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Abstract

The compounds consisted of metals, oxygen, and nitrogen are called “metal

oxynitrides (hereafter oxynitrides)”. Oxynitrides have attracted considerable attention of

scientists and industry for their excellent mechanical, optical, electrical, and catalytic

properties. To date, the variety of oxynitrides increased to about 1000 thanks for the

development of synthetic technics. Most of them were studied from the respects of

crystallography, photoluminescence property, catalytic property, and computational

approaches. This is because of the difficulty in the fabrication of single crystals and fully-

densified ceramics of oxynitrides for the studies of the properties of electricity,

mechanical strength, heat conductivity, and so on.

The target material of the present thesis is a perovskite-type oxynitride

BaTaO;N, which have been a subject of interest for its possible ferroelectricity induced

by a local symmetry breaking due to its anisotropic anion ordering over centrosymmetric

average structure. Sintering and microcrystal preparation of BaTaO>N were studied in this

research to elucidate the emergence of ferroelectric polar phase alternation.

The present thesis is consisted of eight chapters. In Chapter 1, basic theories

of dielectricity, sintering, crystal growth, and history of the researches of oxynitride

materials are reviewed.



In Chapter 2, secondary harmonic generation was observed on BaTaO;N

powder, which strongly supports the presence of non-centrosymmetric regions. Crystal

structure of BaTaO>N was reinvestigated by Rietveld fitting of powder X-ray and neutron

diffraction data using both models of non-centrosymmetric and centrosymmetric

structure. The fitting results suggested the formation of tiny asymmetric domains

dispersed over centrosymmetric average structure.

In Chapter 3, detail of thermal decomposition behavior and sinterability of

BaTaO2N were studied. BaTaO2N partially released its nitrogen to be semiconducting

BaTaO2Ny.gs during high temperature sintering, similarly to SrTaO2N. Its nitrogen content

was recovered by post-ammonolysis of BaTaO;Nosgs ceramics. Relative dielectric

constant of 620 was observed in the fully-annealed ceramics with relative density of

73.0% and piezoresponse signals were obtained for furtherly densified ceramic surface,

although a serious current leakage occurred at the electrical voltage lower than £10 V.

In Chapter 4, thermal properties of alkaline-earth metal carbodiimides were

studied in pursuit of the flux for the sintering and crystal growth of oxynitride perovskites.

The melting behavior and thermal stability are discussed on a series of alkaline-earth

metal carbodiimides from the views of experimental and computational approaches.

CaCN, alpha-phase of SrCN, and tetragonal phase of BaCN; have their respective



melting points of 1340, 1020, and 910 °C. Only the melt of BaCN; could be maintained

below its decomposition temperature of 912 °C estimated by density functional theory.

This result indicated that BaCN; is a promising flux for oxynitride compounds.

Afterwards Sri.Ba,TaO;N ceramics with relative density of about 70% was fabricated

using a BaCN; additive at approximately 900 °C, which is below the decomposition

temperature of SrTaO:N. Microcrystal growth of A-site substituted solid solution Sri-

Ba,TaOoN was discovered in the samples after cooling. The crystals contained a

compositional gradation from Sr-rich interior to Ba-rich exterior regions. These results

proved the occurrence of diffusion involving dissolution and recrystallization of

oxynitrides via BaCN; flux.

In Chapter 5, reddish cubic microcrystals of BaTaO:N in size up to 3.1 um

were grown in a BaCN; flux. Crystalline phase identification and microstructure

observation on the products disclosed that Ba-rich Ruddlesden-Popper type layered

perovskites such as Ba2TaO3;N were formed on a thin surface of BaTaOxN crystals. That

is, BaTaO2N may not simply recrystallize from BaCNz solution.

In Chapter 6, ferroelectric properties of the BaTaO:N crystals were

characterized. Piezoelectricity of micron-sized BaTaO:N crystals fabricated in Chapter

5 was studied with a piezoresponse force microscope (PFM). Clear phase alternation of



spontaneous polarization by applied AC electrical field was observed at 120 °C and

electrical voltage of 90 V. This is the first-ever evidence of the presence of ferroelectricity

observed with oxynitride single crystals. Polarization direction was switched more easily

at high temperature, which is a prominent characteristic of ferroelectrics.

In Chapter 7, liquid phase sintering of BaTaO,N with a BaCN> additive was

tried using a spark plasma sintering (SPS) equipment to apply high mechanical pressure.

Dissolution and precipitation of BaTaO;N via BaCN; flux, their chemical reactions at

grain surface and boundaries, and uniaxial pressure of several tens of mega pascal assisted

the rapid densification of BaTaO2N powder at approximately 900 °C. This procedure

enabled to obtain BaTaO>N ceramics without nitrogen loss. Microstructure as well as

electrical properties of the ceramic products were investigated.

In Chapter 8, comprehensive explanation on the crystal structure, flux growth,

and ferroelectricity of perovskite-type BaTaO:N is given. Further suggestions targeting

the application of oxynitride materials in the forms of ceramics and single crystals are

mentioned in the last part as future perspectives.
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Chapter 1

Perspective of Dielectric Oxynitride Perovskites

1-1. Overview of perovskite-type oxide dielectric materials

The most widely utilized inorganic materials are composed of metals and
oxygen, which are metal oxides (hereafter oxides). One hot topic of their applications is
electronic devices including capacitor, actuator, semiconductor, and so on. The
developments of smaller size and higher device performances have been achieved in
accordance with the increasing demands of higher device population on integrated
circuits. Here, oxides with perovskite-type crystal structure are focused for their

important electrical properties.

1-1-1. Perovskite-type structure

Ternary metal oxides named perovskite-type oxides are expressed with a
chemical formula of 4BO3; where 4 and B are large cations like alkaline-earth or rare earth
metals and smaller cations like transition metals, respectively. Their respective
coordination numbers of 4 and B sites are twelve and six. Its crystal structure is illustrated
in Fig. 1-1. In an ideal cubic oxide perovskite, the bond lengths (4.0 and r5.0) are related

by the following equation;



\/EI’A_O = 21’3_0 (1'1)
To discuss the structural deviations from ideal perovskite-type structure, a parameter

called tolerance factor () shown in equation (1-2) is frequently used. [1]

= Y2rao (1-2)
2rpo

The structural distortion in perovskite-type structure is usually related to the cation size.

And in most cases, the ¢ values are in the range of 0.85 — 1.05. The structure with the ¢

value of nearly 1 means that it is stress-free and stable structure for the ideal matching of

the radius balance of cation size. As the value of ¢ deviates from 1, the structure becomes

less stable due to a compressive stress and distortion by the cation size mismatch in

crystalline lattices. [1] Cubic phase is maintained in the range of 0.90 < ¢ < 1.0 and for ¢

> 1.0, the structure distorts but it is still basically a perovskite as in the case of tetragonal

BaTiOs (¢ = 1.06). For smaller tolerance factors, 0.85 <7< 0.90, the small 4 cation causes

several different kinds of structural distortion. These distortions generally involve tilting

or rotation of BOs octahedra and they sometimes cause the ferroelectricity in perovskite-

type oxides.

1-1-2. Oxide dielectric materials

Dielectric materials (dielectrics) is a term that indicates electrical insulators.



They do not allow to pass the direct electrical current by the applied voltage, but each ion
show some displacement from their statistical positions to form dielectric polarization.
When external electrical field is applied to a dielectric material, cations displace towards
the direction of the field and anions with negative charges shift to the opposite direction.
Such polarization is a target of various applications for capacitors, actuators, wavelength
filters, and so on. Dielectrics are divided into several categories depending on their
properties as illustrated in Fig. 1-2.

The performances of dielectrics are evaluated with several kinds of parameters.
The most important factors are relative dielectric constant (¢-) and dielectric loss (tano),
which mean the scale of polarization and electrical energy loss, respectively. These
parameters express their potential for the application as capacitors. The performance of
capacitors is described as their ability to hold the electrical energy (electrical charge Q)
in the products as a function of the capacitance (C) and applied voltage (V). These
parameters are related each other by the following equation. [1]

Q= CV (1-3)
The capacitance of vacuum is defined as the following function of geometrical factors
A

Co= €07 (1-4)

where g9 is the dielectric constant of vacuum (8.854 X 107!2 F/m), 4 is the area of



electrodes, and d is the thickness of monolayer capacitor sample. The intrinsic

capacitance value of the dielectric sample is defined by the following equation. [1]

€
C= Cy—= Cog, (1-5)
€0

er 1s called relative dielectric constant, which is unique to the compound. Another

parameter, dielectric loss (tand) is the proportion of the imaginary part (¢”’) and the real

part (¢’) of dielectric constants.

"

e= £ — ic (1-6)
8”

tand = — (1-7)
€

Smaller value of tand is favorable because it exhibits the scale of energy loss mainly due

to the presence of electrically conductive nature.

1-1-3. Ferroelectricity

Among dielectrics, specific materials that can reorient their spontaneous

polarization direction by external electrical field are called ferroelectrics. Ferroelectrics

are industrially important for their applications such as ferroelectric random access

memories (FeRAM, PbZr . TixO3 (PZT), SrBixTa;O9 (SBT), BiFeO3), capacitors (BaTiOs,

PZT, LiNbO:3), ignition switches (PZT), and surface acoustic wave filters (SAW filters,

LiTaOs). They need to have a crystallographic characteristic; non-centrosymmetric



structure with spontaneous polarization. A classical example, BaTiO3 belongs to a space
group of P4mm at room temperature and it has tetragonal symmetry with spontaneous
polarization along c-axis at room temperature as shown in Fig. 1-3(a). However, its
spontaneous polarization disappears at its phase transition of 120 °C to form
centrosymmetric Pm3m cubic phase (Fig. 1-4(b)). [1] Its dielectric constants against
temperature (Fig. 1-5) reflect this phenomenon, which is called ferroelectric phase
transition. This structural characteristic is sometimes undesirable from the view point of
application because of a serious change of device performance caused by temperature.
Moreover, lead-free dielectric materials are desired for the concerns of environmental

pollutions after their disposals.

Fig. 1-1. Crystal structure model of cubic perovskite ABOs. The blue, green, and red balls
are A, B, and O, respectively. This image was drawn by the crystallographic imaging
software VESTA. [3]
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Fig. 1-3. (a) Crystal structure of tetragonal BaTiOs, (b) polarization (P)-electrical field
(E) hysteresis loop of ferroelectrics, and (¢) a schematic image of polar directions of the
domains. [1] Ps and P, are saturated and remnant polarization, respectively. The crystal
structure model was drawn by the crystallographic imaging software VESTA. [3]
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Fig. 1-4. Transformation of BaTiO; from (a) tetragonal to (b) cubic phase. [1] These
crystal structure models were drawn by the crystallographic imaging software VESTA.
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Fig. 1-5. Dielectric constants of BaTiO3 ceramics against temperature. [4] The insets are

grain size of ceramics.



1-1-4. Relaxor ferroelectrics

Relaxors are ferroelectric materials that have moderate temperature coefficients
of dielectric properties. In classical ferroelectrics like BaTiO3, spontaneous polarization
disappears by phase transition to symmetric structure with a sharp peak in dielectric
constant-temperature graphs (Fig. 1-5). [1,4] On the other hand, some prototypical
relaxors such as Pb(Mg13Nb23)O3 (PMN) maintain large relative dielectric constants even
at high temperature without a sharp phase transition [2,5], as indicated in Fig. 1-6. Such
materials show a huge dielectric response over wide frequency and temperature ranges.
These characteristics originate from nano meter-sized polarized regions (Polar Nano
Regions, PNRs) dispersed over averagely symmetric matrix as schematically depicted in
Fig. 1-7. [2,5] PNRs are generally formed by the presence of different valence cations
between neighboring crystalline cells. Chemically ordered region with Mg:Nb = 1:2
seems to be centrosymmetric, while disordering of Mg?* and Nb** forms locally polarized
regions. [2,5] In other words, PNRs are introduced by compositional inhomogeneity as
in the crystalline lattice model of Fig. 1-8. [2,5]

While the most attractive characteristic of relaxors is their large dielectric
constants over wide temperature and frequency ranges, several unique behaviors were

reported by Burns and other researchers. [6,7] Non-linear optical effect was reported on
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Fig. 1-6. Temperature dependences of the real and imaginary parts of the relative
dielectric constants evaluated at various frequencies for a single crystal of
Pb(Mg13Nb23)O3 (PMN). [5]
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s regions of cubic symmetry

matrix (white region). [5]



ool NoN NolNoN N NoN NN N N N NoN
ol N Nei Noj NeReol Rolh N JNepeon N N N
©000000000008000 000
eeC O ONONOWON ’“l eweoeC
e e e I;:.;._'l_:t.‘. _,l_“llj_‘:: __..:,‘iid_.‘_1\' 000
*eeeC OO EONOBNOEO RGOS
LSRR L A S A LD Ro) Nof Sl Rehe
Yol X Jieh fo) Kol Noh Noh gok W N N
R ER I LY o) (CleN NoN Nol X NoN )
o CeeOeNeseseeeO00O0 0
N NN I ok Joh NISE R RN N N N Neo
(NN FY N IS IS K X ReloN N W N '
[100] & -85 O =B

Fig. 1-8. Inhomogeneous B-site occupation model of Pb(Mgi3Nb23)O03 (PMN). [5] Black
and white circles indicate Nb>* and Mg?*, respectively. For example, the average charge
of the area enclosed with solid line is 4+, but there are disordering of the Nb>* and Mg**
cations to form PNRs.

PMN single crystals even at the temperature higher than their phase transition point in the
year of 1983. [6] It was attributed to the remnant polarization of thermally robust PNRs.
In addition, polar domain sizes in relaxors decrease at the elevated temperature and their
polar direction can be switched by relatively low electrical voltage because smaller
domains were easily reoriented by the assist of thermal fluctuations. [2,8] The upper limit

of the temperature for relaxor ferroelectrics to maintain PNRs is called Burns temperature.

[6]
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1-2. Metal oxynitrides

To date, the most widely utilized inorganic materials are metal oxides for the

easiness of synthesis and fabrication of their ceramics and bulk single crystals. On the

other hand, many trials of modifying their properties have been made by substituting

their oxide anions with other anions to form oxynitrides, oxyfluorides, fluoronitrides,

oxyfluoronitrides, oxysulfides, oxyselenides, and oxychlorides. [9-21] Among the

candidates of mixed anion inorganic compounds, the combination of oxygen and nitrogen

is appropriate for the similarities in their ionic radii and electronegativities [22,23] as

summarized in Table 1-1. Metal nitrides and oxynitrides have attracted considerable

attention for their promising optical, mechanical, superconducting, dielectric, and visible

light-driven photocatalytic properties. [24-29] For example, GaN, AIN, TiN, and

SiAIONSs are industrially important materials for their applications as blue light emitting

diodes [30-33], thermal conductive substrates in electrical circuits [34-36], structural

Table 1-1. Average electronegativities and ionic radii of anionic elements. [22,23]

B C N O F P
Electronegativity 2.04 2.55 3.04 3.44 3.98 2.19
Ionic radii / pm 25 29 132 124 117 31
S Cl As Se Br I
Electronegativity 2.58 3.16 2.18 2.55 2.96 2.66
Ionic radii / pm - - 48 42 - -

Coordination number is four in the ionic radii on this Table.

11



materials [37-44], and phosphors. [45-47] Such properties are attributed to the presence

of nitrogen, which introduces higher covalency and narrower optical bandgaps compared

with oxide materials. [48-50] A number of trials have been made to fabricate dense

ceramics as well as single crystals of such materials for their industrial usages and

evaluation of properties with high reliability. However, research field on the processing

of oxynitrides have not been developed very much for the difficulty in the fabrication of

highly-densified ceramics, single crystals, fine powders with uniformed particle sizes,

and so on. There are some examples of the preparation of oxynitride thin films, but their

chemical compositions especially nitrogen contents are not confirmed in most cases. [51-

55] Hence, most of the researches on oxynitrides have been conducted on their crystal

structure, fluorescence, and catalytic properties, all of them can be studied in the form of

as-synthesized powder.

1-2-1. Syntheses of perovskite-type oxynitrides by ammonolysis

Over the last 30 years, a variety of oxynitride compounds with perovskite-type

crystal structure have been synthesized. Many examples such as AETaO>N (4E = Ca, Sr,

Ba), AENbO>N, LnTaON> (Ln = lanthanoid), LnTiO>N, NdVO:N, non-stoichiometric

compound SrMo(O,N)3, BaTi(O,N)3, and a series of Ruddlesden-Popper type layered

12



perovskites have been reported. [48,50,56-70,72-74] Previously reported examples of

oxynitride perovskites are summarized in Table 1-2. The most widely employed their

synthetic route is the heating of their oxide precursors or oxide powder mixtures with

stoichiometric metal ratios under flowing ammonia. This method called ammonolysis is

conducted at approximately 900 — 1000 °C and yellow or reddish colored powders having

decreased optical bandgaps introduced by the presence of nitrogen are obtained. It has

been suggested that gaseous ammonia partially decomposes to highly reactive radical

nitriding reagents (NH2, NH) and molecular hydrogen, which reacts with oxide starting

materials generating water. And nitrogen is inserted to the specific position where had

been occupied by oxygen. The comprehensive study of the ammonolysis reaction

mechanism has not been established, but in the case of the formation of BaTaO:N, its

nitridation process was closely investigated on the basis of the decomposition of NHs.

[71]

1-2-2. Novel synthetic routes of oxynitride perovskites

In recent years, ammonia-free syntheses of oxynitride perovskites have been

explored by several groups. Reactions between alkaline-earth monoxides and TaON at

high temperature of 1400 °C were performed by the group of Clarke. [57] However, the

13



Table 1-2. Oxynitride perovskites reported until the year of 2019.

Structure type Compound name Note Refs.
Perovskite BaTaO;N 56
SrTaO;N 57
SrTaO2No.7 Nitrogen defects are contained. 69
CaTaO2N 48
EuTaO;N 70
CajxEu,Ta(O,N)3 70
LnTaON» Ln=La, Ce, Pr, Nd, Sm, Gd, Eu 58
LaNbON 58
BaNbO;N 56
SINbO2N 60
EuNb(O,N)3 58
LnTiO2N Ln=1La, Nd 58,72
Laj Sty TiO2,Ni-x 59
LaZrO.N 72
BaTi(O,N); 68
StW(O,N); 66
LaW(O,N)3 74
StMo(O,N)3 65,66
NdVO:N 67
LaV(O,N)3 73
Ruddlesden-Popper Ba;TaO3N 57
St1+,TasO2+, Ny n=1,2 57,61
St1+sNbO2+, Ny n=1,2 60,61
LnyAlO3N Ln=Nd, Sm 63,64
Gd1+xCa1xAlO4xNx 62




colors of such products are black or brown, which indicates that a number of anion defects
are contained to reduce Ta’" during the high temperature processes. In other works, solid
state reactions of alkaline-earth carbonates and Ta3Ns at approximately 900 — 1100 °C
were investigated using thermogravimetry in combination with gas chromatography.
[75,76] Gaseous carbon dioxide generated by the decarboxylation from metal carbonates
partially oxidizes Ta3Ns and reaction intermediate of TaON is formed. Then alkaline-earth
monoxides react with TaON to generate oxynitride perovskites. Another synthetic
procedure of SrTaO:N from Sr2Ta,O7 was performed using C3Ny as both of a reducing
reagent for Sr2Ta;O7 starting material and a nitrogen source. [77] Phase-pure SrTaO,N
was obtained by the reaction at 800 °C. Particle sizes of StTaO>N prepared in this process
were very small (< 100 nm) and uniform because of the low temperature process

compared to the conventional ammonolysis products at 1000 °C (> 100 nm). [77]

1-3. Dielectricity and crystal structure of oxynitride perovskites

In 2004, unusually high relative dielectric constant values of BaTaOxN (g, =
4600) and SrTaO2N (& = 3000) over a temperature range of 180 — 300 K were reported
for their powder compacts with relative density (RD) of approximately 45% after

annealing at 1050 °C in ammonia. [78] After this report, a number of trials were
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performed to fabricate dense ceramics and thin films targeting the evaluation of their
intrinsic electrical properties for their applications as lead-free, environmentally friendly

dielectric materials.

