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In this study, a correlation between the conductivity, space charge layers, solute drag and non-Arrhenius grain
growth in SrTiOs was investigated. Strontium titante is known for its non-Arrhenius grain growth where grain
growth rates decrease by orders of magnitude with increasing temperatures between 1350 °C and 1425 °C. Here,
undoped SrTiO3; was sintered and annealed at temperatures below and above the grain growth transition. The
influence of the annealing temperature and time on the conductivity and space charge layers at grain boundaries
(GBs) in SrTiO3 was investigated by electrochemical impedance spectroscopy (EIS). STEM-EDS analysis indicates
the presence of GBs with qualitative different cationic segregation in SrTiOs. A distortion of the GB semi-circle in
the impedance plots was found which was attributed to the presence of multiple GB types with different electric
properties and space charge layers. The presence of two GB types as indicated by impedance analysis corresponds
well with previous results, where solute drag and segregation was supposed to cause the non-Arrhenius grain

growth behavior of SrTiOs.

1. Introduction

Ceramic ionic conductors are important electrolyte materials for
solid oxide fuel cells [1-5] and solid-state batteries [6-8]. In many cases,
grain boundaries (GBs) are detrimental for the performance of the solid
electrolytes due to their low conductivity. In perovskites and other oxide
ceramics, the low conductivity of GBs is caused by space charge layers at
the GBs [9-13]. In perovskites, space charge layers form because of the
preferred formation of oxygen vacancies at GBs resulting in a positive
GB core charge [12,14-17]. A potential difference between the GB and
bulk material called the space charge potential (A®) is built up [17-20].
A® is reduced by the segregation/accumulation of negative point de-
fects (acceptor species) compensating the positive core charge. The
depletion of charged defects in the space charge layer around the GB
core further compensates the core charge [12,21,22].

Segregation and space charge layers might not only influence the
electric properties of ceramic materials but also determine the micro-
structure evolution. The slow diffusion rate of the segregated cations at
the GB can inhibit GB motion (solute drag) [23,24] and cause abnormal
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grain growth (AGG) [14,17,23-33]. Yet, AGG can also be caused by
other phenomena including nucleation barriers [34], GB anisotropy [35,
36], intergranular glassy films [34,37,38] or complexions [39-42]. AGG
is observed in many perovskite materials relevant for energy or elec-
tronic applications, such as BaTiO3 [43-45], lithium lanthanum titanate
(LLTO) [45], PZT [46], BNT-BT [47] and KNN [48-50], and sometimes
poses a critical issue for the application e.g., for multilayer ceramic
capacitors [51].

In the case of SrTiO3 AGG was suggested to be related to solute drag
effects [45] which originate from segregation and space charge layers at
GBs. Additionally, in SrTiO3 AGG is accompanied by a grain growth
transition where grain growth rates decrease by about two orders of
magnitude with increasing temperatures between 1350 °C and 1425 °C
[33,45,52]. When the bimodal microstructure evolution of SrTiO3 was
quantified [32], it was argued that the grain growth transition is caused
by the co-existence of two different GB types with different migration
rates [24,32,33,45,52,53]. At low temperature (<1350 °C) grain growth
in SrTiO3 is dominated by fast GBs [52] since most grains are surrounded
by a majority of these fast GBs. The result is homogeneous or normal
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grain growth at temperature below 1350 °C. If the temperature increases
above 1350 °C the number of fast GBs decreases with increasing tem-
perature [32]. The grain growth kinetics of SrTiO3 become dominated
by slow GBs. Grains that are surrounded by the slow GBs barely grow,
while grains with enough fast GBs adjacent to them can grow fast. The
grains growth kinetics of SrTiO3 become heterogenous or abnormal
above 1350 °C. Most of the fast GBs are then adjacent to the abnor-
mal/large grains while most of the slow-migrating GBs are adjacent to
the normal/small grains. Not only the GB mobility but also the driving
force for grain growth determines the grain growth behavior of a single
grain because the driving force for grain growth depends on the size
difference of said grain and its nearest neighbors [54,55].

Generally, solute drag can also result in the co-existence of two
different GB configurations [23,29,56-58] instead of be caused by them.
While GBs with cationic segregation are dragged by cations slow diffu-
sion, very high driving forces can result in non-equilibrium GBs with less
or no cationic segregation (break-away in the solute drag model).
Accordingly, if solute drag is responsible for AGG in SrTiOs3, there should
exist two GB types with different segregation profiles and space charge
layers. Solute drag might not even depend on segregation and space
charge but might also be able to influence segregation and space charge
layer. Recent grain growth simulations [14], where the GB core charge
and space charge layers were tracked during GB migration indicate a
change in space charge potential with migration rate. The
non-equilibrium boundaries with less cationic segregation after
break-away have more space charge (i.e., less conductivity) compared to
the near-equilibrium boundaries that experience solute drag. Note that
the non-dragged state can be regarded as non-equilibrium state of solute
drag. After prolonged grain growth non-dragged GBs will agglomerate
solutes during migration and slow down, approaching the dragged
composition again.

The existence of different GB types in SrTiO3 was investigated by S-
TEM [59,60]. The results were not conclusive, because the GB anisot-
ropy results in considerable scattering of GB configuration and chem-
istry, and the statistics were probably not sufficient to clearly observe
the changes. Still, ignoring the structural differentiation of GBs in [59,
60], small grains are more frequently surrounded by GBs with Ti excess.
Possibly, this Ti excess causes diffusional drag similar to solute drag.
Whether the Ti-rich GBs were truly Ti-rich or Sr-deficient could not be
identified in [57,58].

