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LOCAL PIEZOELECTRICITY IN S$rTiO,-BiTiO, CERAMICS
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Local piezoelectric properties of Bi-doped SrTiO, ceramics have been investigated by piezoresponse force microscopy. The
appearance of both out-of-plane and in-plane polarization components confirmed the piezoelectric nature of the obtained signal.
The absence of labyrinth-like structures in observed piezoelectric contrast is not consistent with the expected existence of a re-
laxor ferroelectric state in this material. The close similarity of local piezoelectric properties in Bi-doped SrTiO, with pure SrTiO,
suggests that the origin of obtained piezoresponse can be attributed to the flexoelectric phenomenon. Bi-doping leads to occur-
rence of oxygen vacancies and negative charge on the surface of the sample.
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1. Introduction

Strontium titanate (SrTiO,) is one of the most pop-
ular incipient ferroelectric materials retaining its
centrosymmetric structure even below the cubic-
to-tetragonal phase transition at ~105 K [EI]. This
transition is caused by the antiphase rotations of the
oxygen octahedra around one of the [001] crystal-
lographic directions. The rotations double the unit
cell of this material [E]. Ferroelectric state in SrTiO,
can be induced by the application of a biaxial strain
[E] or by the substitution of the A-site ions by isova-
lent Ba**, Pb**, Ca**, Mn?** [B] or heterovalent La’**,
Gd**, Y**, Bi** ions [[-9]. These dopants not only
alter the transition temperature but also can induce
dipolar glass or feroelectric relaxor state. This is not
surprising because, in the case of substitution of Sr
by heterovalent ions, only two of three atoms can be
placed in the A-site positions and one void is left to
satisfy the charge neutrality condition. The isovalent
doping considerably affects the cubic-to-tetragonal
transition temperature T . The transition temperature
T_decreases with increase of the Goldschmidt toler-
ance factor ¢ for the most of heterovalent dopants (Y,

Ga, La) and Bi-doped solid solutions as well, though
the lattice parameter of the latter system increases
with bismuth content as opposed to Y, Ga, and La
containing solid solutions. Such discrepancy was ex-
plained [@, ] through the increase in the radius of
Sr vacancy, being larger than the radii of both Bi and
Sr ions. The structural transformations considerably
affect the dielectric properties of Bi-doped SrTiO..
Skanavi et al. discovered [E] that (Sr,_ . Bi )TiO, ce-
ramics with moderate Bi content exhibit frequency
dispersion similar to relaxor ferroelectrics (RF) and
tried to explain this behaviour by using the hop-
ping ion model. Later broadband dielectric studies
on this material (up to x < 0.13) [E] showed that Bi
doping induces formation of local antiferrodistortive
and polar regions. This causes a complex relaxational
dynamics below the phonon frequency range which
can be divided into several dispersion regions. The
authors attributed this complicated dispersion to the
interaction of polar regions with the soft mode and
to the presence of oxygen vacancies. Recent dielec-
tric studies of SrTiO, doped with 25% of Bi [] also
revealed a broad dielectric dispersion below room
temperature. In contrast to the earlier observations
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of the compounds with smaller x [E, E], it could be
attributed to the dipolar glass systems, i. e. the oc-
currence of correlated polarization regions with the
dimensions greater than several nanometres is not
very plausible.

The above-mentioned bulk properties of Sr-based
compounds are highly affected by the modifica-
tions of their grain boundaries. It was shown by Pet-
zelt et al. [B, @] that the polar modes, forbidden in
bulk SrTiO,, develop at the grain boundaries and lead
to a grain boundary polarization. This phenomenon
was explained as the distortion of tetragonality and
the oxygen deficiency in a very thin interface layer.
The idea was later supported by the spatially resolved
valence-electron energy-loss spectroscopy [[13], TEM
measurements, and theoretical calculations [|14, ].

