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Abstract

Lead-free (Ko.sNag.s)NbO3-based (KNN) piezoceramics featuring a polymorphic phase
boundary (PPB) between the orthorhombic and tetragonal phases at room temperature are
reported to possess high piezoelectric properties but with inferior cycling stability, while the
ceramics with a single tetragonal phase show improved cycling stability but with lower
piezoelectric coefficients. In this work, electric biasing in-situ transmission electron microscopy
(TEM) study is conducted on two KNN-based compositions, which are respectively at and off
PPB. Our observations reveal the distinctive domain responses in these two ceramics under
cyclic fields. The higher domain wall density in the poled KNN at PPB contributes to the high
piezoelectric properties. Upon cycling, however, a new microstructure feature, “domain
intersection”, is directly observed in this PPB composition. In comparison, the off-PPB KNN
ceramic develops large domains during poling, which experience much less extent of disruption
during cycling. Our comparative study provides the basis for understanding the relation between

phase composition and piezoelectric performance.
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1. Introduction

Ever since the milestone work by Saito et al. in 2004 [1], (Ko.5sNaos)NbO3; (KNN) has been
regarded as the most promising lead-free piezoelectric ceramic. The record of piezoelectric
coefficient (ds3) in lead-free piezoceramics kept being broken in KNN solid solutions with
various chemical modifications, meanwhile the Curie Temperature (T.) is maintained within the
practicable range [2-4]. The guideline for designing new composition based on KNN is creating
a polymorphic phase boundary (PPB) or morphotropic phase boundary (MPB) around room
temperature, which is implemented via either decreasing the orthorhombic-tetragonal (O-T)
phase transition temperature, increasing the rhombohedral-orthorhombic (R-O) temperature or
forming a new rhombohedral-tetragonal (R-T) MPB [2,5]. However, the KNN composition at
phase boundary has drawback: although the piezoelectric property is improved, it suffers from
severe degradation upon electric cycling [6-8]. This is not very surprising because the cycling
stability in other lead-free ceramics has been found sensitive to the phase composition as well
[9,10]. For the device application of KNN, a compromise would have to be made by choosing
the composition slightly off phase boundary so as to simultaneously guarantee both aspects.

The performance of ferroelectric materials is essentially dominated by domain response to
the applied electric field. Conceivably, the KNN compositions at and off phase boundary must
display distinguishable domain responses, giving rise to the different piezoelectric property and
cycling stability. In this article, we conducted electric biasing in-sifu transmission electron
microscopy (TEM) to track and compare the evolution of domain morphology in two KNN-
based piezoceramics. The first composition is 0.948(Ko.5sNao.s)NbO3—0.052LiSbO3 (KNN-LS)
which features the O-T PPB around room temperature. The other one is 2 wt% CaTiO3 (~2.53

mol%) doped KNN—-LS (KNN—-LS—CT) with single tetragonal phase, whose O-T phase



transition temperature is shifted to below room temperature. Their ferroelectric and piezoelectric
properties are listed in Table 1, extracted from the dielectric curve, P-E loop, d33 measurement
and x-ray diffraction pattern [8,11,12]. Indeed, d33 in KNN—LS is ~50% higher than that in
KNN-LS—CT. Upon electric cycling, KNN-LS loses nearly half of its initial polarization after
10* bipolar cycles. In comparison, the polarization of KNN-LS—CT remains almost unchanged

[8], as shown in Fig. 1 (the P-E loops at different cycling stages can be found in Ref. 8).

2. Experiment procedures

The conventional high temperature solid-state reaction method was used to prepare the
KNN-LS and KNN-LS—CT. High purity oxides and carbonates K»COs (Alfar Aesar, 99.9%),
NaxCOs (Alfar Aesar, 99.9%), LioCOs (Alfar Aesar, 99.9%), Nb.Os (Reference Metal, 99.99%),
SboOs (Alfar Aesar, 99.99%), and CaTiO3 (Alfar Aesar, 99.99%) were used as the starting
materials and weighed according to the nominal compositions. After vibratory milling in
anhydrous ethanol, the mixed powders were calcined at 880 °C for 2 h, and then the synthesized
materials were milled again and followed by the addition of 2 wt% binder (Rhoplex). The
granulated powders were pressed into pellets with 12 mm in diameter prior to the burn-out of the
binder. The pellets were sintered at 1120-1180 °C in sealed alumina crucibles for 2 h.

