
Japanese Journal of Applied
Physics

     

Effect of (Na,K)-Excess Precursor Solutions on
Alkoxy-Derived (Na,K)NbO3 Powders and Thin
Films
To cite this article: Kiyotaka Tanaka et al 2007 Jpn. J. Appl. Phys. 46 6964

 

View the article online for updates and enhancements.

You may also like
Piezoelectric and dielectric properties of
Sn-doped (Na0.5K0.5)NbO3 ceramics
processed under low oxygen partial
pressure atmosphere
Keisuke Kobayashi, Yutaka Doshida,
Youichi Mizuno et al.

-

ZnO Doping Effects on Piezoelectric and
Ferroelectric Characteristics of Lead-free
CuO Doped Na0.5K0.5Nb0.97Sb0.03O3
Piezoelectric Ceramics
I-Hao Chan, Chieh-Tze Sun, Mau-Phon
Houng et al.

-

Microscopic Raman spectroscopy in the
vicinity of domain wall of (Na,K)NbO3
piezoelectrics
Yuya Taniguchi and Ken-ichi Kakimoto

-

This content was downloaded from IP address 18.119.139.50 on 05/05/2024 at 01:46

https://doi.org/10.1143/JJAP.46.6964
https://iopscience.iop.org/article/10.7567/JJAP.53.011501
https://iopscience.iop.org/article/10.7567/JJAP.53.011501
https://iopscience.iop.org/article/10.7567/JJAP.53.011501
https://iopscience.iop.org/article/10.7567/JJAP.53.011501
https://iopscience.iop.org/article/10.7567/JJAP.53.011501
https://iopscience.iop.org/article/10.7567/JJAP.53.011501
https://iopscience.iop.org/article/10.7567/JJAP.53.011501
https://iopscience.iop.org/article/10.7567/JJAP.53.011501
https://iopscience.iop.org/article/10.1149/2.0131512jss
https://iopscience.iop.org/article/10.1149/2.0131512jss
https://iopscience.iop.org/article/10.1149/2.0131512jss
https://iopscience.iop.org/article/10.1149/2.0131512jss
https://iopscience.iop.org/article/10.1149/2.0131512jss
https://iopscience.iop.org/article/10.1149/2.0131512jss
https://iopscience.iop.org/article/10.1149/2.0131512jss
https://iopscience.iop.org/article/10.1149/2.0131512jss
https://iopscience.iop.org/article/10.7567/JJAP.54.10ND09
https://iopscience.iop.org/article/10.7567/JJAP.54.10ND09
https://iopscience.iop.org/article/10.7567/JJAP.54.10ND09


Effect of (Na,K)-Excess Precursor Solutions on Alkoxy-Derived

(Na,K)NbO3 Powders and Thin Films

Kiyotaka TANAKA, Hiromi HAYASHI, Ken-ichi KAKIMOTO, Hitoshi OHSATO, and Takashi IIJIMA1

21st Century COE Program, Nagoya Institute of Technology, Gokiso-cho, Showa-ku, Nagoya 466-8555, Japan
1Research Institute of Instrumentation Frontier, National Institute of Advanced Industrial Science and Technology,

Tsukuba, Ibaraki 305-8568, Japan

(Received May 23, 2007; accepted August 8, 2007; published online October 22, 2007)

Lead-free (Na0:5K0:5)NbO3 (NKN) powders and thin films were fabricated from stoichiometric (Na/K ¼ 50=50), 4mol%
excess (52/52, 53/51, and 55/49), and 10mol% excess (55/55, 56/54, 58/52, and 60/50) precursor solutions by the sol–gel
process. The NKN55/55 powder heat-treated at 800 �C showed an orthorhombic phase and rectangular grains whose size was
estimated to be about 300 nm. With increasing Na/K ratio, grain size increased to about 1 mm and the cubic–tetragonal (Tc)
phase transition peak emerged at 392 �C in a differential thermal analysis (DTA) curve. On the other hand, single-phase NKN
thin films were fabricated at 600 �C from the (Na,K)-excess precursor solutions (58/52 and 60/50). In particular, the NKN58/
52 thin film showed a low leakage current density (10�7 A/cm2 at 40 kV/cm), and the maximum polarization Pmax and
dielectric constant "r at 1 kHz were 9.1 mC/cm2 and 725, respectively. [DOI: 10.1143/JJAP.46.6964]
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1. Introduction

