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Abstract

Hafnium (Hf)-doped Ba[Zr0.2Ti0.8]O3 (BZT) ceramics were prepared by the conventional solid-state reaction method. The microstructure,

dielectric and ferroelectric properties of Hf-doped BZT ceramics have been investigated. Hf4+ ions enter the perovskite-type cubic structure to

substitute for Ti4+ ions on the B sites and lead to the increase of the lattice parameter. Addition of hafnium can restrain grain growth in the BZT

ceramics. Hf-doped BZT ceramics have ferroelectric properties with diffuse phase transition. Hf4+ ions can reduce dielectric loss of BZT ceramics. As

Hf content increases, the remnant polarization begins to increase to the maximum and then decrease, while the coercive field begins to decrease to the

minimum and then increase. The remnant polarization, saturation polarization and coercive field decrease with the rise of measurement temperature.
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1. Introduction

Barium titanate (BaTiO3) is the most common ferroelectric

oxide with the perovskite ABO3 structure, which is used as a

capacitor because of its high dielectric constant [1,2]. In order

to reduce the dielectric loss at low frequency, ZrO2 was doped

into barium titanate to substitute for Ti4+ ions on the B sites and

form Ba[ZrxTi1�x]O3 (BZT) [3–5]. BZT has attracted great

attention for its potential applications for the microwave

technology, due to its high dielectric constant, low dielectric

loss and large tunability [6,7].

In recent years, most studies are focused on the preparation,

microstructure and dielectric properties of BZT ceramics and

thin films [8–11]. Microstructure, dielectric, piezoelectric and

ferroelectric properties of BZT materials can be modified by a

wide variety of substitutions possible at Ba2+ on the A sites or

Ti4+ or Zr4+ on the B sites independently or simultaneously in
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perovskite structure [12–26]. These dopants can be isovalent or

heterovalent. The heterovalent substitutions cause charge

imbalance and create vacancies on the A site or B site or

oxygen sublattice or generate holes to maintain electrical

charge neutrality. Diez-Betriu et al. [12] reported that a

dramatic fall in the transition temperature occurs when BZT

ceramics are doped with A-site deficient rare-earth (La, Pr, Nd,

Gd). Moreover, diffusivity degree of the phase transition

increases and a relaxor-type behavior is induced due to both the

increment of the lanthanide content and the increase of the

ionic radius of the dopant element. Mahajan et al. [20] found

that the degree of relaxation behavior and the remnant

polarization of Bi-doped Ba[Zr0.05Ti0.95]O3 ceramics increase

with bismuth concentration. The rare-earth ions (La, Ce and

Dy) can enter the perovskite structure to substitute for A-site

Ba2+ ions and inhibit the grain growth of BZT [22]. The

dielectric constant, dielectric loss, tunability and leakage

current density of BZT thin films decrease with the increase of

rare-earth ions concentration. The Curie temperature of

[Ba1�3x/2Bix][ZryTi1�y]O3 ceramics decreases with increasing

x and the ferroelectric behavior of samples with

0.075 � x � 0.1 is a relaxor-like behavior [25]. Furthermore,

Li et al. [26] prepared [Ba1�xCax][Ti0.95Zr0.05]O3 ceramics by
d.
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Fig. 1. XRD patterns of pure and Hf-doped BZT ceramics at room temperature.
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solid-state reaction and found that the temperature of

orthorhombic-tetragonal phase transition shifts toward room

temperature with the increase of Ca content and enhanced

ferroelectric properties are obtained for the sample of x = 0.08.

It is implied that proper doping can improve the dielectric

properties of BZT materials. Although effects of doping

hafnium on the BaTiO3 materials were investigated [27–30],

the leakage current decreases by almost four orders of

magnitude with a hafnium substitution of 40% [27]. The

chemical property of hafnium is very much similar to that of

zirconium, but its atomic weight of Hf (178.5 g/mol) is much

larger than that of Zr (91.2 g/mol). As a result, the partial

substitution of Ti or Zr on B sites in BZT by Hf might provide

an alternative to effectively improve the properties of BZT.

