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Compared to conventional direct current magnetron sputtering, high power impulse magnetron
sputtering (HiPIMS) gives rise to higher plasma activity which can be exploited to deposit films
with the preferred microstructure and higher critical load, but in practice, most of the electrons are
not effectively utilized and lost to the anode (chamber wall). In order to achieve higher ion flux to
substrate and denser microstructure of the films, an external magnetic field is introduced. In our
HiPIMS system, a coil around the magnetron target induces larger enhancement effects, and the
substrate current can be increased by a factor of 2 or more if the proper current flows through the
coil to intensify and confine the glow discharge. The magnetic-field-enhanced HiPIMS technology
is adopted to produce (AlTi)N;_« films with smooth surfaces and better mechanical properties such
as surface hardness and a larger coil current produces films with lower friction. The improvement
is attributed to enhanced glow discharge, more nitrogen incorporation, and intense ion

bombardment. © 2016 American Vacuum Society. [http://dx.doi.org/10.1116/1.4971202]

I. INTRODUCTION

Magnetron sputtering (MS) is widely used in coating
fields. However, compared to arc-based techniques, MS is
featured by the lower ionization of sputtered atoms and
lower plasma density near the samples, which result in insuf-
ficient adhesion between the coating and substrate.' In high
power impulse magnetron sputtering (HiPIMS),>™ a larger
pulse current is generated between the magnetron target and
anode to achieve a plasma density that can be 2-3 orders of
magnitude higher than that in conventional DC magnetron
sputtering. This is accomplished by applying electrical
pulses of up to megawatt power to the target, but a small
duty cycle is often used due to limitation in the power supply
and heat input into the magnetron target.®” Unfortunately,
HiPIMS suffers from some drawbacks in spite of the higher
plasma density, better film adhesion, and more uniform film
thickness.® Unwanted arcing occurs more frequently and the
deposition rate is smaller than that in direct current magne-
tron sputtering for the same average power.” Narrower
HiPIMS pulses may lead to larger deposition rates'® which
can also be increased by reducing the magnetic field
strength.11 Nonetheless, HiPIMS still produces a smaller
density (10'®-10"/m?) than a vacuum arc (10'*-10*!/m®) in
general.'?

In this study, electrical coils are installed on the HiPIMS
target outside the vacuum chamber to produce an external
magnetic field to enhance glow discharge and deposition
rate.'® The effects of the external magnetic field on the glow
discharge characteristics as well as the microstructure,
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deposition rate, mechanical properties, and adhesion of
(AITD) N, films'*!> are investigated in details.

Il. EXPERIMENTAL DETAILS

HiPIMS deposition was performed in a magnetron sput-
tering chamber with dimensions of @400 x 400 mm, as
shown in Fig. 1. Four cathodes with dimensions of @350
x 7mm (only two cathodes used in the experiment) were
installed on the chamber wall. The magnetron discharge was
triggered by a custom hybrid HiPIMS power supply'® oper-
ating in three modes: DC, pulse, and DC + pulse. The
DC + pulse mode offering stable operation with less arcing
and higher ionization and deposition rates was implemented
in our experiments. The power supply was operated at a
maximum voltage of 1000 V and current of 400 A. The coils
were installed outside the chamber wall to generate the mag-
netic field to increase the plasma density in the vicinity of
the samples. Two cathodes (TiS0A150 and Cr) were used.
Mirror-polished M2 steel acted as samples with dimensions
of @20 x 3 mm and silicon was also utilized as substrate for
SEM, x-ray diffraction (XRD), and AFM analysis. The pro-
cesses were performed according to the following steps: (1)
argon ion cleaning, (2) Cr layer deposition, (3) CrN layer
deposition, and (4) (AlTi)\N; layer deposition, as illus-
trated in Table I. The pulse duration and frequency were
100 ps, 150 Hz and 200 us, 50 Hz, respectively, for plasma-
cleaning and film deposition. The TiS0AIS0 target was
excited with the average power of 200 W (in case of no coil
current) and pulse peak power density of approximately
1kW/cm? in the experiment. The sample temperature
greatly affects the microstructure and surface properties.'’
In this experiment, the sample temperature was kept at
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FiG. 1. (Color online) Schematic of the hybrid HiPIMS system.

approximately 450 °C for only studying the effect of mag-
netic field. In fact, the influence of sample temperature on
film microstructure under the external magnetic field should
be investigated later.

