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Dielectric relaxation in ferroelectric perovskites can result from different inherent chemical and charge
disorders within their crystal structures. Despite several theories on dielectric relaxations, the relationship
between the concentration of oxygen vacancy (Vo) and dielectric relaxation has not been studied in perovskite
oxide thin films. In this work, we report a systematic investigation on the influence of the V(s on the dielectric
relaxation of Bag gsCag 15Tip9Zro 103 (BCZT) epitaxial thin films grown with Lag 7Sro3MnO3; (LSMO) top and
bottom electrodes on single-crystal SrTiO; (/00) substrates using pulsed laser deposition. The ambient oxygen
pressures during film growth were systematically varied to control the concentration of Vg in the epitaxial
BCZT thin films. Low ambient oxygen pressure was found to enhance the tetragonality of the BCZT films
and a systematic decrease in the tetragonality was observed at high oxygen pressure conditions as evidenced
from x-ray diffraction (XRD) studies. Temperature dependent XRD analyses indicated a low-temperature
anomaly near ~160 K in the BCZT/LSMO heterostructures. Low-temperature dielectric measurements revealed
relaxor dielectric response with broad frequency dependence of the dielectric constant. It is proposed that the
low-temperature dielectric relaxation is possibly caused by dipolar clusters that are formed by the aggregation
of correlated Vp-induced dipolar defects within the films deposited under different ambient oxygen pressures.
High-resolution transmission electron microscopy suggested the presence of the nanometer-sized V,, clusters as
represented by the structural defects of average diameters of ~5 nm in the BCZT films grown at variable ambient
oxygen pressure. Activation energies of the aforesaid dipolar clusters, obtained from the Vogel-Fulcher fitting of
the dielectric dispersion, showed a gradual increase in magnitude, as well as decreasing freezing temperatures,
with decreasing concentrations of V in the BCZT films. From the theoretical analysis of the experimental data, it
is postulated that the presence of the Vp-induced dipolar defects affects the low-temperature dielectric relaxation
in the BCZT thin films. This work significantly extends the understanding of Vp-mediated dielectric relaxor

3

behavior in complex perovskite oxide films.

DOLI: 10.1103/PhysRevMaterials.5.064415

I. INTRODUCTION

Low-dimensional relaxor ferroelectric (FE) perovskites,
such as thin films and heterostructures, exhibiting large di-
electric and piezoelectric coefficients over broad temperature
ranges, have attracted considerable attention for high-end
industrial applications in sensors, transducers, actuators, mi-
croelectromechanical systems, electrocaloric coolers, energy
harvesters, and energy storage devices [1-6]. With the en-
vironmental concerns on the toxicity of lead, in the last
decade, several lead-free relaxor FE perovskites with high
piezoelectric, dielectric, and polarization properties that are
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comparable to the industry-standard lead-based FE materials
have emerged as promising candidates for replacing the lead-
based materials in applications [7-10]. In recent years, large
energy storage density, high energy harvesting efficiency, and
huge pyroelectric/electrocaloric cooling effects have been re-
ported in several lead-free relaxor FE thin films, which have
raised their stakes as potential candidates for eco-friendly
technological applications [11-15].

For practical applications of relaxor FE perovskites, it is
crucial to understand the underlying mechanisms of their
anomalous dielectric and polarization properties which have
still remained elusive even after decades of their discovery
in the classic lead-based relaxor PbMg, /3Nb2/303 (PMN)
[16]. One of the main difficulties in describing the relaxor
behavior is due to the fact that relaxor materials typically
have chemically disordered components well within the struc-
turally ordered crystal lattices; causing them to behave as
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dipolar glasses within certain temperature ranges [16,17].
ABO;-type lead-based relaxors, for example, PMN, are char-
acterized by nanoscale inhomogeneities occurring from the
coexistence of the two types of B-site atoms, such as Mg
and Nb°" in the structure. These heterovalent cations are
inhomogeneously distributed to form chemically disordered
regions, which are surrounded by ordered regions [16,17].
These “slushlike” charge disordered regions act as sources for
random electric fields, which are believed to be responsible for
the formation of polar nanoregions (PNRs) in these materials
[16—18]. Direct observation of the formation of PNRs in the
classic relaxors like PMN revealed that PNRs can coexist both
within the normal FE domains (below the Curie temperature,
Tc) and also within the paraelectric states (above 7¢) in relaxor
FE perovskites [19-21]. Although the exact origin of the
ultrahigh piezoelectricity and dielectric permittivity observed
in relaxor FE crystals have remained an open question, it is
believed that these unusually high properties arise from the
dynamics of the spatially hierarchical PNRs formed within
these relaxor materials [20,21].

In terms of lead-free materials, the FE perovskite,
BaggsCag.15Zr0.1 Tip9O3 (BCZT) is particularly promising
due to its significant dielectric constant (~8000-15 000) and
FE properties (remanent polarization P, ~ 10-15 uC cm™2,
and coercive field Ec ~ 1.5-3kVcm™!) near room tem-
perature in combination with a large piezoelectric coeffi-
cient (2620pCN~!), that is comparable to the lead-based
PbZr,Ti;_ O3 (PZT) [22-26]. The phase diagram of the
BCZT bulk system exhibits a “tilted” morphotropic phase
boundary (MPB) separating the rhombohedral (R) and the
tetragonal (T) phases [22,27,28]. The specific composition
of BaggsCag 157191 Tig 903 (BCZT) studied here is near the
MPB, which makes this composition easily poled and switch-
able due to external stress or electric fields [29-33]. Like the
lead-based relaxors, the relaxor behavior in BCZT ceramics is
also believed to arise from the local random fields associated
with the cation disorder resulting from the partial cosubstitu-
tion of Ba>* (A site) by Ca’>" and Ti** (B site) by Zr*t in
the parent compound BaTiOj3 (i.e., ABO3) [32-39]. However,
the origin of the random fields in the homovalent substituted
BCZT is different from that of the heterovalent substitution
in lead-based relaxors such as PMN due to the absence of
any charge disorder in BCZT [32-39]. It is believed that the
disordered distribution of Ti** and Zr** ions on the B sites
of BCZT, which exhibit only a small difference in their ionic
radii, gives rise to the emergence of local random fields which
lead to the relaxor behavior observed in BCZT ceramics
[40—42]. On the other hand, the relaxor behavior of the parent
compound BaTiO3 has been attributed to its order-disorder
phase transition due to the presence of electric dipoles aris-
ing from the off-centering of Ti in the [///] direction in a
BaTiOs (111) single crystal [43]. Low-temperature dielectric
dispersion of the BaTiO3 (/11) single crystal showed broad
transition peaks near 100 K like the FE relaxors and obeyed
the Vogel-Fulcher freezing behavior similar to that observed
in dipolar glasses [44,45]. Further studies have confirmed the
existence of nanoscale local dipolar structures in BaTiO3; due
to Ti off-centering in either [/1/] or [/00] directions creating
the order-disorder characters both in the orthorhombic and
the tetragonal phases which showed to influence the low-

temperature dielectric relaxation [46]. These reports indicate
that it is also possible to interpret the dielectric relaxations
in BaTiO; based systems (viz., BCZT) as being attributed to
local dipoles as opposed to the mechanism of dynamic PNRs
typically associated with the classic FE relaxors.