1-3-1. Local symmetry breaking involving anion ordering

The emergence of large relative dielectric constant values cannot be explained
in relation to their centrosymmetric space groups (tetragonal /4/mcm for StTaO;N (a =
0.569411(7) nm, ¢ = 0.80658(2) nm) and cubic Pm3m for BaTaON (a = 0.41128(1) nm)
determined by powder X-ray and neutron diffractions. [56,57,78] In response to this
enigma, local structure of BaTaO;N was studied employing TEM, EXAFS, and neutron
pair distribution functions and the different distances in Ta-O and Ta-N bonds were
reported. [79-81] This suggests that each Ta atom slightly displaces in one direction from
its averaged centrosymmetric positions in cubic BaTaO:N, making one dimensional
(linear) PNRs. [80]

Distinguishing oxygen from nitrogen by X-ray diffraction is challenging due to
their similar X-ray scattering powers. Neutron diffraction is a powerful means to identify
the positions of these elements, due to the different neutron scattering length of oxygen

(5.803 fm) and nitrogen (9.360 fm). [82] Using this approach, two independent research
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groups reported local cis-type anisotropic configurations of nitride anions in TaO4N> and
NbO4N> octahedra in SrTaO>N and SrNbO>N. [83,84] In addition, it was reported that
LaTiO:N, La;St;TiO2+N1.x (x =0—-0.2), and NdVO:N perovskites have similar cis-type
O/N configuration in TiO4N> octahedra. [67,69] Such anisotropic anion configuration is

favored in many compounds of transition metals with d° electron configurations. [87]

1-3-2. DFT structure optimizations on oxynitride perovskites

Density functional theory (DFT) calculations of both SrTaO>N and BaTaO:N
with cis-type anion configuration model pointed out the formation of helical coil-like
polar Ta-N-Ta-N chains with various lengths and directions. [88] The authors of this paper
expected the presence of three-dimensional polar nano regions (PNRs) formed by polar
Ta-N-Ta-N chains and relaxor-like ferroelectric properties in these oxynitride perovskites.
[88] Such relaxor properties originate from anisotropic local structure in oxynitride
materials with homogeneous chemical compositions are quite different from the
prototypical oxide relaxors with compositional inhomogeneities shown in Fig. 1-8. [2,5]

Additional DFT calculations of each crystal structure of oxynitride perovskites
have been performed by several independent groups. Structure optimizations on

CaTaO;N, SrTaO:N, and BaTaO;N were performed by total-energy calculations and
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phonon-computations. [89] Interestingly enough, all of them were determined to be stable
in the space group of orthorhombic Pnma, unlike previous their powder neutron
diffraction results (/4/mcm for SrTaO.N and Pm3m for BaTaO2N). [56,57] Further
structure optimization was performed on BaTaO>N to find out that the most favored
structure is non-centrosymmetric Pmc2; space group. [89] This result has been extended
to a series of oxynitride perovskites such as LnTaON» (Ln = La, Ce, Pr) and CaTaO>N.
[86] These reports propose an explanation that polar local structure is present in a variety
of oxynitride perovskites which had been believed to be centrosymmetric average
structure by powder diffraction data. Because of these findings, fabrication of dense
ceramics or single crystals are desired to evaluate the intrinsic electrical properties in

oxynitrides.

1-4. Densification processes of oxynitride perovskites
1-4-1. Overview of sintering theory

Sintering behavior of inorganic compounds is connection and consolidation of
each powder particle to densify and strengthen the ceramic products. Here, the principles
of the densification mechanism of inorganic compounds are briefly reviewed. The major

mechanisms are surface diffusion, bulk (volumic) diffusion, dissolution-precipitation
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involving liquid phase, and evaporation-condensation process. Schematic image
summarizing the diffusion procedure is depicted in Fig. 1-9. They are strongly related to
the diffusion phenomena of target materials. Sintering proceeds using the decrease in the
surface free energy on the interface between solid and gas phases as a driving force. The
entire process can be divided into three steps, i.e. (i) particle rearrangement to realize the
intimate packing of neighboring grains, (ii) some necking between grains by material
diffusion via vapor phase, which is called surface diffusion, (iii) boundary and the
volumic diffusions to densify the ceramics by eliminating voids towards the exterior of
the bulks. The surface energy will be minimized by filling up the voids that ideally should
be diminished to the exterior of the ceramics.

Generally, the free energy change during diffusion is expressed as the following

function of diffusion coefficient. [91,92]

dp  0;¥6p Desy
_— s —m—_—— F 1_8
dt krar PP (1-5)

Where p is density, ¢ is time, £ is atomic volume, y is surface energy, Jd» is boundary
diffusion width, Dy is effective diffusion constant, & is Boltzmann constant, 7" is absolute
temperature, d is grain size. Exponents m and n depend on the controlling diffusion

medium. Sintering involving diffusion of solid phase is called solid state sintering. This

process is known to proceed above 70% of the absolute melting points of the target
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materials. [90] However, this procedure is not applicable to the materials with extremely

high melting points like metal nitrides, oxynitrides, borides, and carbides. Such covalent

bonding crystals cannot be sintered by simple heating because most of them thermally

decompose during high temperature processes.

The materials difficult to sinter are densified by means of the diffusions assisted

by other factors like molten solvent (liquid phase sintering) [92-103] and chemical

reactions (reaction sintering). [99,102,104] The latter process is accelerated by the

material transportation during chemical reactions between the starting materials in the

green-compacts. As for the liquid phase sintering, fluxes that play a role of solvent for

target materials to assist their rapid diffusions via dissolution and precipitation are

employed. The merit of this procedure is that their sintering temperatures can be lowered

if a sintering additive with a low melting point is employed.

Diffusion in liquid phase sintering is significantly rapid compared to solid state

sintering. It proceeds with a series of steps; (i) wetting on the surface of solid phase with

melt of sintering additive (ii) reorientation of grains (iii) dissolution and precipitation via

solvent. [92] Wetting of the material surface is a key factor to supply the diffusion medium

to as many grains as possible.

After the wetting and reorientation of grains, target materials diffuse via
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1. Surface diffusion

2. Lattice diffusion {from the
surface}

3. Vapor transport

4. Grain boundary diffusion

5. Lattice diffusion {from the
grain boundary}

6. Plastic flow

Fig. 1-9. Diffusion mechanism during sintering of powders. [91]

dissolution and precipitation. In this process, necking, fusion of tiny particles,
densification of the ceramics, and grain growth proceed simultaneously. Important factor
is that target materials are dissolved to the melt of a sintering additive. Three types of
densification process are proposed in liquid phase sintering as illustrated in Fig. 1-10.
These are; (a) smoothing of contacting points of solid particles, (b) dissolution of tiny
particles and their reprecipitation on the surface of large grains, and (c) necking growth

of grain boundaries. [92] The necking growth uses grain boundary as a material
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Fig. 1-10. The three mechanisms of (a) grain accommodation, (b) dissolution and

reprecipitation, and (¢) grain boundary diffusion in liquid phase sintering. [92]

source as in solid state sintering and then straight boundaries are formed.

Other sintering procedures that are effective for the materials difficult to sinter

are hot press sintering [105-109], hot isostatic press sintering (HIP) [110-114], microwave

sintering [104], spark plasma sintering (SPS) [115,116], and so on. These technics assist

the grain growth, crack healing, densification, and lowering sintering temperatures to

avoid thermal decompositions.

1-4-2. Sintering procedures of metal nitrides and oxynitrides

Conventional sintering procedures for oxide materials are not applicable to

nitrides and oxynitrides due to their extremely small diffusion constants. [117] Additional

approaches using additives and high pressure are necessary to assist the diffusion of such
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covalent crystals. Well known examples are the fabrications of AIN [34-36,96-100,103],

BN [34,42-44], Si3N4 [110-114,118-120], and TiN [38] ceramics and crystals. Liquid

phase sintering of these nitride materials was achieved by employing the sintering

additives of oxides of alkaline metals, boron, or rare earth metals as the sources of liquid

phase. [92-103] The application of high pressure in hot pressing, hot isostatic pressing,

and spark plasma sintering will be effective for further densification. [104-116]

Sometimes oxynitride compounds are considered as the derivatives of oxides,

but their sintering is difficult owing to the high covalency of the bonds between metals

and nitrogen making their diffusion constants quite small. Al30sN (AION) with spinel-

type structure and SiAION oxynitrides are well known exceptional examples that can be

sintered, but in both cases sintering additives of metal oxides and nitrides to generate

liquid phase at lower temperature than their decomposition points are necessary to

fabricate dense ceramics, as in the cases of the abovementioned typical main-group metal

nitrides. [96-102,112,113,116]

1-4-3. Flux growth of metal nitride crystals

Sigle crystal is the most desirable sample form for solid state chemistry because

quite reliable information on their intrinsic properties can be obtained. Solvents for target
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materials are called fluxes and their crystals are grown via dissolution and

recrystallization phenomena. Crystals larger than a certain size can be utilized for the

evaluations of their intrinsic electrical, mechanical, heat-conducting properties, and so on.

Single crystals are obtained by a cooling or flux evaporation to supersaturate the solutions

that contain target materials as solutes. [121] The most common technique for realizing

supersaturation is a slow cooling of solutions when the materials solubilities of which are

strongly affected by temperature. The slower cooling rate is, the higher quality and the

larger crystals are. Another process, flux evaporation, is suitable for the crystals of

materials that show moderate solubilities to solvents against temperature. The loss of

solvents assists the condensation of the solution at constant temperature. [121]

Crystal growth of metal nitrides and oxynitrides is very challenging due to a

lack of the knowledge of appropriate fluxes. To date, only a few examples of the fluxes

are known. They are sodium metal or sodium azide (NaN3) [122,123], LizN [124], CazN»

[36] for various nitrides of typical metals, and self-flux of LisBN> for the productions of

h- and c-BN crystals. [43,44,125] Few production reports have been published for the

fabrications of the crystals of oxynitrides containing transition metals due to the difficulty

in maintaining their chemical compositions.
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1-4-4. Densification processes of SrTaO:N
Sintering of SrTaO:2N at high temperature

There are few reports of sintering behaviors of oxynitrides containing transition
metals owing to their strong tendency to be reduced during high temperature processes.
Among such compounds, thermal stability and sinterability of SrTaO2N involving its
partial decomposition were studied in the group of Kikkawa. [69,126,127] SrTaO,N
begins releasing a part of its nitrogen at about 950 °C in an inert atmosphere.
Approximately 30% of nitrogen is lost up to 1200 °C, but its perovskite-type crystalline
lattice is maintained. [69] StTaO,N changes from orange insulator to black semiconductor
reducing the oxidation state of Ta®". [69,126,127] Further decomposition behaviors
strongly depend on heating atmosphere. Perovskite-type structure of SrTaO>No7 is
thermally robust under nitrogen atmosphere and further decomposition is only a slight
loss of SrO. [69] On the other hand, the perovskite-type phase completely decomposes to
Sr1.4Tao.602.73, TaxaN, and SrsTasO15 in helium. [69]

SrTaO2N can be sintered in nitrogen above 1400 °C losing some of its nitrogen
and SrO. [69,126,127] Addition of a small amount of SrCO3 to SrTaO>N was performed
to compensate for the loss of SrO and phase-pure SrTaO2No.7 ceramics can be sintered

under 0.2 MPa of nitrogen above 1400 °C in BN crucible. [126,127] Resultant black
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SrTaO2No.7 ceramics were post-annealed in flowing ammonia to supply nitrogen for the

ceramic products. Orange color and electrically insulating property were recovered by

this post-ammonolysis. [126,127] SrTaO>N ceramics with orange color even in their

interiors were obtained only for the SrTaO2No.7 ceramics with RD values less than 84%.

[127] On the other side, only the outermost surface in a thickness of several micrometers

could be re-nitrided in the case of highly densified ceramics of RD > 90%. In this case,

their interiors still remained as semiconducting SrTaO:No7. [127,128] Electrical

resistivity of the post-annealed ceramic products differs depending on the synthetic routes

of the original SrTaO>N powders. Zhang, who reported the sintering of SrTaO2N for the

first time [126], prepared the starting SrTaO>N powder by the ammonolysis of Sr2Tax07

precursor obtained by sol-gel synthesis using SrCly, TaCls, and citric acid. Residual

carbon is suspected to have a negative influence on the insulating properties of ceramic

products, which showed its high dielectric loss tand values larger than 0.4 even after post-

ammonolysis. [126] Instead, Sun synthesized SrTaO,N powder from Sr,Ta>,O7 obtained

by the solid state reaction between SrO and Ta>Os. [127] The ceramic products showed

much better electrical insulation. The post-annealed SrTaO2N ceramics with RD = 83.3%

had a relatively high &- of 450 with a low tand less than 0.1. These values are almost

independent of frequency and temperature. [127] Piezoresponse as well as local
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capacitance hysteresis loops were also observed in the scratched off surface area of post-

annealed dense SrTaO;N ceramics with RD > 90%. [128] The polarization signal

increased by the applied voltage and its coercive electrical bias was estimated to be

approximately £8 V. Further bias to saturate the polarization could not be applied because

of an electrical current leakage. So, most importantly, invention of a densification technic

of highly-insulating oxynitride perovskites is desired.

Densification of SrTaO:N under high pressure

Apart from the abovementioned pressureless sintering, several trials have been

made to obtain oxynitride ceramics by the assist of applied pressure. Hot isostatic press

(HIP) sintering has been a powerful tool to densify oxide ceramics. For nitride-based

materials, it has also been utilized for SizNs ceramics by assisting their grain growth,

crack healing, densification etc. [110-114] Zhang applied a glass capsule-HIP sintering to

SrTaO2N powder compacts under 196 MPa of Ar gas pressure at 1200, 1400, and 1600 °C

for 3 h. [129] Their products were contaminated with tantalum carbide and Sr2Ta>O7

impurities and partial nitrogen loss from SrTaO:N occurred, similar to that observed

during pressureless sintering under 0.2 MPa of nitrogen. [126,127]

In another work, high nitrogen pressure of 190 MPa was directly applied to

SrTaO2N compacts and their sintering behavior was studied. [130] Perovskite phase was
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maintained up to 1450 °C for additive-free SrTaO>N and rapid grain growth to larger than

10 um was observed. [130] However, partial loss of nitrogen was inevitable even under

the pressurized nitrogen, suggesting that nitrogen-deficient phase SrTaO:No7 is more

stable than SrTaO>N at high temperature. [130]

Densification of SrTaO>N with mechanical pressure of 7 GPa applied by belt-

type high pressure apparatus was also tried by Masubuchi. [131] Neither grain growth

nor sintering behavior were observed in the ceramic products and the maximum RD value

remained 83%. [131] Surprisingly, StTaO2N changed to black semiconductor in this high

pressure treatment, indicating that anion defects are formed during this process. [131]

The above results suggest that fabrication of oxynitride perovskite ceramics

avoiding their partial nitrogen loss is quite difficult due to the mismatch of their high

sintering temperature and low thermal stability.

1-4-5. Electrical properties of SrTaO:2N thin films

Compressively strained SrTaO:N thin films also showed ferroelectric behavior

[51,54], which was observed only in tiny domains in the size of 10 — 100 nm. In addition

to such inhomogeneity, they showed electrical leakage during P-E measurements as in

the cases of ceramic specimens. [51] The author of this report proposed the trans-type
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anion configuration model by DFT calculation [51], which is not consistent with the cis-

type local structure confirmed by powder neutron diffraction studies. [83,84] Self-

standing bulks such as fully-densified ceramics or single crystals of oxynitride

perovskites with high electrical insulation are much more desirable to remove such

ambiguity of their electrical properties in previous researches.

1-5. Purpose of the present research

Polarizations in thin SrTaO>N ceramic specimens mentioned above could not be

saturated because of their poor insulation. A contribution of semiconducting residue even

after post-ammonolysis is suspected on such electrical current leakage. Fabrication of

self-standing oxynitride ceramics or single crystals containing transition metals will be a

valuable work in both aspects of solid state chemistry and industry. In the present research,

BaTaO>N was selected as a main target material expecting similar sinterability and

dielectric properties to SrTaO>N. The main scope of this work is sintering and crystal

growth of BaTaO;N maintaining its stoichiometry to elucidate the presence of

ferroelectricity, which has been suggested by structural studies for a decade.

This thesis is consisted of eight sections including general introduction (the

present chapter), experimental results and discussion part (Chapters 2 — 7), and
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conclusion (Chapter 8). First of all, reinvestigation of the crystal structure of BaTaO,N

was performed considering non-centrosymmetric structural model as a candidate. Then,

thermal stability and high temperature sintering of BaTaO:N to form nitrogen-deficient

BaTaO»Ny g5 ceramics followed by a post-ammonolysis were studied to observe the large

relative dielectric constants that do not depend on temperature in BaTaO>N ceramics.

Afterwards thermal behaviors of alkaline-earth metal carbodiimides were investigated to

find out that BaCN; has a low melting point of 910 °C and its melt is useful for the crystal

growth of oxynitride perovskites. The effects of the amount of BaCN; flux and

heating/cooling conditions on the crystal growth were investigated with their

microstructural studies. Piezoelectricity of micron-sized BaTaOxN crystals grown in a

BaCN; flux was studied to observe ferroelectric polarization phase alternation. Such

behavior of BaTaOxN crystals is explained in conjunction with the theory of polar nano

regions consisted of anisotropic anion ordering. In addition, BaCN; was utilized as a

sintering additive of BaTaO:N and its ceramics were obtained avoiding partial

decomposition in a spark plasma sintering (SPS) furnace. In the last chapter,

comprehensive explanation of the densification processes, ferroelectricity, and crystal

structure of BaTaO:N is given.
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Chapter 2

Reinvestigation of the Crystal Structure of BaTaO:N

2-1. Introduction

Space group of BaTaO2N has been reported to be centrosymmetric Pm3m (a =
0.41128 nm) based on powder neutron diffraction. [1,2] On the other hand, some
deviations from centrosymmetric structure to form one-dimensional PNRs were
suggested by TEM, EXAFS, and neutron pair distribution functions. [3-5] Furthermore,
DFT calculations in combination with molecular dynamic calculations indicated that cis-
type anisotropic anion configuration in TaO4N; octahedra are favored in BaTaO;N. [6] In
such structural model, three-dimensional polar clockwise and anti-clockwise coil-like
helical Ta-N-Ta-N chains in various directions and lengths are believed to behave as
PNRs to originate relaxor-like ferroelectric properties. [6] Another first principle study
indicated that crystal structure with Pnma space group is favorable among Pm3m, [4/mcm,
and Pnma for BaTaOoN and furtherly optimized structure is non-centrosymmetric
orthorhombic Pmc2; with cis-type nitrogen configuration. [7] By summing up the above
reports, tiny regions with non-centrosymmetric structure composed of polar Ta-N-Ta-N
chains may be dispersed over Pm3m average structure in BaTaO,N. Analysis of a powder
diffraction profile of BaTaO2N considering the presence of Pmc2; region will provide an

important suggestion regarding the presence of non-centrosymmetric parts in average
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centrosymmetric structure.

In the present chapter, secondary harmonic generation (SHG) measurement was

conducted to obtain several clues indicating the breaking of centrosymmetry, which is

consistent with the presence of ferroelectricity. Additionally, Rietveld fitting of the

powder neutron diffraction profile of BaTaOoN was also performed based on both of

Pm3m and Pmc2, structural models.

2-2. Experimental

Reddish powder of BaTaO2N was obtained by the ammonolysis of the mixture

of BaCOj3 and Ta05 (99.9%, FUJIFILM Wako Pure Chemical) with a molar ratio of 1.03 :

1 as mentioned in the previous publication. [8] Both of the starting materials were mixed

in an agate mortar with an ethanol. The mixture on an alumina boat was heated under

flowing ammonia (99.9%, Sumitomo Seika) with a total duration at 930 °C of 60 h.

Starting with slightly Ba-rich composition was effective to avoid the formation of Ta3Njs

impurity probably due to a slight loss of BaO by the reaction with alumina. Chemical

composition was studied with X-ray fluorescent spectroscopy (XRF, SEA6000VX-SII,

Hitachi) for Ba and Ta molar ratios and the combustion analysis for oxygen and nitrogen

contents (EMGA-620W, Horiba) using Gd203 (99.9%, FUJIFILM Wako Pure Chemical)
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after calcination at 1000 °C and Si3Ns (JCRM R004, Ceramic Society of Japan) as

references. The crystalline phase and composition of the synthesized powder were

confirmed to be pure BaTaO>N.

A spectroscopic analysis of secondary harmonic generation (SHG) by the

BaTaOxN aggregates was performed to elucidate the presence of a non-centrosymmetric

structure. The excitation source was an acousto-optically Q-switched Nd: YAG laser (T40-

X30S-106Q, Spectra Physics) with a 1064 nm wavelength, an average power of 0.6 mW

and a pulse width of 30 ns at a repetition rate of 4 kHz. The laser beam was focused by a

lens with a 150 mm focal length on the surface of an aggregate of as-prepared BaTaO>N

powder or microcrystals (prepared with 46 mol% BaCN: flux by keeping at 910 °C for

30 min and subsequent cooling at 1.8 °C/h. More detail is explained in the crystal growth

section of Chapter 5). This technique purposely used a low excitation power to avoid

thermal decomposition of the BaTaO2N during irradiation and to allow data accumulation

over a long time span of 4 h.

