Atomic scale study of the oxygen annealing effect on piezoelectricity
enhancement of (K,Na)NbO; nanorods
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With the increasing requirement of developing non-toxic piezoelectric materials, alkaline niobate-based
perovskite solid (K,Na)NbO; (KNN) has been intensively studied. Promising piezoelectric properties are
reported, which are mostly achieved by adding other elements, or simply varying the K/Na ratio. It is
found that KNN nanorods grown on conductive Nb-doped SrTiO; (STO) substrates show enhanced
piezoelectric properties after annealing at 800 °C for 12 h [Appl. Phys. Lett. 2017, 110, 212904]. However,
the underlying mechanism for property enhancement at the atomic scale is not clearly revealed. In this
study, comprehensive transmission electron microscopy techniques are utilized focusing on the atomic
scale study of the interfacial composition, structures, strain, dipolar displacement vectors and their
variations along the interface normal of the as-grown and annealed KNN nanorods. The results indicate
phase transformation during annealing, and a larger spontaneous polarization within each unit cell of the
annealed KNN nanorods, which lead to an overall enhancement of the piezoelectric properties. These
results would be very beneficial for advanced nanogenerators and sensors with enhanced piezoelectric
properties.
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Introduction

The direct conversion between mechanical and electrical energy with high performances has made
piezoelectric materials one of the most promising candidates as energy-harvesting devices, transistors,
nanogenerators, etc."™ While Pb(zr,Ti)O; (PZT) exhibits perfect piezoelectric properties and high Curie
temperature (TC),‘F"6 the highly toxic nature of the lead composition would do harm to human body and
our sustainable environment. Thus, the development of lead-free piezoelectric materials has become an
urgent task.

In 2004, Satio et al. reported an alkaline niobate-based perovskite solid (K,Na)NbO; (KNN) modified by Li,
Ta and Sb with morphotropic phase boundary (MPB), which achieved a giant piezoelectric coefficient
value of 416 pC/N (d33).7 Since then, the construction of phase boundaries around room temperature
through composition modification is extensively utilized for piezoelectric enhancement of lead-free
piezoelectric materials. For instance, with the construction of a new rhombohedral-tetragonal (R-T) phase
boundary through composition optimization, large ds; of ~ 490 pC/N and high Tc of ~ 304 °C are realized.®
Further improved piezoelectric properties (~ 525 pC/N) are reported to be attributed to the formation of
hierarchical nanodomain architectures.”™® In addition, the tailoring of K/Na ratio can also lead to
enhanced piezoelectric properties.ll'12 It is found that the K/Na ratio of ~ 1.0 is closely related to the high
piezoelectric properties of KNN ceramics.”> ™.

The relatively high piezoelectric constant of KNN, together with the special morphologies of one-
dimensional KNN nanomaterials enable fabrication of piezoelectric nanogenerators and sensors of refined
sizes and superior properties.””" It is found that the KNN nanorod arrays grown on SrTiO; (STO)
substrates show greatly enhanced performance after being annealed in oxygen at 800 °C, with di3
increasing from 140 pm/V to 360 pm/V. The observed enhancement is mainly attributed to the presence
of orthorhombic-tetragonal (O-T) phase boundaries and the passivation of surface oxygen vacancies.'®
While the assumptions are mostly based on characterizations over large areas, study of the lattice
matching at the KNN/STO interface and its impact on the strain distribution along the growth direction, as
well as quantitative determination of the atomic crystal structures and polarization fields for as-grown
and annealed KNN nano-rods would certainly bring further insight into the mechanism for the property
enhancement of the annealed KNN nanorods from structural perspective.

In this work, comprehensive transmission electron microscopy (TEM) techniques are utilized to
characterize the chemical and structural information of KNN nanorods grown on STO substrates. While
the scanning electron microscopy (SEM) image shows the overall morphology of the as-grown KNN
nanorods on STO substrate, the high-resolution transmission electron microscopy (HRTEM) image and
corresponding selected area electron diffraction (SAED) pattern of the interfacial region determines the
relative orientations and lattice matching conditions. Further atomic-scale characterizations including
energy-dispersive X-ray spectroscopy (EDS) elemental mapping, high-angle annular dark-field (HAADF)
imaging and annular bright-field (ABF) imaging techniques provide accurate information about atom types
and atomic column positions of the interfacial regions, which facilitate further analysis of the polarization
fields of the as-grown and annealed KNN nanorods with the experimental evidence of the property
enhancement of the latter from structural point of view.