Another cause of polarization in Sr-based com-
pounds might be the flexoelectric effect (strain gradi-
ent induced polarization []). This effect is weak for
the most of conventional ferroelectric materials, but
for high permittivity materials such as RF [] or spe-
cially prepared composites [RQ] it can be sufficiently
strong. It is known that polar modes can be differ-
ent at the surfaces of single crystals or grain bounda-
ries of polycrystalline materials from those in the
bulk. This can lead to a different behaviour at these
interfaces and induce strain gradients which are the
main cause of flexoelectric effect. The flexoelectricity
studies in SrTiO, single crystals [@] and artificially
strained layered structures [R2] have been investi-
gated by various methods. It was found [@] that the
induced polarization can be decomposed into com-
ponents, directed along different crystallographic
directions, and in the vicinity of defects can be com-
parable with the ferroelectric polarization. Also, the
in-plane strain was shown [@] to be the main cause
of the out-of-plane flexoelectricity. Since these effects
manifest themselves mainly at the surface layer, lo-
cal piezoelectricity studies of the surface become very
important. It has been already shown by piezore-
sponse force microscopy (PFM) [@] that in undoped
SrTiO, ceramics the observed piezoelectric contrast
can be attributed to the flexoelectric effect caused by
the surface relaxation. The observed enhanced pi-
ezoresponse at grain boundaries was explained by the
inhomogeneous distribution of oxygen vacancies.

These results stimulated us to perform the PFM
investigations of Bi-doped SrTiO, compounds. First
of all, the nature of dielectric relaxation observed in
these compounds [] had to be clarified: either it is
dipolar glass-like or similar to that observed in RE
Local piezoelectricity studies would be very helpful
here, since the local piezoelectric properties of RF

are quite well explored by PFM (see e. g. [@] and re-
ferences therein) and it is possible to make a direct
comparison of these responses. Also, we assumed
that the substitution of Sr by heterovalent atoms such
as Bi produces additional vacancy states which will
also influence surface strains and, possibly, the flexo-
electric response. The comparison between pure and
Bi-doped SrTiO, could provide us with better under-
standing of these relations.

2. Experiment

The PFM measurements of 0.755rTiO,-0.25BiTiO,
(SrTiO,-Bi) ceramics have been performed using
commercial atomic force microscope (Bruker, Mul-
timode with Nanoscope IIIA controller) equipped
with an external lock-in amplifier (Stanford Research,
SR-830) and function generator (Yokogawa, FG-120).
All the measurements were performed on the mirror-
polished ceramics. The conducting AFM tip (Na-
nosensors, PPP-NCHR) was brought into a contact
with the surface and the local piezoresponse signal
was detected as the first harmonic of the tip deflection
when the AC field of 5-40 V amplitude and 50 kHz
frequency (combined with DC bias voltage 10-40 V)
was applied from the function generator. The local
piezoresponse loops have been obtained by applying
a sequence of pulses and measuring the PFM signal
during the time intervals between these pulses. All
the data have been collected by using the home-built
data acquisition system and LABVIEW analysis soft-
ware. The obtained PFM images were analysed using
the WSxM software [@].

3. Results and discussion

The representative topography image and the compo-
nents of out-of-plane (OPP) and in-plane (IP) PFM
signal, acquired by simultaneously applying sinusoi-
dal (AC) and bias (DC) voltage and measuring sur-
face displacements, are presented in Fig. E] The topog-
raphy image (Fig. (a)) shows a fairly well polished
smooth surface (estimated RMS roughness is smaller
than 2 nm) with clear polishing scratches which do
not correlate with the obtained piezoresponse images
(Fig. (b, c)). Thus, the influence of surface morphol-
ogy to the PFM contrast can be ruled out. The scans
of out-of-plane as well as in-plane polarization PFM
components revealed fairly well polarized areas with
the dimensions of a few micrometres. These areas ap-
pear nearly at the same positions in OPP and IP im-
ages, thus they most likely represent spontaneously
polarized grains of the SrTiO,-Bi ceramics.
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Fig. 1. Surface topography (a), OPP (b), and IP (c) pie-
zoresponse images of 0.755rTiO,-0.25BiTiO, ceramics
(U,.=40V, U,.=20V, f =50 kHz). The (blue online)
contour marks one of the grain boundaries in both
OPP and IP images.

