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Environmental benign non-lead-based dielectric thin-film capacitors with high electrostatic energy density, long-term
stability, and fast charge/discharge capability are strongly demanded in advanced electrical and pulsed power devices.
Here, we propose that insufficient crystallization is an effective method to achieve high energy storage performance.
A high efficiency of 84.3%, together with a good energy density of 41.6 J/cm? and an excellent fatigue endurance, is
obtained in lead-free Nd-doped BisTizO12 (BNT) film of low crystallization. An increase in the annealing temperature
increases the crystallinity and grain size, which improves the ferroelectric polarization of thin film. A narrow hysteresis
loop with large maximum polarization and small remnant polarization is obtained in the insufficiently crystallized film
which is annealed in the intermediate temperature. This film also show lower leakage current compared with the fully
crystallized counterpart, due to the less defective microstructure. This work provides a straightforward and executable
method to design ferroelectric materials for the applications of energy storage capacitors.

. INTRODUCTION

Dielectric capacitors that store energy in the form of elec-
tric fields are widely used in pulse electronic devices because
of an extremely short period of discharge time and a very in-
tense pulsed current."? For the dielectrics with high permit-
tivity, the recoverable energy storage density (U,..) can be ex-

pressed as: U,.. = f Pj EdP, wherethe P, E, P,, and P, rep-
resent the polarization, electric field, maximum polarization
and remnant polarization.® U,.. becomes large for materials of
larger P, and smaller P,. In paraelectric materials, P, is zero
but P, is also small. While P, is large in ferroelectrics, P,
is also large. It seems difficult to control one of them indi-
vidually. In addition, materials of higher polarization values
(or permittivity) usually have low electric field tolerance (also
called breakdown electric field Ej) which should be large for
the energy storage application.

There are several ways to address the intrinsic material
problems and improve the energy storage performance: i)
to improve Ej of materials of large P,, such as ferroelec-
tric ceramics;* ii) to enhance the polarization of materials of
large Ej, such as dielectric polymer;’ iii) to mix materials of
large E, with materials of large P,,.® The third method (i.e.
the mixture design) attracts a considerable amount of interest.
Usually, ceramic particles/fibers are added into the polymer
matrix for the energy storage application. However, the de-
sign and processing of high-performance mixture is compli-
cated because it requires precise controlling of the dispersion
of the second phase and the interface between the matrix and
the second phase.’” This difficulty in the mixture design sug-
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gests that it is very desirable to find single-phase materials that
have large E, as well as large P,,.

Compared to bulk ceramics, thin films show much larger
E), because of their smaller grain size, denser microstructure
and smaller thickness.® Combine with the intrinsic large po-
larization value, the ferroelectrics thin film capacitors have at-
tracted an increasing attention recently. If P, of ferroelectrics
thin film can be reduced, this series of materials is ideal for
the energy storage devices. Several groups have studied the
energy storage performance of perovskite ABO3 type ferro-
electrics containing Pb- and Ba-ions.>!'” Lee et al. and Sun
et al. have reported the Pb- and Ba-based thin film capacitors
of La-doped PbZrOs (PLZO) and Zr-doped BaTiO3 (BZTO)
systems.!!12 U,.. of PLZO and BZTO thin film capacitors are
15.2 J/em? and 30.4 J/cm® at 1 MV/cm and 3 MV/cm, respec-
tively. Correspondingly, the energy storage efficiency () is
74.1% and 81.7%. Furthermore, Yang et al. reported maxi-
mum recoverable energy storage density of 68.5 J/cm?, but
of 52.9% in doped Nag 5Big 5 TiO3-based thin film capacitors
which have higher Ej, by controlling Bi content.'* The same
group reported another Nag 5Big 5TiO3-based film capacitor
of the giant and stable energy storage capability.'*!> The ul-
trahigh U,.. of 60-150 J/em? is also demonstrated in BiFeOs-
based (BFO) ferroelectric capacitors from both experimental
and theoretical studies.”'®!7 Although much of them exhibit
good temperature stability, their fatigue resistance and energy
efficiency need to be further improved.

