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A B S T R A C T   

In this work, we have studied the effect of thickness on structural, morphological, resistive switching (RS), 
ferroelectric, and energy storage properties of 0.85[0.6Ba (Zr0.2Ti0.8)O3-0.4(Ba0.7Ca0.3)TiO3]-0.15SrTiO3 (BZCT- 
STO) thin films deposited by the pulsed laser deposition technique. X-ray diffraction (XRD) analysis suggests that 
BZCT-STO thin films exhibit a polycrystalline tetragonal structure. The lattice parameters and tetragonality ratio 
approaching to bulk value with an increase of thickness, confirm strain relaxation in thicker films. SEM analysis 
reveals a dense columnar structure with a different grain size that varies from 3 nm to 60 nm as thickness 
increased from 160 to 360 nm. The P-E loops suggest that the relaxor behaviour increases with a decrease of 
thickness due to interface low dielectric layer, substrate clamping effect, small grain size, and high back 
switching ratio. The RS effect observed in Pt/BZCT-STO/Au capacitors is attributed to polarization modulation of 
the Schottky barrier and is found to be significant at low thickness. The effect of electric field and frequency on 
energy storage properties of BZCT-STO films is also investigated. The Pt/BZCT-STO/Au capacitor with a thick-
ness of 160 nm exhibited 6.0 J/cm3 with an efficiency of 72% at a field of 800 kV/cm. It also exhibited a robust 
energy storage performance in the frequency range of 50–2000 Hz and also up to 108 cycles passing through the 
capacitor.   

1. Introduction 

The potentiality of utilizing perovskite-based ferroelectric ceramics 
and thin films has been tremendously increasing in different applica-
tions including pulsed power systems, random access memories, and 
high-power microwave electronic systems due to their superior dielec-
tric and ferroelectric characteristics like switchable polarization, low 
dielectric loss, spontaneity, high dielectric breakdown strength and 
nonlinear polarization-electric field (P-E) dependency [1–3]. Over the 
few decades, lead-based ceramics like lead lanthanum zirconate titanate 
(PLZT), lead magnesium niobate–lead titanate (PMN-PT) and lead 
zirconate titanate Pb(Zr,Ti)O3 (PZT) compounds have been occupying 

the market because of their aforementioned properties and their 
outstanding performance in energy storage [4–7]. But due to their toxic 
nature and harmful effects on the human body and environment, re-
searchers turned towards lead-free ferroelectric materials which include 
BiFeO3 (BFO), BaTiO3 (BTO), K0.5Bi0.5TiO3 (KBT), (Na0.5K0.5)NbO3 
(NKN), (1− x)Ba(Zr0.2Ti0.8)O3–x(Ba0.7Ca0.3)TiO3 (BZCT) and modified 
BZCT ceramics [3,8]. 

In this context, BZCT seems to be a very promising material due to its 
exceptional ferroelectric properties [9]. Therefore, researchers are 
making continuous efforts to transfer the same performance from bulk 
ceramics to thin films as thin films are essential for miniaturizing elec-
tronic devices. Moreover, the energy storage performance of thin films is 
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usually higher than that of bulk ceramics due to the large electric 
breakdown field and maximum polarization achieved which makes the 
films more promising [10]. For instance, BZCT epitaxial films grown on 
La0.67Sr0.33MnO3 (LSMO)-coated (100)-oriented MgO single crystal 
substrates exhibit a high discharge curve energy density ~27.5 J/cm3 at 
a maximum electric field of 2.77 MV/cm [11]. Moreover, a high 
recoverable energy density value of 78.7 J/cm3 and efficiency of 80.5%, 
at 6600 kV/cm, are achieved in BaZr0.35Ti0.65O3 films grown by a 
radio-frequency sputtering technology on Nb:SrTiO3 substrates [12]. 
However, the expensive price of single crystal substrates (e.g. Nb-doped 
SrTiO3) limits their practical applications. Therefore, there is a need of 
depositing these materials on Si-based substrates. For instance, Reddy 
et al. reported on the polycrystalline BZCT films grown by sol-gel 
spin-coating on Si/SiO2/TiO2/Pt(100) substrates. By optimizing the 
growth conditions, BZCT films can exhibit an energy storage density 
(ESD) of 64.8 J/cm3 and an efficiency of 73% at 2000 kV/cm electric 
field [13]. Moreover, BZCT films exhibit an ESD of 9.5 J/cm3, and this 
value drops to 2.7 J/cm3 as the top electrode area increases from 
~0.025 mm2 to ~0.785 mm2, due to sharp decrease in operational 
electric field [14]. Yet, the investigations reported in the literature to 
enhance the energy storage (ES) performance were not focused much on 
the effect of high electric field strength. The main task associated with a 
high electric field is the dielectric breakdown [15,16] and so another 
disadvantage focused on is the requirement of special shielding and 
insulating materials for the safeguard of the device components 
[17–19]. In this perspective, developing materials with high ES perfor-
mance at a relatively lower electric field is the need of the hour for 
practical applications. Therefore, in the present work, we investigate the 
ES performance of BZCT-based films under a low electric field. 

