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The production of Ta; 1Oy coatings has attracted a lot of attention due to their wide variety of industrial ap-
plications. Nonetheless, to properly control the functional properties of these coatings, a good understanding of
their structural properties must be achieved. Ta; 4Oy phases have structural similarities since they are formed by
the distortion of the body centered cubic (bcc) Ta structure and, therefore, a clear and unequivocal identification
of the crystalline phases is not trivial. In this regard, this work proposes a theoretical and experimental study to
understand the evolution of the structural and the elastic properties of Ta-based coatings. The coatings were
deposited by magnetron sputtering as a function of oxygen content and characterized by EPMA (electron probe
microanalysis), XRD (X-ray diffraction), STEM (scanning transmission electron microscopy) and SAW (surface
acoustic waves). The results demonstrate the formation of a bcc a-Ta phase in the non-reactive Ta coating, which
transitions to a mixture of crystalline tantalum and tantalum oxide phases for low oxygen concentrations while
amorphous phases are observed for high oxygen levels. Ab-initio calculations of different Ta-O phases are in
good agreement with the experimental results and reveal that the oxygen addition to the metallic Ta phase, leads
to a distortion of the Ta crystal structure, causing a decrease in density and an increase of the elastic constants.

1. Introduction [1]. Depending on the deposition conditions and the type of substrate, Ta

coatings can show any of these two phases or a mixture of them [8].

Tantalum (Ta) is a transition metal well known for its properties
such as high density, mechanical resistance, biocompatibility and
thermal stability [1,2]. However, its high cost and high density makes
Ta inappropriate for use as bulk material [3]. On the other hand, tan-
talum oxides (TaOy) have great technological interest, especially due to
their electrical and optical properties, such as high transparency, high
refractive index (n = 2.2 at 633nm) and high dielectric constant
(er = 25). Furthermore, TaO, coatings have been employed as ion
conductors in electrochromic devices [4-7].

Bulk Ta has a body centered cubic (bcc) stable phase with high
toughness and ductility, as well as, low electrical resistivity. However, Ta
can also exhibit a harder and more brittle tetragonal metastable phase
with higher electrical resistivity, which is usually obtained in thin films

TaOy coatings are known to exhibit a large range of chemical
compositions. The most common TaOy coatings have been identified as:
1) Ta,0 with a bec crystal structure; 2) TaO with a face centered cubic
(fce) structure; and 3) TaO, with a tetragonal structure [5]. When
oxygen is add to the metallic bcc Ta phase, the phases have great si-
milarities since they are formed by the distortion of the Ta base struc-
ture [8-10]. All these phases can be found in coatings deposited by
reactive dc magnetron sputtering [11-13].

Among all the Ta oxide phases, Ta;Os phase is the most thermo-
dynamically stable phase. The allotropic transformation of Ta,Os at
~1360 °C is well documented [14], including oxygen rich or oxygen
deficient phases, but the crystal structure formed at high or low tem-
peratures is still a subject of controversy. The Ta,Os crystal, as well as,
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its electronic structure and oxygen vacancies have been studied for
several years and many crystalline structures have been proposed
[14,15]. K. Lehovec [16] proposed an orthorhombic phase with a large
number of oxygen vacancies, known as L-Ta;Os, which is a low tem-
perature phase. At high temperatures, other authors [17,18] proposed a
tetragonal phase, known as H-Ta,Os. Later, Stephenson and Roth [19]
reported a vacancy-free L-Ta,Os orthorhombic structure as the low-
temperature crystal structure, commonly named as 3-Ta;Os. Moreover,
a hexagonal low-temperature metastable phase, 8-Ta,Os, has been also
identified [20]. All these Ta;Os phases are similar with respect to the
position of the oxygen ions along the c direction. The main difference is
the position of oxygen ions in the a and b directions [21].

Several thin film deposition techniques have been employed to de-
posit Ta and TaOy coatings. However, direct current (DC) magnetron
sputtering is the most industrially used technique for the deposition of
coatings as high deposition rates are obtained, making the process more
cost effective [22].

