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Abstract

The ternary metal oxynitride compound, perovskite-type BaTaO:N, has been a
subject of interest for solid-state physicists and chemists. The notable dielectric property
has been reported in a centrosymmetric average structure although the anisotropic anion
configuration is preferable in cis-TaO4N2 octahedra around Ta®>" with d° electron state.
Either single crystals or sintered ceramics in high quality is necessary to clarify the puzzle
between the structure and property. Thin film studies are sometimes misleading and
confusing. This report reviews the preparation of BaTaO2N in high quality from the
viewpoints of its crystal growth in a liquid phase, sintering in a thick ceramic form, and

low-temperature and short time sintering with a liquid phase additive to obtain the high-



quality samples for investigation of the structure-dielectric property relationship.
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1. Introduction
Over the last 40 years, a variety of oxynitride compounds with perovskite-type
crystal structure have been synthesized. Many examples, such as AETaO2N (4E = Ca, Sr,
Ba), AENbO2N, LnTaON2 (Ln = lanthanoid), LnTiO2N, NdVO:N, non-stoichiometric
compounds, StMo(O,N)s, BaW(O,N)3, BaTi(O,N,0)3, where O is anion vacancy, and a
series of Ruddlesden-Popper-type layered perovskites have been reported [1-20]. The
powder synthesis of one typical material, BaTaO2N, was firstly reported in 1986 [21]. It
took a little longer for the potential of this material as a dielectric material to be revealed
because its space group had long been considered to be centrosymmetric Pm3m [3]. The
local crystal structure of BaTaO2N was furtherly characterized using infrared
spectroscopy in 1995 [22]. Some deviation from the centrosymmetric cubic perovskite
was observed in a presence of several unattributable peaks but there was no evidence of
a soft mode in BaTaO2N polycrystalline pellet.
In 2004, unusually large relative dielectric constant values of BaTaO2N (& =

4600) and SrTaO2N (e = 3000) over the temperature range of 180-300 K were reported

2



for their powder compacts annealed at 1050 °C under ammonia flow. Its relative density

(RD) was approximately 55% [23]. However, the centrosymmetric space groups of these

materials (Pm3m for BaTaO2N and /4/mcem for SrTaO2N) are contradictory to such large

dielectric constant values. Theoretical and crystallographic studies were undertaken to

obtain a consistent explanation of polar crystal structures. Local crystallographic

anisotropy due to a cis-type nitrogen configuration in TaO4N2 octahedra has been one

important factor to introduce spontaneous polarization into oxynitride perovskites

[6,14,24-31]. The local structure of BaTaO:N examined using transmission electron

microscopy (TEM), extended X-ray absorption fine structure, and neutron pair

distribution functions suggested several different distances in Ta-O and Ta-N respective

bonds [24-26]. These results suggested that each Ta atom is slightly displaced in one

direction from its average centrosymmetric position in the cubic perovskite to form one

dimensional (linear) polar nano regions (PNRs) [25]. A recent report of secondary

harmonic wave generation (SHG) and piezoelectric response from BaTaOxN

microcrystals also supports this hypothesis for the presence of locally non-

centrosymmetric structural units in the centrosymmetric average crystal structure [32].

First-principles calculation of structure of BaTaO:N suggested the local

symmetry breaking due to a displacive disorder in Ta-O and Ta-N distances [33]. Density



functional theory (DFT) calculations of both StTaO2N and BaTaO2N with a cis-type anion
configuration model indicated the formation of helical coil-like polar Ta-N-Ta-N chains
with various lengths and directions [27]. In relation to these locally distorted structure
models, relaxor-like ferroelectric properties in these oxynitride perovskites were expected.
Additional theoretical investigations on each crystal structure of the oxynitride
perovskites have been conducted by several independent researchers. Structural
optimizations of CaTaO2N, SrTaO2N, and BaTaO:2N were performed using total-energy
calculations and phonon-computations [28]. It should be noted that all the oxynitrides
were determined to be stable in the orthorhombic Pnma space group, unlike their previous
powder neutron and X-ray diffraction (XRD) results where centrosymmetric models
I4/mcm for SrTaO2N and Pm3m for BaTaO2N were assumed [3,4,23]. Further structural
optimization for BaTaO:2N indicated that the most favorable space group is non-
centrosymmetric Pmc21 [28], which is consistent with the observation of ferroelectricity
in BaTaOxN crystals, as discussed in the next section [32]. This result has been extended
to a series of oxynitride perovskites, such as LnTaONz (Ln = La, Ce, Pr) and CaTaO2N
[29]. However, it is challenging to detect a polar phase of oxynitride perovskites because
each domain is too small to induce the diffraction of irradiated beams. Therefore, profile

refinements of powder diffraction data tend to converge to averaged high-symmetry space



groups.

