards
of high purity (99.99%) were used in the EDS analysis
to determine the contents of aluminium and titanium
of the coatings and the nitrogen content was calculated
as a difference of the element contents. Hardness of
the coatings was measured at 2 and 10 g loads using
a LECO M400-Hl microhardness tester with a Vick-
ers indentor. The phase development and other crys-
tallographic properties of the coatings were examined
by XRD technique using a Siemens D5000 diffrac-
tometer with Cu Kα radiation at small scattering an-
gles. AFM analysis was performed on a Park Scien-
tific Instrument Autoprobe using ultralever tips. Region
and line scans were conducted to determine the sur-
face roughness and other topographical features of the
coatings.

(a)

(b)

Figure 1 Effect of substrate bias voltage on (a) deposition rate and
(b) elemental composition of the coatings.

3. Results
3.1. Effect of substrate bias voltage
3.1.1. Deposition rate and chemical

composition
The deposition rates of (Ti,Al)N coatings at different
substrate bias voltages are shown in Fig. 1a. The re-
sults showed that changes in the substrate bias volt-
age only slightly influenced the deposition rate of the
coatings. With zero bias voltage, the coatings were de-
posited at a rate of 21 nm/min. As the bias voltage was
increased to −200 volts, the deposition rate increased
to 25 nm/min. An increase in substrate bias voltage also
exhibited a small effect on the chemical composition of
the coatings, Fig. 1b. The nitrogen content was found
to remain constant at 43.5 at.% with increasing sub-
strate bias voltage. On the other hand, the aluminium
content increased slightly from 24.5 at.% to 27.5 at.%
and the titanium content decreased from 32 at.% to
29.5 at.%.

3.1.2. Microstructure and surface
morphology

SEM and AFM micrographs, which illustrate the mi-
crostructure and surface morphology of the (Ti,Al)N
coatings deposited at different substrate bias voltages,
are respectively shown in Figs 2 and 3. A porous tapered
columnar structure similar to the microstructure of the
zone 1 of the Thornton’s [9] structure zone model devel-
oped at zero bias. As the bias voltage increased from 0
to −200 volts, the structure became densified, produc-
ing a very fine grain structure with features similar to
the zone T structure of the Thornton’s model.
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(a)

(b)

(c)

Figure 2 SEM micrographs of the coatings produced at different sub-
strate bias voltages: (a) 0 Volts, (b) −100 Volts and (c) −200 Volts.

AFM region and line scan analyses were performed
on the samples. The results showed that the coatings
deposited at −100 volts generally exhibited the lowest
surface roughness and grain height, Fig. 4a and b. It was
found that as the substrate bias voltage increased from
0 to negative 100 volts, the average roughness of the
coatings decreased from 5.4 nm to 2.6 nm. The rough-
ness then increased to 3.8 nm at a bias of −200 volts.
The rms roughness dropped from 6.8 nm to 3.2 nm
and then increased to 4.3 nm. On the other hand, the
mean height of the coating structure decreased from

(a)

(b)

(c)

Figure 3 AFM images of the coatings produced at different substrate
bias voltages: (a) 0 Volts, (b) −100 Volts and (c) −200 Volts.

41.7 nm at zero bias to 12.3 nm at −100 volts and then
increased to 28 nm at −200 volts. The median height
decreased from 42.3 nm to 12.6 nm and then increased
to 28 nm. The line scan measurements showed similar
topographical changes of the coating structure. The av-
erage grain size of the coatings determined by line scan
measurements was found to decrease from 165 nm at
zero bias to 90 nm at −100 volts but slightly increases
to 130 nm at −200 volts, Fig. 4c. Deposition at higher
bias voltages of −250 volts and −300 volts were also
conducted. The coatings however fractured shortly af-
ter removal from the coating chamber possibly due to
the excessive stress developed in the coatings.
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(a)

(b)

(c)

Figure 4 Effect of substrate bias voltage on (a) rms and average rough-
ness, (b) mean and median height and (c) average grain size of the
coatings.

