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Introduction

In view of growing interests in new technologies,
such as Internet of Things (IoT) networks, the real-
ization of various devices (e.g., sensors, actuators,
and energy-harvesters) with high-performance
piezoelectric  films  become  essential [1-4].
Pb(Zr,Ti)Oz-based materials are most widely used in
piezoelectric devices owing to their superior piezo-
electricity near morphotropic phase boundary
between the rhombohedral and tetragonal phases [5].
However, there are concerns over harmful effects in
the use of lead-containing materials in the environ-
ment and human body. Therefore, it is desirable to
establish lead-free materials with piezoelectric prop-
erties comparable to Pb(Zr,Ti)Oz-based family [6, 7].
In addition, piezoelectric films exceeding 1 pm
thickness are required for sensors and actuators [8, 9].

In this regard, (K,Na)NbO;, which is lead-free, has
excellent piezoelectric properties in the vicinity of
polymorphic phase boundaries between the
orthorhombic and tetragonal phases [10]. This phase
boundary exists at 210 °C in pure (K,Na)NbO;
[11, 12], but can be adjusted to around room tem-
perature by compositional modification [10, 13, 14].
For example, Saito et al. [15] reported that
(K)Na,Li)(Nb,Ta,Sb)O; with polymorphic phase
boundary near room temperature exhibits ground-
breaking piezoelectric properties. It was also
demonstrated that (K,Na)NbO; family containing
multi-components, such as (KNa)(Nb,Sb)Os-
(Bi,Na)ZrO;, forms new phase boundaries composed
of rhombohedral and tetragonal phases [16]. Thus,
the piezoelectric properties of (K,Na)NbOj-based
materials are comparable with those of Pb(Zr,Ti)Os-
based materials, and have attracted much attention as
a promising candidate as a lead-free piezoelectric
material.

Although  compositional =~ modification  of
(K,Na)NbQO; is an effective technique to tune poly-
morphic phase boundaries and improve piezoelectric
properties, deposition of high-quality stoichiometric
(K,Na)NbOj3-based films has always been a challenge
due to the high volatility of K and Na [17, 18]. In this
respect, the hydrothermal method is one of the
solutions to that challenge. This method is a wet
process with alkaline solution and presently used to
fabricate various functional materials [19-24]. An
important characteristic of this method is that it is a
process working at a low temperature: Previous
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reports showed that (K,Na)NbOsfilms can be
obtained between 100 and 240 °C [25-27]. These
process temperatures are much lower than those of
commonly employed deposition methods, such as
sputtering [28], sol-gel [29], or pulsed laser deposi-
tion [30], suggesting that K and Na elements do not
volatilize. Another important characteristic of the
hydrothermal method is the controllability of film
thickness over a wide range. Since the deposition rate
strongly depends on the parameters, such as con-
centration and temperature [25, 31], the film thick-
ness can be adjusted to several hundred nanometers
to several ten micrometers, thereby making the
hydrothermal method as an attractive way to pro-
duce (K,Na)NbOs-based thick (1-100 um) films
[32, 33].

In addition, it is known that of Nb-site in
(K,Na)NbOj3 plays an important role in controlling
phase transition temperatures [10]. For example, as
the content of Ta which substitutes Nb increases, the
orthorhombic-tetragonal phase transition tempera-
ture decreases [34]. In fact, we reported that
(K,Na)(Nb,Ta)O; films with controlled composition
can be obtained by a hydrothermal method [35].
Handoko et al. also reported the hydrothermal
deposition of (K,Na)NbOj films, where Nb atom was
substituted with Li and Ta [36]. However, there are
few reports on the electrical properties of
hydrothermally deposited (K,Na)NbOj3-based films.

In this work, we chose Ta to substitute Nb and
investigated the crystal structures, microstructures,
and electrical properties of hydrothermally deposited
(K,Na)(Nb,Ta)Os5 thick films.

