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1. Introduction

Strontium barium niobate Sr,Ba;_,NbyOg (SBN,
0.25 <x <0.75) is believed to be a solid solution in
the SrNb,O¢-BaNb,O¢ pseudobinary system [1] and
exhibits a crystal structure closely related to the tetrag-
onal tungsten bronze structure (4 mm) with a unit-cell
formula of [(A1)4(A2),C4B190O30] [2]. This structure
consists of a framework of NbOg octahedra including
different types of interstitial sites: Al site for a coor-
dination number of 15, A2 site of 12, C site of 9 and
B site of 6. Two of such interstitial sites A1 and A2 are
generally occupied by Sr/Ba cations, while the C site
is vacant. However, Sr/Ba cations in actual SBN ma-
terials are considered to be not distributed regularly at
those sites, but seem to form various local coordinations
depending on the x value.

SBN is well known in particular that it exhibits
an extremely high electro-optic coefficient [3] and
strong photorefractive effects [4, 5], since the crys-
tal is transparent over a wide length wave range. Fur-
ther, SBN should demonstrate excellent ferroelectric
properties due to the fact that spontaneous polariza-
tion occurs along the c-axis of the tetragonal struc-
ture and the Curie point can be continuously shifted
in the range from 50 to 250°C by controlling the x
value [6]. However, the number of studies on the di-
electric and ferroelectric properties of SBN is quite lim-
ited, resulting in a lack of knowledge of their properties
still.

Various fabrication techniques can be used for the
synthesis of SBN. The methods reported so far include
the Czochralski method for single crystals [7], solid-
state sintering by hot pressing [8], hot isostatic pressing
[9] for bulk ceramics, and liquid phase epitaxy [10],
sol-gel synthesis [11], rf magnetron sputtering [12] and
pulsed laser deposition (PLD) [13—15] for thin films.

In particular, ferroelectric thin films are rapidly gain-
ing importance as promising candidate materials for
application to nonvolatile ferroelectric random access
memory (FeERAM) as well as micro active components,
e.g., accelerometers, sensors and actuators. To date, fer-
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roelectric thin films like Pb(Zr, Ti)Os (PZT) of per-
ovskite structure and SrBi; TayOg (SBT) of Bi-layered
perovskite structure have been most extensively stud-
ied for their applications. In addition, it should be noted
that the number of reports on the preparation of such
ferroelectric thin films by PLD method has increased
remarkably 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 trans-
ferred 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 an oxidis-
ing atmosphere. The reason is that there is no source in
the deposition chamber, but a short-wavelength pulsed
laser is focused onto the target material through a cham-
ber window from an external laser generator. Excimer
lasers, e.g., KrF (A =248 nm) and XeCl (A =308 nm)
are often used for the laser source of PLD [13-15]. On
the other hand, Nd3* : Y3A150,, (YAG) laser has supe-
rior advantages in running costs, easy maintenance and
safety compared to excimer lasers. While YAG laser
generates A = 1064 nm as a standard wavelength, it
can generate a shorter wavelength of A =266 nm (the
fourth harmonic generation, FHG) using nonlinear op-
tical crystals (KH; POy, KDP). A shorter wavelength is
expected to give a higher average power transmission
suitable for PLD.

In the present study, SBN bulk ceramics with various
x values were fabricated through a conventional mixed-
oxide route, and then the PLD technique by FHG-YAG
was applied for the preparation of SBN thin films from
selected bulk targets. Microstructure and ferroelectric,
properties of SBN bulk and thin films were investigated.
Also we tried to prepare multi-layered SBN films from
the target sources with different x values in order to
control the temperature-dependence of the dielectric
constant of thin films.

