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Abstract

Tungsten-bronze type tetragonal Sr.Ba;_Nb,Og (SBN) ceramics have been synthesized by pressure-less sintering at 1250°C
through a mixed-oxide route. With increasing x value in the range from 0.3 to 0.6, the Curie temperature shifted to lower tem-
perature, but the corresponding maximum dielectric constant increased. Further, Sry3;Bag;Nb,Og thin films have been formed by
pulsed YAG laser deposition (PLD) technique using a selected SBN bulk target with various choices of the deposition parameters.
When Pt-coated Si substrates were used for PLD, a preferential c-axis-ordered structure was observed in the films deposited using
an energy density above 2.0 J/cm?, at a substrate temperature above 650°C, and in oxygen partial pressure below 7 Pa. The thin film
yielded a rhomboidal P-E hysteresis loop, and showing a remanent polarization (P;) of 3.1 p C/ecm? and coercive field (E.) of 1.28

kV/em. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Ferroelectric Sr.Ba;_Nb>O¢ (SBN) shows tetragonal
tungsten bronze structure and is well known to exhibit
an extremely high electro-optic coefficient! and strong
photorefractive effects.> Various fabrication techniques
have been applied for successful synthesis of SBN in the
forms of single crystals,> bulk ceramics®* and thin
films.®~!! Especially, the number of reports on the pre-
paration of SBN thin films by pulsed laser deposition
(PLD) has remarkably increased in recent years.®!!
One of the most important advantages of employing
PLD to synthesize oxide thin films is the fact that the
composition is easily transferred from the sintered bulk
target to the deposited film, since the film deposition can
be carried out under an ambient of the desired pressure,
even for oxidative atmosphere.

In this study, SBN bulk ceramics with various x
values were fabricated through a conventional mixed-
oxide route, then the PLD technique using YAG laser
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beam (/ =266 nm) was applied for the preparation of
SBN thin films from a selected bulk target. Their
microstructure and dielectric properties were investi-
gated.

2. Experimental procedure

The raw materials used in this experiment were high-
purity powders of SrCO; (Kanto Chemical Co., 99.6%),
BaCO; (Shin Nippon Chemical Co., 99.97%) and
Nb,Os5 (Kanto Chemical Co., 99.95%). All composi-
tions were prepared in accordance with the formula
xSrCO; + (1-x) BaCO5; + Nb,Os = Sr,Ba;_,Nb,Og+ CO,,
where x=0 to 1.0 at each 0.1 step. The mixed powders
were ball-milled for 24 h in methanol. The dried mate-
rial was crushed and sieved, followed by uni-axial
pressing at 100 MPa into cylindrical forms (¢: 20 mm, h:
5 mm). The green tablets were calcined at 1000°C for 10
h, then sintered at 1250°C for 10 h. Crystal phase was
identified by X-ray diffraction (XRD) using Cuk,
radiation. Density was determined from the weight and
dimensions, and compared with the density calculated
from the lattice parameters that were determined by
XRD data.
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SBN thin films were deposited using PLD technique.
A YAG laser beam (Spectron Laser System SL850) with
a wavelength 4 =266 nm (the forth harmonic genera-
tion, FHG) and a repetition rate of 10 Hz was focused
onto a rotating, sintered SrgsBag,Nb,Og target. The
fluence of the incident laser beam was varied from 0.9 to
3.2 J/cm? and the base pressure of the vacuum chamber
was in the 107 Pa range. Films were deposited on
quartz or Pt-coated Si substrates heated in the tem-
perature range between 500 and 700°C, under oxygen
partial pressure ambient of 1-9 Pa, followed by rapid
thermal annealing (RTA) at 800°C under an oxygen
atmosphere. The films were analyzed by XRD, X-ray
fluorescence spectroscopy (XRF) and atomic force
microscopy (AFM). For electrical measurements, Au
top electrode was sputtered on the film. Dielectric
properties were measured at room temperature in the
frequency range of 1-1000 kHz using an LCR meter
(HP 4284A). Temperature dependence of permittivity
at 1 kHz was investigated at elevated temperature up to
350°C. D—E hysteresis loops were observed using a
Sawyer-Tower circuit.

