UCC Library and UCC researchers have made this item openly available.
Please let us know how this has helped you. Thanks!

Title

Piezoresponse force microscopy investigations of Aurivillius phase thin
films

Author(s)

Keeney, Lynette; Zhang, Panfeng F.; Groh, Claudia; Pemble, Martyn E.;
Whatmore, Roger W.

Publication date

2010-08-31

Original citation

Keeney, L., Zhang, P. F., Groh, C., Pemble, M. E. and Whatmore, R. W.
(2010) ‘Piezoresponse force microscopy investigations of Aurivillius
phase thin films’, Journal of Applied Physics, 108, 042004.
http://dx.doi.org/10.1063/1.3474959

Type of publication

Article (peer-reviewed)

Link to publisher's
version

http://dx.doi.org/10.1063/1.3474959
Access to the full text of the published version may require a
subscription.

Rights

© 2010 American Institute of Physics. This article may be
downloaded for personal use only. Any other use requires prior
permission of the author and AIP Publishing. The following article
appeared in L. Keeney et al., J. Appl. Phys. 108, 042004 (2010) and
may be found at http://dx.doi.org/10.1063/1.3474959

Item downloaded
from

http://hdl.handle.net/10468/2991

Downloaded on 2023-01-08T18:46:12Z

Piezoresponse force microscopy investigations of Aurivillius phase thin films
Lynette Keeney, Panfeng F. Zhang, Claudia Groh, Martyn E. Pemble, and Roger W. Whatmore
Citation: Journal of Applied Physics 108, 042004 (2010); doi: 10.1063/1.3474959
View online: http://dx.doi.org/10.1063/1.3474959
View Table of Contents: http://scitation.aip.org/content/aip/journal/jap/108/4?ver=pdfcov
Published by the AIP Publishing
Articles you may be interested in
Ferroelectric and magnetic properties of Aurivillius Bim+1Ti3Fem−3O3m+3 thin films
J. Vac. Sci. Technol. A 33, 060605 (2015); 10.1116/1.4926982
Optical, ferroelectric, and piezoresponse force microscopy studies of pulsed laser deposited Aurivillius
Bi5FeTi3O15 thin films
J. Appl. Phys. 116, 144101 (2014); 10.1063/1.4897556
Study of structural phase transition and optical properties in BiFeO 3 - BiMnO 3 thin films
AIP Conf. Proc. 1512, 46 (2013); 10.1063/1.4790903
The structural and piezoresponse properties of c-axis-oriented Aurivillius phase Bi5Ti3FeO15 thin films deposited
by atomic vapor deposition
Appl. Phys. Lett. 101, 112903 (2012); 10.1063/1.4752007
Room temperature ferroelectric and magnetic investigations and detailed phase analysis of Aurivillius phase
Bi5Ti3Fe0.7Co0.3O15 thin films
J. Appl. Phys. 112, 052010 (2012); 10.1063/1.4745936

Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Download to IP: 143.239.102.113 On: Tue, 16 Aug
2016 08:25:09

JOURNAL OF APPLIED PHYSICS 108, 042004 共2010兲

Piezoresponse force microscopy investigations of Aurivillius phase thin
films
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The sol-gel synthesis and characterization of n ⱖ 3 Aurivillius phase thin films deposited on
Pt/ Ti/ SiO2 – Si substrates is described. The number of perovskite layers, n, was increased by
inserting BiFeO3 into three layered Aurivillius phase Bi4Ti3O12 to form compounds such as
Bi5FeTi3O15 共n = 4兲. 30% of the Fe3+ ions in Bi5FeTi3O15 were substituted with Mn3+ ions to form
the structure Bi5Ti3Fe0.7Mn0.3O15. The electromechanical responses of the materials were
investigated using piezoresponse force microscopy and the results are discussed in relation to the
crystallinity of the films as measured by x-ray diffraction. © 2010 American Institute of Physics.
关doi:10.1063/1.3474959兴
I. INTRODUCTION

