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TiN coatings were deposited using a hybrid home-made high power impulse magnetron sputtering (HIPIMS)
technique at room temperature. The effects of substrate negative bias voltage on the deposition rate,
composition, crystal structure, surface morphology, microstructure and mechanical properties were
investigated. The results revealed that with the increase in bias voltage from 50 to 400 V, TiN coatings
exhibited a trend of densification and the crystal structure gradually evolved from (111) orientation to (200)
orientation. The growth rate decreased from about 12.2 nm to 7.8 nm per minute with the coating
densification. When the bias voltage was 300 V, the minimum surface roughness value of 10.1 nm was
obtained, and the hardness and Young’s modulus of TiN coatings reached the maximum value of 17.4 GPa
and 263.8 GPa, respectively. Meanwhile, the highest adhesion of 59 N was obtained between coating and
substrate.
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1. Introduction
Due to the attractive properties such as high hardness, good
wear resistance and chemical stability, TiN coatings as one of the
protective hard coatings have received a wide range of applications in cutting tools, dies and many mechanical components to
improve their lifetime and performance[1,2]. Since 1980s, many
methods have been developed to prepare TiN coatings, typically
the dc magnetron sputtering (dcMS) technique and cathodic arc
ion plating (AIP)[3e5]. Even the dcMS technique is beneﬁcial to
depositing TiN coatings with smooth surface over large area, but
the low ionization degree of used metal target is usually <5%[6],
which causes the porous and loose column structure of the
deposited TiN coatings. AIP process is characterized by a combination of high deposition rate and high ionization degree of the
plasmas, but the co-deposition of macro-particles is the main
*
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barrier to obtain the high performance coatings with smooth
surface[7]. Additionally, many efforts have been made by many
researchers to improve the ionization of magnetron sputtering,
such as the unbalanced magnetron sputtering[8], and plasma
enhanced magnetron sputtering[9]. Up to now, new magnetron
sputtering method called high power impulse magnetron sputtering (HIPIMS) (also known as high power pulsed magnetron
sputtering (HPPMS)) by Kouznetsov et al.[10] and modulated
pulsed power magnetron sputtering (MPPMS) by Chistyakov
et al.[11] have been developed, respectively, which are aimed to
obtain the high density plasma and high sputtering ionization ratio
similar to those of AIP technique. The key process of these
techniques is to apply a pulsed high peak target power density
(e.g., 1e3 kW/cm2 in HIPIMS, and 0.5e1.5 kW/cm2 in MPPMS)
on the target for a short running time (e.g., 100e500 ms in
HIPIMS, and 500e3000 ms in MPPMS[12]). This pulsed peak
power can be typically 100 times larger than that in the conventional magnetron sputtering power. Consequently, a high density
plasma about 2e3 orders of magnitude higher than that obtained
in conventional magnetron sputtering, and a high ionization
degree of the sputtered material can be generated by the strong
ionizing collisions between the sputtered atoms and energetic
electrons[10,13].
However, HIPIMS requires higher excitation voltage, and then
the ionized particles may be drawn back by target itself because
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the high negative voltage occurred in the target surface, causing
low coating deposition rate[14]. Therefore, the low deposition
rate is now a major barrier to the commercial application of
HIPIMS. To solve this problem, we developed a modiﬁed
HIPIMS power supply coupled a dc unit with the high power
pulse unit in the present work. The coupled dc unit not only can
ensure a high deposition rate but also optimize pulse glowing
and plasma stabilization through pre-ionization[15,16]. In addition, the high power pulse can produce plasmas with highly
ionized metallic species occupying high ion energy.
Taking a much higher ratio of ion to neutral for the sputtered
species into account, negative bias voltage may have a signiﬁcant inﬂuence on the structure and properties of TiN coatings
during HIPIMS process because of an intense and controllable
bombardment of the coating growth with energetic ions from the
sputtered target materials and the process gases, by varying the
substrate bias[17]. In addition, during the HIPIMS deposition
process, the deposition and properties of TiN coatings are still
lack of understanding. In this work, we presented the deposition
of TiN coatings by a home-made hybrid HIPIMS technique at
room temperature, the effects of substrate negative bias voltage
on the structure and properties of coatings were investigated.
2. Experimental
The TiN coatings were reactively magnetron sputtered in
mixed Ar/N2 precursor gases in a hybrid HIPIMS system as
schematically shown in Fig. 1. The parallel connection of
HIPIMS power supply was revealed in our previous study[14], in
which the pulsed power by the constant voltage mode was
adjusted to achieve the high impulse power and the dc power by
the constant current mode ensured to obtain the high deposition
rate and stable discharged plasma. The p-type Si (100) wafers,
mirror-ﬁnished high speed steel (HSS) with a dimension of
15 mm  15 mm  3 mm and WHEEL BRAND glass pieces
were used as the substrates, respectively. Before deposition, all
the substrates were cleaned ultrasonically in acetone and ethanol
each for 15 min and then dried in air. Thereafter, the substrates
were ﬁxed on a rotary sample holder with a distance of 16 cm to
the sputtering target. The magnetron cathode equipped with a
pure Ti target (400 mm  100 mm  7 mm, purity of 99.99%)
was controlled with the hybrid pulsed high power supply. The
chamber was ﬁrst evacuated to a base pressure of lower than
3.99  103 Pa (3.0  105 Torr) and then the plasma etching
was conducted by Ar glow discharge for 30 min. In order to
improve the adhesion between the TiN coating and substrate, the

