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bstract

ighly oriented lead-free K0.5Na0.5NbO3 (KNN) thin films were synthesized by chemical solution deposition. The analysis of the KNN precursor
olution revealed that the KNN precursor consists of complex metal alkoxides of potassium and sodium hexaalkoxy niobates with highly symmetric
b-O octahedra. KNN precursor films were crystallized in a perovskite phase with a (1 0 0) preferred orientation on Pt(1 0 0)/MgO(1 0 0) substrates

t 650 ◦C. The three-dimensional relationship between KNN(1 0 0) and Pt(1 0 0)/MgO(1 0 0) is confirmed by the fourfold symmetry of the pole
gure. The fourfold symmetry indicates that the synthesized films are oriented in both the c and a, b directions on the Pt(1 0 0) surface. Although

he insulating resistance was not sufficiently high at room temperature, the (1 0 0)-oriented KNN thin films showed potentially larger polarizations

ompared to the KNN thin films with no preferred orientation at low temperatures. The 2Pr and 2Ec of the oriented KNN films at −190 ◦C were
1.0 �C/cm2 and 90 kV/cm, respectively.

2011 Elsevier Ltd. All rights reserved.
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. Introduction

Thin-film processing plays an increasingly important role in
he development of integrated devices because of the current
equirements of miniaturization and high integration. Among the
everal methods used for the fabrication of thin films, chemical
olution deposition (CSD) using metal–organic compounds is
ffective in achieving high homogeneity with low-temperature
abrication, precise control of chemical composition and low
quipment costs. Especially in the field of ferroelectrics, the rep-
esentative ferroelectric materials generally contain an element
hat easily volatilizes or changes its valence state. Therefore,
ptimal chemical composition control is indispensable for the
abrication of ferroelectric thin films such as Pb(Zr,Ti)O3-,
i4Ti3O12-, (K,Na)NbO3- and BiFeO3-based thin films,1–7 all
f which have been intensively studied for applications in several
hin-film electronic devices.
Recently, lead-free ferroelectric thin films have received
onsiderable attention due to environmental issues. Among
he numerous lead-free materials, K0.5Na0.5NbO3 (KNN)

∗ Corresponding author. Tel.: +81 52 789 2751; fax: +81 52 789 2133.
E-mail address: sakamoto@esi.nagoya-u.ac.jp (W. Sakamoto).
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s a promising candidate, because it has a relatively high
urie temperature and excellent ferroelectric and piezoelec-

ric properties.8–11 Thus, KNN and KNN-based thin films have
een fabricated using several techniques.4,5,12–25 In the case of
SD-derived thin films, several factors such as the selection of

tarting materials and the optimization of chemical compositions
s well as the processing conditions including the control of the
olecular structure of the metal–organic precursor in solution

trongly affect the crystallographic phase, microstructures and
lectrical properties of the resultant thin films. We have previ-
usly synthesized perovskite polycrystalline KNN thin films on
t/TiOx/SiO2/Si substrates by using a metal–organic precursor
olution4,5 and showed that excess amounts (10 mol%) of K and
a are very effective in improving leakage-current properties of

he resultant thin films, and enable the evaluation of ferroelec-
ric and piezoelectric properties of the perovskite KNN films.4

owever, the ferroelectric properties of these films were not suf-
ciently compared with those of lead–zirconate–titanate-based

hin films. Thus, further investigations on several processing
actors are needed to improve the electrical properties of CSD-
erived KNN thin films. Although research and development

f CSD-derived KNN-based thin films have been conducted by
everal researchers,4,5,15,20,21,23,25 the molecular structure of the
NN precursor in solution has never been reported. Control over

dx.doi.org/10.1016/j.jeurceramsoc.2011.04.031
mailto:sakamoto@esi.nagoya-u.ac.jp
dx.doi.org/10.1016/j.jeurceramsoc.2011.04.031
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he crystal orientation growth of thin films associated with the
olarization direction is required to maximize the utilization
f the properties of perovskite oxides for several applications
sing ferroelectricity and piezoelectricity. However, the effect
f crystal growth orientation on the electrical properties of CSD-
erived KNN thin films has not been studied sufficiently.

