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Abstract

(K,Na)NbOj; ferroelectric films were grown on LaNiO; coated silicon substrates by RF magnetron sputtering. The conductive
LaNiOs; films acted as seed layers and induced the highly (001) oriented perovskite (K,Na)NbO; films. Such films exhibit saturated
hysteresis loops and have a remnant polarization (2P,) of 23 uC/cm?, and coercive field (2E,) of 139 kV/cm. The films showed a fatigue-
free behavior up to 10° switching cycles. A high tunability of 65.7% (@300 kV/cm) was obtained in the films. The leakage current
density of the films is about 6.0 x 10~% Ajecm? at an electric field of 50 kV/cm.

© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

In the past decade, lead-free piezoelectric ceramics have
received considerable attention due to the toxicity of lead-
based piezoelectric ceramics. (K, sNags)NbO;3 (abbreviated
as KNN) is a promising candidate for lead-free piezoelectric
material owing to its high Curie temperature and excellent
piezoelectric properties [1-3]. Driven by the miniaturization
and integration [4,5], great effects have been made to fabri-
cate high-quality KNN or KNN-based thin films using differ-
ent growth techniques, such as chemical solution deposition
(CSD) [6], sol-gel deposition [7-9], pulsed laser deposition
(PLD) [10-12], and RF magnetron sputtering [13—18]. Among
them, RF magnetron sputtering is an attractive technique for
applications since deposition can be employed over large area
substrates and this technique is commonly used in microelec-
tronic manufactures.

Various types of substrates were used to grow KNN films
by sputtering. Wang et al. and Blomqvist et al. grew c-axis
oriented KNN films on LaAlOj; single crystal substrates and
studied the tunability and the dielectric properties of the films
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[13,17]. High-quality epitaxial KNN films on Pt/MgO and
polycrystalline KNN films with a preferential (001) orienta-
tion on Pt/Ti/SiO,/Si were fabricated by Shibata et al. [16].
Wu et al. deposited KNN thin films on the SrRuQ3/SrTiO5
substrate and observed a strong (100) preferred orientation
[18]. Compared with Pt, Ptgylr,y, RuO, and SrRuOs;, LaNiO;
(LNO) is low cost and can be easily textured without single
crystal substrates. In addition, as a typical conductive oxide,
its lattice constant a=3.84 A matches well with that of many
ferroelectric perovskite oxides [19]. Therefore, it has been
used as bottom electrode to improve the structural and
electric properties of ferroelectric thin films [20-23]. To our
best knowledge, there are no reports on the properties of
KNN thin films grown on LNO bottom electrodes. In this
study, highly (001) oriented KNN thin films on LNO bottom
electrodes were fabricated by the RF magnetron sputtering.
The microstructure and the electrical properties of the KNN/
LNO/Si films were characterized.

2. Experiment
LNO bottom electrodes were deposited by RF magnetron

sputtering on silicon at 450 °C, and then in-situ annealed at
600 °C for 1 h. The LNO film with thickness of 63.5 nm
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presented a strong (100) orientation. KNN thin films were
deposited on LNO/Si substrates using a 5% mol K,Na-
enriched (KgssNagss)NbO3; ceramic target, which was
synthesized by a conventional solid state reaction route.
During the deposition, the substrate temperature was kept
at 550 °C, the total pressure was 1.3 Pa with mixed Ar/O,.
After sputtering for 2h, the KNN thin films were post-
annealed at 750 °C for 1 h in an oxygen atmosphere by rapid
thermal annealing. The thickness of KNN thin film was
601 nm. To investigate the electrical behavior, circular Pt top
electrodes with diameter of 0.15mm were deposited by
sputtering, and then post-annealed at 500 °C for 30 min by
conventional thermal annealing.

X-ray diffraction (XRD) with Cu K, was performed to
reveal the structure of the thin film using a Rigaku D/max
2550 V instrument. The surface and cross morphology of the
thin films was studied by field emission scanning electron
microscope (SEM) (HITACHI S4800). Energy dispersive
spectroscopy (EDS) was used to analyze the chemical com-
position of the thin films. Relative permittivity vs. voltage
characteristics were acquired using HP4192A (Agilent Tech-
nologies, Santa Clara, CA). Polarization—field (P—E) hysteresis
loops of the films were measured by TF analyzer 2000. The
leakage current behaviors were characterized by using an
electrometer (Keithley 6517A).

3. Results and discussion

Fig. 1 illustrates the XRD-pattern of the KNN film
deposited on a LNO/Si substrate. The KNN film is a single
phase with preferential (001) orientation, which indicates
that the film has its c-axis normal to the substrate surface.
The preferential growth was induced by the (001)-oriented
LNO buffer layer. The inset of Fig. 1 shows the XRD-
pattern of (K,Na)NbOj ceramic target with a=3.9266 A,
b=39664 A and ¢=3.9844 A, which is fitted to the
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Fig. 1. X-ray diffraction patterns of the KNN/LNO films. Inset shows the
XRD pattern of bulk KNN ceramics.

orthorhombic structure. From the observed Bragg reflections
in Fig. 1, we can only calculate the out-of-plane parameter of
the KNN thin film. The parameter of the KNN film is
¢=4.0058 A, which is larger than that of the bulk ceramic.
This may be attributed to the large lattice misfit of ~4.1%
between KNN and LNO. Due to the large lattice mismatch,
KNN films experience in-plane compressive stress and
appear to be tetragonal out-of-plane distorted.

