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ARTICLE INFO ABSTRACT

Keywords: Highly oriented Pb(Zr 53Ti¢.47)0.905C0.1003 (PZTS) thin films were deposited on Lag ¢,Sr( 33Mn0O3 (LSMO) buffer
PZTS layer coated on MgO (100) substrates by following two subsequent laser ablation processes in oxygen atmo-
PLD sphere employing pulse laser deposition technique. The PZTS films were found to grow in tetragonal phase with

Diffuse phase transition
Energy storage
Thin films

orientation along (100) plane as inferred from x-ray diffractometry analysis. The structural sensitive symmetric E
(LO») Raman band softened at elevated temperature along with its intensity continuously decreased until it
disappeared in the cubic phase above 350 K. The existence of broad Raman bands at high temperature (> 350 K)
is attributed to the symmetry forbidden Raman scattering in relaxor cubic phase due to symmetry breaking in
nano length scale. The temperature dependent dielectric measurements were performed on metal-ferroelectric-
metal capacitors in the frequencies range of 10°-10° Hz was observed to be diffused over a wide range of
temperature 300-650 K and exhibits high dielectric constant ~5700 at room temperature. An excellent high
energy storage density (U,.) ~54 J/cm® with efficiency ~70% was estimated at applied voltage 1.82 MV/cm.
High DC breakdown strength, larger dielectric constant and high restored energy density values of our PZTS thin
films indicate its usage in high energy storage applications.

1. Introduction

Due to the increasing trend of fossil fuel consumption, it has cer-
tainly been anticipated worrisome about future energy supply and its
devastating impact on the eco-friendly environment. Therefore, in re-
cent years, researchers have been attempting to find other alternative
sources of energy by the development of new technologies for low-cost,
high energy storage and power sources [1,2]. Ironically, renewable
resources can replace fossil fuels; however, the energy produced from
renewable resources is primarily electrical energy, which often in-
troduces the challenge of energy storage. Solving the problem of elec-
trical energy storage is the most challenging prerequisite issue in the
possible transition to a renewable energy economy era. Therefore, it is
of interest to have better and more efficient solutions as far as electrical
energy storage is concerned. In the most recent years, dielectric capa-
citors with high energy-storage densities have attracted prominent in-
vestigation due to their potential application in modern electronics and
electrical power systems. In addition, it can be of great choice for
electronic applications [3-5] (lasers, wind power generator, and med-
ical defibrillators) as power inverter and a pulsed power source.

* Corresponding authors.

Dielectrics materials for high energy densities have been mainly fo-
cused on linear dielectric materials (LDs), ferroelectric materials (FEs),
Relaxor ferroelectric (RFs) and antiferroelectric materials (AFs). Among
these, RFs and AFs are more commonly used dielectric capacitors due to
their higher energy storage densities than those of LDs and FEs [3,6-8].
Relaxors behaviors in a ferroelectric are governed by the evolution of
polar nanoregions (PNRs), originated from the chemical frustration
occurs in a compositionally induced disordered system to maintain
charge neutrality [9]. Relaxors ferroelectrics have unique physical
properties such as high dielectric constant, broad temperature and
dispersive frequency maximum of the dielectric permittivity, the giant
piezoelectric effect [10,11]. The slim polarization-electric field (P-E)
hysteresis loop of relaxor ferroelectrics yields a more substantial area to
store the energy and exhibits high discharge capacity [8,12].
Remarkably, the responses of linear dielectric and a nonlinear di-
electric such as ferroelectric and/or relaxor-ferroelectric under applied
stimulus electric fields can be explained by the behavior of typical
polarization P and permittivity € with respect to applied electric field E
(Fig. 1). For these materials, their effective energy density can be de-
termined by the shaded area of the P-E diagram (Fig. 1) [8]. The
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Fig. 1. A schematic diagram of the P-E behavior of linear dielectric (LD), fer-
roelectrics (FE), and relaxor- ferroelectrics (RF) materials.