Previously, the authors have deposited Ta; —,O, coatings by mag-
netron sputtering [23-25]. Yet, we found that it was difficult to clearly
distinguish the various crystal structures present in the deposited
Ta; —xOx coatings. So far, the experimental analysis has been more
limited to structure identification. On the other hand, the correlation
between crystal-structure and specific elastic properties supported by
theoretical studies may be key for better understanding the evolution of
the coatings. As result, this work proposes a theoretical and experi-
mental approach, to understand the evolution of the structural and
elastic properties of Ta-based coatings deposited by magnetron sput-
tering as a function of oxygen content. New Ab-initio density functional
theory calculations were carried out for Ta,Oy structures, to obtain
information about the theoretical lattice parameters, energy of forma-
tion and elastic properties as a function of oxygen addition to a pure Ta
bec lattice. Structure and chemical composition were investigated using
advanced transmission electron microscopy.

2. Experimental details
2.1. Deposition of coatings

Ta-based coatings were deposited by reactive DC magnetron sput-
tering from a high-purity Ta target (99.96%) (200 x 100 mm?) onto
single crystalline silicon (Si) (100) (10 x 10 mm?). The substrates were
ultrasonically cleaned using ultrasonic baths: first in distilled water;
second in ethanol; and lastly in acetone; for 10 min in each solvent. This
process removes dust, impurities and organics from the substrate sur-
face, which subsequently enhances the coating adhesion. The adhesion
was further improved by an in-situ argon (Ar) etching process, im-
mediately before the deposition of the coatings, to remove the re-
maining impurities and surface oxides on the target and substrate sur-
face. Additionally, a Ta interlayer of around 300 nm was deposited
before the Ta-based functional layer to further enhance the adhesion of
the ceramic coatings to the substrate.

In order to achieve a broad range of compositions in TaOy films,
different current densities (different power densities) were used by
adapting the reactive gases fluxes [23]. The depositions were carried
out in an Ar + O, atmosphere with the substrates rotating at 70 mm
away from the target at constant speed of 7 rpm. The deposition tem-
perature and the bias voltage were kept constant at approximately
200 °C and — 75V, respectively. The current density applied to the Ta
target (J) was varied from 10 to 5mA-cm ™2 in order to achieve stoi-
chiometric tantalum oxide (Ta,Os). Ar flow was kept constant, while
the O, flow was adjusted to create a proper reactive atmosphere to
produce Ta; 4O coatings, as depicted in Table 1. The base pressure was
6 x 10~ *Pa and the discharge pressure ranged from 0.6 to 0.7 Pa de-
pending on the gas flow. The sample acronyms used in Table 1 re-
present the applied current density (C) and oxygen flow (F) used for
each deposition.
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2.2. Physical, chemical, structural and elastic properties characterization

The chemical composition of Ta-based coatings was determined by
electron probe micro-analysis (EPMA), using a Cameca equipment: model
Camebax SX50. Five measurements were performed randomly in each
sample to statistically validate the measurements. The accelerating voltage
of the electron beam was 10kV and the current was 40 nA. The experi-
mental error of this technique is < 1 at.%. A LEICA S360 scanning electron
microscope (SEM), operating at 10kV in secondary electron mode, was
used to measure the coating's thickness, thus allowing the calculation of
the deposition rate. The structure and phase distribution of the coatings
were determined by X-ray diffraction (XRD). XRD analysis was performed
using a Bruker D8 Discover, operating at 40 kV and 40 mA, with Cu ra-
diation (Aky; = 0.1540600nm and Akg, = 0.1544339nm), equipped
with collimator. The experiments were carried out with a grazing angle
geometry (1°). All the tests were performed with a step size of 0.025° and a
time per step of 2s, in 25-75° range.

Cross-section samples were prepared using a Helios 450S (FEI) focus
ion beam to perform TEM (transmission electron microscopy) and STEM/
EDS (scanning transmission electron microscopy/energy dispersive X-ray
spectroscopy) analyses. High angle annular dark field (HAADF) STEM
images were acquired using probe-corrected and double-corrected FEI
Titan microscopes operated at 200 and 300 keV, respectively. The images
were recorded using a convergence angle of 21 mrad with a pixel dwell
time set at 10 ps. Phase contrast (PC) and bright-field (BF) images were
recorded using a double-corrected FEI Titan microscope operated at
300keV. Energy dispersive X-ray spectroscopy mapping (EDS-mapping)
was performed in the same instrument, which is equipped with a Super-X
EDS detector. Iterative maps of 512 x 512 pixels were recorded with a
dwell time per pixel of 10 pus at 200 and 300 keV, under a current be-
tween 200 and 400 pA and collection times of 15 min.

