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ABSTRACT

Ferroelectric lead-free thin films of the composition (BaggsCag 15)(TipeZrg1)O; (BCZT) were deposited by pulsed laser deposition on
Pt/TiO,/Si0,/Si substrates using a ceramic BCZT target prepared by a conventional solid state reaction. The target material itself shows a
piezoelectric coefficient of ds3 =640 pm/V. The (111) textured thin films possess a thickness of up to 1.1 um and exhibit a clamped piezo-
electric response ds3 s of up to 190 pm/V, a dielectric coeflicient of £, =2000 at room temperature, and a pronounced relaxor behavior. As
indicated by transmission electron microscopy, the thin films are composed of longitudinal micrometersized columns with ~100 nm lateral
dimension that are separated at twin- and antiphase boundaries. The superposition phenomena according to this columnar growth were
simulated based on suitable supercells. The major structural component is described as a tetragonal distorted variant of the perovskite
parent type; however, frequently coherently intergrown nanodomains were observed indicating a much more complex structure that is char-
acterized by a 7-layer modulation along the growth direction of the films.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5063428

INTRODUCTION

Ferroelectric thin films with high piezoelectric coefficients are
attractive for many sensor and actuator applications.'™ Despite
the toxicity of lead containing compounds, most of these applica-
tions are based on the excellent piezoelectric properties of lead
zirconate titanate (PZT) and its compounds.” Legal restrictions to
replace lead by nontoxic materials have led to significant achieve-
ments in the preparation of high performance lead-free ferroelec-
tric and especially piezoelectric materials in recent years.””’
Despite the great variety of promising lead-free materials, thin
films made of lead-free ferroelectric materials still show a compa-
rable lower piezoelectric response. Effective piezoelectric coeffi-
cients in the range of around ds3y= 60pm/V were found for
films of tantalum substituted Ky sNagsNbO; or Bij 15Dy 5511301,
being thus around two times lower than for state of the art thin

films of PZT.""'" A more promising candidate was recently iden-
tified to be the compound (BaggsCag 15)(TigeZro ;)O3 (BCZT).
The piezoelectric coefficient of d3; = 620pC/N for BCZT bulk
ceramics was reported to be close to the one of PZT.'' However,
the piezoelectric constant ds; of bulk ceramics is significantly
higher than the effective ds3 ¢ of thin films due to the clamping of
the film by the substrate.” The effective piezoelectric constant dss s
of a clamped thin film on a substrate can be estimated based on
the following formula:'’

2 SE,

—=_ . ds, 1
SIIE1+S}152 31 ()

dszp=ds3 —

with ds; and ds; the piezoelectric coefficients and 85 of the bulk
material.
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TABLE I. Piezoelectric and elastic constants for BCZT'"'® and PZT."®
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ds/pCIN ds3/pCIN ds3/pm/V SE /1072 pa! SE /1072 pa! SE/1072 Pa!
BCZT -231 546 1140 155 -5.5 -7.4
PZT -93.5 223 900 13.8 -4.01 -5.8

Following Eq. (1) and using the materials constants of BCZT
given in Table I, one can assume an effective piezoelectric constant
ds3p=203pm/V for thin films. This would be a considerably
higher piezoelectric constant compared to the expected value for
PZT (ds35 = 168 pm/V).]4 Calculations based on the piezoelectric
coefficient of the converse effect and under the assumption that the
ds scales with the same ratio provide a theoretical coeflicient of
ds3y=427pm/V and demonstrate the enormous potential of
BCZT films.

Published experimental values of the piezoelectric coefficient
for films of BCZT are indeed promising.

Thin films prepared by a chemical solution deposition
process show piezoelectric coefficients of ds3y=1.1pm/V,"” a
dssp=104pm/V,"" or a ds ;= 141pm/V."” Reported values for
films prepared by other deposition methods, like magnetron sputtering
(ds3y = 94pm/V”’) and pulsed laser deposition (ds3 ;= 80 pm/V~"),
show similar piezoelectric response.