Concurrently with crystal structure investigations, many experimental trials

were performed to fabricate dense ceramics and thin films to confirm the dielectric

properties, as mainly reviewed for SrTaO2N [34]. However, there had been a number of

technical problems to be solved to unambiguously confirm BaTaO:xN as a ferroelectric

material, due to difficulty in sintering while maintaining its stoichiometry. There has been

much less the fabrication of single crystals than the ceramics. The main difficulty in

obtaining dense oxynitride ceramics and single crystals is their thermal instability. The

decomposition behavior of BaTaO:2N is strongly dependent on the heating atmosphere, as

depicted in the thermogravimetry (TG) curves of Figure 1 [35]. BaTaO:2N begins to

release a part of its nitrogen at approximately 920 °C, and its chemical composition is

changed to BaTaO2No ss with a nitrogen-deficient perovskite-type structure. The chemical

composition was estimated from the oxygen and nitrogen contents measured by

oxygen/nitrogen combustion analyzer and the nitrogen deficiency was almost consistent

with the weight loss in TG measurement. No oxygen release was detected, and further

decomposition was almost suppressed in a nitrogen atmosphere, whereas BaTaO2N was

completely decomposed to a mixture of BasTa4O15, BaTa2Og, and Ta>N under helium flow.

Quite similar decomposition behavior was reported for the analogous compound



SrTaO2N [16,36,37]. A high-pressure nitrogen atmosphere was directly applied to
investigate the nitrogen release from the oxynitride perovskites using hot isostatic
pressing [38]. A SrTaO2N powder compact lost some nitrogen at 1400 °C even under 190
MPa of nitrogen to form a nitrogen-deficient perovskite, SrTaO2No.7, which is similar to
the decomposition of BaTaO2N at ambient pressure. This result indicates the formation
of nitrogen-deficient perovskite-type oxynitrides is inevitable during high-temperature
heating above 920 °C. For the perovskite-type oxynitride, high-temperature sintering and
crystal growth from a melt requires an additional process to recover the nitrogen-loss or,

conversely, a low temperature process below the decomposition temperature is required.

Weight change / %
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Figure 1. Weight loss of BaTaO:N oxynitride perovskite powder during heating in a
helium (solid line) or nitrogen (dot-dashed line) atmosphere and nitrogen evolution
detected by mass spectrometry (helium atmosphere, dashed line). The heating rate in both

atmospheres was 20 °C/min [35]. Reproduced with permission from ref. 35. Copyright



2016 Elsevier.

This paper provides a research history of the crystal growth and sintering of

BaTaO:N ferroelectrics with an assistance of a liquid phase towards further investigations

on the relation between the crystal structure and dielectric property [32,39,40].

Microcrystal preparation of BaTaO2N using a low temperature flux is reviewed and its

ferroelectric characteristics are discussed. High temperature sintering using a sintering

additive followed by nitridation in an ammonia atmosphere is also applied for a thick

powder film prepared by electrophoretic deposition (EPD). Sintering at low-temperature

with short duration, which was performed in spark plasma sintering (SPS) equipment, is

also discussed for the fabrication of a sintered body without nitrogen deficiency.

2. Ferroelectric BaTaO:N microcrystals

Ferroelectricity does not appear on BaTaO:2N in cubic perovskite-type structure.

Local symmetry breaking is needed on the averaged long-range crystal structure induced

by the O/N cis-type configuration around Ta. The symmetry breaking exhibits

ferroelectric and piezoelectectric characteristics in the perovskite-type BaTaO2N. Dense

ceramics and single crystal of BaTaO2N demonstrated polar switching under applying

high electrical voltage. In this section, single crystal growth of BaTaO2N in a BaCN2 flux
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is reviewed and ferroelectric behavior of the crystal is discussed.

2. 1 Fluxes for metal nitrides and oxynitride crystals

Solid-state sintering is not applicable to a BaTaO2N powder compact below

920 °C, at which point it begins to release part of the nitrogen to become an n-type

semiconductor loosing insulating property. Liquid phases that act as a solvent of

BaTaO:N while maintaining its anion contents would thus be beneficial for its crystal

growth or liquid-phase sintering.

There are only a limited number of reports on crystal growth of metal nitrides

due to a lack of the knowledge on appropriate fluxes. Na metal and NaNs [41,42], LisN

[43], and CasN2 [44] are well known fluxes in crystal growth of typical metal nitrides.

Melts of LisBN2 and alkaline-earth boron nitrides are fluxes for the productions of

hexagonal- and cubic-boron nitride (BN) crystals [45,46]. Flux selection is much more

difficult in metal oxynitrides than nitrides. The oxygen/nitrogen molar ratio in target

materials needs to be maintained under low oxygen partial pressure atmospheres at high

temperature.

