Surface & Coatings Technology 434 (2022) 128196

Contents lists available at ScienceDirect

=
SURFACE &
COATINGS
TECHNOLOGY

Surface & Coatings Technology

o %

ELSEVIER

journal homepage: www.elsevier.com/locate/surfcoat

Check for

Effect of geometric position on the film properties for a complex-shaped ol
substrate in HiPIMS discharge: Experiment and simulation

Li Hua®, Luo Yang®, Han Mingyue°, Tang Ling * Gu Jiabin®, Li Guodong™®", Deng Dachen ",
Liu Hongtao °, Huang Kai ®, Li Liuhe®

& Department of Material Processing and Control Engineering, School of Mechanical Engineering and Automation, Beihang University, Beijing, PR China
Y School of Engineering Science, University of Chinese Academy of Science, Beijing, PR China

¢ Institute of Mechanics, Chinese Academy of Sciences, Beijing, PR China

4 Beijing Institute of Aero space Control Devices, Beijing, PR China

¢ Institute of Electrical Engineering, Chinese Academy of Sciences, Beijing, PR China

ARTICLE INFO ABSTRACT

Keywords:
HiPIMS
Shadowing effect
Ion dynamics

2D PIC-MCC

The purpose of this paper is to explore the effect of geometric position on the film properties for a complex-
shaped substrate in high-power impulse magnetron sputtering (HiPIMS) discharge. The substrate is a trape-
zoidal prism, whose base has four inner corners of 60°, 120°, 75°, and 105°. A negative bias is added to this
trapezoidal prism during the high-density discharge to deposit TiAlSiN films. The chemical compositions, mi-
crostructures and mechanical properties of the films at different area of the substrate are analyzed using the
energy dispersive spectroscopy, X-ray diffraction, scanning electron microscope, nano-indentor and Vickers
indentation tester. Systematic investigations demonstrate that the films properties have prominent differences on
various planes of the trapezoidal-prism sample, due to the so-called shadowing effect. Compared with the
measurements on the plane perpendicular to the target surface, there is a higher average hardness and stronger
toughness on the plane facing to the target surface. However, the values of both the hardness and toughness are
the lowest on the plane facing away from the target surface. Moreover, even for the same plane, the enhanced
mechanical properties as well as a smoother surface and denser microstructure appear in the edge regions, with
respect to that in the planar center regions. To understand these interesting phenomena, a two-dimensional
particle-in-cell/Monte Carlo collision simulation (2D PIC-MCC) and Transport of Ions in Matter method
(TRIM) are employed to explore the ion dynamics at the different sites of the sample. Simulation results suggest
that a higher ion flux density and larger re-sputtering rate may contribute to the improved film properties in the
edge regions. These results in this paper are important for broadening the industrial applications of high ion
fraction plasma sources in irregular structures, especially for cutting tools.

1. Introduction been widely applied on cutting tools [8-12]. The arc-related process is

characterized by high ion fraction and deposition rate, but the co-

High metal particles ionization fraction and large ion-to-metal flux
ratio during film deposition are critically important for the formation of
hard interstitial nitride alloys films with dense structure and improved
adhesion [1-4], and thus satisfying the harsh temperature oxidation and
wear resistant demand in cutting tool industry [5-7]. At present, the
usual techniques with the high ionization rate of sputtered species in the
physical vapor deposition are cathodic arc-related process and high-
power impulse magnetron sputtering (HiPIMS) discharge, which have

deposition of macro-particles has become the main barrier to decrease
abrasion [12] and provide efficient heat transfer [11] during cutting
test. In contract, it is well recognized that the HiPIMS is able to prepare
film with excellent adhesive strength, refined grain or nanocrystalline
structure, smooth or ultra-dense surface, and excellent heat-resistance
combined with hardness [13-16], which has been favored by the
academia and industry.

For the HiPIMS discharge, the magnetron source is operated in a
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pulsed mode with a high pulse voltage up to kV or large instantaneous
power density of kW*em™2 in a short pulse duration (typically few
hundred microseconds) with a low duty (less than 5%) [17-20]. Such a
higher input allows the plasma density in front of the substrate to reach
an order of 10— 10"® m~3 [1 7,20-23] and the ionization fraction of
sputtered target particles to be >90% [21]. In this case, via a negative
bias, it is possible to control the ions bombardment energy, affecting
their phase compositions, microstructures, morphologies as well as
mechanical properties. For examples, Xu et al. [24] observed that at a
bias voltage of —150 V, the (AICrTiVZr)N high-entropy alloy nitride
films synthesized by HiPIMS presented a compact and featureless
structure with preferred orientation of (111) and a small grain size of
11.3 nm, which made the films with a super hardness of 48.3 GPa. As
reported by Lin et al. [25], with the magnitude of the bias voltage, the
crystalline size of VO thin film reduced significantly, and the temper-
ature of phase transferring from a monoclinic to a rutile structure
decreased as well. These properties for the HiPIMS-prepared films
above-mentioned were measured on the planar substrates. Furthermore,
for the non-planar regions of a complex-shaped geometry, applied alone
or in combination with auxiliary methods, a negative bias makes the
selective or uniform depositions of growth films available. For instances,
for the trenches structure, Alami et al. [2] and Balzer and Fenker et al.
[17] have successfully used a negative bias in HiPIMS to deposit the
films on the sidewalls with smooth and dense structures, and thus
enhancing the films mechanical properties. With a substrate bias and a
rotation system for the complex-shaped samples, the relatively uniform
films around the cutting edges [26] and the gear wheel cogs [27] were
also realized in HiPIMS. Recently, even an auxiliary magnetic field is
added to the biased substrate, an improved conformal coverage on the
micro-trench is obtained. However, the shape effect of a biased substrate
on the HiPIMS-deposited films is still ambiguous, which can influence
the impinging dynamics of ions, such as ion flux density and incident
angle, and thus affect the film properties of work pieces, the cutting tool
for instance.

