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Thin films of the lead-free ferroelectric Na0.5Bi0.5TiO3 grown on thin-film Pt electrodes supported

by SrTiO3 substrates have a complex microstructure consisting of crystalline grains with three dis-

tinct major crystallographic orientations. The piezoelectric response measured in spatially sepa-

rated sub-micron grains using time-resolved synchrotron x-ray microdiffraction is highly

inhomogeneous even among grains sharing the same major orientation. The piezoelectric coeffi-

cient d33 varies by nearly a factor of two in a series of areas sharing the h001i orientation. The pie-

zoelectric inhomogeneity is linked to the peculiar microstructure of the film, arising from local

variations in the stress imposed by surrounding grains with different crystallographic orientations

and differing directions of the ferroelectric remnant polarization. A systematic nonlinearity of the

piezoelectric strain is observed in applied electric fields with small magnitudes in all regions, con-

sistent with the coexistence of domains of differing polarization direction at zero applied electric

field. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4904458]

The development of ferroelectric materials with enhanced

electromechanical response,1 reduced toxicity,2 and reduced

dimensions3,4 is an important challenge. The functional prop-

erties of ferroelectrics, including high dielectric constants and

piezoelectricity, depend on a complex interplay between local

chemical and physical effects and long-range elastic and elec-

trical boundary conditions. The strain imposed by the substrate

or by the surrounding ferroelectric material and the magnitude

of the depolarizing electric field each depend in turn on the

microstructure and spatial extent of the ferroelectric layer and

the structure and composition of its electrode interfaces.5 Thin

films of promising lead-free ferroelectrics often exhibit struc-

tural inhomogeneity arising from the random nature of nuclea-

tion and from the generation of structural defects during

growth. Laterally separated mosaic blocks, or grains, can have

different crystallographic orientations, often with sub-micron

lateral dimensions.6 Controlling and understanding the result-

ing inhomogeneity is the key to employing these materials,

particularly in applications demanding layers with thicknesses

greater than the threshold thickness for plastic relaxation dur-

ing epitaxy, which is only a few tens of nm on common

substrates. For widely studied materials, such as the rhombo-

hedral multiferroic BiFeO3, aspects of the structural inhomo-

geneity are beginning to be understood.7 The relationship

between structural and functional properties is well-described

only on an average basis,5 in part, due to a lack of experimen-

tal probes combining piezoelectric and structural sensitivity at

the appropriate length scale. Tightly focused x-ray beams are

an important local probe in this respect because x-ray scatter-

ing has high structural sensitivity to structural parameters. In

this letter, we show results from thin films of the lead-free fer-

roelectric Na0.5Bi0.5TiO3 (NBT). Using time-resolved x-ray

microdiffraction, we show that thin NBT films have a wide

distribution of piezoelectric properties arising from the local

environment of individual grains, reflecting the structural

inhomogeneity of the thin film. The results indicate that in

this thickness regime NBT, and other similar ferroelectrics

with rhombohedral or monoclinic crystal structures, exhibit a

mesoscopic dependence of piezoelectric distortion on the

elastic environment, an effect that is familiar from bulk piezo-

electric ceramics.8,9

NBT is a promising lead-free substitute for Pb(Zr,Ti)O3,

with large ferroelectric remnant polarization (Pr¼ 39 lC/cm2),

low coercive electric field (Ec¼ 69 kV/cm),10 and large

piezoelectric coefficients.11,12 Single crystals of NBT, for

example, have values of the d33 piezoelectric coefficient of

65 pm/V.13 The NBT crystal structure has been previously

described using rhombohedral symmetry,14 or using a mono-

clinic space group Cc.
15–17 Electron diffraction studies of

individual domains within a multi-domain NBT sample

show rhombohedral symmetry,18 and suggest that mono-

clinic symmetry arises from a macroscopic average.19 The
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structure is sufficiently close to cubic, however, that the

structural results in this letter are presented in terms of a sim-

plified pseudocubic structure with lattice parameter

a¼ 3.89 Å. With this notation, the ferroelectric remnant

polarization is along the h111i body diagonal, leading to

eight different orientations for the polarization vector for

each orientation of the pseudocubic unit cell. For h001i-
oriented regions within thin films the polarization vector is

thus systematically misoriented with respect to the surface

normal, and a complex domain structure is likely adopted in

order to minimize the total elastic and electrostatic energy.20

Thin films of NBT with a thickness of 450 nm were

grown by pulsed laser deposition on an epitaxial Pt (111)