Alkaline niobate ferroelectrics have attracted considerable
attention as lead-free piezoelectric ferroelectrics owing to
their simple perovskite structure and high Curie temperature.
(Na0:5K0:5)NbO3 (NKN), which is a solid solution of
ferroelectric KNbO3 (KN) and antiferroelectric NaNbO3

(NN), has an orthorhombic phase at room temperature, and
it is well known that it shows enhanced piezoelectric
properties.1,2) Recently, NKN-based ceramics, such as
Li0:06(Na0:5K0:5)0:94NbO3

3) and (K0:44Na0:52Li0:04)(Nb0:84-
Ta0:10Sb0:06)O3,

4) have been shown to have relatively good
piezoelectric properties similar those of to Pb(Zr,Ti)O3

(PZT)-based ceramics. Generally, the fabrication of dense
alkaline niobate ceramics is difficult because the alkaline
elements volatilize during sintering. To improve the sinter-
ability, many techniques such as A and/or B site substitu-
tion,5,6) a hot-press technique,7,8) and spark plasma sinter-
ing9) have been carried out. Furthermore, the particle size of
the raw material powder also strongly depends on the
sinterability of the ceramics. However, since K2CO3 and
Na2CO3, used as raw materials for the fabrication of NKN,
are coarse and the particle size reaches about 1mm, it is
difficult to obtain a homogeneous starting mixture at the
molecular level by normal mixing techniques.

Chemical solution processes are key candidate methods of
fabricating homogeneous powder, and perovskite alkaline
niobate powders are fabricated using hydrothermal syn-
thesis,10) colloid chemistry,11) and the sol–gel process.12,13)

Recently, Shiratori and co-workers have obtained ortho-
rhombic (Na,K)NbO3 nano powders by microemulsion-
mediated synthesis from mixed metal alkoxide solu-
tions.14,15) The sol–gel process is used to fabricate complex
oxide powders and thin films at lower temperatures and is
also effective for controlling the composition.16,17) We
succeeded in the fabrication of highly oriented NKN thin
films on SiO2/Si and Pt/Ti/SiO2/Si substrates at a relatively
low temperature of 500 �C by the sol–gel process.18–20) The
leakage current density of the thin films obtained from
stoichiometric precursor solutions was about 10�6 A/cm2 at
60 kV/cm. Recently, Nakashima et al. have fabricated NKN

thin films at 650 �C from (Na,K)-excess precursor solutions
by the sol–gel process, and have succeeded in obtaining P–E
hysteresis loops.21) It was considered that the (Na,K)-excess
precursor solutions were effective in compensating the
volatilization of Na2O and K2O similarly to excess PbO in
the fabrication of PZT thin films. To our knowledge,
however, reports on the fabrication of powders and thin films
containing Na by the sol–gel process are few and further
studies are needed to clarify the characteristics.

In this study, NKN powders and thin films were fabricated
from (Na,K)-excess precursor solutions with various ðNaþ
KÞ=Nb and Na/K ratios by the sol–gel process. The
optimum starting compositions for obtaining the NKN
powders and thin films were investigated. We will discuss
the volatilization of Na2O and K2O under the heat-treatment
conditions.

2. Experimental Procedure

For the preparation of NKN precursor solutions for
powders and thin films, Na–ethoxide, K–ethoxide, and
Nb–pentaethoxide, and 2-methoxyethanol were selected as
starting chemicals and solvent, respectively. Na–ethoxide,
K–ethoxide, and Nb–pentaethoxide were dissolved in 2-
methoxyethanol and were refluxed at 120 �C for 90min
in dry N2. The ðNaþ KÞ=Nb ratios of the solutions were
adjusted to 1, 1.04, and 1.1 with the same molar ratio of Na
and K. Moreover, in case of ðNaþ KÞ=Nb ¼ 1:04 and 1.1,
the Na/K excess ratio changed to a Na-rich composition.
The concentration of the precursor solutions was adjusted to
about 0.35mol/L. NN and KN precursor solutions were also
prepared using the same conditions.

