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Retention Characteristics of Five-Layered Aurivillus Films

With Large Polarization

Dongpo Song,* Jie Yang, Yuxing Wang, Liangyu Chen, Yanqiu Chu, Jie Yang,

and Xuebin Zhu

The value of 2P, (twice the polarization at zero electric field) in the five-

, which is
almost an order of magnitude higher than that of the bulk (4 uCcm?).
Moreover, the well-defined hysteresis loop of this film can persist at the
measurement frequency of 100 kHz, indicating the ultra-fast switching speed
of such a domain. The frequency dependence of the coercive field obeys a
power-law form, E.(f) = sf%/°, indicating that its domain switching kinetics
are influenced by the motion of the domain wall. The polarization of the
BigFe,Ti3O43 thin film remains essentially constant at a waiting time of up to
2 x 10*s, and is independent of the applied electric field. The switchable
polarization loss is 32% after 9 x 10'° read/write switching cycles at a
frequency of 1 MHz. This change in the switchable polarization is discussed

layered Aurivillus film BigFe,Ti;O,3 is greater than 50 uCcm 2

in terms of the aggregation of oxygen vacancies in the film.

Aurivillius compounds, with the general formula (Bi,0,)*"
(An_anO3n+1)2_ (where A=Na, K, Ca, Sr, Ba, Pb, Bi, etc., and
B=Ti, Fe, etc.), have a naturally-layered crystal structure
consisting of perovskite-like (An,anOMH)Z* layers interleaved
between fluorite-like (Bi,0,)*" layers, where n refers to the
number of perovskite-like layers.! The origin of ferroelectricity
in the Aurivillius compounds is suggested to be due to a
combination of octahedral rotations and polar distortions.?”!
Owing to their fatigue-free behavior, good retention character-
istics, and low leakage currents, SrBi,Ta,Og-base (n=2)
Aurivillius compounds have been commercialized in ferroelec-
tric random access memory (FeRAM) applications.l®! However,
the use of Bi,Ti;O;, (n = 3) ferroelectrics has revealed a serious
fatigue problem. Extensive, in-depth research on this topic has
revealed that the substitution of Bi with rare-earth ions can
resolve the aforementioned problem.! Recently, much attention
has been paid to Aurivillius ferroelectrics with a high n (n > 4)
due to their potential for applications in room temperature
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multiferroics. These ferroelectrics not only
exhibit spontaneous polarization but also
show magnetic ordering.””! The coexistence
of ferromagnetism and ferroelectricity has
been observed in doped and un-doped
Aurivillius compounds with n>4, at
ambient temperature and pressure.®”) It
has been proposed that the origin of this
magnetism is based on the spin canting of
magnetic sublattices via the Dzyaloshin-
skii-Moriya  interaction.®  Theoretical
studies have suggested that a higher
concentration of magnetic ions would be
desirable achieving robust magnetic order-
ing above room temperature.”) Hence,
significant research has been pursued on
the structural, magnetic, and multiferroic
properties of the Aurivillius compounds
with n=5.""3 However, the ferroelectric properties of such
n=>5 Aurivillius compounds have received lesser attention as
compared to the magnetic properties, the obtained ferroelectric
hysteresis loop is not saturated with slanted feature. This has
been an obstacle to further investigation into the fatigue and
retention properties of the Aurivillius compounds with higher n,
resulting in very few reports on this subject. It is known that the
ferroelectric retention and fatigue properties can play a key role
in determining the performance and lifetime of ferroelectric-
based devices, such as FeRAM, actuators, and microwave
electronic components.!**! Therefore, it is important to investi-
gate the ferroelectric retention and fatigue properties of n=>5
Aurivillius compounds for their use in FeRAM and for future
applications of multiferroics.

