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An epitaxial lead free ferroelectric 0.5Ba(Zr0.2Ti0.8)O3-0.5(Ba0.7Ca0.3)TiO3 (BZT-BCT) thin film

is fabricated on a (001)Nb:SrTiO3 single crystalline substrate by the pulsed laser deposition

method. The 2.3% lattice mismatch between the BZT-BCT and substrate suggests that the film is

grown under a compressively strained state by leaving a large strain gradient near the interface.

Polarization versus electric field measurement reveals that the film exhibits a ferroelectric hystere-

sis character with a large imprint effect indicating the existence of an internal electric field. The ori-

gin of the internal electric field is correlated with the strain gradient induced flexoelectric effect

and the interfacial built-in field. Consequently, the resultant internal electric field could lead to a

self-polarized non-switchable layer at the interface. The evidence for the envisaged self-

polarization effect is indeed shown by the piezo force microscopic measurements. Importantly,

photovoltaic studies performed on the film display an open circuit voltage of 1.1V, which is higher

than the values reported for many ferroelectric films. The observed photovoltaic response is corre-

lated with the depolarization field and the self-polarization effect. The demonstrated large photo-

response illustrates the application potential of the BZT-BCT system in photovoltaic devices.

Published by AIP Publishing. https://doi.org/10.1063/1.5068699

The spontaneous and switchable polarization of the ferro-

electric materials facilitated their applications in non-volatile

memory devices,1,2 tunnel junctions,3,4 resistive switching,5 etc.

In addition, there is numerous research interest in extending

their application potential in the field of energy harvesting by

transforming the wide range of unconsumed energy sources

such as vibrations, mechanical fluctuations, solar radiations,

and temperature variation.6 Recently, the work on the photovol-

taic (PV) effect on ferroelectric oxides is gaining momentum

due to the above observed bandgap open-circuit voltage

(VOC).
7,8 Such a large photo-response can make them an attrac-

tive candidate in the pursuit of alternative to the existing green

energy conversion sources. Of late, several ferroelectric oxides

were reported to exhibit interesting PV characteristics along

with various diversified mechanisms for the observed above-

bandgap ferroelectric photovoltage.9–11 However, the ferroelec-

tric systems studied are limited to a selected few such as

LiNbO3,
12 BaTiO3,

13 (Pb0.97La0.03)(Zr0.52Ti0.48)O3 (PLZT),14

BiFeO3 (BFO),
7 and Pb(Zr1–xTix)O3 (PZT).

15 In this regard, it

is highly imperative to search for ferroelectrics exhibiting a

large PV response so as to widen the available ferroelectric

PV materials which will enable better understanding about

the PV mechanism.

Interestingly, Poosanaas and Uchino14 proposed the

empirical correlation between the photovoltage and morpho-

tropic phase boundary (MPB) composition in a ferroelectric

system. In this scenario, the recently discovered lead free ferro-

electric 0.5Ba(Zr0.2Ti0.8)O3-0.5(Ba0.7Ca0.3)TiO3 (BZT-BCT)

system16 having an MPB composition can be considered as a

potential candidate to explore the PV effect. Importantly, it

is one of the Pb-free alternatives owing to its large piezo-

coefficient (d33) value of �620 pC/N. However, the physical

characteristics of BZT-BCT thin films are limited in litera-

ture and notably, the PV properties are unexplored till date

despite the compound exhibiting a PV favourable MPB

composition.14,16 In this work, we have fabricated an epitax-

ial thin film of BZT-BCT on a 5% Nb doped (001)SrTiO3

(Nb:STO) substrate by the pulsed laser deposition (PLD)

technique and studied its ferroelectric properties along with

the PV characteristics. The film showed a strong self-

polarization effect and a remarkable PV response of 1.1V as

the open circuit voltage. The possible correlations between

the self-polarization and large PV response are discussed in

this letter. The results presented in this letter elucidate the

significance of the BZT-BCT system in future PV and self-

powered photodetector related applications.17,18

To fabricate the BZT-BCT film by the PLD technique,

the target was prepared by the solid state route. Initially,

homogeneously mixed stoichiometric amounts of BaCO3,

CaCO3, BaZrO3, and TiO2 precursors were calcined at

1350 �C for 4 h.19 The calcined powder was mixed with 6wt. %

polyvinyle alcohol as the binder and uniaxially pressed into

a 12mm diameter disc shaped pellet. The green pellet was

sintered at 1450 �C for 6 h for better densification and used

as the target. The film was deposited on the (001)Nb:STO

substrate at 720 �C at 400 mTorr of oxygen partial pressure

(PO2). The deposition was carried out by ablating the target

using excimer laser (10Hz pulse frequency and 2.3 mJ/cm2

fluence) for 15min. After deposition, the film was annealed

in-situ under 500 Torr of PO2 for 30min, then cooled toa)Author to whom correspondence should be addressed: muruga@iitm.ac.in
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room temperature at 10 �C/min. For better crystallinity, the

