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Tantalum pentoxide (Ta,Os) was sintered with spark-plasma sintering (SPS) using a commercial powder with micometric
particles composed of nanometric crystallites. The influence of the SPS process and subsequent annealing on the microstructure,
phase composition and dielectric properties was studied. After the sintering, the product was oxygen deficient because of the
low pressure in the sintering chamber. Evacuation was necessary for the process because of the carbon pistons and carbon die
used for the powder compaction. After the subsequent annealing in air, the white color of Ta;Os was restored, being a proper
indication of a re-oxidation. Dielectric properties were studied in a broad range of frequencies and temperatures. As-sintered
and also annealed samples exhibited a high relative permittivity in a range of 61-68, a loss factor of about 0.001 and a resistivity
in the order of 10" Qm.
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Tantalov pentoksid Ta,Os so avtorji ¢lanka zgo$cCevali s postopkom sintranja v pulzirajo¢em obloku plazme (SPS). Pri tem so
uporabili komercialni prah mikrometrske velikosti delcev, sestavljenih iz nanometri¢nih kristal¢kov. Avtorji so Studirali vpliv
SPS-procesa in nadaljnjega Zarjenja na mikrostrukturo, fazno sestavo in dielektri¢ne lastnosti. Po sintranju so imeli sintrani
vzorci zmanjSano vsebnost kisika zaradi nizkega tlaka v komori za sintranje. Evakuiranje je bilo potrebno, saj so bili za
zgoS¢evanje uporabljeni grafitni pestici oz. trni in orodje. Po naknadnem Zarjenju na zraku se je povrnila Ta;Os bela barva, kar je
bil znak, da je priS§lo do ponovne oksidacije oz. reoksidacije. Avtorji so dielektricne lastnosti vzorcev Studirali v Sirokem
razponu frekvenc in temperatur. Sintrani in prav tako Zarjeni vzorci so imeli visoko relativno permitivnost, med 61 in 68, faktor
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izgub okoli 0,001 in upornost reda velikosti 10'" Qm.

Kljuc¢ne besede: tantalov oksid, dielektrik, sintranje v pulzirajocem obloku plazme

1 INTRODUCTION

Tantalum pentoxide (Ta,Os) has a density of 8.2 g/cm?3
and a melting point of 1872 °C. Two polymorphs are
known, a low-temperature orthorhombic form known as
L- or 3-Ta,Os, and a high-temperature form known as H-
or a-Ta,Os. The transition between these two forms is
slow and reversible, taking place between
1000-1360 °C, with a mixture of structures existing at
intermediate temperatures.

Tantalum pentoxide is extensively studied for its
attractive properties in dielectric films, anti-reflection
coatings and resistive switching memory. Although
various crystalline structures of tantalum pentoxide have
been reported on, its structural, electronic and optical
properties are still a subject of research. It is an electrical
insulator with a band gap of approximately 4.5 eV. Due
to its high dielectric constant, chemical stability, high
breakdown strength and low leakage current, tantalum
pentoxide is a strong candidate for various applications
among the high dielectric constant materials. The elec-
trical performance of Ta,Os films is greatly influenced by

*Corresponding author's e-mail:
ctibor@ipp.cas.cz (Pavel Ctibor)

Materiali in tehnologije / Materials and technology 54 (2020) 2, 197-202

oxide charges in the bulk material as well as by the
interface state charges. Oxygen vacancies are the prin-
cipal source of charges and bulk defects in Ta,Os, and
they can be efficiently reduced in an oxidizing environ-
ment during a deposition or during thermal post-treat-
ments. Therefore, the dielectric characteristics of Ta,Os
films are improved after oxygen annealing. The effect of
oxygen annealing also depends on the annealing
temperature, and annealing leads to a very pronounced
decrease of the leakage current of Ta,Os at room tem-
perature. Its dielectric constant is typically about
25 although values of over 50 have been reported as
well. In general, tantalum pentoxide is considered to be a
highly polarizable dielectric material. -