However, the effects of Hf-doped BZT ceramics have not yet

been reported. In this paper, we prepared Hf-doped Ba[Zr0.2-

Ti0.8]O3 ceramics by the conventional solid-state reaction

method and investigated the effects of hafnium on micro-

structure, dielectric and ferroelectric properties.

2. Experimental details

Ba[Zr0.2Ti0.8]O3 ceramics, pure and doped with 0.5–

3.0 wt.% Hf, were prepared by the conventional solid-state

reaction method. The starting raw chemicals were high purity

barium carbonate [BaCO3] (�99.9%, Sinopharm Group Co.

Ltd.), titanium oxide [TiO2] (�99.9%, Sinopharm Group Co.

Ltd.), zirconium oxide [ZrO2] (�99.5%, Sinopharm Group Co.

Ltd.) and hafnium oxide [HfO2] (�99.9%, Beijing Founde Star

Science and Technology Co. Ltd.) powders. After weighing

respectively in stoichiometric proportions, BaCO3, TiO2, ZrO2

and HfO2 were added into a ball milling jar, and then milled for

2 h in distilled water and zirconia media. After the slurry was

dried, the mixture consisting of BaCO3, TiO2, ZrO2 and HfO2

was calcined in an alumina crucible at 1100 8C for 4 h in air and

BaCO3, TiO2, ZrO2 and HfO2 reacted to form Hf-doped

Ba[Zr0.2Ti0.8]O3 powders. The calcined powders were remilled

for 2 h and then dried. The powders added with 7 wt.% binders

were compacted into disk-shaped pellets with a diameter of

10.0 mm and thickness of 1.0 mm at 20 MPa pressure. The

green pellets of both pure and Hf-doped Ba[Zr0.2Ti0.8]O3 were

sintered at 1350 8C for 2 h in air.

The crystal structure of the ceramic samples was examined

at room temperature by X-ray diffraction (XRD) (DX-2700

model, Dandong Fangyuan, China). Surface morphology of the

sintered samples was examined by scanning electron micro-

scope (SEM) (S-3700N model, Hitachi, Tokyo, Japan).

In order to measure the dielectric properties, silver paste was

painted on the polished samples and fired at 830 8C for 15 min

as the electrodes. The capacitances of the ceramics were

determined by inductance (L), capacitance (C) and resistance

(R) meter (LCR) (HP4980A model, Agilent, USA) at 1 V/mm

from �60 8C to 150 8C with 0.5 8C/min. The dielectric constant

was calculated using the following equation:

e ¼ Cd

e0A
(1)
where C is the capacitance (F), e0 is the free space dielectric

constant value (8.855 � 10�12 F/m), A represents the capacitor

area (m2) and d represents the thickness (m) of the ceramics.

The polarization–electric field (P–E) hysteresis characteristics

were performed out using a ferroelectric test system (TF2000e,

aixACCT, Germany).

3. Results and discussion

3.1. Crystal structure

XRD patterns of pure and Hf-doped BZT ceramics are

shown in Fig. 1. Firstly, the XRD patterns are virtually the same

and show only single phase perovskite structure without the

evidence of the second phase. It implies that Hf4+ ions have

entered the unit cell maintaining the perovskite structure of

solid solution. XRD patterns of pure and Hf-doped BZT

ceramics are in agreement with the respective joint committee

on powder diffraction standards (JCPDS file no. 36-0019) and

the literatures [14,31]. Secondly, the diffraction peaks of

samples move to the lower angle side with the increase of Hf

content. The systematic shift of the XRD peaks indicates the

solid solubility of Hf in BZT lattice and the increase in lattice

parameter with the increasing of Hf content. The Hf content

dependence of lattice parameters of pure and Hf-doped BZT

ceramics is shown in Fig. 2. It can be explained that the Hf4+

ions substitute for Ti4+ ions on the B sites of the BZT lattice.

