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ABSTRACT

Lead-free piezoelectric (K, Na)NbO3 (KNN) is considered one of the promising candidates for the replacement of Pb(ZrxTi1−x)O3. Several
studies underlined the issue of K and Na volatility with increasing deposition temperatures, leading to high leakage currents in thin films,
which still represents a major drawback for applications. This paper shows how epitaxial growth with concomitant preferred orientation of
KNN films on niobium-doped strontium titanate (Nb:STO) depends on growth temperature and substrate strain. A preferred out-of-plane
polar (001) orientation of KNN is obtained at high temperatures (>600 °C), while (100) orientation is dominant for lower ones. The (001)
orientation is forced out-of-plane due to the sizeable in-plane stress derived from a negative lattice mismatch of pseudo-cubic KNN with
respect to the underlying cubic (001) Nb:STO substrate. Moreover, we show that K-Na deficiency and high leakage of epitaxial KNN films
deposited at high temperatures are accompanied by the appearance of a pattern of orthogonal spontaneous ferroelectric domains aligned to
the [100] and [010] directions of Nb:STO. This pattern, visible in secondary electron microscopy, piezoforce response microscopy, and
conductive atomic force microscopy images, is uncorrelated to the surface morphology. Supported by reciprocal space mapping by x-ray
diffraction, this phenomenon is interpreted as the result of strain relaxation via ferroelectric domain formation related to K-Na deficient
films displaying a sizable and increasing compressive strain when grown on Nb:SrTiO3. Our findings suggest that strain engineering
strategies in thin films could be used to stabilize specific configurations of piezo- and ferroelectric domains.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0171349

I. INTRODUCTION

Piezoelectric materials with high performances for an effective
interconversion of mechanical and electrical energies have become
a primary component for the development of technological ele-
ments such as actuators, transducers, and sensors in a variety of
fields ranging from the automotive industry to medical diagnostics
to telecommunications.1,2

In the past few years, (KxNa1−x)NbO3 (KNN) has been the
focus of vigorous research as a promising lead-free piezoelectric
material with a perovskite structure,3,4 thanks to its remarkable
properties (d33 up to 416 pm/V in bulk KNN doped with Li, Ta,
and Sb)5 and high Curie temperature (around 400 °C).4 Despite the
excellent results well consolidated in the bulk ceramic material,3

thin films of KNN are usually less performant and present

additional issues to be addressed.6 The first issue is the high tem-
peratures (500–700 °C) required to stabilize ferroelectric KNN films
with orthorhombic and tetragonal crystalline phases,7–9 which rep-
resents an evident obstacle to integration with CMOS electronics,
typically requiring process temperatures below 450 °C. The second
issue of KNN is the volatility of alkali elements9,10 during growth
or annealing processes, which in thin films results in severe current
leakage.11 Nevertheless, in the last years, efforts of the community
working on lead-free piezoelectrics have led to significant advance-
ments toward the exploitation of KNN. Some works demonstrated
the possibility of synthesizing highly oriented KNN thin films on
Pt/Ti/SiO2/Si by physical vapor deposition (PVD) processes such
as sputtering or pulsed laser deposition (PLD) and chemical solu-
tion deposition (CSD) in favor of technological and industrial
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applications of silicon-based processes, such as in miniaturized
devices in microelectromechanical systems (MEMS).7,8,12–15 At var-
iance, epitaxial KNN films grown onto perovskite substrates repre-
sent an exciting playground for the investigation of intrinsic
phenomena in single-crystal heterostructures, avoiding interference
of extrinsic causes related to grain boundaries, film texturation, and
defects typical of polycrystalline films on Pt-terminated templates.
The structure of epitaxial thin films, very close to that of single
crystals with a preferential orientation, makes them ideal case
studies for examining the mechanism of high piezoelectricity at the
phase boundaries. Such studies acquire even more importance in
light of the complicated phase diagram of KNN with respect to its
well-known lead-containing analog PZT.16 Some works, for
instance, indicate that a sizable loss of Na and K suffered during
film deposition is responsible for creating A-vacancies in the perov-
skite structure, which are mainly responsible for large leakage
currents.17,18

