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ABSTRACT: Over the past twenty years, there has been high demand
for  novel  functional  materials  for  use  in  high-capacity  dielectrics.
Perovskite-type  oxynitrides,  which  are  derived  from  the  introduction
of nitrogen atoms into their corresponding oxides, possess a variety of
improved  chemical  and  physical  properties.  The  dielectric
performance of  BaTa(O,N)3 is  highly  dependent  on its  purity,  density,
and  microstructure.  However,  conventional  sintering  methods  often
result  in  low-density  samples  (<  90%  theoretical  density)  with  many
impurities,  leading  to  poor  dielectric  properties.  In  this  study,  we
adopted a two-step sintering method, i.e., rapid spark plasma sintering
at  a  lower  temperature  followed  by  postannealing  in  flowing
ammonia at a higher temperature, to obtain BaTa(O,N)3 ceramic bulks
with both high density and purity (up to 96.7% theoretical density and 97.94 wt% oxynitride phase content). The average particle
size is  281.1 nm, with a uniform distribution of  all  the elements.  The measured dielectric  constant is  as high as 2.1×105 at  100 Hz
(room  temperature),  which  surpasses  the  values  reported  for  other  oxynitride  dielectrics.  A  notable  and  unusual  dielectric
enhancement  was  observed  at  elevated  temperatures,  with  the  value  reaching  ~107 at  200−250  °C.  This  mechanism  can  be
attributed  to  defect-mediated  polarization,  including  anion-ordering-induced  permanent  dipoles  and  oxygen  vacancies,  and
thermally activated reconfigurable polar nanoregions that are verified by calculation and in situ transmission electron microscopy
(TEM)  analysis.  These  findings  establish  a  general  pathway  to  fabricate  dense  oxynitride  ceramic  bulks  with  high  purity  and
collective permittivity for prospective applications in high-performance dielectric devices.
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1    Introduction
The  past  twenty  years  have  witnessed  high  demands  for  a  novel
functional  material  family − perovskite-type  oxynitrides  [1−3].
Compared  with  the  corresponding  oxides,  the  introduction  of
nitrogen (with a lower electronegativity than that of oxygen) into
the  lattice  enhances  the  chemical  and  physical  properties  of  the
material.  In  particular,  tantalum  oxynitrides  with  the  formula
ATa(O,N)3 (A  = Ca,  Sr,  Ba,  Eu,  La,  Ce,  Pr,  etc.)  have  attracted
considerable  attention  because  of  their  distinctive  optical,
dielectric  and  photocatalytic  properties  [2,4−6].  It  has  been
reported that BaTa(O,N)3 oxynitride possesses a large permittivity
(>  5000)  [2],  making  it  a  highly  promising  candidate  for
applications  in  modern  electronics,  sensors,  energy  storage

systems,  and  multifunctional  devices  [7].  In  addition,  tantalum
oxide  perovskites  exhibit  good  thermal  stability  and  chemical
corrosion  resistance  in  harsh  environments  [6].  These  unlocking
features  enable  their  wide  application  in  high-capacity  dielectrics
[6,8−14]  as  well  as  next-generation  visible  light-driven
photocatalysts [4,5,15−18] for renewable hydrogen energy.

The  preparation  of  tantalum  oxide  powder  with  controlled
stoichiometry,  uniformity  and  fine  particle  size  is  crucial  for
making  high-performance  ceramics.  Ammonolysis  of  a  complex
oxide precursor or a mixture of metal salts under a flowing NH3
atmosphere  is  a  typical  method  that  usually  consumes  tens  of
hours  to  obtain  oxynitrides  with  the  desired  purity  [1−3].
Recently, we developed a novel approach by rapidly heating metal
oxide  precursors  with  urea  inside  a  pressureless  spark  plasma 
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sintering  setup  to  achieve  an  oxynitride  powder  with  >  97  wt%
purity  within  minutes.  Furthermore,  the  consolidation  of  such
oxynitride  powder  to  form  ceramic  bulks  is  not  only  important
for  performance  evaluation  but  also  necessary  for  device
fabrication [10,14]. Previous studies have revealed that perovskite-
type  oxynitrides  are  difficult  to  sinter,  as  the  sufficient
densification  temperatures  required  always  exceed  their  thermal
dissociation  temperatures  [2,3].  On  this  basis,  conventional
sintering  methods,  which  are  usually  conducted  at  elevated
temperatures  for  longer  dwell  times,  can  lead  to  full  or  partial
decomposition  of  the  oxynitrides  [10].  An  alternative  method
involves  the  use  of  sintering  additives  or  high  external
pressure,  which  can  accelerate  the  densification  process  [8−12].
Hosono et al. [8,9] fabricated BaTaO2N bulks by adding 2.5 wt%
BaCO3 as  an  additive  and  applying  postammonolysis,  and  the
resulting  relative  density  reached  92.6%  for  phase-pure
BaTaO2N0.85. They also employed hot isostatic pressing equipment
for densifying SrTaO2N at 190 MPa in a nitrogen atmosphere to
obtain  pure  SrTaO2N0.7 pellets  with  a  relative  density  value  of
88.6%.  Y.R.  Zhang et  al. [19,20]  reported  that  both  SrCO3 and
La2O3 were effective at achieving single-phase SrTaO2N bulks with
relative densities higher than 90% and that anion vacancies can be
eliminated  by  postannealing  in  flowing  ammonia.  However,
achieving both high purity (> 97 wt% perovskite phase) and high
density  (>  95%  theoretical  density)  is  still  a  challenge  for  these
oxynitride ceramics. The reason is that only the surface region of
the  sintered  oxynitrides  can  be  recovered  by  postammonolysis,
whereas  the  inner  part  is  filled  with  isolated  closed  pores  that
prevent the entrance of gaseous ammonia.