Bismuth-base layered perovskite (also called Aurivillius
phase AP) compounds, known as a type of fatigue-free fer-
roelectric materials, have large spontaneous polarization, rel-
atively high Ej, and high Curie temperature.'® AP thin films
meet all materials requirements for the energy storage appli-
cation except low P,. Yang et al. reported multi-layered struc-
tures which consisting of BFO and AP thin films. They exhib-
ited good energy storage performance and excellent fatigue
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resistance.!® In addition, relaxation behaviors resulting from
the lattice distortion and structural transformation by rare el-
ement doping into four-layered AP films increased energy
storage performances.?’ In recent studies, both multi-layered
structures and element doping can effectively reduce the rem-
nant polarization of the thin films.

In this work, the remnant polarization of a prototypical AP
thin film (Bi3 15Ndg.g5Ti3012 BNT) which are annealed at
different temperature has been thoroughly and systematically
researched because the thermal annealing has a significant ef-
fect on the ferroelectric property-structure relationship of thin
films.?! Here, we report that a change in the annealing temper-
ature significantly changes the remnant polarization of BNT
thin films. High temperature (700 °C) annealed films exhibit
a typical ferroelectric hysteresis loop of large P,,, and P, sim-
ilar to those previously reported.?> However, thin films an-
nealed at the moderate temperature (650 °C) show a slender
hysteresis loop of large maximum polarization (~ 50 pC/cm)
and small remnant polarization (~ 5.7 uC/cm). The smaller
remnant polarization is related to their dense morphology with
nanocrystal grains and smooth surface. Such a slim polariza-
tion loop of BNT thin film leads to large U,. (41.6 J/cm?)
and high 7 (84.3%). Furthermore, the fatigue and tempera-
ture resistance suggest that BNT thin films can be used as a
ferroelectric capacitor matrix.

Il. EXPERIMENTAL

All BNT thin films were prepared by chemical solution de-
position method on the platinum-coated silicon substrate. The
precursor composed of stoichiometric metal cationic and pro-
pionic acid was spin-coated and pyrolyzed to form amorphous
precursor films. Metal cationic sources were bismuth (III) ac-
etate with 5% mol excess, neodymium (III) acetate, and tetra-
butyl titanate. The spin coating were done at a rotation speed
of 5000 rpm and for a duration time of 20 s. Then it was baked
at temperature of 400 °C for 10 min. After this process was
repeated 12 times to increase the film thickness to around 450
nm, the pyrolyzed films were crystallized at different temper-
atures from 550 to 700 °C. For brevity, thin films annealed
at 550, 600, 650 and 700 °C are named as BNT55, BNT60,
BNT65 and BNT70, respectively. A Philips XPert PRO X-ray
diffractometer (XRD, a Philips Xpert Pro diffractometer, Hol-
land) with Cu-K radiation and a Raman spectrometer with a
532 nm excitation laser (Renishaw inVia, England) were used
to determine the structures of BNT films at room-temperature
(RT). Microstructure and thickness of films were examined
using field-emission scanning electron microscopy (FE-SEM,
FEI Sirion 200 type, Japan). Au top electrodes of 0.2 mm in
diameter were deposited by a sputter (SCB-12 type Miriam
small ion sputter, China) onto thin films surfaces through a
shadow mask for electric measurement. Room-temperature
dielectric properties were measured in the frequency range of
20 Hz - 1 MHz using a driving voltage of 1 V by a preci-
sion LCR meter (TH2828/A/S model, China). The ferroelec-
tric and leakage properties were investigated using a Sawyer-
Tower circuit attached to a computer-controlled standardized

ferroelectric test system (Precision Premier II, Radiant Tech-
nologies, USA).