Ferroelectric BCZT bulk ceramics exhibit a sharp transition
from the ferroelectric tetragonal phase to the paraelectric cubic
phase with a Curie temperature, Tc = 93°C."' However, several
reports on thin films of BCZT give the presumption of a relaxor
behavior.”>*’ In general, the substitution of Ti ions by Zr ions is
seen as a key factor for a transition from a ferroelectric phase tran-
sition to a relaxor state.”””” The main characteristic of a relaxor is
the pronounced diffuse change in permittivity € at temperatures
near transition,”®”’ whereby the maximum of the dielectric cons-
tant £y at T,, shows a dependence of frequency f according to the
Vogel-Fulcher relationship following the equation:*

—foexp A
f=h eXp(kB(Tm—Tf))’ @

where E,4 is the activation energy, kg is the Boltzmann constant, Ty
is the Vogel-Fulcher temperature, and f; an attempt frequency.

Similar to ferroelectrics, relaxor materials show a paraelectric
phase at high temperatures. Ferroelectrics transform at the Curie
temperature T into the paraelectric phase near the maximum of
the dielectric constant &, associated with a structural change. A
relaxor material possesses a polarization unequal to zero above £y
until the Burns temperature Ty is reached, where the polarization
becomes zero and the material will be in a paraelectric state
without a change in the crystal structure.”” Between £ and Tj, the
dielectric constant £ follows a modified Curie-Weiss law in depen-
dence of the temperature proposed by Uchino et al.,”

1 1 (T Ty

£ ey (o ’

(©)

with ¥ and C' being constants. The parameter y describes the
diffuse character of the transition and ranges between 1 and 2; for

y = 1, a normal ferroelectric material is observed, and for y = 2, a
complete diffuse transition is seen.’’*

Closely related to the appearance of relaxor behavior is the
existence of polar nanoregions (polar nanodomains). By cooling,
they transform from the nonpolar paraelectric phase at the Burns
temperature, Tp, to nanometer scale polar regions with randomly
oriented dipole moments. The relaxor exists in the ergodic state,
where external forces (electrical fields or mechanical stress) could
transform it reversely into a ferroelectric state. With decreasing
temperature, the mobility of the polar nanodomains decreases. At
the temperature Ty, the nanodomains are frozen in and the relaxor
is transformed into a nonergodic state. In this state, the relaxor can
irreversibly be transformed into a ferroelectric state by applying
sufficiently strong external fields.”>*”

Despite first studies on the nanostructure of bulk samples
from BCZT,” a lack of in-depth analyses of BCZT thin film
samples must be stated. In this work, we discuss the di- and piezo-
electric properties of BCZT thin films, which are associated with
the characteristics of a relaxor. Nanostructural features have been
investigated by methods of transmission electron microscopy
(TEM) and evaluated using computational approaches.

EXPERIMENTAL
Thin film fabrication

A ceramic target of BCZT was prepared by a conventional
solid state reaction starting from pure powders followed by sinter-
ing to solid targets (size: 20 mm in diameter). More details of the
preparation of the target material can be found in Ref. 21. A pulsed
laser deposition workstation manufactured by Surface System &
Technology GmbH & Co. KG was used to prepare the BCZT thin
films utilizing a KrF laser with a wavelength of 248 nm and energy
of 350 mW. The platinized silicon substrates were prepared by sput-
tering (von Ardenne CS730S sputtering system) a 150 nm thick
platinum film on thermally oxidized silicon wafers [Si (100)] with
a power of 20 W without additional heating. A 10 nm thick sputter
deposited titanium film was used as diffusion barrier. Deposition of
~900 nm thick BCZT thin films was carried out at a laser fre-
quency of 10 Hz and an oxygen partial pressure of 0.14 mbar on
10 mm by 10 mm pieces of platinized silicon at a deposition tem-
perature of 800 °C. The target to substrate distance was set to 50
mm and 40 mm. Subsequently, the films were cooled down to
room temperature at an oxygen partial pressure of 3 mbar. The
deposition rate was determined to be 0.12 nm/pulse.

