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Abstract. The lead barium zirconate titanate (PBZT) relaxor ferroelectrics are ideal for high voltage capacitor
applications due to their high dielectric constant, stability under DC bias, and temperature stability. In this study
the composition (Pbg gsBag 35)(Zrg70Tip30)O03 was selected as the base composition. It exhibited typical relaxor
characteristics such as frequency dispersion and diffuse phase transition. The dielectric constant is ~6000 at room
temperature and remains almost constant under electric field as high as 20 kV/cm. To further enhance the dielectric
properties, various amounts of niobium oxide and lanthanum oxide dopants were added to the base PBZT to alter
the defect structure and hence the dielectric properties. It was found that the dielectric constant of 1% Nb-doped
samples was increased by 20-25% while maintaining similar voltage stability. This increase was attributed to the
abnormal grain growth in the Nb-doped sample, and the correlation between microstructure and dielectric constant
was drawn through a grain size study. The La addition only caused a monotonic decrease of dielectric constant and

slightly improved voltage stability.
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Introduction

In the past decade, the power electronics industry has
made tremendous progress in the performance of semi-
conductor switches in terms of switching speed and
efficiency. In contrast, the passive components, espe-
cially capacitors, have made only marginal improve-
ment and remained a limiting factor in power converter
design. The low stored energy density of current ca-
pacitors is a major issue for shipboard services—in a
typical state-of-the-art power converter, filter capaci-
tors can take up more than half of the overall volume.
As an integral part of the Navy’s power electronics ef-
fort, our goal is to develop a ceramic dielectric material
that is suitable for the high voltage DC link capaci-
tor application, which requires not only high dielec-
tric constant, but also stability under DC bias electric
field.

*Corresponding author. E-mail: pan@anvil.nrl.navy.mil

Most commercially available ceramic dielectrics are
not suitable for high voltage DC link capacitor appli-
cations as their dielectric properties are highly depen-
dent on voltage. A good example is barium titanate
and modified barium titanate compositions, which have
been the workhorse in the multilayer ceramic capac-
itor industry. When subjected to a high voltage, the
dielectric constant of barium titanate decreases dra-
matically with increasing voltage [1, 2]. To develop a
dielectric material that is independent of the DC bias
conditions, we chose a lead barium zirconate titanate
(PBZT) relaxor composition as the candidate mate-
rial based on several previous studies on this family
of materials [3—6]. In this study, we first focused on
the development of a reproducible process so that the
final dielectric could be easily transitioned to a ca-
pacitor manufacturer. After the processing procedure
was established, we shifted our focus to the improve-
ment of PBZT dielectric properties. Specifically, we
examined the effects of aliovalent dopants Nb>* and
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La** on the dielectric properties of the PBZT com-
position with the goal of optimizing PBZT’s dielec-
tric constant and stability under DC bias electric field.
The donor dopants Nb°* and La** were expected to
reduce the formation of oxygen vacancies and there-
fore reduce the concentration of domain-stabilizing
defect pairs. Similar effects of donor dopants have
been observed in lead zirconate titanate [7]. The re-
duced oxygen vacancy concentration also could lead
to improved reliability, as oxygen vacancy migra-
tion is considered the major cause of degradation in
perovskites.

Experimental Procedure

The base composition (PbggsBag35)(Zro70Tip.30)03
was selected based on data reported by Furukawa et al.
[5]. The composition was prepared by conventional
solid state reaction using reagent grade raw powders:
PbO (purity 99.9%), BaCO3 (99.8%), ZrO; (99.5%, Hf
< 100 ppm), and TiO; (99.5%), all of which were ob-
tained from Alfa Aesar (Ward Hill, MA). The powders
were weighed and then mixed with deionized water,
a dispersant (Tamol 901, Rohm and Haas, Philadel-
phia, PA) and a surfactant (Triton CF-10, Rohm and
Haas, Philadelphia, PA) to make a slurry that has a
20 vol% solids loading. After the zirconia milling
media was added, the slurry was attrition-milled for
2 hours. The dried power was calcined in an alu-
mina dish at 850°C for 2 hours. The calcined powder
was attrition-milled again and then examined by X-ray
diffraction (XRD) to ensure phase purity. The particle
size distribution of the powder was measured by using a
particle size analyzer (CAPA 700, Horiba Instruments

Current Limiting

Inc., Irvine, CA). The calcined powder was uniaxially
pressed into pellets. The pellets were sintered at 1280°C
for 2 hours in a lead-rich environment to suppress lead
volatilization. Typical weight loss during sintering was
1-2 wt%.