The dielectric constant and a loss factor of 2-um
films were reported as 21 and 0.003, respectively, at
1 kHz and room temperature.” Elsewhere a dielectric
constant of 22-30 was reported® and so was a breakdown
strength of 30-35 kV-mm~'. This thin film was produced
due to the oxidation of sputtered or electron-beam-
deposited metallic Ta films. The oxygen in the working
gas mixture contributed to reducing the density of
oxygen vacancies during the RF magnetron sputtering
deposition process. For the films deposited in working
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gas mixtures with different O,/Ar ratios and sub-
sequently annealed at 700 °C, the effective dielectric
constant was increased from 14.7 for pure Ar to 18.4 for
pure O,.°

Spark-plasma sintering enables a very rapid fabri-
cation of bulk ceramic materials. It is an emerging
consolidation technique, which combines pulsed electric
currents and uniaxial pressure-induced compaction.
Heating rates, applied pressures and pulsed current
patterns are the main factors responsible for the
enhancement of densification kinetics and conservation
of the submicron-scale structure of the materials.
Concerning the application of spark-plasma sintering
(SPS) technology for Ta,Os, the available literature is
almost non-existent. Tantalum oxide was only applied as
a dopant into an SPS-processed tin oxide (Sn0,).!° In
another case, tantalum carbide was SPS-sintered and the
tantalum oxide presence in the final product was
reported!!. The goal of our study is to observe the
influence of sintering on the dielectric properties of pure
Ta,Os sintered from a commercial micrometric powder.

2 EXPERIMENTAL PART

Powder 73R-0802 (Inframat, CT, USA), as-received,
i.e. non-annealed, with a composition of Ta,Os (99 %
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Figure 1: a) RAMP-sample sintering regime, b) STEP-sample sinter-

ing regime
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purity) and the average size of 3 um (producer data) was
sintered at 1200 °C, with a 70-MPa applied pressure and
5-min dwell time at the maximum temperature. The
difference between two applied regimes of sintering was
in the pressure ramp. In the first experiment, the pressure
started to increase monotonously in the same moment as
the temperature (the sample labeled as R (ramp), Figure
1a). In the second experiment, the pressure increased
within a few seconds from 20 MPa to 70 MPa in the
moment of reaching 1200 °C (the sample labeled as S
(step), Figure 1b). The curve labeled "position"
indicates volume change of the sample space due to
applied pressure. It is very similar for both sample
experiments.

The annealing, applied onto the "ramp" coating as a
thermal post-processing, had a dwell time of 10 h at
1100 °C in air atmosphere. The color of the sample
changed markedly, Figure 2. Changing back to white
(which is the color of the starting powder) is due to the
reoxidation of the oxide ceramic.!?

The powder X-ray diffraction (PXRD) measurements
were carried out on a vertical 6-0 D8 Discover difrac-
tometer (Bruker AXS, Germany) using Cu-Ka radiation.
The diffracted beam was detected by a LynxEye 1D
detector. The angular range was from 20° to 95° 26.
Quantitative Rietveld refinement was performed in the
TOPAS V5 software using the fundamental-parameter
approach for the evaluation of lattice parameters, average
sizes of coherently scattering domains and microstrains.

The surface of specimens was made smooth by
grinding to eliminate the surface roughness and possible
superficial contamination from the carbon foils used
during SPS.

Scanning electron microscopy (SEM) was done using
a Phenom-Pro microscope (Thermo Fisher Sci., Eind-
hoven, The Netherlands) equipped with a CeBg ther-
mionic cathode and working in the backscattered-elec-
tron (BSE) mode. The images were collected at a 10-kV
electron-beam tension.

Layers of aluminum as thin-film electrodes were
sputtered under reduced pressure on both sides of each
sample. A three-electrode measurement fixture was used
to measure the dielectric parameters of the SPS samples.

