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Effect of Mn doping on the leakage current and polarization
properties in Ko 14Nag gsNbO3 ferroelectric single crystals

Yuji NOGUCHI" and Masaru MIYAYAMA

Research Center for Advanced Science and Technology, The University of Tokyo, 4-6—-1 Komaba, Meguro-ku, Tokyo 153-8904

Single crystals of Ko 14NaggsNbO3; (KNN) and Mn-substituted KNN (Mn-KNN, K 14Nag gsMng g9sNbg 9950,) were grown by a flux
method, and the effects of Mn substitution on the leakage current, polarization and dielectric properties were investigated along
[100]cypic- As-grown and annealed (850°C in air) crystals did not show an apparent polarization hysteresis loop due to its large
leakage current density (~10~3 A/cm?). The annealing at 1100°C in air led to a marked decrease in leakage current density of the
order of ~10~% A/cm? for KNN crystals. Mn-KNN crystals annealed at 1100°C in air exhibited a low leakage current density of
~10~8 A/cm?. Electron spin resonance measurements and defect chemistry analysis show that the average valence increase of Mn
by oxidation treatment (the annealing in air) absorbs electron hole, the carrier of the leakage current, which is suggested to be the
origin of the low leakage current observed for Mn-KNN crystals.
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1. Introduction

Lead zirconium titanate (PZT) and related materials"-? have
been widely used for ferroelectric and piezoelectric applications
such as nonvolatile memories, sensors, actuators and trans-
ducers.??® PZT based ceramics, however, contain a large
amount of toxic lead, and the use of lead elements in electronic
materials would be restricted in the near future in electronic
devices. Thus, the development of lead-free materials with
sufficient ferroelectric and piezoelectric properties has been
strongly demanded from the environmental and economical
points of view. In recent days, lead-free perovskite ferroelectrics
of BaTiO; (BT)**“9 (Bi,K,Na)TiO3,*">? (K ,Na)NbO;
(KNN)*»70 and Bi-layered ferroelectrics’*? such as SrBi,-
Ta,Oy and BisTi;01, (BiT) and so on have attracted much
attention as alternative materials of Pb(Zr,Ti)Os.

Ti-based perovskite ferroelectrics such as BT?29 and
(Bi,Na,K)TiO3*D*) have recognized as cost-effective lead-free
piezoelectric materials. Recent investigations®?*> have demon-
strated that fine-grained BT ceramics with a grain size of
~100nm show a large piezoelectric strain constant ds3, in which
engineered domain configurations?®*8!) probably enhance the
piezoelectric properties. However, Curie temperature (7¢) of BT
is as low as 135°C, and furthermore fine-grained BT ceramics
exhibit a tetragonal-orthorhombic transition temperature at
around room temperature. This phase transition constitutes an
obstacle to the practical applications of BT.

Takenaka et al.*"*? have shown that (Bi,Na)TiO3; (BNT) is an
attractive piezoelectric material because of a high 7¢ of 320°C
and a large spontaneous polarization. One of the problems to be
overcome is that depolarization temperature (7y), i.e., piezo-
electric activities disappear or are markedly reduced at Ty, lies
around 200°C for BNT*Y473D due to structural phase transition
from rhombohedral (R3¢ symmetry) to tetragonal (P4bm sym-
metry). 859
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It is well known that rhombohedral BNT constitutes a
morphotropic phase boundary (MPB) with tetragonal BT. The
piezoelectric properties have been enhanced for the ceramics of
BNT-BT solid solutions near the MPB composition.® Although
BNT-BT ceramics near the MPB composition have been
intensively studied, marked enhancement in piezoelectric proper-
ties has not been achieved to date as well as the reported values
of the piezoelectric constants etc. are scattered,*D)8-1-32) which
seems to be ascribed to the multiple influences of microstructure,
grain size and orientation, nonstoichiometry and defects.

