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Preface to "Synthesis and Characterization
of Ferroelectrics”

Nowadays, it is difficult to imagine efficient medical diagnostics without ultrasonography or
mid-range car lacking sensors. Piezo lighters and motion sensors are in common use and a new
generation of radars, without any moving parts, have successfully been developed. All these
exemplary technical achievements were made possible by the discovery of ferroelectricity in Rochelle
Salt 100 years ago by Joseph Valasek—an American physicist of Czech origin—who first observed the
ferroelectric hysteresis loop. Subsequently, more and more new ferroelectric compounds were
synthetized in the middle of the 20th century.

Ferroelectrics are usually considered as multifunctional materials. Hence, their miscellaneous
applications, which vary from their generic property, emerge. In addition, ferroelectrics exhibit
highly non-linear responses, which are changeable rather than fixed, mimicking, to a large extent,
biological systems. Consequently, this kind of behavior is qualified as “smart” and respective
compounds are termed as “smart materials”.

Within the last 100 years, ferroelectric materials have been able to efficiently adjust to devices in
our daily life (e.g., ultrasound or thermal imaging, gyroscopes, filters, accelerometers). Promising
breakthrough applications, such as solid-state refrigeration, non-volatile memories, optical devices,
energy harvesting, and energy storage appliances, are still under development, making ferroelectrics
one of tomorrow’s most important materials.

This Special Issue on “Synthesis and Characterization of Ferroelectrics” covers a broad range of
physical properties of ferroelectrics, examines their technological aspects, and contains a mixture of

review articles and original contributions.

Jan Dec
Editor
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Ferroelectrics belong to one of the most studied groups of materials in terms of research and
applications. Apart from their foremost property (the ferroelectricity), these materials also display other
numerous attractive properties such as piezoelectricity, pyroelectricity, electrocaloric and electro-optic
effects, etc., which designate them as multifunctional materials. Therefore, these materials are suitable
for a wide range of applications ranging from effective sensors, transducers and actuators to optical and
memory devices. Since the discovery of ferroelectricity in Rochelle salt in 1920 by Valasek [1], numerous
applications using such effects have been developed. In addition, ferroelectrics, and other ferroics,
exhibit a highly non-linear response, which is changeable rather than fixed, mimicking, to a large
extent, biological systems [2]. Consequently, this kind of behavior is qualified as “smart” and respective
systems are termed as “smart materials” [2]. This Special Issue on “Synthesis and Characterization of
Ferroelectrics” covers a broad range of physical properties of ferroelectrics, their technological aspects
and contains a mixture of review article and original contributions.

We start with the review paper by Liu et al. [3], which summarizes the recent progress on lead-free
(BaCa)(ZrTi)O3 (BCT-BZT for short) piezoelectric ceramics. Different substitution mechanisms offer
some thoughts towards the future improvement of BCT-BZT ceramics including the electrocaloric effect,
fluorescence and energy storage. Element segregation along axial and radial directions and electrical
properties of a relaxor-based single crystal with nominal composition of 0.68Pb(Mg1/3Nby/3)-0.32PbTiO;3
(PMN-32PT) were investigated by Wang et al. [4]. Itis found that such segregation differently influences
the electrical properties of the investigated system. While the electrical properties along the axial
direction strongly depend on the PbTiO3 content, the electrical properties along the radial direction are
mainly determined by the ratio of Nb and Mg. Another technological route is presented by Li et al. [5].
The authors investigated dielectric and conductivity mechanisms of Fe-substituted PMN-32PT crystals.
This heterovalent ionic substitution led to enhancement of the coercive field due to wall-pinning
induced by charged defect dipoles. On the other hand, the dominating conduction carriers are electrons
arising from the first ionization of oxygen vacancies.

Two papers are dedicated to thin-film capacitor applications. The results on structure and
electrical properties of lead-free Na 5Big5TiO3 based epitaxial films are reported by Song et al. [6].
Pt/Nag 5Bi 5TiO3/Lag 55r)5Co05 (Pt/NBT/LSCO) was fabricated on a (110) SrTiO3 substrate. Both NBT
and LSCO films displayed (110) epitaxial growth. The PT/NBT/LSCO capacitor possesses good fatigue
resistance and retention, as well as ferroelectric properties. Another lead-free thin-film capacitor
is based on Bag 3Sr( 7Zr( 18Tig 8203 (BSZT) compound [7]. The obtained BSZT films feature a low
leakage current density of the order of 7.65 x 107 A/cm?, and breakdown strength as high as 4 MV/cm.
In addition, these films exhibit an almost linear and acceptable temperature change of capacitance
(AC/C =~ 13.6%) and also large capacitance density of the order of 1.7 nF/mm? at 100 kHz.

Finally, the Special Issue ends with a report on an enhanced electrocaloric effect, as observed by
Lu et al. [8], in 0.73Pb(Mg1/3Nby/3)03-0.27 PbTiOj3 single crystals. The authors claim that a directly
measured change in temperature AT >2.5 K of the sample may be observed under an external electrical
field which was reversed at room temperature from 1 MV/m to —1IMV/m. The reported temperature
change is larger than that deduced according to the Maxwell relation and larger than that calculated

Crystals 2020, 10, 829; doi:10.3390/cryst10090829 1 www.mdpi.com/journal/crystals



Crystals 2020, 10, 829

using the Landau-Ginsburg-Devonshire phenomenological theory. We hope that this contribution
will stimulate further research for effective solid-state refrigeration materials as well as refreshing
discussion concerned with the investigation methodology of the electrocaloric effect.

The present Special Issue on “Synthesis and Characterization of Ferroelectrics” can be considered

as a status report reviewing some progress that has been achieved over the past few years in selected
topic areas related to ferroelectric materials.

References

1. Valasek, J. Piezoelectric and Allied Phenomena in Rochelle Salt. Phys. Rev. 1920, 15, 537.

2. Wadhavan, VK,; Pandit, P; Gupta, S.M. PMN-PT Based Relaxor Ferroelectrics as Very Smart Materials.
Materials Sci. Eng. B 2005, 120, 199. [CrossRef]

3. Liu, W, Cheng, L; Li, S. Prospective of (BaCa)(ZrTi)O3 Lead-free Piezoelectric Ceramics. Crystals 2019, 9, 179.
[CrossRef]

4. Wang, S; Xi, Z,; Fang, P; Li, X.; Long, W.; He, A. Element Segregation and Electrical Properties of PMN-32PT
Grown Using Bridgman Method. Crystals 2019, 9, 98. [CrossRef]

5. Li, X;Fan, X, Xi, Z,; Liu, P; Long, W.; Fang, P.; Guo, F,; Nan, R. Dielectric Relaxor and Conductivity Mechanis,
in Fe-Substituted PMN-32PT Ferroelectric Crystal. Crystals 2019, 9, 241. [CrossRef]

6. Song,J.;Gao,].; Zhang,S.; Luo, L.; Dai, X.; Zhao, L.; Liu, B. Structure and Electrical Properties of Nag 5Bij 5 TiO3
Epitaxial Films with (110) Orientation. Crystals 2019, 9, 558. [CrossRef]

7. Chen, X.; Mo, T.; Huang, B.; Liu, Y.; Yu, P. Capacitance Properties in Bag 3Sr( 7Zr( 18 Tig 8203 Thin Films on
Silicon Substrate for Thin Film Capacitor Applications. Crystals 2020, 10, 318. [CrossRef]

8.  Lu, B; Jian, X;; Lin, X,; Yao, Y.; Tao, T.; Liang, B.; Luo, H.; Lu, S.-G. Enhanced Electrocaloric Effect

in 0.73Pb(Mg13Nby/3)03-0.27 PbTiO3 Single Crystals via Direct Measurements. Crystals 2020, 10, 451.
[CrossRef]

® © 2020 by the author. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution
[

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



crystals MBPY

Atrticle
Element Segregation and Electrical Properties of
PMN-32PT Grown Using the Bridgman Method

Sijia Wang 12, Zengzhe Xi 1'2-3*, Pinyang Fang >3, Xiaojuan Li 2%, Wei Long >® and Aiguo He %3
1
2

School of Science, Xi’an Technological University, Xi’an 710021, China; cigawang1231@163.com
Shaanxi Key Laboratory of Photoelectric Functional Materials and Devices, Xi’an 710021, China;
fpy_2000@163.com (P.E); lixiaojuan28@163.com (X.L.); longwei@xatu.com (W.L.);
5129226701@163.com (A.H.)

School of Materials and Chemical Engineering, Xi’an Technological University, Xi’an 710021, China
*  Correspondence: zzhxi@xatu.edu.cn; Tel.: +86-29-86173324

3

Received: 5 January 2019; Accepted: 13 February 2019; Published: 15 February 2019

Abstract: A single crystal with nominal composition Pb(Mg; ,3Nb;/3)03-32PbTiO3 (PMN-32PT) was
grown by the Bridgman technique. Crystal orientation was determined using the rotating orientation
X-ray diffraction (RO-XRD). Element distribution was measured along different directions using
inductively coupled plasma-mass spectrometry (ICP-MS). The effect of the element segregation along
axial and radial directions on the electrical properties of the PMN-32PT crystal was investigated.
It is indicated that the electrical properties of the samples along the axial direction were strongly
dependent on the PT (PbTiO3) content. With the increase of the PT content, the piezoelectric coefficient
and remnant polarization were improved. Differently, the electrical properties of the samples along
the radial direction were mainly determined by the ratio of the Nb and Mg. The reasons for the
element segregation and electrical properties varied with the composition were discussed.

Keywords: PMN-32PT; characterization; segregation; Bridgman technique; ferroelectric materials

1. Introduction

Relaxor-based ferroelectric single crystals Pb(Mg; /3Nb, /3)O3-PbTiO3 (PMN-PT) have an ultrahigh
piezoelectric coefficient (d33 > 2500 pC/N), an electromechanical coupling factor (k33 > 0.95), and a low
dielectric loss compared to traditional piezoelectric ceramics [1-5]. Based on these superior properties,
PMN-PT single crystals are usually considered promising materials in sensors, ultrasonic transducers,
and motors applications [6-9].

Large sized PMN-PT single crystals are grown mainly using the Bridgman technique [10-12].
Based on this technique, researchers have further managed to improve the di/piezoelectric properties
of the PMN-PT system through some effective ways [13-17]. Hu et al. [18] verified that the
high-temperature poling technique was contributed to the enhanced piezoelectric properties. Recently,
it was discovered that the optical properties could be induced by rare-earth ions doping in the PMN-PT
system [19,20]. Xi et al. [21] confirmed that the specific absorption at the UV-VIS-NIR band and
the strong green and red up-conversion photoluminescence (UC PL) under 980 nm laser excitation
were observed in the Er3*- and Er®* /Yb**-modified Pb(Sc; /2Nby,2)O03-Pb(Mg; ;3Nb,,3)03-PbTiO3
(PSN-PMN-PT) crystals using the flux method. For the Bridgman technique, it is confirmed that
the element segregation exists in the single crystals and the electrical properties of the single
crystals are strongly dependent on the compositions [22-24]. These results indicate that the element
segregation occurred during the growth of the PMN-PT single crystals, and the segregation of PT
led to inhomogeneity in electrical properties along the axial direction. Unfortunately, the element
segregation along the radial direction and the reasons for the Nb and Mg segregation of the PMN-PT
single crystals using the Bridgman technique was rarely reported in the literature.

Crystals 2019, 9, 98; doi:10.3390/ cryst9020098 3 www.mdpi.com/journal/crystals
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In this study, the single crystal with nominal compositional PMN-32PT was grown by the
Bridgman technique. The element distribution along the axial and radial directions was confirmed by
the inductively coupled plasma—mass spectrometry (ICP-MS). The effect of the element segregation
along the axial and radial direction on the electrical properties of the PMN-32PT crystals was
investigated. The reasons that the element segregation and electrical properties varied with the
composition along the axial direction were also discussed.

2. Experimental Procedure

A PMN-32PT single crystal (25 mm) was grown by the Bridgman method (Figure 1a). The
crystal was faint yellow with good transparency. Some stress-induced cracks were presented on the
top of the crystal. A sheet with a thickness of 0.8 mm was cut from the as-grown crystal boule along
the axial direction (Figure 1b), which showed a poor uniformity in color. The sheet was divided along
axial and radial directions with a size of 2 x 2 mm. The specimens were named as test points from Y1
to Y15 along the axial direction and test points from X1 to X4 along the radial direction. The Y9 and X4
test points were the same (shown in Figure 2).

(@) (b)

Figure 1. The as-grown PMN-32PT single crystal and its axial section: (a) the as-grown PMN-32PT
single crystal; (b) the axial section along the length of the crystal.

/\/V‘*
[z

il X2 E3
[ [ []]e

[

Figure 2. A sketch of specimen cutting.

The orientation of the single crystal was analyzed using rotating orientation X-ray diffraction
(RO-XRD) (D/max-2550, Rigaku Corporation, Tokyo, Japan, 2004). Before the electrical property
measurements, the obtained specimens were annealed at 300 °C for 1.5 h to eliminate stress. Silver
paste was used to cover the two faces of the crystal sample that were used as electrodes. The dielectric
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properties were measured using an impedance analyzer (Agilent 4294A, Agilent Technologies Inc.,
Santa Clara, CA, USA, 2012) at 1 kHz at room temperature. The ferroelectric properties were measured
using a ferroelectric analyzer (Radiant Precision Premierll, Radiant Technologies Inc., Albuquerque,
NM, USA, 2005) at room temperature. For the piezoelectric constant (ds3) test, the specimens were
poled at room temperature in silicone oil under an applied electric field of 1280 kV/mm for 15 min. The
piezoelectric constant was measured using a quasistatic meter (Z]-6A, Institute of Acoustics Academic
Sinica, Beijing, China, 2005). The element analysis was performed using the ICP-MS (NexION 350D,
PerkinElmer, Waltham, MA, USA, 2017) after the samples were dissolved in a mixture of concentrated
nitric acid and hydrofluoric acid. In order to calibrate the errors of the quantitative analysis, blank
experiments were used before the element analysis.

3. Results and Discussion

3.1. RO-XRD

The RO-XRD patterns of the PMN-PT sample are shown in Figure 3. Two strong peaks were
observed at 22.88° and 35.09° and there were no other diffraction peaks between them, indicating that
the sample is a single crystal. Based on the fixed angle ¢ between the two crystal planes, the oriented
direction of one crystal plane can be determined by the other [25,26]. In this study, the (211), (220) and
(222) crystal planes were selected to calculate the orientation of the samples according to the following
equation [27,28]:

62 — 01

=2 M

where 6 and 6, are the degrees of the strong diffraction peaks, respectively. The calculated results

show the crystal plane perpendicular to the axial direction is (432). Along the axial direction, the
crystal plane belongs to {771}.

Insensity/CPS

10 20 30 40 50 60
0/()
Figure 3. The RO-XRD pattern with 26 = 56° of the PMN-32PT crystal.
3.2. Axis Distribution

The distribution of elements along the axial direction for the PMN-32PT single crystals is shown
in Figure 4. Obviously, the Ti content exhibits an increasing trend along the axial direction from the
bottom to the top. On the other hand, the content of the Nb and Mg decreases from the bottom to the
top. The variations of the mass fraction of the Nb and Mg are calculated to be about 2.29% and 0.97%,
respectively. The segregation during the growth of the PMN-PT single crystals is responsible for the
variation of the elements [29].
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Figure 4. The composition distribution along the axis of the PMN-32PT: points represent the
experimental data and solid lines represent the fitting.

