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Abstract: The influence of energetic ion bombardment on the properties of tantalum coatings was
studied. To achieve such energetic ion bombardment during the deposition process of tantalum
coatings, a combination of deep oscillation magnetron sputtering (DOMS), an ionized physical vapour
deposition technique, with substrate biasing was used. The substrate biasing was varied between 0
and −120 V. In this work, the structure (XRD), microstructure (SEM), surface morphology (AFM) and
hardness, and Young’s modulus (nanoindentation) of the coatings were characterized. The results
show with the use of such conditions it was possible to deposit a pure α-Ta (the most desired at
industrial level) with improved mechanical properties (hardness equal to 22.4 GPa and Young’s
modulus equal to 235 GPa). The roughness of the Ta coatings decreases up to values of about 1 nm
with an increase of substrate biasing. It was possible to deposit very dense Ta coatings with 2 µm
of thickness. Therefore, these results are significantly different than in previous works, offering Ta
coatings with a combination of very interesting properties.
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1. Introduction

As refractory metal tantalum with its unique characteristics and attractive properties has been
widely used in wear protection and high temperature applications, e.g., jet engines, gun bore protection
and nuclear reactors [1–6]. Ta material presents two distinctive crystallographic phases, on one hand,
a stable bcc α-phase and, on the other hand, a metastable tetragonal β-phase. From the two, the α-phase
Ta is the most desired at industrial level due to its toughness and ductility. The β-phase Ta is hard and
brittle which may compromise the use of Ta material in many applications. Typically, bulk tantalum
metal has the α-phase structure, however, both single and mixed phases of α-phase structure and
β-phase structure develops in coatings [1]. Based on the state of the art, different parameters can be
tuned in order to avoid the β-phase Ta growth, e.g., substrate material, energetic ion bombardment,
substrate temperature, or sputtering gas [7–11]. Among the different parameters, it was observed
that the use of energetic ion bombardment during the coating growth played an important role in the
structure and properties of the produced Ta coatings [7]. These Ta coatings are widely produced by
direct current magnetron sputtering (DCMS), however, the ionization degree of the sputtered material is
very low (around 1% to 3%) in this technique, and therefore the only method to reach such high energetic
ion bombardment during film growth is by using a substrate biasing. Recently, the development of new
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magnetron sputtering deposition techniques which allow to generate highly ionized fluxes of sputtered
material brought an increased control over the energetic ion bombardment during coating deposition.
High-power impulse magnetron sputtering (HiPIMS) [12–15], and modulated pulsed power magnetron
sputtering (MPPMS) [16–18] are two of these recent developments. The deposition of Ta coatings by
these techniques is already well established. Alami et al. pointed out the capabilities of HiPIMS in
the production of α-phase Ta due to its additional control over the energetic ion bombardment [19].
Likewise, Lin et al. proved the influence of the energetic ion bombardment of MPPMS on the structure
of Ta coatings [20]. Recently, a new variant of the HiPIMS process was developed called deep oscillation
magnetron sputtering (DOMS) [21–25]. This deposition process uses a series of short pulses that
form a macropulse. These short pulses reach a very high voltage (even higher than typical voltages
achieved in HiPIMS and MPPMS process) and then decay, reaching zero. Detailed description of the
macropulse configuration in DOMS is provided elsewhere [21]. So, it is expected that the combination
of superior energetic ion bombardment in DOMS with the use of substrate biasing (key parameter in Ta
production) can be utilized to improve the structure and properties of tantalum coatings. In this work,
a group of tantalum coatings were deposited by DOMS with increasing substrate biasing. The structure,
morphology, and mechanical properties of tantalum coatings were characterized.

2. Materials and Methods

Tantalum coatings were deposited on Si (100) substrates using a DOMS power supply (HiPIMS
Cyprium™plasma generator, Zpulser Inc., Mansfield, MA, USA). Figure 1 displays a typical DOMS
discharge voltage and current used in this work.

Figure 1. The target voltage and current oscillation waveforms measured during the Ta
coating depositions.

Prior to all depositions the substrates were ultrasonically cleaned in a sequence of acetone and
ethanol solutions baths, for 15 min each. They were then placed in the deposition chamber, made from
a high grade stainless steel with 400 mm × 400 mm × 400 mm dimensions. The substrate-to-target
was kept at 80 mm and substrate rotation was equal to 23.5 rpm for all depositions. The used target
consisted in a square shape 99.95% purity Ta target with dimensions of 150 mm × 150 mm and 10 mm
of thickness. A base pressure lower than 3 × 10−4 Pa was achieved before all depositions. The working
pressure was kept at 0.7 Pa by maintaining the constant flow rate of the sputter gas at 15 SCCM
(Ar-99.999%). The deposition time was changed in order to achieve 2 µm of coating thickness. In all
depositions, the voltage on-time (ton), oscillation period (T), and pulse duration (D) were equal to 6 µs,
50 µs, and 1250 µs, respectively. On the other hand, the pulse frequency (F) was automatically adjusted
by the DOMS power supply in order to keep a constant average power fixed at 1.2 kW. The peak
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power (Pp) is defined as the product Vp × Ip. The substrate biasing was varied between 0 and −120 V.
The main DOMS deposition parameters are compiled in Table 1.