The ionic radius of Hf4+ (0.079 nm) is larger than that of Ti4+

(0.068 nm).

3.2. Surface morphology

The SEM micrographs of pure and Hf-doped

Ba[Zr0.2Ti0.8]O3 ceramics are shown in Fig. 3. It is found

that all the sintered ceramic samples are dense. The average

grain sizes of Hf-doped BZT ceramics by lineal intercept

procedure are �85 mm, �90 mm, �4 mm, �3 mm and

�2 mm as Hf content increases from 0 to 0.5 wt.%,

1.5 wt.%, 2.0 wt.% and 3.0 wt.%, respectively. This result



Fig. 2. Hf content dependence of lattice parameter for Hf-doped BZT ceramics.

Fig. 3. Scanning electron micrographs of BZT ceramics with different Hf co
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suggests that the incorporation of Hf4+ ions can restrain grain

growth in the BZT ceramics and the grain size decreases

sharply when Hf content is above 0.5 wt.%. The growth

mechanism occurs by the grain boundary motion due to a

reduction of the total grain boundary surface energy. The

thermal energy leads to an increase in the diffusion rate and

consequently intensifies the formation of necks between

grains [32]. The reason for the decrease of grain size can be

explained based on the ionic radii of Ti4+ and Hf4+. Since

ionic radius and atomic weigh of Hf are larger than that of Ti,

larger amounts of Hf4+ result in less mobility of the ions and

grain size decreases [33]. The similar results are shown in Hf-

doped BaTiO3 [27,34]. Moreover, there is coexistence of

small and large grains for pure BZT and BZT ceramics with

0.5 wt.% Hf, and the grain of the BZT ceramics becomes

more uniform as hafnium content increases.
ntents (a) 0 wt.%, (b) 0.5 wt.%, (c) 1.5 wt.%, (d) 2.0 wt.%, (e) 3.0 wt.%.



Fig. 4. The temperature dependence of dielectric properties of Hf-doped BZT

ceramics measured at 1 kHz: (a) dielectric constant-T, (b) dielectric loss-T.

Fig. 5. Temperature dependence of the inverse dielectric constant for Hf-doped

BZT ceramics at 1 kHz.
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3.3. Dielectric properties

The temperature dependences of dielectric properties of

Hf-doped BZT ceramics measured at 1 kHz are given in

Fig. 4. It is found that the phase transition of the pure and Hf-

doped BZT ceramics are quite diffuse, and the Curie

temperature (TC), corresponding to the maximum dielectric

constant, of BZT ceramics with Hf dopant of 0 wt.%,

0.5 wt.%, 1.5 wt.%, 2.0 wt.% and 3.0 wt.%, is 20 8C, 40 8C,

35 8C, 15 8C, 10 8C, respectively. When Hf content is above

0.5 wt.%, the Curie temperature of BZT ceramics decreases

with the increasing of Hf content. The change in the Curie

temperature may be due to grain size. As the grain size

decreases, the Curie temperature of Hf-doped BZT ceramics

decreases. It is reported that the Curie temperature of BZT

ceramics falls with the decreasing of the grain size [35,36].

According to SEM micrographs, the grain size of Hf-doped

BZT ceramics decreases with the increasing of hafnium

content. The grain size of BZT ceramics with 0.5 wt.% Hf is

larger than that of the pure BZT ceramics, so the Curie

temperature of BZT ceramics with 0.5 wt.% Hf is higher than
that of the pure BZT ceramics. The maximum dielectric

constant (em) of Hf-doped BZT ceramics decreases with the

increasing of Hf content. The reason for the decrease of the

maximum dielectric constant is that the grain size decreases

with the increasing of Hf content. As shown in Fig. 4(b), when

the temperature is �30 to 60 8C, the dielectric loss of BZT

ceramics with 0.5 wt.%, 1.5 wt.% and 3.0 wt.% Hf is lower

than that of the pure BZT ceramics. The result indicates that

the addition of Hf can decrease the dielectric loss of BZT

ceramics. It is because that the chemical stability of Hf4+ is

superior to that of Ti4+. However, when the temperature is

�10 to 30 8C, the dielectric loss of BZT ceramics with 2 wt.%

Hf is higher than that of the pure BZT ceramics. It is due to the

presence of dielectric loss peak.