In terms of thin films, enhanced dielectric relaxor proper-
ties have been reported in polycrystalline BCZT thin films
prepared by various chemical and physical routes [47—49].
Strain enhanced FE properties have been reported in epitaxial
BCZT (001) thin films grown on conductive Nb-doped (001)-
SrTiOj; single-crystal substrates (P, = 21.3 uC cm 2 at Ec =
60kVem™) [50] and in epitaxial Lag¢7Cag33MnO3/BCZT
heterostructures (P, = 10.3 uCcm™2 at Ec = 220kVem™)
grown on MgO (/00) substrates [51]. Recently, large elec-
trocaloric effects have been reported in bilayer thin films
of (BigsNags)TiO;—BaTiO; (BNBT)-BCZT and epitaxial
BCZT (001) thin films [13,52]. All these reports have spurred
the investigations on the underlying mechanisms of relaxor
behavior in BCZT thin films for applications.

Recently, it has been theoretically predicted that relaxor
behavior in FE perovskites can also be controlled by the pres-
ence of oxygen vacancy (Vo) concentrations, [53] apart from
the inherent chemial disorder phenomena. The presence of Vo
in FE perovskites greatly influences their physical properties
since the perovskite structure is able to conserve its struc-
tural stability even for high concentrations of Vg [54]. Scott
et al. reported that Vs in FE perovskites generally aggregate
to form nanoscale dipolar clusters due of the existence of
strong correlation among them since the Vs interact with
the off-centered B-site ions creating dipolar defects in ABO3
perovskites [53,55]. The activation energies of these dipolar
clusters are inversely proportional to the concentration of V{js
since the energy for the collective movement of one cluster
is much lower than the summation energy for the movement
of individual Vjs [56]. With the increasing concentrations of
V(’)s, the defect dipole concentrations also increase and conse-
quently the correlation among the dipolar defects strengthen
leading to formation of dipolar clusters with decreasing the
activation energies [57-59]. At the low-temperature regime,
the dipolar clusters are “frozen in”, however, they can be
thermally activated with increasing temperatures to induce
dielectric relaxations, as reported in some perovskite ceramics
[60,61]. Experimentally, the concentration of Vg in oxide thin
films can be manipulated by varying the deposition condi-
tions such as the ambient oxygen environment during the film
growth in physical techniques such as pulsed laser deposition
(PLD) [62]. Thus, a systematic investigation on thin films of
the promising FE perovskite BCZT could open up new direc-
tions to understand the role of V and to govern their relaxor
properties, which are both fundamentally interesting and tech-
nologically important. However, the relationship between Vg
and dielectric relaxation has been rarely studied in perovskite
thin films [57]. Li et al. reported that that the dipolar defects
created by V interacting with the off-centered Ti ions resulted
in the dielectric relaxation in perovskite Eug sBag sTiO3_; epi-
taxial films [57]. To the best of our knowledge, a systematic
investigation on the influence of Vi on the relaxor behavior
of epitaxial BCZT thin films has not been reported to date.
This type of study could potentially pave the way for further
research into the fundamental understanding of the relaxor
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behavior in BCZT thin films and their associated elec-
trocaloric, high efficiency energy storage and conversion
applications.

In this work, the role of Vi on the low-temperature
dielectric relaxor properties of BaggsCag j5Tig9Zrg 103
(BCZT) thin films are studied in detail. The focus on
the low-temperature dielectric properties in BCZT thin films
potentially carries significance for the scientific understanding
of the relaxor behavior of the system. Epitaxial BCZT thin
films were grown on top of bottom electrodes comprising
the ferromagnetic half-metal, Lag;Sro3MnO; (LSMO)
on single crystal SrTiO3; (STO) (/00) substrates by PLD
technique [50] under varying ambient oxygen pressures (Po,)
(keeping other deposition parameters constant), in order to
control the concentration of Vo incorporated during film
growth [63—-65]. The lattice-matched LSMO electrodes were
strategically used to minimize the space-charge effects at the
dielectric-electrode interface in the sandwich BCZT/LSMO
capacitor structure. Note that space charge effects of Vg in
BCZT films have been exclusively investigated previously
[65]. Detailed x-ray diffraction (XRD) studies revealed a
systematic decrease in the tetragonality of BCZT thin films
with an increase in Po, during film growth. Low-temperature
x-ray analyses revealed an anomaly around 160 K in the
BCZT thin films. Low-temperature dielectric properties
revealed a broad dielectric dispersion indicating the relaxor
behavior in the BCZT thin films. The dielectric relaxations
were attributed to the formation of dipolar clusters created by
the Vo induced defect dipoles within the BCZT films grown
under different Po, conditions. The freezing temperatures and
activation energies of the dipolar clusters, obtained from the
Vogel-Fulcher fitting of the dielectric dispersion, showed a
systematic change with varying concentrations of the Vs in
the BCZT films. A phenomenological model is proposed to
explain the observed close correlation between the activation
energy and Vg in the BCZT thin films. The work provides
fundamental insight into Vp mediated dielectric relaxor
behavior in BCZT thin films and adds to the knowledge of
the structure-property relationship in lead-free FE perovskite
heterostructures with enhanced properties.

