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The electrical properties of piezoelectric ceramics are temperature-dependent, which affects their potential for applications in
environments with temperature variation. In this work, Yb** and Tm* co-doped Ba 9sCay 45Tip.00Zro100; (BCTZ-YT) dense
lead-free ceramic was prepared using a modified polymeric precursor route. On the basis of structural and electrical
measurements at various temperatures, the mechanism of a lack of oxygen vacancies, small structural defects, and small defect
dipoles was deduced. This study reveals that the ferroelectricity and piezoelectricity are temperature-dependent, whereas the
capacitance is essentially unchanged with increasing temperature owing to the presence of a pure orthorhombic phase. The
capacitance of the BCTZ-YT ceramic was essentially constant at ~4.5 nF, the thermal expansion coefficient was 8.57 x 107 K™
below 75 °C, and the piezoelectric response (ds;;*) was above 416 pm/V in a wide temperature range (-20 to 40 °C), suggesting
the results of this study are expected to inform future research.
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Introduction BCTZ materials co-doped with rare earth elements

have electrical properties similar to those of pristine

Lead-free piezoelectric materials, i.e., materials based BaTiO; materials, which feature phase transformations
on BiysNay sTiOs, Ky sNaysNbOs, BaTiOs, and BiFeOs;, from the hexagonal, rhombohedral, or tetragonal phase
have been attracting interest because they are more to the cubic phase with increasing temperature [9,10].
environmentally friendly than lead zirconate titanate Many researchers did a lot of ingenious works on rare
(PZT) materials [1,2]. However, lead-free piezoelectric earth elements doped BCZT ceramics, i.e., Li et al
materials are less suitable for application in electronic reported Em doped BCZT ceramics [11], Zuo et al.

devices than PZT-based materials owing to their worked Er and Yb co-doped BCZT ceramics [12],
poor piezoelectric response [3]. Thus, to improve the Hamza et al. released Nd, Gd, and Y co-doped BCZT

piezoelectricity, researchers have attempted to develop ceramics [13]. Although BCTZ materials co-doped
lead-free materials with specific polymorphic phase with rare earth elements have shown excellent electrical
transitions or a suitable morphotropic phase boundary properties, up-conversion luminescence, and thermal
structure similar to that of PZT-based materials [4,5]. expansion behaviour [11-15], the temperature dependence
Calcium and zirconium co-doped BaTiO; (BCTZ) is a and mechanism of the piezoelectric response and
promising candidate for use in lead-free materials; its ferroelectric properties have not been extensively
outstanding piezoelectric constant (~700 pC/N) has studied, despite its importance for practical use of these
attracted widespread attention for electronic device materials in electronic components. Additionally, the
applications [6]. Doping the perovskite structure of suitable thermophysical property, the match of expansion
BCTZ materials with rare earth elements or eutectic behaviour of the substrate and matrix ceramic materials,
mixtures could reduce the internal stress and improve was one of decisive factors for their long service life in
the electrical properties by reducing the number of actual application [16-18].

defects [7,8]. In this work, the temperature-dependent electrical pro-

perties of Yb*" and Tm*" co-doped Bay.0sCag.05Tig.00Z10.100;
lead-free ceramics were prepared using a modified
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electricity, piezoelectricity, and permittivity were system-
atically studied. Additionally, thermophysical property
of the ceramic was also researched. The results provide
valuable insights into their application in environments
with temperature variation.

Experimental Procedure

Materials preparation

Stoichiometric Bao_957xcao_05Ti().9()Zr0.1003-0.71’1’101%Yb-
0.5mol%Tm (abbreviated as BCTZ-YT; x = 0.012)
lead-free ceramic nanoparticles were prepared using a
modified polymeric precursor method reported in our
previous work [19], using Ba(CH3COO),, Ca(NO;),
4H20, Ti(OC4H9)4, ZI'(NO3)4‘5H20, Yb(NO3)35H20,
Tm(NO;);-6H,0, citric acid, and ethylene glycol
monomethyl ether as the raw materials. The nanoparticles
were mixed with 2.5 wt.% polyvinyl alcohol and
pressed by cold isostatic pressing at 200 MPa to obtain
a disc-shaped green body with 10 mm in diameter and
~0.8 mm in thickness. After burning out the polyvinyl
alcohol binder at 650 °C for 2 h at porcelain boat, the
green body was sintered in air at 1240 °C for 5 h to
obtain the BCTZ-YT ceramic. Silver electrodes were
coated on both polished parallel discs sides of the
ceramic to examine the electrical properties. Then, the
sample was polarized in silicone oil bath at 25 °C for
30 min by applying a direct-current electric field of 15
kV/em, the subsequent piezoelectric response was
characterized after 36 h in air dry oven.