The Young's modulus of the films was measured by surface acoustic
waves (SAW). Details of the technical setup and the mathematical pro-
cedure of this method are described elsewhere [26]. Short laser pulses
(laser wavelength: 337 nm, pulse length: 3 ns, pulse energy: 80 uJ) were
used to generate acoustic impulses with a bandwidth up to about
200 MHz. The elastic surface vibrations are received by a piezo-electric
sensor. The sensor signal is amplified and recorded by an oscilloscope. The
laser beam is focused by a cylindrical lens into a line on the sample surface
to generate a straight SAW front which propagates perpendicular to the
direction of the laser line. The position of the laser line to the sensor is
precisely varied by a translation stage (positioning error: Ax < 1.5um) to
detect acoustic signals for different distances between the laser-acoustic
source and the sensor. The Fourier transformation of the signals enables
their amplitude and phase spectra to be calculated. The phase spectra are
used to calculate the dispersion curve of the surface acoustic wave - c (f),
which c is the phase velocity and depends on the frequency (f). As the
energy of the surface acoustic wave is concentrated at the material's sur-
face, the dispersion curve is very sensitive to the properties of the film
material such as Young's modulus, Poisson's ratio, density, and film
thickness. Making use of a theoretical approach enables the dispersion
curve to be calculated with assumed values for the elastic parameters and
density of film and substrate, as well as, film thickness. The parameters of
the test sample can be determined by fitting the theoretical curve to the
experimental data, which was measured with the laser-acoustic method.
The information content of the dispersion curve depends on the shape and
bandwidth of the curve. Usually, the fit procedure cannot calculate all
parameters involved. In the present case, a Poisson's ratio of 0.34 was
taken from the literature [27] and the film thickness was determined by
SEM and entered into the fitting curve. For the silicon substrate, the elastic
parameters C;; = 165.7 GPa, C;5 = 63.5GPa, C44 = 79.6GPa and the
density p = 2.33 g/cm® were used. With this input data, Young's modulus
and density of the Ta;_,O, films were calculated. The results of the
Young's modulus are the average of six SAW measurements of the elastic
properties of Ta; _,Oy coatings, deposited onto Si substrates. The Poisson
ratio (0.34) was kept constant in all measurements.
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Table 1
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Chemical composition, deposition parameters, deposition rate, density and elastic modulus (Young's modulus - E) of Ta; xOx coatings as a function of oxygen content,
deposited onto Si substrates. The density and elastic properties were measured by surface acoustic waves (SAW), with a Poisson ratio of 0.34, resulting from an

average of six measurements.

Sample Acronym Chemical composition (at. O, Flow O, partial Current Target Deposition Thickness (um) SAW
%) (sccm) pressure density potential (V)  rate (um/h)
(x10~%Pa) (mA/cm?)
Ta (0] Density (g/cm®  Elastic
modulus
(GPa)
Tal C10F0 95 * 0.3 5+ 03 0 N/A 10 425 = 20 2.3 4.5 17.6 = 0.13 196 + 6
TO1 C10F2 89 + 0.6 11 + 0.6 2 5.2 352 + 25 2.1 4.2 16.2 = 0.09 241 = 8
TO3 C10F6 73 = 0.2 27 * 0.2 6 10 366 = 3.1 2.3 4.5 15.7 = 0.09 248 = 7
TO5 C10F10 57 + 0.2 43 £ 0.2 10 15 419 = 3.3 2.8 5.1 14.2 = 0.06 239 £ 6
TO6 C5F13 30 + 0.4 70 + 0.4 13 20 5 548 + 8.4 1.9 3.8 8.96 + 0.09 155 + 5

3. Density functional theory calculations

The structural and mechanical calculations reported herein were
based on density functional theory (DFT) calculations employing the
generalized gradient approximation (GGA) parametrized by Perdew,
Burke, and Ernzerhof (PBE) [28] and the projector-augmented-wave
method, as implemented in VASP code [29]. The core electrons were
frozen within the Projector Augmented Wave (PAW) method [30,31],
whereas valence electrons (Ta:5pe5ds6s,; 0:2s,2p,) were treated ex-
plicitly by a plane wave basis set with a cutoff energy of 520 eV for
structural optimizations and 700 eV for elastic constants calculations.
Brillouin-zone integration was performed on a Monkhorst-Pack [32] k
mesh of 20 X 20 X 20 in the Methfessel-Paxton scheme [33] for Ta,
TaO, Ta,0, Ta40 crystal structures with a smearing width of 0.2 eV for
the Fermi-surface broadening. In the case of TaO,, (3, §)-Ta,Os struc-
tures, the tetrahedron method with Blochl corrections was used with a
k-mesh of 2 X 4 x 2 for 8-TayOs and 12 X 12 X 14 for the other
structures [34]. The total energies were converged to better than
1 meV. The equilibrium lattice constants for different Ta,Os structures
were obtained through total energy minimization. The force tolerance
for geometry relaxation was 0.01 eV/A.

