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Strontium barium niobate (SBN) is a tungsten bronze family
ferroelectric which shows promising thermoelectric properties
under reducing conditions. It is found here that the enhanced
electrical conductivity of oxygen-deficient SBN correlates with
the formation of a NbO, secondary phase. The effects of the
reducing environment and the NbO, phase formation are stud-
ied via a detailed defect chemistry analysis. Increasing amounts
of the NbO, phase are accompanied by an interesting mecha-
nism where the A-site occupancy of the SBN matrix increases.
The resulting donor defects source the large carrier concentra-
tions which cause the enhanced electrical conductivity neces-
sary for thermoelectric performance. In investigation of the
phase equilibria, it is found that a solid solution between (Sr ¢,
Ba()_4)Nb206 and (Sr0.6,Bao_4)1_2Nb206 exists and that the
A-site filling is found to occur at more modest reduction
conditions in Sr- and Ba-rich compositions. Finally, thermo-
gravimetric analysis of the reoxidation process is performed,
and the results suggest that the A-site filling is compensated
ionically. Not only do the presented results explain the
enhanced electrical conductivity of oxygen-deficient strontium
barium niobate but also modification of the site occupancies by
reduction and reoxidation may widen the design space for
property modification in tungsten bronze-structured materials
in general.

Keywords: tungsten bronze; phase equilibria; thermoelectric;
ferroelectric; point defects

I. Introduction

S TRONTIUM barium niobate (SBN) is a ferroelectric mate-
rial used in single crystal form for electro-optic and pho-
torefractive nonlinear optic applications;"> it has recently
been identified as a potential thermoelectric in its oxygen-
deficient state.> SBN has a tetragonal tungsten bronze
structure with space group P4bm at room temperature® and
the unit cell shown in Fig. 1. The formula unit can be repre-
sented as (A1),(A2)4C4B 0039 where both the Al and A2
sites host strontium ions, barium ions sit exclusively on the
A2 site, the C-site is empty, and Nb fills the B-sites inside
the oxygen octahedra. Only five-sixth of the Al and A2 sites
are filled, resulting in an A-site vacancy solid solution which
is thought to contribute to the relaxor ferroelectric properties
of SBN.*? Other tetragonal tungsten bronze materials show
different cation site occupancies including, for example, in
the ‘stuffed” bronzes like K¢LisNb;O3o where all of the Al,
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A2, and C-sites are completely filled,'° and the “filled”
bronzes like BaysNa,Nb;oO3, where the A1 and A2 sites are
filled but the C-sites remain empty.!! These differences in
cation occupancy can be important to functional properties.
For example, cation site occupancy influences the ferroelec-
tric properties of tungsten bronzes, although research is
ongoing as to the mechanism.”'? A recent survey of the field
shows that the ordering of tilts may be a key parameter,'>
and changes in cation occupancy may affect these tilts.

Additionally, oxygen-deficient strontium barium niobate
has been gaining interest as a potential thermoelectric mate-
rial due to its low thermal conductivity and large thermoelec-
tric power factor.> 1371 Research has focused on both
benchmarking the thermoelectric performance®™'*'S and
understanding how the ferroelectric nature of SBN affects
thermal conductivity'”'® and electron transport.>'*=2! Multi-
ple researchers have noted the formation of an NbO, sec-
ondary phase in reduced SBN*'* and although the defect
chemistry associated with oxygen loss in the SBN matrix is
often considered,>'? other changes to the SBN matrix upon
the formation of NbO, are not. As the electrical conductivity
of NbO, is small compared to oxygen-deficient SBN*, it is
unlikely that this phase itself significantly enhances the ther-
moelectric performance. Despite this, samples with large elec-
trical conductivities almost always show the formation of a
NbO, phase.'*!"”

Understanding correlations between enhanced thermoelec-
tric properties, the presence of NbO,, and changes to the
SBN matrix may give insights toward optimization of the
thermoelectric performance of SBN. Here, the formation of
the NbO, phase is studied as a function of annealing condi-
tions with emphasis on changes to the A-site occupancy of
the SBN matrix. The results show an increase in the A-site
occupancy in SBN which explains the previously identified
enhanced thermoelectric performance. The phase equilibria
are then expanded into Sr/Ba-rich compositions. Finally, the
ramifications of these findings on the oxidation resistance of
SBN are discussed, and thermogravimetric analysis is used to
study the reoxidation.