Spark  plasma sintering  (SPS)  [21]  is  a  fast  sintering  technique
that  involves  Joule  heating  and  electric  field  effects.  The
densification of these perovskite-type oxynitrides through SPS has
shown  good  merits  over  conventional  sintering  approaches
[22−24].  However,  it  is  still  difficult  to  obtain  oxynitrides  with
both  high  purity  and  high  density  merely  by  SPS.  On  the  other
hand,  previous  investigations  have  revealed  that  the  physical
properties  of  tantalum  oxynitrides  are  strongly  influenced  by
structural  distortions  (e.g.,  Ta(O,N)6 octahedra  tilting)  that  may
arise from A site cation displacements, the arrangement of anion
atoms  and  anionic  nonstoichiometry  [25−28].  Modifications  of
anionic characteristics such as the ratio, order and deficiency add
new dimensions  to  tune the  electronic  and dielectric  behavior  of
materials, which are less explored.

In  the  present  work,  we  attempted  to  fabricate  BaTa(O,N)3
ceramic bulks with the desired density and purity by employing a
two-step  sintering  strategy  combining  high-pressure  SPS  and
postammonolysis. SPS processing was conducted to rapidly obtain
oxynitride  bulks  with  high  open  porosities.  The  subsequent
postammonolysis  sintering  could  contribute  to  compositional
recovery  as  well  as  further  densification.  During  sintering
processes,  the  local  structure  of  oxynitrides  can  be  tailored,  and
extrinsic  defects  (pores/impurities)  can  be  eliminated  to  obtain  a
colossal  permittivity  that  has  been  underestimated  by  past
research. To the best of our knowledge, this is  the first report on
the  rapid  consolidation  of  BaTa(O,N)3 monoliths  with

simultaneously  dense  structures,  high  purities  and  superior
dielectric constants.

2    Materials and methods

2.1    Preparation
BaTaO2N  powder  with  a  high  purity  (oxynitride  phase  content
> 99 wt%) was used as a sintering precursor. The powder was self-
synthesized  by  calcining  a  mixture  of  BaCO3,  Ta2O5 and  urea
according to our previous work [6].  SPS processing of  BaTaO2N
was  performed  via  spark  plasma  sintering  (SPS-3.20  mkII,
Sumitomo  Coal  Mining,  Japan)  under  pressure  conditions.
During a standard SPS process, a batch of ~1 g BaTaO2N powder
was prepressed and loaded into a cylindrical graphite die with an
inner  diameter  of  10  mm.  The  temperature  was  automatically
raised  to  600  °C  over  a  period  of  3  min.  Afterwards,  it  was
monitored by a radiation pyrometer focused on the surface of the
die, and a uniaxial mechanical pressure of 0−100 MPa was applied
and  held  constant  until  the  end  of  heating.  To  analyze  the
sintering kinetics,  the  shrinkage and linear  shrinkage rates  of  the
sample  along  the  longitudinal  direction  were  simultaneously
recorded at 50 MPa and 100 °C/min. For all the SPS procedures,
the  samples  were  sintered  under  a  0.7  atm  N2 atmosphere  and
naturally cooled to room temperature after heating. The sintering
parameters  were  optimized,  and  the  obtained  samples  were
collected  and  polished  (to  remove  surface  contamination)  for
further  ammonolysis  sintering  (Table  1).  Postammonolysis
sintering  was  carried  out  in  a  tube  furnace  under  flowing
ammonia  conditions.  The  SPSed  pellets  were  placed  inside  the
alumina  boat.  The  samples  were  heated  to  1300  °C  at  a  heating
rate  of  10  °C/min.  Various  dwell  times  (30−480  min)  were
investigated  to  produce  oxynitride  bulks  with  different
compositions. After heating, all the samples were naturally cooled
to room temperature and collected for characterization.

2.2    Characterizations
The phase purity of the oxynitride powder precursor and sintered
bulk  samples  was  examined  via  X-ray  diffraction  (XRD;  D8
Advance,  Bruker Axs Co.,  Germany) via  Cu Kα radiation over a
2θ range  of  10°−90°.  XRD  profile  fitting  and  calculations  of  the
oxynitride  phase  contents  were  performed  via  the  Rietveld
software  package  (TOPAS  4.2)  in  fine  scan  mode.  The  bonding
structure of the oxynitrides was evaluated via X-ray photoelectron
spectroscopy  (XPS;  Thermo  ESCALAB  250XI,  Thermo  Fisher
Scientific  Co.,  USA)  with  AlKα  excitation.  The  O/N  ratio  was
determined  through  semiquantitative  XPS  analysis. In  situ XRD
measurements of the sintered oxynitride ceramics were performed
on  a  Rigaku  SmartLab  diffractometer  equipped  with  a  high-
temperature  reaction  chamber  (Anton  Paar  HTK  1200  N).  The
samples  were  heated  from  25  to  300  °C  under  a  nitrogen
atmosphere at a ramp rate of 5 °C/min. Diffraction patterns were
continuously recorded in the 2θ range of 10°−90° with a step size
of 0.02° and a scanning speed of 2 (°)/min using Cu Kα radiation
(λ =  1.5406  Å).  The  morphology  of  the  oxynitride  samples  was
investigated  via  a  scanning  electron  microscope  (SEM;  MIRA3,