In the early days, during the investigation of plasma response in an
immersed wedge-shaped cathode, Donnelly and Watterson et al. [28,29]
have found that the electric field line was concentrated toward the
wedge tip and larger with respect to that around planar region. As a
result, the trajectories of ions became focusing toward the edge, and the
incident angles of ions vary from perpendicular to of the surface (in the
planar region of the wedge) to along the wedge plane of symmetry (in
the edge region), both of which may result in sputtering around the edge
regions. It is expected that the film properties are different between edge
regions and planar regions. Considered the un-uniform ion distribution
in HiPIMS deposition system [30,31], these differences in film proper-
ties may be reduced in some extent with a substrate rotation system or
other auxiliary methods, yet they are inevitable. Moreover, to our
knowledge, for many coated special-shaped cutting tools, the film
properties are always measured on planar samples, while what limits
their life are often the film properties around edges. Although via these
film measurement methods, coated special-shaped cutting tools with
superb performances still could be found, the film properties in edge
region and the differences between edge region and planar surface of
cutting tools are rarely reported in HiPIMS discharge to our knowledge.

In view of analysis mentioned above, we investigate the film prop-
erties in the edge region and the differences between edge region and
center region for a biased trapezoidal prism in a HIPIMS system. In order
to provide an effective instructional guidance for the cutting tools, the
typical angles for cutting tools are designed on this trapezoidal-prism
substrate. The spatially-resolved and edge-related film properties of
the planes are studied on the trapezoidal-prism substrate, coated with
TiAlISiN films (common investigated in industrial applications), experi-
mentally by methods of characterization. And in the final section of our
work, we analyze the ion dynamics theoretically via 2D Particle-in-cell/
Monte Carlo collision (PIC-MCC) simulation, and study the dependence
of the film properties for a complex-shaped substrate on the ion flux and
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re-sputtering rate in HiPIMS discharge.
2. Methodology
2.1. Film deposition

To reduce the gas breakdown delay during the glow discharge in
HiPIMS, a direct current (dc) power was applied on the target during the
pulse off-time (home-made supply), generally called as the pre-ionized
HiPIMS. The high-speed steel was chosen as the substrate, which is
intentionally machined as a trapezoidal prism, whose base has four
inner corners of 60°, 120°, 75°, and 105°, as shown in Fig. 1(b). In this
geometry, considering the inclination angle of planes with respect to
target surface, the plane facing the target surface (the inclination angle
equals to 0°) is defined as the f-plane, the plane facing away from the
target surface (the inclination angle equals to 180°) is defined as the b-
plane, and the plane perpendicular to the target surface (the inclination
angle equals to 90°) is named as the p-plane, respectively.

The sintered Tig 46Alg.455i0.09 mosaic target, made by mosaicking
rectangular Ti chips into a Tig 4Alg 5Sip.1 plate, was vertically mounted in
front of the magnets and cooled by the recycling water. The work surface
of the target is with an ellipse area of ~95 cm? (12 cm in major axis x 10
cm in minor axis). The unbalanced magnetic field (Type II) was
configured where the maximum strength parallel to the target surface
was ~50 mT. The detailed description about the target configuration
can be found in our previous works [32,33].

Prior to the film deposition, the substrate was mechanically polished
and ultrasonically cleaned in ethanol, and the vacuum chamber was
pumped to a base pressure of 2.0 x 10~ Pa. The substrate was etched by
glow discharge for 30 mins at pressure of 1.5 Pa in argon gas and a bias
dc voltage of —800 V to remove surface contaminants and oxidations.
During the TiAlSiN film growth, the working gas pressure was main-
tained at 0.8 Pa and the gas mixture consisted of argon (Ar, 99.999% in
purity) and nitrogen (N3, 99.999% in purity) gases, where Ar and Ny
serve as the working gas and reactive gas respectively. The schematic
diagram of our deposition apparatus is shown in Fig. 1(a). The distance
between the cathode target and substrate was a constant of 80 mm. The
dc component during the HiPIMS is 0.1 kW. The HiPIMS was operated at
a —900 V target negative voltage, a 200 ps pulse duration, and the 50 Hz
repetition frequency, as shown in Fig. 2. And the substrate is added a
bias voltage of —200 V. No sample rotation was employed, for that our
substrate is a complex geometry, considering the distance and ion
incident angle between the edges or corners and target, the rotation
system even with a variable speed may not significantly reduce the
shadow effect, but even will increase the cost. The detailed deposition
parameters and the thickness of TiAlSiN films on the substrate are listed
in Table 1. Moreover, to confirm authenticity of collected mechanical
data, we deposited five samples at least under the same deposition
parameter.