This paper focuses on the synthesis of highly oriented KNN
hin films in perovskite phase by using a structure-optimized
omplex metal–alkoxide precursor solution. The molecular
tructure of the KNN precursor in solution was analyzed by
uclear magnetic resonance (NMR) spectroscopy. Furthermore,
he orientation growth and electrical properties of the CSD-
erived KNN thin films on Pt(1 0 0)/MgO(1 0 0) substrates were
lso investigated.

. Experimental procedure

KOC2H5, NaOC2H5 and Nb(OC2H5)5 (Kojundo Chemical,
apan) were selected as starting metal–alkoxide compounds
or the preparation of KNN precursor solutions. Since the
tarting metal alkoxides are extremely sensitive to moisture, 2-
ethoxyethanol, which was used as a solvent, was dried over
olecular sieves and distilled prior to use. Desired amounts

f KOC2H5, NaOC2H5 and Nb(OC2H5)5, corresponding to
0.5Na0.5NbO3 with 10 mol% excess amounts of K and Na, were
issolved in absolute 2-methoxyethanol. In this case, excess K
nd Na alkoxides were added to compensate for their loss due
o their volatility during heating. The mixed solution was then
efluxed for 18 h and concentrated to yield a 0.5 mol/l homoge-
eous solution. The entire procedure was conducted in a dry N2
tmosphere.

The KNN thin films were fabricated using the precur-
or solution by spin coating on Pt(1 0 0)/MgO(1 0 0) and
t(1 1 1)/TiOx/SiO2/Si substrates. A Pt(1 0 0) layer was grown
n MgO(1 0 0) by radio-frequency (RF) magnetron sput-
ering at 550 ◦C in an argon and oxygen gas (1/1) mixture
pressure of 0.5 Pa) referred to the literature.26 The thick-
ess of the Pt layer in both substrates was approximately
00 nm. Prior to spin coating, the substrates were cleaned
y soaking in 2-methoxyethanol. The KNN thin films on
t(1 0 0)/MgO(1 0 0) substrates were prepared as follows:

he deposited precursor films were heat-treated by heating
p to 300 ◦C at a rate of 5 ◦C/min, then heating at 300 ◦C
or 30 min, followed by subsequent heating up to 650 ◦C,
hich was maintained for 10 min. On the other hand, for the
reparation of KNN thin films on the Pt(1 1 1)/TiOx/SiO2/Si
ubstrate, the same procedure was followed, except that
he heating rate was 10 ◦C/min. These heat treatments were
arried out in an O2 flow and film thicknesses of 600–650 nm
ere achieved by repeating the coating/heat-treatment

ycle.
Furthermore, for fabricating KNN thin films on

t(1 0 0)/MgO(1 0 0) substrates, a buffer layer was formed

n the substrate by using a 0.05 mol/l KNN precursor solution.

thin layer of the KNN precursor on the substrate was
eat-treated at 650 ◦C for 10 min under the same conditions
escribed above and the precursor film was then coated

t
a
a
(
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n the precrystallized KNN buffer layer by using 0.5 mol/l
olution.

1H and 13C NMR spectra were recorded using an INOVA
pectrometer system (Varian) in C6D6 solution by using tetram-
thylsilane as the internal standard. The 93Nb NMR spectrum
f the precursor was recorded at 66.05 MHz (JEOL GX270) in
2-methoxyethanol solution. Chemical shifts of the 93Nb spec-

rum were calibrated with the standard tetramethylammonium
exachloroniobate (CH3)4N[NbCl6] in CD3CN. The prepared
lms were characterized by X-ray diffraction (XRD; Rigaku
AD RC) analysis using CuK� radiation with a monochro-
ater. The crystallographic alignment of the KNN films on
t(1 0 0)/MgO(1 0 0) substrates was examined by XRD using Cu
� radiation with a two-dimensional (2D) detector (BRUKER
8 DISCOVER/�-HR). The crystallographic phase of the KNN
lms was identified by Raman microprobe spectroscopy using a
32.30 nm Ar laser beam (JASCO, NRS-1000, 1 �m, 10 mW).
he films on the substrates were observed by scanning electron
icroscopy (SEM; JEOL JSM-5600). To evaluate the electri-