Potassium sodium niobate (KNN)>>* has been regarded as a
promising lead-free piezoelectric material, because of its high 7¢
of 420°C and superior piezoelectric properties. KNN shows a
consecutive structural phase transition from cubic to tetragonal
around 420°C and tetragonal to orthorhombic around 200°C.
Since Saito et al. have demonstrated that KNN-based ceramics
show sufficient piezoelectric properties comparable to commer-
cially-available PZT-based ceramics,>® considerable interest has
been devoted to improve the piezoelectric properties of KNN
ceramics.

One of the problems in the KNN system, however, is a
relatively high leakage current due to lattice defects.>>3>
Ceramics and films of KNN often suffer from a high leakage
current due to lattice defects, probably originating from the
evaporation of K with high volatility.>® Leakage current proper-
ties of ceramics are closely related not only to defect structure in
grains but also to microstructure. Leakage current interferes with
polarization switching and poling process, and a poor insulating
property makes piezoelectric material unsuitable for practical
applications. To establish the guiding principle of defect control
for suppressing leakage current of ferroelectric materials, inves-
tigations on single crystals are advantageous to know the
influence of defects in ferroelectric lattice on properties.

In the preceding study,’> the effects of Mn substitution on the
leakage current properties for Kg47Nags3NbO;3 crystals were
investigated. Although the defect structure and the relation with
the Mn substitution were clarified, K¢ 47Nag 53NbO; crystals did
not exhibited an apparent polarization hysteresis due to a large
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leakage current. In this study, to reduce leakage current and to
examine the effects of Mn substitution on the polarization
properties, crystals with a low K content, K¢ 14Nag ggNbO;, were
grown by a flux method and the effects of the Mn substitution
were investigated in detail.

2. Experimental procedure

Crystals of KNN and Mn-KNN with a low K content were
grown by a self-flux method in air. For the crystal growth,
NaNbO;3; (NN) powder was used as the starting material. NN and
Mn-doped NN powder (NaMn,Nb;_,0O.; y = 0.005) were pre-
pared by a conventional solid-state reaction. Raw materials of
Na,COj3 (99.95%), NbyOs (99.99%) and Mn,05 (99.9%) were
mixed in stoichiometric composition by a ball milling for 1h.
The mixture was calcined at 800°C for 5h in air. Powder X-ray
diffraction (XRD) data were collected and analyzed by the
Rietveld method using the program RIETAN-2000%9. Although
the space group of NN has been reported to be orthorhombic
Pbma, the Rietveld analysis was conducted based on Amm?2
orthorhombic symmetry®® because of the following reason: the
precise refinement of lattice parameters and the comparison with
Ko.sNag sNbO; that has Amm?2 symmetry.

Calcined powders of NN or Mn-NN (y = 0.005) were mixed
with KF-NaF eutectic flux, and the mixture was put in a Pt
crucible. The weight ratio of NN or Mn-NN (x = 0.005)
powders, KF, and NaF was 5:2:1. The materials were melted at
1050-1150°C for 5h and then slowly cooled down to 950—
1050°C in air. The crystal was dark blue in color with the size of
2 x 2 x 2mm?. The annealing at 1100°C for 5h in air changed
colors of the crystals from dark blue to white for KNN and to
brown for Mn-KNN. It is suggested that the blue color originates
from the presence of Nb** in the crystals because of the defect
state of Nb** inside their band gap. The annealing at 1100°C for
5h in air resulted in a complete oxidation of Nb*" to Nb°*,
leading to a color change from blue to white.?”3®

The composition of KNN and Mn-KNN crystals determined
by inductively coupled plasma atomic emission spectroscopy
were K0_14Nao_g(,NbO3 and Ko_14Na()_gﬁMn0_005Nb0_9950y, respec-
tively. Hereafter, these are denoted as KNN and Mn-KNN
crystals. Electron spin resonance (ESR) spectroscopy was
employed to study the valence state of Mn in the crystals.
Leakage current and polarization were measured at 25°C for the
crystals annealed under various oxidation conditions. In these
measurements, electric field was applied along the pseudocubic
(100) opic direction of the crystals.