For the dopant study, niobium oxide (Nb,Os) and
lanthanum oxide (La;O3) dopants were added to the
base PBZT composition. The niobium dopant concen-
trations were 0.5, 1, 2, and 4 mol% and the lanthanum
concentrations were 1, 2, 3, and 4 mole%. Based on tol-
erance factor considerations [8], it was assumed that the
Nb>* ion is a 100% B-site substitution in the perovskite
structure and La®* is 50% A-site and 50% B-site.

Microstructural characterization was performed on
the cross section of sintered pellets (fractured and/or
polished surfaces) using scanning electron microscopy
(SEM). To measure dielectric properties, sintered pel-
lets were ground and polished to achieve flat and paral-
lel surfaces onto which palladium-gold electrodes were
sputtered. The capacitance and dielectric loss of each
sample were measured as a function of DC bias, tem-
perature, and frequency using an integrated, computer-
controlled system. A schematic of the setup is shown
in Fig. 1. Electric field from O to 20 kV/cm was ap-
plied to the sample using a high voltage power supply
(Kepco Model BOP 1000M). During the measurement,
a blocking circuit, was used to protect the LCR meter
(Hewlett-Packard 4284A) from the DC bias voltage.
The capacitance of the high voltage blocking capaci-
tors was much larger (>20 times) than the samples for
accurate measurements. The current limiting resistors
and Zener diodes provide additional protection in the
event of a catastrophic failure of the sample. The tem-
perature of interest was the typical X7R range (—55 to
125°C) [9].

Voltage Blocking
Capacitor 0.22 uF

Resistor |
Temperature

High [+ Chamber ____L - Zener Adilent
Voltage I ! Diodes 4%32

Amplifier _ | Sample __ 1

1 I

- p— |

0.22 yF

Fig. 1. A schematic of the blocking circuit used for the DC bias measurement. Both the high voltage amplifier and the LCR meter were controlled

by a computer through a GPIB interface.
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Fig. 2. XRD patterns showing the phase evolution during processing
(A) attrition milled precursor powders, (B) calcined powder, (C)
attrition milled calcined powder, and (D) sintered pellet.
Base PBZT Composition

Processing and Microstructure

XRD pattern of the initial samples showed that within
the limits of detection they were single phase (Fig. 2).

However, SEM micrographs of the polished surface of
a sintered pellet showed that there was a small amount
of ZrO, second phase (Fig. 3(a)). The cause of the sec-
ond phase was believed to be the relatively large start-
ing ZrO, particle size, which resulted in an incomplete
solid state reaction during calcination. To reduce the
particle size, as-received ZrO, powder was attrition-
milled at 30 vol% solids loading prior to being batched
with other raw powders. The particle size distribution
of the attrition-milled powder was compared to the as-
received powder in Fig. 4. The main difference between
the powders was the percentage of particles that are be-
low 1 um. Subsequently, almost all of the ZrO, second
phase was eliminated (Fig. 3(b)).

Dielectric Properties

According to Jaffe et al. [10], the base composition
(Pbg.esBag 35)(Zro.70Tio.30)O3 is a paraelectric phase at
room temperature. Nevertheless, our dielectric results
indicated that it is likely a relaxor with pseudo-cubic
structure. It exhibited a very diffuse phase transition
and the typical relaxor characteristics such as frequency
dispersion, as shown in Fig. 5(a). Its dielectric con-
stant is approximately 6000 at room temperature and
remained almost constant under electric field as high
as 20 kV/cm, as shown in Fig. 5(b) and (c).

Fig. 3. SEM micrograph of the polished surface of a sintered pellet (a) using as received ZrO, powder as a precursor and (b) using attrition-milled

ZrO, powder as a precursor.
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Fig. 4. Particle size analysis of ZrO, powder (a) as-received and (b) attrition milled for 2 hours.