recoverable electric energy density per unit volume, U,., is released on
discharge from E,,., to zero, represented by the green shaded area in
Fig. 1, which can be obtained by integrating [13].
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U, = /' EdP
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where E is the applied electric field, P is the displacement charge
density for ferroelectric materials, and P, is the remnant polarization.
Similarly, when the electric field increases from zero to the maximum
Emax, the polarization increases to the maximum P, and electric
energy is stored in the capacitor as Uy. One can define the energy
storage efficiency n as

G X 100%

st

1 @

The lead zirconate titanate (PZT) in the vicinity of morphotropic
phase boundary (MPB) is well studied ABO; type perovskite ferro-
electric materials. Its properties can be tuned systematically by sub-
stituting ions in either on A- site (Pb) and/or B-site (Zr/Ti), or on both
sites of the perovskite to innovate new materials and achieve improved
ferroelectric performance. Recent theoretical studies show that higher
ionic radii dopant such as La®*, Nd®*, Ta®* (donor dopant), enter into
A-site whereas that of lower ionic radii such as Sc3*, Yb3™, and Fe3*
ions (acceptor dopant) occupy at B-site, results in strengthen of domain
wall mobility and enhances electronic properties of PZT [14]. Several
investigations have shown La®* doped PZT is a very good relaxor
material for high energy storage application [3,5,15,16]. For instance:
Pbo.97Y0.02[(Zr0.6500.4)0.925Ti0.075]103 exhibited Uy = 21.0J/cm® with
a high energy-storage efficiency of n = 91.9% under an electric field of
1.3 MV/cm [7]. Epitaxial PLZT thin film capacitors showed a re-
coverable energy density (Uye) ~ 31 J/cm?® for the applied field of ~2.3
MV/cm [17]. An examination on this material up to 108 (measured)
charge-discharge cycles found that a larger polarization-fatigue en-
durance capacity, an important parameter for the application of
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ferroelectric capacitors, is maintained [18-20]. Sol-gel based highly
(100)-oriented doped (Pb;__yLayCay)Ti;_x403 (x=0.1 & y = 0.1)
thin films exhibit relaxor behavior and possessed U, ~15 J/em® [21].
A and B-site doped (Big 5 Nag 5)TiO3-Bi(Nig 5 Zrg 5)O5 relaxor exhibits a
better energy storage density U,. = 50.1 J/cm® with an energy-storage
efficiency of 63.9% [22]. B-site doped Sc3 is found to improve the
endurance capacity of PZT materials [23]. Importantly, the reduction of
remnant polarization P, has been reported due to the off-center Sc>*
ions substitution and resulting in a slim P-E loop [24]. Role of Sc3+
doping on B-site is reported to improve the relaxor behaviors in
Pb0_73Bao_228c0'5Ta0.503 [25] and PbSCO_sNb(l_x)/zTax/2O3 (PSNT) with
0 < x =1 [26]. Therefore, B-site substitution of Sc>* on PZT is ex-
pected to improve the relaxor behavior of doped compound and con-
sequently, acts as a high energy storage density capacitor; which has to
be examined. Interestingly, the recoverable energy density, high energy
efficiency, and piezoelectric strain were found to enhance by the sub-
stitution of rare earth elements like Sc3* [27]. In thin films, one di-
mension is reduced in nano-scale, result in a significant improvement in
breakdown electric field [12,28] and hence, a higher energy storage
density (Ug = %2 CV?) is realized in quasi-two-dimensional materials
like thin films. Therefore, it is of interest to grow Sc* doped PZT
ferroelectric in thin films and examine its energy storage capacity and
compare with other reported similar systems. Raman spectroscopy is a
sensitive technique for identifying phase transitions and short-range
ordering in ferroelectric materials [29]. Since the temperature influ-
ences the crystal structure and ferroelectric behavior, the vibrational
spectra are also expected to be modified. Therefore, it is of interest to
examine the thermal induced changes in the phonon spectra and cor-
relate with the dielectric results. Such a study is expected to improve
the  understanding  of  ferroelectric =~ behavior in [Pb
(Zr.53Tig.47)0.90SC0.1003] (PZTS). In the present work, we focus on the
fabrication and investigation of dielectric, electrical, and ferroelectric
properties of Sc®* doped epitaxial PZT thin films grown on a con-
ducting metal oxide layer of Lag e,Sr 33MnO3(LSMO) deposited on a
MgO (100) substrate using PLD technique. Phase formation of the
prepared thin films was checked using X-ray diffractometer. Smooth
morphology of the thin films was inferred using Atomic force micro-
scopy. EDX results suggest the stoichiometric of all cationic elements
present in the films. The phonon spectra in PZTS are examined as a
function of temperature down to 80K and its possible correlation to
observe tetragonal-cubic phase transition and relaxor behavior at ele-
vated temperature are discussed. Temperature-dependent dielectric
measurements on PZTS capacitor suggest a diffuse phase transition.
Using the P-E hysteresis loop data, the high energy storage density (U,.)
and efficiency (n) were estimated. Based on our improved results such
as high dielectric constant, larger breakdown electric field, slim hys-
teresis loop, and higher energy storage density U, the capacitors Pt/
PZTS/LSMO could be a promising material for high energy storage
application.