Crystal growth trials of transition metal oxynitrides are recently becoming more

familiar to solid-state chemists and physicists. Grain growth of relatively large TaON



crystal samples under gigapascal pressure was reported using LiCl flux [47]; however,
growth was conducted at 1400 °C, whereby oxygen loss resulted in electrical conductivity.
Post-annealing was necessary to compensate for the loss of oxygen, just as in the reports
on the high-temperature sintering of SrTaO2N and BaTaO:2N [35-37]. To maintain the
nitrogen stoichiometry of BaTaO:2N and avoid a partial formation to semiconductor,
dissolution and recrystallization processes must be conducted at temperatures lower than
that of nitrogen loss (920 °C).

Submicron crystals of perovskite-type BaTaO2N and LaTiO2N with cubic shape
were synthesized using KCl and K2MoOs as fluxes [48,49]. The ammonothermal method
has also been employed to grow micron-sized oxynitride perovskite crystallites such as
ABO2N (4 = Sr, Ba, B=Nb, Ta) [50], LnTaON: (Ln = La, Ce, Pr, Nd, Sm, Gd) [51], and
LaNbON: [52]. It should be noted that the residual potassium needs to be removed. Fluxes

are more favorable to have similar chemical composition to target materials.

2. 2 Crystal growth of BaTaO:N in a BaCN; flux
Metal carbodiimides are ionic crystals composed of metal cations and
symmetric [N=C=N]?*" anionic unit, which is distinct from asymmetric cyanamide anion

[N-C=N]?*. Alkaline-earth metal carbodiimides were synthesized by heating their metal



carbonate powder under flowing ammonia at 700-1000 °C [53-56]. Thermochemical

experiments in a nitrogen atmosphere indicated the tetragonal phase of BaCN2 has a

melting point of 910 °C [53,57], which is slightly below the nitrogen release point of

BaTaO:N (920 °C) [35].

Reddish BaTaO:N and white BaCN2 powders were mixed and heated in a dry

nitrogen atmosphere. Microcrystals of BaTaO2N were obtained by heating the mixture at

910 °C with successive slow cooling. The size of crystals extracted by nitric acid leaching

became larger with an increase in the amount of BaCNa. The largest crystal size was 3.1

pm with 46 mol% BaCNz flux, as shown by the scanning electron microscopy (SEM)

images in Figure 2 [32]. The stoichiometric chemical composition was confirmed on a

single grain larger than 2 um by electron probe micro analysis (EPMA) of BaTaO2N

crystals, combustion analyses, and vivid red color shown in Figure 2(e-2) [2]. Further

addition of BaCNz yielded only small BaTaO2N crystallites that were less than 100 nm in

size because of the full dissolution and successive nucleation of BaTaO2N from the melt.

High-resolution TEM observation confirmed the cubic or cuboid grains are

single crystals of BaTaO2N perovskite, as shown in the selected area electron diffraction

(SAED) pattern in Figure 3(b). Further observation around interface between the

BaTaO:N crystals and solidified BaCN: flux suggested Ruddlesden-Popper-type
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Ba>TaOsN acts as a reaction intermediate. The dissolved BaTaO2N formed Ba-rich matrix

with molten BaCN2. And then, BaTaO:xN recrystallized at its outermost surface of the

surrounding Ba>TaO3N. The process proceeds during the cooling and condensation of

solutes due to a flux loss in the heating [32,53].

Figure 2. SEM micrographs of BaTaOxN particles: (a) As-prepared ammonolysis product;

(b—e) products generated in the flux at 910 °C for 30 min with 17, 22, 36, and 46 mol%

BaCNq, respectively, after cooling at 1.8 °C/h and acid/water washing. [(e)-2] optical

micrograph of the product in (e) [32]. Reproduced with permission from ref. 32.
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Copyright 2019 American Chemical Society.
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Figure 3. (a) TEM bright-field image of a thin specimen of BaTaO2N crystals with

solidified BaCN: flux. (b) SAED image of the encircled area in (a). (c) High-

magnification high-angle annular dark-field-scanning transmission electron microscopy

(HAADF-STEM) image of the area encircled in (a). Green, yellow, and red circles in (¢)

indicate Ba, Ta, and O/N anions, respectively [32]. The crystal structure model was drawn

using the crystallographic imaging software VESTA [58]. Reproduced with permission

from ref. 32. Copyright 2019 American Chemical Society.