Powder neutron diffraction was performed on approximately 10 g of BaTaO2N

powder obtained by the ammonolysis. Neutron diffraction data was obtained at beamline

BL20 (iMATERIA) at the Japan Proton Accelerator Research Complex (J-PARC) and

analyzed using the Z-Rietveld software (Windows Ver. 1.0.2.0). Preliminary assessment
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of XRD profile fitting was conducted for the data obtained with a Cu Ka radiation over
an angular range 26 = 10 — 120° with a scanning speed of 0.2°/min using either structural

models of Pm3m or Pmc2, space groups. [1,7,9] Lattice parameters were calculated using

a Rietveld program RIETAN-FP. [10]

2-3. Results and discussion

SHG assessments were performed for BaTaO:N aggregates to confirm the
presence of non-centrosymmetric structure. In these trials, a 1064 nm laser beam with a
diameter of approximately 100 um was irradiated to the surface of the BaTaO>N powder
at 30 °C, to avoid the partial loss of nitrogen from the crystals as a result of laser heating.
In response, a weak secondary harmonic wave at 532 nm was observed (Fig. 2-1(a)),
confirming the presence of non-centrosymmetric regions in the BaTaO2N crystals. This
result demonstrates that local symmetry was disturbed by the co-presence of oxygen and
nitrogen atoms in the reported centrosymmetric Pm3m crystal structure. SHG was
observed on both of the as-prepared BaTaO>N powder and microcrystals.

Preliminary assessments of the powder XRD profile fitting of BaTaO:N are
performed using Rietveld refinement. Two types of structural models of BaTaO2N

perovskite were proposed according to the powder neutron diffraction and DFT
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Fig. 2-1. SHG spectra acquired from (a) BaTaO>N microcrystal aggregate and (b)

reference amorphous silicon dioxide powder at room temperature.

structure optimizations. [1,7] One is centrosymmetric, cubic Pm3m model [1] and another
one is non-centrosymmetric orthorhombic Pmc2; space group model with the cis-type
nitrogen configurations in TaO4N> octahedra. [7] In the present study, structural model of
Pmc2, phase was constructed by using a data for CaTaO2N with Pmc2: space group
suggested in Ref. 9. Each structure model and structural data are presented in Fig. 2-2
and Table 2-1, respectively. It should be noted that only the lattice parameters were
refined in this process. Neutron diffraction profile fitting was subsequently performed
assuming that the BaTaO>N powder is a mixture of Pm3m and Pmc2; phases. The weight
ratios of these two phases were changed to improve the fitting convergence. The variance

values (s°) against the phase ratios are plotted in Fig. 2-3 and the minimum value was
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Table 2-1. Structural parameters of BaTaO:N calculated with powder XRD profile.

Space group Pm3m
al A 4.11144(10)
al® 90
ViA3 69.4995(28)
Z 1
Rup ! % 8.6
S 1.3
Atom Site X y z Occ.
Ba la 0.00000 0.00000 0.00000 1.000
Ta 1b 0.50000 0.50000 0.50000 1.000
O 3c 0.50000 0.50000 0.00000 0.667
N 3c 0.50000 0.50000 0.00000 0.333
Space group Pmc2,
al A 8.21719(30)
b/ A 5.81897(23)
c/A 5.81404(29)
al° 90
p/° 90
y/° 90
ViIA3 278.0017(204)
VA 4
Rup 7.8
S 1.2
Atom Site X y z Ocec.
Ba 2a 0.00000 0.25010 0.50000 1.000
Ba 2b 0.50000 0.75000 1.00000 1.000
Ta 4c 0.75000 0.75000 0.50000 1.000
o 2a 0.00000 0.75000 0.50000 1.000
o 2b 0.50000 0.25000 0.00000 1.000
O 4c 0.75000 0.50000 0.25000 1.000
N 4c 0.75000 1.00000 0.25000 1.000
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Fig. 2-2. Rietveld profile fitting results of powder XRD data of BaTaO:N calculated with
(a) Pm3m and (b) Pmc2; space group with cis-type anion configuration models. Red dots,
green line, green vertical bars, and blue lines are observed and calculated intensity, Bragg
positions, and the residual errors, respectively. The insets are crystal structure models
drawn using the VESTA software package. [11] Brown, green, blue, and purple balls
indicate Ba, Ta, O, and N, respectively.
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Fig. 2-4. Rietveld refinement result of the powder neutron profile for BaTaO,N powder.
The weight ratio of Pm3m and Pmc2, is 93 : 7. Red crosses and light blue line indicate
the observed intensity and simulated profile, respectively. Upper and lower green vertical

bars indicate Bragg positions for Pm3m and Pmc21 models, respectively.
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obtained with 7 wt% of Pmc2 phase. The fitted profile with 7 wt% of Pmc2, phase is
shown in Fig. 2-4 and such non-centrosymmetric regions are considered to behave as
PNRs without compositional inhomogeneity. The real structure of BaTaO>N may belong
to polar Pmc21 space group, but the connections of most of the polar cis-type Ta-N-Ta-N
linkage can be partly disturbed in BaTaO:N, only to be detected as Pm3m “average”
structure. This is the reason why the apparent structure of BaTaO>N had been identified

as Pm3m space group in the diffraction measurements.

2-4. Conclusion

The presence of non-centrosymmetric region in BaTaO>N was confirmed by
SHG measurements. Better profile fitting was achieved by assuming that BaTaO:N
powder is a mixture of 93 wt% of Pm3m and 7 wt% of Pmc2: phases, compared with the
calculation assuming the single phase of Pm3m space group. This indicates that the trace
of polar regions was detected in powder neutron diffraction, which is consistent with the
emergence of SHG. However, most part is detected as centrosymmetric average structure

in diffraction studies, as in the previous reports.
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Chapter 3

High Temperature Sintering, Post-ammonolysis, and Electrical
Properties of Perovskite-type BaTaO:N

3-1. Introduction

Oxynitride perovskites such as SrTaO2N and BaTaOxN are promising lead-free
dielectric materials. [1-4] As mentioned in the last chapter, a clear SHG signal and neutron
diffraction profile fitting for BaTaO;N powder indicate the presence of non-
centrosymmetric structure. Further study on this compound is necessary to disclose more
detail of its dielectricity especially ferroelectric behaviors. However, fabrication of high-
density oxynitride ceramics keeping stoichiometric composition is known to be difficult
in general. Sintering of SrTaO>N was performed by high temperature process [2,3] and
its thermal behavior was studied in a nitrogen atmosphere in relation to its sintering
conditions. [2,5] SrTaO2N begins releasing approximately 30% of its nitrogen at 950 °C
even under nitrogen atmosphere to form a nitrogen deficient perovskite SrTaO2No.7 and
loses a trace amount of SrO during sintering at 1400 °C. [2,3,5] Addition of a small
amount of SrCO; was necessary to maintain the perovskite-type phase of SrTaO2No.7
during the high temperature sintering. SrTaO2N changes from orange insulator to black
semiconductor during sintering due to a partial reduction of Ta>". [2,3,5] Post-annealing

of SrTaO2No.7 ceramics in NH3 flow is effective to recover the original nitrogen contents
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of SrTaO;N. The sintered SrTaO2No7 ceramics with RD < 84% completely recovered

their nitrogen contents and electrically insulating property after annealing. The post-

annealed SrTaO2N ceramics with RD = 83.3% had high relative dielectric constant (&) of

450 with a low dielectric loss of less than 0.1 at 100 Hz, almost independent of frequency

and temperature. [2] However, the interior of the well-sintered ceramics with RD =95.1%

exhibited semiconducting behavior and a black color, even after post-ammonolysis. [2,4]

Atomic force microscopy (AFM)-based technique has enabled to evaluate

electrical properties of nano-sized materials. Piezoresponse force microscopy (PFM) has

been used to explore nanoscale ferro/piezoelectric phenomena over the past two decades.

The imaging mechanism of PFM is based on the detection of the electromechanical

response between a small tip and a ferroelectric surface. [6,7] Piezoresponse as well as

ferroelectric hysteresis were observed for the clacked off surface of the dense SrTaO>N

ceramics with RD > 95% in a thickness of approximately 8 um, although current leakage

was inevitable at high voltages. [4]

Higher relative dielectric constant values of BaTaO2N compared to SrTaO2N

are suggested by the investigations on their porous bulks with RD = 45% [1], but further

detail is still unclear. The thermal behavior and sinterability of the BaTaO2>N should be

investigated, to obtain densified ceramics in order to investigate its dielectric properties.
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In the present chapter, thermal stability of BaTaO>N powder in both He and N>

atmospheres is investigated using TG-MS in comparison with that of StTaO,N. BaTaO,N

mixed with a small amount of BaCO3; was sintered in nitrogen atmosphere and post-

ammonolysis was then applied to recover the stoichiometric composition. The ceramics

were characterized in their crystalline phases, microstructure, and dielectric properties.

PFM measurements were also applied on the thin specimens sliced from the dense

BaTaO;N ceramics with RD > 90% after their post ammonolysis. The piezoelectric

behaviors are discussed in relation to their chemical compositions and microstructure.

3-2. Experimental

Ceramics fabrication

Phase-pure BaTaO:N perovskite powder was synthesized as mentioned in

Chapter 2. X-ray diffraction (XRD) with Cu Ka radiation at 40 kV and 40 mA (Ultima

IV, Rigaku) was used for phase identification. The data were collected over the 26 angular

range of 10 — 90°, with each step of 0.02° and scanning speed of 10°/min.

Thermal stability of BaTaO>N powder was studied by using TG-DTA-MS

(STA2500-QMS403 Aeolos, Netzsch) in helium or nitrogen flow at 200 mL/min. The

sample chamber was evacuated to 10 Pa prior to the measurements. Approximately 40
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mg of the sample was heated in an alumina crucible to 1400 °C at a rate of 20 or 5 °C/min.

Excess BaCO3 powder (2.5 — 5.0 wt%) was mixed with the reddish BaTaO;N
powder product as in the previous reports of the sintering of SrTaO>N. [2,3] Mixtures
containing different amounts of BaCO3 additive were uniaxially pressed into pellets with
a diameter of 5.9 mm at 46 MPa and then cold isostatically pressed at 150 MPa. These
green-compacts were placed in a BN crucible and sintered at 1350, 1400, or 1450 °C for
different holding times under 0.2 MPa of N> gas pressure (> 99.999% purity, AIR WATER
Inc.) in a carbon furnace (High Multi 5000, Fuji Dempa Kogyo). The heating rates were
20 °C/min below 1200 °C and 10 °C/min at higher temperature. After holding at the
desired temperature, the samples were cooled down to room temperature in the furnace.
After cooling, the ceramic surfaces were polished with a sandpaper with SiC particle size
of 2 — 3 um, and the relative densities were measured using a water vacuum penetration
technique in combination with Archimedes method. [2] The crystalline phases present on
the polished surface were studied using XRD. The BaTaO2N ceramics lost approximately
15 at% of nitrogen and changed to black BaTaO2No s5s during sintering. The color change
was assumed to be induced by the partial reduction of Ta>* in BaTaO2N because of its
partial loss of nitrogen, as is observed in SrTaO:N. [2,3,5] The black ceramics were

electrically semiconducting and did not show dielectric properties.
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The as-sintered BaTaO2No g5 ceramics were post-annealed at 1000 — 1030 °C in
an NHj; flow of 100 mL/min. The fracture surfaces of ceramics sintered at 1350 and 1400
°C for 3 h was studied by scanning electron microscope (SEM, JSM-6390 LVS, JEOL)
and field emission SEM (FE-SEM, JSM-6500F, JEOL).

Chemical analyses were conducted for each fabrication process. X-ray
fluorescent spectroscopy (XRF, SEA6000VX-SII, Hitachi) was used for Ba and Ta molar
ratios, and the oxygen and nitrogen contents were determined by combustion
oxygen/nitrogen analyzer (EMGA-620W, Horiba) using Gd203 (99.9%, FUJIFILM Wako
Pure Chemical) after calcination at 1000 °C and Si3N4 (JCRM R004, Ceramic Society of
Japan) as references.

Electrical property measurements

Ag pasted electrodes (4922N, DuPont) were applied on the surfaces of the fully-
annealed BaTaO;N ceramics with RD = 73.0 and 59.5%. Dielectric behaviors were
investigated with an LCR meter (4274A, Hewlett Packard) in the frequency range of 10?
— 10° Hz and with an impedance/material analyzer (E4991A / 16453A, Agilent) in the
range of 3x10° — 10 Hz at temperatures of 30 — 150 °C. Effects of electrodes had been
confirmed to be insignificant between the pasted Ag and the sputter-deposited Pt on the

sintered pellets with RD ~ 75% in the previous study. [3]
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PFM measurements were conducted on the post-annealed BaTaO>N ceramics
with RD of approximately 94.6%, which was obtained by a sintering at 1400 °C for 8 h.
The sample recovered its original red color of stoichiometric BaTaO,N on its outermost
surface from black by the post-ammonolysis in NH3. The post-annealed ceramics was
sliced into two pieces by a diamond cutter. The specimens were fixed on a conductive
ceramic block and then polished by a lapping sheet (Lapping Film, 3M) in order to reduce
their thickness to less than 20 um, which is appropriate to obtain a sufficient electrical
field for observing a piezoresponse. Appearance of the polished slice was observed using
an optical microscope (SZ61, Olympus). Microstructure of the specimens was observed
by SEM (JSM-7001F, JEOL) and STEM (Titan G2, FEI). The STEM sample was
prepared using a focused ion beam (FIB) of gallium (Nova200i NanoLab, FEI).

The conductive ceramic block with the lapped BaTaO2N specimen was attached
ona 10 x 10 mm? copper plate of AFM apparatus observation by a conductive silver paste
(DOTITE, Fujikura). Both AFM and PFM measurements were performed by using a
scanning microscope (E-sweep with NanoNavi Probe Station, SII Nano Technology). A
Rh-coated silicon cantilever (Si-DF3-R (100), SII Nano Technology) with a stiffness of
1.7 N/m was employed for the measurement in a resonance frequency of 27 kHz. PFM

measurement was performed at the driving AC electric field frequency of 5 kHz and the
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applied AC field amplitude of 1 — 10 V. The domain poling was performed by applying

biases of -10 and 10 V to each measurement area.

3-3. Results and discussion

Thermal stability and sintering of BaTaO:N

The thermal stability of BaTaO;N powder in a helium atmosphere was

investigated at a heating rate of 20 °C/min. A slight initial weight loss due to the

desorption of adsorbed water and carbon dioxide was observed below 750 °C and a small

amount of nitrogen (0.88 wt%) was released, starting around 800 °C as confirmed by the

TG-MS results shown in Fig. 3-1. The above weight loss in wt% corresponds to 16 at%

of the theoretical nitrogen content of BaTaO2N. Another, larger nitrogen release began

around 1150 °C as the sample began to decompose. A mixture of mainly TaoN (JCPDS

26-985) and S-BasTaxO9 (JCPDS 32-80) with an unknown impurity in a trace amount

were observed after the thermal analysis up to 1550 °C as in the XRD profiles of Fig. 3-

2. The decomposition at higher temperatures was strongly suppressed in a nitrogen

atmosphere and thermally robust nitrogen-deficient perovskite BaTaO2Noss still

remained as a main phase. These thermal behaviors are very similar, and the observed

temperature, especially that of the first nitrogen loss, was slightly lower than that of
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SrTaO2N (950 °C). [5] Additional TG measurement with a slow heating at 5 °C/min was

conducted to determine more precise decomposition temperature of BaTaO>N. The result

shown in Fig. 3-3 indicates that BaTaO,N begins releasing its nitrogen at 920 °C. The

lower thermal stability of BaTaO>N may be related to the lower lattice enthalpy of the

barium compounds than that of the strontium homologues. [8-10] The perovskite-type

structure remained even after the first nitrogen loss and the cubic lattice parameter was a

= 0.4107(3) nm, compared to 0.4112(2) nm before the nitrogen loss. Nitrogen was

selected for the sintering atmosphere of the BaTaO>N compacts because the

decomposition of the perovskite-type structure is suppressed.

The green-compacts were sintered in a BN crucible using a BaTaO>N powder

bed. The sintering was performed at 1350 or 1400 °C for 1 — 8 h, similar to the conditions

used in previous SrTaO:N research [2,3], by changing the amount of BaCOj additive. All

of the sintered bodies were black or brown in color. The crystalline phases observed on

the ceramic surface were studied by XRD. A rock-salt type TaO impurity appeared with

BaTaO2Ny.ss perovskite in ceramics prepared without BaCOs additive, as shown in Fig.

3-4(a). This impurity disappeared, and phase-pure BaTaO2No.ss was obtained in ceramics

sintered with 2.5 wt% of BaCO3, as shown in Fig. 3-4(b). Another impurity, BasTa4O1s,

appeared in ceramics sintered with 5 wt% of BaCO3, as shown in Fig. 3-4(c). Thus, the
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Fig. 3-1. 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 in mass spectrometer (helium atmosphere, broken line). Heating rate in both

atmospheres is 20 °C/min.
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Fig. 3-2. Powder XRD profiles and photographs of (a) as-prepared BaTaOxN, (b and c)
samples after TG measurements up to 1550 °C under nitrogen and helium atmospheres,
respectively. Diamonds, circles, daggers, squares, inverse triangles, and question marks
indicate BaTaON(ICSD 202763), 6-TaN(ICSD 76455), 6-TaN(ICSD 76456), p-
BasTaxOo(JCPDS 32-80), TaaN(JCPDS 26-985), and unknown phases, respectively.
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Fig. 3-3. TG curve of BaTaO,N under flowing nitrogen at a heating rate of 5 °C/min.

61



2.5 wt% BaCOs3 additive enabled the production of phase-pure BaTaO>No.gs ceramics

under the present sintering conditions. Further densification occurred with increases in

the sintering temperature and duration. The RD was only 59.4% after sintering at 1350

°C for 3 h, and reached 93% after 1400 °C for 6 h, as summarized in Table 3-1. A sintering

temperature of 1450 °C was necessary to obtain SrTaO;N ceramics with RD > 90%. [2]

On the contrary BaTaO2N can densify at lower temperatures than SrTaO>N probably

because the diffusion of BaTaO,N was assisted by its partial decomposition reaction that

begins slightly lower temperature than SrTaO:N. [5]

SEM images of the fracture surfaces of each BaTaO2Ny g5 ceramics are depicted

in Fig. 3-5. The grains were grown to several hundred nanometers in size, and some grain

necking was observed in ceramics sintered at 1350 °C for 3 h as shown in Fig. 3-5(b).

The grains grew furtherly and the voids became smaller in ceramics sintered at a higher

temperature of 1400 °C for 3 h as depicted in Fig. 3-5(c). These voids might have been

formed due to the partial release of nitrogen during sintering. On the other hand, they are

useful in post-annealing process under flowing ammonia to recover the partially lost

nitrogen. Voids shrank in size and the microstructure of the ceramics became denser by

the long duration at 1400 °C as in the images of Fig. 3-5 (d — f).

The BaTaO2No s ceramics sintered at 1400 °C for 3 h were post-annealed in
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ammonia at 1000 — 1030 °C. The black as-sintered ceramics became red during the post-

ammonolysis and the electrical conductivity decreased, changing from semiconductor to

insulator in a manner similar to that of the annealing of SrTaO,N ceramics. [2-4] A trace

amounts of BasTasO1s impurity in the as-sintered BaTaOxNo.ss ceramics prepared with

2.5 wt% BaCOs3 at 1400°C for 3 h disappeared after post-ammonolysis, and the annealed

product was phase-pure stoichiometric BaTaO,N according to XRD profiles of the ground

sample as shown in Fig. 3-6. The cubic lattice parameter expanded slightly from a =

0.4109(1) nm to a = 0.4113(2) nm in the ceramics processed by post-annealing, probably

because of the recovery in the nitrogen stoichiometry of the BaTaO;N. The latter value is

comparable to a = 0.4112(1) nm observed in the as-prepared BaTaO>N powder and a

reference value (0.41128 nm). [12]

The crystallinity was considerably improved by the sintering because of the

much higher temperature of 1400 °C, compared to the preparation temperature of 930 °C.

The nitrogen content slightly decreased by the sintering process but it was recovered in

the post-ammonolysis, although the barium, tantalum, and oxygen contents almost

unchanged by these processes as shown in Table 3-2.

63



<110 7]

: S

e = | s Y g 7

SO S A N
= O

15} 0 0

Sle® )} J S R Y
O

0 0

@ l 2 N U |

1 | | | |
20 30 40 50 60 70 30
260(Cu Ka) / degree
g

Fig. 3-4. X-ray diffraction patterns for the polished surface of BaTaO2N ceramics sintered
at 1400 °C for 6 h with (a) 0 wt%, (b) 2.5 wt%, and (¢) 5.0 wt% of BaCOs additive. The
inset is an expansion around the diffraction angle of 26 = 30 — 45°. Diamonds, inverse
triangles, and arrows represent diffractions for BaTaO2No.gs (BaTaO,N, ICSD 202763),
BasTasO15 (JCPDS 18-195), and TaO (ICSD 105549), respectively.
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Fig 3-5. SEM micrographs of the fracture surfaces of (a) green-powder compact of
BaTaO;N and as-sintered BaTaO;Nosgs ceramics fabricated with 2.5 wt% of BaCOs3
sintered (b) at 1350 °C for 3 h and (c) — (f) at 1400 °C for 3, 4, 5, 6 h, respectively.
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Table 3-1. Relative densities and crystalline phases of BaTaO2N ceramics.

