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Abstract

The effects of molybdenum doping on the sintering, microstructure, dielectric properties, and ferroelectric properties of
SrBix(Ta;_Mo,)Og 1, ceramics were investigated. The densification process of the molybdenum doped ceramics with x=0.025-0.1
can be shifted to a lower temperature range. When the degree of densification is nearly the same, the doped ceramics showed
reduced dielectric constant as compared with the undoped ceramics. For the ceramics with relative density >90%, the dielectric
constant is 120-125 and 80-120 for the undoped and doped ceramics, and the dielectric loss tangent is below 2%. For nearly the
same relative density, all the molybdenum-doped ceramics have significantly increased P, and decreased Ec as compared with the
undoped ceramics. There are optimum molybdenum content (x =0.025-0.05) and optimum sintering temperature (1100 °C) for

maximum P, and minimum Ec.
© 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

SrBi,Ta,O9 (SBT) thin films have been extensively
investigated as promising candidates for nonvolatile
ferroelectric random access memories, because of high
fatigue endurance (up to 10'! to 10'? switching cycles)
and low leakage current with Pt electrodes.! 3 How-
ever, the major disadvantages of SBT are the low
remanent polarization and the high processing tem-
perature.®> It has been reported that the properties of
layered perovskite SBT ferroelectrics (thin films or
ceramics) can be influenced by composition modifi-
cation. According to Bhattacharyya et al.,° the Bi con-
tent remarkably affects the ferroelectric properties of
SBT thin films. Effects of Sr/Bi ratio on the phase for-
mation, ferroelectric phase transition, dielectric proper-
ties, and ferroelectric  properties have been
investigated.” !> It has also been reported that the
remanent polarization of SBT thin films can be
improved by partial substitution of Sr>* by Ba?* [13].

* Corresponding author. Tel.: +886-2-2593-6897; fax: + 886-2-
2593-6897.
E-mail address: jjshyu@ttu.edu.tw (J.-J. Shyu).

SrBi,Ta,Og belongs to the Aurivillius family of bis-
muth layered perovskites of the general formula
(Bi202)2 N (Am—le03m + 1)273 where  A4=Na * s K™ s
Ca’*, Sr?*, Ba?™, Pb?>*, Bi*", etc., B=Ti*", Nb>*,
Ta’>™, Mo®", W™, Fe3", etc. and m=1-5."* In this
paper, we report on the effects of molybdenum doping
on the sintering, microstructure, dielectric properties,
and ferroelectric properties of SrBi,Ta,Og in ceramic
form. This study may result in materials with enhanced
ferroelectric properties that are useful in applications.

2. Experimental procedure
2.1. Sample preparation

The ceramic compositions studied are SrBi>(Ta;_,
Mo,),0O9 ,, where x=0, 0.025, 0.05, 0.075, 0.1, and 0.2.
The ceramics were prepared by standard ceramic pro-
cedure. Reagent-grade SrCO;, Bi,Oj;, Ta,0s, and
Mo,05 powders were mixed for 6 h in PE bottles con-
taining yittria-stabilized zirconia balls and alcohol.
After being dried and calcined at 900 °C for 3 h, the
powders were milled for 48 h with 5.5 wt.% of polyvinyl
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alcohol as binder in PE bottles containing yittria-stabi-
lized zirconia balls and alcohol. The slurries were then
dried and screened (< 100 mesh). The powders of 1.0 g
were uniaxially pressed into disc compacts in a 10 mm
diameter steel die lubricated with a thin layer of stearic
acid. The powder compacts, which were embedded in
the powder with the same composition in an alumina
crucible with an alumina lid, were prefired at 550 °C for
2 h, followed by sintering at 1000-1300 °C for 3 h, and
then furnace cooled.

2.2. Characterization

Phase identification was conducted by X-ray diffrac-
tion (XRD) analysis on the as-sintered surface. Mea-
surements were performed on a diffractometer (Model
D5000, Siemens, Germany) with Cuk, radiation. The
operating power was 40 kV and 20 mA. Continuous
scanning was used with a sampling interval of 0.02° (26).
Bulk density (p,) and open porosity for the sintered
bodies were measured by the Archimedes method. The
theoretical density (og,) of SrBir(Ta;_.Mo,)Oy was cal-
culated by dividing the cell weight by the cell volume,
which was estimated from lattice constants measured by
XRD. Then, the relative density (p,) of the sintered
bodies was calculated by pp/pw. The as-sintered surface
of the sintered bodies, coated with a thin film of gold,
was examined by scanning electron microscopy (SEM).