Thin film characterization

The microstructures of the thin films were characterized by
X-ray diffraction (XRD) (Seifert XRD 3003 PTS). The structuring
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of Au electrodes for measuring the piezo- and ferroelectric properties
was done via sputtering and photolithographic etching followed by a
lift-off process. Thin films and bulk ceramics were characterized with
a double beam laser interferometer (DBLI) (aixDBLI, Aixacct).

TEM investigations

The structural analysis on samples deposited at a substrate to
a target distance of 50 mm was carried out using three different
TEMs: (1) a FEI Tecnai F30 G* STwin operated at 300kV [field
emission gun (FEG), spherical aberration coefficient Cg= 1.2 mm)]
and (2) a Philips CM 30 ST microscope (LaBg cathode, 300 kV, Cs
=1.15mm) were used for electron diffraction analysis, (3) a FEI
Titan 80-300 “cubed” microscope equipped with a Super-X EDX
detector and operated at 200 kV was used for high resolution scan-
ning transmission electron microscopy (HRSTEM) images and
STEM-EDX elemental maps. A thin lamella of BCZT was prepared
by focused ion beam (FIB) milling using a lift-out method with an
FEI Helios Nanolab system. Selected area electron diffraction
(SAED) patterns were obtained using a radial aperture, which
limited the diffraction to an area of 250 nm (Tecnai F30) and 100
nm (Philips) in diameter. All high resolution (HR)TEM micro-
graphs and ED pattern were evaluated with the program Digital
Micrograph 3.6.1 (Gatan, Inc.) (DM). Simulations of SAED pat-
terns were calculated using the JEMS program package.” For con-
trast enhancement of HRTEM micrographs, the HRTEM filter
plug-in for DM was applied.”” Due to the small variations in the
lattice parameters of BCZT for the possible phases™® and to sim-
plify the discussion of crystallographic orientations, cubic metrics
(labeled by “C”) will be used for the notation of the presented
miller indices. An exception is the symmetry discussion for the
convergent beam electron diffraction (CBED) studies.

RESULTS AND DISCUSSION
Morphology and real structure of major component

Experimentally obtained XRD patterns (see Fig. 1) exhibit a
strong (111), texture of BCZT films (FWHM of 1.3°) on a prefera-
bly (111) oriented Pt seed layer (FWHM of 1.4°). Only marginal
intensity is observed for other planes as (100). and (110).. This
result proves the absence of secondary crystalline phases; however,

ARTICLE scitation.org/journalljap

the precise determination of metrics and symmetry is not feasible
by XRD. The highly oriented growth represents a clear improve-
ment compared to the previous work.”' The strongly textured
(111). growth on (111) oriented Pt films on silicon is well known
for BaTiO; (BTO) films prepared by pulsed laser deposition due to
the small lattice mismatch of Pt and BTO.”

Dielectric and piezoelectric properties

The (111) orientation of the BTO films is favorable for a
maximum piezoelectric coefficient as shown by calculations from
Davis et al.”® and Ouyang et al.”” These calculations where confirmed
by Li et al. via investigations on BagggCag.02Tip.06S10.0403 thin
films with different preferred orientations. For (111) and (100)
oriented films, the authors found a piezoelectric coefficient of
ds3f=78pm/V and ds35= 36 pm/V,* respectively. As BCZT is
based on BTO it is thus assumed that the (111) orientation is also
the most favorable orientation in BCZT.