al properties of the films, 0.2-mm-diameter Pt top electrodes
ere deposited by DC sputtering on the films and then annealed

t 400 ◦C for 60 min. The Pt layer of the substrates was used
s the bottom electrodes. Ferroelectric properties were eval-
ated using a ferroelectric test system (Toyo Corp., FCE-1)
t 1 kHz and at room temperature and −190 ◦C in a wafer
ryostat (Sanwa Musen WM-363-1) under vacuum (1.0 Pa).
he current density (J)–electric field (E) characteristics of the
NN thin films were measured at room temperature using an

lectrometer/high-resistance meter (Keithley 6517A): an incre-
ental voltage step of 0.1 V with a duration of 1 s was used

nd the current was measured at the end of each voltage
tep.

. Results and discussion

.1. Synthesis and analysis of KNN precursor solution

KNN precursor solutions were prepared from KOC2H5,
aOC2H5 and Nb(OC2H5)5 in 2-methoxyethanol. These solu-

ions have a sufficient long-term stability. The effect of the
-methoxyethanol ligand on the KNN precursor was ana-
yzed by 1H and 13C spectroscopy. Fig. 1 shows 1H and 13C
MR spectra of the KNN precursor. The three signals of

he 2-methoxyethoxy groups (CH3OCH2CH2O) are observed
t 3.2 ppm (singlet, CH3OCH2CH2O–): 3.6 ppm (triplet,
H3OCH2CH2O–) and 4.6 ppm (triplet, CH3OCH2CH2O–)

Fig. 1(a)). The signal corresponding to the hydroxy
roup (singlet, –OH) at 2.9 ppm disappears compared
ith the 1H NMR spectrum of 2-methoxyethanol, and

he peak at 3.6 ppm (quartet, CH3OCH2CH2O–H) shifts
ownfield to 4.6 ppm, which suggests the formation of
H3OCH2CH2O–M bond (M: metal). Fig. 1(b) shows the

3C NMR spectrum of KNN precursor. The three signals of

he 2-methoxyethoxy groups (CH3OCH2CH2O) are observed
t 58 ppm (CH3OCH2CH2O–), 76 ppm (CH3OCH2CH2O–)
nd 70 ppm (CH3OCH2CH2O–). The peak at 62 ppm
CH3OCH2CH2O–H) of the free 2-methoxyethanol shifts
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Fig. 1. (a) 1H NMR and (b) 13C NMR spectra of KNN precursor (solvent: C6D6,
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Pt(1 1 1)/TiOx/SiO2/Si substrates and the KNN powder crys-
tallized at 650 ◦C. The KNN powder sample was prepared by
removing the solvent from the precursor solution. The precur-
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Fig. 3. XRD patterns of KNN thin films prepared at 650 ◦C on (a)
MS: tetramethyl silane).

ownfield to 70 ppm (CH3OCH2CH2O–M). These results
ndicate that the ethoxy ligands on the metals of the start-
ng materials are entirely substituted by methoxyethoxy
roups.

Fig. 2(a) shows the 93Nb NMR spectrum of the KNN precur-
or solution. The 93Nb NMR spectrum of the starting material
b(OEt)5 exhibits two or three broad signals because of asso-

iation and ligand exchanges27 and is remarkably different
rom that of the KNN precursor solution. 93Nb NMR of the
NN precursor in 2-methoxyethanol solution shows a sin-
le signal at −1178 ppm with a half-width of 5960 Hz. This
esult indicates the formation of a complex alkoxide comprising
ighly symmetric niobium–oxygen octahedra of [Nb(OR)6].27