Figure 2: As-sintered sample (left) and annealed sample, both photo-
graphed before the final elimination of the roughness for the dielectric
measurements
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An electric field was applied parallel to the pressure
direction (i.e., perpendicular to the substrate surface).

The capacitance at room temperature was recorded in
a frequency range from 180 Hz to 1 MHz using a prog-
rammable impedance analyzer, model 4284A (Agilent,
USA). The applied voltage was 1 V AC. Relative
permittivity &, was calculated from measured capacities
Cp and specimen dimensions. The same arrangement and
equipment were used for the loss tangent measurement,
made at the same frequencies as the capacitance
measurement.

Electric resistance was measured with a special
resistivity adapter — Keithley, model 6105. A DC electric
field was applied from a regulated high-voltage source
and the values were read by a multi-purpose electrometer
(617C, Keithley Instruments, USA). The magnitude of
the applied voltage was 100+0.05 V. The volume
resistivity was calculated from the measured resistance
and specimen dimensions.

The capacitance, loses as well as resistance were also
measured at elevated temperatures of up to 150 °C.
Switchboard model 7490 A (Agilent, USA) and thermo-
metric chamber model 3140 Isocal Venus (a temperature
range from —40 °C to +150 °C) were applied.

The Vickers microhardness of the same samples as
for the dielectric measurement was measured on polished
surfaces with an optical microscope equipped with a
Hanemann head and Vickers indenter using a 1-N load.
The mean value of the microhardness was calculated as
the average of 20 indentations.

3 RESULTS AND DISCUSSION
3.1 Phase composition

Orthorhombic Ta,Os (ICDD # 00-025-0922) was the
only detected phase in the starting powder (Figure 3a),
as found also for the thin film.° The crystallite size of the
starting powder was 63 nm. The Ta,Os powder was
annealed at 1250 °C for 10 h in air to subject it to a
thermal load without sintering it. Its crystallite size was
240 nm after this treatment. The annealed powder
(Figure 3a) contained orthorhombic Ta,Os (ICDD #
00-025-0922) and also 3.3 % of hydrated phase
Ta,Os(H,O)p667 ICDD # 01-073-4210). Much narrower
peaks of the annealed powder suggest that defects were
annealed out. SPS-fired sample S (Figure 3b) contained
only the Ta,Os phase with a crystallite size of 59 nm.
Sample R (Figure 3c) exhibited a crystallite size of
85 nm, the preferred orientation (texture) was the 001
direction and the lattice parameters were closer to the
starting powder than to the annealed powder. The
preferred grain-growth orientation was, due to the
pressure, applied during the whole heating process.
Annealed sample R (Figure 3d) contained besides
orthorhombic Ta,Os (ICDD # 00-025-0922) also 3.84 %
of hydrated phase Ta,Os(H.0)¢67 (ICDD # 01-073-
4210). The crystallite size of the major phase was
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Figure 3: a) XRD patterns of the starting powder and annealed
powder, b) XRD pattern of sample S (the "RWP curve" indicating the
agreement of the peaks with the standardized charts is below the
pattern), ¢) XRD pattern of sample R, d) XRD pattern of the annealed
sample R. The most intense peaks of the water-containing phase are
indicated by the arrows. (The "RWP curve" indicating the agreement
of the peaks with the standardized charts are below the patterns.)

108 nm. Ta,Os seems to be very sensitive to ambient
moisture during cooling when it is in the form of powder
or in the form of sintered bulk. A fast SPS process is an
effective way of avoiding this hydration. Lattice
parameters of our samples are in good agreement with
the comprehensive results provided in'3-15.

