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Abstract: A dual-stage high power pulsed magnetron sputtering (HPPMS) technique, which has two continuous and independently

adjustable steps in one pulse period, was developed in order to solve low deposition rate of traditional HPPMS. Through the

reasonable allocation of electric field of dual-stage HPPMS, a fine and dense structure of TiN coating was prepared. The effects of

target current of dual-stage HPPMS on the microstructure and corrosion resistance of TiN coating were studied. It is found that the

morphology of target surface changed from small pits to large-area craters when target current increased to 20 A. It indicated that

the leave-target mode of deposited particles changed from sputtering to sublimation or evaporation. Additionally, when target

current was 10 A, the TiN coating exhibited pyramid-shaped particles with average grain size of 11 nm. When target current

increased to 25 A, the TiN coating showed a circular shape particles with average grain size of 18 nm and dense columnar structure.

This microstructure gave rise to a better corrosion resistance.
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TiN coating is widely used in the fields of mechanical
engineering, aerospace and semiconductor due to its good
mechanical properties, low electrical resistivity and
superior chemical and thermal stability!'’. In addition,
unique optical properties of brown to golden of TiN
coating make it suitable for application in luxury goods
and decoration fields'”). The magnetron sputtering
technique has been widely employed to deposit TiN
coating, which has the advantages of low deposition
temperature, multicomponent deposition and fabricating
smooth coating”*. However, low density plasma of
magnetron sputtering results in loose structure and poor
adhesion of TiN coating”. High power pulsed magnetron
sputtering (HPPMS) was developed by Kouznetsov!®. It
creates a high density plasma of a high degree of ionization
of the deposited particles using a pulsed high peak target
power density (e.g.1~3 kW/cm®) for a short period of time
(e.g. 5~150 us)!"!. HPPMS technique has been proved to
improve the coating structure and properties, and enhance
coating adhesion as compared to traditional magnetron
sputtering™. However, the extremely high peak target
power causes overheating of target, resulting in a
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significant reduction in duty cycle (<5%). Moreover, the
ionized deposited particles can be attracted back toward the
cathodic target with high voltage, which reduces the
deposition rate of coating”'"\.

As an alternative HPPMS technique, dual-stage HPPMS
has been developed after the development of HPPMS. The
dual-stage HPPMS technique uses two continuous and
independent adjustable pulse stages in one pulse period.
Fig.1 shows the waveform of target current of dual-stage
HPPMS. The first stage is the weakly ionized stage. In this
stage, low voltage, current and power are loaded on the
target to ignite plasma. The second stage is strongly
ionized stage with high voltage, current and power. The
weakly ionized stage allows for the formation of a stable
discharge prior to entering the strongly ionized stage,
which is beneficial for suppressing the arc formation
during the high power mode of operation. Additionally,
when the target current is greatly increased through current
control mode in the strongly ionized stage, the number of
Ar" bombardment on the target surface can be increased.
The temperature of target surface will rise due to Ar’
bombardment and resistance heat. When the temperature
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exceeds the melting point of target material, the number of
deposited particles can be increased by sublimation or

. 11,12
evaporation process'""'?.

Consequently, the dual-stage
HPPMS technique can produce higher density of plasma
and deposited particles than traditional
sputtering.

Based on the above analysis, it could be inferred that

target current is a very important factor, which affects the

magnetron

leave-target mode and deposition of deposited particles. In
this study, the
deposition rate and corrosion resistant properties of TiN
coatings deposited by dual-stage HPPMS technique with
different target currents in strongly ionized stage were
studied. In addition, the leave-target mode of deposited
particles was discussed in detail in accordance with the

correlations between microstructure,

morphology of target surface evolution.

1 Experiment

All TiN coatings were reactively deposited by a closed
unbalanced magnetron sputtering system in a mixture
atmosphere of Ar and N,. The deposition system is a
chamber that
magnetrons of alternating reversed magnetic polarities

cylindrical contains two unbalanced
installed on the chamber wall to form a closed magnetron
field. Ti target was circle with the diameter of 100 mm,
thickness of 7 mm and purity of 99.9%. The substrates are
P-type (100) Si wafer and M2 high-speed steel. The
substrates were ultrasonically cleaned in acetone and
alcohol for 15 min separately. After drying with N, gas, the
substrates were installed into the sample holder. The
substrates were parallel to the target surface, and the
distance between target and substrate was 130 mm. The
rotating speed of sample holder was set to 5 r/min. The
diagram of coating deposition system is shown in Fig. 2.
The substrate was cleaned by plasma sputter etching in a
pure Ar plasma using a pulsed dc substrate bias voltage of
-500 V for 10 min before all deposition. Then the Ti
transition layer was deposited for 10 min to enhance
adhesion between the coating and substrate. Finally, TiN
coatings were deposited at different target currents using
dual-stage HPPMS power supply for 40 min. The specific

experimental parameters are shown in Table 1. It should be
noted that T,, in the weakly and the strongly ionized stages
of dual-stage HPPMS was set to 8 and 6 ms respectively,
and T, was 6 ms. The duty cycle was 70%.