In this paper, an investigation of the electrical and piezoelec-
tric properties of epitaxial KNN thin films grown at various tem-
peratures on (001)-oriented Nb:SrTiO3 single-crystal substrates is
discussed. A two-dimensional-like (2D) growth is observed at high
temperatures (>600 °C). It is accompanied by a sizable increase in
the leakage current due to the loss of Na and K during film deposi-
tion at high temperatures. The flatter 2D-like films are piezoelec-
tric, although their mechanical response (d33 coefficient) is reduced
compared to that of polycrystalline films,15 as seen by piezores-
ponse force microscopy (PFM). Additionally, the emergence in
2D-like thin films of a configuration of spontaneous vertical and
horizontal (thus, orthogonal to each other) domain patterns in
films grown at 660 °C can be observed by PFM, conductive atomic
force microscopy (C-AFM), and scanning electron microscopy
(SEM) signals. This phenomenon is ascribed to a mechanism of
relief of internal lattice stresses via the formation of ferroelectric
domain walls along crystallographic axes, which occurs in addition
to typical misfit dislocations.19,20

II. METHODS

A. Thin film growth

KNN thin films were deposited on single-crystal Nb:SrTiO3

(Nb:STO) substrates with (001) orientation and a 0.5 %wt.
Nb-doping. KNN was grown by pulsed laser deposition. The PLD
system exploits a Nd:YAG laser operating at its fourth harmonic
wavelength of 266 nm. Substrates were cleaned with a treatment
process that included an ex situ oxygen plasma (10 min) and an in
situ annealing at 700 °C in an oxygen atmosphere (220 mTorr).15

The optimized growth conditions comprise the following deposi-
tion parameters: an oxygen pressure of 220 mTorr, a substrate–
target distance of 40 mm, and laser fluence of 1.3 J/cm2 at 10 Hz.
Different samples were grown varying the substrate temperature in
the 470–740 °C range. Just after growth, an in situ 30-min anneal-
ing in 380 Torr of oxygen pressure was carried out at a temperature
of 500 °C. The KNN sample thin films have a thickness of around
300 nm, except the sample grown at 740 °C (400 nm) due to an
increased growth rate and three-dimensional aspect of the film at
this high temperature.

B. Structural and chemical characterization

In situ reflection high energy electron diffraction (RHEED)
was used to evaluate the in-plane orientation of epitaxial films. The
morphological properties of thin films were examined using a scan-
ning electron microscope (Zeiss LEO 1525 FE-SEM operated at
10 kV). A dedicated module of the SEM was used to perform
energy dispersive x-ray spectroscopy (EDS and EDX) to analyze the
chemical composition of the samples under a probing electron
beam with an energy of 10 keV. θ–2θ x-ray diffraction (XRD) in
out-of-plane and in-plane geometry, as well as reciprocal space
maps (RSM) for the evaluation of lattice parameters, were acquired
ex situ with an x-ray diffractometer, Rigaku SmartLab X (with a
wavelength of 1.5406 Å).

C. Electrical measurements

Electrical tests were performed on a matrix of Ti electrode
capacitors of size 38 × 38 μm2 created by e-beam evaporation on
top of the KNN films through a physical mask. Leakage current
measurements were performed with a source meter (Keithley 2612)
in the top-top configuration by supplying a triangular-like wave-
form of 0→ + 210 kV/cm→ 0→− 210 kV/cm→ 0, with a slope of
2.1 V/s.

D. Piezoelectric characterization

Piezoelectric measurements and extraction of the d33 piezo-
electric coefficient were carried out by piezoresponse force micros-
copy using a Keysight 5600LS atomic force microscope. Applying a
small AC voltage of 2 V to the tip at a frequency (30 kHz) much
lower than the contact resonance (∼330 kHz) made it possible to
map spontaneous ferroelectric domains and estimate the piezoelec-
tric coefficient. Piezoelectric hysteresis loops were recorded by pro-
gressively applying a DC voltage across the thin film in steps of 1
up to 7 V, 5 s per step and measuring the tip displacement at each
step with an AC signal of amplitude 2 V with a 1 s read time.
Contrary to ferroelectric maps, in hysteresis loops, we took advan-
tage of an effective amplification (Qeff = 8.5) obtained working at a
frequency (fmeas∼ 288 kHz) in the vicinity of the contact resonance.
The piezoelectric coefficient is evaluated as d33 = S×APFM/
(Qeff ×G× Vac), where S indicates the tip sensitivity, APFM the
maximum amplitude span in the stress butterfly loop, G the gain,
and Vac the applied reading voltage.21 The tip sensitivity was mea-
sured during the tip approach (209 nm/V), while the overall gain of
the amplifier, G, was 225. Conductive atomic force microscopy
scans were performed to identify a possible relationship between
morphological features, ferro-piezoelectric spontaneous domains,
and local current conduction. Sample areas of 1–5 μm2 were
scanned at variable bias voltages in the 1–6 V range.