Dopant-Modified PBZT Compositions
Microstructure

The fracture surfaces of several samples are shown in
Fig. 6. Most of the samples had a grain size of 2-3 um,
similar to that of the base PBZT. The exception was
the 1% Nb-doped PBZT. The large grain size (~10
um) and pores trapped within grains of the 1% Nb
samples suggest rapid grain growth during sintering.
To verify this observation, two more batches of 1%
Nb PBZT was made and characterized. Both exhibited
the same microstructure and dielectric properties. At
present, it is not clear how Nb addition facilitates such
abnormal grain growth, although similar behavior (ini-
tial increase in grain size at low dopant concentration
and then decrease at higher concentrations) had been
observed in BaTiO3; with Nb dopant [11]. Nevertheless,
it is not clear how the Nb content affects the sintering
behavior in the PBZT system and the mechanism will
be the subject of a future study.

Effects of Niobium Addition

The capacitance versus temperature (CvsT) plots of
Nb-doped samples are shown in Fig. 7. All composi-
tions exhibited diffuse phase transition and frequency
dispersion. The temperature of the maximum dielectric
constant (7,,x) decreases with increasing Nb content
with a rate of approximately 8.3°C per 1% Nb addition.

To better illustrate the effects of DC bias and tem-
perature on dielectric constant (at 1 kHz) simultane-

ously, the data is shown as 3-D surface plots in Fig. 8.
With the exception of the 1% Nb PBZT, the dielectric
constant decreases slightly with increasing Nb content.
Nevertheless, even with 4% Nb addition, the maxi-
mum dielectric constant is a respectable 4600. All of
the Nb-doped samples appeared to have similar volt-
age/electric field stability as the original PBZT.

The 1% Nb PBZT exhibited a room temperature
dielectric constant of 7400 at 1 kHz, a 20% improve-
ment over the un-doped PBZT. As the 0.5% and 2% Nb
samples did not show similar improvement, the high di-
electric constant of 1% Nb samples was attributed to
the large grain size. It has been reported that the dielec-
tric constant of lead magnesium niobate-lead titanate
(PMN-PT) relaxors increases with increasing grain size
[12, 13]. In these references, the existence of a low
dielectric constant grain boundary phase was used to
explain and to quantify the observed grain size depen-
dency. In the next section, we conducted a study on
the effects of grain size on dielectric properties in Nb-
doped PBZT relaxors to confirm this observation.

Effects of Lanthanum Addition

The interactions among dielectric constant, tempera-
ture, and applied electric field of La-doped PBZTs are
illustrated in Fig. 9. It appears that La addition has a
strong influence on both the magnitude of the dielec-
tric constant and T, especially when the La content
is >1%. The Ty, decreases at a rate of 16.1°C per 1%
La addition, about twice as fast as Nb addition. There
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Fig. 5. Thedielectric properties of the PBZT base composition show-
ing (a) typical relaxor behavior measured low field (1 volt oscilla-
tion), (b) a stable voltage dependence at room temperature, and (c)
dielectric constant plotted as a function of temperature and DC bias.

is a slight improvement in the temperature dependence
and voltage stability of dielectric constant.

Effects of Grain Size on Dielectric Properties
Processing and Microstructure

As mentioned in the previous section, we planned to
examine the correlation between grain size and dielec-
tric properties in PBZT relaxors. The processing of
PBZT modified with 0.5, 1, 2, and 3 mole% Nb,Os
was the same as described in the Experimental Pro-
cedure. Ceramic pellets were sintered at 1200, 1280,
and 1330°C and the dwell time was 1, 2, and 3 hours
for each of the sintering temperatures. The grain size
was determined by the linear intercept method using
scanning electron microscopy (SEM) micrographs of
polished and etched sample surfaces. These sintering
conditions produced samples with a range of grain size,
which was summarized in Table 1. It appeared that 0.5
and 1% Nb samples had the largest grain size of all Nb
concentrations. The rapid grain growth in 0.5 and 1%
Nb samples was evidenced by the trapped pores along
grain boundaries and within grains (similar to Fig. 6).
We also observed a large scattering in the grain size
of 0.5% Nb samples. It appeared that 0.5% Nb is at
the threshold of the grain growth mechanism so that
even slight composition inhomogeneity leads to large
variations of microstructure and dielectric properties.