Therefore, we have chosen a complex BZCT-STO mixture 0.85[0.6Ba 
(Zr0.2Ti0.8)O3-0.4(Ba0.7Ca0.3)TiO3]-0.15SrTiO3 as it was recently shown 
that the incorporation of the paraelectric SrTiO3 is a promising strategy 
to enhance the ES performance of the BZCT [3] for the fabrication of 
films. The effects of thickness on the microstructure, ferroelectric, 
resistive switching, and energy properties of BZCT-STO films deposited 
by pulsed laser deposition (PLD) are discussed and also highlighted 
underlying mechanisms. The BZCT-STO films with a thickness of 160 
nm, prepared with an electrode area of 0.5 mm2 exhibited good energy 
storage properties with ESD of 6.0 J/cm3 with an efficiency of 72% at a 
field of 800 kV/cm, that is better than in Ref. [14] by taken into account 
of capacitor area and operational field due to relaxor type ferroelectric 
induced by smaller grain size, low c/a ratio, low k dielectric interfacial 
layer and high back switching ratio. 

2. Experimental techniques 

The 0.85[0.6Ba(Zr0.2Ti0.8)O3–0.4(Ba0.7Ca0.3)TiO3]–0.15SrTiO3 
[BZCT–STO] ceramic targets were prepared using the conventional solid 
state reaction method and the detailed procedure is described in our 
previous work [3]. The BZCT-STO films were deposited on Pt/Ti/-
SiO2/Si substrate using the pulsed laser deposition with KrF laser of 
wavelength 248 nm, the energy density of 350 J and laser repetition rate 
of 2 Hz. The distance between the target and substrate is 70 mm. Before 
the deposition, the chamber is evacuated to a pressure of 2 × 10− 6 mbar. 
The films were grown in the presence of O2 atmosphere with 0.05 mbar 
pressure at a temperature of 750 ◦C and then annealed at 775 ◦C under 
0.1 mbar O2 atmosphere. We have grown BZCT-STO films under similar 
conditions, but with different thicknesses of 160 nm, 260 nm, and 360 
nm. 

The crystal structure of BZCT-STO films were scanned using an X-ray 
diffractor (Bruker D8 Discover) with a CuKα wavelength of 0.154 nm. 
The surface morphology and cross-section of BZCT-STO films were 
recorded using field emission scanning electron microscopy (FEI NOVA 
model). To study the electrical properties top gold circular electrodes 
with an area of 0.5 mm2 were deposited on the top surface of BZCT-STO 
films using the thermal evaporation technique. The current-voltage 

(I–V) characteristics of Pt/BZCT-STO/Au capacitors were investigated 
using a Keithley electrometer by applying bias from -5 V to +5 V in 
forward cycle and vice-versa in the reverse cycle. The ferroelectric 
properties of capacitors were investigated using a modified Sawyer- 
Tower circuit in metal-insulator-metal (MIM) configuration at 
different frequencies and different electric fields. 