The surface microstructure and thickness of the deposited
films were examined by a Quanta 200FEG high-resolution
field-emission scanning electron microscope (FEI), and the
chemical composition was determined on a high-resolution
electron microprobe. The surface topography was assessed
by atomic force microscopy (Dimension Icon) from a
scanned area of 5 x5 um. Structural analyses were con-
ducted by XRD with Cu K, radiation on a Panalytical dif-
fractometer. The hardness and Young’s modulus were
measured using MTS Nano Indenter XP at a maximum
indentation depth of 100 nm. The friction coefficients were
determined on a ball-on-disk wear apparatus at a rotation
speed of 80 rpm and loading of 100 g with a 6 mm diameter
ZrO, ball.

lll. RESULTS AND DISCUSSION

The currents flowing through the substrate during
(AIT1)N;_ deposition for different coil currents (i.e., differ-
ent magnetic fields) are shown in Fig. 2. The pulse current
rises rapidly in the first 30—50 us and decreases gradually in
the next 80-100 us due to energy consumption in the power-
supply capacitor tank. The long current tail indicates that the
large plasma density will last for a long time, even 300 us
after HIPIMS pulse-off. The coil current affects the substrate

TaBLE L. Instrumental parameters in HIPIMS process.
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Fi. 2. (Color online) Dependence of the substrate current on coil current
producing the magnetic field.

current. A larger substrate current is induced by the external
magnetic field, implying that the magnetic field increases the
plasma density near the substrate. Anders et al. have added a
solenoid between the MS target and substrate to produce a
positive effect'® and the solenoid generates an axial mag-
netic field affecting the degree of unbalancing the magnetron
and the plasma can escape from the target region at an
enhanced rate. The magnetic field also enhances excitation
and ionization and guides the plasma toward the substrate. In
this way, a high-density plasma appears in front of the sam-
ple. In fact, the magnetic field is capable of magnetizing
electrons, but ions are difficult to magnetize due to the larger
mass. Consequently, electrons are moved by the magnetic
field. However, even a small charge separation in the plasma
may generate an internal field and the associated electrostatic
force will keep the electrons and ions together (bipolar diffu-
sion). The combined effect of electron movement by the
magnetic field and ion guiding by the electric field in the
plasma dictates the flow of the plasma.'® As a result, most of
generated plasma moves toward the substrate under the
external magnetic field thus producing the larger bias current
as shown in Fig. 2. Once the discharge is pulse off, the con-
fined ions are depleted quickly, and the substrate current
drops rapidly, especially for a larger coil current whose mag-
netic field confines more plasmas.

When the coil current is less than 4 A, the glow discharge
is enhanced by the external magnetic field and the effects are
slightly apparent if the coil current is increased to 6 A as

HiPIMS pulse Additional DC Ar flow N, flow Pressure Bias (V) and duty Coil

Processes current (A) current (A) (sccm) (sccm) (Pa) cycle (%) Time (min) current (A)
Precleaning 0 0 30 0 2.5 —600 (50%) 30 5
Cr layer 10 0.25 30 0 0.5 —600 (50%) 20 4
CrN layer 15 0.25 24 6 0.5 —75 (60%) 30 4
(AITi)xN; _ layer 20 0.25 24 6 0.5 —75 (60%) 60 0

2

4

6
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shown in Fig. 2. The “saturation” effect of the magnetic field
appears as reported by Jager et al.'® that the floating poten-
tial in the solenoid does not change significantly when the
DC flowing through the coil is increased from 138 to 337 A.
It may be because most of the plasma is confined at a larger
magnetic field. The magnetic field also affects the current
waveforms. In the absence of an external magnetic field (coil
current of 0 A), the substrate current rises gradually until the
end of the HiPIMS pulse. In contrast, the current reaches the
peak more rapidly if a current flows through the coils. The
magnetic field may force more electrons to move to the front
of the target and a more negative potential is induced. This
high potential (negative) makes the electrons escape rapidly
due to larger repulsion effect of the electric field. In this
way, the high-density plasma reaches the sample quickly on
account of the bipolar diffusion effect and the substrate rap-
idly receives the peak current. Afterward a current decrease
is observed. It may be attributed to gas rarefaction effect
which leads to a lower discharge current.*

Figure 3 shows the elemental concentration as a function
of the coil current. The measure error is less than 2.5% and
not shown here. The Al concentration is larger than that of
titanium. This was also reported by Chen ef al. using
Ti50Al150 target.”!

