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The increasing demand for efficient, multifunctional energy conversion systems
has sparked interest in light-active polar perovskite oxides. These materials offer
structural flexibility and chemical tunability, making them promising candi-
dates for multimodal energy harvesting. In particular, photoferroelectrics enable
the simultaneous harvesting of thermal, light, and mechanical energy. How-
ever, mostly room temperature properties have been studied, leaving a critical
gap in understanding their behavior under varying thermal conditions. This
study investigates the electromechanical properties in conjunction with crys-
tallographic changes of photoferroelectric BaTi;_,Sn,O5 across a temperature
range of —150°C to 150°C. Increasing Sn content reduces tetragonal distor-
tion, shifts phase transition temperatures, and induces a multi-phase region at
higher concentrations. As a result, temperature-dependent small-signal mea-
surements show changes in dielectric and piezoelectric responses, with a trend
toward relaxor-like behavior at higher Sn levels. Rayleigh analysis of stress
amplitude-dependent piezoelectric coefficient reveals enhanced properties at
specific compositions, for example, 7 mol% Sn) and temperatures, attributed to
an optimal balance of reversible and irreversible contributions. Further, Sn dop-
ing appears to improve thermal stability by reducing irreversible contributions.
These results provide significant implications for optimizing photoferroelec-
tric BaTiO3; by influencing material properties through Sn doping for various
applications, including energy harvesting.
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1 | INTRODUCTION

The conversion of energy is critical in energy harvest-
ing and storage systems, where light (photovoltaic,'
photocatalytic,” photoferroelectric effect®), strain gradi-
ents (flexoelectric effect*), stress (piezoelectric effect),
thermal fields (pyroelectric effect®), magnetic fields
(magnetoelectric effect’), and chemical energy (electro-
chemical conversion®), among others, can be converted
into usable electrical power, thereby serving as the
foundation for numerous technological applications. To
widen the range of applications beyond single-function
implementations, multimodal energy conversion sys-
tems, capable of simultaneously converting energy from
multiple sources, offer enhanced versatility by inte-
grating various energy forms into a single device.’ This
capability gives rise to multisource phenomena, such as
the piezophotonic effect,'’ that is, photonic excitation
via piezoelectric polarization, photostriction,l1 that is,
light-induced deformation through internal electric
fields, and multiferroic,'? that is, a combination of fer-
roelectric, ferroelastic, and ferromagnetic properties,
to name a few. It should be noted that several mate-
rials have the ability to convert energy from multiple
sources by themselves, without additional device design,
making them strong candidates for multimodal energy
conversion. Potassium sodium barium nickel niobates
([K;.xNa,NbOs],.,[BaNi; ,Nb; ;05 5],, K(N)BNNO) are
such candidates due to their piezoelectric-pyroelectric—
photovoltaic properties.* As a result, KNBNNO
samples have demonstrated increased electrical power
output density of around 0.5 uW - cm~ for energy harvest-
ing applications by converting multiple forms of energy,
such as mechanical vibrations, heat, and light simul-
taneously, rather than functioning solely as a vibration
energy harvester (power density of approximately 0.15 uW
- cm~3).!° Another notable candidate is BiFeO;, a mul-
tiferroic material'’ that also exhibits antiferromagnetic
behavior,'® changing its magnetic properties by an applied
electrical and/or mechanical field. In addition, BiFeO;
is also photoferroelectric,' combining photosensitivity
with ferroelectric properties and possessing a band gap of
2.2-2.7 eV,'*?° which can be further reduced by doping.*!
Another exciting material that exhibits photoferroelec-
tric properties is BaTiOs; its coupled”’ and individual
properties®> have been studied extensively. While photo-
ferroelectrics are an intriguing class of materials with
coupled functionalities, from a purely photovoltaic
standpoint, these materials face challenges, including
low photovoltage, quantum efficiency, and insufficient
bulk conductivity.’* Nevertheless, photoferroelectrics
are noteworthy for features such as above-bandgap

open-circuit voltage (Voc), the contribution of internal
electric fields to charge carrier separation, and enhanced
photovoltage, among others.”* However, it is important to
note that the role of domains and domain wall mobility
is critical in photoferroelectrics, in particular near phase
boundaries.’>?% Despite the potential applications for this
emerging class of materials, there remains little informa-
tion about the temperature-dependent electromechanical
response of photoferroelectric materials, which is critical
for fully utilizing their multimodal energy conversion
properties.

BaTiO; is an excellent model material for chemi-
cally tuning photoferroelectric properties. In addition to
being extensively studied since its discovery in the 1940s,
more recent investigations have shown that photofer-
roelectric properties can be observed through chemical
substitutions.””?® In this material system, it is well-
established that doping and substitution can change the
crystal structure and phase boundaries and, by exten-
sion, tune and enhance ferroelectric properties. Significant
efforts have been made in the chemical engineering of
the A-site (isovalent: Sr*, Ca?* aliovalent: La’*, Pr3t)
and B-site (isovalent: Zr**t, Ce** aliovalent: Nb>*), as
well as the combinations of both.?*3° These modifica-
tions have an impact on fundamental characteristics,
such as the microstructure®~** and crystal structure,’>3*
which changes from rhombohedral to cubic with increas-
ing Ca’* doping.*> They also affect phase boundaries
and phase coexistence regions,”>?’ shift the transition
temperatures either to higher or lower values depend-
ing on the doping site and type, and influence the
polymorphic/morphotropic phase boundaries, as observed
for instance in (Ba, Ca,.,)(Zr, Ti.,)0;.**° Consequently,
these changes alter the overall ferroelectric response,*’:*’
such as increasing the remanent polarization for AI**
doping.*® Additionally, doping and substitution can have
an impact on the photosensitivity of the material by chang-
ing properties such as the band gap,”’*>° for instance,
reducing it from around 3.2 to 2.42 eV with the addition
of Co**. 4