Single-phase multiferroics with ferroelectrically and
magnetically combined structure at the atomic scale potentially allow for the tuning of the magnetoelectric effect in the
quantum level as well as further control by the application of
magnetic and/or electric fields. Such materials would offer a
large application potential for functional devices that are able
to convert signals from magnetic to electric and vice versa.
The synthesis of new candidate multiferroics is driven by
one of the biggest challenges facing the field of multiferroics
today, namely, the need for room temperature multiferroic
functionality.1
The Aurivillius2 bismuth-based compounds represent an
important class of piezoelectric compounds having the potential to present both ferroelectric and magnetoelectric transitions at the same time in a single phase.3 The materials are
members of an homologous series of Bi-layered oxides, consisting of 共Bi2O2兲2+ layers alternating with nABO3 perovskite
units, described by the general formula Bi2O2共An−1BnO3n+1兲.
These bismuth layer-structured ferroelectric materials have
received increasing interest as lead free piezoelectric
materials4 with high Curie temperature 共generally over
500 ° C兲, fatigue-free switching characteristics making them
suitable for nonvolatile memories5 and a coupling between
out of plane and in-plane polarization components making
them interesting for electro-optic devices such as light
valves.6 On increasing the number of perovskite layers 共n兲,
the microstructural, magnetic, and physical properties of the
materials can be altered significantly.7–15
Chemical doping of perovskite type materials, without
producing a large decrease in their Curie temperature 共Tc兲,
has been useful in enhancing their electrical and magnetic
properties.9,16–20 Mn3+ doping has been reported to be effective for suppressing leakage current and improving the polarization switching properties of Bi4Ti3O12 single crystals.19
a兲
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Other workers9,21 have found that electrical conductivity in
Bi5Ti3Fe1−xMnxO15 共x = 0 – 1兲 ceramics increases with x. The
Curie temperature was shifted toward the low temperature
region at x ⱖ 0.4. Based on the idea that magnetoelectric coupling could be amplified near a transition temperature22,23
and that ferromagnetic interactions should appear between
the vacant Mn3+ eg orbital and the filled Fe3+ eg orbital in a
perovskite structure,24 Yang et al.20 attempted to bring the
Néel temperature of polycrystalline BiFeO3 down to near
room temperature 共and thereby maximize the magnetoelec-

FIG. 1. Flow chart for the preparation of 共a兲 Bin+1Ti3Fen−3O3n+3 and 共b兲
Bi5Ti3Fe0.7Mn0.3O15 sols.
108, 042004-1
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FIG. 2. XRD patterns of 共a兲 Bi4Ti3O12, 共b兲 Bi5Ti3FeO15, 共c兲 Bi6Ti3Fe2O18, and 共d兲 Bi5Ti3Fe0.7Mn0.3O15 thin films annealed at various temperatures.

tric effect around room temperature兲 by substituting Mn3+
ions for Fe3+ ions in BiFeO3. At a Néel temperature of 420 K
for BiFe0.7Mn0.3O3, positive magnetocapacitance effects
were demonstrated at room temperature 共0.3% magnetocapacitance effect at 9 T兲.
Piezoreponse force microscopy 共PFM兲 has emerged as a
powerful technique for probing nanoscale phenomena in piezoelectric and ferroelectric materials on the nanometer and
micrometer scales.25–34 PFM is based on the detection of a
bias-induced piezoelectric surface deformation.35 A conductive tip is brought into contact with a piezoelectric sample
surface, and the tip deflection resulting from the expansion
or contraction of the sample due to the applied bias is measured. Both the magnitude and sign of the displacement can
be translated into images of local piezoresponse and polarization direction. PFM spectroscopy modes can locally generate hysteresis loops and thereby provide information on
local ferroelectric behavior in ferroelectric materials.36–38
In this study, sol-gel preparation of Bi4Ti3O12 共n = 3兲,
Bi5Ti3FeO15
共n = 4兲,
Bi6Ti3Fe2O18
共n = 5兲,
and
Bi5Ti3Fe0.7Mn0.3O15 共n = 4兲 and deposition of thin films on
Pt/ Ti/ SiO2 – Si substrates are reported. A preparation where
30% of the Fe3+ ions in Bi5FeTi3O15 are substituted with
Mn3+ ions to form thin films of Bi5Ti3Fe0.7Mn0.3O15 is described for the first time. The local electromechanical activity of these materials was investigated by PFM.