2. 3 Piezoresponse of BaTaO:N microcrystals

The piezoelectricity of BaTaO:2N crystals was investigated using piezoresponse

force microscopy (PFM) technique [32]. A mono-layered capacitor structure of micron-

sized BaTaO:2N crystals was fabricated. A top electrode of Pt is necessary to exclude the

negative effect of electrostatic force, which disturbs a clear distinction between intrinsic

piezoelectricity of BaTaO2N crystals and extrinsic effects [59-61]. Electrical insulation

was significantly improved in the BaTaO2N crystals compared to the ceramics that were

sintered at high temperature and then nitrided in an ammonia flow [62]. Significant

electrical insulation of the crystals made it possible to apply high electrical voltage

without current leakage.
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Relatively strong electrical field was required for the BaTaO2N crystals to switch

their polarization direction and demonstrate their ferroelectricity [32]. The butterfly-type

piezoresponse curve shown in Figure 4(b) and the ferroelectric phase hysteresis graph in

Figure 4(c) suggest approximately 250 kV/cm of its coercive electrical field at 120 °C,

which may originate from strong covalent bonding due to the presence of nitrogen in the

crystal structure. No butterfly-like piezoresponse was obtained at room temperature

because the polarization phase alternation was more difficult to change at ambient

temperatures [63]. Polarization phase in PNRs is more easily altered at high temperatures

as reported in typical relaxor ferroelectrics like Pb(Mgi13Nb2/3)O3 [64]. The polarization

phase alternation in BaTaO2N at high temperature suggests the ferroelectric properties of

BaTaO:N perovskite is conjunction to PNRs. Simple cubic perovskite-like SAED pattern

shown in Fig. 3(b) was obtained from the as-grown BaTaO:N microcrystal, because the

non-centrosymmetric polar domain was too small to induce the diffraction and the

polarization direction of each domain was randomly distributed in the crystal without

polarization. Single crystal of BaTaO2N after polarization should be used in diffraction

experiments to investigate the non-centrosymmetric crystal structure.

In conclusion, BaTaO2N was confirmed to be a ferroelectric material by PFM

measurements of microcrystals. Examinations of their polarization (P)-electrical field (E)

14



hysteresis and capacitance values for application as dielectrics remains a challenge
because of the weak electrical current signal generated via the small electrodes on the
microcrystals. Advances of the techniques for crystal growth and a sintering of insulating

ceramics are thus urgently required.

PFM amplitude (a. u.)
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Figure 4. (a) AFM topographical image of a BaTaO:2N crystal (indicated by the dotted red
square), (b) piezoresponse amplitude curve obtained at 120 °C, and (c¢) corresponding

ferroelectric phase signal graph [32]. Reproduced with permission from ref. 32. Copyright
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2019 American Chemical Society.

3. High temperature sintering and ammonia annealing

PFM measurement using a single crystal of BaTaO:2N confirmed the

ferroelectricity and superior electrical insulating properties. Bulk ceramics of BaTaO2N

will enable an evaluation of capacitance and practical applications. However, high-

temperature sintering of BaTaO2N powder compacts results in the formation of

semiconductor bulk ceramics that have lost the original insulating properties. In this

section, the sintering process of thermally unstable BaTaO:2N is discussed in relation to

the use of boron oxide as a sintering additive.

3. 1 High temperature sintering of BaTaO;N

Preliminary sintering studies had been performed without any special care about

the thermal release of nitrogen from the oxynitrides. The thermal stability, sinterability,

and the electrical and piezoelectric properties of BaTaO2N polycrystalline ceramics were

investigated following the precedent examples of the SrTaO2N ceramics [16,36,37,65].

To achieve more reliable dielectric constants, several trials were performed to fabricate

ceramics with RDs that were higher than those reported by Kim et al. (55%) [23]. Special

care to maintain the sintering atmosphere at low oxygen partial pressure is necessary to
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operate BaTaO2N powder at high temperature, because tantalum-containing oxynitride

perovskites are easily oxidized to a mixture of their component metal oxides at around

400 °C [66,67]. The decomposition behavior of BaTaO2N is strongly dependent on the

heating atmosphere, as shown by the TG curves in Figure 1 [35].

Solid-state sintering procedures are hardly applicable to metal oxynitrides due to

their extremely small diffusion constants; therefore, high-temperature processes and the

use of sintering additives are generally necessary to obtain dense ceramics. BaTaO2N is

thermally unstable; therefore, there is a technical difficulty in sintering stoichiometric

BaTaO:N ceramics at high temperatures. A two-step process has been employed that

involves high-temperature sintering of nitrogen-deficient BaTaO2No.ss and subsequent

annealing in an ammonia atmosphere to replace the lost nitrogen. To obtain ceramics that

maintain the perovskite-type phase requires that BaTaO2N green-powder compacts be

sintered in an inert atmosphere, e.g., pure nitrogen.