To obtain crystalline powders, the precursor solutions
were dried at room temperature in air and the resultant
precursor gel powders were dried again at 150 �C in air to
dehydrate them. Finally, the dried gel powders were heat-
treated at 800 �C in air at a heating rate of 10 �C/min. On the
other hand, to obtain thin films, the precursor solutions were
spin-coated on Pt/Ti/SiO2/Si substrates

20) at 3000 rpm for
20 s. The spin-coated films were dried at 150 �C for 1min
using a hot plate. Subsequently, the dried gel films were
calcined at 350 �C for 5min and then sintered at 600 �C for
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1min in air using a rapid thermal annealing (RTA) furnace
at a heating rate of 300 �C/min. To increase the film
thickness to about 250 nm, spin-coating, drying, calcination,
and sintering were repeated 10 times.

The crystal structure of the crystalline powders and thin
films was confirmed by X-ray diffraction (XRD; Philips
X’pert MPD) analysis using Cu K� radiation. The morphol-
ogy was confirmed by scanning electron microscopy (SEM;
JEOL JSM-5200) and an atomic force microscopy (AFM;
Seiko Instruments SPI-4000). The phase transition temper-
ature was observed during the cooling process from 800 �C
by thermogravimetry differential thermal analysis (TG-
DTA; Rigaku Thermoflex TAS-300 TG8101D). To evaluate
the dielectric properties of the thin films, Au or Pt top
electrodes with a thickness of about 150 nm were deposited
on the film surface using an ion coater or an electron-beam
evaporation through a metal shadow mask with a diameter of
300 or 150 mm. The P–E hysteresis loop and leakage current
density were measured using a ferroelectric tester (aixACCT
TF Analyzer 2000). The dielectric constant "r and dielectric
loss tan � were measured using an impedance analyzer
(Agilent Technologies Agilent 4294A).

3. Results and Discussion

3.1 Effects of ðNaþ KÞ=Nb ratio on NKN powders
Figure 1 shows the XRD patterns of NN, NKN, and KN

powders fabricated from precursor solutions with
ðNaþ KÞ=Nb ¼ 1, 1.04, and 1.1. In the case of the powders
fabricated from the stoichiometric precursor solutions, NN
powder was crystallized to the perovskite single phase with a

random orientation, and the perovskite peak near 2� ¼ 46:5�

did not clearly split into 202 and 080. On the other hand, the
KN powder was crystallized to the perovskite phase and the
weak K4Nb6O17 secondary-phase, and the perovskite peaks
near 2� ¼ 45:3� slightly split into 220 and 002. The
crystallinity of the NKN powder was similar to that of the
NN powder, and weak K4Nb6O17 peaks near 2� ¼ 27:8 and
46.3� also emerged as in the KN powder.

Using the 10mol% (Na,K)-excess precursor solutions, the
NN and NKN powders crystallized to the orthorhombic
phase. In particular, the intensities of each peak in the NN
powder were in agreement with those obtained from JCPDS
(No. 33-1270). In a few studies of NN powders fabricated
by chemical processes, Lanfredi et al. have fabricated NN
powder by evaporating a solution of an oxalate-niobium
complex, sodium nitrate, oxalic acid, and ammonium
hydroxide.22) The peak near 2� ¼ 46:5� obtained from their
NN powders heated from 250 to 900 �C for 5 h did not show
splitting. We guessed that there were many Na defects in the
NN powders although they asserted that the NN powder was
stoichiometric. On the other hand, the peak near 2� ¼ 45:3�

of the KN powders fabricated by chemical processes has
been shown to split clearly in many reports. Therefore, the
results of Fig. 1 imply that Na2O is more volatile during
heating than K2O. The formation of the secondary-phase
K4Nb6O17 has also been reported in NKN thin films and
bulk ceramics.20,23) Similarly, Lix(Na0:5K0:5)1�xNbO3 bulk
ceramics include the secondary-phase K3Li2Nb5O15.

3) We
considered that sodium-free secondary phases such as the
K4Nb6O17 and K3Li2Nb5O15 in NKN-based materials
formed because the volatilization rate of Na2O was higher
than that of K2O.

