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Development of Thin Films Formed by Ti-Zr Alloys at Different Frequencies by the HiPIMS
Technique
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In this work, thin films based on the Ti-Zr system were studied, deposited on a silicon substrate
by the magnetron sputtering technique using simultaneously a combination of High-Power Impulse
Magnetron Sputtering (HiPIMS) and Direct Current Magnetron Sputtering (DCMS) sources. The
objective of this work is analyzing the effect of varying HiPIMS frequency (300 Hz, 400 Hz, 500 Hz,
and 600 Hz) on the characteristics and properties of the thin films. The thickness increased between
300 Hz and 500 Hz, where the thickness measured 563 nm and 732 nm, respectively; then it decreased
to 709 nm at 600 Hz. Hardness and elastic moduli also tended to decrease with increasing frequency,
and the results for the first property were between 7 GPa and 10.3 Gpa, while the elastic moduli were
from 114 Gpato 157 Gpa, in which lower values were reached at higher frequencies. In the wettability
test, lower contact angles were observed for samples with lower frequencies due to their high surface

energy, providing better hydrophilic properties.
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1. Introduction

Biomaterials are widely used to replace parts of the body
or help with the healing process. Rejection, inflammation, and
other complications of these materials in the organism must
be avoided'*. Ti-Zr alloys have emerged as an interesting
alternative biomaterial. The properties of titanium, including
high resistance to corrosion, low density, and biocompatibility,
are very appreciated and desired®”. Zirconium also has excellent
resistance against corrosion and acceptable biocompatibility®1°.

Many elements can damage health after they corrode
and release dangerous ions, including the Ti-6Al-4V alloy,
which is one of the alloys most often applied as biomaterials.
It contains aluminum, which is associated with neuron disease'!,
and vanadium may be responsible for allergic reactions in
some organisms'?. Both titanium and zirconium have no
adverse effect on the living organism, as reported in several
works'*3. These elements combined showed no undesirable
response'®, and some results have indicated an improvement
in the biocompatibility of the Ti-Zr alloy compared to cp-Ti
(Commercially Pure titanium)'’. When these elements are
mixed, this system also has other advantages that improve
mechanical properties including increased tensile strength
and greater elastic recovery. The tensile strength is superior to
commercially pure titanium, making this alloy an alternative
for dental and orthopedic applications'®.

In addition, the thin films constituted by Ti-Zr are not
toxic, can tolerate cellular growth, and do not impair cellular
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growth'. This alloy can reach high elastic modulus when
produced by magnetron sputtering?® and may even present
hydrophobic properties when combined with aluminum?'.
However, few studies have been conducted about thin films
deposited by magnetron sputtering for the Ti-Zr system, and
as the High-Power Impulse Magnetron Sputtering (HiPIMS)
technique is still relatively recent, there is a lack of data in
the literature. Therefore, the aim of this paper is to improve
the understanding on the behavior of co-sputtering Ti and
Zr in DC and HiPIMS sources respectively in different
frequencies, furthermore, an assessment was made of the
morphological outcomes of the resultant films.

2. Material and Method

The thin films were deposited on polished silicon
wafer (100) through magnetron sputtering technique with
a combination of DCMS (DC Power Supply 1000 W, ALD)
and HiPIMS (HiPIMS Power Supply HIPSTER 1, Lonautics)
sources working simultaneously. Targets with a diameter of
2 inches were used, one made of titanium (99.99% pure) on
the DCMS and the other of zirconium (99.9% pure) on the
HiPIMS source. The depositions were made using argon
gas (99.999% pure) with a flow rate of 60 sccm, working
pressure of 7.5x107 Torr for 60 min, with substrate heated
at 200 °C, 150 mm distance from the target to the substrate,
and bias at -40 VDC. In both sources, 150 W of power was
applied. The pulse width of 50 us was set in the HiPIMS,
while the frequency was changed for each deposition, which
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provided different duty cycles in HiIPIMS, and these values
are presented in Table 1. For the depositions, the silicon
substrate was cut into pieces with approximate sizes of
10 mm x 15 mm, in which the analyzed film covered an
area of 10 mm x 10 mm.

The structural characterization of the samples was done
with an X-ray Diffractometer (XRD) Rigaku Miniflex II,
with radiation of Cu Ko (A = 0.154 nm). Using the data
obtained from diffractograms, the size of crystallites (D) and
microstrains (g) were calculated using the Williamson-Hall
method, represented by Equation 1, where A is the wave width
from diffractometer. The constant k = 0.94 was adopted due
to the use of FWHM (Full Width at Half Maximum) in the
calculation®. B represents the FWHM, 0 is the Bragg angle,
and these values were obtained by the Origin software, where
the calculations were made by the slope intercept equation
with Bcos0 on the y axis and 4senf on the x axis.