3. Results and discussion 

3.1. Structure/microstructure studies 

X-ray diffraction (XRD) patterns of the BZCT-STO target and corre-
sponding films deposited on the Pt/Ti/SiO2/Si with different thicknesses 
are shown in Fig. 1. The (hkl) values of all the crystallographic reflection 
planes were indexed with JCPDS file number 05–0626, 85–0368 [3,29]. 
All the peaks corresponding to the tetragonal phase of bulk ceramics 
were observed in the films. Thus, the films show a polycrystalline 
perovskite phase without any secondary or impurity phases. However, 
the x-ray reflections in the films slightly shifted towards lower 2θ 
compared to a bulk position. The extended XRD scans around 2θ ~31.5◦

are shown in Fig. 1(b). It is possible to observe that the (110) peak for the 
BZCT-STO films is shifted towards lower 2θ when compared to the po-
sition of the same peak in the target and this shift is found to be 
increased with the decrease of thickness. This shift causes a change in 
lattice parameters. Therefore, lattice constants of the tetragonal struc-
ture were evaluated using equation (1), and the calculated lattice pa-
rameters “a” and “c” of the BZCT-STO target and the films are listed in 
Table 1 [20]. 

dTetragonal =
1

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
h2+k2

a2 + l2
c2

√ (1)  

The lattice parameters were estimated by using most commonly used 
least square method [21]. In our previous work, we observe that the 
parameters estimated from this method is in good agreement with values 
estimated by TEM/SAED measurements in BTO films [22]. The lattice 
mismatch of bottom electrode (Pt is 0.392 nm) and films is generally 
adjusted in the form of strain in thin films. Further, the difference in 
thermal expansion coefficients of the film and the substrate also 
contribute to strain. The lattice parameters tend to approach to bulk as 
the film thickness increases and this suggests the weakening of substrate 
clamping effect and/or the relaxation of stain at higher thickness. 
Similar trend is observed in thickness dependent 
(Ba0.5Sr0.5)0.925K0⋅075TiO3 thin films and strain is relaxed when thick-
ness is greater than 200 nm [23]. Further, it is observed that the tetra-
gonality (c/a ratio) increases with the film thickness and a higher value 
of tetragonality (≈1.008) was found for the film with thickness of 360 
nm. This value is slightly lower than the value estimated for the target 
(c/a = 1.009) [3]. 

Fig:1. (a) XRD patterns of BZCT-STO target and corresponding films with 
different thickness and (b) Extended XRD scans around 2θ = 31.5◦. 
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The surface morphology of BZCT-STO thin films with thickness of 
160 nm and 360 nm is depicted in Fig. 2(a) − 2(b) respectively. The grain 
size distribution is given as inset in each micrograph. The average grain 
size was found to increase from 34 nm to 60 nm with the increase of 
thickness from 160 nm to 360 nm. The increase in grain size with in-
crease of film thickness can be attributed to relaxation of strain in 
thicker films as evidenced from XRD analysis. Further, the film with 
thickness of 160 nm consists of uniform triangle shaped grains, whereas, 
the films with thickness of 260 and 360 nm consists of nearly spherical 
shape grains. The change in morphology at low thickness could be 
attribute to substrate effect. The cross-sectional image of the films is also 
shown in inset of the SEM micrograph; it confirms the thickness of Pt and 
BZCT films (160 and 360 nm). The energy dispersive x-ray spectrum 
(EDS) of BZCT-STO film with thickness of 160 nm as shown in Fig. 2(c), 
exhibited the characteristic peaks corresponding to the elements (Ba, Ti, 
Zr, Ca, Sr and O) of BZCT-STO films and elements (Pt, Ti, O and Si) 
corresponding to substrate. The absence of any other element in EDS is 
in good agreement with the absence of any secondary/impurity phase in 
the BZCT layer from XRD analysis. 

