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Abstract

Systematic effort was made to optimize the quality of ferroelectric
BizzsLag75Ti3Oy; thin films, that were pulsed laser deposited onto indium-—tin-
oxide coated glass plates, by varying the conditions of laser fluence density,
partial oxygen pressure and post-annealing temperature. Characterizations
from the dielectric and ferroelectric measurements concluded that the films
deposited with a laser power of 2.5 J cm ™2, a deposition pressure of 200 mTorr
and an annealing temperature of 650 °C showed the finest electrical properties,
consisting of remnant polarization (2 P;) and coercive field (E.) values of 28—
32 1C cm~2 and 90-100 kV cm ™!, respectively. No significant reduction in
switching polarization magnitudes were observed until 1 x 10'! switching
cycles, indicating that these electrical properties and the relevancy of the film
with metallic-oxide ITO electrodes have satisfied the necessary requirements
for applications in nonvolatile ferroelectric memory devices.

1. Introduction

Since ferroelectric BispsLag7sTizOn (BLT) was reported as being used in nonvolatile
memories [1], extensive research has been carried out in observing its ferroelectric properties
when fabricated in a thin film capacitor module. There are two distinctive structures in
ferroelectric random access memory (FeRAM) applications. The first and most widely
investigated FeERAM device is a single transistor and single capacitor (1T-1C) structured
memory device [2] that uses a ferroelectric material enclosed between metal electrodes in a
parallel plate capacitor, and the other is a single transistor type memory device [3]. The issues
of 1T-1C type FeRAM integration are directly related to the properties of the ferroelectric
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film capacitor, i.e. the magnitude of polarization, processing temperature, and high fatigue
resistance. Ferroelectric BLT is known to fulfil these requirements and has thus attracted
tremendous attention to FeERAM research faculties worldwide.

Various approaches have been carried out to maximize the polarization magnitude by using
different deposition techniques [4—6] or substituting other rare earth elements [7, 8]. Other than
the above attempts, enhanced ferroelectricity has been observed through the use of conducting
oxide electrodes [9, 10]. These oxide electrodes are favourable for use in FeERAM research,
but problems such as difficult fabrication, high cost and complicated etching processes have
proven that numerous unsolved technical issues still remain. We therefore propose the use of
transparent and electrically conducting films of indium tin oxide (ITO, 1:1 ratio In,0,:Sn0,),
a widely used electrode material in display technologies, as the conductive metal oxide bottom
layers in ferroelectric nonvolatile memories.

ITO finds many applications in contemporary and emerging technologies, including
applications in displays of various kinds, solar cells and electrochromic devices [11]. Other than
the above applications, it can be a transparent electrode that acts as a conduction layer in floating
gate memories [12]. The advantages of using ITO films with excellent conductivity include low
thermal emittance and prevention of radiative cooling, which are favourable for applications
in display technology. Likewise, since commercialization and long term usage of the material,
technological issues such as etching and integrated circuit interconnect technologies are widely
known. The above-mentioned success of the material makes it an attractive candidate for
numerous application fields. This paper will report on the fabrication and electrical properties
of BLT thin films on ITO layers and discuss its appropriateness as an electrode material for
FeRAM applications.

2. Experimental procedures

Ferroelectric BLT films were successfully deposited on ITO coated glass substrates by the
pulsed laser deposition (PLD) method. Detailed descriptions of the deposition procedure have
been given elsewhere [13], where the results of its electrical properties were shown in contrast
to films deposited on platinized silicon substrates. This paper is focused on the survey done
on the deposition parameters and its relation to the dielectric and ferroelectric properties of the
thin film capacitor.

Parameters such as laser fluence density, partial oxygen pressures and annealing
temperatures are decisive factors regarding the generation of the material particulates and
crystallization of the deposited film. The nature of the particulates, including the generation
rate, the energy or velocity, the size, the chemistry, and the microstructure depends upon the
mentioned processing conditions and the type of material used [14]. We will concentrate
on these primary parameters being interpreted from the electrical measurements made after
fabricating the film into a metal-ferroelectric—metallic oxide configured capacitor structure.
Circular gold (Au) dots with an area of 1.44 x 10~* cm? were thermally evaporated as the top
metal electrodes. As the deposition rate of the material differs with respect to the laser fluence
or oxygen pressure, the deposition time for every film was controlled to reveal a film thickness
of 200 nm.