In this study, chemical solution deposition was used to
obtain BigFe,Ti;0g thin films with a well-defined ferroelectric-
hysteresis loop. The ferroelectric polarization, fatigue properties,
and retention characteristics of the BigFe,Ti;O,5 thin films were
investigated. The influence of the applied electric field on the
retention properties of these thin films was also investigated.
The 2P, value of the BigFe,Ti30q5 capacitor was greater than
50 uC cm 2 prior to electrical breakdown, and the well-defined
ferroelectric hysteresis loop persisted up to a measurement
frequency of 100 kHz. Although the switchable polarization loss
did occur after the read/write switching cycles, favorable
retention properties were observed, as evidenced by the fact
that the polarization remained constant up to a waiting time of
2 x 10*s and was independent of the applied electric field. The
results are encouraging for the use of high n-layer structured
Aurivillius films in FeRAM applications, and can serve as a
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valuable reference for further studies on room-temperature
Aurivillius single-phase multiferroics.

Crystallography and Microstructure: The room temperature
X-ray diffraction (XRD) pattern of the BFTO thin film, plotted
with the intensity in a logarithmic scale, emphasizes weak peaks,
as show in Figure 1. This indicates that the samples are of a
single phase with no detectable secondary phases. The pattern of
could be indexed to an orthorhombic lattice with the space group
B2ch, which was well consistent with the five-layer Aurivillius
structure reported in previous studies.®! The XRD pattern
showed a random orientation with a strong intensity of the
(11 11) reflection, indicating the polycrystalline nature of the
obtained film. This is similar to previous reports on BFTO by Bai
et al., where a (11])-orientation was demonstrated, but different
from the lower-n Aurivillius compounds with the (00l) preferred
orientation. The XRD results showed that the lattice constant, c,
of the BFTO thin films, is close to 49.38 A. The in-plane lattice
constants of the derived film were a =5.47 A and b=5.45A, as
calculated from the XRD measurements.

Figure 2 shows the results of high-resolution transmission
electron microscopy (HRTEM) measurements, which were
carried out to visualize the microscopic layered structure of
BFTO and to further check the crystal structure of the derived
thin films. Figure 2(a) clearly shows a stacked structure, with five
perovskite-like layers sandwiched between two fluorite-like
(Bi,0,)*" layers. This could also be confirmed by the SAED
pattern shown in Figure 2(c), and was analogous to the results
from other studies on Aurivillius compounds.”! The HRTEM
results showed that the lattice constant, ¢, of the BFTO thin film
is 49.67 A, which is close to the 49.38 A obtained from XRD
results. The in-plane lattice structure of the derived film, as
shown in Figure 2(b), and the corresponding cubic-like SAED
pattern, as shown in Figure 2(d), suggested that the in-plane
lattice constants are 5.51 and 5.48 A. These values were slightly
larger than those calculated from XRD measurements. To
illustrate the differences between a layered structure and an in-
plane image, a structural view of the orthorhombic unit cell for
Aurivillius compounds with n =35 is also shown in Figure 2. The
results of the XRD, HRTEM, and SAED analyses suggest that

Intensity (a. u., in log scale)

2 Theta (deg.)

Figure 1. The room temperature XRD pattern of BigFe,TizO1g thin film.
The asterisks represent the diffraction peaks from the substrates.
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Figure 2. Out-of-plane (a) and in-plane (b) HRTEM microstructural analysis
images of the BigFe,Ti;Ong thin film. The right side of the figure shows the
corresponding SAED patterns of the (c) out-of-plane and (d) in-plane photo,
respectively. The middle of the figure gives both the out-of-plane (top) and in-
plane (bottom) crystal structure schematic of n=>5 Aurivillius phase with an
orthorhombic unit cell for clear contrast. Superlattice reflections and HRTEM
measurements confirm the five perovskite-like Aurivillius phase structure.

the BFTO thin films prepared by the CSD method belong to the
family of n=>5 Aurivillius compounds.

