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Present work focuses on detailed temperature-dependent X-ray diffraction, Raman scattering, domain configu-
ration, and photoluminescence (PL) studies in the (Bag.g5Cag.15) (Zro.10Ti0.90)O3 (BCZT) ceramics. The compre-
hensive Raman spectroscopy analysis in the present work not only validates the presence of the intermediate
orthorhombic phase in BCZT, but also provides evidence of another transition: rhombohedral R3c phase to R3m

at low temperature. Temperature behaviour of the lowest frequency transverse optical mode (soft E (TO)
phonon) and hard modes was studied. Temperature dependence of peak positions, intensities, and linewidths of
Raman phonon modes signalled the presence of phase transitions near —50 + 5 °C, 0+5 °C, 35£5 °C and 110 +
10 °C. Evolution of domain morphology occurring at phase transitions above room temperature was studied by
piezoresponse force microscopy technique. Analysis of PL spectra revealed disorder/heterogeneity in the sample
and indicated the existence of self-trapped excitons. PL spectra are composed of four distinct colour components
(~2.55eV:blue, ~2.32eV:green, ~2.08eV:orange and ~1.78eV:red).

1. Introduction

With the primary objective to discover alternative lead-free piezo-
electric materials which can replace lead containing PZT family, the
worldwide research has witnessed a tremendous upsurge in the last
decade. In this pursuit, among the many non-toxic alternatives, BaTiOs-
based solid solutions with the morphotropic phase boundary (MPB)
composition: 0.5Ba(Tig.gZrg 2)03-0.5(Bag.7Cag 3)TiO3 [hereinafter to be
referred as BCZT], have been the focus of numerous reports after
anomalously high piezoelectric coefficient (d33 = 620 pC/N) was re-
ported in the bulk ceramics by Ren et al. [1]. The observation of
exceptional d33 was attributed to the MPB that included a triple point at
the intersection of paraelectric cubic, ferroelectric rhombohedral, and
tetragonal phases [1]. Subsequently, there have been numerous articles
on pristine and doped-BCZT ceramics reporting on various studies
including piezoelectric, ferroelectric, dielectric, electrostrictive, elec-
trocaloric, energy storage, energy harvesting properties, etc. [2-7].
Besides, there are a few works on Raman studies in BCZT ceramic
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composition that is generally related to the comparative studies with
dopants at room temperature (RT) or temperature dependence within a
small temperature range [8-11]. In the present work, an in-depth tem-
perature-dependent Raman spectroscopy over a much wider tempera-
ture range starting from as low as 7 K (—266 °C) to beyond RT has been
described and analysed to investigate the existence of possible anoma-
lies in BCZT that have not been explored in any previous work. Among
other available methods, Raman spectroscopy is a highly informative
and effective tool for the identification of local structural distortions,
and low symmetry ferroelectric phases because Raman response is
phonon-based and, as a result, is sensitive to the short-range (unit cell
level) changes in the structure [12,13]. While, understandably, Raman
measurements probe structural features on the local length scale, XRD is
best suited for the structure analysis on a larger length scale. Using the
complementarity of both techniques, we present a detailed under-
standing of the evolution of phase transition over a wide temperature
range.

Furthermore, there is a dearth of work focussing on the temperature
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behaviour of domain morphology and the optical properties, particu-
larly on photoluminescence (PL) in pristine BCZT ceramics. Piezores-
ponse Force Microscopy (PFM) technique which is an established tool
that enables non-destructive visualization of domains at nanoscale, was
used to comprehend the changes in domain morphology occurring with
phase transitions above RT. As far as PL spectroscopy studies are con-
cerned, most articles in literature are primarily centered on rare-earth
doped BCZT ceramics [14-16]. In the present work, therefore, an
attempt was made to perform temperature-dependent PL studies to
probe undoped BCZT ceramics, which have not been explored so far.

1.1. Experimental details

Bag.g5Cag.15Tig.9Zrp.103 (BCZT) bulk ceramics were synthesized by
the solid-state reaction method via mixing the stoichiometric ratios of
BaCO3 (99.9%), CaCO3 (99%), TiO2 (99%), and ZrOy (99%). Initial heat
treatment included calcination at 1200 °C for 6 h. The cylindrical pellets
were fabricated by uniaxially pressing the calcined powder and were
subjected to sintering at 1450 °C for a dwelling time of 2 h.