II. EXPERIMENT

BCZT thin film heterostructures using LSMO top and bot-
tom electrodes were fabricated on single-crystal STO (100)
substrates using a commercial PLD (Neocera Pioneer 120
Advanced) system. Briefly, high-purity ceramic targets of
Lag7Sr93MnO; and Bag gsCag 15Tig 9Zrg 103 were prepared
using commercially bought powders from Alfa Aesar with
high purity (99.99%) via cold pressing followed by sinter-
ing at 1200 °C. The prepared targets were characterized for
phase purity and composition. The LSMO and BCZT targets
were then sequentially ablated using a KrF excimer laser
(Lambda Physik, » = 248 nm, frequency = 10 Hz, fluence =
3Jcm™2) inside a deposition chamber equipped with a mul-
titarget carousel that allowed for the in situ deposition of
multilayers with clean interfaces. A distance of 5 cm was
maintained between the substrate and the targets during the
depositions. Prior to growing the LSMO layer, the STO sub-
strate was annealed inside the PLD chamber at 800 °C under

an ambient Pp, of 500 mTorr for 2 h. In the optimized
synthesis process, an initial layer of LSMO was deposited
onto an STO substrate at 800 °C under a Pp, of 10 mTorr,
followed by the BCZT layer at 750 °C with different Po,
of 0.1, 0.5, and 1 Torr, respectively. A shadow mask was
used during the BCZT layer deposition to preserve an open
access to the LSMO bottom electrode. After the BCZT layer
deposition, top LSMO electrodes of 200 pm in diameter and
100 nm thickness were deposited using a shadow mask at
750 °C under a Po, of 10 mTorr. After deposition, the samples
were gradually (~4 h) cooled down to room temperature.
The thicknesses of the LSMO and BCZT layers were kept
constant at ~100 and ~120 nm, respectively. The crystallinity
and crystallographic orientations in the heterostructures were
characterized by XRD with a Rigaku Smart Lab 9 kW XG
diffractometer equipped with a five-axis goniometer and tem-
perature variable thin film sample stage using collimated
parallel beam Cu-K« radiation (A = 1.5406 A). Thermal con-
ductive Apeizon N grease was used to fix the samples on the
thin film temperature stage of the XRD and care was taken
to avoid sample misalignment. Raman spectra were measured
at room temperature using a laser Raman spectrophotometer
(JY Horiba-T6400 equipped with a Synopse charge-coupled
device camera) using a Nd: YAG laser (532 nm) over the range
150—900 cm~'. The Raman spectra reported here have been
de-convoluted into individual Lorentzian peaks for accurate
peak positioning. X-ray photoelectron spectra (XPS) were
measured using a commercial Omicron (model 1712-62-11)
spectrometer. The data were collected at room temperature
using a nonmonochromatic Al Ko (1486.7 eV) x-ray source
operating at 150 W (15 kV and 10 mA). The interfacial
microstructure in the BCZT/LSMO heterostructure was ana-
lyzed using high-resolution transmission electron microscopy
(HRTEM; FEI Tecnai F 20 S-Twin TEM). A sample for
cross-sectional TEM analysis was prepared by surface milling
a 5um x 10 um rectangular strip of 100 nm thickness us-
ing a focused ion beam (FIB; JOEL 4500 FIB/SEM) and
Pt-welding it to a Cu TEM grid. Temperature dependent
dielectric properties were measured at different frequencies
using a Keysight E4980A Precision LCR meter equipped with
a commercial low-temperature cryostat (CFMS, Cryogenic
Ltd.) after proper calibration.

III. RESULTS AND DISCUSSION

To maintain simplicity in discussion, henceforth in the text,
the BCZT thin films grown under different Po, of 0.1, 0.5,
and 1 Torr, keeping other PLD parameters constant, will be
denoted as BCZT(0.1T), BCZT(0.5T), and BCZT(1T), re-
spectively.

A. Crystallinity and surface morphology

The unit cell crystal structure and lattice parameters for
the bulk BCZT target were tetragonal with ¢ = 4.012 A and
a=b=4.005 10%, as obtained from the Rietveld refinement of
the room-temperature XRD 6-26 pattern as shown in Fig. 1(a)
[66]. The details of the structural refinement and the com-
positional analyses using energy dispersive spectroscopy of
the BCZT target are shown in the Supplemental Material [67]
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FIG. 1. Room-temperature XRD 6-26 patterns of (a) BCZT
bulk target and (b) BCZT(0.1T), BCZT(0.5T), and BCZT(1T)
thin films, respectively. Inset to (b) shows the schematic of the
BCZT/LSMO/STO heterostructure. (¢) XRD ¢ scans performed
about BCZT (110) plane and (d) XRD w scans performed about
the BCZT (001) plane for BCZT(0.1T), BCZT(0.5T), and BCZT(1T)
thin films, respectively.

(Figs. S1 and S2). The crystalline structure of the BCZT target
was also confirmed using Raman spectra and matched with
the XRD analyses as shown in the Supplemental Material
[67] (Fig. S3) [68,69]. From the above XRD analyses, it is
observed that the bulk BCZT (tetragonal, ¢ = 4.012 A and
a = b = 4.005 A) has a small lattice mismatch (~3.5%) with
the underlying LSMO layer (pseudocubic, a = 3.87 A) and
the STO (/00) substrate (cubic, a = 3.905 A), which allowed
for the epitaxial growth of the BCZT/LSMO/STO heterostruc-
tures [shown schematically in the inset to Fig. 1(b)]. The
single crystalline nature of the BCZT and LSMO phases in
BCZT/LSMO heterostructures are evident from the XRD 6-
26 patterns shown in Fig. 1(b). In all cases, only strong (00I)
(I =1, 2, and 3) diffraction peaks of the tetragonal BCZT
phase [as indexed with the refined bulk BCZT structure shown
in Fig. 1(a)] were observed along with the (l00) (I =1, 2,
and 3) peaks of the pseudocubic perovskite LSMO phase
(JCPDS 01-089-4461) and the single-crystal STO (/00) sub-
strate, confirming the unidirectional cube-on-cube epitaxial
growth, with no traces of impurity peaks within the resolution
limits of the XRD. A decrease in the XRD peak intensities
in Fig. 1(b) from BCZT(0.1T) to BCZT(1T) could be due
to the loss of crystallinity with depositions under higher Py,
conditions. Azimuthal (¢) scans were performed about the
BCZT (110) crystallographic planes to confirm the epitaxial
relationships of the BCZT thin films. Figure 1(c) shows a rep-
resentative ¢ scan pattern; where the occurrence of peaks at
regular intervals of 90° is a consequence of the fourfold cubic
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FIG. 2. (a) XRD symmetric 6-26 scans about the BCZT (002)
plane, (b) XRD asymmetric 26-w scans about the BCZT (/1) plane
for BCZT(0.1T), BCZT(0.5T), and BCZT(1T) thin films, respec-
tively. (c) Out-of-plane (c) and in-plane (a) lattice parameters and (d)
tetragonality in BCZT(0.1T), BCZT(0.5T), and BCZT(1T) thin films
plotted with respect to the ambient Py, condition during growth. The
dotted line shows the corresponding value of bulk lattice parameter
of BCZT target.

symmetry of the BCZT layer in the films. Rocking curves
(w scans) performed about the BCZT (001) crystallographic
planes for the films shown in Fig. 1(d) yielded peaks with
a narrow full width at half maximum (FWHM) (0.2-0.6 °)
values, confirming the excellent in-plane orientation of the
BCZT (001) layers. The rocking curves were fitted using
the pseudo-Voigt function which is a linear combination of
Lorentzian and a Gaussian function [70]. A slight relaxation
of the in-plane texturing was observed with the increasing
FWHM values in Fig. 1(d) from BCZT(0.1T) to BCZT(1T)
with depositions under higher P, conditions.