II. Experimental Procedure

Phase-pure (Srg¢Bag4)Nb,Og powders were fabricated via
solid-state reaction of SrCO;, BaCOj, and Nb,Os powder
precursors weighed out to the correct stoichiometric ratios
and then heated to 1200°C for 6 h. The high temperatures
and long dwell times for calcination are required to eliminate
Nb-rich and Ba-poor regions which lead to abnormal grain
growth via the creation of a liquid phase at 1240°C.>* After
ball-milling and drying of the reacted powder, pellets were
uniaxially pressed at 15 MPa, cold isostatically pressed at
200 MPa, homogenized at 1200°C for 2 h, and sintered at
1325°C for 6 h to obtain >95% relative density.'” Dense pel-
lets were annealed at temperatures ranging from 950°C to
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Fig. 1. Tetragonal tungsten bronze crystal structure of strontium
barium niobate. Corner-shared NbOg octahedra connect in-plane to
form multiple cation sites labeled as Al, A2, and C-sites. One-sixth
of the Al and A2 sites are empty in air-fired (Sr,,Ba;_,)Nb,Os.

1300°C under oxygen partial pressures ranging from 1077 to
10~" atm. The phase compositions of samples were detected
with powder X-ray diffraction (XRD) (PANalytical Empyr-
ean Almeo, Netherlands).

An in-depth investigation was undertaken on a series of
samples annealed at 1300°C and partial pressures of oxygen
ranging from 107° to 107'® atm. In these samples, changes
in the chemistry of the SBN matrix were identified using
quantitative energy-dispersive X-ray spectrometry (EDS)
(FEI Quanta 200 Environmental SEM with an Oxford
Instruments X-act 10 mm? silicon drift detector) to mea-
sure the (Sr+Ba):Nb ratio and Rietveld refinements were
conducted to quantify the weight percentage of second
phases in these samples. The refinements were conducted
using PDF#04-0072133, #01-073-0487, and #04-002-9010
using JadeXRD analysis software. Samples for this
investigation had compositions of (Srg¢Bag4)Nb>Og,
(Sto.6Bag4)1.1NbO,  and  (SrgBaga)i aNbOg  (SBNL.O,
SBNI1.1, and SBNI1.2, respectively) and were fabricated
using the same starting powders, calcining, and sintering
conditions previously mentioned. Samples for EDS were
polished down to 0.1 pm diamond slurry and samples were
measured under a background pressure of 30 Pa to avoid
charging of the sample surface. Electron beam intensity
quantification was performed using copper foil and stan-
dardization of the EDS signal was performed using a
phase-pure oxygen-deficient SBNI1.0 pellet, which was
annealed under 107'® atm at 1300°C. Backscattered elec-
tron images were used to ensure that the EDS signal was
only from the SBN matrix and to confirm the phase purity
of XRD results.

Thermogravimetric analysis was performed on SBNI.0
samples annealed at 1300°C under 107' to 107'® atm po,
using a TA 2050 (TA Instruments, New Castle, DE). Sam-
ples were heated in flowing air up to 800°C at 10°C/min
using ~100 mg of powder. Sample pans were cleaned before
each run by heating with an MAPP gas blowtorch.

Electrical conductivity tests were performed via a 4-pt
probe measurement on rectangular samples of roughly
1.5 x 1.5 x 10 mm using a Integra 2700 multimeter (Keith-
ley, Beaverton, OR). Sample leads were fabricated by sput-
tering platinum films through a shadow mask followed by
attachment of silver wires by high-temperature silver epoxy.
During measurement, samples were held under low oxygen
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partial pressure conditions to prevent reoxidation. Hall mea-
surements on one SBNI.2 sample annealed at 107'® atm
were performed at 300 K using a PPMS system (Quantum
Design, San Diego, CA). A Hall-bar geometry with Ga-In
electrodes and silver wire leads were used. The Hall resis-
tance was measured as a function of magnetic field from
80000 to —80000 Oe while a current of 5 mA AC source and
a vacuum of 5 mTorr were maintained. The misalignment
voltage was subtracted via use of magnetic field reversal.

