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Abstract. Zr-, Hf-, and KNb-doped BaTiO3 materials were prepared in a composition range that stabilizes the
rhombohedral phase above room temperature. These materials were prepared as bulk polycrystalline material using
standard solid-state reaction methods. X-ray diffraction was used to confirm the existence of a stable rhombohedral
phase while dielectric constant measurements confirmed the expected phase transition temperatures. A piezoelectric
coefficient of d33 = 290-470 pC/N was obtained for Zr- and Hf-doped BaTiO3, compared with d33 = 75 pC/N for pure
BaTiOs. An electrostrictive coefficient of Q33 =0.37 m*/C? was obtained for the KNb-doped material, compared
with Q33 =0.11 m*/C? for pure BaTiO3. The maximum strain measured for the doped samples was 5-10 times

higher than that of pure BaTiO;.
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1. Introduction

BaTiO3 based materials are of potential interest in
a range of applications, including memory devices,
tunable microwave dielectrics, and non-linear optics
[1, 2]. The use of BaTiO; for piezoelectric applications
is, however, limited due to the relatively small piezo-
electric coefficient of the room temperature-stable
tetragonal phase. In order to improve the piezoelectric
response, efforts have been directed towards stabilizing
the low-temperature rhombohedral phase. Stabilization
of the rhombohedral phase can be achieved through the
addition of Zr, Hf, KNbO3, and Sn (see for example
[3, 4]). Previous work has been done on some of
these compositions for their dielectric properties [5].
More recently, we have proposed the use of the
rhombohedral phase for its enhanced piezoelectric
properties [6]. Recent work by Rehrig et al. [7]
indicates that single crystals of Zr doped BaTiO3; main-
tain a piezoelectric coefficient of 480 pC/N even when
highly porous, compared to 190 pC/N for the undoped
material.

2. Experimental
2.1. Sample Preparation

Samples were prepared by the solid-state reaction of
precursor materials. Barium carbonate and potassium
carbonate were used as sources for the A-site and metal
oxides for the B-site ions. The desired molar ratio
of powders was measured, and then ball milled and
sieved to ensure small particle size. Powders were then
pressed into pellets at 34.5 MPa (5000 psi), reacted
at T =700°C and sintered at T =1200°C. The pel-
lets were then ground, mixed, and sieved to achieve
maximum uniformity and avoid porosity related to the
solid state reaction. The powders were then uniaxi-
ally pressed at 48.3 MPa (7000 psi), followed by iso-
pressing at 275.8 MPa (40000 psi), and sintering at
a higher temperature. The pellets were held at 650°C
to ensure complete binder burn-out prior to sintering
at a temperature of 1300-1450°C. In some cases, a
third firing step, identical to the second, was used in
order to improve homogeneity further. A list of sample
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Table 1. Polycrystalline sample compositions and sintering
conditions.

Composition x [%mol] Sintering conditions
Ba(Tij_Zr, )O3 7-15 3—4 hrs, 1400°C
Ba(Ti;—,Hf,)O3 8-15 3—4 hrs, 1400-1450°C
(BaTi)|—x(KNb), O3 38,4,6 3 hrs, 1300°C

compositions and the corresponding sintering condi-
tions are given in Table 1.

2.2. X-ray

Powder X-ray Diffraction (XRD) was used for struc-
ture and phase analysis. During cooling from the para-
electric phase, the crystalline symmetry of BaTiO; de-
creases. The result is splitting of the once degenerate
cubic diffraction peaks. For the tetragonal phase the
{100} peaks become {100} and {001} while for the
rhombohedral phase the {111} splits into {111} and
{111}

2.3. Dielectric Measurements

Dielectric measurements were performed using a So-
lartron 1260 impedance analyzer. Measurements at fre-
quencies below 10 kHz, were limited due to the high
resistivity of the sample. The sample resistivity was es-

timated to be higher than 10® Qcm. In order to lower
the impedance and enable a precise measurement of the
capacitance, a 10 MQ resistor was connected in paral-
lel to the sample. The measured spectra for a sample
with 11%Hf is shown in Fig. 1. The impedance of the
capacitive component is given by:

z" ! 1
=-_C ey
For the BaTiO3:11%Hf sample, the equivalent circuit
gave a capacity of C =9.88 £ 0.02 pF, while the value
measured at 10 kHz without the 10 M2 resistor was
C =9.90 pF. It is therefore possible to use a single fre-
quency measurement on the sample itself in order to
find the dielectric constant with little error. Dielectric
constant measurements were thus performed as a func-
tion of temperature at a fixed frequency of 10 kHz on a
series of compositions utilizing an HP4192 impedance

analyzer to identify the phase transitions.

2.4. Piezoelectric Measurements

Electromechanical measurements were performed us-
ing a laser interferometery method. The Doppler shift
between the sample and reference is translated into ve-
locity, which is in turn integrated to calculate transla-
tion. A detailed description of the system and its com-
ponents can be found in [8].
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Fig. 1. Impedance plot for 11%Hf:BaTiO3 with a 10 M2 resistor in parallel. The equivalent circuit is R; =10+ .05 M, R, = 1.5+ 0.1 K€,

and C=9.88+0.02 pF.
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A poling field of 10 kV/cm was chosen with the
poling performed by cooling through the Curie tem-
perature at 0.5°C/min under an applied electric field. A
1 kV/cm ac signal was added to the 10 kV/cm dc signal
in order to improve the poling process [9].

