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Abstract

We comparatively study the elastic properties of the two existing polytypes of tantalum, a-Ta
(ground state bcc structure) and -Ta (metastable tetragonal structure), using density functional
theory (DFT) calculations and thin film growth experiments. The lattice parameter and the
single-crystal elastic constants ¢j for the two allotropic structures were computed using pseudo-
potentials with generalized gradient approximation. Sound velocity measurements on single-
phase, highly-textured (001) B-Ta and (110) a-Ta films deposited by magnetron sputtering were
carried out using picosecond laser ultrasonic and Brillouin light scattering techniques, while
hardness H and Young’s modulus £ were measured using nanoindentation. We found that the (3-
Ta phase is significantly harder (H[118.0 GPa) than a-Ta (H[110.3 GPa), while their elastic stiffness
properties and Cauchy pressure p are similar, C33[ 285-310 GPa, E[1188 GPa, p [170-80 GPa, and
agree well with the computed values. However, the out-of-plane shear modulus G of the [3-Ta
film is softer by 28% with respect to that of a-Ta film and DFT values (50 vs. 69 GPa). The

present findings reveal that, contrarily to common claims, the [3-Ta phase is not at all brittle but
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elastically and plastically deforms in a compliant way. Its toughness and elastic strain to failure
ability is further comprehended from low G/B (0.205) and high H/E (=0.1) ratios and the
absence of radial cracks around indents, which suggests that 3-Ta is also a suitable phase for use

as wear-resistant coating in biomedical applications.



I.  Introduction

Tantalum (Ta) is a refractory metal that combines very attractive properties, such as high-
temperature stability (Tm[B000°C), high density (16.6 g.cm3), good conductivity, corrosion
resistance and biocompatibility. It also offers robust mechanical properties, such as high
hardness, low brittle-to-ductile temperature (<20 K) and wear resistance. For these reasons, Ta
and its alloys, as well as Ta thin films, have seen use in diverse technological areas such as,
electronics [1,2], ballistic rockets and spacecrafts [1], protective coatings [3] and more recently
in orthopedic implants and biomedical applications [4-9].

In thin film form, it is well known that two different crystallographic phases of Ta can be
synthesized: the thermodynamically stable a-Ta with a body-centered-cubic (bcc) structure and
a metastable tetragonal structure (referred as 3-Ta), although there exist some reports about
the stabilization of a third phase with face-centered cubic (fcc) structure, due to the presence of
impurities [10-12]. The a-Ta phase is usually difficult to obtain by sputter-deposition without
the assistance of substrate heating [3,13-15], post-annealing treatment [16—18] or the use of
specific seed layers [15,19-21]. Numerous works have been devoted over the last years in
efforts to relate the influence of sputter-deposition conditions on phase selection, and elucidate
the underlying mechanisms which control the nucleation process [22—-29]. Examination of the
literature data reveals disparate and confusing results [15,29], essentially because in many
reports the produced tantalum films contained a mixture of both a- and B-phases, and were
operated under different vacuum level and/or impurity control conditions. We have recently
shown that the preferential nucleation of B-Ta with (002) orientation is driven by a lower

activation barrier, as a result of interface energy minimization [15], and that it does not
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necessarily require the presence of oxygen species at the substrate surface, which does not
support the scenario proposed afterwards by Ellis et al. [29].

The a-Ta and [-Ta phases have very different electrical properties: room-temperature
resistivities of pure [3-Ta films are in the 150-200 pQ.cm range, which is typically one order of
magnitude higher than those of a-Ta films (pJ 20-30 puQ.cm), the resistivity of bulk single-
crystal a-Ta being 13.6 uQ.cm [2,15,21,22,30,31]. B-Ta films additionally exhibit a low, or even
negative, temperature coefficient of resistivity [30,32] and are predominantly used as thin film
resistors.

The mechanical properties of these two allotropic phases appear also quite distinct:
compared to the relatively ductile a-Ta phase, 3-Ta is said to be harder and more brittle. The
higher degree of brittleness of 3-Ta thin films would make them unsuitable for applications as
orthopedic implants, where fracture toughness and elastic compliance with biomedical Ti- or
Co-based alloys are essential requisites. This claim is essentially based on nanoindentation
studies. Hardness values reported by Zhang et al. [33,34] and Shiri et al. [4] confirm the higher
hardness ([120%) of magnetron-sputtered [3-Ta films compared to a-Ta films: 15 GPa vs. 12 GPa
[33,34] and 19 + 0.7 GPa vs. 15 + 0.4 GPa [4], respectively, while the elastic modulus is found to
be only slightly larger (less than 10%) for 3-Ta in comparison with that of a-Ta, being 194 GPa
vs. 178 GPa [34], and 229 + 14 GPa vs. 211 + 8 GPa [4], respectively. However, from an
independent work, Knepper and Baker [18] reported more compliant properties of 3-Ta films
compared to O-Ta ones from the analysis of their thermoelastic behaviors. The biaxial elastic
modulus of 3-Ta was found to be more than 50% lower than that of a-Ta (175 + 20 GPa vs. 270

+ 30 GPa), indicating a significantly lower stiffness of the 3 phase. This conflicts with the



experimental work of Frank et al. [35] on the cohesive properties of a-Ta and (-Ta coatings
derived from uniaxial tensile tests on polyimide substrates.