2. Experimental

PZTS/LSMO thin films were grown using a KrF excimer laser
(A = 248 nm, f = 5Hz) in an oxygen environment (Po, = 140 mTorr)
on MgO (100) substrates using thin film growth technique by PLD
[12,30]. The PZTS target was prepared using the solid-state reaction
method following the procedures reported elsewhere [12,24]. The
fabrication of thin films using PLD technique were carried out following
these multiple steps: (i) laser radiation interaction with the target; (ii)
the formation of plasma plume and transportation towards the sub-
strate; (iii) interaction of ablated species with the substrate; and (iv)
nucleation and growth of thin film on the surface of the substrate [30].
The optimized PLD deposition parameters for the PSZT thin films are
summarized in Table 1. The thicknesses of PZTS thin films were probed
using an XP-200 profilometer.

The phase purity and orientation of these prepared thin films at
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Table 1

Optimized thin films deposition parameters.
Substrate MgO (100)
Target PZTS
Target diameter 0.025m
Substrate target distance 0.05m
Growth temperature 873K
Base vacuum ~10~°Torr
O, partial pressure 140 mTorr
Laser source excimer (A = 248 nm & f = 5Hz)
Laser energy used 250 mJ
Repetition rate 10
Total number of shots 3000
Plume energy 150mJ
Post deposition ex-situ annealing 973K for 1h

room temperature were examined by using x-ray diffraction (XRD)
employing CuK, radiation with wavelength A = 1.5405A. Raman
spectroscopic measurements were carried out using a HORIBA Jobin
Yvon micro-Raman spectrometer (model: T64000) equipped with a 50 X
long-working distance objective. The acquisition of spectra was carried
out in back-scattering geometry using the 514.5nm line of a coherent
Ar* ion laser (Innova 70-C). Raman spectra were collected at elevated
temperature in the T-range from 80 K to 580 K using a Linkam heating-
cooling stage ensuring temperature stability of = 1 K. The data were
analyzed using damped harmonic oscillator model to determine the
spectral parameters: band frequency, linewidth, and intensity. The
stoichiometric of the chemical compositions were examined using en-
ergy dispersive x-ray analysis results. Atomic force microscopy (AFM-
Veeco) was used to know surface morphology and surface roughness of
these grown films operated in contact mode. Ambient Piezo force mi-
croscopy (PFM) investigations were carried out employing a Multimode
Nasoscope (Veeco Instruments) operated using the conductive tips
coated with Pt/Ir. The applied driving voltages on the surface of the
thin film were + 12V. Fabrication of PZTS capacitor sandwiched be-
tween conducting bottom LSMO and top Pt electrodes were carried out.
Metal shadow mask of an area of 10~ ®m? was used to fabricate Pt
square capacitors as a top electrode by DC sputtering (Fig. 2) followed
by annealing at 673 K for 20 min with rate 20 K/min in an oxygen at-
mosphere to compensate oxygen deficiency. We used profilometer to
find out the exact area of Pt electrodes and obtained a diffused area in
an average ~2 X 10~ 8m? The temperature dependent dielectric be-
haviors at various frequencies (100 Hz-1 MHz) were carried out using
an HP4294A impedance analyzer & MMR Technologies K-20 pro-
grammable temperature controller. The room temperature ferroelectric
hysteresis curves (P-E loops) were measured using Radiant tester set up.