II. EXPERIMENTAL

Bi4Ti3O12 共BTO兲 sols were prepared from bismuth nitrate pentahydrate 关Bi共NO3兲3 · 5H2O兴 and tetra-n-butyl titanate 关Ti共OC4H9兲4兴 in a similar manner to the room temperature procedure described by Du et al.39 On addition of
2-methoxyethanol 共CH3OCH2CH2OH兲, the viscosity and
surface tension of the sols could be adjusted and
0.2 mol dm−3 sols were obtained.
Sols of BiFeO3 were prepared by adding the required
amounts of Bi共NO3兲3 · 5H2O and iron共III兲 nitrate nonahydrate
关Fe共NO3兲3 · 9H2O兴
to
a
lactic
acid
共CH3CHOHCOOH兲/2-methoxyethanol mixture. The sols
were stirred at room temperature until complete dissolution
was achieved. On combination of Bi4Ti3O12 with “m” moles
of BiFeO3, where m = 1 and 2, 0.1 mol dm−3 sols of
Bi5Ti3FeO15 共BTFO兲 and Bi6Ti3Fe2O18 共BTF2O兲, respectively, were attained, as illustrated in the flow chart in Fig.
1共a兲.
For the preparation of Bi5Ti3Fe0.7Mn0.3O15 关Fig. 1共b兲兴,
the required amounts of Bi共NO3兲3 · 5H2O and Ti共OC4H9兲4
were dissolved in lactic acid at room temperature.
Fe共NO3兲3 · 9H2O and Mn共C5H7O2兲3 关manganese共III兲 acetylacetonate兴 were dissolved separately in acetylacteone. When
complete dissolution was achieved, this solution was slowly
dropped into the Bi3+ / Ti4+ solution under constant stirring to
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FIG. 3. 共Color online兲 HRSEM images of 共a兲 BTO annealed at 700 ° C, 共b兲 BTFO annealed at 850 ° C, and 共c兲 BTF2O annealed at 850 ° C.

prepare 0.13 mol dm−3 sols of Bi5Ti3Fe0.7Mn0.3O15 共BTFMO兲.
For all sols, a minimum of 5.0 mol % excess Bi was
used to compensate evaporation of bismuth during the annealing process. Investigations have shown that addition of
at least 5.0 mol % excess Bi to the sols suppresses the formation of pyrochlore phase Bi2Ti2O7 in Bi5Ti3FeO15 thin
films.40 Prevention of the formation of pyrochlore phase has
also been demonstrated in sol-gel PZT films with the addition of excess Pb to the sols.41
The films were spin coated on Pt/ Ti/ SiO2 / Si substrates
using a commercial spinner 共spin coater KW-4A, Chemat
Technology兲 operating at 4300 rpm 共BTO, BTFO, and
BTF2O兲 or 4500 rpm 共BTFMO兲 for 30 s yielding films of
thicknesses ranging from ⬃100 to ⬃250 nm, as observed in
cross-section scanning electron microscope 共SEM兲 measurements. Excess solvents and residual organics were removed

from the films by baking on calibrated hot plate at
250.0⫾ 5.0 ° C 共BTO兲 or 300.0⫾ 5.0 ° C 共BTFO, BTF2O,
and BTFMO兲 for approximately 10 min. The films were annealed in ambient air at various temperatures for 1 h in a
conventional furnace.
X-ray diffraction 共XRD兲 profiles were recorded at room
temperature using a Phillips Xpert PW3719 MPD diffractometer, equipped with a Cu K␣ radiation source 共40 kV and
35 mA兲 over the range 10° ⱕ 2 ⱕ 80°.
Topography was examined using scanning electron microscopy and atomic force microscopy. SEM images were
obtained from the electron microscopy and analysis facility,
Tyndall National Institute, using a FEI Nova 630 high resolution SEM 共HRSEM兲. A commercial atomic force microscope 共AFM兲 共MFP-3D™, Asylum Research兲 in ac mode
was used for topography mapping of the films. Olympus
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FIG. 4. 共Color online兲 AFM images of 共a兲 BTO annealed at 700 ° C 共rms roughness= 16.5 nm兲, 共b兲 BTFO annealed at 850 ° C 共rms roughness ranged from
15.1 to 67.6 nm兲, 共c兲 BTF2O annealed at 850 ° C 共rms roughness= 29.3 nm兲, and 共d兲 BTFMO annealed at 800 ° C 共rms roughness= 35.4 nm兲.