The dielectric and piezoelectric properties of the BCZT film
are depicted in Fig. 2. A narrow ferroelectric hysteresis is observed
[Fig. 2(a)] with low coercive fields and only a small coercivity in
the C(apacitance)-V(oltage) curves. Additionally, a maximum
dielectric permittivity of € =2000 at 5kHz and room temperature
was measured being within the broad range of reference values
reaching from & = 259'° to £ = 2913'” reported for BCZT thin
films [Fig. 2(b)]. The dielectric measurements demonstrate a shift
of the field characteristics, which was already noted in previous
studies”' as imprint. A preference of one polarization state over
the other leading to a shift of the ferroelectric hysteresis on the
voltage axes.""*” Oxygen loss gradients inside the film arising
during preparation or mechanical stress inside the film could be
responsible for this imprint behavior.”’™* Besides this, extrinsic
effects due to different electrode materials, on bottom, we use
Platinum, on top, Chromium and Gold could also lead to this
behavior due to the different work functions.**"

Furthermore, the BCZT films exhibit a giant piezoelectric
response with respect to other lead-free ferroelectric thin films,”'
possessing a maximum effective piezoelectric constant of more
than ds3p= 190pm/V [Fig. 2(c)], exceeding the PZT value, but
showing a discontinuous variation across the entire film. Areas
with an effective piezoelectric constant of ds3r = 190pm/V and

(a) (b)

10° 10°

Pt(111) g - Pt(111) g A
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with ds3¢= 80 pm/V in maximum were detected; please note that
the di3; values within a given area are constantly high or low.
Interestingly, by decreasing the substrate to target distance from
50 mm to 40 mm, the maximum effective piezoelectric coefficient
could be increased up to ds3 s = 300 pm/V in maximum [Fig. 2(d)],
marking one of the highest values reported for lead-free piezoelectric
films. However, the origin of the discontinuous variation and higher
piezoelectric coefficient is highly speculative up to date and is a topic
for future research. Multiple factors which were reported to influence
the piezoelectric coefficients concern the quality of the microstruc-
ture, e.g., crystal orientation,'® crystal structure and chemical compo-
sition around the morphotropic phase boundary,'"***’ the grain
size,”” interfacial strain and dislocation density,”" film thickness,”” as
well as speculations about the density of polar nanodomains respon-
sible for the relaxor effect seems reasonable.”

BCZT ceramics introduced as the ferroelectric material show a
sharp transition from the ferroelectric tetragonal phase to the para-
electric cubic phase.'" The temperature dependence of the dielectric
permittivity within a frequency range from kilohertz to megahertz
is investigated for the BCZT films with a substrate target distance
of 50 mm, [cf. Fig. 3(a)]. The recorded curves are characterized by
a broad peak and thus do not express a clear defined maximum.
From these data, the characteristic transition is, therefore, hard to
identify, which is contrary to the distinct phase transition of the
bulk ceramic. Indeed, own investigations on BCZT bulk ceramics
show clear ferroelectric characteristics as depicted in Fig. S2 of the
supplementary material.

Furthermore, BCZT films show a temperature shift of the
maximum value for the dielectric constant £, when applying
different frequencies during the respective measurements [cf. Fig. 3(a)].

. . ARTICLE scitation.org/journallja
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For the performed experiments, the peak temperature values T, cor-
responding to £)(f) are in the range from 326 K (53 °C) to 334K
61°C. Such findings serve as an indication for a relaxor behavior.
Additional validation for this hypothesis is deducible from the devia-
tion of the linear Curie-Weiss law near and above &), at 10 kHz as
presented in Fig. 3(b). Starting from 360 K (87 °C), a linear behavior
according to the Curie-Weiss law is visible. The diffuse region below
the paraelectric part and above £y can be described by using the
modified Curie-Weiss law [Eq. (3)]. Replotting the same data within

modified axes {y = ln( i) and x = In (T — Ty) [Fig. 3(c)]}, the

é T em

degree of diffuseness y is determined to be y = 2, confirming an
ideal relaxor behavior.” Following the phenomenology of a relaxor
material, the temperature of 360 K sets the Burns temperature T,
i.e,, the transition from the high temperature paraelectric phase to
the state of an ergodic relaxor. A particularity at T is the appearance
of mobile polar nanodomains and the decrease of this mobility
during a cooling process. At a certain temperature, the nanodomains
are frozen. According to the Vogel-Fulcher-law, this freezing temper-
ature can be calculated by fitting the temperature dependent maxima
of the dielectric permittivity in dependence of the frequency.”””’
Additionally, the implementation of the Vogel-Fulcher law is a crite-
rion for the complete crossover from a ferroelectric to a relaxor
state.”” Figure 3(d) shows Inf as a function of Ty and the fitted
values using the Vogel-Fulcher relationship [Eq. (2)]. A Vogel-
Fulcher temperature as expression for the freezing of polar nanodo-
mains was identified at Ty_r = 303 K.