Figure 2(a) shows the XRD symmetric -20 scans near the
BCZT (002) planes with close proximity of the LSMO (200)
and STO Cu-K,; and Cu-K,, (200) peaks for the BCZT(0.1T),
BCZT(0.5T), and BCZT(1T) thin films, respectively. The ver-
tical dotted line represents the position of the (002) peak in
bulk BCZT target [see Fig. 1(a)]. A distinct shift of the XRD
peaks to higher 26 values [dotted arrows in Fig. 2(a)] was
observed from BCZT(0.1T) to BCZT(1T) films as the Po,
increases from 0.1 to 1 Torr with respect to the unchanging
LSMO and STO (200) substrate peak positions [71]. From
Fig. 2(a) it can be inferred that a decrease in the out-of-plane
lattice parameter (c) occurs in the tetragonal BCZT films as
the Po, concentration increases from 0.1 to 1 Torr. On the
other hand, asymmetric 26-w scans about the BCZT (111)
planes in the BCZT(0.1T), BCZT(0.5T), and BCZT(1T) thin
films, as shown in Fig. 2(b), exhibited a large shift in XRD
peaks to lower 26 values as the Pp, increases from 0.1 to

064415-4



ROLE OF OXYGEN VACANCIES ON THE LOW-TEMPERATURE ...

PHYSICAL REVIEW MATERIALS §, 064415 (2021)

TABLE 1. Structural and low temperature dielectric properties of BaggsCag 15Tig9Zr 103 (BCZT) (001) thin films grown with varying
ambient oxygen pressures (Po,) as detailed in the text: lattice parameters (¢ and a), tetragonality (c/a), (Ti + Zr)/(Ba + Ca) site occupancy
ratio, relative peak area (RPA) ratio of Ti** to Ti** and Ols b to Ols a, % of Vo, maximum dielectric constant (s,max) transition temperature
(T, degree of diffusiveness (D) at 1 kHz, and activation energy (E,) and freezing temperature (7yg) of dipolar-cluster formed by Vy-related

defect dipoles from Vogel-Fulcher fitting.

Sample Po, ¢ a cla (Tit+Zr)/ RPA ratio Vo elmax Tm D' E, Tvr
(Tor) A)  (A) (Ba+Ca) Ti'/Ti'" Olsb/Olsa (%) (K) V) (K)
BCZT(0.1T) 0.1 4.03 3.884 1.037 0.98 0.85 0.44 90+02 844 149 48 0.04 116
BCZT(0.5T) 0.5 4.01 3.897 1.028 1.12 0.61 0.27 64+05 806 153 52 0.07 96
BCZT(1T) 1 3.99 3963 1.006 1.22 0.44 0.18 23206 650 154 57 0.09 80

1 Torr, as compared to the bulk BCZT (//1) peak shown
by the vertical dotted line. The BCZT planes for the asym-
metric scans were carefully chosen such that there were no
contributions to the XRD peaks from the underlying LSMO or
STO layers. The lattice parameters (a and c) of the tetragonal
BCZT unit cell were calculated for the BCZT (001) films
from the detailed XRD symmetric and asymmetric scans,
respectively. Table I summarizes the lattice parameters (a and
¢) and tetragonality (c/a) for the BCZT (001) films. Due to
the epitaxial strain of the underlying LSMO layer, the BCZT
layer might have experienced an in-plane compressive and an
out-of-plane tensile strain in all the films, respectively. From
Table 1, it is observed that the BCZT(0.1T) film exhibited
enhanced tetragonality of c/a = 1.037 as compared to that
of the unstrained BCZT bulk of ¢/a = 1.002. However, with
increase in Po, in the BCZT(0.5T) and BCZT(1T) thin films,
the tetragonality was systematically decreased as compared
to the BCZT(0.1T) film which could be possibly due to the
lower concentration of Vg in the BCZT films grown at higher
Po, conditions. In Fig. 2(c), we plot the lattice parameters
(c, a), and in Fig. 2(d), we plot tetragonality (c/a) values for
BCZT unit cells in the BCZT (001) films as a function of
Po,. From Fig. 2(c) it is clearly observed that the ¢ values
monotonically decrease, while the a values correspondingly
increase as Pp, increases from 0.1 to 1 Torr (see Table I). This
resulted in an almost 3% enhancement in the tetragonality
(c/a) of the BCZT(0.1T) film (c¢/a = 1.037) with respect to
the BCZT(1T) film (c/a = 1.006) as can be seen in Fig. 2(d).
From the above XRD analyses, it is confirmed that depositions
with higher Py, affected (i.e., decreased) the tetragonality of
the BCZT unit cells in the BCZT (001) films, possibly as
a result of decreased concentration of Vy with depositions
under higher Po, conditions. Nonetheless, since the specific
composition of BCZT in this case is near its MPB, even such
small changes (2-3%) in the tetragonality of the BCZT unit
cell due to variation in Vy could have a profound effect on
its dielectric properties. High degrees of tetragonal distortion
(i.e., c/a — 1) in BCZT thin films and nanostructures led to en-
hanced Curie temperatures (7¢) as reported in epitaxial BCZT
(001) thin films (Tc = 430K with ¢/a — 1 = 2.3%) [13] and
oriented BCZT nanowires (Tc = 573 K with c¢/a — 1 = 4%)
[23] as compared to the unstrained BCZT bulk ceramics with

lower tetragonality (7¢c = 363 K with c/a — 1 = 0.2%) [24].
It is often argued that the epitaxial strain and crystallographic
orientations govern the formation and ordering of Vg in per-
ovskite thin films [72]. During the PLD process under low
Po, conditions (i.e. Po, = 0.1 Torr), the laser ablated species
of the BCZT target in the forward directed plasma-plume
encounter less collisions with the ambient O, as compared
to that in the higher Po, conditions. Thus, the ablated species
have higher kinetic energies and adatom mobility on reaching
the substrate along the perpendicular direction of the substrate
plane which creates higher concentrations of V; (i.e., along
the [001] direction), in the BCZT(0.1T) thin film as compared
to BCZT(0.5T) and BCZT(1T) films. The concentration of Vg
in the BCZT perovskite structure could create structural irreg-
ularities which impart higher tetragonality to the BCZT(0.1T)
unit cell, similar to epitaxial BaTiO; films grown using PLD
under different Po, conditions [63,73-75].