Dielectric Properties

Figure 10 shows the correlation between grain size and
the dielectric maximum (Kp,x) for all the composi-
tions. Note that, to have a reasonable comparison, the
dielectric constant values have been adjusted for their
respective porosity (V,) using the following equation
[14]:

K* = K(1+V32/2)/(1 = V) )

where K* is the adjusted dielectric constant and K is
the measured value. The porosity values were obtained
by comparing the measured Archimedean density
and the theoretical density, which was assumed to
be 7.30 g/cm?. The porosity ranges from 0.5 to 7.0
vol% with typical values between 1 and 3 vol%. The
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Fig. 6. SEM micrographs of the fracture surfaces of PBZTs with (a) 0%, (b) 0.5%, (c) 1%, (d) 2%, and (e) 4% Nb addition.
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Fig. 7. The capacitance and loss versus temperature plots of Nb-doped samples.

Fig. 8. 3-D surface plots of dielectric constant (1 kHz) as a function of temperature and DC bias for various Nb-doped PBZTs.
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Fig. 9. 3-D surface plots of dielectric constant (1 kHz) as a function of temperature and DC bias for various La-doped PBZTs.

monotonic increase of K,,x with increasing grain size
is most evident in the group of 1% Nb samples. As men-
tioned in the previous section, the 0.5% Nb samples ap-
peared to be at the threshold of rapid grain growth and
consequently slight variations in compositional homo-
geneity and/or thermal history gave rise to large dif-
ference in microstructure. Consequently, the 0.5% Nb
samples on which the dielectric properties were taken
may not have the same microstructure as the polished

sample from which grain size was measured. Finally,
the size distribution of undoped samples is too narrow
to draw any significant correlation and the 3% Nb ad-
dition has apparently adversely affected the dielectric
properties.

Figure 11 shows the dielectric constant versus
temperature (CvsT) plots of 1% Nb samples with
three different grain sizes. It appeared that the
temperature of dielectric maxima, Tiax, Was not

Table 1. A summary of the grain size produced at various sintering conditions (unit: m).

1200°C 1280°C 1330°C

Concentration

of Nb (mole%) 1 hr 2 hrs 3 hrs 1 hr 2 hrs 3 hrs 1 hr 2 hrs 3 hrs

0 22403 2.6+£0.3 2.0+0.5 38+£04 34+£05 42 4+0.6 32+0.5 42407 44405
0.5 1.9+03 4.8 +£0.6 22+04 107£16 7.1+£09 127+£25 8.8+ 1.5 8.5+09 6.6+1.2
1.0 39+0.7 59+0.7 7.6 £1.2 95+18 94+20 113£16 11.7£1.8 13.0+25 11.7+£23
2.0 29+0.6 3.1+04 3.6+ 04 45+07 57+£09 7.5+£1.7 6.2+0.8 79+0.8 8.0+ 1.3
3.0 20+0.2 25+04 27+04 28+04 41+£06 48+ 1.1 6.0 £ 0.6 5.0+£0.6 7.0+ 0.7




Dielectric Properties of Niobium and Lanthanum Doped Lead Barium Zirconate Titanate Relaxor Ferroelectrics 147

9000 —— — T
i - .
8000 |- “ .
£ i = T 1
c 7000 n =
o L A m ,
(&) F L] o g
© L & ]
S 6000 OO, R
8 I :...' v ®  Undoped ]
] I\ v v A 0.5%Nb
QO 5000 | m 1%Nb |}
- N bed 2% Nb B
[ v 3% Nb ]
4000 o 11 I T I B
0 2 4 6 8 10 12 14

Grain Size (um)

Fig. 10. The dielectric constant is plotted as a function of grain size
for various Nb-doped PBZTs.

9000 (LA L L L L L L L L L L L L L LA LA LA LA L
F —e—13.0pm |
8000 [ ——95um [
[ —a—76um [
t L —o—39um [
S 7000 [
(] r i
: F -
o r ]
O 6000 [ -
L L ]
= F ]
2 5000 [ 3
2 F ]
o r i
4000 a
3000 :.\.I.IlJ.Il\.\\MI.\.I\\.MI\MI.I\I.:

60 40 20 O 20 40 60 80 100 120

Temperature (°C)

Fig. 11. Dielectric constant versus temperature plot of 1% Nb-doped
PBZTs with various grain sizes (at 1 kHz).

sensitive to the change of grain size. This is consistent
with the observation made by Randall et al. [12] on
Pb(Mg;,3Nb;,3)03:PbTiO3 ceramics but is contrary to
the observation on a similar PBZT composition by Sato
et al. [15]. The reason for the discrepancy is not clear.