Similar relaxor behavior of BCZT thin films was observed in
other studies. For instance, Bhardwaj et al. reported about the relaxor
behavior of BCZT films prepared by pulsed laser deposition. A
diffuseness parameter of y = 1.88 and a dependence of the maximum
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of the dielectric constant £, according to the Vogel-Fulcher law was
found, and a Vogel-Fulcher temperature of Ty_p = 329.7K was
determined.” For sol-gel prepared thin films with the discussed com-
position of BCZT, Lin et al. found a matching of the Vogel-Fulcher
relationship with a Vogel-Fulcher temperature of Ty_r = 315K and a
diffuseness parameter of y = 1.98.”

In these cases, the origin of the relaxor behavior was explained
by the simultaneous substitution of Ca®* on Ba** sites and Zr** on
Ti** sites of the BaTiO; host lattice.”>*’

However, the simultaneous substitution is only one possible
option of the four. The second and third options are the homovalent
substitution of Zr*" ions on Ti*" sites or either Ca®" ions on Ba**
sites. The fourth option describes the heterovalent substitution of
Ca** ions on Ti*" sites. Each option leads to structural and charge
inhomogeneities. These structural and charge inhomogeneities cause
the appearance of polar nanodomains and are closely related to a
relaxor behavior.

In classical relaxor materials such as PMN these inhomogenei-
ties result from the coexistence of the two B-site ions Mg”" and
Nb>*. These heterovalent cations are inhomogeneously distributed
and form chemically ordered regions which are surrounded by dis-
ordered regions and act as sources for random electric fields.””
These fields are proposed to be the origin of a relaxor behavior.”*

The origin of random fields and by that the explanation of a
ferroelectric-relaxor crossover in homovalent substituted composi-
tions like in BaTi; _ Zr,O; differs from the heterovalent case due to
the absence of any charge disorder. The ferroelectric polarization in
pure BTO results mainly from the off-centre shifts of the Ti*" ions.””
That is, Zr*" ions on Ti*" sites cannot go off-centre due to their

324 326 328 330 332

334 336 338
Tl K

larger radius, thus breaking of the cooperative displacement of the
Ti-O-Ti-O chains.”” Such a broken-bond-type state changes in the
course of a higher degree of substitution into a predominately
random-field-type disorder.”” This disorder is due to the distortion
around Zr*' ions and interrelated redistributions of charges and
local formation of charged centres.

The substitution of Zr** on Ti** positions of BTO leads indeed
to a complete crossover from a ferroelectric to a relaxor state, as
reported for bulk ceramics” >’ and thin films.”® However, the criti-
cal concentration of Zr for a ferroelectric-relaxor crossover in
BaTi; _ xZr;O; substituted ceramics is found to be x = 30at. %.”
Dixit et al. investigated thin films of BaTi; _ yZryOs in the range
0.3 < x < 0.7 and found a maximum of the diffusivity for the com-
position BaZrg4Tip6O3 with y = 1.8 at the fulfilment of the
Vogel-Fulcher law simultaneously.”’