3. Results and discussion
3.1. SBN bulk target

SBN bulk specimens showed relatively good sintering
behaviors without coarse grains and large pores. XRD
measurement indicated those SBN bulk specimens with
x of 0.3-0.7 showed a single tetragonal phase [see
Fig. 1(a)], while the specimens with higher Sr contents
over x=0.7 additionally contained small amounts of
orthorhombic strontium niobate phases. The lattice
parameter of a-, c-axis, and the corresponding c/a ratio
for the tetragonal specimens gradually decreased with
increasing x value, and the specimens exhibited 84-95%
theoretical densities. Fig. 2 shows the temperature
dependence of ¢ at 1 kHz for several SBN bulk speci-
mens. The Curie temperature (7,) which corresponds to
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Fig. 1. XRD patterns of (a) sintered Sry3;Bag;Nb,Og bulk specimen
and (b) thin film prepared by PLD on Pt/Si substrate.

the peak position of ¢ shifts to lower temperatures with
increasing x value, which may be caused by different
local configurations in the tetragonal tungsten bronze
(TTB) structure.'? T, varies widely from 275°C for
x=0.2 to 58°C for x=0.6. Similar T, variation depend-
ing SBN composition has been reported both for single
crystals'® and polycrystals.® In addition to the config-
uration effect, VanDamme et al.> discussed such a 7,
variation from a viewpoint of microstructure difference,
i.e. grain size and its uniformity for the polycrystalline
SBN specimens. They compared several specimens pre-
pared by pressure-less sintering at different tempera-
tures and post-HIP treatment. The specimens showed
different TTB crystallinities and grain sizes, which
resulted in a 7, variation in spite of the same SBN
composition. Therefore, synergic effects due to config-
uration and microstructure differences seem to appear
in the temperature dependence of ¢ for polycrystalline
SBN bulk ceramics. On the other hand, the maximum
values of ¢ shown in Fig. 2 increase with increasing x
value, but are much smaller than those for single crys-
tals because of less preferential orientation in crystal-
linity. Dielectric loss tangent (tan §) at the Curie
temperature kept 0.03 or less for SBN specimens with x
of 0.2-0.6. In particular, tan § of the specimens with x of
0.2 and 0.3 remained 0.02 up to 300°C and exhibited
only a slight increase from 0.02 at 1 kHz to 0.04 at 1000
kHz in room-temperature measurement. The other spe-
cimens showed much larger tan § in the measurements
at elevated temperature and at various frequency levels
from 1 to 1000 kHz.

The remanent polarization (P,) and coercive field (E.)
were estimated from the electrical polarization — elec-
trical field (P—FE) hysteresis loops recorded at room
temperature. Fig. 3 summarizes those values for the
SBN specimens with x of 0-1.0. The SBN specimens
with x of 0, 0.8, 0.9 and 1.0 showed linear P-E rela-
tionships, and no P, and E_ were observed. In contrast,
the SBN specimens with x of 0.2-0.7 demonstrated
ferroelectric P—FE hysteresis loops, but an ellipsoidal
shape was observed for x =0.2 while typical rhomboidal
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Fig. 2. Temperature dependence of dielectric constant ¢ at 1 kHz for
Sr.Ba;_Nb,O¢ bulk specimens with x of 0.2-0.6.
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shapes appeared for the other specimens. P, shows a
maximum value of 1.65 puC/ecm? at x=0.5, and E,
decreases with increasing x value from 0.2 to 0.7.

It is evident from the above results that the SBN bulk
specimen with x of 0.3 has superior ferroelectric prop-
erties to the others in that it shows a relatively high T
of 208°C, low tan § at elevated temperature and at wide
range of frequency, and demonstrated a rhomboidal P-
E hysteresis loop. Therefore, the SBN bulk specimen
with x of 0.3 was selected as a target source for synthe-
sizing Sry 3Bag ;Nb,Og thin films by the PLD method.