The material density, formation enthalpy, and elastic properties of
a-Ta (Cubic, Im-3m, ICCD card n. 00-004-0788), (3-Ta (Tetragonal,
P42/mnm, ICCD card n. 00-025-1280), Ta,O (Cubic, I-43 m, ICCD card
n. 01-074-2305), Ta,O (Tetragonal, P4/mmm, ICCD card n. 03-065-
6450), TaO (Cubic, Fm-3 m, ICSD card n. 76,023), TaO, (Tetragonal,
P42/mnm, ICCD card n. 01-019-1297), B-Ta,Os5 (Orthorhombic, Pccm,
ICSD card n. 95,462) and 8-Ta,Os (Hexagonal, P6/mmm, reported in
[35]) phases were calculated to study the evolution of the structural
and elastic properties of the system with increased oxygen content. The
formation enthalpy was calculated by

Ef = Ergo, — Erq — (g)'EOZ a
where Er,, Eoz and Eq,ox are the total energies of bee Ta, molecular O,
and TaO, crystal structures, respectively. In this calculation, the cor-
rection to O, total energy proposed by Wang was added [36].

The calculation of elastic moduli (the bulk and shear modulus) was
done using the Voigt [37] and Reuss [38] averaging procedures which
are expressed in terms of the stiffness constants, cij (Table 2), and
compliances sij, respectively. In particular, the bulk and shear modulus
in the Voigt approach are:

1
By = ;[(Cn + ¢ + c33) + 2(c12 + €13 + €23)]

(2)
1
Gy = E[(Cu + o+ €33) — (Cra + €13 + €23) + 3(caq + 55+ Co6)] 3)
The corresponding expressions for the Reuss averaging are:
Bg = [(s11 + S22 + 533) + 2(512 + S13 + 823)] 7" (C)]

Gr = 15[4(s11 + S22 + S33) — (S12 + 513 + 823) + 3(Sas + Ss5 + See) | (5)

The elastic modulus (Young's modulus), E, and Poisson ratio, v, were
obtained using the average values of Voigt and Reuss values, expressed as:

_ 9BG

T 3B+G (6)
po 3B—26

2(3B + G) @

It is also important to calculate the elastic modulus for structures
exhibiting a high degree of crystal anisotropy, as follows [39]:

E7V = silf + splf + ss3lsd + (2512 + se6) 215 + (2503 + sa) 1313
+ (2513 + s55) 1213 ®

where 1, 1, 15 are the direction cosines.

Additionally, SIMTRA [40] simulations were performed to estimate
the mean energy deposited per incoming Ta particle. This code simu-
lates the collisional transport of particles in the gas phase based on
Monte-Carlo calculations of the mean free path distributions using a
screened Coulomb potential for describing the Ta-Ar interaction and
considering the chamber geometry. The nascent energy and angular
distribution of the sputtered and backscattered neutral particles leaving
the target for SIMTRA simulations are obtained using the SRIM code
[41] assuming an incident energy of impinging Ar ions equal to 300 eV
corresponding to 75% of the discharge voltage. For the deposition
conditions used (p = 0.6Pa, T = 473K, target-substrate distance of
7 cm, substrate bias voltage of —75V) a mean energy deposited of
70 eV/atom was obtained and a Ta sputtering yield of 0.425, which
compares well with similar calculations [42].

4. Results
4.1. Chemical and structural characterization of the coatings

Various conditions such as current density and reactive gas para-
meters were selected in order to produce coatings with different
properties. A complete analysis (hysteresis curves) of the deposition
was performed, which can be found in a previous publication [23]. The
chemical composition evolution as a function of O, flow rate and ap-
plied current density are summarized in Table 1. A progressive increase
of the oxygen content is observed from 5 to 70 at.% along with a de-
crease in Ta content from 95 down to 30 at.%. The oxygen in the non-
reactive Ta coating (C10F0) could be attributed to residual O, present
in the deposition chamber, which arose from the water vapor adsorbed
into the chamber walls.