Generally, the segregation of the element depends on its the effective segregation coefficient k
during the crystal growth process, which can be obtained from the following equation [30]:

Cs = kCo(1 — f)kD @)

where Cg and Cj are the concentrations of the solid and initial melt, respectively, and f is the fraction
of the melt solidified corresponding to Cs. Normally, as the effective segregation coefficient is less
than 1 (k < 1), the element content displays an increasing tendency along the axial direction from the
bottom to the top. As the effective segregation coefficient is more than 1 (k > 1), the element content
shows a decreasing tendency from the bottom to the top of the crystal. In this work, the effective
segregation coefficients k are 1.20, 1.03 and 0.82 for Mg, Nb and Ti, respectively. The k for Ti is slightly
lower than that obtained by Benayad [23] in a PMN-40PT system (k = 0.849) and Zawilski [24] in a
PMN-35PT system (k = 0.84), which is attributed to the slower solidification rate of the present work.
Table 1 provides the molar percentages of Mg, Nb and Ti along the axial direction of the crystal from
the bottom to the top.

Table 1. The variation of composition from the bottom to the top.

Distance(mm) Mg (mol%) Nb (mol%) Ti (mol%)
0-2 31.40 +0.16 4711 £0.22 21.49 £0.38
2-4 28.31£0.28 48.12 £ 0.58 23.57 £0.76
4-6 26.02 £0.14 49.44 £0.28 24.54 +0.42
6-8 28.69 £ 0.01 48.77 £ 0.04 22.55 £ 0.06
8-10 32.52 £0.24 45.53 £+ 0.34 21.95 £+ 0.58
10-12 26.09 £0.10 49.58 £0.19 24.32 +£0.29
12-14 25.91 £0.03 49.23 £ 0.06 24.85 £ 0.09
14-16 25.96 £ 0.26 49.34 £ 0.49 24.69 £ 0.75
16-18 28.03 £ 0.25 47.65 £ 0.44 24.32 £ 0.69
18-20 25.72 £0.19 48.86 + 0.36 25.40 £ 0.55
20-22 23.76 +0.21 49.89 + 0.45 26.35 =+ 0.66
22-24 25.42 +0.01 48.29 £ 0.02 26.29 £ 0.03
24-26 25.35 +£0.19 48.17 £ 0.36 26.47 £ 0.55
26-28 23.13 £0.14 48.56 £ 0.28 28.31 £ 0.42
28-30 21.47 £0.23 49.37 +0.53 29.16 £ 0.78
Stoichiometry 22.67 45.33 32.00

The mole fractions of the PMN (Pb(Mg; /;3Nb,/3)O3) and PT for different samples calculated from
the ICP-MS data are shown in Figure 5. The PMN content decreases along the axial direction from the
bottom to the top, while the PT content increases from 21 mol% to 29 mol%, which is consistent with
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that of the previous reports [22-24]. These results can be explained by the phase diagram of PMN-PT
and the solidification law of the binary solid solution as follows: the PMN crystallizes firstly from the
melt because of the higher freezing point of the PMN, which results in the higher content of the PMN
at the bottom and the higher PT content in the liquid.

31 80
30

179
291
281
27+
26
25+

178
177
176
175

174
24}

231
221

173

Mole Fraction (%)
Mole Fraction (%)

172

171

21F
0 5 10 15 20 25 30
Axial Distance (mm)

Figure 5. The distribution of the PMN and PT molar fractions along the axial direction: points represent
the experimental data and solid lines represent the fitting.

The distribution of the molar ratio Nb/Mg along the axial direction is shown in Figure 6. It is
seen that the molar ratio Nb/Mg exhibits an increasing trend from the bottom to the top. The molar
ratio Nb/Mg fluctuates greatly at the initial stage of the crystal growth. During the crystal growth, it
approaches to 2 in the middle part, and even >2 at the top boule. Theoretically, there are two Nb>* near
a Mg?* in the lattice or melt to balance the valence state [31], namely (Mg; ,3Nb,,3)*". However, Nb>*
and Mg?* in the actual lattice occupancy are not completely subject to theory due to the segregation.

24 a Nb/Mg

221
20

1.8 |

Mole Ratio

1.6 |

14 L]

0 5 10 15 20 25 30
Axial Distance ( mm )

Figure 6. The molar ratio of Nb and Mg along the axial direction: points represent the experimental
data and dashed lines represent the fitting.

The measured distance dependence of the electrical properties for the specimens along the axial
direction is shown in Figure 7. From Figure 7a, we can see the permittivity firstly decreases at the
bottom of the crystal and then tends to stabilize at the middle of the crystals. In addition, a sharp rise
process for the dielectric constant is observed at the top. The distribution of dielectric loss exhibits
a similar tendency, except for the sharp decrease at the top. The sharp variation of the dielectric
properties at the top could originate from the presence of cracks. The piezoelectric constant ds3
increases gradually from 350 pC/N to 850 pC/N along the axial direction from the bottom to the
top, as shown in Figure 7b. The coercive field E. and remnant polarization P, verse the measured
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distance for the PMN-32PT crystals are shown in Figure 7c,d. It is seen that the coercive field at room
temperature fluctuates from 2 kV/cm to 3 kV/cm along the axial direction of the crystal. The remnant
polarization of the crystal increases gradually except for some fluctuations from the bottom to the top.
These results indicate that the segregation affects the electric properties dominantly in the PMN-PT
single crystal grown by Bridgman method. In Figures 4 and 7a, it is obvious that the variation tendency
of Ti content along the axial direction is opposite to that of the dielectric properties. Differently, the
variations of the piezoelectric coefficient and remnant polarization are consistent with that of the PT
content, as shown in Figures 5 and 7b,d. It is well known that it is multi-phase coexistence at the MPB
composition for PMN-PT, in which the spontaneous polarization orientations increase. Therefore, the
switch of domains and the motion of domain walls are easy under the external electric field, which
makes it beneficial to obtain the ultrahigh piezoelectric constant and remnant polarization. The PT
content increases gradually and approaches the MPB composition which is the reason for the increase
of the piezoelectric coefficient and remnant polarization along the axial direction.

900

8000 Ho0.08 1.28 kV/mm
7000 | q0.07 8001
6000 |- 10.06 700 |
[ 1005 w 7
. S0 = O 600f
W Joo4a E A
4000 | =
3000 1% ¥ e
J0.02
ol ol N
H0.01 *
1000 A A A A A . 300 A A A A A .
0 5 10 15 20 25 30 0 5 10 15 20 25 30
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() (b)
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Figure 7. The variation of the electric properties along the axial direction: (a) the variation of the
permittivity e and loss tané at 1 kHz; (b) the variation of the piezoelectric constant d33 poled under
1.28 kV/mm; (c) the variation of the coercive field Ec; (d) the variation of the remnant polarization Pr.

3.3. Radial Distribution

The mass fraction of different elements in a PMN-32PT single crystal along the radial direction is
calculated and plotted in Figure 8. It is demonstrated that the Nb and Mg content increases by 0.71%
0.54%, respectively. By contrast, the content of Ti is relatively stable and increases only by 0.18%. The
segregation of the radial direction is attributed to an uneven growth interface and the convection near
growth interface [32-35], which is different from the segregation of the axial direction caused by the
solute redistribution.
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Figure 8. The composition distribution along the radial direction of PMN-32PT: points represent
experimental data and the solid lines represent the fitting.

The variation of PMN and PT along the radial direction are presented in Figure 9. The mole
fraction of PT nearly remains a constant of 24%, which means that PT is insensitive to the component
segregation in the radial direction. Figure 10 illustrates the variation of Nb/Mg along the radial
direction. The value decreases firstly and then increases slightly.
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Figure 9. The distribution of PMN and the PT molar fraction along the radial direction.
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Figure 10. The distribution of the molar ratio of Nb and Mg along the radial direction.

The measured distance dependence of the electrical properties for the specimens along the radial
direction is shown in Figure 11. The permittivity and piezoelectric constant decrease firstly and then
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increase from the sample X1 to X4, which are similar to that of Nb/Mg as shown in Figures 10 and
11a,b. The coercive field increases firstly and then decreases, which varies from the range of 2 kV/cm
to 3 kV/cm shown in Figure 11c. The remnant polarization is almost maintained at 30-33 uC/cm?.
The relationship among the permittivity, piezoelectric constant and remnant polarization of the radial
samples are basically obedient to the formula reported in the literature: dsz = 2e9e,PrQ11 [13,36]. The
dependence of the dielectric constant, piezoelectric constant and coercive field on Nb/Mg can be
explained as follows: as the Nb/Mg decreases, the concentration of the oxygen vacancies increases in
the lattice, which pinches the domain and restrains the switch of the domain. As a result, the coercive

field increases and the dielectric constant and piezoelectric constant decrease; and vice versa.
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Figure 11. The variation of the electric properties along the radial direction: (a) the variation of
permittivity € and loss tand at 1 kHz; (b) the variation of the piezoelectric constant d33 poled under
1.28 kV/mm; (c) the variation of the coercive field Ec; (d) the variation of the remnant polarization Pr.

4. Conclusions

The single crystal with the nominal compositional PMN-32PT was grown using the Bridgman
method. The distribution of the elements along the axial direction could be described by the effective
segregation coefficient k. The effective segregation coefficients k were 1.20, 1.03 and 0.82 for Mg, Nb
and Ti, respectively. The relationship between the composition and electrical properties of the PMN-PT
crystals was investigated. It was indicated that the piezoelectric constant and remnant polarization
were consistent with the distribution of PT along the axial direction. The electrical properties were
attributed to the distribution of the Nb and Mg along the radial direction.
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Abstract: Piezoelectric ceramics is a functional material that can convert mechanical energy into
electrical energy and vice versa. It can find wide applications ranging from our daily life to high-end
techniques and dominates a billion-dollar market. For half a century, the working horse of the field has
been the polycrystalline PbZr; . Ti,O3 (PZT), which is now globally resisted for containing the toxic
element lead. In 2009, our group discovered a non-Pb piezoelectric material, (BaCa)(ZrTi)O3 ceramics
(BZT-BCT), which exhibits an ultrahigh piezoelectric coefficient d33 of 560-620 pC/N. This result
brought extensive interest in the research field and important consequences for the piezoelectric
industry that has relied on PZT. In the present paper, we review the recent progress, both experimental
and theoretical, in the BZT-BCT ceramics.

Keywords: piezoelectric; ceramic; lead-free

1. Introduction

Piezoelectricity refers to the phenomenon of interconversion between mechanical energy and
electrical energy, which yields a mechanical-stress-induced polarization or an electrical-field-induced
strain. Such ability of energy conversion enables piezoelectric materials to be widely used in devices
such as sensors, actuators, transducers, etc. [1,2]. For more than half a century, Pb-based piezoelectric
ceramics (e.g. PbZr;_,TiyO3, PbMgNb;_,-PbTiO3 and PbZn,Nb;_,-PbTiO3) have dominated the
area of most applications. However, the use of Pb-based materials is restricted by increasingly tight
regulations due to its high toxicity [3,4]. This arouses extensive investigations on the mechanism of
high piezoelectricity in Pb-based materials and the exploration of Pb substitutes [5-8].

In 2009, a large piezoelectric performance with ds33 of 620 pC/N was observed for
0.5Ba(Zr 2 Tip 8)O3-0.5(Bag7Cag 3)TiO3 composites (BZT-50BCT) [9]. Later, the modified BZT-BCT
composite ceramics showed a higher T ~ 114 °C than BZT-0.53BCT [10]. By optimizing the poling
conditions, BZT-BCT ceramics combines a large piezoelectric performance with ds3 of 630 pC/N and
the planar electromechanical factor of 56% [11]. Yang et al. prepared the lead-free BZT-BCT ceramics
by sol-gel technique [12], whose maximum permittivity was above 9000 with a maximum converse
piezoelectric coefficient (d33*) of 400 pm/V.

In this review, we summarize the recent progresses on BZT-BCT piezoelectric ceramics by
different doping mechanisms that may offer some thoughts on the future improvement of BZT-BCT
and even other piezoelectric ceramics. Further, the potential application of BZT-BCT ceramics are
presented, including electrocaloric effect, fluorescence and energy storage. Based on the current
achievements, we also propose some prospects, which may provide new directions on the development
of BZT-BCT ceramics.

Crystals 2019, 9, 179; d0i:10.3390/ cryst9030179 13 www.mdpi.com/journal/crystals
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2. MPB Strategy

In both Pb-based and Pb-free piezoelectric systems, the common solution to promote piezoelectric
performance is to place materials at their phase transition boundaries, either a paraelectric to
ferroelectric phase boundary or multi ferroelectric phases coexisting boundary (including the most
famous morphotropic phase boundary, i.e. MPB), since the instability of the polarization at phase
boundaries allows a significant polarization variation under an external stress or electric field. Despite
the intense interests in the phase coexisting strategy, the key to understanding the consequent high
piezoelectricity in BZT-xBCT ceramics is still in dispute. For instance, we initially proposed the
coexistence of tetragonal (T) and rhombohedral (R) symmetry at MPB, evidenced by the synchrotron
X-ray diffraction (XRD) results from Ehmke [13] and transmission electron microscope (TEM) results
from Gao [14]; however, soon after, the discovery of an intermediate orthorhombic (O) phase was
found based on synchrotron XRD results from Keeble [15,16] and temperature spectrum of dielectric
permittivity from Damjanovic [17].

In addition, the phenomenological Landau-Devonshire model suggests that the reduction of
polarization anisotropy is responsible for enhanced piezoelectric response approaching to MPB [18,19].
Acosta calculated the anisotropy energy of a sixth-order Landau potential formulated for the BZT-xBCT
system and found that the anisotropy energy approaches zero near the O-R rather than the T-O phase
boundary. They thus attributed the best piezoelectric property found at the T-O phase boundary to
two other factors, i.e., higher degree of poling and increased elastic softening [20]. Ke used the energy
barrier along the minimum energy pathway on the free energy surface for direct domain switching
to quantitatively measure the degree of polarization anisotropy and suggested that the polarization
anisotropy at the T-O phase boundary was the smallest [21].

In most MPB systems (e.g., PMN-PT and PZN-PT), MPB is temperature dependent, similar to
the BZT-BCT system, but this does not render such systems useless. Many important applications of
this system have been found. The widely used solution to achieve temperature stability is to choose a
composition slightly away from the MPB, so that the properties are no longer sensitive over the ambient
temperature range. However, this is at the expenses of a slight reduction of piezoelectric properties.
It is the same situation in the BZT-BCT ceramics. As shown in Figure 1, by choosing BZT-45BCT, a
composition slightly off MPB composition (50BCT), d33 becomes almost temperature independent in
the room temperature range (2040 °C). This temperature stability is achieved with some sacrifices of
dsz, but the ds3 (~360 pC/N) is still much higher than many other non-Pb piezoelectric materials.

600

iZZ / \'\_

300+

d, (RC/N)

200+
100+

0 L L 1 1 L 1
20 30 40 50 60 70

Temp (°C)

Figure 1. Temperature dependence of d33 of BZT-45BCT.
3. Approach to Tailor the Piezoelectric Performance of BZT-BCT

The chemical modification is the most efficient and widely accepted way to tailor the piezoelectric
performance of piezoceramics. Table 1 summarizes the most attractive achievements of both
pure BZT-BCT ceramic and doped ceramics. Based on the mechanism of chemical modification,
the composition optimization can be categorized into improving microstructure by sintering aids and
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substitution doping, and the most improved piezoelectric performances of each doping element can
be found in Figure 2.

Table 1. Piezoelectric performance of the BZT-BCT based ceramics.

