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Lead-free potassium bismuth titanate thin film with complex Aurivillius layer
structure

Abstract

A ferroelectric thin film of Aurivillius phase Ko.5Bis.5Ti4015 (KBT) with a complex bismuth layer-structure
was fabricated using the pulsed laser deposition method. The thin film grown on Pt/Ti/SiO2/ Si substrate
shows a strong c-axis orientation, as revealed by x-ray diffraction results, and platelike growth of grains. A

Pt/KBT/Pt capacitor shows a maximum polarization of about 20 pC/cmz. In addition, the capacitor also

shows good fatigue resistance, with a decrease of 14.5% in the remanent polarization after 107 switching
cycles. This Aurivillius phase with four layers of TiOg octahedra in its unit cell has a band gap of 3.6 eV,

which is greater than that of BisTiz012.
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Lead-free potassium bismuth titanate thin film with complex Aurivillius
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A ferroelectric thin film of Aurivillius phase K sBi,sTi,O;s (KBT) with a complex bismuth
layer-structure was fabricated using the pulsed laser deposition method. The thin film grown on
Pt/ Ti/SiO,/Si substrate shows a strong c-axis orientation, as revealed by x-ray diffraction results,
and platelike growth of grains. A Pt/KBT/Pt capacitor shows a maximum polarization of about
20 uC/cm?. In addition, the capacitor also shows good fatigue resistance, with a decrease of 14.5%
in the remanent polarization after 107 switching cycles. This Aurivillius phase with four layers of
TiOg octahedra in its unit cell has a band gap of 3.6 eV, which is greater than that of Bi TizO 5.
© 2010 American Institute of Physics. [doi:10.1063/1.3374709]

I. INTRODUCTION

Aurivillius phase bismuth layer-structured titanate
materials have been attracting great attention in recent years
from both the theoretical and applications points of view.'?
Many materials in this family show excellent ferroelectric
and piezoelectric properties. For example, Sm modified
Bi,Ti30;, shows a high Curie temperature (To=675 °C),
large spontaneous polarization (P,~38 wC/cm?), and ex-
cellent fatigue resistance (>10° switching cycles), which has
great potential in applications in nonvolatile ferroelectric
random access memory devices. Due to its lead-free nature,
it is also a candidate as an environmentally friendly piezo-
electric material (piezoelectric tensor element, ds;=20
X 10712 C/N).%7

In the crystal structure of the bismuth layer-structured
ferroelectrics, perovskite blocks (A,_B,Osm.1, A=Bi, B
=Ti,Nb, Ta) composed of m layers of BOg octahedra, with
A-site cations occupying the holes created by the octahedra,
are sandwiched between Bi,0, layers, which is suggested to
be the structural reason for the excellence of the ferroelectric
performance of this family of materials.®” Besides Bi,Ti;04,
and its derivatives with three layers of TiOg octahedra,
SrBi,Ta,0y is another kind of bismuth layer-structured ferro-
electric material with m=2 that shows excellent ferroelectric
properties, which have been well studied.*'" In comparison
to the volume of work that has been done on the above two
systems with m=2 and 3, there is still a great deal of work
that should be done on those Aurivillius phase bismuth layer-
structured ferroelectrics with m=4. For example, although
some ferroelectrics in this family of materials, such as
ABi,Ti 0,5 (A=Ca, Ba, Sr, and Pb), have been studied in
the form of thin films, bulk ceramics, and single crystals, one
of its derivatives, My 5sBi4 5Ti40;5 (M=Na and K) has only
been studied in ceramic and single crystal forms."' ™' Results
on the single crystals have shown that K, sBi, sTi4,0;5 (KBT)
has a large remanent polarization of 31 wC/cm?, which sug-
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gests that it has the largest spontaneous polarization among
the m=4 bismuth layer-structured ferroelectrics. However,
there have been no reports regarding to the fabrication and
properties of its thin film form, probably due to the difficulty
in the fabrication of films containing the two volatile ele-
ments bismuth and potassium. Therefore, the successful fab-
rication of KBT film and its properties are of great interest,
as most applications of ferroelectrics will be in their thin film
forms. In this letter, a KBT thin film was fabricated by using
a pulsed laser deposition (PLD) system, and the ferroelectric
and dielectric properties of a prototype memory device, a
Pt/KBT/Pt capacitor, were characterized.