Generally, sputter erosion from the compound target will
produce an identical ratio of emitted Ti to Al atoms with that
of the bulk target composition. The compositional deviation
between the films and the target mainly derives from the dif-
ferent angular and scattering losses of Al and Ti.?! The vari-
ation may also be related to the different affinities of Ti and
Al to nitrogen. The Gibbs free energy of TiN of AG%N
= —308.3kJ/mol is more negative than that of AIN of
AGS,\ = —287.0kJ/mol.** Consequently, Ti in the AI50Ti50
target is more easily poisoned than Al, and sputtering occurs
more easily from weakly poisoned aluminum microzones.?!
The nitrogen concentration is lower in the film deposited
without the external magnetic field because of the smaller
ratio of nitrogen to argon as well as fewer nitrogen ions.
When an external field is applied, the nitrogen content in the
film increases with the coil current. The magnetic field
enhances not only ionization of the sputtered particles, but
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Fic. 3. (Color online) Elemental concentration as a function of coil currents.
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also excitation and ionization of nitrogen. A higher nitrogen
plasma density promotes the reaction between nitrogen and
metallic elements to form near-stoichiometric nitride. The
electrons in the plasma reach the anode (chamber wall)
rapidly if not confined by the external field, but in the pres-
ence of a magnetic field, they are forced to travel a longer
distance before hitting the wall. Consequently, ionization is
enhanced and a larger coil current intensifies ion bombard-
ment effects to produce denser and more compact films. If
the coil current is further increased, the nitrogen concentra-
tion decreases as a result of the weaker discharge due to the
higher plasma resistance induced by large field.

The (AITi);N,_ film fabricated with the magnetic field
has a finer structure which becomes denser and featureless at
a larger coil current (e.g., 4 A) but becomes coarse when the
coil current reaches 6 A although it is still more compact
than that prepared without applying a coil current as shown
in Fig. 4.

This may arise from more ion bombardment and different
elemental composition. Tonshoff et al. have shown in high
ion sputtering (HIS), the ion flux is more than twice that in
magnetron sputter ion plating technology thereby producing
a homogeneous and compact structure with a smooth surface
and large microhardness.”> By using HIS which provides a
higher degree of ionization, “dimpled” coatings can be pre-
pared on rough substrates even after a blasting treatment.”*
Bouzakis et al. have observed film densification and
improvement of the life time of milling tools.”> In our
experiments, the plasma density near the substrate is further
improved due to the confinement of magnetic field. This
may be helpful for the films with better microstructure and
properties.”®

The deposition rate is affected by the magnetic field. The
thicknesses of the films deposited using coil currents of 0, 2,
4, and 6 A are 1.42, 1.52, 1.54, and 1.63 um for the same
time as shown in Table I.

Fig. 4. Effect of coil currents on the thickness and structure of the
(AITi)N,_, films: (a) 0 A, (b) 2 A, (¢c) 4 A, and (d) 6 A.
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Hence, the external magnetic field can be utilized to
increase the deposition rate in HiPIMS because less materi-
als are lost to the chamber wall.?” It is noted that a higher
magnetic field does not necessarily increase the deposition
rate directly and the deposition rate has been reported to be
independent of the magnetron configuration in a dual magne-
tron syste.”® However, the magnetic field affects the ion cur-
rent and consequently the ion-to-atom ratio. Bohlmark et al.
have observed that the deposition rate can vary on different
parts of the sample.”’

Figure 5 depicts the XRD spectra of the (AlTi),N;_, sam-
ples revealing peaks stemming from CrN (300), TiAIN
(200), TiN (220), AIN (100), etc. The crystallinity becomes
better if a magnetic field is used. Owing to the larger plasma
density, the mobility of adatoms on the substrate is better
and atomic rearrangement is easier. When a coil current of
6 A is used, the AIN phase appears. The coil current affects
the degree of unbalancing magnetic field,* discharge area
on the target, ratio of ion to metal flux and subsequently the
film microstructure.”’ More ion bombardment induced by
larger magnetic field promotes the movement of atoms,
which may contribute to the formation of stable AIN phase.
The crystal size is calculated by the Scherrer equation®” and
in the presence of the magnetic field, the crystallite size
deceases by 50%.

The surface roughness values of the films are 8.7, 7.1,
5.2, and 6.7 nm for coil currents of 0, 2, 4, and 6 A, respec-
tively, as shown in Fig. 6.