3.1.3. Microhardness
Microhardness of the coatings deposited at different
substrate bias voltages is shown in Fig. 5. As the bias
voltage increased, the microhardness measured with
a 2 g load increased from 1500 HV at zero bias to
2300 HV at −200 volts. The microhardness measured
with a 10 g load also increased with increasing substrate
bias voltage but at lower values due to the substrate
effect.

3.1.4. Phase development and
crystallographic properties

Typical XRD patterns measured of the (Ti,Al)N coat-
ings produced at different substrate bias voltages are
shown in Fig. 6. The standard 2θ positions for the (111)

Figure 5 Effect of substrate bias voltage on the microhardness of the
coatings.

Figure 6 XRD patterns for coatings produced at different substrate bias
voltages. The dashed lines shown represent the standard 2θ positions for
the (111) and (200) reflections of the cubic TiN structure and the (101)
reflection of the hexagonal AlN structure.

and (200) reflections of the cubic TiN structure and the
(101) reflection of the hexagonal AIN structure are in-
cluded in Fig. 6 for comparison purposes. As the sub-
strate bias increased from 0 to −200 volts, the 2θ val-
ues for the (111) reflection of the TiN/TiAlN structure
shifted slightly from 37.525◦ to 37.442◦, suggesting a
possible formation of coating structure with larger lat-
tice parameters at higher bias voltages. Shifts of the 2θ

values for the (200) reflection of the TiN/TiAlN struc-
ture from 43.555◦ to 43.369◦ and for the (101) reflection
of the AlN structure from 38.880◦ to 38.604◦ were also
evident.

Integrated intensity ratios for the major peaks of
the (200) and (111) reflections of the TiN/TiAlN cu-
bic structure and the (101) reflection of the hexago-
nal AlN structure are shown in Fig. 7a. It was found
that as the substrate bias voltage increased from 0 to
−200 volts, the intensity ratios of the (200) reflection
to the (111) and (101) reflections both decreased, indi-
cating the depletion of the TiN/TiAlN (200) component
at higher bias voltages. On the other hand, an increase in
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(a)

(b)

(c)

Figure 7 Effect of substrate bias voltage on the (a) integrated peak in-
tensity ratios, (b) crystallite size and (c) lattice parameter of the coatings.

the substrate bias voltage enhanced the development of
the AlN (101) components. As the substrate bias volt-
age increased from 0 to −200 volts, the ratio between
I(111)TiN/TiAlN and I(101)AlN decreased from a value of
1.28 to 0.98.

Results for the calculated crystallite size and the lat-
tice parameter of the coatings are shown in Fig. 7b and c.
It was found that as the substrate bias voltage increased
from 0 to −200 volts, the crystallite size calculated for
the TiN/TiAlN (111) reflection slightly increased and
for the TiN/TiAlN (200) and AlN (101) reflections de-
creased significantly, Fig. 7b and the lattice parameter
of the coating structure increased from 4.1778 Å to
4.2420 Å, Fig. 7c.

3.2. Effect of substrate temperature
3.2.1. Deposition rate and chemical

composition
The deposition rates of (Ti,Al)N coatings at different
substrate temperatures are shown in Fig. 8a. The re-

(a)

(b)

Figure 8 Effect of substrate temperature on (a) deposition rate and
(b) elemental composition of the (Ti,Al)N coatings.

sults showed that the substrate temperature only im-
posed a slight effect on the deposition rate of the
coatings. As the substrate temperature increased from
120◦C to 240◦C, the deposition rate increased slightly
from 22 nm/min to 24 nm/min, and then decreased to
20 nm/min when the substrate temperature was raised
to 360◦C. An increase in temperature also showed no
major change in the chemical composition of the coat-
ings, Fig. 8b. The aluminium and titanium content of
the coatings remained constant at 25.5 at.% and 31 at.%
respectively. There was also no change in the nitrogen
content of the coatings, which remained constant at
43.5 at.%.