Materials and methods

(Kopg9Nag 11)(Nbg gsTag 15)Oz(KNNT)  films  were
deposited on (001)La:5rTiO; and (001).SrRuO5//
(001)SrTiO; substrates by the hydrothermal method.
For the latter, 50 nm-thick SrRuO; layers were epi-
taxially grown as bottom electrodes by radio fre-
quency magnetron sputtering. Potassium hydroxide
(86.0%, KANTO CHEMICAL CO., INC) and sodium
hydroxide (97.0%, KANTO CHEMICAL CO., INC)
were first dissolved in ion-exchanged water with a
concentration of 7 mol/dm?. Then, Nb,Os and Ta,Os
powders (99.95%, KANTO CHEMICAL CO., INC)
with 0.0012 mol in total were put into 20 mL of the
solution, where the aforementioned substrates were
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immersed, and finally they were sealed in autoclaves.
In order to achieve high deposition rates, [KOH]/
([KOH] + [NaOH]) and [Ta;Os]/([TazOs] + [Nby-
Os]) ratios were adjusted to 0.9 and 0.2, respectively
[27, 35]. The autoclaves were heated in an oven at
200 °C for 1.5-10 h. The deposited films were taken
out after cooling, washed ultrasonically in ion-ex-
changed water, ethanol, and acetone, and then dried
at 150 °C for 1 h in air.

Average film composition was determined by
X-ray fluorescence spectroscopy (XRF, PW4400,
PANalytical). K/(K + Na) and Ta/(Ta + Nb) ratios
were estimated by the fundamental parameter
method calibrated with KNbO3;, NaNbOs, and KTaO;
films. Film thickness and surface morphology were
evaluated by using scanning electron microscopy
(SEM, HITACH 5-4800). Crystal structure was
investigated by X-ray diffractometry (XRD, Philips
X'Pert MRD system). In this report, crystallographic
orientation will be indicated by using pseudo-cubic
indices, and denoted as {hkl}.. To investigate phase
transition temperatures, high-temperature XRD
measurement was carried out using XRD equipment
with a temperature-controllable stage (Anton Paar
DHS1100). Microstructure observations were per-
formed by using transmission electron microscopy
(TEM, Hitachi H-3000 operating at 2 MV) and scan-
ning-TEM (STEM, JEOL JEM-ARMZ200F Cold FEG
operating at 200 kV and Thermo Fisher Scientific
Titan® 60-300 equipped with probe-corrector operat-
ing at 300 kV). The ultra-high voltage electron
microscope (UHVEM) operating above 1 MV enables
microstructure analyses even in a thick specimen in
the observation direction thanks to its high trans-
mission power [37], which is suitable for observing
threading dislocations. Samples for TEM specimens
were prepared using mechanical polishing followed
by Ar ion milling. Selected area electron diffraction
(SAED) patterns of the deposited films were obtained
using an aperture with 750 nm in diameter after
adjusting the zone axis to [010]sro. The conditions for
STEM observation are: Zone axis was set to [010]sto,
convergence semi-angle («) was set to 20 mrad, and
acceptance semi-angles, fin—fout, Were set to 90-175
and 40 — 160 mrad for high-angle annular dark
(HAADF) and Ilow-angle annular dark field
(LAADF)-STEM images, respectively. Elemental
mappings were obtained by STEM-energy-dispersive
X-ray spectroscopy (STEM-EDS, JED-2300 T) using
K-K, Na-K, Nb-K, and Ta-L characteristic X-rays.
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To measure electrical properties, Pt top electrodes
of 100 um in diameter were deposited at room tem-
perature on KNNT/ /(001).SrRuO3//(001)SrTiO;3 by
Ar-ion beam sputtering, forming a capacitor struc-
ture. Pt/KNNT/SrRuOj; capacitor was then annealed
at 200-500 °C for 10 min in O, atmosphere. Leakage
current density and dielectric constant were mea-
sured using an electrometer (KEITHLEY6517B) and a
precision LCR meter (Agilent E4980), respectively.
Ferroelectric and piezoelectric properties were mea-
sured by piezoelectric force microscopy (PFM; SII
SPA400).