Characterization

The phases of the sample were identified by X-ray
diffraction (XRD; X’Pert-Pro, Holland) using Cu Ka
radiation at a 26 scanning rate of 0.05°s. Scanning
electron microscopy (SEM; S4800) coupled with energy
dispersive spectrometry (EDS) was used to measure
the fresh fracture surface. The electron binding energy
the BCTZ-YT ceramic was investigated using X-ray
photoelectron spectroscopy (XPS, K-ALPHA, UK). The
permittivity was measured using a dielectric measure-
ment system (HDMS-1000V, Partulab, P.R. China). A
Radiant precision workstation (RTI-Multiferroic II,
USA) was used to detect the polarisation-electric field
(P-E) hysteresis loops, leakage current, capacitance,
and resistivity. The strain-electric field (S-E) loops
were measured by an optical reflectance sensor (MTI-
2100, USA). To measure the fracture strength and
thermophysical performance, the BCTZ-YT ceramic
was cut into ~12 mm X ~5 mm % ~1 mm samples after
the silver electrodes were removed from the surface
using grinding paper. The fracture strength of the
ceramic was estimated using a motorised bending tester
(KZJ-300N, P.R. China). A precision electronic balance
(ED-124S) was used to detect the densification of the
BCTZ-YT ceramic according to the Archimedes
principle. The coefficient of thermal expansion (CTE)

was examined using a dilatometer (DIL 402, Netzsch,
Germany).

Results and Discussion

Fig. 1 shows the XRD pattern of the BCTZ-YT
ceramic and the Rietveld-refined XRD pattern for the
Amm?2 space group obtained using the Fullprof software.
The sample was found to have a pure orthorhombic
phase (JCPDS Card No. 81-2200) with perovskite
(ABOs5) structure and no secondary phase, indicating
that the ytterbium and thulium entered the ABO;
crystal lattice successfully [20]. Moreover, the single
orthorhombic phase of the BCTZ-YT ceramic at room
temperature could be also explored by the subsequent
temperature dependence of the relative permittivity
results in this study. The fitting parameters, R, = 0.037,
R,, = 0.060, and »* = 0.31, indicated that the fitting
procedure was highly accurate. The fitted Ilattice
parameters were a = 3.906 A, b = 5.559 A, and ¢ =
5.577 A, and the axial angle was 90°.

Fig. 2 shows a scanning electron microscopy image
of the fracture surface and the elemental distributions.
It could be detected the BCTZ-YT ceramic underwent
high densification (relative density, 96.37%; Table 1)
and has a high fracture strength (71.43 MPa), with an
average grain size of ~0.92 um. The elemental distri-
butions in the BCTZ-YT ceramic suggest that Ba, Ca,
Yb, Tm, Ti, Zr, and O are uniformly distributed in the
structure. The homogeneous dispersion of the elements
could hold back the local element disturbance effect
and stabilize electrical performance.

Fig. 3 shows the temperature dependence of the
relative permittivity (e;) and loss tangent (tan ) of the
BCTZ-YT ceramic at 100 Hz, 1 kHz, 10 kHz, and 100
kHz. The permittivity peak at ~115 °C indicates the
cubic-to-tetragonal phase transition temperature (7¢;
Curie temperature), and the permittivity peak at ~45 °C
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Fig. 1. Detected and Rietveld-refined XRD patterns of the BCTZ-
YT ceramic obtained using Fullprof software.
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Fig. 2. EDS results showing the Ba, Ca, Yb, Tm, Ti, Zr, and O

distributions, and SEM image of the fracture morphology of the
BCTZ-YT ceramic.

Table 1. Density, relative density (p,), and fracture strength (K)
of the BCTZ-YT ceramic.