3.2.2. Microstructure and surface
morphology

Micrographs of the (Ti,Al)N coatings deposited at dif-
ferent substrate temperatures, are shown in Fig. 9. At
a temperature of 120◦C, the coating showed faceted
columns with a higher porosity. As the substrate tem-
perature increased, the coating structure became den-
sified with a finer grain size. On the other hand, results
of AFM regional scans showed that increasing the
substrate temperature caused the grain height, surface
roughness and grain size to decrease, Fig. 10. As the
substrate temperature increased from 120◦C to 360◦C,
the average roughness of the coatings decreased from
8.2 nm to 2.6 nm and the rms roughness decreased from
10.1 nm to 3 nm, Fig. 10a. The mean height of the grain
structure also decreased significantly from 44.1 nm to
12 nm, and the median grain height decreased from
44.5 nm to 12 nm, Fig. 10b, suggesting the formation
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(a)

(b)

(c)

Figure 9 SEM micrographs of the coatings produced at different sub-
strate temperatures, (a) 120◦C, (b) 240◦C and (c) 360◦C.

of a more densified structure at higher substrate temper-
atures. The average grain size of the coatings decreased
from 100 nm to 70 nm as the substrate temperature in-
creased from 120◦C to 360◦C, Fig. 10c.

3.2.3. Microhardness
The microhardness of the (Ti, Al)N coatings deposited
at different substrate temperatures is shown in Fig. 11.

(a)

(b)

(c)

Figure 10 Effect of substrate temperature on (a) rms and average rough-
ness, (b) mean and median height and (c) average grain size of the
coatings.

Figure 11 Effect of substrate temperature on the microhardness of the
coatings.
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The microhardness measured with a 2 g load was found
to increase from 1600 HV to 2200 HV as the substrate
temperature increased from 120◦C to 360◦C. The mi-
crohardness measured with a 10 g load also increased
but at lower values as the substrate temperature was
raised.

3.2.4. Phase development and
crystallographic properties

XRD patterns measured on the (Ti,Al)N coatings de-
posited at different substrate temperatures are shown
in Fig. 12. The standard 2θ positions for the (111) and
(200) reflections of the cubic TiN structure and the (101)
reflection of the hexagonal AlN structure are included
in Fig. 12 for comparison purposes. As the substrate
temperature increased from 120◦C to 240◦C, the 2θ

values for the (111) reflection of the TiN/TiAlN struc-
ture shifted from 37.420◦ to 37.459◦. However, a further
increase in temperature from 240◦C to 360◦C resulted
in the shift back of the peak positions from 37.459◦ to
37.352◦, suggesting a possible formation of a coating
structure with larger lattice parameters. Similar shifts
for the (200) reflection of the TiN/TiAlN and for the
(101) reflection of the AlN structure were also evident.
On the other hand, an extra peak reflection, between
the TiN/TiAlN (111) and AlN (101) components, was
observed to exist in the coatings deposited at 120◦C and
360◦C, Fig. 12. The peak reflection has been identified
to be either Ti3AlN (111) - JCPDS (37-1140), cubic
AlN (311) - JCPDS (34-0679) or cubic AlN (111) -
JCPDS (25-1495).

Integrated intensity ratios for the major peaks of
the (200) and (111) reflections of the TiN/TiAlN cu-

Figure 12 XRD patterns for coatings produced at different substrate
temperatures. The dashed lines shown represent the standard 2θ positions
for the (111) and (200) reflections of the cubic TiN structure and the (101)
reflection of the hexagonal AlN structure.

(a)

(b)

(c)

Figure 13 Effect of substrate temperature on (a) integrated peak inten-
sity ratios, (b) crystallite size and (c) lattice parameter of the coatings.

bic structure and the (101) reflection of the hexago-
nal AlN structure are shown in Fig. 13a. It was found
that as the substrate temperature increased from 120◦
to 360◦, the intensity ratios of the (200) reflection to
the (111) and (101) reflections both decreased, indicat-
ing the depletion of the TiN/TiAlN (200) component at
higher substrate temperatures. Furthermore, an increase
in the substrate temperature hindered the development
of the AlN (101) components. As the substrate temper-
ature increased from 120◦C to 360◦C, the ratio between
I(111)TiN/TiAlN and I(101)AlN substantially increased with
the TiN/TiAlN (111) becoming the major texture com-
ponents of the coatings.