AC240TS silicon cantilevers 共Al reflex coated, 70 kHz resonant frequency兲 were used for imaging.
Electromechanical responses of the films were investigated by dual frequency resonance tracking PFM 共DFRTPFM兲 using an Asylum Research MFP-3D™ AFM in contact
mode equipped with a HVA220 Amplifier for PFM. Imaging
with the DFRT-PFM technique allows an enhanced electromechanical response by operation of the cantilever near resonance, while reducing crosstalk between changes in the contact stiffness and the PFM signal by tracking the resonance
frequency based on amplitude detection feedback.42 Olympus AC240TM Electrilevers, Pt/Ir coated silicon cantilevers
共Al reflex coated, 70 kHz resonant frequency, ⬃320 kHz
contact resonance frequency兲 were used for vertical PFM
imaging.
III. RESULTS AND DISCUSSION
A. Crystal structure

Figure 2共a兲 shows the XRD results of the BTO thin films
annealed over the temperature range of 300– 700 ° C. The

BTO films begin to crystallize at annealing temperatures of
500 ° C, indicated by the presence of the 共117兲 peak. As the
annealing temperature increases, the peak becomes sharper
and the full width at half maximum 共FWHM兲 decreases
共0.402° at 500 ° C compared with 0.100° at 700 ° C兲 indicating improved crystallinity and an increase in grain size with
increasing annealing temperatures. For films annealed at
700 ° C, orthorhombic Bi4Ti3O12 关Joint Committee for Powder Diffraction Standard 共JCPDS兲 No. 72-1019兴 is the predominant phase, with pronounced crystallization of
Bi4Ti3O12 grains as indicated by the relatively sharp diffraction patterns. Strong reflections of the 共117兲, 共006兲, and 共008兲
planes are evident, associated with a layered perovskite
structure. However, a minor impurity peak at 2 = 15° may
be considered to be bismuth-based pyrochlore phases including Bi2Ti2O7 共JCPDS No. 32-0118兲. Given that the intensity
of the 共117兲 peak is dominant with respect to the 共00l兲 peaks;
the Bi4Ti3O12 phase appears to be randomly oriented.43 Lack
of c-axis orientation has been observed previously for
Bi4Ti3O12 films deposited on Pt/ Ti/ SiO2 / Si substrates.44
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FIG. 5. 共Color online兲 共a兲 Topography, 共b兲 piezoresponse amplitude, and 共c兲 piezoresponse phase images of BTO annealed at 700 ° C.

The XRD patterns of BTFO films annealed over the temperature range of 300– 850 ° C are shown in Fig. 2共b兲. The
results demonstrate that the films of the layered perovskite
phase of Bi5Ti3FeO15 were successfully obtained at 850 ° C
共JCPDS No. 38-1257兲; however, the pyrochlore phase of
Bi2Ti2O7 also existed. Formation of the 共119兲 peak begins at
annealing temperature of 600 ° C and the intensity of the
peak increases with increasing annealing temperatures, however the peak splits into two subpeaks at 850 ° C, revealing
the presence of the 共444兲 reflection of pyrochlore Bi2Ti2O7.
The results demonstrate that annealing above 750 ° C gives
rise to pyrochlore 共222兲 impurity peaks, while annealing below 850 ° C leads to incomplete crystallization of the
Bi5Ti3FeO15 phase.
Figure 2共c兲 illustrates the XRD results of the BTF2O
thin films annealed over the temperature range of
800– 850 ° C. The results demonstrate the presence of layered Aurivillius phase Bi6Ti3Fe2O18 共JCPDS No. 21-0101兲 at
850 ° C, however Bi2Ti2O7 pyrochlore and unknown impurity phases at 2 = 14.4°, 24.5°, and 37.1° also existed. The
unknown peaks could be attributed to the presence of
Bi2Fe4O9 共JCPDS No. 74-1098兲. However, further work is