The dielectric constant and loss tangent of the sin-
tered bodied were measured at the room temperature by
an LCR meter (Model HP4284A, Hewlett-Packard,
Tokyo, Japan) with an oscillating voltage of 1 V and a
frequency of 1 kHz. The sintered samples were polished
to remove a thickness of about 100 um, then were elec-
troded by firing a 70Ag/30Pd paint at 850 °C for 30
min. For the ferroelectric loop measurement, samples
were ground and polished to a thickness of 0.1- 0.2 mm,
then were gold electroded by sputtering with masked
edges. The P—E hysteresis loops were observed at room
temperature using a modified Sawyer—Tower circuit
with 60 Hz sinusoidal field. The samples were dipped in
silicone oil during measurement.

3. Results and discussion
3.1. Densification, X-ray analysis, and microstructure

Fig. 1 shows the XRD patterns of the powders cal-
cined at 900 °C. For the undoped composition, a single
layered perovskite phase was formed. For the doped
compositions, in addition to the major layered per-
ovskite phase, a minor unknown phase was formed,
especially when the molybdenum content was increased.

Fig. 2 shows the degree of densification (represented
by relative density) of the sintered samples. Although
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Fig. 1. XRD patterns of the as-calcined powders (@: layered per-
ovskite, u: unknown).
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Fig. 2. Relative density of the sintered ceramics as a function of sin-
tering temperature.

the above mentioned unknown phase was not dis-
appeared after sintering, the theoretical density of
SrBis(Ta;_.Mo,)Oy was used as that of the ceramic
because of the weak XRD intensities for the unknown
phase. As seen in Fig. 2, the relative density of the
undoped composition increased in the temperature
range 10001200 °C, then approached about 97-99.9%
at 1200-1300 °C. For the compositions with x=0.025-
0.1, the densification curve was shifted to a lower tem-
perature range. The densification was improved when the
sintering temperature was <1100 °C, while the densifica-
tion was reduced when the sintering temperature was
>1200 °C. The composition with x=0.2 showed the low-
est density at each sintering temperature. All the doped
compositions, especially when x is increased, showed a
density reduction at higher sintering temperatures. The
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density-reduction phenomenon is consistent with the
open porosity data (not shown in the paper). A relative
density >90% can be obtained for the ceramics with
x=0 sintered at 1200-1300 °C, x=0.025-0.05 sintered
at 1100-1300 °C, or x=0.075-0.1 sintered at 1100-
1200 °C.

Fig. 3(a) and (b) shows the typical XRD patterns of
the bodies sintered at 1000 and 1300 °C, respectively. It
was found that single layered perovskite phase was
formed in the undoped ceramics sintered at 1000—
1300 °C. For the doped ceramics, the minor unknown
phase did not disappear in addition to the major layered
perovskite phase. The amount of second phase
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Fig. 3. Typical XRD patterns of the ceramics. The sintering tempera-
ture is (a) 1000 °C and (b) 1300 °C (@: layered perovskite, u:
unknown).

increased slightly with the sintering temperature and the
molybdenum content. It is also noted that the peaks of
layered perovskite phase became broad and weak in the
samples with x=0.2 (for 1000-1200 °C) or 0.1-0.2 (for
1300 °C), indicating that the crystal structure of layered
perovskite became defective. This result is also observed
in the calcined powder with x=0.2 (Fig. 1). Moreover,
the doped ceramics exhibited the (001) preferred orien-
tation of the layered perovskite when the sintering tem-
perature was higher [1200-1300 °C, see Fig. 3(b)). It was
found that when the samples were polished to remove a
thickness of about 0.4 mm, the preferred orientation
vanished. It was found that the lattice constants of the
layered perovskite (not shown) decreased with the
increase in molybdenum content, indicating that
molybdenum has been incorporated into the lattice,
although a second phase is formed as seen in Fig. 3. The
difference in ionic radius for Ta>" (0.64 Ag CN=6[15])
and Mo"" ion (0.67, 0.65, 0.63, and 0.60 A for n=3, 4,
5, and 6, respectively, CN=6'3]) is <6%. The decreased
cell volume implies that the incorporated Mo ion might
have a valence of +5 or +6, because of the smaller ion
sizes of Mo>* or Mo®* than Ta>™".