Experimental
Growth and Annealing of (K,Na)NbO; Nanorods

(K,Na)NbO; (KNN) nanorod arrays were synthesized on conductive Nb-doped SrTiO; (STO) single
crystalline substrates using a surfactant-free hydrothermal process. The reagents for synthesis
include potassium hydroxide (KOH, > 82%), sodium hydroxide (NaOH, > 96%), niobium pentoxide
(Nb,Os, > 99%), and 0.7 wt. % Nb-STO substrates (100). KOH and NaOH with molar ratio of 74:26
were dissolved in distilled water, forming an alkaline solution with hydroxide concentration of 8
M. For precursor preparation, 1 g of Nb,05 was added into the alkaline solution and stirred for 1
h. Then, the precleaned STO substrate was immersed in the precursor, and kept 15 mm above the
bottom of the autoclave, which was moved into a stainless steel container and sealed after been



filled to 80% of the full by DI water. The autoclave was kept at 190 °C for 24 h for the

hydrothermal reaction. The as-grown KNN nanorods were placed in a tube furnace and annealed

in the oxygen atmosphere at 800 °C for 12 h with the oxygen flux of 30 standard-state cubic
. . 17-18

centimeters per minute (SCCM).

Structural Characterization

The morphologies of the synthesized KNN nanorods were obtained using field-emission scanning
electron microscopy (FESEM, JEOL JSM7100F). The cross-sectional samples were sliced by focused
ion beam (FEI Quanta 3D FEG). The high-resolution HAADF images, ABF images and EDS
elementals maps were taken from a JEOL JEM-ARM200CF microscope with double spherical
aberration (Cs) correctors as well as an FEI Titan G2 80-200 ChemiSTEM microscope with a probe
Cs corrector. Both microscopes were operating at 200 kV.

Results and discussion

The crystal structure of KNbO; belongs to an orthorhombic system (JCPDS Card No. 32-0822)
with lattice parameters of a, = 5.695 A, b, = 5.721 A, ¢, = 3.973 A, where the subscript “0” refers
to orthorhombic. The introduction of a small portion of Na on the K sites could slightly change the
lattice parameters, but the overall crystal symmetry is not affected. To make the following
structural analysis simpler, a pseudo-cubic sy is—utilized, and the relationship between the
two systems can be described as: a, = b, = Za(z, +b3/2~4.036Aand c.=c,=3.973 A (ie,
a.l [110],, bl [110],, and cl c,, respectively). The subscript “c” denotes pseudo-cubic and will
be omitted hereafter unless specifically emphasized. Since the a, and b, values are slightly

different, this means that the angle between a and b is slightly deviating from 90° for the pseudo-
cubic system.

According to the SEM image in the inset of Figure 1a, the as-grown KNN nanorods are well
distributed on the STO substrate with the diameters in the range of 50-200 nm. The cross-section
of the nanorods (prepared from a position far away from the KNN/STO interface) is close to a
rectangular shape with its normal (i.e., the growth direction) parallel to the [010] direction and
the side surfaces bounded by the (100) and (001) crystal planes. This is confirmed by TEM
characterizations, as presented in Fig. S1. The lattice parameters of the as-grown KNN nanorod
are measured to be a = 4.062 A and c = 4.025 A, which are slightly larger than those of the KNbO;
bulk crystals.

To obtain detailed information about the KNN nano-rod/STO substrate interface, it is
necessary to prepare TEM samples along the axial direction of the specific nanorods (or the so-
called cross-sectional sample with respect to the STO substrate used in Fig. 1). Since there are
large spacings between those nanorods (average spacing of ~ 200 nm), the Ga ions used in the
focused ion-beam (FIB) milling could inevitably destroy the bare surfaces of the nanorods. Thus,
polymethyl methacrylate (PMMA) was deposited deliberately onto the nanorods prior to the
milling and used as a protective coating layer.