To compensate for a slight loss of Ba during high-temperature sintering and

avoid the formation of TaN impurities, 2.5-5.0 wt% of BaCO3 was added to BaTaO:N

[35]. During sintering, reddish powder compacts were placed into a BN polycrystalline

crucible and held in a pure nitrogen atmosphere at 0.2 MPa. The sample color was

changed to black, i.e., changed to a semiconductor, similarly to SrTaO2N, which partially
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loses nitrogen to form SrTaO:No7 during sintering [16,36,37,65] as the as-sintered
ceramics were n-type semiconductors because of the partial reduction of Ta>* to Ta**/Ta".
Particle necking and densification did not proceed below 1400 °C and the maximum RD
value of nitrogen deficient BaTaO2No.ss was 93.0% [35]. The contribution of a Sr-B-O
ternary amorphous phase in the grain boundaries and triple points was recently reported
for the sintering of SrTaO2No.7 with a B203 sintering additive at 1400 °C [68]. It can thus
be inferred that a similar secondary phase could behave as a sintering reagent for
BaTaO2Noss.

The reddish color on the sample was recovered after heating the BaTaO2No.ss
ceramics under ammonia flow at 1000 °C [35]. The homogeneity of annealed ceramics is
dependent on the RDs of the BaTaO2Noss ceramics. The entire porous bulk (RD <
74.6%) became red, while the interiors of dense samples remained black (semiconductor)
because ammonia or related nitriding reagents could not diffuse into the highly densified

microstructure [35,62].

3. 2 Thick film of dense BaTaO:N ceramic sintered with B,O3 additive
Dense ceramics of BaTaO2No.ss were only nitrided in a thin surface layer with a

thickness of approximately 10 um. The surface of the thin layer recovered its nitrogen

18



content and electrically insulating properties after annealing in ammonia flow. Therefore,

thick films of dense oxynitride perovskite ceramic with several tens of micrometers in

thickness are expected to achieve both high RD and fully nitridation even after long-term

annealing in ammonia. EPD was employed to fabricate thin films of ceramic powder

compacts from a colloidal suspension [69,70]. The thickness and microstructure of the

powder compacts can be controlled by tuning the deposition conditions, such as the

suspension concentration, deposition time, and applied voltage. Powder compacts with a

thickness of approximately 100 um were fabricated from a mixture of BaTaO2N and a

BaCOs additive using the EPD method. The BaCO3 additive compensates for the small

amount of Ba loss that occurs during high-temperature sintering [35]. The powder

compacts were placed in an alumina crucible with/without a small amount of B20Os3

powder additive located in the crucible separate from the powder compacts and then

sintered at 1400 °C for 4 h in a N2 atmosphere at 0.2 MPa. B203 has been reported as a

sintering additive together with SrCO3 for SrTaO2N to form a Sr-B-O liquid phase during

sintering [68]. The effect of the B203 additive on the sintering of BaTaO2N/BaCO3 was

also investigated by the supply of B20s3 to the powder compacts via the vapor phase. The

sintered thick films of the BaTaO2No.ss were black in color and electrically conducting

due to the nitrogen loss during high-temperature sintering. To recover the nitrogen content

19



and electrical insulating properties, the sintered ceramics were subsequently annealed at

950 °C for 100 hours in a NH3 flow of 100 mL/min.

A single-phase perovskite structure was observed for the ceramic sintered

without B203, and a few secondary phases also appeared for the product sintered with the

B203 additive. The B203 reacted with a small amount of Ba in the powder compact and

Ta-rich impurity phases appeared in the sintered ceramic. Sintering of SrTaO2N with B2O3

also formed nitrogen deficient SrTaO2No.7s contaminated with TaOo.9 [68]. SEM images

of the fracture surfaces of the sintered ceramic show a dense microstructure for the

product sintered with B20O3 (Figure 5(a)). In contrast, the ceramic sintered without B203

was porous (Figure 5(b)), but the grain size was larger than that sintered with B2O3. The

RD values for BaTaO2N sintered with and without the B2O3 additive were 92% and 78%,

respectively. The improved sinterability could be understood by a formation of barium

borate liquid phase [71], similarly to the case of SrTaO2N sintering with B2O3 [68]. The

smaller grains obtained by sintering with B203 resulted from sintering with a small

amount of liquid phase and for a short duration, before reaching the grain growth step in

the liquid-phase sintering process. Grains larger than 1 um were formed together with

small grains by an increase in the sintering time from 4 to 8 h or by increase in the

temperature to 1420 °C. On the other hand, sintering without B2O3 corresponded to solid-

20



phase sintering and grain growth was accelerated by nitrogen deficiency to form large

grains. The B203 additive improved the sintering of BaTaO:N similar to the case in

SrTaO2N.