One of the more promising dopants for enhanc-
ing photoferroelectricity in BaTiO; is Sn. Sn doping
not only modifies the band gap,® but also changes
photoconductivity and current.”’ Additionally, Sn dop-
ing has a profound impact on the electromechanical
properties,****° which have been extensively charac-
terized, mostly concentration-dependent, but with
significant deviations in the results, depending on the
characterized properties. Although there is agreement
between dielectric measurements and the resulting
phase diagram,***%0-53 deviations are reported in the
microstructure, *346:47.49.5054  farroelectric,43:45:47:49.50,54-60
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and piezoelectric properties,”> to name a few,

even though characterized for the same Sn-content.
Temperature-dependent observations of the ferroelectric
and piezoelectric properties could reveal if these devia-
tions are due to slight variations in the phase transition
temperatures and measurement temperature or other
underlying phenomena. Therefore, it is crucial to ana-
lyze trends over a broader temperature range to gain a
better understanding of how Sn-content influences the
electromechanical response. Bridging the knowledge
gap in the low-temperature range of electromechanical
properties—encompassing structural, dielectric, piezo-
electric, and ferroelectric properties—is essential to
understanding their impact on coupled functionalities.®!
As such, the small signal dielectric and piezoelectric
responses, as well as the large field ferroelectric hys-
teresis, were characterized as a function of temperature
across the rhombohedral, orthorhombic, tetragonal, and
cubic phases. By recording the frequency- and stress-
amplitude-dependent electromechanical response, the
temperature-dependent domain wall mobility, as well as
the reversible and irreversible contributions, could be
determined. These data are discussed in conjunction with
temperature-dependent crystal structures determined
using high-resolution powder X-ray diffraction from
—100°C to 150°C. By understanding the material system
behavior, not only as a function of Sn concentration but
also over a broad temperature range, valuable insights
are gained for the future design of further Sn-doped
photoferroelectric BaTiO; materials.

2 | EXPERIMENTAL METHODOLOGY

Polycrystalline BaSn, Ti;_,O3 (x = 0, 0.03, 0.05, 0.07, 0.09,
0.11, 0.13, 0.15) (BTSnl100x, 0 < x < 0.15) samples were
prepared by the solid-state synthesis reaction method
using analytical grade starting materials: BaCO; (99.8%
purity, Thermo Fisher Scientific), SnO, (99.9% purity,
Thermo Fisher Scientific), and TiO, (99.6% purity, Thermo
Fisher Scientific). To ensure stoichiometric weighing, the
powders were dried overnight at 120°C, and a humidity-
controlled glove box (RH < 15%) was used. This was
followed by ball milling in ethanol (EtOH) for 24 h to
homogenize. The powders were dried by removing the
EtOH under reduced pressure with a rotary evaporator.
Subsequently, the powders were calcined at 1200°C for
6 h (5 K/min cooling and heating rate) using an alumina
crucible. To achieve homogeneous and fine particle size,
the powders were ball milled for 72 h, dried, and sieved
(100 um mesh). The final powders were stored in an oven
at 120°C, were uniaxially pressed into disks and cylinders
with a diameter of 10.2 and 8.2 mm, respectively. Further

densification was achieved by means of cold isostatic press-
ing for 5 min at 180 MPa, and sintering at 1380°C for 4 h
(5K/min cooling and heating rate). With a surface grinder,
disk samples with a diameter of 8.4 mm (+0.1 mm) and a
thickness of 0.8 mm (+0.02 mm) and cylindrical samples
with a diameter of 5.8 mm (+0.02 mm) and a height of 6
mm (+0.02 mm) were processed. To release internal resid-
ual stress induced by grinding, the samples were annealed
at 400°C for 4 h. For small signal electromechanical and
ferroelectric characterization, Pt electrodes (Q 150T S plus,
Quantum Design) were sputtered on opposing parallel sur-
faces of the samples with an approximate thickness of
around 100-200 nm.

A scanning electron microscope (SEM, Helios Nano-Lab
600i FIB Workstation, FEI Company) was used to take
microstructural images of seven different spots on each
sintered body. The grain size was analyzed using a com-
mercially available, automated image evaluation software
(MIPAR v5.0 with Spotlight Package, MIPAR Image Analy-
sis, USA), with at least 350 grains per composition. Prior to
the measurement, the samples were ground to a thickness
of 450 um, mirror polished, and thermally etched at 1200°C
for 5 min. The density was measured using Archimedes’
method, revealing a relative density above 95% (Table S1).

At the Australian Synchrotron, SXRD (Synchrotron
X-ray diffraction) data were collected on a powder diffrac-
tometer BL-10 using 21.0 keV photons. The accurate wave-
length of the X-rays (1 = 0.5904 A) and the Thompson-Cox-
Hastings instrument resolution function were obtained
through Rietveld refinement of the LaB6 (NIST SRM660B)
standard.®” As sample holders, 0.2 mm borosilicate glass
capillaries were used. Each capillary was rotated dur-
ing data collection to reduce preferred orientation effects.
Temperature control was maintained with an Oxford
Cryosystems Cryostream. Data collection utilized an array
of 16 Mythen II microstrip detector modules. To bridge
the gap between individual modules, two data sets were
gathered with the detector assembly shifted by 0.5°.

A custom-built measurement setup was used to record
temperature-dependent small signal electromechanical
properties as a function of frequency and loading ampli-
tude. A screw-driven load frame (5967, Instron) with
an integrated thermal chamber (TK 26.600.LN2, Fresen-
berger GmbH) using liquid nitrogen enables measuring
temperature-dependent capacitance (0.1 kHz-1 MHz) and
piezoelectric charge coefficient (0.5-140 Hz) from —150°C
to 150°C (2 K/min heating and cooling rate) via electrical
connections to an LCR meter (E4980AL, Keysight). The
cylindrical samples were placed inside the heating cham-
ber between tungsten carbide electrical contacts using
a preload of 5 MPa required for maintaining electrical
contact. The piezoelectric actuator (P-025.80, PI Ceram-
ics GmbH) applied a stress amplitude of +£0.5 MPa. The
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with reported values*>#>47:49:30,

4-60 Sn concentration dependent.

detailed design of the setup has been documented in pre-
vious publications.®*%* The cylindrical samples were poled
with an electric field of 2 kV/mm for 10 min in a silicone
oil bath at room temperature before the measurement.
Temperature-dependent Rayleigh analysis was performed
using this setup by measuring the piezoelectric charge
coefficient at 10 Hz from —150°C to 150°C (2 K/min heat-
ing and cooling rate) as a function of stress amplitude (+0.5
to £3 MPa). Therefore, the stress preload needed to be
increased to 8 MPa during this measurement to maintain
electrical contact.