grown film was again annealed ex-situ at 850 �C for 1 h

under an ambient condition.

The fabricated film was analysed by the X-ray diffrac-

tion (XRD) technique (Rigaku with Ni filter and Cu Ka radia-

tion) for its crystalline phase and orientation. Surface

profilometry (Bruker Contour GT-3d) was used to verify the

thickness homogeneity of the film. The optical bandgap was

measured by diffuse reflectance spectroscopy (DRS) using a

micropack DH2000 lamp (deuterium in UV-vis and Halogen

in vis-NIR). For electrical measurements, 200 lm diameter

thin Au dots were deposited as top electrodes, whereas the

conducting Nb:STO substrate was used as the bottom elec-

trode. The ferroelectric polarization (P) versus electric field

(E) measurements were performed in the Au/BZT-BCT/

Nb:STO capacitor geometry using a Radiant Technology

instrument (USA RT6000S). Piezo force microscopy (Parks

System XE, South Korea) was used for the ferroelectric

switching characteristics, where the conducting Au tip of

75 kHz resonant frequency and 2.5N/m force constant were

used. The photovoltaic measurements were carried out using

a Keithley high resistance electrometer (6517B) with a

Xenon arc lamp as the light source.

The h-2h XRD pattern recorded on the film is shown in

Fig. 1(a) and the pattern reveals the formation of the film

without any secondary phases. The XRD pattern displays the

diffraction peaks corresponding to the (00l) plane of the

tetragonal phase revealing the c-axis orientation of the BZT-

BCT film. To confirm the degree of orientation, the u-scan is

performed on (111) diffraction peaks of both the film and

substrate. The results are displayed in Fig. 1(b). The perfect

match in the diffraction peaks of the film with the substrate

and their repetition at 90
�

interval indicate one-on-one

growth with the in-plane 4-fold rotational symmetry of the

film. This confirms that the film is epitaxially grown along

the (00l) orientation. The lattice parameters of the bulk BZT-

BCT sample are a¼ 3.9986 Å and c¼ 4.0192 Å,20,21 whereas

the cubic Nb:STO lattice parameter (asubs)¼ 3.905 Å. Hence,

the c-axis oriented epitaxial film is expected to grow under a

compressively strained condition with 2.3% ð½ðasubs � aÞ=a�
�100Þ misfit strain.21,22

The topography of the as-grown film recorded by piezo

force microscopy (PFM) (see supplementary material S1)

shows a smooth surface with an average surface roughness of

�5 nm. The thickness homogeneity of the film is evidenced

from the uniform colour contrast shown by the surface profil-

ometry image in Fig. 2(a) and the thickness calculated from

the image is �335 nm (see supplementary material S2). The

optical reflectance (R) spectrum of the film shown in the inset

of Fig. 2(b) reveals a sharp absorption below the visible wave-

length range which indicates that the bandgap of BZT-BCT is

in the UV absorption range. The bandgap of the film obtained

from the Kubelka-Munk (K-M) plot,23 which is the plot

of (F(R)h�)1/2 versus energy, where F Rð Þ ¼ ð1� RÞ2=2R,
drawn in Fig. 2(b), is 3.18 eV.