3. Results and discussion

Figure 1 shows the XRD patterns of NN and Mn-NN powder
obtained by a solid-state reaction and the powders obtained by
crushing the crystals of KNN and Mn-KNN. These results
indicate that all of the samples were of single phase with
perovskite structure. The results of the Rietveld analysis of
NN and Mn-NN powders are listed in Table 1. The resultant
R-weighted pattern (Ry,,) of 9-11% and the goodness of fit (S)
of 1.6-1.8 were obtained. Since the distribution of crystalline
size for the crushed powders of KNN and Mn-KNN crystals
were much difference from the prediction by the simulation, a
satisfactory fitting by the Rietveld analysis was not obtained for
the crystals.

A marked change in lattice parameters by Mn substitution into
NN was not detected in this study. While ionic radius of Mn>*
(coordination number of VI, high spin: 0.0645nm, low spin:
0.058nm) is equal to or smaller than those of Nb3* (VI,
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Fig. 1. The XRD patterns of NN and Mn-NN powder obtained by a
solid-state reaction and the powders obtained by crushing the crystals of
KNN and Mn-KNN.

Table 1. The results of the Rietveld analysis of NN(NaNbO;) and
Mn-NN(NaMnj 09sNby 9950;)

a b c Volume Ryp S
(nm) (nm) (nm) o)) (%) (D)
NN 0.38819(3) 0.55162(4) 0.55731(4) 0.11934(1) 10.53 1.78
Mn-NN 0.38817(2) 0.55165(4) 0.55728(4) 0.11933(1) 9.79 1.64

Samples

0.064 nm), the radius of Mn>* (VI, high spin: 0.083 nm, low
spin: 0.067nm) is larger than that of Nb>* %) The unchanged
lattice parameters and volume by the Mn substitution and ionic-
size consideration suggest that the majority of Mn ions for the
powder calcined at 800°C in air are substituted at the Nb>* site as
Mn?* with the high-spin configuration, which is different from
the substitution of Mn>* with the low-spin configuration for
K sNag sNbO; powders.>

Figure 2 shows the leakage current density (/) measured at
25°C along [100]cup;c of KNN and Mn-doped crystals. Both
as-grown crystals exhibited a high J over 1073 A/cm? due to
electrical conduction through 4d electron of Nb*+.°) For KNN
crystals, the annealing at 850°C in air changed color of the
crystals from dark blue to light blue and led to a decrease in J to
~10~*A/cm?. This annealing was not, however, sufficient for
decreasing leakage current due to the remanence of Nb**. The
annealing at 1100°C for 5h in air yielded a white crystal with a
low J of the order of 10~7 A/cm?, which shows that the valence
increase of Nb** (Nbj,) to Nb5+ (NbY,) are almost accom-
plished by the oxidation treatment at 1100°C in air. This
oxidation reaction (first stage) is expressed by

1/20; + 2Nbyy, + Vi — OF + 2Nb3, (1)

where V¢, indicates oxygen vacancy and OF is O*~ at the oxygen
site.

The first stage oxidation by air annealing yields a marked
decrease of Nb** responsible for high J, while a large amount of
Vg is still present in these KNN crystals, probably originating
from K vacancies formed during high-temperature crystal
growth.>>%®) Tt has been reported that the annealing under
high-pressure oxygen (Po, = 35 MPa) atmosphere at 750°C for
10 h (the second stage oxidation) leads to a significant increase in
J to ~107> A/cm? K¢ sNagsNbO; crystals.> It is reasonable to
consider that the oxidation by the high-Po, annealing indeed
decreases V(5. The higher J induced by the second stage
oxidation leads to a conclusion that the leakage current properties
at room temperature of oxidized KNN crystals is governed by
electron-hole (4") conduction (p type) as expressed by
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Fig. 3. Relation between leakage current density (J) and oxidation
degree.