Fig. 2. Fabrication of PZTS capacitor sandwiched between conducting bottom
LSMO and top Pt electrode.
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Fig. 3. Room temperature XRD Bragg peaks of PZTS thin films. The PZTS re-
flections peaks are also labelled.

3. Results and discussion
3.1. Structural and microstructural results

XRD pattern measured from PZTS thin films grown on highly or-
iented (100) MgO substrates by using the PLD technique is shown in
Fig. 3. It indicates the formation of a single-phase perovskite structure
with preferential (100) orientation parallel to the film surface. The
diffraction peaks located at 26 ~21.89, 44.57 and 69.53 correspond to
(100), (200), and (300) planes of tetragonal structure, and observation
of a slight distortion in crystal structure due to scandium doping
(JCPDF: 33-0784) at room temperature is noticed. The diffraction peak
position (20) of (100) reflection was obtained by fitting with a Gaussian
profile function, and the lattice parameter was estimated as
agim = 0.406 nm, slightly smaller than that in PZTS ceramics (Fig. S1)
(apuk = 0.406 nm and cp = 0.409 nm for tetragonal symmetry space
group P4mm). In our PZTS thin film, in-plane lattice strain of 0.24%
was estimated using the equation, s = ab"l;% X 100%, attributed to
lattice mismatch across the substrate/elléctrode/ﬁlm interface or
thermal annealing [11].

AFM micrograph (inset: Fig. 4) obtained from the surface of the thin
films show a smooth surface topography throughout the surface of the
sample with root mean square roughness value of ~3 nm, compara-
tively an improved in roughness value from those reported in PZT films
deposited on ITO-coated substrates [31]. The thickness of the thin films
is found to be around ~340 nm estimated using Profilometer profile.
Fig. 4 exhibits EDX (inset: AFM image) spectrum of the different com-
position excited by an electron beam of energy 20kV, showing the
presence of elements (Pb, Zr, Ti, Sc and O) at room temperature, along
with their respective characteristic x-ray emission lines (O Ko
0.525keV, Zr La 2.042keV, Sc Ka 4.089 keV, Ti Ka 4.508 keV, Pb Mf3
5.076 keV and Pb Lo 10.552) which is in good agreement with the
theoretical emission line spectra.

3.2. Dielectrics behavior

Fig. 5 shows the variation of relative dielectric permittivity (¢) of
the thin film at different frequencies. At room temperature PZTS thin
films have dielectric constant (¢) ~5700 and loss tand ~0.01 measured
at frequency 100 Hz. We observed enhanced dielectric constant (¢”) of
PZTS thin films as compared to pure PZT [32,33]. A strong frequency
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Fig. 4. EDX spectrum of PZTS thin films (inset: AFM image).

10000 12000

— 100K __ 3
10500 200K Z. 4
9000 et SOPLIS =4 4
&3 4
[
7500 82 4
a4
g -
6000 = N

10°  10°  10°
Frequency (Hz)

=

10

4500

3000

1500

Dielectric constant (<)

3

10* 10°

10
Frequency (Hz)

Fig. 5. Frequency dependencies of dielectric constant (¢) of PZTS thin film at
different temperature (inset: dissipation factor (tand) with frequencies).
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dispersion with a significant decay in dielectric constant above 10° Hz
is found, while ¢, was observed to be stable below the 10° Hz frequency.
The present dielectric behavior is similar to that observed in other
studied ferroelectrics such as Pb(Zrg»Tip.g)o.70Nig.3003-5 [34],
Pb; _Smy (Zrg 55Tip 45)1 —x/403 (x = 0.00-0.09) [35]. The loss tangent
in the frequency range 10 to 10* Hz is almost constant < 0.10 followed
by a drastic increment in its trend was seen above 10° Hz (inset: Fig. 5).
The low dielectric constant and larger loss at a higher frequency is
argued to be due to the semiconducting nature of the bottom electrode
and its response to the probe frequency [36]. As shown in Fig. 6(a)
inset, a diffuse permittivity peak with strong frequency dispersion is
observed around 450K, where the permittivity decreases and the
maximum permittivity temperature (T,) shift towards higher tem-
perature with increasing frequency, typical behavior of a relaxor fer-
roelectric. Therefore, the frequency dependency with T, can be ex-
plained by using Vogel-Fulcher relation which is represented by
equation [37]. Fig. 6a shows the Inf vs. 1000/Ty, in the frequency
ranges 1-40 kHz and analyzed using the following equation.