3.2. Resistive switching properties 

The current-voltage (I–V) characteristics of BZCT-STO films with 
thicknesses of 160 nm, 260 nm, and 360 nm were shown in Fig. 3(a)-(c) 
respectively. The absolute value of current at a bias voltage of -5 V is 
found to be decreased from 160 μA to 0.66 nA as the thickness increased 
from 160 to 360 nm. This suggests that the film at higher thickness 
becomes more insulating. The presence of large strain in low thickness 
films can cause higher leakage currents in ferroelectric thin films [23]. 
Many factors like grain size, grain boundaries, misfit strain, misfit dis-
locations, and dielectric interface layer at film-electrode interface can 
effect overall leakage currents in films. Another important parameter 
that effect leakage current in ferroelectric thin films is depolarization 
field. Here, we assumed that the thickness and dielectric constant of 

dielectric interface layer (d) is same in all films as all experimental 
conditions are same [23]. However, the ratio of d/L (Where L is thick-
ness of ferroelectric layer) is crucial as depolarization field decreases 
with decrease of d/L and thus, interfacial dielectric layer is significant at 
low thickness [24]. The depolarization field can form the depletion re-
gion at the interface similar to Schottky diode and causes the rectifica-
tion behavior. The rectifying ratio i.e ratio of current at -5 V and +5 V 
(I–5V/I5V) is found to be 293, 2.1, and 1.4 for the films with thickness of 
160, 260, and 360 nm respectively. The high rectifying ratio in the film 
at 160 nm can be attributed to Schottky barrier and the substrate 
clamping effect [25,26]. The non-rectifying behavior in film with 
thickness of 360 nm evidences same that strong ferroelectric polariza-
tion vanishes the depletion region due to negligible depolarization field. 

More interestingly, the I–V characteristics of BZCT-STO thin films 
exhibited a resistive switching (RS) effect. The resistive switching ratios 
i.e ratios of low resistance state (LRS) and high resistance state (HRS), at 
a voltage of +3 V for the films with thicknesses of 160 and 260 nm are 
found to be 280 and 145 respectively. Whereas, RS ratio is found to be 
97 at +1 V for the film with a thickness of 360 nm. The RS effect in the 
ferroelectric capacitors is due to the modulation of the Schottky barrier 
by intrinsic ferroelectric polarization [26]. Usually, the Schottky barrier 
is formed due to the different work functions of the top and bottom 
electrodes (5.65 eV for Pt and for 4.74 eV for Au). Further, formation of 
Schottky barrier at metal-film interface is very complex phenomenon as 
dependent on many factors like grain size, grain boundaries and 
screening length besides electrode’s work function and the ferroelec-
tric’s electron affinity. It is commonly accepted that the charge carriers 
are trapped at localized defects in grain boundaries/misfit dislocations 
and creates space charge region and enhances potential barrier [27,28]. 
Further, the depolarization in ferroelectrics contribute to Schottky bar-
rier due to incomplete compensation of charge carriers [29]. Moreover, 
the Schottky barrier is lowered (∅′

B) by polarization as follows 

∅′

B =∅B −

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
qP

4πεdεsε2
o

√

(2)  

Where ∅B is Schottky barrier at zero potential and εs and εd are static 
(low frequency) and dynamic (high frequency) dielectric permittivity of 
ferroelectric material [30]. Thus, the Schottky barrier lowering (∅′

B) is 
different for different thickness and thus shows the effect on leakage 
currents accordingly. Since ferroelectric polarization enhanced with the 
increase in thickness of BZCT-STO films, one should expect Schottky 
barrier is lowered and thus causes low switching in higher thick films. 
Moreover, the d/L ratio is significant at low thickness and causes high 

Table 1 
Values of lattice parameters ‘a’ and ‘c’ and tetragonality ratio (c/a) for the films 
and the target.  

Thickness of BZCT-STO films (nm) a (Å) c (Å) Tetragonality ratio (c/a) 

160 4.0182 4.0302 1.003 
280 4.0087 4.0327 1.006 
360 4.0072 4.0392 1.008 
Bulk ceramic 4.0066 4.0429 1.009  