III. RESULTS

A. Conditions for epitaxial growth

To identify optimal conditions for epitaxial growth to achieve
(001) oriented flat films without outgrowths, defects, or grain
boundaries, 300 nm thick KNN samples were grown by PLD at a
fixed oxygen pressure of 220 mTorr and target–substrate distance
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of 40 mm while varying the substrate temperature in the range
470–740 °C. The surface morphology of six KNN thin film samples
grown at 740, 660, 610, 560, 520, and 470 °C is displayed for com-
parison in Fig. 1. Cross-sectional SEM images are depicted in the
corresponding insets. The sample grown at the highest temperature
of 740 °C [Fig. 1(a)] shows a flat surface in the background with
squared, pyramidal, and rod-shaped defect crystallites; the latter of
100–200 nm in size and several hundreds of nanometers (400–
600 nm) in height, together with film cracks, aligned to the [100]
or [010] directions of the Nb:STO substrate. Growth at 660 °C
[Fig. 1(b)] leads to a remarkably smoother surface with only
square-shaped oriented crystallites, always aligned to the [100] and
[010] directions of the substrate with a height of a few tens of
nanometers (20–40 nm). The number of crystallites increases when
the growth temperature is reduced [see Fig. 1(c) for 610 °C] until
the thermal budget is not enough to obtain a compact film [570 °C,
Fig. 1(d)]. Grains and boundaries with voids in between are found
for growth temperatures below 570 °C [Figs. 1(e)–1(f )]. The
appearance of segregated crystallites of KNN onto STO has been
attributed before to a significant lattice mismatch. When the mis-
match is reduced, a more planar quality develops.22

From each sample, in situ RHEED reflections were collected
after growth with a primary beam energy of 30 keV. An example is
shown in Fig. 2, comparing electron diffraction patterns collected
along the [100] direction of the substrate for all samples.
Noteworthy, diffraction patterns taken on the substrate (not shown)

display almost the same stripe spacing, thus signaling a cube-on-cube
growth of KNN on STO, as expected from a reduced lattice misfit of
1.1% between STO and KNN (aSTO= 3.905 Å23 and aKNN= 3.947).22

RHEED cannot readily appreciate such minor variations of the
lattice constant; thus, they were investigated by XRD instead
(see later in Sec. III D).

The RHEED signal of the sample grown at 740 °C, shown in
Fig. 2(a), features some bright spots in the pattern. The appearance
of spots is consistent with the sizable 3D features observed in the
morphology of Fig. 1(a): the probing electron beam passes through
these crystallites; therefore, a bulk-like transmission signal contri-
bution is generated in the final diffraction pattern. A more distinc-
tive RHEED striped pattern is mainly exhibited by samples
deposited at 660 and 610 °C, compatible with a “2D-like” epitaxial
growth of KNN on Nb:STO (001) [Figs. 2(b) and 2(c)]. However,
the existence of outgrowths and crystallites still causes the appear-
ance of spots inside the streaks due to electrons transmitted
through those 3D structures. This is particularly observed for the
film grown at 610 °C, which presents a significant amount of crys-
tallites compared to the sample deposited at 660 °C. The bright
spot structures clearly related to rough 3D growth modes reappear
at lower growth temperatures below 570 °C [Figs. 2(d) and 2(e)].
The diffraction pattern is less distinct in the final sample at 470 °C,
which suggests the formation of less organized crystal structures
that might deviate from an effective epitaxial growth condition
[Fig. 2(f)], as also evident in the SEM cross section [Fig. 1(f )].

FIG. 1. SEM top view of the surface and cross section (insets) of KNN thin films deposited at different growth temperatures. Epitaxial crystalline ordering below 600 °C is
not achieved, possibly due to the insufficient thermal budget that leads to increased roughness and worse compactness.
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B. Leakage caused by Na and K deficiency

The electrical performance of films grown at different temper-
atures was examined and compared by acquiring current–voltage
(J–V) curves between adjacent electrodes (in a top-top configura-
tion) as a function of the applied electric field, as reported in Fig. 3.
Clearly, the leakage current is seen to monotonically increase with
the temperature by almost eight orders of magnitude from 470 to
740 °C. This trend may appear at odds with the general belief that

defects, pinholes, and grain boundaries in porous, rough, fractured,
and non-uniform surfaces significantly contribute to the current
leakage. It suggests that intrinsic conduction mechanisms strictly
associated with the deposition temperature may even dominate
over morphological features so that rough 3D-like samples grown
at 470 °C actually display the lowest leakage.