Results for the calculated crystallite size and the lat-
tice parameter of the coatings are shown in Fig. 13b
and c. It was found that as the substrate temperature in-
creased from 120◦C to 360◦C, the crystallite size for
the TiN/TiAlN (111) components slightly increased
and those for the TiN/TiAlN (200) and AlN (101)
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Figure 14 A two dimensional schematic structure zone model show-
ing the effect of substrate bias voltage on the microstructure and prop-
erty development of (Ti,Al)N coatings deposited with a 30◦ magnetron
configuration.

components decreased. As the substrate temperature
increased from 120◦C to 240◦C, the lattice parameter
of the coating structure decreased from 4.222 to 4.190
Angstroms, Fig. 13c. A further increase in temperature
to 360◦C caused no further change in the lattice param-
eter of the coatings.

4. Discussion
4.1. Effect of substrate bias voltage
The application of a bias voltage to the substrate demon-
strates the significance of the kinetics of the substrate
bombarding particles in deposition of sputtered coat-
ings. A summary of the effects is illustrated in Fig. 14.
Although the composition of the coatings only varied
slightly under the different bias voltages investigated,
a densified structure with finer grain size and improved
surface morphology developed as the bias voltage in-
creased. A hardness enhancement of the coatings from
1500 HV to 2300 HV was achieved. This strength en-
hancement is believed to be related to the densified
coating structure and improved surface morphology.
In previous studies of magnetron sputtering process,
Messier et al. [18, 19] reported that increasing the neg-
ative bias could result in a transition of the zone 1 to
zone T microstructure of the Thornton’s model [9] of
sputtered coatings. Hakansson et al. [13, 20] also re-
ported that as the substrate bias increased, the open
porous columnar structure of the Ti0.5Al0.5N coatings
was suppressed with a substantial hardness enhance-
ment. Results of the present study are consistent with
these findings.

The effects of the bias voltage on the textural de-
velopment of the coatings were also examined in this
study, but found to be insignificant. A shift of the ma-
jor reflection peaks from the standard 2θ position was
evident, but remained almost constant as the bias volt-
age increased, suggesting that (Ti,Al)N formed in the
coatings but the phase development had not been sig-
nificantly affected by a change of the bias voltage. Fur-
thermore, analysis of the XRD results showed that as
the bias voltage increased, the TiN/TiAlN (200) com-
ponent was moderately suppressed in favour of the de-
velopment of the AlN (101) orientations.

It is understood that when the substrate bias is in-
creased, the coatings are exposed to ion bombardment

with higher energy of the ions, thus creating prefer-
ential nucleation sites and enhancing atom mobility,
which in turn reduces void formation and creates a fine
grain structure. Results of the present study, however,
showed the existence of a critical bias voltage for pro-
ducing an optimum structure for the coatings, which
had not been emphasised in recent studies of sputtered
coatings. It was found that as the bias voltage increased
from −100 volts to −200 volts, while the deposition
rate remained constant, coatings with large grain size
and rougher surface morphology developed, indicating
that re-sputtering of the depositing atoms might have
occurred. Therefore excessive energy of the depositing
atoms may indeed cause a damaging effect to the coat-
ing structure and create significant residual stresses in
the coating. Grain growth also becomes more signifi-
cant and lead to the development of a coarse grain struc-
ture. Depositions at even higher bias voltages of −250
Volts and −300 Volts had also been attempted in the
study, but the coatings fractured shortly after removal
from the coating chamber, possibly due to excessive
residual stress developed in the films. The results sug-
gested that in the present study of sputter deposition of
(Ti,Al)N coatings using a 30◦ magnetron arrangement,
an application of a bias voltage of −100 to −200 Volts
is probably the optimum voltage range that would pro-
duce coatings with quality structure and properties.

