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High energy storage density and efficiency of
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Manganese-doped 0.5Ba(Zrg »Tig 8)O3—0.5(Bag 7Cap 3) TiO3 (BZT—-BCT) ferroelectric thin films deposited on
platinized sapphire substrates by chemical solution deposition and multistep-annealed at 850 °C, are
investigated. The 100 nm and 340 nm thick films are crack-free and have columnar microstructures with
average lateral grain sizes of 58 nm and 92 nm, respectively. The 340 nm thick films exhibit a relative
permittivity of about 820 at 1 kHz and room temperature, about 60% higher than the thinner films,
which is attributed to the dielectric grain size effect. The thinner films exhibit a larger coercive field and
remanent polarization of about 110 kV cm ™t and 6 uC cm™? respectively, at 1 MV cm™! compared to 45
kV cm~t and 4 uC cm™2 for the thicker films. The 340 nm thick films exhibit a maximum polarization of
about 47 pC cm™2 at 3.5 MV cm™ and slim polarization loops, resulting in high energy storage
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1. Introduction

Rapid development and massive use of electronics have
increased the demand for energy storage. Many efforts have
been made to improve existing energy storage technologies,
especially batteries and capacitors. In contrast to batteries,
capacitors are charged and can release the charged energy
within milliseconds or even nanoseconds with relatively high
efficiency.”” Due to the fast charging and release of electrical
energy or voltage, capacitors are increasingly required in many
medical devices such as pacemakers, defibrillators, and military
equipment such as ballistic missiles, radars, etc.*>> In the group
of ferroics, ferroelectrics are not the optimum choice due to the
high remanent polarization and coercive field, thus low energy
storage efficiency, while antiferroelectrics and relaxor ferro-
electrics are among the most efficient materials for energy
storage.®” The thin film form of these materials with a higher
electric breakdown field than bulk and high polarization enable
high energy storage density and efficiency.*”
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properties with 46 J cm™> of recoverable energy storage density and 89% energy storage efficiency.

Lead-free  materials, including  0.5Ba(Zr, ,Tio.g)O3-
0.5(Bay ;Cag 3)TiO; (BZT-BCT), which has been reported to be
a relaxor-like ferroelectric in its bulk form,* are investigated for
energy storage applications.®® However, the microstructure and
ferroelectric/piezoelectric and energy storage properties of BZT-
BCT thin films prepared by chemical solution deposition (CSD),
are difficult to control."*> An alternative ethylene glycol-based
CSD of barium titanate (BT) films instead of the conventional
carboxylic acid-based synthesis enables the decomposition of
organic residues at a relatively low temperature. It thus
contributes to decreasing the crystallization temperature and
controlling the microstructure of BaTiO; (BT) films.*?

In our earlier study, we used a similar solution chemistry,
and by optimizing the processing conditions, we prepared BZT-
BCT films with a columnar microstructure upon multistep
annealing at 850 °C. However, crack-free BZT-BCT films could
only be obtained if the film thickness did not exceed about
100 nm. In contrast, in thicker films, the evolution of inter-
granular cracks was attributed to the biaxial stress stemming
from the thermal expansion mismatch between the ceramic
film and platinized silicon substrate. Note that BZT-BCT thin
films were doped with manganese (1 mol%) to reduce the
leakage current critical for electric field-dependent properties.**

In the present study, we report the energy storage properties
of BZT-BCT thin films. Using platinized sapphire substrates
with about three times the thermal expansion coefficient of
silicon allowed us to reduce the thermal stress and obtain crack-
free BZT-BCT films with a thickness of about 300 nm exhibiting
energy storage properties comparable to state-of-the-art lead-
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based relaxor and anti-ferroelectric films, with stable perfor-
mance across a wide temperature range.