Ferroelectric Polarization Properties: Figure 3(a) shows the
results of polarization—electric field (P-E) measurements
performed on the thin films at different applied-electric
fields at 5 kHz, in order to determine their polarization response.
It can be seen that the BFTO thin film exhibits a well-defined
ferroelectric hysteresis loop at the maximum applied electric
field of 800kVcm™!, and that the 2P, (P, is defined as the
polarization at zero electric field) value can be as high as
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Figure 3. Ferroelectric polarization—electric field (P-E) hysteresis loops of
BigFe,Ti3Oqg thin film at room temperature measured (a) in different
applied electric field at 5 kHz and (c) at different applied frequency in field
of 666 kV.cm ™. (b) P—E loops based on the normal P-E measurement and
the double-wave PUND method. (d) Plots of E, versus fin the logarithmic
scale. The solid lines denote the fitting results.
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50 uC cm ™2, which is almost an order of magnitude higher than
that of the bulk (=4 uC cm™2)."”! This value is significantly larger
than the 2P, value of La-, V-, and Co-doped BigFe,Ti30g thin
films, and is comparable to that of rare-earth-substituted
Bi Ti30q, thin films, which have been widely studied as
candidates for lead-free ferroelectrics and components of
nonvolatile FeRAM."#2% Considering that large, anisotropic,
spontaneous polarization exists in the Aurivillius compounds,
the enhanced ferroelectric properties of the thin films described
in this manuscript could be attributed to their predominant
(1111) orientation and dense morphology. It should be noted that
a well-defined P-E hysteresis loop can be obtained when these
films are subjected to an applied electric field beyond 400kV
cm™!, as shown in Figure 3(a). Further, no remnant polarization
or high-leaky characteristics were observed for the BFTO thin
films at 400kVcm ™ in previous studies.”'® Given the strict
definition of ferroelectricity, the contribution of the leakage
current on the remnant polarization, 2P, of the as-deposited
BTFO thin film was investigated using the so-called double-wave
positive-up-negative-down (PUND) pulsed polarization meas-
urements.?! The 2P, values obtained from the PUND measure-
ments and the conventional P-E measurements discussed above
were found to be comparable. For example, the PUND P-E loop
in an applied field of 666kVcm™" at 5kHz is shown in Figure 3
(b). The conventional P-E loop, with same applied electric field
and frequency, is also shown for comparison. The difference
between the 2P, (from conventional P-E) and 2Py (from PUND
P—E) values is only 8%, implying that the contribution of the
leakage current to the remnant polarization is insignificant.

Figure 3(c) shows P-E loops at the same applied field but at
different frequencies. The remnant polarization, 2P, of the thin
film decreased from 51.2 to 35.2uCcm ™ when the frequency
was increased from 1 to 100kHz. Although the remnant
polarization showed a sustained downward trend, the rectangu-
lar nature of the ferroelectric loop was retained. This frequency-
dependent behavior is also observed in other ferroelectrics
prepared by the CSD method and is caused by the variation in
the coercive fields as a function of the frequency.!***? Because of
the slight offsets in the measured P-E hysteresis loops, the
experimental E, values were determined using E.= (E." — E, ")/
2, where E," and E, are the magnitudes of the positive and
negative electric fields, respectively, at zero polarization. The
small offsets in the applied-field were, potentially, either due to
the built-in electric fields in the ferroelectric films or the
difference in electrode workfunctions.!**! Figure 3(d) shows the
E_ versus fplot for the thin films, in the logarithmic scale. It can
be seen that E, increases with an increase in f; leading to lower
polarization at a constant applied field. The linear fit of the log
(E.) versus log(f) plot in Figure 3(d) obeys the relationship
V.  f*. This follows the domain switching model proposed by
Scott, whereby the switching kinetics are influenced by the
domain wall motion.** The value of p near 2 kHz changes from
0.01 to 0.02, indicating a change in the dimensionality of the
domain, d. Meanwhile, a small d value, as shown in the Figure 2
(d), indicates that the energy loss caused by the hysteresis of the
ferroelectrics, is low.**

