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ABSTRACT

Thermal stability is a key factor to determine the applicability of dielectric capacitors in the power energy-
storage devices. The effects of operating temperature on the polarization hysteresis, energy-storage
performance, and charge-discharge cycling stability of thin-film capacitors have been revealed in this study by
investigating the relaxor Pbo.o2Lag.0s(Zro.52T10.48)O3 (PLZT) thin film grown on Pt/Ti/SiO,/Si substrates using a
sol-gel spin-coating technique. The PLZT thin films demonstrate good thermal stability of polarization
hysteresis and outstanding energy storage properties over a wide temperature range from room temperature to
150°C. With increasing operating temperature up to 200°C, the polarization hysteresis loops gradually become
more slanted and slightly broaden. The fluctuation in recoverable energy density is less than 8%, and the
change of energy-storage efficiency is less than 12% at 200°C, which may be associated with the high dynamic
polar nanoregions (PNRs) in relaxor ferroelectrics. At room temperature, PLZT thin film shows an excellent
charge-discharge cycling life with fatigue-free performance after 10'° cycles in both discharge energy-storage
density and energy-storage efficiency. However, the reduction of discharge energy-storage density and energy-
storage efficiency, performed at an operating temperature of 200°C, is about 18% after 10'° charge-discharge
cycles. All these results suggest that such PLZT thin film capacitors are very attractive for energy-storage
applications operating under high-temperature conditions.
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1. INTRODUCTION

With the fast development of the power
electronics, dielectric materials with high
energy-storage density, low loss, and good
temperature stability are eagerly desired for the
potential application in advanced pulsed
capacitors. Based on the physical principles,
the  materials with  higher  saturated
polarization, smaller remnant polarization, and
higher electrical breakdown field are attracted
increasing attention. Relaxor ferroelectrics
(RFE) were predicted to be promising
candidates for high energy storage application
because it has rather large saturated
polarization, small remnant polarization,
moderate breakdown field and high energy
storage density [1]. For example, it was
reported that the energy storage density is 22
J/em3, energy storage e ciency of ~77% at
dielectric breakdown strength of ~ 1600 kV/cm
in PLZT (9/52/48) thin Ims deposited on
LNO bu ered nickel substrates [2]. N Ortega
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et al. [3] reported a high energy storage
capability of 46 J/cm® with a very high
breakdown eld of 5000 kV/cm in (BT/BST)
thin films. Another result, a large recoverable
energy-storage density of 28.7 J/ecm® was
obtained in the thin Ims at 1000 Hz and a
higher critical breakdown eld of 2177 kV/cm
at room temperature in PLZT (9/65/35) thin
films [4]. Among these result, the high energy
density (46 J/cm®) only can be achieved at
room temperature due to lower breakdown
voltage at higher temperature and by far, the
vast majority of investigations on PLZT-based
ferroelectric thin Ims are focused on the
energy storage properties at room temperature.
In practical applications, the device operation
temperature may uctuate within a certain
range. For example, the working temperature is
up to =140°C for power electrics in hybrid
electric vehicles [5]. Therefore a competent
energy storage material requires not only a high
energy density but also high thermal stability.
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This makes the thermal stability of the
energy storage capacitors an important
parameter and has prompted some interesting
studies recently [6]. PbosBao2ZrO; (PBZ)
relaxor thin Ims, which were prepared on a
Pt/TiO4/Si02/Si(100) substrate by using a sol-
gel method, exhibits the variation of the
temperature-dependent  energy density of
within 5% from room temperature to 150°C
[7]. These values are very stable from room
temperature to 150°C [2]. The recoverable
energy density was found almost temperature
independent in the tested temperature range
from room temperature to 180°C in
Pbo.92Lao.0sZro.52Ti0.4803 (PLZT) thin Im that
were fabricated using pulsed laser deposition
on (001) Nb-doped SrTiO3 (Nb:STO)
substrates [6]. However, to the best of our
knowledge, a large energy storage density with
simultaneous  high thermal stability in
Pbo.g2lag.0sZro52Tio4sO3 (PLZT) thin  Ims
which were fabricated on a Pt/Ti/Si02/Si1(100)
substrate by using a sol gel method is rarely
reported. In this study, the highly pseudocubic
(100)-oriented Pbo.o2lao.08Zr0.52Ti0.4803 relaxor
thin Im were prepared by sol-gel processing.
The effect of temperature on the ferroelectric
properties is investigated, and the superior
charge-discharge endurance for long-term
stability is also studied. At room temperature,
PLZT thin film showed an excellent charge-
discharge energy performance up to 10'
cycles.  Gradually increasing operating
temperature to 200°C, the polarization
hysteresis loops become slanted and slightly
broaden. At temperature of 200°C and after
10'° cycles, recoverable energy and energy-
storage efficiency displayed a slightly
reduction of 12% and 18%, respectively.