Amount of Heating Relative density (RD) / % ) RD of SrTaO2No 7
o .. ; Crystalline phases .
BaCOs3 additive condition as-sintered Annealed ceramics / % [2]

5 wt% 1450 °C-4 h 86.8 - BaTaO2No.ss -
5 wt% 1450 °C-3 h 84.0 - BaTaO2No.ss -

2.5 wt% 1450 °C-3 h 88.7 - BaTa0O2Ny.gs/TaO 94.5
3 wt% 1400 °C-8 h 94.6 - BaTaO2No.ss -

2.5 wt% 1400 °C-8 h 90.0 - BaTaO2Ny.gs/TaO -
0 wt% 1400 °C-6 h 89.8 - BaTaO2No.gs/TaO -

5.0 wt% 1400 °C-6 h 92.0 - BaTaO»No.gs/BasTasO15 -

2.5 wt% 1400 °C-6 h 93.0 - BaTaO2No.ss 84.0

2.5 wt% 1400 °C-5 h 87.6 - BaTaO2No.ss 80.6

2.5 wt% 1400 °C-4 h 80.1 - BaTaO2No.ss -

2.5 wt% 1400 °C-3 h 74.6 73.0 BaTaO2No.s5/BasTasO1s 61.6

2.5 wt% 1400 °C-1 h powder - BaTaO>No.gs/BasTasO15 -

2.5 wt% 1350 °C-3 h 59.4 59.0 BaTaO2No.ss 59.5
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The full recovery of the red color and chemical composition was difficult for
the ceramics sintered for longer time in order to obtain higher RD values. The outer
surface returned to red color and the interior remained black in ceramics with RD > 75%.
Photographs of the fracture surfaces of the post-annealed BaTaO>N ceramics are depicted
in Fig. 3-7. The residual black regions in a total sample volume increased with an
increasing of RD. As for the dense ceramics with RD = 93.0%, the recovered outermost
surface was observed as a layer in the cross-section image, the thickness of which was
approximately 7 pm.

Dielectric properties of BaTaO:2N ceramics

Electrical conductivity was estimated before and after post-annealing using
Cole-Cole plots for BaTaO;N ceramics sintered at 1400 °C for 3 h. As-sintered
BaTaO;No.ss5 ceramics showed an arc of a semicircle in these plots, as depicted in Fig. 3-
8. An electrical resistance of less than 1 MQ cm was predicted by extrapolating the arc.
The value is comparable to the one reported for BaTaO>N by Kim et al. [1] and slightly
larger than those for SrTaO;N ceramics before annealing. [2,3] This extrapolation was
impossible for post-annealed ceramics, suggesting insulating property. ¢ value was 620
at 10> Hz and decreased slightly to 320 at 10® Hz in post-annealed ceramics sintered at
1400 °C for 3 h with RD = 73.0%, as shown in Fig. 3-9. Lower ¢, values of 120 and 80
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Fig. 3-6. Powder XRD profiles and photographs of (a) as-prepared BaTaO:N, (b) ground
as-sintered BaTaO;No.gs ceramics fabricated at 1400 °C for 3 h with 2.5 wt% of BaCO3,
and (¢) homogeneously post-annealed BaTaO>N ceramics. Diamonds and triangles
indicate BaTaO>N (ICSD 202763) and BasTasO15 (JCPDS 18-195), respectively.
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Table 3-2. Elemental contents of BaTaO,N samples at various processing steps. The
ceramics were sintered with 2.5 wt% BaCOs3 at 1400 °C for 3 h.

Ba/ wt% Ta / wt% O/ wt% N/ wt%
As-prepared powder 38.5(1) 50.0(2) 8.0(3) 3.5(1)
As-sintered ceramic 38.8(1) 49.2(2) 9.0(4) 3.0(1)
Post-annealed ceramic 38.5(1) 49.4(2) 8.8(3) 3.3(1)
Theoretical value 37.7 49.7 8.8 3.8
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Fig. 3-7. Photographs of the fracture surfaces of the post-annealed BaTaO,N ceramics.
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were obtained for the respective frequencies in post-annealed ceramics sintered at
1350 °C for 3 h with lower RD = 59.4%. These ceramics were well annealed and more
homogeneous, even in their interiors, due to the high porosity. The dielectric loss was less
than 0.4 for well-annealed ceramics sintered at 1400°C for 3 h with a relatively high RD
= 73%. It is comparable to the reported value of less than 0.1 for StTaO2N. [2] & values
were 620 — 320 for BaTaO;N and 300 — 80 for SrTaO>N in the same frequency range. [2]
Larger ¢ values were observed in the present BaTaO;N than in SrTaO:;N. Electronic
contribution is suspected for the very large ¢ values of more than thousand in the
preliminary experiments of BaTaO;N bulks. [1]

The temperature dependence of dielectric properties of post-annealed BaTaO;N
ceramics sintered at 1400 °C for 3 h with RD = 73.0% was also investigated at
temperatures up to 150 °C. The values did not change by the temperature very much, as
shown in Fig. 3-10.

Piezoelectricity of BaTaO2N ceramic specimen

Piezoresponse was studied on the BaTaOxN ceramic obtained by sintering at
1400 °C for 8 h and successive post-ammonolysis. XRD of the ceramic surface confirmed
that the sintered body was phase-pure BaTaO2N belonging to the space group of Pm3m
with @ = 0.4117(1) nm (see Fig. 3-11), which is comparable to the lattice parameter of
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ICSD 202763 (a = 0.41128 nm). [12]

Only the surface was recovered to an original red color from black of the

electrically conductive as-sintered dense ceramics during the post ammonolysis. Color

was purple at rim of the thinner surface slice and dark purple in its thicker inside as shown

in Fig. 3-12. Both topological and piezoresponse measurements were performed in two

regions of a squared area of the thin specimen. Microstructure of the region A in Fig. 3-

12 was porous and low in density. There was no piezoresponse due to the porous nature

of specimen. Microstructure was relatively dense in the region B, which was slightly

interior of the slice, and piezoresponse slightly appeared as represented in Fig. 3-13. The

area where did not show piezoresponse is porous probably due to the decomposition of a

small amount of Ruddlesden-Popper type Ba;TaO3N impurity formed by the reaction of

BaO and BaTaO:N during sintering. [11]

Some of the post-annealed ceramics had higher densities in its exterior sides

along diameter than interiors just below its outermost surface as shown in Fig. 3-14(a).

Necking was more pronounced between grains in the former part to have much higher

density and less porosity than the latter. STEM image showed that grains in size of less

than 500 nm were closely packed each other in the former and there were many vacancies

between the relatively grown grains in the latter as depicted in Fig. 3-15. No response
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Fig. 3-8. Complex impedance spectra for post-annealed BaTaO;N ceramics sintered at
1400 °C for 3 h (open square) and just-sintered BaTaO>No g5 ceramics (filled square). The

measurements were conducted at a frequency range from 10 to 10° Hz at room

temperature.
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Fig. 3-9. Room temperature relative dielectric constants (red) and losses (blue) as
functions of frequency for the post-annealed BaTaO2N ceramics sintered at 1400 °C for
3 h (open square). Open circles represent the values for post-annealed BaTaO2;N ceramics

sintered at 1350 °C for 3 h. The error bars are smaller than the symbols.
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post-annealed BaTaO:N ceramics sintered at 1400 °C for 3 h at various frequencies. The

error bars are smaller than the symbols.
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Fig. 3-11. XRD pattern of an annealed BaTaO>N ceramic surface used for PFM

measurements.
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Fig. 3-12. Optical micrographs of a thin surface slice of an annealed BaTaO>N ceramics.
PFM specimens A and B were prepared from the area indicated by the red square in the

upper image.
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Fig. 3-13. Topographic (a) and PFM (b) images of region B in Fig. 3-12. DC biases of

+10 V were applied alternately in a vertical stripe pattern in the center.
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Fig. 3-14. SEM micrographs on (a) the perimeter and (b) central area of the annealed

BaTaO:;N ceramics.
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Fig. 3-15. STEM images on (a) the perimeter and (b) central area of the annealed

BaTaO;N ceramics.
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was observed on a specimen from the latter part in PFM measurement. A specimen from

the dense part clearly showed polarized patterns in an applied bias voltage between -10

Vand +10 V as represented in Fig. 3-16. The piezoresponse was most clear at the voltage

between +4 V and 7 V, and it was continuously observed even at +9 V. It had been reported

that the response was most clear in the lower voltages of £3 — 4 V and became less clear

at £8 V on SrTaOxN ceramics. [4] The clear response was observed at higher voltage in

BaTaO;N than in SrTaO:;N. The present response observed at an applied voltage of +6 V

gradually disappeared with time similarly to the case of StTaO>N. The response amplitude

in 15 min decreased to almost a half in 150 min as shown in Fig. 3-17. This may be

because the polarization is not saturated at the poling voltage of £10 V.

The piezoresponse contrast was strongest at voltages between +4 and 7 V and

continued to be observed even at £9 V. This behavior was quantified by plotting the

contrast against the measuring voltage (see Fig. 3-18). The contrast was defined as the

difference between the average responses in the positively and negatively poled regions.

It increased up to a measuring voltage of =7 V and then decreased slightly, owing to the

elapsed measuring time. Similar PFM measurements could not be made while decreasing

the measuring voltage, presumably because current leakage occurred, similarly to the

case for SrTaOxN. [4] There was no apparent change in the topographic images taken
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Fig. 3-16. AFM topograph (upper left) and PFM images taken at various voltages. These
were polarized by applying DC biases of =10 V according to the pattern shown in the

lower leftmost image.
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Fig. 3-17. AFM images scanned (a) 15, (b) 80, and (¢) 150 min after initial polarization.
(d) is the AFM signals taken at the area indicated with gray square in (a).
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Fig. 3-18. Quantified PFM contrast against measuring voltage.
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Fig. 3-19. Topographic images taken at increasing measuring voltages during PFM.
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during PFM measurements (see Fig. 3-19). The abovementioned decrease in contrast is
not due to wear of the conductive coating on the tip. It has previously been reported that
the PFM contrast for SrTaO>N was strongest at 3 — 4 V, weakening at +8 V. [4] At higher
voltages (£7 V), a clearer contrast was observed on BaTaO:N compared to SrTaO>N,
possible suggesting a higher coercivity.

Current leakage occurred at =1 V in its P-E measurement using Pt-deposited
electrode in size of 15 x 15 x 0.6 um? probably because of its slightly conductive nature
even after post-ammonolysis. BaTaOoN ceramics or crystals with higher electrical
insulation are desired for further investigation on their ferroelectric properties enabling to

apply higher electrical voltages for polarization saturation.

3-4. Conclusion

Thermal decomposition behavior of BaTaO;N powder synthesized by
ammonolysis of the BaCO3 and Ta2Os mixture was similar to SrTaO2N and it was sintered
above 1350 °C. Both of the addition of BaCO3 and post-ammonolysis were necessary to
obtain phase-pure BaTaO:N ceramics by compensating for the partial loss of barium and
nitrogen during sintering. Stoichiometric BaTaO:N ceramics with RD = 73.0% had

relative dielectric constants of 620 at 10?> Hz and 320 at 10® Hz, slightly higher than the
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values reported for SrTaO,N. These values were relatively unaffected in the applied

frequency and temperature, up to 150 °C. The dielectric loss was less than 0.1 at higher

frequency range than 10 kHz and it was nearly independent of frequency and temperature.

Clear piezoresponse was observed at the applied voltage between £4 — 7 V on

the surface slice of dense BaTaO:N ceramics with RD > 90%, which is consistent with

the results of SHG and structural reinvestigations mentioned in the last chapter.

Piezoresponse was slightly present on another thin slice prepared from inside of the

electrically conductive ceramics. This poor electrical insulation disturbed the elucidation

of ferroelectricity. Its outermost surface did not show any piezoresponse because high

porosity was easily induced due to the more hygroscopic nature of BaTaO:N than

SrTaO2N. Further target is the fabrication of stoichiometric and dense oxynitride

perovskite ceramics or, more desirably, grain boundary-free single crystals to make it

possible to investigate their intrinsic electrical properties by enabling to apply higher

electrical voltage to the samples.
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Chapter 4

Melting Behavior of Alkaline-Earth Metal Carbodiimides for the
Preparation of Sri.xBaxTaO:;N (x = 0.04 — 0.23) Microcrystals

4-1. Introduction

In the last chapter, thermal stability, sinterability, and dielectricity of BaTaO2N
were studied. It partially releases its nitrogen during high temperature sintering to become
electrically conductive. Post-ammonolysis is required to recover their stoichiometric
compositions. Large relative dielectric constants &, = 290 — 620 and piezoresponse were
observed for the annealed ceramics, but a serious current leakage made it impossible to
apply high electrical voltage to elucidate the emergence of ferroelectricity. Fabrication of
oxynitride ceramics and crystals avoiding their thermal decomposition is necessary to
obtain highly-insulating samples. SrTaO>N and BaTaO2N begin releasing a part of their
nitrogen at 950 and 920 °C, respectively. [1] This nitrogen release from SrTaO>N could
not be suppressed during the sintering even under 190 MPa nitrogen. [2] The purpose of
the present chapter is sintering or crystal growth of oxynitride materials at the
temperatures below their nitrogen releasing. Liquid phase sintering and flux growth are
very sensible strategies to solve this problem and fluxes with melting points lower than
the nitrogen releasing points of oxynitride perovskites are desirable.

Fluxes have been employed to grow various oxide crystals. For example, single
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crystals of BaTiOs, BaTa,0¢, BaFe12019, SroTaxO7, and SrTiOs were grown with fluxes

mainly containing B2Os, PbO, Na>O, SrCl,, and KF, respectively. [3-7] In this process,

the material of interest is partially soluble to the flux and the molten flux contains one of

the constituents of the crystals and needs to be entirely removed from the product.

There have been only several reports regarding the flux growth of oxynitride

crystals. As for oxynitride perovskites, BaTaO2N and LaTiO2N submicron crystals were

synthesized using KCl and KoMoOy as the fluxes and cubic microcrystals reflecting the

euhedral form of the perovskite-type structure were obtained. [11,12] It should be noted

that residual potassium was detected in the product even after the removal of flux by

evaporation. Ammonothermal method was employed to grow micron-sized oxynitride

perovskite crystallites such as ABO>N (4 = Sr, Ba, B=Nb, Ta) [13], LnTaON> (Ln = La,

Ce, Pr, Nd, Sm, Gd) [14], and LaNbON: [15]. However, there is no reports on the

electrical properties of such crystals. Moreover, some contamination of the mineralizer

like NaN3; and NaOH is concerned. In other cases, many researches on the preparations

of nitride crystals and oxynitride powders have been conducted in the groups of DiSalvo

and Jansen by using Na metal and sodium azide (NaN3). [8-10] 100 um-sized single

crystals of Ba;ZnN2O, BasGaN;O, and Sr4GaN3O have been grown by the reactions of a

Na flux with several metals and oxides at 750 °C in a nitrogen atmosphere. [16-18] Most

90



of sodium evaporated during the synthetic processes and the residual sodium was
completely removed by washing the product with liquid ammonia to obtain pure
oxynitride single crystals. [16] Fluxes with rich nitrogen contents are beneficial to obtain
single crystals of nitrides and oxynitrides.

The author focused on metal carbodiimides as the candidates of the flux for the
crystal growth and sintering of oxynitride perovskites. Metal carbodiimides are composed
of metal cations and symmetric [N=C=N]* anionic units, which is distinguished from
asymmetric cyanamide anions [N-C=N]*. Solid-state research on metal carbodiimides
and cyanamides has a long history, and a large number of syntheses have been reported
up to the present day, including alkaline metals (Li, Na, K, Cs) [19-22], alkaline-earth
metals (Ca, Sr, Ba) [23,24], typical main-group elements (Mg, Si, Tl, Pb) [23,25-27],
transition metals (Cr, Mn, Fe, Co, Ni, Cu, Zn, Y, Ag, Cd) [26,28-34], and also rare earth
metals (Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb). [33,35] In recent years, ternary
metal carbodiimides such as SrZn(CN2), and LiM(CN2) (M = Al, In, Yb) were also
synthesized. [36,37] Most of them, especially thermally unstable metal carbodiimide
compounds, have been effectively synthesized by the metathesis reactions between metal
halides and carbodiimides. [28,29,31-33,35,37] Ammonolysis reaction was also applied

on metal carbonates. [38-40] This route can be applied in the cases the starting materials
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of alkaline-earth metal carbonates are stable up to the nitridation temperature by ammonia
(c.a. 500 °C).

Alkaline-earth metal carbodiimides CaCNj, SrCN,, and BaCN; have been
investigated on their crystal structures. [23,24,40,41] The alkaline-earth metal cations are
coordinated by several nitrogen atoms in their carbodiimide anion units. StCN> has two
polymorphs as shown in Fig. 4-1. f-type low temperature rhombohedral phase of STCN»,
which is isomorphic to CaCN: [24,41], transforms to o-type high temperature
orthorhombic phase [41] at approximately 630 °C according to in-situ XRD study
conducted in argon atmosphere. However, thermal behavior of StCN; above 800 °C has
not been reported yet. Rhombohedral BaCN; (r-BaCNoz, Fig. 4-2(a)) was synthesized by
the reaction of barium nitride with melamine at 740 °C. [23] Tetragonal BaCN
polymorph (+-BaCNz, Fig. 4-2(b)) was recently obtained by the ammonolysis of BaCOs
at 900 °C and its crystal structure and optical properties were studied. [40] Each Ba** ion
in -BaCNz is coordinated by six nitrogen atoms forming significantly distorted BaNe
octahedra. [23] For #-BaCNy, the coordination number of Ba®' is eight, resulting in a

symmetric BaNg square-antiprism. [40]
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Fig. 4-1. Crystal structures of (a) S- and (b) a-SrCNa. [41] The structure models were
drawn with a crystallographic imaging software VESTA. [42]

o:Ba ©:C O:N

Fig. 4-2. Crystal structures of (a) 7- and (b) #~-BaCN2>. [23,40] The structure models were
drawn with a crystallographic imaging software VESTA. [42]
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Interestingly enough, the thermodynamical stability of the BaCN; polymorphs

has not been investigated. This is not surprising since precise thermogravimetry on the

metal carbodiimides is not so easy because they thermally decompose around their

melting points. Also, their high reactivity against oxygen and humidity also makes any

such measurement quite difficult. On the other side, density functional theory (DFT)

calculations are useful to get a first clue as regards the thermal properties of unstable and

reactive materials. [41]

In this chapter, thermochemical studies were performed experimentally and

then total-energy was calculated on a series of alkaline-earth metal carbodiimides. Their

melting behaviors were discussed in relation to their thermal decomposition around

their melting points. The stabilities of 7- and -BaCN; were also compared based on their

theoretical Gibbs free energies as derived from the quasi-harmonic phonon simulations.

Furthermore, SrTaO>N was heated with various quantities of molten BaCN: at

approximately 900 °C, which is about 50 °C below the nitrogen release temperature of

SrTaO2N. [1] After cooling, the dielectric properties, crystalline phases, chemical

compositions, and microstructure of the resulting solids were investigated.

94



4-2. Experimental

Syntheses and thermal studies of metal carbodiimides

CaCNa, a-SrCNa, and -BaCN» powders were synthesized by ammonolysis of

their respective carbonates. [38-40] In each case, more than 100 mg of the carbonate

powder (99.9%, FUJIFILM Wako Pure Chemical) was heated on an alumina boat under

a flowing ammonia (50 mL/min) in an alumina tube furnace at about 600 °C for CaCN>

and 900 °C for both of a-SrCN,; and ~-BaCN, with a duration of 10 h. Chemical

compositions of the ammonolysis products a-SrCN» and -BaCN, were confirmed with

inductively coupled plasma atomic emission spectroscopy (ICP-AES, ICPE9000,

Shimadzu) for metal element contents in combination with combustion CHN analysis

(MICROCORDER JM10, J-Science Lab.) for carbon and nitrogen contents. Chemical

formulas for the metal carbodiimides were determined as SrCi.01N2.02 and BaCo.99Nj .99,

respectively. The obtained white CaCN2 powder contained 18 wt% of CaO as a secondary

phase as shown in the XRD profile Fig. 4-10(a) discussed in the latter part of this chapter.

The amount of CaCN> and CaO were estimated using Rietveld calculation. [43]

Preparation of phase-pure CaCN> was challenging because both of the ammonolysis

reaction and decarboxylation of CaCOs; on an alumina ceramics start at similar

temperature range (approximately 550 °C and 610 °C [44]). Nitridation of CaCOs3 at only
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550 °C did not proceed very much and not realistic heating time will be necessary to

increase phase purity of CaCN3 in the products. Crystalline phases of powder products

were identified using X-ray diffraction (XRD, Ultima IV, Rigaku) with Cu Ka radiation

over the 26 range of 10 to 90° with a step size of 0.02° and a scanning rate of 10°/min.