kg (T

f=ﬁ)exp[7Eij]

3
where the fitting parameters such as f is the pre-exponential factor, E,
is the activation energy, and Tyr is the characteristic Vogel-Fulcher
freezing temperature. ky is Boltzmann's constant [38,39]. The fitting
yields E, = 0.037eV in the same order as reported for Pb
(Zr0,53Ti0,47)0,6(Fe0_5Ta0,5)0,403 [11], fo = 1.538 x 106 HZ, a phy51cally
acceptable value [40] and Tyr = 397 K. Besides this, the dielectric
permittivity of a ferroelectric can be explained by the well-known
Curie-Weiss law above the Ty, region, which is given by [41,42].

1 _ T-T,

€ c T>Tw @
where C is the Curie-Weiss constant. The plot of the temperature de-
pendence of inverse dielectric constant of PZTS at 30 kHz, is shown in
Fig. 6(b), fitted to the Curie-Weiss law. The value of C is found to be
27.93 x 10°, in the same order as reported for other relaxor ferro-
electrics [12,43]. The difference in temperature AT,, = Tew — Ty, is
~90K, where T, indicating the temperature where the deviating of
Curie-Weiss law begins, and T, is the temperature corresponding to the
dielectric maximum. The fitted parameters are listed in Table 2. This
differences in temperature AT,, represent the degree of deviation from
the Curie-Weiss law and provides evidence of a compositional-induced
diffuse phase transition at elevated temperature in PZTS [12,44].
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Fig. 6. (a) Vogel Fulcher relation [inset: temperature dependencies of the dielectric constant (¢) of the PZTS thin films at different frequencies and variation of loss
tangent] (b). Reciprocal of dielectric constant (1/¢) with the temperature at 30 kHz frequencies (inset: modified Curie Weiss law plot at 30 kHz).
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Table 2

Summary of parameters of PZTS relaxor ferroelectric.
Parameter em T (K) C K Tew(K) ATy, (K) Y
Fitted values 4408 500 27.9 x 10° 590 90 1.77

Moreover, the dielectric characteristics and the diffuseness of the fer-
roelectric phase transition can be interpreted by a modified Curie-Weiss
law [45,46].

1 _
Em

| =

(5)

where C’ is Curie Weiss like constant. The value of the other fitting
parameter y gives information on the nature of the phase transition. For
y =1, a normal Curie- Weiss law is obtained and is expected for a
normal ferroelectric, whereas y = 2 describes a complete diffuse phase
transition [47]. The vy value between 1 < y < 2 suggests an in-
complete diffuse phase transition in the ferroelectric where the polar
nanodomains are correlated in a non-polar matrix. The behavior of In
(T — T,,) versus ln(é - é) obtained from 30 kHz, as shown in the inset
of Fig. 6b, is analyzed by a linear equation. The slope of the linear
relationship gives the value of y as 1.77. The value of vy clearly indicates
the diffuse phase transition in PZTS. The observed diffuseness in the
plot of temperature against dielectric permittivity (¢) (Inset: Fig. 6a) is
one of the significant behavior of the compositionally disordered ma-
terials exhibiting a diffuse phase transition [48,49].