The way of possible hydration is indicated below (the
inverse run of reaction 2): During the production of
Ta,Os, the tantalum hydrogen fluoride solution is neut-
ralized with aqueous ammonia to give hydrated tantalum
oxide (Ta,Os(H,O),), which is calcined to tantalum
pentoxide (Ta,Os) as described in these idealized
Equations (1-2):16

H,[TaF,] + 5 H,0 + 7 NH, -

- 0.5 Ta,05(H,0); + 7 NH,F (1)
Ta,05(H,0)5 - Ta,05 + 5 H,0 )
199
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Figure 4: SEM-BSE micrographs, image width 135 um: a) as-sintered sample S, b) as-sintered sample R, c) annealed sample R

3.2 Microstructure

Figure 4 presents SEM micrographs of the samples
after the mechanical removal of residual carbon from
superficial layers by grinding. That is why the images
present a combination of a worn surface and deeper
"craters" with a material not influenced by grinding. The
concentration of surface defects including scratches and
pores (black) was the highest for as-sintered sample S.
Deeper craters on this sample contained relatively fine
particles, crating not well-sintered islands with a large
size and high concentration. In as-sintered sample R, the
quantity and character of scratches are less dramatic.
Also, the craters of not well-sintered powder material are
less frequent. After the annealing, sample R obtained an
even, much smoother surface. The crack, present in the
upper part of the micrograph, indicates a more brittle
behavior of this microstructure.

3.3 Dielectric measurements at room temperature

The results are displayed in Figures 5 to 7. The
relative permittivity and loss factor were recorded for the
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Figure 5: Frequency dependence of the relative permittivity of the
samples before and after (marked with -ann) annealing
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frequency range of 180 Hz to 1 MHz. Figure 5 shows a
very stable run of the relative permittivity (i.e., dielectric
constant) over the whole frequency range. Concerning
the samples, as-sintered sample R had the highest value
of about 68 and as-sintered sample S had just a slightly
lower value about 67.5. The annealing slightly lowered
the value for sample R down to 61. The permittivity
value of the Ta,Os thin film was reported to be only 31.°

The run of the loss factor in the whole frequency
range is displayed in Figure 6. All the samples exhibited
a decreasing loss with the frequency. At frequencies
above 5 kHz the values were nearly constant, between
0.0005 and 0.001. At lower frequencies the losses were
higher, particularly for sample R (both as-sintered and
annealed) reaching 0.0033 at 200 Hz. However, the
values at 1 MHz for all the samples were: a permittivity
(&) of 61-68 and a loss factor (tg d) of about 0.0008.
This is a promising behavior for future applications
because of the current lack of the available materials
with &, in a range of 45-75.17 Especially the materials
with a chemically simple composition such as Ta,Os
(without any additives) are rare in the mentioned
permittivity range. As a higher dielectric loss for the R
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Figure 6: Frequency dependence of the loss factor of samples before
and after (marked with -ann) annealing
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Figure 7: Comparison of the resistivity of all sample classes are
marked (annealed labeled -ann)

sample in the as-sintered and annealed condition is
observed at a low frequency, at least up to 1 kHz, the
space charge may be the main mechanism responsible
for the dielectric loss. Typically, thin films have a lower
permittivity of 26-30 at a loss factor of about 0.06.'3

The volume resistivity measured in the DC field is
displayed in Figure 7. All the samples exhibited a rather
high resistivities between 5*10'© and 4*10" Qm.
Annealed sample R exhibited a higher resistivity than the
as-sintered one, thanks to the reoxidation of lattice
defects, namely vacancies, responsible for the darker
color of the as-sintered samples.

The SPS-produced bulk samples are better dielectrics
than the reported Ta,Os films’ because at 1 kHz thin
films had a relative permittivity of 21 and, simul-
taneously, a loss factor of 0.003. At a higher frequency,
the losses of the SPS-samples were even lower.

3.3 Dielectric measurements at elevated temperatures

The relative permittivity at elevated temperatures and
1 MHz frequency is shown in Figure 8. Because of its
combination with the room-temperature data (20 °C)
obtained with another measurement set-up, different
from the rest of the values, the observed misalignment is
an artifact and not the material property. As-sintered
sample S has a lower value (about 50) compared to
sample R (about 65). However, after the annealing,
sample R exhibits a reduced permittivity (about 45).