The application of a DC bias decreased Ty, as
shown in Fig. 12. The decrease is approximately 8-
10°C under a 20 kV/cm electric field for all compo-
sitions. Grain size did not change the amount of T}«
shift. In addition, samples of various grain sizes showed
the same percentage of K,,x decrease under DC bias.

Influence of DC Bias on PBZTs

We believe that the remarkable dielectric stability un-
der dc bias is a result of the order/disorder structure of
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Fig. 12. Dielectric constant versus temperature behavior of 1% Nb-
doped PBZTs under 0 and 20 kV/cm DC bias (at 1 kHz). Samples
of two different grain sizes are shown.

relaxors from which microscopic composition inhomo-
geneities responded differently to the applied electric
field. Similar stability in lead lanthanum zirconate ti-
tanate (PLZT) relaxors has been observed by Maher
[16].

For normal ferroelectrics, the dielectric constant
above the paraelectric-ferroelectric transition temper-
ature can be described by the Curie-Weiss Law K =
14+C /(T —Ty), where K is relative dielectric constant,
Cis the Curie constant, and Ty is the Curie temperature.
Note that the Curie constant C has the unit of temper-
ature, indicative of the width of the phase transition
peak. For relaxor ferroelectrics, however, the temper-
ature dependence of dielectric constant is better de-
scribed by a quadratic equation derived by Smolenskii
[17]:

1 1 (T - Tmax)2
i 2
K Kmax + 2Kmax82 ( )

where K ,.x is the maximum dielectric constant, Tpax
is the temperature corresponds to maximum dielectric
constant, and § is the diffuseness coefficient. Although
§ is not the same as the Curie constant C in the Curie-
Weiss Law, one can observe the similarity of the two
equations and therefore deduce that § represents the
“effective width” of the dielectric peak. The diffuseness
coefficient § can be determined from the slope of 1/K
versus (T — Tinax)? plot. In the following discussion,
all § values were based on 1 kHz data.
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In Fig. 13, the reduction of K,x under 20kV/cm
DC bias (compared to bias-free condition) is plotted
against the diffuseness coefficient § for all of the modi-
fied samples. Regardless of the type of dopant, a linear
relation is observed—the larger the diffuseness coeffi-
cient, the more stable a material is under DC bias. It is
apparent that a large diffuseness coefficient is due to a
broad distribution of composition inhomogeneities in
the relaxor material. The compositional variation leads
to a widely distributed ferroelectric response under ap-
plied electric field and hence the voltage stability.

Conclusion

The effects of niobium oxide, lanthanum oxide, and
grain size on the dielectric behavior of PBZT were eval-
uated in this study. Among all the compositions, the 1%
Nb-doped PBZT exhibited a maximum dielectric con-
stant (1 kHz) of 7400, an improvement of 20% over the
un-modified PBZT. The results of the subsequent grain
size study suggested that this improvement was a result
of the large grain size in 1% Nb-doped PBZT, although
the cause of abnormal grain growth at 1% Nb concen-
tration is not clear. In general, the dielectric constant
of Nb-doped PBZTs increases monotonically with in-
creasing grain size, but decreases with increasing Nb

concentration (except 1%). The La addition showed
a large decrease of dielectric constant with increasing
La content and hence is not considered a viable dopant.
Neither dopants had a strong influence on the voltage
stability of PBZTs. We also demonstrated that there
is a linear relation between the diffuseness coefficient
and the voltage stability, and therefore established the
foundation for future composition engineering of the
PBZT relaxors.

The dopant study and grain size study results sug-
gests that an “optimized” PBZT with dielectric con-
stant >7500 would have grain size >10 microns. Al-
though such large grain size is not preferred for today’s
surface mount capacitors, we believe it would be suit-
able for the U.S. Navy’s applications where the high
voltage requirement (>4160V) and hence the thick di-
electric layers would ensure a uniform electric field
distribution.
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