The piezoelectric measurements were carried out in
two modes: bi-polar (—V to +V) hysteresis loop and
uni-polar (0 to +V) ds3 measurement. The voltage am-
plitude was increased in steps of 0.5 kV until dielectric
breakdown occurred. All the piezoelectric measure-
ments were performed at 1 Hz and after the sample
had sufficient time to cool from the poling process to
below 25°C.

3. Results and Discussion

3.1. X-ray
X-ray diffraction spectra of “as-prepared” samples
showed either tetragonal, rhombohedral or both phases.
Itis important to note that although different morpholo-
gies can co-exist, the samples did not reveal the pres-
ence of any minor phases.

Applying even a small poling field (as low as
1 kV/cm) reduced the stability of the tetragonal phase
and X-ray spectra taken after poling show only the
rhombohedral (111) split, as can be seen in Figs. 2
and 3.
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The X-ray data was fitted to a rhombohedral unit
cell with lattice parameter a, and angle «c. The value of
o was calculated first using the (111) and (222) lines
[10]:

mN
Ith+k)y—m-h-k

(@)

COSQp =
with:

Sin 0y,,; — sin Oy

N=r+E+0* 3

m = — -
sin 6,7 + sin Oy

Since m depends on the difference between 6;; and
Onk—1, the resolution of the diffractometer determines
the accuracy of measuring «. For some samples, es-
pecially at the higher doping level, no (111) or (222)
peak splitting was observed and the pattern was similar
to cubic. Since the dielectric measurements show that
the material is already in the ferroelectric phase (see
Section 3.2 below), this should be attributed to the res-
olution of the X-ray instrument, making it impossible
to measure « > 89.99.

Using the value of «, the lattice parameter was cal-
culated according to:
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Fig. 2. X-ray diffraction spectrum for 8%Zr:BaTiO3. The insert shows the fitting for the (111) and (200) peaks, matching a rhombohedral phase.
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Fig. 3. X-ray diffraction spectrum of 10%Hf:BaTiO3; showing both the tetragonal and rhombohedral splitting prior to poling (a), compared to

only rhombohedral split after poling (b).

Table 2 summarizes the lattice parameter and rhombo-
hedral angle measured in this work.

Using the molar fraction [Zr] and [Hf], the following
linear fits were obtained for the rhombohedral lattice
parameter:

a = 4.005 + (0.18 £ 0.005) - [Zr]A (5)
a =4.008 +(0.17£0.005) - [Hf1A  (6)

In both cases the rhombohedral distortion was very
small, with 89.95° <a <90°. It is interesting to
note that the volumetric lattice parameter (\3/%)
for pure BaTiO3 at room temperature is 4.006 A-
4.007 A [11], compared to (4.005+5 x 107)A and
(4.008 +5 x 10_4)A in Egs. (5) and (6).

3.2.  Dielectric Properties

The temperature dependent dielectric constant mea-
surements for Zr-doped BaTiOs, as shown in Fig. 4,
show adistinct Curie transition. Subsequent transitions,
however, are less obvious. The derivative of the dielec-

tric constant (¢”) was taken in order to find these phase
transitions. The transition temperatures extracted from
these derivatives are compared to literature values in
Fig. 5. The error in estimating the transition tempera-
ture from &’ is relatively small, +1° for the Curie point
and £2.5° for the other transitions. This, however, is
only part of the actual error. Having the thermocou-
ple in contact with the sample introduced errors in
the impedance measurement. The thermocouple was,
therefore, not in direct contact with the sample, in-
troducing an additional source of error. To maximize
thermal equilibration, the heating rate was kept at 1—
2°C/min. The overall error in temperature reading is
estimated at no more £3°C.

3.3.  Electromechanical Testing

The polarization hysteresis loop was calculated by in-
tegrating the current during the piezoelectric testing.
The hysteresis loop for Zr- and Hf-doped BaTiO3; was
very narrow, with a coercive field around 2-3 kV/cm.
The samples doped with KNbO;3; showed an almost
paraelectric response. The piezoelectric response was

Table 2. Summary of lattice parameter and rhombohedral angle for samples studied in this work.

7% 8% 10% 15% 8% 10% 11% 15% 3.8% 4%

Zr Zr Zr Zr Hf Hf Hf Hf KN KN
d [A] 4.017 4.0185 4.023 4.031 4.0215 4.025 4.027 4.0335 4.009 4.006
o 89.95 89.97 >89.99 >89.99 89.965 89.98 89.985 >89.99 >89.99 >89.99
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Fig. 4. Dielectric constant as a function of temperature for Zr doped BaTiO3.
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Fig. 5. Phase diagrams for BaTiO3:BaZrOs3 (based on [3]) and BaTiO3:BaHfO3 (based on [4]) with results from the current work.

achieved for a given applied field over that of the pure
(tetragonal) phase.