Compositions ds3 (pC/N) kp & T (°Q) Reference
650 53% 4500 85 [22]
630 56% 90 [11]
BZT-50BCT e 57% pres Eﬂ
546 65% 4050 [25]
464 2938 126]
BZT-50BCT-0.08 wt% ZnO 603 [27]
BZT-50BCT-0.04 wt% CeO, 600 51% 4843 [28]
BZT-50BCT-0.1 wt% CeO, 565 52% 3860 [29]
BZT-50BCT-0.2 wt% Sr(Cuy /3 Tag /3)Os 577 —— 97 [30]
99.2 mol% (BZT-50BCT)-0.8 mol% BiAlO5 568 54% 3375 72 [31]
BZT-50BCT-0.06 wt% Y,03 560 53% 95 [32]
BZT-50BCT-0.1% Sb,O3 556 52% 3985 [33]
(Bag 825r0,03Ca0.15)(Zr0.1 Tio.9)O3 534 HHHHHH 84 [34]
BZT-50BCT-0.06 mol% ZnO 521 HHHHHHHR [35]
BZT-50BCT-1 mol% Sn-1 mol% Sr 514 HHHHEHH [36]
BZT-50BCT-03 wt% Li,CO; 512 49% 4394 79.6 137]
BZT-50BCT-0.04 wt% CuO 510 45% 3762 95 [38]
BZT-50BCT-0.5 mol% SiO, 500 [39]

d 33 (pC/N)

Elemnent —x B
Be Radiusipm)  — 1% 20
Reference  —=& [g6]
Na Mg
[31] [35]
Ca Ti
: M99 5 m" 68 v
(48]
Ir
Rb Mo Tc Ru
; w87 |2
Cs 3‘ La-lu | Hf W Re Qs
M 135 -

Pr
m* 101| Nd Yb Lu
128 [s]  [s0)

Figure 2. Piezoelectric coefficient (d33) of the point-defects modified BZT-BCT ceramics.

3.1. Substitution Doping

Ferroelectrics are rarely used in a chemically pure form and doping is always employed with
the goal of tailoring the properties for specific applications. Different doping usually brings about
different consequence, such as acceptor doping to obtain low dielectric losses and donor doping to
achieve high piezoelectric coefficients. For the equivalent doping, it is usually employed to modify
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the Curie temperature and introduce the compositional disorder, which may also greatly affect the
piezoelectric performance. As shown in Figure 2, the radius of Ba>* and Ca?* are 135 pm and 99 pm,
respectively, while Ti** and Zr** are 68 pm and 87 pm, respectively. Usually, large ions will occupy
the A-site, and small ions will occupy the B-site, and intermediate ions will occupy both sites with
different ratios of the perovskite structure.

3.1.1. Acceptor Doping

An acceptor dopant has a lower oxidation number than that of the host cation. This will create
oxygen vacancies owing to the charge compensation, and the oxygen vacancies can contribute to the
mass transport and improve the density during sintering process [27,35,40].

Zn?* has a radius of 74 pm and prefers to replace smaller ions in B-site. JG Wu pointed out that
the Zn2* substitution into the (Ti, Zr)** site results in both structure disorder and lattice distortion.
The presence of oxygen vacancies helps the mass transport during sintering, which is responsible
for the enhanced grain growth as the ZnO content increases. Besides, the tricritical point of these
ceramics was shifted to room temperature while the Curie temperature decreased simultaneously
by the introduction of ZnO. Macroscopically, the BZT-BCT ceramics have & ~ 4500 and tand < 1.5%.
BZT-BCT ceramic with 0.06 mol.% ZnO demonstrates an enhanced electrical behavior with d33 ~ 521
pC/N, kp ~ 47.8%, and 2P; ~ 19.37 uC/cm?, owing to the room-temperature tricritical point induced
by doping with ZnO [35]. Similar results were also reported by Zhao [27]. In Zhao’s work, the BZT-BCT
ceramics with 0.08 wt% ZnO show maximum remnant polarization and spontaneous polarization
(Pr =10.14 uC/cm?, Ps = 19.68 uC/cm?). At the same time, the giant piezoelectric coefficient of d33
=603 pC/N and high planar electromechanical coupling factor of k, = 0.56 were also obtained for
the samples. Besides, they revealed that further raising ZnO content would cause partial Zn?* ions
occupying A-site, resulting in decrease in lattice parameters. Consequently, excessive Zn>* are effective
in reducing the poling state and in depressing the domain switching of BCZT-xZn ceramics; thus,
they degrade the dielectric, ferroelectric and piezoelectric properties.

Mn as an interesting impurity exhibits multivalence states (Mn?*, Mn®*, and Mn**), and has
been extensively used to substitute the A- and/or B-site ions of ferroelectrics for tailoring electrical
properties [41]. Typically, it manifests itself as Mn>* when sintering at high temperature above 850 °C.
Meng et al. reported that the addition of 0.25 mol% MnO, promotes grain growth, improves the
ferroelectricity of the ceramics and strengthens ferroelectric tetragonal—ferroelectric orthorhombic
phase transition near 40 °C [42]. Such ceramics exhibit the optimum piezoelectric properties
(d33 =306 pC/N and kp = 42.2%, respectively). Excess MnO; inhibits the grain growth and degrades
the ferroelectric and piezoelectric properties of the ceramics. Wu et al. reported similar results: the 0.15
wt% MnO doped BZT-BCT ceramics have optimum electrical properties: d33 = 382 pC/N, kp = 44.5%,
€r = 2611, and tand = 0.63%. Besides, they also observed the double hysteresis loop when MnO dopant
exceeds 0.3 wt%, which indicates the reversible domain switching dominating by the acceptor defect
dipoles [43].

3.1.2. Donor Doping

A donor dopant has a higher oxidation number than that of the host cation. This will create
cationic vacancies, either A-site or B-site vacancies in the perovskite structure. The donor dopant may
effectively reduce the Curie temperature and facilitate the domain switching behavior, characterized
as slim hysteresis loops with small coercive field and hysteresis loss.

Li et al. reported that, with the introduction of the donor Dy at A-site, the BZT-BCT ceramics
possessed improved temperature stability. Besides the high piezoelectric coefficient of d33 = 366 pC/N
and planar electromechanical coupling factor of k, = 43.0%, the Dy-doped BZT-BCT ceramics
exhibited stable electromechanical coupling coefficients over a common usage temperature range of
20-100 °C [44]. They also revealed similar results in Ho-doped BZT-BCT ceramics [45].
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As another common donor dopant to A-site, La®* is often employed to enhance the electrical or
mechanical responds under small AC field while reducing the loss in ferroelectric ceramics. Sun et al.
reported that a small amount of La®* (~0.15%) resulted in an increase of ds3 at 50 °C due to the
coexistence of orthorhombic and tetragonal phases. Besides, the 0.15 mol% La doped BZT-BCT
ceramics turned to the semi-conductor and showed positive temperature coefficient (PTC) behavior [46].
Other donor dopants such as Cr** and Ga®* also showed excellent improvements of ds3[47,48].

Besides the mono-element doped ceramics, compound doped BZT-BCT are also investigated. Wu
et al. investigated the BiFeO3 doped BZT-BCT ceramics [49]. Here, Bi®* acted as the donor dopant
at A-site while Fe?* as the acceptor at B-site. By addition of BiFeOj, the grain size becomes smaller,
and these ceramics become denser. The 0.2 mol% BiFeO3; doped BZT-BCT ceramics demonstrated
an improved piezoelectric behavior (ds3 ~ 405 pC/N and kp~0.44). Tian et al. added Er** and La®*
into the BZT-BCT ceramics and found Er®* first substituted A sites and then B sites in the matrix of
ABO;s structure. The elevated piezoelectric constant (d33 ~ 200 pC/N) and receded mechanical quality
factor (Qm ~ 70) at with 0.12% La®** doping and 0.2% Er®* doping showed “softening effect” by donor
doping [50].

Extensive studies with other donor dopants were also carried on the BZT-BCT ceramics [30,51-54],
as shown in Figure 2.

3.1.3. Equivalent Doping

Researchers have tried other doping with equivalent valence as the A-site or B-site to achieve
MPB in the BaTiO3 ceramics [55-60]. Zhou et al. designed a new Pb-free piezoelectric system
Ba(Hfy 2 Tip 8)O3-(Bag 7Cag 3)TiO3, which yields high piezoelectricity with d33 ~ 550 pC/N, comparable
to that of the best Pb-based material PZT-5H (d33 ~ 590 pC/N). Besides, their study suggests
the non-isotropicity of polarization at triple point by precise detection of transitional thermal
hysteresis. Previously, the isotropy at triple point was always taken as the basic assumption in related
modeling work and understanding [56]. Xue et al. designed a similar Pb-free pseudo-binary system,
Ba(Sng 12Tip 88)O3-x(Bag 7Cag 3)O3, characterized by a phase boundary starting from a critical triple
point of a paraelectric cubic phase, ferroelectric rhombohedral, and tetragonal phases [57]. The optimal
composition BTS-30BCT exhibits a high piezoelectric coefficient d33 = 530 pC/N at room temperature.

For the equivalent doping of A-site, one of the most typical substitution is Sr?*, which can
contribute to the microstructure by increasing grainsize and density, and at the same time decrease
T. [34,36,58,59]. As a result of fine microstructure and lower T, excellent piezoelectric properties with
large d33 of 534 pC/N was exhibited in Bai and Li’s work when 0.03 mol Sr>* was doped [34]. Sn** is
another commonly used element locating at B-site to enhance the piezoelectric properties of lead-free
piezoelectric ceramics, especially in BT based ceramics [57,60]. In Ding and Liu’s work, the co-doping
of Sn** and Sr** could lead to good piezoelectrical properties of da3 = 514 pC/N and kp = 52.62%,
although smaller grain size was obtained comparing with pure BZT-BCT ceramics, which is different
from many other dopants that usually enhance the grain growth with low content [36].

3.2. Grain Size Effect and Sintering Aids

It is well known that grain size can have a significant influence on the properties of ferroelectric
ceramics. For BZT-BCT based ceramics, the benefits to d3 from large grain size are extremely obvious,
as shown in Figure 2. Elements acting as sintering aids such as Ce, Cu, Si, Li, etc. present brilliant
performance. As the grain size decreased to the micron level, the permittivity at room temperature
increased. The increase in permittivity can be understood in terms of the twinning behavior of
polycrystals with decreasing grain size [61].

Hao et al. fabricated various BZT-50BCT ceramics with different grain size ranging from
0.4 to 32 um. As grain size decreases, the diffuse phase transition behavior is enhanced. As the
grains grow up to more than 10 pm, samples exhibit good piezoelectric properties with k, > 0.48,
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ke > 0.46, d33 > 470 pC/N, and d33* > 950 pm/ V. Besides, the increasing grain size effectively enhances
the resistance to thermal depolarization [62].

In application, sintering aids are usually employed to enlarge the grain size and modify
the microstructure to lower the sintering temperature and at the same time enhance the
performance [28,29,37,63,64]. SiO,, Li*, and CuO are widely used as the sintering aid of ceramics
and exhibited good contributions in BZT-BCT system. In Chen’s work, the dopant of Li* reduced
the sintering temperature of BZT-50BCT from 1540°C to 1400°C and piezoelectric performance with
dsz =512 pC/N and kp = 49% were obtained [37]. In the work of co-doping of CeO, and Li,COs3,
adding of LiCOj3 could largely decrease the sintering temperature from 1450°C to 1050°C comparing
with the composition of CeO, dopant only [29]. Liu systematically studied the effect of SiO, dopant on
the dielectric, ferroelectric and piezoelectric properties of the BZT-50BCT ceramics sintered at different
temperatures and the results show that doping of SiO; could enhance P; and d33 while reducing E..
They obtained ds3 of 500 pC/N [39,65]. CuO was also found to be effective on decreasing sintering
temperature and modifying the microstructure of BZT-BCT ceramics, thua enhanced piezoelectric
properties were achieved due to the large grain size cause by CuO [30,46,54]. The co-doping of CuO
and B,O3 can largely benefit the morphology and enhance the piezoelectric properties [66]. Besides,
some other substitution doping elements can also contribute to the sintering process at the same time
such as Zn and Mn. In Wu's work, the grain size of ZnO doped BZT-BCT ceramic increased and surface
morphologies became denser with the help of ZnO [35]. Similarly, MnO could also help sintering
process greatly and benefit the piezoelectric performance [43,67].

4. For other Applications

It is well accepted that the easy polarization extension and rotation mechanism (low energy
barriers for polarization variation) are the two most important intrinsic factors contributing to the
enhanced physical properties [68,69]. Besides the good piezoelectric performance, BZT-BCT also
exhibits other good properties due to its easy polarization rotation and easy domain wall motion.

4.1. Electrocaloric Effect

Electrocaloric effect (ECE) is a phenomenon that the change in adiabatic temperature and/or
entropy of a dielectric material is induced by the application and removal of an electric field due to
the change in the dipolar state of the material. In general, the ECE is parameterized by the adiabatic
temperature change (AT), and the electrocaloric efficiency (AT/AE). The main technical challenge in
lead-free ferroelectric bulk materials is to generate a giant electrocaloric temperature change AT under
a relatively low electric field [70].

BZT-BCT has attracted much attention due to its relatively low coercive field and large polarization.
Besides, the low Curie temperature also benefits the applications at room temperature. Sanlialp et al.
reported that 0.65BZT-0.35BCT ceramics exhibited a AT of 0.33 °C and AT/AE of 0.165 K mm kV !
at 65 °C under an electric field change AE = 20 kV/cm [71]. G. Singha et al. reported large ECE in
BZT-BCT ceramics [72]. They revealed that BZT-0.8BCT possessed an electro-caloric coefficient as
high as 0.253 K mm/kV near tetragonal-to-cubic phase transition. They ascribed the high ECE to the
higher polarization flexibility. Wang et al. performed direct measurements for BZT-BCT ceramics in
non-adiabatic and non-equilibrium conditions. They found that BZT-0.7BCT showed the maximal ECE
temperature change (ATECE) of 0.55K was recorded for an applied field of 40kV/cm at T=85°C [73].
Besides the good performance, they also revealed a very large discrepancy between the indirectly
estimated and the directly measured ATgcg. This was attributed to non-adiabatic conditions of the
experiment resulting in a heat exchange with the environment.

4.2. Fluorescence

In recent years, ferroelectrics doped with rare earth elements have attracted great attention owing
to their excellent multifunctional properties [74,75]. Multi-property coupling among the presence
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of an electric field, mechanical stress and photons can introduce many applications as piezoelectric
ceramics, mechano-luminescence and electro-luminescence materials. Peng Du et al. investigated the
fluorescence intensity ratio of green up conversion emissions at 525 and 550 nm in the temperature
range of 200443 K for Er-doped BZT-BCT ceramics. The maximum sensing sensitivity and temperature
resolution were found to be 0.0044 K1 and 0.4 K, respectively, suggesting that Er-doped 0.5BZT-0.5BCT
ferroelectric ceramic possesses potential application in optical temperature sensing [52,76].

Jiang Wu et al. reported that 0.5 mol% Er** BZT-BCT ceramics, synthesized via a sol-gel synthesis
route and a ceramic sintering process, possessed excellent photoluminescence performance, which is
sensitive to compositional changes [52]. The morphotropic phase boundary composition exhibited the
maximum photoluminescence peak intensity at 550 nm.

4.3. Energy Storage

In theory, the energy density ] corresponds to relative permittivity and dielectric breakdown
strength (BDS) according to the definition ] = 1/2epe;Emax>. For high energy storage density,
ferroelectrics are expected to possess large saturated polarization, small remnant polarization and high
BDS. BZT-BCT ceramics have evoked much interest. For certain compositions, this system exhibits large
permittivity of 8400, triple that of pure BaTiO3 ceramics. For the Ba(Ti, Zr)Os-rich compositions, this
system gradually transforms to the relaxor ferroelectrics, which exhibit diffusion phase transition with
broadened permittivity peaks and slim ferroelectric hysteresis loops of large maximum polarization
and small remnant polarization. These characteristics may favor the high energy density applications.
Venkata et al. reported a significant increase in the permittivity with relatively low dielectric losses
in the Zr-rich BZT-BCT ceramics [77]. xBZT-BCT (x = 0.10, 0.15, 0.20) ceramics exhibited the electric
breakdown strength as 134-170 kV/cm and high permittivity of 5200-8400. The consequent energy
storage density can even reach 0.98 J/cm®. Besides the pure ceramics form, the addition of glass may
effectively enhance the BDS and consequently promote energy storage density [77]. Liu et al. employed
glass addition BaO-SrO-TiO,-Al,03-5i0,-BaF; into BZT-0.15BCT ceramics, which exhibited a large
permittivity of 3458 at 25 °C under 1 kHz, slim hysteresis loop with the maximum polarization of 12.53
uC/cm? and a remnant polarization of 4.05 uC/ cm? [78]. Microstructural observation indicated that
the average grain size reduced significantly with increasing the glass concentration. Macroscopically,
the glass ceramics exhibited diffusion phase transition with reduced peak permittivity but broad peak
with relatively large permittivity of around 1000 within the room temperature region. Meanwhile
the electrical breakdown strength (BDS) of the glass modified ceramics was nearly quadruple to the
pure ceramics form. Energy storage performance of the glass modified ceramics, both 419.4 kJ /m?
calculated from the product of permittivity and square of BDS and 192.8 k] /m? from the integration
of the hysteresis loop under the electric field of 9.6 kV/mm, showed significant superiority to that of
the pure ceramic form [78]. Besides, they explored the mechanism for the enhanced energy storage
property by thermal stimulated current measurements, which may reveal both polarization and charge
transport process [79].