2.2. Characterization

The target voltage was monitored by a 100 times attenuation probe
(Agilent 10076B), and the target current was measured via a Hall sensor
(CWT Rogowski Current Transducer). Both the target voltage and cur-
rent waveforms were recorded by a digital oscilloscope (Agilent Tech-
nologies DSO-X 2024A) at 128-pulse average acquisition mode. The
chemical compositions, surface and cross-sectional morphology, and
thickness of the TiAlSiN films were analyzed by the energy dispersive
spectroscopy and scanning electron microscope (SEM-ZEISS-Gemini
SEM 500, Oberkochen, Germany). The crystal and texture structure
were identified by the X-ray diffraction (XRD: D/Max 2500) with CuKa
radiation. 6-20 scans were conducted in the 260 range from 20° to 90°.
The hardness and modulus of the films were obtained using nano-
indentation tester (Nano-Indentor G200, Agilent) with a load precision
of 50 nN in a continuous stiffness mode (CSM). The indentation depth



L. Hua et al.

(a) Ar N2

Water«[
|

HiPIMS . Substrate
"F S
Magnsis /' Plasma

80 T T T T T L) T
70 - Current | 900
Voltage

60 - 4800
< 5o >
“E 40 | [@))
O 30} 1600 8
5 (@)
o 27 500 =

10+

0 4400
-10 1 : 300

~100 0 100 200 300 400
Time (us)

Fig. 2. The voltage and current waveform of the Tig 4¢6Alp 45Si0.09 target.

Table 1

Deposition parameters of TiAlSiN films and film thickness.
Parameters Values
Base pressure (Pa) 2.0 x 1073
Deposition pressure (Pa) 1.0
The ratio of gas N2 and Ar 1:3
dc average power (kW) 0.1
Negative pulse voltage (V) -900
Negative pulse duration (yis) 200
Peak current during pulse duration (A) 68
Substrate biased voltage (V) —200
Film thickness on b-plane (pm) 0.53-0.6
Film thickness on p-plane (pm) 0.85-1.0
Film thickness on f-plane (pm) 1.85-2.26

did not exceed 1/10 of the film thickness. The film toughness was
evaluated by the H3/E*2 ratio calculated from the nanoindentation
measurements, where H is the hardness measured by the nano-
indentation tester, and E* (=E/(1-0%), E represents the Young's modulus,
and v represents the Poisson ratio (~0.25)) is the effective modulus of
the film. Then a micro-Vickers tester (Vickers-Indentor, Wolpert-
401MVD, Chicago, IL, USA) with an applied load of 100 g was used to
further investigate the indentation toughness of the films. For the
hardness measurements, considering the symmetry of our substrate, we
selected typical ten regions with features on the same plane, as shown
schematically on f-plane in Fig. 3. In the center region (marked as @),
the measured intervals were set regularly at ~200 pm. The starting point
of this center region is around the plane center, and the direction is
pointing sideways. For other nine regions (marked as @-@®), the hard-
ness values were measured along the arrow direction accordingly, with
the measured step interval of (i) 50-100 pm within the measurement
distance of <300 pm from the sampling starting points, (ii) 100-200 pm
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Fig. 3. Schematic diagram of measurements on the film hardness value
(example of film on the f-plane).

in the measurement region of 300-800 pm, and (iii) variable value in the
measurement region of >800 pm where the interval step would be
increased if the difference among the first five test points was not
obvious, or 100-200 pm would be used until meeting the measurement
points from the center region.

2.3. PIC-MCC numerical simulation

Since firstly developed in 1980s by Hockney and Eastwood [34], PIC
numerical simulation has been quickly adopted as a useful tool to
simulate electrical plasma by Liberman, and Allan [35]. The simulated
results from it have also been confirmed by experiments, such as the
discharge voltage and current waveform, a transitory double layer at the
beginning of the discharge pulse, electrons dynamics and the position of
the implant fluences [36-38]. Recently this methodology has also been
used in our group to study the plasma behaviors in HiPIMS discharge
and BP-HIPMS discharge respectively [39,40] and the simulated results
were well consistent with experimental ones, such as the enhanced
plasma flux with coil magnetic field, the plasma dynamics during the gas
breakdown phase and so on. Herein, we will use the 2D PIC-MCC to
analysis the plasma dynamics around the trapezoidal-prism substrate.
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In the 2D PIC-MCC, we defined a coordinate system: r-z plane, where
the origin is the target center, r represents the radial direction parallel to
the target surface and z is the axial direction perpendicular to the target.
It was executed for the typical cylindrical sputtering target structure
where both the magnetic field and the electric field are axisymmetric.
This simulation is developed on the basis of our previous works as
described in [36,41,42]. Herein we introduce it briefly.

