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ABSTRACT

A ferroelectric film with slim polarization-electric (P-E) hysteresis loops, showing small remanent polarization (P,) and large saturated
polarization (P;), is desired to obtain high recoverable energy density (U,.) and efficiency () in thin film capacitors. Here, small P, and
large P,, values are achieved in BaBiyTi4O;5 thin films through modulating film grain size. A large U,, of 44.3]/cm? as well as a high n of
87.1% is obtained. In addition, the derived BaBisTi4O;5 thin films show excellent energy storage performance in wide frequency range,
thermal stability, and fatigue endurance. These results suggest that BaBisTi;O,5 films can be considered as a candidate for dielectric energy
storage capacitors, and the route through grain size optimization is a promising strategy to improve the capacitive performance of ferroelec-

tric materials.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5086515

I. INTRODUCTION

Dielectric capacitors, featured by an extremely short discharge
time (on a microsecond scale), are special electrical energy storage
devices and enable many pulsed power applications, such as
medical defibrillators, hybrid electric vehicles, and advanced elec-
tromagnetic systems.' Recently, ferroelectric thin film capacitors
have attracted intensive research interest due to their high electrical
energy densities, wide temperature stability, and outstanding fatigue
endurance.” Generally, a typical ferroelectric, which shows rectangu-
lar polarization (P)-electric field (E) hysteresis loops with large rema-
nent polarization (P,) that approaches saturated polarization (P;),
can be used for electric energy storage applications.

According to U,, = Lf: EdP, a high recoverable energy density
U, and efficiency 7 can be simultaneously achieved in a ferroelec-
tric film with a small P, and a large P,, which usually has a slim
polarization-electric (P-E) hysteresis loop.” Several approaches have
been reported to slim down the P-E loops of ferroelectric thin
films, including interface- or domain-engineering,” space-charges

or solid solution,”” a seed or dead layer,g’() multilayer and
nanocomposites,'”'' compositions near phase boundaries or
alloying,'>'” anti- and relaxor ferroelectrics.'*~'® Through optimi-
zation, U,, and n have been improved rapidly to 20—70]/cm® and
60%-80% (even higher), respectively. The recoverable energy
density in thin films is about one order higher than the bulk
counterparts. In addition, crystalline quality or grain size has a
very important effect on remanent polarization of thin films.
A transition of ferroelectric hysteresis loops from square loops to
slim loops is observed with decreasing grain size.'” With decreas-
ing the grain size, a smaller value of P, is obtained due to the
reduced contributions of both the extrinsic domain wall and the
intrinsic lattice."® Annealing time and annealing temperature are
considered as the most effective methods to control the crystalliza-
tion quality and crystallite size. Recently, a phase-field model
combined with a finite element method suggests that both the dis-
charge energy density and the energy storage efficiency of ferro-
electric ceramics can be enhanced with a decrease in the grain
size at their breakdown points."”
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Here, the Aurivillius ferroelectric BaBi,TisO;5 thin films with
various grain sizes have been deposited on Pt/Si substrates by
annealing at different temperatures with the same dwell time.”’ The
ferroelectric hysteresis loops of these films change obviously with
the variations in the grain size, benefitting for the significant reduc-
tion of P,. As a result, a large Uy, of 44.3]/cm® and a high 7 of
87.1%, together with a low dielectric loss and a high dielectric
constant, are obtained in BaBiyTi4O;s5 thin films. Additionally, the
optimized thin film shows good thermal stabilities and fatigue
endurance. It is indicated that the optimization of the grain size
could be an effective strategy to improve the capacitive performance
of ferroelectrics.