This study investigates the impact of microstructure evolution on the
GB conductivity of the model material SrTiO3 and investigates the co-
existence of multiple GB types in SrTiOs. Annealing conditions of
undoped SrTiO3 ceramics were chosen with the grain growth transition
of SrTiO3 in mind, covering the transition temperature range, as well as
temperatures above and below. The resulting microstructures agree with
previously reported microstructures of SrTiOs. Scanning Transmission
Electron Microscopy (S-TEM) combined with Energy Dispersive X-ray
Spectroscopy (EDS), and Electrochemical Impedance Spectroscopy (EIS)
were used to characterize GB properties. The focus is on cationic
segregation (STEM-EDS), space charge potentials and GB conductivity
(EIS). The results are discussed in the framework of non-Arrhenius grain
growth, solute drag and space charge to correlate microstructure evo-
lution and electrical properties of SrTiOs.

The authors emphasize that the correlations found between segre-
gation, space charge layer, grain growth kinetics and GB conductivity
are not conclusive. This is due to the nature of the characterization
methos used: S-TEM EDS is a very local and microscopic technique, EIS
is an averaging macroscopic technique and SEM imaging is a mesoscopic
analysis method. While the data show significant experimental evi-
dence, it is not possible to conclusively show the interplay of grain
growth and grain boundary conductivity. To the authors’ knowledge
there is no set of methods that will provide a complete data set on GB
properties in a polycrystal. The authors therefore advise to read the
current manuscript and interpret the data with care and the difficulty in
correlation in mind.
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The possible interdependence of microstructure evolution and con-
ductivity can be used as a pathway to tailor functional properties of
SrTiO3 by well-chosen thermal treatments, and as this material is a
prototype for the class of perovskites, the findings are relevant to many
important functional ceramics such as BaTiO3 and BaZrOs.

2. Experimental procedure
2.1. Sample preparation

Undoped SrTiO3 powders were synthesized by the mixed oxide/
carbonate route using high purity raw materials, high-energy ball mill-
ing and calcination at 975 °C [22]. Green bodies were uniaxial pressed
in a stainless-steel pressing die with a diameter of 10 mm with an
applied force of 2 kN. Stearic acid was used as lubricant during pressing.
The green bodies were further densified at a pressure of 400 MPa for 2
min using a cold-isostatic press. The green bodies were pre-sintered at
1425 °C for 1 h in air and subsequently annealed either for a constant
time at varying temperature or at constant temperature for varying
times. Samples were annealed at 1350 °C, 1370 °C, 1400 °C, 1425 °C,
1460 °C, and 1500 °C for 5 h Additionally, other samples were annealed
at either 1500 °Cfor 0.5h,2hand 5horat 1350 °Cfor2h,5hand 10 h
These two temperatures were chosen since SrTiO3 has about the same
grain growth constant for both temperatures; yet at 1350 °C (below the
grain growth transition), normal grain growth (NGG) occurs, and at
1500 °C (above the grain growth transition) abnormal grain growth
occurs. All heating and cooling rates were set to 10 K/min.

2.2. Microstructure analysis

For microstructure analysis, the annealed samples were cold-molded
in Epoxy 2000 and then prepared by grinding and polishing. The pol-
ished samples were contacted with conductive copper tape and sput-
tered with a 6 nm thick Pt layer. The microstructures were analyzed with
a Zeiss EVO 15 SEM (Zeiss, Germany) using an acceleration voltage of 8
kV at a working distance of 8.5 mm. Both secondary electron (SE) and
back scatter electron (BSE) images were taken. The average grain sizes
were determined with the line intercept method at min. 300 grains.
Minor secondary phases were found and analyzed using an Ultim Max
100 energy dispersive x-ray spectroscopy EDS (Oxford Instruments, UK).

2.3. GB characterization with STEM

Two different annealing temperatures were selected for scanning
transmission electron microscopy (STEM) analysis i.e., 1350 °C and
1500 °C. Samples for STEM analysis were prepared either with a con-
ventional preparation method, or by the focused ion beam (FIB) lift-out
method. Conventional samples were made by a standard mechanical
polishing and dimpling procedure, followed by ion milling (with a final
milling energy of 0.2 kV) in a Gatan Precision Ion Polishing System II
(PIPS II). A FEI Helios NanoLab 460F1 was used to take a lift-out con-
taining a GB between two large grains in the sample annealed at 1500
°C. The final milling energy for FIB lamella preparation was 2 kV.

A Hitachi HF5000 S/TEM was utilized for high angle annular dark
field (HAADF) imaging and energy dispersive x-ray spectroscopy (EDS).
EDS data analysis was done with Hyperspy [61]. EDS maps and line
scans were quantified using a standardless (Cliff-Lorimer) quantification
method. K-factors for quantification were taken assuming that the
overall composition of the EDS map is equivalent to the as-prepared
composition of the sample.

GBs analyzed by STEM-EDS were categorized into Sr-rich, stoichio-
metric and Ti-rich using the logic argument in Eq. (1) [59]. There,
Gsr/Ti, grain 1S the standard deviation of the Sr:Ti ratio in grain adjacent to
the analyzed GB, Egpxgp is the error in measurement of the Sr:Ti ratio
(=~0.05), the parameter rg,1; gp is the Sr:Ti ratio in the GB core and
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Tsr/Ti, grain 1S the average Sr:Ti ratio in the adjacent grains. In short that
means if the GB composition was measured to be off-stoichiometric by
more than the assumed measurement error (0.05), then the GB was
classified as Sr- or Ti-rich. Otherwise, the composition was classified as
neutral.

if |rsr ., —E > |Fsr . 4os
f T: GB EDX,GB Fs,gmm %gmm

elseif | r: E r: — 0
f % GB + 'EDX,GB < %,grain %,gmin

Acta Materialia 283 (2025) 120560

samples’ impedance data using the Mott-Schottky equation [15,68].
Other methods for the evaluation of space charge thickness such as the
plate capacitor equation [66,69-71] can also be used. Yet, this approach
when applied to the data in this study resulted in less temperature sta-
bility for the GB thickness and wrong sizes for average grain sizes.
Evaluation based on the Mott-Schottky model uses defect chemistry

= true—~GB is Sr rich or Ti deficient

@

= true—GB is Sr deficient or Tirich

else—~GB is neutral

2.4. Impedance analysis

Samples for impedance analysis were ground to the desired thickness
of 1 mm using SiC abrasive paper with a grit of 400, 800 and 1200. The
as prepared impedance samples were then sputtered with Pt and the
coated with Pt-paste. The Pt-paste was dried at 60 °C for 1 h and then
burned onto the samples at 900 °C for 2 h The heating and cooling rate
was adjusted to 10 K/min.

