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ABSTRACT

Ferroelectrics are considered next generation photovoltaic (PV) materials. In this work, a switchable and large PV effect is
demonstrated in a Pb-free ferroelectric 0.5Ba(Zr¢ 2 Tip 8)O3-0.5(Bag7Cag3)TiO3 (BZT-BCT) thin film fabricated by a pulsed laser
deposition technique. The material shows a remarkable PV output of 0.81 V due to its morphotropic phase boundary composition.
The observed PV effect is analyzed on the basis of the interfacial Schottky barrier and bulk depolarization field. The poling depen-
dent PV studies revealed that although the Schottky and depolarization field contribute to the PV effect, the latter dominates the
PV response beyond the coercive field. Additionally, the importance of this compound in the field of a self-biased photodetector
is elucidated in terms of calculated photodetector parameters such as responsivity and detectivity. The explored results will bring
significant advancement in the field of ferroelectric PV, UV solid state detector applications and also give an additional dimension
to the multifunctional ability of the BZT-BCT system.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http: //creativecommons.org/licenses /by /4.0/). https://doi.org/10.1063/1.5064454

Ferroelectric materials showing switchable spontaneous
polarization offer intriguing research interest due to their
application potentials in a wide range of fields."> Recently,
the photovoltaic (PV) research on ferroelectrics is gaining
momentum because of anomalous PV response.®"'° However,
these studies are confined to a few ferroelectric systems
such as LiNbOg,6 BaTi03,G‘8 (Pb0.97Laolog)(ZrO'SZTi()Ag)Og,9
PbTiOs3,'° BiFeO3 (BFO),''-'6 and Pb(Zr1_Tix)O3 (PZT)'7-20 in
the literature. Some of these perovskite oxides are discov-
ered to yield giant PV response but mostly in their bulk
form.510 Glass et al.?' reported the generation of open cir-
cuit electric field (Eoc) as high as 10° V/cm in an Fe doped
LiNbOs3 single crystal. In fact, the recent studies on BFO,
Baj_x(Big 5Lig 5)xTiO3 have showed giant PV response in these
systems.'622 However, the origin of the ferroelectric PV
effect is not clearly understood and the proposed mechanisms
vary from the bulk to the thin film.??* The above bandgap

photovoltage in ferroelectrics known as bulk PV effect (BPVE)
is associated with shift current mechanism due to non-
centrosymmetry of the system.?*27 On the other hand, the
domain wall, the interface, and the associated phenomena
could play a critical role in the PV effect observed in thin
film heterostructures.?112¢ In fact, the electrode dependent
photo-current response reported in the PZT thin film sug-
gests that the PV mechanism in thin films is different from the
anomalous PV effect in the ferroelectric bulk and single crys-
tals.?0 In this context, understanding the PV effect in thin films
is essential to enhance their application potentials in the era
of miniaturization.

In thin films, the domain wall theory is proposed to
explain the observed above-bandgap voltages in the epi-
taxial BiFeOs film.!" The theory suggests that the cumula-
tive effect of electrostatic potential at ferroelectric domain
walls is the driving force for the charge carrier separation.'’
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Subsequently, the temperature dependent PV measurements
carried out on the epitaxial BiFeOs film clarified the sig-
nificant role played by BPVE than the domain wall the-
ory.2?15 Alternatively, the interface related Schottky junc-
tion effect is proposed to control the PV effect in thin
film metal-ferroelectric heterostructures.'?202830 The effect
of the Schottky barrier at the metal-ferroelectric interface
and its modulation by the polarization induced controllable
charge carrier injection on the PV response are discussed
in SrRuO3(SRO)/PZT/SRO and Pt/BFO/SRO thin films.28
The photocurrent response with poling voltage mimicking the
polarization hysteresis loop indeed suggests the polarization
effect on the PV response.'®28 In addition, the role of the
internal electric field induced imprint effect on photo-current
response in the epitaxial PZT film is demonstrated in the lit-
erature.'? However, the dominance of the interfacial Schottky
junction over polarization field and vice versa is not clearly
elucidated in the literature. Moreover, to optimize the perfor-
mance of the ferroelectric based PV devices, it is necessary to
understand the competition between these mechanisms at the
interface.