X-ray photoelectron spectroscopy (XPS) data were col-
lected ex situ from the BCZT (001) thin films to determine the
composition and the site occupancy of the ions in the BCZT
unit cells. Figure 3(a) shows the core level XPS spectra of Ba
3d, Ti2p, Ca2p, and Zr 3d for the BCZT(0.1T), BCZT(0.5T),
and BCZT(1T) thin films, respectively. From Fig. 3(a), a slight
increase in the binding energies of Ba 3d (Ba 3ds/, from 780
to 782 eV and Ba 3d3, from 795 to 797 eV), Ca 2p (Ca 2p3»
from 346 to 348 eV and Ca 2p;,, from 350 to 352 eV), Ti
2p (Ti 2p3, from 457 to 458 eV and Ti 2p;,, from 464 to
466 eV), and Zr 3d (Zr 3ds;, from 184.1 to 185 eV and Zr
3ds;, from 181 to 183 eV) (shown by dotted arrows) can be
observed for the BCZT(0.1T), BCZT(0.5T), and BCZT(1T)
thin films, respectively. The systematic increase of the binding
energies of each of the constituent elements in the BCZT
(001) films indicates their higher oxidation states achieved
with depositions under increasing Po, conditions. The com-
position of the BCZT thin films as calculated from the
XPS analyses is Bag.g5+0.02Ca0.15+0.02 Tio.90+0.01Zr0.10+0.01 03,
which is close to the nominal composition of BCZT
(Bag.gsCayg. 15Tip.90Zr¢.1003). Table I also shows the B to A
site (for ABO3 perovskite structure) [i.e., (Ti+Zr)/(Ba+Ca)]
cationic occupancy ratios for the BCZT thin films as calcu-
lated from the XPS spectra in Fig. 3(a). From Table I it can be
seen that the cationic stoichiometry is slightly affected by the
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FIG. 3. (a) XPS spectra of (a) Ba3d, Ca2p, Ti 2p, and Ba4p, Zr
3d states for BCZT(0.1T), BCZT(0.5T), and BCZT(1T) thin films,
respectively. High resolution XPS spectra for (b) Ti 2p levels and (c)
O ls levels for BCZT(0.1T), BCZT(0.5T), and BCZT(1T) thin films,
respectively.

Po, during the film growth since for the ideal stoichiometric
growth B site/A site, i.e., the (Ti 4+ Zr)/(Ba + Ca) ratio should
be equal to 1. From the table, it can be seen that at low Po,,
the A site cationic occupancy is higher than the B site, as
in BCZT(0.1T), whereas the opposite nature is observed in
BCZT(1T) grown at higher Po, [64]. The different cationic
ratios observed in the thin films grown under varying Po,
could affect their polarization and dielectric properties since
these are primarily governed by the ionic displacements of the
cations in the BCZT unit cell, as reported in other perovskites
[74-76].

It is known that within the BCZT perovskite unit cell,
near the neighborhood of a Vp, in order to compensate
for the loss of oxygen negative charges (O%>7), an equiva-
lent amount of Ti** ions typically get transformed to Ti**
ions [53]. The electrons necessary for the transformation of
Ti**/Zr** into Ti**/Zr** are created from ionization of neu-
tral oxygen vacancy Vo — V§ +e, V5 — V3* +e, V3 and
V§* being positively charged Vs [53]. Thus, the relative con-
centration of the Ti*" ions with respect to the Ti*" ions is
expected to be higher for BCZT thin films grown under low
Po, conditions [77-79]. In order to estimate the concentration

of Vo in the BCZT (001) films, the ratio of areas for Ti** and
Ti** peaks from the high-resolution XPS spectra as shown in
Fig. 3(b) was calculated as listed in Table I [77-79]. It is noted
that the Ti 2p3/, and Ti 2p;, doublets in Fig. 3(b) arising
from the spin orbit splitting of the Ti 2p levels have binding
energy differences ~5.5-5.8 eV which is consistent with the
reported values for BCZT ceramics [69,78]. From the listed
values in Table 1, it is clearly observed that the concentration
of Ti** to Ti** gradually decreases with higher Py, conditions
from BCZT(0.1T) to BCZT(1T). The higher ratio of Ti** to
Ti*" peak areas in the XPS spectra possibly indicates higher
concentration of Vy for the BCZT(0.1T) thin film, which
gradually decreases in the BCZT(0.5T) and BCZT(1T) films
at higher Po, conditions, respectively. The percentages of Vo
per unit cell in the BCZT(0.1T), BCZT(0.5T), and BCZT(1T)
films were calculated from the relative peak area ratios of the
Ti** and Ti** peaks as shown in the XPS spectra in Fig. 3(b)
and listed in Table 1. Here, we assume that the contribution
of Ti** peaks in the XPS spectra in Fig. 3(b) mainly arises
from the transformation of partial Ti** ions to Ti** ions in
the perovskite BCZT unit cell in order to maintain charge
neutrality due to the presence of Vp [80,81]. Similar XPS
analyses of the BCZT (001) films reveal that the ratio of
peak areas for the O 1s level as shown in Fig. 3(c) indicates
higher values for BCZT(0.1T) films which gradually decrease
in BCZT(0.5T) and BCZT(1T) films with increasing Po, con-
ditions (as listed in Table I). It is noted that the O 1s level
in the XPS spectra in Fig. 3(c) has been deconvoluted in two
peaks, the major peak (O 1ls a) with lower binding energy is
associated with the lattice oxygen and the minor peak (O 1s
b) with higher binding energy is associated with mainly due
to Vo formation in perovskite oxides [82]. The XPS analyses
thereby also confirms that there is a systematic decrease in the
percentage of Vo per BCZT unit cell from as high as ~9% in
the BCZT(0.1T) film to ~6% in the BCZT(0.5T) film to as
low as ~2% in the BCZT(1T) film (Table I).