Temperature-dependent ferroelectric  polarization—
electric field hysteresis loops were measured from —125°C
to 125°C using a commercially available piezoelectric
analysis system (TFAnalyzer 2000, aixACCT Systems
GmbH). The disk samples were measured at 10 Hz and an
electric field of 2 kV/mm with a high-voltage power ampli-
fier (Model 20/20C, Trek), applying a bipolar triangular
waveform.

3 | RESULTS AND DISCUSSION

3.1 | Room-temperature material
behavior

Room-temperature (RT) investigations are often the start-
ing point for studying material behavior, although this
approach can be insufficient. Figure 1 compares literature-
reported RT piezoelectric and ferroelectric responses of
BTSn100x (BaSn,Ti;_,03, 0 < x < 0.15) with varying Sn
content, revealing significant deviations between stud-
ies. The measured samples (BT, BTSn3, BTSn5, BTSn9,
BTSnll1, BTSn13, and BTSnl5, of 208, 235, 317, 287, 235,

Sn-doped BaTiO; room temperature (A) piezoelectric coefficient with reported values,

- (B)-=- This study
--@-- Zhang et al. [55]
--A-- Kola et al. [50] Ansaree et al. [58]
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Horchidan et al. [56] --/\-- Markovic et al. [59]
-<>- Tan et al. [49]
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Singh et al. [45]
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FIGURE 2 Temperature-dependent variation in crystal
structure of (A, B) BT, (C, D) BTSn7, and (E, F) BTSn15.

183, and 44 pC/N, respectively) show a maximum of the
piezoelectric coefficient dz; around 420 pC/N at 7 mol%
of Sn doping (Figure 1A), which could occur due to the
coexistence of phases at ambient temperature as observed
in the XRD data (Figure 2). In contrast, Singh et al.*’
reported a minimum of around 4 pC/N at a similar
concentration of 6.5 mol% Sn. Further, Wang et al.*?
observed their maximum of approximately 1120 pC/N at an
even higher concentration of 11 mol% Sn doping. Similarly,
the reported remanent polarization P, values show signif-
icant variations. Figure 1B shows an initial increase for
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BTSn3 at RT, consistent with other studies reporting a simi-
lar trend for low Sn concentrations (around 6 mol%).*6-:60
The observed lower P, in BT compared with Sn-doped sam-
ples may result from increased grain size®” or proximity to
a structural phase transition at RT. Most studies report an
overall linear decrease in polarization with increasing Sn
content,*>0-%

In general, it should be noted that the strong devia-
tion in both d3; and P, could be attributed to the pro-
cessing parameters. Importantly, the previously reported
materials have been prepared using different calcination
and sintering temperatures,*#0-48-39:55-5 different holding
times and temperature profiles,***" additional binders for
higher densification,*~*"*" inclusion of MnO, for conduc-
tivity reduction,*” different homogenization and milling
procedures,**~* as well as different pressing techniques or
sample molding, for example, via 3-D printing.** All these
changes in the sample production can lead to different
properties of the final samples; for instance, apparent crys-
tal structure, vicinity to a phase boundary, domain type,
domain size, microstructure, i.e., relative density and grain
size, as well as defects and vacancies, which all influence
the overall electromechanical behavior.”® The measured
dsq grain size, representative images shown in Figure S1, is
more than halved by Sn doping (around 26 ym) compared
with BT (around 56 um), without a clear trend among
Sn-doped samples (Figure S2). Reports on grain size also
show significant variation, with most stating a reduction
in grain size with increasing Sn content,*3#7:50:53:54.65-67
while some nano-powder studies suggest the opposite
(Figure S3A). BT is known to have an optimal grain size
for maximizing ds; (about 1 ym) and an increase in P,
with grain growth until saturation is reached.®® While a
similar trend may exist in Sn-doped samples, the current
data are insufficient to confirm this (Figure S3B,C). The
measured apparent density (Tab. S1) increased with higher
Sn content, aligning with some studies,”*>* while others
report the opposite trend*>%® (Figure S4A). As generally
expected, a higher apparent density improves functional
properties; however, no clear correlation between d3; or
P, and density alone is observed for Sn-doped samples
(Figure S4B,C). Beyond processing conditions, measure-
ment parameters such as applied electrical and mechanical
fields, as well as measurement frequency, amongst others,
must also be considered as sources of deviation in reported
RT properties.®’? Additionally, the sample history plays a
significant role, as differences arise depending on whether
a virgin sample or one subjected to temperature, electric
field, or others is analyzed.'”%-79-72 Therefore, focusing
solely on Sn-dependent room-temperature measurements
is insufficient for understanding material behavior and
leads to significant deviations, as demonstrated above. To
gain deeper insight into the impact of Sn on the elec-

45,68
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tromechanical properties of BT, temperature-dependent
studies were conducted across a wide composition range
under consistent conditions. The effects of crystal struc-
ture, phase transitions, and reversible and irreversible
contributions to the material response were examined,
while considering the material history, as detailed below.

3.2 | Temperature-dependent structure
characterization

To understand the composition-dependent variation
in phase transition temperatures, in situ temperature-
dependent high-resolution powder XRD data were
collected for all Sn-doped compositions at the Powder
Diffraction beamline of the Australian Synchrotron.®?
The temperature range was selected to span from the
lowest symmetry rhombohedral (R) phase to the highest
symmetry cubic (C) phase. Figure 2 shows the evolution of
pseudo-cubic (222),,. and (400),, reflections as a function
of temperature for BT, BTSn7, and BTSnl5. The full
recorded reflection patterns are shown in Figure S5A,B.
Qualitative observation reveals a (222),. doublet and a
single (400),, reflection at the lowest temperature phase,
that is, stabilization of R phases with different extents
of crystal distortion. Moreover, the variation in phase
transition temperature is also apparent from these data.
Importantly, BTSn7 shows the phase coexistence around
ambient temperature, that is, 24°C. Coexisting phases can
be beneficial to enhance the electromechanical properties.