Vg + 1/20, — OF + 2K’ )

When KNN crystals absorb oxygen into the lattice, the oxygen
occupies V{ as OF accompanied by the formation of 24". The
higher J induced by oxidation treatment provides direct evidence
that /4" conduction plays a detrimental role in the leakage current
properties of KNN crystals. The p-type conduction at room
temperature has been observed for oxide ferroelectrics such as
PbTiO;,°" BisTiz0;, (BiT),”?** and La-substituted BiT.*¥

The same tendency of J was observed for Mn-doped crystals.
Mn-KNN crystals annealed at 850°C in air (with bluish brown)
showed a relatively high J of ~1073 A /cm?, which was by about
one order of magnitude lower than those of KNN crystals with
the same annealing treatment. Mn-KNN crystals annealed at
1100°C in air showed a low J of ~107% A/cm?, indicating that
the Mn substitution and subsequent oxygen annealing are
effective for suppressing leakage current of KNN crystals. It
has been reported that high-Po, annealing led to an increase in J
also for Mn-doped K sNay sNbO; crystals.”> The increase in J
by the oxidation treatment clearly demonstrates that, in an
oxidized state, A" act as detrimental carrier for the leakage current
of Mn-KNN crystals as well as KNN ones.

In order to clarify the valence state of Mn, ESR investigations
were performed for the crushed powders of Mn-KNN crystals.
Figure 3 shows the X-band ESR spectra of the crystals observed
at —160°C. As-grown crystals exhibited the hyperfine structure

60

109 20 40 60
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The leakage current density (J) measured at 25°C along [100]cubic of KNN and Mn-doped crystals.
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Fig. 4. X-band ESR spectra of the crushed powder of Mn-KNN
crystals observed at —160°C.

with six prominent lines of typical isolated Mn?*,°> which is
almost the same as the spectrum observed for Mn?>* standard
samples (Mn-doped MgO). In these crystals, Mn is substituted at
the Nb>* site as Mn** (Mnf},) accompanied by the formation of
V§ as expressed by

b,05 .
MO — 2%, MY, +20% + 3V, 3)

The crystals annealed at 850°C and 1150°C in air indicate a
superimposed signal originating from Mn?* and Mn**.°® These
results clearly show that Mn?* is partially oxidized to higher
valent cations and that Mn>*, Mn*, and Mn** occupy the Nb>*
site with a mixed valent state (Mn>* is silent in X-band ESR
measurements). The intensity of Mn** signal increased with
increasing annealing temperature in air. These ESR investiga-
tions provide definite evidence that the oxidation treatment by the
annealing in air increases average Mn valence in Mn-KNN
crystals.

Here, the effects of the Mn substitution in KNN crystals are
discussed. The structural analysis and ESR investigations have
demonstrated that Mn in the crystals with a relatively reduced
state is present at the Nb>* site as Mn>* and Mn**. Mn?* at
the perovskite B site has been observed also for PbTiO;,%%
KNbO;,”” and NaNbO3.*® ESR analysis has revealed that the
annealing in air increases average Mn valence.

The relation between J and oxidation degree is schematically
depicted in Fig. 4. When as-grown crystals of KNN and
Mn-KNN are oxidized gradually (first-stage oxidation), J
drops rapidly due to the valence increase of niobium from
Nb** to Nb>*. For the crystals annealed at 850°C in air, KNN
(Ko.14Nag gsNbO3) crystals exhibited a low J compared with
Ky .sNajy sNbOj; crystals. KNN crystals with a low K content seem
to have a low vacancy concentration of K, which results in a high
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concentration of Nb** due to charge neutrality restriction and
thereby leads to a high J. In addition, the value of J of Mn-KNN
crystals was lower than that of KNN even in the first-stage
oxidation. This result suggest that Mn ions at the Nb>* site acts
as acceptors to decrease Nb**, and then gives a lower .J observed
for Mn-KNN crystals.