The microstructure was assessed by Field Emission Scanning Elec-
tron Microscopy (FESEM, Hitachi S-4100). X-ray diffraction was per-
formed on a Phillips X Pert diffractometer (Almelo, Netherlands), using
Cu K, radiation in the range 20° < 26 < 80° and for temperatures be-
tween —100 °C and 130 °C. Raman spectra in the 180° geometry were
recorded with a Horiba Jobin Yvon T64000 spectrometer equipped with
a liquid nitrogen-cooled charge-coupled device detection system in
subtractive dispersion mode. Ar' ion laser (Spectra-Physics Stabilite
2017) with 2 = 514.5 nm and power 5 mW was used as an excitation
light source. Spectroscopic low-wavenumber measurements were per-
formed in the subtractive dispersion mode, which attained a low-
wavenumber limit of 8 cm™! in the present setup. The deformation of
the low wavenumber spectral edge by an optical slit, which sometimes
smears the real features of low-wavenumber spectra, was carefully
eliminated by rigorous optical alignment. Temperature-dependent
measurements were carried out with a closed-cycle ARS CS204-X1. SS
helium cryostat in the temperature range 7-410 K (—266 to 136 °C). The
temperature was monitored by a LakeShore DT-6SD1.4 L silicon diode,
having a temperature stabilization accuracy ~0.1 K. The sample was
placed on an indium pad open at one side and fixed to the cold finger of
the cryostat. During the data acquisition, a vacuum of 10~® mBar was
maintained in the cryostat. Regarding the interpretation of results, data
has been represented in terms of degrees Celsius instead of the Kelvin
scale.

For PFM observations, the as-sintered sample was rigorously pol-
ished. Mechanical stress induced by polishing was relieved by annealing
the pellet at 400 °C in air for 2 h followed by very slow cooling. PFM
investigations were performed using a commercial Atomic Force Mi-
croscope (MFP-3D, Asylum Research, Oxford Instruments, UK), equip-
ped with a high-temperature module. The vertical PFM (VPFM) signal
was acquired in Dual AC Resonance Tracking (DART) mode at the
contact resonance frequency of cantilever (=300 kHz) and 1 V ampli-
tude. Scansens commercial cantilevers with W5C tip coating with a
typical curvature radius of about 35 nm (as specified by the manufac-
turer) were used.

For photoluminescence measurements, a homemade setup consisting
of He—Cd laser (325 nm) and monochromator (SPEX 1701/02) assembly
placed in orthogonal geometry was used. Emission from the sample
placed between the laser and monochromator was collimated and
converged into a tiny spot to enter the monochromator. A notch filter
was used to allow only the emission radiation and discard the reflected
laser radiation. A thermoelectrically cooled photomultiplier tube re-
ceives and detects the signal from the monochromator. For low-
temperature PL measurements, the sample was mounted in a liquid
helium closed-cycle cryostat to adjust the temperature from 20 to 150 K
using a temperature controller.
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2. Results and discussion
2.1. Grain morphology and compositional determination

Prior to any characterization, an investigation of the quality and
morphological features of the prepared ceramic was undertaken. Fig. 1a
depicts the SEM image of the as-sintered surface of BCZT generated
using the secondary electrons. A dense microstructure with a wide grain
size distribution is revealed. An estimated average grain size ~27 +
0.67 um was obtained. The measured apparent bulk density value was
~5.54 g/cm® which is ~95.8% of the theoretical density (5.78 g/cm®).
To ascertain the compositional homogeneity, elemental distribution
within the ceramic matrix was characterized using energy-dispersive x-
ray analysis (EDX), as shown in Fig. 1b. Quantification of the constituent
elements was done using EDX analysis data, which revealed that the
atomic percentage of elements is in good approximation to the expected
values in the nominal composition of the studied BCZT system (inset of
Fig. 1b). The experimental values are indicated in the figure along with
the theoretical values in parenthesis. Fig. 1c delineates the distribution
mapping of all the constituent elements (Ba, Ca, Zr, Ti, and O) within the
ceramic bulk of the corresponding micrograph (Fig. 1a), unveiling a
highly homogenous distribution. The elemental mapping images as seen
in Fig. 1(d-h) depict that the individual elements are evenly distributed
at a local scale.

2.2. X-ray diffraction

Interpretation of XRD, in particular with the reference to BCZT has
never been unanimous regarding its structural state, likely due to
probable causes: (a) “pinching” of orthorhombic symmetry by the
approaching R and T phases [17], (b) nearly similar pseudo-cubic lattice
parameters of Amm2 and R3m phases [18]. To determine the phase
composition in the present BCZT sample, Rietveld refinement of the XRD
data was performed using different phase combinations including
tetragonal P4mm (T), orthorhombic Amm2 (O), and rhombohedral R3m
(R) symmetries. Standard GSAS refinement software [19] with a
graphical interface EXPGUI [20] was utilized for fitting. The fitted XRD
pattern for the tri-phase model considering all the three phases together
(P4mm + Amm2 + R3m) is shown in Fig. 2. The Rietveld refinement
agreement factors are enlisted in Table 1.