The application of a positive bias voltage to the
bottom electrode was found to be essential to reveal
the apparent PFM signal in this material. This effect
is clearly a consequence of Bi-doping because in a
pure SrTiO, [@] such bias voltage was not indeed re-
quired to obtain clear PFM contrast under the iden-
tical conditions. To analyse the piezoelectric signal
within individual grains more carefully we plotted the
piezoresponse cross-sections across a representative
grain along the A-B line in Fig. [I| for both OPP and IP
images. One can see that both signals are significantly
amplified near the grain boundaries (Fig. [2), this en-
hancement being especially strong for the IP image.
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Fig. 2. Cross-section of OPP and IP images along (red
online) A-B line in Fig. 1. Dashed lines indicate the
grain boundaries.

This result is fully consistent with the analogous ob-
servations made for pure SrTiO, [@]. It demonstrates
the importance of the grain boundaries to the appear-
ance of piezoresponse in incipient ferroelectrics. The
obtained behaviour of piezoresponse substantially de-
viates from that typically seen in RF where an irregular
structure of interpenetrating submicron-sized polar-
ized areas can be clearly indicated within each grain as
it was shown in PLZT 9.75/65/35 ceramics [@. Here
we were unable to distinguish any pattern and the dis-
tribution of a local polarization is much more uniform.
Such a character of piezoresponse indicates that this
ceramics might be attributed to the dipolar glass type.
In such systems the disorder is known to exist at much
smaller scale (up to several lattice units) than the thick-
ness of commercially available AFM cantilevers.

To shed light on the mechanism of the surface pi-
ezoelectricity, we plotted PFM contrast distributions
within the scanned areas in the form of histograms
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(circles in Fig. E, green online). We found that they
are well centred around zero and show slightly asym-
metrical shape for both OPP and IP components.
This may be related to the existence of several com-
ponents of the flexoelectric tensor as it was explained
in Ref. %E]. The difference with pure SrTiO, (squares
in Fig. B, red online) is demonstrated in a narrower
distribution that can be a result of the application of
bias voltage during the measurement promoting the
preferable orientation of some easily polarizable areas
in the direction of the applied external field. Anoth-
er reason could be due to the effect of internal field
caused by the oxygen vacancies as will be discussed
below. Most probably here we see a superposition of
these two factors because neither can be definitely
ruled out. Comparing the overall picture with the
analogous piezoresponse of pure SrTiO, [@] the fol-
lowing common features could be encountered: both
OPP and IP components of piezoresponse are present
in these materials, the distribution of IP response is
broader than that of OPP, and the piezoresponse in
single grains increases toward the grain boundaries.
The acquired local hysteresis loops appeared to be
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Fig. 3. Histograms of (a) OPP and (b) IP piezoresponse
images.

very narrow under sufficiently high electric fields thus
confirming the inability to induce any substantial fer-
roelectric properties even in the middle of the grains.
This fact also means that the material possess the
properties of dipolar glass (RF can be transformed to
ferroelectric state under the applied external electric
field). To examine the effect of applied voltage on PFM
contrast, we performed a set of scans under varying
AC and DC components of applied voltage separately.

The obtained piezoresponse images at several U, .
and U, voltages are presented in Fig. 4.

It is easy to see that the decrease of either DC or
AC components of applied voltage results in a rapid
decrease of PFM contrast. It should be noted that, in
contrast to pure SrTiO,, the PFM signal can be vis-
ible only under positive bias voltage (applied to the
bottom electrode). No PFM response can be obtained
under negative DC voltage. The quantitative analysis
of obtained results was performed by comparing the
cross-sections of PFM response of two neighbour-
ing grains exhibiting opposite contrast (along lines in
Fig. d, blue online). The variation of the applied field
makes a considerable influence on the PFM signal.
This is especially clearly seen in Fig. E for the “posi-
tive” grain. The detailed analysis of the highest and
lowest values of PFM contrast is presented in Fig. B
Due to the inability to convert measured voltage to
piezoelectric coeflicient values the piezoresponse was
presented in arbitrary units. The piezoelectric na-
ture of PFM response is confirmed by the fact that
it is almost a linear function of applied voltage. The
response is more susceptible to the AC component of
the voltage, and approximately U, . =5 V is probably
the limiting value below which no PFM response is
visible. Increasing piezoresponse signals with increas-
ing AC and DC voltage are shown on Fig. E