III. Results and Discussion

(1) Conditions for NbO, Formation

Previous studies have identified the presence of the NbO,
phase in oxygen-deficient SBN, but no studies have been
conducted to precisely determine the annealing conditions
necessary for NbO, formation. Therefore, the phase diagram
of (Srg.¢Bag4)Nb,Og.s as a function of annealing temperature
and oxygen partial pressure was investigated and is presented
in Fig. 2. The NbO, phase forms when SBN is annealed at
high temperatures under low oxygen partial pressures. As the
annealing temperature is increased, the critical oxygen partial
pressure for NbO, formation increases. This suggests that
NbO, forms once SBN reaches a critical oxygen vacancy
concentration. If so, then the one- and two-phase regions
should be separable by a line of constant oxygen vacancy
concentration in the SBN phase. The po,-temperature condi-
tions that control the thermodynamically stable concentra-
tion of oxygen vacancies can be calculated using the law of
mass action assuming the defect reaction:

1
02 > V0+ 2e” + EOz(g) (1)

with an equilibrium constant of

[0y

Keq - [Oé} (2)

where [V,] is the oxygen vacancy concentration per oxygen
lattice site, n is the electron concentration, [O%] is the concen-
tration of oxygen per oxygen lattice site, and po, is the par-
tial pressure of oxygen used as a measure of the oxygen
activity. When the following Brouwer approximation is
employed:

n=2[Vy] (©)

the po,-temperature conditions are:

2AH | 2Scon o
In(po,) _R—;I—k%—kﬂn(%) 4)

where: AH is the enthalpy of formation for an oxygen
vacancy and Sconr 1s the configurational entropy. The
vibrational entropy is assumed to be negligible as a first-
order approximation. A line that separates the one- and
two-phase regions is obtained with a AH of 4.25 ¢V and
[Vo] of 0.002. These values are compatible with previous
studies in SBN?* and the TGA data in Fig. 7, discussed
later. This condition is plotted as a dotted line in Fig. 2.
The good agreement between Eq. 4 and the onset of NbO,
formation suggest that the formation of NbO, is likely a
result of the SBN reaching the solid solubility limit for
oxygen vacancies. The result is that, under low partial
pressures of oxygen, SBN leaves the solid solubility regime
and enters a two-phase region resulting in the formation of
NbO..
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Fig. 2. Phase diagram of SBN at various annealing temperatures
and partial pressures of oxygen. Black squares are phase-pure SBN
within XRD detection limits, red circles correspond to a detectable
amount of NbO,. The dotted line shows a constant oxygen vacancy
concentration assuming an oxygen vacancy formation enthalpy of
4.25eV.

(2) Changes in Composition of SBN Matrix

Although a likely mechanism which determines the onset of
NbO, formation has been identified, the mechanism by
which enhanced thermoelectric properties occur must be
established. Toward this goal, the changes to the chemistry
of samples were studied. To understand the effect of NbO,,
it is important to note that the NbO, is the only secondary
phase. That is, samples above the critical oxygen vacancy
concentration threshold are mixtures of SBN and NbO, with
no strontium-rich or barium-rich tertiary phases, as con-
firmed by XRD (e.g., Fig. 3) and scanning electron micro-
scopy (SEM). The conservation of mass dictates that the
total amounts of Sr, Ba, and Nb in the system must be kept
constant before and after NbO, formation. There are two
possible ways for this to occur without a Sr/Ba-rich tertiary
phase. First, the excess Sr and Ba may either remain as
defects in the SBN (and/or NbO,) matrix or, secondly, the
excess Sr and Ba may evaporate into the atmosphere as vola-
tile species. The second possibility was eliminated by the fol-
lowing experiment: SBN+NbO, composites made by
annealing at 1300°C under a po, of 107 '° atm were rean-
nealed in air at 1300°C for 6 h. The XRD pattern after the
air anneal shows only a phase-pure SBN (Fig. 3) confirming
the reversibility of the reaction. Similar results were verified
for multiple SBN+NbO, composites. If extensive cation
volatility occurred, then the Sr and Ba would not be present
to reform phase-pure SBN. Extensive cation volatility is
therefore ruled out, and the accommodation of the excess Sr
and Ba is likely dominated by internal changes of the compo-
sition. A finite solubility of Nb (perhaps as Nb>*) on the A-
site is also possible. Clearly, however, this mechanism does
not dominate the response, given the observation of NbO,
second phase particles.