ﬁczs@ =%+47€sen9 (1)

The morphology study was carried out using a Scanning
Electron Microscope (SEM) (Jeol JSM-6510), and the
distribution of the elements on the surface analyzed by the
EDS (Energy Dispersive X-Ray Spectroscopy) coupled
with the SEM. The thickness of the film was obtained by
the profilometer KL A Tencor, T7 model.

The mechanical properties were studied using the
nanoindenter Hit 300 from Anton Paar, with a charge of 2 mN,
adistance of 30 pm between indentations, and Poisson’s ratio
of 0.34. The hardness and elastic modulus were measured,
while the deformation energies (elastic, plastic, and total)
were calculated integrating the curves obtained from the
samples. In addition, a wettability test was made on the
surface of the thin films to study their surface energy and
contact angle using a Kruss Contact Angle Analyzer, model
DSA 100B by sessile drop method. For the wettability, water
and ethylene glycol were used, the test was performed for
30 seconds. The surface energy was calculated using the
values of liquid-vapor interface (Yzv), ¥ LVd =21.8 N.m-1 and
v£r¥=51.0N.m-1 for water. Furthermore, v, Vd= 29.0N.m-1and
vrr” =19.0 N.m-1 have been attributed to ethylene glycol®.

3. Results and Discussion

The XRD results in Figure 1 indicate some crystalline
structures corresponding to Ti-Zr alloy. The two peaks that
appeared in all the samples represent the planar orientation
(002) and (200), in which the first is the preferential
orientation, widely documented in the literature about this

Table 1. Variable parameters in the HiPIMS: chosen frequency,
calculated duty cycle, and measured Peak Current.
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kind of alloy'*?. Only the sample deposited at 600 Hz
presented one additional peak (100) with considerable
intensity, and all peaks correspond to a phase of the Ti-Zr
alloy. The Williamson-Hall equation was employed to
estimate the crystallite sizes and microstrains, resulting in
the values presented in Figure 1. The larger size was found
from the lower frequency, at 300 Hz with approximately
246 nm, and the same sample had the greater microstrain
of all the thin films deposited. The dimensions of the other
crystallites tend to decrease as the frequency increases up
to 500 Hz, and the microstrain also decreases. As high
temperatures are known to aid diffusion of atoms during
thin film growth which increases grain size*, the heating
of the substrate plus the collisions of energetic atoms
sputtering at low frequencies® could have provided more
thermal energy to form larger grains. The energy supplied
to the atoms decreases as the frequency increases according
to peak current values and the thickness increased, which
might explain the low crystallite sizes and microstrain.
However, when produced at a higher frequency (600 Hz),
the crystallites grew more than in the sample deposited at
400 Hz. However, the microstrain did not surpass the result
of'the 400 Hz sample, which may be associated with lesser
thickness and different chemical compositions that could
collaborate with the heat transfer in this sample.

The thin film thickness of all samples was measured
by profilometry, as summarized in Table 2. The thickness
increased with increasing frequency between 300 Hz to
500 Hz but decreased with 600 Hz. The lesser thickness may
be related to the low duty cycle in the depositions, which is
smaller with low frequency, causing higher peak current, and
as a consequence, the collisions of ions can rise with more
energy®. An explanation for the greater thickness at 500 Hz
could be that at 500 Hz more of the atoms ejected from the
target have sufficient energy to reach the substrate without
pulling out others already deposited, suffering reflection, or
becoming lost along the way.

Itis known that high energy particles ejected from the target
can reach the substrate and are reflected or desorbed, and the
control of this behavior can increase the rate of deposition®.
At 300 Hz, the peak current measured was 25 A, the other
values were 18 A, 11.4 A, and 9.8 A for 400 Hz, 500 Hz, and
600 Hz, respectively. Thus, lower peak currents were obtained
at higher frequencies, as reported in the literature?’. The other
possible explanation for the sample at 600 Hz being less thick
than the sample at 500 Hz is also related to the energies of
the ions that bombard the targets. This could have changed
the number of ionized atoms leaving the target, which may
have changed the growth rate of the thin film. For Kubart

Table 2. Thickness of deposited thin films at their respective HIiPIMS
deposition frequencies.

Frequency Duty cycle  Peak Current

HiPIMS Frequency Thin film thickness

Sample (Hz) %) (A) Sample (Hz) (nm)
Ne 1 300 1.5 25 Nel 300 563+ 13
Ne2 400 2 18 N°2 400 670 £ 10
N° 3 500 2.5 11.4 Ne 3 500 732+ 6
N° 4 600 3 9.8 N° 4 600 709 + 8
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and Aijaz?, this may be a consequence of gas rarefaction
next to the target, because the change in pulse width could
heat the gas in front of the target, but the exact mechanism
is not well known?. The sputter yield in HIPIMS processes
for oxides and metals is complex as it involves numerous
factors such as type of ions, electron density, composition
of neutral and ionized atoms self-sputtering, and working
gas recycling as discussed in the literature®-°.

