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Abstract

Ferroelectric SrBi,Nb,Oy (SBN) thin films were prepared by pulsed laser deposition (PLD) on Pt/Ti/SiO,/Si(100) using a
sequential deposition process from two SBN and Bi»Oj; targets. This route allows for bismuth enrichment of the film composition in
order to improve the ferroelectric characteristics. Structural and microstructural characterizations were performed by X-ray dif-
fraction (XRD) and scanning electron microscopy (SEM). The composition of films and targets was determined by energy dis-
persive X-ray spectrometry (EDX). The deposition temperature, which provided well-crystallized layered perovskite SBN phase
films in situ, was found to be 700°C. The results were compared with those obtained for SBN films deposited at 400°C and then
crystallized ex situ. For an ex situ annealing temperature of 750°C, a remanent polarization value (Pr) of 23.2 pc/cm? and a coercive

field (Ec) of 112 kV/cm were measured. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Ferroelectric thin films have received a great deal of
attention in recent years due to their potential applica-
tion in microelectronics, particularly as materials for
nonvolatile memories (FERAM).! The most exhaus-
tively studied compound for this application has been
Pb(Zr, Ti)O; (PZT); however, a serious problem invol-
ving degradation after a number of cycles of polariza-
tion, known as ““fatigue”, has limited the application of
PZT.? Candidate materials to control the problem of
fatigue are those belonging to the bismuth-layered per-
ovskite family, (Am_1BmOsm+1)*" (Bi,05)?>~, such as
SrBiyTi4O15 (SBIT), SrBi,Ta,O9 (SBT) and SrBi;Nb,Oq
(SBN). Among the several bismuth-layer compounds,
SBT and SBN have been intensively studied due to their
high dielectric constant, low leakage current and good
ferroelectric characteristics. Several methods have been
employed in the preparation of SBT and SBN thin
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films, such as sol-gel,»* MOD,>° rf sputtering,” pulsed
laser deposition,® polymeric precursors,® etc.

Control of the composition in terms of the volatility
of bismuth and the presence of second phases constitute
the main limitations of the Sr-Bi-Nb-O'© system.
Among the solutions proposed to compensate for the Bi
loss which can occur during deposition or annealing are,
generally, the use of Bi-enriched targets and, in some
cases, Bi,Os-inserted heterostructures!>'> for SBT or
SBTN films.

In this paper, we report on SBN thin films deposited
by PLD. A sequential deposition from two SBN and
Bi,0; targets was attempted to control the composition
and to improve the ferroelectric characteristics.

2. Experimental

2.1. Preparation by pulsed laser deposition

The films were grown in situ by pulsed laser deposition
(PLD) from SBN and Bi,O; targets of approximately
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20 mm diameter and 5 mm thickness. The SBN targets
were prepared by solid state reaction using SrCOs;,
Nb,Os and Bi,O; as starting reagents, which were
mixed in a ball mill for 8 h in isopropanol. After drying,
the mixed powder was subjected to calcination at
1100°C for 8 h, followed by 1 h in an attrition mill.
Pellets were then prepared by uniaxial compression,
followed by isostatic pressing and sintering at 1150°C
for 2 h. The targets thus obtained exhibited densities of
approximately 80% of the theoretical one.

An XeCl (A=308 nm) excimer laser source (SOPRA
SEL 520) was used to ablate the rotating targets. The
laser beam (pulses of 40 ns duration and repetition rate
fixed at 2 Hz) was focused on the target surface (fluence
of 3-4 J/cm?) at an angle of 45°. The target-substrate
distance was fixed at 40 mm. The films were deposited
onto Pt/Ti/SiO,/Si(100) substrates for a deposition time
fixed at 20 min. The as-deposited films were typically
300-350 nm thick.

The influence of the deposition temperature was
investigated in this study (the substrate holder tempera-
ture ranged from 550 to 750°C) as well as the influence
of the oxygen pressure. Before deposition, the substrates
were cleaned in acetone and mounted with silver paint
on the stainless steel substrate holder.