To disentangle these findings, a more accurate assessment of the mechanical properties
and ductility trends of a-Ta and [3-Ta polycrystalline films requires the independent knowledge
of their effective Gj elastic constants. If computed and experimentally measured Cj; values exist
for the a-Ta phase [36—39], on the other hand, a corresponding database is not yet available in
the literature for the [3-Ta phase. In the present work, we contribute to fill this gap by
investigating the elastic properties of single-phase a-Ta and [-Ta thin films, based on first-
principles calculations and direct measurements of sound velocities. By comparing the
computed single-crystal stiffness constants c¢; and the effective elastic constants Cj of
magnetron-sputtered Ta films obtained by coupling picosecond laser ultrasonics (PLU) and
Brillouin light spectroscopy (BLS), the influence of film microstructural attributes (thickness,
grain size, texture) on polycrystalline elastic moduli (Young’s modulus E, shear modulus G and
bulk modulus B) is addressed. Our results show that [3-Ta films exhibit a lower G/B ratio and

Debye temperature 8, than a-Ta films, suggesting their more ductile character.

Il. Methodology
[I.1. Computational procedure

The static (0 K) atomic-scale calculations were carried out with the Vienna ab initio
simulation package (VASP) [40], which implements projector augmented wave pseudo-
potentials (PP) [41] and the Perdew-Burke-Ernzerhof [42] exchange-correlation functional in the
generalized gradient approximation (GGA). A cut-off energy of 340 eV and a k-point sampling of

15x15x15 and 4x4x8 for a-Ta- and B-Ta, respectively, are sufficient to ensure an energy
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convergence below 0.5 meV/atom and a convergence threshold of 10’ Pa was taken for the
pressure.

The o tantalum has a bcc structure (space group Im3m), while the B tantalum is a
tetragonal cell of P42:m structure which contains 30 atoms per unit cell, as described by
Arakcheeva et al. [43], see Figure 1. The Wyckoff positions of Ta atoms in the tetragonal cell are
given in Table 1. Single-lattice supercells were fully relaxed with respect to volume and cell-
internal parameters. Around the equilibrium state the supercells were deformed through
appropriate stress tensors, see for example Refs. [44,45] for the case of the tetragonal phase.
Energy variations according to the strain were fitted by a quadratic function or by the
Murnaghan’s equation of state[46] which reduces the fitting error (which remain below 1%) in

the case of non-isochore lattice deformation to extract the different elastic constants.

[1.2. Experimental details
[1.2.1. Thin film growth and characterization

Ta films were sputter-deposited at room temperature under Ar plasma discharge in a high
vacuum (base pressure 8x10° Pa) chamber designed by Alliance Concept and equipped with
three confocal, water-cooled, 3” planar magnetron sources [47,48]. Prior to deposition, the Ta
target (99.99% purity) was sputter-cleaned during 5 min to remove surface contaminant. The
cathode was electrically connected to an MDX 1500 Advanced Energy power supply, that was
operated at constant power (80 W), in DC mode, and using a balanced magnetron configuration.
The Ar working pressure was kept constant at 0.24 Pa, resulting in a discharge voltage of [1335

V. The target-to-substrate distance was 18 cm, and the substrates were grounded.



Single-phase 0-Ta and [B-Ta films were grown on crystalline molybdenum (c-Mo) and
amorphous silicon (a-Si) seed layer, respectively. These underlayers, with thickness [110 nm,
were sputter-deposited in the same chamber on (001) Si wafer covered with native oxide. More
details on the deposition process can be found elsewhere [15]. Two different deposition times
(1250 and 3750 s) were selected to produce Ta films with nominal thicknesses of [1100 and [BOO
nm.

The phase identification, crystal structure and surface morphology were characterized by
X-ray Diffraction (XRD) and atomic force microscopy (AFM), respectively. 6-20 scans were
acquired in Bragg-Brentano geometry using a Cu X-ray tube operating at A= 0.15418 nm. AFM
observations have been performed in tapping mode using a D3100 microscope from Bruker

(Santa Barbara, CA) and the images processed with the WSxM software [49].