3.3. Raman spectroscopic studies

We now discuss the phonon spectra in PZTS. As mentioned earlier,
the substitution of Sc®>* cation resulted in a tetragonal structure
(P4mm) of PZTS with reduced tetragonal lattice distortion. The irre-
ducible representation of normal optical phonons in the ambient phase
is Topt = 3A; + 4E + B;, where the A; and E modes are both Raman
active and infra-red active, while B; mode is only Raman active. The
polar infrared active A; and modes E are further split into LO-TO modes
because of long-range coulombic interaction forces among cations.
Fig. 6a shows the Raman spectrum of PZTS measured at ambient
temperature in the frequency range 60-1000cm ™. Six prominent
Raman bands located at 294, 425, 481, 573, 715, and 786 cm ™! are
identified by analyzing the spectrum. These band frequencies are found
to be similar to those reported for tetragonal PZT [50] and are assigned
by comparing with those reported mode frequencies (Fig. 7). Except for
the E(LO,) band at 425 cm ™}, all other bands are found to be broader as
compare to tetragonal ferroelectric PbTiO3; compound [51]. The
broadening of these bands could be due to several factors: finite tem-
perature effect has an inherent contribution to broadening since the
phonon lifetime decreases with temperature. Another factor for
broadening is due to substitutional disorder, as is known to have a
significant contribution to the inhomogeneous broadening, [52] origi-
nating from the statistical distribution of bond lengths related to change
in bond strength of different cations at B-sites of PZTS. Appearance of
A;(TO;) Raman band which represent the vibration of Ti/Zr atoms
against O and Pb cations and A;(TO3) band consists of displacement of
Zr/Ti and O atoms along c-axis suggest the existence of ferroelectric
ordering in PZTS.

Fig. 8(a) shows the Raman spectra measured as a function of tem-
perature in the T-range 80-550 K. The spectrum at 80K, the lowest
temperature of the present study, has the similar spectra features as
observed at ambient, except that the Raman bands located at 294, 573,
and 715cm ™' become stronger and appear as broad band. The sym-
metric E(LO,) band at 425 cm ™! is found to be relatively sharpening at
low temperature. The broadening of peaks even at lowest temperature
is due to substitutional disorder at B-site by Zr, Ti, and Sc cations. Upon
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Fig. 7. Raman spectrum measured at 298K, analyzed using sum of six
Lorentzian peaks for PZTS compound. Individual Raman bands are also shown.
The Raman bands are assigned as compared to those for tetragonal ferroelectric
PZT.

increasing temperature, the spectra broaden further, and their in-
tensities are observed to decrease. Only the broad bands at 573 and
715 cm ™! are survived up to as high as 550 K, the highest temperature.
Other bands could not be followed up possibly due to an insufficient
intensity of weak bands. The symmetric and distinct E (LO,) Raman
bands are found to soften at elevated temperature, intensity con-
tinuously decreases and vanishes at 350 K (Fig. 8b). Softening of Raman
bands at higher temperature is expected due to the anharmonicity in-
volved in the atomic vibration mode. The first order temperature
coefficient, , of this band, obtained from the linear relationship be-
tween frequency w and temperature T, is found to be —0.018(3)
em~'K™!. The disappearance of the band around 350K, can be at-
tributed to the structural transition of the system to the higher sym-
metry cubic phase. Pure PZT-based systems are reported to transform
from tetragonal to cubic phase (sp. group Pm3m) [24,50]. Around
380K. In the cubic phase, the irreducible representation of optical
phonon is: I'y,; = 3Fy, + Fay, where F1, phonon is only infrared active
and F,, phonon is inactive both in Raman and infrared spectra.
Therefore, in principle, in the high-temperature cubic phase, one can
expect a complete absence of first-order Raman bands. The observation
of broad Raman bands at 573 and 715cm™! at high temperature
(> 350K) is expected due to violation of Raman selection rules due to
the cationic substitutional disorder which in turn likely to have a sub-
stantial contribution from phonon density of states. It can also be un-
derstood from the point of view of symmetry breaking in nano length
scale due to the presence of polar-nano regions which is often origi-
nated in a substituted system to maintain the charge neutrality and
chemical strain in a nanoscale region [53]. A possible discussion on
PNRs related to spectral intensity is presented below.

