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Abstract: Titanium nitride (Ti-N) thin films are electrically and thermally conductive and have high
hardness and corrosion resistance. Dense and defect-free Ti-N thin films have been widely used in
the surface modification of cutting tools, wear resistance components, medical implantation devices,
and microelectronics. In this study, Ti-N thin films were deposited by high power pulsed magnetron
sputtering (HPPMS) and their plasma characteristics were analyzed. The ion energy of Ti species was
varied by adjusting the substrate bias voltage, and its effect on the microstructure, residual stress,
and adhesion of the thin films were studied. The results show that after the introduction of nitrogen
gas, a Ti-N compound layer was formed on the surface of the Ti target, which resulted in an increase
in the Ti target discharge peak power. In addition, the total flux of the Ti species decreased, and the
ratio of the Ti ions increased. The Ti-N thin film deposited by HPPMS was dense and defect-free.
When the energy of the Ti ions was increased, the grain size and surface roughness of the Ti-N film
decreased, the residual stress increased, and the adhesion strength of the Ti-N thin film decreased.

Keywords: high power pulsed magnetron sputtering; Ti-N; ion energy; microstructure; residual
stress; adhesion strength

1. Introduction

Titanium nitride (Ti-N) thin films are widely used in the surface modification of
cutting tools, wear resistance components, and medical implantation devices owing to
their advantages of high hardness, electrical and thermal conductivity, and corrosion
resistance [1]. Direct current magnetron sputtering (DCMS) techniques have been widely
used for the deposition of Ti-N thin films. However, DCMS is characterized by a low ion
fraction of the sputtered species, which results in loose structures and defects, such as holes
and cracks in thin films, and limits its application in the surface modification of wear- and
corrosion-resistant components [2]. Recently, high power pulsed magnetron sputtering
(HPPMS) has been employed to deposit dense and defect-free Ti-N thin films [3] or as an
additional tool to manipulate the ionization degree in the plasma during Ti-N thin films
deposited by DCMS [4]. It offers high power density at a low duty cycle [5] resulting in
unique plasma characteristics, such as high sputtering species ionization degree and ion
energy [6], which are beneficial for the deposition of dense and defect-free TiN thin films
for the surface modification of wear- and corrosion-resistant components [7]. For example,
a study by Elmkhah et al. demonstrated that the Ti-N thin film deposited by HPPMS had a
dense and defect-free structure and better corrosion resistance than that of the thin film
deposited by DCMS [8]. HPPMS deposited Ti-N thin film can protect activated metals such
as depleted uranium from aerated neutral NaCl solution corrosion [9]. In addition, the
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drawbacks of low deposition rate of HPPMS can be alleviated by using low magnetic field
strength [10], introduction of MF pulses during off-time of HPPMS [11], and regulating the
pulse-on time and frequency into an optimum value [12].

During the deposition of Ti-N thin film by HPPMS, a substrate bias applied to the
substrate further increases the energy of the Ti and N ions, which is beneficial for dense
and defect-free Ti-N thin film deposition [13]. However, the high-energy ion bombardment
increases the residual stress of the thin films [14], which results in the peeling-off of thin
films and thus, catastrophic failure [15]. In addition, during the Ti-N thin film deposition
by HPPMS, a compound layer is formed on the target surface (also known as target
poisoning) [13], which affects the discharge and plasma characteristics of the Ti target.

Therefore, in this study, the effect of Ti target poisoning on the target discharge and
plasma characteristics, such as plasma flux and plasma composition, was analyzed. In
addition, the ion energy was varied by applying different substrate bias voltages, and the
effect of the Ti ion energy on the microstructure, residual stress, and adhesion of the Ti-N
thin film deposited by HPPMS was studied.