HRTEM is regularly used to locate defects in many thin
film and nanostructures [83—85]. A typical cross sectional rep-
resentative HRTEM image of the BCZT(0.1T) film [Fig. 4(a)]
shows sharp interface (dotted lines) with the LSMO bot-
tom layer and respectively with the STO substrate. Similar
cross-sectional HRTEM images were also obtained from the
BCZT(0.5T) and BCZT(1IT) films. The highly ordered crys-
tallinity and lattice arrangements in BCZT(0.1T) film and
BCZT(1T) film are clearly exhibited in the HRTEM images in
Figs. 4(b) and 4(c) of the BCZT(0.1T) and BCZT(17T) films,
respectively, taken under two beam conditions. The in-plane
(100) lattice parameter in both BCZT (0.1T) and BCZT(1T)
films are calculated to be ~0.39 nm and ~0.40 nm, which
match well with that of calculated values from XRD (Table I).
In Fig. 4(b), HRTEM of BCZT(0.1T) film additionally shows
a high density of dark spots, which are correlated often with
the Vo defects in many reports [86-90]. Together as clus-
ters, the vacancy spots may create nanodomains, which are
~5-7nm in longest diameters here, as seen from Fig. 4(b).
Upon closer inspection, the defects appear as isolated spots or
oblong clusters largely in BCZT(0.1T) film, but sporadically
as smaller single spots in the BCZT(1T) film, showing a clear
decreasing trend due to higher Pp, during deposition. The
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FIG. 4. (a) Cross sectional representative HRTEM image of BCZT(0.1T) thin film. HRTEM image of highly ordered crystallinity and
lattice arrangements in (b) BCZT(0.1T) and (c) BCZT(1T) films taken under two beam conditions, respectively. Red dotted regions denote
the nanodomains created by oxygen vacancy defects. Insets to (b) and (c) show the SAED patterns of the BCZT(0.1T) and BCZT(1T) films,

respectively.

samples were scrutinized in several areas and a similar trend
was uniformly observed throughout. Insets of Figs. 4(b) and
4(c) show SAED patterns of the corresponding films. The
strong reflections in the SAED patterns are associated with
the tetragonal structure of BCZT, whereas the weak reflections
(indicated by arrows) at % reflection sites might originate from
the Vs as observed for the BCZT(0.1T) film. For the [700]
direction, vertical domain structures and spots can be clearly
observed, while for the [00]] direction, horizontal domain
structures and spots can be obviously seen which are shown
by white arrows in the SAED pattern [inset of Fig. 4(b)].
Such % reflection spots are remarkably invisible or extremely
weak in the BCZT(1T) film as shown in the tetragonal SAED
pattern in Fig. 4(c) inset, further suggesting the decreasing
oxygen nanodomains in the high oxygen pressure grown
sample.

B. Low-temperature structural analysis

Figures 5(a) and 5(b) show the temperature dependent
XRD 0-26 scans for BCZT(0.1T) and BCZT(IT), respec-
tively, near the BCZT (002) plane along with STO (200) and
LSMO (200) peaks, measured from 300 to 30 K at regular
intervals of 10 K. The STO (200) peaks are separated into two
peaks for contributions coming from Cu-K,; and -K,, lines.
There is a continuous shift of the BCZT (002) peak position
towards a higher 26 value with the increase of temperature [as
shown in the insets to Figs. 5(a) and 5(b)]. Figures 5(c) and
5(d) show the temperature dependence of the out-of-plane lat-
tice parameter [c(T)] for BCZT(0.1T) and BCZT(1T) films,
respectively, in the temperature range from 300 to 30 K, as
calculated from the XRD scans in Figs. 5(a) and 5(b). From
Fig. 5(c), a sharp change in the slope of the ¢(T") versus T plot
can be observed at around 160 K temperature for BCZT(0.1T)
film. On the other hand, the change in slope of the ¢(T") versus
T plot observed around 164 K for BCZT(1T) in Fig. 5(d)
is quite gradual as compared to the BCZT(0.1T) film. Since
the observed changes in the temperature dependence of the
lattice parameters for the BCZT(0.1T) and BCZT(1T) films
in Figs. 5(c) and 5(d) are quite small in magnitude; they could
possibly indicate local structure changes and may not neces-
sarily be attributed to structural phase transition in the relaxor
BCZT films, as previously reported in the lead-based relaxors
[20,91]. Previously from XRD analyses [Fig. 2(d)], we had
seen that BCZT(0.1T) thin film exhibited higher tetragonality

than BCZT(1T) at room temperature. This higher tetragonal-
ity in BCZT(0.1T) thin film possibly leads to the anomalous
change in lattice parameter at a slightly lower temperature
than BCZT(1T) thin film. The out-of-plane lattice parameters
at 300 K for the BCZT(0.1T) and BCZT(1T) in Figs. 5(c) and
5(d) matches the same calculated from the room-temperature
XRD scans in Fig. 1(b) which affirms that the BCZT (001)
films are tetragonal at 300 K. To our knowledge, the observa-
tion of the low-temperature structural transition has not yet
been evidenced in epitaxial BCZT thin films, possibly due
to the challenges in detecting the extremely small degree of
distortion in the BCZT unit cell above and below the transition
temperature along with the presence of strong twinning in
the lattice. Since the polarization direction of the tetragonal
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FIG. 5. Temperature dependent XRD 6-20 scans performed
about the BCZT (002) plane from 300 to 30 K for (a) BCZT(0.1T)
and (b) BCZT(1T) thin films, respectively. Insets to (a) and (b) show
the close-up view of the temperature evolution of the BCZT (002)
peaks. Out-of-plane lattice parameter (c) for the BCZT unit cell at
different temperatures calculated from the XRD patterns in (a) and
(b) for (c) BCZT(0.1T) and (d) BCZT(1T) thin films, respectively.
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FIG. 6. Temperature dependent (a)—(c) dielectric constant (8;)
and (d)—(f) dielectric loss (tand) for BCZT(0.1T), BCZT(0.5T), and
BCZT(1IT) thin films measured during heating (open symbols) and
cooling cycles (closed symbols), respectively.

BCZT structure coincides with one of the three original cubic
[100] directions, it is difficult to resolve the structural change
using XRD [92].