2. EXPERIMENTAL PROCEDURE
2.1. Sol-gel spin-coating process

The Pbo.g2lao.os(Zros2Ti0.48)O3 thin films
were prepared using a sol-gel spin-coating
process [8]. Lead acetate trihydrate

(Pb[CH3COO]2.3H20), lanthanum  nitrate
(La[NOs]3), titanium iso-propoxide (Ti[i-
OPr]s) and zirconium n-propoxide (Zr[n-
OPr]4) were used as the starting materials. In
this process, 2-methoxy ethanol (MOE) was
used as a solvent, while acetic acid was used as
the function of a catalyzer. In order to
compensate for the lead loss during
annealing/sintering and to prevent the
formation of a pyrochlore phase in the films,
15 mol% excess lead was added into the
starting solution. Lead acetate and lanthanum
nitrate were dissolved in MOE on heating at
90°C with an acetic acid catalyst and then
refluxed at 124°C for 10h. Titanium iso-
propoxide and MOE were refluxed at 124°C
for 5h, while zirconium n-propoxide and MOE
were refluxed at 124°C for 4h. After that, the
complex solution was stirred well at 124°C for
3h to obtain a homogeneous solution. The 0.4
M PLZT precursor solutions were then
deposited onto (111)Pt/Ti/SiO2/Si  (Pt/Si)
substrates by spin-coating at 2000 rpm for 30s,
followed by pyrolysis at 400°C for 10 min.
This process was repeated for 5 times. Finally,
the films were then annealed at 650°C for 60
min in air. The final thickness of the films was
~250 nm.

2.2. Measurement process

Crystallographic properties of the thin film
were analyzed by X-ray 0-20 scans (XRD)
using a PANalytical X-ray diffractometer
(MalvernPANalytical) with Cu-Kaoradiation
(wavelength: 1.5405 A). Normal operating
power is 1.8 kW (45 kV and 40 mA). Atomic
force microscopy (AFM: Bruker Dimension
Icon) and cross-sectional high-resolution
scanning electron microscopy (HRSEM, Zeiss-
1550, Carl Zeiss Microscopy GmbH) were
performed to investigate the morphology,
microstructure, and thickness of the as-grown
thin film.

For the electrical measurements, the Pt
electrode pads of (200200 pum? in size) were
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made on top of the PLZT Ims by dc
sputtering. The polarization-electric field (P-E)
hysteresis loops were measured with the
dynamic hysteresis (DHM)
option of the ferroelectric module of the
aixACCT TF-2000 Analyzer (aixACCT
Systems GmbH). The ferroelectric charge-
discharge cycling fatigue measurements were
performed with a bipolar switching pulse of
200 kV/cm and a pulse height at a 100 kHz
repetition A Keithley 4200

measurement

frequency.

semiconductor characterization
(Tektronix, Beaverton-Oregon, United States)

system

was used for the leakage current
measurements.
The energy-storage density, Uswore, the

recoverble energy storage density, Ureco and
the energy storage efficiency, 77 of a dielectric
capacitor are calculated from the polarization
hysteresis loop as indicated in Figure 1
according to the equations (1)-(4) as follows.

P (uC/em?’)

E (kV/em)

Figure 1. Schematic of electric-field-induced polarization hysteresis (P-E) loop of an relaxor
ferroelectric material.

Pmax
Ustore = fPr— EdP (1)
Pmax
Ureco = fPr+ EdP (2)
Uioss = Ustore  Ureco 3)
TI(%) =100 x Ureco/Ustore 4)

where E is the electric eld, and P is the
polarization. When the electric eld increases
from zero to the maximum (Ena), the
polarization increases to the maximum (Pnax),
and electric energy is stored in the capacitor as
(Ustore). The recoverable electric energy density
(Ureco) 1s then released on discharge from
(Emax) to zero, represented by the blue area in
Figure 1.
3. RESULTS AND DISCUSSION
3.1. Structure

Figure 2a shows X-ray diffraction (XRD)
patterns taken at room temperature from PLZT
Ims annealed at 650°C. Only the perovskite
phase of PLZT was obtained, which had a
strong preferred pseudocubic (100) orientation.
Other peaks were measurable from this Ims
with minor (110) and (111) orientations. The
surface morphology AFM and the cross-
sectional SEM image of PLZT (8/52/48) are
shown in Figure. 2(b, c¢). AFM topographic
scans show that the root-mean-square
roughness of the PLZT thin film is about 4.2-
4.6 nm. The cross-sectional SEM image shows
that the PLZT Ims are dense, uniform, and
crack-free.  No  impurities such as
pyrochlore/ uorite phases were observed in the
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XRD pattern and SEM image. The thickness of
the PLZT (8/52/48) Im with five layers of
coating is about 250 nm, as determined by

(

r+]

)

PLZT(111)

Intensity (a. u.)