2.2. Characterization

Structural characterizations were performed by XRD
using an INEL CPS 120 diffractometer with a curved
position-sensitive detector (CukK,; radiation). The
microstructure was examined with a field emission
scanning electron microscope (FE-SEM) JEOL 6301 F
operated at 7kV. Film and target composition was
determined by EDX analysis with an ISIS Oxford
device fitted onto a JEOL 6400 SEM. The thin films
were analyzed at a low voltage (5 kV) to discard any
possibility of substrate contribution.

The ferroelectric properties were measured using a
Radiant tester RT6000HVS under virtual ground con-
ditions. For this, an array of Au contacts, each with a
nominal area of 7.1x10~* ¢cm?, were sputter deposited
using an appropriate shadow mask. Capacitance—vol-
tage (C-V) characteristics were studied using an HP
4194A impedance analyser at a 100 kHz frequency.

3. Results and discussion

3.1. In situ deposited films from stoichiometric SBN
targets

The thin films were deposited at various temperatures
from a stoichiometric target. As illustrated by the XRD
pattern in Fig. 1, the ceramic SBN target is single phase.
The EDX analysis revealed that the virgin region of the
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Fig. 1. XRD pattern for the SBN ceramic target sintered at 1150°C
for 2 h.

target is stoichiometric, whereas the ablated region is
bismuth-deficient (Table 1). The loss of bismuth can be
attributed to the high temperature reached on the sur-
face of the target during plasma formation, which leads
to bismuth evaporation.

Fig. 2 displays the diffraction patterns obtained for
the films deposited from 550 to 750°C under 0.3 mbar
oxygen pressure. The films deposited at 550 and 600°C
show the presence of the so-called intermediate fluorite
phase. This fluorite phase was observed by Rodriguez et
al.'® in SBT films and was also observed in SBN films
prepared by the chemical method.® It should be pointed
out that it is very difficult to distinguish between the
intermediate fluorite phase and the layered perovskite
phase because the positions of the peaks of both phases
are very close. The peaks of the perovskite phase can be
observed at 650°C, coexisting with the intermediate
phase. As the deposition temperature increases, the
intermediate phase disappears, whereas the perovskite
phase is well crystallized at 700°C. The pyrochlore
phase can also be detected as secondary phase. The
degradation of the perovskite phase occurs at 750°C,
probably due to the severe loss of bismuth (Sr/Bi/Nb
was typically 1/0.6/2.5).

The FE-SEM micrographs (Fig. 3) reveal the strong
influence of the deposition temperature on the film

Table 1
EDX results for SBN targets and films prepared by PLD at 700°C
under various oxygen pressures

Sample Sr (at.%) Bi (at.%) Nb (at.%) Sr/Bi/Nb

Ceramic target

Virgin region 20 41 39 1/2.0/1.9

Ablated region 28 20 52 1/0.7/1.8

SBN films: pO,= 0.05 29.5 8.5 62 1/0.3/2.11
0.15 23.2 29.6 47.2 1/1.27/2.03
0.30 20.5 35.7 43.8 1/1.75/2.14
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Fig. 2. XRD patterns for SBN films deposited by PLD under 0.3
mbar oxygen pressure at several temperatures.

microstructure. Although all the deposited films have a
dense structure, the film deposited at 550°C shows a
different grain microstructure with smaller spherical
grains. These spherical grains are ascribed to the inter-
mediate fluorite phase detected in the XRD pattern. As
the temperature increases to 650°C, an increase in the
grain size as well as a change in the grain shape, from
spherical to angular form, can be observed. The small
spherical grains are still present, probably due to the
coexistence of the intermediate fluorite and the per-
ovskite phases. A dense structure with angular grains
(SBN phase) can be observed at 700°C.

The electrical characterizations were obtained
through the capacitance versus voltage (C-V) curve
recorded at 100 kHz frequency. Fig. 4 shows a compar-
ison of the (C—V) curves between SBN films deposited
at 700°C under 0.13 and 0.3 mbar oxygen pressures.

The film deposited at 0.13 mbar oxygen pressure
(Fig. 4a) shows a paraelectric behavior that is ascribable
to the high bismuth deficiency (Sr/Bi/Nb is 1/1.12/2.17).
In contrast, the film deposited at 0.3 mbar oxygen pres-
sure (Fig. 4b) shows a typical butterfly-like curve, char-
acterizing a ferroelectric material. The asymmetry may
be due to the off-stoichiometry of the film (Sr/Bi/Nb is
1/1.85/2.08). Although the bismuth deficiency is not as
high as in the previous film (Fig. 4a), it suffices to create
many defects that affect the electrical properties. The
difference between the two maxima values of the capa-
citance at the positive and negative sides of bias is due
to different electrode/film interfaces.