In addition, refinement using a single-phase orthorhombic and
single-phase tetragonal system was also carried out, which resulted in a
poor fit. The two-phase R3m + Amm2 model did not result in a stable
refinement. As one can see, the refinement agreement factors for the
R3m + P4mm model are principally more acceptable than the rest,
owing to the minimum y? value. Therefore, it seems reasonable to infer
that the crystallographic state at room temperature in the BCZT com-
pound is characterized by the co-existence of two ferroelectric phases
with space groups P4mm (tetragonal) and R3m (rhombohedral). How-
ever, one must take into consideration that the refinement software can
get minimum chi-square with several different combinations of the
FWHM and lattice parameters, and there is always a possibility that the
refinement is trapped in local minima. In other words, the FWHM and
lattice parameters of the phases can influence fitting of the high-
intensity peaks slightly better, while y? is not much affected by misfits
of weak intensity peaks. Consequently, y? cannot be the best criterion in
such situations. Hence, even though y? is lowest with the T + R model;
its XRD profile shows clear misfit regions, as perceptible from the
magnified {111} and {200} peaks (Fig. 3a and b). Similarly, the O + T
model also exhibits misfit regions (Fig. 3c and d). Indeed, excellent
quality of the fit to the observed pattern of low angle peaks is evident
with the inclusion of the A2mm phase in the structural analysis (T + O +
R model) as can be seen in Fig. 3e, f. Based on these observations, it is
concluded that the room temperature phase of the BCZT system is
characterized by the co-existence of PAmm + Amm2 + R3m symmetries.
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Fig. 1. (a) SEM micrograph (b) EDX spectrum and inset depicts the atomic percentage of elements along with expected values (in parenthesis) (c-h) elemental
mapping corresponding to micrograph (a), of the BCZT system. Scale bar in (d-h) is 30 ym.
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Fig. 2. (Colour online) Fitted powder diffraction patterns obtained by Rietveld
refinement using PAmm + Amm2 + R3m space group combinations. The small
vertical bars above the difference profile indicate the positions of Bragg re-
flections (T: tetragonal; O: orthorhombic and R: rhombohedral phase).

The weight fractions of PAmm: Amm2: R3m, as obtained from the Riet-
veld analysis, were found to be 59:29:12. The unit cell and structural
parameters, extracted from the Rietveld crystal structural refinement of
BCZT for the PAmm + Amm2 + R3m model, are presented in Table 2.
Fig. 4 demonstrates the XRD profiles of a few selected Bragg re-
flections ({200}, {220} and {222}), between —100 and 130 °C.
Noticeable changes can be observed in the profile shapes and positions
at different temperatures. The rhombohedral phase, which is charac-
terized by a doublet {222}, can be visualized at —100 °C. The R3m
distortion splits the {222} peak into two peaks with rhombohedral
Miller indices being (222)g and (22-2)g. On further heating, the next

Table 1

Rietveld agreement factors and phase composition of BCZT performed for different

deviations.

transition is evident at —10 °C. For instance, a hump develops on the
right of the main peak in {200} profile at —10 °C marking a transition
into the orthorhombic phase. Likewise, we note a change in the {222}
profile at —10 °C, where the doublet related to the orthorhombic phase
can be seen. Concerning the Amm2 phase, the two orthorhombic peaks
have the indices (240)p and (204)¢o. These doublets with nearly equal
intensity for Amm2 appear in the immediate proximity on either side of
the tetragonal (222)7 peak at 30 °C, as is evident from Fig. 4. For the
P4mm structure, the {222} peak is a singlet. Additionally, distinct
changes are perceptible at 30 °C in all the profiles, indicating a clear
transformation into the tetragonal phase. Also, it may be worth noting
that rhombohedral (22-2)g and the orthorhombic peak (204)p both
appear on the right side of the tetragonal (222)1 and overlap. However,
the distinct separation of (222)g and (240)¢ peaks serves as a guide to
ascertain the presence of R3m and Amm?2 phases, respectively, in BCZT
[18]. Similarly, noticeable changes are perceptible in the evolution of a
{200} profile.

2.3. Raman spectroscopy

2.3.1. Evolution of Raman spectra with temperature

Fig. 5a illustrates the Raman scattering spectrum obtained at room
temperature in the wavenumber range 20-1000 cm . The spectrum has
been de-convoluted into its characteristic vibration bands and assigned
to their respective phonon modes based on the observed modes in the
Raman spectrum of BTO [21,22]. Typically, the phonon modes in a
tetragonally distorted ferroelectric phase (P4mm space group) in BTO
are represented as: 3 [A; (TO) + A; (LO)] + By + 4 [E (TO)+ E (LO)]
[23]. In the present BCZT compound, the spectrum includes all modes
allowed by Raman selection rules; however, except for the forbidden
prominent peak near 555 cm ™' (marked °#’) and broadening of bands

models (T + R; T+ O and T + R + O). Values in parentheses give the standard

Agreement factors

Phase compositions (wt. %)

No. of variables R2(%) Ry (%) R, (%) Ve Tetragonal Rhombohedral Orthorhombic
(P4mm) (R3m) (Amm2)

23 6.53 9.23 6.82 5.52 75.67 (5) 24.33 (9) -

19 8.94 10.56 7.9 9.45 81.96 (1) - 18.04 (4)