Fig. 1 Schematic diagrams of the hybrid HIPIMS deposition system of
TiN coatings.

Table 1 Process parameters for TiN coatings deposition
Deposition parameters

Ti interlayer

TiN coatings

Ar (sccm)
N2 (sccm)
Pulse width (ms)
Pulse frequency (Hz)
Pulse voltage (V)
DC current (A)
Negative bias voltage (V)
Deposition time (min)

50
0
200
100
600
3.0
300
15

50
10
200
100
600
3.0
50, 100, 200, 300, 400
80, 90, 100, 110, 120

Ti interlayer of about 230  20 nm was deposited after the
precleaning stage. During deposition, the reactive gas of N2 was
introduced into the chamber to form TiN coating. The thickness
of the TiN coating was kept at about 900  100 nm. The process
parameters are illustrated in Table 1. As shown in Fig. 2, the
peak voltage and current of Ti target were 510 V and 108 A,
respectively. Substrate negative bias voltage from 50
to 400 V, with a frequency and duration of 350 kHz and 1.1 ms,
was applied to the substrates and no external heating was provided during deposition.
The target current was evaluated by using a current monitor
(LEM, Model LT58-S7) and the target voltage was tested with a
voltage probe (Tektronix, model TPP0101). These in-situ
waveforms during deposition were monitored with an oscilloscope (Tektronix, model TDS 1012C-SC). The thickness of the
deposited coatings was measured with a surface proﬁlometer
(KLA-Tencor, Alpha-Step IQ) through a step between the
coating and Si wafers covered with a shadow mask. Surface
morphology and cross-section morphology of the coatings were
observed by ﬁeld emission scanning electron microscopy
(S4800, Hitachi). Energy-dispersive X-ray spectroscopy (EDS)
was used to gain insight into the chemical compositions.
Quantiﬁcation was performed using the ZAF method, which was
incorporated with individual corrections from the atomic number
(Z), absorption (A), and ﬂuorescence (F). The surface roughness
was evaluated with a scanning probe microscope (Dimension
3100V, Veeco, US) at a scan rate of 1.0 Hz. The average
roughness (Ra) values of the coating surfaces was calculated
from 512  512 surface height data points over 3 mm  3 mm
scan area. Structural analysis of the ﬁlms was performed by Xray diffraction (XRD) at ambient air using a Bruker D8 X-ray
facility (Cu-Ka radiation). Mechanical properties of the coatings
were tested by the nano-indentation technique (MTS NANO

Fig. 2 Waveforms of the target voltage and target current at a pulsed
period.
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Fig. 5 XRD patterns of TiN coatings with different bias voltage.
Fig. 3 Deposition rate of the coatings as a function of the bias voltage.