The XRD patterns shown in Fig. 1a reveal a bec phase for the non-
reactive deposited film (C10F0 coating), corresponding to the stable a-
Ta. The formation of bec a-Ta phase in the C10F0 coating can be ex-
plained by the high substrate temperature during deposition. Recently,
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Table 2
Elastic constants of Ta and TaOy crystal structures, calculated by DFT, and reference values reported in the literature (NA means not applicable).
Structure AHf (kJ/mol) Cy; (GPa) Cy» (GPa) Cy3 (GPa) Cyo (GPa) Cs33 (GPa) C44 (GPa) Ces (GPa) Css (GPa) Co3 (GPa)
a-Ta 0.00 281 166 166 281 281 73 73 73 166
B-Ta 0.01 302 146 159 302 290 67 49 49 159
Ta,0 —353 314 157 173 314 413 112 47 47 173
Ta0 72 32 185 185 32 32 38 38 38 185
a-Ta + 5at.% O interstitial —5.14 288 166 166 288 288 73 73 73 166
TaO —244 275 239 239 275 275 -90 -90 -90 239
TaO, —885 366 262 189 366 391 262 104 104 189
B-Tay0s
Our results -1019 285 123 29 640 757 36 45 78 56
Wu, Y.-N,, L. Li et al. [15] NA 290 126 52 263 428 78 52 39 115
8-Tay05
Our results -1117 242 90 154 226 582 59 65 63 154
Wu, Y.-N,, L. Li et al. [15] NA 175 104 169 167 403 47 57 46 3
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Fig. 1. Grazing incidence XRD patterns of the coatings deposited onto Si substrates as a function of the oxygen content.

it was demonstrated that the critical deposition temperature for the
nucleation of a-Ta phase on amorphous silicon is 600 K [42]. In this
study, based on calculations using the SIMTRA simulations and SRIM
code, a substrate temperature increase of ~150-200 K (steel substrate,
thickness = 2mm) can be estimated [43], leading to a final tempera-
ture of 620K, which is well above the critical temperature for a-Ta
nucleation. When the oxygen content increased slightly above 11 at.%
(C10F2) a diffraction peak nearby 33° appears, corresponding to the f-
Ta (002) phase. Also, the diffraction peak at = 38° becomes asymmetric
(Fig. 1b) demonstrating that the material changed to a mixture of
phases making difficult to identify their structure.

To better understand this issue, an electron diffraction pattern was
obtained (Fig. 2a). Diffraction ring indexation was tried by comparing
the experimental ring diameters with the theoretical values of the a-Ta
and [3-Ta phases. In particular, the peaks in the intensity profile shown
in the inset of Fig. 2a were first determined and then, the reciprocal
distances were converted to real distances (Fig. 2b) in order to estimate
the experimental interplanar spacing. In Fig. 2¢, the ratio of the inter-
planar distances for the experimental, as well as, for theoretical a-Ta
and -Ta phases is shown. All ratios were calculated with respect to the
interplanar spacing associated with the first and more intense

292

diffraction ring as the basis (e.g. d2/d1; d3/d1, etc....). As shown in
Fig. 2c and considering the error bars, it is not possible to determine
whether we have a mixture of the a-Ta and (3-Ta phases, or a single a-
Ta or (3-Ta phase.

Moreover, it was reported elsewhere [25] that coatings with inter-
mediate oxygen contents (C10F6 and C10F10) became nanocrystalline.
To further investigate this issue, we have performed electron diffrac-
tion. Fig. 3a reveals the presence of continuous diffraction rings. For the
case of an amorphous material, a more diffuse electron diffraction
pattern is expected. To better understand this result, the reciprocal
distances were first determined by the intensity profile across the var-
ious rings (inset of Fig. 3a), as well as, the corresponding real distances
(Fig. 3b). Subsequently, these calculated distances were compared with
the radial distribution function for both a-Ta and (-Ta phases (see
supplementary Fig. 1), which would represent the interatomic distances
between Ta and Ta in an amorphous material with short range order. As
these do not match, this seems to infer the existence of nanocrystals,
although, as shown above, the distinction between a-Ta and B-Ta
phases is difficult to determine. This possibility was further investigated
using phase contrast imaging (Fig. 3c), but the presence of nanocrystals
is difficult to observe. This is most likely due to the overlap of many of
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Fig. 2. a) Electron diffraction pattern of C10F2 coating; b) Interplanar spacings associated with the diffraction rings shown in a); and c) Possible indexation for the
two Ta phase crystal structures. All ratios were calculated with respect to the interplanar spacing associated with the first and more intense diffraction ring as the

basis (e.g. d2/d1; d3/d1, etc....).

these nanocrystals across the entire thickness (60-80 nm) and possibly
the presence of amorphous material as well.