Fig. 1a shows a low-magnification TEM image recorded along the [100] direction of the as-
grown KNN nanorod including the KNN/STO interface. The interface is labeled by a black dashed
line. The corresponding HRTEM image (Fig. 1b) and SAED pattern (Fig. 1c) of the interfacial region
reveal a good crystal quality of the KNN nanorod, which is consistent with the results shown in Fig.
S1. The SAED pattern includes obviously two sets of diffraction spots, as evidenced by the splitting
of spots (e.g., see (020) spots marked by an orange box). For these spots, the one closer to the
center spot (red circle) corresponds to the KNN nanorod, which is slightly elliptical due to the
limited size of the nanorod along the radial direction. The other one (blue circle) is attributed to
the STO substrate with slightly smaller lattice parameters as compared to KNN, as shown in the
magnified orange box in Fig. 1d.



The splitting of high-index diffraction spots (e.g., see (033) spot as marked by a green box)
becomes more obvious along not only the [010] direction but also the [001] direction,
demonstrating that the lattice strain has been at least partially released in the KNN nanorod close
to the interface. Using the lattice parameter of STO as a reference, the average lattice values are
obtained: b = 4.082 A and ¢ = 3.962 A, for the interfacial KNN. In comparison with the c value
measured from Fig. S1, it is reasonable to deduce that following the growth of nanorods the
residual lattice strain is further released in the as-grown sample.

Fig. 2a shows a high-resolution HAADF image of an as-grown KNN nanorod grown on the STO
substrate. The interface region is labeled by two white arrows. All atomic columns, including
NbO,, Na/K, Sr, and TiO,, are clearly resolved. The pure oxygen columns, however, are not visible
in the HAADF image. A least-squares fit to each of the atomic position using two-dimensional
Gaussian profile is carried out, and the exact atomic positions are labeled by circles of respective
colors. Based on the obtained coordinates of the atomic columns, the lattice parameters in the
KNN nanorod region and their variations along the interface normal are measured and presented
in Fig. 2b and 2c, respectively.

For KNN unit cells, while cgyn is monotonically increasing with an average value of 3.930 *
0.013 A over the whole area, by is relatively constant with comparatively larger fluctuations, and
the average value of by is 4.010 + 0.167 A. The relatively larger noise level for the latter could be
induced by the scanning direction along the slow scanning direction. The lattice parameters for
STO are also measured with average values of cs;o = 3.916 + 0.003 A, bsto = 3.916 + 0.010 A and
will be used as reference. The c¢/b ratios are calculated based on the above measured lattice
parameters, which show (¢/b)cnn = 0.980, (¢/b)sro = 1.000. Since the STO substrate is thought to be
cubic, and the distortion of the image is at the minimal level, it is reasonable to deduce that the
unit cell of KNN is orthorhombic.' It is noted that the cenn Value increases from ~ 3.91 A at the
interface, suggesting that the strain along the c axis due to the confinement effect of the STO
substrate is gradually released during the growth. This is again consistent with our observation
that the obtained cgyy value here is smaller than those measured from the SAED patterns in Fig. 1c
(over relatively larger area than the HAADF image in Fig. 2a) and in Fig. S1b (recorded far away
from the KNN/STO interface). The strain relaxation leads to the formation of dislocations and
planar defects (e.g., stacking faults), which can be seen in Fig. S2.

On the other hand, morphotropic phase boundary (MPBs) of several hundred nanometers in size are
reported for KNN nanorods.'*?° There are also 60°, 90°, 120° and 180° domains reported for KNN single
crystals, which are also hundreds of nanometers or even micrometers in size.™ In the current case,
there isn’t any obvious domain structure over large areas, which could be attributed to the limited size of
the KNN nanorods. However, we do find a region including 90° domain of ~ 10 nm in size, as shown in Fig.
S3. Fig. S3a is high-resolution HAADF image of the as-grown KNN nanorod, the specific region including
90° domain is framed in a red box, and the positions for all of the atomic columns obtained through peak-
finding algorithm are overlapped in Fig. S3b. Fig. S3c is corresponding map of displacement vectors: the
vectors in the upper pink region are mostly facing up left, while the vectors in the lower pink region are
facing down left, leading to the formation of 90° domain. The formation of domain boundary could be a
viable way of strain relaxation for the as-grown sample.