The films were shown to be polycrystalline from studies carried out using Rigaku Model
D/Max-3C x-ray diffraction (XRD) 626 measurements. The surface morphologies at different
oxygen pressures were investigated by JEOL JSM-840A scanning electron microscopy (SEM)
and the obtained grain size was averaged to be 20, 50 and 80 nm at the given oxygen pressures
of 50, 200 and 500 mTorr, respectively. The chemical compositions of the film deposited
at 400°C in an oxygen ambient of 200 mTorr and annealed at 650 °C were measured using
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Figure 1. Variations of (a) relative dielectric constant and loss tangent values, and (b) spontaneous
and remnant polarization values at various laser fluence density. Deposition was carried out at
400°C in an oxygen ambient of 200 mTorr and annealed at 650 °C for 1 h. In order to prevent
complications, the ticks and titles for the right-axis were placed into the graph itself.

a JEOL JXA-8900R electron probe microanalyser (EPMA) and it was found that the molar
ratio of Bi:La:Ti was 3.66:0.59:2.81, showing the most similar values in relation to the target
composition. The electrical properties of the films were characterized using a computerized
impedance gain/phase analyser HP4194A and ferroelectric test system RT66A. The measured
results of the dielectric properties at various conditions were plotted with a given frequency of
1 MHz, and polarization-field hysteresis loops were measured with 5 V applied voltage.

3. Results

3.1. Laser fluence

The generation of the laser plume in a pulsed laser deposition technique can be varied by
applying different laser power or by alteration of the laser spot size. The incident laser beam in
this report was rectangular in shape with a size of 7 mm x 3 mm, not increasing by more than
10% when the power was doubled. It was focused to scan an area having a width of 2 cm at the
lower quarter of a 1 inch ceramic target with an incident angle of 45° and a target-to-substrate
distance of 45 mm. For a chosen material and a fixed laser wavelength, which is 248 nm in our
case, the laser fluence on the ceramic target has the most significant effect on the particulate
size and density [14].

Figures 1(a) and (b) show the respective dielectric and ferroelectric properties of the
fabricated films at different laser fluence densities ranging at 0.5 J cm~2 in an interval from 2.0
to4.0J cm~2. Other parameters during the deposition were a deposition pressure of 200 mTorr,
an annealing temperature of 650 °C, and deposition times varying for each fluence step to make
the film thickness roughly the same. The relations of the measured values on fluence variations
showed a Gaussian-like distribution with a maxima at 2.5 J cm~2 and a minima at 4.0 J cm 2.
Films deposited at 2.5 ] cm™2 showed the largest dielectric constant (g;) of 375, remnant and
spontaneous polarization (P;, P;) of 14 and 36 uC cm~2, respectively, and the lowest loss
tangent (tan §) value of about 0.001. On the other hand, films deposited at 4.0 J cm 2 had the
highest loss tangent value of 0.046, resulting in the immense decrease of polarization values.

Bu et al [15] asserted that the electrical properties of the bismuth layer structured
ferroelectric films were strongly dependent on the laser fluence. Therefore, optimized fluence
density is required to achieve high-quality BLT films with good electrical properties, and
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the poor ferroelectricity observed from films deposited at higher fluence densities should be
attributed to the nonstoichiometric Bi ratio in the films [16, 17]. Studies are still ongoing to find
the correlations of the laser fluence density with the Bi concentration and electrical properties
of these films.

3.2. Annealing temperature

Post-annealing treatments are strongly related to the physical properties of the films.
Several parameters, such as the rate of temperature increase, annealing atmosphere, pressure
and temperature during post-annealing treatment, are known to effectively influence film
crystallizations. Orientation of thin films can be discussed from two points of view; lattice
mismatch and surface energy. On a well-matched substrate, the film grows in the plane that
maintains structural coherency with the substrate [18]. In our case, polycrystalline films are
expected as crystallizations of the ITO layer occurring during the annealing process.

Figure 2(a) shows the XRD 6-26 measurements for films deposited at a laser fluence
density of 2.5 J cm~2 and treated at various annealing temperatures. Peaks at 38.1° and 44.4°
are those of the XRD sample holder during measurements. The polycrystalline state in the
films showed clear (117) and (200) peaks at low annealing temperatures, while weak c-axis
crystallizations were observed for films annealed above 600 °C. Similar results were observed
elsewhere for other perovskite-type ferroelectric materials [19]. It can be noticed that only the
formation of perovskite phases were present, no sign of any pyrochlore phases were obtained.
ITO(400) and (440) peaks were also observed at 35.7° and 51°, indicating the crystallizations
of the bottom ITO layers which were previously observed in rapid thermal annealed Bi4 Tiz O,
films fabricated on identical substrates [20].