Thermal behaviors were investigated on more than 10 mg of the samples of the

metal carbodiimides using thermogravimetry in combination with differential thermal

analysis (TG-DTA, STA 2500, Netzsch). The sample chamber was evacuated to about 3

Pa prior to the measurement, after which nitrogen gas (> 99.999%, Airwater Inc.) was

introduced. The temperature was raised at a rate of 10 °C/min to 1000 or 1100 °C under

a 200 mL/min of nitrogen flow. To reduce background noise, the DTA analysis for #-

BaCN; was conducted with a hand-made alumel-chromel thermocouple (Nilaco) under a

flowing nitrogen, using a-Al203 (99%, High Purity Chemicals) as a reference. In addition,

approximately 100 mg of each metal carbodiimide powder was uniaxially pressed into a

pellet with a diameter of 5.9 mm at about 46 MPa to study their melting behaviors. This

process was conducted in a glove box filled with a dry nitrogen to avoid their reaction

with moisture and oxygen in air. Each pellet on an alumina boat was heated in an alumina

tube furnace under a flowing nitrogen at 800, 900, 1000, 1100, 1330, or 1350 °C for 5 h.
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Computational studies

DFT calculations were carried out employing the program VASP (Vienna ab

initio simulation package) [45] in order to obtain optimized structures and electronic total

energies. Plane-wave basis sets with an energetic cut-off of 500 eV were used. Exchange

and correlation were treated following the generalized gradient approximation. [46] To

account for van-der-Waals like interactions, the D3 method of Grimme was applied. [47]

All the unit cells were allowed to change their volumes and shapes during the relaxation

process but keeping the initial symmetry.

Phonon computations were conducted using the program PHONOPY [48]

based on the Hellmann-Feynman forces calculated using VASP. The supercells for the

force calculations were set up by multiplying the unit cells in each direction such that the

lattice parameters of the supercells were well above 1 nm. Thermodynamic potentials

were obtained in the framework of the quasi-harmonic approximation following the

procedure described in Refs. 49 and 50. The calculations were conducted for the crystal

structures of all the alkaline-earth metal carbodiimides, alkaline-earth metals, graphite,

and crystalline nitrogen. [23,40,41,51-58]
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Preparation of Sri-xBa,TaO2N microcrystals

Phase-pure orange SrTaO>N perovskite powder was obtained by ammonolysis

of the Sr2Ta,O7 precursor obtained by solid state reaction of SrCO3; and Ta>,Os (FUJIFILM

Wako Pure Chemical, 99.9%), using a previously reported procedure. [59] SrTaO;N

powder was mixed with #~-BaCN> at its concentrations of 5, 10, 30, or 50 wt% in a

glovebox filled with a dry nitrogen. About 200 mg of each mixture was uniaxially pressed

into a pellet in a diameter of 5.9 mm at approximately 46 MPa. Then they were heated

under flowing nitrogen at around 900 °C and were kept at this temperature for 5, 10, 30,

or 50 h. Both heating and cooling were conducted at a rate of 200 °C/h. Reddish solids

were obtained after cooling. Weight losses during annealing were small enough to be

ignored. Fracture surface of each product was polished with 1000-grit sandpaper having

SiC particle sizes in the range of 2 to 3 pm. The polished surface was etched with 1 M

citric acid for 2 days to remove excess solidified BaCN> and soluble impurities on the

surface, after which the surface was washed with distilled water and hexane (96%,

FUJIFILM Wako Pure Chemical). The microstructures of the etched surface were

observed using scanning electron microscope (SEM, JISM-6390 LVS, JEOL). Afterwards,

grown up crystals were separated from the solids by their washing in 1 M nitric acid for

one day. They were then washed with distilled water to remove the residual acid. Orange-

98



red perovskite crystals were obtained by their filtration using filter paper with pore
diameters smaller than 110 um (Toyo Roshi K. K.).
Characterization of the Sri«Ba,TaO2N microcrystals

Crystalline phases of the solid surface and the orange-red powder products
obtained by filtration were identified with XRD of Cu Ka radiation. Lattice parameters
were refined for the V2x\2x2 tetragonal superlattice of a primitive perovskite cell using
the XRD data obtained from 26 values of 10° — 120° measured with a 0.02° step size and
a count time of 5.0 sec. The Rietveld calculations [43] were employed for lattice
parameter calculations.

The solid products contained oxynitride perovskite Sri..Ba,TaO>N as their main
crystalline phase, together with a trace amount of residual BaCN». The electrical
properties of the solid fabricated using 30 wt% of BaCN3 at 900 °C for 30 h were studied
under nitrogen atmosphere using an LCR meter (4274A, Hewlett Packard) over a
frequency range of 10> — 10° Hz at room temperature. Ag paste (4922N, Du Pont) was
applied to the polished flat surfaces of the solid product as electrodes.

X-ray fluorescence spectroscopy (XRF, SEA 6000, Hitachi) was used for the
analyses of cations, and combustion analyzer (EMGA-620W, Horiba) was employed for
the oxygen/nitrogen contents using Si3N4 and Gd>Os3 as references. Nitrogen content of
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Si3N4 was certificated to be 38.5 wt% by Ceramic Society of Japan. Commercially

available Gd203 (99.9%, FUJIFILM Wako Pure Chemical) was used after its calcination

up to 1000 °C to remove its adsorbates. CHN analyses were also performed to determine

carbon contents. An electron probe micro analyzer (EPMA, JXA-8530F, JEOL) was used

for preliminary compositional analyses. ICP-AES was employed to analyze the acidic

solutions after removing the powder product by filtration.

The microstructures of both the solid products and the powders after washing

in acidic solution were examined by using SEM, scanning transmission electron

microscope (STEM, HD-2000, Hitachi), and transmission electron microscope (TEM,

JEM-2010, JEOL). Thin specimens for STEM and TEM observations were obtained

using a focused gallium ion beam (FIB, JIB-4600F/HKD, JEOL). Each sample was

mounted on a molybdenum grid with a trace amount of epoxy resin after which tungsten

was deposited on the sample surface prior to slicing. Elemental distributions in the grains

were determined with energy dispersive X-ray spectroscopy (EDX, JEM-2010F, JEOL)

attached to TEM.
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4-3. Results and discussion

Melting and thermal decomposition of a-SrCN:

Powder XRD patterns of the as-prepared a-SrCN» and its annealing products

are depicted in Fig. 4-3. Single phase of white a-SrCN, powder was obtained by

ammonolysis reaction of SrCO3. Thermal behavior of a-SrCN> was examined using TG-

DTA under flowing nitrogen. The a-SrCN> showed a large endothermic peak starting at

1020 °C without weight loss, as shown in DTA graph of Fig. 4-4. The shoulder of the

lower temperature region (indicated with an asterisk) is attributed to melting of a-SrCN»

and the larger endothermic peak may be due to the melting of Sr metal. After the melting,

a slight weight loss began at 1070 °C. The black annealed product after TG-DTA

measurement contained SrC; and Sr(OH): as the main phases. SrC> was generated by the

decomposition beginning at slightly higher temperature than the melting point of SrCNo.

Sr(OH); may have been generated due to the hydrolysis reaction of SrCN> or the

decomposition products such as strontium metal after taking out from furnace.

Melting behavior and polymorphism of BaCN:

Crystal structure of BaCN: prepared by ammonolysis is tetragonal phase. [40]

An endothermic DTA peak was observed at 910 °C on the ~-BaCN:z upon heating under

N2, as depicted in Fig. 4-5. This sample also showed a slight weight loss less than 0.3%
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above 910 °C, which is either due to a thermal decomposition of a residual BaCOs3 or a

slight vaporization of BaCN». These data confirm that ~-BaCN» melts at a temperature

slightly below the nitrogen release from oxynitride perovskites such as SrTaO,N and

BaTaO>N. Decomposition of BaCN> to a mixture of BaC, and Ba metal was not observed

below 1000 °C. Its decomposition temperature could not be determined because molten

BaCNy; gradually evaporated during experiments.

The Gibbs energies were calculated for both the rhombohedral and tetragonal

phases of BaCNy». +~-BaCN; was more stable than the - phase by approximately 20 kJ/mol

over the entire temperature range of -273.15 to 1227 °C (0 to 1500 K) as shown in Fig.

4-6. Because the thombohedral phase with distorted BaNs octahedra [23] is less stable

than the tetragonal phase [40], only the more stable ~-BaCN; was taken into account in

the following discussion.

White solidified product after annealing and cooling of ~-BaCN; at a rate of

10 °C/min contained »-BaCN> as shown in Figs. 4-7(a) and (b). The transformation

mechanism between these crystal structures is still unclear. Several XRD peaks of

Ba(OH), were detected in the annealed product. Ba(OH), was formed probably because

of the reaction of BaO generated by thermal decomposition of residual BaCO3 in the as-

prepared BaCN; after taking out from furnace. Simple hydrolysis reaction of BaCN>
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Fig. 4-3. XRD patterns of (a) a-SrCN> powder and (b) its annealed sample. a-SrCN» was
annealed at approximately 1100 °C for 5 h. Indexed diffraction peaks shown in (a) are o-
SrCN; (JCPDS 51-541). Inverse triangles, diamonds, circles, and question marks indicate
Sr(OH), (ICSD 26029), graphite (ICSD 53781), SrC, (JCPDS 3-0542), and unknown

phases, respectively.
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Fig. 4-4. TG-DTA curves obtained from a-SrCNz under a nitrogen flow. Asterisk
indicates the endothermic event associated with melting.
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Fig. 4-5. TG-DTA curves obtained from ~-BaCN> under a nitrogen flow. Asterisk indicates
the endothermic event associated with melting.
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Fig. 4-6. Calculated Gibbs energy values of - and -BaCNy as functions of temperature.
Broken and solid lines are 7- and #- phases, respectively.
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Fig. 4-7. XRD patterns of --BaCN» powders for (a) the as-prepared and (b) the annealed
samples at approximately 900 °C for 5 h. Indexed diffraction peaks in (a) are +~-BaCN»
[40] and those in (b) are »-BaCN;, (JCPDS 51-542). [23] Arrows and question marks
indicate Ba(OH), (ICSD 56828) and unknown phase (probably orthorhombic phase of
BaCN,, which has not been published yet), respectively.
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Fig. 4-8. Powder XRD profile of the BaCN; sample cooled down from 910 °C at a rate
of 1.8 °C/h. Filled circles, diamonds, inverse triangles, and question marks indicate 7-

BaCN> (JCPDS 51-542) [23], +~BaCN; [40], unpublished orthorhombic BaCN,, and
unknown phases, respectively.
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is also a possible way to give Ba(OH),. Considering the fact calculation results indicate

that 7- phase is more stable one (Fig. 4-6), formation of - phase upon heating and cooling

of BaCN> melt seems to be contradictory. Additional slow cooling experiment from

910 °C at a rate of 1.8 °C/min was performed for the BaCN> melt on an alumina boat and

tetragonal phase as well as one more novel polymorph of BaCN;, orthorhombic BaCN;

were generated in the solidified sample, as shown in Fig. 4-8. This suggests that the

tetragonal phase is more stable than rhombohedral one. It seems to take very long time to

increase the phase purity of ~-BaCNz by cooling BaCN» melt. A similar phase transition

of nitrogen-containing compound influenced by the cooling rate is reported in the o and

S phases of LizBNa. [60]

Melting and thermal decomposition of CaCN:

TG measurement under nitrogen flow was conducted on CaCN»> powder

containing 18 wt% of CaCO3 mentioned above in an alumina crucible using a TG-DTA

equipment. There was no significant weight change between 600 and 1000 °C as shown

in Fig. 4-9, although a slight weight loss related to a desorption of the surface adsorbate

was observed below 600 °C. Thermogravimetry at higher temperature was not conducted

because the decomposition reaction of CaCN3 is so intense that the TG equipment can be

broken. Additional thermal studies were conducted by heating approximately 100 mg of
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CaCN; powder compacts in an alumina tube furnace. CaCN; compacts with a diameter

of 5.9 mm were fabricated by uniaxial pressing at 46 MPa and then they were put on an

alumina boat in a flowing nitrogen. The samples were heated either to 1330 or 1350 °C,

which were slightly lower or higher than the reported melting point of CaCN» (1340 °C)

[61] for 5 h. The sample changed from white powder to black solidified mass in the

heating at 1350 °C. It was a mixture of CaCNz and CaO, but the CaO amount increased

from the starting material as depicted in Fig. 4-10(b). The Ca metal in the thermally

decomposed product was oxidized to CaO in picking up the product from the furnace. A

trace amount of CaC; was also detected in the black solidified product. There was no

apparent change on the heated product at 1330 °C. CaCN; was assumed to melt at

approximately 1340 °C as previously reported [61] and almost simultaneously

decomposed to a mixture of CaCs, Ca metal, and nitrogen. The thermal decomposition

was not completed at 1350 °C and much amount of CaCN; remained. Similar

decomposition behavior was observed in the case of a-SrCN». The possibilities of side

reactions were considered by some researchers and they reported the experimental results

of the formation of a trace amount of CazNz during heating CaCN> at 1000 — 1200 °C,

but its proportions in the fired products are very small (less than 2%). [62] Moreover, no

generation of CazN; was observed in heating CaCNy at above 1250 °C [62], which does
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not contradict to our experimental results. So, we would like to assume that the amount

of Ca3N formed in the heating procedure is small enough to ignore.

The CaCN; and a-SrCN> powder compacts completely melted losing their

original shape when they were annealed at 1350 and 1100 °C, respectively. However,

their color changed from original white to black due to thermal decomposition.

Conversely, ~-BaCN2 melted slightly above 900 °C but it remained as a white BaCN2 solid

mass at the bottom of alumina boat after cooling. These results also confirm that +-BaCN>

starts to melt at approximately 900 °C without decomposition. It is suitable for the

sintering and crystal growth of oxynitride perovskites.

Computational study of the stability of alkaline-earth metal carbodiimides

Thermal decomposition reaction of alkaline-earth metal carbodiimides can be

expressed as follows;

2AECN, - AEC, + AE + 2N, 4-1)

where AE indicates alkaline-earth metal. Decomposition temperature of metal

carbodiimides will be able to be estimated by calculating the Gibbs energy values of the

reaction (4-1). The parameters of the stability of crystal structure of ionic crystals are

very useful to compare their melting points and decomposition temperatures. Pseudo-

bonding dissociation energy values (Hvond) were calculated at -273.15 °C (0 K) and 0 Pa
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Fig. 4-9. TG curve of CaCN> powder contaminated with approximately 18 wt% of CaO.

The sample was heated at a rate of 10 °C/min under flowing nitrogen.
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Fig. 4-10. XRD patterns and photographs of the mixture of CaCN> and CaO. (a) the as-
prepared powder obtained by the ammonolysis of CaCO3; powder at 600 °C for 10 h. (b)
ground powder of the black solid after heating at 1350 °C for 5 h. Diamonds, arrows, and

circles indicate CaCN> (ICSD 25763), CaO (PDF 00-037-1497), and CaC, (ICSD
252755), respectively.
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by the total-energy calculations of 4ECN> and single atoms of alkaline-earth metal,
carbon, and nitrogen.

Hpona = Eo(AECN,) — { Eg(AE) + Eo(C) +2Ey(N)} (4-2)

Where Ey values indicate the calculated potential energies of the metal carbodiimide and
single atoms of its constituents. Calculated bonding energy values (Hvond) are summarized
in Table 4-1. It gradually decreased with the experimentally determined melting points
in an order of CaCNa2, a-SrCN», and ~-BaCN; with an increase in ionic radii of alkaline-
earth metal ions.

Gibbs energy values of each material at high temperature were obtained with
phonon simulation in combination with quasi-harmonic approximation. [48] Calculation
for gaseous nitrogen was performed by summing up the electronic total-energy Ey,
vibrational zero-point Helmholtz free energy Apno calculated for crystalline a-nitrogen
[55], literature values of the sublimation enthalpy 4Hsub, entropy S, and the heat capacity
Cy(T) of gaseous nitrogen. [61] The following equation was employed as in previous
publication. [63]

G(N,) = Eg+ Apng + AHgy, - TS +f C,(DdT (4-3)

Gibbs energy values are plotted for the decomposition reaction (4-1) in Fig. 4-

11. The temperature where the spontaneous decomposition of the alkaline-earth metal
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carbodiimide begins is the point of AG, = 0. The estimated decomposition temperatures

of CaCNa, a-SrCN», and -BaCN»> were 997, 951, and 912 °C, respectively. This means

that both of CaCN; and a-SrCN; decompose below their melting points shown in Table

4-1. It is well known that the thermochemical behaviors of solid strongly depend on the

lattice enthalpy values. [64] The decomposition temperature changed with the ionic size

of alkaline-earth metals similarly to the melting points. The melts of CaCNz and a-SrCN2

were not stable and they decompose rapidly in the present experimental study. The

calculated decomposition temperature of --BaCNz was 912 °C, which was slightly higher

than the melting point (910 °C). Only the BaCN; melt is stable above its melting point to

be used as a flux for crystal growth and sintering of alkaline-earth oxynitrides.

Preparation of the microcrystals of Sri-«Ba,TaO:N using a BaCN: melt

Compacts made of mixtures of SrTaO2N with ~-BaCN; powder at various ratios

were annealed. Their color changed from orange to reddish-orange or red during heating.

The volume of the initial green-SrTaO2N powder compact mixed with 30 wt% of

oxynitride perovskite with the chemical composition of Srog3Bao.17TaO2N. The molar

ratios of cations were determined using XRF. Oxynitride powder compacts without

BaCN: did not densify during heating at 900 °C and their relative densities remained

about 50%. This indicates that addition of BaCNx is effective to promote the densification
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Fig. 4-11. Decomposition reaction Gibbs energies of alkaline-earth metal carbodiimides
as functions of temperature. Red, green, and blue lines indicate CaCNa, a-SrCN>, and -
BaCNy, respectively.
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Table 4-1. Pseudo-bonding energy values (Hpond) and melting points of alkaline-earth

metal carbodiimides.

Compound Hyona / kJ mol™! Melting point / °C
CaCN; 2045 1340 [61]
a-SrCN2 2014 1020
-BaCN» 2012 910
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of oxynitride perovskite bulks. Some improvements of sintering process such as applying
pressure will be necessary to achieve further densification of oxynitrides.

Electrical properties of the ceramics with RD of 68.9% were investigated. A
complex impedance plot was obtained for the abovementioned product, and it is depicted
in Fig. 4-12. This plot exhibits only a part of a large circle, suggesting the large electrical
resistivity of the solid. The data in Fig. 4-13 demonstrate that relative dielectric constant
values of the solid ranged 68 — 90 over the frequency range of 10° — 10° Hz. These values
are slightly lower than those previously reported for post-ammonolysis products of
SrTaO2N ceramics sintered at high temperature. [59] This may be because the presence
of a small amount of residual BaCNx flux lowered the volume fraction of SrTaO:N in the
present ceramic product. Dielectric loss values of the ceramics were less than 0.11. These
dielectric loss values, together with the Cole-Cole impedance plot described above,
indicate that an electrically insulating ceramics was obtained without losing nitrogen from
oxynitride perovskite by using BaCN; flux at approximately 900 °C.

Microstructures of the as-prepared SrTaO>N powder and fracture surface of the
solid product fabricated with 30 wt% #-BaCN; were observed. The observations were
performed before and after etching in citric acid. The as-prepared SrTaO>N powder was

found to be composed of irregularly shaped, rounded particles 40 — 200 nm in size, as
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Fig. 4-12. Complex impedance plot of the solid product with a relative density of 68.9%

at room temperature. The associated error bars are smaller than the symbol sizes and so

are not provided.
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Fig. 4-13. Relative dielectric constant and loss values of the solid product with a relative
density of 68.9% as functions of frequency at room temperature. The associated error bars

are smaller than the symbol sizes and so are not provided.
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shown in Fig. 4-14(a). After heating SrTaO:N together with 30 wt% #-BaCN; at 900 °C

for 30 h under nitrogen flow, the shape changed to be slightly angular and the particles

were embedded in the solidified mass, as depicted in Fig. 4-14(b). Cuboid or cubic

particle shapes became evident after the citric acid etching as shown in Fig. 4-14(c). Its

higher magnification image in Fig. 4-14(d) demonstrates that the angular crystals were

connected with one other along their straight boundaries.

The color of the products obtained after washing in nitric acid gradually

changed from orange in the original SrTaO2N to red with increase in the amount of

BaCN; flux in the starting mixtures, as shown in Fig. 4-15. The chemical compositions

of these powder products were estimated using XRF in combination with combustion

analysis, and the results are summarized in Table 4-2. These data indicate that total

amount of strontium and barium in each sample was almost equivalent to that of tantalum

in atomic percent. So the products can be represented by the formula Sri.Ba,TaO2N. No

carbon was identified based on a detection limit of CHN analysis (0.3 wt%) in the

products after the nitric acid washing. The crystalline phases of each compound were

oxynitride perovskites as shown in the XRD profiles of Fig. 4-16. In each case, all the

diffraction peaks were shifted to lower angles compared to those of the as-prepared

SrTaO:2N, and it is evident that the perovskite crystalline lattice expanded with increases
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Fig. 4-14. SEM images of (a) the as-prepared SrTaO>N powder, (b) the fracture surface
of the solid obtained after heating a mixed compact made with 30 wt% of BaCN>, (¢) the
polished surface of the same sample after citric acid etching, and (d) a high magnification

image of the same etched surface.
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Fig. 4-15. Photographic images of (a) the as-prepared SrTaO:N, and the products
obtained after washing from heated mixtures made with (b) 5, (c) 10, (d) 30, and (e) 50
wt% of BaCNo.
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Table 4-2. Elemental contents of the powder products obtained from the mixtures made with various amount of
BaCN; after heating at 900 °C for 30 h. Pure SrTaO>N and BaTaO>N were prepared by a solid state reaction under

a flow of ammonia. The barium content is represented by x in Sr..Ba,TaO>N.