 

Table 1    Sintering parameters, density, grain size, and composition of the obtained oxynitride bulks

Sample
Preparation parameter Relative density

(%)
Grain size

(nm)
Oxynitride phase

content (wt%)
O/N
(at%)Heating rate (°C/min)Temperature (°C)Dwell time (min)Mechanical pressure (MPa)

BTON-P 300 1000 1 0 — 213.9±76.6 99.39 2.20
BTON-SPS 300 1250 1 100 94.9 237.6±77.5 95.83 1.85

BTON-SPS-AM 10 1300 480 0 96.7 281.1±86.6 97.94 2.08
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Tescan  Ltd.,  Czech  Republic)  and  a  transmission  electron
microscope  (TEM;  Technai  G2  F20  S-TWIN  200kV,  FEI  Co.,
USA)  equipped  with  an  energy-dispersive  spectroscopy  (EDS)
detector. EDS mapping of Ba/Ta/O/N was conducted in HAADF-
STEM  mode,  and  the  contents  of  Ba/Ta  were  quantitatively
evaluated. In situ TEM heating experiments were performed via a
JEOL  JEM-2100F  microscope  equipped  with  a  Gatan  heating
holder  (model  628).  The  sample  was  heated  from  room
temperature  to  300  °C  at  a  ramp  rate  of  10  °C/min  in  a  high-
vacuum environment (< 10−5 Pa). Real-time HRTEM images were
recorded  at  different  temperature  intervals  to  monitor  the
microstructure  evolution.  Selected  area  fast  Fourier  transform
(FFT) analyses  were  conducted on the  acquired HRTEM images
via the Gatan digital micrograph software. The FFT patterns were
obtained  from  regions  of  interest.  To  minimize  electron  beam-
induced  artifacts,  the  beam  current  was  maintained  below  1  nA
during  acquisition.  The  grain  size  of  the  sintered  samples  was
evaluated  on  the  basis  of  SEM  images  via  the  linear  intercept
method  with  a  three-dimensional  correction  factor  of  1.2.  For
each  sample,  at  least  200  grains  were  measured  to  obtain  the
average value and standard deviation. The thermal stability of the
oxynitride was examined by a thermal gravimetric and differential
scanning  calorimetry  device  (TG-DSC;  DSC204F1,  Netzsch,
Germany) under N2, with a heating rate of 10 °C/min from room
temperature to 1300 °C. The density,  porosity and open porosity
of  the  oxynitride  bulk  materials  were  measured  via  water
penetration and Archimedes’ method, with a value of 8.743 g/cm3

assumed  to  be  the  theoretical  density  of  the  fully  dense
BaTa(O,N)3 bulk material.  More than three values were obtained
for  averaging.  The  pore  size  and  pore  size  distribution  of  the
sintered  samples  were  measured  via  a  mercury  intrusion
porosimeter  (Micromeritics  AutoPore  IV  9500,  Norcross,
Georgia,  USA). The surface tension, contact angle and density of
the  mercury  were  set  to  0.485  N/m,  130°  and  13.5364  g/cm3,
respectively.  The  dielectric  behavior  in  terms  of  relative
permittivity,  dielectric  loss  and  impedance  was  measured  via  a
dielectric  spectrum measurement  system (VDMS-2000,  Partulab,
China) with a impedance analyzer (WK6500, Wayne kerr, China)
over the frequency range from 102–106 Hz at a temperature range
of  RT−300  °C.  To  form  the  electrode  contacts,  the  oxynitride
pellet was covered by Ag-pasted electrodes on both sides.

2.3    Calculation
First  principles  calculations  were  performed  via  projector
augmented  wave  (PAW)  pseudopotentials  with  exchange  and
correlation  in  the  Perdew–Burke–Ernzerhof  (PBE)  formalism  of
density  function theory (DFT) as  implemented in the Vienna ab
initio simulation  package  (VASP).  The  valence  atomic
configurations are 5s25p66s2 for Ba, 5d36s2 for Ta, 2s22p4 for O, and
2s22p3 for  N.  Geometry  optimizations  were  performed  before
single-point  energy  calculations,  and  the  self-consistent
convergence accuracy was set at 1×10−5 eV/atom. The convergence
criterion for the maximal force on atoms is 0.02 eV/Å. The cutoff
energy  of  the  plane  wave  function  is  set  to  500  eV.  A 4  ×  4  ×  4
Monkhorst–Pack grid is  chosen for sampling the Brillouin zones
(BZs).  The Heyd–Scuseria–Ernzerhof  (HSE06) method was used
for band calculation.