The elastic properties were assessed by coupling complementary BLS and PLU techniques
[50,51], as well as nanoindentation tests. The nanoindentation tests have been performed on
the thicker Ta films with a U-NHT nanoindenter from Anton Paar Tritec (Peseaux, Switzerland),
equipped with a diamond Berkovich indenter. The shape of the indenter has been carefully
calibrated, for penetration depths as low as 15 nm, by indenting a reference material (fused
silica) of known Young’s modulus. The Hardness and the elastic modulus have been determined
by analyzing the elastic unloading curves using the effective indenter method [52,53]. BLS and

PLU techniques are briefly described hereafter.

[1.2.2. Measurement of sound velocities

In the present case of Ta films, a standard PLU approach [54-57] is convenient to extract

the longitudinal sound velocity, Vi. The PLU technique uses femtosecond laser pulses to



generate and detect acoustic waves, with typical frequency range from 100 GHz up to 1 THz. In
brief, this technique relies on the absorption of a femtosecond laser pulse (the pump beam) at
the sample surface, generating acoustic waves which propagate through the system along the
surface normal. After being reflected at the substrate/film interface the acoustic wave is probed
at the free surface by a time-delayed laser pulse (the probe beam). In opaque systems, and for
the case of a monolithic thin film on a substrate, periodic echoes are typically observed in the
transient reflectivity profile. The longitudinal velocity is simply defined by Vi=2h / At, where At is
the time delay between two consecutive echoes, measured with an accuracy better than 1 ps,
and h the film thickness. From V|, the Cs3 effective elastic constant, along the normal of the film
surface, can be derived straightforwardly using the relationship Cs3 = p V2, where p is the film
mass density. In our experimental set-up, we use a mode-locked Ti:Sapphire laser source,
operating at 800 nm with a repetition rate around 79.3 MHz. The pump beam is modulated at
1.8 MHz to improve the signal-to-noise ratio. More details, as well as a schematic of the

experimental set-up, can be found in Refs. [50,51].

The transverse sound velocity Vr was measured from BLS experiments, which use a
monochromatic light beam to probe the thermally excited acoustic waves naturally present in
the investigated medium [58]. Because of the wave vector conservation rule in the phonon-
photon interaction, the wavelength of the revealed elastic waves is of the same order of
magnitude as that of light and then is much larger than the interatomic distances, so that the
material can be described as a continuous effective-medium. Here, we used the backscattering
interaction geometry, so that the modulus value of the wave vector (Q) of the probed surface
acoustic waves travelling parallel to the film-plane is fixed experimentally to the value Q = 2k; sin

(@), where k; denotes the incident optical wave vector in air and #the incidence angle of the
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light with respect to surface normal. The acoustical wavelength (A1) is simply defined as /1 =217/Q
and the velocity (V) of a surface acoustic wave is obtained from the frequency measurements f
thanks to the relation V= f * /. The BLS spectra were obtained at room temperature in air, with
typical acquisition times of 2 h, for three different angles =50, 60 and 70°. The light source
was a YAG solid laser with single mode of 532 nm. Typically, 300 mW of a naturally p-polarized
light was focused on the surface of the sample and the backscattered light was analyzed by

means of a Sandercok-type 3 + 3 pass tandem Fabry—Perot interferometer.

For nearly opaque layers, such as the present Ta films with metallic character, the
scattering mechanism is restricted to the scattering of light by the dynamical corrugation of the
free surface by acoustic waves travelling parallel to the film plane [59]. Thus, we can only
observe the surface acoustic waves with a sagittal polarization (first component along the Q
direction and the second is vertical). For films with thicknesses around the acoustic wavelength
(CBOO nm) and deposited on a substrate with higher acoustic phase velocity (“slow” film on
“fast” substrate), the surface acoustic waves with a sagittal polarization are: the Rayleigh wave
(R) and the so-called Sezawa guided waves (S1—Sn) [59] at higher frequencies. The frequency
(velocity) and number of these Si surface modes are dependent on both the thickness and the
elastic constants of the film and of the substrate, whereas the velocity of the Rayleigh surface
wave, Vg, is mainly dependent on the transverse velocity Vr = (Cas/0)/? [60] through the relation

Vk = B V1, where 0.92 is a slightly varying function of the whole elastic constants of the film.

If the longitudinal and transverse sound velocities Vi and Vr can be readily assessed from
PLU and BLS measurements, the determination of the effective Csz and Css elastic constants

requires accurate knowledge of the film thickness h and mass density 0. These two quantities



were extracted from X-ray reflectometry (XRR) on the thin film series, by fitting an optical model
based on Parratt’s formalism [61] to the experimental data. XRR scans were acquired on a
Seifert XRD3000 diffractometer equipped with a line focus Cu source, a primary channel cut
monochromator selecting the Cu Kq1 line with a low divergence, and a scintillation detector

defined with a 0.07 mm slit.

lll.  Results
[1.1. Structural parameters

Table 2 collects the computed lattice parameters of a-Ta and [-Ta using the present DFT
calculations. Good agreements are found for both phases when compared to available literature
data for 0-Ta [37-39] and B-Ta [43]. The calculated atomic volume V, (18.2 and 18.7 A3 for a-Ta
and [3-Ta, respectively,) also compares within 5% with the one derived from the mass density
measured by XRR, see Table 3. For d-Ta, our DFT calculations also reproduce to within 1-5% the
computed values by Séderling and Moriarty [37] (Va=17.68 A3) based on full-potential linear
muffin-tin orbitals (LMTO) method or by Strachan et al. [38] (Va=18.33 A3) based on linear
augmented plane wave (LAPW) method.