To investigate the changes in composition of the SBN
matrix, quantitative EDS spectra were measured on the SBN
matrix of SBN+NbO, composites formed at 1300°C under
multiple po, conditions. Due to charging under the electron
beam, an unreduced insulating sample could not be used as a
compositional standard. Quantification was instead achieved
by presuming a phase-pure SBN sample annealed at 1300°C
under 107'* atm po, to have a (Sr+Ba):Nb ratio of 0.5. The
(Sr+Ba):Nb ratio of 0.5 was found to be maintained in ghase-
pure samples annealed at po, values of 107" and 107" atm.
As the partial pressure of oxygen during annealing is lowered,
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Fig. 3. Offset XRD patterns of (Srg6,Bag4)Nb,Og_5 annealed at
1300°C under multiple partial pressures of oxygen. The sample
annealed at 107'¢ atm po, was reannealed in air at 1300°C, and
shows only phase-pure SBN.

the (Sr+Ba):Nb ratio increases toward a value of 0.593 + 0.015
[Fig. 4(a)]. The onset of NbO, formation occurs at 107> atm.
This is the same condition under which the (Sr+ Ba):Nb ratio
first increases above 0.5. Both the (Sr+Ba):Nb ratio and the wt
% of NbO, increase linearly as the partial pressure of oxygen
decreases logarithmically below 10~ '* atm po, [Figs. 3 and
4(b)]. It therefore seems that the (Sr+Ba):Nb ratio and the
NbO, phase formation are linked.

A link between NbO, concentration and the (Sr+Ba):Nb
ratio could, in principle, be explained either by an increase in
Nb vacancies or via an increase in the Sr and Ba concentra-
tion of the SBN matrix. The possibility of Nb vacancies can
be ruled out based on the observation that the electrical con-
ductivity rises as the (Sr+Ba):Nb ratio increases. As SBN is
an n-type conductor,'® acceptor defects such as Nb vacancies
(which would promote p-type conductivity) are therefore
unlikely. Thus, the exsolution of SBN into an SBN+NbO,
composite must be accommodated by an increase in the Sr
and Ba content in the SBN matrix. An increased A-site occu-
pancy is a likely mechanism for this to occur.

In air-fired (Sr,,Ba;_,)Nb,Og, only five of the six Al and
A2 sites (where Sr and Ba occupy) are filled, making SBN a
vacancy solid solution with an A-site occupancy of 0.83. It is
likely that the increase of the (Sr+Ba):Nb ratio is a result of
the filling of these vacancies toward a limiting A-site occu-
pancy of 1 and an end-member composition of
(Sr,Ba;_,); 2Nb,Og. The formation of NbO, would therefore
be a consequence of this process. As phase equilibria investi-
gations of Sr—Ba—Nb-O systems show a finite solubility of
excess Nb in SBN,>>%° one possibility is that some of the
excess Nb may remain in solution in the SBN matrix. The
NbO, would therefore only form once the solubility limit for
excess Nb in SBN is reached. The defect chemistry associated
with the Nb excess is uncertain, but possibilities include Nb
sitting on the A-site, similar to materials such as
Nb;¢W10042"28 or possibly NbO-lager intergrowths as are
found in multiple reduced niobates.”*! In the absence of
any Nb excess in solution, the reaction for NbO, formation
from an increasing A-site occupancy would be:

(1 +}‘)(SI‘XB31,X)Nb206 — (SI‘XBa1,X)1+be20(,
+ 2yNbO; + yOyg) )

If Eq. 5 correctly describes the system, the wt% of NbO,
in the final composite could be calculated once y is known;
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Fig. 4. (a) The (Sr+Ba):Nb ratio in the SBN matrix of SBN+NbO, composites increases alongside the electrical conductivity. (b) Eq. 5 correctly
calculates the amount of NbO, formed using the (Sr+Ba):Nb ratio of the SBN matrix.

the value of y can be obtained using the (Sr+Ba):Nb ratio of
the SBN matrix measured via EDS via:

(Sr+Ba) (1+y) ©)

Nb 2

This calculated wt% of NbO, is compared to the values
measured via Rietveld refinements in Fig. 4(b) and shows
good agreement. This suggests that Eq. 5 is appropriate,
meaning that the NbO, formation is a response of the
increased A-site occupancy and that Nb solubility is negligi-
ble within the error of the current measurements. Addition-
ally, a sample annealed under 5% H,/Ar forming gas at
1400°C was found to have an SrNbgO4-structured tertiary
phase and an SBN matrix with a (Sr+Ba):Nb ratio of
0.597 £ 0.005. This agrees with a prediction of the A-site fill-
ing hypothesis that the maximum (Sr+Ba):Nb ratio should be
0.6, corresponding to an A-site occupancy of 1 with no
excess Nb. After an A-site occupancy of 1 is reached, any
additional decrease in the oxygen activity is accommodated
by an additional phase. More accurate determination of the
site occupancies could be achieved via Rietveld refinements
as has been done previously for air-fired SBN,®® but unlike
previous studies, the A-site vacancy concentration must be
refined in the current work. This additional degree of free-
dom renders refinements of the system unconstrained if only
XRD and compositional analysis are used. Analysis of site
occupancies using simultaneous refinement of X-ray and neu-
tron diffraction data constrained via precise compositional
analysis of the SBN matrix is an interesting avenue for future
work.