electrode supported by a SrTiO3 (111) single crystal sub-

strate.21 Circular Pt electrodes with diameter of 340 lm and

a thickness of 300 nm were deposited on the top surface to

form thin-film capacitors. The thin film growth of NBT

yields grains of three different major crystallographic orien-

tations with lateral sizes of 0.1–1 lm, as is apparent in the

scanning electron microscopy (SEM) image in Fig. 1(a). The

three crystallographic orientations coexisting along the sur-

face normal are h001i, which forms the uniform background

layer in Fig. 1(a), and h110i and h111i, apparent as grains

with two- and three-fold symmetry, respectively.

Transmission electron microscopy and laboratory x-ray dif-

fraction studies confirm the identification of these grain ori-

entations. Each family of grains also exhibits preferential

orientation in the plane of the film.22

The electromechanical properties of the NBT layer were

investigated using x-ray microdiffraction at beamline ID01

of the European Synchrotron Research Facility in Grenoble.

Monochromatic x-rays with 8.50 keV photon energy were

focused by a 200 lm-diameter Au Fresnel zone plate to a

spot with dimensions of 300 nm and 500 nm in the vertical

and horizontal directions, respectively. Two-dimensional

scanning x-ray diffraction maps of the structure of the NBT

layer were obtained by optimizing the diffraction conditions

for selected Bragg reflections and rastering the sample

beneath the focused beam.23 The variation of the intensity of

the diffracted beam in images formed using the (002) and the

(220) Bragg reflections in two different areas, Fig. 1(b), is

consistent with the discontinuous microstructure observed

using SEM. Despite being an unsought feature in the fabrica-

tion of the oxide films, this discontinuous microstructure has

been crucial for the study of the inhomogeneity in the lattice

strain response. Electrical contact to the top electrode was

made through a probe tip positioned by a remotely controlled

xyz stage.24 The applied voltage was connected to the bot-

tom Pt electrode of the NBT capacitors while the top Pt elec-

trode was connected to a virtual-ground preamplifier. The

experimental arrangement was similar to previous studies of

the piezoelectric response of uniform Pb(Zr,Ti)O3 thin films

using millisecond or nanosecond duration electric-field

pulses.25,26 Here, the lateral resolution provided by the

focused x-ray beam is exploited to select specific regions of

the sample and probe separately their mechanical response.

The converse piezoelectric effect leads to a systematic

variation of the lattice parameter of the NBT thin film in an

externally applied electric field. The magnitude of the piezo-

electric strain of separated grains was determined by meas-

uring the electric-field-induced angular shift of NBT x-ray

reflections. The electric field for the time-resolved diffraction

study was produced using 100 repetitions of a triangular

voltage pulse with a full-cycle duration of 10 ms and ampli-

tude of 8 V. The maximum applied voltage corresponded to

a nominal electric field E¼ 178 kV/cm. The sequence of

pulses was repeated several times at each angular setting of a

h–2h scan in order to obtain adequate counting statistics in

the measurement of the intensity of the diffracted beam. The

applied waveforms consisted of positive half-cycles of the

FIG. 1. (a) Scanning electron micro-

graph of the morphology of the NBT

thin film. Grains of distinct shapes arise

from the h001i, h110i, and h111i crys-

tallographic orientations produced dur-

ing deposition. Cross-sectional SEM22

measurements show that the h001i-
oriented grains have uniform thickness.

An example of the approximate extent

of the scanned focused x-ray beam

is indicated by the gray ellipse. (b)

Scanning x-ray diffraction microscopy

images in two different areas measured

at the (002) and the (220) Bragg reflec-

tions. (c) Polarization-electric field hys-

teresis loop measured during the

synchronized x-ray measurements and a

hysteresis loop of the as-grown sample.

242901-2 Carbone et al. Appl. Phys. Lett. 105, 242901 (2014)
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triangle wave, negative half-cycles, or a full bipolar cycle.

The diffraction signal and the current were measured in time

bins of 0.5 ms synchronized with the external applied electric

field using a multi-channel scaler.25 Electrical measurements

were used to construct polarization-electric field (P(E)) hys-

teresis loops during the x-ray experiments and to monitor the

leakage current, an important issue in NBT thin films.27 The

P(E) curve acquired during the x-ray measurement in

Fig. 1(c) was identical to the room temperature macroscopic

ferroelectric hysteresis loop acquired following growth, indi-

cating that the properties observed in the x-ray study are rep-

resentative of as-grown layers.