Il. EXPERIMENTAL DETAILS

The target for the PLD deposition was fabricated by the
standard solid state reaction method. Powders of K,COj,
Bi,03, and TiO,, with high purity of 99.99%, were used as
the starting materials. The appropriate amount of each start-
ing chemical was prepared based on the element ratio in the
KBT formula, with 5% extra bismuth to compensate for the
evaporation loss of volatile bismuth during the deposition
process. The chemicals were well mixed by grinding and
then pressed into a pellet. This was followed by a heat-
treatment at 800 °C for 10 h. Then, the reacted product was
ground, pressed into a pellet, and sintered at the higher tem-
perature of 950 °C for 2 h. The sintered material was then
used as the target. Third harmonic generation of a Nd:yttrium
aluminum garnet laser with a wavelength of 355 nm and a
repetition rate of 10 Hz was used as the laser source. The
thin films were initially deposited on Pt/Ti/SiO,/Si sub-
strate or fused quartz glass substrate at 620 °C, and then
cooled down to room temperature following rapid thermal
processing.

The phase and structure of the as-deposited film were
determined by x-ray diffraction (XRD) using Cu Ka radia-
tion on a JEOL 3500 XRD machine. The morphology of the
films was observed by a Veeco 3000 scanning probe micro-
scope (SPM) in tapping mode. Pt upper electrodes with an

© 2010 American Institute of Physics
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FIG. 1. XRD pattern of the KBT thin film on Pt/Ti/SiO,/Si substrate
fabricated by the PLD method.

area of 0.0314 mm? were deposited by magnetron sputtering
through a metal shadow mask to form a memory device. The
thicknesses of the films were measured by observation of the
thin film cross-section by scanning electron microscope
(SEM). Results show that the thin film sample studied in this
report has a thickness of around 500 nm. The ferroelectric
properties were measured at room temperature with an aix-
ACCT EASY CHECK 300 ferroelectric tester. The dielectric
properties of the memory capacitor were measured using an
HP4284 LCR meter. An optical transmission measurement
was carried out with the thin film sample coated on fused
quartz glass by using a Shimadzu UV-3600 spectrophotom-
eter.

lll. RESULTS AND DISCUSSION

Figure 1 shows the XRD pattern of the KBT thin film
fabricated on Pt/ Ti/SiO,/Si substrate by the PLD method.
All the diffraction peaks are indexed based on an orthorhom-
bic symmetry with A21lam space group and lattice param-
eters of a=0.5433 nm, »=0.5456 nm, and ¢=4.1189 nm.
No apparent diffraction peaks from any impurity were ob-
served. Based on the XRD pattern, which features strong
diffraction from the (00/) planes, the fabricated thin films
show a very strong growth habit in the ab-plane, which is
well in accordance with the layered structure along the ¢
direction of this material.

Figure 2 shows the SPM morphology of the fabricated
thin films. It is found that the average grain size is around
100 nm. Most of the grains in the thin films appear sheetlike,
which clearly indicates a special orientation of the thin film
and its growth habit on the Pt/Ti/SiO,/Si substrate. Also,
the layer structure can be observed if a particular grain with
growth steps on it is observed, showing a layer-by-layer
growth mechanism.

In Fig. 3, the polarization-electrical field (P-E) loops of a
memory element Pt/KBT/Pt capacitor measured at 100 Hz
show that the maximum polarization is about 20 uC/cm? at
a maximum polarization electric field just below the break-
down voltage. Saturated polarization was not successfully
detected because a higher voltage would destroy the sample.
The sensing margin of 2P,=20 uC/cm?, where the rema-
nent polarization, P,, is the difference between the positive
and negative remanent polarizations: P,=P!—P,. The coer-
cive field is 89 kV/cm when a maximum voltage is applied
during P-E measurements.
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FIG. 2. Tapping mode SPM morphology of the KBT thin films fabricated on
Pt/Ti/SiO,/Si substrate by the PLD method.

The P, value of 10 uC/cm? measured from the thin
film sample capacitor is much less than the P, value of
31 uC/cm? obtained from a single crystal sample. One of
the reasons for the difference is the different orientations of
the samples in the measurements. For the measurement of
the single crystal sample, the applied electrical field was
along its a(b)-axis. Therefore, the obtained P, value is the
polarization along the crystal’s a-axis or b-axis. However, as
shown by the XRD results, the thin film on the Pt electrode
fabricated in this study is highly c-axis oriented. Therefore,
the observed difference is mainly caused by the sample ori-
entation. This strong orientation dependence of the ferroelec-
tric properties seems to be a common property for most of
the bismuth layer-structured ferroelectrics. For example,
Bi,Ti30,, also has strongly orientation dependent ferroelec-
tric properties, with a 2P, value of 5 uC/cm? for highly
c-axis oriented thin film and a 2P, value of 54 uC/cm? for
highly (117) oriented thin film. The vector of the self or
spontaneous polarization (P,) for Bi Ti;O;, falls in the
ac-plane and forms an angle of ~4.5 degrees with the
a-axis, and therefore, the highly (117) oriented thin films
show much greater P,. As for the KBT, its spontaneous po-
larization vector is closer to the a-axis or b-axis than the
c-axis, and therefore, the highly c-axis oriented thin films