To ascertain the ferroelectric properties, P-E hysteresis

loop measurements are carried out on the Au/BZT-BCT/

Nb:STO film at 50Hz. The evolution of the P-E loops show-

ing ferroelectric characteristics at various applied voltages is

shown in Fig. 2(c). Interestingly, the loops exhibit polariza-

tion imprint with a large voltage off-set suggesting the pres-

ence of an in-built internal electric field (Ein) in the

system.24–28 The P-E loops display large asymmetry in rem-

nant polarization (Pr) with þPr¼�0.8 and �Pr¼�6.5 lC/

cm2. The large imprint is generally attributed to the non-

switchable layer at the film interface.22,25,26 The origin for

such non-switching layer is correlated with the strain gradi-

ent and domain pinning at the interface in the litera-

ture.21,22,24–28 Note that the BZT-BCT film is grown on the

Nb:STO substrate under 2.3% compressive strain. During

the epitaxial growth process, the unit cells are grown layer

by layer on the substrate. However, the layers start relaxing

as it grows from the interface to the bulk direction leaving a

FIG. 1. (a) XRD h�2h pattern of the BZT-BCT/Nb:STO film and (b) u-

scan of Nb:STO and BZT-BCT at (111) diffraction peaks.

FIG. 2. (a) Surface profilometry image, (b) K-M plot, and (c) P-E hysteresis

loops of the BZT-BCT/Nb:STO film. The inset in the K-M plot shows the

reflectance versus wavelength graph. The insets in the P-E loop show the

schematic representations of switchable and non-switchable domains under

the external electric field.
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large strain gradient along the thickness of the film. The strain

gradient can generate large flexoelectric field21,22,27–29 which in

turn can cause a preferential orientation of polarization called

the self-polarization over a small thickness range from the

film-substrate interface as shown in the inset of Fig. 2(c).28,29

In a simplified form, the strength of the self-polarization

P ¼ l @u
@z induced by the flexoelectric field (Eflex ¼

e
4pe0a

@u
@z ),

where @u/@z is the strain gradient, z is the distance from the

film surface, e is the charge of an electron, a is the lattice

parameter of the BZT-BCT compound, and e0 is the absolute

permittivity, correlated with the flexoelectric coefficient

l.30,31 By considering the @u/@z ¼ um
2=a, the calculated @u/

@z and Eflex are �1.32� 106 m�1 and 4.75MV m�1, respec-

tively.22 Note that the lattice misfit strain um is calculated

from the lattice parameter of the BZT-BCT and the sub-

strate.22 In addition, the induced self-polarization P which

assumed to be �Pr=2 ð¼ 3:5 lC/cm2), gives an approximate

estimation for l �2.651� 10�8 C m�1 which is in fact much

large than the values reported for other bulk ferroelectrics.28

Moreover, to absorb the misfit strain, the approximate thick-

ness of the non-switchable self-polarization layer ða=umÞ is

�18 nm.22 These self-polarized domains are difficult to

switch under a normal external field and thereby leave non-

switchable domains at the interface as shown in the inset of

Fig. 2(c).22 In addition, the n-type semiconducting Nb:STO

substrate results in a p-n junction at the interface with the p-

type ferroelectric film. As a consequence, the internal elec-

tric field (Ein) in the depletion region (pointing towards the

thickness direction) can additionally favour a non-switchable

upward polarization (domain pinning effect) at the film-

substrate interface.29 Hence, a large imprint observed in the

BZT-BCT/Nb:STO film could be the combined effect of the

strain gradient and domain pinning.

To further understand the domain switching, piezo force

microscopic (PFM) measurements are carried out on the film.