3    Results and discussion

3.1    Analysis  of  the  sintering  kinetics  and  mechanism  for
BaTa(O,N)3

Understanding  the  sintering  behavior  of  BaTa(O,N)3 ceramics  is

critical  for  developing  a  densification  strategy,  before  which  the
thermal  stability  of  the  oxynitride  deserves  investigation.
Figure  1(a)  shows  the  TG‒DSC  curves  of  the  as-received
BaTa(O,N)3 powder  tested  in  a  nitrogen  atmosphere.  The
oxynitride  compound clearly  decomposes  from the  beginning  to
1300  °C,  which  can  be  divided  into  two  stages,  i.e.,  removal  of
adsorbed  water  or  residual  moisture  (stage  I,  RT−605  °C)  and
dissociation  into  nitrides/oxides/oxynitride  species  (stage  II,
605−1300  °C).  Notably,  the  two  exothermic  peaks  (810  and
1220  °C)  displayed  in  the  DSC  curve  during  the  entire  process
seem  to  indicate  the  complex  dissociation  processes  of
BaTa(O,N)3.  Moreover,  the  sintering  kinetics  of  the  oxynitride
were  evaluated  according  to  the  recorded  longitudinal  shrinkage
displacement and displacement rate curves, as shown in Fig. 1(b).
A positive and increasing shrinkage rate appears when the heating
temperature  reaches  1123  °C,  indicating  the  beginning  of  the
densification  process.  The  shrinkage  displacement  rate  reached  a
maximum  at  1213  °C,  which  implies  that  the  macroscopic
diffusion  rate  was  the  highest  and  that  grain  growth  took  place
rapidly afterwards. It can also be observed that shrinkage begins to
remain stable at 1270 °C, suggesting the end of densification. The
‘kinetic  window’ for  sufficient  densification  (better  density)  but
with  suppressed  grain  growth  (fine  grain  structure)  is  then
deduced  to  be  1120−1270  °C.  Moreover,  considering  that  the
oxynitride  family  is  prone  to  decompose  at  high  temperatures
from  a  thermodynamic  point  of  view,  the  optimal  sintering
temperature  applied  should  be  moderate  to  ensure  both  the
desired densification and minimized decomposition. On the other
hand,  the  heating  rate  determines  the  total  sintering  time  and
needs  to  be  optimized.  A  lower  heating  rate  means  a  longer
exposure time at high temperature, whereas a higher heating rate
will produce greater thermal stress and even cracks in the sintered
sample.

According to classical solid-state sintering theory [29,30], grain
necks are formed during the initial stage, whereas the intermediate
sintering  stage  involves  neck  growth  and  compact  shrinkage.  At
this  stage,  the  open  pore  network  is  generated,  followed  by  the
final sintering stage, in which closed pores are generated. Thus, to
obtain  a  sintered  bulk  with  good  density  and  open  porosity  to
ensure  sufficient  postammonolysis  sintering,  sintering  should  be
controlled at the ‘critical point’ between the intermediate and final
stages  (Fig.  1(c)).  To  determine  this  point,  we  sintered  samples
with  different  regimes  (all  with  50  MPa  mechanical  pressure,
1 min dwell and different temperatures) at the end of the second
sintering stage and then calculated the relative density with respect
to  the  open  porosity  ratio  (open  porosity  divided  by  the  total
porosity percentage).  Three factors need to be considered: higher
sintered  density,  higher  open  porosity  ratio  and  lower  sintering
temperature.  As  shown  in Fig.  1(d),  the  red  circles  indicate  the
proper  sintering  temperature  ranges  for  considering  each  factor.
Therefore,  the  optimal  sintering  temperature  is  1250  °C,  with
87.8%  TD  and  a  49.1%  open  porosity  ratio.  As  shown  by  the
mercury porosimetry results (Fig. 1(e)), the pore size of the sample
sintered at 1250 °C was unimodal, with an average pore diameter
of 252.9 nm. The SEM image of  the cross-section of  the ceramic
(Fig.  1(f))  also  reveals  a  porous  structure  and  a  fine  gain  size  of
50−200  nm.  This  pore  structure  is  beneficial  for  ammonia  gas
penetration during subsequent postammonolysis sintering.

3.2    Composition  and  microstructure  of  the  sintered
BaTa(O,N)3 ceramics
The  composition  and  microstructure  of  the  oxynitride  powder
and  sintered  samples  were  studied  via  a  series  of  measurements,
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including  X-ray  diffraction  (XRD),  X-ray  photoelectron
spectroscopy  (XPS),  scanning  electron  microscopy  (SEM)  and
transmission  electron  microscopy  (TEM). Figure  2 shows  the
composition  and  structure  of  BaTa(O,N)3 before  and  after
sintering. The XRD patterns listed in Figs. 2(a)−2(c) represent the
synthesized powder (BTON-P), SPSed ceramic bulk (BTON-SPS)
and ammonolysis-treated bulk  (BTON-SPS-AM),  respectively,  as
shown  in Table  1.  Notably,  all  the  samples  presented  standard
diffraction  peaks  corresponding  to  the  oxynitride  phases
(Pm3(_)m,  ICSD_#62619).  The  existence  of  the  corresponding
oxides (Ba5Ta4O15, P4/mbm, ICSD_#16028) was also detected, and
the  low  peak  intensity  revealed  a  minor  concentration.  The
Rietveld  refinement  results  confirmed  the  coexistence  of  99.39
wt% BaTaO2N and 0.61 wt% Ba5Ta4O15 for BTON-P, 95.83 wt%
BaTaO2N and 4.17 wt% Ba5Ta4O15 for BTON-SPS, and 97.94 wt%
BaTaO2N  and  2.06  wt%  Ba5Ta4O15 for  BTON-SPS-AM.  This
finding  shows  that  SPS  treatment  at  high  temperatures  and
pressures can improve the density of the oxynitride ceramics but
also  reduce  their  purity.  The  subsequent  ammonolysis  sintering
can improve the density and purity.