From the perspective of oxygen-deficient SBN as a ther-
moelectric, the above finding suggests that engineering the
carrier concentration for maximum thermoelectric perfor-
mance is not a function of the concentration of oxygen
vacancies only. The increased A-site occupancy can be
treated as the filling of neutral A-site vacancies with 2+
cations or, in Kroger—Vink notation, Avy.- These defects
must be taken into account when engineering the carrier
concentration. For a filled SBN sample, the expected carrier
concentration, n, can be calculated using the number of

defects per unit cell, 6y, and the volume of the unit cell from
the lattice parameters. For y = 0.2, the completely filled con-
dition, and a unit cell volume of 615 A3, the carrier concen-
tration is calculated to be 4 x 10?'/cc. Such high carrier
concentrations are near the degenerate regime, consistent
with proposed impurity band models for electron transport
in oxygen-deficient SBN.' Although previous studies
assumed oxygen vacancies to be the major donor defect,?
the difference of electrical conductivity before and after A-
site filling starts to occur [2.8 S/em in 107'* atm samples
compared to 275 S/em in 107'® atm samples, Fig. 4(a)] sug-
gests that the oxygen vacancies play a minor role. The low
partial pressures of oxygen during annealing seem to play the
major role not by modifying the concentration of oxygen
vacancies, but instead by moving the equilibrium into a
phase region where A-site filling is favorable. It therefore
seems that the correlation between the NbO, phase and
enhanced thermoelectric properties occurs because the pres-
ence of NbO, is a marker for the onset of A-site filling. In
this model, the NbO, is an unnecessary phase. Formulating
compositions with various A-site occupancies without excess
Nb may result in phase-pure samples with similarly enhanced
thermoelectric properties.

(3) Phase Equilibria of (Srpe,Bay.4) 1+ ,NbyOg_s

To clarify the process of making phase-pure A-site filled sam-
ples, the phase equilibria of (Sr,Ba), . ,Nb>Os_5 under low
oxygen partial pressures were investigated. Two additional
powders were batched with compositions equivalent to (Srg s,
Ba0<4)1.1Nb206 and (Sro'G,BaO‘4)1‘2Nb206, or SBNI.1 and
SBN1.2, respectively. Air-fired pellets of SBN1.1 and SBN1.2
were found to be mixtures of SBN and (Sr,,Ba;_,),Nb,O.
The (Sr,_,,Ba,),Nb,O7 in these pellets all were measured to
be x =~ 0.17 via EDS, well within the solid solubility limits
for (Sri.,Ba,)>NbyO; of 0 < x < 0.35.32 For simplicity, the
notation “A4” will be used to refer to cations that are either
Sr’" or Ba®". These air-fired pellets were annealed at
1300°C for 30 h at po, values ranging from 107 to
107'® atm, and the phase compositions were measured via
XRD and Rietveld refinements.
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The results are presented in Fig. 5. Three regions are
found, one with only phase-pure SBN, one which shows the
NbO, secondary phase, and another which shows an
A>Nb,O; secondary phase. The dotted line which separates
the phase-pure and SBN+4,Nb,0; region extends down to
SBNI1.0 in air. Given the results shown in Fig. 2, the bound-
ary between the phase-pure SBN and SBN+NbO, regions is
thought to be the solid solution limit for oxygen vacancies.
The dotted line from Fig. 2 would therefore be the extension
of this boundary into the temperature axis. From Gibbs’
phase rule for this four component system, the number of
degrees of freedom in the single-phase solid solution regime
is five. The volumetric phase field in the quaternary diagram
allows for independent changes in temperature, po,, and the
other three individual component chemical potentials. Once
the solid solution limit of any component is reached, the sys-
tem loses one degree of freedom and the chemical potentials
can no longer be changed independently. This results in the
two-phase regions in Fig. 5. For the SBN+NbO, phase
region, both the amount of NbO, which forms and the com-
position of the SBN matrix would then be determined by the
tie line between this phase boundary and the NbO, phase
field on the Sr—Ba—Nb-O quaternary molar phase diagram.
Similarly, the lower dotted line is thought to be the solid
solution limit for partial Schottky defects; the phase compo-
sition would be determined by the tie line between this limit
and the 4,Nb,O5 phase field boundary.