5. Future prospects

5.1. Soft or Hard Modifications on BZT-BCT Ceramics

Ferroelectrics are rarely used in a chemically pure form and doping is always employed with
the goal of tailoring the properties for specific applications. Most doping effects can be categorized
into “hard” and “soft” effect. “Hard” effects are obtained by acceptor doping. The defect dipoles
(acceptor-oxygen vacancy) can stabilize the domain structure (no matter the volume effect or the
pinning effect) [80]. As macroscopic consequences, high coercive field, low permittivity and low
dielectric losses are obtained. Donor dopants result in “soft” effect, i.e. high dielectric losses,
low conductivity, low coercive field and high piezoelectric coefficients [81].
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Further research should focus on revealing “soft” and “hard” effects within the MPB region of
the present BZT-BCT ceramics. Further, the properties of BZT-BCT ceramics can be tailored to satisfy
various applications and reveal the physics behind them.

5.2. BZT-BCT in other Forms—Single Crystal and Thin Film

It is common sense in the piezoelectric community that the single crystal always exhibits 3—4 times
higher piezoelectric effect than that of a ceramic. Besides the better properties, single crystals can also
be considered as standard materials to ascertain the structure properties. However, it is difficult to
grow large scale single crystals with the perovskite structures. Thus far, several methods have been
employed to generate good BZT-BCT single crystal samples and have not obtained satisfactory results
to date [82].

Although intensive research up to date has been inclined to bulk materials, it is certainly obvious
that the films will be the focus of the future industry. Since films exhibit small volume but large
geometrical flexibility, can are easy for on-chip integration, which is a prerequisite for incorporation
into microelectron devices. However, the development of films still lags behind bulk counterparts.
For BZT-BCT films, several techniques have been employed, such as PLD, sputtering and CSD.
Hereinto, the films fabricated via PLD method exhibited d33 of 60-140 pm/V depending on different
orations [83,84]. The study of BZT-BCT film is still deficient. Further property enhancement and
functionality enrichment are still the objectives to be pursued.
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Abstract: Fe-substituted PMIN-32PT relaxor ferroelectric crystals were grown by a high-temperature
flux method. The effects of charged defects on the dielectric relaxor and conductivity mechanism
were discussed in detail. The Fe-substituted PMN-32PT crystal showed a high coercive field
(Ec =765 V/mm), due to domain wall-pinning, induced by charged defect dipoles. Three dielectric
anomaly peaks were observed, and the two dielectric relaxation peaks at low temperature were
associated with the diffusion phase transition, while the high temperature one resulted from the
short-range hopping of oxygen vacancies. At temperature T < 150 °C, the dominating conduction
carriers were electrons coming from the first ionization of oxygen vacancies. For the temperature range
from 200 to 500 °C, the conductivity was composed of the bulk and interface between sample and
electrode, and the oxygen vacancies were suggested to be the conduction mechanism. Above 550 °C,
the trapped electrons from the Ti3* center were excited and played a major role in electrical conduction.
Our results are helpful for better understanding the relationship between dielectric relaxation and the
conduction mechanism.

Keywords: PMN-32PT single crystal; acceptor doping; charged defects; dielectric relaxation;
electrical conduction

1. Introduction

Relaxor-PbTiO3 ferroelectric single crystals with morphotropic phase boundary (MPB),
such as (1-x)Pb(Mg1/3Nb,3)O3-xPbTiO3 (PMN-xPT) and (1-x)Pb(Zn;3Nby/3)O3-xPbTiO3 (PZN-xPT),
have attracted much attention due to their superior electric properties (piezoelectric coefficient
dsz = 2500 pC/N, permittivity e ~ 50007000, and strain S ~ 1.7%) [1-3]. Recently, studies have
shown that the ultrahigh electrical properties in relaxation ferroelectrics might derive from the local
structure heterogeneity [3—6]. For example, Li et al. [5] found the contribution of polar nanoregions
to the room-temperature dielectric and piezoelectric properties was up to 80% in relaxor-PT crystals.
This opinion was further certified in PMN-29PT piezoelectric ceramics. By introducing the rare-earth
element, samarium, to change the local structure, the piezoelectric coefficient d33 of PMN-29PT ceramics
was significantly increased from 300 to 1500 pC/N [7]. This discovery provided a new insight into
improving material properties.

Heterogeneous ionic substitution was widely applied in relaxor-PT ferroelectrics to regulate their
properties. It is well known that the PMN-PT is a typical "soft" piezoelectric material with a low coercive
field (E. =~ 200 V/mm), which greatly limits their application in high-power equipment [8,9]. In order to
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overcome their "softness", acceptor ionic substitution is considered an effective way to make the material
"harden". For example, acceptor doping Fe>* and Mn?* ions substituted for Ti** leads to a significant
increase in the coercive field for PMN-xPT systems [9,10]. Unfortunately, the permittivity was decreased.
Recent reports declared that the acceptor doping could improve not only the pyroelectric coefficient but
also the mechanical quality factor of ferroelectric crystals [11,12]. The variations of electrical properties
were attributed to the formation of charged defects, such as oxygen vacancies, A-site and/or B-site
cation defects, electrons, and holes etc., due to the introduction of foreign ions [9-12].

The presence of charged defects is bound to change the local structure of ferroelectric material,
resulting in the changes of dielectric relaxation [5,7,12-14]. Considerable studies have been performed
in ferroelectric ceramics, and several possible physical mechanisms have been proposed, such as: (i) A
defects dipole model related to oxygen vacancy [12-15]; (ii) Maxwell-Wagner (MW) model associated
with charge of interface [16,17]; and (iii) competition between dielectric relaxation and conduction
relaxation [13,18]. Compared with the ferroelectric ceramics, the effects of charged defects on the
dielectric relaxation of PMN-xPT ferroelectric single crystals, especially in the conductivity mechanism,
are seldom reported [19-21]. In this work, the piezoelectric, ferroelectric, and dielectric properties of
Fe-substituted PMN-32PT single crystals grown by the high temperature flux method were investigated.
The effects of charged defects on dielectric relaxation and conduction mechanisms of the crystals were
analyzed systematically, based on complex impedance spectroscopy. Our research will be helpful for
better understanding the relationship between charged defects and electrical properties in PMN-32PT
ferroelectric single crystals.

2. Experiment

1.7 mol% Fe-substituted PMN-32PT ferroelectric single crystals were grown by the flux
method. The detailed process can be found in reference [22]. A [001]-oriented crystal plate with
3 mm x 3 mm X 0.5 mm was cut and polished, and then silver paste was daubed on two sides and
fired as electrodes at 750 °C for 30 minutes. A TF2000 ferroelectric test system was used to obtain the
hysteresis loop at room temperature. The sample was poled under a 1 kV/mm DC electric field for
5 min at room temperature, and the piezoelectric coefficient (dz3 = 997 pC/N) was obtained by using
the quasi-static meter (Z]-6A, Institute of Acoustics, Chinese Academy of Sciences). The dielectric
properties were investigated using a precision LCR meter (Agilent E4980A; Santa Rosa, CA, USA)
at the temperature range of 30 to 500 °C, corresponding to the frequency range of 100 Hz to 1 MHz.
The complex impedance spectroscopy and conductivity were measured using a broadband dielectric
spectrometer (BDS40, Novocontrol GmbH, Montabaur, Germany) between 0.1 Hz and 3 MHz.

3. Results and Discussion

Figure 1 shows the powder XRD and Energy Dispersive System (EDS, see inset) of the Fe-substituted
PMN-32PT crystal. X-ray powder diffraction pattern of Figure 1 contains only reflections typical for
perovskite structure, indicating the Fe ions might enter the crystal. The EDS spectrum further indicates
the presence of Fe element in the sample.
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Figure 1. Powder XRD of Fe-substituted PMN-32PT crystal, and Energy Dispersive System (EDS)
spectrum (inset).

Figure 2 shows the hysteresis loop of Fe-substituted PMN-32PT crystal at room temperature. It can
be seen that the coercive field E. is 765 V/mm, which is almost three times larger than that of the pure
PMN-PT crystal [8-10]. This result indicates that Fe ions effectively make PMN-xPT crystal “harden”.
One can notice that the center of the hysteresis loop shifts toward the right, leading to coercive field
E.- =765 V/mm and E¢; =721 V/mm, which might be related to the internal bias induced by charged
defects in the crystal [23].
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Figure 2. P-E loop of Fe-substituted PMN-32PT ferroelectric crystal at room temperature.

The B-site of PMN-xPT crystal is occupied unsystematically by Nb>*, Mg?*, and Ti** ions.
According to principles of defect chemistry, Fe3* (rp a1 = 0.64A) substitute for Ti** (rpas = 0.61A) and
result in the presence of charged defects. The reaction can be expressed as Equation (1):

2TiO, , « .
Fe,O5 - 2FeTi+3OO+VO (1)
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In addition, during the process of high temperature sintering, oxygen vacancies and lead vacancies
are created due to their volatilization, as shown in Equations (2) and (3).

l 0
oy — EOZ(g) +2¢'+V5 ()
Pb,+0g = Vi, +VE +PbO(g) @®)

The defect dipoles such as 2Fer; — V& may be formed, which result in an internal bias to inhibit
the movement of the domain wall, accompanied by the increase of coercive field and decrease of
piezoelectric coefficient [9-12], as shown in Figure 2.

Figure 3 describes the temperature dependence of DC conductivity for Fe-substituted PMN-32PT
crystals. The activation energy E,,s was calculated based on the Arrhenius formula (Equation (4)).

ac = 0 exp( ) @
Where 0 is a constant and kg is the Boltzmann constant. Three E.,,; are obtained for different
temperature ranges. At low temperature T < 200 °C, the E.,,q = 0.18 eV is very close to the first
ionization energy of oxygen vacancy (0.1-0.2 eV) [15], showing that the thermal ionization electrons
of oxygen vacancy play a major role for the conduction mechanism. For the 500 °C > T > 200 °C
temperature range, the E,,4 increases to 0.86 eV. It was reported that the migration energy of oxygen
vacancies was about 1 eV in ABOj; perovskite oxides [24]. Therefore, we suggested that oxygen
vacancies should be responsible for the conduction mechanism. With increasing temperature above
550 °C, the activation energy E g is up to 1.2 eV. Previous research suggested that the oxygen vacancies
are still the dominant carriers [19,21,25]. However, our experiment results suggest that the electrons at
the interface of the sample/electrode contribute to the high temperature conduction, which will be
discussed in detail below.

1.2eV

0.86 eV

Inc (S-cm™)

20 0.18 eV

1.0 1.5 2.0 25 3.0 3.5
1000/T(K")

Figure 3. Arrhenius plots of DC conductivity as a function of temperature for Fe-substituted PMN-32PT
ferroelectric crystal.

Figure 4 displays the temperature dependence of permittivity (e,) for Fe-substituted PMN-32PT
single crystal at different frequencies. Two obvious dielectric anomalies are observed, corresponding to
peak I and peak II. Based on previous studies [26], peak I is assigned to the rhombohedral
(R)—tetragonal (T) phase transition, and peak II is from the phase transformation of tetragonal
(T)—cubic (C). Fe-substituted PMN-32PT crystal shows the increased phase transition temperature of
rhombohedral-tetragonal (T1.g = 90 °C) compared with the PMN-32PT single crystal (T1.r ~ 70 °C) [27],
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which is attributed to the domain wall-pinning induced by the internal bias field [23]. At the phase
transition temperature T, = 143 °C, the permittivity ¢, shows a strong frequency dependence.
As frequency increases, the permittivity decreases, and peak II moves to a high temperature,
indicating the relaxation property of the crystal. It’s worth mentioning that there is a dielectric
abnormality at high temperature 400 °C, labeled peak III. This dielectric anomaly occurs at 400 °C
higher than Burns temperature Tg ~ 330 °C of PMN-PT crystal [28]. Therefore, this anomaly is
independent of the diffuse ferroelectric phase transition, and is known as the pseudo-dielectric
relaxation [21]. When the temperature is higher than 500 °C, we observe a sharp increase in permittivity
at low frequency 10 Hz, which may be associated with space charge polarization [29]. The dielectric
anomaly at peak III is more obvious in the dielectric loss (see the inset of Figure 4). With the increasing
of frequency, the dielectric anomaly shifts toward high temperature, indicating the dielectric relaxor.

14000
peak | 10} peak Ill
12000 |-
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- :
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2 m
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Figure 4. Temperature dependence of permittivity for Fe-substituted PMN-32PT ferroelectric crystal at
different frequencies.

Although the high-temperature dielectric anomaly peak III can be observed in Figure 4, it is
difficult to extract the accurate location of abnormal peaks, which limits our insight into the mechanism
of high-temperature dielectric relaxation. Considering the relationship between dielectric modulus
(M*) and permittivity (¢*), as in the following Equation (5), we can obtain some information about the
dielectric relaxation mechanism by analysis of dielectric modulus M*.

1
M =M 4 M = — 5)

Figure 5 shows the dielectric modulus imaginary M” as a function of frequency (f) in the
temperatures ranging from 200 to 700 °C. Only one peak is observed, and the peak gradually moves to
high frequency with increasing temperature, which is a typical dielectric relaxation induced by thermal
activation [25]. In order to analyze its physical nature, we accurately extracted the position of the
relaxation peak by Gaussian fitting, and calculated the relaxation activation energy E,,, (see inset of
Figure 5), based on the Arrhenius formula (Equation (6)).

-E
fretax = fo exp(ﬁ) (6)
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Figure 5. The frequency dependence of the electric modulus (M”) for Fe-substituted PMN-32PT
ferroelectric crystal at different temperature, and relaxor activation energy (E,4y) (inset).

It can be seen that the relaxation activation energy E,..x is 1.2 eV, indicating that the
high-temperature dielectric relaxation peak III is related to the short-range hopping of oxygen
vacancies [13,20,21,24]. At this point, oxygen vacancy acts as a polaron, and its hopping process can be
regarded as the reorientation of the dipole, which leads to dielectric relaxation.

In order to understand the relationship between dielectric relaxation and electrical conduction,
Figure 6 shows the impedance imaginary Z” of Fe-substituted PMN-32PT crystal as a function
of frequency (f) at different temperatures. Two abnormal peaks in Z”(f) curves are observed in
Figure 6a, corresponding to a high-frequency P}, peak and a low-frequency P; peak, respectively.
Usually, the high-frequency P}, peak is related to the bulk, while the low-frequency P peak is associated
with interface, and they can be described by an equivalent circuit with two pairs of parallel R-C
series [13,20]. With decreasing temperature from 700 to 250 °C, the position of the P}, peak shifts
gradually toward low frequency, indicating its relaxation characteristics. It is unfortunate that,
when temperature is below 200 °C, the relaxor peak is out of this measured range and cannot be
observed (see inset of Figure 6a). The intensity of the P}, peak decreases gradually with the temperature
increasing, showing a thermal activation. Compared with the high-frequency Py, relaxation peak,
the variation of the low-frequency P; peak is more complex (see Figure 6b). When the temperature is
increased from 300 to 400 °C, the P; peak moves to the high frequency, accompanied by the decrease
of peak intensity, which is in agreement with the P, peak. Some subtle changes are captured in the
illustration. The intensity of the P| peak is higher than that of the P}, peak at 300 °C, indicating that the
interface’s contribution to the complex impedance is greater than that of the bulk. However, the intensity
of the Pj peak decreases gradually with increasing temperature, and it can be hardly observed at 450 °C.
Itis very interesting that the P; peak rises again when the temperature is above 500 °C, but the frequency
where the Z” is up to maximum almost does not change with increasing temperature, except for when
the peak intensity decreases. The phenomena suggest that the P peak depends on temperature rather
than frequency in the temperature range from 500 to 700 °C. Therefore, the conduction mechanism
controlled by oxygen vacancy hopping is ruled out [13-17,20,21].
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Figure 6. The frequency (f) dependence of the impedance imaginary part (Z2”) for Fe-substituted
PMN-32PT ferroelectric crystal at different temperatures (a), and the larger version (b). The insets show
respectively the Z” (f) curves and equivalent circuit.