The  XPS  spectra  of  the  sintered  BaTa(O,N)3 ceramics  are
shown  in Figs.  2(d)−2(h). Figure  2(d)  shows  the  XPS  wide-scan
spectrum of the BaTa(O,N)3 ceramics prepared via the optimized
process.  Five characteristic peaks of Ta 4f,  N 1s, O 1s, and Ba 3d
appear  in Fig.  2,  indicating  the  element  composition  of  the
compound, and the presence of C is caused mainly by the sample
processing and testing environment. The main peaks of Ba 3d, Ta
4f, N 1s, and O 1s are processed by peak segmentation according
to  the  key  information  queried  in  the  NIST  database.  The  high-
resolution Ba 3d spectrum in Fig.  2(e) reveals two distinct peaks,
characteristic  of  spin‒orbit  coupling  in  the  Ba  3d  orbital,  with  a
spin‒orbital  splitting  energy  consistent  with  the  database  values.
Similarly,  the  Ta  4f  spectrum  (Fig.  2(f))  exhibits  significant
spin‒orbit  coupling,  resulting  in  its  splitting  into  two  diagnostic
peaks: Ta 4f7/2 (binding energy of 25.37 eV) and Ta 4f5/2 (binding
energy  of  27.28  eV),  confirming  the  existence  of  pentavalent
tantalum  (Ta5+).  The  N  1s  (Fig.  2(g))  and  O  1s  (Fig.  2(h))  data

demonstrate  that  lattice  nitrogen  and  lattice  oxygen  exhibit
characteristic  peaks  at  396.02  and  529.35  eV,  respectively,
indicating  the  coexistence  of  Ta–O  and  Ta–N  bonds  in
BaTa(O,N)3.  Notably,  a  significantly  reduced  lattice  nitrogen
content  is  observed,  which  is  attributable  to  surface  nitrogen
loss/oxidation  phenomena  during  high-temperature  sintering,
which  transforms  partial  nitrogen  into  oxidized  nitrogen  species
(401.25 eV) or adsorbed nitrogen-containing compounds (403.70
eV).  Comparative  analysis  via  supplementary  O  1s  data  from
powder samples (Fig. 2(i)) revealed a consistent subpeak at 530.79
eV  in  both  the  bulk  and  powder  samples,  which  was  typically
assigned  to  the  characteristic  oxygen  vacancy  peak  [31].  Given
that  nitrogen  substitution  for  lattice  oxygen  sites  intrinsically
promotes  oxygen  vacancy  formation  in  oxynitrides  and  that  the
densification  process  further  elevates  oxygen  vacancy
concentrations in bulk materials, these findings align with those of
semiquantitative  XPS  analysis  (VO/OL,  the  ratio  of  oxygen
vacancies to lattice oxygen).

1̄

The  electron  microscopy  analysis  in Fig.  3 provides
comprehensive  insights  into  the  microstructural  evolution  and
phase  composition  of  BaTa(O,N)3 synthesized  via  distinct
processing  routes.  The  morphological  progression  revealed  by
SEM  (Figs.  3(a)−3(c))  highlights  a  critical  transition  from
irregular,  agglomerated powder nanoparticles  in  BTON-P (mean
diameter:  213.9±76.6  nm)  to  highly  uniform  and  faceted  grains
after  SPS,  with  an  average  grain  size  of  237.6±77.5  nm.  With
ammonolysis  sintering,  the  sample  experienced  minor  grain
growth  to  281.1±86.6  nm,  highlighting  the  role  of  postannealing
sintering  in  reducing  porosity  and  improving  densification.  This
progressive  particle  refinement  and  narrowing  size  distribution
signifies enhanced sintering control through advanced processing
techniques,  which  directly  correlates  with  improved  grain
boundary  engineering  and  densification  behavior  essential  for
functional ceramics. High-resolution structural analysis (Figs. 3(g)−
3(j))  confirmed  the  exceptional  crystallinity  of  the  BTON-SPS-
AM material. The distinct lattice fringes at 2.990 Å (corresponding
to  the  (01 )  planes)  and  2.303  Å  (corresponding  to  the  (111)

 

Fig. 1    Analysis of the sintering kinetics and mechanism for BaTa(O,N)3: (a) TG‒DSC curves of the as-received BaTa(O,N)3 powder tested in a nitrogen atmosphere,
(b) recorded longitudinal shrinkage displacement and displacement rate curves during a standard sintering procedure (50 MPa, 100 °C/min), (c) schematic diagram
revealing  the ‘critical  point’ control  during  two-step  sintering,  (d)  variations  in  the  relative  density  and  open  porosity  ratio  with  sintering  temperature  (50  MPa,
100 °C/min), (e) pore size distribution of the sample sintered at 1250 °C and (f) SEM image of the cross-section of the sample sintered at 1250 °C.
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1̄ 1̄planes)  can  be  indexed  to  the  [2 ]  zone  axis.  Coupled  with  the
single-crystalline  diffraction  pattern  in  the  fast  Fourier  transform
(FFT),  the  data  validate  the  formation  of  phase-pure  perovskite.
These  metrics  align  precisely  with  the  theoretical  lattice
parameters  for  cubic  BaTaO2N,  indicating  minimal  structural
defects  and  crystallographic  integrity.  Most  critically,  the  STEM-
HAADF  map  in Fig.  3(k)  provides  compelling  evidence  of
compositional  homogeneity.  The  uniform spatial  distributions  of
Ba (red),  Ta (cyan),  O (green),  and N (magenta)  throughout  the
sintered  grains  at  sub50  nm  resolution  confirm  the  absence  of
deleterious  elemental  segregation  or  secondary  phases.  This
chemical  homogeneity,  which  is  particularly  challenging  to
achieve  in  multianionic  oxynitride  systems,  is  important  for
optimizing  the  chemical  stability  and  dielectric  properties  of  the
oxynitride.