Results
Crystal structures

Figure la shows film thickness as a function of
deposition time, ¢, for KNNT films on (001)La:SrTiO3
substrates. In this study, t = 0 is defined as the time
when the autoclave is placed in the bath. Thus, the
observed film thickness was nearly zero up to 1 h
because temperature in the autoclave did not reach a
temperature for hydrothermal reaction to occur. As
seen, the film thickness started to increase at 1.5 h,
and reached 6 pm in 10 h. Figure 1b shows XRD
20 — o patterns for the films as a function of depo-
sition time. In all the patterns, only {00/}, peaks
(I = integer) originating from the oxide films were
observed, suggesting that the deposited films have an
epitaxial orientation relationship with the substrates,
and grown as a perovskite single phase. A close
examination on the peaks due to the KNNT films
reveals the peaks were asymmetrical, i.e., exhibit
non-negligible intensities in the high 20 angle sides.
This indicates the formation of domains with 0kO,
and 00/, orientations. The XRD ¢-scan pattern shown
in Fig. 1c was measured at 20 corresponding to the
peak arising from (011), plane of the KNNT film
obtained at f = 10 h. The observed fourfold sym-
metric peaks confirmed that the deposited film was
epitaxially grown with {001}-orientation on sub-
strate. Figure 1d shows the deposition time depen-
dence of out-of-plane lattice constant for KNNT films.
As mentioned above, diffraction peaks of KNNT can
be assigned to 0kO and 00l.. However, it is difficult to
separate these peaks because the lattice constants are
so close. Therefore, the lattice constant was estimated
from 20 position of the peak top. As seen, the lattice
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constant was approximately 4.04 A regardless of
deposition time, suggesting that the film is compo-
sitionally uniform across the film thickness.

Figure 2a shows the XRD 20 — o patterns mea-
sured at various temperatures for the KNNT film
obtained at t =4 h. As seen, with increasing tem-
perature, a prominent peak, labeled P1, shifts toward
the low-angle side up to around 240 °C, and then
moves back toward the high-angle side. Careful
examination also reveals that a weak peak, labeled
P2, emerges at 120 °C, and shifts to the low-angle side
until it merges into P1 at about 400 °C. These obser-
vations indicate that phase transitions in KNNT have
occurred twice. In Fig. 2b, we plot the temperature
dependence of out-of-plane lattice constants for the
KNNT films, together with that of La:SrTiO; sub-
strate, estimated from the patterns in Fig. 2a. This
figure shows that the orthorhombic-tetragonal phase
transition temperature (To_1) and the tetragonal-cu-
bic phase transition temperature (T Curie
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Deposition time (h)

temperature) are 120 and 400 °C, respectively.
According to the phase diagram of (K,Na)NbO;, To_r
and T. are about 210 and 400 °C [38], whereas T. of
the hydrothermally deposited (KggsNag12)NbOj3 film
was reported to be 450 °C [39]. These observations
hence suggest that these phase transition tempera-
tures decreased by Ta substitution. Figure 2c sum-
marizes phase transition temperatures, deduced by
the high-temperature XRD study, as a function of
film composition, Ta/(Ta + Nb) ratio. The phase
transition temperatures decreased with increasing
Ta/(Ta + Nb), in particular, the orthorhombic-te-
tragonal phase boundary has dropped to 70 °C at Ta/
(Ta + Nb) = 0.3. This result was similar to the rela-
tionship between Ta/(Ta + Nb) ratio and phase
transition temperatures reported for
(K,Na)(Nb,Ta)O5; bulk [34]. These observations thus
show that the polymorphic phase boundary in the
hydrothermally deposited (K,Na)(Nb,Ta)O; films can
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be adjusted to around room temperature by modi-
fying film composition.
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Figure 2 a XRD 260 — w patterns measured at various
temperatures for the KNNT film deposited at t=4h on
(001)La:SrTiO5 substrates. b Out-of-plane lattice constant as a
function of temperature. O, T, and C indicate orthorhombic,
tetragonal, and cubic phases, respectively. ¢ Relationship between
film composition, Ta/(Ta + Nb),

and phase transition

temperatures.
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Microstructures