The crystal structure of TiN coatings was determined by
X-ray diffractometry (XRD-7000s,
Corp.). The scanning electron microscope (JSM-6700F,
JEOL Ltd) was used to characterize the surface and

Shimadzu limited

cross-section morphology of coatings. The three-
dimensional morphology of target surface was
characterized by laser confocal microscope (LEXT

OLS4000, OLYMPUS Inc.). The corrosion resistance of
coatings was characterized by electrochemical test system
(CS350, Wuhan Corrtest Instruments Co., Ltd). The
polarization curve of TiN coatings in 3.5% NaCl corrosion
medium was measured by potentiodynamic scanning, which
was analyzed by the software of C-View.
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Fig.2 Diagram of coating deposition system

Table 1 Parameters of TiN coating deposited at different target currents by dual-stage HPPMS

Sample No. I/A Ton/ms  Top/ms fHz U/NV Uy/V Flow/n/?Ir;min'l /Eiilﬁr\;vl P/Pa  T,/°C T/min
1" 2.0/10 8/6 6 50 220/523 -60 60 20 0.8 50 40
2 2.0/15 8/6 6 50 220/548 -60 60 20 0.8 56 40
3" 2.0/20 8/6 6 50 220/556 -60 60 20 0.8 68 40
4 2.0/25 8/6 6 50 220/570 -60 60 20 0.8 80 40

Note: [,-target current of the weakly and strongly ionized stages; Ton-pulse length of the weakly and strongly ionized stages; T,g-pulse

turn-off length; f~frequency; U-target voltage; Us-bias voltage; P-deposition pressure; Ts-deposited temperature; 7-deposition time



Hao Juan et al. / Rare Metal Materials and Engineering, 2020, 49(9): 2991-2996 2993

2 Results and Discussion

2.1 Microstructure analysis

Fig.3 shows the XRD pattern of TiN coatings. All TiN
coatings exhibit a NaCl-type face centered cubic (fcc)
structure, which contains diffraction peaks of (111), (200),
(220) and (311). The diffraction peaks of Ti or Ti,N are not
detected in XRD pattern. It is evident that the TiN is the
of these The preferred
orientation changes significantly, in which the (111)

main component coatings.
diffraction peak of TiN coating first increases and then
decreases in intensity with target current increasing from 10
A to 25 A, and the intensity of (220) diffraction peak
continues to increase. The preferred orientation gradually
changes from (111) to (220) with the target current
increasing.

Formation of preferred orientation during TiN film
growth is dependent on competition between strain energy,
surface energy and stopping energy!'”'. For TiN coating
with fcc structure, (200) plane has the lowest surface energy,
(111) plane has the lowest strain energy and (220) plane has
the lowest stopping energy. In this study, increasing plasma
density improves ion bombardment and increases adatom
mobility and strain energy in coatings, resulting in the
production of (111) orientation which has the lowest strain
energy plane. When the target current continuously
increases to 25 A, the growth of (111) plane is restricted
and (220) plane with the lowest stopping energy becomes
preferred orientation since the TiN coating possesses the
highest deposition rate.

The average grain size of TiN coatings was calculated
from the full width at half maximum (FWHM) of
diffraction peak according to Scherrer’s equation'’”). When
target current increases from 10 A to 25 A, the average
grain sizes of TiN coating are 11, 13, 16 and 18 nm,
respectively. It can be seen that the grain size increases
slightly with increase of target current. The nucleation and
growth process of TiN coating are mainly affected by
plasma density, substrate temperature, and deposition rate.
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Fig.3 XRD patterns of TiN coatings

The high plasma density can be obtained by the dual-stage
HPPMS technique at high target current, and the substrate
temperature is enhanced by increasing the plasma density.
High plasma density and high substrate temperature
improved adatom mobility and diffusivity but reduced

1617 The critical

undercooling of phase transformation
radius of nucleation was increased and the grain growth
was enhanced. Thus, higher target current can obviously
increase the average grain size of TiN coating. It is noted
that the increasing average deposition rate under high target
current can reduce the critical radius of nucleation and
increase nucleation number. Therefore, the average grain
size of TiN coatings is controlled at the nanometer scale
which is less than 20 nm.

The surface and cross-sectional morphologies of TiN
coatings are shown in Fig.4 and Fig.5, respectively. When
the target current is 10 A, the TiN coating exhibits
pyramid-shaped particles, and some voids exist between
particles. When target current is increased to 15 A, the TiN
coating still exhibits pyramid-shaped particles, but the
number of voids obviously decreases. When target current
continuously increases to 20 and 25 A, the surface
morphology of TiN coatings changes from pyramid shape
to circular shape, and the voids between particles disappear,
indicating that the coating compactness has been improved.
Fig.5 shows all the TiN coatings exhibit columnar structure.