Figure 5. SEM images of fracture surfaces of sintered BaTaO2N ceramics at
1400 °C for 4 h (a) with B2O3 and (b) without B203. Reproduced with permission

from ref. 39. Copyright 2023 Elsevier.

The thick ceramic film sintered at 1400 °C for 4 h with the B2O3 additive was
annealed in ammonia flow at 950 °C for long duration to compensate for the nitrogen
deficiency that developed during the high-temperature sintering. Sample color gradually
changed from black to red with increasing the annealing time and the nitrided area
extended from the outer surface to the interior as shown in Figure 6. Full nitridation was
confirmed by the red color of the sintered product after annealing for 100 h, as shown in
Fig. 6(d), which was almost the same color as the green powder compact (Fig. 6(a)).

Recovery to the single phase of BaTaO:N perovskite was also verified by XRD

21



measurement.

Figure 6. Optical images of cross sections (a) BaTaO2N powder compact sintered with

B203, and the resultant ceramic after annealing in ammonia flow at 950 °C for (b) 0 h, (¢)

60 h, and (d) 100 h. Reproduced with permission from ref. 39. Copyright 2023 Elsevier.

3.3 Dielectric properties of the post-ammonolysis products

The dielectric properties of BaTaO2N ceramics sintered at 1400 °C for 4 h after

nitridations at 950 °C for 0, 60 and 100 h are shown in Figure 7. Nitrogen-deficient

BaTaO:2Noss ceramics without a subsequent nitridation treatment show large relative

dielectric constants above 30,000 with large dielectric loss values of 0.6-1. Both the large

dielectric constant and loss can be explained by the semiconducting nature of the black

sintered ceramic. After nitridation for 60 h, only the surface part of the thick ceramic was

nitrided to recover the original red color, as shown in Figure 6(c). The dielectric constant

decreased to values of several hundred, and the dielectric loss also decreased but was

greater than 0.1. In previous research, the large dielectric constant was determined to
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originate from residual semiconducting parts that were not fully nitrided due to the dense
bulk structure [35]. The fully nitrided sample with a red interior as shown in Figure 6(d),
exhibited dielectric constants of 530-320 at 1.2x10?-10% Hz with tand values of 0.15-0.05.
These dielectric constants were larger and the dielectric losses were lower than those for
bulk ceramics (- = 300 and tand = 0.06 at 10° Hz) with an RD of 73% [35]. The bulk
ceramic with an RD of 73% was readily nitrided due to its porous structure, although
some residual semiconducting material may possibly remain after the nitridation for a
short duration. The temperature dependence of the dielectric properties is shown in Figure
7(b). An almost flat dependence was observed on the dielectric constant below 250 °C
and the dielectric loss was maintained below 0.05. The slightly enhanced dielectric
constant above 300 °C may be related to the semiconducting nature of the BaTaO2N at
high temperature. There is no clear trace of a phase transition of the BaTaO2N ceramics
with respect to the temperature, which indicates the ferroelectric characteristics remain

up to 300 °C.
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Figure. 7 (a) Frequency dependence of dielectric constants, &r, and dielectric loss, tanod,
for ceramics sintered at 1400 °C and annealed in ammonia at 950 °C. (b) Temperature
dependence of &, and dielectric loss, tand, for the dense ceramics annealed in ammonia

at 950 °C for 100 h. (a) was reproduced with permission from ref. 39. Copyright 2023

Elsevier.

4 Sintering of BaTaO:N using a molten BaCN; additive in SPS equipment

An ordinary sintering of BaTaO2N at high temperature fabricated BaTaO2No.ss
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dense ceramics with some nitrogen deficiencies. Both original nitrogen content and

electrical insulation were recovered only on the ceramic surface as mentioned in section

3.1 and in the thick film as described in section 3.2. However long duration of the post-

ammonolysis is required to obtain stoichiometric ceramic products. A BaCN2 melt is used

as a flux for the crystal growth of BaTaO2N below 910 °C, which is slightly below the

decomposition temperature. In this section, rapid sintering of BaTaO:N in low-

temperature is discussed by using SPS equipment with a corporation of BaCN2 melt as a

sintering aid. Liquid phase sintering mechanism is investigated in relation to the amount

of additive.