G200) in a continuous stiffness measurement mode using a
Berkovich diamond tip. The characteristic hardness was chosen
in a depth of around 1/10 of the coating thickness where the
measured value was not affected by the Si substrate. Four
replicate indentations were done for each sample. To assess
coating adhesion, the critical loads, LC, where the mass delamination of coating happens, were measured on the CSM Revetest
scratch tester with a diamond tip of a radius of 200 mm, under a
maximum load of 80 N and a scratch length of 3 mm.
3. Results and Discussion
The average growth rate of TiN coatings with different bias
voltages is shown in Fig. 3. When the negative bias voltage
increases from 50 V to 200 V, the deposition rate of TiN
decreases sharply from 12.2 nm/min to 8.34 nm/min, and then
decreases slightly from 8.34 nm/min to 7.8 nm/min with the
further increase of bias voltage to 400 V. This may be related
with the re-sputtering of the deposited coating caused by the
heavy energetic ion bombardment[18]. Increasing negative bias
voltage, the ions bombardment increases and as a consequence
the growth rate increases. However, when the sputtering yield of
Ti target is maximum, further increasing bias results in the heavy
ion bombardment occurring in the surface of deposited coating,
which are called the re-sputtered process, leading to the decrease
of deposition rate of TiN coatings.

Fig. 4 shows the chemical compositions of the TiN coatings.
When the substrate bias voltage is less than 200 V, only a small
change in Ti/N atomic ratio can be identiﬁed. However, it increases gradually as the bias voltage is varied from 200 V
to 400 V. The enhanced ion bombardment during the deposition process can easily break the weak TieN bond and the N
atoms are re-sputtered preferentially comparing with Ti ones.
Fig. 5 shows the XRD patterns of TiN coatings as a function
of the substrate negative bias voltage. It is seen that the preferred
orientation of TiN coating is shifted from (111) plane to (200)
plane as the bias voltage increases from 50 V to 400 V.
Similar changes in coating orientation have also been observed
by varying the substrate negative bias in other reports[19,20].
Generally, this texture change in TiN coating is usually explained
in thermodynamic and kinetic aspect. Thermodynamic consideration is proposed based on the minimization of total energy,
which is the sum of surface energy and strain energy. Plane (111)
and plane (200) have the lowest strain energy and the lowest
surface energy in NaCl-type fcc nitrides, respectively[21]. Coatings deposited at low substrate bias preferring a (111) orientation
for the highest number of atoms per unit area can be incorporated
at low energy site. The increase in substrate bias increases the
mobility of adatoms promoting the growth of lowest-surfaceenergy planes. A (200) texture is therefore expected to be the
preferred orientation. From a kinetic aspect, if coatings are
grown in relatively high-ion-energy conditions, their textures
tend to evolve toward the planes with most open channels[22].
For the TiN coatings, (200) plane has opener channeling
compared to (111) plane, the orientation changes from (111) to
(200) plane as coatings are deposited under higher substrate bias.
Meanwhile, the crystallite size of the TiN coating at (111) plane,
which is determined from the Scherrer equation[23], tends to
decrease from 50 V to 300 V as a result of the increased
nucleation sites with the increase of incident ion energy[24] and
followed by an increase as the substrate bias changes

Table 2 Grain size of the TiN coatings deposited at different negative
bias voltage estimated from XRD analysis

Fig. 4 Ti/N atomic ratio of the TiN coatings with different bias voltage.

Negative bias voltage (V)

Grain size (nm)

50
100
200
300
400

38.1
14.2
8.6
5.1
7.7
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Fig. 6 Surface SEM images of the deposited TiN coatings with the bias voltage of: (a) 50 V, (b) 100 V, (c) 200 V, (d) 300 V, (e)e400 V.