Fatigue and Retention Properties: Ferroelectric fatigue and
retention properties play a key role in determining the
performance and lifetime of ferroelectric-based devices. The
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fatigue and retention properties of the BFTO films can be
studied using the saturated hysteresis loop. Ferroelectric fatigue
is the primary damage mechanism by which a ferroelectric
sample, undergoing repeated switching, tends to lose available
remnant polarization as switching proceeds. Figure 4 shows
the fatigue-endurance and charge-retention characteristics of
the BFTO thin films. The symbols + Py, and +P, represent the
switched polarization between two opposite polarity pulses and
the non-switched polarization between two similar polarity
pulses, respectively. Therefore, AP= Py, — P, (or —Py,, — P,),
denotes the switchable polarization, which is an important
parameter for nonvolatile memory applications. The hysteresis
loops in Figure 4(a) are acquired before and after 9 x 10'° read/
write switching cycles. Figure 4(b) shows the electrical fatigue,
determined using bipolar pulses of 8 V and a test voltage of 12V
at 1 MHz. The values of 2P, and E, before the fatigue test, are
~37puCcm 2 and ~254kVcem ™!, respectively. After the sample
is subjected to 9 x 10 cycles, the 2P, and E, values remain
relatively larger, at ~25.4uCcm™ and ~224kVcem™', respec-
tively. Several ferroelectric fatigue mechanisms have been
proposed, including charge injection,*! defect redistribution,*”’
and local phase decomposition." The first two of these models
are related to the variation of charged defects. XPS measure-
ments, presented above, have demonstrated the coexistence of
Fe’" and Fe*" in the BFTO films, indicating that the generation
of charged defects, such as oxygen vacancies (Vo), is inevitable
during the annealing process.*’! In lower n=2 Aurivillius
ferroelectrics, such as SBT (SrBi,Ta,0y), excellent sustainability
of ferroelectricity is observed, even with the presence of oxygen
vacancies. This resistance to fatigue in SBT is attributed to a
space charge compensation mechanism near the electrodes, by
the bismuth oxide double layers. When n increases to three, for
example Bi Ti3O1,, the typical fatigue failure is observed due to
the differences in the nature of the V defect between n=2 and
3. This is because the oxygen vacancies can be induced at both
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Figure 4. Charge-retentions and fatigue characteristics of BigFe,Ti3Og
thin film at room temperature. (a) P—E hysteresis loops measured in an
voltage of 12V before and after 9 x 10" read/write switching cycles. (b)
Fatigue-test results determined with a switching voltage of 8V and a
measuring voltage of 12V at a frequency of 1MHz. Panel (c) represents
two distinctive test-pulse sequences and (d) shows the retention time
dependence of the retained polarization.
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the titanium-oxygen octahedra and the (Bi,O,)*" layers. In SBT,
on the other hand, the oxygen ions at the perovskite-like layers
are much more stable than those at the (Bi,0,)*" layers.*®
Moreover, the fatigue-resistant behavior of SBT is more likely
due to the fact that Ti and Fe are multivalent (i.e., easy to change
from one oxidation state to another), while Ta is not. For the
BigFe,Ti3045 (n=>5), the role of Vo may be similar to that in the
Bi;Ti301, because more perovskite-like layers are involved and
simple perovskite-typed ferroelectrics are usually less tolerant to
oxygen vacancies.*” Such differences in the nature of V, may be
responsible for the fatigue behavior observed in the thin films in
the present study. However, the larger switchable polarization
was found to be reserved up to 9 x 10*° cycles, suggesting that
BFTO can be a potential candidate for memory applications.

Retention is defined as the ability to maintain remnant
polarization, in a given polarization state, for an extended period
of time. The charge-retention characteristic of the BFTO
capacitor is shown in Figure 4 (right-hand side), by plotting
+Pg, and £P, as a function of time. The test pulse sequence
used for retention measurement is given in Figure 4(c) as
follows: + Py, +P,s — — Py, — P, First, a negative pulse of 10V
was applied to write a known logic state. Next, the logic state was
sequentially read by applying two triangular pulses of +10V (or
—10V) after a predetermined time interval. The pulse width was
0.2ms, and the interval time was 1s. Figure 4(d) shows the
retention characteristics of the BFTO film. Both polarizations
approached a near steady-state value after a retention time of
2 x 10*s, implying that that the retained switchable polarization
is stable. This strongly suggests that BFTO films have large
values of (P, — P, and good retention ability.