23 8.11 9.757.19 6.34 58.91 (1) 12.08 (4) 29.01 (8)
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Fig. 3. (Colour online) Rietveld fitted x-ray powder diffraction profiles of low-angle pseudocubic {111} and {200} reflections fitted with different models. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

associated with compositional disordering. The otherwise strong spec-
tral dip observed in BTO near 180 em ™! [12] and understood as a result
of the anti-resonance effect owing to anharmonic coupling among three
A; (TO) phonons, is less pronounced in the BCZT composition. More-
over, the band at ~308 cm ™, which is considered as a signature of the
tetragonal phase at room temperature, is no longer a sharp peak (as in
BTO) and appears as a weak broad shoulder band in BCZT. Dominant Ay
(TO) character is evident for the peaks observed near 265 cm ! and 520
cm™Y; the former being associated with polar Ti-O vibrations while the
latter is related to distortion in the TiO4 plane and bending of the Ti ion
and apical oxygen atoms. Observation of phonon mode at 555 cm™! has
been reported previously in other BTO-based compositions as well [21,
24,25]. Generally, additional phonon modes appear owing to size ef-
fects, change in inter-atomic forces due to chemical substitution and
high mechanical pressure which causes disorder in the position of Ti
atoms that breaks the Raman selection rules [21,26-28]. The charac-
teristic LO mode at ~725 cm ™ is due to the bending and stretching of
BOg octahedra giving it a mixed A; and E character. The appearance of
an additional phonon mode at 751 cm™! (marked °§’), is splitting of the

LO mode attributed.

To the heavier Zr substitution [29-31]. An alternative explanation
for the occurrence of mode at 750 cm ™! was provided by Lazarevic et al.
[32], who claimed it to be due to the multiphonon process. The broad
mode at ~800 cm ™ (A1) is an octahedral breathing-like mode resulting
from the presence of two or more B-site species [33] and it may appear
regardless of the presence or absence of a ferroelectric phase [29].

Fig. 5 (b) represents the evolution of Raman spectra with tempera-
ture collected between —266 °C and 410 °C, while Fig. 5c illustrates de-
convoluted spectra for a few selected temperatures. Peak positions were
estimated by fitting the data with Gaussian components. Inset of Fig. 5b
displays the magnified view of the low wavenumber region 20-400 cm-1
for temperatures between - 266 °C and room temperature. It may be
noted that, since most features of the modes in the R phase include those
from O and/or T phase and given the complexity of BCZT crystal
structure, it becomes difficult to exclude the existence of the latter or
both phases. Nonetheless, the characteristic evolution with increasing
temperature, like gradual softening of the main modes together with
broadening and simultaneous loss of intensity/complete disappearance

2831
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Table 2
Unit cell and structural parameters as obtained from the Rietveld crystal struc-
tural refinement of BCZT for the PAmm + Amm2 + R3m model.

Unit cell Atomic coordinates
parameters Atoms  Wyckoff X Y Z Uiso
position (A2)
Tetragonal
(space group: Ba/Ca la 0.000 0.000 0.000 0.34
P4mm) 7)
a=b= Ti/Zr 1b 0.500 0.500 0.413 0.12
3.9845 (DA 6] )
c=4.0018 (2) o1 1b 0.500 0.500 0.314 0.39
A ¢y) @
c/a = 1.004 02 2c 0.500 0.000 0.517 0.27
(2) ®3)
a=f=y=
90°
Volume =
63.534 A3
Rhombohedral
(space group: Ba/Ca 3a 0.000 0.000 0.000 0.8
R3m) 5)
a=5.7756 (2) Ti/Zr 3a 0.000 0.000 0.485 0.07
A @ ©
a=pf=y= (6] 9% 0.478 0.522 0.067 0.37
87.34° (5) (€D © @
Volume =
192.069 A3
Orthorhombic
(space group: Ba/Ca 2a 0.000 0.000 0.000 0.12
Amm?2) 4
a=3.9841(2) Ti/Zr 2b 0.500 0.500 0.517 0.33
A 2) (6)
b =>5.6593 (5) o1 2a 0.000 0.000 0.491 0.38
A @ 9]
¢ =5.6501 (6) 02 4e 0.500 0.256 0.236 0.13
A @ @ @
a=p=y=
90°
Volume =
127.395 A3

of the modes with increasing temperature, aid in conjecturing the phase
transitions. It is evident that for temperatures lower than —10 °C, the
BCZT system exhibits rhombohedral phase, verifiable by the presence of
sharp modes in the low-wavenumber region and supported by the
coexistence of the so-called ‘triple mode’ (features 2, 4 and 5 in Fig. 5b
and c); absence of the overdamped soft mode, and presence of peak ~
495 cm™! [E (TO4)]. These characteristic features of the rhombohedral
phase have been previously reported in other BTO-based compositions
like Ba(ZrxTil-x)O3 and/or Ba(SnxTil-x)O3 [29,34-37]. The presence
of peak 2 at ~115 cm! is related to Zr—O motion in the structure and is a
signature of the existence of Zr-based domains with a local
rhombohedral-type structure, and the other spectral dip near 130 cm! is
an interference effect between Al (TO) phonons and appears when two
chemically different BO6 octahedral clusters coexist [33,38]. With an
increase in temperature, significant changes can be observed. As seen in
the inset of Fig. 5b, peak 6 gradually broadens while peak 5 is gaining
strength. Also, the [E (TO4)] mode loses intensity by - 50 °C. Addi-
tionally, Peak 1 steadily weakens and subsequently disappears by
—50 °C (Fig. 5b; inset in 5b, and 5c¢). It is worthwhile mentioning at this
point, that the observation of a phonon mode near 60-70 cm™ (peak 1)
has not been reported for BaTiO3. However, activation of this phonon
mode has been well-documented in a similar perovskite, PZT [39-41]. In
the present case, it is possibly, as in PZT, an indication of a transition
from low-temperature rhombohedral phase with symmetry R3c to
high-temperature rhombohedral R3m phase. Distinguishing evolution
observed in the transition R3c—>R3m is reflected in the reinforcement of
peak 5 as opposed to peak 6 and loss of peak 1. From the viewpoint of
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Fig. 4. Evolution of the reflection peaks in the {200}, {220} and {222} profile
as a function of temperature. Miller indices of the distinct peaks in {200} and
{222} profiles are marked.