Preparation condition Sr/wt% Ba/wt% Ta/wt% O/wt% N/ wt% Barium content x
5 wt% BaCN; 18.9(1) 0.8(0) 19.7(3)  41.1(2) 19.5(1) 0.04
10 wt% BaCN» 18.2(2) 1.8(2) 19.5(1)  40.6(3) 19.9(1) 0.07
30 wt% BaCN» 17.03) 3.4(2) 19.9(2)  40.0(1) 19.7(1) 0.17
50 wt% BaCN» 16.3(1) 4.2(2) 19.8(2)  39.3(3) 20.4(2) 0.23
SrTaO>N(solid state reaction)  19.7(1) 0.0 19.8(2) 41.4(3) 19.1(1) 0.0
BaTaO,N(solid state reaction) 0.0 21.2(2) 21.0(1) 39.4(2) 18.4(1) 1.0
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in the amount of BaCN» in the initial mixtures. The filtrate obtained from the nitric acid
washing was found to contain strontium, barium, and tantalum. These results suggest that
a portion of strontium in the original SrTaO>N perovskite was exchanged with barium in
the BaCNx> flux to form perovskite-type solid solution SriBa,TaO>N. The color change
of the products supports this hypothesis since there is a gradual change in color from
orange in the case of SrTaO:N to red in the case of BaTaO:N. The refined lattice
parameters for the tetragonal \2x\2x2 superlattice of the perovskite (Z = 4) are plotted
against the barium content (x) in Fig. 4-17. These plots indicate a linear transition of
lattice parameters between the values for SrTaO2N and BaTaO;N. Barium ions in the
products are in A-site of the perovskite oxynitride. Diffraction peaks were slightly broad
and asymmetric on the cation substituted products in Fig. 4-16. It may suggest that the
strontium exchange to barium was not homogeneous in the oxynitride grains.

The particle shapes and sizes of the products heated at 900 °C for 30 h after the
removal of residual BaCN> were examined and shown in Fig. 4-18. Grain growth was
not observed in the case of the sample synthesized with 5 wt% of BaCN3, probably
because there was insufficient molten BaCNx to cover the surface of the original StTaO2N
particles, and an equilibrium between solid and liquid phases was not attained. Angular

and cubic particle shapes appeared with increase in the amount of BaCN; and the particles
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Fig. 4-16. XRD patterns of the Sri.xBa,TaO>N powder products obtained by heating at
900 °C for 30 h with (b) 5, (c) 10, (d) 30, and (e) 50 wt% of BaCN,. Patterns (a) and (f)
are from SrTaO;N and BaTaO:N synthesized by the ammonolysis of their respective

oxides.
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simultaneously became larger, as shown in Figs. 4-18(b) — (d). The average grain sizes

in the powders were estimated based on analyses of more than 100 particles in SEM

images, and these values are summarized in Table 4-3. A sufficient amount of molten

BaCN; evidently enhanced the crystal growth of the oxynitride perovskite, likely because

the product precipitated more slowly from the more dilute BaCN> solution. A longer

heating duration was also effective at promoting crystal growth, and the maximum grain

size of 3.7 um was obtained after heating mixture made with 50 wt% of BaCN; for 50 h

(Fig. 4-18(f)). Some faceting was observed on the surfaces of large crystals. The crystals

grew to sizes that were 20 to 100 times those of the as-prepared SrTaO2N particles (40 —

200 nm), as shown in Figs. 4-18(d) — (f). The crystals were either cuboid or cubic, in

agreement with the perovskite-type structure of Sri..Ba,TaO2N. It appears that a portion

of the original irregular SrTaO>N particles dissolved to the BaCN> melt, after which

perovskite crystals with barium-rich compositions precipitated on the undissolved

SrTaO2N core reflecting a chemical composition of the melt. The larger crystals had more

barium-rich compositions when larger amounts of the BaCN> flux was employed. The

chemical composition of the melt also gradually changed with the crystal growth and as

noted, the BaCN; flux removed by washing with nitric acid was found to contain

strontium and tantalum.
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Fig. 4-18. SEM images of Sri.xBa,TaO,N powders prepared by heating at 900 °C for 30
h with (a) 5, (b) 10, (¢) 30, and (d) 50 wt% of BaCN>, and by heating at 900 °C for (e)
10 and (f) 50 h with 50 wt% of BaCN>.
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Table 4-3. The average grain sizes of Sri.\Ba,TaO>N crystals.

Preparation condition Average grain size / nm
SrTaO,N(As-prepared) 90

BaCNz 5 wt%, 900 °C-30 h 130

BaCNz 10 wt%, 900 °C-30 h 180

BaCNz 30 wt%, 900 °C-30 h 310

BaCNz 50 wt%, 900 °C-5 h 160

BaCNz 50 wt%, 900 °C-10 h 440

BaCNz 50 wt%, 900 °C-30 h 660

BaCN2 50 wt%, 900 °C-50 h 920
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High magnification STEM images of the oxynitride crystals grown in 30 wt%

BaCNy at 900 °C for 30 h are depicted in Figs. 4-19(a) and (b). The primary grains are

connected with one another through straight boundaries. Grain surfaces evidently became

smoother as a result of boundary diffusion during the liquid phase sintering process. The

grains and grain boundaries were assessed using electron diffraction analysis. Electron

diffraction was observed on the two encircled areas in Fig. 4-19(c). The diffraction pattern

generated by the grain in circle(1) was indexed as tetragonal Sri.,Ba,TaO>N with an

incident electron beam along <110>. The lattice parameters were estimated to be a =

0.571(2) nm and ¢ = 0.811(1) nm. They are in agreement with the values obtained from

Fig. 4-17 using the chemical composition x = 0.17. Additional diffraction spots were

observed as represented in Fig. 4-19(2) at their grain boundary in the circle(2) of Fig. 4-

19(c).

The product crystals were observed to grow in size during their recrystallization

from the molten BaCN,. TEM-EDX mapping showed that all of the strontium, barium,

and tantalum are contained at grain boundary, as shown in Fig. 4-20. The relatively large

amount of these elements was present in the interiors of both grains and deposited

tungsten weakened the signal intensity of all the three elements near the crystal edges

especially at the lower right side of the image. The strontium-rich area inside of the crystal
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Fig. 4-19. (a and b) STEM, (¢) TEM, and (1 and 2) electron diffraction images of Sri.

Ba,TaO>N particles prepared by heating at 900 °C for 30 h with 30 wt% of BaCNa.

Images (1) and (2) were obtained from the regions indicated in (c).
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Fig. 4-20. (a) TEM and (remainder) EDX mapping images of oxynitride grains prepared
by heating at 900 °C for 30 h with 30 wt% of BaCNo.
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contained a less amount of barium while exterior was barium-rich. This observation
suggests that the reaction to form SriBa,TaO>N occurred inhomogeneously from the
outside to the inside of the grain. The slight asymmetry in the XRD peaks in Fig. 4-16
supports this inhomogeneity. It is believed that the exteriors of the SrTaO>N grains
dissolved to the BaCN: melt, after which the barium-rich oxynitride perovskite
recrystallized around the residual SrTaO:2N cores. The diffusion of Ba®" ions may also
have contributed to an exchange with Sr** ions in the perovskite crystal lattice during the

heating at approximately 900 °C.

4-4. Conclusion

In conclusion, --BaCNz melts at 910 °C, which is slightly below its theoretically
estimated decomposition temperature of 912 °C in DFT calculation. It will be a promising
flux for the crystal growth and sintering of nitrides and oxynitrides. Melts of other
alkaline-earth metal carbodiimides were not stable and they decompose to the mixtures
of their metals, carbides, and nitrogen at high temperature.

The molten BaCN; was found to be useful as a flux and the electrically
insulating Sri.xBa,TaO>N ceramics were obtained. These materials maintained their

stoichiometric nitrogen contents. The molten BaCN; partially dissolved SrTaO,N and

134



formed the solid solution precipitant Sri..Ba,TaO>N from the melt upon cooling. Cubic

Sri..Ba,TaO2N crystals were reddish orange in color. The compositional gradient in a

single crystal suggests that the crystals grew from the melt in nonequilibrium condition

in nitrogen flow. Hereafter, BaTaO,N was selected as a target material to obtain

homogeneous crystals using a BaCN> flux.
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Chapter 5
Preparation of BaTaO:N Microcrystals Using a BaCN; Flux

5-1. Introduction

Perovskite-type BaTaO,N has been expected to show relaxor-like
ferroelectricity. [1,2] Highly-insulating single crystals are necessary to study its intrinsic
electrical properties. The flux growth method is considered to be suitable for obtaining
crystals of such thermally unstable materials. The use of molten BaCN; at approximately
900 °C for the preparation of Sri.\Ba,TaO;N (x = 0.04 — 0.23) microcrystals was
mentioned in the last chapter. The crystal products were inhomogeneous and there was a
compositional gradient from Sr-rich interior to Ba-rich exterior in the grains. Selecting
BaTaO;N as a target material will be more sensible strategy to obtain homogeneous
oxynitride crystals. In the present chapter, crystals of perovskite-type BaTaO2N were
grown with molten BaCN> and the crystal growth mechanism is discussed through the

microstructural analysis of the product using TEM.

5-2. Experimental
Sample preparation

Reddish BaTaO2N powder with particle size of approximately 0.1 pum was
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synthesized by heating a powder mixture of BaCO3 and Ta;Os as mentioned in Chapter

2. White tetragonal BaCN» (--BaCN») powder was prepared by ammonolysis of BaCO3

powder (FUJIFILM Wako Pure Chemical, 99.9%) at 900 °C for 10 h. 3]

The BaTaO;N powder was mixed with BaCN» of 17 — 67 mol% ratios in an

agate mortar in a glove box filled with a dry nitrogen to avoid the oxidation and hydrolysis

of BaCN: by the reaction with air. The powder mixture in an alumina crucible was

enclosed in a hand-made tantalum container with a thickness of approximately 0.1 mm

(Nilaco, > 99%) in a nitrogen atmosphere to suppress the loss of BaCN; flux due to its

partial decomposition or vaporization above 910 °C. The tantalum container was then

heated to 910 °C at a rate of 300 °C/h and then held for 30 min in an alumina tube furnace.

The sample was slowly cooled to 880 °C at a rate of 1.8 °C/h. The effect of the cooling

rate was studied by changing it to 300 °C/h in an additional experiment. The duration

time at 910 °C was changed to 24 h to investigate the effect of flux loss above the melting

point of BaCN». The sample was cooled down at a rate of 1.8 °C/h in this trial. The

products were either reddish powder or solidified lumps, depending on the amount of #-

BaCN: in the starting mixture. The products were washed with 1 M nitric acid and

distilled water to remove the soluble residue, which was mainly excess BaCN». Reddish

powder was obtained after filtration using filter paper with a pore size of less than 50 um
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(Toyo Roshi K. K.). The sample preparation conditions, the product appearance after

being taken out from the furnace, and the particle sizes of the washed products are

summarized in Table 5-1.

The crystalline phases of the samples were identified using powder X-ray

diffraction (XRD; Ultima IV, Rigaku) with Cu Ka radiation over the 26 range of 10 to

90° with a step size of 0.02° and a scanning rate of 10°/min. Electron probe microanalysis

(EPMA; JXA-8530F, JEOL) was conducted to analyze the elemental contents in the final

washed product with grain size larger than 2 pm. The average molar ratio was Ba:Ta:O:N

= 23.0:22.1:37.0:17.9, which roughly corresponds to a ratio of 1:1:2:1, i.e., the crystal

products are BaTaO;N. The residual carbon contents in the BaTaO,N crystal products

were less than the detection limit (< 0.3 wt%) of combustion CHN analysis (CE440,

Exeter Analytical Inc.).

Microstructure observation

Thin slice of the BaTaO2N crystals embedded in the solidified BaCN3 less than

100 nm in thickness was prepared with a focused ion beam (FIB) of gallium ion (SMI

3050SE, Hitachi High-Technologies). Transmission electron microscope (TEM, Titan3

G2 60-300, FEI Company) with Cs-spherical aberration corrector was employed for

microstructure observation of the crystals. Energy dispersive X-ray spectroscopy (EDX)
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analysis was also performed to investigate the fluctuation in the molar ratio of Ba and Ta

in the crystals. Furthermore, high angle annular dark-field scanning TEM (HAADF-

STEM) images were acquired using the same TEM machine. The BaTaO:N particle sizes

and their surfaces were analyzed using a scanning electron microscope (SEM; JSM-6390

LVS, JEOL). The shapes of relatively large BaTaO:N crystals were observed with an

optical microscope (VHX-2000, KEYENCE).

5-3. Results and discussion

Sample preparation

Some grain growth was observed on the reddish products for all preparation

conditions, as summarized in Table 5-1. Fig. 5-1 shows powder XRD patterns for the

grown product prepared with 67 mol% of BaCN». Secondary phases were most easily

observed with XRD among the products prepared with various amounts of -BaCNa.

Perovskite-type BaTaO,N was the main phase in the annealed sample (Fig. 5-1(a)), which

was contaminated with a trace amount of Ba-rich Ruddlesden-Popper (RP) type layered

perovskite BaxTaO3N and an unidentified impurity. Ba;TaO3N may have been formed by

the reaction of BaTaO,N perovskite with an excess Ba in the BaCN; flux. Oxygen was

supplied from surface adsorbates both on BaTaO>N and BaCN,. The excess Ba was
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supplied as BaO to the BaTaO,N perovskite, which formed BaxTaO3N. Ba;TaO3N has

been reported to easily decompose and react with oxygen and humidity in the air. [4] The

Ba>TaOsN impurity thus disappeared and formed another impurity of BaCO3 during the

reaction with air for 1 h (Fig. 5-1(b)). The crystallinity of BaTaO,N was significantly

improved after a leaching procedure of the as-grown product in nitric acid (Fig. 5-1(c)).

The full width at half maximum (FWHM) of the (321) diffraction peak for BaTaO;N was

significantly reduced from 0.31° to 0.22° by the leaching process. The leached product

was highly crystalline BaTaO;N without any impurities. The lattice parameter (a =

0.4111(1) nm) of BaTaO>N was consistent with the literature value (@ = 0.41128 nm). 5]

These results suggest some structural defects in the perovskite were removed by the nitric

acid treatment, which resulted in the formation of highly-crystalline BaTaO;N. Generally,

oxynitride perovskites are stable to nitric acid, but Ruddlesden-Popper phases (e.g.

Sr2TaO3N and Ba;TaO3N) containing rock-salt layers like SrO and BaO are decomposed

by acid and humidity.

TEM observation

The microstructure of the product prepared with 67 mol% of BaCN; before

nitric acid leaching was assessed. Square-shaped grains surrounded by a solidified BaCN»

flux are apparent in the TEM bright field image of a thin slice of the as-grown product,

144



as shown in Fig. 5-2(a). A selected area electron diffraction (SAED) pattern was obtained

from the region indicated in this figure, and the presence of cubic BaTaO>N was

confirmed by applying an incident electron beam along the <110> direction, as shown in

Fig. 5-2(b). No additional diffraction spots were observed. The lattice parameter was a =

0.415(3) nm, which was in good agreement with that of the acid-washed powder sample

shown in Fig. 5-1(¢) (¢ = 0.4111(1) nm) within experimental error. A high-magnification

HAADF-STEM image (Fig. 5-2(c)) shows cation ordering in a portion of the encircled

area in Fig. 5-2(a). Ba and Ta atoms can be distinguished in this image because their

brightness levels are different depending on atomic numbers. This phenomenon is known

as Z-contrast. Specifically, the Ta atoms appear to be slightly brighter than the Ba atoms.

The atomic arrangement in Fig. 5-2(c¢) is consistent with a cubic perovskite-type structure

observed from the <110> direction.

The crystalline lattice was not well developed in the areas around the grain

edges. The encircled area in Fig. 5-3(a) is observed along the <111> zone axis. The

atomic arrangement of BaTaO:;N along this direction is clearly observed for the area

labeled 1 at the bottom right of the higher-magnification image in Fig. 5-3(b). However,

it is not clearly observed in the areas labeled 2 — 4, which have different atomic

arrangements over ranges of approximately 3 — 10 nm. Fourier transformations of these
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Table 5-1. Crystal growth conditions, appearance of the products, and maximum grain sizes of BaTaO:N crystals.

Product name

BaCN; amount / mol%

Duration time at

Cooling rate

Appearance

Maximum

910°C/h /°C h! after cooling grain size / um
As-prepared(a) - - - Reddish powder 0.15
(b) 17 0.5 1.8 Reddish powder 0.2
(c) 22 0.5 1.8 Reddish powder 0.7
(d) 36 0.5 1.8 Reddish powder 2.2
(e) 46 0.5 1.8 Reddish solid 3.1
63) 67 0.5 1.8 Reddish solid 0.9
(g2) 46 0.5 300 Reddish solid 0.5
(h) 46 24 1.8 Reddish solid 0.4
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Fig. 5-1. Powder XRD patterns for BaTaO>N grown with 67 mol% of BaCN3. (a) As-
grown product, (b) that after exposure to air for 1 h, and (c) that after leaching in nitric
acid and water. Diamonds, arrows, inverse triangles, and question marks indicate
diffraction peaks for BaTaO>N (ICSD 202763), Ba;TaOsN (JCPDS 47-1388), BaCO3
(PDF 01-071-2394), and an unknown phase, respectively.
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images were performed using the Digital Micrograph software package (Gatan) for the

areas 1 —4 in Fig. 5-3(b). The (01-1) lattice spacing was estimated from the lattice fringes

indicated by the yellow arrows in the same figure. The average spacing in area 1 was

0.293 nm, which was consistent with the literature value of 0.291 nm. [5] The average

spacing estimated for area 3 was 0.316 nm, which is slightly larger than that for area 1.

For area 4, the crystal orientation could not be identified from the Fourier transform image.

The average lattice spacing in area 4 was approximately 0.333 nm, which is larger than

that for area 1. One possible explanation is that the fringes in area 4 correspond to (004)

plane of RP-type BaxTaO3;N with space group /4/mmm together with a = 0.411508(3) nm

and ¢ = 1.33778(1) nm. The ¢/4 value was calculated to be 0.334 nm (JCPDS 47-1388).

The area out of BaTaOxN crystals therefore consists primarily of a solidified BaCN> flux

and BaTaOxN containing a large amount of BaO in the form of stacking defects, similar

to the results obtained in the work with SrTaO>N-Sr2TaO3N system. [6]

The chemical compositions of these areas were investigated using EDX.

Measurement at each point was conducted for a short duration of 10 s to avoid sample

drift. The Ba/Ta molar ratios are plotted in Fig. 5-4(b). The ratio was normalized for

positions 2 — 4 against the value for the BaTaO2N single crystal at position 1 in Fig. 5-

4(a). A much greater amount of Ba was detected at the edge positions 2 — 4 than at the
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Fig. 5-2. (a) TEM bright-field image of a thin specimen. (b) SAED image of the encircled
area in (a). (¢) High-magnification HAADF-STEM image of the area encircled in (a).
Green, yellow, and red circles in (¢) indicate Ba, Ta, and O/N anions, respectively. The

crystal structure model was drawn by the crystallographic imaging software VESTA. [7]
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Fig. 5-3. (a) TEM blight-field image of BaTaOxN crystals in the solidified BaCN>
specimen. (b) HAADF-STEM image of the area encircled in (a). (1) — (4) Fourier

transformation images generated from the respective areas in (b).
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highly-crystalline position 1. Ba-rich phases such as RP type Ba,TaO3;N identified in

powder XRD (Fig. 5-1(a)) are contained at the positions 2 — 4.