The samples’ electrical properties were analyzed by electrochemical
impedance spectroscopy using an Alpha-A high frequency analyzer
(Novocontrol Technologies GmbH & Co. KG, Germany). The measure-
ments were performed at a temperature range between 600 °C and 400
°Cin 12.5 K steps and in a frequency range from 10 MHz to 100 mHz in
air at ambient pressures. The measurement results were evaluated and
fitted using the RelaxIS software (rhd instruments, Germany). An
equivalent circuit designed according to the brick-layer model [62-65]
was utilized for fitting the data. For ceramics a typical equivalent circuit
consists of 3 RQ-circuits in series [62]. The RQ-circuits represent the
grain bulk, GB and sample-electrode-interface. A RQ-circuit consists of a
resistor and constant phase element connected in parallel. The electric
response of Pt-electrodes on SrTiOs is at very low frequencies and was
minor in the frame of this study. To keep the analysis simple, the
respective frequency part was excluded from the fitting procedure if an
electrode contribution was visible at higher temperatures or for samples
with low resistance [66,67]; accordingly, the RQ circuit for the elec-
trodes was omitted. The designing process of the equivalent circuit is
further elaborated on in section 3.2. The bulk conductivity o, and GB
conductivity ogg were determined according to equation 2 and equation
3 respectively.

1 1
- )
OBulk Rom A 2
11 CBulk
- .. 3
0GB Rop A Cop 3

Rpux corresponds to the total bulk resistance, Rgp to the total GB
resistance, [ to the sample thickness, A to the sample’s or electrode’s
cross-sectional area and Cp,x and Cgp correspond to the bulk and Gb
capacitance respectively.

2.5. Space charge characterization

Space charge width and potential were obtained by evaluating the

models and the space charge potential (A®) of GBs to obtain space
charge thicknesses (4ys). The space charge potential (A®) is obtained by
numerically solving equation 4 [15,72-74], where g and 7,y are the
relaxation times of the samples’ GB and bulk material respectively, e the
elementary charge, k;, the Boltzmann constant and T the temperature of
the EIS measurement in (K).

AD
TeB P (iﬁ> kT 4
Thulk - 2eAD b

The relaxation time of bulk and grain boundary are the relaxation
times of the respective RQ-circuits. The relaxation time of a RQ-circuit
can be calculated from its resistance and capacitance i.e., the resis-
tance and capacitance of the bulk or GB.

Trq = 27-RC 5)

Uncertainties and errors in the evaluation process for space charge
potentials are reduced by using the relaxation times of bulk (zpy) and
GBs (7gp, equation 4) instead of resistance or capacitance ratios [74].
Also, before using this approach the resistance and capacitance of the
bulk named GB have to be known, for example from fitting the imped-
ance data using an equivalent circuit.

To calculate the space charge, thickness Ays the space charge po-
tential A® and the Debye length Apepy. (high temperature space charge
thickness) have to be known. The Ape,. is a quantity describing the
thickness of a space charge layer in which all defects are mobile. Apey. is
wholly dependent on the samples defect chemistry (equation 5) [15,75].

eoerky T
ADebye = Um 6)

The majority defect concentration (Cmajor) of mobile defects in the
bulk has to be known. In this study the concentration of the majority
defect was assumed to be in the order of 10'® ecm™ which is used in
literature on simulation of space charge layers in undoped SrTiOs ce-
ramics [76]. In equation 6, ¢ is the permittivity of the vacuum and ¢, the
relative permittivity of SrTiOs [12,77]. The permittivity of SrTiOs is
calculated using the equation 7.

97900
T

&(STO) = Q)

With knowledge on the Debye length (4penye) and space charge po-
tential (A®), the space charge thicknesses based on the Mott-Schottky
model (4ys) is obtained by Eq. (8) [15,72-74].
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Fig. 1. BSE-SEM microstructure images of samples annealed at a) 1350 °C, b) 1370 °C, ¢) 1400 °C, d) 1425 °C, e) 1460 °C and f) 1500 °C for 5 h each. Note the

different scales of e and f.

[4eAD
/1MS = jrDebye' kbiT (8)

The impedance data used to calculate the relaxation times of the bulk
and GBs, i.e., the space charge potentials were obtained at temperatures
at which cationic diffusion can be regarded as frozen-in. Consequently,
the MS model fits the GBs’ defect chemistry present during the EIS
measurements better than the Debye model. Note that the segregation
profile of acceptor impurities as postulated by the Mott-Schottky model
is most-likely incorrect. The true cationic segregation profile at the grain
boundary probably resembles the equilibrium state of the grain
boundary at the temperatures at which cationic defects become
immobile.