In addition, when the oxygen content is increased a shift of the peak
to the left is observed, which reveals an increase in the interplanar
distance and corroborates the presence of nanocrystals. The shift in the
X-ray peak can be due to: (i) changes in chemical composition and/or,
(ii) an increase of the compressive residual stresses. Following the
previous deposition of oxide coatings by magnetron sputtering without
substrate bias, no significant changes in residual stresses have occurred
when the chemical composition is changed. Therefore, the observed
shift of the X-ray diffraction peaks may be attributed to an increase of

Intensity (a.u.)

Distance (1/nm)

b)

Intensity (a.u.)

the inter-atomic distance induced by the presence of oxygen.
Furthermore, the coating with the highest oxygen content (C5F13)
proved to be amorphous, without the presence of any diffraction peak.

4.2. Elastic modulus analysis

The density and elastic modulus (Young's modulus - E), determined
by SAW measurements, are shown in Table 1, as a function of the
oxygen content. In the calculation of elastic modulus, the film thickness
(evaluated by SEM) and the Poisson ratio of 0.34 were used for fitting.

Generally, with the incorporation of oxygen in metallic Ta, the

1508/ N
108/ \

~/

00 05 10 15 20 25 30 35
Distance (A")

Fig. 3. a) Electron diffraction pattern of C10F6 coating; b) Intensity profile of the diffraction rings converted into real space; c) Cross section phase contrast TEM
image; d) Higher magnification of the image shown in c); and e) Inverted Fast Fourier Transform (FFT) using the first diffraction ring shown in FFT of image c).
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Table 3
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Enthalpy formation, density, bulk modulus (Bv, Br), shear modulus (Gv, Gr), elastic modulus (E, Epin, Emax) and Poisson's ratio (1) of Ta and TaOx crystal structures,

estimated by DFT calculations.

Structure Density (g/cm®) Bv (GPa) Gv (GPa) Br (GPa) Gr (GPa) E (GPa) Enin (GPa) Enmax (GPa) n

a-Ta 16.59 205 66 205 66 179 157 195 0.35
B-Ta 16.26 202 62 202 59 165 143 199 0.36
Ta,0 15.64 227 77 222 67 196 146 290 0.35
a-Ta + 5at.% O interstitial 16.33 207 68 207 68 184 166 196 0.35
TaO, 9.11 267 126 266 97 293 168 380 0.32
B-Tay0s 7.13 233 130 199 68 257 127 751 0.30
8-Tay0s 7.44 205 81 161 71 200 161 434 0.32

density decrease, due to the distortion of the Ta structure, while the
elastic modulus increases, due to the formation of stronger ionic/
covalent Me—O bonding. With further oxygen incorporation, the elastic
modulus is enhanced due to the increase of stronger chemical bonds.
Yet, the C5F13 coating does not follow the same tendency, as an un-
expected decrease in the elastic modulus is observed.

Ab-initio DFT calculations were performed to obtain the enthalpy of
formation, density, Poisson ratio and elastic modulus (average, max and
min values depending on crystalline orientation) for different Ta and
TaO, phases in order to understand this behavior. The results are shown
in Table 2 and Table 3. The calculations predict an increase of phase
stability with the addition of oxygen. It is important to note that Ta,O
and TaO were found to be thermodynamically unstable structures under
stress. The former presents a large enthalpy of formation (AHf > 0)
and born instability (C;;—-C;2 < 0), while the latter shows shear elastic
instability (C44 < 0) (see Table 2). Thus, considering that coatings
obtained by magnetron sputtering are normally in a stress state, these
phases are not considered for further analysis. Moreover, the Ta O
structure shows remarkable stability and may be seen as a bee Ta with
oxygen atoms in interstitial positions.

As final remark, it is important to note that the DFT estimated values
for the lattice parameter and density are in good agreement with the
values reported in the ICDD/ICSD database (see Table 4).