The above discussed BCZT composition contains 10at. % of
Zr. Thus, the role of substituent Ca®" attaches high importance. A
homovalent substitution of Ca>" ions on B-sites could also generate
random electric fields. Ca** ions are smaller than Ba*" ions and are
able to occupy off-centre positions on the A-site. Additionally, Ca**
ions can substitute B-site positions.”® Victor et al. found that films
of Ba; _ yCa,TiO; which were prepared by pulsed laser deposition
on platinized silicon substrates exhibit a relaxorlike behavior with
increasing Ca** ion content.”” For a concentration x = 12at. % of
Ca®", a behavior according to the Vogel-Fulcher law was obtained,
and the parameter y was determined to be y = 1.78. The effect was
explained by the substitution of Ca®* ions on Ti*" sites. The substi-
tution of Ca** on Ti*'-sites was demonstrated by Park et al. and
Krishna et al.”®>® A substitution can occur for compositions with a
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molar ratio (Ba + Ca) / Ti=1 and not only for compositions
with a molar ratio (Ba + Ca)/Ti > 1 with an excess of Ca.”” A solu-
bility limit of 3 mol. % was found at a temperature 1450 °C for the
BTO ceramic.®’ Due to the substitution of Ca?>" on Ti*" sites, a
neighboring 0>~ ion forms a vacancy to balance the charge misfit
and Ca**-V, dipoles result.”®

A homovalent substitution leads to weaker random fields
than a heterovalent substitution.”* Due to the relatively low sub-
stituent content of the investigated BCZT films in comparison to
pure Zr substituted BTO based relaxor materials, one can argue
that the substitution of Ca®" ions on Ti** sites, which has the char-
acter of a heterovalent substitution, leads to the observed pro-
nounced relaxor behavior. Additionally, first-principle calculations
on homovalent substituted compositions of BaTiy74Zr 2603 by
Laulhé et al. have shown that the displacement of Ti*" ions is not
only restricted to the (111)directions but also does appear for the
(100) and (110)directions. The authors argued that these findings
are also applicable for other BTO based homovalent substituted
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relaxors.”’ The higher degree of polarization directions links not

only the formation of polar nanodomains®' but could also give an
explanation for the excellent piezoelectric properties of the investi-
gated BCZT films.

TEM investigations

Thin films of BCZT were studied in the following. The mor-
phology [Fig. 4(a)] is characterized by columnar BCZT grains
(~150 nm in lateral dimension) which are extended perpendicu-
larly to the substrate-BCZT interface with a more or less pro-
nounced wedge shape of these columns. A preferred growing
direction of the columns was observed along the [111]. direction
using electron diffraction and Fourier transformations of HRTEM
micrographs, confirming the XRD results. Applying CBED, a more
reliable identification of the slight deviations from the cubic sym-
metry of the structure is possible by carefully analyzing the inten-
sity of the diffraction disks, which revealed symmetry with the two