4. 1 Liquid phase sintering using SPS equipment

Direct sintering of BaTaO2N ceramics without nitrogen loss is desired to

simplify sample preparation to keep the electrical insulation properties compared to the

high-temperature sintered product [35,39]. A BaCN: melt was useful to obtain

polycrystalline BaTaO2N ceramics in SPS equipment for short-term sintering under

pressure to avoid the thermal decomposition of BaTaO2N [40,72-76]. Simple SPS process

has also been attempted for LaTiO2N oxynitride perovskite in a nitrogen atmosphere at

1250-1400 °C [77]. The products were black dense ceramics suggesting that they were

25



electrical conductive, and the perovskite-type phase was partially decomposed to a

mixture of La2O3 and TiN. They were not stoichiometric LaTiO2N and contaminated with

their decomposition products. It is most probable that LaTiO2N itself was not sintered,

but that by-products after phase decomposition or a perovskite with high anion deficiency

assisted the bulk densification. Additive sintering using a flux is a sensible strategy to

lower the sintering temperature and shorten the densification time to overcome the

difficulties.

Powder mixtures of BaTaO2N and 0-20 wt% of BaCN2 were sintered into a 1

mm-thick and 10 mm diameter disk using an SPS equipment. Prior to sintering, additive-

free BaTaO2N mother powder was placed between the BaTaO2N/BaCN2 mixed powder

compact and the carbon die to avoid carbon contamination via molten BaCNz. Uniaxial

mechanical pressure was applied to the samples up to 100 MPa and the carbon die was

then heated to approximately 900 °C at a rate of 200 °C/min and held for 1-10 min under

a nitrogen atmosphere.

All the ceramic products were red in color, which implies a negligible amount

of nitrogen deficiency. No densification was observed for the additive-free BaTaO2N

powder. The powder mixtures containing some amount of BaCN2 were rapidly densified

to RDs higher than 66.5%. The effects of the amount of BaCN3, the applied pressure, and
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the time held at 900 °C on the RD values are shown in Figures 8(a) and 8(b). The BaCN2

additive is obviously effective for rapid densification compared to high-temperature

ordinary sintering that forms nitrogen-deficient BaTaO2No.ss.

The samples sintered with 7 wt% BaCN:z tended to show relatively low RD

values as shown in Figure 8. Systematic change in RD was observed only on the sintering

with 5 wt% BaCNa. The solid particles were closer to each other because there was not

too much molten BaCNoa. In this case the ceramic products become a little denser with a

help of bulk diffusion through the flux. Too much amount of the BaCN2 flux does not

enhance the densification. Excess flux run out from the mixture to the powder bed. Some

penetration of molten BaCNz2 into the additive-free BaTaO2N powder beds was detected

by analysis of the Ba/Ta molar ratios after SPS.
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Figure 8. Color map of the RDs of BaTaO2N ceramics as a function of (a) time held at

900 °C and the amount of BaCN: additive sintered at 70 MPa pressure, and (b) applied

uniaxial pressure with the amount of BaCN: additive sintered at 900 °C of 3 min. The

plotted data are for the samples with stoichiometric nitrogen contents.

The effect of the applied mechanical pressure was also examined, and the results

are shown in Figure 8(b). The RD values increased under pressure higher than 30 MPa.

Molten BaCNz infiltrated between the BaTaO2N particles to wet their particle surfaces

under mechanical pressure. The RD values did not increase furthermore above 70 MPa,
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because an excess amount of molten BaCN: was removed from the main

BaTaO2N/BaCN2 powder compact to the upper and lower BaTaO:2N powder beds under

excessively high pressure. The maximum RD value of the stoichiometric BaTaO:N

ceramics was 84.1%, which was obtained using 5 wt% BaCN2 and a pressure of 70 MPa

at 900 °C for 5 min.

4. 2 Sintering mechanism of BaTaO:N with molten BaCN

The main crystalline phase in the SPS ceramics was perovskite-type BaTaO2N

and Ba-rich Ruddlesden-Popper-type Ba:TaO3N appeared as a secondary phase similar

to the crystal growth of BaTaO:N with BaCN2 [32]. Material diffusion is assisted by

chemical reactions in which the perovskite oxynitride dissolves and recrystallizes from

the molten BaCNa. Figure 9(a) shows a TEM bright-field image of a thin ceramic

specimen with an RD of 80.7% obtained in SPS equipment and the primary particle size

of as-prepared BaTaO2N powder is shown in Figure 9(d). Grains in the ceramics are

connected via thin boundaries and some voids are observed in the microstructure. Large

pores in the ceramics are present (Fig. 9(a)) probably because the packing of starting

powder was insufficient. Energy dispersive X-ray spectroscopy (EDS) compositional

analysis was conducted at several points across a grain boundary, as shown in the
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HAADEF-STEM image (Figure 9(b)). The Ba/Ta molar ratio gradually increased from the

grain interior to the exterior and the maximum value was at the triple point (point 4 in