Category Density (g/em®)  p. (%) K (MPa)
BCTZ-YT ceramic 5.702 96.37 7143
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Fig. 3. Temperature dependence of the relative permittivity (e;) and
loss tangent (tan o) of the BCTZ-YT ceramic at various
frequencies.

indicates the orthorhombic-to-tetragonal phase transition
temperature (7o.r). The BCTZ-YT ceramic showed
low tan ¢ values (~0.02) at various frequencies, which
could be attributed to the high densification of the
ceramic with small flaws in its structure. The &, values
decreased with increasing frequency because of the
slight interfacial polarisation and reduced charge
accumulation at the grain boundaries [21]. The light
frequency dispersion of the permittivity indicates that
the ceramic may have typical ferroelectricity [22].
Moreover, the low loss tangents implied that the
ceramic might possess high density, with small flaws
and few oxygen vacancies.

Fig. 4 displays the electron binding energy of the
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Fig. 4. () O 1s, (b) YDb 4s, and (c) Tm 4s XPS spectra of the

BCTZ-YT ceramic at 20 °C.

BCTZ-YT ceramic. The peak at 532.2 eV (Fig. 4(a))
represents the cation-oxygen bonds (O 1s), whereas the
peak at 529.6 eV corresponds to oxygen vacancies as
well as absorbed H,O on the surface. The peaks at
480.9 eV (Fig. 4(b)) and 468.5 eV (Fig. 4(c)) represent
Yb 4s (the +3 state) and Tm 4s (the +3 state),
respectively [23,24]. The results suggested that Yb**
and Tm*" ions could exist stably in the ceramic, and
the volume of oxygen vacancies was just a little in the
structure. The mechanism of the small defect dipoles as
lack of oxygen vacancies of the BCTZ-YT ceramic is
given by Eq. (1) [25].

Yb¥* + Tm™ + Vi +10,(g) —23 Vb, Tm, 0x
+Tm>* + Vg +20,(8) — Ybpg/ca + TMpasca + 0o

()

Fig. 5 shows the temperature dependence of the
inverse permittivity (10%,) of the BCTZ-YT ceramic
at a frequency of 10 kHz at various temperatures. The
definitions of each parameter are also shown in the Fig.
5, where Tcy is the Curie-Weiss temperature, T, is the
temperature of maximum permittivity, 7g is the
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Fig. 5. Inverse permittivity (10%¢,) of the BCTZ-YT ceramic at a
frequency of 10 kHz at various temperatures.

temperature at which the permittivity begins to follow
the Curie-Weiss law, and AT, is the temperature
deviation, which indicates the level of dielectric
diffusion. These fitted parameters were introduced to
investigate the quantitative parameters of the diffuse
phase transition using the Curie-Weiss law (Egs. (2)
and (3)). Twm, Tcw, T, and AT, were found to be
120.40, 117.40, 149.54, and 29.14 °C, respectively.

1 _T-Tc )
Er Cc
Ly e T (3)

where C is the Curie-Weiss parameter, which also
indicates the degree of the diffuse phase transition. The
weak diffuse phase transition (AT, 29.14 °C) was also
demonstrated the BCTZ-YT ceramic possesses good
ferroelectricity. This finding could be attributed to the
presence of fewer imbalanced local charges at the grain
boundaries and the small crystal flaws in the structure
[26].

To further investigate the ferroelectricity and piezo-
electricity of the ceramic, the polarisation-electric field
(P-E) hysteresis loops (Fig. 6) and the strain-electric
field (S-F) loops and piezoelectric coefficient at various
temperatures (Fig. 7) were obtained. As shown in
Fig. 6, the remanent polarisation (P;) of the ceramic
decreased from 6.1 to 2.4 puC/cm™? with increasing
temperature (<80 °C), and the coercive field (E.) also
decreased. The decrease in ferroelectricity (that is, the
absence of typical saturated hysteresis) at high tem-
perature was associated with the increased structural
symmetry. With the increment of testing temperature,
the ceramic orthorhombic symmetry transformed to
tetragonal symmetry around 60 °C, accompanying the
deteriorated P,, which was associated with the polari-
sation rotation of dipoles became harder as phase
evolution [27,28]. Moreover, the continued appearance
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Fig. 6. Polarisation-electric field (P-E) hysteresis loops of the
BCTZ-YT ceramic. The inset (a) show an enlarged view of a
selected region (—4.9 to 0 °C) of the P-E loops.
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Fig. 7. Strain-electric field (S-E) loops and piezoelectric
coefficient (ds3*, inset (a)) of the BCTZ-YT ceramic at various
temperatures.