Despite the SBN crystallization obtained in situ at
700°C and 0.3 mbar oxygen pressure, the films are bis-
muth deficient, as is clearly illustrated in Table 1. This
deficiency is responsible for the coexistence of a pyro-
chlore phase with SBN.

In order to prevent this loss of bismuth and to
increase the ferroelectric performance,'* a sequential
deposition from SBN and Bi,O; targets was tested.
Both the in-situ and the ex-situ routes were compared.

¥ %.’:::;Wém;?'.i ‘
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Fig. 3. FE-SEM micrographs for SBN thin films deposited on Pt/Si
substrate by PLD at different temperatures.
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Fig. 4. C-V curves of SBN thin films deposited by PLD at 700°C
under oxygen pressure of (a) 0.13 and (b) 0.3 mbar.

3.2. Thin films grown by the sequential deposition process

3.2.1. In situ route

The thin films were deposited at several temperatures
under 0.3 mbar oxygen pressure using various SBN/
Bi,O5 sequences. Fig. 5 illustrates the influence of the
sequential deposition on the composition of the films.

Thin films with a close to stoichiometric composition
can be synthesized in situ at 700°C, with deposition con-
sisting of two sequences of 1000 SBN laser pulses followed
by 100 pulses of Bi,O;. Fig. 6 displays the XRD pattern of
a film obtained under these conditions, for which the Bi/
(Sr+ NbD) ratio is almost 0.66. A 001 preferential orienta-
tion is observed. This orientation, as reported by Lettieri
et al.,!° is detrimental to the ferroelectric performance
because the remanent polarization lies in the (a,b) plane.

A small amount of a pyrochlore phase is still
observed. This preferential orientation evidenced by
XRD is in agreement with AFM and SEM observations
(Fig. 7). Fig. 7 reveals growth of platelets characteristic
of the 001 preferential orientation.

A film with a higher Bi content obtained with a dif-
ferent sequential deposition consisting of four sequences
of 500 laser pulses of SBN, followed by 100 pulses of
Bi,O;, was also characterized. Fig. 8 displays a (C-V)
curve of this film. A much more symmetric butterfly-like
curve can be observed than the one given in Fig. 4b.
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Fig. 5. Bi content (EDX data) of the films prepared from stoichio-
metric target (A) and sequences of SBN/Bi,O3: (1000/100)x2 (@) and
(500/100)x4 (M) pulses.
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Fig. 6. XRD pattern of SBN thin film deposited with a sequence of
SBN/Bi,05 (1000/100)x2 at 700°C under 0.3 mbar oxygen pressure.

This behavior is due to the higher Bi content, in agree-
ment with Chen et al.'* Although the film presented a
ferroelectric characterized (C-V) curve, the hysteresis
loop could not be obtained due to a high dissipation
factor (tan o) at low frequencies, which interferes in
measurements using the ferroelectric tester.

3.2.2. EXx situ route

To overcome the difficulties involved in in situ growth
at 700°C, such as loss of bismuth and preferential orien-
tation, an ex situ route was tested. The films were depos-
ited from the stoichiometric target at 400°C and post
annealed at the same temperature as that used for the in
situ route (650, 700 and 750°C) in an oxygen atmosphere.
This deposition temperature was chosen because the films
do not adhere to the substrate at room temperature and,
at a temperature above 400°C, the fluorite phase begins to
nucleate. These films presented better electrical properties
than those crystallized in situ, though not as good as
those required for the applications. The SBN deposition
alone, at 400°C without sequential deposition and fol-
lowed by post-annealing is, in any case, insufficient to
reach the ideal composition. In a case such as that, the
films are still Bi-deficient. Therefore, an experiment was
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Fig. 7. AFM (a) and (b) SEM observations of SBN thin film depos-
ited with a sequence of SBN/Bi,O3 (1000/100)x2 at 700°C under 0.3
mbar oxygen pressure.
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Fig. 8. (C-V) curve of a stoichiometric thin SBN film deposited by
PLD with a sequence of SBN/Bi,O53 (500/100)x4 at 700°C under 0.3
mbar oxygen pressure.

carried out by the ex situ route, allied to sequential
deposition from the stoichiometric SBN and Bi,O5 tar-
gets at 400°C under 0.3 mbar of oxygen in four sequen-
ces of 500 laser pulses of SBN, followed by 100 pulses of
Bi,O5. These films were post-annealed, respectively, at
650, 700 and 750°C for 2 h in an oxygen atmosphere.
Film thicknesses were typically around 300 nm.