To explore the physical mechanism of the P; and Py, peaks, we extracted the position of the P}, peak
(250-650 °C) and P; peak (300-400 °C) from Figure 6b. Based on the Arrhenius formula (Equation (6)),
the relationship between the frequency and temperature was plotted, as shown in Figure 7. It can
be seen that the relaxor activation energy of Py, peaks is 1.2 eV, which is in agreement with Figure 5,
indicating that the dielectric relaxation and electrical conduction in bulk derive from the same physical
mechanism, that is, oxygen vacancies [13,21]. For the low-frequency P; peak (300-400 °C), the relaxor
activation energy is 1.28 eV, close to the migration energy of oxygen vacancy. Therefore, we suggest
that the conduction mechanism of the interface arises from the oxygen vacancy in the temperature
range from 300 to 400 °C [20].
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Figure 7. Arrhenius plots of the impedance imaginary part (2”) for Fe-substituted PMN-32PT
ferroelectric crystal.
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For the high-temperature region (500 < T < 700 °C) in Figure 6b, as mentioned above, the P peak
shows a negative temperature resistance coefficient (NTRC) and thermal activation feature. In addition,
the P; peak is independent of frequency, indicating that the interface system is a non-dispersive
transport of the free charged carriers process [20]. In order to certify the view, the conductivity as
a function of frequency was plotted in the temperature range 500 < T < 700 °C, as shown in Figure 8.
One can see that the conductivity remains almost constant when the frequency is less than 10° Hz,
indicating the DC conduction. Wan et al. reported that the partial Fe>* might transform into Fe?*
when the high concentration iron ions were introduced into PMN-PT crystal [11], which resulted in
the formation of holes. Generally, these holes are trapped by negatively charged centers, such as
Vi;b vacancies, and they act as carriers to form the p-type conduction at high temperature, as shown
in Equation (7).

AX - A'+h* 7)

where A* is the negatively charged center with a trapped hole. Previous study showed that the enthalpy
of Equation (7) determined from the temperature dependence of the p-type conductivity is about
0.92 eV [30]. Based on Figure 2, we knew that the activation energy E,,s was up to 1.2 eV at T > 500 °C.
Therefore, we propose the holes might be excluded. However, the Ti>* center was calculated to be
highly localized on the Ti 3d orbital and quite deep, at least 1 eV below the conduction-band edge [31].
Zhao et al. [20] reported that this activation energy corresponding to the excitation of trapped electrons
from the Ti* center is about 1.1 + 0.03 eV in PMN-PT crystal. For the interface region between the
sample and electrode, the cathodic region contains a high concentration of migrated oxygen vacancies,
and they are compensated by electrons. The compensated electrons may be trapped by the Ti** to
form color centers, which leads to the Ti** transformation into Ti®*. Therefore, we speculate that the
excitation of trapped electrons from the Ti** center might dominate the high-temperature conduction
mechanism [20].
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Figure 8. The ac conductivity of Fe-substituted PMN-32PT relaxor ferroelectric crystals as a function of
frequency at different temperatures.

The impedance Z” reflects the material’s resistance information, while the modulus M” reflects
the material’s capacitance information [13,18]. When the positions of M;;;x” and Z;4,” are identical,
they show the dominance of long-range carrier migration. Conversely, the short-range movement of
carriers may play a major role in contributing to the material’s properties [18]. In order to further
demonstrate the carrier migration, the M”(f) and Z”(f) curves were contrasted at different temperatures,
as shown in Figure 9. It can be clearly seen that the Z;;,” and M.y occur at different frequencies,
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as shown by the black dotted line in Figure 9a,b, which indicates that the short-range hopping of oxygen
vacancies is responsible for the dielectric relaxation. With increasing temperature, the difference of
frequency between Z5,” and M;4x” decreases gradually (see Figure 9d), suggesting the dominance of
oxygen vacancies’ long-range migration. The long-range migration of carriers promotes conduction,
resulting in the decrease of resistivity and the increase of the leakage current, as shown in Figure 6b.
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Figure 9. Comparison between Z” and M” for Fe-substituted PMN-32PT ferroelectric crystal at different
temperatures (a) 300 °C; (b) 350 °C; (c) 550 °C and (d) 650 °C.

4. Conclusions

The dielectric, piezoelectric, ferroelectric, relaxation and electrical conduction were investigated in
an Fe-substituted PMN-32PT relaxation ferroelectric single crystal, grown by the flux method. Fe ions
effectively improved the coercive field E. of PMN-32PT crystal, and the E. was up to 765 V/mm,
which is three times larger than that of un-doped PMN-32PT crystal. Fe-substituted PMN-32PT showed
a piezoelectric coefficient dsz = 997 pC/N. These variations of electrical properties were attributed to
the domain wall-pinning by defect dipoles. The low-temperature dielectric relaxation was associated
with the diffuse phase transition, while the high-temperature dielectric relaxation was attributed to the
oxygen vacancies. The analysis of conductivity showed that the conduction mechanism was mainly
electrons resulting from ionization of oxygen vacancies at low-temperature range T < 150 °C, while the
migration of oxygen vacancies dominated the conduction mechanism for moderate temperatures,
200 < T <500 °C. As the temperature increased by 550 °C, the excitation of the trapped electrons from
the Ti>* center below the edge of the conduction band contributed to the high-temperature conduction.
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Abstract: Pt/Na 5Big 5TiO3/Lag 551 5CoO3 (Pt/NBT/LSCO) ferroelectric capacitors were fabricated
on (110) SrTiO3 substrate. Both NBT and LSCO films were epitaxially grown on the (110) SrTiO3
substrate. It was found that the leakage current density of the Pt/NBT/LSCO capacitor is favorable to
ohmic conduction behavior when the applied electric fields are lower than 60 kV/cm, and bulk-limited
space charge-limited conduction takes place when the applied electric fields are higher than 60 kV/cm.
The Pt/NBT/LSCO capacitor possesses good fatigue resistance and retention, as well as ferroelectric
properties with Py = 35 uC/cm?. The ferroelectric properties of the Pt/NBT/LSCO capacitor can
be modulated by ultraviolet light. The effective polarization, AP, was reduced and the maximum
polarization Pmax was increased for the Pt/NBT/LSCO capacitor when under ultraviolet light, which can
be attributed to the increased leakage current density and non-reversible polarization P* caused by
the photo-generated carriers.

Keywords: NBT epitaxial film; ferroelectric properties; ultraviolet light

1. Introduction

Ferroelectric films are widely used in microelectromechanical systems, sensors and ferroelectric
random access memory (FeRAM) due to their excellent dielectric, ferroelectric and piezoelectric
properties [1-5]. The mainstay ferroelectric materials for applications have traditionally been the
Pb(Zr,Ti)O3 (PZT) films due to their excellent performance (large remnant polarization P and small
coercive field Ec). However, the use of lead gives rise to environmental concerns, which is the
driving force for the development of alternative lead-free ferroelectric materials [6-8]. Nag 5Bip5TiO3
(NBT) with good ferroelectric properties and high Curie temperature has been considered to be an
excellent candidate to replace lead-based ferroelectric materials [9-11]. Polycrystalline NBT films
with P, = 11.9 uC/cm? have been grown on Pt/Ti/SiO,/Si substrates [12]. It is believed that the
highly oriented ferroelectric films (especially the epitaxial films) possess higher polarization than the
polycrystalline ones due to the lack of grain boundaries. Highly (111) oriented NBT film prepared
on Pt/Ti/SiO,/Si substrate shows a higher P, of 20.9 uC/em? [13]. (001) and (011) oriented epitaxial
NBT films fabricated on Pt-coated MgO and SrTiOj3 substrates by pulsed laser deposition have good
dielectric and ferroelectric properties [14,15]. In addition, both P, and Ec are dependent on the crystal
orientation. For example, the P, and Ec are 15.9 uC/em?, 12.6 uC/em? and 126 kV/cm, 94 kV/cm for
(111) and (001) oriented NBT films [14,16].

Crystals 2019, 9, 558; d0i:10.3390/cryst9110558 37 www.mdpi.com/journal/crystals
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The electrode materials are very important for ferroelectric capacitors. The noble metals, such as
Pt, Au and Ag, are good electrode materials due to their excellent conductivity. However, the noble
metals as bottom electrodes react easily with oxygen derived from the oxide films and deteriorate
the performance of the oxide films [17]. Compared to Pt, Au and Ag, the Lag 55ry5CoO3 (LSCO) is
low in cost and can provide an oxide/oxide (LSCO/NBT) interface that will not capture the oxygen
from the oxide films [18,19]. In this work, Pt/NBT/LSCO ferroelectric capacitors were fabricated on
(110)-oriented STO substrate by magnetron sputtering and pulsed laser deposition with LSCO as
the bottom electrode. The microstructure and electrical properties of the Pt/NBT/LSCO ferroelectric
capacitors, as well as the effect of ultraviolet light on the ferroelectric properties of these capacitors,
were investigated.

2. Experimental

The (110) oriented Pt/NBT/LSCO/STO heterojunction was prepared by magnetron sputtering
and pulsed laser deposition. Step 1: LSCO film 60 nm in thickness was deposited on (110) STO
single crystal substrate by magnetron sputtering at room temperature with the following conditions:
Ar:0; = 3:1, power: 30 W. Post-annealing was conducted at 550 °C in a 1 atm oxygen-flowing tube
furnace. The sheet resistance of the LSCO layer was 20 ()/0, which is quite low and would not affect
the measurements. Step 2: Nag 5Biy 5TiO3 target with excess 10% bismuth and 10% sodium was used
to compensate the loss of bismuth and sodium. NBT film with a thickness of 400 nm was deposited
on the LSCO/STO heterostructure by pulsed laser deposition at 550 °C and 7.5 Pa oxygen deposition
pressure. The distance between the target and substrate was 5.5 cm; the laser energy density and
repetition rate were 2 J/cm? and 5 Hz, respectively. Step 3: Pt film with a thickness of 70 nm and an
area of 7.85 x 107> cm? was deposited by magnetron sputtering on the surface of the NBT/LSCO/STO
heterostructure through a shadow mask as the top electrodes of the capacitors. The Pt/NBT/LSCO/STO
heterostructure was rapidly annealed at 550 °C for 1 min under an O, atmosphere to make a better
contact between the NBT and Pt.

The surface morphology of the (110) NBT film was measured by atomic force microscopy
(AFM, MultiMode 8, Bruker, America). The phase structure was analyzed by X-ray diffractometer
(XRD, TD-3700, Tongda, Dandong, China, Cu K« radiation, tube pressure 30 kV, current 20 mA).
The ferroelectric properties of Pt/NBT/LSCO capacitor were tested using a ferroelectric tester (Precision
LC II, Radiant, America). The leakage current of the NBT film was tested using an I-V test system
(2601B, Kiethley, America ). The ultraviolet light source (CEL-HXUV300, Zhongjiaojinyuan, Beijing,
China) with 365 nm (5 mW/cm?) was used.

3. Results and Discussion

Figure 1a shows the XRD pattern of Pt/NBT/LSCO/STO heterojunction. In addition to the STO
(110) peak, (110) diffraction peaks of NBT and LSCO are observed without any diffraction peaks from
other directions, indicating that both NBT and LSCO films are highly (110) oriented. The full width
at half maximum (FWHM) of the (110) diffraction peak for NBT film is 0.301° based on the rocking
curve in Figure 1b, indicating high crystal quality. To further determine the epitaxial property of the
NBT film, the phi-scan on the (100) plane of NBT film was performed as shown in Figure 1c. The
two periodic diffraction peaks with similar intensity in the phi-scan further confirms that the NBT
film is of good epitaxial nature. Figure 1d shows the surface topography of NBT film measured by
AFM using tapping mode. It can be seen that the NBT film has a dense microstructure with a layered
surface and elongated grains. The grain size is about 265 nm wide. The surface mean square roughness
(RMS) is 15.5 nm, demonstrating that the NBT film has a highly crystalline quality. The elongated
grain is consistent with that of the (110) oriented NBT film grown on the SrTiO3 substrate reported by
Bousquet [15]. In addition, the appearance of PtO in XRD can be attributed to the reaction of Pt and
O,, since the sample was annealed at 550 °C for 1 min in O, atmosphere.
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Figure 1. (a) X-ray diffraction pattern of Pt/NBT/LSCO/STO heterojunction, in which the intensity of
(110) STO is normalized; (b) Rocking curve of (110) diffraction peak for NBT film; (c) Phi scan and
(d) AFM image of NBT film.

The leakage current density has a great impact on the electrical properties of the ferroelectric
capacitors. Low current density is necessary for devices. Figure 2a shows the relationship between
the leakage current density ] and the electric field E for Pt/NBT/LSCO ferroelectric capacitor. The
leakage current density is about 4 x 107* A/em? and 2 x 107% A/em? at 250 kV/em and —250 kV/cm,
respectively. To further explore the conduction mechanisms of the Pt/NBT/LSCO capacitor in different
electric field ranges, the leakage current curve was re-plotted as shown in Figure 2b. It was found that
two mechanisms account for the leakage current characteristic of the Pt/NBT/LSCO capacitor. The
log(J) and log(E) show a linear relation with a slope of 0.7 at 0~60 kV/cm, which is close to 1.0 and
implies ohmic-like conduction [20,21]. There are a small number of carriers generated by thermal
excitation in the NBT film, which contributes to the low ] at 0~60 kV/cm. The nonlinear space-charge
current-limiting mechanism is responsible for the higher J at 60~250 kV/cm. The Fermi energy is
different for LSCO and Pt, which would cause a large Schottky barrier in the interfaces. A large number
of electrons gathered in the electrodes under E. These electrons are activated when E is higher than the
potential well and enter the NBT film to form leakage current. Thus, ] increased sharply.
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Figure 2. Leakage current density vs. applied electric fields (a) and log(J) vs. log(E) (b) for (110)
NBT film.

Figure 3a shows the P-E loops of (110) NBT film at different E under 10 kHz. (110) NBT film shows
typical ferroelectric P-E loops. Both P; and Pax increase with E. The saturated P, of the (110) NBT film
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is about 35 pC/cm?, indicating good ferroelectric properties. The Py of NBT ceramic is 38.0 uC/cm? [22].
In cubic structure, the angle between the (110) and (111) planes is 35.26°. In theory, P, = cos(35.26°)
% 38.0 uC/em? ~ 31.0 pC/cm? by assuming the polarization vector is along the [111] direction. The
saturated P; of (110) NBT film is 35 uC/cm?, which is higher than that (P, = 31.0 uC/cm?) of the NBT
ceramic in (110) orientation. The increased P; in (110) NBT film can be attributed to the pressure stress
caused by the lattice mismatch in the NBT/LSCO interface. In the Pt/NBT/LSCO heterojunction, the
in-plane lattice parameter a is 0.389 nm and 0.383 nm for NBT and LSCO based on the XRD pattern. The
different lattice parameter a would lead to pressure stress and an enlarged c/a ratio (the out-of-plane
lattice parameter c to the in-plane lattice parameter a) in the NBT film. The relationship between the
saturation polarization Ps and c/a is (Ps)?  (c/a-1)? in ferroelectric materials [23]. Thus, the pressure
stress caused by the lattice mismatch will increase the polarization of the (110) NBT film.
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Figure 3. Electric field and frequency dependence of hysteresis loops (a,b) and AP (c,d) for (110)
NBT film.