lll. RESULTS AND DISCUSSION

The XRD patterns of derived thin films annealed at dif-
ferent temperature are shown in Fig. 1(a), and the miller
index of peaks including platinized silicon substrate is also
listed. Thin films are polycrystalline feature and they have
a random orientation. No secondary phase peaks are found.
Peaks are indexed as an orthorhombic lattice with the space
groups of F'mmm which belongs to Aurivillius phase with
three perovskite-like layers.* As the thermal annealing tem-
perature increases, the crystallinity of films increases and the
width of XRD peaks decreases. In order to confirm the crystal
structure, Raman spectra of all derived samples are shown in
the Fig. 1(b). The vibrational modes of Aurivillius films are
classified into two sets: one is the movement of a layer-like
rigid unit and the other is the internal vibrational modes of
TiOg octahedron.?* In Fig. 1(b), the vibrational modes were
clearly visible and mark by the dashed vertical lines, which
are labeled as v (63.2 cm™1), vy (153.7 cm™1Y), v3 (217.9
em™b), vy (262.4 cm™Y), v5 (346.8 cm ™), g (553.9 cm ™),
and v7 (847.6 cm~1). By comparing Raman modes of bulk
BisTi3O12, Raman modes of v3, vy, s, v, and v; are at-
tributed to TiOg octahedron vibration. The rest modes (v
and 1) are as-signed to rigid-layer modes.>> Besides, there
are only seven Raman active modes observed in BNT shown
in Fig. 1(b), which is due to the overlap of the same sym-
metry vibrations and nanocrystal thin films with small grain
size. Plan-view SEM images in the Fig. 1(c)-(f) demonstrate
that thin films annealed at low temperature are small-sized
nanocrystalline and the increase in the annealing temperature
increases the grain size. During the thermal annealing, the
nucleation and growth occur in thin films.2® Under rapid an-
nealing conditions, the films first nucleate rapidly and then
grow. The process of grain growth is the result of continuous
phagocytosis and consumption. At low temperature, there are
a large number of nucleation sites in the film. As the annealing
temperature increases, the nuclei grow and the microstructure
becomes dense. At 700 °C, small grains disappear and only
large grains are left. In addition, the constrained densification
of thin films often leave voids, as shown in Fig. 1(f) of the
BNT70. While the BNT65 film has a dense morphology con-
sisting of nanocrystal grains, BNT70 films have larger grains
and pores.

Dielectric constant is the important factor for the dielectric
energy storage capacitors. The frequency dependence of di-
electric constant (e,.) and dielectric loss (tand) of BNT films
annealed at different temperature are show in Fig. 2(a). Ther-
mal annealing at higher temperature increases ¢,.. In addition,
the value of ¢, is decreased as the frequency increases. &,
of BNT65 and BNT70 films as large as 260 at 1 MHz. In
all samples, a loss factor (tand) below 0.05. This loss fac-
tor of BNT films is similar to that of three-layered AP films
and other higher perovskite-like Aurivillius thin films reported
before.?28 Small decrease in &, over increase in the fre-
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FIG. 1. (a) X-ray diffraction pattern and (b) Raman spectroscopy of BNT thin films under various annealing temperature. The SEM images of

BNT thin films annealing at (c) 550, (d) 600, (e) 650 and (f) 700 Celsius.
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FIG. 2. (a) The frequency dependence of dielectric constant and di-
electric loss for BNT films annealed at deliberately temperature. (b)
The leakage current properties of all the derived thin films.

quency is attributed to a space charge effect that is suppressed
at higher frequency.?® While the grain growth at high temper-
ature effectively enhances ¢, by increasing the crystallinity,
the formation of defects like oxygen vacancies at high anneal-
ing temperature decreases €, and increase the leakage current.
Fig. 2(b) shows the leakage current of all thin films. The
leakage currents density J continuously increases with the in-
crease in the electric field. As the annealing temperature in-
creases to 650 °C, the improvement of the crystallization qual-
ity decreases J. A further increase in the annealing tempera-
ture to 700 °C causes the formation of pores and other defects
in films, which leads to high .J of BNT70.2* Thus, the collec-
tive effect of the grain size and defects controls the dielectric
properties and leakage current of BNT thin films which are
annealed at different annealing temperature.