FIG. 4. Structural observations of the BCZT layer. (a) TEM bright field image of a cross-sectional view of BCZT. (b) Representative CBED symmetry study of a single
grain: CBED pattern along the [100]c zone axis (b-i) and after a deliberate tilting away from pattern center following the red arrows (b-ii and b-iii). Marks (b): (expected)
mirror planes (dashed lines), m—mirror plane, yellow circles emphasize absent mirror plane. (c) HRTEM micrograph of two domains oriented along the [110]c zone axis
forming a superposition region separated by boundaries of superposition contrast (b1 and b2). Regions: (c-i, c-iii) Single crystalline domains, (c-ii) superposition. Marks:
single domains (blue and red), the common intergrowth plane {111}c (dashed white line); fundamental reflections (white) and superposition reflections (yellow). (d)
Overview HRSTEM micrograph with modulated (left) and unmodulated structure (right) along the [112]c zone axis, inset: magnified view of a 7L periodicity. (e) Reciprocal
data set demonstrating a 1/7 [111]c modulation vector for the FFT pattern of the HRTEM micrograph (e-i) and a SAED pattern along the [101]¢ zone axis (e-ii) inset: mag-
nified view of the periodicity. Marks: Growing direction along [111]¢ (white arrows), 7L periodicity (red arrows).
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dimensional space group pm, [cf. Fig. 4(b-i)]. The pattern is ori-
ented along the [100]. zone axis containing a single mirror plane
assignable to (001). or (010).. A verification of this finding was
obtained by a deliberate tilt into perpendicular directions, respec-
tively. Only in the tilt position of Fig. 4(b-ii) a mirror plane is
detectable; in the other direction, a clear breakdown of the mirror
symmetry becomes even more clearly [cf. marks in Fig. 4(b-iii)].
Consequently, several of the {110}, mirror planes were excluded
analogously. The experimental findings allow the assumption of
the space group P4 mm as an adequate candidate for the structure.
On closer inspection, the expected symmetry of the CBED pattern
is marginally violated. An interpretation of similar observations
was provided by Tsuda et al. for BTO.”” In these studies, CBED
examinations indicated the presence of nanosized domains with
different symmetries, e.g., local contributions of a coexisting trigo-
nal (rhombohedral) phase.”” Note that the experimental findings
and the suggested presence of a morphotropic phase boundary
(MPB)*>* can also be reasonably interpreted as a monoclinic sym-
metry (space group Pm). The recorded patterns, including mirror
planes (001). or (010)., would then be assigned to the monoclinic
zone axes [h0I] or [Ohl]. However, in the present investigations,
clear evidence is missing for a monoclinic or trigonal symmetry.
The wedge shaped columns contain a complex substructure
differentiating into twinned domains, cf. the HRTEM micrograph
of Fig. 4(c) and the ED pattern in Fig. S4 of the supplementary
material. In this special case, the corresponding Fourier transforms
show two single crystalline domains oriented along [110]., which
are mirrored along the {111}, planes, cf. domains (i) and (iii) of
Fig. 4(c). Both domains are separated by boundaries bl and b2,
and these twinned domains seem to be superimposed along the
viewing direction in region (ii) according to a three-dimensional
inclined defect boundary model discussed in Fig. S2 of the supple-
mentary material. Hence, bl and b2 represent boundaries of super-
position contrast. The FFT pattern of region (ii) appears as a
superposition of the pattern from regions (i) and (iii), with Bragg
intensities from pattern (iii) less pronounced and, thus, as minority
component. Due to the superposition and the interrelated double
diffraction phenomena, another group of intensities is observable,
which is not assignable to one of the single domain patterns [see
yellow marks in Fig. 4(c)]. The interpretation of these intensities
and simulations of TEM data are based on supercells of superim-
posed twin domains.”*"° Construction details of the supercell
(Fig. S3 in the supplementary material) and respective experimental
data with simulations for two experimentally observed scenarios,
the edge-on view and special superposition case are provided in the
supplementary material and are compared with each other (Fig. S4
in the supplementary material): (1) An experimental SAED pattern
recorded on two adjacent single domains shows no indication of
superposition contrast, thus, no superposition area is present. Only
fundamental Bragg reflections of the respective single domains are
visible matching excellently with the arrangement of the reflections
in a kinematical simulation based on a supercell. Note, additional
reflections seen in Fig. 4(c-ii) are absent. (2) Assuming a superposi-
tion of two [110]. oriented domains in a dynamical simulation,
additional Bragg reflections can be generated agreeing with the
experimental FFT pattern (Fig. S4 in the supplementary material).
Thus, the additional Bragg intensities in the FFT are superposition
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introduced features and are located on commensurable lattice posi-
tions of this pattern. The formation of polysynthetic {111} growth
twins is a well-known characteristic of the BTO bulk and thin films
with a cubic or tetragonal symmetry.””~*” Following the interpreta-
tion of previous studies the edge-on {111}-defect structure can be
described as > =3 twin boundary with coinciding (111) and
(112) reflections in ED patterns along the zone axis [110].7°77% In
the case of tetragonal BTO, the local arrangement of TiOg octahe-
dra at the twin interface varies with respect to the bulk structure,
i.e,, corner-sharing TiOg ocatahedra are replaced by face-sharing
Ti,00-dimers. Such a local structure variation is supposed to
accommodate for local oxygen deficiency.”” These results can be
analogously transferred to BCZT in many instances. However, to
obtain in-depth information about the atomic configuration
directly at the interface region, further aberration corrected
HRTEM investigations are essential.