Apart from energy harvesting applications of ferro-
electrics, their bandgap aiding UV light absorption foresees
their application prospective in UV solid state detectors.>3!
The traditional UV photodetectors made of wide bandgap
semiconductors (ZnO, SnO,, TiO,, ZnS, GaN, SiC, etc.)2-34
require an external bias for charge separation which restricts
their suitability for miniaturization and integration of devices.
In this context, the perovskite ferroelectrics showing large
photo-response can be an ideal self-powered (zero-bias field)
photodetector due to its in-built polarization field facilitating
the charge separation.>3>

Among the existing ferroelectrics, the recently dis-
covered 0.5Ba(Zrp2Tipg)O03-0.5(Bap;Caps)TiO3 (BZT-BCT)3®
compound exhibiting outstanding piezoelectric properties
with a large piezocoefficient (ds3 ~ 620 pC/N) is considered
as an alternative to Pb-based piezoelectric systems. Further-
more, it also attracts tremendous research interest due to its
multifunctional ability with the large energy storage density,>”
better electrocaloric effect,3® highest electro-optic3® prop-
erties, etc. Additionally, the BZT-BCT composition exhibit-
ing the morphotropic phase boundary (MPB) is expected to
yield large photo-response because of its suitable symmetry
requirements.?“° Hence, it is highly imperative to investi-
gate the PV and photodetector studies on this technologically
important BZT-BCT material. In this work, the polycrystalline
BZT-BCT thin film fabricated on the Pt/TiO,/SiO,/Si sub-
strate revealed a remarkable PV response with a maximum
open circuit voltage (Voc) of 0.81 V, which is higher than the
value reported for few ferroelectric polycrystalline films.*' 42
The poling dependent PV studies elucidate the dominance of
polarization effect over the interfacial Schottky barrier effect
at poling fields higher than the coercive field. In addition, the
UV photodetector characteristics of the BZT-BCT sample are
demonstrated in this work.

Polycrystalline BZT-BCT films were deposited on Pt/
TiO, /SiO, /Si substrates using a pulsed laser deposition (PLD)
technique. Prior to deposition, the BCT-BZT compound was

scitation.org/journal/apm

prepared by the conventional solid state route by mixing stoi-
chiometric amounts of BaCO3, CaCOs, BaZrOs, and TiO, pre-
cursors and calcining the homogeneous mixture at 1350 °C for
4 h. The BCT-BZT target of 12 mm diameter prepared from the
calcined powder was sintered at 1450 °C for 6 h. The film was
deposited on the substrate maintained at 720 °C by ablating
the target for 20 min under 400 mTorr oxygen partial pressure
(PO.). After deposition, the film was in situ annealed under 400
Torr of PO, for 30 min and then cooled to room temperature
at 10 °C/min. The grown film was again subjected to ex-situ
annealing under the ambient atmosphere at 850 °C for 1 h for
better crystallinity.

The fabricated film was characterised by X-ray diffrac-
tion (XRD), using a Rigaku diffractometer fitted with a Ni filter
and Cu K, radiation, for phase confirmation. The thickness
of the sample was measured by performing cross-sectional
imaging using an Inspect F50 field emission scanning elec-
tron microscope (FESEM). The optical bandgap of the film
was obtained using diffuse reflectance spectroscopy (DRS) by
employing a micropack DH2000 lamp (deuterium in UV-vis
and Halogen in vis-NIR). For electrical measurements, semi-
transparent Au dots of 500 um diameter and 18 nm thick-
ness were deposited by thermal evaporation technique and
are used as top electrodes. The polarization switching stud-
ies were carried out on Au/BZT-BCT /Pt capacitor geome-
try using a Radiant Technology instrument (USA RT6000S).
Ferroelectric domain switching was performed using a
piezoresponse force microscopy (PFM) (Parks System XE, USA).
The conducting Au tip with a resonant frequency of 75 kHz
and a force constant of 2.5 N/m was used for PFM studies.
The PV responses were recorded using a Keithley high resis-
tance electrometer (6517B) with a xenon arc lamp as the light
source.