Ba>TaO3N was generated as a thin skin layer around the BaTaO>N perovskite

crystals recrystallized from the BaCN» melt. The Ba-rich phase layers such as BaO were

randomly inserted between the BaTaO2N perovskite layers, stacking around the edges of

the perovskite crystals. These phenomena explain why the crystallinity of the as-grown

BaTaO2N was slightly low and why a trace amount of Ba;TaO3N was evident in the

powder XRD pattern in Fig. 5-1(a). These data suggest that the starting BaTaO2N powder

was dissolved in molten BaCNy, followed by recrystallization of BaTaO:N single crystals

with a uniformed perovskite-type atomic arrangement and precipitation of solid phases

including Ruddlesden-Popper type Ba;TaO3N, which partially contain an insertion of

BaO layers. The formation mechanism of Ba-rich oxynitrides such as Ba;TaO3N can be

surmised in several routes. (1) they were formed as metastable phases at the beginning of

the recrystallization from the flux. These phases were generated at the interfaces between

solid BaTaO2N and molten BaCN; during the growth of BaTaO:N crystals at high

temperatures. That is, crystals of BaTaO2N did not directly recrystallize from the solute

of this compound in the BaCN; flux. (2) BaTaO:N simply recrystallized from the BaCN;

solvent, and then Ba-rich phases were formed by decomposition of BaCN; during heating.
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Growth of the BaTaO:N perovskite crystals

The primary particles in as-prepared BaTaO,N powder after ammonolysis were

rounded form and 40 — 150 nm in size. They formed irregular aggregates approximately

2 — 3 um in size, as depicted in Fig. 5-5(a). The shape and size of the aggregates changed

with increases in the amount of BaCN3 in the flux during heating at 910 °C for 30 min. A

slight grain growth occurred in the cases of precipitation of BaTaO;N from the 17 mol%

BaCN; flux (Fig. 5-5(b)). Cubic crystals reflecting the euhedral form of the perovskite-

type structure appeared at 22 mol% as shown in Fig. 5-5(c). These powder products with

small amount of BaCN> (< 22 mol%) are composed of submicron-sized tiny particles due

to a lack of flux enough to grow BaTaO:xN crystallites. Larger red crystals were observed

when 46 mol% BaCN: was used, and the particle size increased to 3.1 um at 46 mol%

BaCNy, as can be seen in Fig. 5-5(¢). Micron-sized BaTaO2N crystals were grown only

in the cases in which the exterior region of the original BaTaO2N particles were dissolved

in the BaCN: flux and the interior of the BaTaO>N particles are remained as the nucleus

for crystal growth. In the samples containing micron-sized BaTaO:N crystals (Figs. 5-

5(d) and (e)), large crystals several microns in size coexisting with many submicron

particles were observed. Slow precipitation from a dilute BaTaO2N solution in the BaCN>

flux was expected to increase the crystal size. Reddish color, which is the characteristic
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of stoichiometric BaTaO2N [8,9], was confirmed by optical microscope observation of

large grains (Fig. 5-5(e)-2). Rather, aggregates of small cubic crystals were present when

high BaCN2 concentrations (> 67 mol%) were used, as depicted in Fig. 5-5(f). The

original BaTaO2N powder was completely dissolved in a large amount of molten BaCN

at high temperatures, and tiny particles recrystallized by homogeneous nucleation.

In one trial, the cooling rate was increased from 1.8 to 300 °C/h using 46 mol%

BaCN2. Under these conditions, the crystal size was found to decrease to less than 0.5

um, as shown in Fig. 5-5(g). This suggests that slow cooling is required to obtain larger

BaTaO:2N crystals from a BaCN: flux. The effect of the hold duration at 910 °C was also

investigated by changing the hold time from 30 min to 24 h using the 46 mol% BaCNo..

The maximum particle size from this trial was only 0.4 um, as is evident in Fig. 5-5(h).

The formation of much smaller crystals compared to those obtained after 30 min (Fig. 5-

5(e)) is attributed to a partial loss of the molten BaCN2 flux by evaporation and

decomposition during the heating process. Heating the reaction system to the melting

point of tetragonal BaCN> (910 °C) is necessary to dissolve BaTaO2N powder, but the

duration at 910 °C should be as short as possible because BaCNg> flux is lost above 910 °C,

which results in a condensation of the solution to form only tiny crystallites. Therefore,

it is important to maintain a sufficient amount of the BaCN> melt during crystal growth,
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Fig. 5-4. (a) HAADF-STEM image of the same area as in Fig. 5-3(b). (b) Ba/Ta molar
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Fig. 5-5. SEM micrographs of BaTaO>N particles: (a) As-prepared ammonolysis product;
(b) — (f) products generated in the flux at 910 °C for 30 min with 17, 22, 36, 46, and 67
mol% BaCNa, respectively, after cooling at 1.8 °C/h and acid/water washing, and similar
products obtained using 46 mol% BaCN» at 910 °C (g) for 30 min with cooling at
300 °C/h and (h) for 24 h at the rate of 1.8 °C/h. [(e)-2] Optical micrograph of the product

(e).
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even though this is difficult in practice.

5-4. Conclusion

Cubic crystals of perovskite-type BaTaO>N were grown to approximately 3.1
um in size in molten BaCNa. Micron-size is enough to investigate the piezoelectricity
using piezoresponse force microscopy (PFM). TEM observations of BaTaO2N crystals in
solidified BaCN> suggested that crystals were grown through several nanometer-sized
crystalline areas with a slightly larger lattice spacing than BaTaO:N, such as RP phases
like BapTaOsN. Further growth would be possible by maintaining the BaCN2 melt.
Growing furtherly larger BaTaO2N crystals is expected to help clarify their intrinsic

properties by allowing dielectric measurements.
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Chapter 6

Ferroelectric Piezoresponse of BaTaO:N Microcrystals

6-1. Introduction

In the last chapter, BaTaOxN crystals in several micrometer size were grown in
a BaCN; melt and further knowledge about their dielectricity is expected to be provided
from the evaluation of these crystals. In the last decade, some atomic force microscopy
(AFM)-based electrical property measurement techniques suitable for the samples in nano
and micron-size have been developed. This method called piezoresponse force
microscopy (PFM) is useful for the investigation on the piezoelectricity in small dielectric
samples through the displacement of AFM cantilever. In the measurements, the contact
of the electrical power source to the sample is achieved by placing a conductive cantilever
on the sample surface. [1-3] A schematic image of a measurement setup is depicted in Fig.
6-1(a).

PFM technique has been employed for some measurements of oxynitride
perovskite materials. Piezoresponses were studied on the thin ceramic surfaces of
SrTaO2N and BaTaO:N in thicknesses of less than 10 um scratched off from their bulks
in the applied voltage range of £10 V. Clear piezoresponse images were obtained over

the range of £3 to 4 V for SrTaO2N [4] and +7 V for BaTaO2N as mentioned in
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Fig. 6-1. (a) A schematic image of PFM device system and (b) PFM signal graph of
ferroelectrics with a complete polarization phase switching drawn with sample stretching
(S) and electrical field bias (E). Where Ec and Sy are coercive field and remnant strain,
respectively.
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Chapter 3. Local hysteresis polarization (P)-electrical field (E) loops were also acquired

from a thin specimen of SrTaO2N ceramic using a micron-sized Pt-deposited electrode

over the applied voltage range of +12 V. [4] The signal intensity was found to increase

with increasing voltage and showed a maximum in the range of approximately +8 V.

However, its polarization could not be saturated because a serious current leakage

appeared at high voltage range. This is presumably because a trace amount of electrically

conductive nature is present even after post-ammonolysis of nitrogen-deficient oxynitride

ceramics. [4] Highly-insulating oxynitride samples are desired to elucidate the occurrence

of polarization phase alternation by making it possible to apply high electrical field to the

samples.

In other works, compressively strained SrTaO;N, LaTiO:;N, and Sri.La,Tai-

+T1xO2N (x = 0.01) thin films deposited on oxide perovskite crystal substrates also showed

ferroelectric behaviors [5-8] below the bias voltage range of +8 V in the PFM

measurements. They were observed only in very small domains with the sizes of 10 — 100

nm and a serious current leakage occurred during the measurements as in the cases of the

abovementioned ceramic specimens. [4] The origin of the ferroelectricity in such

inhomogeneous films is considered to be the compressive stress induced by the crystalline

lattice size mismatches between the films and oxide substrates. [5-8] Most importantly,
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investigation on the electrical properties in self-standing single crystals is necessary to
elucidate the emergence of ferroeletricity in oxynitride perovskites.

In the present chapter, piezoresponse measurements were conducted on
BaTaO»N crystals using a piezoresponse force microscope (PFM). Ferroelectric behavior
of BaTaO:N is discussed with a concept of polar nano regions (PNRs) in the crystal
structure of BaTaO2>N. Additionally, Raman spectroscopic measurements were conducted
on a BaTaO;N microcrystal to discuss its crystal structure in relation to the piezoresponse

and the presence of non-centrosymmetric regions discussed in Chapter 2.

6-2. Experimental
Sample preparation

Reddish BaTaO2N microcrystals were grown as mentioned in Chapter 5. Cubic
crystals in size larger than 3 um were obtained with 46 mol% BaCNy, heating at 910 °C
for 30 min, and subsequent cooling at 1.8 °C/h. The sample after cooling was washed in
1 M nitric acid to remove soluble impurities mainly BaCN> and an obvious square shape
of reddish crystal was observed as shown in an inset of Fig. 6-2. The single phase of
perovskite-type Pm3m was confirmed using powder XRD with Cu Ka radiation as in the

profile shown in Fig. 6-2. Its lattice parameter of cubic perovskite a = 0.41118(3) nm well
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matches with the literature value (¢ = 0.41128 nm). [9]

Piezoresponse measurements were conducted on micron-scaled BaTaO>N

single crystals. Very recently, it has been pointed out that some false detections of

piezoresponse may occur due to electrostatic force on the bared surfaces of dielectric

samples as schematically depicted in Fig. 6-3. [10-12] In the present study, top electrodes

were applied to the surfaces of the crystals to remove static electrons as shown in Fig. 6-

4 (a). The crystals after leaching in nitric acid were dispersed by sonication in ethanol

(99.5%, FUJIFILM Wako Pure Chemical). The suspension was then dropped on an Au

bottom electrode deposited by sputtering with a thickness of approximately 100 nm on a

Cu plate. The Cu plate was then annealed at 500 °C for 5 h in nitrogen atmosphere to

complete a contact between the Au film and the bottom of BaTaO:N crystals. Top

electrode was fabricated by sputtering Pt (JFC-1100E, JEOL) in a thickness of

approximately 150 nm on the entire surface of the Cu plate. The surroundings of each

BaTaO:N crystal were grooved with focused ion beam (FIB, JIB-4600F/HKD, JEOL) of

gallium to separate top and bottom electrodes, as depicted in the SEM images of Figs. 6-

4(b, c).
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Fig. 6-2. Powder XRD pattern of BaTaO2N crystals prepared with 46 mol% BaCN,
duration time at 910 °C for 30 min, and a cooling rate of 1.8 °C/h. The sample was leached

in 1 M nitric acid. The inset is an optical image of a crystal grain. Its lattice parameter of

cubic perovskite a = 0.41118(3) nm well matches with the literature value (a = 0.41128

nm). [9]
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Fig. 6-3. A schematic image of the false detection of piezoresponse caused by electrostatic

force on the surface of dielectric materials. [11]
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Fig. 6-4. (a) A schematic image of the processed BaTaO,N sample and (b,c) SEM
micrographs of the crystals after FIB grooving.
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PFM measurements

The piezoelectricity of the BaTaOxN crystals was investigated using a PFM
technique that is applicable to nano-sized areas in tiny samples. [1-3] Electrical voltage
was applied to BaTaO>N crystals with electrodes on both sides as mentioned above.
Switching spectroscopy piezoresponse force microscope with DART technique (SS-PFM,
ASYLUM MFP-3D, Oxford Instruments) was employed in an electrical field bias of up
to £100 V through a silicon probe coated with Ir metal (ASYELEC-01) and a stiffness of
0.77 N/m. SS-PFM was measured in a temperature range of up to 120 °C. The maximum
applied electric field was roughly estimated as 460 kV/cm.
Raman spectroscopy

Subsequently Raman spectroscopic measurements were conducted on a
BaTaOxN crystal at room temperature. Nd:YAG laser beam with a wavelength of 514.5
nm and a diameter of 1 pm was irradiated on the surface of a BaTaO2N crystal with a size
larger than 2 pm. The energy output was optimized to be less than 150 mW to avoid the
decomposition of BaTaO;N during measurements. Measurements were conducted using
monochromaters (Triple Monochromator, PDPX, Photon Design for ~200 cm™ and Triple

Monochrometer, T64000, Jobin Yvon for ~800 cm™).
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6-3. Results and discussion

Electrical short was avoided by forming an island capacitor structure, which
was fabricated by the FIB grooving of a Pt deposited side-wall connected to the bottom
Au electrode and copper substrate (see Fig. 6-4). A square region with dimensions of 2.5
X 2.0 um? was found out in the AFM topographical image of a BaTaO:N single crystal
covered with a Pt top electrode, as shown in Fig. 6-5(a). An AC electrical voltage of 2Vp-
p (peak to peak voltage) was subsequently applied to the present crystal at various
temperatures. It was found that a much higher electrical voltage could be applied to the
present highly-insulating crystals than the previous ceramic samples, which showed
serious current leakage at voltages as low as 10 V as mentioned in Chapter 3. [4]
Deformations were observed in the PFM measurements over the temperature range of 30
to 90 °C under an electrical voltage of less than 40 V, but there was no polarization
switching over the voltage range applied. A PFM phase hysteresis loop and a PFM
amplitude butterfly curve originating from the ferroelectricity were clearly observed at
120 °C in an applied electrical voltage of £100 V (that corresponds to the approximate
electrical field of +460 kV/cm), as shown in Fig. 6-5(b) and (c). The coercive field was
estimated to be 250 kV/cm, according to the phase and amplitude signals, although a

higher voltage was required to induce clear piezoresponse phase switching. In a
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preliminary experiment on another crystal, polarization phase alternation was observed

at high temperature (e.g. 100 °C), while no phase switching was detected in the same

voltage range at 30 °C as shown in Fig. 6-6. This suggests that polarization phase in PNRs

could be more easily altered by the assist of heat as in the cases of typical relaxor

ferroelectrics like Pb(Mgi13Nb23)Os. [13] The difference of coercive fields of the samples

shown in Figs. 6-5(b,c) and 6-6(c) may be due to the difference of the sizes and

polarization directions of PNRs contained in the crystals.

Note that an electrostrictive effect was observed in the amplitude curve due to

application of a very high voltage. Here, the polarization(P)-electric field(£) hysteresis

loop should be measured; however, it is very difficult to execute for the following reasons;

(1) enough charge could not be obtained using an island system because of the very small

top electrode size, and (2) artificial charge from the air capacitor between the cantilever

and top electrode might be included in the measurement. A reliable capacitance value

could not be obtained due to the same reason with as that given in (1). Although we could

not exactly measure the P-E hysteresis loop, clear polarization switching was obtained in

this SS-PFM measurement, indicating that BaTaOxN single crystal is truly a ferroelectric

material.

The observed ferroelectric polar phase alternation is consistent with the
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presence of PNRs in BaTaO;N, which has previously been suggested by many researchers

as indicated by the favorability of cis-type anisotropic anion configurations and the

formation of spontaneous polarization in oxynitride perovskites (Fig. 6-7(a)). [14-20]

The nitrogen atoms form the cis-type configurations to consist the helical Ta-N chain

motifs in the apical linkages to TaO4N; octahedra. The PNRs in Fig. 6-7(a) are formed

by the interaction between two kinds of helical Ta-N chain coil motifs; clockwise and

anti-clockwise. These are present in the domain structures of PNRs even at room

temperature, which is considered to be below the Burns temperature for this compound

(Fig. 6-7(b)). [21] The concentration of these PNRs may be low, as suggested by the

weak intensity of the SHG signal shown in Fig. 2-1 in Chapter 2, probably because of

the disordering between oxygen and nitrogen atoms at 3¢ site. Also, the presence of non-

centrosymmetric Pmc2; phase discussed in Chapter 2 is consistent with the present

ferroelectric piezoresponse. The polar domain size gradually grows with increases in the

applied electrical field bias, as summarized schematically in Figs. 6-7(c) and (d). In the

crystal in Fig. 6-5, the polarization was saturated above +£250 kV/cm in the applied

electric field to show the clear ferroelectric piezoresponse. The present crystals were

sufficiently insulating so as to allow the application of electrical fields as high as +460

kV/cm, which is by far higher than the maximum values for ceramic samples reported in
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Chapter 3 (up to approximately 10 V (= 12.5 kV/cm)). This characteristic enabled to
saturate the polarization of BaTaOxN crystals to produce clear butterfly-like PFM signal.

Raman spectroscopy was performed on a BaTaO>N microcrystal depicted in an
optical image of Fig. 6-8(a). Raman spectra obtained on a BaTaOxN crystal is shown in
Fig. 6-8(b). It shows at least five Raman peaks. The profile appearance is completely
different from the one of perovskite-type SrTiOs single crystal with a cubic Pm3m space
group [23], which has only three Raman tensor elements. [24] This may suggest the
presence of more distorted structure in BaTaOoN. More detail regarding the Raman
spectra is now under investigation.

The situation that non-centrosymmetric regions are contained over the “average”
centrosymmetric phase matches with the model of relaxor ferroelectrics with spontaneous
polarization originating from PNRs. Here, the presence of PNRs was demonstrated by

PFM measurements on BaTaO,N single crystals.
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Polarization

Fig. 6-7. (a) Two sets of polar nano regions in the crystal structure of BaTaO>N with cis-
type anion ordering, as simulated by molecular dynamics calculations. [17] Brown, green,
blue, and purple spheres indicate Ba, Ta, O, and N, respectively. (b) Polar nano regions
present in the average Pm3m cubic crystal lattice in which most of the oxygen and
nitrogen atoms are randomly distributed at 3¢ sites. (¢) Polar nano regions growing along
the applied electric field. (d) Polarization saturated at applied bias higher than coercive

field. Structural models were drawn using the VESTA software package. [22]
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Fig. 6-8. (a) Optical micrograph of a BaTaO>N microcrystal (indicated with a red circle,
approximately 2 um in size), (b) Raman spectroscopic profile of a BaTaO,N crystal.
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6-4. Conclusion

Highly-insulating BaTaO2N microcrystals showed clear ferroelectric
piezoresponses, indicating the presence of spontaneous polarizations that could be
switched by applying an external electrical field at high temperature about 100 °C. The
polarization switching without electrical leakage was observed in self-standing oxynitride
perovskite solid samples for the first time. This finding clearly confirmed the presence of
the ferroelectricity in this material, as a result of the formation of polar nano regions by

anisotropic anion configurations without compositional inhomogeneity.

The polar nano regions are believed to be generated in association with polar
crystal structural units introduced by the cis-type TaOsN. octahedra linkages. This
hypothesis was supported by SHG measurement and the Rietveld fitting of a powder
neutron diffraction profile using a polar structure model of Pmc21. The results of the PFM
measurements are consistent with these structural studies. Furthermore, Raman
spectroscopic studies on the BaTaO2N crystal provided a possibility of the presence of

some distorted structure other than Pm3m space group.
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Chapter 7
Spark Plasma Sintering of BaTaO:;N Using a Molten BaCN; Additive

7-1. Introduction

In the last chapter, an evidence of the ferroelectricity of BaTaOoN crystals
grown in a BaCN2 melt was presented. The melting point of BaCN2 (910 °C) is slightly
lower than the nitrogen releasing temperature of BaTaO2N (920 °C), and stoichiometric,
excellently insulating microcrystals were obtained. Further target is the fabrication of
polycrystalline BaTaO2N ceramics without nitrogen loss during sintering to simplify the
sample fabrication process and improve electrical insulation in the products compared to
the high temperature sintering reported in Chapter 3.

As mentioned in Chapters 4 and 5, the melt of BaCN: dissolves oxynitride
perovskites and cubic oxynitride crystals precipitate. The BaCNz melt may be also useful
to fabricate polycrystalline BaTaO>N ceramics without nitrogen loss in the sintering
process. It will wet the BaTaO>N powder surface assisting the solute diffusion through
the BaCNx> solvent similarly to the case of liquid phase sintering. Spark plasma sintering
(SPS) method will be beneficial in rapid sintering under pressure to avoid the thermal
decomposition of BaTaO;N. [1-5]. SPS is a densification technique on a pressurized

powder compact assisted by external electrical field. Rapid heating can be performed
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through the Joule heating of conductive die and punches. [1-5] A typical equipment setup

is depicted in Fig. 7-1.

In the present chapter, BaTaO.N powder was sintered with a BaCN; additive

under a uniaxial mechanical pressure applied with an SPS equipment. The crystalline

phases, microstructure, and electrical properties of the ceramic products were studied, to

find out a possibility to obtain dielectric BaTaO2N ceramics without the partial loss of

nitrogen from the perovskite-type crystalline lattice.

Graphite Spacer
Graphite Punch
Graphite Die
Graphite Paper (lubricating)
Thermocouple hole
Powder Compact

I Graphite Bulk
[ Graphite Paper

Fig. 7-1. An example of a tool setup of SPS furnace. [1]
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7-2. Experimental

Sintering of BaTaO2N powder

BaTaO>N and BaCN; powders were obtained by the ammonolysis of either

powder mixture of BaCO3 and Ta;Os or BaCOs3, as mentioned in Chapters 2 and 4. The

prepared BaTaO;N powder of 0.8 g was then mixed with 0 — 20 wt% of BaCN> in a

planetary ball milling system using zirconia balls with a diameter of 5 mm and 5 mL of

hexane (> 95%, FUJIFILM Wako Pure Chemical) as a dispersion medium in a 45 mL

zirconia pot. Mixing was performed at a rotation rate of 570 rpm for 10 min. This

procedure was performed in nitrogen atmosphere to avoid the oxidation and hydrolysis

of BaCNz. The milled powder mixture was sintered into 1 mm-thick disc shape with a

diameter of 1 cm using an SPS equipment (Spark plasma sintering system LABOX-1575,

SinterLand Inc.). A schematic image of its sintering procedure is illustrated in Fig. 7-2.