In this simulation, the model was shown schematically in Fig. 4(a).
Under the premise of the accurate and stable operation of the program,
we arranged the simulated scale as close as possible to the experimental
set-up, such as, 100 mm in diameter of the cathode target, 2 mm in
distance between the target and anode, and 60 mm in distance between
the target and substrate (where the electric field features around the
substrate are almost similar to our experimental 80 mm substrate-target
distance). During the simulation, the temperature, working pressure,
cathode target voltage, and substrate bias were appointed at 300 K, 0.8
Pa, —800 V and —200 V respectively. The anode and vacuum chamber
were grounded.

The 2D vector map of magnetic field is also presented in Fig. 4(b).
The maximum radial component of magnetic field Bg was also ~50 mT
parallel to the target surface. Considering the calculation time, the so-
called super particles were set to represent 2 x 107 real particles [37].
Three kinds of collision events were considered and treated as Monte
Carlo collision, those were (i) ionization Ar + e — Art + 2e, (ii) exci-
tation Ar + e — Ar™ + e, and (iii) elastic scattering Ar + e — Ar + e. The
threshold energies of ionization and excitation of Ar atom were set at
15.76 eV and 11.5 eV respectively, according to the data from National
Institute of Standards and Technology (NIST) [43]. The reaction cross
sections for Ar in this calculation are extracted from [44]. And a random
number generated between 0 and 1 was used to estimate the collision
types incorporated with a null collision method [45].

To ensure the convergence, accuracy and time-saving of our nu-
merical calculation, the cell size dr x dz, total number of nodes, time
step, and the inner corners of substrate mode were set at 1 x 1 mm?,
123,101, 5.4 x 1071 s, and 45°and 63.4°, respectively. For the
63.4°corner design, it is to explain the ion dynamics around the 60°
corner of our substrate, and the 45° corner design is to give some
guidance to substrate geometry design for film deposition. Moreover,
Ar" ions were inserted in the simulation loop according to the target
etching curve to make sure the calculation closer to the sputtering
process. The rationality that Ar+ ions instead of metal ions were inserted
based on two points. First one, only the relative intensity of the simu-
lated ion flux and re-sputtering rate were used to explain the
bombardment effect, which is almost free from ion species, considered
the fact that the ion density as mentioned below is consistent with the
metal ion density in normal HiPIMS discharge. The other one is that
using Ar+ instead of metal ions to analyze the plasma parameters has
been widely reported to be effective in other papers [37], as well as the
references shown by our group [39,40,41]. The initial density of charged
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particles, t = 0 ps, was given 2 x 10'* m™3. When the numerical
calculation reached t = 1.62 ps, which took more than 3 weeks to
calculate this time span, the plasma density reaches to 1.7 x 107 m™3
during our simulation, which was consistent with normal HiPIMS
discharge. Furthermore, here the PIC simulation is used to explore the
ion dynamics differences between the edge region and the center region
for the same plane on the substrate, not for absolute value. Thus, the ion
motions at this moment are used to analyzed the film properties distri-
bution during this present work.

3. Results and discussion
3.1. Film hardness distributions and toughness

The hardness distribution on various planes is presented in Fig. 5. It
can be noticed that the hardness value appears a big difference not only
among various planes abut also on different positions of the same plane.
In detail, compared with the measurements on the p-plane, there is a
higher average hardness on the f-plane, whereas the value of the average

Fig. 5. Hardness distribution of TiAlSiN films dependence on the f-plane, b-
plane, and p-plane of the trapezoidal-prism substrate.
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Fig. 4. Schematic plot of (a) the 2D PIC-MCC model; (b) the magnetic field distribution simulated by finite element (the righthand color map corresponds to the

magnetic field strength and the arrow is the magnetic field vector).
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hardness on the b-plane is the lowest among these three planes. For all
the plane, the maximum hardness values always appear at the corner or
in the edge regions of the corner, and the minimum hardness values in
the center regions. Concretely, for the f-plane, the highest hardness re-
gion appears in the edge region of the 60° corner, with the value of 36
GPa-42 GPa, while the lowest hardness region is in the center region,
with the value of 24 GPa-26 GPa. The p-plane shows the appearance of
highest hardness region at the 60°corner, with the value of 31 GPa-37
GPa, and the lowest hardness region in the center region, with the value
of 20 GPa-24 GPa. For the b-plane, the edge region of the 105° corner is
the highest hardness region, with the value of 27 GPa-31 GPa, and its
center region is the lowest hardness region, with the value of 15 GPa-23
GPa. Moreover, as the corner angle increases, the affected edge region
becomes narrower and its average value is decreased, as the comparison
between the affected edge region of 60° corner and that of 75° corner for
the f-plane (marked with green color in Fig. 5), or even the affected edge
region disappears for the b-plane at120° corner.