2. Experimental part

The 0.5Ba(Zry ,Tig 8)03-0.5(Bay ;Ca, 3)TiO3, (BZT-BCT)
precursor is prepared from alkaline earth acetates (barium
acetate (Ba(CH3COO),, Ba(OAc),), 99.97%), calcium acetate
((Ca(CH3C00),, Ca(OAc),), 99.999%), purchased from Sigma-
Aldrich, St. Louis, Missouri, USA and Alfa Aesar, Karlsruhe,
Germany and transition metal alkoxides (zirconium butoxide
(zr(OC4Hy)s or Zr(OnBu),), 80%) and titanium butoxide
((Ti(OC4Hy), or Ti(OnBu),), 99.61%) both purchased from Alfa
Aesar, Karlsruhe, Germany. The alkaline earth acetates are
dissolved in ethylene glycol (OHCH,CH,OH, EG, 99.8%, Sigma-
Aldrich, St. Louis, Missouri, USA) at room temperature sepa-
rately from the transition metal alkoxides, which are diluted in
ethanol (CH3;CH,OH, EtOH 99.9%, Sigma-Aldrich, St. Louis,
Missouri, USA). Manganese acetate ((Mn(CH3COO),,
Mn(OAc),), 98%, Alfa Aesar, Karlsruhe, Germany) is added to
the solution of alkaline-earth acetates overstoichiometrically in
the amount of 1 mol% as a doping agent. After the complete
dissolution of acetates in EG, both solutions are mixed. The
concentration of BZT-BCT coating solution is adjusted to 0.1 M,
keeping the volume ratio of EG/EtOH at 3/2. The reagents are
manipulated in a nitrogen-filled glove box.

C-Sapphire (500 pm-thick, Siegert Wafer, Aachen, Ger-
many) was used as a substrate. 23 nm of HfO, was deposited
on top using atomic layer deposition (TFS-200, Beneq, Espoo,
Finland), followed by sputtering of Pt (100 nm, MED-020, Bal-
tec Leica, Wetzlar, Germany). The 0.1 M BZT-BCT coating
solution was deposited on platinized C-Sapphire substrates by
spin coating (WS-400B-6NPP/LITE, Laurell, North Wales,
Pennsylvania, USA) at 3000 rpm for 30 seconds, followed by
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drying at 250 °C for 15 minutes, pyrolysis at 350 °C for 15
minutes and annealing at 850 °C. The films were annealed
with a heating rate of 13.3 °C s~ " after each deposition, and
the times were 15 min for the first and the last deposited layers
and 5 min for the intermediate layers. All steps were repeated
10 and 30 times to reach the BZT-BCT-Mn films with thick-
nesses of about 100 nm and 340 nm, respectively, denoted
BZT-BCT-100 and BZT-BCT-340.

The phase composition of the films was characterized by
XRD with Cu Ka radiation performed in the 26 ranges of 10-39°
and 40-65° to avoid recording the Pt (111) peak on a high-
resolution diffractometer (X'Pert PRO, PANalytical, Almelo,
The Netherlands, step = 0.034°, time per step = 100 s, soller slit
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Fig.2 XRD patterns of (a) BZT-BCT-100, (b) BZT-BCT-340 films. The
diffraction peaks of the substrate were removed to have a better view
of the perovskite pattern.

Fig. 1 SEM cross-section micrographs of (a) BZT-BCT-100, (b) BZT-BCT-340, and (c and d) their respective plan view micrographs.
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= 0.02 rad, mask10). The phase analysis was performed using
X'Pert High Score Plus software.

A Bruker D8 Discover with Cu Ko radiation was used for
grazing incidence X-ray diffraction (GIXRD). The experiment
was conducted with an incident angle of 0.5°, scanning the 20-
range from 20° to 60° with the step of 0.02°, and time per step
set of 4 s. The same tool was used for the ¥-scan (-26 scan with
different tilt angles, ¥) with a 1 mm collimator. The measure-
ment was performed in a 26- and ¥-range from 30.5° to 32.5°
and from 0° to 50°, respectively. The 26-step was 0.02° and the
time per step was 90 s.