In some instances, lamellar fringes are detected propagating
parallel to the Pt surface, which is expressed by an alternating
bright-dark contrast. Preliminary EDX nanoprobe measurements
excluded the diffusion of Pt into the fringe dominated areas and
also variations of the composition on a larger scale. A high-
resolution inspection of the fringed areas reveals a periodic
arrangement of a seven layer (7L) sequence, cf. Fig. 4(d), featuring
disturbances of locally different repetition schemes. By evaluating
the corresponding FFT [Fig. 4(e-i)] and a correlated SAED pattern
[Fig. 4(e-ii)], satellite intensities were observed, referring to a struc-
tural modulation” of the ideal pseudocubic structure. The modula-
tion vector is close to 1/7 [111]. as observed along different
viewing directions, cf. the respective insets Fig. 4(e). Further, the
magnified views of the diffraction pattern reveal an incommensu-
rate arrangement of the satellite reflections, which is particularly
visible in the SAED pattern indicating high order satellites. A poly-
typism’” could serve as possible basis for the interpretation of the
experimental findings and is discussed further in Fig. S5 in the sup-
plementary material. In the literature, stoichiometric and oxygen-
deficient polytypes were discussed for several perovskites or
perovskite-related oxides.””””® A first set of experiments with a
transmission electron microscope equipped with a Super-X EDX
system for atomic resolution EDX was carried out to study the
chemical composition with atomic resolution (see Fig. S6 in the
supplementary material). However, a clear interpretation of the
layer sequence of BCZT and the polytype was impossible from
EDX data due to the overlap of the Ti-K and Ba-L peaks. In situ
annealing experiments were performed exhibiting no significant
change to the modulated structure during the entire process.
Consequently, we assume that the modulated structure is not based
on oxygen deficiency but homovalent cationic ordering on A- and
B-sites. With respect to further investigations, the capabilities of
aberration-corrected microscopy allow precise determination of the
atomic configuration in PZT at the nanoscale.”” Hence, an
aberration-corrected HRTEM micrograph of BCZT is depicted in
Fig. S7 in the supplementary material displaying pronounced con-
trast intensity variations on the cationic positions indicating the
presence of cationic disordering compared to high-resolution simu-
lations (Fig. S7-i in the supplementary material) based on the
tetragonal (P4 mm) structure model (ii). Despite such ordering
scheme, well known for relaxor materials, these structural domains
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are not expected to produce the randomly oriented dipoles since
their density is too low.

SUMMARY AND CONCLUSIONS

Ferroelectric lead-free thin films of the composition
(Bag g5Cag 15)(Tig9Zr )O3 (BCZT) were deposited by pulsed laser
deposition (PLD). The BCZT thin films are composed of columnar
grains with preferred [111]¢ growth. We report a maximum of the
dielectric permittivity of € = 2000 at 5khZ and a maximum effective
piezoelectric constant of ds3r= 190pm/V, which could be
improved to 300 pm/V. The temperature dependence of the permit-
tivity on the frequency and deviation from the Curie-Weiss law
indicates a relaxor behavior for the present thin films. CBED studies
on single domains are consistent with a noncubic but tetragonal P4
mm symmetry. Additionally, inside the columns several microstruc-
tural characteristics were observed: (1) The presence of a modula-
tion along the [111]¢ direction, and, a polytype with pronounced
cation segregation was assumed as a potential interpretation. (2)
Twinned domains with varying interconnection of the octahedral
structural units. Transmitted areas with twinned domains show
additional reflections which were proven to be excited by dynamical
scattering and not by a potentially lower symmetry. All these char-
acteristics are not interconnected with the microstructural origin of
the relaxor effect, however, their presence complicate the identifica-
tion of potential polar nanodomains.

SUPPLEMENTARY MATERIAL

See the supplementary material for additional information on
physical and structural investigations performed during the study
and referred to in the text.
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