Fig. 2. Surface morphology of the BZCT-STO films deposited with a thickness of (a) 160 nm (b) 360 nm. Insets showing their corresponding cross-sectional images 
and grain size distributions are included (c) EDS spectrum of BZCT-STO film with thickness of 160 nm. 
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switching ratio. This is in good agreement with our previous work, 
where the insertion of a thin dielectric layer between the electrode and 
film enhances the RS effect in a ferroelectric-dielectric heterostructures 
[22]. The switching voltage for the film with a thickness of 360 nm is 
low compared to films with a thickness of 260 and 160 nm. This also 
supports the effect of an interfacial dielectric layer. One can assume that 
a thin dielectric layer is in series with a ferroelectric layer and the most 
of the applied field is dropped across this dielectric layer. This makes the 
necessity of high field for polarization reversal. Under the –Ve to +Ve 
sweep direction, the capacitor is in high resistance state (HRS) due to the 
depletion of charges at the passive dielectric–ferroelectric interface until 
the positive voltage reaches to coercive field. Beyond this field, due to 
polarization reversal, a charge accumulation occurs at the dielectric-film 

interface and thus, the Schottky barrier becomes lower. Consequently, 
the capacitor reaches the LRS state. 

3.3. Ferroelectric properties 

The ferroelectric properties of Pt/BZCT-STO/Au capacitors with 
different thicknesses were studied at an electric field up to 250 kV/cm 
and are shown in Fig. 4(a). The hysteresis behaviour of P-E loops con-
firms the ferroelectric nature of films, which is strongly dependent on 
the thickness of the film. Further, the butterfly features of polarization 
current versus a.c. electric field as shown in Fig. 4 (b) for the film with 
thickness of 260 nm corroborate the ferroelectric nature of BZCT-STO 
films. When the field is swept from − 250 kV/cm to +250 kV/cm, the 

Fig. 3. Current-voltage characteristics of Pt/BZCT-STO/Au capacitors with BZCT-STO thickness of (a) 160 nm, (b) 260 nm and, (c) 360 nm.  

Fig. 4. (a) P-E hysteresis loops of Pt/BZCT-STO/Au capacitors with different thicknesses, up to 250 kV/cm. (b) Plot of polarization current versus electric field of 
BZCT-STO film with a thickness of 260 nm (c)–(d) Field dependent P-E loops of BZCT-STO films with a thickness of 160 and 260 nm. 
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current maxima occurs on positive field side and vice-versa for the field 
swept from +250 kV/cm to − 250 kV/cm. This is due to the domain 
switching of polarization from one direction to other direction [31]. The 
gradual increase in polarization current with field is due to nucleation 
and growth of domains in the field direction. The field corresponding to 
the peak in current density can be considered coercive field at which 
most of the domain reversal occurs. Beyond the peak, the decrease in 
polarization current is due to saturation of polarization/reduction in 
mobility of domain walls due to coalescence. Thus, P-E and I-E evolu-
tions confirm the ferroelectric nature of films. The variation of remnant 
polarization (Pr), the maximum polarization (Pm) and the coercive field 
(Ec) is shown in Table 2. The values of Pr and Pm are found to be 
increasing with the increase of the BZCT-STO thickness. Various factors 
like interface layer, leakage currents, and substrate clamping effect are 
to be considered. From I–V and P-E studies, one can observe that the 
influence of leakage current on the ferroelectric polarization decreased 
as the thickness of the film increased. The increase in polarization with 
an increase in thickness can be attributed to the weak effect of substrate 
clamping, interface layer, and high tetragonality ratio evidenced by XRD 
analysis. The field dependent P-E hysteresis loops for films with a 
thickness of 160 nm and 260 nm were studied as shown in Fig. 4(c) and 4 
(d) respectively. It is obvious that polarization values are increased with 
the increase of field due to the contribution of new domains in addition 
to existing domains [32]. It is noticed that P-E loops become more lossy 
beyond 800 kV/cm for thinner film (not shown here) could be due to 
dielectric break down. 

The films with lower thickness (160 nm and 260 nm) exhibited 
relaxor-type ferroelectric. It has been reported that a slim and slant 
hysteresis loop is typical of relaxor ferroelectrics nature [33]. At low 
thicknesses, the depolarization field (Ede) plays a crucial role in shaping 
the P-E loops. Usually, the Ede can be expressed as follows [34]. 