The microstructure was characterized using a Verios 4G HP
field emission scanning electron microscope (Thermo Fischer,
Waltham, Massachusetts, USA) with an accelerating voltage of
5 kV. Before SEM imaging, a 5 nm-thick carbon layer was
coated on the film using a Precise Etching and Coating System
628A (Gatan, Pleasanton, California, USA). The average grain
size was determined using the linear intercept method on the
obtained SEM images, measuring at least 400 grains on each
sample.

For the electrical measurements, top gold electrodes with
a diameter of 400 pm were deposited on the films through
a shadow mask by magnetron sputtering (5 pascal, Trezzano
sul Naviglio, Milan, Italy). The films were etched at the edge
using a mixture of HF 40% (Alfa Aeser, Karlsruhe, Germany)
HCI 37-38% (J.T. Baker, Phillipsburg, New Jersey USA) and
deionized H,O in the volume ratio (2:5:20) to reach the
bottom electrode.

The dielectric properties as functions of frequency and
temperature were measured using an impedance analyzer (HP
4284A, Keysight, Santa Rosa, USA) from 1 kHz to 1 MHz at room
temperature and from —50 to 150 °C across a frequency range
from 33 Hz to 100 kHz.
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measurement and with a sinusoidal signal for P-E measure-
ment, respectively. The BZT-BCT-340 film was selected to
investigate the ferroelectric properties at temperatures from
—75 to 150 °C.

3. Results and discussion

The SEM plan view and cross-section micrographs of BZT-BCT-
100, and BZT-BCT-340 films are shown in Fig. 1. The thick-
nesses of the films are about 100 nm and 340 nm, respectively,
as evident from the cross-sections shown in Fig. 1a and b. The
columnar microstructure results from the multistep annealing
strategy.** Both films are crack-free and with very few pores. The
average lateral grain sizes are 58 nm and 92 nm for BZT-BCT-
100 and BZT-BCT-340 films, respectively. The increase of the
grain size with increasing thickness is in agreement with earlier
studies.”” Crack-free BZT-BCT films with thicknesses of up to
340 nm are achieved by using Pt/sapphire (Pt/Sa) as a substrate,
whose thermal expansion coefficient (TEC) is closer to that of
BZT-BCT. Previous works reported the evolution of cracks in
BZT-BCT films on Pt/Si substrates''*'*'* with thicknesses of
about 100-200 nm. Generation of cracks is attributed to the
significant difference in TEC between BZT-BCT with a TEC
~12 x 107 ° K" (ref. 20) and the silicon with a TEC ~3 x 10~ °
K" (ref. 21 and 22) in the same temperature range 100-600 °C.
The sapphire substrate with a TEC ~8 x 10~°® K™* (ref. 21)
contributes to substantially lower tensile stress in the film upon
cooling.

Table 1 Summary of strain and stress calculations. Fitted slope (see
Fig. 3c), calculated strain ¢11/25, stress a11/25, and adjusted R? of the fit

. L. . Slope Strain, €412, Stress, 1122 Adjusted
The capamtance (C) and the polarlzatlo.n (P) as fUI.lctIOIlS of  pilms (pm) (%) (MPa) R
the electric field (E) were measured using the Aixacct TF
Analyzer 2000 (Aixacct Systems GmbH, Aachen, Germany) at1 BZT-BCT-100  1.843  0.34 649 0.994
kHz with a small-signal amplitude of 50 mV for C-g BZI-BCT-340  2.221  0.42 781 0.997
45°
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Fig. 3 Tilt-angle ¥-dependent XRD patterns of (a) BZT-BCT-100 and (b) BZT-BCT-340 films. (c) Interplanar spacing dj;o as a function of
sin®(W). Different (yet both positive) slopes observed in (c) indicate different absolute values of residual biaxial strain in both films.
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The BZT-BCT films crystallize in the perovskite phase with
no preferential orientation indexed according to BaTiO; PDF 01-
074-4539, see Fig. 2.