PLZT(110)
$i(200)

cross-sectional SEM, resulting in a per-coating
thickness of 50 nm.

30 40
2-Theta (degree)

20

Figure 2. (a) XRD, (b) AFM and (c) cross-sectional SEM, of the 8%
La-doped PLZT thin film.

3.2. Energy Storage

Fatigue of ferroelectric materials refers to
the reduction of switchable polarization after
repetitive electrical cycling. It is detrimental to
the performance and lifetime of ferroelectric-
based devices, such as ferroelectric random
access memory (Fe-RAM), actuators, and
microwave electronic components [9]. From a
practical application point of view, superior
charge-discharge endurance for long-term
stability is also very important for energy-
storage devices. Figure 3 gives the electrical
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polarization fatigue behavior of the PLZT thin
films on Pt/Si substrates as a function of the
number of switching cycles up to 10'° cycles.
The fatigue testing was performed at room
temperature (25°C). Figure 3(a) shows that
both (P,) and (Pmar) values increase with the
number of bipolar fatigue cycles. The charge-
discharge cycling affects very little on the (P-
E) loops before and after 10! fatigue cycles.
As seen in Figure 3(b) that the (P-E) loops
varied slightly with cycling.
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Figure 3. (a) Py and P, values as a function of number charge-discharge cycles and (b) comparison
of P-E hysteresis loops measured at different charge-discharge cycles under an applied electric field
of 1000 kV/cm and 1 kHz, of the 8% La-doped PLZT thin film. The fatigue testing was performed by
applying a bipolar electric field of pulse height 200 kV/cm, pulse width 100 kHz (or 5 ps) and at room
temperature

Flgul‘e 4 ShOW the plOtS Of Us‘tore, Ureco, al’ld

n data against the number of charge-discharge
cycles obtained from the P-E loops of the
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PLZT thin film, measured at 1 kHz and room
temperature. It was found that U, reduced
slightly while Usre increased. Consequently, 7
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value reduced slightly about 2 - 2.5%. This
result implies good charge-discharge cycles
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stability of the energy-storage performance at
room temperature.
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Figure 4. Dependence of (a) energy storage density (Us,r. and Us..o) and (b) energy storage efficiency
(7)) on cycling for the 8% La-doped PLZT thin film. The data were calculated from the
corresponding P-E hysteresis loops performed at 1000 kV/cm, 1 kHz and at room temperature.

An important FOM for energy-storage
device is the energy storage efficiency (n). In
addition, the thermal stability of the energy
storage performance should also be considered
for real capacitor applications. To investigate
the temperature-dependent stability of the
PLZT thin film, the energy-storage density and
the energy-storage efficiency were measured at
1 kHz in the temperature range from 25 to
200°C. These obtained data are presented in
Figure 5.
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Upon increasing operating temperature,
from room temperature to 200°C, the
polarization hysteresis loops gradually become
more slanted and slightly broadened (Figure
5a). This trend can be explained by the thermal
activation energy theory of the domain wall
movement. The higher thermal energy at an
increased ~ temperature  facilitates  the
ferroelectric domain movement and hence
increases the remnant polarizations [6].
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Figure 5. Operating temperature dependence (7,.) of (a) P-E loops, (b) energy-storage density (Usore
& U..co) and energy-storage efficiency (7), for the 8% La-doped PLZT thin film. The measurements
were performed at 1 kHz.

Similar to the trend of Useco, the energy
storage e ciency, # decreases with an increase
of the temperature and approximately 47.1% at
200°C. The fluctuation in discharge energy-
storage density is about 8%, and the change of

energy-storage efficiency is around 12%
(Figure 5b), which may be associated with the
high dynamic polar nanoregions (PNRs) in
relaxor ferroelectrics. It can be explained by
considering the asymmetric distribution of
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polar nano regions.

Figure 6 displays the electrical polarization
fatigue behavior of the PLZT thin films on
Pt/Si substrates as a function of the number of
switching cycles up to 10'° cycles. The fatigue
testing was performed at 200°C. Figure 6(a)
shows that both P, and Pnax values increase
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with the number of bipolar fatigue cycles, in
which P, increases more than Pyu. The
charge-discharge cycling significantly affects
the (P-E) loops before and after 10'° fatigue
cycles. As observed in Figure 6(b), the (P-E)
loops shifts slightly to the negative electric
field side.
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Figure 6. (a) Py, and P, values as a function of number charge-discharge cycles and (b) comparison
of P-E hysteresis loops measured at different charge-discharge cycles under an applied electric field
of 1000 kV/cm and 1 kHz, of the 8% La-doped PLZT thin film. The fatigue testing was performed by
applying a bipolar electric field of pulse height 200 kV/cm, pulse width 100 kHz (or 5 ps) and at 200 °C.