he single signal is in good agreement with the structure of
Nb(OEt)6 proposed by Mehrotra et al.28 Since 93Nb has
quadrupole moment (I = 9/2), the broadening of signals is

sually observed. The composition of KNN corresponds to a
ixture of 0.5K[Nb(OR)6] and 0.5Na[Nb(OR)6]. The KNN pre-

ursor consists of MNb(OR)6 (M = K, Na, R = OCH2CH2OCH3)
nits, which are mixed at a molecular level in solution. On the
asis of the NMR spectroscopic data, the proposed structure of
he precursors is shown in Fig. 2(b) and consists of potassium
nd sodium hexaalkoxy niobates with highly symmetric Nb–O
ctahedra. Since KNN is the solid solution between KNbO3 and
aNbO3, the tailored complex alkoxides dissolve uniformly at
he molecular level in solution and are suitable for the prepara-
ion of KNN thin films.

P
p

ig. 2. (a) 93Nb NMR spectrum of KNN precursor solution (solvent: 2-
ethixyethanol) and (b) proposed structure of KNN precursor.

.2. Crystallization and orientation mechanism of
1 0 0)-oriented KNN thin films

Crystalline KNN thin films were fabricated by heat treatment
f the KNN precursor films on the substrates. Fig. 3 shows the
RD profiles of KNN thin films on Pt(1 0 0)/MgO(1 0 0) and
t(1 0 0)/MgO(1 0 0) and (b) Pt/TiOx/SiO2/Si substrates and (c) perovskite KNN
owder crystallized at 650 ◦C.
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relationship between KNN(1 0 0) and Pt(1 0 0), as shown
in Fig. 5(c). The pseudo cubic phase of KNN has a lattice
parameter of 0.3962 nm (measured value from XRD) and the

Fig. 5. X-ray pole figures of (a) KNN thin film fabricated at 650 ◦C on
ssignments of the internal vibration modes of NbO6 octahedra (ν1, ν2, ν3, ν4,

5, ν1 + ν5) are from Kakimoto et al (Ref. 32).

or powder was heat-treated under the same conditions as the
NN thin films on Pt/TiOx/SiO2/Si to yield crystalline KNN
owders. Although the diffraction lines of the crystalline KNN
owder were similar to those of tetragonal (or orthorhombic)
erovskite oxides, the alkoxy-derived KNN thin films crystallize
nto the pseudo cubic perovskite phase and there is no secondary
hase such as K4Nb6O17. The XRD patterns of the films on
t(1 0 0)/MgO(1 0 0) show a strong 1 0 0 reflection accompa-
ied with a small 1 1 0 peak. In Fig. 3(a), the 2 0 0 reflection of
NN is superimposed with Pt(2 0 0). The d value of Pt(2 0 0) is
little smaller than that of KNN(2 0 0). Moreover, the intensity
f the 2 0 0 reflection of Pt is much higher than that of the 2 0 0
eflection of KNN. Therefore, in this case, the diffraction line
eems to a little widen to lower 2θ angle region. On the other
and, the KNN thin films prepared on Pt(1 1 1)/TiOx/SiO2/Si
ubstrates are polycrystalline with no preferred orientation. The
egree of {1 0 0} orientation in the KNN films was evaluated
ccording to the Lodgering equation.29 From the XRD data in
ig. 3, Lodgering factors of the KNN thin films prepared on
t(1 0 0)/MgO(1 0 0) and Pt/TiOx/SiO2/Si were calculated to be
5% and 0%, respectively.