The applied voltage and simultaneously recorded dif-

fraction signal from the (002) reflection of one of the meas-

ured h001i-oriented grains are shown in Fig. 2 for

measurements with a positive half-cycle electric field wave-

form. The wave vector of the maximum intensity, qmax(t), is

determined at different times t, and used to obtain the d-

spacing of the (002) reflection as a function of time, d002(t)
¼ 2p/qmax(t). The values of the wave vector of the maximum

intensity are shown for representative measurements using a

positive half-cycle waveform and a bipolar triangular wave-

form in Figs. 3(a) and 3(b), respectively. The strain induced

by the applied electric field is calculated using

� tð Þ ¼ d002 tð Þ � d002
0

d002
0

: (1)

The strain is thus defined using the difference between

d002(t) and the reference value d002
0 at E¼ 0 kV/cm. The de-

pendence on the external field is extracted via the synchroni-

zation of the applied voltage and diffraction signals. The

local longitudinal piezoelectric coefficient d33 is obtained

from the strain �(t) using

�ðEÞ ¼ d33E: (2)

The shift in qmax and the strain �ðEÞ systematically

deviate from linearity for small values of the increasing

applied voltage, as shown in Fig. 3(a), while a clear linear

behaviour is observed for decreasing applied voltages. An ex-

amination of the polarization-electric field hysteresis loop in

Fig. 1(c) shows that polarization switching occurs over the

complete range of magnitudes of the applied field. The piezo-

electric nonlinearity can thus be linked to the initial switching

of the polarization in some ferroelectric domains to an orienta-

tion in which the projection of the polarization onto the sur-

face normal is parallel to the applied field. For increasing

electric field (cf. Fig. 3(a)) polarization domains remain in a

preferred zero-field configuration and hinder the piezoelectric

expansion. Including these low-field results in the extraction

of the d33 coefficient thus leads to an underestimation of its

effective value. The domain configuration persists despite a

pre-poling step lasting for 20 min at 220 kV/cm before the dif-

fraction experiments. This diversity of polarization domains

within the region illuminated by the focused x-ray beam

shows up as an increase of the width of the Bragg reflections

from 0.0222 6 0.001 Å�1 full-width at half maximum (fwhm)

at E¼ 0 kV/cm to 0.0236 6 0.001 Å�1 fwhm at the maxi-

mum applied field. The non-linearity of the piezoelectric

response is, therefore, the signature of the reversal of the

polarization for a fraction of the ferroelectric domains within

each grain. Domain wall motion results from such reversal.

When the electric field is switched off, some of the polariza-

tion vectors flip back in a preferential orientation. This

effect, known as “self-polarization,” has been already

observed in Pb(Zr,Ti)O3.28,29 Piezoelectric force microscopy

(PFM) measurements performed on this film confirm this

FIG. 2. (a) Positive half-cycle triangular voltage waveform for piezoelectric

measurements. (b) Intensity of the NBT (002) Bragg reflection as a function

of wave vector and time during the pulse shown in (a).

FIG. 3. (a) Magnitude of the wave vector of maximum diffracted intensity

qmax during application of positive half-cycle triangular voltage pulses. The

line is the fit to the data for decreasing field amplitudes. (b) qmax during

application of a bipolar triangle waveform.

242901-3 Carbone et al. Appl. Phys. Lett. 105, 242901 (2014)
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behavior showing a rapid reversal of the phase of the lock-in

amplifier after the removal of the electric field.31 The domain

pattern returns to the preferred mixed-polarization state over

a period of time at zero electric field following each electric

field pulse. The delay between repetitions of each pulse was

0.5 ms, placing an upper limit on the time for which the

poled configuration of the domains is retained. A similar

relaxation due to self-polarization has been also been

observed by PFM studies of similar NBT layers grown on

epitaxial Pt electrodes on (100) MgO single crystal

substrates.30

For decreasing fields, the direction of the polarization is

unchanged and thus the response of the system is linear, as

in Fig. 3(a). In contrast, the structural response to bipolar tri-

angle waveforms is nonlinear throughout its entire range, as

is apparent in the dependence of qmax on electric field during

bipolar voltage pulses shown in Fig. 3(b). The nonlinearity

indicates that there is incomplete switching of the polariza-

tion during each bipolar voltage cycle.