Figure 3a, ¢ shows the plane-view SEM images of
KNNT films with different deposition times. As seen,
facets (marked by solid lines) were observed in the
films deposited at 2.5 and 6 h, indicating that the
nuclei generated on surface had grown laterally to
form a film. On the other hand, after deposition for
10 h, pits (marked by dashed lines) were observed
throughout the surface, and they were formed along
the [100]sto and [010]sro directions. It is assumed
that surface of these films was etched by alkaline.
Ishikawa et al. reported that alkaline solution etches
the deposited film from surface and grain boundary

Figure 3 Plane-view SEM images of KNNT films deposited at
t=a25,b 6 and c 10 h. Solid and dashed arrows indicate the
facets and pits, respectively.

@ Springer
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under hydrothermal condition [40, 41]. In addition, it
has been reported that grain boundaries formed in
epitaxial films are along specific crystal orientation
[42]. Therefore, it was found that there was an opti-
mal deposition time for fabricating KNNT thick films.
Figure 4a shows a cross-sectional bright-field TEM
image of the KNNT (¢t =4h) film observed by
UHVEM, showing a smooth film/substrate interface
and a flat surface of the film. Note the presence of
diffraction contrasts along the direction perpendicu-
lar to the interface, most likely arising from threading
dislocations. It should also be noted that a weak
diffraction contrast in the horizontal direction was
observed at about 700 nm in film thickness indicated
by the dashed line, where some of the aforemen-
tioned threading dislocations were discontinued or
bent. This means that there is a structural boundary
within the film, and that KNNT film has a bilayer
structure. Figure 4b shows the SAED pattern for
KNNT/La:SrTiO;. As seen, the diffraction spots
arising from the film and substrate were clearly
observed. The estimated in-plane lattice constant of
KNNT film was 3.98 A, which was larger than that of
La:SrTiO; substrate, 3.91 A. This indicates that the
strain caused by lattice mismatch has been relaxed.
In order to investigate a possible bilayer structure
in detail, STEM observations were performed for the
same film, as shown in Fig. 4. Figure 5a, d shows
STEM-EDS mappings obtained using characteristic
K-K, Na-K, Nb-L, and Ta-L X-rays, respectively. No
significant contrast changes have been detected for K
and Na in the mapping, whereas the intensities of Nb
and Ta discontinuously changed at the thickness. The
Ta/(Ta + Nb) ratios of the lower and upper layers
were estimated to be 0.17 and 0.13, respectively.
Figure 5e shows the intensity profiles for each

Figure 4 a Cross-sectional
bright-field TEM image of the
KNNT film deposited at

t =4 h on (001)La:SrTiO5
substrates. Note the presence
of line contrasts, which arise
form dislocations. Dashed line
indicates the position at which
a diffraction contrast changes.
b [010], zone axis SAED
pattern for KNNT/La:SrTiO5.

La:SrTiO;
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element obtained from the EDS mappings, showing
that all profiles have changed discontinuously
around 700 nm in thickness, as indicated by the
dashed arrow. These findings led us to conclude that
the hydrothermally deposited KNNT thick films have
a bilayer structure consisting of a perovskite phase
with different Ta/(Ta + Nb) ratios.

Figure 6a shows a LAADF-STEM image from the
same region. The interface between lower and upper
layers was located around 700 nm in film thickness,
but not conceivable in their imaging mode, which is
basically a Z-contrast. Figure 6b shows a HAADF-
STEM image taken from the rectangular region
shown in Fig. 6a, where bright spots correspond to
cation positions. As seen here, the lower and upper
layers formed a coherent interface, and no local
deformations such as misfit and edge dislocations
were observed, indicating that the in-plane lattice
mismatch between the lower and upper layers is very
small.