Chemical analysis using EDX (Fig. 4) may indicate the origin
of these mechanisms. Indeed, we found that samples with lower

FIG. 2. RHEED diffraction patterns of
the KNN thin films collected along the
[100] in-plane direction of the Nb:STO
substrate. Grazing incidence diffraction
stripes and spots are displayed by 660
and 610 °C samples, suggesting a
semi-2D-growth mode. In all other
samples, transmission diffraction spots
appear from roughness features gener-
ated by a clearly 3D island growth
mode.

FIG. 3. Comparison of leakage current density curves for all KNN film samples
grown from 740 to 470 °C. Lowering the growth temperature by 300 °C reduces
leakage currents by almost eight orders of magnitude.

FIG. 4. Atomic ratios and leakage current density (J) vs substrate growth tem-
perature. High growth temperatures trigger the volatilization of alkali elements,
and the resulting samples are, thus, under stoichiometric and leaky. In contrast,
the atomic ratios of the samples deposited at lower temperatures are closer to
the stoichiometric composition and generally more insulative.
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leakage currents grown at low temperatures have larger Na/Nb and
K/Nb percentage ratios than those grown at higher temperatures.
Flatter samples (grown at 610 and 660 °C) are notably under stoi-
chiometric, whereas those deposited at temperatures below 600 °C

exhibit a chemical composition similar to the nominal one of the
target, i.e., K/Nb = 0.5 and Na/Nb = 0.5. Volatilization of alkali (A)
elements, in the form of A2O, creates oxygen vacancies, which are
super-oxidized, creating charge carriers.24–26 Therefore, the growth

FIG. 5. (a) SEM image of epitaxial KNN grown at 660 °C on STO. (b)–(d) Topography, the PFM phase, and PFM amplitude acquired by atomic force microscopy over a
square of 5 μm. The PFM phase denotes the presence of opposite ferroelectric domains in the vertical direction (in blue and yellow), with the dominant polarization orga-
nized in horizontal and vertical stripes. The PFM amplitude is maximum within ferroelectric domains and reaches zero at the boundaries between them. (e)–(g)
Topography, the PFM phase, and amplitude collected on a smaller region indicated by the dashed square of 1.2 μm sketched on panel (b).
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temperature considerably influences how they are incorporated into
the lattice and how they can be lost during deposition and subse-
quent annealing processes.27,28 Due to the lack of alkali atoms at
the A-sites, many intrinsic charged lattice vacancies are created in
the ABO3 perovskite matrix. These vacancies can readily serve as
hopping sites for charge transport, causing enhanced charge mobil-
ity through the thin film and deteriorating the insulating properties
of the film.17,18

C. Arrangement of ferroelectric domains of epitaxial
KNN on Nb:STO

Backscattered electrons are sensitive to ferroelectric polarization
as they are sensitive to charge accumulation effects and/or pyroelec-
tric phenomena.29 SEM characterization with the in-lens detector for
backscattered electrons allowed us first to visualize orthogonal pat-
terns in KNN epitaxial samples grown at 660 °C. This is evident in
Fig. 5(a) after contrast enhancement using Gwyddion by means of
an adaptative bimodal color filter.30 Such a contrast was not
observed for a growth temperature of 610 °C despite having fewer
crystallites [Fig. 1(c) compared to Fig. 1(a) in grayscale]. To provide
some insight into the pristine ferroelectric domain landscape, PFM
and C-AFM measurements were carried out.