Immediately after completing Nb oxidation (all Nb** ions
become Nb>*), further oxidation (second-stage oxidation) in-
creases J due to the formation of 4" according to Eq. (2). In
contrast, for Mn-doped crystals, Mn acts as a buffering species for
suppressing an increase of 4" by oxidation. After Nb** is com-
pletely oxidized to Nb>+, Mn?* absorbs /" generated in further
oxidation process by the valence increase of Mn as expressed by

Mnf, + k& — Mnf, (Mn®* to Mn’*) )
Mny, + k" — Mnj, (Mn’* to Mn*). (3)

Thus a low J is maintained for Mn-KNN in a wide oxidation
range as a result of the increase in average Mn valence, while
oxidation forces KNN to accommodate /", resulting in a higher J.
The A’-absorbing function originating from the Mn-valence
increase is a possible origin of the lower J observed for Mn-KNN
crystals.

Figure 5 shows the polarization hysteresis loops measured at
25°C along [100]cubic of KNN and Mn-KNN crystals annealed at
1100°C in air. KNN crystals exhibited a remanent polarization
(Py) of 29 uC/cm? and a coercive field (E.) of 45kV/cm. A well-
developed polarization hysteresis was observed for Mn-KNN
crystals, and a relatively larger P, of 37 uC/cm? and a small E, of
14kV/cm were obtained. This P, value was larger than those of
reported KNN-based ceramics.®®°?) The crystals annealed at
850°C did not show an apparent hysteresis loop due to their
high J.

Figure 6 shows the temperature dependence of dielectric
permittivity (&) and loss (tand) measured along [100]upic at
1 MHz of KNN and Mn-KNN annealed at 1100°C in air. The &,
as a function of temperature exhibited two anomalies corre-
sponding to the successive phase transitions: orthorhombic to
tetragonal (7o.r) and tetragonal to cubic (Curie temperature,
Tc). The Tor and the T¢ of KNN were 173°C and 365°C,
respectively. These To.r and 7 were lower than those of
Ko'SNaolsNbO_?, (To_'r = 19OOC, TC = 3900C),53) which is pTOb-
ably due to a smaller K content for KNN cyrstals (K¢ 14Nag g6~
NbO3). The substitution of Mn led to a slight increase in both
To-rand T¢, and Mn-KNN crystals exhibited a T of 177°C and
a T¢ of 376°C. The Mn substitution did not change the absolute
values of &; in the orthorhombic and tetragonal states markedly,
while the Mn substitution decreased tan § in the tetragonal state.
For practical case, To.t is decreased to around room temperature
by the doping of Li and/or Ta etc.,’¥*¥ and the dielectric and
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loss (tan §) measured along [100]cuyic at 1 MHz of KNN and Mn-KNN
annealed at 1100°C in air.

piezoelectric properties in the tetragonal state plays an important
role. Our investigations show that the Mn substitution is effective
for decreasing tand in the tetragonal state in addition to for
suppressing leakage current at room temperature.

4. Summary

Ko.14Nag gsNbO;3 crystals were grown by a flux method and
the effects of Mn substitution on leakage current, polarization
and dielectric properties were investigated along the [100]upic
direction. The leakage current of K 14NagggNbO; crystals
depended strongly on oxidation degree. A high leakage current
of the crystals in a reduced state is suggested to originate from
d-electron conduction through Nb**, while electron hole gen-
erated by oxidation is shown to be a detrimental carrier of
leakage current of Ky 14Nag gsNbO; crystals in an oxidation state.
The substitution of Mn is demonstrated to be effective for
suppressing leakage current, and the increase in averaged Mn
valence is indicated to play an important role in electron-hole
absorption during oxidation for reducing leakage current. Mn-
substituted crystals exhibited a superior polarization hysteresis
with a P, of 37uC/cm? and a small E, of 14kV/cm.
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