For the oriented thin films, it is difficult to judge clearly
hether the KNN films on Pt(1 0 0)/MgO(1 0 0) crystallize in

he perovskite phase or other phases, since the XRD pat-
erns have only a few peaks. Therefore, KNN thin films
n Pt(1 0 0)/MgO(1 0 0) substrates were examined further by
aman microprobe spectroscopy as in the case of tungsten
ronze (Sr,Ba)Nb2O6 and (Pb,Ba)Nb2O6 thin films.30,31 Fig. 4
llustrates the Raman spectra of KNN thin films prepared on
t/MgO(1 0 0) and Pt/TiOx/SiO2/Si substrates. The KNN thin
lm prepared on the Pt/TiOx/SiO2/Si substrate crystallizes in
he polycrystalline perovskite KNN single phase, as shown in
ig. 3(b). From Fig. 4, both the oriented and the polycrystalline
NN films on Pt/MgO(1 0 0) and Pt/TiOx/SiO2/Si substrates

P
m
p
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isplay the characteristic Raman scatterings of the internal vibra-
ion modes of NbO6 octahedra (ν1, ν2, ν3, ν4, ν5, ν1 + ν5), which
orrespond to the stretching modes [A1g(ν1), Eg(ν2), F1u(ν3)]
nd the bending modes [F1u(ν4), F2g(ν5)], as reported by Kaki-
oto et al.32 The bending mode of F2u(ν6) is not clearly observed

n Fig. 4. The profiles in the figure are consistent with those of
NN ceramics in a former report,32 because no scattering mode
f the second phase is observed. Thus, the direct formation of
he perovskite KNN phase in synthesized KNN films without an
ntermediate phase is confirmed.

To investigate the crystallographic alignment of the KNN
hin films on Pt(1 0 0)/MgO(1 0 0) substrates, X-ray pole figure

easurements are employed. Fig. 5(a) shows the (1 0 1) X-ray
ole figure of the KNN layer on Pt(1 0 0)/MgO(1 0 0) substrate,
here φ is the rotation axis perpendicular to the film plane andψ

s the rotation axis perpendicular to φ and θ. The {1 0 1} planes
ntersect the 〈0 0 1〉 direction of the film at 45◦ and have a four-
old symmetry around 〈001〉. Fig. 5(b) shows that the (2 2 0)
-ray pole figure of the Pt layer on MgO(1 0 0) shows spots

very 90◦ along φ at ψ = 45◦. The three-dimensional (3D) rela-
ionship between Pt(1 0 0) and MgO(1 0 0) is confirmed by the
ourfold symmetry of the pole figure, which indicates that the
NN films are oriented in both the c and a, b directions on

he Pt(1 0 0)/MgO(1 0 0) substrate. In the Pt(1 0 0)/MgO(1 0 0)
ubstrate, the a-axis of MgO is consistent with that of Pt, indi-
ating that the crystal lattice plane of KNN is grown with a
ube-on-cube relationship on the Pt(1 0 0)/MgO(1 0 0) substrate.
his is in agreement with the K(Ta,Nb)O3 thin film growth on
t(1 0 0)/MgO(1 0 0) substrates prepared by the CSD process.27

The formation of the perovskite phase on
t(1 0 0)/MgO(1 0 0) is attributed to the atomic alignment
t(1 0 0)/MgO(1 0 0) measured for (1 0 1) plane, (b) Pt thin film on MgO(1 0 0)
easured for (2 2 0) and (c) atomic alignment relationship between KNN(1 0 0)

lane and Pt(1 0 0) plane based upon pole figure measurements.
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ig. 6. Cross-sectional SEM images of KNN thin films fabricated at 650 ◦C on
a) Pt(1 0 0)/MgO(1 0 0) and (b) Pt/TiOx/SiO2/Si substrates.

eposited Pt layers on MgO(1 0 0) have a (1 0 0) orientation
ith a 3D alignment. Platinum has a face-centered cubic atomic
acking with a lattice parameter of 0.3926 nm (measured
rom XRD). The lattice mismatch between KNN(1 0 0) and
t(1 0 0) is calculated to be 0.92% on the basis of the pole-figure
easurements and their measured lattice parameters. Thus,

he crystallization of KNN with both in-pane and out-of-plane
rientations results from the crystallographic matching of
NN(1 0 0) to Pt(1 0 0).
Fig. 6 shows the cross-sectional SEM images of KNN thin

lms prepared at 650 ◦C on Pt/MgO(1 0 0) and Pt/TiOx/SiO2/Si
ubstrates. These films are crack-free and dense, with a smooth
urface and uniform thickness of approximately 650 nm for
t/MgO(1 0 0) and 600 nm for Pt/TiOx/SiO2/Si. Furthermore,
rom atomic force microscopy surface images, the root-mean-
quare roughness values of the KNN thin films prepared on
t/MgO(1 0 0) and Pt/TiOx/SiO2/Si substrates are 2.3 nm and
.9 nm, respectively, in a 1 �m × 1 �m area. The film quality is
ufficient for the characterization of several electrical properties.