We have also examined dependencies of the total intensity of Raman
spectra on the temperature. The actual Raman intensity of the experi-
mentally recorded Raman spectra are obtained by eliminating the
thermal population factor using Bose-Einstein distribution function;

I(CO) — I(w)obs
1+ n(w,T)) 6)
where, n(w) = !

hw

kpT |~
and n(w,T) is the phonon population factor, # is reduced plank's con-
stant and kg is the Boltzmann constant. The average intensity of each

and I, is the experimental Raman intensity
ex] 1
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Fig. 9. Dependence of the normalized intensity of Raman spectra as a function
of temperature in PZTS. Vertical lines indicate the tetragonal to cubic phase
transition around 350K, and ferroelectric to relaxor cubic phase transition
above 400 K.

spectrum was obtained by integrating the Raman intensity in the
spectral range 60-1000 cm ™ *. To remove the effect of extrinsic factors
such as optical alignment, focusing and laser power, a Raman spectrum
was measured from the sample keeping the sample outside the cooling
stage in the same spectral range as a reference spectrum. The total in-
tensity of the spectrum was also obtained by integrating the spectrum in
the same spectral range. Fig. 9 shows the total Raman intensity as a
function of temperature after normalizing with respect to that of from
bare sample. One can see the intensity show an anomaly at around
350K, the tetragonal-cubic phase transition temperature. Since the
tetragonality (c/a-1) in the system is only 0.005, [24] one can expect a
transition to the higher symmetry cubic phase upon increasing tem-
perature. The fact that the intensity falls rapidly above 450 K, pointing

towards its possible transition to a relaxor phase. Often the coupling of
light in the ferroelectric system is considered from its order parameter
(polarization Q) involved in the ferroelectric ordering and study on
spectral intensity is useful in study of polar nanoregions (PNRs) [53].
Therefore, the sudden reduction in Raman intensity in cubic relaxor
phase is due to random orientation of polarization originating from
PNRs is understandable. This is what we exactly find from our dielectric
spectroscopic studies, above 450K also (discussed above). It can be
mentioned here that for PZT based ferroelectric system, the tetra-
gonality distortion disappears and the system transforms to a cubic
phase before the ferroelectric to relaxor phase transition occurs above
600K [50].

3.4. Ferroelectricity, and energy density calculations

In order to demonstrate the existence of ferroelectricity at nano-
scale, the PZTS films were probed by piezoresponse force microscopy
(PFM) at randomly selected areas. Fig. S2 shows amplitude and phase of
PFM images of a MgO/LSMO/PZTS thin film obtained after polling
6 x 6 um> area by —12V and then subsequently the central 4 x 4 um>
area was poled by +12V bias. A random polarization orientation was
found in a grown film, whereas polarizations could be switched easily
with a positive and negative bias.

Fig. 10 shows the P-E hysteresis loops of PZTS thin film measured at
the various applied field. The slim loop of thin films capacitors sug-
gesting relaxor ferroelectric behaviors of PZTS thin films in line with
dielectric and Raman results. The remnant polarization (P,) and coer-
cive field (E.) were found to increase with an increase in applied vol-
tages (Fig. 10a). Near the breakdown electric field (~1.82 MV/cm), the
P, ~35.1 uC/cm? and E. ~17.2kV/cm, are obtained at 2kHz and as
expected these observed values of P, and E. are smaller than the un-
doped PZT [54-56]. We observed asymmetries of the hysteresis loop of
Pt/PZTS/LSMO in the positive and negative branch could be due to
different work functions [57] of the top and bottom electrodes. Choi
et al. have reported symmetric hysteresis loop for same types of positive
and negative electrodes, and asymmetric hysteresis loop of LSCO/PZT/
LSCO, the different work functions of top and bottom electrodes lead to
asymmetric polarization behaviors [58]. Besides this, defect-related
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Fig. 10. (a) P-E hysteresis loops of PZTS thin films measured at various applied field at frequency 2 kHz (inset: P-E loops and energy density calculation at a higher
electric field for LSMO/PZTS/Pt thin films capacitor (b) Efficiency and energy density of LSMO/PZTS/Ni thin films under various electric field.

Table 3

High energy density and efficiency of various thin films composition.
Material U (J/ n (%) Electric field Worked by
composition cm®) (MV/cm)
BT/BST 12.24 67 1.65 Ortega et al. [8]
PLZT 13.7 88 1kV/cm Nguyen et al. [62]
PLZT/LNO 22 77 1.96 Tong et al. [63]
PLZT 30 78 2.18 Hu et al. [64]
PLZT 28.7 57 2.17 Hao et al. [19]
BZT 30.4 82 3 Zixiong et al. [65]
BCZT 8.23 3.8 Zhongbin et al.