Fig. 3(a) shows P-E loops of all BNT thin films at 5 kHz.
As the annealing temperature increases, the shape of the hys-
teresis loops changes from a banana-type to an S-type. This
confirm that the ferroelectricity is enhanced by increasing the
annealing temperature. The maximum polarization at a given
electric field increases as the annealing temperature increases.
This is consistent with an effect of the annealing temperature
on the permittivity. P, and P, of four BNT films extracted
from the P-E loops are 34.3, 42.9, 51.3, 59.9 uC/cm2 and
8.9, 10.5, 6.6, 20.6 uC/cm2, respectively. The ferroelectric
hysteresis loop and P, of BNT70 thin film in this study are
comparable to the previous results, which further confirm the
high quality of the thin films.?> Among several factors evalu-
ating the energy-storage performance, the energy-storage den-
sity is the most important one.® Here polarization-based meth-
ods are employed to obtain the energy-storage density of all
BNT thin films as show in the Fig. 3(b). In such a method
an energy-storage density (U) is calculated by integrating the
polarization of P-E loop, U = foPs EdP. According to the
energy storage density formula, the calculated U of four BNT
thin films before breakdown electric field is given in the Table
L. In addition, the U, (U, = f If; ° EdP) and energy-storage
efficiency N=U,¢/U=U,c/(Uye+U,,ss) are also shown in Table
I. Ujyss is defined as the amount of energy density dissipated
during the discharge process, as the magenta shaded area in

TABLE I. The properties of four BNT thin films before breakdown
electric field

BNTS5 BNT60 BNT65 BNT70

U (J/em®) 421 48.1 493 51.5
Ure (J/em?®) 20.1 26.8 41.6 33.1
0 (%) 477 55.7 84.3 64.3
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FIG. 3. The electric field dependent polarization hysteresis loops of (a) all BNT films and (b) the schematic diagram of energy storage density
based on P-E loops (the magenta and dark green area indicates Ujoss and U, respectively). The energy storage properties (include U, U,
1) dependence on the applied electric field amplitude are given in the corresponding illustration (¢) BNTS5, (D) BNT60, (E) BNT65, (F)
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FIG. 4. (a) The derivative of U,.. with electric field for all BNT thin
films. (b) and (c) Electric field dependence of the P, and AP of
BNT films. (d) The P,, normalized to the polarization at the field of
1 MV/cm as a function of electric field.

the Fig. 3(b). BNT65 film (also shows in the Fig. 3(e)) has
the largest U,.., though the BNT70 has the highest U. BNT70
film has a serious Uj,ss due to the significant hysteresis, as
shown in the electric field dependence of the energy storage
density of Fig. 3(f). This is adverse for energy storage ca-
pacitors because more heat is generated during the discharg-
ing process.’® Compared with BNT70, BNT60 and BNT55
(show in Fig. 3(c) and (d)), BNT65 exhibits the narrowest
magenta shaded area, e.g. Uj,ss, resulting in the optimal U,..
Fig. 3(c)-(f) also show that the increase in electric field to 0.5
MV/cm decreases the energy storage efficiency of all samples.
This decrease in 7 at E' < 0.5 MV/cm is attributed to the ap-

pearance of remnant polarization. It is noted that 17 drops near
E =0.5MV/cm in BNT65 and BNT70. This abrupt decrease
in 7 of BNT65 and BNT70 indicates that the increase in elec-
tric field dramatically increases remnant polarization near F
=0.5 MV/cm which is close to the coercive field of ferroelec-
tric BNT films. At £ > 0.5MV/cm, the increase in electric
field increases P, but has a marginal impact on P,.. Hence,
the increase in electric field slightly increases 17 of BNT65 and
BNT70.