The chemical composition of the post-annealed films at different temperatures is given in
figure 2(b). The amount of bismuth, titanium and lanthanum atoms at various temperatures
are plotted with solidified squares (m), circles (®) and triangles (A), respectively. Note
that the volatility of bismuth atoms increases severely with the post-annealing temperature,
which results in the relative increment of titanium and lanthanum contents. As the annealing
temperature was increased to 650 °C, the concentration ratio of Bi:La:Ti was found to approach
the value of 3.66:0.59:2.81, which is the closest to the concentration of the target. Further
increasing the temperature resulted in a higher Bi concentration that is due to increased volatility
of both Bi and Ti atoms [21].

The electrical properties of ferroelectric thin films can be characterized by their structures
and compositions. Previous reports have shown that BLSF thin films strongly depend on
the degree of a—b plane orientation, the grain size, and the chemical composition [22, 23].
Our results have clearly verified these assumptions. Figure 2(c) shows the ferroelectric
measurements of the deposited films at different annealing conditions. As easily seen from the
graph, the ferroelectric properties of low post-annealing treated samples were measured to be
very weak. Recalling from XRD results, we have observed polycrystalline films, indicating
that low post-annealing treatment leads to poor crystallinity of the films. This, however, is not
the sole reason for the low measured results. The chemical compositions also give rise to the
poor ferroelectricity.

Relative increase of titanium and lanthanum atoms arises from the volatility of bismuth,
and itis known that ferroelectricity of BLSF thin films is favourable when the amount of bismuth
is 15% in excess of than the amount it should be [24]. An excessive bismuth concentration
also shows poor ferroelectricity, as seen for the films annealed at 500 and 550 °C. A gradually
enhanced ferroelectric magnitude was obtained with increasing temperatures, but later showed
a sudden declined value when the annealing treatment was carried out at 700 °C. The influence
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Figure 2. (a) X-ray diffraction 626 scan, (b) chemical composition analysis extracted by electron
probe microanalyser where the straight lines are ideal values for Bi, Ti and La, and (c) variations of
spontaneous and remnant polarization values of films annealed at different annealing temperatures.
Films are deposited at a given fluence density of 2.5 J cm~2, a deposition temperature of 400 °C
and an oxygen ambient of 200 mTorr.

of the laser fluence density on bismuth concentration is a well known occurrence in pulsed
laser deposition [16, 17], but we find that the correlations of post-annealing temperatures
with Bi ratio should also be considered. It has been mentioned that the volatility of both Bi
and Ti atoms resulted for the films annealed at 700 °C [21], and such a decrease in electrical
properties should be induced from factors regarding atomic concentrations. Besides atomic
concentrations, we also notice that the ferroelectric properties of BLT films may be reduced
significantly when crystallization is enhanced in the (00/) direction, as seen for the films treated
at 700 °C, which agrees with the previously reported results [25].

This relative comparison of the electrical properties with crystallizations and atomic
concentration can help conclude the resulting properties of films annealed above 600 °C.
Weak ferroelectric properties observed in 600 °C annealed films were attributed to excessive
Bi concentrations while influence from both crystallizations and atomic concentrations were
affected in films treated at 700 °C. Films annealed at 650 °C showed relatively large electrical
properties that are contributed to both factors. It is still unclear why a large difference resulted
in polarization magnitudes between the films treated at temperatures of 650 and 700 °C, and
thus more studies may have to be done around these temperatures.

3.3. Partial oxygen pressure

Problematic issues such as oxygen vacancies or deficiencies of the films [26] are bound to
arise when a powerful physical energy, such as a laser beam, is supplied to the ceramic target.
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Figure 3. Surface SEM images of the films deposited at a partial oxygen pressure of (a) S0 mTorr,
(b) 200 mTorr, (c) 500 mTorr and (d) cross-sectional image for the film deposited at 200 mTorr.
Averaged grain sizes are 20, 50 and 80 nm at the respective pressures. The bubble-like structures
seen in (d) are structural features of the glass substrates.

During the deposition process where the particles are transported to the substrate via a plume,
a passive method to compensate for the lost oxygen has been applied with the presence of a
nozzle right under the plume.