[66]

BZ/BT-BMT/PZ 28.36 0.75 Chen et al. [67]
PZTS 54.2 70 1.82 Present work

oxygen vacancy, impurities, and layer interface effect which act as
pinning centered could also be responsible for the observed asymme-
tries hysteresis loop [59,60]. For the highest applied field, the remnant
polarization (P,) ~19.6 uC/cm? & coercive field (E.) 60.2 KV/cm was
reported for the Pt/PZT/Si (111) films grown using PLD technique [61].

Using the energy density formalism as discussed in the introduction,
the recoverable energy density, U, for Pt/PZTS/LSMO thin films were
estimated. It turns out to be ~54 J/cm?®, with a higher energy efficiency
~70% at an applied electric field 1.82 MV/cm and frequency 2 kHz.
The obtained U,. and efficiency n in our PZTS thin films for several
applied electric field are exhibited in Fig. 10(b). The studies on oriented
Pb(Zro,5:Tio.48)03(PZT) thin films, showed U, ~8J/cm® and n
~79.6% under applied electric field 0.8 MV/cm, synthesized by che-
mical solution method [68]. On the other hand, Nguyen et al. have
reported [62] enhanced recoverable high energy density of 13.7 J/cm®
and a high energy efficiency of 88.2% at 1kV/cm in 10% La-doped
epitaxial PLZT thin films grown on SRO/STO/Si substrates using pulsed
laser deposition. U, and n of the PLZT thin films are ~30 J/cm® ~78%
at 2.18 MV/cm reported by Hu et al. [64]. In a similar research on PLZT
thin films, U,. value was reported as 28.7 J/cm® with efficiency ~57%
[19]. In the earlier report, for Pt/BT/BST grown thick films on MgO
(001), Ortega et al. demonstrated from their extrapolate data, max U,
could be achieved 46 J/cm® with efficiency 75% [8]. Chen et al.
achieved U, value 28.36J/cm® at 0.75 MV/cm for PZ/BT-BMT/PZ
trilayer thin films. A comparison of our present results with other re-
ported values on several thin films; U,. and n values are presented in
Table 3.
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4. Conclusions

Highly oriented (100) scandium substituted PZT epitaxial thin films
on MgO substrate coated with LSMO were grown after optimization of
processed parameters. Thin films were stabilized in a single tetragonal
phase as inferred from XRD results. Six prominent Raman bands located
at 294, 425, 481, 573, 715, and 786 cm ! are identified by analyzing
the ambient spectrum and are assigned. The symmetric and distinct E
(LO,) Raman band soften at elevated temperature with its intensity
continuously decreases and vanishes in the cubic phase above 350 K.
Existence of broad Raman bands at 573 and 715cm ™' at high tem-
perature (> 350K is attributed to symmetry forbidden Raman scat-
tering due to symmetry breaking in nano length scale in relaxor cubic
phase. The dielectric, electrical and ferroelectric measurements carried
out on LSMO/PSZT/Pt metal-ferroelectric-metal capacitors on a
broader temperature range and frequencies suggests it relaxor behavior
with a diffuse phase transition around 450 K. At room temperature, a
high dielectric constant (¢/) ~5700 and low loss tangent ~0.01 were
found at 100 Hz. Evidence of nanodomain switching of polarizations
under external bias field was perceived on piezoelectric force micro-
scopy measurement. We observed a remnant polarization ~35.1 uC/
cm? and a low coercive field ~17.2kV/cm, with a slim loop hysteresis
for PZTS thin films corroborating its relaxor behavior. Using the data on
hysteresis loop, an excellent high energy storage density (U,.) ~54J/
cm?® with efficiency ~70% were estimated. High breakdown strength,
larger dielectric constant and excellent estimated energy density ~54 J/
cm?® with efficiency ~70% of our thin films suggest its possible appli-
cation into efficient energy storage capacitors.
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