3.3    Colossal permittivity and mechanism for BaTa(O,N)3

The  dielectric  properties  of  the  synthesized  oxynitride  were
characterized by the  relative  dielectric  constant  (εr)  and dielectric
loss  (tanδ). Figure 4(a)  shows the dielectric  curve of  BTON-SPS-
AM at a frequency of 100 Hz−1 MHz at 25 °C. The BaTa(O,N)3
ceramics  have  a  high dielectric  constant  and a  low dielectric  loss
below 1000 Hz,  whose dielectric  loss  is  less  than 0.01 and whose
dielectric  constant  is  as  high  as  2.1×105.  Within  the  whole
measured  frequency  range,  the  dielectric  constant  of  the

BaTa(O,N)3 ceramics remains above 10,000, whereas the dielectric
loss is relatively high in the higher frequency range. At 1 MHz, the
tanδ value  increases  significantly  to  1.64.  To  explain  this
phenomenon, the conductivity of the samples was measured, and
the  average  value  was  1.076×10−5 s·cm−1 (25  °C).  Thus,  high
dielectric  loss  in  the  higher  frequency  range  can  be  attributed  to
anionic defects caused by conductivity in the crystal and nitrogen
loss.  As  demonstrated  in Fig.  4(b),  BaTa(O,N)3 ceramics  exhibit
an unprecedented dielectric constant exceeding 20 million at 100
Hz/235  °C,  significantly  surpassing  all  previously  reported
dielectric  systems.  As  the  temperature  increases,  the  peak  shifts
toward higher frequencies, indicating a distinct thermally activated
process and typical  Debye relaxation behavior.  To investigate the
underlying  mechanism  responsible  for  this  relaxation,  we
employed  the  Vogel‒Fulcher  empirical  formula  [32],  through
which the freezing temperature (Tf) was estimated to be 125 °C.

The  impedance  spectrum  (Fig.  4(c))  of  BTON-SPS-AM
exhibited  a  single,  continuously  varying  semicircle  within  the
tested  temperature  range,  indicating  that  the  grain  boundary
resistance (Rgb)  was  significantly  greater  than the grain resistance
(Rg)  and  thus  dominated  the  impedance  response.  The  diameter
of  this  semicircle  decreases  significantly  with  increasing
temperature,  which  is  closely  associated  with  an  increase  in  the
concentration and mobility of thermally activated charge carriers.
The pronounced deviation of the semicircle's center from the real

 

Fig. 2    Compositions of BaTa(O,N)3: (a) BTON-P, (b) BTON-SPS and (c) BTON-SPS-AM. XPS spectra of BTON-SPS-AM: (d) wide scanning spectrum, (e) Ba 3d,
(f) Ta 4f, (g) N 1s, (h) O 1s. (i) Supplementary XPS O 1sspectrum of BTON-P.
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axis  (Z')  confirms  that  the  relaxation  behavior  is  of  a  nonideal
Debye  type.  Therefore,  a  constant  phase  element  (CPE)  was
introduced  into  the  equivalent  circuit  to  accurately  describe  this
nonideal  dielectric  response.  The  absence  of  distinct,  separated
semicircles corresponding to grains and grain boundaries suggests
that  their  relaxation  times  are  very  similar,  resulting  in
overlapping  responses  within  the  measured  frequency  range  and
collectively  contributing  to  the  observed  single  impedance  arc.
The  contraction  of  this  arc  directly  reflects  the  decrease  in  the
overall  resistance  of  the  material  with  increasing  temperature,
which is characteristic of a typical thermally activated conduction
process [33,34].

The  comparative  analysis  in Fig.  4(d)  confirms  that  our
oxynitride  delivers  a  room-temperature  colossal  permittivity

comparable to mainstream dielectrics and low dielectric loss (tanδ
<  0.01)  [8−13,22,33−52].  The  oxynitride  we  synthesized  has  a
giant dielectric constant no less than that of mainstream dielectric
materials  and  low  loss.  Crucially,  this  material  outperforms
conventionally  synthesized  oxynitrides  by  1–2  orders  of
magnitude in permittivity and an ~10-fold reduction in dielectric
loss.  Furthermore,  the  observed  high-temperature  dielectric
properties,  coupled  with  the  excellent  physicochemical
characteristics  (thermal  stability  and  chemical  corrosion
resistance) identified in previous studies [6], underscore the long-
term  service  stability  of  this  functional  ceramic  under  extreme
conditions.