Table 1. Deposition conditions used to deposit tantalum thin films by deep oscillation magnetron
sputtering (DOMS).

DCint
(V)

Vp
(V)

Ip
(A)

Pp
(kW)

Fi
(Hz)

Bias
(V)

Dep. Time
(min)

400

1296 101 131 120 - 115
1298 100 130 121 −30 115
1285 103 132 123 −50 125
1290 100 129 119 −80 125
1296 100 130 120 −120 144

The morphology and thickness of the Ta coatings were studied by scanning electron microscopy
(SEM) using a Quanta 400FEG ESEM (Waltham, Massachusetts, MA, USA). The present SEM images
obtained for the cross-section and surface area in this work were obtained with a 2 kV beam.
The deposition rate was calculated by dividing the coating thickness (measured by SEM) by the
deposition time. The crystal structure of Ta coatings was investigated by X-ray diffraction (XRD)
using a PANalytical X’Pert PRO MPD (Malvern, UK) with Cu Kα radiation (45 kV and 40 mA) with
a parallel beam in θ–2θ geometry. The incident beam optics consisted of a hybrid monochromator
(with a Cu W/Si mirror and a double crystal Ge (220)). A parallel plate collimator (0.7◦) and Soller
slits (0.004◦) were attached on the path of the diffracted beam. A PIXcel detector in receiving slit
mode was used for X-ray collection. The coating topography and surface roughness were observed
by atomic force microscopy (AFM) using a Bruker Innova equipment (Billerica, Massachusetts, MA,
USA) in contact mode on a surface area of 2 × 2 µm2. The hardness of the coatings was measured by
nano-indentation using a Micro Materials Nano Tester (Wrexham, UK) with a Berkovich diamond
indenter. The hardness was assessed from the load–displacement curve using the depth sensing
method. Hardness measurements were done with 10 mN loads in order to ensure an indentation depth
less than 10% of the coating´s thickness. 20 hardness measurements were performed on each sample.

3. Results

The deposition rate decreases with increasing substrate biasing (Figure 2). This effect occurs due
to the re-sputtering of the deposited Ta atoms, a direct consequence of the bombardment of the growing
coating with metal ions and the discharge gas. This effect increases with the bias voltage value.

Figure 2. Deposition rate and thickness of the Ta films deposited by DOMS as a function of the
bias voltage.
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The X-ray diffraction patterns (between 30◦ and 45◦) of the Ta coatings deposited by DOMS
with different bias voltage values are shown in Figure 3. In addition, the β (200) at 2θ = 33.69◦

(ICCD card 00-025-1280) and α (110) at 2θ = 38.47◦ (ICCD card 00-004-0788) are presented in Figure 3.
The application of a substrate biasing results in the deposition of α-Ta coatings with [110] preferential
orientation instead of the biphasic coating obtained without substrate biasing. The diffraction peaks
corresponding to the α-Ta phase are shifted to smaller diffraction angles in relation to the standard
material, which is most probably due to the formation of compression stresses in the coatings. However,
the position of the peaks does not vary with the application of different bias voltage values. All Ta
coatings deposited with substrate biasing show only the peak (110) of α-Ta, contrary to what was
observed by Ren et al. [26]. The additional bombardment caused by applying a substrate biasing
refutes the role of the substrate, contrary to the hypothesis of Feinstein et al. about favouring β-Ta
nucleation in Si substrates [27], as well as the hypothesis developed by Catania et al. β phase deposition
for bias voltage values below −100 V [28,29].

Figure 3. X-ray diffraction patterns of the Ta films prepared by DOMS with the increase of substrate
bias. On the right of the figure is inserted the signal intensity.