Piezoelectric coefficients are extracted from a linear fit

to the decreasing segments of the voltage pulses. The results

of a series of six measurements performed on separate grains

are given in Table I. The uncertainty in d33 from the fit to the

experimental data ranges from 2 to 8 pm/V. The average

value of d33 is 65 pm/V similar to the value of 65 pm/V

measured on the h001i-oriented NBT single crystals.32

Close examination of the values in Table I shows, how-

ever, that the dispersion of the values of d33 around the aver-

age value is far larger than the uncertainty associated with

the fit to Eq. (2). A variation of stoichiometry could be partly

responsible for this large dispersion. Previous studies10 have

found for example that d33 increases as the concentration of

Na is decreased. However, for the NBT film studied here, X-

ray diffraction data averaged over large surfaces show only

traces of secondary phase(s) in the splitting of the (h00)

Bragg peaks, with a new peak systematically located at

lower 2h angles. Based on the amplitude ratio of the Bragg

peaks, we estimate that the volume fraction of these second-

ary phase(s) is approximately 2%. Moreover, for all the

probed grains, the reported sub-micron x-ray beam measure-

ments never revealed the presence of asymmetry or peak

splitting, meaning that the secondary phase was never

encountered. The d-spacings of the (002) Bragg reflection at

zero field are equal for all of the measured grains within the

resolution of the diffraction experiment ðd002
0 ¼ 1:950 ÅÞ,

indicating that there is no systematic variation of the strain

imposed on the h001i oriented grains. The intensity distribu-

tion near Bragg peaks at zero electric field is symmetric and

Gaussian for all of the grains, which excludes chemical or

strain gradients across the thickness of the film. SEM and

TEM observation of the films cross-section indicate an over-

all film thickness variation of 20%–25%. However, the

thickness of the h001i grains is more uniform, variations

between different grains not exceeding 10%. This, along

with the absence of porosity or electrode-film roughness that

could affect the magnitude of the effective applied electric

field,22 suggests that the dispersion of the observed values of

d33 is linked to the film structural inhomogeneity rather than

to thickness or electric field variations. The grains surround-

ing each point in the NBT thin film can have different crys-

tallographic orientations, consequently different directions

of the polarization vector, and thus different stresses induced

by the piezoelectric response to the applied field. Because

each NBT grain is tightly elastically coupled to its neighbors,

the slightly different local environment for each point in the

NBT film leads to a lateral variation in the d33 piezoelectric

coefficient. A similar effect links the macroscopic elastic dis-

tortion to the piezoelectric expansion of the lattice in bulk

piezoelectric ceramics.9

The further development of advanced thin film ferro-

electric materials for electromechanical applications will

require measurement and understanding of their structure

and functional properties over the length scale set by their

structural inhomogeneity. The large range of values of d33 in

NBT indicates that the evaluation of thin-film materials

based on their macroscopic average piezoelectric properties

results in an incorrect interpretation of the actual behavior.

Future optimization of piezoelectric thin film materials,

including NBT, has the potential to lead to piezoelectric

properties that are far better than the presently available

macroscopic average. The lateral resolution of the present

experiment was hundreds of nanometers, matching the

length scale of the sample’s morphological inhomogeneity.

We note that, beyond the scope of the present results, an

even smaller x-ray probe could allow to map this inhomoge-

neity at much smaller length scales, provide a clearer picture

of the size-related physics of these materials and ultimately

allow the investigation the grain boundaries. Such a probe

would be greatly beneficial also in the study of epitaxial

films. For perovskite materials, partial relaxation during het-

eroepitaxy can lead to strain gradients or to the formation of

coherent domains (e.g., twins or alternating domains produc-

ing strong periodic modulation of crystal lattice without

defects or grain boundaries).33 The resulting strain inhomo-

geneity is expected to have a dramatic influence on the mate-

rial physical properties, such as in the case of the

enhancement of mechanical response by the flexoelectric

effect.34 The continuous technical development of x-rays

nanobeam characterization techniques provides a structural

probe with simultaneously high spatial and high strain reso-

lution that will be capable of contributing substantially to the

understanding of physical properties of inhomogeneous

functional materials.
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linear part of the measured strain as a function of electric field. The electric

field waveforms used to carry out the time resolved X-ray microdiffraction

experiments are indicated.

d33 (pm/V) Electric field waveform

66 6 2 Positive

55 6 3 Positive

88 6 6 Positive

48 6 2 Negative

73 6 8 Bipolar

92 6 3 Bipolar
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