For the sample grown at 660 °C, Fig. 5 shows the typical
topography [panels (b) and (e)], PFM phase [panels (c) and (f )],
and amplitude [panels (d) and (g)] acquired by atomic force
microscopy over 5 and 1.2 μm, respectively. The piezoelectric
response was obtained by applying an AC bias to the conductive tip
of the AFM and recording the amplitude and the phase shift of the
vertical oscillation of the cantilever induced by the piezoelectric dis-
placement of the film with respect to voltage excitation. The excita-
tion frequency (30 kHz) was much smaller than the contact
resonance of the tip (330 kHz) to avoid any crosstalk between mor-
phology and piezoelectric response. Spontaneous ferroelectric
domains can be detected with inward and outward polarizations, as
from RHEED patterns the films are known to be (001)-oriented.
The phase map of panel Fig. 5(c) clearly shows the presence of
out-of-plane ferroelectric polarization with two opposite orienta-
tions (with a phase difference of about 180° for blue and yellow
regions). Overall, there is a net predominance of one orientation
with respect to the other (75% vs 25% of the area in the panel) so
that the pristine KNN film is polarized. The dominant ferroelectric
polarization is organized in elongated horizontal and vertical
stripes aligned to the cubic cell of the Nb:STO substrate. Such a fer-
roelectric landscape is supported by the map of the PFM amplitude
[panel (d) in Fig. 5] representing an estimation of the piezoelectric
coefficient d33, which has barely similar values (20–100 pm/V) for
inward and outward domains and approaches zero at the domain
boundaries, as expected. The same information was also acquired
on the smaller area represented by the dashed square in panel (b)
(1.2 μm side). On such a scale, it is possible to appreciate that local
morphology (the presence of valleys about 3–4 nm deep, for
example) is not directly correlated to the ferroelectric landscape
[Fig. 5(f )]. Moreover, it is possible to clearly see the presence of
domain boundaries with zero response in amplitude, as well as the
stripes domains in the PFM phase.

To summarize, the ferroelectric film shows a pristine net
polarization, with a ferroelectric landscape composed of horizontal
and vertical stripes aligned to the [100] and [010] substrate direc-
tions and crossing each other perpendicularly. Such a structure is
uncorrelated to the morphology of the film. Thus, we argue that
such stripes might have originated from the interaction with the
substrate, possibly providing an additional route for lattice strain
relaxation.19,20,31,32

From the PFM amplitude signal, an evaluation of the d33 coef-
ficient over the PFM amplitude map [Fig. 5(d)] of spontaneous
domains can be obtained.21 Over the area of 5 × 5 μm2, d33 spans
from 20 to above 130 pm/V, the mean value is about 65 pm/V, and
the standard deviation of the distribution is 30 pm/V. However, the
mean value of the d33 coefficient is lower than that obtained from
polycrystalline KNN films on Pt.15 This could be partially attrib-
uted to some residual effects of substrate clamping,33,34 while the
primary reason for such reduction is probably related to the losses
of Na and K that alter the film stoichiometry and interfere with
effective voltage across the film.35

FIG. 6. Local piezoelectric amplitude (a) and phase (b) hysteresis loops of the
2D epitaxial sample grown at 660 °C.
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The analysis of local PFM switching hysteresis loops involves
applying DC voltage pulses with increasing amplitude and super-
imposing an AC signal to detect the deflection at each DC bias. In
this way, the displacement response at each bias is recorded and a
complete loop can be plotted.36 To generate the piezoelectric
switching hysteresis loops seen in Fig. 6, the epitaxial sample
grown at 660 °C was subjected to DC bias in increments of 1 V up
to a maximum of 7 V. Exemplarily, Fig. 6 shows the hysteresis loop
for the amplitude and phase of the piezoelectric signal. The semi-
quantitative estimate for the piezoelectric coefficient on a specific
point was 20 pm/V, thus within the range of values obtained from
the imaging of spontaneous domains.

Interestingly, doing conductive atomic force microscopy scans
of the vertical current across the thin film revealed evidence of the
same horizontal and vertical patterns, imaged by the collected
current. This can be seen in both the 5 × 5 μm2 area scanned at +5 V
(applying the bias to the back side of the sample and keeping the tip

grounded) and the zoomed-in 2 × 2 μm2 area at +2 V in Figs. 7(b)
and 7(d), respectively. The corresponding topography is provided in
Figs. 7(a) and 7(c). The current signal reproduces the spontaneous
domain pattern quite precisely with opposite out-of-plane polariza-
tions of Fig. 5(b), with no significant correlation with the topogra-
phy. A sizable current signal is collected from the domains with
polarization opposite to the fixed bias field applied during the scan.
In contrast, a smaller signal arises from domains parallel to the bias
field where current is essentially given by leakage. We do not see a
clear difference for opposite bias, but this is due to the asymmetry of
the I(V) curve, as detailed below.35 In general, the current signal
acquired from consecutive scans was found to be quite reproducible,
indicating that the depolarizing ferroelectric relaxation occurs over a
time scale ranging from fractions of a second up to a few minutes
required to complete a single scan before starting a new one.