The dependence of P-E loops on the frequency under 250 kV/cm was depicted in Figure 3b. The P-E
loops of (110) NBT film become weak with increasing frequency from 0.1 kHz to 10 kHz. This may
be due to the fact that the domain cannot be completely reversed at high frequencies, which leads
to a decrease in the polarization. The effective polarization AP (AP = P* — P*, P* is the reversible
polarization, P" is the non-reversible polarization) can remove the influence of leakage current and is
an important parameter for ferroelectric memories. Figure 3c is the dependence of AP on E. When E is
0~50 kV/cm, AP remains unchanged. AP rapidly increases with E as E is higher than 50 kV/cm and
gradually becomes saturated as E is over 175 kV/cm. At 200 kV/cm, AP is 20.3 uC/cm?. The slightly
increased AP as E > 200 kV/cm indicates that the ferroelectric domain may be completely inversed.
Figure 3d is the dependence of AP on the frequency. The AP declines nonlinearly with the increase
of frequency since the ferroelectric domains do not have enough time to inverse at high frequencies,
which leads to reduced P*. As the frequency is higher than 1 kHz, AP shows weaker dependence on
the frequency, indicating faster access speed.
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The fatigue of the Pt/NBT/LSCO capacitor was tested at 250 kV/cm and 1 MHz, as shown in
Figure 4a. No obvious degradation in AP can be found for the LSCO bottom electrode. However,
the AP reduced to 13.5 uC/cm? from 16.5 uC/cm? after 1010 switching cycles for the Pt top electrode.
These results indicate that the LSCO bottom electrode is good for fatigue resistance and the Pt top
electrode would cause decreased AP due to the reaction of Pt and O from NBT film [18,19]. The inset
of Figure 4a presents the P-E loops before and after 10'? switching cycles, in which a decreased P-E
loop was observed. Figure 4b is the retention of the Pt/NBT/LSCO capacitor. There is no obvious
degradation in AP for either electrode after 10% s, indicating that the Pt/NBT/LSCO capacitor has good
retention characteristics. In addition, the similar P-E loops before and after 10* s shown in the inset of
Figure 4b further confirm the good retention characteristics. It seems that the retention characteristic is
independent on the electrode materials.
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Figure 4. Fatigue (a) and retention (b) of Pt/NBT/LSCO capacitor. The insets are the hysteresis loops
before and after 10'° switching cycles (a) and 10* s (b).

To investigate the effect of light on the ferroelectric properties of the Pt/NBT/LSCO capacitor,
ultraviolet light with a wavelength of 365 nm was used, since the forbidden gap of NBT film is 3.15 eV,
as shown in Figure 5a. Figure 5b shows the P-E loops of the Pt/NBT/LSCO capacitor under dark
and ultraviolet light. It can be seen that the Ppax is 60.6 uC/sz and 63.8 pLC/cm2 under dark and
ultraviolet light, respectively, indicating that the ultraviolet light can increase the polarization of the
Pt/NBT/LSCO capacitor. Pmax (Pmax = 2AP + Jt, AP is effective polarization, ] is leakage current density
and t is time) can be affected by AP and J. Under ultraviolet light, photo-generated carriers would be
generated in NBT film, increasing J, and thus causing an increase in Pmax. To further illustrate the
effect of ultraviolet light on AP, the dependences of AP on E and frequency under ultraviolet light were
investigated as shown in Figure 5¢,d. It can be seen that the ultraviolet light leads to reduced AP. This
is attributed to the increased P” caused by the ultraviolet light. The decreased AP further confirms that
the increased Ppax can be attributed to the increased ] under ultraviolet light. The ultraviolet light
leads to decreased AP, but does not change the tendencies of AP with E and frequency. Based on the
analysis described above, it can be concluded that the increased Pmax in the Pt/NBT/LSCO capacitor is
due to the increased ] caused by the photo-generated carriers rather than the increased AP.
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Figure 5. Forbidden gap (a), hysteresis loops (b), electric field-dependence (c¢) and
frequency-dependence (d) of AP for Pt/NBT/LSCO capacitor under ultraviolet light.

4. Conclusions

The Pt/NBT/LSCO capacitor was fabricated on (110) STO substrate by magnetron sputtering
and pulsed laser deposition with LSCO as the bottom electrode. The microstructure and electrical
properties of the (110) oriented NBT film were investigated. It was found that the (110) oriented
NBT/LSCO films were epitaxially grown on SrTiO3 substrate with high crystal quality. The (110) NBT
film shows good ferroelectric properties, with Py = 35 uC/cm? and a small leakage current density of
4.02 x 10~* A/cm? at 250 kV/cm. The ohmic conduction mechanism and nonlinear space charge limiting
accounted for the conduction mechanisms at 0-60 kV/cm and 60-250 kV/cm, respectively. The AP of the
Pt/NBT/LSCO capacitor shows strong dependence on both the electric field and frequency. In addition,
the Pt/NBT/LSCO capacitor processes good fatigue resistance and retention. The ultraviolet light leads
to increased leakage current density and non-reversible polarization P*, and causes reduced AP and
increased Prmax. These results can provide a reference for the research and development of lead-free
NBT ferroelectric storage devices.

Author Contributions: J.S. and J.G. contributed equally to this work in sample preparation and testing. S.Z.
worked for data analysis and English. L.L. and X.D. worked for data analysis. L.Z. and B.L. worked for
manuscript writing.

Funding: This research received no external funding.

Acknowledgments: This project is supported by the National Natural Science Foundation of China (Grant
numbers 11374086 and 51802068), the Natural Science Foundation of Hebei Province (Grant numbers E2014201188,
E2014201063 and A2018201168), the Advanced Talents Incubation Program of Hebei University (Grant numbers
801260201180 and 521000981323) and the State Key Laboratory of New Ceramic and Fine Processing Tsinghua
University (Grant number KF201812).

Conflicts of Interest: The authors declare no conflict of interest.

42



Crystals 2019, 9, 558

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Peddigari, M.; Palneedi, H.; Hwang, G.T.; Lim, KW.; Kim, G.Y,; Jeong, D.Y.; Ryu, J. Boosting the Recoverable
Energy Density of Lead-Free Ferroelectric Ceramic Thick Films through Artificially Induced Quasi-Relaxor
Behavior. ACS Appl. Mater. Interfaces 2018, 10, 20720-20727. [CrossRef]

Tang, Z.; Liu, Z.; Ma, J.; Fan, J.; Zhong, M.; Tang, X.G.; Lu, S.G.; Tang, M.; Gao, ]. The enhanced magnetoelectric
effect and piezoelectric properties in the lead-free Biz 15Ndgg5Ti3012/LagyCag3MnO3 nano-multilayers
composite thin films. J. Alloys Compd. 2019, 777, 485-491. [CrossRef]

Wen, Z.; Li, C; Wu, D; Li, A; Ming, N. Ferroelectric-field-effect-enhanced electroresistance in
metal/ferroelectric/semiconductor tunnel junctions. Nat. Mater. 2013, 12, 617-621. [CrossRef]

Tian, B.B.; Liu, Y.; Chen, L.F,; Wang, ].L.; Sun, S.; Shen, H.; Sun, J.L.; Yuan, G.L.; Fusil, S.; Garcia, V.; et al.
Space-charge Effect on Electroresistance in Metal-Ferroelectric-Metal capacitors. Sci. Rep. 2015, 5, 18297.
[CrossRef] [PubMed]

Abuwasib, M.; Lu, H,; Li, T.; Buragohain, P; Lee, H.; Eom, C.B.; Gruverman, A.; Singisetti, U. Scaling of
electroresistance effect in fully integrated ferroelectric tunnel junctions. Appl. Phys. Lett. 2016, 108, 152904.
[CrossRef]

Zhang, T; Li, W.; Cao, W.; Hou, Y.; Yu, Y.; Fei, W. Giant electrocaloric effect in PZT bilayer thin films by
utilizing the electric field engineering. Appl. Phys. Lett. 2016, 108, 162902. [CrossRef]

Katsouras, I.; Asadi, K.; Groen, W.A.; Blom, PW.M.; De Leeuw, D.M.; Zhao, D. Retention of intermediate
polarization states in ferroelectric materials enabling memories for multi-bit data storage. Appl. Phys. Lett.
2016, 108, 232907. [CrossRef]

Gobeljic, D.; Shvartsman, V.V,; Belianinov, A.; Okatan, B.; Jesse, S.; Kalinin, S.V.; Groh, C.; Rodel, J.;
Lupascu, D.C.; Okatan, M.; et al. Nanoscale mapping of heterogeneity of the polarization reversal in lead-free
relaxor—ferroelectric ceramic composites. Nanoscale 2016, 8, 2168-2176. [CrossRef] [PubMed]

Smolenskii, G.A.; Isypov, V.A.; Agranovskaya, A.L; Krainik, N.N. New ferroeleetrics complex composition.
Sov. Phys. Solid State 1961, 2, 2651-2654.

Cao, W,; Li, W,; Feng, Y.; Bai, T.; Qiao, Y.; Hou, Y.; Zhang, T.; Yu, Y.; Fei, W. Defect dipole induced large
recoverable strain and high energy-storage density in lead-free Nag 5Bij 5 TiO3-based systems. Appl. Phys.
Lett. 2016, 108, 202902. [CrossRef]

Balakt, A.; Shaw, C. Zhang, Q. Enhancement of pyroelectric properties of lead-free
0.94Nay 5Bi 5TiO3-0.06BaTiO3 ceramics by La doping. J. Eur. Ceram. Soc. 2017, 37, 1459-1466. [CrossRef]
Zhou, Z.H.; Xue, ] M.; Li, W.Z.; Wang, ].; Zhu, H.; Miao, ].M. Leakage current and charge carriers in
(Nag 5Big 5)TiOsthin film. J. Phys. D Appl. Phys. 2005, 38, 642-648. [CrossRef]

Tang, X.G.; Wang, J.; Wang, X.X.; Chan, H.L.W. Preparation and Electrical Properties of Highly (111)-Oriented
(Na 5Big 5)TiO3 Thin Films by a Sol-Gel Process. Chem. Mater. 2004, 16, 5293-5296. [CrossRef]

Bousquet, M.; Duclere, ] .-R.; Champeaux, C.; Boulle, A.; Marchet, P.; Catherinot, A.; Wu, A.; Vilarinho, PM.;
Députier, S.; Guilloux-Viry, M.; et al. Macroscopic and nanoscale electrical properties of pulsed laser
deposited (100) epitaxial lead-free Nag 5Bip 5 TiO3 thin films. J. Appl. Phys. 2010, 107, 034102. [CrossRef]
Bousquet, M.; Duclére, ].-R.; Gautier, B.; Boulle, A.; Wu, A.; Deputier, S.; Fasquelle, D.; Rémondiere, E;
Albertini, D.; Champeaux, C.; et al. Electrical properties of (110) epitaxial lead-free ferroelectric Nag 5Bip 5 TiO3
thin films grown by pulsed laser deposition: Macroscopic and nanoscale data. J. Appl. Phys. 2012, 111, 104106.
[CrossRef]

Duclere, J.-R.; Cibert, C.; Boulle, A.; Dorcet, V.; Marchet, P.; Champeaux, C.; Catherinot, A.; Deputier, S.;
Guilloux-Viry, M. Lead-free Nag 5Bip 5TiO3 ferroelectric thin films grown by Pulsed Laser Deposition on
epitaxial platinum bottom electrodes. Thin Solid Films 2008, 517, 592-597. [CrossRef]

Solbach, A.; Klemradt, U.; Schorn, PJ.; Bottger, U.; Cao, J.L.; Weirich, T.E.; Mayer, J. Probing fatigue in
ferroelectric thin films with subnanometer depth resolution. Appl. Phys. Lett. 2007, 91, 72905.

Liu, B.T,; Chen, J.E.; Sun, J.; Wei, D.Y.; Chen, J.H.; Li, X.H.; Bian, E; Zhou, Y.; Guo, ]J.X.; Zhao, Q.X.;
et al. Oxygen vacancy as fatigue evidence of Lag 551y 5C0O3/PbZr 4Tig ¢O3/Lag 5519 5CoO5 capacitors. EPL
Europhys. Lett. 2010, 91, 67011. [CrossRef]

Song, ].M.; Luo, L.H.; Dai, X.H.; Song, A.Y.; Zhou, Y.; Li, ZN.; Liang, ].T.; Liu, B.T. Switching properties of
epitaxial Lag 5519 5C003/Nag 5Big 5 TiO3/Lag 551 5C003 ferroelectric capacitor. RSC Adv. 2018, 8, 4372-4376.
[CrossRef]

43



Crystals 2019, 9, 558

20. Cheng, B.L.; Wang, C.; Zhou, Y.L.; Wang, S.Y.; Dai, S.Y.; Lu, H.B.; Chen, Z.H.; Yang, G.Z. Reduction of leakage
current by Co doping in Pt/Bag 551 5 TiO3/Nb-SrTiO3 capacitor. Appl. Phys. Lett. 2004, 84, 4116.

21.  Qi, Y; Lu, C; Zhang, Q.; Wang, L.; Chen, E; Cheng, C.; Liu, B. Improved ferroelectric and leakage properties
in sol-gel derived BiFeOs/Bis 15Nd 85 TizO1,bi-layers deposited on Pt/Ti/SiOy/Si. J. Phys. D Appl. Phys. 2008,
41, 065407. [CrossRef]

22. Hiruma, Y.; Nagata, H.; Takenaka, T. Thermal depoling process and piezoelectric properties of bismuth
sodium titanate ceramics. J. Appl. Phys. 2009, 105, 084112. [CrossRef]

23.  Fatuzzo, E.; Merz, WJ. Ferroelectricity.; North-Holland Publishing Company: Amsterdam, The Netherlands, 1967.

® © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution
BY

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

44



crystals MBPY

Article

Capacitance Properties in Bag 3Sro.7Zro.18Tip.s203 Thin
Films on Silicon Substrate for Thin Film

Capacitor Applications

Xiaoyang Chen, Taolan Mo, Binbin Huang, Yun Liu and Ping Yu *

College of Material Science and Engineering, Sichuan University, Chengdu 610064, China;
chenxy.189@gmail.com (X.C.); mtaolan@gmail.com (T.M.); huangbinbin@stu.scu.edu.cn (B.H.);
liuyun6@stu.scu.edu.cn (Y.L.)

* Correspondence: pingyu@scu.edu.cn

Received: 30 March 2020; Accepted: 17 April 2020; Published: 19 April 2020

Abstract: Crystalline Bag3Sry7Zr(18Tip 8203 (BSZT) thin film was grown on Pt(111)/Ti/SiO,/Si
substrate using radio frequency (RF) magnetron sputtering. Based on our best knowledge, there
are few reports in the literature to prepare the perovskite BSZT thin films, especially using the RF
magnetron sputtering method. The microstructure of the thin films was characterized using
X-ray diffraction (XRD) and scanning electron microscopy (SEM), and capacitance properties,
such as capacitance density, leakage behavior, and the temperature dependence of capacitance
were investigated experimentally. The prepared perovskite BSZT film showed a low leakage current
density of 7.65 x 1077 A/cm? at 60 V, and large breakdown strength of 4 MV/cm. In addition,
the prepared BSZT thin film capacitor not only exhibits an almost linear and acceptable change
(AC/C ~13.6%) of capacitance from room temperature to 180 °C but also a large capacitance density of
1.7 nF/mm? at 100 kHz, which show great potential for coupling and decoupling applications.