3. Results and discussion
3.1. Microstructure evolution

SEM images of undoped SrTiO3 samples’ microstructures annealed at
different temperatures for 5 h are shown in Fig. 1. The high contrast of

the BSE images stems from channeling contrast due to the crystal
orientation which is pronounced in SrTiOs. Samples annealed at 1400 °C
and 1460 °C have bimodal microstructures (Fig. 1c, e), while samples
annealed at 1350 °C, 1370 °C and 1425 °C have unimodal microstruc-
tures (Fig. la, b, d). After annealing at 1500 °C (Fig. 1f), the micro-
structure likely went through a stage of abnormal grain growth, and
primarily consists of impinged abnormal grains and is again unimodal.
The average grain sizes of each sample agree with grain growth con-
stants previously reported for undoped SrTiO3 showing non-Arrhenius
grain growth [32,33,52]. Only samples annealed at 1350 °C for 5 h
have smaller average grain sizes (3.29 um) than expected (5.0 um to 5.5
pm).

SEM images of undoped SrTiO3 samples annealed at 1350 °C for 2 h,
5hand 10 h as well as samples annealed at 1500 °C for 0.5h,2hand 5h
are depicted Figure 2. Samples annealed at 1350 °C experience NGG
with steadily increasing grain sizes from 3.9 um after 2 h to 9.0 um after
10 h of annealing (Fig. 2b,d,f). Samples annealed at 1500 °C show clear
signs of AGG (Figure 2 a,c,e). The AGG in samples annealed at 1500 °C
results in a sharp increase in average grain size from 3.14 um after 0.5 h
to 20.84 pm after 5 h In this study, the overall grain size of annealed
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20.84 um
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Fig. 2. : BSE-SEM microstructure images of undoped SrTiO3 samples annealed at 1500 °C for a) 0.5 h, ¢) 2 h and e) 5 h and of samples annealed at 1350 °C for b) 2 h,

d) 5 h and f) 10 h Note the different scales in ¢ and e.

SrTiOg samples agrees well with expected grain sizes with one exception
(1350 °C for 5 h).

Some SEM images in Fig. 1 and Figure 2 show small amounts of
secondary phases which were analyzed with EDS and found to be Ti-rich
secondary phases (Figure S3). These types of secondary phases are
typical for undoped SrTiOs with a slight B-site excess [78]. XRD
diffraction patterns of the samples show the cubic perovskite phase of
SrTiO3 with no secondary peaks coinciding with the main peaks of TiO5
rutile phase, indicating that the amount of secondary phase is below 1 %
for each sample.

3.2. Impedance of undoped SrTiO3

Electric properties were analyzed by electrochemical impedance
spectroscopy (EIS) analysis (see Sections 2.4 and 2.5). The Nyquist
impedance plot of undoped SrTiOs pre-sintered at 1425 °C for 1 h is
shown in Fig. 3. The impedance plot shows a small semi-circle corre-
sponding to the grain bulk in the high frequency part and a large semi-
circle representing the GB in the medium to low frequency part. The GB
semi-circle is notably distorted. The distortion of the GB signal becomes

more prevalent as the measurement temperature increases (Fig. 5).
Impedance data was first fitted using an equivalent circuit with 2 RQ-
circuits; yet the quality of the fit was lacking (Fig. 3 dashed grey
curve). For that reason, the equivalent circuit was extended with one
additional RQ-circuit. The new fit (Fig. 3 grey curve) agrees well with
the impedance data (Fig. 3 grey crosses). Distorted impedance semi-
circles were observed for every sample in this study, and a series of
three RQ-circuits was subsequently used as equivalent circuit for every
sample. The first RQ-circuit represents the bulk (RQ; in Fig. 3) while the
two other RQ-circuits (RQ2 and RQ3 in Fig. 3) represent the GB response.
The second RQ-circuit (RQ2, blue semi-circle) is the newly added RQ-
circuit to accommodate the distortion of the GB semi-circle.

Shoulders or distorted semi-circles in impedance plots of undoped
SrTiO3 have been reported in the literature and were fitted with similar
equivalent circuits as in this study [71], yet no cause for this phenom-
enon had been identified. Maier et al. have done extensive work in
modeling the electrochemical response of non-ideal microstructures and
phenomena that can lead to similar responses [79,80,73,74,81,82].
Their simulations revealed that most deviations from the cubic grain
shape of the brick layer model change the GB impedance when
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Fig. 3. Impedance data of a undoped SrTiO3 sample pre-sintered at 1425 °C for
1 h and measured at 600 °C together with the fit-curves using 2 RQ-circuits
(dashed grey) and 3 RQ-circuits (grey) as equivalent circuit. The three semi-
circles of RQ; (green), RQ, (blue) and RQs (red) represent the impedance
response of the grain bulk, GB; and GB, respectively.

compared to the brick layer model [80,82]. Further simulations indi-
cated that the current density is higher in large grains than in small
grains [79,74]. In the most extreme case, a current path through net-
works of large grains can exist in bimodal microstructures since these
networks have a lower GB density and by that a lower resistance than
the surrounding material (small grains, high GB density) [74]. In
particular, two co-existing types of GBs with distinctively different
conductivities result in distorted semi-circles [79,80]. In all of these
cases, the distortion is caused by inhomogeneous current density dis-
tribution, which can lead to additional relaxation effects being visible as
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additional or distorted semi-circle in the impedance plot [79,80]. Fig. 4
shows a schematic of inhomogeneous current distributions at a highly
resistive element as e.g., an individual GB (Fig. 4a), percolation effects in
bimodal microstructures (Fig. 4b) and conduction around highly resis-
tive GBs (Fig. 4c).

The presence of multiple distinct GB types with largely different
conductivities seems to be the most likely cause for the distorted
impedance semi-circle in Fig. 3. This would fit previous observation for
SrTiO3 as Sr-rich, Ti-rich and neutral GBs are known to be present
simultaneously from TEM investigations [59,60]. Additionally, AGG in
SrTiOs is thought to be caused by the existence and co-existence of two
GB types with different migration rates [24,31-33,45,52,53]. The dif-
ference in migration rate was explained by solute drag [14,17,24,
31-33], resulting in two GB types with different segregation and space
charge layers.