Figure 7a, b shows cross-sectional HAADF-STEM
and bright-field STEM images of a KNNT film
deposited at t = 4 h on a (001).5SrRuQO3//(001)SrTiO5
substrate. The thickness of the deposited film was
3 pm, which was equivalent to that of KNNT film on
the SrTiO; substrate. In addition, the two types of
stripe patterns were observed: one shown in Fig. 7a,
in the [101]lgto and [-101]sto directions, and the
other in Fig. 7b at 60 and 120° angle to the film/
SrRuQO; interface. In addition, widths of these pat-
terns were less than 100 nm. These results suggest
that KNNT film deposited at low temperature has a
multidomain structure.

[001]sr0
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Figure 5 STEM-EDS
mappings obtained using a K-
K, b Na—K, ¢ Nb-L, and d Ta-
L characteristic X-rays for the
same film as shown in Fig. 4.
e Intensity profiles for each
element obtained from EDS
mappings. Sr profile indicates
the position of substrate.
Dashed arrow indicates the La:SrTiO, La:SrTiOs
position of the abrupt change.
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(b) Na-K

La:SrTiO; La:SrTiO;
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Figure 6 a Cross-sectional
LAADF-STEM image. :
Dashed line indicates the ; X R o
interface between layers Upper layer
having different Ta/(Ta + Nb)

ratios. b HAADF-STEM

image of the rectangle region

Lower layer

shown in a.
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Figure 7 Cross-sectional

a HAADF-STEM and

b bright-field STEM images of
3-pum-thick KNNT film
deposited on (001).SrRuO3//
(001)SrTiO3 substrate. Solid
and dashed arrows indicate the

R

stripe patterns.

g
=
(=3
=
L 11001610

Annealing effect on crystal structures
and microstructures

Figure 8a shows annealing temperature dependence
of XRD 20 — w patterns measured at room tempera-
ture for 3 um-thick KNNT films deposited on (001)..
SrRuO;//(001)SrTiO; substrates. In all the patterns,
only peaks due to the perovskite phase were
observed. Figure 8b shows a SAED pattern observed
along the [010]. zone axis for the KNNT film
annealed at 500 °C. The spot pattern confirms that the
epitaxial relationship between the film and substrate
was maintained before and after the annealing. Fig-
ure 8c shows out-of-plane lattice constant estimated
from Fig. 8a as a function of annealing temperature.
From this result, it was found that the lattice constant
slightly decreased for the specimen annealed above
400 °C. This temperature was consistent with T,
obtained by high-temperature XRD measurement, as
shown in Fig. 2b. Thus, it is considered that the
observed slight change in the lattice constant was
caused by change in the crystal structure, accompa-
nying the phase transition. Figure 8d shows
microstructure of the KNNT film annealed at 500 °C,
showing stripe patterns, confirming that the annealed
films also have multidomain structure.

Electrical properties of annealed films
Figure 9a shows leakage current density—electric field

(J-E) curves for the as-deposited and annealed films
with 3 pm thickness. Leakage current density was
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(b)

reduced to values as low as 10° A/cm? at 30 kV/cm
after 500 °C annealing. Practically, this means that
high electric field scan be applied after annealing. It is
well known the hydrothermally deposited films often
contain OH™ and H,O derived from alkaline source
solution, leading to poor insulation [43, 44]. Thus,
high-temperature annealing is one of the effective
ways to eliminate these impurities. In fact, we have
already demonstrated that the desorption of impuri-
ties derived from OH™ and H,O completes by an
annealing treatment above 500 °C [45]. Namely, we
have reported, using thermal desorption spec-
troscopy, that the desorption process consisted of two
steps [45, 46]. In the first step, H>O around film sur-
face and grain boundary is removed, decreasing
leakage current density. This means that high electric
fields can be applied after annealing. In the second
step, the desorption of OH™ contained around the
film/substrate interface occurs, resulting in
improved ferroelectric and piezoelectric properties.
Based on these observations, we can suggest here that
the leakage current density of KNNT films decreased,
as seen in Fig. 9a. Figure 9b shows frequency
dependence of relative dielectric constant () and
dielectric loss (tan ¢) of the film annealed at 500 °C.
As seen, ¢, decreased with increasing frequency. The
value for ¢, at 10 kHz was 450, which is higher than,
430, the reported value for 3-pm-thick (KgssNag12)-
NbO; film [47]. This value is one of the consequences
of Ta substitution, and a similar tendency has been
reported for (K,Na)(Nb,Ta)O; bulk. On the other
hand, tan § was approximately constant between 10*
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Figure 8 a XRD 20 — w L
patterns for 3-um thick KNNT
films deposited on
(001).SrRuO3//(001)SrTiO3
substrates as a function of
annealing temperature.