The XRD patterns recorded on the BZT-BCT/Pt/TiO,/
SiO, /Si sample and the substrate are shown in Fig. 1(a). The
sample XRD pattern reveals that the film is grown in phase
pure polycrystalline form without any secondary phases. The
diffraction peaks are indexed to the tetragonal symmetry
of the BZT-BCT compound. The cross-sectional SEM image
shown in Fig. 1(b) confirms the uniform deposition of the film
on the substrate with a homogeneous thickness of around
700 nm. To obtain the optical bandgap, the percentage of
reflectance (R%) is recorded as a function of wavelength and
it is plotted in Fig. 1(c) from 325 to 800 nm. The inset shows
the Kubelka-Munk (K-M) plot which is a plot of (F(R)hv)!/2 ver-
sus energy, where F(R) is the K-M coefficient ((1 - R)*/2R), R
is the reflectance, and hv is the photon energy.** The optical
bandgap extracted from the linear fitting of the K-M plot is
around 3.2 eV, which falls in the UV-visible region of the solar
spectrum.

Prior to the ferroelectric measurements, the fabricated
film is tested for its leakage characteristics and the current
density is plotted as a function of the applied electric field in
Fig. 1(d). The plot displays that the leakage current density (J)
is of the order of 107 A/cm?, which is a typical range observed
for ferroelectric materials. As a consequence, the polarization
(P) response to the applied electric field (E) shown in Fig. 1(e)
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FIG. 1. (a) XRD pattern of the BZT-BCT film and the Pt/TiO,/SiO,/Si substrate, (b) the cross-sectional SEM image of the BZT-BCT film showing 700 nm thickness, and (c)
R% versus wavelength recorded on the film (the inset shows the respective K-M plot). (d) Leakage current density versus applied electric field, (e) the P-E hysteresis loop
measured at a different maximum applied electric field range, and (f) the PFM phase and amplitude response of the domains as a function of bias voltage for the BZT-BCT

film. The inset shows the AFM topographic image of the as-grown film.

gives a P-E hysteresis loop behavior with a maximum polar-
ization of 22 uC/cm? at 240 kV /cm. The evolution of the P-E
loop at a different maximum applied field range is well demon-
strated in Fig. 1(e). The small voltage off-set seen in the coer-
cive field (Ecoercive) is due to the use of asymmetric electrodes.
The Ecoercive inferred from the P-E loop obtained at +20 V
sweepis 62.4 kV/cm (4.2 V). To ascertain the domain switching
characteristics of the film, the phase and amplitude responses
of the domains as a function of dc bias voltage are probed by
PFM and the resultant plots are given in Fig. 1(f). The topo-
graphic image over 4 x 4 um? area of the BZT-BCT film shown
in the inset of Fig. 1(f) indicates that the film is grown with
smooth surface. The average surface roughness of the film is
~5 nm. The phase curve reveals 180° domain switching, and
the saturated butterfly loop displayed by the amplitude curve
reiterates the ferroelectric nature of the film. The observed
bandgap along with good ferroelectric characteristics of the
BZT-BCT film having MPB composition strongly suggests its
possibility to show large photo-response.?36

To investigate the PV effect, the photo-response mea-
surements are carried out on the Au/BZT-BCT/Pt sample
using a 100 mW /cm? intensity xenon-arc lamp light source.
The schematic diagram representing the measurement geom-
etry is shown in Fig. 2(a). Since the photo-response is expected

to be proportional to the polarization of the material, the
sample is poled under an external voltage of 6 V (which is
well above the Ecoercive Of the Au/BZT-BCT /Pt capacitor) for
600 s. The bottom (Pt) and the top (Au) electrodes are con-
nected to the positive and negative terminals, respectively,
and the resultant polarization state is labeled the UP-poled
state. The measured photovoltaic J-V characteristics under
dark and light illumination conditions are shown in Fig. 2(b).
From this figure, it is inferred that the sample shows the max-
imum V¢ of 0.81V with a short-circuit current density (Jsc) of
~-36 uA/cm?. Note that the observed Voc is larger than the
reported values for well-studied pure BiFeOs films. 44142

The ferroelectric film is expected to show PV switchabil-
ity by altering the direction of polarization.'#1%2¢ This effect
is examined in the Au/BZT-BCT /Pt film after subjecting it to
the DOWN-poled state by applying 6 V for 600 s (the bottom
and top electrodes are connected to the negative and pos-
itive terminals, respectively). The resultant J-V curves mea-
sured under dark and light illumination conditions, shown in
Fig. 2(b), indeed confirm the switchable PV characteristics, a
typical behavior of a ferroelectric PV cell with Voc ~ -0.79 V
and Jsc = 25 uA/cm?.