The temperature-dependent XRD measurements were
used to evaluate the phase composition. It should be
noted that the phase transition temperatures of undoped
BT also depend on extrinsic factors, such as grain size
and defects.”>’* At temperatures above the Curie point
(T > 127°C), the material is cubic. Upon cooling, the tetrag-
onal phase appears below the Curie point, transitioning
to the orthorhombic phase around 5°C, which persists
down to approximately —-90°C. Below this, undoped BT

exhibits a rhombohedral phase. These transitions can be
~127°C ~5°C ~—90°C
represented as follows: C — - 0 - R(T:

tetragonal, O: orthorhombic).” Figure 3 shows the (222),,.
and (400),, reflections at 24°C (ambient temperature) and
at-100°C as a function of Sn concentration between 3 mol%
and 15 mol%. As can be seen in Figure 3A-C, increas-
ing Sn concentration decreases the tetragonal distortion
of the parent BT composition and becomes insignificant
for Sn concentrations >9 mol%. However, the split and
asymmetric (222),,. reflections for Sn < 0.09 indicate the
coexistence of multiple lower symmetry phases in this
compositional range.” The increased Sn-concentration
above 9 mol% stabilizes the cubic phase around ambient
temperature, as indicated by the single symmetric (222),
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(A-C) at 24°C and (D-F) at —100°C. BT is shown for reference at
24°C, indicating tetragonal distortion with c¢/a ~ 1.0096.

and (400), reflections. It is important to note that the
diffraction data presented here provide information on the
average crystal structure, where the existence of local-scale
polar distortion for compositions with higher Sn concen-
trations at 24°C cannot be ignored.* It is also apparent that
the replacement of Ti** (0.605 A) with Sn** (0.69 A) tends
to shift the peak position toward a lower 26 angle, indi-
cating an increase in d-spacing. Moreover, no additional
minor reflections (Figure 2; Figure S5A) were apparent
with increasing Sn doping, highlighting the solid solution
formation without any secondary phase. At —100°C, the
lower symmetry R phase of parent BT is also influenced
by the Sn content (Figure 3D-F). The increased Sn con-
tent decreases the rhombohedral distortion linearly from
1.0028 to 1.0016, that is, a decrease of 0.12% for 12 mol%
of Sn addition, indicating that approximately 30 mol% of
Sn will eliminate the rhombohedral distortion at —100°C.
With increasing Sn content, reduced T and R distortions
are expected to diminish the reversible contributions to the
piezoelectric coefficient due to increased crystal symmetry,
as discussed below.

3.3 | Temperature-dependent small
signal electromechanical properties

To investigate the role of Sn content on the small
signal (sub-coercive-field) electromechanical properties,
temperature- and frequency-dependent piezoelectric coef-
ficient (d3;) and dielectric (g,) properties were character-
ized across the phase boundaries (Figure 4). Clear anoma-

lies in both the small signal piezoelectric and dielectric
responses were observed for the different compositions,
which indicate a structural phase transition. In Figure 4A,
the evolution of the phase transitions with increasing Sn
content in the dielectric data from —150°C to 150°C and 100
Hz to1 MHz is shown. The visible phase transitions clearly
indicate the presence of the four crystallographic phases
of BT: rhombohedral (R), orthorhombic (O), tetragonal
(T), and cubic (C). With the addition of Sn, the tran-
sition temperatures of the lower symmetry phases (R-O
and O-T) increase toward higher temperatures, while the
ferroelectric-paraelectric transition to the high symmetry
phase (T-C) occurs at decreasing temperatures. In other
words, the Curie point (T¢) decreases below RT while
the R-phase content increases, which has been previously
observed for isovalent B-site doping.”"”’~" As such, for BT,
BTSn3, BTSn5, and BTSn7, three phase transition tempera-
tures during heating from R to O (Tgp) at —64, —14, 8, and
24°C, from O to T (Tor) at 23°C, 38°C, 46°C, and 46°C,
and from T to C (T) at 130°C, 105°C, 90°C, and 72°C were
observed, respectively. A coexistence region is observed
above 9 mol% Sn. For BTSn9, BTSn11, BTSn13, and BTSn15,
a ferroelectric—paraelectric phase transition is represented
as one dielectric anomaly in the temperature-dependent
data and was found at 57, 41, 27, and 10°C, respectively. The
evolution of the different phases was already discussed in
relation to the XRD data (Figure 3), which shows clear evi-
dence of a reduction of tetragonal distortion with higher
Sn content at room temperature. Frequency dispersion in
the relative permittivity is mostly visible for BT-BTSn7
between —60°C in the R phase until the respective T, and
is especially pronounced in the vicinity of the observed
structural phase transitions (Figure S6). The loss of disper-
sion at even lower temperatures is likely due to the freezing
of extrinsic contributions, such as defects, oxygen vacan-
cies, etc.’0 As the temperature increases, charge carriers
become more mobile, although this does not directly affect
the polarization response.’” In addition to defects, domain
wall mobility has been shown to have a freezing effect
below room temperature, which could have a direct impact
on the electromechanical response through a reduction
in the extrinsic contributions.®! In addition, the samples
BTSn9-15 show a small, less pronounced onset of disper-
sion in the R phase toward the transition to the C phase,
which is diminished after the transition.