Figure 9(b)). Molten BaCN: spread out into a narrow grain boundary area due to the

mechanical pressure and wetted the BaTaO2N grain surface forming Ba-rich Ruddlesden-

Popper phase. The BaCN: flux is concentrated in the triple points of solidified BaTaO2N

grains. Such Ba-rich constituents can sometimes be confined in the triple points of the

grown BaTaO:xN grains as shown in Figure 9(c).
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Figure 9. (a) TEM bright-field and (b) HAADF-STEM images of a BaTaO2N ceramic

specimen with an RD of 80.7%. (c) Ba/Ta molar ratios observed using EDS at several

points indicated in (b). (d) Bright-field image of the as-prepared BaTaO:N particles

obtained by the ammonolysis [40]. Reproduced with permission from ref. 40. Copyright

2020 Elsevier.
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4. 3 Electrical properties of the BaTaO:N ceramics prepared in SPS equipment

The electrical properties of the BaTaO2N ceramic sample wih an RD of 79.8%
were examined at room temperature over a frequency range of 10>-~10° Hz. Figure 10(a)
shows a Cole-Cole plot with only a small part of a giant arc, which suggests electrically
insulating characteristics, even without post-ammonolysis. Figure 10(b) shows a relative
dielectric constant ¢ of 320 and a dielectric loss tand of 0.04 at 10°Hz, which are
comparable with the best values reported for a post-annealed ceramics thick film with an
RD of 89% sintered at high temperature (&- = 300 and tand = 0.04) [39]. These values for
dielectric property suggest that partial nitrogen loss did not occur in the present sintering
at 900 °C. The densification was possible below the temperature for nitrogen release from

BaTaO:N and around the melting point of BaCNa.
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Figure 10. (a) Cole-Cole impedance plots and (b) dielectric properties of a BaTaO2N
ceramic (RD = 79.8%) as a function of frequency at room temperature. The inset in (a)
shows a photograph of the polished ceramic surface [40]. Reproduced with permission

from ref. 40. Copyright 2020 Elsevier.

In summary, BaTaO:N powder was sintered at the lowest temperature
(approximately 900 °C) among those sintering studies, using a BaCN2 additive under
mechanical pressure in SPS equipment to avoid partial nitrogen loss. BaTaO2N grains

were sintered each other through their dissolution and precipitation around their surfaces
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in the BaCN2 melt. A minor reaction product, Ba-rich Ruddlesden-Popper-type Ba2TaO3N,

was present in the grain boundaries and triple points of the ceramics. Rapid heating and

cooling processes in an SPS furnace were also effective to avoid partial nitrogen loss from

BaTaO:N crystal lattice. A maximum RD of 84.1% was observed for the BaTaO2N

ceramic with the original nitrogen content maintained. Further increase in the RD could

be achieved by improvement of the starting BaTaO2N powder contacts through a change

in the morphology or through the use of an alternative flux with a lower melting point to

allow for longer sample heating times for densification.

5. Conclusions and Future Outlook

During the last decade, perovskite-type BaTaO:N has attracted much attention

in solid state chemistry and physics. It was interesting as photocatalyst, lead-free pigment

and dielectric materials. High quality sample was necessary to study its ferroelectricity in

detail especially in the relation to crystal structure. Flux growth using BaCN2 melt has

been applied to BaTaO2N and several micron-sized crystallites were produced without

loss of the electrical insulation properties. Clear evidence of ferroelectricity with large

coercivity was also obtained for small BaTaO:2N single crystals.

Dense ceramic thick films of nitrogen-deficient BaTaO2No.ss were obtained by
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high-temperature sintering of the compacts with a B2O3 additive by liquid-phase sintering.

An electrically insulating dense ceramics of BaTaO2N with RD of 89% after annealing in

ammonia showed a small temperature dependence of the dielectric constant of 300 and a

dielectric loss below 0.05 up to 250 °C.

Another big advance was attained in low temperature sintering using BaCN:

melt under mechanical pressure in SPS furnace. The BaTaO2N ceramic products were

nitrogen loss-free maintaining the electrical insulation properties. It was possible to

evaluate BaTaO2N ceramics as dielectric materials.

These high-quality products are now making a noticeable progress to study

structure-property relation of the ferroelectricity in BaTaO:N [78]. Its non-

centrosymmetric local structure needs to be clarified in the superficially centrosymmetric

space group of BaTaO2N. The spontaneous polarization can be estimated in the local

structure. When the structure-property relationship is clarified, partial anion replacement

will then make a great number of ternary materials to show novel and attractive functions.

Authors believe that progress in high-quality processing will bring the well-sophisticated

characterization of mixed anion products especially on BaTaO2N oxynitride perovskite.
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