For the in-situ TEM experiments on a FEI Tecnai G2-F20 microscope, as-sintered pellets
were mechanically ground and polished to 120 pm thickness. Disks of 3 mm in diameter were
ultrasonically cut and the center portion was thinned to 10 um by mechanical dimpling. The
dimpled disks were annealed at 450 °C for 1 hour to minimize the residual stress before Ar-ion
milling until perforation. Two semicircle-shaped gold electrodes were evaporated on the flat

surface of the disk with the central perforation sandwiched in between. After the specimen was



loaded on the TEM holder, thin copper wires were used to connect the electrodes to the electrical
posts on the holder. Detailed configurations were explained in our previous publication [13].
During the cycling tests, bipolar cyclic electric fields in a triangular waveform of 1 Hz were

applied.

3. Results

Figs. 2a and 2¢ show the domain morphology in KNN-LS and KNN—LS—CT at their virgin
states, respectively. The two ceramics have a similar grain size but distinct domain structures.
KNN-LS obviously possesses two sets of domain in the grain of interest. Even though they are
both lamellar shaped and the domain walls are all on {110} pc planes (tracing along <111>
directions but inclined), the domains on the right are coarser than those on the left. On the
contrary, only one set of {110},c domain wall (tracing along <110>p. directions but inclined) is
seen in the KNN—LS—CT grain. Note that neither the orthorhombic (4mm?2) nor the tetragonal
(P4mm) phase in KNN features the oxygen octahedral tilting, hence no superlattice diffraction
spots can help identify different phases in a grain [10]. In addition, {110}, wall is the most
common scenario in both tetragonal (90° domain) and orthorhombic (120° domain) ferroelectric
crystals [ 14]. Therefore, it can be just tentatively concluded that the two sets of domain with
varied domain width represent the O and T coexisting phases in KNN—LS, although it is very
likely to be true owing to the room temperature O-T PPB. In comparison, the only one set of
domain should represent the single tetragonal phase in KNN—-LS—CT.

After the poling field is applied, the domain morphology changes dramatically in both
samples. In the poled KNN—-LS (Fig. 2b), the original coarse domains on the right switch to the

same orientation as the left set, giving rise to an overall fine domain structure. In the poled



KNN-LS—CT (Fig. 2d), on the contrary, the major portion of the grain becomes free of domain
walls. Nevertheless, it is not a perfect single domain state since some {110}, edge-on straight
domain walls (different from the original set) can still be observed close to the grain boundary.
As a matter fact, a perfect single domain state is very hard to achieve since the domain walls are
always needed to release the elastic energy at the grain boundary [15]. So, the poling effect in
KNN-LS—CT can be described as that all the domains first switch to another equivalent
orientation closer to the poling field, then they continue to coalesce into a large domain via
domain walls’ side-way motion [16].

Figs. 3 and 4 compare the cycling phenomena in the two compositions. The examined grain
in KNN-LS contains {110}, inclined domain walls (Fig. 3a). The absence of O/T mixed phases
here might be in line with the trend that smaller grains are predominantly orthorhombic phase
[14]. Under the positive poling field, the grain becomes occupied by a new set of {110}, edge-
on walls (Fig. 3c). Once the field polarity is reversed, a perpendicular set of {110}, edge-on
walls takes over (Fig. 3d). Subsequently, the bipolar cycling at £60 V is carried out. After 100
cycles, the domain morphology has changed dramatically (Fig. 3e). Before cycling, the {110}
walls are parallel and the domains are long. After cycling, at least three sets of domain wall are
observed, nevertheless they are still on {110}, planes, and the domains become much shorter
and denser. Of particular interest is that no “domain intersection” occurs before cycling, while
different sets of short domain walls are intersected with each other after cycling. To check the
domain responsiveness at this stage, +60 V is re-applied. Only a few walls are mobile, while
most of them are not (Fig. 3f). Of interest is that those immobile domain walls are severely
intersected, forming many “rectangular” domain cells. According to the bulk cycling

measurement (Fig. 1), the polarization value has dropped by ~35% after the initial 100 cycles,