symmetry, the transition R3c—R3m is accompanied with an instability
of the Brillouin zone corner causing an altered oxygen octahedral tilt
and resulting in a doubling of primitive cell [42,43]. This transition can
be seen in XRD only as superlattice reflections, which is not in this case.
With further increase in temperature, (a) the subtle appearance of mode
[E (LO3), A1 (LO2)] at ~ 470 cm-1, (b) materialization of mode [E
(TO2), E (LO1)] at ~ 178 ecm’}, (¢) drastic reduction in the intensity of
mode 5 i.e. [A1 (LO1)] and (d) disappearance of peak 2 (Fig. 5¢) at
—10 °C signal a transition to the orthorhombic phase. In proximity to
room temperature, the sharpening of [E (LO2)] mode (comprehensible
in Fig. 5¢), together with the disappearance of interference dip at ~180
em™ and dissolution of the intensity gaps between features 3-4 and 4-5
(Fig. 5b and inset), indicates transition to the tetragonal phase. A
coexistence of R-, O- and T-type phases cannot be excluded at this
temperature. The Al (TO) and [A1 (LO), E (LO)] modes near 520 em’!
and 725 cm’, respectively, can be assigned to phase structure with
either R, O or T symmetry [44] and references therein]. Therefore, in
accordance with room-temperature XRD results, the coexistence of R, O
and T symmetries is indicated here as well. The Raman spectrum for
temperatures >110 °C (Fig. 5b and c) is distinguished by (a) significant
drop in the intensity and broadening of the asymmetric band in the vi-
cinity of 520 cm-1, (b) emergence of all the modes in low-frequency
region as a broad hump and (c) disappearance of peaks in the region
700-800 cm-1. These changes irrefutably indicate the T—C transition. In
general, the persistence of the modes that are theoretically forbidden in
the cubic phase implies that this polymorph does not have perfect cubic
symmetry and retains some disorder, which breaks the symmetry locally
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Fig. 5. (Colour online) (a) De-convoluted Raman spectrum at room temperature (b) Temperature evolution of Raman spectra in BCZT recorded between - 266 °C and
410 °C. Inset shows magnified region of Raman spectra between 10 and 400 cm ™~ comprising spectra obtained between-266 and 30 °C and (c) de-convoluted spectra

fitted with Gaussian components.

and permits first-order Raman scattering [45]. More accurately, it is
associated with the presence of local dynamic polar clusters in the cubic
structure associated with the lattice disorder related to the positions of
Ti ions along the cube diagonals [34].

2.3.2. Temperature dependence of bandwidth, frequency shift and intensity
of Raman modes

The qualitative trends described in the preceding section can be
interpreted more accurately from the variations in the temperature
evolution of the Raman band parameters, namely frequency shift, in-
tensity and linewidth of the optical phonon lines. In this regard, the
dynamic behaviour of the lowest frequency transverse optical mode

2833

(soft E (TO) phonon), which is responsible for the lattice instability at
the phase transition, has been of major interest in ferroelectric materials
[46]. However, as can be seen from Fig. 5, the characteristic soft mode
for BTO (E (TO) phonon at ~ 35 cm’l) is highly overdamped in this case.
To quantitatively analyze the temperature dependence of the peak at the
lowest wavenumber (near 70 cm ™! in the present case), Raman spectra
were fitted with a combination of conventional damped harmonic
oscillator (DHO) type phonon function corrected for the Bose-Einstein
temperature factor [47]:

24,0%y,0
I(CU):F((!]7T)~Z g 3
7 (05 — 0?)” +dyia?
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where A, wp and y denote the intensity, harmonic wavenumber and
damping constant, respectively, of the corresponding excitation indi-
cated by the subscript. The temperature factor F (w, T) is calculated by
Ref. [47]:

n(w) + 1(Stokes part)
n(w)(anti — Stokespart)

() = |ex o 1 B

n = p T )

where 7 and kp are the reduced Planck’s constant and the Boltzmann
constant, respectively.