To evaluate residual stresses in the films, the tilt-angle ¥-
dependent XRD patterns were measured around the (110) peak
(Fig. 3a and b). In both films, the (110) peak shifts towards lower
20 values with increasing v, suggesting the presence of tensile
stress. The interplanar d;,, plot shown in Fig. 3c reveals a linear
dependence on sin® ¥ for both films, with a smaller slope (see
also Table 1) in the case of the thinner film.

To calculate biaxial strain &,,,, and stress ¢44/,, we used the
method described in detail by Schenk et al*® We assumed
negligible shear strain and rotationally symmetric in-plane
stress. For the latter, see our previous publication, where the
(110) pole figure of the BZT-BCT film on platinized silicon
reveals constant intensity at all ¢ angles. Young's modulus and
Poisson ratio were estimated at 130 GPa and 0.3, respectively.**
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Results are collected in Table 1. The calculated strain (stress)
value for the BZT-BCT-100 is 0.34 (649 MPa), and it increases for
the BZT-BCT-340 film to 0.42 (781 MPa). Note that in both
cases, the adjusted R” is above 0.99. Residual tensile strain can
be ascribed to the difference in thermal expansion coefficients
between the film and the substrate (see the discussion above).

The dielectric properties of BZT-BCT-100 and BZT-BCT-340
films as functions of frequency, electric field, and temperature
are shown in Fig. 4. The relative permittivity of BZT-BCT-100 is
about 500 in the 100 Hz-1 MHz frequency range at room
temperature, while the permittivity of the thicker film, BZT-
BCT-340, is about 820, which is ~64% higher (Fig. 4a). The
smaller permittivity in the former film is attributed to the lower
film thickness and smaller grain size, i.e., the dielectric grain
size effect.>*® The losses (tan 6) from 1 kHz to about 100 kHz are
slightly higher in the thinner film and begin to increase at
frequencies lower than a few kHz, which indicates higher
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Fig. 4 Room-temperature dielectric properties as a function of (a) frequency, and (b) electric field of BZT-BCT-100 and BZT-BCT-340 films.
The relative dielectric permittivity and losses of (c) BZT-BCT-100 and (d) BZT-BCT-340 films as functions of temperature at different

frequencies (v).
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conductivity of the thinner film. The increasing losses observed
at high frequencies are due to the parasitic LCR effect of the
measurement setup.

The double peak of the electric field-dependent relative
permittivity of the films indicates their ferroelectric behavior
(Fig. 4b)."*?” The imprint nature of ¢, peaks can be due to the
different work functions of platinum bottom electrode and gold
top electrode.”® In addition, rf-sputtering which was used to
deposit electrodes can introduce charged defects that result in
asymmetry in the electric field-dependent capacitance
measurements.?>*

The frequency-dependent dielectric permittivity curves of the
two films as a function of temperature are shown in Fig. 4c and
d. In the case of the BZT-BCT-100 film, there is no evident
permittivity peak, which we ascribe to its fine grain size and low
film thickness.”>**** The losses increase with increasing
temperature, which is attributed to the increase in the film's
conductivity. However, in the BZT-BCT-340 film, a broad
permittivity peak is observed between 40 °C and 50 °C, which we
attribute to a diffuse phase transition.

In our previous study, about 110 nm thick films with the
same composition (1 mole% Mn dopant) but deposited on Pt/Si
substrates exhibited a broad dielectric permittivity peak with
transition temperature in the range from 55 to 75 °C.™*
Compared to the phase transition temperatures of the films on
Pt/Si substrates, a further downshift of the permittivity peak of
the BZT-BCT-340 on the sapphire substrate is presumably
related to the tensile stress developed in the film due to thermal
expansion mismatch.”® A weak frequency dispersion could
indicate a relaxor-like behaviour of the BZT-BCT-340 film." The
tand of BZT-BCT-340 remains below 0.03 in the whole

40
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Fig.5 P-E loops of BZT-BCT-100 and BZT-BCT-340 measured at 1
kHz and at room temperature.
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temperature range, up to 150 °C, while in the thinner film, it
noticeably increases above 100 °C.