.3. Electrical properties of (1 0 0)-oriented KNN thin films
Fig. 7 shows the J–E characteristics (at room temperature) of
NN thin films prepared on Pt/MgO(1 0 0) and Pt/TiOx/SiO2/Si

F
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ubstrates. For the KNN thin films prepared on Pt/MgO(1 0 0),
he leakage-current density rapidly increases at 40 kV/cm when
he electric field is applied from the bottom electrode to the top
lectrode [positive electric field in Fig. 7(a)]. The current density
f the film changes from the order of 10−7 A/cm2 at 40 kV/cm to
0−4 A/cm2 at 80 kV/cm. The most remarkable difference in the
NN thin-film fabrication process is the heating rate in the heat-

reated process. With a decrease in heating rate, the total heating
ime increases; hence, the K and Na ions become volatile, yield-
ng A-site ion vacancies. This volatility of K and Na ions triggers
he formation of oxygen vacancies to maintain the charge neu-
rality in the perovskite KNN films. Therefore, cation and anion
efects are generated in KNN thin films during the crystallization
eat treatment. The distribution of oxygen vacancies originating
rom compositional fluctuation of K and Na in the film is impor-
ant for the leakage-current properties. In addition, oxidation of
he oxygen vacancies should be considered as reported for KNN
ingle crystals.33 A relatively high leakage current in the KNN
hin films is induced by oxidation, leading to electron–hole (h•)
p-type) conduction, which is expressed as the defect reaction
ormula (Vo

•• + 1/2O2 → O×
o + 2h•). In this formula, Vo

••
ndicates the vacancy at the oxide-ion site O×

o and represents
2− at the oxide-ion site. In particular, the segregation of oxy-
en vacancies near the interface between the top electrode and
he KNN thin film may affect the electrode/KNN contact, lead-
ng to asymmetric J–E properties, as shown in Fig. 7(a). Similar
–E curve behaviors have been reported for the KNN thin film.5

The leakage-current density of the KNN thin films crys-
allized on Pt/TiOx/SiO2/Si substrate is almost constant, from
bout 10−7 A/cm2 up to an applied field of 90 kV/cm, and then
ncreases to 10−5 A/cm2 at 150 kV/cm [Fig. 7(b)]. The appropri-
te heating rate enables the optimization of the number of A-site
ons volatilized during the heat treatment in which the formation
ig. 7. Leakage-current properties of KNN thin films fabricated at 650 C on
a) Pt(1 0 0)/MgO(1 0 0) and (b) Pt/TiOx/SiO2/Si substrates. Measurements were
erformed at room temperature using a ramping-up voltage step of 0.1 V (dura-
ion: 1 s) and the current was measured at the end of each voltage step.
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t(1 0 0)/MgO(1 0 0) and (b) Pt/TiOx/SiO2/Si substrates [measured at 1 kHz
−190 ◦C), film thickness: 600-650 nm].

ively slow heating rate of 5 ◦C/min is adopted. Improvement of
eakage-current properties should be achieved by controlling the
efect concentration of K and Na in the film. In addition, further
nvestigations of detailed leakage-current behavior are needed
o clarify the mechanisms for achieving sufficient efficiency for
ractical use.