4.2. Effect of substrate temperature
The substrate temperature is an important parameter in
a sputter deposition process, which has pronounced ef-
fects on refining the structure of the coatings and their
interfaces with the substrate. A summary of the struc-
tural development of the coatings deposited at 120◦C
to 360◦C is illustrated in Fig. 15. It was found that an
increase in the substrate temperature from 120◦C to
360◦C resulted in the microstructure changing from a
porous columnar structure to a much densified struc-
ture with finer grain size, showing a microstructure
transition from the zone 1 to zone T of the Thornton’s
structure zone model [9]. On the other hand, increasing
the temperature also improved the surface morphol-
ogy of the coating with a significantly reduced rough-
ness. The results are in agreement to those reported by

Figure 15 A schematic two dimensional structure zone model show-
ing the effect of substrate temperature on the microstructure and prop-
erty development of (Ti,Al)N coatings deposited with a 30◦ magnetron
configuration.
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Wang et al. [17] on TiAlN coatings. Wang et al. [17]
reported that when the substrate temperature was in-
creased from 400 to 480◦C, the coating microstruc-
ture became denser, which improved the lattice and
strengthened the interface. The present results showed
a similar structure development in spite of the coat-
ings were produced at lower substrate temperatures.
Despite the absence of major changes in the deposition
rate and composition, the microhardness of the coatings
increased from 1600 HV to 2200 HV as the substrate
temperature increased from 120◦C to 360◦C.

Analysis of the XRD results reflected the effect of
substrate temperature on the texture development of
the coatings. The results showed a shift of the major
reflection peaks from the standard 2θ positions, but
unlike those deposited at various nitrogen pressures,
a shift back of the peak positions was not so signifi-
cant at higher substrate temperatures. This suggested
there was no major changes in phase formation as the
substrate temperature increased. Further analysis of the
XRD results however indicated the substrate tempera-
ture indeed caused different effects on the development
of different texture orientations. It was found that the
TiN/TiAlN (111) orientation strongly developed as the
substrate temperature increased, suggesting a promo-
tion of the (111) texture component at higher substrate
temperatures. It is believed that the fcc (111) planes
generally have a lower surface energy than the other
faces as the exposed (111) face of an fcc crystal has
fewer unsatisfied bonds sticking out of the surface [21].
As the substrate temperature increases, the atom mobil-
ity of the coatings will be enhanced and development
of the (111) orientations will be promoted because of
its lower surface energy.

As a whole, results of the present study indicate
that an increase of the substrate temperature imposed
significant effects on the microstructure, morphology
and texture development of the coatings. The effect on
the phase formation of the coatings is however very
small. As the substrate temperature continues to in-
crease, the coating structure will be more densified with
reduced porosity and grain size, which results in an en-
hancement of the hardness of the coatings. However,
in practice an increase of the substrate temperature will
inevitably lower the strength of the substrate, which
restricts the substrate temperature in the deposition of
hard coatings. A selection of appropriate substrate tem-
perature is therefore required to ensure whilst the prop-
erty of the coating is enhanced, the strength of the
substrate can be maintained.

4.3. Major effects of deposition parameters
Effects of the four important process parameters,
namely nitrogen deposition pressure, target discharge
power, substrate bias voltage and substrate temperature
on the microstructure, morphology, texture and prop-
erty development of (Ti,Al)N coatings produced under
a 30◦ magnetron co-sputtering arrangement have been
studied and presented in these three papers. It was found
that the effects of the process conditions generally fell
into 2 categories. An increase of the nitrogen deposition

pressure and/or the target discharge power caused direct
changes on both the composition and phase formation
of the coatings and their microstructure and morphol-
ogy. On the other hand, an increase of the substrate bias
voltage and/or the substrate temperature caused sig-
nificant effects on the microstructure and morphology,
but only imposed minimal effect on the composition
and phase formation of the coatings. As the deposi-
tion parameters worked into the optimum conditions, a
transition of the porous zone 1 into the densified zone
T structure of the Thornton’s structural model [9] was
identified, resulting in a significant increase of the hard-
ness of the coatings. Results of the study further con-
firmed that property enhancement such as hardness of
the coatings was usually associated with the formation
of a smooth, fine grained, densified structure and an
increase in aluminium content. The hardness could be
increased substantially with a densified structure even
though there was no associated change in composition
and phase changes of the coatings, suggesting that the
structural and morphological changes of the coatings
might play a more dominant role in determining the
mechanical properties of the films.