The density obtained by DFT calculations is also in a good agree-
ment with both SAW experimental data and literature results. With the
increasing addition of oxygen to the Ta phase, a decrease in the density
of the crystal structures is observed, explained by the incorporation of
oxygen atoms into the Ta leading to a distortion of the initial crystal
structure [8]. In what concerns the elastic modulus (Young's modulus)
of pure Ta phase, the experimental results and DFT calculations are in
good agreement. In the case of Ta; _yO4 coatings, the evolution of the

Table 4

elastic modulus must be carefully analyzed. In fact, there is a significant
increase of elastic modulus from the non-reactive C10F0 coating to the
C10F2 coating, despite the small difference in oxygen content. More-
over, the value of the elastic modulus measured for the sample with
mixture of phases (C10F2) is much larger than the values achieved by
DFT calculations for Ta metallic phases (a and (). On this basis, theo-
retical simulations were performed for the a-Ta base lattice with the
interstitial addition of different amounts of oxygen. Naturally, de-
pending on the oxygen content added, the base crystalline structure
evolves to other structures. For instance, a-Ta + 5 at.% O maintains the
bce phase, while Ta,O (a-Ta + 20at.% O) assumes the very stable
tetragonal phase (AH < 0). Yet, the E values achieved by DFT calcu-
lations remain smaller than the elastic modulus measured for the C10F2
sample. To further analyze this sample, HAADF STEM, bright-field (BF)
TEM and phase contrast (PC) TEM images of the cross section were
acquired. STEM-EDS mapping (Fig. 4a) shows an oxygen accumulation
at the column boundaries, which might be due to surface passivation or
oxygen segregation. Additionally, in both BF and PC TEM images
(Fig. 4b and c), the presence of an amorphous oxide phase at the
column boundaries in confirmed, which may act as a second phase,
leading to an increase of the elastic modulus. Planar view HAADF
STEM, BF TEM and PC TEM images were also acquired and revealed the
same results (see Supplementary Fig. 2).

In the case of coatings with intermediate oxygen content, C10F6 and
C10F10), an increase of the oxygen leads to both a loss of crystallinity
and a decrease of the density. To further analyze the structure, STEM
images of the cross section were acquired. HAADF-STEM images
(Fig. 5) show changes in contrast along the film thickness, indicating a
multilayered growth for both C10F6 and C10F10 coatings, which makes
a direct comparison between the DFT and the experimental results in-
appropriate. Such multilayered growth is characterized by changes in

Comparison between the lattice parameter and the density values reported in the ICDD database and estimated by DFT calculations of Ta and TaOx crystal structures

(NA means not applicable).

Structure Database DFT calculations
Lattice parameter (A) Density Card n.’ Lattice parameter (A) Density (g/cm?)
a-Ta a=331 16.63 ICDD 00-004-0788 a=331 16.59
B-Ta a=10.19 16.33 ICDD 00-025-1280 a=10.21 16.26
c=5.31 c=5.32
Ta,O a=7.19 16.32 ICDD 03-065-6450 a=7.39 15.64
b=3.27 b =324
c=3.20 c=3.24
Ta,0 a = 6.68 16.84 ICDD 01-074-2305 a=751 11.62
a-Ta + 5at.% O interstitial NA NA NA NA 16.33
TaO 4.43 15.04 ICSD 76023 a = 4.50 13.81
TaO, a=4.75 8.89 ICDD 00-037-0117 a=4.99 9.11
c=3.09 c =288
B-Tay0s a=6.22 8.24 ICSD 95462 a=6.52 7.13
b= 3.68 b =3.69
c=779 c=778
8-Tay0s a = 14.50 NA Ref [34] a=14.75 7.44
c=776 b =14.87
c=7.75
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a)
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Fig. 4. Cross section TEM images of the C10F2 coating. a) HAADF STEM and EDS spectrum images showing the elemental distribution; b) Bright-field TEM image;

and c) Phase contrast TEM image.
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Fig. 5. Cross-section HAADF STEM images and corresponding FFTs (insets) of a) C10F6 and b) C10F10; c) intensity profile obtained from the blue regions shown in
the HAADF images for C10F6 and C10F10. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

density, revealed by the variation of contrast in the image. In order to
better understand the composition of each layer, STEM-EDS mapping
was carried out, as shown in Fig. 6. Clearly, a modulation of the Ta
content is observed as a function of the film thickness (traced by the
green arrow), as shown in Fig. 6b, where the brighter regions represent
the tantalum-rich zones, while the darker zones show depletion of
tantalum.