The film toughness has also been quantitatively estimated by the H3/
E*? ratio as reported in [46,47]. Herein, the mechanical properties of
TiAlSiN films listed in Tab. 2 are extracted from the corner or in the edge
regions of corner (highest hardness region) and center regions (lowest
hardness region) for the f-plane, p-plane, and b-plane respectively. In
this table, we can clearly note that the regions of TiAISiN films with the
highest hardness on the f-plane, p-plane, and b-plane have an average
H3/E*? ratio of ~0.414, 0.342, and 0.271 respectively, while those with
the minimum hardness on the f-plane, p-plane, and b-plane merely have
an average H3/E*? ratio of ~0.205, 0.146 and 0.119. The average H/
E*2 ratio of films on the f-plane, p-plane, and b-plane are ~0.3095,
0.244, 0.195, which means that the film on the f-plane present strongest
toughness among these three planes. Moreover, those high hardness
values and large H3/E*? ratios of the film in the edge region of the
smaller corner angles or in the smaller corner of the same plane give us a
straightforward sign that the growth films in these regions are with hard
yet tough features.

To further investigate the toughness differences of the film between
the edge region and center region of the same plane, the Vickers
indentation method was applied in the edge region of 60° corner and
center region for the f-plane, as shown in Fig. 6. It can be seen that the
TiAlSiN film in the center region exhibits obvious cracks, which is
attribute to its low toughness. Whereas the film in the edge region dis-
plays some edge cracks (arrow) just outside the contact area of the
indentation, absence of radical cracks. These results here indicate that
the TiAlSiN film in the edge region indeed exhibits better toughness than
that in center region, which is consistent with the results from the H3/
E*2 ratio measurements as analyzed in the last paragraph.

3.2. Chemical composition and microstructure

In a general way, the chemical and microstructural composition of
film and the shape of substrate are always thought as the factors
affecting the film hardness and toughness [47,48]. In this section, we
will first explore the microstructure and chemical composition of TiAl-
SiN films on the three studied planes and then explore those on the same
plane to uncover the incomprehensible mechanism of these various

Table 2

The mechanical properties of TiAlSiN films at the corner or in the edge regions of
the corner (highest hardness region) and center regions (lowest hardness region)
for the f-plane, p-plane, and b-plane.

Region of film H (GPa) E* (GPa) H3/E*?
f-plane-center region 24.8 + 1.0 273.1 £12.0 0.205
f-plane-edge region 39.3+24 382.9 + 30.0 0.414
p-plane-center region 21.5+1.6 260.5 +17.7 0.146
p-plane-edge region 35.4 + 2.6 360 + 36.1 0.342
b-plane-center region 19.4 +£ 3.2 247.3 £22.3 0.119
b-plane-edge region 29.0 £ 1.4 300.0 + 23.9 0.271
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hardness distributions.

Dependent on the hardness value distribution for the same plane, we
select different numbers of EDS tested regions, and then take the average
of all atomic ratios to be the film chemical composition for this plane.
Moreover, the number of selected points in each region was almost
linearly proportional to its area, to eliminate some systematic bias and
reflect the actual average composition of films. For example, as for the
film on the f-plane, based on the hardness value distribution as shown in
Fig. 5(b), ten ranges were chosen in the highest hardness region, five
ranges were selected in the center regions with 24 GPa-26 GPa hardness
value, and ten ranges were randomly picked out in the region between
highest hardness and lowest region. In the edge region with higher
hardness value of 75° corner, we also take ten ranges at random. This
averaging procedure was also applied on the other two planes. The
average atomic ratios and the standard deviations of Ti, Al, N on the f-
plane and the b-plane have been normalized to 100% and presented in
Tab. 3, indicated by the fraction of Ct; = Ti/(Al + Ti + Si), Ca = Al/(AlL
+ Ti + Si), and Cy=N/(Al + Ti + Si) [33]. The compositions of films on
the b-plane, p-plane and f-plane all present close to stoichiometric (Ti,Al,
Si)Ny (y =~ 1). Whereas film on f-plane shows obviously titanium content
higher than aluminum content. Considering the inclination angle of
planes with respect to target surface, the shadowing effect is introduced,
which has already noticed in magnetron sputtering [49]. This shadow-
ing effect can affect the energy and the number of incoming ions to
substrate surface. For the f-plane, compared with the other two planes,
there is no geometrical shielding effect, while for the b-plane, the
shadowing effect is significant. Eventually, it seems that the flux from
ion bombardment toward the f-plane is strongest among the three
studied planes, then that toward p-plane is followed, and the weakest ion
flux appears on the b-plane. In addition, light Al atoms are easier re-
sputtered than heavier Ti atoms by bombarded ions with high energy.
As a result, the Al depletion is more serious for the film on the f-plane
than on the p-plane. The higher Al concentration for the film on the b-
plane may be the result from the weakest re-sputtering effect and the
higher sputtering yield of Al in our target compared with Ti.