When the SBN phase is in equilibrium with a secondary
phase, the chemical potentials of the different components
are equal in both phases. This can be used to predict how
the boundaries between the one- and two-phase regions react
to changes in the component chemical potentials. For SBN-
NbO, composites, this equilibrium results in:

1
INDO, +50; + A¥; < 2NDY, + 4% + 505+ V5 (7)

This means, in terms of chemical potentials, that at the
SBN-NbO, equilibrium:

JH(0) + (A7) = const. + p(Vs) ®)

As the oxygen vacancy solid solution limit has been
reached, a decrease in the po, cannot be accompanied by an
increase in the p(¥,’). Hence, the result is an increased chem-
ical potential for Ayy. The increased chemical potential of Sr
and Ba in SBNI1.1 and 1.2 increases the p(4vy ) and therefore
decreases the w(O,), explaining the positive slope of the
upper phase boundary in Fig. 5.

For SBN-A4,Nb,0O; composites at equilibrium:

1 .
and
1 .
const. = 5“(02) +u(A4vy) (10)

Therefore, decreasing the oxygen partial pressure results in
an increase in p(Avy) as confirmed by the positive slope of
the lower phase boundary in Fig. 5. In both scenarios, an
increase in the total (Sr+Ba):Nb ratio lowers the necessary
oxygen activity for A-site filling.

The phase compositions of the samples are shown in
Fig. 6 alongside the (Sr+Ba):Nb ratio of the SBN matrix
measured via EDS. The amount of 4,Nb,O; phase present
in SBN1.1 and 1.2 is decreased compared to that of air-fired
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Fig. 5. Phase composition of different SBN samples batched with
different (Sr+ Ba):Nb ratios and annealed at 1300°C under various
po, conditions. Moving to the right on the plot corresponds to an
increase in the Sr and Ba chemical potentials. Note that decreasing
po, is plotted along the positive y direction. Samples with NbO, as a
secondary phase are marked with red circles, phase-pure samples are
black squares, and samples with 4,Nb,O; are blue triangles. The
SBN phase region is limited by the solid solution limits of either
oxygen vacancies or partial Schottky defects.

samples. This is corroborated by EDS data which shows the
SBN matricies in SBN1.1 and 1.2 pellets possess a (Sr+Ba):
Nb ratio above 0.5 for all samples. Therefore, SBNI.1 and
1.2 have increased A-site occupancy even at 107 atm Do, -
This stands in stark contrast to SBN1.0, where changes to
the A-site occupancy do not occur until 107" atm po,. It
does, however, agree with the predicted equilibrium between
SBN and A4,Nb,O7 outlined in Eq. 10. Within the phase pur-
ity region of SBNI.1, the (Sr+Ba):Nb ratio of the SBN
matrix remains constant near the expected value of 0.55.
Changes in oxygen activity within these samples are accom-
modated by changes in the oxygen vacancy and quasi-free
electron concentrations according to Eq. 2. This increased A-
site filling in samples with increased strontium and barium
contents point toward easier processing routes for thermo-
electric SBN, as higher oxygen partial pressures may be used
during annealing. The electron transport properties of these
phase-pure filled SBN ceramics are similar to those of
SBN+NbO, composites, and will be the topic of future publi-
cation.™

(4) Oxygen Absorption

From a device standpoint, the equilibrium conditions are
important for processing, but more important is the stability
of SBN under working conditions. Although filled SBN
shows promise as a thermoelectric, the lack of oxidation
resistance is a major hurdle which needs to be solved. The
only quantitative numbers currently })ublished show oxida-
tion at temperatures as low as 700°C,** but changes in prop-
erties start to occur at much lower temperatures. It is widely
mentioned in experimental procedures that high-temperature
measurements of SBN are performed under inert atmo-
spheres,'*!>!? and polycrystalline SBN samples measured in
0.1 atm He above 480°C were reported to show degradation
of the electrical properties.'

Given the current results on A-site filling, the sensitivity of
the electrical properties of SBN to oxygen environments is
peculiar. As discussed previously, a vast majority of the car-
rier concentration is thought to occur due to the A-site
donors rather than the compensation of oxygen vacancies.
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Fig. 6. Phase composition of SBN samples batched with a (Sr+Ba):
Nb ratio of (a) 0.50 (b) 0.55, and (c¢) 0.60 annealed at 1300°C at
varymg po, conditions. The amount of A2Nb207 drops below that of
air-fired samples at po, values as low as 10~ atm, showing that A-
site filling is occurring at higher po, values in samples with increased
(Sr+Ba):Nb ratios.