The authors propose that the two boundary types observed during
grain growth [24,32,33,45,52,53] correspond to the ones observed by
EIS in this study. The two GB types represented by RQ2 and RQj3 (see

Table 1

Resistance R, capacitance C, relaxation frequency f, space charge thickness Ays,
space charge potential A®, specific conductivity ogpecirc and activation energy of
conduction E, obtained by evaluating fit data of the impedance plot in Fig. 3.
The Impedance plot of undoped SrTiO3 measured at 600 °C was fitted with a
series of 3 RQ-circuits as equivalent circuit.

Feature Bulk GB, GB,

R [2] 1415 12,593 32,956

C [F] 5.2-10711 2.3.1071° 9.7-1071°
f [Hz] 2.1-107 5.4.10% 5.0 - 10°
Gspecific [S/cm] 3.3.107* 8.1-10°° 7.5.1077
E, [eV] 1.4 0.7 2.0

Ams [nm] - 37 48

AD [eV] - 0.24 0.39

High R¢p

Low RGB

Current
Pathways

™

Bulk

e

Fig. 4. a) Current constriction effects around a high resistivity area in a sample, b) current conduction due to percolation through abnormal grains (areas of low GB

density) and c) redirection of the current flow around highly resistive GBs.
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Fig. 3) will from here on be referred to as GB; and GB5 respectively. Note
that this is a simplification as the GB properties scatter and do not fall
into two sharply separated categories, but likely a broad non-Gaussian
GB property distribution with two maxima [79]. Yet from here, we
will assume the presence of two distinct GB types without a property
distribution. Table 1 shows the parameters of a fit of the impedance data
in Fig. 3 and its evaluation, detailing the electric properties of the two
GB types.

The two GB types (GB; and GBy) have distinguishable properties. The
resistance value (R) and capacitance (C) value of GB; are smaller by a
factor of two to four when compared to the same values of GB,. Because
of these small differences, the relaxation frequency (f) of both GB types
differs by one order of magnitude, clearly separating them. The specific
conductivity (Ogpeciic) of GB1 and GBy also differ by one order of
magnitude and are about two orders of magnitude lower than the bulk.
The activation energy (E,) of bulk conductivity is slightly higher than
the expected value of 1 eV and lower [42,77,83] while that of GBy is
higher than the expected value for GBs in SrTiO3 [42,66,77,81]. The
activation energy of GB; on the other hand is lower than that of even the
bulk and differs from that of GB, by more than a factor of two. The space
charge thickness (4ys) of GB; is thinner than that of GB, and also shows
a lower space charge potential (A®). The lower space charge potential,
being about half that of GBy, can also explain the lower resistance,
activation energy, and higher conductivity of GB; when compared to
GBy. All of these observations hold true for any measurement presented
in this study (Section 3.4). The resistance and capacitance of both GB
types vary depending on annealing temperature and time. Nonetheless,
both GB types can be clearly distinguished from one another based on
their relaxation frequency, conductivity, and space charge potentials,
which in most cases differ at least by one order of magnitude (f and o) or
by a factor of two (A®).

3.3. Dependence of impedance on annealing time and temperature

Undoped SrTiO3 samples were annealed at varying temperatures for
5 h to investigate the impact of annealing temperature on the electrical
properties of SrTiOs. Electrical properties were measured using elec-
trochemical impedance spectroscopy. Normalized Nyquist impedance
plots of those samples’ impedance are shown in Fig. 5. The inset in Fig. 5
was added to better visualize the high frequency part of the impedance
plot and the Nyquist plot of the sample annealed at 1500 °C.
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Fig. 5. Normalized Nyquist impedance plots of undoped SrTiOs; samples
annealed at 1350 °C, 1370 °C, 1400 °C, 1425 °C, 1460 °C and 1500 °C for 5 h
each. The inset shows a smaller impedance range to better resolve the bulk
response and the small Nyquist plot of the sample annealed at 1500 °C. The
impedance data of each sample were measured at 500 °C and standardized to
the samples’ dimensions.
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The total impedance of samples annealed between 1350 °C and 1500
°C for 5 h decreases steadily with increasing annealing temperature. The
greatest decrease occurs between samples annealed at and 1460 °C and
1500 °C. This can easily be explained by an increase in grain size with
increasing annealing temperature. Grain growth in SrTiOg is known to
slow down in the temperature range between 1350 °C and 1425 °C [32,
60]; that means that the average grain size decreases with increasing
annealing temperature. Yet, still a slight decrease in total impedance is
observed for this temperature range (1370 °C to 1425 °C) even though
an increase in total impedance would be expected based on the samples’
average grain sizes (Fig. 1). No significant changes in the bulk’s
impedance are observed between 1350 °C and 1460 °C. The change in
total impedance is thereby caused by the GB impedance. As mentioned
in the previous section 3.2 the impedance signal of undoped SrTiOs
features a distorted GB impedance arc which was explained by the
presence of two GB types with distinct electrochemistry i.e., space
charge layer composition. The unexpected changes in the total imped-
ance of undoped SrTiOg samples between 1370 °C and 1425 °C might be
might be caused by changes in the space charge layers due to grain
growth or the population density of the two GB types (see a more
detailed explanation in the bullet points below). The sample annealed at
1500 °C also features a strong decrease in grain bulk impedance
compared to the other samples that were annealed for 5 h (Fig. 5 inset).
It is not clear why the bulk response of the sample annealed at 1500 °C is
half of that of the other samples. A possible explanation are changes in
SrTiOg3’s bulk defect chemistry at such high annealing temperatures.