Figs. 4 and 5 show the typical microstructures for the
undoped and doped samples, respectively. The average
grain size of the undoped samples increased smoothly
when the sintering temperature was increased from 1000
to 1300 °C. At temperatures <1100 °C [Fig. 4(a)], the
microstructure consists of nearly equiaxed grains,
although a few grains show anisotropic shape. The
grain size is about 0.5-1 pm at 1100 °C. When the sin-
tering temperature was increased to 1200-1300 °C
(Fig. 4(b) and (c¢)], most of the grains reveal anisotropic
shape with aspect ratios of about 2.5—4 at 1300 °C. For
all the doped samples, the temperature at which the
grain shape becomes anisotropic reduced to 1100 °C [see
Fig. 5(a) for x=0.025]. When the sintering temperature
is increased to 1200 °C, almost all the grains are plate-
like [see Fig. 5(b) for x=0.025]. The microstructure
became coarser at 1300 °C, as seen in Fig. 5(c). More-
over, the average grain-size and the aspect ratio of the
plate-like grains increased abruptly. It is also noted that
the average grain-size and the aspect ratio of the plate-
like grains at 1200-1300 °C increased with the increase
in molybdenum content.

The above described microstructure development
might explain the density result shown in Fig. 2. The
density reduction at 1200-1300 °C for each doped com-
position should be caused by the abrupt increase in
grain-size and the fully developed plate-like-grained
microstructure. The densification process is usually
inhibited by rapid grain growth. Moreover, the plate-
like grains with a high aspect ratio, when impinge each
other, might also suppress the densification process due
to the large growth-rate anisotropy. Evidence support-
ing this hypothesis is that the undoped composition
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Fig. 4. Microstructures of the ceramics with x=0 sintered at (a)
1100 °C, (b) 1200 °C, and (c) 1300 °C (bar=1 um).

does not show density reduction because no abrupt
increase in grain size occurs and the plate-like-grained
microstructure is not fully developed.

3.2. Dielectric properties and ferroelectric properties

The dielectric constant (k) at 1 kHz as a function of
sintering temperature is shown in Fig. 6(a). The «’-value
of the undoped composition first increased from 90 to
125 in the temperature range 1000-1200 °C, mainly due
to the increase in relative density from 67 to 97%, fol-
lowed by a slight decrease in « to 120 at 1300 °C,
although the density is higher than the ceramic sintered
at 1200 °C. For the doped compositions, ¥ was more
reduced at 1200-1300 °C. Moreover, when the sintering

Fig. 5. Microstructures of the doped ceramics with x=0.025 sintered
at (a) 1100 °C (bar=1 pm), (b) 1200 °C, and (c) 1300 °C (bar=>5 pm).

temperature is in the range of 1000-1100 °C, the «’-
value first increased with x, then decreased. While when
the sintering temperature is in the range of 12001300 °C,
the «’-value decreased with x. For the doped ceramics
with relative density >90%, the «’-value is in the range
of 80—120. The above trends of «’ for both undoped and
doped ceramics are quite similar with those of densifi-
cation (Fig. 2), indicating that densification has a large
effect on «’. Fig. 6(b) shows the dependence of « on
relative density. The curves link the data points in
accordance with the sequence of sintering temperature
(the data points for 1300 °C are indicated by the arrows).
It is obvious for each composition that the increase in
relative density does not promise higher «’-value. This
result indicates that, in addition to sintered density, there
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Fig. 6. Dielectric constant at 1 kHz as a function of (a) sintering
temperature and (b) relative density.