Il. EXPERIMENTAL PROCEDURE

BaBi,TiyO;5 (BBT) thin films were fabricated on Pt/Si sub-
strates by the chemical solution deposition (CSD) method, as
schemed in Fig. 1(a). The precursor solution was composed of
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metal acetates, tetrabutyl titanate, and propionic acid and then
heated and stirred vigorously. The ratio of raw materials according
to stoichiometry except 5% bismuth excess is used to compensate
for volatility during processing. Before spin coating, the substrates
were cleaned ultrasonically in acetone, alcohol, and de-ionized
water in sequence. The spin speed is 6000 rpm and the spin time is
20s. After spin coating, the wet films were baked for 10 min at
400°C in a preheated tube furnace. The film thickness was
increased with repeated spin coating and baking processing. The
baked films were annealed for 30 min in ambient atmosphere at
550—700°C with an interval of 50°C. For the sake of simplicity,
the thin films annealed at 550 °C are denoted as BBT55 and so on.
The crystal structure of thin films was examined by X-ray diffraction
(XRD, Shimadzu) analysis with monochromatic Cu-K,, radiation at
room temperature. The microstructure and cross-sectional morphol-
ogies were observed using a field-emission scanning electron micro-
scope (FE-SEM, Sirion 200 type, FEI Company, USA). Dielectric,
leakage, and ferroelectric properties were examined with a precision
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FIG. 1. (a) Film deposition schematic,
(b) XRD patterns, and (c)—(f) FE-SEM
images for BBT thin films annealing at
different temperatures. Details are (c)
BBT55, (d) BBT60, (e) BBT65, (f)
BBT70, and the insets show the corre-
sponding cross-sectional morphologies
to determine the film thickness. The
black diamond represents the diffrac-
tion peak of the substrate.
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impedance analyzer (TH2828/A/S, Tonghui Electronic, China) with
a perturbation voltage of 500 mV and a computer-controlled stan-
dardized ferroelectric test system attached to a Sawyer-Tower circuit
(Precision Premier II, Radiant Technology, USA).

I1l. RESULT AND DISCUSSION

Figure 1(b) shows the XRD patterns of BBT thin films depos-
ited on platinum coated silicon substrates with different annealing
temperatures. The results show that all the films are of single-phase
polycrystalline and can be indexed with an orthorhombic lattice
with the space group A2,am, which is consistent with the previous
results.' With the increasing annealing temperature, enhanced
diffraction intensity and sharper peaks suggest improved crystallinity
as well as increased crystalline size. To demonstrate the annealing
temperature effects on the crystallite size and the microstructure of
all thin films, FE-SEM measurements are carried out, and their cor-
responding results are shown in Figs. 1(c)-1(f). It can be seen that
the surface morphology of all the films is considerably smooth and
dense. Along with the increase of the annealing temperature, the
grain size shows a remarkable enhancement, and the grain boundar-
ies become clearer. When the annealing temperature is lower than
650°C, the surface morphology exhibits blurred grain boundaries
implying a very small grain size and much intergrain connectivity of
the adjacent grains. The average grain sizes of the films are evaluated
to be sub-10nm, 17, 28, and 45 nm according to the FE-SEM pic-
tures. It needs to be stated that the grain boundaries of the lower
temperature annealing films are extremely ambiguous due to their
incomplete crystallization, thus the values given above are approxi-
mated. The film thickness is determined as ~ 450 nm, and it is grad-
ually decreased with the increasing annealing temperature, which
may be attributed to the enhancement in the thermal energy effects.

It is consensus that a high permittivity is necessary for high
energy storage density. Figure 2(a) represents the results of fre-
quency dependent dielectric constant &, and loss tand, which are
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FIG. 2. (a) Frequency dependence of dielectric constant £, and loss tan 8, (b)
leakage current J-E curves in semilog scales for all the derived thin films at
room temperature.
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measured in the frequency range of 0.01-1 MHz and a driving
voltage of 500 mV at RT. As the frequency increases, &, is gradually
decreased. The declined tendency of &, for all samples was caused
by the insufficient mobility of dipoles, leading to the contribution
of the dipoles, such as space charge, which can be suppressed at
higher frequencies.”"”” &, gradually increases before 650°C and
then decreases with the further increase of the annealing tempera-
ture to 700 °C. The results of the enhanced &, with the increasing
annealing temperature can be attributed to the enhancement in the
grain size and a consequent decrease in grain boundaries.””**
Nevertheless, the defects (usually oxygen vacancies) will increase
with increasing annealing temperature, which will result in a decrease
in &,. As shown in Fig. 2(b) of the leakage current density J in a
semilog scale, it is seen that ] is decreased with the annealing tem-
perature when the annealing temperature is below 650 °C due to the
improvements in the crystal quality as well as thin film density.
Furthermore, J is increased with a further increase of the annealing
temperature due to the increased defects. In addition, the develop-
ment of crystalline grain with increasing annealing temperature will
reduce the grain boundary, which will increase J since the grain
boundary is more insulating than the film itself in most cases.”””°
Thus, the competition of the two effects, i.e., grain size and defects,
will lead to the variation of the &, in BBT thin films with annealing
temperature. On the other hand, the tan§ values of all the derived
thin films are very small, which are below 0.05. In low frequencies
(< 500 kHz), combined with leakage data, the lowest tan & of BBT65
indicates that the main contribution is of conduction.”” Under high
frequencies (> 800 kHz), the tendency of tan J is first increased and
then decreased with the increasing annealing temperature, which is
similar with &,. This suggests that the tand in the high frequency
mainly depends on the motion and reversal of domain walls.””
For the BBT65 thin films, it has a large &, of 314 and a low tand
of 0.05 due to a small J of 2.7 x 107® A/cm?, which is similar to
the previous works.””