Fig. 4(a) shows dU,./dE of four BNT films as a function
of electric field, which reflects the faster growth rate of U,..
in BNT65. Thus, BNT65 film stores the most recoverable en-
ergy and possesses the highest energy storage efficiency. Fol-
lowing the formula of energy storage density of U and U,.,
it can be deduced that P, or more specifically a polarization
drops AP=P,, — P, is extremely important to achieve the
high recoverable energy storage density. A large polariza-
tion drop AP is needed for high U,.. AP and P, of BNT
films are shown in Fig. 4(b) and (c). AP of BNT65 and
BNT70 is 42 uC/cm? and 35.6 C/cm? at maximum electric
field, respectively. This explains why BNT65 has a superior
energy-storage efficiency 7 of 84.3% with small Uj,ss. In Fig.
4(c), on one hand, dramatically increases in remnant polar-
ization near £ = 0.5 MV/cm of BNT65 and BNT70 films,
which result in abrupt decrease in 7 discuss above. On the
other hand, P, of BNT65 and BNT70 tend to be saturated at
high electric field while P, of BNT50 and BNT55 increases
as the electric field increases. These differences in AP, P,,
and P, results in different response of 7) to a change in elec-
tric field at £ > 0.5 MV/cm. Fig. 4(d) shows the effect of
electric field on normalized P, using P, at £ =1MV/cm. A
slope of normalized P,,, — electric field curve is the smallest in
BNT?70, though it has the highest P, at a given electric field.
This slow increase in P, limits the energy storage density of
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FIG. 5. The ferroelectric and energy storage stability of BNT65 thin films. (a) and (b) Evolution of polarization under electric field amplitude
and applied frequency. (c) and (d) Given the P-E hysteresis loops before and after 10'° switching cycles and corresponding P, and P,
during the switching process. (e) and (f) The P-E hysteresis loops and corresponding energy storage properties of BNT65 thin films at

different temperature.

BNT70 at high electric field.3! On the other side, BNT55 and
BNT60 have a larger slope in normalized P, vs electric field.
In BNTS5 and BNT60, however, the magnitude of P, is small
and the leakage current is high. This, in turn, limit the energy
storage density of BNT55 and BNT60. Combined the smaller
P, larger increase of normalized P, and smaller leakage cur-
rent, BNT65 possesses the large A P and exhibits the best en-
ergy storage properties. The U, of 41.6 J/cm® is compara-
ble to that of thin film dielectric energy storage capacitors of
perovskite ferroelectric that are reported very recently.!-3234
However, 1 of 84.3% in this study is certainly higher than n
in the recent reports.®~13:1921:32-36 The energy storage perfor-
mance of AP compounds that are another important class of
ferroelectrics, need more examination.3’ The enhancement of
the energy storage performance of BNT thin films by simply
controlling of the crystallization (or grain size) is a feasible
and facile method to produce the dielectric energy storage de-
vices.

In order to further systematically investigate the potential of
BNT®65 thin film for energy storage application, P-E curve is
measured at different frequencies and the stability of polariza-
tion is tested at different temperatures. The results of unipolar
polarizations measurements are shown in Fig. 5 and a function
of corresponding parametric variables and their energy stor-
age properties are also demonstrated. Typical unipolar P-E
curves of ferroelectric materials are found as show in the Fig.
5(a), their polarization increases with the electric field ampli-
tude increases. The narrow scimitar-type loops ensure low en-
ergy losses during the discharging process. Fig. 5(b) exhibits
the unipolar polarizations-electric field loops with frequency
range from 500 Hz to 25 kHz under the same field ampli-
tude. As the measurement frequency increases, P,, and P,