Fig. 8 shows P–E hysteresis loops of KNN thin films prepared
n Pt/MgO(1 0 0) and Pt/TiOx/SiO2/Si substrates. These loops
ere measured at 1 kHz and −190 ◦C. At room temperature,
NN thin films prepared on Pt/MgO(1 0 0) show poor ferro-

lectric properties. Higher electric fields could not be applied
o the KNN thin films because of the poor leakage-current
roperties, as shown in Fig. 7. On the other hand, the KNN
hin films crystallized on Pt/TiOx/SiO2/Si show typical P–E
erroelectric hysteresis loops with a 2Pr value of 14 �C/cm2,
lthough the P–E hysteresis loops contain slight leakage com-
onents. The ferroelectric properties of the KNN thin films
repared on Pt(1 0 0)/MgO(1 0 0) are inferior to those of the
NN thin films prepared on Pt/TiOx/SiO2/Si at room temper-

ture, as the defect structure in the KNN thin films becomes
omplicated when the KNN thin films are annealed at a slow
eating rate over a longer time. To evaluate the potential ferro-
lectric properties, measurement at low temperature (−190 ◦C)
as carried out and the results are shown in Fig. 8. All the
lms show well-shaped P–E hysteresis loops, which contain

ittle leakage at −190 ◦C. The KNN thin films prepared on
t/MgO(1 0 0) Exhibit 2Pr and 2Ec values of 41 �C/cm2 and
0 kV/cm, respectively, at an applied field around 400 kV/cm.
he Pr is larger than those of the reported KNN thin films fab-

icated by pulsed laser deposition.12,13 The 2Pr values improve
y controlling the film orientation; the KNN films with no pre-
erred orientation on Pt/TiOx/SiO2/Si showed 2Pr at around

8.0 �C/cm2, as shown in Fig. 8(b). Furthermore, in comparison
ith other representative lead-free CSD-derived thin films such

s Bi4Ti3O12-,2,3 CaBi4Ti4O15-,34,35 K0.5Na0.5NbO3-20,21,23,25
Ceramic Society 31 (2011) 2497–2503

nd Bi0.5Na0.5TiO3-based thin films,36,37 the (1 0 0)-oriented
NN thin film possesses higher or comparable 2Pr with lower
Ec. The imprint behavior of the hysteresis curve, observed for
he KNN film on Pr/MgO(1 0 0) in Fig. 8(a), is due to the inter-
al bias caused by the defect formation differences in the film
hickness direction during heat treatment (the defect concentra-
ion increases around the film surface). Although the relationship
etween the orientation degree and the properties of the resultant
NN thin films is confirmed in this study, further optimization
f the synthesis conditions, particularly more precise control
f the K and Na composition in KNN thin films, is required
o improve the electrical properties at ambient temperatures.
uch thin film synthesis optimization provides the KNN thin
lms whose piezoelectric and ferroelectric (including fatigue
ndurance) properties can be characterized, and this study is
urrently in progress.

. Conclusions

Highly oriented perovskite KNN single-phase thin films
ere fabricated by CSD using Pt(1 0 0)/MgO(1 0 0) sub-

trates. From NMR data, the KNN precursor consists of
Nb(OCH2CH2OCH3)6 and NaNb(OCH2CH2OCH3)6 units,
hich are mixed at a molecular level in solution. The crys-

allographic phase of the (1 0 0)-oriented KNN thin film was
onfirmed by Raman spectroscopic analysis. The 3D rela-
ionship between the KNN thin film and Pt(1 0 0)/MgO(1 0 0)
ubstrate was examined by X-ray pole figure measurements. The
riented KNN thin films were grown with a cube-on-cube rela-
ionship on the Pt(1 0 0)/MgO(1 0 0) substrates. Although the
nsulating resistance of the films was not sufficiently high at
oom temperature, the oriented KNN thin films showed larger
erroelectric polarizations than those with no preferred orienta-
ion at relatively low applied electric fields. The oriented KNN
hin films prepared at 650 ◦C showed a ferroelectric P–E hystere-
is loop with a 2Pr value of 41.0 �C/cm2 at −190 ◦C. Although
urther improvement in the ferroelectric properties at ambient
emperature is still needed, the orientation-controlled KNN thin
lms developed by CSD in this study show potential for use in

ead-free ferroelectric thin-film device applications.
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