Keywords: BSZT thin films; capacitance properties; RF magnetron sputtering

1. Introduction

Recently, the increasing demand for high-density and highly integrated electronic passive
components in the microelectronics industry, has greatly accelerated research on thin film capacitors
with high capacitance density (capacitance per unit area) and advanced functional dielectric films
with high dielectric constant and appropriate dielectric strength [1-3]. Except for high capacitance
density and appropriate electric breakdown strength, temperature stability is another very important
parameter for dielectric capacitor applications [4]. Many international electronic industries alliances,
like the now-defunct Electronic Industries Alliance (EIA) and European Committee for Electrotechnical
Standardization (CENELEC), have clear demands of different temperature stability for various capacitor
applications [5]; for instance, AC/C over the temperature range in X7R ceramics capacitor is lower than
—15% to +15%. According to these standards, the ferroelectric materials which exhibit paraelectric
behavior over the working temperature range, can not only have a bigger dielectric constant than
the linear dielectrics, but also can satisfy some EIA Class I or EIA Class II ceramics capacitors
with a high requirement of temperature stability, like high-frequency capacitors, and coupling and
decoupling applications.

As one of the most studied perovskite material systems, SrTiO3 (STO) thin films have been widely
used in these applications due to its high dielectric constant (~120), low dielectric loss, and low curie
temperature (~250 °C) [6-11]. Compared with STO films, the Ba;_,Sr,TiO3 (BST) thin films have
a higher dielectric constant, which has currently become very attractive for higher integration of
thin film capacitors. However, electronic hopping between Ti** and Ti** ions makes the BST thin
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films have a low electric breakdown strength (hardly exceeding 0.8 MV/cm) [12,13]. For this reason,
Ba,Sry_,ZryTi;—,O3 (BSZT) ceramics are thus fabricated by the substitution of Zr** for Ti** in BST
ceramics [14]. As Zr** is chemically more stable than Ti** and has a larger ionic size to expand the
perovskite lattice, the substitution of Ti with Zr can improve the chemical and temperature stability,
and reduce the dielectric loss [15,16]. Therefore, the BSZT thin films could be a promising dielectric
thin film as an alternative to the BST or STO thin films for the high-frequency capacitors, coupling
and decoupling capacitors. Thus far, the perovskite BSZT thin films are prepared by using pulse
laser deposition (PLD) and Sol-Gel processing [13,15-19]. Radio frequency (RF) magnetron sputtering
method is widely used in the preparation of advanced functional thin films; it is especially flexible in
preparing high-quality oxide thin films with a large area. Based on our best knowledge, there are few
reports in the literature to prepare the perovskite BSZT thin films [13,15-19], especially using the RF
magnetron sputtering method.

In this work, the perovskite Bag 35ry 7Zr( 18Tip 82O3 thin films were prepared on Pt (111)/5i0,/Si
substrates by using RF magnetron sputtering technology. According to our previous results, the Curie
temperature (Tt) of Bag 35t 7Zr( 18 Tip 8,03 compounds is about —102 °C, thus the Bag 3Sr( 7Zro 18 Tip 8203
thin films exhibit para-electric behavior above that temperature. Its capacitance properties were
systematically characterized as a function of frequency, voltage, and temperature. In addition, its
dielectric performance was compared with other reported dielectric thin-films.

2. Materials and Methods

The radio frequency (RF) magnetron sputtering method was used to deposit BSZT thin films on
Pt(111)/SiO,/Si(100) substrates using a RF magnetron sputtering device (Sky Technology Development,
JGP560D, Shenyang, China). In this experiment, the oxygen and argon gas were mixed with a ratio of
1:4 and a total pressure of 2 Pa, and the growth temperature was carried at 625 °C. The BSZT powders
were prepared as the target with a purity of 99%. This deposition time is 5 hours. After the sputtering
process, the deposited thin films were annealed by conventional thermal annealing (CTA) at 700 °C for
180 min in the air to obtain well-crystallized grains.

The crystal phase of the BSZT thin films was measured by using X ray-diffraction (DX-2700,
Dandong, China) with Cu K« radiation. The thickness of the BSZT thin films was investigated by field
emission scanning electron microscope (JEOL, JSM-7500F, Tokyo, Japan). The top Au electrode layer
was prepared with an area of 0.145 mm?. The dielectric properties were measured by a multi-frequency
Inductance-Capacitance-Resistance (LCR) meter (Agilent, HP4294A, Santa Clara, USA). The leakage
current behavior and polarization-electric field (P-E) hysteresis loops of the capacitor were measured by a
Radiant Precision Workstation (Radiant Technologies, Median, New York, USA). The temperature-related
properties were carried on a heating probe stage (Linkam, THMS600, Surrey, UK).

3. Results

The X-ray diffraction (XRD) patterns of the BSZT films and BSZT ceramics are shown in Figure 1A.
It is agreed that the detected XRD peaks are almost the same, which indicates the perovskite BSZT
phase was clearly formed on the Si/SiO,/Pt(111) substrate. The deposited films have a pure perovskite
phase and no secondary phase is detected, confirming that the stable solid solution of BSZT is formed.
The cross-section SEM photograph in Figure 1B shows that the prepared BSZT thin films show a dense,
cracks-free, uniform microstructure, and the clear structure of the Pt/BSZT/Au thin film capacitor is
visible. The thickness of the prepared BSZT films is about 870 nm.

46



Crystals 2020, 10, 318

Figure 2 shows the capacitance properties of the BSZT films as a function of frequency, voltage, and
temperature. As shown in Figure 2A, the prepared BSZT films show a weak frequency dispersion and
a large capacitance density of 1.7 nF/mm? at 100 kHz. It can be calculated that the dielectric constant
(er) is about 170, which is obviously higher than the reported STO films (~100). Therefore, a larger
capacitance density higher than that of STO thin films could be achieved. In addition, the prepared
BSZT films show a very low dielectric loss of 0.01, which is lower than the reported BST thin films [20].
The results reveal that the substitution of Ti with Zr can reduce the dielectric loss. The Direct Current
(DC) voltage dependence of the capacitance density of the prepared films at the frequency of 100 kHz
was measured from —40 V to 40 V in Figure 2B. The prepared films can withstand 40 V DC bias voltage.
It was also noticed that the capacitance decreases with the voltage. This phenomenon is very prevalent
in EIA Class II ceramic capacitor. For a better description of the stability of the capacitance under high
operating voltage, the relative variation ratio of capacitance was plotted as a function of DC voltage in
Figure 2C. This ratio is calculated by the change of the capacitance values under different DC operating
voltages to that of 0 V DC. The EIA code does not take into consideration the DC voltage dependence
in the Class II ceramics capacitor. According to the CENELEC Electronic Components Committee
(CECC) code, the DC voltage dependence is less than —30% for the 2C1 class ceramics capacitor [21].
Therefore, the prepared BSZT films can satisfy this standard when the rated voltage is less than 40 V.
The temperature dependence of capacitance in the testing range of 30~180 °C is shown in Figure 2D.
The prepared capacitance exhibits an almost linear and small change (AC/C ~13.6%) of capacitance
from 30 to 180 °C. According to the EIA code, the BSZT thin film capacitor can satisfy the requirement
from most Class II ceramics with first letter code of Z.

(A (B)

—Si/SiO,/Pt(111)/BSZT films

(110)

Intensity (a.u.)

{(100)

T
—— BSZT ceramics

| A -

:
20 30 40 50 60 70
26 (degrees)

Figure 1. (A) The X ray-diffraction (XRD) patterns of the Bag 35t 7Zr( 13Tip 8203 (BSZT) films. (B) The
cross-section scanning electron microscopy (SEM) photographs of the Pt/BSZT/Au thin film capacitor.

Figure 3A shows the polarization electric field (P-E) hysteresis loop and the leakage current
behavior of the BSZT thin films. The P-E loops of the prepared BSZT films possess good linearity
and weak ferroelectric behavior, which indicate the obvious characteristics of paraelectric thin films.
Figure 3B shows the leakage current density of the thin films as a function of the applied bias electrical
field from —60 V to 60 V. The leakage current density of the films linearly increases with the applied
bias range, which indicates good ohmic conduction in the films. More importantly, the current density
is about 7.65 x 10~7 Ajcm? at 60 V, which is lower than that of BST films.
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Figure 2. The capacitance properties of the BSZT films. (A) The capacitance density and dielectric
loss as a function of frequency. (B) Direct Current (DC) voltage dependence of capacitance density
and dielectric loss. (C) The relative variation ratio of capacitance density as a function of DC voltage.
(D) The capacitance density as a function of testing temperature in the range of 30~180 °C.

(A) (B) .
8 1.0x10
ol ]
8.0x1074
— 4 -~
£ £ 1
2 il o
o & < 6.0x107 1
= 0 > |
_g E’ 7
-g 24 g 4.0x107"
S 55
S c 1
O -4 o
o s 2.0x1074
-6 4
-8 . , . ; . - ; 0.04
-800 -600 -400 -200 O 200 400 600 800 80 40 -20 0 20 40 60
Electric field (kV/cm) Voltage (V)

Figure 3. (A) The polarization-electric field (P-E) hysteresis loops measured at 100 Hz. (B) Leakage
current density of the BSZT thin film capacitor as a function of the applied bias voltage at
room temperature.

The electrical performance of a dielectric capacitor is determined mainly by the electric breakdown
field (Ep,) and dielectric constants (¢;) of the dielectric layers. It is very difficult to obtain a dielectric
material with the simultaneous features of high ¢, and E}, since there is an inherent tradeoff between
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the ¢, and the Ey, for a dielectric material [2]. There is an equation used to describe the relationship
between ¢, and Ej:
s,Ef) = Const 1)

This experimental constant is given as 400 when Ej, is expressed in megavolts per centimeter (MV/cm).
The eri of most dielectric films is not more than 400. Figure 4 shows the Ej, as a function of ¢, for a
variety of dielectric thin-films [2,22,23]. In this work, the Ey, of the BSZT thin film was about 4 MV/cm,
which is higher than the reported STO and BST films. Therefore, eri is higher than the constant.
This result shows that the BSZT films are a very potential dielectric material for the thin filmcapacitor
application in many performance parameters.
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Figure 4. Electric breakdown field (E}) as a function of dielectric constants (¢;) for a variety of the
dielectric thin-films. The data are from previously published literature.

4. Conclusions

In this work, high-quality BSZT thin films were successfully prepared on a 5i/SiO,/Pt(111) substrate.
The prepared perovskite BSZT film also showed a high capacitance density of 1.7 nF/mm? at 100 kHz
and a very low dielectric loss of 0.01 at 100 kHz. The prepared BSZT thin films also display a very low
leakage current density (7.65 X 10”7 A/cm? at 60 V) and high electric breakdown strength (~4 MV/cm).
The results indicate that the BSZT thin film shows great potential for coupling and decoupling thin
filmcapacitor applications.
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Abstract: Electrocaloric properties of [110] and [111] oriented 0.73Pb(Mg;/3Nby/3)O03-0.27PbTiO3
single crystals were studied in the temperature range of 293-423 K. The Maxwell relations and
the Landau-Ginsburg-Devonshire (LGD) phenomenological theory were employed as the indirect
method to calculate the electrocaloric properties, while a high-resolution calorimeter was used to
measure the adiabatic temperature change of the electrocaloric effect (ECE) directly. The results
indicate that the directly measured temperature changes of AT > 2.5 K at room temperature were
procured when the applied electric field was reversed from 1 MV/m to —1 MV/m, which are larger
than those deduced pursuant to the Maxwell relation, and even larger than those calculated using the
LGD theory in the temperature range of 293-~380 K.

Keywords: PMN-PT; single crystals; P-E hysteresis loop; electrocaloric effect; Maxwell relation

1. Introduction

The electrocaloric effect (ECE) is the adiabatic temperature change resulting from the polarization
change in a polar material upon the application or removal of an electric field [1]. Theoretical studies
indicate that cooling devices based on the ECE have a much higher energy conversion efficiency
(>60% of the Carnot efficiency) than those of a vapor compressor [2]. The cooling technology based on
the ECE may lead to more efficient and environmentally friendly alternative cooling technology. Due to
the ECE caused by polarization change, strongly correlated polar materials, e.g., ferroelectrics and
antiferroelectrics, will be the promising ECE candidates [3,4]. These materials will offer the potential to
be applied in solid-state refrigeration.

In general, the ECE can be measured using a direct or an indirect approach. For the indirect
one, although recently a few methodologies have been proposed to measure the ECE, the most
convenient way is still the calculation using the Maxwell relation. Many researchers have adopted the
phenomenological approach and a number of works on the ECEs in various materials were reported.
The reason why the indirect method has become so widely accepted and popular is probably due to
the fact that it is hard to measure the tiny ECEs (because of very small heat generated) using a direct
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way for thin films or thick films (despite their ECE temperature changes being relatively large due
to the higher electric field applied). In addition, it is quite easy to use the probe station to measure
the polarization for the thin/thick films, which thus makes the indirect method rather popular [5].
The phenomenological theories, however, are suitable for ideal situations, e.g., ergodic systems, single
domains, etc. [1]. Hence, in practice, the ECE and other properties deduced using the phenomenological
theory are not consistent with the experimental results because of the relaxation in the ferroelectrics
and difficulty in forming the single domain. To address this issue, a few direct measurement setups
have actually been designed and built. For the direct method, a convenient way which utilizes a
thermometer or a thermistor directly attached to the sample seems to be a reliable fashion to obtain
the ECE. Although this method is not carried out in an adiabatic condition, the temperature change
can be measured before any significant heat exchanging with the surrounding can take place when
the voltage is ramped up or down fast enough, e.g., in milliseconds. Meanwhile, the test data of this
method can be further improved to ensure the measuring accuracy [5].

As important relaxor ferroelectrics, (1 — x)Pb(Mg1,3Nb/3)O3-xPbTiO3 (PMN-PT) single crystals
have been studied extensively [6-9]. The interesting properties of PMN-PT crystals are their
high permittivity, diffuse phase transition, high piezoelectric constant and large electromechanical
coupling factor. It is well known that PMN-PT crystals have been widely used as piezoelectric
materials in industry and daily life. Moreover, PMN-PT crystals possess excellent polarization
properties thus it is worth studying their electrocaloric properties. In this work, the ECEs of
[110]-0.73Pb(Mg1/3Nby/3)03-0.27PbTiO3 (0.73PMN-0.27PT) and [111]-0.73PMN-0.27PT crystals were
calculated in accordance with the Maxwell relation and Landau-Ginsburg-Devonshire (LGD)
phenomenological theory. In addition, a high-resolution calorimeter was employed to make accurate
measurements of the temperature change due to the ECE induced by a change in the applied
electrical field. The ECEs obtained by different approaches were compared and the discrepancies were
also discussed.

2. Materials and Methods

The 0.73PMN-0.27PT single crystals were grown by making use of a modified Bridgman method.
The obtained PMN-PT crystals were sliced into 0.5 mm-thick (110) and (111) plates. The surfaces of the
PMN-PT plates were polished carefully and both surfaces were covered with gold as contact electrodes
for the prospective test.

The permittivities as a function of temperature and frequency were measured using a precision
impedance analyzer (Agilent 4284A, Agilent Technologies Inc., Santa Clara, CA, USA) equipped
with a programmed temperature controller at 1 V and zero-bias field. The experimental data were
acquired at a heating run at 1, 10, and 100 kHz. The specific heat capacities were obtained using
a differential scanning calorimeter (DSC, Mettler-Toledo DSC-3, Mettler-Toledo (Schweiz) GmbH,
Greifensee, Switzerland) in a modulated mode. The polarization—electric field (P-E) hysteresis loop
was procured by a Sawyer-Tower circuit equipped with a temperature chamber (Radiant Multiferroic
System, Radiant Technologies Inc., Albuquerque, NM, USA). The ECE measurement was pursued
within the temperature range of 293 and 423 K with an increment of 10 K [10].