Figure 2 shows the XRR scans of Ta thin films deposited on c-Mo (blue curve) and a-Si (red
curve) underlayers. The scans are very similar, in terms of critical angle, intensity decay of the
specular reflectivity and periodicity of high-frequency intensity modulations (Kiessig’s fringes),
suggesting films with similar material properties. For the c-Mo/Ta film, one can notice the
presence of a low-frequency intensity modulation (arising from the c-Mo buffer layer) that it is

not observed for the a-Si/Ta system due to similar densities between a-Si buffer and Si
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substrate. Measured XRR scans were fit to theoretical reflectivity curves calculated from the
recursive theory of Parratt [61] using proprietary Analyze® software. Best-fit parameters yield
similar film thickness (107 and 109 nm for these films) and mass density (17.1 and 16.6 g.cm3),
see Table 3, the film deposited on c-Mo being slightly rougher (1.8 vs. 1.4 nm). These results
show that Ta films deposited under the present deposition conditions develop a very dense
microstructure (the bulk mass density value for a-Ta and -Ta is 16.6 [36] and 16.3 g.cm™ [43],
respectively) with smooth surface. The obtained mass density values are slightly higher by 2-3%
compared to bulk values, which can be understood by the relatively high energy of the incoming
particles (mean energy of 57 eV at 0.24 Pa, see ref. [15]), which contributes to densify the film
but also to introduce point defects. These conditions result to the development of compressive
stress ([11.5 GPa), as previously reported by Colin et al. [15]. For the thicker film series, Kiessig’s
fringes are not anymore observable, so the film thickness was estimated from the deposition
time and the deposition rate R as obtained on the thin film series, with R=0.086 +0.001 nm/s. It
is worth mentioning that both a-Ta and [-Ta films are remarkably stable when stored at
ambient air after more than four years, as no significant changes could be detected in their XRR.

Figure 3 shows the XRD patterns recorded on a large angular range for the Ta films
deposited on a-Si and c-Mo buffer layers. In both cases, films are single-phase and exhibit a high
degree of preferred orientation (fiber-texture). Ta films growing on c-Mo develop a bcc
structure and (110)-texture (Fig. 3b), while the metastable -Ta phase obtained on a-Si has a
strong (002) texture (Fig. 3a). For 3-Ta, odd reflections indexed as 001 and 003 were detected
(see Fig. 3c), as also reported by Ellis et al. [29]. These are not compatible with centro-
symmetric P42/mnm group and confirm a crystal structure belonging to the P42:m space group,

as reported by Arakcheeva et al. [43].
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The lattice parameter of the a-Ta film calculated from the 110 and 220 peak positions at
20=38.17° and 81.62°, respectively, is a= 0.333 + 0.001 nm, which concurs with reported values
of bulk a-Ta (0.331 nm), as well as computed values reported in Table 2. The c-lattice parameter
of B-Ta films is 0.532 nm, in excellent agreement with reference data (ICCD card n° 25-1280)
and the present DFT calculations (see Table 2). The grain size was evaluated from the XRD line
broadening using the Williamson-Hall method [62]. The size of coherent domains (along the
growth direction) was found to be on the order of magnitude of the film thickness, pointing out
to the development of columnar grains extending throughout the entire layer.

Cross-sectional scanning electron microscopy (SEM) observations (not shown) confirm the
columnar morphology of the films. However, the surface morphology of the two films was
notably distinct. As it can be seen from plan-view AFM and SEM images of Fig. 4, the surface of
[-Ta film is extremely smooth with shallow mounds hardly discernable, while a needle-shaped
facetted surface is observed for a-Ta. The presence of such facets is typical for bcc metallic films
with (110) texture and has been ascribed to the formation of nanoridge domains during growth
[63]. Analysis of the AFM images confirms a higher surface roughness for a-Ta (1.1 nm)
compared to 3-Ta (0.4 nm).

Additional transmission electron microscopy observations (not reported here) confirm the
structural identification obtained by XRD, and the template effect of the c-Mo buffer layer in
promoting by local epitaxy the growth of the 0-Ta phase [15].