The room-temperature polarization-electric field (P-E) hystere-
sis loops of BBT thin films measured under the applied electric field
up to 2 MV/cm and the applied frequency of 10kHz are shown in
Figs. 3(a)-3(d). The P-E hysteresis loops of BBT thin films transform
from slanted ones to a nearly saturated loop with the annealing tem-
perature increasing from 550 to 700 °C. The maximum polarization
P,, (defined as the polarization at the maximum electric field here) is
increased monotonously with the increasing annealing temperature,
while the remanent polarization P, (defined as the polarization at
zero electric fields) initially decreases until 650 °C, and then increases
substantially at the annealing temperature of 700 °C. For the dis-
placement type ferroelectrics under enough field amplitude,
the spontaneous P,, is dominated by the lattice structure and crys-
tallization quality.”””" As a result, P, increases with increasing
annealing temperature due to the improved crystalline quality.
However, P, is much more complicated: the initial decrease of P,
is owing to the effect of small grain size and decline leakage
current density, and the substantial increase in BBT70 is attrib-
uted to the growth of the crystalline grain.'®*” A nearly saturated
P-E loop with the remanent polarization P, of 11uC/cm? under
2MV/cm in BBT70 thin films is an advantage to previous reports,
suggesting the reliable quality of the derived BBT thin films.”’ For
the low temperature annealed BBT thin films, it is observed from
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FIG. 3. Room-temperature P-E hysteresis loops with a measured frequency of 10 kHz for (a) BBT55, (b) BBT60, (c) BBT65, and (d) BBT70. Electric field amplitude
dependence of energy density and the corresponding energy efficiency 7 of the (€) BBT55, (f) BBT60, (g) BBT65, and (h) BBT70. The recoverable energy density (Uy)

and loss energy density (Ujoss) are represented by the green and gray area, respectively.

Figs. 3(a) to 3(c) that the P-E loops become more and more
slender with the increase in P,, and decreases P,, which are
beneficial for energy storage applications.

The energy storage density (U) of ferroelectric materials
can be expressed as U = U, + Uy, and the energy efficiency is
7= U,/U. The Uy, represents the amount of energy density
dissipated during the discharge process, illustrated by the gray
shaded area in Fig. 3. The U,, can be calculated by integrating the
effective area between the discharging curve of the P-E loops and
the polarization axis, shown by the green shaded area in Fig. 3.
As shown in Figs. 3(a)-3(d), U, U,, and n are all included in the
calculation of the homologous P-E loop results. The BBT65
thin film performs excellently in the energy storage property with
Uy, = 37.7]/cm?® and 17 = 87.1% under 2 MV/cm. The U,, reaches a
comparable level with much lead-based and lead-free ferroelectric thin
film capacitors, but the 77 reported here is also higher,”>'%!%!652%33=3¢
It seems that the BBT70 thin film shows U = 42.2]/cm?, which is
comparable to BBT65 U = 43.3]/cm?, yet the 1 of former is just
67.8%. For a more clear and comprehensive comparison, the elec-
tric field dependent U, U, and 7 are tracked and displayed on the
right side of Fig. 3 for all BBT thin films. It can be seen that both
U and U, are monotonously increased with increasing applied
electric field, especially in the high field area. The 7 of the lower
temperature annealed samples shows a gradual decrease with
increasing applied electric field in Figs. 3(e) and 3(f). The higher
annealing samples displayed in Figs. 3(g) and 3(h) give a stable
platform after the initial stage of decline with increasing applied
electric field. The electric field stability of n implies that such BBT

thin films can be used as lead-free ferroelectric thin film capacitors
in energy storage applications.” Particularly, the film of BBT65
exhibits better multiple parameter features such as larger energy
storage density (a maximum green area) and higher efficiency (a
high flat horizontal line) under the same electric field amplitude.