C. Low-temperature dielectric properties

Figure 6 shows the temperature dependence of the (a)—(c)
dielectric constant &, and (d)—(f) dielectric loss, tand for the
BCZT(0.1T), BCZT(0.5T), and BCZT(1T) thin films during
heating (open symbols) and cooling (closed symbols) cycles
at 100 Hz, 500 Hz, 1 kHz, and 5 kHz frequencies, respectively.
From Fig. 6, it is clearly observed that all the 8; (T) curves
show broad transition peaks at all frequencies with negligi-
ble thermal hysteresis as evident in the heating and cooling
curves. The negligible thermal hysteresis loss observed in
these BCZT films make them attractive for applications re-
quiring thermal recycling such as in electrocalorics [4]. At
the same time, the broad transition peaks increase the op-
erating temperature regime of capacitive and electrocaloric
devices as compared to materials undergoing first order phase
transitions [4]. The generic feature of relaxors, which is a
broad maximum in the temperature dependence of the di-
electric permittivity, whose position Tp, is shifted to higher
temperatures as the frequency of the probing field increases,
is clearly evident in the 5; (T) curves in Figs. 6(a)-6(c) in
the BCZT (001) thin films [8,15]. The dielectric maxima
temperature (7y,) [as determined from the (d e', /dT) vs T plots
at different frequencies, shown in the Supplemental Material
[67] (Fig. S4)], where the maximum dielectric constant (¢, )
is observed in the 8; (T) curves in Figs. 6(a)-6(c) for the
BCZT(0.1T), BCZT(0.5T), and BCZT(1T) films, have been
listed in Table I. As evident from Figs. 6(a)-6(c) and Ta-
ble I, the maximum value of s/r decrease systematically with
increasing Pp,. This observation is also corroborated from
the temperature dependence of real part of impedance (Z')
for the BCZT thin films plotted at different frequencies as

shown in the Supplemental Material [67] (Fig. S5). For the
BCZT(0.1T) film, due to the presence of a large number of
Vo resulting in a higher concentration of free charge carriers,
there is a lower impedance value (Z' ~ 8 MQ at 100 Hz)
as compared to BCZT(0.5T) (Z' ~20MSQ at 100 Hz) and
BCZT(1T) (Z' ~40MQ at 100 Hz). From Figs. 6(a)-6(c)
it is observed that the 7,, values increase and shift towards
higher temperatures at increasing frequencies (as shown by
the dotted arrow). The tand plots also show a maximum at
T, which increases with the increasing frequency. The tan
value is higher for the film grown at lower Pp, because of
higher leakage current as shown in the Supplemental Material
[67] (Fig. S6). From the Supplemental Material [67] (Fig.
S6), it is observed that the leakage current density decreased
systematically from BCZT(0.1T) to BCZT(1T) as the Po, is
increased from 0.1 to 1 Torr, which indicates a reduced con-
centration of Vg and the associated charged carriers within the
films at higher Pp, conditions. In these perovskite thin films,
the Vs behave like donor-type charge carriers providing extra
electrons in the conduction band acting as free charge carriers,
thus participating in current conduction and increasing the
leakage current [76]. The free charge carrier formation can
be estimated as follows [93]:

0o = 30, + V5" +2¢7, (1

where, O¢p is oxygen ion at its normal site and Vg is the
oxygen vacancy. It has been theoretically postulated that the
V{s could be located nearer to the Ti/Zr (B site) ions in the
perovskite BCZT (ABO;-type) structure forming dipolar de-
fects (Vo-Ti/Zr) that could generate a local polar distortion and
possibly create dipolar clusters within the films [53,94,95].
Hence, the complex frequency dependent diffused dielectric
response might possibly be attributed to the formation of
dipolar clusters composed of Vp-mediated dipolar defects in
the BCZT thin films. The degree of diffusiveness (D) of
the dielectric transition can be measured using the following
equation [96]:

= T jar, @

min max

D' = T(ds’,/dr)
where Ty jary a9 T jary
ture of the minima and maxima of (de, /dT) versus T
curves as shown in the Supplemental Material [67] (Fig. S4).
Table I lists the calculated D’ values for the BCZT thin films at
1 kHz frequency. It is revealed that the D’ value is largest for
BCZT(1T) thin film and smallest for BCZT(0.1T) thin film.
The frequency dispersion phenomena, high leakage current
at low Po,, and diffuse transitions as observed in the BCZT
(001) films grown under varying Po, conditions give insight
to a dielectric anomaly due to the formation of dipolar clusters
associated with Vp-induced defect dipoles. The relaxor nature
in the BCZT (001) films is confirmed by fitting the frequency
dependence of T, using the Vogel-Fulcher relationship in
Eq. (3) as previously reported for low-temperature dielectric
relaxation in perovskite [97] and in relaxor BCZT thin films
[47-49]:

represent the tempera-

f= foe~ Ea/kB(Tm—TVF)’ (3)

where E, is the activation energy, kg is the Boltzmann con-
stant, Typ is the Vogel-Fulcher freezing temperature, and fy
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FIG. 7. (a)—(c) Inf versus T plot with Vogel-Fulcher fitting for
BCZT(0.1T), BCZT(0.5T), and BCZT(1T), respectively.

is an attempt frequency. Figures 7(a)-7(c) show the Inf vs
T plots with the Vogel-Fulcher fitting for the BCZT(0.1T),
BCZT(0.5T), and BCZT(1T) films, respectively. It is noted
that the Vogel-Fulcher fitting in Fig. 7 has been performed
across a wide range of frequencies from 100 Hz to 1 MHz
[see Fig. S7 in the Supplemental Material [67] for the 8; (T)
curves]. From Fig. 7 it is evident that there is a very close
match of the experimental data of the frequency dependence
of T,, with the Vogel-Fulcher fitting which validates the freez-
ing behavior of dipolar clusters in the BCZT (00I) thin
films [53]. The fitting parameters used in the Vogel-Fulcher
relation are summarized in Table I. From the figure and Ta-
ble I, it is clearly observed that while f; remains the same,
there is a systematic increase in E, and a corresponding
decrease in Tyg in the BCZT (001) films with the decrease
of Vo concentrations. In fact, the Vogel-Fulcher fitting pa-
rameters for the BCZT(IT) film (fy =1 x 10°Hz, Tyg =
80K) are very close to that of Vp-deficient BaTiOs3 sin-
gle crystal (fy =4 x 10°Hz, Tyr = 78K); which possibly
implies a similar mechanism of dipolar relaxation in these
systems at low Vo concentrations [45]. However, the in-
crease in Typ to higher temperatures and the decrease in
E, values in the BCZT(0.5T) and BCZT(0.1T) films indi-
cate that the dielectric relaxations are strongly influenced
by increasing Vo concentrations. This observation directly
corroborates with the predictions of the recent theoretical

models on Vp-induced dielectric relaxation in traditional FE
perovskites [53,60,98].