The room-temperature electrical resistivity of the films was measured using a standard
four-point probe technique (Van der Pauw geometry). Values, reported in Table 3, confirm the
more resistive electrical character of B-Ta films (0 170 uQ.cm) compared to a-Ta ones (21

uQ.cm).
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[1.2. Single-crystal elastic constants

The static elastic constants calculated for the cubic a-Ta structure are c11=260 GPa, c12=
157 GPa and css= 79 GPa. They are in good agreement with prior ab initio calculations by
Bercegeay et al. [39] using a similar approach, as well as by Strachan et al. [38] and Soderlind
and Moriarty [37] based on all-electron methods (see Table 2), both with GGA scheme. They
also agree within 2-10% with measured adiabatic c¢; values obtained from ultrasonic
experiments on a-Ta single-crystals [36,64]. The elastic properties of the P42:m tetragonal B-Ta
structure are completely described by six independent constants (ci11, €12, €13, €33, Caa, and Ceg).
The longitudinal elastic constant ci1 or ¢33 is higher for 3-Ta (CBOO GPa) compared to that of a-
Ta (260 GPa), whereas the out-of-plane shear elastic constant caa or ces shows an opposite
trend: cs4=69 GPa for 3-Ta and 79 GPa for a-Ta. These cis will serve as initial input to estimate
the effective elastic properties of our fiber-textured Ta films, using the self-consistent (SC)

averaging method [65,66] presented in the next section.

[1.3. Effective elastic properties

Some results of PLU and BLS experiments are illustrated in Figs. 5 and 6 for a-Ta and [3-Ta
films belonging to the thicker film series. We can notice in Fig. 5 that the time-resolved response
associated to each echo exhibits a different shape between the a—Ta and [3—Ta phases. This
feature is correlated to the optical index and photo-elastic coefficient of the material [57]. The
different shape of the acoustic echoes traduces a different electronic structure, which is also

reflected by distinct electrical resistivities, see Table 3.
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The values of Vi, deduced from the time of flight (TOF) of echoes, and V4, extracted from a
fit of BLS spectra (see Fig. 6), are reported in Table 3 together with the effective elastic constant
Cs3 and Cas. Similar V| values around 4 km/s are found for both phases, while Vr is 14% slower
for B-Ta (1.7 km/s) compared to a-Ta (2.0 km/s). We find the same trends for the effective
elastic constants as for the single-crystal elastic constants: the longitudinal Cs3 constant is
slightly higher for 3-Ta (310 GPa) compared to the a-Ta phase (285 GPa), whereas the shear
elastic constant Cas is lower for B-Ta (50 GPa) compared to the a-Ta phase (69 GPa). It is
important to note that for the case of these highly textured (110) a-Ta and (001) 3-Ta films, Cs3
(measured in the sample frame) is equal to (cii+ci2+2casa)/2 and c33 (in the crystal frame),
respectively. Thus, we can have a direct access to some single-crystal elastic constants cjj’s, even

for a polycrystalline material.

The experimental C33 and Cas values are compared to calculated SC average effective elastic
constants <Cs3> and <Cas> (see Table 4), using the single-crystal cjj values of Table 2 and taking
into account the (110) and (001) texture of the a-Ta and [3-Ta films, respectively. A very good
agreement is obtained with experimental data, except for the out-of-plane shear modulus of 3-
Ta (<Css4> = 68 GPa) that is 30% over-estimated compared to the experimental value (Cas = 50
GPa). This softening would be beneficial for lowering of G/B Pugh’s ratio [67] and consequently,

for improving the ductility, as it will be discussed in Sect. IV.

This apparent softening may be accounted for by the presence of point defects in the films
(interstitials type) that are not considered in our DFT defect-free calculations. For example,
working gas (Ar) atoms can be implanted in the growing film due to a large fraction of energetic

(> 80 eV) Ar atoms reflected from the target. The Ar content, measured by Rutherford
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backscattering spectroscopy, reached typically 3 at.% in these Ta films [15]. The consequence on
structural and elastic properties of such Ar incorporation has not been specifically studied.
Nevertheless, the influence of C and N interstitials distribution on the elastic properties of €-
FesC«Ny hexagonal crystals has been theoretically investigated by first-principles calculations
[68]. Variations of up to 30% were found for single-crystal elastic constants c11, €33 or cas, as well
as for polycrystalline elastic moduli (E and G), depending on defect concentration and
configuration. In our previous work on sputter-deposited Mo films, we observed a softening of
the Caa (up to 30%) and Cs3 (up to 14%) constants compared to Mo bulk values [56]. A larger
decrease was found for ion beam sputtered films (Caa= 98 GPa) than for magnetron sputtered
films (C44=115 GPa), as the former, more energetic, deposition condition induced more defects

in the resulting film, also associated with a larger mass density.