Fig. 9 shows the hysteresis loops obtained at 60 Hz fre-
quency at applied voltages of 5 and 10 V. The remanent
polarization (Pr) and the coercive field (Ec) were 10.6 pC/
cm? and 95 kV/cm, 14.7 pC/cm? and 158 kV/cm, and 23.2
uC/em? and 112 kV/cm for the films crystallized at 650,
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Fig. 9. Hysteresis loops of thin SBN films by PLD at 400°C under 0.3
mbar oxygen pressure, using the sequential deposition of SBN and
Bi,O5 targets and post annealed in an oxygen atmosphere at (a)
650°C, (b) 700°C and (c) 750°C.
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Fig. 10. XRD patterns for SBN films deposited by PLD at 400°C
using the sequence of SBN/Bi,O3; (500/100)x4 pulses and post-
annealed at: (a) 650°C, (b) 700°C, (c) 750°C, in an oxygen atmosphere.

Fig. 11. Microstructure of SBN thin films prepared using the sequence
of SBN/Bi,O; (500/100)x4 pulses at 400°C under 0.3 mbar oxygen
pressure and treated ex-situ at: (a) 700°C and (b) 750°C, in an oxygen
atmosphere.

700 and 750°C, respectively, for an applied voltage of 10
V. These results are in good agreement with the pub-
lished data!” and evidence the efficiency of the ex situ
sequential deposition process.

The evolution of the diffraction patterns was also
studied and is presented in Fig. 10. For each tempera-
ture, it can be clearly seen that some Bi,O; which did
not react with SBN still remains. The segregation is
related to the high excess of bismuth. At 750°C, the
Bi,O3 contribution decreases, indicating better diffusion
of the bismuth oxide in the SBN structure. This fact
offers a partial explanation of the higher ferroelectric
performances for this annealing temperature. Moreover,
another pyrochlore phase (Bi,Pt,05), and possibly some
PtBi, phase,!? can be identified on each diffraction pat-
tern, due to the reaction between the substrate and the
high excess of bismuth. This pyrochlore phase is no
longer associated to the bismuth deficiency.

Finally, no further (00l) preferential orientation is
observed, which is in good agreement with the superior
ferroelectric performance obtained with post annealing
treatment. However, the crystallographic orientation is
not the only reason for improved ferroelectric perfor-
mance since a grain size effect is also involved.'®

An observation of the microstructure in Fig. 11
reveals a strong difference in the mean grain size
between SBN films deposited at 400°C and annealed at
700°C (Fig. 11a) and 750°C (Fig. 11b), which also par-
tially explains the improvement of the ferroelectric per-
formance. A comparison of the ex situ and in situ routes
now indicates that the mean grain size of the films pre-
pared ex situ (Fig. 11b) is almost 1.5 larger than that of
the films prepared in situ (Fig. 7b).

4. Conclusions

The preparation of SBN thin films by the pulsed laser
deposition method is presented herein. In agreement
with the structural characterizations, the deposition
temperature of 700°C gave rise to the ferroelectric SBN
phase, as confirmed by observation of the (C—V) curves,
although the film is Bi-deficient. An alternative route,
consisting of the sequential deposition of SBN and
Bi,0; layers, was experimented to avoid the loss of bis-
muth in films prepared in situ.

The same procedure, using this alternative route,
combined with deposition at a low temperature (400°C)
and followed by post annealing ex situ, produced films
with remanent polarization above 10 pc/cm?. The Bi,O;
phase was still present after thermal treatment. Different
sequences with shorter Bi,O3; deposition time may be
experimented in order to decrease the excess of bismuth.
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