The X-ray diffractograms of TiAlSiN films on the three planes are
shown in Fig. 7. The diffraction peaks of the standard face-centered
cubic TiN (c-TiN, #JCPDF38-1420) and cubic AIN (c-AIN, # JCPDF25-
1495), and the peak of high-speed steel substrate (c-Fe3W3C, #
JCPDF41-1351) have been noticed and tagged. All films exhibit an fcc-
structure. No visible silicon related phases can be found, suggesting that
Si atoms have probably been incorporated in the FCC lattices or formed
amorphous SiNx [50-52]. The Al-rich film on the b-plane
((Tig.44Alp.48Si0.08)No.g9) shows stronger (200) and (220) peaks corre-
spond to c-AIN. While with the Ti content increase on the p-plane, the
(200) and (220) peaks of c-AIN become weaker, and for the Ti-rich film
on f-plane ((Tig.51Alp.44Si0.05)No.g7), the XRD peak positions are closer to
the diffraction peaks of ¢-TiN, and (220) peak of c-AIN disappears. Thus,
it suggests that apart from c-AlN structure, some Al atom may exist as
solid solution in the c-TiN crystal for the films on these three studied
planes, which is consistent with the diffraction peaks at 20-75° between
the (311) peaks of the standard c-TiN and c-AlN, and contributes to the
average hardness value differences among these three studied planes are
expected. Moreover, the peak positions of the film can also be influenced
by the residual stress. Then the change of the preferred orientation and
the minor angle offset will be analyzed in view of the residual stress.
Considering the effects of the film surface roughness and thickness on
the intensity of XRD patterns, we will use the relative intensity to
analyze the crystal orientation and angle offset.

In general, the preferred orientation in the film is the outcome of the
lowest overall energy resulting from the critical competition of the strain
energy, surface energy, and stopping energy of various lattice planes
[48]. The growth film on the b-plane is bombarded by the lowest energy
flux due to the shadowing effect, and thus has a thickness of a bit more
than 0.5 pm. The strain energy of this thickness range will favor the
orientations of dense packed structure, (111) and (220) in cubic NaCl-
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Fig. 6. The surface morphology of the indentation generated by Vickers indenter of the TiAlSiN film in the edge region of 60° corner (a) and center region (b) for the

f-plane.
Table 3
Average chemical composition of films on the f-plane, p-plane, and b-plane.
Plane Cri Cal Cn
b-plane 0.44 £ 0.03 0.48 + 0.02 0.89 £ 0.01
p-plane 0.45 £+ 0.01 0.46 = 0.01 0.88 + 0.01
f-plane 0.51 +0.01 0.44 +0.01 0.87 £+ 0.02
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Fig. 7. The X-ray diffractograms of TiAlSiN films versus the f-plane, p-plane,
and b-plane.

structure as report by Pelleg et al. [53]. As comparison with that toward
the film on b-plane, the ion bombardment toward the film on p-plane
(~0.85 pm-thick) is higher as stated in the chemical composition part,
and significantly prefers the orientations of (220) plane, which is in line
with ParK et al. [54] and Molarius et al. [55] reports. The slight right-
ward shift of XRD pattern of the film on p-plane may be attributed to
stress relaxation caused by the thermal effect associated with the ion
bombardment. As for the XRD patterns of film on f-plane, considering
that some compressive strain caused by the film thickness (~2 pm) and
ion bombardment was relaxed via heat accumulation brought by the ion
bombardment [56], XRD peaks for the film on the f-plane shows little
increase in the relative intensity I111/Isgp and small leftward shift in
comparation with those for the film on the b-plane.

In view of analysis mentioned above, the intensity of ion bombard-
ment has a significant impact on the chemical composition, phase
composition and the stress state. Compared with that on the b-plane, the
intensity of ion bombardment is stronger on the p-plane and favors the
preferred orientation of (220) plane in the ceramic cubic phase, which
contributes to higher average hardness of growth film. Meanwhile, the

strongest intensity of ion bombardment on the f-plane results in the
growth film with the characteristics of dense packed planes orientation,
ceramic cubic phase with high Ti content, and compressive stress, which
contribute to the highest average hardness and strongest toughness of
the film (as shown in Fig. 4 and Table 2).

The mechanism of the hardness distribution for the same plane will
be analyzed in the forthcoming paragraphs. Herein, according to the fact
that the map of hardness distribution for the same plane is almost similar
among these three planes as reported in Section 3.1, only the hardness
distribution on the f-plane is analyzed as typical.