are other factors influencing the dielectric constant.
Moreover, when relative density is nearly the same the
doped samples showed reduced «’ as compared with the
undoped samples. This result suggested that doping of
molybdenum will reduce the dielectric constant if the
effect of densification can be eliminated. The dielectric
constant might also be affected by other factors. The
decrease in «’ at higher molybdenum content and higher
sintering temperature might be caused by the slight
increase in the content of phase U (Fig. 3), the more
defective structure of the layered perovskite phase
(Fig. 3, when x is 0.1-0.2), preferred orientation (Fig. 3,
at higher sintering temperature), and/or the increased
grain-size (Fig. 5). The dielectric loss tangent (tand) for
the samples with relative density >90% is below 2%.
Fig. 7(a) shows the typical P—E hysteresis loops for
the undoped ceramics. The loop is slim and non-satu-
rated until the sintering temperature is >1200 °C. The
P.- and Ec-values decreased from 16 pC/cm? and 72 kV/
cm for 1200 °C to 8.9 pC/cm? and 60 kV/cm for 1300 °C,
possibly caused by the coarse microstructure [Fig. 4(c)].
However, saturated loops can be observed for the ceramics
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Fig. 7. P-E hysteresis loops of the ceramics with x=(a) 0 and (b)
0.025 sintered at 11001300 °C.

with x=0.025-0.1 sintered at 1000°-1300 °C, as shown
typically in Fig. 7(b) for x=0.025, except for x=0.025
at 1000 °C. The loops for x=0.2 became saturated
when the sintering temperature is > 1200 °C. The loops
are non-saturated mainly due to poor densification.
The values of P, and E, for the ceramics with a satu-
rated loop (except for x=0 at 1000 and 1100 °C) are
shown in Fig. 8(a) and (b), respectively. It is obvious
that addition of molybdenum significantly increased P,
(except for x=0.2) and decreased Ec. For the same
sintering temperature, it is generally that P, first
increased with x then decreased, and Ec first decreased
with x then increased. The optimum molybdenum con-
tent (x) for maximum P, and minimum Ec is 0.025—
0.05. It is also noted that, for the same molybdenum
content, there is an optimum sintering temperature for
maximum P, (1100 °C for x=0.025-0.1 and 1200 °C for
x=0 and 0.2). While the Ec-value increased (for x=0
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Fig. 8. (a) P, and (b) Ec as a function of sintering temperature.

and 0.2) or decreased (for x=0.025-0.1) with the
increase in sintering temperature.

To cancel out the porosity effect, figures similar to
Fig. 6(b) have been plotted (not shown). It is found that
for nearly the same relative density, all the doped samples
have increased P, and decreased Ec as compared with the
undoped samples. It has been reported that partial sub-
stitution of Nb>* in SrBi,Nb,Og ceramic by a smaller
cation V> can improve the ferroelectric properties,'® due
to the enlarged rattling space. In the present study, the
smaller ionic size of Mo®" might have the similar effect.
The decrease in P, at higher molybdenum content and
higher sintering temperature might be caused by the den-
sity reduction (Fig. 2) due to the rapid coarsening in
microstructure, slight increase in the amount of second
phase (Fig. 3), and/or the more defective structure of the
layered perovskite phase (Fig. 3, when x is 0.1-0.2).

4. Conclusions

The effects of molybdenum doping on the densifica-
tion, microstructure, and properties of SrBiy(Ta,_,

Mo,)Og ., ceramics were investigated, with the follow-
ing results:

1. Single layered perovskite phase was formed in
the undoped ceramics. For the doped ceramics, a
minor unknown phase was formed in addition to
the major layered perovskite phase.

2. The densification process of the molybdenum
doped ceramics with x=0.025-0.1 can be shifted
to a lower temperature range. All the doped
compositions showed a density reduction at
higher sintering temperature, possibly caused by
the abrupt increase in grain size and the fully
developed plate-like-grained microstructure.

3. When the degree of densification is nearly the
same, the doped ceramics showed reduced
dielectric constant as compared with the
undoped ceramics. For the ceramics with relative
density >90%, the dielectric constant is 120-125
and 80-120 for the undoped and doped ceramics,
and the dielectric loss tangent is below 2%.

4. For nearly the same relative density, all the
molybdenum-doped ceramics have significantly
increased P, and decreased Ec as compared with
the undoped ceramics. There are optimum
molybdenum content (x=0.025-0.05) and opti-
mum sintering temperature (1100 °C) for max-
imum P, and minimum Ec.
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