Approximately 500 mg of BaTaO;N/BaCN; powder mixture was sandwiched between

additive-free BaTaO2N powder parts of about 150 mg. They were inserted into carbon

punches and die covered with graphite sheet to avoid BaCN> contamination. The sample

chamber was evacuated and then nitrogen gas (> 99.999%) was introduced up to 0.08

MPa prior to heating. Uniaxial mechanical pressure was applied to 100 MPa on the

samples and the chamber was heated to approximately 900 °C at a rate of 200 °C/min and
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kept for the desired time of 1 — 10 min. Mechanical pressure was applied over the entire
SPS process. First of all, the temperature of the carbon die was investigated. The
temperature of carbon die slightly exceeded the melting point of BaCN» (910 °C) with a
temperature setting of 900 °C. When only BaCN> powder was heated with the same
temperature setting, it completely melted even in a short keeping time of a few minutes,
confirming the presence of BaCN2 melt for liquid phase sintering during heating. The
sample preparation conditions and properties of the ceramic products are summarized in
Table 7-1.
Characterization of the ceramic products

The sintered ceramics were polished with a 1000-grit sandpaper to remove
excess BaTaO;N powder adhered to the ceramic surface. Their bulk densities were
calculated with geometric method and relative density (RD) values were obtained
assuming the products are pure BaTaO,N (theoretical density = 8.69 g cm™). [6] The
amount of BaCN> in the ceramic products cannot be quantified because of a partial loss
of molten BaCN: by its vaporization and partial decomposition at high temperature.
Moreover, molten BaCN reacts with the surface of BaTaO:N grains to form Ba-rich
Ruddlesden-Popper type oxynitride perovskites. The Archimedes method was not

applicable in the present case because the ceramics in the present work contain a number
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of open pores, which makes it impossible to obtain the precise density values of the

ceramic products. The crystalline phases of the polished ceramic surfaces were identified

with XRD with Cu Ka radiation over the 26 range of 20 — 80° with a scanning rate and

step size of 10°/min and 0.02°. XRD profile fitting and the phase proportion calculation

were conducted with a Rietveld software package (RIETAN-FP). [7]

Chemical compositions of the ceramic products were studied using XRF for the

molar ratios of Ba/Ta and combustion O/N analyzer for oxygen/nitrogen contents. Carbon

contents were ignored for its small weight ratios less than the detection limit of CHN

combustion analyzer (< 0.3 wt%, MICROCORDER JM10, J-Science Lab.).

A thin slice of the ceramic product obtained with 5 wt% BaCN3, keeping at

900 °C for 1 min, and uniaxial pressure of 70 MPa was prepared using FIB (SMI 3050SE,

Hitachi High-Technologies). The microstructure and composition of the specimen in a

thickness less than 100 nm was observed with a TEM (Titan3 G2 60-300, FEI Company)

with Cs-spherical aberration corrector and EDS.

Electrical properties of the ceramic product sintered with 5 wt% BaCN2, at 70

MPa, and duration at 900 °C for 3 min (sample (e) in Table 7-1) were investigated with

an impedance analyzer (4294A, Agilent Technologies, Inc.) through the electrodes

applied by sputtering Pt (JFC-1100E, JEOL) in a thickness larger than 100 nm.
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Measurements were conducted at room temperature over a frequency range of 10— 10°

Hz.

7-3. Results and discussion
Effects of BaCN: additive and applied mechanical pressure

Preliminary SPS processing was applied on BaTaO>N powder with or without
BaCNy additive to elucidate the effect of BaCN; on its densification. All the samples were
heated at approximately 900 °C, which corresponds to the melting point of BaCN». No
densification was observed on the additive-free BaTaO2N powder. The powder mixtures
containing some amount of BaCN> rapidly densified to the RDs larger than 66.5%. The
RD values are plotted against BaCN2 amount for the products SPSed for Smin or less in
Fig. 7-3(a). BaCN> additive is obviously effective for rapid densification compared with
the high temperature sintering mentioned in Chapter 3.

In Fig. 7-3, samples sintered with 7 wt% BaCN> tend to show slightly lower
RD values. This may be because BaTaO>N solid particles are sometimes separated by
molten BaCN», which disturbs the densification of BaTaOxN. As for the case of the
addition of 5 wt% BaCNy, the distance between solid particles is appropriate due to the

absence of too much amount of molten BaCN», to make the ceramic products a little
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Table 7-1. Sintering conditions and BaTaO2N ceramic products fabricated by SPS method.

Nitrogen content (compared with

Name  Dwell time at 900 °C Pressure BaCN, amount RD . Note
the sample before sintering)
a 1 min 30 MPa Swit% 68.7% Stoichiometric Red, insulating
b 1 min 70 MPa 5wit% 80.7% Stoichiometric Red, insulating
c 3 min 30 MPa Twit% 66.5% Stoichiometric Red, insulating
d 3 min 30 MPa 10wt% 70.5% Stoichiometric Red, insulating
e 3 min 70 MPa Swit% 79.8% Stoichiometric Red, insulating
f 3 min 70 MPa Twit% 72.1% Stoichiometric Red, insulating
g 3 min 70 MPa 10wt% 83.0% Stoichiometric Red, insulating
h 3 min 100 MPa 5wit% 80.1% Stoichiometric Red, insulating
i 3 min 100 MPa Twt% 76.9% Stoichiometric Red, insulating
j 3 min 100 MPa 10wt% 82.4% Stoichiometric Red, insulating
k 5 min 70 MPa S5wit% 84.1% Stoichiometric Red, insulating
I 10 min 30 MPa 3wt% 78.6% - Black, conductive
m 10 min 30 MPa S5wit% 97.6% - Black, conductive
n 10 min 30 MPa 10wt% 98.0% Deficient in 9.5% Black, conductive
0 10 min 30 MPa 20wt% Broken - Black, conductive
p 10 min 70 MPa 10wt% 78.0% - Brown, conductive
q 60 min 30 MPa 5wit% 93.5% Deficient in 11.0% Black, conductive
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Fig. 7-2. A schematic image of the sample setup for the present SPS procedure.
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Fig. 7-3. Relative densities of BaTaO>N ceramics as functions of (a) the amount of BaCN»
additive and (b) applied uniaxial pressure. The plotted data are for the samples with

stoichiometric nitrogen contents.
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denser. However, the reason why the 10 wt% samples became slightly denser than 7 wt%

ceramics still remains unclear. Some penetration of molten BaCNz2 into the BaTaO2N

powder beds was detected by analyzing Ba/Ta molar ratios of the powder beds using XRF.

Excess amount of Ba (by more than 5 mol%) compared with Ta was contained. This,

evacuation of BaCN2 out of the main BaTaO2N/BaCN2 mixture, was significant when

large amount of BaCN2 additive of 7 wt% or more was mixed before heating and high

pressure was applied. So, the effect of BaCN2amount in the initial mixtures on RD values

cannot be compared quantitatively because a rich amount of molten BaCN2 was not

utilized for densification effectively. Too much amount of BaCN2 (20 wt%, sample (0)

in Table 7-1) resulted in ceramic products broken into tiny particles. The preferable

BaCN; amount was less than 10 wt% to keep the disk shape of the products.

The effect of the applied mechanical pressure was studied as shown in Fig. 7-

3(b). The powder mixture of BaTaO>N with 10 wt% BaCN; did not densify at all in a

heating without mechanical pressure at 900 °C for 1 h. The RD values increased to exceed

66.5% under the pressures higher than 30 MPa. Molten BaCN, was infiltrated between

the BaTaO:N particles to wet their particle surface in the squeezing under mechanical

pressure. The RD values did not increase furthermore above 70 MPa. This may be because

BaCN; melt was squeezed out from the main BaTaO>N/BaCN; sample body to the upper
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and lower BaTaO>N powder beds under the high pressures.

BaTaO;N powder was densified with 5 wt% BaCN; by changing heating

duration at approximately 900 °C. Photographs of BaTaO>N ceramics sintered for 3 min

(sample (e)) and 60 min (sample (q)) are shown in Fig. 7-4. Red, and electrically

insulating BaTaO2N ceramics were obtained in the duration shorter than 5 min as shown

in Fig. 7-4(a). The heating for longer than 5 min resulted in black semiconductors (Fig.

7-4(b)). A part of nitrogen was lost from the oxynitride perovskite by a reducing

atmosphere produced in the presence of graphite sheets, die, and punches. Keeping

duration time up to 5 min is appropriate to obtain BaTaO:N dielectric ceramics.

Maximum RD value of the stoichiometric BaTaO;N ceramics was 84.1% in sample (k).

Sintering mechanism of BaTaO:N with BaCN:

XRD profile was observed on the polished BaTaO;N ceramic surface sintered

with 5 wt% BaCN» at 70 MPa and 900 °C for 5 min (sample (k)). The main crystalline

phase is perovskite-type BaTaO2N with a lattice parameter a = 0.411009(11) nm, which

well matches with the literature value (@ =0.41128 nm). [6] A Ba-rich Ruddlesden-Popper

type BaxTaO3N appeared as a side phase about 5.8 wt% as shown in Fig. 7-5. Similar

Ba;TaO3N impurity was observed in the crystal growth study on BaTaO2N in a reaction

between BaTaO>N and BaCN». The excess oxygen in Ba;TaO3N impurity is supplied
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from the adsorbed oxygen and/or moisture on the surfaces of BaTaO>N/BaCN> mixture

and the inside of SPS equipment. The presence of BaxTaO3N impurity suggests that the

present densification of BaTaO:N is not a simple liquid phase sintering. The material

diffusion in densification is assisted by chemical reactions in which the perovskite

dissolves and recrystallizes in molten BaCN as it was between the BaTaO2N main phase

and the BaO intermediate formed in a partial oxidation of BaCN> as mentioned in

Chapter 5.

TEM blight field image was obtained on a thin specimen of the ceramics

(sample (b) with RD = 80.7%) as depicted in Fig. 7-6(a). Compared with the primary

particle size of as-prepared BaTaO2N powder shown in Fig. 7-6(d) and (e), a slight grain

growth seems to have occurred during SPS processes, although it is not significant.

QGrains in ceramics are connected via thin boundaries and some voids are observed in its

microstructure. Large voids in the approximate grain size are present probably because

the packing of starting powder was insufficient. Further increase in RD values will be

attained by improving starting BaTaO2N powder contacts by changing their particle sizes.

EDS compositional analyses were conducted on several parts across a grain boundary in

a high magnification high-angle annular dark field scanning TEM (HAADF-STEM)

image (Fig. 7-6(b)). Molar ratios of Ba/Ta at each point were normalized with the value
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Fig. 7-4. Photographs of BaTaO,N ceramics (e) and (q) sintered with 5 wt% BaCN>
additive 900 °C for (a) 3 min and (b) 60 min, respectively.
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Fig. 7-5. XRD pattern of the polished ceramic surface sintered with 5 wt% BaCNz, at 70

MPa and 900 °C for 5 min (sample (k), RD = 84.1%). Diamonds and arrows indicate
BaTaO;N (ICSD 202763) and BaxTaO3N (JCPDS 47-1388), respectively.
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Fig. 7-6. (a) TEM blight field and (b) HAADF-STEM images of a BaTaO>N ceramic
specimen with RD = 80.7% (sample (b)). (¢) is Ba/Ta molar rations observed with EDS
at several points in (b). (d) and (e) are blight field images of as-prepared BaTaO.N

particles obtained by ammonolysis.
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of the point 1 (an interior of BaTaO>N grain). The proportion of Ba gradually increased

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

4 in Fig. 7-6(b)). The molten BaCN> spread out into the narrow grain boundary area by a

mechanical pressure and wetted the surface of BaTaO>N grains. The BaCN; flux is

concentrated in triple points of the solidified BaTaO2N grains. Sintering process in the

present study can be explained as schematically illustrated in Fig. 7-7. The surface of

BaTaO:N grains is wetted by molten BaCNz to cover the boundaries as shown in Fig. 7-

7(a). BaTaO2N grains are then dissolved to the molten BaCN; and precipitates forming

Ba-rich side phases like BaxTaOsN on the surface region of the grains. This step is

accompanied by a slight grain growth to connect BaTaOxN particles as in Fig. 7-7(b).

Finally, each BaTaO>N grain is connected via thin boundaries of BaTaO:N itself

containing a small amount of Ba-rich components mainly the residual BaCN> and

Ba;TaO3N. Sometimes such Ba-rich constituents are confined in the triple points of the

grown BaTaO;N grains as shown in Fig. 7-7(c).

SEM micrographs were observed on the as-prepared BaTaO,N powder and the

fracture surfaces of sintered BaTaO>N ceramics (sample (k)). Grains are well connected

each other in the ceramics, but neither significant necking between the grains nor apparent

grain growth are observed, despite its high RD = 84.1% as depicted in Fig. 7-8. All the
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grains were just bonded at their boundaries formed through the molten BaCN,. Grain
growth is not well enough generally in a short duration of SPS process even in sintering
of oxide inorganic materials. [2]
Electrical properties of BaTaO:2N ceramics

The electrical properties were studied on the BaTaO,N ceramic sample (e) at
room temperature over a frequency range of 10> — 10% Hz. The sample was relatively
dense (RD = 79.8%) among the present products and well-characterized as mentioned
above. Complex impedance plots shown in Fig. 7-9(a) indicate only a small part of a
giant arc, suggesting the present ceramics is an insulator, even without post-ammonolysis.
Fig. 7-9(b) shows its relative dielectric constants &, of 320 — 650 and dielectric loss tand
of 0.04 — 0.19. These values are comparable with the best ones reported on the post-
annealed ceramics with RD = 73.0% sintered at high temperature (¢, =290 — 620 and tano
=0.04 — 0.4). Partial nitrogen loss was eliminated in the present sintering at 900 °C. The
temperature is below the nitrogen releasing from BaTaO:N and around the melting point
of BaCNa. In summary, fabrication of BaTaO;N ceramics maintaining its nitrogen
contents and electrically insulating properties was achieved by relatively low temperature
sintering at 900 °C, without post-ammonolysis process required after the high temperature

sintering accompanied by a partial decomposition.
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Fig. 7-7. Schematic images of the sintering process of BaTaO:N involving molten BaCNo.
(a) wetting on the surface of BaTaO>N grains, (b) grain growth in the dissolution and
precipitation of BaTaO;N via molten BaCN; flux, and (¢) formation of a triple point after

the sintering.
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Fig. 7-8. SEM micrographs of (a) as-prepared BaTaO,N powder and (b) fracture surface
of a BaTaO;N ceramics with RD = 84.1% sintered with 5 wt% BaCNj, 70 MPa

mechanical pressure, and 5 min keeping at 900 °C (sample (k)).
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Fig. 7-9. (a) Cole-Cole complex impedance plots and (b) dielectric properties as functions

of frequency of a BaTaO>N ceramics (sample (e), RD = 79.8%) at room temperature.
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7-4. Conclusion

BaTaO>N powder was sintered at the lowest temperature (approximately

900 °C) among its sintering studies, using a BaCN» additive under mechanical pressure

in SPS equipment to avoide a partial nitrogen loss. BaTaO,N grains were bonded through

their dissolution and precipitation around their surface in BaCN> melt. Minor reaction

product, Ba-rich compound such as Ruddlesden-Popper type Ba;TaO3N, was present in

grain boundaries and triple points of the ceramics. Rapid heating and cooling process in

an SPS furnace were also effective to avoid a partial nitrogen loss from BaTaO;N. The

maximum relative density of 84.1% was observed on the BaTaO2N ceramics maintaining

the original nitrogen content. Both relative dielectric constants of 320 — 650 and losses of

0.04 — 0.19 in the present ceramics with RD = 79.8% are comparable with the previously

reported values for post-ammonolysis product with RD = 73.0% sintered at high

temperature (¢, = 290 — 620, tand = 0.04 — 0.4). The present sintering process at around

the melting point of BaCN> additive will be useful to fabricate commercially available

relaxor ferroelectric ceramics based on BaTaO>N oxynitride.
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Chapter 8

Conclusion

This thesis is mainly focused on the development of sintering and crystal
preparation procedures for perovskite-type BaTaOoN to elucidate the emergence of
ferroelectricity in oxynitride perovskites.

The average crystal structure of BaTaOoN has been reported to be
centrosymmetric Pm3m space group. Structural reinvestigation using SHG measurement
and powder neutron diffraction profile fitting suggested that the real structure is non-
centrosymmetric phase like Pmc2; forming PNRs, but most of the polar domains may be
too small to be clearly detected in diffraction studies. Thermal decomposition and
sintering behaviors of BaTaO;N are similar to those of SrTaO:N. TG-MS studies on
BaTaO>N disclosed that it releases a part of its nitrogen above 920 °C to form
BaTaO;No.g5s semiconductor. Further decomposition behaviors are strongly affected by its
atmosphere. Most of perovskite-type lattice of BaTaO2Nosgs was maintained above
1400 °C in nitrogen, whereas it completely decomposed to its component oxides and
nitrides in helium. BaTaO2N powder mixed with a small amount of a BaCOs3 additive was
sintered in nitrogen atmosphere above 1350 °C in a BN crucible and subsequent post-

annealing in ammonia flow was necessary to recover stoichiometric nitrogen content and
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electrical insulation. The completely post-annealed ceramics with RD = 73.0% showed
relative dielectric constants of 620 at 10> Hz and 320 at 10® Hz, slightly higher than the
values reported for SrTaO>N. These values were not affected in the applied frequency and
temperature up to 150 MHz and 150 °C, respectively. The dielectric loss was less than
0.1 at higher frequency range than 10 kHz and it was nearly independent of frequency
and temperature. For dense BaTaO2N ceramics, a clear piezoresponse was observed at
the applied voltages between +4 — 7 V on the surface slice of dense BaTaO>N ceramics
with RD > 90%, confirming the presence of spontaneous polarization in BaTaO2;N as
suggested in Chapter 2. However, a serious current leakage occurred during the
measurements.

To find out appropriate fluxes for the sintering and crystal growth of BaTaO2N,
melting behaviors of a series of alkaline-earth metal carbodiimides were investigated by
experimental and computational approaches. CaCN; and alpha-phase of SrCN; melted at
1340 and 1020 °C, respectively, and both of them rapidly decomposed to their metals and
carbides releasing nitrogen. On the other side tetragonal BaCN; melts at 910 °C and its
melt was maintained without decomposition. This tendency is consistent with the DFT
calculation results on the Gibbs energies of their decomposition reactions. Low melting

point of BaCN3 is attributed to its small lattice enthalpy.
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Micron-sized crystals of Bai..Sr;TaO:N (x = 0.04 — 0.23) oxynitride solid

solutions and BaTaO>N were effectively grown up using BaCN, as a solvent at

approximately 910 °C. For Ba;..SryTaO2N, a compositional gradient from Sr-rich interior

to Ba-rich exterior was observed. On the other side homogeneous BaTaO:N crystals were

obtained by using a powder mixture of BaTaO>N and BaCNz as the starting materials.

Cubic BaTaO:N crystals were obtained through the formation of Ruddlesden-Popper type

Ba-rich side phases as a skin layer of crystals. Hence, crystals of BaTaO;N did not grow

by a simple dissolution and recrystallization. Crystal size reached 3.1 pm, which is

enough for the piezoelectric measurements.

A clear ferroelectric piezoresponse with a coercivity of 50 — 60 V (= 250

kV/cm) of micron-sized BaTaO2N crystals was investigated using the PFM technique.

BaTaOxN crystals showed by far higher electrical insulation than the post-annealed

ceramics fabricated by high temperature sintering. This enabled to apply high electrical

voltage enough to saturate its polarization. Polarization phase alternation was observed at

high temperature of 100 °C, while no polarization switching was observed at 30 °C in the

same voltage range. This is consistent with the temperature dependence of coercive field

values of ferroelectrics. In summary, this research is the first demonstration of the

ferroelectric polar phase alternation of excellently insulating oxynitride crystals. Its
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ferroelectricity can be explained by the formation of polar nano regions originate from

anisotropic anion configurations.

Sintering of BaTaOxN at approximately 900 °C, which is below its nitrogen

release temperature, was also tried using a BaCN» additive in a spark plasma sintering

furnace. Both the presence of molten BaCN; and uniaxial pressure were effective to

achieve densification of the ceramic products. Densification of the powder mixture of

BaTaO;N and BaCN> proceeded by dissolution and precipitation via BaCN> flux and a

chemical reaction to form Ba>xTaO3N. The ceramic product with a RD = 79.8% showed

insulating behaviors and its dielectric properties are consistent with those of the post-

annealed BaTaO,N ceramics sintered at 1400 °C.

Further research target of this category of oxynitrides will be the crystal growth

of oxynitrides to the size larger than several hundred micrometers and sintering of their

fully-densified ceramics. These will be achieved by controlling the loss of molten fluxes

and oxynitride particle morphologies. Such dense samples will enable to obtain a clear P-

E ferroelectric hysteresis loops and reliable dielectric constant values. The author hopes

this thesis will be a key for the future scientific researches and industrial applications of

non-oxide solid state materials especially oxynitrides.
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