Local I(V) current loops were acquired on a spot to corrobo-
rate our interpretation. A typical I(V) curve is shown in Fig. 7(e),

FIG. 7. C-AFM scans of the 660 °C
sample with (a) and (c) topography
and (b) and (d) current signal collected
with a bias of 5 V on areas of 5 × 5
and 2 × 2 μm2, respectively. The
squared configuration of the domains
can clearly be imaged by the domain
switching current signal. (e) I(V) loop
measured at the cross position in the
topography in (c) and (d).
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taken at the place marked by white crosses in the topographic
picture of Figs. 7(c) and 7(d). Looking at the obtained typical I(V)
curve presented in Fig. 7(e), it clearly exhibits the distinctive profile
predicted for a ferroelectric material. Positive and negative current
peaks are shown at about ±3 V, corresponding to the ferroelectric
coercive voltage observed in PFM loops in Fig. 5. However, the
negative current amplitude and associated peak are lower, pointing
to the presence of an asymmetric conduction mechanism in the
tip/KNN/Nb:STO heterostructure system in analogy to what is dis-
cussed in a previous paper of ours.35 This asymmetry can explain
why the domain-related patterns are less evident for negative tip
biases.

D. Epitaxial growth of KNN on the Nb:STO substrate

XRD data were collected from all samples to correlate the
observed periodic domain pattern to lattice structure and strain
deformations. Figure 8 shows symmetric, out-of-plane, θ–2θ line
scans of the samples, demonstrating an excellent epitaxial orienta-
tion of KNN, growing with a pseudo-cubic (001/100) orientation
on cubic Nb:STO (001). It is remarkable, however, that films
deposited at lower temperatures (570, 520, and 470 °C) display a
prominent (100) orientation due to a-domains with the major axis
of the tetragon in-plane, but yet with some evidence of the (001)
orientation due to the presence of some c-domains (major axis
out-of-plane). For samples deposited at higher temperatures (740,
660, and 610 °C), the orientation suddenly changes to (001), corre-
sponding to domains with out-of-plane ferroelectric polarization.
These assumptions were corroborated by in-plane XRD measure-
ments, which clearly evidence a gradual compression effect of Nb:
STO on KNN in an in-plane direction, thus promoting an

out-of-plane expansion. Such results are included and briefly dis-
cussed (Fig. S1 in the supplementary material).

To have a broader picture of how the KNN films adjust to the
Nb:STO substrate according to the temperature of growth, recipro-
cal space mapping (RSM) measurements were performed. The
RSM technique allows us to understand how the substrate and
film’s atomic planes might be related to each other. Such is
achieved by selecting a known XRD reflection around a plane that
is common to both materials and that allows to resolve them
together. Then, range-limited θ–2θ measurements are made recur-
sively at various chosen ω angles, which are inclinations around the
normal of a chosen reflection, which might (symmetric) or might
not (asymmetric) coincide with the sample surface’s normal. In
this way, a 2D map is produced by scanning vertical (θ–2θ) lines
on ω spacing, which can then be transformed into reciprocal space
coordinates, thus the name of RSM.37 In Fig. 9(a), reciprocal space
maps of samples grown at various temperatures are compared and
collected symmetrically (out-of-plane) around STO’s (002) lattice
reflection. As evidenced from θ–2θ measurements and corrobo-
rated from the Qx alignment of KNN and STO peaks in Fig. 9(a),
the (002) and (200) planes of KNN are parallel to the (002)-plane
of Nb:STO. Being an epitaxial substrate, Nb:STO appears as a spot
with high intensity and limited dispersion. On the other hand,
even though KNN is oriented with respect to Nb:STO, it displays a
more significant dispersion (note that RSM figures are displayed in
a logarithmic scale for intensity). Such observation indicates that
KNN is of good crystal quality but also presents defects such as dis-
locations and stacking faults. The symmetric RSM of Fig. 9(a)
allows us to see more clearly that a (200) orientation for KNN
(a-domains) is dominant at low growth temperatures (around 570 °
C and lower). However, a clear predominance of c-domains corre-
sponding to the (002) orientation is seen for higher temperatures.
A complete transition from (200) to (002) orientation is achieved
at some intermediate temperatures between 570 and 610 °C.
Interestingly, the lowest position in Qz for the KNN (002) spot
occurs at 570 °C, meaning the film is highly compressed
(maximum elongation of the out-of-plane c-axis). Above that tem-
perature, the value of c for KNN decreases with increasing tempera-
ture (position of the spot increases in Qz), and the shape of the
KNN (002) spot becomes less symmetric. This points to a struc-
tural relaxation (decrease of strain) of the KNN crystalline cell.
Interestingly, the sample grown at 740 °C displays a “tailed” Qz dis-
tribution, meaning that, while most crystals decrease their c-lattice
parameter, some retain the same value (arguably those closest to
the KNN–Nb:STO interface). For a more complete picture, RSM
was also made asymmetrically around the (103)-plane of Nb:STO.
In Fig. 9(b), (103) of the Nb:STO substrate is observed as the
brightest spot, while the less intense and more dispersed ones
belong to (103) and (310) of KNN. It is found that the spots are
not fully aligned in Qx. This is expected for pseudo-cubic or tetrag-
onally oriented KNN structures on Nb:STO, which, due to different
a- and c-parameters, do not align perfectly parallel to one another.
Once again, RSM measurements, this time asymmetric, confirm
the change from (100) to (001) out-of-plane orientation of KNN as
the deposition temperature is increased. The predominance of a
high-Qz KNN (310) spot for growth temperatures at and below
570 °C is evidence of shorter interplanar spacing due to a