of the P-E loops at high temperature (higher than the
Curie temperature, Tc) resulted from the formation of
polar nanoregions in the structure [27]. The decrease in
the coercive field at high temperature was attributed to
easy dipole switching. Moreover, the low E. value was
attributed to the low internal stress resulting from small
defects in the structure, which was consistent with the
results in Fig. 4. As shown in Fig. 7, the piezoelectric
response (ds;*) clearly decreased (from 562 to 241 pm/
V) with increasing temperature, which was due to the
transformation from ferroelectric to paraelectric phase in
the BCTZ-YT ceramic with increment of the temperature
[28].

To further investigate the structural defects in the
BCTZ-YT ceramic at 20 °C, the thermal expansion
behaviour were also measured. Fig. 8 shows the coeffi-
cients of thermal expansion (CTE) of the BCTZ-YT
ceramic, which affect its service life. Two curves were
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Fig. 8. Coefficients of thermal expansion (CTE) of the BCTZ-YT
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801
48

< 70} —v— Leakage Current :

5 \-F —a— Capacitance o I°° B
= 60F \ Resistivity / -~ &
= —#— Resistivity 6«
=anl. . 2 =
" e~/  15f Z
340k / 2|, &
o 54 £
2 /° \ g 2
s 30r i < 14.054 Z
3 -
i 20 42

Y .1.
[ >(9/
\1,-____%_‘_

o—o— \4*--“.;, :
-60 -40 -20 0 20 40 60 80 3
Temperature (°C)

=

Fig. 9. Leakage current, capacitance, and resistivity of the BCTZ-
YT ceramic at various temperatures.

fitted, at temperatures below 75 °C (CTE;) and above
180 °C (CTE,), suggesting that the lattice expansion
behaviour of the ceramic varied with temperature.
CTE, (8.57 x 10® K™') was smaller than CTE, (1.26 x
107° K™"), implying the thermal expansion of the
orthorhombic ferroelectric phase was weaker than that
of the cubic paraelectric phase of the BCTZ-YT ceramic,
because of the needed energy of switched domain
dipoles in orthorhombic phase was higher than that of
the cubic phase. Moreover, the low level CTE value
suggested that the BCTZ-YT ceramic might have small
structural defects, which was consistent with the
presence of weak structural defects [29].

Fig. 9 shows the leakage current, capacitance, and
resistivity of the BCTZ-YT ceramic at various tem-
peratures. The leakage current increased gradually with
increasing temperature; this behaviour was attributed to
faster charge transfer resulting from the easy dipole
switching [30]. The faster charge transfer also caused
the resistivity of the BCTZ-YT ceramic to decrease
with increasing temperature. The capacitance of the

BCTZ-YT ceramic was essentially constant at ~4.5 nF
in a wide temperature range (-20 to 40 °C), whereas the
other electrical properties temperature-dependent. Firstly,
the constant capacitance could be attributed to the fact
that only the orthorhombic phase was present in the
tested temperature range, as shown in Fig. 1. Secondly,
the constant capacitance might be associated with the
stable value of grain capacitance under the temperature
range [31]. Moreover, the result shows that the
capacitance elevated owing to the phase transformation
(Fig. 3) with further increasing temperature.

Conclusions

A BCTZ-YT ceramic was prepared, and the tempera-
ture dependence of its electrical properties was investi-
gated. A series of structural and electrical measure-
ments demonstrated that the ceramic had small structural
defects, few oxygen vacancies, and small defect dipoles.
A formula explaining the lack of oxygen vacancies was
presented. The ferroelectricity and piezoelectricity of
the ceramic decreased with increasing temperature
because the dipoles switched more easily at higher
temperature. The leakage current of the ceramic in-
creased with increasing temperature, whereas the resis-
tivity showed the opposite tendency. The capacitance
was essentially constant because only a single ortho-
rhombic phase was present, although at higher tem-
peratures it increased with increasing temperature after
a phase transformation. In addition, thermal expansion
coefficient (CTE) was also displayed for stating their
thermophysical performance. This work is expected to
provide useful ideas for further research on the
characteristics of BCTZ lead-free ceramics at various
temperatures.
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