b [010], zone axis SAED
pattern of KNNT film
annealed at 500 °C. ¢ Out-of-
plane lattice constants as a

500°C annealed
400°C annealed
300°C annealed
200°C annealed
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and 10° Hz. It was thus found that dielectric disper-
sion occurs above 10° Hz.

Figure 10 shows a polarization—electric field (P-E)
hysteresis loop and a field-induced strain-electric
field (S-E) curve of the film annealed at 500 °C. The
observed P-E hysteresis loop already suggests fer-
roelectricity, with coercive field (E.) and remanent
polarization (P,) were 60 kV/cm and 30 uC/cmz,
respectively. In addition, the piezoelectric constant
(dsz prv) estimated from S-E curve was 70 pm/V,
which was higher than the reported values for
(K,Na)NbO; films deposited by the hydrothermal
method [47].

Discussion
Deposition mechanism of KNNT thick film

KNNT films possess a bilayer structure, containing of
layers with different Ta/(Ta + Nb) ratio. According
to the relationship between the film thickness and
deposition time (Fig. 1a), a lower layer with 700 nm
thickness was deposited at an early stage in the

deposition process. We now discuss a possible
nucleation and growth mechanism of the KNNT film.
As the autoclave temperature increases, the raw
powders, Nb,Os and Ta,Os, dissolve in the aqueous
solutions of KOH and NaOH in the form of Nb and
Ta ions. These cations react with anions formed
octahedrally coordinated clusters, which nucleate on
the substrate surface. As the deposition proceeds, the
nuclei grow laterally to form a film. However, Zhou
et al. [48] reported that the dissolution behaviors of
Nb,Os and TayOs for alkaline solution are actually
different. Along the same line, we have previously
reported that the synthesis time for the formation of
perovskite phase became shorter, as [TayOs]/([Tas-
Os] + [Nb,Os])] ratio in the raw powders increased
[35]. These observations strongly suggested that
TayOs forms a perovskite phase more easily than
Nb,Os in hydrothermal conditions. Thus, it is con-
sidered that a perovskite phase having a higher Ta/
(Ta + Nb) ratio was formed in the early stage of
deposition process. In fact, no compositional distri-
bution was observed in (KjgsNag 12)NbO; thick films
deposited by the hydrothermal method.
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Improvement in piezoelectricity

It is well known that the fabrication of multilayer
structure composed of oxides with different compo-
sition is an effective way to improve the electrical
properties [49, 50]. In many cases, the difference in
composition between the layers is controlled to be
large, for example KNbO;/KTaO; and Pb(Zrys,-
Tip48)O3/Pb(Zro sTip2)O5. According to the EDS
mappings for KNNT film, the Ta/(Ta + Nb) ratios of
the lower and upper layers were estimated to be 0.17
and 0.13, respectively, indicating that the difference
in chemical composition between upper and lower
layers was very small. Thus, it can be regarded as a
stack structure composed of materials with almost
the same chemical composition. In addition, thick-
ness of KNNT was 3 pm, while that of a lower layer
was 700 nm. Therefore, it is considered that the effect
of bilayer structure on the electrical properties is very
small.