D. Mechanisms and modeling

In support of the experimental understanding and conclu-
sions, a mechanistic model is proposed to explain the role
of Vo in the dielectric relaxor behavior in our BCZT (001)
thin films. First, we consider the tetragonal perovskite BCZT
unit cell with no V related defects as schematically shown
in Fig. 8(a). Within the oxygen octahedral, the Ti**/Zr"
ions (B site) are noncentrosymmetric which causes a spon-
taneous dipole moment along the [00]] direction as shown by
blue arrow in Fig. 8(a). Here, we consider that the sponta-
neous polarization is directed along the out-of-plane direction
and proportional to the degree of tetragonality which de-
creases with lower Vg concentrations in our BCZT (001)
films (see Table I) [13]. Recently, the existence of out-of-
plane-oriented Vg dipoles was experimentally established in
strained epitaxial BaTiO3 (001) thin films by analyses of the
crystal and electronic structure as well as the ferroelectric
and optical properties [99]. The formation of the defects was
shown to occur in the presence of in-plane compressive strain
and oxygen-deficient deposition conditions [99]. The in-plane
compressive strain was suggested to favor the formation of
V{s in the Ba-O planes and thus stabilize the out-of-plane
orientation of the dipolar (Vo> = Ti*H)* defects [58,99].
Considering this we assign the location of V5 within the BCZT
unit cell also to be along the [00]] direction [as shown in
Fig. 8(b)] in our epitaxial BCZT (00I) thin films deposited
under varying Pp, conditions and exhibiting in-plane com-
pressive strains. This is also evidenced in the HRTEM images
in Fig. 4 where the V defects are located along the [001] di-
rection [58,99]. The [001] orientation of the V{s in the BCZT
lattice possibly gives rise to (Vo-Ti/Zr) defect dipoles also
oriented along the [001] direction [as shown by yellow arrows
in Fig. 8(b)] similar to that reported in the epitaxial BaTiO3
(001) thin film [99]. The ionic radius of the 0>~ (1.40 A) and
so its vacancy (Vo) is much larger than the ionic radii of Zr*"
(0.72 A) and Ti** (0.67 A) and slightly larger than that
of Ba’* (1.35 A) and Ca®* (1.34 A) in the BCZT struc-
ture; hence, it is considered that the off-centering of the
Ti**/Zr** ions in the tetragonal BCZT lattice does not affect
the position of Vy [see Fig. 8(b)], as previously reported
in the Vp-mediated lead-based perovskites [100]. The dipo-
lar clusters composed of such clustered Vp-related defect
dipoles could possibly govern the relaxor behavior in the
BCZT thin films. For the BCZT(0.1T) film [shown schemat-
ically in Fig. 8(c)], having a higher concentration of Vg, the
defect dipoles (Vo-Ti/Zr) interact with close neighboring de-
fect dipoles to form large dipolar clusters of polar relaxor
states [as shown by yellow color circles in Fig. 8(c)], as
also observed in other FE relaxors [60,74,75,101]. The polar
vectors of these dipolar clusters are proposed to be oriented
“collinear” with the [00]] polar direction (shown by the blue
arrow) of the FE matrix in the BCZT (001) films. Thus, a
coexistence of the polar FE states and relaxor states can be
realized in the BCZT(0.1T) film [53]. Based on the calcula-
tions of oxygen deficiency using XPS analyses (Table I), we
postulate that the percentage of Vi in the BCZT thin films
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FIG. 8. (a),(b) Schematic diagrams of the tetragonal BCZT unit cell in the absence and presence of an oxygen vacancy (Vp), respectively.
The spontaneous polarization and the V;, induced defect dipole are shown by blue and yellow arrows, respectively. (c),(d) Schematic diagrams
of dipolar-cluster formation in BCZT thin films under high and low concentrations of oxygen vacancies, respectively. The yellow circles
represent the collinear dipolar-clusters coexisting in the FE matrix whose polarization directions is denoted by the blue arrow in the BCZT
(001) thin films as shown by the upward arrow along the [00!] direction.

O

which give rise to stable dipolar-cluster formation and the  reported here in the BCZT thin films grown under varying Po,
observed dielectric relaxation behavior vary from 9% in the  conditions.
BCZT(0.1T) film to 6% in the BCZT(0.5T) film to as low as
2% in the BCZT(1T) film, respectively. On the other hand,

for the BCZT(1T) film [shown schematically in Fig. 8(d)], IV. CONCLUSIONS

having lower Vg concentration, the Vp-related collinear dipo- In summary, BCZT/LSMO thin film heterostructures were
lar clusters have less overlap interaction which limits large  fabricated using PLD technique on single crystal STO (100)
dipolar-cluster formations. Li e al. reported that it is ener-  gsubstrates at different Po, from 0.1 to 1 Torr. The varying

getically more favorable to reorient the strongly interacting Vo concentrations in the BCZT films gave rise to a sys-
large dipolar clusters as in BCZT(0.17T) film [Fig. 8(c)] than  tematic tuning of the tetragonality in the BCZT films as
the weakly interacting dipolar clusters in BCZT(I1T) film  evidenced from XRD analysis. XPS analysis showed that (Ti
[Fig. 8(d)]; the activation energy for the dipolar-clusters in 4 Zr)/(Ba + Ca) cationic occupancy ratio increased while
BCZT(0.1T) film is lower than that of the BCZT(1T) film  the percentage of V per unit cell decreased with increas-
as shown in Table I [20]. This is consistent with the phe- ing Po,. Low-temperature XRD analyses revealed a change
nomenological theoretical model predicted by Glinchuk et al. in the lattice parameter at 160 and 164 K for BCZT(0.1T)
for Vp-induced relaxor behavior in the perovskite structure  and BCZT(1T), respectively. Low-temperature dielectric mea-
[53]. The relaxor behavior observed in our BCZT films is  surements showed evidence of relaxor behavior with diffuse
enhanced near the low-temperature dielectric transition where  transitions. Vogel-Fulcher fitting of dielectric dispersion and
the effects of free charge carriers are not that dominant, but T,, confirmed the relaxor behavior of the thin films and re-
the localized defect dipoles forming the dipolar clusters give  vealed that the activation energy of the dipolar clusters formed
rise to the relaxor behavior in the dielectric dispersion as due to Vp-induced defects increases with increasing Po,, as
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evidenced by HRTEM. We propose that the low-temperature
dielectric relaxations observed in the BCZT thin films de-
posited under varying Po, conditions are strongly affected
due to the presence of clustered Vp-induced dipolar defects.
The work provides a fundamental understanding of the relaxor
behavior and the tunability of the low-temperature dielectric
properties through variation of the Vi concentration in lead-
free BCZT thin films.

The data that support the findings of this study are
available from the corresponding authors upon reasonable
request.
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