Diffuse phase transition is generally characterized by

broadening of the dielectric constant maximum at the phase

transition temperature, a large separation between the maxima

of dielectric constant and that of dielectric loss and a deviation

from the Curie–Weiss law in the vicinity of TC [36]. It is well

known that the dielectric constant of a normal ferroelectric

above the Curie temperature follows the Curie–Weiss law

described by

1

e
¼ T � T0

C
(2)

where T0 is the Curie–Weiss temperature and C is the Curie–

Weiss constant.

The parameter DTm, which is often used to show the degree

of the deviation from the Curie–Weiss law, is defined as

follows:

DTm ¼ TCW � Tm (3)

where TCW denotes the temperature from which the permittivity

starts to deviate from the Curie–Weiss law and Tm represents

the temperature of dielectric constant maximum.

Fig. 5 shows the inverse of dielectric constant as a function

of temperature at 1 kHz. The solid lines are plotted for the BZT

ceramics with different Hf contents using Eq. (2) and some



Table 1

The Curie–Weiss temperature (T0), the Curie–Weiss constant (C), T0:9em , DT,

TCW, DTm for Hf-doped BZT ceramics at 1 kHz.

Hf (wt.%) 0 0.5 1.5 2 3

T0 (8C) 29.1 60.5 41 20.8 18.6

Tm (TC) (8C) 20 35 30 10 5

C (�105 K) 2.320 1.033 0.739 0.944 0.978

DT (8C) 11 7 10 15 18

TCW (8C) 60 105 100 90 95

DTm (8C) 40 70 70 80 90

T0:9em (8C) 31 42 40 25 23

Table 2

The temperature (Tm) of dielectric constant maximum, the inverse maximum

dielectric constant (1/em) and the diffuseness constant (g) for Hf-doped BZT

ceramics.

Hf (wt.%) 0 0.5 1.5 2 3

Tm (8C) 20 35 30 10 5

1/em (�10�4) 0.572 0.660 2.089 2.502 2.540

g 1.712 1.637 1.680 1.746 1.860
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parameters, such as T0, C and TCW, can be obtained from the

fittings (listed in Table 1). It can be found that the dielectric

behavior does not completely follow the Curie–Weiss law at

temperature above the Curie temperature (TC). A deviation

from the Curie–Weiss law starting at TCW can be seen and TCW

is different for various samples. DTm of BZT ceramics with Hf

dopant of 0 wt.%, 0.5 wt.%, 1.5 at.%, 2 wt.% and 3 wt.% is

40 8C, 70 8C, 70 8C, 80 8C and 90 8C, respectively. It indicates

that hafnium can enhance the diffuseness of the phase transition

of BZT ceramics.

The diffuseness of the phase transition can also be described

empirically by a parameter DT, which is defined by the

following equation:

DT ¼ T0:9em
ð1 kHzÞ � Tem

ð1 kHzÞ (4)

where em is the maximum value of the dielectric constant and

T0:9em is the temperature corresponding to 90% of the dielectric

constant maximum in the high-temperature side at 1 kHz.

When T > Tm, T0:9em can be obtained by fitting the e–T curve

utilizing the Lorentz-type function. DT of BZT ceramics with

0 wt.%, 0.5 wt.%, 1.5 wt.%, 2 wt.% and 3 wt.% Hf is 11 8C,

7 8C, 10 8C, 15 8C and 18 8C, respectively. This result further

proves that hafnium can enhance the diffuseness of the phase
Fig. 6. Plot of ln(1/e � 1/em) as a function of ln(T � Tm) of the BZT ceramics

with different Hf contents.
transition of BZT ceramics when hafnium content is above

critical concentration (1.5 wt.%).