2. Experimental

The Ti-N thin films were deposited by an unbalanced magnetron sputtering sys-
tem [16]. The substrate is silicon wafer (Si) which were used for thickness, residual stress
and microstructure investigation, and stainless steel (316 L, SS) which were used for adhe-
sion test of Ti-N thin films. The distance between the target and the substrate was 60 mm.
The base pressure of the deposition chamber was less than 8 × 10−4 Pa. Argon and nitrogen
were used as working gas; the flow ratio of argon was 60 sccm and that of nitrogen was
4 sccm. The power system was a HPPMS source (HPS-450D, Chengdu Pulsetech Electrical
Co., Ltd., Chengdu, China), which sputtered the Ti target with a pulsed trigger voltage
of −800 V, frequency of 200 Hz, and pulse of 150 µs. Before the deposition of the Ti-N
thin film, the Ti target was cleaned by DCMS (2 A) for 5 min and pre-sputtered by argon
discharge for 15 min at a pressure of 3.0 Pa and substrate bias of −1500 V. The energy of
the Ti and N ions was varied by setting the substrate bias voltage from floating to −150 V
by a direct-current bias power supply. To improve the adhesion of the Ti-N thin films, a
200-nm Ti interlayer, deposited by DCMS (2 A, 250 V), was introduced.

For the target discharge analysis, an oscilloscope (TDS-220, Tektronix, Shanghai, China)
was used to record the target voltage and current. To study the plasma characteristics,
optical emission spectroscopy (OES; AvaSpec-2048-7-USB2, Avantes, Apeldoorn, The
Netherlands) was performed [17]. The thickness and surface profiles of the Ti-N thin
films were measured using a stylus profiler (XP-2, Ambios, Milpitas, CA, USA) and the
residual stress of the thin films was calculated using the wafer curvature method [18]. The
crystalline structures of the thin films were analyzed using X-ray diffraction (XRD, X’pert,
PANalytical, Almelo, The Netherlands) with Cu-Kα radiation generated at 40 kV and 30 mA
from a Cu target. The microstructures of the thin films were observed using field-emission
scanning electron microscopy (SEM, JSM-7100F, JEOL, Tokyo, Japan) and transmission
electron microscopy (TEM, Talos F200X, FEI, Waltham, MA, USA). The surface roughness
of the thin films was measured by atomic force microscopy (AFM, Multimode 8, Bruker,
Billerica, MA, USA) in tapping mode. The adhesion of the thin films was determined using
a scratch tester (MFT-2000, Lanzhou Institute of Chemical Physics, Lanzhou, China) fitted
with an Al2O3 indenter.

3. Results and Discussion
3.1. Target Discharge and Plasma Characteristics

Figure 1 shows the waveforms of the target voltage and the current of the Ti target
sputtering with and without the introduction of nitrogen gas. The target voltage showed a
trigger voltage of 800 V at the start at 10 µs, which was followed by a decrease toward a
steady state voltage (Vss) of approximately 350 V regardless of the introduction of nitrogen
gas. The target discharge current increased continuously after a delay of 10 µs, which
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could be attributed to the plasma buildup [19], then reached a steady state of 140 A. The
peak power of the target discharge was 49.0 kW. After the introduction of nitrogen gas, the
stable discharge current of Ti target was 150 A, which was higher than the condition for
sputtering without nitrogen gas, and the peak power of target discharge was 52.5 kW.
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Figure 1. Waveforms of Ti target discharge voltage (a) and current (b) after the introduction of
nitrogen gas.

This change in the target discharge current was due to target poisoning. When the
nitrogen gas was introduced, the N atoms and ions were adsorbed onto the Ti target surface
and formed a nanoscale Ti-N compound layer on it [20]. The secondary electron emission
coefficient of the Ti-N compound is higher than that of pure Ti [21], resulting in an increase
in the secondary electron current [22], which increases the Ti target discharge current, and
thereby the peak power of the target discharge.

Figure 2 shows the OES results of the plasma selected for the analysis of the plasma char-
acteristic such as ions flux and ionized ratio of Ti species with and without the introduction
of nitrogen gas. The emission lines mostly consist of Ti+ (300–380 nm) and Ti0 (490–525 nm),
Ar+ (450–480 nm), and Ar0 (650–1000 nm), while the emission lines of N0 and N+ were
not recorded because of their low intensity. The comparison of Figure 2a,b indicates that
after the introduction of the nitrogen gas, the Ti+ and Ti0 emission line intensities decreased,
because the intensity of the corresponding emission line of the species positively correlated
with the plasma flux of the species. Therefore, the decrease in the Ti+ and Ti0 emission line
intensities can be attributed to a decrease in the plasma flux of the Ti species. After nitrogen
gas was introduced, the Ti-N compound layer was formed on the surface of the Ti target.
The sputtering yield of Ti-N was lower than that of Ti, resulting in a decrease of the plasma
flux of the Ti species sputtered from the target.
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Figure 2. Optical emission spectroscopy of Ti and Ar before (a) and after (b) the introduction of
nitrogen gas.