[1.4 Nanoindentation results

Figure 7a displays the hardness and elastic modulus profiles determined by
nanoindentation for different penetration depths in the a-Ta and B-Ta samples. Each point
corresponds to the average of ten independent measurements and the error bars represent the
standard deviation. Both samples present a same elastic modulus value Er = 188 + 3 GPa,
obtained by considering a Poisson ratio v=0.34 for both films (in agreement with the effective
elastic constants reported in Table 4). The elastic modulus is found to be independent of the
true penetration depth hc in the 25 — 60 nm range. This behavior is also an evidence of a good
indenter tip calibration since the elastic modulus is not supposed to depend on the penetration
depth, at least for small penetration depths compared to the film thickness ([ B25 nm). The

slight variation observed in the a-Ta film for penetration depths lower than 25 nm is likely to be
15



due to surface roughness effect, which has been observed to be higher in this sample. This
roughness effect would also explain the increase in the scattering of the data. Regarding the
hardness, the a-Ta film presents a constant hardness value, H=10.3 + 0.5 GPa, over a
penetration depth of more than 80 nm. The B-Ta film is found to exhibit a much higher
hardness, slightly dependent on the penetration depth, with a peak value H=18.0 + 0.3 GPa at

he=35 nm.

Figure 7b shows two typical nanoindentation curves obtained in both Ta films for the same
maximum penetration depth of 50 nm. A larger elastic recovery is observed for the (3-Ta film.
One of the residual indent obtained in the B-Ta sample for a true penetration depth hc=110 nm
(residual depth hp=80 nm) has been observed by AFM. The topography image is presented in 3D
top view in Fig. 7c with the inset showing the cross-section profile taken along the black line
across the indent. It must be noticed that, despite the very high value of the hardness in this
sample, the residual indent presents a remarkable ductile behavior, since no cracks nor indent

bowing-in effects are observed.

IV. Discussion

IV.1. Textured films

The combination of PLU and BLS experiments allows for an independent determination of
Cs3 and Ca4 effective elastic constants. Considering the resulting effective hexagonal symmetry
of the textured films (transversely isotropic medium), five independent effective elastic
constants <C;> have been calculated using SC averaging [65,66], and the values reported in

Table 4. For Cs3, a remarkable agreement between experimental values and calculations is
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obtained for both phases: C;7%=285 + 3 GPa and <C$57%> =286 GPa, and C§3_Ta= 310+ 3
GPa and <C§3_Ta> =304 GPa. While the experimental shear elastic constant of a-Ta film

(C4, =69 * 1 GPa) fairly agrees with the calculated one (<C$, %> = 64 GPa), a significant

softening (more than 25%) is observed for the out-of-plane shear elastic constant of the [3-Ta

film (Cff;Ta: 50 + 1 GPa) compared to the calculated value (<Cff4_Ta> = 68 GPa). As already
discussed above, it has been previously shown that the Cas elastic constant of metastable
sputter-deposited Mo-Si films was highly sensitive to structural disorder and metallic/insulator
character, while the grain size had negligible influence, at least in ranges above 30 nm [69].
Since both a-Ta and 3-Ta films possess similar columnar morphology and grain sizes in the 30-
50 nm range, the observed softening of Css for 3-Ta is surmised to be contributed to its higher
structural disorder, inherently caused by interstitial-type point defects (e.g., Ar interstitials or

cluster of self-interstitials).

A noticeable finding of the present work is the excellent agreement of the elastic Young's
modulus obtained by nanoindentation technique (Er=188 GPa) and the value calculated using
SC averaging, being in the 189-205 GPa range, if one considers the out-of-plane £, component,
see Table 4. These E values, together with the measured nanoindentation hardness (H=10.3 GPa
for a-Ta and H=18.0 GPa for [3-Ta) are also in line with previous reports by Zhang et al. [34] and

Shiri et al. [4].

IV.2. Virtual polycrystalline films
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In this section, we extend our discussion on the elastic properties of tantalum allotropes to
the case of weakly-textured or randomly oriented (polycrystalline) films, as this is a rather

frequent case for sputter-deposition.

The independent determination of V. and Vr data from PLU and BLS experiments also
allows for the evaluation of the average sound velocity Vm in the polycrystalline film according

to

3 1 2

wT m

In the Debye model, the characteristic temperature 6}, , the so-called Debye temperature, is
related to Vm using the following equation
1/3

(6‘7,:2) Vm 2)

where h and k are the Planck’s and Boltzmann’s constants, respectively, and V; is the atomic

h
Op ==
D=

volume (see values reported in Table 3). Application of eq. (2) to the a-Ta phase yields a Debye
temperature Bp (0-Ta) = 258 K, which is in remarkable agreement with the experimental value
reported in the literature for bulk Ta (6p°72=250 K) [70], and slightly lower than our theoretical
estimation for 3-Ta (6o =266 K). However, we find a lower experimental value 6p (B-Ta) = 221
K for the tetragonal structure, see Table 5. This tendency involves a lower cohesion and also
suggests a shift of the phonon density of states towards lower frequencies for 3-Ta compared to
O-Ta. This result seems also correlated to the observed softening of the shear elastic constant