The annealed KNN nanorods have similar morphologies as the as-grown ones. However, the
EDS spectra obtained on both samples show quite different K/Na ratios which are closely related
to the piezoelectricity: (K/Na)as_grown 3.0 and (K/Na)anneatled = 1.0. The decreasing K/Na ratio could be
attributed to the relatively easier volatilization of K element as compared to Na at elevated
temperature.za'25 As mentioned, the KNN nanorod with (K/Na) ratio close to 1 often leads to
better piezoelectric properties,u'14 which is also valid for our annealed samples.18 Further atomic-
scale composition, structure and strain analyses at the KNN/STO interfacial region of the annealed
counterpart would reveal the underlying mechanism for property enhancement.

Since the lattice parameters of KNN and STO are slightly different, the strain distribution at the
KNN/STO interface is expected to be closely related to local dislocations and polarization field. The



former appears at the locations where the local atomic bonds cannot bear the strain field, the
latter is largely affected by the strain induced unit cell distortions. Fig. 3a is a high-resolution
HAADF image of the annealed KNN nanorod on the STO substrate, and the interface is of perfect
lattice matching at atomic resolution. It is well known that the HAADF intensity is proportional to
the atomic number Z.*° For the KNN nanorod (the upper region), the bright spots correspond to
Nb, and the much weaker spots indicate K/Na atomic columns. For the STO substrate, the Sr and
Ti have relatively close atomic numbers, the slightly brighter spots are Sr, and the slightly weaker

ones are Ti atomic columns.

To gain further chemical information across the interface, especially the transition layers between
the two materials, a composite EDS elemental map consisting of Nb, K/Na, Sr and Ti is shown in
the lower right inset of Fig. 3a with the corresponding atomic model overlaid for comparison. The
transition layers are labelled by several arrows, which shows slight mixing of Sr at the K/Na atomic
columns for the layer labelled by the orange arrow, mixed distribution of Nb and Ti atomic
columns for the layer labelled by the green arrow, and also slight mixing of K/Na at the Sr atomic
columns for the layer labelled by the red arrow. Considering the tail of the STEM probe, the
observed width of the transition layer could be the upper limit of the actual condition. The
coexistence of Nb and Ti atoms is also reported for the interfacial monolayer of KysNagsNbO; thin
films deposited on SrTiO3,27 where the intermixing of K/Na and Sr atoms is not obvious as in the
current case.

The corresponding intensity line profile across the KNN/STO interface in the HAADF image is
overlapped in pink, and each peak position is labelled by the atomic type as indicated by the EDS
mapping and the atomic model. It is apparent that the intensity of the layer labelled by the orange
arrow is higher than the other K/Na layers due to mixing of the Sr atoms, while the intensity of the
layer labelled by the green arrow is smaller than the other Nb layers due to mixing of Ti atoms.
Meanwhile, the intensity of the Sr atomic layer labelled by the red arrow is much lower than the
other Sr layers due to mixing of the K/Na atoms.

Besides the above composition mixture, the interfacial strain distribution is also measured
quantitatively using geometric phase analysis (GPA), which determines the displacement field of
local lattice distortion with respect to the selected reference area.’® Fig. 3b and 3c are normal
strain components along the horizontal (i.e., the in-plane component &,,) and vertical (i.e., the
out-of-plane component ¢,,) directions, respectively. The corresponding line profiles overlapped
on the strain maps obtained along the vertical direction show clearly the variations of strain
components going away from the interface, which are averaged over the whole horizontal width
of respective strain maps. While the out-of-plane component is fluctuating around zero (Fig. 3c),
the in-plane strain component shows compressive strain at the interface, which gradually
approaches zero and changes to monotonically increasing tensile strain going away from the
interface (Fig. 3b). This result is quite reasonable as the KNN nanorod of slightly larger unit cell
would be restrained by the contacting STO substrate, and the restriction would diminish as it is
further away from the interface.