Fig. 6 illustrates the dynamics of this lowest wavenumber. The
behaviour was studied considering it to be the soft mode whose wave-

number is described by ws( = /w3, — y2) [48]. Since w; becomes over-

damped in a wide temperature range (hatched area), the effective
wavenumber, gy (= w%s /7,) was calculated instead and its temperature
variation is shown in Fig. 6. With increasing temperature, g initially
decreases, then levels off near T. and thereafter hardens. Analysis re-
veals that this vibrational line near 70 cm ™' does not exhibit pure soft
mode behaviour for which the frequency should exhibit its minimum at
T, [49].

In contrast to the investigation of soft modes, it has been shown that
hard mode spectroscopy is even more powerful for the analysis of phase
changes under structure transformations [50]. Since the characteristic
length of high-frequency phonons is very short, any short-range static
and/or dynamic change in structure is expected to show systematic
modulations in terms of the slope changes in their band characteristics
[50,51]. Therefore, high wavenumber region (400 - 900 cm’l) was
studied in greater detail by using very small temperature intervals be-
tween the measurements (0.4 °C). The most pertinent band character-
istics are presented in the following discussions. Fig. 7 summarizes the
results for the transverse optical Raman modes at ~495 cem ! [E (TO4)],
~525 em ™! [A; (TO3)], and ~555 ecm™! that clearly demonstrate the
signatures of phase transitions seen as discontinuities and slope changes
in the temperature evolution of their intensity, line width and wave-
number. Fig. 7a illustrates the temperature dependence of normalized
intensity for the modes at ~495 cm ! and 525 cm ™. The temperature
anomalies suggesting phase transformations are marked by
dotted-dashed vertical lines in this plot. The intensity of vibration mode
(at ~ 495 cm’l) is found to continuously weaken with increasing tem-
perature, and gradually falling to zero at around - 50 °C. Signature of the
T-C phase transition is apparent with the loss of intensity of the phonon
mode [A; (TO3)] at a temperature 130 °C, which is higher than that

F(a)7T):{

0 o, =y, ~7;
150 o “’efwaozx/Vv
'8
)
g %
'ﬁ > 9
£ 100 d,° )
g )
= P R
-
50
o
. % . .
200  -100 0 100 200 300 400

Temperature (°C)

1

Fig. 6. Analysis of the lowest vibrational line at ~75 cm™ " in terms of soft

mode wavenumber (w;) and effective wavenumber (wef).
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obtained by dielectric measurement. In addition, slope changes were
perceptible at ~0 °C and ~35 °C also. Since the intensity of the vibra-
tional line at 525 cm™! is known to be proportional to the dielectric
anomaly through the fluctuation-dissipation theorem [52,53], it is
worth studying its intensity variation for the entire temperature range.
The same is depicted in Fig. 7b. As seen, this mode is present across the
entire temperature range, gradually losing strength and finally dis-
appearing at ~130 °C. Moreover, the detectable slope changes are in
close agreement with the anomalies observed in the dielectric properties
of BCZT samples. It may be noted that, both the transitions (R—O and
O-T) are corroborated by an inflection in the loss tangent and
permittivity curves (Fig. 7b), however the transitional event
(R3c—R3m) is not reflected in the dielectric measurements; a fact being
often observed in ferroelectrics wherein phase transitions affect prop-
erties like elastic or Raman modes but are not mirrored in their dielectric
response [11]. The small discrepancy between the Curie-temperature
values is due to the difference in coherence length (spatial magnitude)
and time scale of the physical phenomenon measured by the two tech-
niques. For Raman investigation, it is much smaller in comparison to
dielectric measurements. Moreover, the incomplete T—C transition at
the dielectric Curie temperature and presence of residual ferroelectric
symmetry into the cubic phase is well-documented and already dis-
cussed in the preceding section. At this point, there is another obser-
vation worth noting in Fig. 7b which is related to the broad maximum in
loss tangent curve in the temperature range —200 to —75 °C. The
tans-peak was observed to shift towards higher temperatures with
increasing frequency, implying a thermally activated process (figure not
shown here). The behaviour was parameterized by fitting the data using
both: the simple Arrhenius-type empirical relation and the more com-
plex ‘freezing’ process described by the Vogel-Fulcher model. Best fit was
obtained using the Vogel-Fulcher model that yielded fitting parame-
ters:f, = 1.75 x 107+3 Hz, E; = 1.26 £+ 0.41 meV and Tyr = —140.64 +
4.74 °C, and good quality of fit determined by a reduced y> = 0.19516.
The low-temperature relaxation phenomenon in the studied BCZT
sample was attributed to the local relaxation process within the R phase.

In Fig. 7c, the temperature dependence of frequency shift in vibra-
tional lines ~496 cm-1 and ~555 cm —1 clearly indicates phase tran-
sitions near —50 °C and ~0 °C, respectively. Fig. 7d demonstrates the
temperature variation of the bandwidth (FWHM) of the studied modes.
Distinct slope changes are perceptible and are marked accordingly in the
figure. Raman and dielectric results are merged to elucidate the corre-
lation between them. The phonon mode near 555 cm™ initially broadens
as the temperature is raised, then shows a slope change near - 5 °C and
~40 °C. Whereas, mode Al (TO3) exhibits slope changes near - 50 °C
and ~40 °C. On the other hand, E (TO4) mode weakens as the tem-
perature increases and is finally lost near - 50 °C.