3.2. SBN thin film

Prior to deposition on Si-based substrate, quartz sub-
strate was used for investigating the dependence of PLD
conditions on characteristics of Sry3;Bag;Nb,Og thin
films. When PLD was employed under an oxygen par-
tial pressure (Pp,) of 5 Pa at a substrate temperature
(Tu) of 700°C, increasing fluence of the incident laser
beam onto the target from 0.9 to 3.2 J/cm? enhanced a
film deposition rate from 5.8 to 23.5 nm/min. A single
TTB phase also became dominant above 2.1 J/cm?. The
TTB phase started to appear at higher Ty, above
650°C. The deposited SBN thin film showed almost the
same cation composition as the bulk target, and the
composition was little affected by applied Po, ranging
from 1 to 9 Pa. However, the formed grain size drama-
tically decreased with increasing applied Po,. The aver-
age sizes are estimated to be around 200 nm for 1 Pa
and 50 nm for 7 Pa, as shown in Fig. 4. The reason
seems to be that increasing Po, reduced the grain
mobility to form accumulated large grains. No obvious
grain shape was observed for Pg, of 9 Pa in this experi-
ment. Therefore, lower Pg, is advantageous for prepar-
ing Srg3BagsNb,Og thin films with relatively large
grains that has a potential for exhibiting large P, values.
However, a slight color change from half-transparency
into dark brown was observed for the thin films fabri-
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Fig. 3. Remanent polarization P, and coercive field E. observed in the
P-E hysteresis loops recorded at room temperature for
Sr.Ba;_Nb,O¢ bulk specimens with x of 0-1.0.

cated by lowering Po,. This seems to be caused by oxy-
gen deficiency from its stoichiometric composition,
thereby requiring post-annealing treatment under an
oxygen ambient in order to reduce a leakage current
density.

A similar PLD condition dependence, i.e. laser flu-
ence, Po, and Ty, on the film characteristics was
observed also in the Sry3Bag7Nb,Og¢ thin films depos-
ited on Pt-coated Si substrates. An average grain size of
the film at Po, of 1 Pa was estimated to be around 300
nm that was 1.5 times larger than the film deposited on
quartz substrate. Moreover, the film demonstrated a
highly preferential c-axis orientation [Fig. 1(b)] after the
O, annealing treatment. Highly textured c-axis orienta-
tion is required to optimize the ferroelectric properties
of the films, since the c-axis is the orientation of spon-
taneous polarization. Fig. 5 compares the temperature
dependence of ¢ at 1 kHz for the Sry3;Bay,Nb,Og¢ thin
film with that for the bulk target used. It is obvious that
a highly preferential c-axis orientation allows high ¢ for
the thin film at all temperatures investigated. The film
shows a maximum ¢ of 3500 that is much larger than
1500 for the bulk target showing a polycrystalline
orientation. Further, it is interesting to note that the
Curie temperature increases from 208°C for the bulk
target to 230°C for the film. This difference seems to be
explained on the basis of microstructural differences
between the bulk target and thin film, which is men-
tioned in the previous section, but at present, we are
unable to give any qualitative explanation for the pre-
sent experimental result. Fig. 6 shows a rhomboidal P-E
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Fig. 4. AFM images of Sry3Bay;Nb,Og thin films under different
oxygen partial pressure of (a) 1 Pa and (b) 7 Pa during PLD proces-
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Fig. 5. Comparison of temperature dependence of dielectric constant
¢ at 1 kHz for the Srg3;Bag;Nb,Og thin film with that for the bulk
target shown in Fig. 2.
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Fig. 6. P-E hysteresis loops recorded at room temperature for the
Sr0.3Bao_7Nb206 thin ﬁlm

hysteresis loop for the c-axis oriented thin film. The P;
and E. of this film were measured to be 3.1 uC/cm? and
1.28 kV/cm, respectively. Much higher P, was obtained
for the c-axis oriented thin film than that for its bulk
target shown in Fig. 3 (x=0.3).

4. Conclusion

The SBN bulk ceramics demonstrated attractive
behaviors in that the Curie temperature shifted to lower
temperature, but the corresponding maximum dielectric
constant increased with increasing x value in the range
from 0.3 to 0.6. This seems to meet a wide range of
commercial requests for many applications by selection
of the desired SBN composition. In order for the ferro-
electric SBN thin film to meet these requests, a superior
stoichiometric control as well as texture control for an
excellent spontaneous polarization is required. YAG
laser has superior advantages especially in running cost,
easy maintenance and safety to excimer lasers. Pulsed
FHG-YAG laser deposition (PLD) was proved for the
thin film to demonstrate an excellent composition
agreement with its bulk target. The PLD-derived
Srg3Bag 7Nb,O¢ thin film on Pt-coated Si substrate
demonstrated a preferential c-axis-oriented structure,
thereby showing a relatively good ferroelectric P-E
hysteresis loop.
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