While the oxygen vacancies may be filled via annealing in
air, the A-site donors should remain, and therefore require a
negative compensating defects such as electrons. However,
oxygen-deficient SBN annealed under 107'®atm was
annealed in air at 700°C for 3 h and resulted in a white pow-
der of SBN and y-Nb,Os. The white color of the powder
points toward a lack of electronic carriers, suggesting the A-
site donors must be ionically compensated. The defect chem-
istry for the ionic compensation scenario is puzzling, as the
possible compensating defects are either cation vacancies or
some form of superoxidation. Both of these are unlikely.
Under the equilibrium condition in air, the A-site donors
would either react with NbO, to form SBN (for SBN1.0) or
form an A,Nb,O; phase (for higher Sr and Ba concentra-
tions). However, for the kinetically constrained condition of
annealing at 700°C, it is unlikely that cations could migrate
long distances. If the required 10?!/cc cation vacancies did
form, then the aforementioned secondary phases would be
detectable via SEM or XRD (either as a crystalline phase or
an amorphous hump), and no evidence of such a secondary
phase is found. Therefore, migration of the A-site donors out
of the lattice is unlikely.

The sluggish cation motion means that compensation
occurs via the anion lattice. However, the formation of oxy-
gen interstitials is unlikely due to their large size. The largest
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empty site in A-site-filled SBN is the C-site. Outside of the
fact that an oxygen interstitial on this site would be unfavor-
ably surrounded by anions, the only ion which has been
found to fit on the C-site is Li"," which has a 6-coordina-
tion Shannon-Prewitt radius of 0.74 A, much smaller than
the radius of 1.40 A for an oxygen anion in 6-coordination.
Due to this, it is unclear where the additional oxygen absorp-
tion is located or the mechanism by which it occurs. The
peculiar nature of this A-site donor compensation makes the
identification and study of any possible oxygen absorption
via TGA is worthwhile.

The results from TGA are presented in Fig. 7. A measur-
able weight gain is present and clearly increases for samples
which are annealed under lower oxygen activities. Care must
be taken in analysis of the TGA data as it is a result of two
contributions. One contribution is from the NbO, to Nb,Os
transition and the other from absorption of oxygen by the
SBN matrix. However, these may be deconvoluted to a
degree. This is because the amount of NbO, in the samples
is known from the Rietveld refinements discussed previously.
Unfortunately, a combination of errors from both the wt%
of NbO, from Rietveld refinements and the baseline drift in
the TGA signal prevents precise deconvolution of the two
contributions, but rough estimates are possible. The calcu-
lated Weight gain from the NbO, to Nb,Os transition is

128 ngO giving an expected weight gain of 0.6 + 0.1%

for SBN1.0 annealed under 107'¢ atm Po,. This accounts for
only roughly half of the measured weight gained. The
remainder must be due to absorption of oxygen by the SBN
matrix.

The oxygen absorption by the SBN matrix could be from
either filling of oxygen vacancies and/or superoxidation. The
samples with neither A-site filling nor NbO, (10—'' and
10—"? atm pO»), show no measureable weight gain discern-
able from the baseline drift of the TGA. The 10~' atm sam-
ple is near the solid solubility limit for oxygen vacancies, and
therefore its weight gain should estimate the maximum
weight gain from oxygen vacancies possible in any sample.
As this weight gain is <0.1% (i.e., lower than TGA can mea-
sure), it is thought that the contribution to the weight gain
from the filling of oxygen vacancies is minimal. The addi-
tional absorption of oxygen in the SBN lattice must therefore
be due to some form of superoxidation. The location of the
excess oxygen is unknown and outside of the scope of this

1.2 T T T T T T T T T T
10"
? 10-15
S 0.8t |
£ S’}/3N1.2; 107
< 10"
Q
= 041 .
.§p 10-13
10™
0.0} 02 ]

0 200 400 600 800 1000
Temperature (°C)

Fig. 7. Thermogravimetric analysis in air of various (Srye,Bag.4)
Nb,Og powders annealed at 1300°C for different partial pressures of
oxygen (in atm). The weight gain is a combination of an NbO, to
Nb,Os transition and the changing oxygen content of the matrix.
The weight gain increases with decreasing partial pressure of oxygen
during annealing.
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manuscript, but for simplicity, an absorbed oxygen with a 2~
charge will be denoted as an oxygen interstitial, [O/].