To investigate the time dependence of SrTiOs’s impedance, two
temperatures (1350 °C and 1500 °C) were chosen based on the non-
Arrhenius grain growth behavior of SrTiOs. The grain growth rate is
similar for both temperatures [32], yet at 1350 °C NGG and at 1500 °C
AGG occurs. The normalized Nyquist impedance plots of undoped
SrTiO3 samples annealed at 1350 °C for 2 h, 5h and 10 h and 1500 °C for
0.5h, 2 h and 5 h are shown in Fig. 6.

The impedance of samples annealed at 1350 °C increases with
increasing annealing time (Fig. 6a). Since the grain size increases from
about 3 pm to 9 pm for these samples, a decrease in total impedance due
to a decrease in GB density is expected; accordingly, the observed
behavior is counterintuitive. The impedance of samples annealed at
1500 °C behaves more intuitively where the total impedance decreases
with increasing annealing time and grain size.

The changes in impedance of samples annealed at 1350 °C or of
samples annealed between 1370 °C and 1425 °C for 5 h cannot be easily
explained by grain growth, changes in grain size distribution, grain
shape or percolation effects (see section 3.2). We suspect changes in GB
properties to be responsible for these changes and propose three possible
explanations:

(1) The GB chemistry changes during grain growth. Defects are
known to segregate towards GBs in SrTiO3 forming space charge
layers at GBs that decreases GB conductivity (Section 1). The
segregated defects also slow down grain growth by solute drag
(Section 1). Simulations of segregated defects predict changes in
space charge thickness, potential and defect concentration for
migrating GBs [14]. The changes depended on the migration
speed of the moving GB with slow GBs experiencing barely any
changes and fast-moving GBs experiencing a decrease in defect
segregation and space charge potential. It is known that grain
growth slows down for extended annealing times either due to a
decrease in driving force or an accumulation of defects at the GBs.
This effect is enhanced at high annealing temperature due to
faster migration speeds which can even cause stagnation in grain
growth [24,33]. Subsequently, annealed SrTiO3 samples should
also feature space charge potentials and thicknesses varying with
annealing temperature and time (see section 3.4).

The number and fraction of the two GB types (section 3.2)
changes with annealing temperature and time. The non-
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Fig. 6. Normalized Nyquist impedance plots of undoped SrTiO3 samples annealed at 1350 °C for 2 h, 5 h and 10 h (a) and standardized Nyquist impedance plots of
undoped SrTiO3 samples annealed at 1500 °C for 0.5 h, 2 h and 5 h The insets show the bulk responses for a smaller impedance range. The impedance data were

measured at 500 °C and standardized to the samples’ dimensions.

Arrhenius grain growth behavior was previously explained by the
presence of two types of GBs with different mobilities [24,32,52].
At low annealing temperatures, the high mobility GB type dom-
inates the grain growth while at higher annealing temperatures
the low mobility GB type does. Subsequently, if one GB type
predominantly migrates while the other type barely migrates,
their number should change with different rates during annealing
[32].

(3) The defect chemistry changes with annealing temperature and,
accordingly, the GB properties. Segregation profiles at GBs are
determined by the bulk defect concentration and the bulk’s defect
concentration is dependent on oxygen partial pressure P(O2) and
temperature [84-86]. An increase in temperature results in an
overall increase in the bulk’s point defect concentration. Also, the
mechanism of charge compensation for charge neutrality may
change with increasing temperature similar to a reduction in P
(0y). For that reason, annealing temperature might have an
impact on the GB chemistry and structure in SrTiOs.

The changes in segregation profile due to GB migration (1) will be
further discussed in section 3.4. The influence of changes in the fre-
quency ratio of GB; and GB; (2), and varying bulk defect concentration
on the GB chemistry (3) cannot conclusively be confirmed with the data
presented in this study.

3.4. Space charge thickness and potential

The changes in the impedance of SrTiO3 with annealing conditions
were correlated to changes in the space charge thickness and potential.

Table 2

Space charge thickness and potential evaluated based on the Mott-Schottky
model (MS) for both GB types (GB; & GBj). The data are based on experi-
mental impedance measurements of samples annealed at temperatures between
1350 °C and 1500 °C for 5 h. The measurements were performed at 500 °C.

Temperature [ °C] Space charge thickness Ayg Space charge potential A®

[nm] [eV]

GB; GB, GB;  GB
1350 58 92 0.13 0.33
1370 57 103 0.12 0.40
1400 63 96 0.16 0.37
1425 60 98 0.14 0.38
1460 62 101 0.15 0.40

1500 73 94 0.26  0.35

Table 3

Space charge thicknesses and potentials of undoped SrTiO3 samples depending
on annealing time for both GB types (GB; & GBy). The space charge thicknesses
and potentials were evaluated according to the Mott-Schottky model. The data
are based on experimental impedance measurements performed at 500 °C.

Temperature [ °C]  Time  Space charge thickness Space charge potential

[h] Ams [nm] A® [eV]
GB; GB, GB; GB,
1350 2 70 99 0.19 039
5 58 92 0.13  0.33
10 62 95 0.15  0.37
1500 0.5 73 94 0.21 035
2 64 97 0.16 0.37
5 73 94 0.26  0.35

The evaluation of space charge layers was based on the Mott-Schottky
model. Resistance and capacitance values of the bulk and GBs were
obtained by fitting the impedance data with the equivalent circuit dis-
cussed in section 3.2. In Table 2 data on the space charge layers of
samples annealed for 5 h at different temperatures (Fig. 5) are listed.
Space charge thicknesses and potentials of samples annealed at 1350 °C
(Fig. 6a) and 1500 °C (Fig. 6b) for varying times are summarized in
Table 3.