It is understood that when the depositing atoms arrive
the substrate surface, two phenomena, namely statisti-
cal roughening and self-shadowing which affect the mi-
crostructure and morphology development of the coat-
ings may occur. Statistical roughening arises because
of the statistical fluctuation in the vapour arrival flux.
A model has been established to demonstrate this sit-
uation, which confirmed that the roughness would be
induced as the thickness of the coatings increased [21].
The surface roughening of the coatings, however, could
be smoothed out by the enhanced surface diffusion of
the atoms of the coatings under some energy enhanced
processes, which will be discussed in the later section.

Self-shadowing is the second factor that may de-
stabilise surface smoothness during the coating depo-
sition process and is claimed to be the cause of charac-
teristic zone 1 porous columnar structure. It has been
suggested [21] that when the depositing atoms arrive at
the substrate surface, the atoms generally cannot perch
on top of each other, but rather settle sideways into
the nearest cradle position in which they establish re-
laxed bond strengths to their nearest neighbours, cre-
ating a rough structure with void formation. When the
depositing atoms arrive obliquely at angles to the sub-
strate surface, self-shadowing increases and results in
an increased formation of the zone 1 structure.

It is known that the zone 1 structure is undesirable
in a hard coating because of its less densified structure
with a high porosity and low strength. It is therefore
necessary to reduce void formation and to transform
the coatings into the densified zone T structure by em-
ploying the energy enhanced processes at a workable
temperature of the sputter deposition. Muller [22, 23]
has conducted a molecular dynamics computer mod-
elling in thin film deposition by considering the vibra-
tory motion of atoms and formation and breakage of
bonds and proposed the following mechanisms, which
might provide enough energy and momentum transfer
for the structural transition.
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The four mechanisms are:

1. Local heating due to the thermal spike produced
upon impact, resulting in local surface diffusion.

2. Less trajectory curvature due to the higher ap-
proach velocity.

3. Higher impact mobility of the adatoms so that they
can move down into the voids.

4. Forward sputtering of other adatoms into the
voids.

The process controls adopted in the present study have
demonstrated the effects of these four mechanisms,
which will be discussed in the following sections. In-
creasing the substrate temperature generally provides
greater thermal energy to the substrate and the coat-
ing material. Surface diffusion will then be enhanced at
higher substrate temperatures and the diffusing adatoms
will fill the voids in the films, thus producing a densi-
fied zone T structure with low porosity. In principle, a
continuous increase of the substrate temperature will
constantly densify the structure of the ternary nitride
hard coatings and improve their strength. However as
suggested by the present results, there are at least two
areas of restrictions in an application of higher sub-
strate temperatures. Firstly, as the substrate temperature
increases, the strength of the substrate may drop. Sec-
ondly, the grain growth of the coating materials will be
significant at higher substrate temperatures, excessive
grain growth then occurs, resulting in development of
a coarse grain sized structure with lower hardness. A
suitable selection of the substrate temperature is there-
fore required to optimise the structure and properties
of the coatings. According to the results obtained in
the present study, substrate temperatures around 240◦C
are considered to be a lower end of the working tem-
peratures, which can produce quality ternary (Ti,Al)N
coatings in a magnetron co-sputtering deposition.