To  explain  the  very  unusual  high-temperature  dielectric
performance,  we  conducted in  situ high-temperature  XRD  and

 

1̄ 1̄

Fig. 3    Electron microscopic characterization of BaTa(O,N)3: SEM images showing the morphology of (a) BTON-P, (b) BTON-SPS, and (c) BTON-SPS-AM; particle
size distribution histograms corresponding to SEM images of (d) BTON-P, (e) BTON-SPS, and (f) BTON-SPS-AM; (g) low-resolution and (h−i) high-resolution TEM
image of BTON-SPS-AM displaying the [2 ] zone; (j) FFT of the lattice; (k) STEM-HAADF image of the sintered grains and mapping of the distribution of Ba/Ta/O/N
elements.
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TEM analyses. XRD patterns collected from 25 to 300 °C (Fig. 5(a))
reveal  invariant  peak  positions  and  intensities,  ruling  out
conventional  ferroelectric  phase  transitions.  Atomic-resolution
TEM images (Fig. 5(b)) reveal that the as-synthesized BaTa(O,N)3
consists of defective nanocrystalline clusters at room temperature,
as  evidenced by diffuse Debye rings in the FFT insets,  indicating
short-range  order  but  long-range  structural  disorder  (within  a
scale of ~30 nm). Upon heating, the progressive annealing of edge
defects  in  nanoclusters  (100−150  °C)  prompts  their  coalescence,
ultimately  resulting  in  the  formation  of  a  nearly  single-crystal
morphology  at  200  °C,  which  is  characterized  by  the
disappearance  of  diffuse  Debye  rings  and  the  emergence  of
distinct diffraction spots. These coalesced nanoclusters, defined as
polar nanoregions (PNRs) [53−55], evolve into an optimal size of
~5  nm  at  225  °C,  which  coincides  with  the  peak  permittivity
(Fig. 4(b)) through a dynamic matching mechanism between the
dipole response and domain size.  Beyond this  temperature,  PNR
coarsening  (10−20  nm  at  250  °C)  and  eventual  long-range
ordering  (300  °C)  decouple  dipole  correlations,  leading  to
attenuation  of  the  permittivity.  This  thermal  evolution  is
consistent  with  dipole  glass  (DG)  [56,57]  behavior  in
compositionally  disordered  perovskites.  Spatially  heterogeneous
PNRs undergo dynamic freezing below freezing temperature (Tf)
(a  nonergodic  state  with  history-dependent  properties)  while
exhibiting  ergodic  behavior  above Tf where  dipoles  dynamically
reorient.  In  summary, in  situ XRD  and  TEM  collectively
demonstrate that the colossal  permittivity originates from defect-
mediated  PNR  reorganization  within  a  structurally  stable  lattice
rather than from conventional ferroelectric phase transitions.

The  bandgap  of  BaTaO2N  was  estimated  to  be  1.77  eV  by
applying  the  Kubelka‒Munk  (K–M)  method  to  UV−Vis  diffuse
reflectance spectroscopy (Fig. 6(a)), which is consistent with DFT
calculations (Figs. 6(b) and 6(c)). This narrow band gap confirms

the presence of semiconducting grains in BaTa(O,N)3. Combined
with  the  impedance  analysis  (Fig.  4(c)),  which  reveals  that Rgb is
significantly larger than Rg, it can be reasonably concluded that the
interface barrier layer capacitance [7] (IBLC) effect serves as a key
mechanism  contributing  to  the  observed  colossal  permittivity  of
BaTa(O,N)3.  The  density  of  states  (DOS)  plot  reveals  significant
Ta-5d/O-2p  orbital  hybridization  near  the  Fermi  level.
Furthermore,  the  introduction  of  nitrogen  via  N/O  substitution
leads  to  the  formation  of  oxygen  vacancies  [58],  which  generate
localized electronic states. These electronic states not only enhance
electronic  correlations  but  also  promote  ionic  displacement
polarization [59,60]. As shown in Fig. 6(d), BaTa(O,N)3 exhibited
a distinct thermally activated dielectric relaxation. To elucidate the
underlying mechanism of this relaxation, we applied the thermally
activated  polaron  hopping  model  [61−63],  derived  from  the
Debye  equation.  This  relaxation  process  follows  the  Arrhenius
law, which can be described by Eq. (1):

Tε′′max =
N0μ2

3kB
exp (−EA/ (kBT)) (1)

where ε''max represents the peak of dielectric loss, N0 represents the
density  of  hopping  polarons  per  unit  volume, μ represents  the
hopping dipole moment, kB is the Boltzmann constant, and EA is
the  activation  energy.  The  slope  change  in  the  Arrhenius-fitted
curve (ln(ε''maxT) vs. 1/T, Fig. 6(d)) indicates the coexistence of two
different  thermally  activated  polarization  mechanisms:  at  low
temperatures, frozen polarons permit only interfacial polarization
(EA = 0.092 eV), whereas at high temperatures, activated polaron
hopping  coexists  with  interfacial  effects  (EA =  0.324  eV).  The
fitting  results  are  basically  consistent  with  the  high-temperature
dielectric properties observed in Fig. 4(b).

As depicted in Fig. 7, three synergistic mechanisms underlie the
collective  permittivity:  (i)  Interface  barrier  layer  capacitance

 

Fig. 4    Dielectric properties of BTON-SPS-AM: (a) relative dielectric constant and dielectric loss values varying with frequency, (b) temperature-dependent dielectric
constant values with varying frequency, (c) complex impedance spectra and (d) comparison of dielectric properties with those of previously reported dielectric materials.
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(IBLC),  where  carrier  accumulation  at  interfaces  between
semiconducting  grains  and  insulating  grain  boundaries  forms
nanoscale  capacitive  networks  [7,64];  (ii)  Defect-mediated
polarization, involving both permanent local dipoles generated by
cis/trans BO4N2 configurations  (N  adjacent/opposite)  that  break
octahedral  symmetry  [26,27]  and  defect  dipole  polarization
associated with oxygen vacancies [34,65], as illustrated in Fig. 7(a);
(iii)  thermally  activated  hopping  polarization,  involving  both  the
thermal  excitation  of  polarons  and  the  subsequent  formation  of
dynamically  reconfigurable  polar  nanoregions  (PNRs)  during
structural ordering—these two mechanisms that act synergistically
to  enhance  the  dielectric  response  [52,59].  Defect-mediated
colossal  permittivity  is  characterized  by  the  freezing  temperature
(Tf),  which  serves  as  a  key  thermodynamic  indicator  of  defect
dipole behavior [36,66].