The electroneutrality equation for SBN during low-tem-
perature reoxidation is then:

2[4 ] +2[Vs] = n +2[0]] (11)

Under the fully oxidized condition, [V,] is negligible and
samples are insulating and white, suggesting n is negligible as
well. Therefore, for oxidized samples, we may write:

2[5 ] = 2[0]] (12)

Thus, under these conditions, the weight gain of the SBN
matrix during reoxidation is entirely due to the superoxida-
tion, [O]. As the amount of superoxidation can be
determined via the weight gain measured via TGA, the 4, ]
can be determined via Eq. 12. For the TGA data in
Fig. 7, the concentrations lay in the range of ~10?!/cc. This
result can be used to measure the carrier concentration of
oxygen-deficient samples. This is because, in oxygen-deficient
samples, it can be assumed [O]] = 0 and [4,] > [V,] result-
ing in Eq. 11 simplifying to: :

2[4y, ] = (13)

As [4y:] was measured to be ~10*'/cc using Eqgs. 12, the
subsequenAt use of Eq. 13 suiggests that the carrier concentra-
tion of reduced SBN is ~10?'/cc. This carrier concentration is
close to the expected carrier concentration of 4 x 10*!/cc
from complete A-site filling, calculated previously.

Precise determination of n is hindered by the previously
mentioned errors from TGA and Rietveld refinements associ-
ated with the NbO, phase. A more accurate determination of
n is possible if the same analysis is performed on a phase-
pure SBN1.2 sample annealed at 1300°C under forming gas.
The value of n in this sample was determined by two meth-
ods. First, by assuming the weight gain during TGA was due
to superoxidation and then using Eq. 12 and Eq. 13 to calcu-
late n. Secondly, carrier concentrations were determined on
reduced samples by Hall measurements. The TGA data for
the SBN1.2 sample is presented alongside the TGA data for
SBNI1.0 in Fig. 7. The value of n calculated from TGA was
found to be (2.6 + 0.3) x 10*'/cc. Hall measurements on this
sample before reoxidation gave a value for n of
(2.3 + 0.3) x 10*'/cc. The equivalence of these numbers sug-
gests that the analysis of Eq. 11 through Eq. 13 is correct.
From these results, it seems that the lack of oxidation resis-
tance is not due to the filling of oxygen vacancies, but
instead to the absorption of additional oxygen. Additional
research is necessary to identify the specific location of this
oxygen in the lattice. Knowledge of the oxygen position
could help in identifying a strategy for increasing the oxida-
tion resistance of SBN thermoelectrics. As a final point, the
lack of an NbQO, phase in the SBN1.2 sample meant that the
sample did not powderize due to the NbO, to Nb,Os transi-
tion upon reoxidation. The dielectric properties of reoxidized
ceramic samples were therefore measureable and were found
to change significantly from air-fired SBN as is discussed
elsewhere.>® Effects of the increased A-site occupancy and
superoxidation on the structure—property relations of tetrago-
nal tungsten bronze dielectrics is an interesting avenue for
future work.

IV. Summary

Formation of NbO, occurs in oxygen-deficient SBN at high
temperatures and low partial pressures of oxygen once a crit-
ical oxygen vacancy concentration is reached. As the oxygen
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activity decreases at a constant temperature, the amount of
NbO, increases and is accompanied by an increase in the
(Sr+Ba):Nb ratio of the SBN matrix. It is shown that the
defect mechanism for this change is the filling of the natu-
rally occurring A-site vacancies in SBN, a mechanism which
results in donor defects. Using the chemical potential equiva-
lence of cations between the matrix and secondary phase, it
is shown that increasing the (Sr+Ba):Nb in the starting batch
results in an increased chemical potential for A-site stuffing
and affects the critical oxygen activity for second-phase for-
mation. This provides an interesting route toward control of
the carrier concentration in thermoelectric SBN via the A-site
filling. The lack of oxidation resistance of SBN under this
model is due to compensation of [4yy] by some form of
superoxidation. All in all, the current results show an inter-
esting crystal-chemical modification of SBN due to process-
ing in low partial pressures of oxygen. The tungsten bronze
structure possesses a large number of degrees of freedom
which allows for property design, and this new processing
route widens the design space. This helps not only to increase
the utility of oxygen-deficient SBN as a thermoelectric, but
should also be a useful tool in building a set of structure—
property relations of tungsten bronzed structured materials.
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