To further characterize the retention properties of the BFTO
films, measurements of +P, and +P,; were performed as a
function of time, in different electric fields. The field-dependent
retention of the BFTO thin films showed minimal change, as
seen in Figure 5, suggesting that the retention properties of these
films are insensitive to the applied field. The corresponding
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Figure 5. Retention time dependence of (a) the charge retentions and (b)

retained switchable polarization of BigFe,Ti3Oqg thin film at room
temperature in various applied electric fields.
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hysteresis loops before and after the retention test were almost
identical, which further confirms that there was almost no loss in
the switchable polarization. Even after a retention time of
2 x 10*s, the polarization loss was insignificant as compared to
the value measured at t=1s, under a constant electric field.
Depolarization fields are usually considered to be the mecha-
nism for the polarization decay after writing, which could be
caused either by the defects and dipole charges or by the
redistribution of space charges.*” Typically, the long-term
retention loss is attributed to the effects of charged defects, Vo.
However, this effect leads only to a small decrease in the
polarization of BFTO thin films, due to the compensation for
these charges by the redistribution of the defects, driven by the
polarization.®! In BFTO films, the larger switched charges may
help suppress the negative effects of the charged defects on the
polarization loss during the retention times.

In conclusion, ferroelectric BigFe,Tiz;Oq5 thin films were
prepared on platinum-coated silicon substrates by chemical
solution deposition, and their ferroelectric and retention proper-
ties were investigated in detail. The value of 2 P, was measured to be
greater than 50 uCcm 2, which is almost an order of magnitude
higher than that of the bulk (4 uC cm ™ %). The remnant polarization
was found to decrease with increasing frequency and a well-
defined ferroelectric hysteresis loop persisted in the measurement
frequency of 100 kHz, indicating the ultra-fast switching speed of
such domains. Fatigue behavior was attributed to the appearance
of oxygen vacancies, arising from the coexistence of Fe>™ and Fe**
in the films. Favorable retention properties were observed, as
evidenced by the fact that the polarization remained constant at a
waiting time of up to 2 x 10*s, and was independent of the applied
electric field. The results demonstrate that the overall retention
time and field-independence of polarization of BFTO thin films
makes them favorable for memory applications.

Experimental Section

Ambient atmosphere chemical solution deposition (CSD), combined with
rapid annealing, was used to deposit thin films of BigFe,Ti;O+5 (BFTO) on
polycrystalline Pt/Ti/SiO,/Si (100) substrates. The precursor solution
used for the coating was prepared by dissolving appropriate amounts of
high-purity bismuth acetate, iron acetate, and tetrabutyl titanate in
propanoic acid. Details of the solution preparation and coating have been
reported previously.[">'® The thin film was spin-coated at 6000 rpm for
20's and then baked in a 400 °C preheated tube furnace for 10 min in air.
The process of spin-coating and pyrolysis was repeated several times to
obtain a film thickness of 2225 nm measured by field emission scanning
electron microscopy (FE-SEM). The dried amorphous film was
subsequently crystallized in a tube furnace for 0.5h at 700°C. The as-
derived film was sheeny and crack-free, and adhered well to the substrate.
The crystal structure of the film was determined with a Philips X’'Pert PRO
X-ray diffractometer (XRD) with Cu-K, radiation, at room-temperature.
High-resolution transmission electron microscopy (HRTEM) images and
selected-area electron diffraction (SAED) patterns were obtained using a
transmission electron microscope (TEM, JEM-2010, JEOL Ltd., Japan).
The surface morphology and thickness of the films were examined using a
field-emission scanning electron microscope (FE-SEM, Sirion 200, FEI
Company, USA). The ferroelectric properties were measured using a
Sawyer-Tower circuit attached to a computer-controlled standardized
ferroelectric test system (Precision Premier I, Radiant Technology, USA).
Top Au electrodes with a diameter of 0.2 mm were sputtered on the film to
measure the electrical properties.
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