To investigate the edge-related high-hardness and strong-toughness,
Fig. 8 and Table 4 display the microstructural and chemical composition
of the films in the edge region and center region for the f-plane. From
Fig. 8, we can note that the TiAlSiN film in the center region, as shown in
Fig. 8(d) (f), is rougher than that in the edge region of 60° corner shown
in Fig. 8(c) (e). At the same time, we can notice that the rough surface
morphology is full of ripples, while the smooth surface appears
compaction. Thus, the film in the edge region is smoother and denser in
the edge region of 60° corner, with respect to that in the center region.
But its thickness is much thinner. The absence of film at the edge (Fig. 8
(a)) may have been caused during the process of cross-section structure
by hand. Moreover, as shown in Table 4, the film in the edge region of
60° corner shows obvious higher Ti and lower Al content. As the corner
angle increased to 75°, the atomic ratio of Ti to Al decreased yet still
larger than that of center region. The element content of the film in the
center region is aluminum-rich. It seems that the higher Ti content and
denser structure in TiAlSiN film are the main reasons for the high
hardness value near the edge region of corner for the same plane.

3.3. The interactions between ions and edge regions

In this section, we will study the shape effect of a biased substrate on
the film hardness and toughness. As stated in the introduction, the shape
of a biased substrate can affect the ion flux density and incident angle of
ions, and in return determine the film properties. Therefore, we will
explore these ion behaviors around a negatively biased structure
through a two-dimensional Particle-in-cell/Monte Carlo collision simu-
lation (2D PIC-MCC) and the Transport of Ions in Matter code (TRIM) in
this section. First, we display the potential distribution around the
substrate and show how it controls the ion trajectories in front of the f-
plane. Then, we show ion flux density distribution and calculate the re-
sputtering rate. Finally, the correlations between edge-related film
properties and ion dynamics are uncovered.

From Fig. 9(a), we can see that the magnitude and spatial distribu-
tion of potential strongly depend on the substrate shape. The potential
line is visibly contracted near the shaper edges, which is consistent with
the report in [28,29,57,58]. The highest degree of contraction occurs in
the region around the edges of 45° corner which means that the electric
field intensity is the strongest. In the meanwhile, the potential lines are
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Fig. 8. The surface and cross-sectional morphologies of TiAlSiN film in the edge region of 60° corner (a) (c) (e) and center region (b) (d) (f) for the f-plane. (e) and (f)

are enlarged image in (c) and (d) respectively.

Table 4

The atomic ratio of TiAlISiN film versus the different positions for the f-plane.
Position on the f-plane Cri Cal Cn
Edge region of 60° corner 0.57 +£0.01 0.38 + 0.01 0.85 + 0.01
center region 0.43 £ 0.01 0.48 + 0.01 0.90 £+ 0.01
Edge region of 75° corner 0.53 4+ 0.01 0.43 + 0.01 0.85 + 0.01

much divergent or incompact in front of the center regions of each edge
where the intensity of electric filed is much weaker. One may notice that
the distance from the substrate to the target is 60 mm, which seems
inconsistent with our experimental set-value. In fact, these potential
features at z = 60 mm are nearly similar with the 80 mm substrate-target
distance, moreover, the forthcoming analyses of ion dynamics are con-
ducted with respect to the planar center regions. Therefore, this set
distance during simulation can be acceptable.

The ion trajectories are affected by electric field in a way as shown in
Fig. 9(b). The ion varies continuously from perpendicular to the edge
center to oblique toward the edges. Here, the ion perpendicular to the
surface is at an angle defined as 0°. For the edge region of the 45° corner,
the incident angle of the ion changes from 0° to ~58°, while it changes
from 0° to ~50° for the 63.5° corner.

The incident angle of ions will have a significant impact on the
sputtering yield of deposited particles in the edge region (re-sputtering
effect). We use a free TRIM code [59] to roughly figure out their rela-
tionship, where a layer of Tig 46Alo.45Si9.09N is bombarded by Ar™" ions
with the energy of 200 eV, as displayed in Fig. 10. The sputtering yield is
enhanced with the increase of the incident angle, then reaches the
maximum at ~75° for the light elements (Al, Si, N) and ~70° for the
heavy element Ti, which are followed by a decrease till to 89.9°. From
this figure, we can obtain that, for the film on the f-plane, the maximum
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Fig. 9. (a) 2D maps of the potential around the substrate (r-z plane) and (b) the
incident angle of the bombarding ions calculated by the PIC-MCC simulation at
z = 60 mm.

sputtering yield is ~3 in the edge region of the 45° corner, and ~2.5 for
the edge region of the 63.5° corner, with respect to that in the center
region.
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Fig. 10. The sputtering yield of different element dependence on the incident
angle of the ions calculated by TRIM simulation. The sputtering yield shown is
relative to that at 0° incident angle. The composition of the bombarded TiAlISiN
layer is set at Ti:Al:Si:N = 0.46:0.45:0.09:1, and the incident Ar" ions are with
energy of 200 eV.

The rise of incident ion number per unit area can also increase the re-
sputtering rate. Then, ion flux density in front of f-plane at z = 60 mm
relative to that in the center region is also sketched out and displayed in
Fig. 11. Constrained to our designed cell size 1 x 1 mm? the points of
ion flux density along radial distance fluctuates significantly. But we still
can clearly note the trend that ion flux of ion bombardment is stronger in
the edge regions than in the center region for the f-plane. Moreover, the
flux at r = 29 mm (the edge of 45° corner) is ~4.5-fold of that at r = 0
mm (center region). Then the re-sputtering rate [58] at the edge of 45°
corner can be up to 13.5 higher than that at r = 0 mm, which may result
into regions without film.