Initially, the domain pattern is written over 4� 4lm2 with

þ10V dc bias voltage followed by 2� 2 lm2 of central area

written by �10V dc bias voltage. The PFM signal is read by

1V ac signal over 6� 6lm2 area and the obtained amplitude

and phase images are displayed in Figs. 3(a) and 3(b), respec-

tively. The uniform colour contrast seen in Fig. 3(b) at the

central 2� 2 lm2 area indicates that the domains are fully

switched along the upward direction (away from the sub-

strate). However, the area written by þ10V shows almost

similar colour contrast with the as-grown sample (outer area),

which indicates the difficulty in switching the domain in the

downward direction. The observation reiterates the presence

of non-switchable self-polarized upward domains. Hence, the

resultant self-polarized field is in-phase and against the field

applied to switch the domains in upward and downward

directions, respectively. To investigate it further, the PFM

amplitude (d33) and phase curves are plotted in Figs. 3(c) and

3(d), respectively. The plots show a butterfly-like ferroelec-

tric d33 curve along with the dynamic domain switching with

a 180
�

phase shift. However, the strong imprint-like feature

evidenced from the observed shift in the respective plots is

attributed to the effect of the non-switchable layer at the

interface. The evidence for the non-switchable domains and

its effects on the ferroelectric imprint behaviour are reported

in similar systems like PZT/Nb:STO thin films.25

The optical bandgap of the film being in the UV absorp-

tion range and ferroelectric polarization strongly suggest the

suitability of the BZT-BCT film for PV studies. To probe the

PV characteristic, the current versus voltage measurements

are carried out on an Au/BZT-BCT/Nb:STO capacitor struc-

ture under dark and light illumination conditions. The sche-

matic geometry used for PV measurement is shown in the

inset of Fig. 4(a). Prior to the PV measurements, the sample

is poled under �10V dc voltage for 10min. The Au and

Nb:STO electrodes are connected to the negative and positive

terminals, respectively, and the resultant polarization state is

labelled as Pup state. The measured J–V curves are shown in

Fig. 4(a). Notably, the BZT-BCT sample displays a strong

PV response with a maximum VOC of 1.1V and a short-

circuit current density (Jsc) of �2lA/cm2 under 100 mW/

cm2 light intensity. The displayed VOC and JSC values are bet-

ter than the values reported for the Pb-based ferroelectric

films and even higher than the well-studied BiFeO3 film.30–32

As a comparison, the JSC and normalized VOC with respect to

the thickness (d) reported for the ferroelectric epitaxial films

exhibiting a large PV response at 100 mW/cm2 light intensity

are given in Table I.

The table highlights the significance of the BZT-BCT

system in PV studies. For the switchable PV effect, the mea-

surements are repeated, but by applying þ10V as the poling

voltage. The resultant polarization state is labelled as the

Pdown state. Ironically, the sample did not show any PV

response under light illumination as shown in Fig. 4(a). This

is in accordance with the presence of self-polarization induced

non-switchable ferroelectric domains at the film-substrate

interface which give rise to the imprint effect resulting in a

very low remnant polarization (þPr¼�0.8lC/cm2) value.

In general, the PV effect is about the electron-hole pair

generation followed by their separation and collection before

recombination. In ferroelectric thin films, the separation of

photo-generated electron-hole pairs is facilitated by the inter-

nal electric field.10,11 The following two mechanisms

majorly contribute to the ferroelectric PV response via the

FIG. 3. The PFM (a) amplitude and (b) phase image of the 6� 6 lm2 BZT-

BCT film read by the 1 V ac signal after writing the pattern over 4� 4 lm2

by þ10 V and 2� 2 lm2 by �10 V dc voltage. The PFM (c) amplitude and

(d) phase curves recorded on the BZT-BCT film.

233902-3 Swain et al. Appl. Phys. Lett. 113, 233902 (2018)



internal field. They are the polarization induced depolariza-

tion field (Edp) and the built-in field (Ebi) due to the metal/

ferroelectric Schottky barrier formation at the interface. Note

that the Edp originates due to incomplete screening of polari-

zation induced surface bound charges, whose direction can

be switched by changing the poling field direction. The net

internal electric field (Enet) responsible for the charge separa-

tion is Enet ¼ Ebi6Edp.
36,37 In addition, in BZT-BCT, the

large PV response is also associated with the non-switchable

self-polarization field (Esp) whose direction is along and

against the Pup and Pdown states, respectively. Hence, the

observed PV response in the Pup state and its absence in

Pdown states is the consequence of the related change in the

net internal field ðEnet ¼ Ebi6Edp þ EspÞ dominated by Esp.

To understand it better, we have drawn the energy band

diagram of the heterostructure subjected to unpoled, Pup and

Pdown states in Figs. 5(a), 5(b), and 5(c), respectively. In an

unpoled state, the difference in the work function (5.1 eV) and

electron affinity (ve ¼ 3:9 eV) of Au and BZT-BCT,38 respec-

tively, yields the Schottky barrier at the top interface with the

resultant barrier height /t of 1.2 eV (the corresponding

Ebi¼ 3.6MV/m) and depletion width Wt as shown in Fig. 5(a).