The ferroelectric—paraelectric phase transition region
was examined by determining the temperature at maxi-
mum permittivity (T,,,) as well as the Curie-Weiss tem-
perature (T,) (Figure S7A,B).*? The deviation T,,—T, is
positive for a first-order phase transition (Figure S7A),
where the first derivative of the order parameter, the
spontaneous polarization, is discontinuous. For a second-
order phase transition, the first derivative is continuous,
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and T,,—T, becomes 0. Since relaxors do not follow the
Curie-Weiss law, T, is difficult to determine; however,
when attempting to define T, for relaxor-like systems,
the deviation T,,—T, becomes negative. Accordingly, with
increasing Sn-content, the deviation decreases (Figure 5A),
indicating a change from a 1 order phase transition,
as reported for BT,>® toward a “relaxor phase transi-
tion” as described by Damjanovic.®* This behavior is
also observed in relaxor-like systems exhibiting dielectric
relaxation into the paraelectric phase.’?>°6788586 Another
indication for this change can be found in the diffuse-
ness factor y (Figure 5B; Figure S9), where the modified
Curie-Weiss law increases with higher Sn-content from
1.042 to 1.6573 for BT to BTSnl5, respectively, indicating
greater diffuseness in the ferroelectric-to-paraelectric tran-
sition. Moreover, a sharp increase in the maximum relative
permittivity value at T~ is visible by doping with Sn in com-
parison to pure BT; for instance, BTSn15 has a maximum
¢, of around 24 000 at T, while BT only shows 10 000. The
light blue lines indicate the depolarization temperature Ty,
defined here using the local piezoelectric maxima close
to Tc, and above 5 mol% Sn via the intercept of two lin-
ear fits (Figure 4B). These lines are mostly located around
the inflection points preceding the dielectric anomaly max-
ima, meaning they are lower in temperature than the
T¢ derived from the maxima of the dielectric data. This
trend is more apparent in Figure S10A, which shows
overall lower T, values for all the compositions. A gen-
eral decrease in both the T; and T, with increasing
Sn content can be observed. Figure S10A also contains
the temperature at which the d;; drops below 2 pC/N,
denoted as Ty, which is used here to define the point
of most depolarization. Interestingly, this temperature
decreases with increasing Sn-content at a rate of approx-

imately —4°C/mol%, which is slower than the decrease
observed for T; and T, both around —8°C/mol%. Fur-
thermore, it is known that electromechanical properties
strongly increase toward phase boundaries, as described
below.

In Figure 4B, the direct d33 is shown from —150 to 150°C
for 0.5-140 Hz to determine the temperature stability and
operation range for different compositions. The same crys-
tallographic phases, transitions, and coexistence regions
are observed for the different compositions as in Figure 4A.
As is apparent in Figure 4B, three clear peaks in the piezo-
electric response are found in BT, corresponding to the
three known phase transitions previously discussed. With
an increasing Sn content, there is an initial increase in
the d3; values at temperatures above —60°C as well as an
apparent shifting of the phase boundaries, similar to that
found in the dielectric response (Figure 4A). However, for
Sn concentrations above about 7 mol%, the phase bound-
aries begin to overlap and distinct d3; peaks are no longer
visible, which might be due to the formation of a phase
coexistence region.*>*+4748 Importantly, the ds; highly
depends on the measuring frequency, where low frequen-
cies, such as 0.5 Hz, show especially high values around
phase boundaries. For Sn concentrations up to 11 mol%,
the frequency-dispersion occurs in the vicinity of the phase
transitions, where variations are due to the changes in
the thermal activation of the extrinsic contributions, that
is, domain wall motion (Figure S8). Here, defects, such
as oxygen vacancies® as well as domain wall pinning”
and displacement,”’ among others, are particularly impor-
tant. However, for the highest Sn contents of 13 and
15 mol%, there is an apparent reduction in the frequency
dispersion that corresponds with an overall reduction in
the piezoelectric response (Figure S8). As such, a change
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in the domain state, including the domain wall density and
mobility, is expected with increasing Sn content.

The T is located at higher temperatures than T,;. Near
the depolarization temperature, the d3; peak at T found
with Sn content up to 5 mol% is not observed with fur-
ther increasing Sn content. This peak is due to the rapid
increase in permittivity at the phase transition temper-
ature and the loss of electric field-induced macroscopic
polarization.*“! The loss of this peak for Sn content above
5 mol% is suggested to be due to the broadening of the
dielectric peak at T as well as the possible changes in
the depolarization behavior due to Sn-induced variations
in the domain wall structure. Importantly, this broadness
can also be observed in the ds; loss at T,. Interestingly, the
piezoelectric response persists at temperatures above the
Curie point, clearly indicating that a polarization response
remains. Here, the temperature at which dz; < 2 pC/N
is defined as Ty+, where an increase of AT = Ty=Tc
and AT; = Ty+Ty4, from around 4°C in BT to 55°C in
BTSnl15, was observed (Figure S10B). In other words, it
was found that a more significant portion of the remain-
ing d3; persists above the T within the cubic phase with
increasing Sn content, suggesting an increase in the broad-
ening and the increased persistence of polar order in the
cubic phase, and corresponding well to previous obser-
vations in the dielectric response (Figure 4A). Moreover,
both the sharpness and the overall value of the piezo-
electric maxima decrease and broaden as the Sn-content
increases. As previously noted, this also indicates a shift
toward a relaxor phase transition with increasing Sn-
content. The phenomenon of observing a d3; above the T¢
is known for more relaxor-like systems, often possessing
polar nanoregions (PNRs),**? which have been observed
with high-resolution transmission electron microscopy

(HRTEM) starting from 15 mol% Sn,*””>% and with high-
angle annular dark-field imaging in combination with
energy dispersive X-ray mapping and annular bright field
imaging in 20 mol% Sn samples.”* Another possibility is
the occurrence of chemical heterogeneity that leads to
the loss of the long-range polar interaction.””?*° The
transition toward a pseudocubic relaxor-like system for
Sn-content >7 mol% Sn at room temperature was already
shown in the XRD data (Figure 2). For a higher symme-
try structure with lower spontaneous polarization, lower
piezoelectric properties can be expected. Moreover, BT
exhibits an additional peak in the piezoelectric data around
—30°C, which cannot be correlated to the known phase
boundaries and is more pronounced at a lower frequency
with an unknown origin.