Piezoelectric properties heavily depend on the
intrinsic and extrinsic responses of the material under
electric fields [51]. An intrinsic response is a contri-
bution from the displacements of individual ions,
within single domain. On the other hand, an extrinsic
response is the one due to domain-wall motions and
is observed in a multidomain structure. As shown in
Figs. 7 and 8, KNNT films deposited in the present
study exhibited stripe patterns. There are two possi-
bilities regarding the origin of these patterns. One is a
compositional deviation. It is known that HAADF-
STEM image is essentially Z-contrast, i.e., its contrast
is approximately proportional to Z> (Z; average
atomic number in an atomic column). However, as
shown in Fig. 5, no contrasts variation with a stripe
shape was observed. The other possibility is the fer-
roelectric domains. According to the result of high-
temperature XRD measurement (Fig. 2), the crys-
talline phase of KNNT film assumes the orthorhom-
bic phase at room temperature. Thus, not only 180
and 90° domains but also 60 and 120° domains can be
formed. In this case, the domain-wall density is
expected to increase, resulting in a high extrinsic
response. Therefore, it is considered that stripe pat-
terns represent a multidomain structure of ferro-
electric domains, rather than compositional
deviation, and leads to the enhanced piezoelectric
response of the KNNT film.

In a thick film, thermal strain resulting from dif-
ferences in the thermal expansion coefficients
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between the film and substrate plays an important
role in the formation of the domains [52]. According
to the previous reports, thermal expansion coeffi-
cients of KNbO3z;, NaNbO;, KTaO;, (Ky5Nags)NbOs,
K(Tag63Nbg 3703, and SrTiO; are reported to be
4x107° 16 x 10° 4 x 10, 8 x 10°, 6.6 x 10°°,
and 11 x 107°/°C, respectively [53-56], and the
thermal strain, émermal, can be calculated using the
following equation:

Ethermal = (asubstrate - “film)l(Td - Tm) (1)

where ogypstrate and agy are the respective thermal
expansion coefficient of the substrate and the film, T4
and T, are the deposition and atmospheric temper-
ature, respectively. From this equation, thermal strain
generated in KNbO;/SrTiO;, NaNbO;/SrTiO;,
KTaO3/SrTiO;, (Ky.5Nag5)NbO/SrTiO;3, and
K(Tag3Nbg37)O3/SrTiO; was estimated to be
12x10% — 9x10% 12x10% 5x10% and
7.4 x 107, respectively. Note that the NaNbOj; film
deposited on the SrTiO; substrate was subject to
tensile strain. In the present study, the chemical
composition of the deposited film is (KggoNag11)(-
Nbg gsTag15)O05. Thus, by taking an arithmetic aver-
age, it is considered that a compressive strain was
induced to the film. In the case of {001}.oriented
epitaxial (K,Na)(Nb,Ta)O; films with orthorhombic
phase, three types of diffraction peaks, which are
assigned to 100, 0kO. and 00l can be observed.
However, as can be seen from the XRD patterns, only
two types of peaks were detected. This suggests that
the compressive strain affects the domain structure.

There are many reports on the relationship
between film thickness and electrical properties
[57-59]. In particular, it is known that piezoelectric
constant, ds3, improves with film thickness. So far, we
have investigated the dielectric and ferroelectric
properties of hydrothermally deposited (K,Na)NbOs;
films with different film thickness [27, 32, 47]. As a
result, both properties were improved with increas-
ing film thickness. Therefore, it is expected that the
piezoelectric property of the hydrothermally depos-
ited KNNT films will be improved as the film thick-
ness increases.
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Conclusions

Epitaxial (KggoNag11)(NbggsTag15)05 films, as thick
as 6 um, were deposited by hydrothermal method.
As Ta/(Ta + Nb) ratio increased from 0 to 0.31, the
orthorhombic—tetragonal and tetragonal-cubic phase
transition temperatures decreased from 200 to 70 °C
and from 450 to 200 °C, respectively. STEM-EDS
mappings revealed that the deposited thick films
possess not a single layer structure but a bilayer
structure, where Ta contents exhibited a sudden drop
at about 700 nm thickness. In addition, two types of
stripe patterns were observed, suggesting the pres-
ence of a domain structure. The observed complex
domain structure was considered as the effect of Ta
substitution. Leakage current density decreased after
annealing at 500 °C, and an excellent piezoelectric
constant was observed. The present study thus
demonstrated that the hydrothermal method is an
effective way of depositing high-performance
(K,Na)NbOs-based thick films.
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