As one of the most probable explanations for the
necessity to apply a bias voltage to reveal the piezore-
sponse signal, the effect of oxygen vacancies should
be mentioned. It is known that during substitution of
Sr** by Bi** the additional oxygen vacancy states are
created to preserve the charge neutrality. Even in pure
SrTiO, with artificially created oxygen vacancies the
change of the resistivity was observed leading to the
metallic behaviour [R7]. It was suggested that here
the structural inhomogeneities and extended defects,
which are unavoidable at the surface, play a main role
pushing the Fermi level to the conduction band as it
was shown by ab-initio calculations [@]. In donor-
doped systems the regions where oxygen vacancies
accumulate become (highly) n-conducting and elec-
trically inhomogeneous. This effect was found espe-
cially important in thin films near the surface-elec-
trode layer [R9Y]. As a consequence of this effect, the
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Fig. 4. OPP local piezoresponse data of 0.755rTiO,-0.25BiTiO, ceramic under vary-
ing U, .and U, : U, =40V (a), U, =10V (b) at U . =20 Vand U,_ =40V (c),

U, =10V (d)atU, =25V.

Fig. 5. The cross-sections of piezoresponse images at various (a) U, . (U,.=25V)
and (b) U, (U,.= 20 V) voltages along (blue online) lines in Fig. 4.

applied electric field significantly decreases at the sur-
face and results in hindering of piezoelectric response
by electrical conductivity. The application of a nega-
tive DC potential to the cantilever should result in

pushing of negative charge away from the surface and
formation of a depleted region. This allows to register
the piezoresponse signal by simultaneous application
of AC voltage to the tip.



175 R. Grigalaitis et al. / Lith. J. Phys. 54, 170-176 (2014)

8-
U, =25V
O Positive Domain
64 © Negative Domain

Piezoresponse a.u.
N
1

Uy =20V
Positive Domain
Vv Negative Domain
'2 v T T T T T T T v 1
0 10 20 30 40 50

Fig. 6. The analysis of the effective maximum and mini-
mum values of piezoresponse from Fig. 5 under differ-
ent AC and DC fields.

4. Conclusions

The results demonstrate different nature of the PFM
response in 0.75SrTiO,-0.25BiTiO, ceramics to
compare with that in typical RF like PLZT [@]: no
irregular polarized structures can be observed and
the piezoresponse contrast is approximately uni-
form within the grains increasing only at the grain
boundaries. Such PFM contrast could be attributed
to flexoelectric effect as it was already reported for
the pure SrTiO, crystals [@]. Substitution of biva-
lent Sr by trivalent Bi atoms produces uncompen-
sated charges at the surface of the sample which can
be eliminated by application of external bias voltage.
This result is very different from that obtained for
pure SrTiO,, where a DC bias was not needed to ob-
serve the PFM response [@]. Piezoelectric nature of
the obtained results is corroborated by existence of
both OPP and IP components of the PFM signal and
nearly linear dependence of piezoresponse with ap-
plied voltage.
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Santrauka

Lokalios pjezoelektrinés bismutu praturtinty SrTiO,
keramiky savybés buvo tyrinéjamos pjezoelektrinés
jégos mikroskopijos metodu. Pjezoelektring gauty
duomeny prigimtj patvirtino tai, kad buvo stebimos
tiek statmenosios, tiek ir lygiagreciosios bandinio
plokstumai poliarizacijos komponentés. Kadangi ma-
tuotasis pjezoelektrinis atsakas neparodé jokiy ,la-

birinto* tipo struktiiry, prognozuotos feroelektrinio
relaksoriaus busenos $ioje medziagoje aptikti nepavyko.
Zenklus lokaliy pjezoelektriniy bismutu praturtinty
SrTiO, keramiky savybiy panaSumas j grynos SrTiO,
savybes leidzia daryti prielaida, kad gautasis pjezoelek-
trinis atsakas gali bati priskirtas fleksoelektriniam efek-
tui. Praturtinimas bismutu sukelia deguonies vakansijy
bei neigiamo krawvio atsiradimg bandinio pavirsiuje.
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