Figure 2 shows the 202/080 or 220/002 d-space of the
NN, NKN, and KN powders obtained from the XRD
patterns. The values of NN and KN bulk ceramics obtained
from JCPDS and our NKN bulk ceramics3) are also plotted
in Fig. 2. Each d-space of the NN and NKN powders was
almost in agreement with that of the bulk ceramics, and the
10mol% (Na,K)-excess precursor solutions are effective in
fabricating the orthorhombic NN and NKN powders. On the
other hand, the d-space of the KN powder fabricated from
the stoichiometric precursor solution was not in agreement
with that of the bulk ceramics. From the results of our
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Fig. 1. XRD patterns of (Na1�xKx)NbO3 powders heat-treated at 800 �C.
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previous TG-DTA,13) it seemed that the crystallization
temperature of KN was higher than those of NN and
NKN. Therefore, since the crystallization temperature of KN
was insufficient under the heat-treatment conditions, the d-
space did not correspond to that of the bulk ceramics.

3.2 Effects of excess Na/K ratio on NKN powders
To investigate the difference in the volatilization of Na

and K during the heat-treatment, the NKN powders were
fabricated from various Na-rich excess solutions. The Na/K
ratio was adjusted to 52/52, 53/51, and 55/49 in 4mol%
(Na,K)-excess solutions. Furthermore, it was also adjusted to
55/55, 56/54, 58/52, and 60/50 in 10mol% (Na,K)-excess
solutions.

Figures 3(a) and 3(b) show the XRD patterns of the NKN
powders fabricated from the 4 and 10mol% (Na,K)-excess
solutions with a Na-rich composition, respectively. In the
case of the 4mol% (Na,K)-excess solutions, the NKN
perovskite peak near 2� ¼ 45:5� did not split although the

Na/K ratio increased. On the other hand, in the case of the
10mol% (Na,K)-excess solutions, the NKN powders were
crystallized to the orthorhombic single phase; the peak near
2� ¼ 45:5� split into 220 and 002. With increasing Na/K
ratio, the peak near 2� ¼ 45:5� split clearly and it shifted
slightly to a higher angle, as shown in the inset of Fig. 3.
Furthermore, the peak near 2� ¼ 51:5� also split into 221
and 112.

Figure 4 shows the SEM images of the NKN powders
fabricated from stoichiometric (Na/K ¼ 50=50) and 10
mol% (Na,K)-excess solutions (55/55, 58/52, and 60/50).
These images showed the surface of cohesions, which
consisted of the primary grains. The grain size of the
NKN50/50 powder was estimated to be about 100 nm and
the contours were unclear. The causes of the morphology
was considered to be the vacancy or the K4Nb6O17 phase
because the volatilization of Na2O and K2O suppressed
grain growth. In the case of the 10mol% (Na,K)-excess
solutions, the NKN55/55 powder consisted of rectangular
grains and the average grain size was estimated to be about
300 nm. From the XRD patterns in Figs. 1 and 3, we
considered that the rectangular grains corresponded to the
orthorhombic phase. The NKN grains with a rectangular
shape derived from the orthorhombic structure grew since
the A-site defects were compensated by the excess (Na,K).
With increasing Na/K ratio, the grain shape of the NKN58/
52 powder became uniformly rectangular. For the NKN60/
50 powder, a small number of abnormal grains of up to about
1 mm existed with the rectangular grains. Abnormal grains
were also reported in NKN-based ceramics by Lee et al. and
Zhen and Li.24,25) They explained that the formation of a
liquid phase, which is related to the evaporation of Na2O or
the volatilization of alkali components, was affected by the
abnormal grain growth. However, the underlying mecha-
nisms of this process have not yet been clarified. The
abnormal grain growth of the NKN60/50 powder might
result from the high mobility of the liquid phase formed by
the Na-rich starting composition. On the other hand, no
abnormal grains existed in the NKN55/55 and 58/52
powders. When the volatilization rate of Na2O was higher
than that of K2O, the Na/K ratio of the resultant NKN55/55
powder was K-rich. Therefore, we considered that the
insufficiency of Na has suppressed abnormal grain growth,
that is, the insufficiency of Na induced a uniform grain
structure.