Apart from those interfacial regions with perfect lattice matching, we do find regions with
stand-off misfit dislocations in the vicinity of the KNN/STO interface in order to relieve the local
strain. This is in contrast to the as-grown sample. Stand-off edge dislocation was first observed at
the Nb-Al,O; interface, where the first metal layer maintains perfect lattice matching to minimize
the interface energy, and the dislocation is formed a few atomic layers away from the interface.”
Fig. 3d shows a typical edge dislocation on the KNN side, and the extra half plane is labelled by a
symbol “T”. It is apparent that the introduction of the extra half plane leads to the distortion of
local lattice planes, and the corresponding strain maps are presented in Fig. 3e (&,,) and Fig. 3f
(g,y). The in-plane strain component includes a sudden reversal around the dislocation core, from
compressive strain to tensile strain, and gradually approaches zero. Thus, introducing dislocations
is an effective way of relieving the local strain.>®



Meanwhile, we also find anti-phase boundaries (APBs) on the KNN side, which is four-unit cells
away from the KNN/STO interface, as indicated by the blue arrows in Fig. S4. It is noted that the
Nb atomic layer at the APB shows a zigzag arrangement: the Nb atom between the double-layer
labelled by red lines is closer to the right side, while the Nb atom between the double-layer
labelled by green lines is closer to the left side. These special atomic arrangements could be
another way of relieving the interfacial strain along the [001] direction, which has also been
reported for Bi,FeMnOg thin films epitaxially grown on SrTiO; substrate.> Thus, the introduction
of edge dislocations and APBs close to the KNN/STO interface could lead to further relaxation of
the KNN Iattices.

To obtain accurate lattice parameters of the KNN nanorod after annealing, the corresponding
high-resolution HAADF image of a perfect region is shown in Fig. 4a. The KNN/STO interface is also
labelled by two white arrows. After the determination of position of each atomic column, the
variations of ¢ and b along the interface normal are plotted in Fig. 4b and Fig. 4c, respectively. It
seems that both cyw and byyy show increasing trend going away from the interface with the
average values of ¢y = 3.981 + 0.023 A, by = 3.863 + 0.044 A, which give (¢/b)ny = 1.031. Thus,
the byyn axis (the growth direction) is obviously shrinking, while the cyyy axis (within the interface
plane) is slightly increasing, which indicates phase transformation during annealing as reported in
our previous work via X-ray diffraction (XRD).*®

It is reported that the piezoelectric properties of the as-grown KNN nanorods on STO
substrates are greatly enhanced after annealing in oxygen with temperatures ranging from 500 °C
to 800 °C.*® It would be inspiring to characterize the atomic scale polarization fields within the
KNN nanorods before and after annealing, which would lead to further understanding of the
property enhancement of the annealed counterpart. The quantitative characterization of
polarization field at atomic resolution is based on the accurate determination of atomic column
positions, which has been reported to be realized through negative spherical-aberration
imaging®**’ in an aberration-corrected TEM as well as aberration-corrected HAADF imaging.>*”’

For calculation of the displacement vectors in the KNN nanorod region, the NbO, column in
the body center is considered as the origin, and the projected equivalent center of the eight
nearest K/Na atoms is calculated, whose deviation from the origin is defined as the displacement
vector. Since the displacement vector is closely related to local spontaneous polarization, mapping
the displacement vectors of KNN nanorods before and after annealing would be insightful for
understanding the piezoelectric property enhancement. The map of displacement vectors of the
as-grown sample is presented in Fig. 2a, most of the displacement vectors are pointing
downwards with an average value of 14.32 pm (NbO, - K/Na), and the different colors indicate
different ranges of the length of the displacement vector. It is apparent that the displacement
vectors in the KNN nanorod region is larger than those in the STO region, and the latter should be
originated from the random noise introduced during experiment.