Cag.
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Using the two experimental effective elastic constants, Cs33 and Cas, we have calculated and
reported in Table 5, the Young’s modulus E, the shear modulus G (G=Ca4) and the bulk modulus

B, considering an isotropic approximation and the following relations:

_ _ (€33-2C44)?
E=0Gs C33—Cas )
G == C4_4_ (4)
4
B = (53 —5Cas (5)

For O-Ta, the ratio G/E is[1.373, which is very close to the value of 3/8 experimentally found for
polycrystalline materials [71], and slightly higher than the theoretical value of 0.367 reported
for bcc metals [72], providing us with a good confidence in our results. Pugh initially proposed a
relationship based on the G/B ratio for polycrystalline metals and introduced a critical ratio
(G/B)crit allowing to define a scale going from ductile (at low G/B values) to brittle (at higher G/B
values) [67]. This critical ratio depends on the crystalline structure of the material considered.
This criterion has been later developed and quantified by others [73,74]. For bcc polycrystalline
metals, the brittle-to-ductile transition, though not so well defined, is observed for an average
value (G/B)it/J0.55. The G/B ratio being related to Poisson ratio, this limit can be equivalently
thought off as a critical Poisson ratio [75]. Later, Pettifor introduced a criterion linking the
brittle-to-ductile transition in polycrystalline cubic materials to the Cauchy pressure p (c12—Ces),
(c13—cs5) and (ca3—caa), @ parameter related to the angular character of bonds [76]. Based on his
findings, positive Cauchy pressures correspond to a metallic character and to a ductile behavior
of the material, while negative values involve a strong angular character of bonds, as observed
in covalent bonding, and a brittle behavior. The ratio G/B reaches a value as lower as 0.357 and

a high positive Cauchy pressure (c12-cas) = 78 GPa is calculated for a-Ta, that should result to a
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good ductility behavior. For 3-Ta, the ratio G/E[D.356 is slightly lower than 3/8, whereas p = 67-
78 GPa and Pugh’s ratio G/B[D.205 predicting an even more ductile behavior. This is consistent
with the AFM observation of the residual indents (see Fig. 7c) which were perfect reproductions
of the Berkovich indenter shape, with no cracks or pile-up. These experiments demonstrate that

the 0-Ta and 3-Ta, despite their very high hardness, present a remarkable ductile behavior.

V. Conclusions

The elastic and mechanical properties of a-Ta and 3-Ta were assessed both experimentally
and from ab initio calculations. Measurements of two independent effective elastic constants,
Cs3 and Cas, were performed by combining PLU and BLS techniques on single-phase, highly-
textured and densely-packed Ta sputtered films. Both films exhibit similar C33 (285-310 GPa) and
elastic Young’s modulus (Eir[1188 GPa) values, in remarkable agreement with computed values.
However, a substantial softening of the out-of-plane shear modulus was measured for the 3-Ta
film (50 vs. 69 GPa for a-Ta), which together with its higher hardness (18 vs. 10.3 GPa for a-Ta)
yield H/E and G/B ratios of 0.10 and 0.20, respectively. Large positive Cauchy pressures, 70-80
GPa, are predicted for both Ta phases, confirming their metallic bonding character and ductile
behavior.

The present findings reveal that, contrary to common beliefs, despite the fact that 3-Ta
allotropic phase being significantly harder than a-Ta, it is not more brittle, but exhibits a ductile
behavior, which makes it suitable as a protective coating for bio-medical applications where

toughness and elastic compliance are of key importance.
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Table 1 : Wyckoff positions of Ta atoms in the tetragonal cell of 3-Ta phase, as compared to those

reported by Arakcheeva et al. [43]. The calculated atomic volume is V,= 18.2 A3 for 0-Ta and V.= 18.7 A3

for B-Ta

Wyckoff positions X y z -
0.500 0.000 0.245 Present
2c
0.500 0.000 0.228 [43]
0.105 0.395 0.256 Present
4e(1)
0.103 0.397 0.235 [43]
0.819 0.319 0.002 Present
4e(2)
0.814 0.314 0.003 [43]
0.819 0.319 0.500 Present
4e(3)
0.820 0.320 0.491 [43]
0.761 0.067 0.246 Present
8f(1)
0.760 0.068 0.235 [43]
0.035 0.129 0.254 Present
8f(2)
0.035 0.127 0.255 [43]
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Table 2: Results of DFT calculations for a-Ta and [3-Ta phases: lattice parameter, zero-
temperature bulk modulus B and single-crystal elastic constants cj. Values in bold correspond

to the present work.