The 63.5° corner designed in the simulation is closer to the 60°
corner in our substrate. Thus, we will use the simulated ion dynamic
differences between the edge region of the 63.5° corner and the center
region to analyze the different film properties between the edge region
of the 60° corner and the center region for the f-plane in our experiment.
Based on the highest hardness region (the edge region of the 60° corner)
for the f-plane, herein, we select the ion flux density in the radial range
of —12 mm to —30 mm (the edge region of 63.5° corner), as shown in
Fig. 11, to evaluate the re-puttering effect of this edge region. Firstly, in
order to get more data for evaluation, we use the method of Savitzky-
Golay smooth with a 5-point windows (5-point SG) of signal

5——mr—"TT 7T T 7T —T71 17— 100 .

— I —=— jon flux density from simulation ] o

g 4 —o— 5 pts SG smooth of simulated ion flux density 80 S

> F - {)]

by % 3 %

= [ L 1 N—
0 = B

28 2 {60 8

O F C

T o1}t . ()

x © ke
= L

=20} 40 ©

c O L =

o = 1 ©
L =1

KO 420 ©

[0 | (=]

C-z I ] qc:

3 0

-35-30-25-20-15-10 -5 0 5 10 15 20 25 30 35
Radial distance (mm)

Fig. 11. The distribution of ion flux density (left, line chart), combined with
angle of incidence of ions (right, bar chart), in front of f-plane (z = 60 mm) at t
= 1.62 ps from PIC-MCC numerical simulation (at this moment, the plasma
density is 1.7 x 107 m~2 in front of the substrate).
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processing on the ion flux density, as shown by the red balls in Fig. 11.
Then by multiplying the smoothed ion flux with the sputtering yield at
each point of this region, and averaging them lastly, we obtain the
average re-sputtering rate with a value of ~2 and the average ion flux
with a value of ~1.54. Although these values are estimated with errors,
it seems consistent with experimental results that higher re-sputtering
rate of the edge region results in the film thickness thinner than that
in the center region, as shown in Fig. 8(a) and (b), combined with denser
structure and smoother surface. In addition, the stronger ion flux
bombardment in the edge region of the 63.5° corner may introduce heat
to increase the adatom mobility, further condensing the structure, and
bring in compressive stress [59], which may improve the film toughness
and hardness, as shown in Figs. 5 and 6.

Moreover, as the corner angle increase t0116.5°, the contours of
potential around its edge become much more expanded than that around
63.5° edges, as shown in Fig. 9(a). Then, for the b-plane, the focusing
degree of the ion trajectories toward the edge of 116.5° corner reduced,
and the angle of incidence of the ions become almost similar with the
center region. The shadowing effect for the b-plane also plays a big role,
where the ion flux is weakened down by its own geometry. As a result,
the edge-related hardness region of 116.5° corner becomes very narrow
for the b-plane.

One point should be cared that it's easy to be recognized that the
transitions of the hardness between center region and edge region
should be smooth on each plane. However, the abrupt changes of the
hardness value always be here on these studied planes of our substrate. It
may be due to the differences in their microstructure such as crystal
orientation, refined grain size and so on, resulted from the different ion
flux and re-sputtering, which need our further study in the forthcoming
experiments.

4. Conclusion

In this work, the effects of geometric position on the film properties
for a trapezoidal-prism substrate are studied in a homemade HiPIMS
system with the example of TiAlSiN film, by experiments together with
plasma dynamics simulation. The different ion flux, resulting from the
shadowing effect, makes the film properties on the various planes
dependent on their positions with respect to the target surface. As
increasing the inclination angle of the planes with respect to the target
surface, the hardness and toughness of film decreased significantly in
order of on the f-plane, p-plane, and b-plane. For the same plane, it can
be seen that the ion flux density is higher and the re-sputtering rate is
larger in the edge regions of the corners than those in the center regions
from the results of the PIC-MCC simulation and TRIM code. Then, the
HiPIMS-deposited TiAlSiN films in the edge regions present the char-
acteristics of thinner thickness, smoother surface, denser structure and a
chemical composition with higher titanium and lower aluminum con-
tent. Consequently, the higher hardness of TiAlSiN films are expected in
the edge regions, and their toughness is improved probably by the
introduced compressive stress from stronger ion bombardment. This
film with enhanced properties at the edges will be really advantageous
to the cutting tools. In addition, if the corner angle becomes larger, the
affected edge region will narrow, and the film properties tend to be
uniform. However, there are always some abrupt changes of the hard-
ness value between center region and edge region on these studied
planes of our substrate. But presently, we cannot give the better expla-
nation. Moreover, as the corner becomes sharper, as shown in simulated
results, such as the corner angle <45°, the films in its edge regions may
be delaminated or not deposited, which are of importance for guiding
the industrial applications of high ion fraction plasma sources and the
geometry design of the substrate for film deposition.
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