100 200 300
E (kV)

FIG. 3. P-E hysteresis loops of the Pt/KBT/Pt thin film capacitor memory
element, measured at different maximum applied voltages and a frequency
of 100 Hz.
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FIG. 4. (Color online) (a) Electrical fatigue characteristics of Pt/KBT/Pt
capacitor. (b) The P-E loops before fatigue testing and after the test. The
polarization measurement is at 15 V, the switching voltage is 12 V, and the
frequency is 5 kHz.

show much less polarization than the single crystal samples
measured in the a direction or b direction. The other reason
for the observed big difference in their polarization values is
that the value obtained in this study is from a sample that is
far from being saturated in P-E measurements.

Fatigue measurements of the Pt/KBT/Pt thin film capaci-
tor are shown in Fig. 4(a). The polarization of the capacitor
shows little change after switching 107 times. The initial
value of 2P, is 14 uC/cm?, the final value after 107 switches
is 12 uC/ cm?, and the decrease is about 14.5%. The fatigue
resistance behavior is less than that of Sm doped BiyTizO 5.
The P-E loops before and after fatigue measurements are
also plotted for comparison [Fig. 4(b).]

Figure 5 shows the dielectric permittivity and loss of the
KBT thin film memory element in the form of a Pt/KBT/Pt
capacitor. The dielectric permittivity decreases with increas-
ing frequency, while the loss increases monotonically. How-
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FIG. 5. Dielectric permittivity and loss of the KBT thin film in the form of
a Pt/KBT/Pt capacitor.
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FIG. 6. Normalized transmittance spectrum of KBT film on fused quartz
substrate in wavelength from 300 to 800 nm. The oscillations in transmit-
tance come from the interference due to reflection from the top surface of
the film and the interface between the film and the substrate.

ever, there is no sudden change in their values up to 1 MHz.
All these results indicate that the observed P-E hysteresis
behavior in the KBT capacitor originates mainly from the
ferroelectric polarization switching of bound charges. The
dielectric permittivity at 200 kHz is 327, and the loss is 15%.
Both the value of the dielectric permittivity and the loss are
greater than the values for a ceramic KBT capacitor. It is
proposed here that the higher value of the dielectric permit-
tivity is caused by the less insulating nature of the samples,
since the leakage current during the dielectric measurement
contributes significantly to the observation of dielectric per-
mittivity. The higher loss of the thin film in comparison to
the ceramic sample means that there is a higher density of
dislocations or charge centers in the films. This is probably
caused by oxygen vacancies and the high volatility of bis-
muth and potassium.

Figure 6 shows the transmittance spectra of a KBT thin
film on fused quartz glass substrate in a wavelength range
from 300 to 800 nm. It was found that the absorption edge of
KBT film is at 343 nm, which corresponds to a band gap, E,,
of 3.6 eV. The band gap of the KBT is greater than that of
Bi,4Ti304,, which is about 3.2 eV.'® The larger band gap in-
dicates that KBT has higher intrinsic resistance, which favor-
ites ferroelectric applications in terms of higher breakdown
voltage and reduced electric leakage. Such a difference in
band gap between KBT with m=4 and Bi,Ti;O;, with m
=3 can be explained on the basis of the lower electronega-
tivity of the potassium ion compared to the bismuth ion.

IV. CONCLUSIONS

In summary, lead-free KBT thin film was fabricated by
the PLD method. The thin film shows a strongly preferred
growth habit along its c-axis. This highly c-axis oriented thin
film capacitor shows a remanent polarization of about
10 uC/cm?. However, higher polarization values could be
achieved in a-axis or b-axis oriented thin film capacitors,
although this will be a great challenge for film fabrication
due to the layered structure and strong growth habit along
the c-axis. The band gap is greater than that of BiyTizOy,,
indicating that KBT should have higher intrinsic breakdown
voltage and resistance. Doping with rare earth elements
might be very useful to enhance its ferroelectric properties in
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terms of increased polarization and reduced dielectric loss
for better memory performance, as with Bi4Ti3012.3
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