Figure 5 shows the DTA curves of the NKN powders
fabricated from the 10% (Na,K)-excess precursor solutions
with various Na/K ratios. This measurement was carried out
during cooling from 800 �C to room temperature and the
cooling rate could not be controlled, as shown in the inset
of Fig. 5. In the case of the NKN ceramics, the cubic–
tetragonal (Tc) and tetragonal–orthorhombic (TT{O) phase
transitions occurred at 420 and 200 �C, respectively.2) In
Fig. 5, an exothermic peak emerged at 392 �C and the
intensity increased with increasing Na/K ratio. This peak
corresponded to the phase transitions from the cubic phase to
the tetragonal phase. The difference in Tc was considered to
be caused by the late emergence of the peak since the
cooling rate around 420 �C was faster than the standard
cooling rate (10 �C/min). On the other hand, the exothermic
peak corresponding to TT{O did not emerge.
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3.3 Effects of excess ratio of (Na,K) on NKN thin films
Figures 6 and 7 show the XRD patterns and surface

morphology of NKN thin films fabricated at 600 �C from
precursor solutions (Na/K ¼ 50=50, 52/52, 55/55, 58/52,
and 60/50), respectively. NKN50/50, 52/52, and 55/55 thin
films were crystallized to the perovskite phase with a 100
orientation, which is defined as a pseudo cubic structure, and
to a very weak K4Nb6O17 phase. The grain size range was
estimated to be about 150–400 nm. With increasing ðNaþ
KÞ=Nb ratio, rms roughness increased owing to the increas-
ing percentage of relatively large grains. On the other hand,
with increasing Na/K ratio in the 10mol% (Na,K)-excess
solutions, NKN58/52 and 60/50 thin films were crystallized

to the perovskite single phase with a 100 orientation and the
rms roughness was improved. The minimum rms roughness
was 5.36 nm in the NKN58/52 thin film and this value was
larger than that of randomly oriented NKN thin films
fabricated by the same sol–gel process.21)

The difference in crystal orientation between NKN
powders and thin films might be influenced by stress from
the Pt/Ti/SiO2/Si substrates. However, details on these
effects have not yet been clarified. On the other hand,
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alkoxy-derived NKN thin films fabricated by Nakashima
et al.21) were crystallized to the perovskite single phase with
a random orientation. The difference in the crystal orienta-
tion of NKN thin films fabricated by the same sol–gel
process may be affected by the concentration of the
precursor solutions. Generally, low-concentration solutions
are used frequently in the sol–gel process to promote the
generation of homogeneous nuclei and the growth of fine
grains. In the case of low-concentration solutions, the
generation of nuclei is limited to thinner gel films prepared
from the solutions. Furthermore, NKN grains might be
grown in the in-plane direction in thinner gel films because
the anisotropy of orthorhombic symmetry in the perovskite
structure is high. On the other hand, the grains obtained from
high-concentration solutions might grow in all directions in
a relatively thick gel film regardless of the crystal structure.
As a result, the films obtained from the high-concentration
solutions are crystallized with a random orientation and their
surface might become smooth.

Figures 8 and 9 show the P–E hysteresis loops and
leakage current densities of Au/NKN/Pt capacitors fabri-
cated at 600 �C from various precursor solutions, respec-
tively. The P–E hysteresis loops at 1 kHz obtained from all
the NKN thin films were paraelectric-like. The maximum
polarization Pmax and current density of the NKN50/50 thin
film were 2.0 mC/cm2 at 80 kV/cm and about 10�6 A/cm2 at
40 kV/cm, respectively. With increasing ðNaþ KÞ=Nb ratio,

the Pmax of the NKN55/55 thin film increased to 5.4 mC/cm2

and its current density decreased to 10�7 A/cm2. This
change in the electric properties using (Na,K)-excess solu-
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tions is the same as the change that Nakashima et al.
reported.21) With an increase in the Na/K ratio in the
10mol% (Na,K)-excess solutions, Pmax reached the max-
imum (9.1 mC/cm2) in the NKN58/52 thin film although the
current density hardly changed.