a-Ta B-Ta Method (package) | References
Space group Im3m P42,m
Lattice parameter a (nm) 0.332 1.025 PP-GGA (VASP) present work
0.330 PP-GGA (ABINIT) [39]
0.332 LAPW-GGA [38]
1.021 exp [43]
Lattice parameter ¢ (nm) / 0.534 PP-GGA (VASP) present work
0.531 exp [43]
c11 (GPa) 260 295 PP-GGA (VASP) present work
259 PP-GGA (ABINIT) [39]
245 LAPW-GGA [38]
281 LMTO-GGA [37]
266 exp [64]
266 exp [36]
c12 (GPa) 157 136 PP-GGA (VASP) present work
169 PP-GGA (ABINIT) [39]
160 LAPW-GGA [38]
163 LMTO-GGA [37]
158 exp [64]
161 exp [36]
C13 (GPa) =C12 146
¢33 (GPa) =c11 304
Cas (GPa) 79 68 PP-GGA (VASP) present work
68 PP-GGA (ABINIT) [39]
68 LAPW-GGA [38]
93 LMTO-GGA [37]
87 exp [64]
83 exp [36]
ces (GPa) = Cas 69
Bo (GPa) 191 194 PP-GGA (VASP) present work
199 PP-GGA (ABINIT) [39]
188 LAPW-GGA [38]
203 LMTO-GGA [37]
194 exp [64]
196 exp [36]
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Table 3: Properties of a-Ta and 3-Ta films determined experimentally.

0-Ta B-Ta
Film thickness (nm) 107 320 109 327
Mass density (g.cm3) 17.1 17.1 16.6 16.8
Va (A3) 17.6 17.6 18.1 17.9
Texture (110) (110) (002) (002)
Vi (km/s) 3.90 4.09 4.34 4.35
V1 (km/s) / 2.01 / 1.73
Caa (GPa) / 69+1 / 50+1
Cs33 (GPa) 260£3 285+3 3093 3103
Hardness (GPa) / 10.3+0.3 / 18.0+0.3
Elastic modulus, Eir (GPa) / 188 +3 / 188 +3
Electrical resistivity (MQ.cm) | 21.5 20.9 170.0 178.6
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Table 4: Self-consistent average effective elastic constants <Cj> and elastic Young’s modulus E

and shear modulus G (in GPa) calculated for the experimentally observed crystallographic

texture of tantalum films.

<C11> | <Ci2> | <Ci3> | <C33> | <Cas> | <Ces> E, E,
ze=Gyz ny E; Ex=Ey
a-Ta
283 147 144 286 64 68 189 184
<110>
B-Ta
290 141 146 304 68 75 205 197
<001>
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Table 5: Effective elastic moduli (B, G and E) and Debye temperature 8, of virtual polycrystalline
0-Ta and B-Ta films. “exp” refers to values calculated from experimental data considering
isotropic approximation. For comparison, values calculated for a polycrystalline aggregate using

computed <Cj> values of Table 4 are also given (noted as “calc”).

B(GPa) | G(GPa) |E(GPa) |G/E G/B H/Er (?) | Bo(K)
a-Ta 19313 69+1 18513 0.373 0.357 0.05 258
exp
0-Ta 191 67 179 0.374 0.350 / 250P
calc
B-Ta 24313 50+1 14043 0.356 0.205 0.10 221
exp
B-Ta 194 72 192 0.375 0.371 / 266°¢
calc

a) calculated from nanoindentation tests
b) from Ref. [70]
c) this work, calculated from DFT
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Figure captions

Figure 1: B-Ta tetragonal cell of P421m structure with Wyckoff positions c, e and f of Ta atoms,

see Table 1.

Figure 2: XRR scans of 3-Ta and a-Ta films deposited on a-Si and c-Mo buffer layer, respectively.

Solid lines correspond to best-fit to experimental data (symbols).

Figure 3: XRD patterns of Ta films deposited on a) a-Si and b) c-Mo buffer layers. The angular

region around the 001 and 003 XRD lines of 3-Ta film is shown in c).

Figure 4: 1x1 um? surface topography AFM images of a) 3-Ta and b) a-Ta films. Plan-view SEM

micrographs are shown in the inset.

Figure 5: Transient reflectivity change measured by PLU on (a) 3-Ta (327 nm) and (b) a-Ta (319
nm) polycrystalline films. At least two echoes are indicated by the arrows from which the TOF is

measured.

Figure 6: BLS spectra of (a) B-Ta (327 nm) and (b) a-Ta (319 nm) polycrystalline films. The angle

of incidence is 70°, R denotes the Rayleigh surface wave and S: the first Sezawa standing wave.

Figure 7: a) Depth-dependence of hardness (filled symbols) and elastic modulus (open symbols)
of a-Ta and -Ta films extracted from nanoindentation tests. b) Representative nanoindentation
curves of 0-Ta and B-Ta films (maximum penetration depth of hc=50 nm). c) AFM image around

residual indent (hc= 110 nm) of the (3-Ta film, and corresponding height profile.
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Figure 4
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