Ede =
Pf d

ε0
(
εdl + εf d

) (3)  

Where Pf is the ferroelectric polarization, l is the ferroelectric film 
thickness, d is the thickness of the interface layer, and ε0, εf and εd are 
the permittivity of free space, the ferroelectric layer, and the interface 
layer respectively. If we assume that interface layer characteristics, like 
thickness and dielectric constant, are the same for all the films, from the 
above equation (3) it is evident that the Ede becomes higher with the 
decreasing thickness of the ferroelectric layer and thus the hysteresis 
loops become slimmer. Further, the origin of relaxor behavior can also 
be attributed to the grain size effect. The larger grain size in the films 
with a thickness of 360 nm as evidenced from SEM analysis suggested 
that a larger gain size is beneficial to achieve higher Pr, as the repulsion 
force among adjacent domain walls decreases and thus enhances domain 
wall flexibility. Usually, both 180◦ and non-180◦ domain walls 
contribute to the polarization reversal. The relative contribution of 180◦

and non-180◦ can be estimated by using back switching ratio which is 
defined as follows [35]. 

Back switching ratio (%)=

(

1 −
Pr

Ps

)

× 100 (4) 

The back switching ratio is found to be minimum for the film 
thickness of 360 nm and suggests that it has relatively more 180◦ do-
mains due to the larger grain size. The low grain size favours polar nano 
regions (PNRs), which is identified as the primary reason for the 

existence of relaxor behavior. Moreover, a reduction in the tetragonality 
ratio with the decrease of film thickness also supports relaxor-type 
ferroelectric at a low thickness. The relaxor ferroelectric materials are 
more attractive for energy storage application due to their low hysteresis 
loss as compared to normal ferroelectrics [33]. 

3.4. Energy storage performance 

The energy storage properties of BZCT-STO thin films were evaluated 
using a P-E loop as shown in Fig. 5(a). The recoverable energy density 
(Wr) and efficiency are calculated as follows [33]. 

Wr =

∫ Pm

Pr

EdP (5) 

and 

η=
(

Wr

Wr + Wl

)

(6)  

Where Wl is energy loss due to hysteresis/area of P-E loop. 
The estimated values of Wr, Wl, and η for BZCT-STO films with 

different thicknesses are shown in Fig. 5(b). The recoverable energy 
density is increased from 0.7 to 1.3 J/cm3 as the thickness increases from 
160 to 260 nm and then decreased to 1 J/cm3 with a further increase of 
thickness to 360 nm. This is due to the sharp increase of Pr at higher 
thicknesses. Further, the efficiency of capacitors with thicknesses of 160 
and 260 nm is found to be 73% and 72%, whereas the capacitor with a 
thickness of 360 nm exhibited a very low efficiency (31%) due to high 
hysteresis loss. The sharp decrease in Wr and η in the film with a 
thickness of 360 nm can be understood as follows: According to modi-
fied LGC theory the spontaneous polarization (Ps) can relate to grain size 
(G) and tetragonality ratio (c/a) as follows [36]. 

P2
s ∝ G∝

c
a

(7)  

From XRD and SEM analysis, we observe that G and c/a ratio is 
maximum and thus Ps is higher as evident from P-E loops at thickness of 
360 nm. Further, the larger grain size facilitates formation multi- 
domains as the domain size is proportional to square of grain size and 
strengthen long-range ferroelectric order. In this case, high Pr is ex-
pected and consequently, larger hysteresis width [37]. The high Pr and 
large hysteresis width decreases Wr and η. Therefore, the high recov-
erable energy density and efficiency of films at low thickness are 
attributed to small grain size, lower tetragonality, and high 
back-switching ratio. Thus, we have chosen the BZCT-STO films with a 
thickness of 160 nm and 260 nm for further investigation of energy 
storage properties. 