A modified Curie–Weiss law was proposed to describe the

diffuseness of the ferroelectric phase transition as [37]:

1

e
� 1

em

¼ ðT � TmÞg

C0
(5)

The plots of ln(1/e � 1/em) as a function of ln(T � Tm) for Hf-

doped BZT ceramics are shown in Fig. 6. A linear relationship

is observed for pure and Hf-doped BZT ceramics. The slope of

the fitting curves using Eq. (5) is used to determine the g value

(listed in Table 2). It is found that as the hafnium content

increases from 0 to 0.5 wt.%, 1.5 wt.%, 2 wt.% and 3 wt.%, the

diffuseness constant g decreases initially from 1.712 to 1.637,

and then increases to 1.680, 1.746 and 1.860. It is evident that

the diffuseness of the phase transition of Hf-doped BZT

ceramics enhances when hafnium content is above 1.5 wt.%.

Fig. 7 shows dielectric constant and dielectric loss as a

function of temperature at different frequencies for Hf-doped

BZT ceramics. The dielectric constant peaks of pure and Hf-

doped BZT ceramics decrease with the increase of frequency.

There is no obvious frequency dispersion around the dielectric

constant peaks for pure and Hf-doped BZT ceramics. It is

indicated that Hf-doped BZT ceramics are not relaxor

ferroelectrics but ferroelectrics with diffuse phase transition.

Tang et al. [37] reported that the peak temperature (Tm) of

dielectric constant would not shift with frequency when the

dopant of Zr is lower than 25%. However, the content of Zr is

more than 30%, Tm shifts with frequency following Vogel–

Fulcher relation. The results of Fig. 6 are basically in agreement

with the above reports. According to Fig. 7(a)–(e), the results

can be described as follows: (1) The dielectric loss of pure and

Hf-doped BZT ceramics decrease with the increase of

temperature except that there is the peak of dielectric loss

for BZT ceramics with 2.0 wt.% Hf at 1 kHz. It is because that

the temperature is higher, the ferroelectric domain switch more

easily under an alternating electric field. (2) When the

temperature is below 0 8C, the dielectric loss decreases with

the decrease of the frequency. Nevertheless, when the

temperature is between 10 8C and 80 8C, the dielectric loss

decreases with the increase of the frequency.

The frequency dependences of the dielectric constant and

dielectric loss for Hf-doped BZT ceramics measured at room

temperature are shown in Fig. 8. Firstly, it is found that the

dielectric constant of BZT ceramics with different Hf



Fig. 7. Temperature dependence of dielectric constant and dielectric loss of Hf-doped BZT ceramics at different frequency: (a) 0 wt.% Hf, (b) 0.5 wt.% Hf, (c)

1.5 wt.% Hf, (d) 2.0 wt.% Hf, and (e) 3.0 wt.% Hf.
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contents decreases with the increase of frequency. It is due to

the different polarization mechanisms at different frequen-

cies. At low frequency, electron displacement polarization,

ion displacement polarization and turning-direction polar-

ization contribute to dielectric constant. At high frequency,

dielectric constant just results from the electron displacement

polarization. Secondly, it is also found that the dielectric

constant of Hf-doped BZT ceramics at different frequencies

and room temperature decreases with the increase of Hf

content. It is attributed to the effect of grain size on the

dielectric constant. The dielectric constant of the grain is
larger than that of the grain boundary. The grain size of the

BZT ceramics with 0.5 wt.% Hf is the maximum, and the

ratio of the grain boundary in samples is the minimum, hence

the dielectric constant is the maximum. Thirdly, the

dielectric loss of Hf-doped BZT ceramics decreases with

the increase of frequency when the frequency is below

100 kHz. However, the dielectric loss gradually increases as

frequency increases when the frequency is above 100 kHz.

Furthermore, the dielectric loss of Hf-doped BZT ceramics

decreases with the increment of Hf content at the higher

frequency.



Fig. 8. Frequency dependence of dielectric constant and dielectric loss for Hf-

doped BZT ceramics at room temperature.