This multilayer configuration is attributed to the deposition condi-
tions. In fact, the depositions were carried out using only one Ta target
in a non-poisoned mode (transition zone) and rotation of the substrate
holder [23]. Therefore, the formation of a differentiated plasma sur-
rounding the substrate holder can be expected. When the sample is
facing the target, a fresh metallic Ta layer is deposited, which is very
difficult to oxidize due to the high Ta deposition rate as a consequence

of the high Ta sputtering yield. On the other hand, when the sample is
turning around, the oxidative plasma environment (Ar + O,) promotes
the oxidation of the films, which results in an increase of oxygen in the
surface of the Ta layer (see Fig. 5). This behavior was also found in
other similar systems such as Ti—Al-O—N [44].

The multilayer growth, where the elastic modulus is dominated by
the law of mixtures, combined with the overall decrease in crystallinity
of the coatings with increasing oxygen content, explain the high elastic
modulus values.

Finally, despite of the fact that C5F13 exhibits a higher oxygen
content, it reveals the lowest elastic modulus and density values,
155 GPa and 9 g/cm?, respectively. This density level is attained by the
large incorporation of oxygen in the structure. Moreover, according to
previous results [23], C5F13 coating is formed by a narrow columnar
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Fig. 6. a) HAADF STEM and EDS spectrum images showing the elemental distribution for the multilayer structures of C10F10; and b) Line composition analysis

acquired by EDS for 5 bilayers of C10F10 sample.

morphology, caused by the lower applied current density, thus ex-
hibiting lower density than C10F6 and C10F10 coatings which revealed
a featureless morphology. These factors help to explain the decrease of
the elastic the modulus for the C5F13 coating.

Fig. 7 show an overview of the density (Fig. 7a) and elastic modulus
(Fig. 7b) evolution as a function of oxygen content for the experimental
SAW for the deposited samples and DFT calculations. In general terms,
the evolution from the metallic-based materials to the oxide-based
materials induces a decrease of density. Notice also a slight over-
estimation of the experimental density compared to DFT results and
density estimations from XRD database (see Table 4). Concerning the
elastic modulus (E), an increase can be observed with the incorporation
of oxygen in the Ta metallic structures, either by experimental SAW or
DFT. A general overestimation is evident in the experimental SAW re-
sults (C10F0 and C10F2), which can be attributed to an overestimation
of density, since the SAW results are very sensitive to density [26,45].
For multilayer systems (C10F6, C10F10) the elastic modulus is ruled by
the law of mixtures, combining the low E for the metallic rich zones
with high E from the oxide layers. With large amounts of oxygen, the
C5F13 coating reveals the lower elastic modulus and density values,
which is due to the lower applied current density, and thus low de-
position rate that promotes a columnar morphology.
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5. Conclusions

In this work Ta;_,O coatings were deposited by DC magnetron
sputtering in an Ar + O, atmosphere. The formation of bcc a-Ta phase
in the non-reactive Ta coating is explained by the high substrate tem-
perature during deposition, as demonstrated by the SIMTRA simula-
tions. For the C10F2 coatings, when the oxygen was added (about 11 at.
%), the material transitions from an a-Ta phase to a mixture of phases.
Moreover, the value of the elastic modulus (Young's modulus) mea-
sured for C10F2 is much larger than the values achieved by DFT cal-
culations for Ta metallic phases (o and 3). HAADF STEM, BF and PC
TEM images revealed an amorphous oxide phase along the grain
boundaries, which may act as a second phase causing an increase of the
elastic modulus. Furthermore, an overestimation of density by SAW
measurements was observed, which also led to an overestimation of the
elastic modulus.

As the oxygen content was increased, the coatings became amor-
phous which resulted in a decrease in density and elastic modulus in-
crease.

Ab-initio calculations are in good agreement with the experimental
data and revealed that the oxygen addition to metallic Ta phase causes
a decrease in density, due to a distortion of the initial structure.
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Fig. 7. Comparison of the a) density; and b) elastic modulus (Young's modulus) evolution as a function of the oxygen content increase for the SAW experimental

results of the deposited coatings and the DFT calculations.
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Moreover, STEM/EDS analysis of the C10F6 and C10F10 coatings
revealed a multilayer configuration for these coatings. In these cases,
the elastic modulus is ruled by the law of mixtures, combining the lower
E for the metallic rich zones and the higher E of the oxide layers.
Finally, with large amounts of oxygen, the C5F13 coating revealed the
lowest elastic modulus and density values when compared to C10F6
and C10F10, which is due to the lower applied current density during
C5F13 deposition, which causes a decrease in the deposition rate.
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