The intensity ratio of Ti+/Ti0 was calculated for the ionized ratio of the Ti species. The
Ti+ value is a plus of intensity of emission lines located at 334.90, 334.94, and 336.12 nm
and a plus of emission line intensities located at 466.2, 490, and 525 nm representing
Ti0. The Ti+/Ti0 ratio was 1.02 during the sputtering of the Ti target without introducing
nitrogen gas, while the Ti+/Ti0 ratio was 1.26 when nitrogen gas was introduced. The
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OES line intensity is proportional to the concentration of the related species [23]. Thus,
these results indicate that after the introduction of nitrogen gas, the ionized ratio of the Ti
species increases. After the introduction of nitrogen gas, the Ti-N compound layer was
formed on the surface of the Ti target, which increased the Ti target discharge current, and
thereby the peak power of the target discharge. The increase in the peak power increases
the electron temperature, which promotes the ionization of Ti [24,25]. It should be noted
that the ionized ratio of the Ti species is six times than that of DCMS methods [26]; thus, it
has the potential for the deposition of more dense and defect-free Ti-N thin films.

3.2. Microstructure and Properties of the Ti-N Thin Film

Figure 3 shows the θ–2θ XRD results for the Ti-N thin films deposited at different
substrate bias values. The crystal structure of the Ti-N thin films deposited on Si was
face-centered cubic NaCl type, and the Ti-N (111) diffraction peak was detected in the 2θ
range of 36◦–37◦. The Ti-N (111) diffraction peak shifted to a lower angle, which was due
to the compressive residual stress in the Ti-N thin films, and the shift of the (111) diffraction
peak of the Ti-N thin film deposited at a substrate bias of −150 V was larger than that at
floating. In addition, the Ti-N thin films exhibited a (111) out-of-plane texture.
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of −150 V.

During the thin film growth, the competition between the surface diffusion and ion
bombardment determines the formation of the crystal texture [27]. A growth condition
dominated by surface diffusion tends to form a crystalline texture with the lowest surface
energy planes [28], while the growth condition dominated by ion bombardment tends to
form crystalline texture with the lowest strain energy planes [29]. In face-centered cubic
Ti-N crystals, the (200) plane has the lowest surface energy and the (111) plane has the
lowest strain energy [30]. In this study, the Ti-N thin films were deposited by HPPMS,
which resulted in a high fraction of ionized Ti, and the Ti ion bombardment provided a
Ti-N thin film with crystalline planes with the lowest strain energy, that is, a (111)-textured
Ti-N thin film.

The grain sizes of the deposited Ti-N thin films, calculated using the Scherrer formula,
were 16 nm at a substrate bias of −150 and 27 nm at floating. During film deposition,
the damage due to the high-energy ion bombarding inhibits the grain growth. A higher
substrate bias voltage results in a higher ion energy; thus, the grain growth inhibition effect
is more noticeable. Therefore, the deposition of the Ti-N thin film at a substrate bias of
−150 V resulted in a smaller grain size.

Figure 4 shows high-resolution transmission electron microscopy (HRTEM) images
of the Ti-N thin films deposited on Si and SS at floating and a substrate bias of −150 V. It
can be seen that the grain size of the deposited Ti-N thin films is ~30 nm at floating and
~20 nm at a substrate bias of −150 V. These results are in good agreement with the results
calculated using the Scherrer formula from the XRD data.
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Figure 4. HRTEM morphology of the TiN thin films deposited at floating and a substrate bias of −150 V.