Fig. 9. Hysteresis loops of BZT ceramics with different Hf contents at 500 Hz.
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3.4. Ferroelectric properties

Fig. 9 shows hysteresis loops of BZT ceramics with different

Hf contents measured at room temperature and 500 Hz. The

saturation P–E hysteresis loops confirm the ferroelectric nature

of pure and Hf-doped BZT ceramics. The remnant polarization

(Pr) begins to increase to the maximum (Hf content = 0.5 wt.%)

and then decreases with the increasing of Hf content. It is due to

grain size effect. The grain size of BZT ceramics with 0.5 wt.%

Hf is the maximum. When Hf content is above 0.5 wt.%, the

grain size of the sample decreases with the increasing of Hf

content. The smaller grain size in Hf-doped BZT ceramics

inhibits the formation of large ferroelectric domains, which

reduces the effective contribution to total polarization [38].

Moreover, the Curie temperature for BZT ceramics with

2.0 wt.% and 3.0 wt.% are 10 8C and 5 8C, which is below the

hysteresis measurement temperature. Beyond the Curie

temperature, the amount of paraelectric phase in BZT ceramics

with 2.0 wt.% and 3.0 wt.% Hf is very large and hence the

remnant polarization is small. The coercive field (Ec) begins to

decrease to the minimum (Hf content = 0.5 wt.%) and then

increases with the increasing of Hf content. The result could be
attributed to grain size. Energy barrier for switching ferro-

electric domain must be broken through and it increases as

grain size decreases. So the reversal polarization process of a

ferroelectric domain is more difficult inside a small grain than

in a large grain [39]. As mentioned above, the grain size of Hf-

doped BZT ceramics begins to increase and then decreases with

the increasing of hafnium content.

The polarization hysteresis loops of Hf-doped BZT ceramics

measured at various temperatures are shown in Fig. 10. The

remnant polarization (Pr), saturation polarization (Ps) and the

coercive fields (Ec) decrease simultaneously with the rise of

temperature. It is due to phase transition from ferroelectric to

paraelectric. The ratio of paraelectric phase of Hf-doped BZT

ceramics at higher temperature is more than that at lower

temperature so that the remnant polarization decreases. The

domain and domain wall can switch more easily at higher

temperature, hence the coercive field decreases. However,

when temperature is above Tm (Tm is 35 8C, 30 8C, 10 8C and

5 8C for 0.5 wt.%, 1.5 wt.%, 2.0 wt.% and 3.0 wt.% Hf,

respectively), the remnant polarization is not zero and a

nonlinear P–E behavior is present, implying that micropolar

clusters exist above Tm which is a typical ferroelectric–relaxor

characteristic [40]. The result further proves that there is diffuse

phase transition and relaxor-like behavior in Hf-doped BZT

ceramics.



Fig. 10. Hysteresis loops of BZT ceramics with different Hf contents at various temperatures: (a) 0.5 wt.% Hf, (b) 1.5 wt.% Hf, (c) 2.0 wt.% Hf, and (d) 3.0 wt.% Hf.
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4. Conclusions

In summary, crystal structure, surface morphology, dielec-

tric and ferroelectric properties of Hf-doped Ba[Zr0.2Ti0.8]O3

ceramics were investigated. XRD patterns indicate that the Hf-

doped BZT ceramics have a single cubic phase. The lattice

parameters increase with the increasing of Hf content. Addition

of hafnium can restrain grain growth in the BZT ceramics and

the grain size decrease sharply when Hf content is above

0.5 wt.%. Hf-doped BZT ceramics are not relaxor ferroelectrics

but ferroelectrics with diffuse phase transition. Addition of

hafnium can decrease the dielectric loss of BZT ceramics. As

Hf content increases, the remnant polarization begins to

increase to the maximum (Hf content = 0.5 wt.%) and then

decreases, while the coercive field begins to decrease to the

minimum (Hf content = 0.5 wt.%) and then increases. The

remnant polarization, saturation polarization and coercive

fields decrease simultaneously with the rise of measurement

temperature.
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