while the following 9900 cycles result in ~14% decay. It infers that the in-situ TEM cycling test
for the initial 100 cycles should be sufficient to reflect the bulk cycling behavior in KNN-LS.
On the other hand, for KNN—LS—CT, the grain of interest is viewed along <112>,. zone axis
(Fig. 4b). The {110}, inclined lamellar domain walls in the virgin state are tracing along a
<110>p direction (Fig. 4a). Under positive poling field, the major portion of the grain transforms
into a large domain (Fig. 4c). Under symmetrically negative field, the residual domains near the
grain boundary change their morphology but the center portion is still a large domain (Fig. 4d). It
suggests that the polarization in the positive large domain state has been reversed to reach this
negative large domain state. Upon bipolar cycling at +44 V, the domain morphology changes.
After 1000 cycles, some new domain walls with two different orientations form (Fig. 3e). The
vertical walls trace along [311]pc direction, and rest trace along [131]pc direction.
Crystallographic analysis indicates that they are two sets of {110}, inclined walls, but different
from that in the virgin state. It should be noted that these new domain walls are distributed much
sparser than the situation in cycled KNN—LS, so that many big domains remain undisrupted. As
+44V is re-applied, the [131],c tracing domain walls are mostly replaced by the vertical [311]c
tracing walls while the relatively bigger domains are still preserved (Fig. 4f). Such a maintained
responsiveness is credited to the less disrupted domain structure, especially the absence of
extensive “domain intersection”, and is consistent with the stable cycling behavior in the bulk

KNN-LS—CT ceramic (Fig. 1).

4. Discussion
As can be seen in Figs. 2-4, KNN—-LS—CT exhibits a better domain wall mobility than

KNN-LS since it reaches the large domain state more easily. Near MPB or PPB, the free energy



profile is flattened due to the co-existence of two or more ferroelectric phases, facilitating the
field-induced phase transition [17]. Given the assumption that the two sets of domain in Fig. 2a
representing O and T phases, the right set evolving to the same as the left set and the left set
remaining unchanged (Fig. 2b) can be interpreted as the field-induced phase transition from
mixed O/T phases to single T phase because the orthorhombic phase has been found not stable
under electric field [18,19]. The suppressed domain wall mobility has been observed in KNN at
PPB in earlier report [ 18], and was explained with the model proposed by Khatua et al. [20]. The
model states that, the phase transition from A to B at MPB nucleates on the domain wall of phase
A, which will interfere with the domain wall displacement [20]. Our observation provides a new
mechanism. Any polarization arrangement other than “head-to-tail” renders a charged
ferroelectric domain wall whose mobility is much suppressed compared with the neutral wall
[21]. Presumably, the polarization (different direction) of O and T domains (different domain
width) is difficult to form the ideal configuration, leading to a charged O/T interface that can
impede the domain wall motion (Fig. 2a). Even if a grain contains only orthorhombic phase (Fig.
3a), the charged O/T interface can still form during the O—T transition (Fig. 3¢). In comparison,
KNN-LS—CT with single tetragonal phase is unlikely to possess charged interfaces (Fig. 2c). So,
the domain wall motion could be easier, which is macroscopically manifested in the reduced
coercive field (Table 1). Additionally, the harder domain switching in KNN—LS might also be
partially ascribed to the greater lattice distortion within its tetragonal phase (Table 1) [22].

On top of the phase nature, the oxygen vacancy can play a critical role during, not only the
poling, but also the electric cycling in piezoelectric perovskites [23]. The defect chemistry in
doped KNN has been widely investigated. The acceptor doping on B-site generates oxygen

vacancies or the associated defect complexes [24,25],



KNN ,
2Ti0, — Vg + 2Tily, + 403 (1)

In the meantime, given the volatility of alkali metals,

KNN
0% + 2KX — 2Vi + V5 + K,0 1 )

the donor doping on A-site can suppress the oxygen vacancies [26],

X X - KNN . X X
2Ca0 + 2Nb3, + 403 + V5 — 2Cag + 2NbY,, + 603 3)

Combining (1) and (3) and simplify,

2CaTiO; ik 2Cay + 2Tiyy, + 603 4)
we can conclude that the CaTiO; co-doping is supposed to have minimal impact on the oxygen
vacancies in KNN. It implies that the distinctive domain responses during poling and cycling in
the two compositions can unlikely be explained by the different level of “hardening” or “domain
wall pinning” effects. However, as shown in Eq. (4), the CaTiO3 co-doping indeed introduces
higher level of local disorder/heterogeneity [27,28], which might facilitate the initial poling
towards the larger domain state in KNN—LS—CT.