The sample prepared without the external magnetic has a
rougher surface and coarser structure whereas the film
deposited at coil current of 4 A exhibits the lowest rough-
ness. It may be attributed to different incorporation of nitro-
gen and ion bombardment effects. HiPIMS without the
external magnetic field produces weak ion bombardment as
indicated by lower substrate current (as shown in Fig. 2).
However, in pulsed DC magnetron sputtering or low-power
HiPIMS, a dense structure is still observed although the
columnar morphology is only faintly observed.>’ When the
coil current is increased (e.g., to 2 A), more nitrogen is incor-
porated into the film and a larger power input to sample
(indicated by larger substrate current) changes the surface
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Fic. 5. (Color online) X-ray diffraction patterns acquired from the
(AITi)xN,_« films deposited on silicon.
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FiG. 6. (Color online) Influence of coil currents on the surface morphology:
(@)0A,(b)2A,(c)4A,and (d) 6 A.

morphology and microstructure substantially. A homoge-
neous and noncolumnar structure is present throughout the
film, and the surface roughness decreases. Similar results
have been reported by Chakrabarti et al 2% and Shew er al.**
The proper nitrogen flow rate gives rise to a dense and fine
morphology. If the coil current is increased (e.g., to 4 A), the
film shows the compact morphology and low roughness.
However, further increasing the coil current to 6 A roughens
the surface due to formation of AIN and resputtering changes
the film growth mechanism.

Figure 7 displays the nanohardness and modulus varia-
tions with coil currents. The surface hardness increases
appreciably in the presence of the external magnetic field.

A maximum hardness of 28 GPa is achieved at a coil cur-
rent of 4 A due to the denser structure, smaller crystal size,
and more nitrogen incorporation as consistent with trend in
plasma-enhanced magnetron sputtering (PEMS)* in which
an ion flux 25 times that of conventional magnetron sputter-
ing has been observed.>* The enhanced hardness can be cor-
related to the microstructure and ion bombardment. Erkens
et al** have reported that by using plasma-enhanced
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Fic. 7. (Color online) Effects of coil currents on the nanohardness and
modulus.
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Fic. 8. (Color online) Effect of coil currents on adhesion strength between
the film and substrate: (a) 0 A, (b) 2 A, (c) 4 A, and (d) 6 A.

sputtering, supernitride coatings with a dense and nanostruc-
tured morphology, appropriate surface finish, and good adhe-
sion are produced. Similar to PEMS, HiPIMS assisted by an
external magnetic field produces a larger ion flux to improve
the mechanical and tribological properties of the coatings.
However, an excessively high coil current leads to lower
hardness on account of precipitation of AIN. Oliveira er al.*
have shown that the AIN layer has a nanohardness between
12.5 and 16 GPa, which is lower than that of TiN or AITiN.
The lower hardness may be related to the influence of the
magnetic field on the Ti charge state®® which affects the
bombardment dynamics and flux-controlled growth of
TiAIN.” For instance, the doubly ionized metal flux is much
larger from the Ti target than an Al one in HiPIMS.?’ This
may be another reason for lower titanium concentration in
the deposited films due to intensive back-attraction effect of
ions with higher charge state.

The external magnetic field improves film adhesion.
Figure 8 shows the Rockwell adhesion tests conducted on the
(AIT1)N;_ coatings. According to the Daimler-Benz adhe-
sion quality rankings and standards in the VDI guidelines
3198(1991), the coatings deposited using coil currents of 4

Fic. 9. (Color online) Critical loads of the (AlTi)N;_ films for different
coil currents: (a) 0 A, (b) 2 A, (c) 4 A, and (d) 6 A. All scar bars are 600 um.
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FiG. 10. (Color online) Friction coefficients of the (AlTi)(N; 4 films depos-
ited using different coil currents.

and 6 A are accepted by HF1, the highest adhesion value.
However, if the coil current is lower or zero, adhesion is
weak (HF6 for the sample without magnetic field and HF4
for the sample deposited at a coil current of 2 A). Figure 9
displays a similar trend from the scratch test with a maximum
load of 50 N showing that a larger coil current produces bet-
ter film adhesion. According to the scratch test, the critical
load of the (AITi)N;_x film prepared without the magnetic
field is only 31N but that produced using a coil current of
6 A is 5S0N. Figure 10 displays the friction results from the
ball-on-disk test. As the coil current goes up, the friction
coefficient decreases and at a coil current of 6 A, the friction
coefficient is as small as 0.28. The enhancement may be
related to the formation of AIN as reported previously.**~

IV. CONCLUSION

HiPIMS is performed in the presence of an external mag-
netic field which enhances the plasma density near the sub-
strate and bias current. This magnetic field also increases
nitrogen incorporation into the (AITi)N;_, film producing a
smoother surface (5.2nm), higher hardness (28 GPa), and
better film adhesion (HF1 and at least Lc > 50N). A higher
deposition rate is also observed in the presence of the mag-
netic field which can be used controllably to improve the
efficiency of HiPIMS as well as structure and properties of
the deposited films.
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