The cross-section and surface morphology of Ta films as a function of the substrate biasing can
be seen in Figure 4. The Ta coating deposited without substrate biasing presents two different types
of fracture, the upper part of the coating exhibits a ductile fracture while the lower part (close to
the substrate) exhibits a brittle fracture. Myers et al. detected a similar result and attributed these
different fractures types to the existence of different tantalum phases [30]. This is in agreement with the
X-ray diffractions which revealed a mixed phase structure. The Ta coatings deposited with substrate
biasing have a denser interlayer at its bottom, similar to what was observed for the Ta film deposited
without biasing. However, the interlayer thickness is much thinner in the Ta coatings deposited with
substrate biasing. As mention before, this interlayer was associated with the deposition of the β-Ta
phase. However, this phase was not detected in the deposited films with substrate biasing (Figure 3).
The cross-section SEM images of the deposited Ta coatings present an evident evolution of the coating
microstructure with the application of a substrate biasing. Although is still observe some traces of
columns in the cross-section for the coating with a substrate biasing of −120 V, it has a much more
compact and denser microstructure when compared to the other Ta coatings. With the exception
of this coating, which is on the threshold between Zone 2 and Zone T, all the other Ta coatings
correspond to Zone 2 in the SZD diagram proposed by André Anders [31]. A similar evolution in
coating microstructure was observed by Lin et al. [20]. The increase of the bias voltage also changes the
surface morphology. With the increase of the bias voltage value, the tightly packed granular structures
give rise to the formation of filamentary structures embedded in a homogeneous matrix, as observed by
Ren et al. [26] in deposited Ta coatings with higher bias voltages than those used in this work. Although
the amount of filamentary structures increases with the substrate biasing, their dimensions decrease
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in such a way that they are no longer seen on the surface of the deposited coating with the highest
bias voltage value (−120 V). Although the formation of filamentary structures is mentioned in some
works in the literature, associated with the application of a substrate biasing during depositions [26,32],
a satisfactory explanation for its formation has not yet been found.

Figure 4. SEM cross-section and surface micrographs of the Ta coatings deposited by DOMS with a
substrate biasing of: (a,b) 0 V; (c,d) −30 V; (e,f) −50 V; (g,h) −80 V; (i,j) −120 V.

The images of the surface of the Ta coatings obtained by AFM (Figure 5) confirm the evolution
of the surface morphology with the application of a substrate biasing. The Ta coatings deposited
with substrate biasing have a coarser surface associated with the formation of filamentary structures,
although these are not clearly visible in the images. However, the roughness of the Ta coatings
decreases (Figure 6), up to values of about 1 nm with an increase of substrate biasing.

The hardness and the Young’s modulus of the Ta coatings are presented in Figure 7. Typically,
the α-Ta has hardness = 8–12 GPa and Young’s modulus = 203−219 GPa and the β-Ta has hardness =

18–20 GPa Young’s modulus = 215−243 GPa [30,33]. Both the hardness and the Young’s modulus of
the Ta coatings are not significantly altered with the application of a substrate biasing up to −80 V.
These coatings have a hardness of about 12 GPa, similar to that obtained in the deposited coating
without substrate biasing. As in the case of this last coating, the hardness values are higher than those
published in the literature for α-Ta, so one would expect the presence of β-Ta. However, this last
phase was not detected by XRD analyses. The Ta coating deposited at a bias voltage of −120 V has the
highest hardness (22.4 GPa) and Young’s modulus (235 GPa) value. This result could be due to the
higher energy of the ions that bombard the substrate during the growth of the coating, giving rise to a
coating with a more compact microstructure as seen in Figure 4. However, in this case, the increased
substrate biasing should translate into a gradual increase in the hardness and Young’s modulus of the
coatings and does not explain the sudden increase in these properties observed at −120 V as seen in
Figure 7. The hardness of the deposited Ta coating with −120 V is similar to the hardness reported in the
literature for the bulk β-Ta material, so the higher hardness value could correspond to the deposition
of this phase in higher quantity when compared to the other deposited Ta coating. However, again,
β-Ta deposition is not detected by XRD analyses.



Metals 2020, 10, 1618 6 of 9

Figure 5. AFM analyses of the Ta coatings deposited by DOMS with a substrate biasing of: (a) 0 V;
(b) −30 V; (c) −50 V; (d) −80 V; (e) −120 V.

Figure 6. Surface roughness of the Ta coatings deposited by DOMS with different bias voltage.

Figure 7. Hardness and Young’s modulus of the Ta films deposited by DOMS with different bias voltage.
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4. Conclusions

In general, the use of a substrate biasing induces a significantly different growth mode for
the Ta coatings when compared to the Ta coating deposited by DOMS without substrate biasing.
This deposition mode results in the formation of filamentary structures embedded in a more
homogeneous matrix. The deposition rate of Ta coatings deposited by DOMS decreases with increasing
bias voltage value due to the re-sputtering of Ta atoms during film growth. The Ta coating deposited
without substrate biasing has a biphasic structure of α-Ta + β-Ta. The X-ray diffractograms of the Ta
coatings deposited by DOMS with substrate biasing show only the (110) diffraction peak of the α-Ta
despite its mechanical properties indicating the deposition of the much harder β-Ta phase. In particular,
the coating deposited with the highest bias voltage has a much higher hardness than the others and
is similar to that of the bulk β-Ta material. Regardless of the deposition conditions, both phases of
Ta always have a complete preferential orientation ([110] for α-Ta and [200] for β-Ta). The surface
roughness decreases with increasing substrate biasing. Therefore, the combination of superior energetic
ion bombardment in DOMS with the use of substrate biasing resulted in the production of the α-phase
Ta (the most desired at industrial level) with improved mechanical properties (hardness equal to
22.4 GPa and Young’s modulus equal to 235 GPa).
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