The polarization as a function of the electric field (P-E) is
measured for both films at 1 kHz and is shown in Fig. 5.
Ferroelectric properties: remanent polarization (P;), coercive
field (E.), and maximum polarization (Py.y) of both films are
collected in Table 2. The thinner film has a lower Pp,,, and
rounded tips of the loop indicate leakage contribution. The
thicker film has a higher P, and sharp tips. The higher
coercive field and remanent polarization in the thinner films
could be related to the existence of the so-called “dead layers” in
addition to the grain size effect and leakage contribution. The
dead or nonswitching layers are the interfacial discontinuity at
the electrode-ferroelectric material interface, affecting the
polarization and coercive field.**-**

The BZT-BCT-340 exhibits better dielectric and ferroelectric
properties with higher relative dielectric permittivity, lower
losses, and significantly higher maximum polarization than the
BZT-BCT-100. Due to its slim P-E loop, low remanent polari-
zation, small coercive field, and high saturated polarization, the
thicker BZT-BCT film can be considered a viable candidate for
energy storage applications.

Table 2 Ferroelectric properties BZT-BCT-100 and BZT-BCT-340
measured at 1 kHz

Emax EC Pl' Pmax
Film Mvem™) (kvem™™) (uCem?)  (uCem ?)
BZT-BCT-100 1 110 6 28
BZT-BCT-340 1 45 4 36
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|
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Fig.6 P—E loops of BZT-BCT-340 at different temperatures at 1 kHz.
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of 500 kV cm™™.

We measured the P-E loops of the BZT-BCT-340 film at
different temperatures from —50 °C to 100 °C, as shown in
Fig. 6. The P-E loops do not show any significant change in the
shape in the whole temperature range. The temperature-
independent P-E loops of the film could suggest that the
polarization as a function of the electric field is rather gov-
erned by the existence of nano-domains, ie., polar nano
regions in Mn-doped BZT-BCT films, indicating a relaxor-like
behavior as reported in NaNbO; films or BaTij ;5212503
ceramic,**® than the ferroelectric polar phase which should
disappear above the T.. The P, and E. measurements from
—75 °C to 150 °C show the imprint behavior of P, and E,, i.e.,
asymmetry of positive and negative P, and E,, presumably due
to the different top and bottom electrodes, as shown in the
electric field-dependent dielectric permittivity, see Fig. 4b. A
progressive decrease of P, and E. with the increase in
temperature is observed in Fig. 7a and b, yet, these values are
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(a) Remanent polarization (P,), and (b) coercive field (E.) of BZT-BCT-340 measured at different temperatures at the applied electric field

not close to zero. It should be noted that at such high
temperatures, the conductivity in the films may increase,
contributing to the persistence of apparent E. and P,. Still, the
existence of the polar nano regions in BZT-BCT thin films
cannot be excluded.

Unipolar P-E loops of BZT-BCT-340 films were measured at
different electric fields to evaluate the energy storage (ES)
properties. Fig. 8 shows the unipolar P-E loops measured at
progressively higher electric fields up to 3.5 MV cm ™" at 1 kHz
and a P-E loop at an E-field of 3.5 MV cm™ " with calculated
recoverable energy and losses. The maximum polarization is
about 47 uC cm 2. The calculated recoverable energy (Ure.) and
energy losses (Uyyg,) are 46.0 J cm ™ and 5.5 J cm ™, respectively.
The charging or stored energy (Usy) is 51.5 J cm >, and energy
storage efficiency (n) is 89.2%. The high energy storage perfor-
mance is due to the high maximum polarization and a high
electric field that the film survives without breakdown.
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(@) Unipolar P—E loops (b) P—E and ES properties at Epax of BZT-BCT-340. The measurements were performed at 1 kHz.
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Table 3 Recoverable energy density and efficiency of BZT-BCT-340 (this work) and barium-, lead- and bismuth-based perovskite oxide thin

films obtained by different methods reported in the literature

Film Dopant Substrate Thickness (nm) Method Emax (MV cm ™) Uree (J em™?) 7 (%) Ref.
BZT-BCT — Pt/Si 150 IBSD 0.15 2.3 28.5 37