FIG. 8. Comparison of crystalline lattice reflections obtained from symmetric θ–
2θ out-of-plane XRD measurements of epitaxial KNN films grown on Nb:STO at
various temperatures.
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preferential (100) orientation of KNN. As the growth temperature
increases from 570 to 740 °C, the (103) spot of KNN becomes prev-
alent, signaling a complete change to the (001) orientation.
Moreover, the interplanar distance of the (103) spot of KNN is
maximum at 570 °C (maximum strain for KNN), but it gets lower
at higher temperatures (relaxation process). Interestingly, as also
noted for the symmetrical RSM of (002) KNN grown at 740 °C, Qz

is tailed for the (103) plane of KNN. Yet again, this indicates a dis-
tribution of interplanar distances, both out-of-plane and in-plane.

Our comprehensive 3D structural analysis allowed us to estab-
lish that our KNN films are epitaxial and follow a pseudo-cubic or
tetragonal crystal ordering. From the out-of-plane, in-plane, and
RSM measurements, we calculated a- and c-lattice parameters. The
lattice parameters and cell volumes are summarized in Table I.
Remarkably, the lattice spacing for KNN grown at 470 °C repro-
duces the reported values displayed by a pseudo-tetragonal, relaxed
KNN ceramic (referred to as “bulk KNN”).22 For all higher

deposition temperatures, the c-parameter is larger than for bulk
KNN, while the a-parameter is smaller. For Nb:STO a = 3.9065 Å,
which indicates in-plane compressive strain for KNN with a corre-
sponding stretched c-parameter out-of-plane when grown on Nb:

FIG. 9. Reciprocal space maps of the KNN films grown on Nb:STO (a) symmetrically around (002) of KNN/STO, and (b) asymmetrically around (103) of pseudo-cubic
KNN/STO.

TABLE I. Lattice parameters and simple cell volume for bulk KNN and
PLD-deposited KNN films on the Nb:STO substrate.

Temp. (°C) c (Å) out-of-plane a (Å) in-plane V (Å3)

740 4.036 3.927 62.251
660 4.043 3.938 62.711
610 4.050 3.938 62.793
570 4.059 3.943 63.096
520 4.035 3.947 62.872
470 4.015 3.955 62.815
Bulk KNN 4.016 3.947 62.564
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STO.22 Interestingly, while the a-parameter of KNN shows a
marked reduction trend with raising temperature, its c-parameter
presents a maximum at 570 °C. Such an effect is also reflected as
the highest volume for the KNN cell at such temperature, thus indi-
cating an elevated level of stress (Fig. S2 in the supplementary
material). A relaxation of the volume and stress occurs above
570 °C, which is associated with the large loss of alkaline elements
at high growth temperatures.32

IV. DISCUSSION

An explanation for the formation of an orthogonal domain
configuration observed in flatter epitaxial samples on Nb:STO can
lie in stress relaxation phenomena generated by the interplay of the
elastic properties of the thin film and the substrate. There are two
primary categories of stress relaxation mechanisms: the emergence
of mixed ferroelectric domain structures and the creation of misfit
dislocations.19 Concerning the first type, some studies have shown
that the areas near domain boundaries in epitaxial ferroelectric
thin films operate to elastically accommodate strains brought on by
lattice mismatch between the film and the substrate.38 In this
picture, if the release of the elastic energy of one monodomain is
possible by introducing a second domain orientation, multiple
domain formation is stimulated. Relaxing the epitaxial strain for
c-domains gives rise to an orthogonal dislocation array with a
single dislocation density.39 On the other hand, the formation of
misfit dislocations along the interface between the film and the
substrate is a well-known stress release mechanism.