The effect of the electric field on the energy storage properties of 
BZCT-STO thin films was evaluated in an electric field range of 250 kV/ 
cm to 1000 kV/cm. The Wr, and η values as a function of the electric field 
for films the thickness of 160 and 260 nm are shown in Fig. 5(c). It is 
worth observing that in both cases, Wr increases sharply with the field 
based on the fact that polarization is a field-dependent parameter. 
However, the film with a thickness of 160 nm shows an efficiency ≥ 72% 
whereas the efficiency sharply declined with the field in the case of the 
film with a thickness of 260 nm. This may be due to the existence of 
more PNRs in the thinnest film due to the low grain size [37]. The 
present film shows more than 2.5 times of ESD as compared to BCZT film 
deposited on single crystal substrate with similar area of electrodes [14]. 
Further, Pt–Si substrates are cheaper and more compatible for practical 
applications compared to single crystal substrates. The energy-storage 
coefficient (Wr/E) is an important parameter to evaluate the energy 
storage performance of the capacitors [39]. The energy-storage coeffi-
cient was found to be 0.0071 JkV− 1cm− 2 and 0.0081 JkV− 1cm− 2 for the 
films with the thickness of 160 and 260 nm respectively. This value is 
comparable to the one observed in the literature for NBT and BT-based 

Table 2 
The effect of thickness on Pr, Ps, Ec and back-switching ratio of BZCT-STO films.  

Thickness of film 
(nm) 

Pr (μC/ 
cm2) 

Pm (μC/ 
cm2)) 

Ec (kV/ 
cm) 

Back switching ratio 
(%) 

160 1.3 8.3 21.5 85 
260 1.9 14.9 16.2 87 
360 8.1 21.9 62.2 63  
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film capacitors [38]. 
Further, the effect of frequency on the energy storage properties of 

BZCT-STO thin films with thickness of 160 nm was evaluated at an 
electric field of 600 kV/cm. The frequency-dependent Wr and η is shown 
in Fig. 5 (d). The robust nature of Wr and η with a frequency suggested 
the contribution to the polarization is dominated by dipole orientations 
rather than space charges and/or defects. Thus, Pt/BZCT-STO/Au ca-
pacitors are stable for an operation at a wide range of frequencies. 
Furthermore, Fig. 6 shows the effect of the number of charging/dis-
charging cycles on the recoverable energy density of the film with a 
thickness of 160 nm. There is no significant change in the energy storage 
parameters both recoverable energy density and efficiency up to 108 

cycles. Thus, the robust energy storage performance of BZCT-STO film 
with a thickness of 160 nm makes it attractive for energy storage 
capacitor applications. 

4. Conclusions 

In this work, the effect of the thickness of BZCT-STO on its micro-
structure, resistive switching, ferroelectric and energy storage properties 
of Pt/BZCT-STO/Au capacitors were investigated in detail. The XRD 
analysis suggest BZCT-STO films were polycrystalline with tetragonal 
structure and the strain was relaxed according to the increase of thick-
ness. SEM analysis revealed dense columnar structure with different 
shape and grain size depending also on the thickness of the film. The 
ferroelectric and electric properties were strongly influenced by inter-
facial low k dielectric layer formed at Pt-BZCT interface in thin films. 
The PT/BZCT-STO/Au capacitor with thickness of 160 nm exhibited 
optimum switching ratio of 260 due to prominent effect of interfacial 
layer. The slim and slant P-E loops in thinner films were attributed to 
small grain size, interfacial layer, high depolarization and PNRs, which 
are beneficial for energy storage applications. The effect of thickness, 
electric field and frequency on the energy storage properties of BZCT- 

STO films investigated. The BZCT-STO film with thickness of 160 nm 
exhibited superior energy storage properties with Wr of 6.0 J/cm3 and 
an efficiency of 72% at a field of 800 kV/cm. The energy storage per-
formance was robust in the frequency range of 50–2000 Hz and up to 
108 cycles passing through the device. 

Fig. 5. (a) schematic representation of energy storage parameters for BZCT-STO film with a thickness of 260 nm (b): the variation of Wr, Wl and η as a function of 
thickness; (c) the variation of Wr, and η as a function of electric field and (d): the variation of Wr, and η as a function of frequency for BZCT-STO films with a thickness 
of 160 nm at a field of 600 kV/cm. 

Fig. 6. Effect of number of cycles on energy density of BZCT-STO film with a 
thickness of 160 nm. 
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