needed to investigate the formation of impurities and control
the crystallinity of the Bi6Ti3Fe2O18 films. Energy dispersive
x-ray analysis spectra confirmed that iron was successfully
inserted into the Aurivillius structures of Bi5Ti3FeO15 and
Bi6Ti3Fe2O18.
The XRD patterns of BTFMO films annealed over the
temperature range of 300– 850 ° C are displayed in Fig. 2共d兲.
Crystallization of the BTFMO films begins at annealing temperatures of 750 ° C, denoted by the presence of the 共119兲
peak 共FWHM= 0.117兲. The intensity of this peak increased
共FWHM= 0.100兲 and the XRD pattern of BTFMO at 800 ° C
coincided well with that of Bi5Ti3FeO15 as reported in the
literature 共JCPDS No. 38-1257兲,45 indicating that the orthorhombic phase is preserved with 30% Mn3+ substitution.
This observation is consistent with previous powder XRD
studies on Bi5Ti3Fe0.7Mn0.3O15 ceramics.9 The incorporation
of Mn3+ in the place of Fe3+ has reduced the crystallization
temperature of BTFMO compared to that of BTFO. Pyrochlore Bi2Ti2O7 phases are noted for BTFMO annealed at
850 ° C and a further impurity peak is observed at 2
= 16.6°, possibly due to the presence of Mn2O3 共JCPDS No.
38-1257兲 or other metal oxide impurities.
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FIG. 6. 共Color online兲 共a兲 Topography, 共b兲 piezoresponse amplitude, and 共c兲 piezoresponse phase images of BTFO annealed at 850 ° C.

B. Surface morphology

The films were characterized by a dense, crack-free microstructure as demonstrated by HRSEM and AFM techniques which were used to examine the surface morphology
of the films. Representative HRSEM images displayed in
Fig. 3 reveal layered phases crystallized in platelike morphologies. Such morphology is characteristic of layer structures of the Aurivillius type.46 The SEM image of BTO annealed at 700 ° C reveal lamellar grains of different
orientation overlapping one another. The SEM micrograph of
BTFO annealed at 850 ° C shows the formation of aggregates of smaller particles, along with unevenly distributed
discrete platelike grains. The BTF2O sample annealed at
850 ° C exhibits an increase in particle size with a large number of distinct platelets throughout the surface.
Typical AFM images of the thin films and the corresponding root mean square 共rms兲 roughness values are displayed in Fig. 4. The average grain size was estimated to be
390 nm, 730 nm, and 490 nm for BTO 共800 ° C兲, BTF2O
共850 ° C兲, and BTFMO 共800 ° C兲, respectively. The grain
size and roughness of the BTFO film annealed at 850 ° C

ranged from approximately 180 nm to 1.2 m over different
regions analyzed on the film, in accordance with the observation of unevenly distributed plate-like grains in the
HRSEM micrographs of the sample. Average grain size and
rms roughness values generally increased with increased annealing temperature, in accordance with the XRD pattern
results where improved crystallinity and decreased FWHM
values were achieved with increasing annealing temperatures. The exception was for the BTFMO samples, where
rms roughness values increased from 0.509 nm and 24.4 nm
for the samples annealed at 300 ° C and 700 ° C, respectively, and to 35.4 nm for the sample annealed at 800 ° C.
However, the rms roughness decreased to 20.8 nm for the
sample annealed at 850 ° C. The reasons for this apparent
anomaly are as yet unclear, although it is possible that impurity phases present in the sample annealed at 850 ° C 关as
evident in XRD pattern Fig. 2共d兲兴 may have an effect on the
surface morphology of the films. For instance, Bi2O3 and
Mn2O3 or other metal oxide impurities may evolve at the
higher temperature and form a eutectic composition47 on the
surface of the film. This discrepancy could also arise from
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FIG. 7. 共Color online兲 共a兲 Topography, 共b兲 piezoresponse amplitude, and 共c兲 piezoresponse phase images of BTF2O annealed at 850 ° C.

thermal mismatches of the sub lattices in the sample annealed at the higher temperature.