The map of displacement vectors for the annealed KNN nanorod is overlapped in Fig. 4a, most
of the vectors are pointing to the left, which could be due to the obviously shrank byyy axis of the
annealed KNN nanowire as compared to the as-grown counterpart. The average value of the
displacement vector is ~ 14.95 pm for each unit cell, which is marginally larger than that for as-
grown KNN nanorod and larger polarization field as a result. It is important to note that in the
above analysis, we only consider NbO,, K/Na atomic columns and their relative displacements in
the KNN nanorod region, all the oxygen signals are ignored since oxygen is too light to be imaged
by HAADF imaging technique. However, in some cases, it is important to take the displacement
between O and the other ions into account.*® Annular-bright-field (ABF) imaging technique is
developed in recent years with great capability for detecting light elements: O, Li, or even .38
Thus, the high-resolution ABF image of the annealed KNN nanorod/STO substrate is obtained and
shown in Fig. S5a. The oxygen columns are clearly observable as labelled by the purple balls,
which are absent in the above HAADF images.



The displacement vectors for NbO, - K/Na (Fig. S5b) and NbO, - O (Fig. S5c) are also
calculated and overlapped on the original ABF image of relatively larger area. The average NbO, -
K/Na displacement is 14.35 pm, and the average NbO, - O displacement is 11.33 pm, which
indicates that the former (NbO, - K/Na) makes the main contributions to the observed
piezoelectric properties. Meanwhile, the average NbO, - K/Na displacement obtained from ABF
imaging is very close to that measured from HAADF imaging technique considering the large
differences in experimental setup and the requirement of the sample. Thus, it should be
reasonable to count on the measurements of displacement vectors based on the HAADF imaging
for comparing the piezoelectric properties of the as-grown and annealed KNN nanorods.

As the K/Na ratio changes from 3 to 1, the (K+Na)/Nb ratio varies from 0.94 to 0.85, and the
“A-site” (in ABO3) vacancies would increase in the oxygen annealed sample, which could lead to
the distortion of local lattices and variations of displacement vectors in both amplitude and
direction. With reference to the displacement vector map in Fig. 4a, the distribution of the
amplitude range of the displacement vectors are uniform, which might indicate that the
distribution of “A-site” vacancies is uniform as well. Meanwhile, according to the atomic
resolution EDS map (the inset of Fig. 3a), the intensities of K/Na atomic columns don’t show any
sign of ordering, which also signifies uniform distribution of A site vacancies.

On the basis of the displacement vector maps in Fig. 2a and Fig. 4a, most of the projected unit-
cell spontaneous polarizations for the as-grown samples are along b axis, while those for the
annealed sample are along c axis, which correspond well with those of the O phase ([110]) and T
phase ([001]), respectively.:lo A schematic of the unit cells in the O and T phases using the same
axes notation (pseudo-cubic coordination system) is provided in Fig. S6 based on the measured
lattice parameters before and after oxygen annealing. The slight displacements of the Nb atom as
compared to the projected equivalent center of the eight nearest K/Na atoms are indicated as
well.

KNN single crystals with monoclinic symmetry are also reported.”” However, in most cases, the
monoclinic phase appears in the sodium-rich KNN, while our KNN samples are on the potassium-
rich side.”* Thus, the existence of the monoclinic phase is eliminated based on the well-
established phase diagram of KNN.***

Based on the above analyses, the high-temperature annealing treatment in oxygen would lead
to changes in K/Na ratio, introducing “A-site” vacancies with local lattice distortions, and released
internal strain, which work together to bring about the observed phase transition and enhanced
piezoelectricity enhancement.

Conclusions

In conclusion, lead-free KNN nanorods synthesized on conductive Nb-doped SrTiO; (STO)
substrates through a hydrothermal process show enhanced piezoelectric properties after
annealing in oxygen atmosphere at 800 °C. To find the structural basis for the mechanism of
property enhancement, the KNN nanorods before and after annealing are systematically studied
by comprehensive TEM techniques. The KNN nanorods grow along [010] direction, and the
rectangular nanorod cross section is bounded by (010) and (001) planes. Quantitative EDS
measurements show K/Na ratio of 3.0 for as-grown nanorods as compared to 1.0 for annealed
ones due to obvious volatilization of K element at elevated temperature.