In a nutshell, the detailed analysis of Raman results provides the
evidence of four phase transitions in the studied BCZT system at: —50 +
5°C,0+5°C,35+5°C,and 110 £ 10 °C. Modulations near —50 °C are
assigned to the transition from the low-temperature R phase into
another R phase (R3c—R3m). The subsequent transition observed close
to 0 °C marks the transition R—O and the following phase transition is
identified as transformation O—T. The ultimate transition in the phase
sequence represents the ferro-paraelectric transition, observed near
~110 + 10 °C.

2.4. Piezoresponse force microscopy (PFM)

To explore the temperature-induced modifications in the domain
morphology of the BCZT ceramic sample, temperature-dependent PFM
measurements were conducted for the sample that was continuously
heated and cooled at the rate 5 °C/min. The measurements were per-
formed in a Dual AC Resonance Tracking (DART) mode to gain reso-
nance amplification. A representative area 15 x 15 ym? of the sample
was explored as shown in Fig. 8a. The topography image shows the
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typical defects: grain boundaries and pores, characteristic for a sintered
polycrystalline ceramic. Fig. 8(b-f) display piezoresponse amplitude
images acquired at different temperatures (heating and cooling cycles).
At room temperature, domains appear as alternating bands with a
combination of bright and dark contrasts representing alternating po-
larization directions from one domain to its immediate neighbour. The
right-angled lamellar structure observed in Fig. 8b is a typical feature of
the domain structure in BaTiO3 ceramics having tetragonal symmetry.
Additionally, blotched regions with a considerable out-of-plane piezor-
esponse were also found (marked as a boxed region in Fig. 8b). Based on
XRD results, it is believed that the blotched region at ambient

= Gramn

boundaries

temperature consists of complex nano-lamellae of orthorhombic/
rhombohedral-phases in the tetragonal matrix. Development of the do-
mains corresponding to the R3m phase must occur within the already
existing complex orthorhombic domains, which are grown in the pre-
existing tetragonal domains. Such a complex domain structure with
the co-existence of irregular nano-domains along with regular domains
has been reported in the two-phase (R-T) coexisting state in 0.96
(Ko.4Nag g) (Nbg.96Sbg.04)03-0.04Big.5Kg.5Zr(.855n0.1503 ceramics [54].
Moreover, in-situ cooling TEM observation has shown the development
of miniaturized R-nanodomains inside the T-domain lamellas of
BZT-0.5BCT ceramic when it was cooled down to 25 °C [55].

Fig. 8. (colour online) (a) Topography of the polished specimen of the BCZT ceramic Vertical piezoresponse force microscopy (VPFM) images at various temper-
atures. (b)-(d) represent images when heated from 26 °C to 150 °C while (e)-(f) show images while the sample was cooled.
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When the temperature increases to 70 °C (Fig. 8c), the ceramic
evolves to the tetragonal phase and is accompanied with an observable
reorganization of domain structures between 26 °C and 70 °C. At 70 °C,
there is increased stability of the tetragonal phase and the domain
evolution is characterized by an increase in 90°-lamellar domains along
with more distinct domain boundaries. Still further, as the temperature
is increased to 150 °C (Fig. 8d), the lamellar domains fade away only to
reappear when the sample was cooled to room temperature (Fig. 8f)
through the tetragonal phase transition at 70 °C (Fig. 8e). The dissolu-
tion of the lamellar domains at high temperature signifies the transition
to the paraelectric cubic phase. It is noteworthy that, even at 150 °C,
there exist regions with blotched domain structure. Perseverance of the
polar regions beyond T, is in line with the observation of otherwise
forbidden Raman modes in the cubic phase (as discussed in the pre-
ceding section IIla on Raman spectroscopy).

2.5. Low-temperature dependence of photoluminescence

Fig. 9a illustrates the PL emission spectra measured at various tem-
peratures between 20 and 150 K, observed under the excitation of a laser
beam with a wavelength of 325 nm. The PL emission exhibits a broad
band covering a large part of the visible spectra. Fig. 9b shows PL spectra