For the direct ECE measurement, a high-resolution thermometer (Omega T type thermocouple,
Omega Engineering Inc., Norwalk, CT, USA) was employed and attached to the sample surface
tightly. A high-voltage supply (Trek, 610E, Trek, Pennington, MN, USA) was used to generate the
electric signal, which was then amplified and applied to the crystal sample. In the course of the
experiment, a ramped voltage was exerted to the sample, and the electric field was kept at a constant
value for over 10 s, in order to reach a thermal equilibrium with the surrounding [10]. After that,
the voltage was sharply removed. The typical thermal response times along the sample thickness
direction is a few milliseconds [11]. A thermal equilibrium throughout the whole sample, including
the electrodes, attached thermometer and wires, can be reached within a short time. However, the time
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for the equilibrated crystal to exchange heat with the surrounding bath (T},;,) will take a longer time.
The relaxation of the temperature of the whole system can be illustrated as follows [12],

T(t) = Tpap + ATe™ 7 )

Here, 7 is the relaxation time constant. More details referring to the test details and data analysis can
be obtained in Ref. [11]. In doing the test, the crystal was immersed in the silicone oil, which was then
placed inside a temperature chamber (Delta Chamber, Delta 9064, Delta Design Inc., Poway, CA, USA).
The chamber’s temperature can be controlled using a computer and the temperature resolution for each
test point is below +0.1 °C. In the course of measurement, to mitigate the impact of the thermocouple,
glue, and wires on the measuring accuracy, very slim silver wires (0.05 mm in diameter), a thermocouple
with a tiny bead (0.1 mm in diameter) with very slim wires (0.05 mm in diameter), and minimal
amounts of electrical and thermal conductive adhesives were used during the preparation of samples.
Because of the very tiny contact areas between the sample and the wires, and very short testing time,
the heat dissipated by wires is estimated to be quite small compared to the heat generated by the ECE
crystal. Thus, Equation (1) was just used to correct the measured results [10].

3. Results

In the first indirect method, according to the well-known Maxwell relation (g—?) e = (g—g)T, the ECE
can be determined from the measurements of the temperature dependences of polarization (P) at a

constant electric field (E), then the ECE can be calculated using the equation [13]

Ea 1 (9P
AT = — —(%£) 4k, 2
jl; PCE(aT)E @

where p is the material density and Cf the specific heat capacity. The E; and E, denote the start and
end electric fields applied. To use this indirect measurement, the necessary treatment process is as
follows. Firstly, the relationships between the polarization and the electric field (hysteresis loops) at
different temperatures should be tested over a certain temperature range. Secondly, the temperature
dependence of polarization with the applied electric field can be obtained from the upper branches of
the hysteresis loops for E > 0. The heat capacity and bulk density are also needed and can be measured
using a DSC and densimeter. Then the ECE can be calculated.

In the second indirect method, the ECE can also be deduced by expanding the free energy in a
power series of polarization. Based on the LGD phenomenological theory as used in the Pb(ZrTi)O3
(PZT) system [14], the Gibbs free energy under a zero-stress condition for [110] and [111] polarization
orientation can be illustrated as [15]:

For the [110] direction, AG = 201p§ + (2011 + Glz)pg +2(o111 + allz)pg 3)

For the [111] direction, AG = 301]9% +3(o11 + O]z)pg +3(0o111 + 0112 + 0123)pg (4)

where p;, 01, 03, and ok (i, j, k = 1, 2, 3) are the polarization components, and dielectric stiffnesses at a
constant stress, respectively. All of the dielectric stiffness coefficients are independent of temperature,
except the parameter o1, which can be expressed as a linear temperature dependence based on the
Curie-Weiss law [16]

_T-Ty
N é‘oc

C is the Curie constant, &y the vacuum dielectric constant and T the Curie-Weiss temperature.

®)

01

Usually, C and T can be obtained by fitting the inverse of the dielectric constant as a function of

temperature in the paraelectric phase using the Curie-Weiss law [17]. In order to deduce the ECE based

on the LGD theory, the temperature dependence of permittivity should be tested firstly to obtain the
NG _

Curie constant. Then using the relations: % = —AS and AT = —C—TEAS, then the ECE can be obtained.
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Furthermore, due to the ECE causing the ferroelectric sample temperature change subject to the
application or removal of the electric field, the temperature change can be detected by a high-resolution
calorimeter. The details are mentioned in the Materials and Methods.

In this study, we applied the electric field of 1 MV/m on the sample and stayed for a few seconds to
reach the temperature equilibrium first, then the electric field was removed immediately. Meanwhile,
the first ECE signal appeared. After the temperature equilibration, a reversed electric field of 1 MV/m
(=1 MV/m) was applied on the sample. Then the second ECE signal can be detected. Furthermore,
during the same test run, it can also be noticed that the intensity of the first ECE signal is much smaller
than that of the second ECE signal at low temperature but the intensity difference of the two ECE
signals became narrowed with the increasing temperature. Figure 1A ,D-F illustrates the ECE signals
of [110] direction at 296 K, 353 K, 383 K and 418 K, respectively. The ECE signals of the [111] direction
of PMN-PT single crystals demonstrate the same tendency as well and are not present here. Due to
the electric breakdown, the measurements of the [110] direction sample above 373 K were not carried
out. In general, before the fitting, by making use of the transformation of coordinate translation, peak
value was removed to the zero, as described in Figure 1B,C. The red curves are the fitted curves using
Equation (1). ATgcg was obtained by extrapolating the fitting toward the time of the fall of the step-like
pulse. In the direct measurement of AT, one concern is the Joule heating in the samples, which will
cause lowering of temperatures when the field is removed. However, during the test, the base line
temperature T—Tp,y, in Figure 1 is the same except for the application of or withdrawing of the electric
field, which indicates that the observed temperature change is indeed due to the ECE from the crystals.
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Figure 1. The electrocaloric effect (ECE) signals of [110] direction of PMN-PT single crystal at 1 MV/m.
(A) ECE measured @ 296 K; (B) Fitting of 1st signal in Figure 1A; (C) Fitting of 2nd signal in Figure 1A;
(D-F) ECE measured @ 353, 383, and 418 K, respectively.

The temperature dependences of permittivities are depicted in Figure 2A,B. The permittivities
versus temperature at three frequencies (1, 10 and 100 kHz) exhibit board peaks in the measured
temperature range. The P-E hysteresis loops were measured at 10 Hz and at a 10 K interval in the
temperature range of 293 K to 423 K and the representative plots of P-E loops are shown in Figure 2C,D.

Atlow temperatures, the shape of the loops is rather square due to the absence of grain boundaries
in single crystals [18]. With the increasing temperature, the hysteresis loops for the two samples exhibit
a transition from square loops to slim ones. At each temperature, the remnant polarization (P;) and
spontaneous polarization (Ps) along the [110] direction are smaller than that of the [111] direction,
but the coercive field (E.) of [110] direction is slightly larger. There are eight equivalent polarization
orientations along the [111] direction for rhombohedral relaxor ferroelectric PMN-27PT single crystals.
When the electric field is applied on the sample, the dipoles will reorient along the electric field
direction. While for the [110] direction, there are only two equivalent polar vectors along the [111]
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direction, which will rotate 35.5° toward the applied field direction of [110] with a designated domain
engineered configuration “2R.” [19]. For this case, the macroscopic symmetry is mm?. In contrast,
there is only one polar vector along the [111] direction for [111] poled ferroelectric crystals, thus it
will form a monodomain state, designated as “1R”, exhibiting symmetry 3 m [19]. According to the

domain engineered configurations, the polarization level derived from the hysteresis loops should be
correlated [20].
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Figure 2. Permittivity and polarization—electric fields (P-E) hysteresis loop as a function of temperature
for PMN-PT single crystals with the [110] direction (A,C) and [111] direction (B,D).

The ECE results obtained by indirect and direct ways are plotted in Figure 3. For the indirect
method, the ECEs at 1 MV/m and 2 MV/m are present in the figures. For the ECE obtained indirectly,
at the same electric field, the ECE calculated by the LGD theory is larger than that deduced by the
Maxwell relation at any temperature. Moreover, the ECEs deduced via the Maxwell relation have peak
values around the Curie temperature, about 400 K. The appearance of peak values is ascribed to the
electric field induced phase transition from ferroelectric to paraelectric phase [21]. However, the ECEs
calculated by the LGD theory decrease monotonically, even around the Curie temperature. For the
ECEs obtained directly, the data measured at 1 MV/m and —1 MV/m are plotted respectively. Over the
full testing temperature range, the measured data for the [110] direction sample at 1 MV/m are smaller
below 383 K, but larger above 383 K than those calculated by the LGD theory, while the measured data
of this sample are larger than those deduced by the Maxwell relation. For the [111] direction sample,
due to the absence of the data at AT > 373 K, the existing AT are between the data obtained by the
two indirect methods. For the data measured at —1 MV/m below 383 K, the results are much larger
than and in sharp contrast to those deduced from the indirect methods. The AT of the [110] direction
sample at —1 MV/m and 1 MV/m have almost the opposite variation tendency. The AT of this sample
at =1 MV/m is much larger than those at 1 MV/m below 393 K, but almost the same above 393 K.
We noted the theoretical calculation using thermodynamic theory for PMN-0.35PT [22], for the electric
field without causing flipping of the electric domains, our results are consistent with the calculation.
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Figure 3. Temperature changes (AT) for the [110] direction (A) and [111] direction (B) obtained from
direct measurements, the Maxwell relation, and the LGD theory.

It can be seen from the P-E hysteresis loops (Figure 2), that below the temperature of 383 K,
the shape of the P-E loops for 0.73PMN-0.27PT crystals is rather square. In that case, the values of
the remnant polarization (P;) are only slightly smaller than that of saturation polarization (Ps). Thus,
when the electric field is released, the polarization variation is very small. That is, the change in the
ordering degree of dipoles is very small. Hence, the polarization entropy increases little, while the
lattice vibration entropy slightly decreases under the adiabatic condition. Hence, the ECE caused
by the polarization entropy variation (the first ECE signal) is not significant. During the same test
run, when the applied electric field changes to —1 MV/m, the dipoles are flip-switched and orient
along the reversed electric field. During this process, the dipoles have a remarkable rotation and a
large polarization entropy variation comes up. The distinct appearance of the second ECE signal is
attributed to this process. The phenomena can be illustrated as follows. For the electric field changes
from +E to 0, the polarization changes from P to Py, then the entropy change

ASy :——J(Pf—PE) (6)

For the electric field changes from 0 to —E, Basso et al. observed an enhancement of ECE in
P(VDF-TrFE) polymers [23], but no illustration was reported. Considering the ferroelectric system
as a quasi-one dimensional harmonic oscillator, the free energy can be expressed in terms of the
harmonic term plus higher order terms, in which the harmonic term is proportional to the square of
the average value of the canonical coordinate of the B-site ion, i.e., <Q;>, which is corresponding to the
order parameter-polarization in the Landau average field theory. For a displacive type ferroelectric,
the polarization is proportional to the displacement of the ions. This means that the ionic displacement
is proportional to the polarization. Now one can see that the ionic displacement changes from plus to
minus when the electric field changes its sign, leading to the polarization changes from +P to —P. If the
polarization changes from P; to —Ps, the ionic displacement changes from ~+<Q;> to —<Q;>, totaled
~2<Qy>. Thus, the harmonic energy has a change of about four times of the original value if the change
of displacement is directly from +P; (~+Ps) to (=Ps). Thus, the isothermal entropy change will have a
large enhancement compared with that when the electric field changes from E to 0. Therefore, a larger
peak will be observed (shown in Figure 1). However, as shown in Figure 2, the P-E hysteresis loops
have a transition from a square-like form to a slim form with the increasing temperature. The P, also
becomes smaller and smaller with the increasing temperature. Then the entropy change in Equation (6)
gets larger and leads to a large ECE signal. When the applied electric field was reversed to —1 MV/m,
the displacement of B-site ion decreases, thus the second ECE signal becomes smaller as well. Therefore,
as the temperature increases, the first ECE signal becomes larger compared with the second ECE signal
during the same test process.

The calculation using the Maxwell relation is a convenient way to procure the ECE, and has been
widely employed in procuring the ECE for crystals or polycrystalline materials [24], but it should be
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noted that the application of the Maxwell relation should be limited to continuous phase transition, and
beyond the range of non-ergodicity. For the ECE deduced using the Maxwell relation, the temperature
dependence of polarization P(T) is usually obtained by fitting the measured polarizations extracted
from the P-E hysteresis loops at different temperatures. For instance, in this study, the P-E loops
were gained at a 10 K interval. Within the two adjacent testing temperatures, the polarization can
only be predicated by fitting the discrete data. Thus, the P vs T relationship cannot be determined
accurately and this leads to errors for (‘3—?)5 [25]. Within a dynamic measurement of the ECE in an AC

electric field, the finite polarization relaxation time has an impact on ((‘;—IT)) e and leads to errors for the
quasi-static model [5,26].

The dielectric behavior of relaxor or normal ferroelectrics can be determined in terms of a universal
Curie-Weiss law [27]: :

1 1 T—Tw)

R @
where ¢, and T}, are the maximum dielectric constant and the corresponding temperature observed in
a wide temperature range around the phase transition point, ¢ and T are the dielectric constant and the
corresponding temperature above the Ty, C’ is the Curie-like constant, and y is the exponent indicating
the diffusiveness of the ferroelectric. Ideally, when y = 1, the material is a normal ferroelectric,
but when y = 2, the ferroelectric is a relaxor ferroelectric. The relaxor ferroelectric behavior is
increasing gradually with y when y is between 1 and 2. y can be worked out via fitting the logarithmic
plot of the reciprocal permittivity (1 — Sim) as a function of temperature (T — T, ), measured at the same
frequency. As shown in Figure 4A,B, the y of the reciprocal permittivity with respect to temperature was
determined from the slope of the fitted straight line: y = 1.92 for the [110] direction sample and 1.87 for
the [111] direction sample. Thus, the two samples have strong relaxor ferroelectric behaviors. For the
relaxor ferroelectrics, a glassy polarization mechanism was subsequently proposed with correlations
between super-paraelectric moments leading to the development of effective non-ergodicity in a frozen
state [28]. Then, for the relaxor ferroelectrics, the relaxation time of polarization also limited the
accuracy of the ECE deduced by the Maxwell relation since the Maxwell relation is derived based on
the assumption that the thermodynamic system is ergodic [29]. Typical non-ergodic systems make
the systems with very low relaxation times. The measuring procedure itself changes the state of the
material (the so-called memory effect), which influences the measurement results [30].
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Figure 4. Reciprocal permittivity (% - é) (at 1 kHz) as a function of temperature (T —T}, ) for crystals
with a direction of [110] (A), and [111] (B).

In a multi-domain material, the domain dynamics under the applied field reduce the excess
entropy available for transfer to acoustic modes, consequently, reducing the ECE. To increase the
accuracy of the indirect method, the system must be brought toward a single domain crystal, which can,
in the first approximation, be achieved at the state of saturated polarization [31]. However, bulk crystal
cannot sustain very high electric fields, so the single domain is difficult to form in the crystal.
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As has been mentioned above, in the Gibbs free energy equation, the coefficient o1 was assumed
approximately a linear temperature dependence as the usual expression for normal ferroelectric and
01 equals to Té;go . For normal ferroelectrics, the paraelectric phase appears instantly above the Curie
temperature, but the ferroelectric phase still exists above the Curie temperature in relaxor ferroelectrics.
According to Pirc’s work [32], in relaxor ferroelectrics, the value of ¢yC is not constant and expected
to be a function of temperature because the coefficient 01 must remain positive at all temperatures.
Thus, large errors occur when deducing the Curie constant C. Moreover, the existence of domain walls,
domain structure, domain wall mobility and defect dipoles will impact the polarization [33], and cause
error to the ECEs deduced from the Gibbs free energy equation.

For the ECE measured directly, the main source of measurement error is due to the heat
that dissipates through objects attached to the sample and surrounding around the sample, e.g.,
the thermocouple and the electrode wires. However, due to fast internal thermal response, the method
used in this study has a sufficient accuracy [34]. Therefore, the ECE measured directly is considered to
be the closest to the real situation.

4. Conclusions

In conclusion, a large ECE was procured through reversing the applied electric field, which is
larger than that by applying the electric field in the same direction for 0.73PMN-0.27PT relaxor
ferroelectric crystals. The directly measured results are larger than those calculated from the Maxwell
relation and even larger than those deduced using the LGD theory in the lower temperature range.
The flipping of electric domains can be used to further enhance the ECE in ferroelectrics.
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