As discussed in section 3.2, space charge thicknesses of GBy (90 nm —
100 nm) are thicker than those of GB; (60 nm - 70 nm, see Table 1 to
Table 3). These values agree with space charge thicknesses typically
reported for undoped SrTiO3 [15,42,66]. The space charge potentials of
GB; and GBj; are about 0.15 eV and 0.4 eV, respectively. While GB,
features space charge potentials comparable to previously reported po-
tentials in SrTiO3 (0.4 eV to 0.7 eV [74,76]), GB1 has much lower space
charge potential. The space charge thicknesses and potentials of samples
annealed in different conditions (Tables 2 and 3) show no clear depen-
dence on annealing time. This would contradict previous prediction that
the space charge potential and segregation at GBs changes during
microstructure evolution [14]. It should be noted, that samples in this
study were not quenched after annealing but cooled at a constant rate of
10 K/min. There would be some time for the GB chemistry to equilibrate
again after the annealing step. Samples annealed at the same tempera-
ture but for different times would then experience the same temperature
curve during cooling which results in similar GB chemistry, i.e., space
charge thicknesses or space charge potentials.

In Fig. 7 the specific conductivity and space charge potential of both
GB; and GB; plotted against the annealing temperature are shown. The
properties of GBy again do not show any clear dependence on the
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Fig. 7. Dependence of (a) the specific conductivity and (b) the space charge potential of GB; and GB; on the annealing temperature. Conductivity measurements

were all done at 500 °C.

annealing conditions. In the case of GB; the data from Table 2 hint on a
slight temperature dependence of the properties of GB;. The specific
conductivity of GB; tends to decrease with increasing annealing tem-
perature becoming more similar to the specific conductivity of GBy. The
space charge potentials of GB; seems to increase with annealing tem-
perature also becoming more similar to that of GB,.

It is not known if the changes in specific conductivity and space
charge potential of GB; are due to a change in GB chemistry with GB;
becoming more and more similar to GB, or a change in the ratio between
the GB types. The number of GBs and fraction of each type were eval-
uated but no conclusive dependence on annealing conditions was
identified.

It should be noted that space charge thicknesses and potentials of
GB; and GB; should both be interpreted with caution. As mentioned in
section 3.2, the nature of the GB impedance signal is not clear and is
most likely influenced by current constriction and redirection around
highly resistive GBs. Inhomogeneous electric field distribution
throughout the sample is expected to further complicate the fitting and
evaluation procedure. Accordingly, the data in Tables 2 and 3 contains
an unknown error. Furthermore, broad non-Gaussian GB property dis-
tributions are sufficient to cause distorted impedance semicircles [79].
Variation of space charge potentials of single GBs in ceramics were
already indicated with electron holography. The obtained space charge
values also deviated from the average space charge potentials obtained
by macroscopic EIS measurements [87]. Within the present study, these
issues cannot be clarified; simulations of the impedance responses of
mixed conductivity in bimodal microstructures with varying GB prop-
erties are necessary.

The last source of error in the evaluation the space charge thickness
with the MS model stems from the bulk’s mobile defect concentration
which has to be calculated based on defect chemistry models. These
models again require the samples’ acceptor and donor concentration
measured by ICP-OES or other suitable methods. In this study, the
samples’ mobile defect concentration was assumed to be 10'® cm™
which is common practice in literature [76] but can introduce additional
errors to the evaluation. However, this parameter influences both GB
types in the same way and introduce a bias to the results.

3.5. Grain boundary composition

From previous studies, it is known that GBs with different segrega-
tion types are present in SrTiO3 [59,60]. STEM analysis of the chemical
composition of GBs in SrTiO3 based on GB morphologies (facetted,
curved, rough or flat) have previously been performed [59,60]. If there
are two types of GBs as indicated by the results discussed in section 3.2,
GBs with qualitatively varying cationic segregation should be

observable with STEM-EDS.

The GB segregation in undoped SrTiO3 annealed at 1350 °C for 10 h
and 1500 °C for 2 h was investigated in this study. In the case of the
sample annealed at 1500 °C for 2 h, a GB between two small grains (S-S),
a GB between two large grains (L-L), and a GB between a large and a
small grain (L-S) were investigated. The sample annealed at 1350 °C for
10 h features unimodal grain size distribution of only small grains which
is why one GB between two small grains was analyzed for this sample.
The EDS mappings of those GBs are shown in Fig. 8.

EDS mappings of the GBs reveal clear Sr depletion at all investigated
grain boundaries (Fig. 8). In the case of the sample annealed at 1350 °C,
Ti segregation was also observed (Fig. 8a). All GBs of the sample
annealed at 1500 °C show no Ti segregation at the GB and are compa-
rable in composition (Fig. 8b-d).

In Fig. 9, integrated line scans and the Sr:Ti ratio across the GBs from
Fig. 8 are shown. The line-scan of the L-S GB of the sample annealed at
1500 °C (Fig. 9a) shows stronger Sr depletion than the other two GB of
the same sample annealed at 1500 °C (Fig. 9 b and Fig. 9 c¢). The GB of
the sample annealed at 1350 °C features Sr depletion similar to that of
the L-S GB in the sample annealed at 1500 °C. Additionally, oxygen
segregation at the S-S GB (1350 °C) is also observed (Fig. 9 d). Note that
the oxygen EDS signal is unreliable due to possible oxygen diffusion
during acquisition, and so should not be analyzed quantitatively. The Sr
depletion at the GBs becomes more obvious if the Sr:Ti ratios across the
GBs is evaluated (Fig. 9 e). The S-S and L-L GB of the sample annealed at
1500 °C have similar compositions with a Sr:Ti ratio of 0.82 and 0.86
respectively. The Sr:Ti ratio of the GB in undoped SrTiO3 annealed at
1350 °C is around 0.69 and comparable to that of the L-S GB (0.63) in
the sample annealed at 1500 °C. Whether the GBs from Fig. 8 and Fig. 9
were Sr deficient / Ti enriched or stoichiometric can be checked using
Eq. (1). According to Eq. (1), each GB investigated in the current study is
Sr deficient / Ti enriched, yet the degree of Sr deficiency differs between
the GBs. A table featuring the results of Equation 1can be found in the
supplementary section (Table S1). Note that the stoichiometry of the
GBs can also be investigated using the Gibbsian GB excess leading to
similar results (Table S2). Yet the difference in Sr deficiency or Ti excess
might be sufficient to explain the varying space charge potentials. The
Sr:Ti ratio in the small and large grain adjacent to the L-S GB in the
sample annealed at 1500 °C differs in signal strength (Fig. 9 e). The
difference in Sr:Ti is probably caused by channeling effects of different
crystal orientation as similar effects are observed in the EDS line-scans
(Fig. 9 a).