decrease by 6.3% and 22.5%, respectively. A smaller hystere-
sis at the high frequency suggests that 7 of BNT65 gets larger
at the high frequency, which imply is more suitable for energy
storage applications at high frequencies.! Fig. 5(c) shows the
unipolar polarization-electric field hysteresis loops before and
after the film is exposed to 10'° switching cycles. A changed
in P, and P, during the switching process is also presented
in Fig. 5(d). A marginal fatigue of maximum polarization is
observed but remnant polarization does not show any atten-
uation. The energy storage density of 34.2 J/cm?® and 32.5
J/em? and the efficiency of 84% and 82.3% are calculated
based on their loops before and after fatigue test, respectively.
This demonstrate that such film capacitor has good fatigue en-
durance properties. From the formula of the energy storage, it
is concluded that the separate reduction of remnant polariza-
tion helps to enhance the efficiency of ferroelectric capacitors.
This is actually one of the key points of whether ferroelectrics
can be used for dielectric capacitors. In general, the reduc-
tion of remnant polarization is accompanied by a decrease
in maximum polarization and a deterioration in the insulation
of the material.*® In addition, the maximum polarization suf-
fers from more serious loss, compared to the remnant polar-
ization in most case.?® This is exactly the plot occurred here
and other reports.!” However, it is very interesting that much
ferroelectric energy storage capacitors reported so far have
relatively good anti-fatigue characteristics, according to the
above-mentioned fatigue test mode. When a ferroelectric film
has a rectangular hysteresis loop characteristic, their is usu-
ally accompanied by polarization fatigue. In contrast, when
the ferroelectric film has a narrow hysteresis loop, the film
does not exhibit significantly polarization fatigue. This trend
is obviously observed in the perovskite ferroelectrics, while
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the layered perovskites are generally more fatigue-resistant.
Therefore, it seems to be a way to reduce the remnant po-
larization of ferroelectrics and use it for dielectric energy stor-
age. After all, the unusual phenomenon of polarization fatigue
has been confirmed in hafnium oxide.*

Figure 5(e) shows the unipolar P-E hysteresis loops of
BNT65 thin films at different temperature. The shape of the
loops gradually broadens as the measurement temperature in-
creased signify that the switching properties have some de-
pendence on the temperature. Both P, and P, keep increas-
ing with the increase in the annealing temperature, which is
different from previous reports in BFO-based ferroelectric en-
ergy storage capacitors prepared by pulsed laser deposition.*’
But this phenomenon is consistent with the previous reports
in AP thin film capacitors prepared by chemical solution
deposition.!® Here, the polarization continues increasing from
30 to 150 °C with the increasing temperature. At high temper-
ature, thermal energy causes easier movement and reversal of
ferroelectric domains. In addition, the increase in the leakage
current at higher temperature contributes to the polarization
as well as the dielectric loss. The separation of two differ-
ent effects needs further analysis. Ferroelectric energy storage
performance of BNT65 film at different temperature is shown
in Fig. 5(f). The efficiency of the BNT65 film gradually de-
creases from 83.5% to 69% as the measurement temperature
increases from 30° to 150°. However, U, varies slightly from
35 J/cm? to 33 J/cm3. This suggests that BNT65 film releases
energy stably during the discharging process. With the in-
creasing measurement temperature from 30 to 150 °C, U and
Ulpss increase from 41.9 J/cm? to 47.8 J/cm?® and 6.9 J/cm?®
to 14.8 J/cm?, respectively. This is because both P, and P,
increase together over temperature and the ratio of P,/ P, de-
creases from 8.8 to 4.7. Consequently, 7 becomes low at high
temperature. However, even efficiency of ~0.7 is compara-
ble to that other layered perovskite-like and cubic perovskite
thin-film energy storage capacitors, !:10-13.19-21,32-36

IV. CONCLUSIONS

Lead-free BNT thin films are deposited on platinum coated
silicon substrates by CSD route. The ferroelectric energy stor-
age properties of BNT films are investigated and discussed
from the aspect of the crystallinity. As the thermal annealing
temperature increase, the crystallinity and grain size of films
increase. This leads to the appearance of ferroelectric polar-
ization. A narrow hysteresis loop with large P,,, /P, and low
leakage current are obtained in films annealed at the moderate
temperature (650 °C), in comparison to its counterpart which
are annealed at higher temperature (700 °C) and completely
crystallized. Large P,,/P, and low leakage current enables
the high energy storage density of 41.6 J/cm? and the remark-
able storage efficiency of 84.3% at 2.3 MV/cm. Moreover,
the BNT thin film shows the excellent fatigue endurance and
good thermal stability with stable energy release during the
discharging process. These results suggest that BNT thin film
can be considered as lead-free ferroelectric capacitors in the
energy storage applications.
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