Figure 5 shows the cross-sectional and surface morphologies of the Ti-N thin films
deposited on Si at floating and a substrate bias of −150 V. These Ti-N thin films had a
compact structure without any defects such as holes or cracks. The surfaces of the Ti-N thin
films deposited at floating and a substrate bias of −150 V were smooth, without any defects,
such as particles or cracks, appearing on them. A columnar structure can be observed in the
cross-sectional images of the Ti-N thin films, and the column size of the thin film deposited
at a substrate bias of −150 V is smaller than that deposited at floating. It should be noted
that the thin film deposited at a substrate bias of −150 V is denser than that deposited at
floating. By applying a substrate bias of −150 V, the strong ion bombardment not only
decreased the column size of the Ti-N thin film, but also densified the thin film.
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Figure 5. Surface (a,b) and cross section (c,d) scanning electron microscopy images of the TiN thin
films deposited at floating and a substrate bias of −150 V.

Figure 6 shows the AFM morphologies of the Ti-N thin films deposited on Si at floating
and a substrate bias of −150 V. The root mean square (RMS) surface roughness of these
thin films was less than 2.5 nm. The surface roughness of the Ti-N thin films deposited
at a substrate bias of −150 V was lower than that deposited at floating, which can be
attributed to the bombardment of the thin film surface by high-energy ions, which resulted
in a smoother surface.
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Figure 6. Atomic force microscopy images of the TiN thin films deposited at floating and a substrate bias of −150 V.

Figure 7 shows the deposition rate and residual stress of the Ti-N thin films deposited
on Si at floating and a substrate bias of −150 V. The deposition rate of the Ti-N thin
film deposited at floating was 33.5 nm/min whereas the deposition rate decreased to
31.5 nm/min when the substrate bias applied was −150 V. During the film deposition,
when the ion energy was increased by applying higher substrate bias, the energized ions
re-sputtered and etched the growth film, which reduced the thin film deposition rate.
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Figure 7. Deposition rate and residual stress of the TiN thin films deposited at floating and a substrate
bias of −150 V.

All Ti-N thin films were under compressive stress, which was consistent with the shift
of the (111) diffraction peak in the XRD results. The compressive stress was −6 GPa when
the Ti-N thin film was deposited at floating and was −7 GPa at a substrate bias of −150 V.
The bombardment and implantation effect of the high-energy ions generate compressive
residual stress in the Ti-N thin films; the higher the ion energy, the more noticeable the
effect of the bombardment and implantation, and the larger the compressive residual stress.
Therefore, applying a substrate bias of −150 V generated more compressive residual stress
in the Ti-N thin film than at floating.

Figure 8 shows the scratch topographies of the Ti-N thin films deposited on SS at
floating and a substrate bias of −150 V. For the Ti-N thin film deposited at floating, the
peel-off of the Ti-N thin film occurred at the scratch at a load of 70 N and at a bias of −150 V,
the peel-off occurred at a load of 20 N. These results indicate that the adhesion strength
of the Ti-N thin film deposited at floating is better than that deposited at a substrate bias
of −150 V. For brittle ceramic thin films, the compressive residual stress can decrease the
adhesion strength between the thin film and the substrate. In this study, the compressive
residual stress of the Ti-N thin film deposited at a substrate bias of −150 V was higher than
that at floating. Thus, the Ti-N thin film deposited at a substrate bias of −150 V is more
likely to suffer catastrophic failure, such as peel-off, during a scratch test.
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Figure 8. Scratch topographies of the TiN thin films deposited at floating and a substrate bias of
−150 V.

4. Conclusions

In this study, Ti-N thin films were deposited using HPPMS. The target discharge and
plasma characteristics before and after the introduction of nitrogen gas were analyzed.
The effect of the ion energy on the microstructure, residual stress, and adhesion of the
thin films was studied. The results demonstrate that with the introduction of nitrogen gas,
the Ti target discharge current and peak power increased, the total flux of the Ti species
decreased, and the ionized ratio of Ti increased. The Ti-N thin film deposited by HPPMS
was dense and defect-free. When the energy of the Ti ions was increased, the grain size
and surface roughness of the Ti-N film decreased, the residual stress increased, and the
adhesion strength of the Ti-N thin film decreased.
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