Using the dielectric and piezoelectric data, a phase dia-
gram is shown in Figure 6A, including a comparison
with previous reports,**#%0-53 where the anomalies in the
small signal responses were used to determine the phase
boundaries. The phase diagram is in good agreement with
the already reported phase transition temperatures, espe-
cially the Curie point shows very good agreement for all
the compositions. On the other hand, some reports pre-
sented overall lower temperature values for Trp and Tor.
These deviations might occur because of differences in
processing conditions, leading to a large impact on the
small signal properties. Different processing conditions
can change grain size,”>?® porosity, crystallinity, and
density, in addition to the measurement techniques them-
selves, as well as additional surface treatments that can
also affect the observed electromechanical properties.®>%’
Overall, the phase diagram shows a linear decrease of
T with increasing Sn content, whereas the ferroelectric-
ferroelectric R-O and O-T phase transition temperatures
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increase until a multi-phase region occurs between 7 and
11 mol% Sn. To predict the approximate phase boundaries
within this region, dashed lines are extrapolated in the
multiphase region using literature values from Kola et
al.>® and Yao et al.*® In BTSn9, the R-O and O-T bound-
aries, unlike previous reports, were not observed; small
contributions, like underlying peaks, might not be resolved
because of the broadening of the signal of relative permit-
tivity with Sn doping. However, an additional underlying
peak is visible in the piezoelectric data. The coexistence of
phases has been demonstrated by a combination of meth-
ods, including XRD, Raman, and HRSTEM imaging.*?
The origin of this multi-phase or coexistence region
is not fully understood yet, but there have been com-
putational investigations suggesting the existence of a
quadruple point*® or the coexistence of four phases,** lead-
ing to increased piezoelectric properties through reduced
energy barriers for the expansion and rotation of the
polarization.*” Kalyani et al.** questioned this theory
since the coexistence of four phases for a (pseudo) binary
composition is thermodynamically unlikely according to
the Gibbs phase rule. Our XRD data, as shown above,
support the shift of phase boundaries and suggest the
possible coexistence of different phases; however, they
do not fully resolve the underlying crystal structures
in this region. For reference, comparable multiphase
regions were observed before in compositions like BCZT
(Ba(Tig gZr,)03-(Bag ;Cag 3)TiO3). "

In order to investigate the role of these phase bound-
aries on the electromechanical response, a contour plot
showing the d3; values across these phase boundaries is
shown in Figure 6B. Interestingly, the highest piezoelec-
tric properties for BTSn100x are observed at the R-O phase
transition. This deviates from previous publications that
found maximized electromechanical properties at the O-
T phase transition.*”*® It is important to note that the
method of investigation can strongly alter the observed
performance of ferroelectric materials. Not only do mate-
rial properties such as crystal and microstructure influence
maximum piezoelectric values, but measurement parame-
ters, for instance, whether the samples are being measured
during cooling or heating, also play a significant role.’!
Measuring across phase transition temperatures can lower
these values due to depolarization caused by structural
changes, as observed in KNN, where cycling across the
O-T boundary resulted in a 20-30% reduction of ds;.””
Since the starting temperature of this measurement is
-150°C, the sample already underwent an R-O phase tran-
sition before reaching room temperature during heating.
Therefore, maximum properties around the R-O transition
might occur due to the decrease in polarization by cross-
ing over different phase transitions before reaching the
Tor- This means measuring during heating might lower
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FIGURE 7 Representative polarization—electric field
hysteresis of BT, BTSn3, BTSn7, and BTSn11 at 1 Hz and 2 kV/mm.

values around Tor, explaining the deviations from earlier
reports that began measuring the sample from room tem-
perature. Interestingly, Liu et al.*’ also observed that the
maximum piezoelectric properties did not occur near the
phase coexistence region/point but rather at 9 mol% Sn
at 50°C within the T phase and overall heightened values
for various concentrations around the O-T boundary. They
attributed this deviation to an interplay between the order
parameter polarization and the anisotropy energy, specif-
ically, a lowering of the energy barrier for polarization
reorientation, while also noting the apparent contradiction
that the spontaneous polarization retention is reduced.*’
As such, the temperature-dependent ferroelectric mea-
surements can further explain the impact Sn-doping has
on the phase boundaries of BT, as well as the electrome-
chanical behavior. Furthermore, analyzing the reversible
and irreversible contributions to the piezoelectric coef-
ficient can help explain the observed enhancement in
electromechanical properties, as discussed below.

3.4 | Temperature-dependent
ferroelectric response

The ferroelectric response is examined to gain insight into
the influence of Sn on the large field hysteretic behav-
ior, which can modify photoferroelectric properties'®!
through internal electric fields.?*!°%!% In addition,
temperature-dependent measurements reveal the effect of
the aforementioned phase boundaries on the polarization-
electric field hysteresis. Figure 7 shows representative
polarization-electric field hysteresis curves for BT, BTSn3,
BTSn7, and BTSnl1 at —125, —55, 25, and 95°C, respectively,
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measured at 1 Hz. All samples exhibit ferroelectric behav-
ior except BTSnll at 95°C, which is in the paraelectric
region at this temperature (Figure 7). The shape of the
hysteresis curve changes depending on the Sn-content
and the measurement temperature. At room temperature,
the remanent polarization (P,) initially rises from BT
to BTSn3, followed by a decrease in polarization as Sn
content increases. The lower polarization in BT might
occur due to the vicinity to the transition temperature at
RT, where it is known that the P, significantly changes
at phase boundaries.'”* The reduction in polarization
by Sn incorporation might be explained by the smaller
grain size of Sn-doped samples, consequently, leading to
a higher grain boundary density.'%>!°° At grain bound-
aries, the permittivity is reduced, and space charges
counteract polarizability.”®> Further, the inclusion of Sn
has been reported to lower the ferroelectric response,
further reducing polarization as the Sn content rises.'"’
At elevated temperatures, the samples show diminished
ferroelectric response due to the proximity to the respec-
tive Curie point,°® and in BT, a stronger increase in
conductivity is visible. A tilting of all hysteresis loops is
also observed, which diminishes toward RT and is more
pronounced at lower and higher temperatures, indicat-
ing potential for enhanced energy storage capacity.’”:"!
Additionally, an overall reduction in coercive field (Ec)

Polarization electric field hysteresis analysis with temperature-dependent remanent polarization P, and coercive field E at 1

with Sn doping is observed. These trends also align well
with earlier reports.*’°0-33556 As such, the hysteresis
curve becomes slimmer, resulting in more relaxor-like
behavior, consistent with the increased diffuse dielectric
response mentioned earlier. Sn-substituted samples with
content above 20 mol% Sn were reported to exhibit relaxor
behavior,78:92:94.108