The loss factor is displayed as well. As-sintered
sample S has a lower value (of about 0.002) compared to
sample R (about 0.010). After the annealing, sample R
exhibits lower losses (about 0.008). Moreover, sample R
has certain local maxima of the loss-factor curve — in the
as-sintered state at 150 °C and in the annealed state at
65 °C.

The results indicate that the as-sintered R sample
exhibits a certain conduction that substitutes the true
polarization. This is manifested by high losses at RT and
low frequency, high losses at 150 °C, and also the
highest permittivity among all the samples.

During the sintering of sample S, the pressure is
applied onto cold powder. The samples that are first
pressed and then heated have a higher flexural strength

Materiali in tehnologije / Materials and technology 54 (2020) 2, 197-202
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Figure 8: Dielectric patrameters at elevated temperatures of up to
150 °C: a) permittivity — as-sintered samples, b) loss factor —
as-sintered samples, ¢) permittivity — annealed sample R, d) loss factor
— annealed sample R

(at yield or break) than the samples that are first heated
and then pressed.!” The reason for this is a low amount
of the finest porosity of the sample that is compressed
first. In this case, powder particles are compressed and
the powder stacking is better than in the case when the
die is manually filled and directly heated. Direct heating
leads to the formation of necks between powder particles
(the beginning of sintering) while the pressure applied
after this step is not able to eliminate the porosity as
efficiently as in the above case. When larger pre-loads
are applied at lower temperatures (similarly to the "step"
process reported here), a high stress working in the small
area of a powder contact enhances the formation of
strong inter-particle bonds, resulting in the formation of
large closed pores.?’ The time of the application of the
temperature high enough for diffusion is also one of the
very critical factors of SPS. Based on this set of samples,
we can say that sample S needed more thermal power for
perfect sintering.

3.4 Mechanical properties

The microhardness of sample R was 15.3+2.2 GPa
before and 11.5+2.5 GPa after the annealing. The value
of the as-sintered sample S was 16.0+2.5 GPa. The
annealing caused crystallite coarsening, similar to the
results demonstrated on non-sintered powders and,
therefore, the microhardness dropped. Grain (i.e.,
crystallite) boundaries, more frequent in the as-sintered
samples, are advantageous for reaching high hardness. A
microhardness of about 16 GPa was observed?! on a thin
film with a grain size of about 25 nm and its rapid
decrease with the increasing grain size was established in
the same paper. A decrease in the grain-boundary quan-
tity brings down the value of the force necessary to
deform the material and penetrate it. Also, the hydrated
phase, detected with XRD in the annealed sample R,
contributed to its decreased microhadness. This phase,
however, did not influence the resistivity becasuse the
mobility of water molecules bonded into the tantal-
oxygen lattice is much lower than, for example, the
mobility of "free" water coming from ambient mois-
ture?2.
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4 CONCLUSIONS

Using 99 % pure Ta,Os powder enabled a spark-
plasma-sintering (SPS) compaction with a promising
dielectric character even without a subsequent thermal
treatment. Dielectric tests in the AC electric field
revealed a combination of a high and stable relative
permittivity with a low loss factor of the tantalum oxide
samples sintered with SPS. The SPS temperature of
1200 °C, i.e., 64 % of the melting point, was proven as
high enough to fire the material suitably for use as a
dielectric. Two regimes of the SPS pressure-application
schedule — "ramp" and step — were tested and, finally, the
"step" regime was proven as slightly more suitable
because of the lower loss factor and higher DC electric
resistivity of the samples in the as-sintered form.
However, the use of the process called "ramp", followed
by annealing is more suitable for real applications since
this two-step procedure delivers to the material, enough
thermal energy, promoting the diffusion and, in this way,
the sintering. Such a material has an even higher electric
resistivity. The Ta,Os ceramic is sensitive to the reducing
conditions during heating and also to the moisture.
Annealing in dry, synthetic, compressed air, instead of
the ambient atmosphere, can probably provide for even
better dielectric properties.
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