Surface and cross-sectional SEM images of KNN films
are presented in Fig. 2. The surface image showed that the
thin film is textured with mean grain sizes of 50—100 nm.
It is noted that the textured thin film possesses quadran-
gular grains, some of which are overlapped and with their
special planes parallel to the surface of the thin film. The
cross-sectional image indicates that the thin film possesses
a dense and columnar microstructure. The thickness of
LNO and KNN are estimated to be 63 nm and 601 nm,
respectively. EDS was employed to investigate the compo-
sition of the target and the thin film. The (K4 Na)/Nb
ratios of the target and the thin film are 1.007 and 0.98,
indicating the loss of monovalent elements in the sputter-
ing process. The Na/(K+ Na) ratios of the target and the
thin film are 0.45 and 0.46, respectively, which reveals that
the ratio of Na/K in the thin film is approximately equal to
that in the target.

The variations of the polarization with electric field at
room temperature are shown in Fig. 3. Saturated P-E
hysteresis loops were obtained at the applied electric field
of 400 kV/cm. The remnant polarization (2P,) and the
coercive field (2E)) are 23 pC/em® and 139 kV/cm,
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Fig. 2. (a) SEM surface image and (b) SEM cross-sectional image of
KNN/LNO films.
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Fig. 3. P-E hysteresis loops of Pt/KNN/LNO at room temperature
applied with various electrical fields.

respectively. This result is comparable to the value 2P,.=24
nC/em? for the epitaxial KNN thin film deposited on
SrRuO;/SrTiO5(100) substrate [18]. The electrical fatigue
characteristics of the KNN thin film is displayed in
Fig. 4(a). The measurement was taken at a frequency of
1 MHz. The KNN/LNO/Si film appears fatigue-free sub-
jected to the 10° switching cycles, only little polarization
degradation is observed, which is similar to other oxide
bottom electrodes in improving the fatigue characteristics of
the ferroelectric thin films. The fatigue improvement of KNN
thin film is thought to be related to the consumption of
oxygen vacancies by LNO at the film—electrode interface
during cycling [20,21]. Fig. 4(b) shows the P-E hysteresis
loops before and after the electrical fatigue test. It is noticed
that the remnant polarization of KNN films decreased
slightly. An asymmetric polarization loop and an internal
bias field of E;=12.1 kV/cm were obtained in the fatigued
film. This may be concerned with the trapping electric
charges due to the different work-functions between Pt
and LNO electrodes during cycling. Besides, the relaxation
of stress at the external field can also affect the internal
bias field.

Fig. 5 shows the evolution of the relative permittivity and
loss tangent of Pt/KNN/LNO as a function of DC bias
electric field, applied with an AC small-signal (100 KHz—
500 mV) voltage. The e~V curve displays a butterfly shape,
which is typical for a ferroelectric capacitor. The relative
permittivity and the loss tangent are 551 and 0.03 at 0 kV/cm,
respectively. The Pt/KINN/LNO showed a high tunability of
66% (@300kV/cm) and a loss tangent of 0.03 at room
temperature. The value of 66% is high for KNN films, and
is comparable to those of (Ba,Sr)TiO3; and Pb(Sr,Ti)O;
films [24,25], which are popular materials used in tunable
applications.

Fig. 6 shows the leakage behavior of Pt/KNN/LNO.
The leakage currents were measured with a voltage step of
0.5V, a step duration of 10 s. It is common that the use of
oxide electrodes can result in the increase of the leakage
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Fig. 4. (a) Fatigue behavior of Pt/KNN/LNO. (b) P-E loops of Pt/KNN/
LNO before and after fatigue.
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Fig. 5. E and tan 0—F curves for Pt/KNN/LNO at an applied electrical
field of 300 kV/cm.

current density in films, compared with that of metal Pt.
For example, the leakage current density of KNNN/SRO
reported by Wu et al. is in the magnitude of 10~° A/cm? at
an electric field of 50 kV/cm at room temperature [18],
while it is in the magnitude of 10~7 A/cm? for KNN/Pt [9].
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Fig. 6. Leakage current density as a function of applied field for Pt/
KNN/LNO. Inset shows the logarithmic plots of dependence of J as a
function of E for Pt/KNN/LNO under positive electric field.

In addition, in interdigital capacitors, Blomqvist et al.
reported that the leakage current of KNN films is 3.0 x
1073 Ajem? at an electric field of 400 kV/cm [13], which
indicates the extremely high intrinsic electric properties in
the films. However, the leakage current density of Pt/KNN/
LNO in this work is about 6.0 x 10™® A/cm? at an electric
field of 50 kV/cm at room temperature, it is even lower than
KNN/Pt, which indicates a good state of interface between
LNO bottom electrode and KNN films. The inset of Fig. 6
shows the logarithmic plots of dependence of J as a function
of E for Pt/KINN/LNO under positive electric field. The J-F
curves can be described on the basis of the space charge-
limited current (SCLC) model. It was observed that Pt/
KNN/LNO follows an Ohmic conduction (J~E*, a~1)
mechanism in the low electrical field region (E < 68.5 kV/cm),
and SCLC conduction (J~E* o> 1) in the high electrical
field (E > 68.5 kV/cm).

4. Conclusions

In conclusion, KNN films with highly (001) orientations
have been deposited on LNO/Si substrates by RF magnetron
sputtering. Saturated P-E hysteresis loops with remnant
polarization (2P,) and coercive field (2¢e.) of 23 uC/cm?* and
139 kV/cm were obtained. The films are almost fatigue-free
subjected to 10° switching cycles. The tunability of the films
was measured to be 66% (@300 kV/cm) and the loss tangent
was 0.03. Due to the good state of interface between LNO
and KNN, the leakage current density is very low at room
temperature. As a result, LNO is a good candidate of bottom
electrode material to grow epitaxial KNN films with good
electrical properties.
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