To better understand the effect of temperature on Sn-
doped BT P, and E are shown for all compositions over
the full temperature range in Figure 8. The structural phase
transition temperatures, determined from the dielectric
data, are marked with dashed lines to highlight the influ-
ence of phase boundaries and structural changes with Sn
content on the evolution of P,. Initially, as the temperature
increases from —150°C, P, increases and the E. decreases
due to enhanced domain wall mobility,'” driven by addi-
tional thermal energy.'” In general, a trend of increased P,
isvisible when approaching phase boundaries, particularly
around polymorphic phase transitions, where an abnormal
increase was observed.®’ Subsequently, the actual phase
transition temperatures are mostly located at a strong
reduction in P,. Near the ferroelectric-paraelectric phase
transition, the P, decrease also corresponds to a relatively
low E¢ value. Importantly, with higher Sn content, the P,
decrease becomes more gradual, which is expected for a
transition to a more relaxor-like material with PNRs. As
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Sn shifts the start of the P, decrease toward lower tem-
peratures, likely due to the increased rhombohedral phase
content and lower E., which enhances the reorientation
ability. It was reported that the tetragonal phase is harder
to switch than the rhombohedral phase for lower coercive
fields in the rhombohedral phase at room temperature.'
The decrease in E- with temperature facilitates eas-
ier poling, indicating an increased electric field-induced
mobility of the domain walls. At even higher temperatures,
more thermal fluctuations occur, breaking the long-range
order of ferroelectric domains by weakening the interac-
tion between domains and charged defects.®" Hence, P,
decreases more rapidly, alongside a reduction in Ec and
overall maximum polarization, as a result of Sn doping.
The increase of P, and E at temperatures beyond the Curie
point occurs due to increased conductivity and does not
represent a physically significant increase in either value.

For relaxor materials above 20 mol% Sn, previous inves-
tigations of the low-temperature ferroelectric response
reveal a similar Sn content-dependent shift of the P,
decrease,’””!''> which has been explained with the random
distribution of nanodomains.' For the ferroelectric com-
positions, mainly high-temperature investigations,®’:!!411>
and only a few single low-temperature measurements have
been conducted.**"'%!"” For example, an investigation of 4
mol% Sn as a function of sintering temperature revealed
an increase in P, and a decrease in E. with larger aver-
age grain size.*’ For 8, 10.5, and 14 mol% Sn, a flattening
of the P, with higher fields was shown.!'® For 5 and 11
mol% Sn, a sharp saturation of P, curve around the phase
transitions for low Sn content samples was reported.'” It
should be noted that a constant electric field was applied
to all compositions in this investigation, which neglects
that E- changes with Sn content, meaning that the dif-
ferent compositions are exposed to varying multiples of
their own E.. Therefore, the observed P, behavior with
increased Sn content might be compared with the elec-
tric field-dependent P, response.''® The importance of this
measurement lies in its demonstration that increasing Sn
content at lower temperatures provides high polarizability
combined with lower E., enabling potential applications
in new low-temperature areas. Furthermore, the overall
ferroelectric response, including polarizability, is influ-
enced by domain wall mobility. Therefore, a Rayleigh-type
analysis was conducted to evaluate the impact of Sn on
domain wall mobility.

3.5 | Reversible and irreversible
piezoelectric contribution

The reversible and irreversible contributions to the piezo-
electric response can be obtained with Rayleigh analysis

by measuring dz; as a function of stress amplitude.'””

Figure 9 presents the temperature-dependent piezoelec-
tric response with a +0.5 to +3 MPa stress amplitude over
the investigated temperature range. The same phase tran-
sitions observed in the frequency-dependent piezoelectric
data (black lines) above are also visible here. Moreover,
shoulders are observed in the low temperature phases that
do not correspond to a known phase transition tempera-
ture, and are especially visible for high-stress amplitudes.
In BT, it occurs in the O phase, while in all Sn-doped
samples, the shoulder was found in the low-temperature
R phase. These shoulders could be an inherent material
property or might possibly occur due to the influence of
vacancies or domain freezing, which could explain why
they are particularly visible at high stress amplitudes. Fur-
thermore, the starting temperature of stress amplitude
dispersion shifts to higher temperatures with increasing Sn
content. For BT, full dispersion is already visible at —150°C,
whereas for the Sn-doped samples, it occurs at higher
temperatures. This is unexpected given the lower E in Sn-
doped samples, where one would expect higher domain
wall mobility. However, as the material is more susceptible
to external forces, the prestress might mechanically clamp
domains and thereby decrease domain wall mobility. Addi-
tionally, for BTSn9-15, the dispersion extends beyond the
peak of the paraelectric—ferroelectric transition. In con-
trast, a sharp drop and the end of the dispersion are
observed at the transition maximum for BT-BTSn7. A rea-
son for this relaxation into the paraelectric phase might be
the appearance of PNRs, as previously explained.

As a general trend, higher dj; values can be expected
with increasing stress amplitude, assuming the measure-
ment conditions remain below the coercive stress thresh-
old where ferroelastic domain switching mechanically
depolarizes the material.** This behavior is observed for
all compositions in the ferroelectric phase. Notably, BT-
BTSn7 displays a reversed trend after the maximum of
the paraelectric-ferroelectric transition, which is a mea-
surement artifact resulting from the sharp decrease in
polarization in this temperature region. In BT, the tem-
perature difference between the T and Ty« occurs over
a relatively small temperature region AT = 2°C, com-
pared with higher Sn content samples that show a broader
temperature region. For example, BTSn15 exhibits a AT,
= 55°C. This also corresponds with the above-mentioned
possible change toward a relaxor phase transition with
increasing Sn-content. The highest d3; values at room tem-
perature are again observed for BTSn7, which is related to
the proximity of the phase transition boundaries.