In this study, all NKN thin films were crystallized to a
pseudo cubic structure, as shown in Fig. 6. To obtain the
saturated ferroelectric hysteresis loops reported by Cho and
Grishin,26) 110-oriented NKN thin films are demanded,
because the preferential spontaneous axis of the polarization
in an orthorhombic structure is 110. Furthermore, the NKN
powders heat-treated at 600 �C showed a pseudo cubic
structure. We should have set the sintering temperature of
the NKN thin films to 800 �C, at which, the orthorhombic
phase emerged in NKN powders. However, our Pt/Ti/SiO2/
Si substrates could not endure the temperature of 800 �C
because the 111-orientation of the Pt bottom electrode
deteriorated remarkably and NKN did not grow. On the
other hand, the behavior of the current density was not
symmetrical on both sides for positive and negative electric
fields. The value of the negative electric field was higher
than that of the positive electric field. The interface between
the thin film and the top electrodes was difference, since the
film surface was very rough, as shown in the AFM images of
Fig. 7. In the sintering at 600 �C, excess (Na,K) might have
remained in the grain boundaries and this might have
prevented the insulation of the thin films. The determination
of the optimum amount of excess (Na,K) on the basis of
sintering temperature is demanded.

Figures 10 shows the dielectric constant "r and the
dielectric loss tan � at 1 kHz for Pt/NKN/Pt capacitors
fabricated from various precursor solutions, respectively.
With increasing ðNaþ KÞ=Nb ratio, "r increased to about
616 in the NKN55/55 thin films and tan � decreased to 8.1%.
Both values were improved using 10mol% (Na,K)-excess
solution; however, the tan � of 8.1% was still large compared
with those of NKN thin and thick films previously
reported.21,27) With an increase in the Na/K ratio in the

10mol% (Na,K)-excess solutions, the "r and tan � of the
NKN58/52 thin film increased to about 725 and 8.4%,
respectively. Na-rich excess solutions compensated the A-
site vacancy due to the volatilization of Na2O and K2O.
However, it is necessary to decrease the large value of tan �
by improving the microstructure such as film thickness and
surface roughness.

In our previous papers,18,20) we concluded that the ðNaþ
KÞ=Nb ratio of NKN powders and thin films fabricated by
the sol–gel process from the stoichiometric precursor solu-
tion (50/50) is maintained. However, Na and K elements
were volatilized similarly to Na2O and K2O during the heat-
treatment and the composition of the powders and thin films
was changed to a Nb-rich composition. It might be
impossible to prevent their volatilization using other
processes. The 10mol% (Na,K)-excess precursor solutions
with a Na-rich composition are effective in compensating an
A-site vacancy. Conversely, in the case of the stoichiometric
precursor solution, about 10% of K2O and Na2O volatilized
from the powder and the thin films during the heat-treatment.
The optimum Na/K ratio would therefore depend on the
heat-treatment conditions such as temperature, keeping time,
heating rate, and furnace capacity. The effects of the (Na,K)-
excess precursor solutions would be limited to the fabrica-
tion of powders and thin films.

4. Conclusions

(Na0:5K0:5)NbO3 (NKN) powders and thin films were
fabricated from precursor solutions by the sol–gel process
and the effects of ðNaþ KÞ=Nb and Na/K ratios were
investigated. In various NKN ðNa/K ¼ 50=50, 52/52, 55/
55, 56/54, 58/52, and 60/50) powders heat-treated at
800 �C, an orthorhombic phase emerged using 10mol%
(Na,K)-excess solutions. The NKN55/55 powder consisted
of rectangular grains and the average size was estimated to
be about 300 nm. With increasing Na/K ratio in the
10mol% (Na,K)-excess solutions, grain size increased to
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about 1 mm and the cubic–tetragonal (Tc) phase transition
peak emerged at 392 �C in a DTA curve. On the other hand,
in various NKN (Na/K ¼ 50=50, 52/52, 55/55, 58/52, and
60/50) thin films sintered at 600 �C, the perovskite single
phase emerged from the NKN58/52 and 60/50 thin films. In
particular, the NKN58/52 thin film showed good electric
properties such as Pmax ¼ 9:1 mC/cm2, a relatively low
leakage current density (10�7 A/cm2), and "r ¼ 725. The
10mol% (Na,K)-excess precursor solutions with a Na-rich
composition were effective in compensating an A-site
vacancy, and improved the crystallinity and morphology of
the powders and the electric properties of the thin films. The
impurity K4Nb6O17 phase in the powders and thin films did
not include Na. Therefore, we conclude that Na tends to be
more volatile than K during heat-treatment.
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