C. Piezoelectric properties

Characteristic vertical PFM images of BTO 共700 ° C兲,
BTFO 共850 ° C兲, BTF2O 共850 ° C兲, and BTFMO 共800 ° C兲
are shown in Figs. 5–8, respectively.
The phase of the local electromechanical response of the
surface provides information on the polarization orientation
of the sample when an oscillating voltage is applied to the
sample with a conductive tip of the AFM. The response amplitude provides a measure of the local electromechanical
activity of the surface. In the piezoelectric images, domains
with opposite polarities exhibit different phase contrast.
Negative domains correspond to domains with polarization
oriented toward the substrate 共 = 180°兲, and positive domains corresponded to domains with polarization terminated
at the free surface of the film 共 = 0°兲. Since the vertical PFM
technique is sensitive only to the component of polarization
normal to the film surface, grains with in-plane polarization

共with vanishing out-of-plane polarization兲 will exhibit an intermediate contrast.48
The results indicate that the BTO, BTFO, and BTFMO
samples analyzed have piezoelectric properties. The average
response of the negatively polarized domains differs to that
of the positive ones in the BTO, BTFO, and BTMO thin
films, indicating that these films are naturally self-polarized.
In the BTO and BTFO films, mainly single domain grains
were observed. For the BTMO films, grains tend to be
mostly single domain with some multi-domain character.
Vertical PFM images of BTF2O illustrate relatively
weak amplitude contrast and minor 共⬃25°兲 phase variations
within the film. The lack of appreciable electromechanical
response is indicative of a BTF2O film rich in pyrochlore
phase or other nonpiezoelectric impurity phases. The slight
response observed is likely due to surface deformation generated by tip-surface electrostatic forces, rather than inherent
electromechanical coupling in the material. Alternatively, the
film could be comprised of domains with the polarization
vector within the film plane or domains with the polarization
vector deviating from the direction normal to the film plane.
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FIG. 8. 共Color online兲 共a兲 Topography, 共b兲 piezoresponse amplitude, and 共c兲 piezoresponse phase images of BTFMO annealed at 800 ° C.

The vertical piezoelectric signal from these domains
should be weaker than from vertical-domains.25 Lateral PFM
imaging would provide information on any in-plane components of polarization in the samples.

served for Bi6Ti3Fe2O18 samples in the vertical PFM mode.
Given the coexistence of pyrochlore phase of Bi2Ti2O7 in the
Bi4Ti3O12, Bi5Ti3FeO15, and Bi6Ti3Fe2O18 films analyzed in
this study by PFM, it is expected that single-phase films
would have enhanced piezoelectric properties.

IV. CONCLUSIONS

Thin films of Aurivillius phase Bi4Ti3O12 共n = 3兲,
共n = 4兲,
Bi6Ti3Fe2O18
共n = 5兲,
and
Bi5Ti3FeO15
Bi5Ti3Fe0.7Mn0.3O15 共n = 4兲 deposited on Pt/ Ti/ SiO2 – Si substrates were synthesized by sol-gel methods and a preparation for Bi5Ti3Fe0.7Mn0.3O15 thin films is described for the
first time. XRD data demonstrated that the Aurivillius phase
materials were successfully obtained, however pyrochlore
phases of Bi2Ti2O7 were present in some cases. Higher annealing temperatures than those used for BTO thin films
were required for crystallization of the n ⱖ 4 phase materials.
HRSEM and AFM analysis of the films revealed microstructure characteristic of Aurivillius phase layer structures. Local
electromechanical responses of the films were investigated
by DFRT-PFM where the Bi4Ti3O12, Bi5Ti3FeO15, and
Bi5Ti3Fe0.7Mn0.3O15 films demonstrated piezoelectric properties, however no significant piezoelectric response was ob-
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