The  notable  increase  in  the  permittivity  at  elevated
temperatures  (Fig.  4(b))  can  be  attributed  to  the  increased
activation  energy  of  BaTa(O,N)3 observed  under  high-
temperature  conditions,  as  depicted  in Fig.  6(d).  This  activation
energy is strongly dependent on both the concentration and type
of  defects  [61].  Owing  to  their  richer  defect  diversity,  our
oxynitrides  exhibit  a  more  pronounced  increase  in  permittivity
when  the  temperature  exceeds Tf.  The  underlying  microscopic
mechanism of this unique thermally activated dielectric relaxation
is further illustrated in Fig. 7(b), where three distinct temperature
zones  are  identified,  corresponding  to  the  polarization  responses
of  the  nonergodic  relaxor  NR,  ergodic  relaxor  ER,  and
superparaelectric  (SPE)  ER  [56,57].  Below Tf,  the  defect  dipoles
remain  frozen,  and  long-range  disordered  NRs  exhibit  only  a

weak  response  to  external  electric  fields.  As  the  temperature
exceeds Tf,  the  dipoles  become  mobile,  allowing  the  thermally
activated ER to respond dynamically to the field and leading to a
substantial  increase  in  permittivity.  However,  beyond  the  peak
temperature  (Tm),  PNR  coarsening  triggers  the  decoupling  of
dipole  correlations,  resulting  in  a  subsequent  attenuation  of  the
permittivity.

Critically,  while  perovskite  oxynitrides  exhibit  intrinsically
colossal  permittivity,  conventional  synthesis  methods  fail  to
produce  ceramics  with  simultaneous  high  purity  (>  97%)  and
density  (>  95%  TD).  This  performance  limitation  stems  from
extrinsic  defects—including  impurity  phases  and  open  pores
(>  10  vol%)—which  suppress  intrinsic  polarization  and  reduce
effective  permittivity  through  interfacial  charge  scattering.
Furthermore,  these  microstructural  imperfections  decouple
atomic-scale  dipole  correlations  from  the  macroscopic  dielectric
response,  thereby  disrupting  the  structure‒property  relationship
essential  for  achieving  theoretical  performance.  Our  rapid
sintering process overcomes these limitations by crafting a defect-
engineered  microstructure  that  simultaneously  achieves
exceptional  density  and  phase  purity.  Within  this  optimized
structure,  precisely  controlled  oxygen  vacancies  activate  dipole
reconfiguration  [29,65],  thereby  eliminating  extrinsic  effects  and
enabling  the  full  manifestation  of  the  intrinsic  collective
permittivity.

4    Conclusions
In summary, this work successfully demonstrated a novel two-step
processing  route  for  fabricating  dense,  high-purity  BaTa(O,N)3

 

Fig. 5    (a) In situ XRD patterns and (b) TEM images (the insets in the lower left corner are the FFT images) of BTON-SPS-AM collected from 25 to 300 °C.
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nanoceramic  bulks.  This  approach  effectively  overcomes  the
critical limitations of conventional sintering, which typically yields
low-density  samples  with  impurities,  achieving  a  remarkable
theoretical  density  of  96.7%  and  an  oxynitride  phase  purity  of
97.94  wt%  with  a  homogeneous  nanoscale  microstructure  and
uniform elemental distribution. Dielectric measurements revealed
a room-temperature dielectric constant of 2.1×105 at 100 Hz and a
remarkable  increase  to  107 at  250  °C,  surpassing  previously
reported  values  for  both  oxide  and  oxynitride  dielectrics.

Theoretical  calculations and in situ TEM analysis  confirmed that
the  large  permittivity  originates  from  three  synergistic
mechanisms:  interface  barrier  layer  capacitance,  defect-mediated
polarization  (anion  ordering-induced  permanent  dipoles  and
oxygen  vacancies)  and  thermally  activated  reconfigurable  polar
nanoregions.  This  work  not  only  demonstrates  a  scalable  and
versatile  synthesis  route  for  dense,  compositionally  complex
oxynitride  ceramics  but  also  provides  fundamental  insights  into
defect engineering and polarization dynamics.

 

Fig. 6    Electronic structure and polarization characteristics of BaTa(O,N)3: (a) UV‒Vis diffuse reflectance spectroscopy and the Kubelka–Munk method for band gap
determination (Eg represents the band gap value); (b) band structure and (c) density of states for BaTaO2N; (d) activation energy for polaron hopping polarization.

 

Fig. 7    Synergistic  mechanisms  of  the  collective  permittivity:  (a) cis/trans configurations  and  associated  Ta5+ displacements,  IBLC  model,  and  oxygen  vacancy;
(b) thermally activated dielectric relaxation (the three temperature zones correspond to the polarization responses of the nonergodic relaxor NR, ergodic relaxor ER, and
superparaelectric (SPE) ER).
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