2. Experimental procedure
The raw materials used in this experiment were

high-purity powders of SrCOs; (Kanto Chemical
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Co., 99.6%), BaCOs (Shin Nippon Chemical Co.,
99.97%) and Nb,Os (Kanto Chemical Co., 99.95%).
All compositions were prepared in accordance with
the formula xSrCOs;+ (1 —x) BaCOjz+ Nb,Os5=
SryBa;_,Nb,Og + CO,, where x varies from O to 1.0
at 0.1 intervals. The mixed powders were transferred to
a polyethylene mill jar containing partially stabilized
ZrO, (PSZ) balls and milled for 24 h in methanol. The
thick slurry was dried completely in an infrared oven
at 100°C within approximately 5 h. The dried material
was crushed and sieved, followed by uni-axial pressing
at 100 MPa into cylindrical forms of diameter 20 mm
and height 5 mm. The green tablets were calcined at
1000°C for 10 h in an Al,O3 crucible and crushed
by ball-milling, followed by forming and sintering at
1250°C for 10 h. The crystal phases were identified by
X-ray diffraction (XRD, Rigaku RAD3C) using Cu K,
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.

SBN thin films were deposited using the PLD
technique. A YAG laser beam (Spectron Laser System
SL850) with a wavelength of A =266 nm (FHG) and
a repetition rate of 10 Hz was focused on to rotating,
sintered SBN targets. The flux of the incident laser
beam on to the target 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 temperature range
from 500 to 700°C, under an oxygen partial pressure
ambient of 1 to 9 Pa, followed by thermal annealing
at 800°C under an oxygen atmosphere. The films were
analyzed by XRD, X-ray fluorescence spectroscopy
(XRF, Rigaku 3030) and atomic force microscopy
(AFM, Digital Instruments Nano Scope III). A surface
roughness micrometer measured film thickness. For
electrical measurements, an Au top electrode was
sputtered on the film/Pt/Si specimens using a contact
mask with multiple holes (¢1mm). The dielectric
properties were measured at room temperature in
the frequency range from 1 to 100kHz using an
LCR meter (HP 4284A). Further, the temperature
dependence of dielectric constant &, and dielectric loss
(tan 6) at 1kHz was investigated at elevated temper-
atures of up to 350°C. Ferroelectric D—E hysteresis
loops were observed using a modified Sawyer-Tower
circuit.

3. Results and discussion

3.1. SBN bulk ceramics

SBN bulk specimens showed relatively good sintering
behaviors without coarse grains and large pores, and
exhibited densities of 84—95% of their theoretical max-
imum values (Fig. 1). XRD measurements indicated
that those SBN bulk specimens with x values from
0.3 to 0.7 showed a single tetragonal phase (Figs 1
and 2a), while the specimens with higher Sr contents
over x =0.7 additionally contained small amounts of
orthorhombic strontium niobate phases. Fig. 3 shows
the temperature dependence of ¢, and tan § measured
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Figure 1 Changes in lattice parameters and density for Sr,Baj_,NbyOg
bulk specimens.
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Figure 2 XRD patterns of (a) sintered Srp3Bag7NbyOg bulk specimen
and (b) its thin film prepared by PLD.

at 1 kHz for several SBN bulk specimens. The Curie
point (7,.), which corresponds to the peak position of
&, shifts to lower temperatures with increasing x value,
which may be caused by different local configurations
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Figure 3 Temperature dependence of dielectric constant &, and loss tan-
gent (tan §) measured at 1 kHz for Sr,Ba;_,Nb,Og bulk specimens with
x from 0.2 to 0.6.

in the tetragonal tungsten bronze (TTB) structure [16].
T. varies widely from 275°C for x =0.2 to 58°C for
x =0.6. A similar 7, variation with SBN composition
has been reported both for single crystals [6, 17] and
polycrystals [9]. In addition to the configuration ef-
fect, VanDamme et al. [9] discussed such a T, variation
from a viewpoint of microstructural differences, e.g.,
grain size and its uniformity for the polycrystalline SBN
specimens. They compared several specimens prepared
by pressure less sintering at different temperatures and
post-HIP treatment. The specimens showed different
TTB crystallinities and grain sizes, which resulted in
a T, variation in spite of the same SBN composition.
Therefore, synergic effects due to compositional and
microstructural differences seem to appear in the tem-
perature dependence of ¢, for polycrystalline SBN bulk
ceramics. On the other hand, the maximum values of ¢,
shown in Fig. 3 are much smaller than those for single
crystals because of less preferential orientation in crys-
tallinity, but they increase with increasing x value. Tan §
at the Curie point remains at 0.03 or less for SBN spec-
imens with x of 0.2-0.6. In particular, tan § of the spec-
imens with x of 0.2 and 0.3 remains 0.02 up to 300°C
and exhibits only a slight increase from 0.026 at 1 kHz
to 0.048 at 100 kHz at room temperature, as shown in
Fig. 4 (x =0.3). The other TTB-structured specimens
show much larger values of tan § in the measurements
at elevated temperatures and at various frequency levels
from 1 to 100 kHz.