from 300 V to 400 V because of high-energy ions
bombardment, as illustrated in Table 2.
Fig. 6 shows surface morphologies of the deposited TiN
coatings with different negative biases. It shows that TiN coatings exhibit the typical granular surface structure at the bias
voltages from 50 V to 300 V. As the bias voltage increases
to 400 V, a cauliﬂower-like structure appeared. This transition
in coating surface structure could be attributed to the enhanced
surface energy as the energy of incident ions increase[25]. Since
the high ratio of ions to neutrons ﬂux at higher bias voltage
favors a higher surface mobility of adatoms, the shadowing
effect is eliminated and the porosity fraction is reduced[26].
Therefore, the TiN coatings also exhibit a trend of densiﬁcation.
The cross-sectional images seen in Fig. 7 show that all the TiN
coatings exhibit columnar-type structure. With increasing the
negative bias voltage, the micrography evolves from the loose
columnar structure to densely packed structure. The high
mobility of the adatoms induced by ions bombardment with high
incident energy is considered to modify the surface vacancies
and diffuse among columns in the structure.
Fig. 8 shows the SPM images of the TiN coatings deposited at
various bias voltages. It can be seen that the surface morphology
of TiN coatings strongly depends on the bias voltage. A relatively ﬂattened surface morphology is demonstrated at the bias

voltage of 300 V. This difference in morphology is a consequence of the ion bombardment effects on surface mobility of
tunable deposited atoms[27]. As shown in Fig. 8, the Ra value of
TiN coatings decreases ﬁrstly and then increases. When the bias
voltage is 300 V, the minimum Ra value of 10.05 nm is obtained, which is also conﬁrmed by the SPM image. The increase
of Ra value at the bias voltage of 400 V is caused by the
extremely high-energy bombardment.
The hardness and Young’s modulus of the TiN coatings with
different bias voltages are shown in Fig. 9. The hardness and
Young’s modulus of TiN coating ﬁrstly increase and then decrease
with increasing the bias voltage. At the bias of 300 V, The
maximal values of hardness and elastic modulus are obtained at
17.4  0.53 GPa and 263.8  8.73 GPa, respectively. When the
bias changes from 50 V to 300 V, the increase of hardness from
4.66  0.18 GPa to 17.4  0.53 GPa is attributed to the structure
densiﬁcation and the decreased crystallite size. At bias voltage
of 400 V, the decrease of hardness and Young’s modulus can be
understood by the two factors. One is that the extremely highenergy ions bombardment induces higher temperature, which
would promote crystallite size[24]. The other factor is that the Ti
content in Ti2N is higher than that in TiN phase, so the presence of
Ti2N (111) at the bias voltage of 400 V contributes to the
decrease of the hardness and Young’s modulus.

Fig. 7 Cross-section SEM images of the deposited TiN coatings with the bias voltage of: (a) 50 V, (b) 100 V, (c) 200 V, (d) 300 V, (e) 400 V.
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Fig. 8 SPM images of the coatings deposited at the bias voltage of: (a) 50 V, (b) 100 V, (c) 200 V, (d) 300 V, (e) 400 V.

The adhesion properties of TiN coatings are evaluated by the
scratch tests. Fig. 10 shows the scratch track and the deduced
critical loads of the coatings. With increasing the loads, the width
and thickness of scratch track increase progressively until the
critical loads (LC), named by the mass delamination, happens in
the coating. The lowest critical load is only about 1 N for the
coatings deposited at 50 V, while the maximum critical load of

59 N is achieved at 300 V. Many researchers[28e30] have reported that the critical load increases linearly with the coatings
hardness, which is consistent with our results. This general
behavior has been explained in terms of the increasing load
endurance of the coatings as its hardness increases. However,
when the higher bias voltage was applied, the vertical cracks
resulting from high-energy bombardments within the coatings
and the lower hardness would deteriorate LC to 40 N at 400 V.
4. Conclusion

Fig. 9 Hardness and elastic modulus of the coatings as a function of
bias voltage.

TiN coatings with the different negative bias voltages were
deposited by a home-made HIPIMS technique. The evolutions of
growth rate, composition, crystal structure and mechanical
properties were studied systematically. It was found that
increasing the bias voltage caused the decrease of deposition
rate, accompanying with the structure densiﬁcation and the
decrease of surface roughness as expected. When the bias
increased from 50 V to 300 V, the TiN coating gradually
evolved from (111) orientation to (200) orientation, the hardness
and Young’s modulus ﬁrstly increased to 17.4 GPa and
263.8 GPa, respectively and then decreased with further
increasing the bias. Similar result was observed in the changes of
critical load as those of hardness evolution. In summary, the
substrate negative bias voltage played a key role in the properties
of the deposited TiN coatings due to the improved high
ionization.
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