A direct effect on the grain growth of the material relies on the partial oxygen pressures.
Other deposition parameters were a deposition temperature of 400 °C, a fluence density of
2.5J cm™2, and an annealing temperature of 650 °C. The oxygen pressures during deposition
were varied at 50, 200 and 500 mTorr, and the surface morphology and electrical properties
of the films were observed. Figure 3 shows the surface images of the films having columnar
grains with sizes of 20 and 50 nm at deposition pressures of (a) 50 mTorr and (b) 200 mTorr,
respectively. The surface of the films deposited at 500 mTorr resulted in nucleation of grain
boundaries as shown in figure 3(c). The cross-sectional SEM image for the film deposited at
200 mTorr is shown in figure 3(d). The thicknesses of all films were constantly fixed to be
about 2000 A by varying the deposition time.

The electrical properties for these films were summarized in table 1. These properties at
different partial pressures reveal that the films prepared at 50 mTorr are oxygen deficient while
those prepared at 500 mTorr have excessive oxygen resulting in a co-existing ferroelectric
and pyrochlore phase [27]. As for the film prepared at 200 mTorr, the dense surface with an
average grain size of 50 nm revealed good ferroelectric properties, similar to previous results
reported by other workers [5, 6, 8—10].
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Figure 4. Optimized film deposited at 400 °C in an oxygen pressure of 200 mTorr and annealed
at 650 °C, showing (a) polarization-electric field hysteresis loops with different applied voltages.
The inset graph shows the plot of a doubled coercive field as a function of applied voltage, where a
saturation pointis observed around an applied voltage of 5 V. (b) Fatigue properties of BLT thin films
under cycling frequency of 500 kHz without any significant reduction of polarization magnitude.
The inset graph shows the hysteresis loops before (®) and after (O) undergoing 1 x 10! switching
cycles.

Table 1. Measured dielectric and ferroelectric quantities of the thin film capacitors prepared at
partial oxygen pressures of 50, 200 and 500 mTorr.

50 mTorr 200 mTorr 500 mTorr

Grain size (nm) 20 50 80
Dielectric constant, & 250 365 70
Spontaneous polarization (xC cm~2)  11.5 26.0 —
Remnant polarization (©C cm~2) 5.8 15 —
Coercive field (kV cm™!) 95 90 —

3.4. Ferroelectric properties

Hysteresis measurements for films deposited at 200 mTorr and post annealed at 650 °C were
carried out at different applied voltages of which the results are plotted in figure 4(a). P
and P; values of the films at an applied voltage of 5 V were found to be approximately
25 and 15 uC cm~2, respectively, which is comparable with those of the films deposited
on conventional platinum electrodes [1, 4-6]. On the other hand, relatively large coercive
field values in the range of 90-100 kV cm~! were measured. These phenomena can be
normally observed for ferroelectrics deposited on conductive oxide electrodes [28]. The leaky
characteristics of the electrode material would be the main reason for such large coercive fields
of the Au/BLT/ITO capacitor [18]. The inset graph shows the saturation plot of the film. As
the hysteresis loops did not seem to be fully saturated, the doubled coercive field was plotted
as a function of applied voltage, which resulted in a saturation point around an applied voltage
of 5V.

The fatigue properties measured at an applied field of 5 V and an external frequency of
500 kHz are shown in figure 4(b) where no significant degradation in polarization magnitudes
can be observed. The inset graph shows the hysteresis loops before (®) and after (0) 1 x 10'!
switching cycles, showing almost no change in polarization values. It is an interesting fact
that the fatigue properties of BLT thin films are not dependent on the types of electrode used,
whether they are based on pure metals or on metallic compounds [1, 4-10]. Progress is
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still ongoing to understand the role of metallic oxide electrodes on bismuth layered structure
ferroelectric BLT thin film capacitors fabricated on other types of conductive oxide electrode.

4. Conclusions

Electrical characterizations of pulsed laser deposited Bis,sLag75Ti3Oj, thin films were
performed through systematically varying the deposition conditions. In this search for an
optimized film, it has been found that the electrical properties were highly dependent on
crystallizations and Bi ratios at various post-annealing temperatures. On changing the partial
oxygen pressures, oxygen deficient and excessive films were producible, but relatively good
properties were achieved from 200 mTorr deposited films with a dense surface having columnar
grains of size 50 nm. The films deposited at a given fluence of 2.5 J cm~2, a deposition
temperature of 400 °C and post-annealed at 650 °C showed relatively large hysteretic properties
consisting of remnant polarization (2 P;) and coercive field ( E.) values of about 28-32 C cm 2
and 90-100 kV cm™!, respectively. No significant reduction in switching polarizations have
been observed in the fatigue test, implying that ITO electrodes can be used as a bottom electrode
layer in applications of FeERAMs or floating gate memories.
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