Fig. 5 shows the electrical polarization—electrical
field (P—E) hysteresis loops recorded at room temper-
ature for the SBN specimens with x values from 0 to
1.0. The estimated remanent polarization (P,) and co-
ercive field (E.) are summarized in Fig. 6. The SBN
specimens with x of 0, 0.8, 0.9 and 1.0 show linear
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Figure 4 Frequency dependence of dielectric constant &, and loss tan-
gent (tan §) measured at room temperature for SryBaj_yNbyOg bulk
specimens with x from 0.1 to 0.9.

P—E relationships, and no P, and E, are observed.
In contrast, the SBN specimens with x of 0.2 to 0.7
demonstrate ferroelectric P—E hysteresis loops, but an
ellipsoidal shape is observed for x = 0.2 while typical
rhomboidal shapes appear for the other specimens. P,
shows a maximum peak of 1.65 ;C/cm? at x = 0.5, and
E . decreases with increasing x value in the ferroelectric
TTB-structured region.

It is evident from the above results that the TTB-
structured SBN bulk specimens with x of 0.3-0.6 have
superior ferroelectric properties to the others, in that
they showed rhomboidal P—E hysteresis loops with
relative high P, and low E. values. These SBN bulk
specimens were selected as target sources for synthe-
sizing SBN thin films and multi-layered films by the
PLD method.

3.2. SBN thin films

Prior to deposition on Si-based substrates, quartz sub-
strates were used for investigating the influence of PLD
conditions on the characteristics of SBN thin films.
SBN bulk ceramics with x of 0.3 were used as target
sources for this experiment. When PLD was employed
under an oxygen partial pressure (Poz) of 5 Pa at a
substrate temperature (7g,) of 700°C, increasing flux
of the incident laser beam on to the target from 0.9
to 3.2 J/cm? enhanced a film deposition rate from 5.8
to 23.5 nm/min. It was also found that a single TTB
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Figure 5 Electrical polarization—electrical field (P—E) hysteresis loops
recorded at room temperature for SryBaj_,NbyOg bulk specimens with
x from O to 1.0.
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Figure 6 Remanent polarization P, and coercive field E. observed in
Fig. 5.

phase became dominant above 2.1 J/cm?. In particular,
the TTB phase started to appear at higher Ty, values
above 650°C. The deposited SBN thin film showed al-
most the same cation composition as the bulk target, and
the composition was little affected by the applied Po,
ranging from 1 to 9 Pa. However, the formed grain size
dramatically decreased with increasing applied Po,.
The average sizes are estimated to be around 200 nm
for 1 Pa, 100 nm for 5 Pa and 50 nm for 7 Pa, as shown
in Fig. 7. The reason seems to be that increasing Po,
reduced the grain mobility to form accumulated large
grains on substrates. In this experiment, no obvious
grain shape was observed for Po, of 9 Pa. Under the
present experimental conditions, therefore, lower Po,
is advantageous for preparing SBN thin films with rel-
atively large grains that have a potential for exhibiting
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Figure 7 AFM images of Srg3Bag7NbyOg thin films under different
oxygen partial pressure of (a) 1 Pa, (b) 5 Pa and (c) 7 Pa during PLD
processing.

large P, values. However, a slight color change from
half-transparency into dark brown was observed for
the thin films fabricated by lowering Po,. This seems
to be caused by oxygen deficiency from its stoichio-
metric composition, thereby requiring post-annealing
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Figure 8§ Comparison of temperature dependence of dielectric constant
& at 1 kHz for the Srp 3Bag 7Nb2Og thin film with that for the bulk target
shown in Fig. 3.

treatment under a high pressurized oxygen ambient of
2 kgf/cm? which resulted in reduction of a leakage cur-
rent density of the film. A similar PLD condition de-
pendence, i.e., laser flux, Po, and Ty, on the film char-
acteristics was also observed in the processing of the
other SBN thin films with x of 0.4, 0.5 and 0.6.