Increasing the substrate bias voltage will increase the
translational kinetic energy [24] carried by the deposit-
ing atoms, which then involve most of the above four
mechanisms to enhance the structure and properties of
the coatings. A high impact mobility of the adatoms
will create a high surface diffusion rate and the momen-
tum transfer from the arriving atoms to the adatom will
cause the latter to sputter forward and fill the voids. As
a consequence, these energy enhanced processes will
significantly reduce the voids in a film, and a densi-
fied zone T coating structure is formed. In principle, a
continuous increase of the bias voltage will constantly
improve the microstructure and properties of the coat-
ings. However, in practice, according to the results ob-
tained in the present investigation, surface damage and
excessive residual stress will develop in the films when
the bias voltage is raised too high, resulting in fracture
of the coatings. An application of a substrate bias of
−100 V to −200 V is identified to be the cut-off volt-
age for an optimum sputter deposition of the ternary
(Ti,Al)N coatings.

Increasing the aluminium target discharge power
aims at raising the sputter yield of aluminium atoms,

promoting the formation of (Ti,Al)N phase. The com-
position and x-ray diffraction results of the present
study showed that the above purpose could be achieved,
with an enhanced formation of the (Ti,Al)N structure
in the coatings and a continuos increase of the hard-
ness of the films. As the aluminium discharge power
increased, the coating structure was also densified with
a much smoother surface and a finer grain size. This
structural improvement, is believed to be attributed to
a high density of depositing atoms arriving at the sub-
strate, filling the voids and creating a higher nucleation
rate in the films. According to the results obtained in
the present study, a aluminium discharge power be-
tween 4.5 to 6.0 W/cm2 has been identified to be suit-
able for providing coatings with optimum structure and
hardness.

Increasing the nitrogen deposition pressure induces a
complicated situation to the sputter deposition process.
As the nitrogen deposition pressure increases, forma-
tion of ternary nitrides is expected to be enhanced be-
cause of the higher concentration of nitrogen gas inside
the deposition chamber. Experimental results however
showed the replacement of the titanium atoms by the
aluminium atoms in the lattice becoming less effective
as the nitrogen pressure was raised beyond 0.4 mTorr.
The microstructure was also transformed from a den-
sified zone T structure at low nitrogen pressures into
a porous zone 1 structure as the nitrogen pressure in-
creased, resulting in an abrupt decrease of the coat-
ing hardness. It is believed that these compositional
and microstructural changes of the coatings are related
to a) the different formation energies of the different
phases in the coatings and b) the energy reduction of
the depositing atoms approaching the substrate surface
due to an increased collision of the sputtered atoms and
the nitrogen gas molecules. The free energy of forma-
tion for TiN is lower than that of AlN, the nitrogen will
therefore react more readily with the titanium atoms
during the deposition process. An increase of nitrogen
amount in the process will enhance this trend. On the
other hand, as the amount of the nitrogen gas increases
in the chamber, collision between the sputtered atoms
and the gas molecules will become more frequent. This
will reduce the translational kinetic energy of the de-
positing atoms and scatter the atoms into more oblique
incident angles when they approach the substrate sur-
face. As a consequence, at higher nitrogen deposition
pressures, the adatom mobility will reduce and the self-
shadowing effect will increase. Void formation with
rough coating surface will then be induced as evident
in the present investigation. It has been confirmed in
this study that a nitrogen pressure of 0.4 mTorr is the
deposition pressure for producing optimum structure
and properties of the ternary (Ti,Al)N coatings under a
30◦ magnetron co-sputtering deposition arrangement.

5. Conclusions
The effect of substrate bias voltage and substrate tem-
perature on the microstructure and property develop-
ment of magnetron co-sputtered ternary (Ti,Al)N coat-
ings was investigated. It was found that an increase in
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substrate bias and/or substrate temperature imposed no
major effect on the composition and phase formation
of the (Ti,Al)N coatings, but had significant influence
on the development of their microstructure and sur-
face morphology. As the substrate bias and/or tem-
perature increased, the coating structure was densified
with development of fine grain size and reduced sur-
face roughness, resulting in a substantial increase of
the coating hardness. It is believed that the microstruc-
ture and property enhancement is attributed to an in-
creased translational kinetic energy of the depositing
atoms and a greater thermal energy provided to the sub-
strate and the coating material with increasing substrate
bias and/or temperature. The adatom mobility and the
surface diffusion of atoms are enhanced, producing a
densified zone T structure with low porosity.
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