Figure 7 show the plots of Usore, Ureco, and
n values against the number of charge-
discharge cycles obtained from the (P-E) loops
measurements of the PLZT thin film at 1000
kV/em, 1 kHz at 200°C. Compared to the
measured U,eco value at room temperature, the
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measured Uyeco value at 200°C decreased
significantly, and 7 value is reduced about
18%. These results suggest that the discharge
cycle of the PLZT thin film has a significant
impact on the energy-storage performance at
high temperatures.

(b)

80

50.3%

Energy effieciency (%)

10t 10°  10° 10"
Number of cycles

200.4 ..|2..|
10 10

Figure 7. Dependence of (a) energy storage density (Us,r. and U,..o) and (b) energy storage efficiency
(7)) on cycling for the 8% La-doped PLZT thin film. The data were calculated from the
corresponding (P-E) hysteresis loops performed at 1000 kV/cm, 1 kHz and at 200°C.

4. CONCLUSIONS

Pbo.92Lag.0s(Zro.52Tio.48)O3 (PLZT) thin Ims
were successfully deposited onto Pt/Si
substrate using a spin-coated sol-gel method.
The effects of operating temperature on the
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energy-storage performance, and charge-
discharge cycling stability of the PLZT thin
film have been investigated in detail. The
results indicated that our 250 nm thick
PLZT/Pt/Si thin film possesses the following

163



Engineering & Technology

attractive properties for energy storage
applications: PLZT thin film exhibited strong
charge-discharge fatigue endurance up to 10'°
cycles at room temperature. Despite the even
lower values of Ueco (-12%) and 7 (-18%)
obtained in the PLZT at temperature of 200°C
and after 10'" cycles, PLZT thin film
capacitors still can be a promising candidates
for high-temperature energy storage capacitor
applications.
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ANH HUONG CUA NHIET PQ PEN HIEU SUAT CHUYEN DOI
CUA CAC THIET BI TiCH TRU NANG LUQNG DUA TREN CO SO
MANG MONG SAT PIEN NHOE PLZT

Ping Thi Ha, Nguyén Vii CAm Binh, Bui Toan Thw, Nguyén Thi Luc, Lé Thai Ha

Truong Dai hoc Lam nghiép

TOM TAT

Do 6n dinh nhiét khi lam viéc 14 yéu t6 quan trong quyét dinh dén kha niang Gmg dung cta céc thiét bi tich trit
nang luong. Nghién ciru nay da khao sat anh huong cua nhiét do va s6 chu ky sac/xa dén tinh chét sit dién,
hiéu suat tich trit ning lugng ciia tu sat dién mang mong PbyosLag, ()g(ZI'() 52T10.48)O3 (PLZT) quay phu trén dé
Pt/Ti/SiO, bang k¥ thuat sol-gel. Cac mang mong PLZT thé hién tinh 6n dinh nhiét vé dic tinh tr& phan cuc
dién va dic tinh tich trit nang lugng trong dai nhié¢t do rong tr nhiét 6 phong dén 150°C. Véi nhiét do khao sat
1én dén 200°C, cac duong cong dién tré nghiéng va hoi rong hon. Mat do tich trit ning lwong giam 8%, hiéu
suat tich trir giam 12% & 200°C, c¢6 thé lién quan dén cic ving nano phan cuc (PNR) trong vat liéu sat dién
nhoe. O nhiét d6 phong, tinh méi cua vét liéu mang mong PLZT hau nhu khong suy giam sau 10'° chu ky
sac/xa, mat do va hiéu suét tich trit nang lugng gan nhu khong thay doi. Tuy nhién, khi khao sat & 200°C tinh
moi cta vat liéu mang méng PLZT c6 suy gidm doi chit sau 10'° chu ky. Mic dit mat d6 nang lugng phuc hdi
giam 12%, hiéu suit chuyén d6i ning lugng giam 18% ¢ didu kién nhiét d6 200°C va sau 10'° chu ky sac/x4,
PLZT van c6 thé 1a vat liéu tiém nang cho cac ung dung tich trit nang lugng trong diéu kién nhiét d6 cao.

Tir khéa: Vit liéu sit dién nhoe, mang méng, sol-gel, dd bén sac/xa, hé thong tich trir ning lwong.
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