On the other hand, the ve of Nb:STO being 4.08 eV gives39 a

nominal barrier height of 0.18 eV(the corresponding

Ebi¼ 0.30MV/m) and depletion width Wb at the bottom inter-

face as shown in Fig. 5(c). Hence, the band bending at the bot-

tom interface is mostly dominated by Esp which is along the

direction of Ebi as shown in Fig. 5(a). However, in the Pup state,

the direction of Edp being along the direction of Esp and Ebi,

leads to an increase in the width of depletion regions (Wt and

Wb) with an enhanced band bending at both interfaces as shown

in Fig. 5(b). As a consequence, the increased Enet ð¼ Ebi þ
Edp þ EspÞ favours better charge separation and hence higher

VOC and JSC. On the other hand, in the Pdown state the Edp,

which is now opposite to the direction of Esp and Ebi, lowers the

Enet ð¼ Ebi � Edp þEspÞ and reduces the band bending effect at

both interfaces and even giving possible upward band bending

as shown in Fig. 5(c). As a consequence, the lower Enet reduced

the rate of photo-generated charge separation with an almost

negligible PV response [shown in Fig. 4(a)] in the Pdown state.

TABLE I. Comparison of reported JSC and VOC/d in epitaxial ferroelectric

PV response along with the BZT-BCT system.

Epitaxial films VOC/d (kV/cm) JSC (lA/cm2) Light source

32Pt/BFO/SRO/STO 8.7 0.18 Halogen lamp
33Pt/BFO/LSMO/STO 16.6 0.1 Halogen lamp
34Pt/Fe/BFO/LSMO/STO 21 0.6 Halogen lamp
35Au/PLZT/Nb:STO 39.4 0.025 UV source
aAu/BZT-BCT/Nb:STO 32.8 3.5 Xe lamp

aThe present work

FIG. 5. Schematic energy band diagram of the Au/BZT-BCT/Nb:STO hetero-

structure in (a) unpoled, (b) Pup state, and (c) Pdown states. The /t is the Schottky

barrier height at the top interface The EC, EV, and EF are the conduction band

minimum, valence band maximum, and the Fermi level, respectively. TheWt and

Wb represent the barrier width at the top and bottom interfaces, respectively.

FIG. 4. (a) Photovoltaic J-V curves recorded under dark and light illumination (the inset is the schematic of PV measurement geometry), (b) transient photocur-

rent response under light ON and OFF states, (c) VOC recorded as a function of time (the inset shows the JSC versus time plot), and (d) J-V plots measured at

different light intensities for the Au/BZT-BCT/Nb:STO heterostructure.
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The photo-current response with respect to time under

light ON and OFF states is recorded for the Au/BZT-BCT/

Nb:STO sample at the zero bias condition. The result is plot-

ted in Fig. 4(b). The plot shows a quick photo-current

response under both light ON and OFF states. To study the

stability of photovoltage and photocurrent, the VOC and JSC
recorded under the light ON state as a function of time are

displayed in Fig. 4(c) and in the inset, respectively. The fig-

ure shows that the VOC and JSC values are indeed stable for a

longer duration of time. To understand the light intensity

effect on the PV response, the J–V curves are measured at

60, 80, and 100 mW/cm2 light intensities and the respective

plots are shown in Fig. 4(d). Interestingly, the plots reveal an

increase in Jsc with increase in light intensities without

showing a significant change in Voc.

In summary, the ferroelectric 0.5Ba(Zr0.2Ti0.8)O3-

0.5(Ba0.7Ca0.3)TiO3 film was fabricated on a (001)Nb:SrTiO3

substrate by the pulsed laser deposition technique for the pho-

tovoltaic studies. The film was grown along (00l) epitaxial

orientation with a large compressive misfit strained (2.3%)

state. The Au/BZT-BCT/Nb:STO film displayed a P–E hys-

teresis loop with a large imprint effect. The non-switchable

preferentially oriented domains due to the flexoelectric effect

and interfacial p-n junction are envisaged to be the reason for

the imprint phenomenon. The PFM switching studies demon-

strated that the domains are indeed oriented in a preferred

direction with non-switchable character which leads to the

strong self-polarization effect. It is noteworthy to mention

that the BZT-BCT film exhibits a poling directional depen-

dent large photovoltaic response with a maximum VOC value

of 1.1V. The observed photo-response is the consequence of

the net internal field associated with the depolarization field

along with an additional contribution from the self-

polarization effect. Hence, the large and stable photovoltaic

characteristics of the BZT-BCT film give an additional

dimension to the multifunctional materials with a huge appli-

cation potential in the field of optoelectronics related devices.

See supplementary material for the surface topography

and the line scan of the surface profilometry recorded on the

film.
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