Detailed interfacial analyses of the annealed KNN nanorod sample reveal elemental mixing for
three layers; In region of interfacial lattice matching, the in-plane strain component gradually
changes from compressive strain to zero, and then tensile strain, while in specific interfacial
region including a stand-off edge dislocation, the in-plane strain component shows a sudden
reverse, and quickly approaches zero. It turns out that the introduction of edge dislocations and
APBs could be effective ways of relaxing the interfacial strain. According to the HAADF images of
the KNN/STO interface before and after annealing at atomic resolution, the (¢/b)xnny changes from
0.980 to 1.031 for as-grown and annealed KNN nanorods, respectively, which indicates phase



transformation during the annealing process. Further measurements of the displacement vector
as pointing from each NbO, atomic column to the projected equivalent center of the nearest K/Na
atoms reveal that the average values of the displacement vectors (NbO, — K/Na) in each unit cell
are 14.32 pm and 14.95 pm for as-grown and annealed KNN nanorods, respectively, which
indicates larger spontaneous polarization in the KNN unit cell, and overall better piezoelectric
properties for annealed KNN nanorods. To be on the safe side, the displacement vector for NbO,
— O is also measured based on high-resolution ABF image, which shows much less contribution
as compared to the displacement vector for NbO, — K/Na. Thus, the enhancement of the
annealed KNN nanorods should be mainly attributed to the phase transformation and increase of
the spontaneous polarization at atomic level from structural point of view. These comprehensive
analyses of interfacial composition, strain distribution, unit cell distortion and variation of
displacement vectors at atomic resolution would promote insightful understanding of the
underlying mechanism for property enhancement of similar heterostructural ceramics.
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Fig. 1 Morphology and structure of the as-grown KNN/STO interface. (a) TEM image of the
KNN/STO cross-sectional sample. The KNN nanorods are wrapped up by PMMA for protection
during FIB thinning. The lower inset is SEM image over a large area. (b) HRTEM image of the
KNN/STO interface showing single crystalline quality, the growth direction is [010], and the
projection direction is [100]. (c) The first quadrant of the SAED pattern of the interfacial region
with obvious splitting of certain diffraction spots. (d) The split diffraction spots as labeled by an
orange box and a green box in (c) are enlarged and shown in the boxes of corresponding colors,
the spots labeled by blue circles are from STO, and those labeled by red ovals correspond to KNN
nanorod.
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Fig. 2 Unit cell lattice parameters and displacement vectors for the as-grown KNN/STO interface.
(a) High-resolution of the as-grown KNN/STO interface. The interface is labeled by two white
arrows, the location of each atomic column is labeled by pink (NbO,) and red (K/Na) circles using
peak-finding algorithm. The displacement vectors (NbO, = K/Na) are overlapped, the different
colors indicate different ranges of the length of the vector. (b) and (c) are values of ¢ and b, and
their variations along the normal direction.



Fig. 3 Composition and strain distribution of the as-grown KNN/STO interface at atomic resolution. (a)
High-resolution HAADF image of an interfacial region of perfect lattice matching. The lower inset includes
EDS elemental map for each atomic column (left) and the corresponding atomic model (right). The pink
curve is the intensity line profile of the HAADF image for the region under the curve. (b) and (c) are strain
maps of &, and g, for the same region as (a), respectively. The line profiles overlapped on the strain
maps are corresponding line profiles along the vertical direction for respective strain component. (d)
High-resolution HAADF image of specific region including an edge dislocation. (e) and (f) are strain maps
of &, and ¢, for the same region as (d), respectively. The line profile of &, along the vertical direction is

overlapped in (e). The color bar in (f) applies to all of the strain maps.
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Fig. 4 Unit cell lattice parameters and displacement vectors for the annealed KNN/STO interface. (a) High-
resolution of the annealed KNN/STO interface. The interface is labeled by two white arrows, the location
of each atomic column is labeled by red (NbO,) and green (K/Na) circles using peak-finding algorithm. The
displacement vectors (NbO, = K/Na) are overlapped, the different colors indicate different ranges of the

length of the vector. (b) and (c) are values of ¢ and b, and their variations along the normal direction.