Figure 4 shows the relative measured results of frequency,
fatigue, temperature, and breakdown electric field of BBT65 thin
film as a candidate of dielectric energy storage capacitors. The fre-
quency dependence of P-E hysteresis loops is carried out at the
field amplitude of 1.3 MV/cm and RT. The excellent frequency
dependent ferroelectric properties are obviously obtained as shown
in Figs. 4(a) and 4(d).>**% The P,, and P, decrease from 34.9 to
32.8uC/cm? and from 2.8 to 2.7uC/cm? with the increasing mea-
surement frequency, respectively. Figure 4(b) gives the P-E hystere-
sis loops before and after 1.3 x 10® charge/discharge cycles under a
field amplitude of 1.3 MV/cm and a frequency of 10kHz at RT.
The corresponding P, and P, are displayed in Fig. 4(d), and
there are negligible changes of P, but a decrease from 33.5 to
31.8uC/cm? of P, resulting in the slight decrease of U, and 7 to
16.8]/cm?® and 80.8% compared to those before the fatigue test of
17.8]/cm® and 82.4%, respectively. Such results indicate good
fatigue endurance of BBT65 thin films, which is an important
parameter expected for ferroelectric capacitors in energy storage
applications.'>**

Another important factor for applications is the thermal
stability of ferroelectric thin film capacitors, and good thermal
stability can not only broaden the application scope of devices but
also reduce the overall cost by removing the cooling accessories.”””
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FIG. 4. The P-E hysteresis loops of BBT65 thin films at (a) different frequencies, (b) before and after 1.3 x 108 charge/discharge cycles, and (c) temperature from 20 to
140°C. (d) The variation of Uy, and 1 corresponding to those P-E hysteresis loops. (€) The energy storage performance of U, Uy, Upss, and 1 depending on the tempera-

ture. (e) Weibull distributions and the fitting results of breakdown electric field.

The thermal stability of the BBT65 thin film is checked by collect-
ing its P-E hysteresis loops at a temperature from 20 to 140 °C.
The obtained P-E loops as shown in Fig. 4(c) reveal a very
insignificant broadening tendency with increasing temperature,
demonstrating its outstanding thermal stability. A slight upward
trend of P,, and P, on the temperature shown in Fig. 4(d) can be
attributed to the fact that ferroelectric domains are easy to move
and reversal due to higher thermal energy at elevated tempera-
tures.”**” The temperature dependent energy storage performance is
calculated from the P-E loops and shown in Fig. 4(e). The reduction
of U, and n are only 0.5% and 3%, which is slightly decreased
37.17/cm® and 86.7% to 36.9]/cm?® and 83.8% under the electric
field of 2.0 MV/cm. These results signify that the deterioration of
energy storage performance is almost negligible. For the comparison
in energy storage performances with other lead-free thin film
systems, the 77 of BBT65 thin films around 87% (at 20 °C) and 84%
(at 140°C) is much higher with moderate recoverable energy
density.”'»'**>*%**%% Finally, for dielectric energy storage capaci-
tors, the statistical breakdown strength is also examined by statistical
investigation of the Weibull distribution as shown in Fig. 4(f).7*
The calculated breakdown electric field is approximately 2.06 MV/cm
here. The obtained breakdown strengths are comparable to those
reported previously for the lead-free films. The Weibull modulus 3
associated with the linear regressive fit of the distribution is 8.6,

representing less scattering in the experimental data indicating few
defects in the film.*

IV. CONCLUSIONS

In summary, four-layered Aurivillius family BaBi;TiyO;5 thin
films were deposited on Pt/Si substrates by the CSD route. The fer-
roelectric and energy storage properties of the BBT thin films were
investigated. The well-saturated ferroelectric hysteresis loops with
2P, more than 204C/cm?* were obtained in BBT70 thin films. The
slim polarization-electric hysteresis loop with large P,, and small P,
in BBT65 thin films resulting in a large U, of 44.3]/cm® and a
high 7 of 87.1% is favorable to capacitor’s energy storage applica-
tions. The polarization in the broadband frequency, thermal
stability at evaporation temperature, and fatigue endurance after
charge/discharge cycles are also addressed. These results suggest
that BBT thin films can be considered as lead-free ferroelectric
capacitors in energy storage applications.
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