To better understand the domain wall mobility and the
contributions to the piezoelectric coefficient, the Rayleigh
coefficients were determined (Figure 10). This approach
allows for the estimation of both reversible and irreversible
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contributions to the piezoelectric charge coefficient.!”’
Since the applied stress amplitudes (+0.5 to +3 MPa) were
well below the coercive stress, which was found to be
approximately —25 MPa in polycrystalline BT,"'® the linear
equation for the stress amplitude-dependent piezoelectric
charge coefficient can be applied: ds; (0() = djnit + @0y,
where d;,; is the Rayleigh parameter for the reversible con-
tribution, « accounts for the irreversible contributions, and
oy denotes the applied stress amplitude. The irreversible
contributions arise from polarization changes, such as fer-
roelectric switching or irreversible domain wall motion,
amongst others. Irreversible domain wall motion may be
induced by the pinning of domain walls under external
mechanical or electrical driving forces.”"'°° The parameter
a, representing the rate of change of d;;3(0y), is determined
from the slope of the linear equation for each tempera-
ture set, as shown in Figure 10A. All phase boundaries
are apparent across all compositions, and the previously
described shoulder is also observed. As observed above, the
highest irreversible contributions coincide with the R-O
or R-C phase boundaries, corresponding well to piezo-
electric measurements (Figure 6). This correlation arises
because « increases with larger stress amplitude disper-
sions, which is especially visible at these phase transitions
(Figure 9). Notably, the highest irreversible contributions

around the R-O boundary are observed for BTSn3, while
the highest RT value is again displayed for BTSn7. This
means that the maximum piezoelectric coefficient at RT
for BTSn7 arises due to dopant-induced enhanced domain
wall mobility, where the location of the phase boundaries is
critical. Other material systems, such as PZT, also show the
highest irreversible extrinsic contributions in the rhombo-
hedral phase compared with other phases.'”” The increase
in irreversible extrinsic contributions in the rhombohe-
dral phase may also account for the observed increase
in Pg.

Overall, a decreases with increasing Sn content and
therefore improves the thermal stability of the material.
Previous studies on BT have shown that decreasing grain
size leads to a reduction in a due to increased inter-
nal stress caused by domain wall clamping.'” Increased
domain wall clamping could occur due to the diminished
average grain size, explaining the trend of a. However,
an increase in a with smaller grain sizes has also been
reported, although in the according study the grain sizes
ranged from 0.5 to 5 pm and o was calculated from
ferroelectric hysteresis rather than from the direct piezo-
electric coefficient.""'?° Importantly, the temperature-
dependence is critical to consider as phase transition
regions have a significant influence on the domain wall
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motion and measurements at RT alone may not suffi-
ciently capture the grain size dependency of a due to the
important role of proximity to phase boundaries (Figure 1).
Apart from that, it should be mentioned that factors
such as domain wall mobility as well as defects and
space charges, impact the observed macroscopic properties
(dielectric, ferroelectric, piezoelectric, etc.) of the material
system. /%121

Effects such as reversible domain wall motion or lat-
tice deformation, including unit cell volume changes,
belong to the reversible contributions d;,;; (Figure 10A,
blue markers), which is the piezoelectric response at zero
amplitude.”"'%’ Similarly to «, all phase transitions are
again visible in dj,;;, although the highest values are in
the O and T phases for BT-BTSn7. For BTSn9-15, d;;; is
also already the largest in the R phase, with the onset
of its growth shifting to higher temperatures as Sn con-
tent rises. The highest d;,;; is again observed for BTSn3
(around 241 pC/N) and at RT for BTSn7 (around 176 pC/N),
due to phase coexistence. In general, by increasing the
Sn content, the reversible contributions become increas-
ingly dominant, and an overall decrease of irreversible and
reversible contributions is observed. For one, Sn doping
leads to a more symmetric crystal structure with less dis-
tortion of the B-site cation, which decreases the lattice
strain effect.”>!?>12* The same trend can be observed with
increasing temperature, where the unit cell becomes less
distorted at higher temperatures, leading to a decrease in
the reversible contributions.

The percentage of irreversible contributions
(Figure 10B) to the stress amplitude-dependent piezoelec-
tric charge coefficient combines the above-mentioned
observations of a and dj,;;. The dielectric phase transition
temperatures (black lines) are again in good agreement
with the observed transitions between the different phases.
For BT-BTSn7, the highest percentage of irreversible con-
tributions occurs in the R phase. BT shows the start of the
growth of irreversible contributions even below —150°C,
with this onset shifting to higher temperatures as the Sn
content increases. BTSn3 exhibits the highest value around
the R-O phase boundary. As Sn content increases, the
percentage of irreversible contributions decreases and the
sharp depolarization transition broadens. Interestingly,
for high Sn content samples, such as BTSn15, irreversible
contributions appear to persist above the Curie point,
corresponding well with the observed d3; response above
T. (Figures 4B and 9). The above-mentioned underlying
peak is particularly visible in the percentage of irreversible
contributions. The enhanced irreversible contributions
in the rhombohedral phase are in good agreement with
the high P, values shown in the same phase.® However,
further local and macro-scale investigations on domain

American Ceramic Society

structure dynamics and the correlation to the electro-
chemical behavior are needed to better understand the
origin of these phenomena.

4 | CONCLUSION

This comprehensive study investigated the temperature-
dependent electromechanical properties, including struc-
tural, dielectric, ferroelectric, and piezoelectric character-
istics, of photoferroelectric BaSn, Ti;., 05 (x = 0, 0.03, 0.05,
0.07, 0.09, 0.11, 0.13, and 0.15). The crystal structure of
BaTiO; was significantly altered with increasing Sn con-
tent, transitioning from a R distortion at approximately
—100°C, through O and T phases, toward a C structure
above T¢. Correspondingly, the phase transitions between
lower symmetry ferroelectric phases shifted to higher tem-
peratures with increasing Sn content, while T decreased,
eventually leading to a multiphase region, which is in
good agreement with previous studies. Maximized piezo-
electric values were determined with measurements of
the temperature-dependent electromechanical response,
occurring especially near the R-O phase boundary, for
example, around 400 pC/N for 7 mol% Sn, but also around
O-T phase transitions, differing from previous reports.
The polarization response from —125°C to 125°C shows
an initial P, increase, followed by a gradual decrease
with higher Sn content and a relatively low E., likely
due to increased domain wall mobility. Insights into the
reversible and irreversible contributions to the piezoelec-
tric charge coefficient were examined between —150°C and
150°C, highlighting their impact and the necessity of bal-
ancing these to achieve an enhanced electromechanical
response through Sn incorporation. The observed increase
in the diffusiveness of the phase boundaries, the persis-
tence of the piezoelectric response into the cubic phase,
and the slimming of the ferroelectric hysteresis loops fur-
ther support the trend toward a relaxor-like state induced
by Sn doping. However, further research is required to
fully understand the observed polarization behavior and
piezoelectric response, particularly through studies of
domain wall dynamics, to be able to design more efficient
photoferroelectric materials.
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