Ceramics International 47 (2021) 2828-2838

at a few selected temperatures, deconvoluted into four distinct bands or
colour components showing their respective photon energy maxima
(~2.55eV:blue, ~2.32eV:green, ~2.08eV:orange and ~1.78eV:red).
The PL profile is typical of a multiphoton process involving different
electronic transitions generated by different degrees of structural order-
disorder in the studied ceramic [56]. It is also evident that, with
increasing temperature, there is no appreciable frequency shift but PL
intensity changes drastically. Since no dopant (i.e. a PL emission center)
was intentionally added to BCZT, the observed emission is, therefore,
due to the existence of intrinsic defects rather than to an extrinsic PL
mechanism. It is well known that the electron band structure of ordered
parent compound BTO has low-lying narrow conduction bands from
Ti—3d orbitals and valence bands from O—2p states and the band gap, E;
ranges between 2.9 and 3.4 eV for the tetragonal phase; while E, is
higher (~4.9 eV) at lower temperatures in the rhombohedral phase
[57]. From our PL results in BCZT performed in the R phase, it is quite
apparent that the excitation energy 3.81 eV (325 nm) is lower than Eg
and the maximum profile emission centered at ~2.55 eV is also lower
than the band gap energy. Therefore, it is understood that certain
localized luminescence states must exist within the band gap because
the direct recombination of a conduction electron (in the Ti-3d and/or
Zr-4d orbitals) and a hole in the O-2p valence band is unlikely.
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Fig. 9. (a) Evolution of photoluminescence spectra in BCZT with temperature from 20 K to 150 K, (b) Deconvolution of PL spectra into four colour components (1:
Blue; 2:Green; 3:Orange and 4:Red) at selected temperatures, (¢) Wide band model: (c1) before excitation (c2) excitation — formation of STE, and (c3) after
excitation — recombination of e’ and h® for the PL emission (c4) transitions in shallow traps associated with visible colour centres 1,2 and deep traps with colour
centres 3,4. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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The photoluminescent properties of titanates and zirconates with a
disordered perovskite structure have been studied by several authors
owing to the distinct potential of these materials for electro-optic ap-
plications [58-61]. The optical properties of such disordered structures
are, in general, characterized by the presence of a broad PL band. It was
proposed that the localized electronic states within the energy band gap
act as radiative centres and account for the observed intense PL
response. For instance, in their report on Ba(Zrg.25Tig 75)O3 thin films,
Cavalcante et al. [62] put forth a theoretical model to account for the
observed intense visible PL. They explained that the intermediate states
were caused by structural defects such as [ZrOs]-[TiOg] or [ZrOgl-[-
TiOs] clusters and that the oxygen vacancies (V3 = Vg, Vg, V') play an
important role in the PL emission via recombination of electrons in
oxygen vacancies with photoexcited holes. Fig. 9c1 illustrates the con-
duction band formed due to Zr-4d and or Ti-3d energy levels and the
valence band created from O-2p levels. The shallow and deep trap levels,
formed due to structural defects and oxygen vacancies in the band gap,
are also shown. With the incidence of laser photon of energy hv, elec-
trons are excited from the deep (shallow) hole traps to the deep
(shallow) electron traps. The excited electron and the newly created hole
form what is called a self-trapped exciton (STE) [63], as shown in
Fig. 9c2. When the excited electron (e') jumps back to its original state,
the electron recombines with the hole (h*) and the difference of energy
(hv") is emitted as a photon (Fig. 9¢3). Fig. 9c4 depicts the mechanism of
the generation of four colours observed in Fig. 9b.

The temperature dependence of PL reveals that as the temperature
rises, the PL intensity becomes rather weak (Fig. 9a) and quenching
occurs at about 150 K in BCZT. This occurrence indicates a decrease in
STEs and the ensuing low recombination rate [60]. Also, the peak PL
wavelength did not show any shift with temperature. In general, a
discontinuity in the variation of PL wavelength with temperature in-
dicates a phase transition, which is not detected in this case indicating
the absence of any phase transition in the studied temperature range.

3. Conclusions

High-quality (Bag.gsCag.15) (Zro.10Tio.00)O3 ceramic was fabricated
by the solid-state reaction method. Rietveld refinement of the room
temperature XRD data revealed that the composition is characterized by
the coexistence of three phases: tetragonal (P4mm), orthorhombic
(Amm2) and rhombohedral (R3m), with tetragonal as a dominant phase.
Detailed analysis of Raman spectroscopy results not only validated the
existence of the intermediate orthorhombic phase but also signalled the
presence of a subtle transition from R3c to R3m in the rhombohedral
phase. The exhaustive investigation of temperature evolution of in-
tensity, bandwidth, and frequency shift of Raman modes confirms the
phase sequence as: R (R3c) - R (R3m) —» O — T— C in the BCZT com-
pound. It is also concluded that the R3m phase is preserved as a meta-
stable phase in the Amm2 stability region and the existence of both
Amm2 and R3m as metastable phases near room temperature is
confirmed. All these observed changes may be understood as a result of
the subtle balance of forces required to stabilize the intermediate
tetragonal and orthorhombic phases in Ca- and Zr co-doped BTO and
correspond to the modifications in the short-range order that occur upon
rearrangement of the respective R, O, T and C phase fractions. The above
results are indicative of the very sluggish nature of the transitions in the
BCZT in general.

Besides, temperature-dependent local PFM studies showed apparent
changes in the domain configurations implying a transition from co-
existing phases at ambient temperature to a stable tetragonal, and
finally to a cubic phase. Photoluminescence spectra showed four distinct
bands or colour components with respective photon energy maxima
(~2.55eV:blue, ~2.32eV:green, ~2.08eV:orange and ~1.78eV:red). PL
spectroscopy studies revealed that the addition of Ca and Zr into BTO
not only causes structural disorder in the system but also indicated the
existence of self-trapped excitons in the BCZT system.
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