The microstructure of TiN coating is mainly related to
deposition characteristics. As the target current increases,
the number of plasma and deposited particles increases. It

Fig.4 Surface SEM images of TiN coatings deposited at different
target currents by dual-stage HPPMS: (a) 10 A, (b) 15 A,
()20 A, and (d) 25 A
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Substrate

Fig.5 Cross-sectional SEM images of TiN coatings deposited at
different target currents by dual-stage HPPMS: (a) 10 A,
(b) 15A,(c)20 A, and (d) 25 A

helps enhance the mobility and diffusivity of adatom on
substrate surface. The enhanced mobility is favorable for
the diffusion on substrate surface to obtain a coating with
dense structure. Additionally, with increase of plasma
density, the deposition temperature enhances the plasma
bombardment effect on substrate. Higher deposition
temperature and mobility of deposition particles contribute
to nucleation and growth of the coating. According to

81 this condition

Thornton's classic film growth theory
enables the TiN coating to grow in a dense columnar
structure.
2.2 Leave-target mode of deposited particles

The characteristics of deposited particles mainly depend
on leave-target mode and will affect deposition and
microstructure of TiN coatings. The laser confocal
microscope was used to observe the 2D and 3D
morphologies of target surface in order to further study the
change of leave-target mode, as shown in Fig.6. The
deposited particles leave target in the sputtering mode and
the target surface shows a pit-like morphology at low target
current (Fig.6a). The size of the pit is 10~50 um. When
target current increases above 20 A, part of deposited
particles leave the target by sublimation or evaporation
process and a large area of pits can be clearly observed on
the target surface. The size and the depth of pits are larger
than those under low target current, and the size increases
to 50~100 um. In addition, the grain size of target materials
has increased. As the target current increases, the

Fig.6 Two-dimensional and three-dimensional morphology of
discharge impression on the target surface: (a, b) 15 A
and (c, d) 20 A

bombardment energy of Ar” and the Joule heat can generate
a large amount of heat accumulation at the area of grain
boundary or defect of target surface with high resistance.
The temperature of target can be improved by heat
accumulation, which causes the deposited particles to leave
target surface by sublimation or evaporation, and the grain
growth of target material.
2.3 Deposition rate analysis

The average deposition rate of TiN coatings was
calculated by the ratio of coating thickness to deposition
time, shown in Fig.7. The average deposition rate increases
nonlinearly with increasing of the target current. When the
target current is 25 A, the average deposition rate reaches
the highest value of 56.3 nm/min. The deposition rate of
dual-stage HPPMS is higher than traditional HPPMS rate
for an equivalent amount of average target power '’
Because the inert gas is ionized to form low density plasma
by applying low power in the weakly ionized stage during
dual-stage HPPMS deposition, the target voltage that
induces high density plasma in the strongly ionized stage is
reduced. The deposition rate can be increased by effectively
avoiding the loss of deposited particles. When the target
current is low, the deposited particles leave target by
sputtering process, and the target current can directly affect
the number of bombardment of Ar', so the number of
deposited particles should be linearly proportional to the
target current. However, when the target current continues
to increase to 20 A, deposited particles gradually leave
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Fig.7 Average deposition rate of the TiN coatings deposited at
different target currents by dual-stage HPPMS

target by sputtering, sublimation or evaporation process.
The amount of deposited particles is significantly higher
than the increment of target current, thus making the
deposition rate increase nonlinearly at the conditions of
high target current (> 20 A).
2.4 Corrosion resistance analysis

The electrochemical polarization curve of TiN coatings
deposited by different target current are studied, as shown in
Fig.8. The corrosion potential (E..), corrosion current
density (/) and corrosion rate (V,,.) are obtained by fitting
the electrochemical parameters in the polarization curve with
C-View software, as shown in Table 2. With the increase of
target current, /.., and V., decrease first and then increase.
This result demonstrates that the corrosion resistance of TiN
coating increases first and then decreases slightly. The TiN
coating deposited at the target current of 20 A shows the best
corrosion resistance. This improvement of corrosion
resistance can be mainly attributed to the enhancement of
structural compactness and the decrease in abundant crystal
boundaries in TiN coating™?*, The diffusion paths of the
corrosion medium are effectively limited by compact
structure of the coating, while the intercrystalline corrosion is

prevented by rare crystal boundaries.
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Fig.8 Polarization curves of TiN coatings deposited at different

target currents

Table 2  Results of electrochemical tests in 3.5% NaCl
solution
I/A EeondV Leon/x10° Acem™ Veore/x10™* mm-A™
10 -0.2411 3.4237 1.7935
15 -0.1954 2.6491 1.5244
20 -0.0982 1.1354 0.59 217
25 -0.1135 2.0689 1.0831

3 Conclusions

1) When the target current increases from 10 A to 25 A,
all TiN coatings exhibit a NaCl-type face centered cubic
structure. The preferred orientation of TiN coating is
changed from (111) to (220). The highest deposition rate of
56.3 nm/min can be achieved.

2) When the target current is 20 A, the leave-target mode
of deposited particles changes from sputtering to sputtering
and sublimation/evaporation using dual-stage HPPMS
technique. And the TiN coating with smooth and dense
microstructure exhibits the best corrosion resistance. The
“deposition-crystallization-growth” atomic stack thickening
mechanism is still maintained.

3) The dual-stage HPPMS technique can improve the
deposition rate of TiN coating, which can reduce the cost of
coating preparation effectively.
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