When Pt-coated Si substrates were used for SBN thin
film deposition, it was observed that average grain sizes
of the deposited films were approximately 1.5 times
larger than those deposited on quartz substrates. In the
case of SBN thin films with x of 0.3, an average grain
size of the film deposited at Po, of 1 Pa was estimated
to be around 300 nm. Moreover, the film demonstrated a
highly preferential c-axis orientation (Fig. 2b). Highly
textured c-axis orientation is required to optimize the
ferroelectric properties of the films, since the c-axis is
the orientation of spontaneous polarization for TTB-
structured SBN. Fig. 8 compares the temperature de-
pendence of ¢, at 1 kHz for the SBN thin film (x =0.3)
with that for the bulk ceramics used as a target source.
It is obvious that a highly preferential c-axis orienta-
tion allows high &, for the thin film at all temperatures
investigated. The film shows a maximum &, of 3500,
which is much larger than 1500 for the bulk target hav-
ing a random TTB orientation. Further, it is interesting
to note that the Curie point increases from 200°C for
the bulk target to 230°C for the film. This difference
seems to be explained on the basis of microstructural
differences in the bulk target and thin film, which is
mentioned in the previous section, but at present, we
are unable to give any qualitative explanation for the

present experimental result. Fig. 9 shows a rhomboidal
P—E hysteresis loop for the c-axis oriented SBN thin
film with x of 0.3. The P, and E. of this film were mea-
sured to be 3.1 uC/cm? and 12.8 kV/cm, respectively.
Much larger P, and much smaller E. values could be
obtained for the c-axis oriented thin film than those for
its polycrystal bulk target with a random TTB orienta-
tion shown in Fig. 6 (x =0.3). The other SBN thin films
with x 0f 0.4, 0.5 and 0.6 also demonstrated preferential
c-axis orientation in their structures under appropriate
deposition parameters, which resulted in a much higher
dielectric constant than polycrystalline bulk ceramics.

3.3. SBN multi-layered films
A capacitance (C) of dielectric materials consisting of
multi-layers is expressed as

C=S§/di/ei+dr/er+---+dy/en) m=1,2,3,..)
(1)

where S, d, and g, are the contact area, thickness
and dielectric constant of each dielectric layer, respec-
tively. Accordingly, an overall dielectric constant (&)
of multi-layered materials is also a function of the di-
electric constant and thickness of each layer, and can
be obtained from the following equation:

e = Cldy+do+d3+---+dy)/S (n=1,2,3,...)
2)

As shown in Fig. 3, the temperature dependence of
dielectric constant (g,) for SBN changes widely de-
pending on the x value. In the ferroelectric TTB region
(x=0.3, 0.4, 0.5 and 0.6), each of curves has a hump
with a maximum peak (the Curie point), and the peak
continuously shifts in the range from 50 to 250°C by
controlling the x value. In order to modify the temper-
ature (7') dependence of ¢, for many purposes, a multi-
layered structure is considered to be one of the best
procedures. For instance, linear or constant ¢,—T rela-
tionships in a wide temperature region are expected for
micro-sensor device applications, in particular, as heat-
resistant dielectric thin films compatible with a semi-
conductor processing for Si-based integrated circuits.

1
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Figure 9 P—FE hysteresis loops recorded at room temperature for the Srp3Bag 7Nb2Og thin film.
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Figure 10 Temperature dependence of dielectric constant &, and loss tangent (tan §) measured at 1 kHz for the multi-layered Sr,Ba;_,NbyOg film
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Figure 11 Surface morphology of the multi-layered SryBa;_,Nb,Og film (x = 0.3/0.4/0.5).