The varying degrees of Sr depletion at the GBs might be sufficient to
explain the distortion of the GB impedance. Still, the presence of two or
more GB types with distinct composition (Sr-rich, Ti-rich and stoichio-
metric) could not be confirmed by STEM-EDS in this study. The
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Fig. 8. HAADF images and EDS mapping of Sr and Ti at (a) a GB between two small grains (S-S) in SrTiO3 annealed at 1350 °C, (b) a GB between two small grains (S-
S) in SrTiO3 annealed at 1500 °C, (c) a GB between two large grains (L-L) in SrTiO3 annealed at 1500 °C and (d) a GB between a large and a small grain (L-S) in SrTiO3

annealed at 1500 °C. a) is reprinted, with permission from Elsevier [22].

disagreement on GB chemistry between the current study and literature
might be due to the small sample size in this study. The statistical
analysis of GB chemistry from literature was re-evaluated and listed in
Table 4. GBs were distinguished whether small and/or large grains were
adjacent to them instead for their structure. Neither GBs adjacent to

10

small or large grains had a characteristic GB chemistry, but rather a
distribution of composition ranging between Sr-rich, stoichiometric and
Ti-rich. GBs adjacent to small grains were statistically more Sr depleted
while GBs adjacent to large grains were statistically more stoichio-
metric. Accordingly, the data in Table 4 (re-evaluated literature data)
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Fig. 9. Integrated linescans of GBs between a) a large and a small grain in a sample annealed at 1500 °C (L-S), b) two large grains in a sample annealed at 1500 °C (L-
L), ¢) two small grains in a sample annealed at 1500 °C (S-S) and d) two small grains in a sample annealed at 1350 °C. The Sr:Ti ratios across the GBs shown in a) to d)

are ahown in e). d) is reprinted, with permission from Elsevier [22].

Table 4

GB chemistry of GBs adjacent to small and large. GB compositions are differ-
entiated as Sr-rich, neutral and Sr-depleted (Ti-rich). The data featured in this
table are re-evaluated data from [60].

GB composition Small grains (%) Large grains (%)

Sr-rich 22,5 14.5
neutral 21.1 42.9
Sr-depleted 56.4 42.6

and the data in the current study (Figs. 8 and 9), lead the authors to
suspect that there is large variation of GB electrochemistry in undoped
SrTiOs. This variation determines the grain growth behavior. The pop-
ulations and density of GBs after microstructure evolution of undoped
SrTiOg then determines the electrochemical response of SrTiO3 ceramics
(Figs. 5-7, Tables 2 and 3).

3.6. Summary and conclusion

Undoped SrTiOs ceramic samples were sintered and annealed at
different temperature and times. The microstructure of the samples was
analyzed using SEM and average grain sizes fit expected values for
undoped SrTiO3. The impact of the annealing conditions on GB prop-
erties was analyzed using EIS and STEM-EDS. Impedance spectra of
undoped SrTiO3 show a notably distorted asymmetric GB semicircle
which was correlated to the presence of two distinct GB types. The two
GB types have different resistivity, space charge layer thicknesses (60
nm to 70 nm and 90 nm to 100 nm) and potentials (0.10 eV to 0.20 eV
and 0.35 eV to 0.40 eV). The observation of two GB types in SrTiO3
agrees with predictions from simulations on microstructure evolution
where the presence of two GB types with different GB mobility are likely
causing non-Arrhenius grain growth. Due to the lower space charge
potential of GB; compared to GBy, GB; also have a higher specific
conductivity than GB; (factor of 3 to 10). The space charge potential of
GB; approaches values for GB, with increasing temperature. The prop-
erties of GBy are stable over the annealing temperature and the
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properties of both GB; and GB, seem not to change with annealing time.
STEM-EDS analysis of GBs revealed the presence of GBs with different
magnitudes of Sr depletion in SrTiOs which contradicts previous STEM
investigation of GB in SrTiOs where qualitative differences could be
observed. The disagreement is due to the low number of GBs analyzed by
STEM-EDS in this study. High [V, ] at a S-S GB of the sample annealed at
1350 °C (Sr:Ti=0.69) and a L-S GB of the sample annealed at 1500 °C
(Sr:Ti=0.63) were observed (Fig. 9e). S-S and L-L GBs of the sample
annealed a 1500 °C have lower [Vg,| with Sr:Ti ratios of around 0.8.
Space charge potentials evaluated from EIS results could not be assigned
to either GB composition observed by STEM-EDS.

The current paper investigated the correlation of grain growth,
impedance and GB properties of undoped SrTiOs. The existence of
multiple GB types with distinctive properties was indicated by EIS
analysis. STEM-EDS analysis also indicates the presence of GB with
varying chemistry, yet no conclusive correlation between GB chemistry
and GB properties could be made. The possible co-existence of two or
more GB types with distinct electrochemistry provides a unique pathway
for material design: depending on which GB property distribution is
desired; the heating schedule can be chosen which GB type dominates
the microstructure evolution and/or the materials electronic properties.
This approach can be applied to other functional materials with bimodal
microstructure evolution as well. More research is necessary to gain
insight on changes in GB chemistry, population and properties with
annealing temperature, and their correlation.
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