In light of what was discussed above, the simple cubic struc-
ture of the STO substrate (a = 3.905 Å) is expected to exert a
bi-axial compressive strain onto the KNN thin film (in the tetrago-
nal bulk ab = 3.947 Å), as the lattice mismatch
f ¼ 100 aSTO�aKNN ,b

aKNN ,b
¼ �1:06%. As a matter of fact, the mismatch-

induced deformation of KNN is reflected by a smaller and decreas-
ing a-parameter, and a larger c-parameter in all film samples with
respect to the tetragonal KNN bulk reference (Table I). Regarding
the effect of the growth temperature, and despite the alkaline loss
(Fig. 4), a volume maxima centered around 570 °C occurs when
rising the growth temperature (Table I). At this point, a change of
preferential (100) to (001) orientation out-of-plane occurs.
According to XRD measurements, this is due to a larger compres-
sive strain (in-plane stress) of the lattice cell, which can favor strain
relaxation mechanisms connected to the formation of peculiar peri-
odic domain patterns. A similar morphology and an associated
domain pattern have been observed in similar works on the growth
of perovskite oxides on SrTiO3. The surface morphology observed
in our films is similar to what Saito et al. had previously reported
in NaNbO3 films on SrTiO3 substrates.

9 This phenomenon is asso-
ciated with surface undulations and ascribed to surface relieve pat-
terns and ferroelastic domains.10,40 They represent a secondary
stress relief process that only occurs in thick films in addition to
stress release through the creation of misfit dislocations.40 The gen-
eration of this kind of surface morphology is suggested to be due to
the interaction between greater surface energy and the release of
strain energy by mass transport mechanisms activated during film
slow deposition at high temperatures and/or during the post-
growth final cooling step.9,10

Differences between piezoelectric coefficients measured on
epitaxial KNN samples with respect to the results of KNN films
grown on other substrates7,8 have been shown to depend on misfit
dislocations, which can cause deterioration of piezoelectric proper-
ties.41,42 As a matter of fact, the ferroelectric polarization close to
the dislocation regions can be suppressed by the strain field devel-
oped around the dislocation sites, which also creates a strongly con-
fined polarization gradient.42 On the other hand, pinning of the
ferroelastic domain walls due to the strain coupling of ferroelastic
domains and misfit dislocations may limit the mobility of the fer-
roelastic domain walls in an applied electric field and thereby
decrease the extrinsic contribution to piezoelectric effects.42

Notably, the structural properties of perovskite oxide thin films can
be deliberately altered by suitably engineering the strain coupling of
ferroelastic domains and misfit dislocations.

V. CONCLUSIONS

In this work, a detailed characterization of epitaxial KNN thin
films grown by pulsed laser deposition on Nb:STO(001) as a func-
tion of substrate growth temperature was presented. At low temper-
atures, the films are 3D-grown, with poor morphology (470–570 °
C) and a preferential (100) orientation with the c-axis out-of-plane
for KNN. In the 610–660 °C window, they become flatter,
(001)-oriented, and strongly epitaxial, while at 740 °C, a sizable
density of crystallites with height up to 300 nm develops. The
leakage current is almost independent of the film morphology
while it strongly increases at high temperatures (by eight orders of
magnitude) due to the high volatility of alkali atoms, which intro-
duces vacancies and hopping sites for conduction. Interestingly
enough, flat epitaxial films grown at 660 °C display a net spontane-
ous polarization, with the domains of the dominant (001)KNN ori-
entation mainly organized in orthogonal stripes aligned to the
[100]/[010] directions of the (001)Nb:STO substrate. We associate
this phenomenon to a stress release mechanism through the
accommodation of strain at piezoelectric domain walls that acts in
parallel to the creation of misfit dislocations in highly alkali defi-
cient films, which present large compressive strain and reduction of
the cell volume for high deposition temperatures. These results
indicate the possibility of exploiting thin film strain engineering to
stabilize controlled ferroelectric and piezoelectric domain patterns.

SUPPLEMENTARY MATERIAL

In-plane x-ray diffraction measurements for the studied KNN
films can be found in the supplementary material. A graph depict-
ing the behavior of the lattice parameters of KNN has been
included.
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