So far, we have proposed the origin for the contrast in domain wall mobility despite the
comparable oxygen vacancy concentration. What about the cycling stability? According to the
“domain wall pinning” model, domain wall density will normally increase with the cycle number
while the regular walls eventually become fragments on arbitrary planes [29]. What was
observed in Figs. 3 and 4 could be the early stage of the domain fragmentation since the new sets
of domain wall are still on {110} pc planes. Another possible interpretation is that the cycling in
tetragonal phase won’t lead to “domain fragmentation”, but merely “domain intersection”. It’s
worth noting that “domain fragmentation” was confirmed in rhombohedral phase only [29,30].
The 180° polarization switching in rhombohedral phase can be realized via multiple paths

through two intermediate 60° steps. On the contrary, the situation in tetragonal phase is much
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simpler because only one intermediate 90° step is needed. Consequently, “domain intersection”
forms between the pinned perpendicular {110} . walls (Fig. 3e). Once the domains are
intersected, their responsiveness is considerably suppressed compared to those non-intersected
ones (Fig. 3f) because the intersecting point is always charged [31].

As stated earlier, the rather stable responses under cyclic fields in KNN—LS—CT is associated
with the absence of extensive “domain intersection”. In the “domain wall pinning” model,
domain walls and point defects are both important factors. Luo et al. has attributed the enhanced
cycling stability in nonergodic (Bi12Nai2)TiOs to the absence of long-range domain walls [32].
It should be noted that the switching between positive and negative “single” domain states in
KNN-LS—CT does have to go through an intermediate multi-domain state [33], of which the
domain walls may also be pinned by point defects. This explains why the large domain is slightly
disrupted upon cycling (Fig. 4¢). However, the pinning effect due to point defects is relatively
more transient than KNN—LS where dense domain walls have been permanently present after the
initial poling. Therefore, KNN—LS—CT is insignificantly affected by the point defects during
cycling, resulting in an improved cycling stability.

Now, we can elucidate the dilemma in KNN that we introduced at the beginning: PPB
composition shows improved piezoelectric property but suffers from inferior cycling stability.
Poling the KNN at PPB leaves much denser residual domain walls than poling the KNN off PPB.
This implies that the extrinsic contribution might play a decisive role in the piezoelectric
property in KNN, where higher domain wall density gives rise to larger extrinsic contribution of
piezoelectricity [34,35]. On the other hand, the dense domain walls are nonetheless susceptible to
“domain intersection” during polarization switching, leading to a rapid decay of the domain wall

mobility thus decreased piezoelectric properties during cycling.



5. Conclusions

In summary, a comparative electric biasing in-situ TEM study is conducted on two KNN-
based ceramics at and off the O-T PPB, respectively. Under poling, a large domain can readily
develop in the KNN off PPB while dense domain walls preserve in the KNN at PPB. Upon
cycling, the small domains become extensively intersected in the PPB composition, but the large
domain is relatively resistant to disruption in the off-PPB composition. Our observations reveal
that domain walls are critical to both the piezoelectric property and the cycling stability in KNN,
which sheds light on the future design of KNN-based compositions ideal for the industrial

applications.
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Table 1 Piezoelectric and ferroelectric properties in KNN—-LS and KNN-LS—CT [8,11,12].

d33 (pC/N) To-1(°C) E: (kV/cm) Tetragonality (c/a-1)
KNN-LS 265 35 22 1.64%
KNN-LS—CT 180 -43 18 1.46%
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Fig. 1. Cycling stability in KNN-LS and KNN-LS—-CT [8].
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Fig. 2. The poling effect in (a)(b) KNN—LS and (c)(d) KNN-LS—CT. (a)(c) show the virgin state
and (b)(d) show the poled state. The <110> and <001> zone axis electron diffraction patterns are

displayed as the insets in (a) and (c), respectively. The direction of the poling field is indicated
by the bright arrow in (c) and (d).
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Fig. 3. (a) The virgin state in KNN—LS. (b) <001> zone axis electron diffraction pattern. (c)
Domain alignment under +60 V. (d) Domain alignment under -60 V. (e) Domain morphology at
0 V after 100 bipolar cycles at £60 V. (f) The domain responsiveness under +60 V after 100
bipolar cycles at 60 V. The direction of the positive applied field is indicated by the bright
arrow in (c).
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Fig. 4. (a) The virgin state in KNN—LS—CT. (b) <112> zone axis electron diffraction pattern. (c)
Large domain state under +44 V. (d) Large domain state under -44 V. (¢) Domain morphology at
0 V after 1000 bipolar cycles at +44 V. (d) The domain responsiveness under +44 V after 1000
bipolar cycles at +44 V. The direction of the positive applied field is indicated by the bright
arrow in (c).
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