SEM micrographs of the samples in Figure 2 illustrate
different amounts of porosity and white microparticles on
the surface, which were influenced by their parameters of
deposition. The sample deposited at 300 Hz was the alloy

with the greatest porosity, while in the samples at 400 Hz
and 500 Hz, this type of defect was not found but returned in
smaller quantities than the sample at 300 Hz on the surface
of the sample produced at 600 Hz. Studies with EDS on the
microparticles observed a great amount of titanium in their
constitution. Other works found the same particles when
the alloy had titanium as the main element of the alloy3',
and the formation of these structures may occur when the
atoms are going toward the substrate, forming clusters that
settle on the film surface®. The deposition of zirconium
was higher at 500 Hz, decreasing at other frequencies.
The possible explanation may be related to the phenomena
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Figure 1. XRD patterns of the thin film samples grown at 300, 400, 500, and 600 Hz, the Voigt fitting curves of peak (200), and their

respective crystallite sizes calculated by Williamson-Hall equation.
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Figure 2. SEM micrographs of the thin films deposited on silicon.
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described above, which are associated with atoms that had
different energies and changed the number of ionized Zr
atoms from HiPIMS leaving the target, changing the growth
rate of both elements during co-sputtering as discussed in
previous works?*33,

The hardness measurements showed a behavior inversely
proportional to the frequency up to 500 Hz, as can be seen in
Figure 3a. At 600 Hz, the hardness grew to almost the same
as at 400 Hz. The high peak current possibly influenced the
increase in the hardness of the deposited thin films, as was
observed in a previous work*®. Greater stress occurred in
thin films that were deposited at low frequencies®, and this
may explain the hardness values. The high bombardment
of ions with higher energy in the targets, releasing more
energetic atoms toward the substrate, could have influenced
the microstrain shown in Figure 1. A large strain gradient
greatly influences the resistance to plastic deformation
when the scale decreases®, which may have influenced the
hardness of the thin films studied.

The elastic moduli result in Figure 3b showed that the
samples with lower frequencies had higher values. This
property is very important for applications in the biomedical
field, because alloys with high elastic modulus normally
avoid the transmission of tension to bones, which can
lead to stress shielding. The sample deposited at 600 Hz
has approximately 115 GPa, which is very close to pure
titanium’® and Ti-6A1-4V?, alloys widely used in prothesis
composition. The samples deposited at 500 Hz and 400 Hz
presented 136 GPa and 157 GPa, respectively, and their
standard deviation points to many heterogeneous regions
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with atomic bonds of different strengths***!. Even with
elastic modulus very high, these values are inferior to
stainless steel, cobalt alloys, and Co-Cr alloys, also used
as biomaterials**.

The total deformation energy was also calculated
with the results from indentations, specifically using the
curves in Figure 3c. The values of total deformation were
6.02x10"N.m, 6.50x10"N.m, 7.53x10” N.m, and 7.24x10" N.m
from 300 Hz, 400 Hz, 500 Hz, and 600 Hz, respectively.
When the plastic or elastic deformations were analyzed and
calculated, more elastic deformations were observed in the
sample deposited at 300 Hz and at 600 Hz, with 51% and
45%, respectively. The plastic deformation was greater in
the samples deposited at 500 Hz and 400 Hz, with amounts
of 59% and 57%, respectively.

Wettability tests were used to study the surface energy
of the samples and the contact angle formed, correlating to
deposition frequencies. Figure 4 illustrates the correlation
between the contact angle and the frequencies because the
values increased as the other rose. The sample deposited at
300 Hz had a contact angle of 35.7°, while the other angles
were 51.9°,52.2°, and 64.8° for 400 Hz, 500 Hz, and 600 Hz,
respectively. This means that decreasing frequency produced
more hydrophilic surfaces, which could allow the adhesion
of polar organic matter such as cells, and even might improve
the osseointegration process. The variations of the contact
angles were possible because the samples have different
surface energies, and surface atoms have more energy than
atoms surrounded by others within the sample, thus the
surface atoms interact with other external atoms.
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Figure 3. Results from nanoindentation for a) Hardness, b) Elastic Moduli, and c¢) average curves of the thin films grown at different

frequencies.
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Figure 4. Contact angles obtained in the wettability test for thin films grown at a) 300 Hz, b) 400 Hz, ¢) 500 Hz, and d) 600 Hz.

4. Conclusion

The thin film characterization showed the effects of the
frequency on the properties and morphology of the samples.
First, in the profilometry results, the samples deposited with
lower frequencies were less thick, probably due to the high
energy imparted to the removed atoms by highly energized
ions. Despite the lesser thickness, the samples deposited at
low frequencies reached higher hardness properties that can
help to mitigate wear.

Another interesting result came from the wettability
test, which found the connection between frequency and
contact angle, showing a directly proportional behavior in
this work. The samples formed at low frequencies presented
the lower contact angle, and the wettability decreased as the
frequency increased. It is widely reported in the literature
that the Ti-Zr system has no toxic effect on living organisms;
thus, these films could not only protect against the release
of dangerous ions but also improve the osseointegration due
to their excellent wettability**,
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