In this study, multi-layered SBN films were prepared
from the selected TTB-structured SBN bulk sources
with x of 0.3, 0.4 and 0.5 using PLD techniques with
a rotation-type multi target holder. Film deposition on
a Pt/Si substrate was carried out in order of increasing
x value from 0.3 to 0.5. The deposition parameters for
each film were the same as those for the single film de-
position, and the thickness of each deposited layer was
fixed to 1 um. Fig. 10 shows the ¢,(T) and dielectric
loss (tan 6(7)) curves of the synthesized multi-layered
SBN film. The ,(T") and tan §(T") curves were recorded
at 1 kHz during a heating run from room temperature
to around 300°C. For comparison, a theoretical &,(7")
curve calculated by Equations 1 and 2 using dielec-
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tric constant data of single-layered film specimens is
also plotted in this figure. The calculated ¢, monotoni-
cally increases with increasing temperature, indicating
a positive ¢,—T relationship during the entire range of
temperature. On the other hand, the synthesized multi-
layered SBN film shows a ¢, value at room temperature
equal to half that of the calculated data, and keeps an
almost constant &, value up to around 200°C, followed
by a gradual increase at higher temperature. Tan é also
starts to increase abruptly above 200°C, and approaches
1.0, which resulted in that dielectric constant measure-
ments became unstable at higher temperatures.

The deviation from the theoretical value in the &,
measurement and an enormous increase in the dielectric



loss at high temperature for the synthesized multi-
layered SBN film seems to be due to defects in the
microstructure. Prior to the ¢,—T relationship measure-
ment, the multi-layered SBN film was subjected to an
oxygen annealing treatment at 800°C in the same way
as for the single-layered film specimens. After the an-
nealing treatment, several cracks were observed in the
limited area on the surface of the multi-layered SBN
film (Fig. 11), while no crack was observed in the
single-layered film specimens. Mismatch in the ther-
mal expansion coefficients among deposited thin-film
layers is considered to involve stress generation and
accumulation at the film/film interface during multi-
deposition or annealing processes, which partially re-
sulted in crack propagation in the film structure. Ac-
cording to Equations 1 and 2, the dielectric constant
of multi-layered structure is determined by the dielec-
tric constant and thickness of each deposited layer.
These equations never describe a deposition order of
film layers on substrates. As a matter of fact, the ther-
mal expansion and its matching property among multi-
layers, which seem to be greatly affected by each film
thickness, also should be a key factor for the permit-
tivity property of multi-layered film structure. This is
one of the subjects to be further examined for prepar-
ing multi-layered films with a variety of desired &,—T
relationships.

4. Conclusion

Sr,Ba;_,Nb,Og (SBN) thin films have the potential for
use as ferroelectric memory and sensor devices com-
patible with Si-based integrated circuits. In particular,
SBN has the advantage of containing no toxic volatile
elements such as Pb. In the present study, SBN bulk ce-
ramics have been synthesized by pressure less sintering
through a mixed-oxide process. The SBN bulk ceramics
demonstrated attractive behaviors in that the Curie point
shifted to lower temperature, but the corresponding
maximum dielectric constant increased with increas-
ing x value in the range from 0.3 to 0.6. This seems to
meet a wide range of commercial requests for many ap-
plications by selection of the desired SBN composition.
In order for the SBN thin film to meet these requests,
a superior stoichiometry control as well as crystallinity
control for an excellent spontaneous polarization is re-
quired. Pulsed FHG-YAG laser deposition technique
(PLD) was proved to be excellent in that the composi-
tion was easily transferred from the sintered bulk target
to the deposited film. YAG laser has advantages es-
pecially in running costs, easy maintenance and safety
compared to excimer lasers. The PLD-derived SBN thin
film with x of 0.3 on Pt-coated Si substrate demon-
strated a preferential c-axis-oriented structure, thereby
showing a relatively good rhomboidal P—FE hysteresis

loop with a remanent polarization of 3.1 xC/cm? and
a coercive field of 12.8 kV/cm. Further, synthesis of
the multi-layered SBN film was performed for the first
time by the PLD technique using bulk target sources
with x of 0.3, 0.4 and 0.5. We showed the possibility
that the temperature dependence of the dielectric con-
stant for SBN film can be modified by a multi-layered
film structure, while improvements in deposition and
heat-treatment conditions for microstructural stability
are still needed to approach the theoretically calculated
results.
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