BCZT? — MgO 360 PLD 2.08 39 33 38

BCZT® La Pt/Si 280 CSD 3.335 15 93 39
BZT-BCT Mn Pt/Si 120 CSD 1.16 10 69 14

BZT Sm STO 1000 PLD 7 133 89 40
BFO-STO — STO 500 PLD 3.85 70 70 41

PCZ — Pt/Si 300 CSD 2.8 50 83 42

PLZT La Ti-foil 1200 PLD 3 41 80 43

PHO — ITO/glass 330 CSD 3 25 73 44
BZT-BCT Mn Pt/Sa 340 CSD 3.5 46 89 This work
BCZT*: (BaO.QSSCaO,MS)(ZrO_17Ti0_83)03. BCZT": (Ba0.904Ca0,096)0_9775 + O.0075Lao_015(Zr0.136Ti0,864)03, BZT: Ba(Zr0_35Ti0,65)03. BFO-STO:

0.4(BiFe03)-0.6(SrTiO3), PCZ: Pby g5Cay 12Zr03, PLZT: Pby gLag 1(Zr¢ 5,Tig.45)03, PHO: PbHfO;, ITO/glass: indium tin oxide deposited on glass

substrate.

Compared to the energy storage properties of BZT-BCT thin
films with different cation molar ratios, or dopants, deposited
on different substrates or prepared with different deposition
techniques, including Pulsed Laser Deposition (PLD), Ion Beam
Sputtering (IBSD),**® our BZT-BCT-340 film shows promising
performance. The comparison of the reported values with BZT-
BCT-340 is summarized in Table 3. For example, the
lanthanum-doped (Bag.004C20.006)0.9775 + XLa0.015(ZT0.136Ti0.864)
O3 (BCZT) film reported by He et al. has a very high efficiency
of about 93%, which is attributed to almost no remanent
polarization and a maximum applied field of about 3.33
MV ecm~',* which is about 5% lower than the field applied to
our BZT-BCT-340.

The energy storage efficiency of our BZT-BCT-340 is above or
comparable to the values obtained by antiferroelectric and
relaxor barium-, lead- and bismuth-based perovskite thin films
which are considered to be the ideal candidates for energy
storage, for details, please refer to Table 3.

4. Conclusion

We prepared Mn-doped BZT-BCT thin films by chemical solu-
tion deposition on platinized sapphire substrates in a multistep
deposition and annealing process at 850 °C. The about 100 nm
and 340 nm thick crack-free films with columnar microstruc-
ture were achieved. The platinized sapphire substrate with
a thermal expansion coefficient closer to that of BZT-BCT is
a better choice for preparing crack-free BZT-BCT thin films with
a thickness of a few 100 nm compared to the commonly used
platinized silicon substrate with much lower thermal expansion
coefficient resulting in the crack-generation often observed in
BT-based thin films with thicknesses above 100 nm. The 100 nm
thick BZT-BCT film exhibits a dielectric permittivity of about
500 at 1 kHz, which is 64% lower than the permittivity of the
340 nm thick film. The latter film is characterized by a slim
polarization-electric field loop which persists well above the
dielectric permittivity peak between 40 °C and 50 °C, suggesting
its relaxor-like behavior. The recoverable energy of 46 J cm? with

This journal is © The Royal Society of Chemistry 2025

an energy storage efficiency of about 89% was achieved at 3.5
MV em ™" The properties of the BZT-BCT thin films reveal their
promising potential for energy storage applications in a wide
temperature range from —75 °C up to about 150 °C.
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