All the doped samples showed a two stage piezo-
electric response, with the boundary around 12 kV/cm.
For Zr and Hf doping, the low field regime is dominated
by a high piezoelectric response (d33 > 300 pC/N),

measured for the different samples and compared to
that of standard PZT samples. A sample of pure BaTiO3
was also prepared for comparison. Figure 6 shows the
strain vs. field response for different materials. It can be
seen that all the rhombohedral phase-stabilized BaTiO;
samples show a significant enhancement in the strain
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Fig. 6. Strain vs. electric field behavior of doped BaTiO3 (4%KNbO3, 8%Zr, 10%Hf) compared to standard PZT and pure BaTiOs.

and the high field regime by a saturation level with
d33 < 100 pC/N. The high field value is characteris-
tic of pure BaTiO;, suggesting that the material un-
dergoes a phase transition into the tetragonal phase.
As was mentioned earlier, the pinching of the phase
stability regions can result in a meta-stable tetrago-
nal phase at room temperature. This meta-stable phase
suggests that the rhombohedral and tetragonal phases
have similar free energy states, allowing for a field
induced phase transition. A field induced phase tran-
sition is usually accompanied by a sharp increase in
strain. Such a step is not observed in Fig. 6, but rather
a more continuous increase. This suggests that sam-
ple inhomogeneity may be playing a significant role in
the electro-mechanical response. For a sample with a
range of compositions, each composition will have a
different field required for inducing a transition, re-
sulting in a smoothing effect on the strain vs. field
behavior.

The low hysteresis observed in the dielectric mea-
surements of KNbO3; doped BaTiOs is also reflected
in the piezoelectric measurement. For low field, the
sample was fitted to a second order polynomial. The
response is mostly electrostrictive, with Q; = (0.37 &
0.3) m*/C? or M,; =(1.74+0.3)x 10716 C2/N?, with a
small piezoelectric contribution, ds33 = (7 £ 0.5) pC/N.
The electrostriction coefficient is 3.5 times higher than

the value reported for pure BaTiOs3, Q1 =0.11 m*/C?
[12]. From the relationship between M and Q, one can
find the dielectric constant:

1 M
e =—_[— =2400

7
=\ 0 )

The reason for the electrostrictive behavior is not clear.
Although the X-ray diffraction is indistinguishable
from the cubic phase, a Curie transition is seen in the
dielectric measurements. A tetragonal distortion, even
a small one, will be visible in the diffraction data. It
is therefore reasonable to assume that the sample is
indeed rhombohedral. The small distortion, however,
might not be enough to create a strong piezoelectric re-
sponse. Another option is that the dual ion replacement
is responsible for the electrostriction. Both theories re-
quire more research for verification.

At the higher field regime the 4%KN:BaTiO3 be-
comes piezoelectric, with ds3 =215 pC/N. The tran-
sition field is similar to that observed in Zr and Hf
doped materials, suggesting that this is also due to
a phase transition. This specimen underwent dielec-
tric breakdown at a lower field then the other com-
positions, making it unclear if the high field piezo-
electric constant reaches saturation as for the other
compositions.
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Table 3. Summary of the piezoelectric constant (d33) and maximum strain (Xpm,x) for the different compositions studied. In some cases a low

field and high field value is given if the slope changed significantly.

BT BT BT BT BT Pure PZT
7%Zrx 8%Zr 10%Hf 11%Hf 4%KN BT 5H PZT 8
dz3 [pC/N] 450/75 470/90 450/80 460/85 7215 75 (190**) 600 250
Xmax 9x 1074 1x1073 1.1 x 1073 8 x 10~ 6x107* 1.5x 107 1.8 x 1073 1.1 x 1073
* This is the linear component in low field electrostrictive fitting.
** Sample measured as 75 pC/N, literature value is 190 pC/N [11].
Table 3 summarizes the piezoelectric response for Acknowledgment

the different samples examined. It can be seen that
the rthombohedral phase outperforms pure BaTiOs,
both in respect to ds3 and maximum strain, by al-
most an order of magnitude. This suggests that
these BaTiO3-based materials may compete with hard
PZT (PZTS) particularly where Pb-free materials are
preferred.

4. Conclusions

BaTiO; was modified to stabilize the rhombehedral
phase above room temperature by the addition of Zr-,
Hf-, and KNb. Temperature dependent dielectric mea-
surements in conjunction with X-ray diffraction con-
firmed the achievement of the desired rhombohedral
phase together with the expected transition tempera-
tures. The rhombohedral phase was found to exhibit
surperior electromechanical properties. A piezoelec-
tric coefficient of dz3 =290-470 pC/N was obtained
for Zr- and Hf-doped BaTiO3, compared with d33 =75
pC/N for pure BaTiO;3. An electrostrictive coefficient
of Q33 =0.37 m*/C? was obtained for the KNb-doped
material, compared with Q33 =0.11 m*/C? for pure
BaTiO3. The maximum strain measured for the doped
samples was 5-10 times higher than that of pure
BaTiOs3.
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