To study the transient current response to light, the time
dependent Jgc is measured under light ON and OFF conditions
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for both UP- and DOWN-poled states of the sample and the
results are plotted in Fig. 2(c). The Jsc shows a sharp response
under light ON and OFF conditions with an initial spike-like
structure, followed by the steady state current. The initial
spike-like feature is attributed to the pyroelectric response of
the ferroelectric sample which is a common feature observed
in ferroelectrics under light illumination.?> The small variation
in magnitude of Jgc observed between the UP- and DOWN-
poled states [Fig. 2(c)] can be correlated with the asymmetric
electrode effect.'? The stability of the generated photocur-
rent is confirmed by measuring the Jsc under the light ON
state for a longer duration, as shown in Fig. 2(c). Similarly,
the stability of Voc under the light ON state is verified by
measuring the Voc for a longer duration and the result is
plotted in Fig. 2(d).

Interestingly, the observed J-V curve under light illumi-
nation shows the predominant linear behavior [see Fig. 2(b)],
which is the reminiscent effect of the ferroelectric depo-
larization field. However, in a metal-ferroelectric-metal het-
erostructure, the I-V characteristic can be significantly mod-
ulated by two major mechanisms, the interfacial and the bulk
controlled mechanism.*° The former is attributed to the effect
of interface control by charge injection due to the Schot-
tky effect, and the latter is attributed to the contributions
from Ohmic, space charge limited currents, depolarization
field, or their combinations. Figure 3(a) depicts the schematic
representations of I-V curves originating from these con-
tributions. In a metal-semiconductor contact, the difference
in metal work-function and semiconductor electron affinity
gives rise to a barrier at the interface,3°4%4¢ as predicted by

30 I T | T '| T
@ (b) (c) DOWN-poled
: i 0 o —— Dark f/‘
v /v TP 20-—o— 2V, Light .
/] — ;gaﬁ — | —=—13V, Light ]
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FIG. 3. Schematic diagrams representing the I-V characteristics of (a) resistor, resistor and voltage source, Schottky diode, and their combinations. Photovoltaic J-V
characteristics for (b) UP-poled and (c) DOWN-poled state of the BZT-BCT film recorded under dark and light illumination conditions.
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the Schottky-Mott rule. The smaller Schottky barrier height
(¢), in comparison with the thermal energy, gives a linear I-
V curve passing through zero, as shown in Fig. 3(a) (resistor
nature), which indicates the Ohmic or resistive nature of the
interface.“* Although the I-V is linear for the combination of
interfacial Ohmic and the bulk capacitive nature of the mate-
rial, it will make an intercept at the voltage and current axes,
as shown in Fig. 3(a) (resistor and voltage source).'>2%47 How-
ever, at sufficiently larger ¢, the semiconductor-metal inter-
face will be depleted and behaves as a Schottky diode with a
typical I-V curve, as shown in Fig. 3(a) (Schottky diode).*>

It is known that perovskite oxide ferroelectrics are gen-
erally termed semiconductors and charge carriers are intro-
duced by the defect chemistry and unavoidable oxygen vacan-
cies. Therefore, in the metal /ferroelectric interface, both the
interfacial Schottky barrier and bulk contributions due to
polarization could play a role in the observed PV response
and hence may give I-V characteristics, as shown in Fig. 3(a)
(combined effect). As a result, the observed photo-response
for the BZT-BCT film shown in Fig. 2(b) is the coupled phe-
nomena of the bulk polarization and the interfacial Schottky
barrier effect. However, the predominant linear nature of the
J-V curve?+41.47 gtrongly suggests that the polarization con-
tribution to the PV response is dominant over the interfacial
Schottky contribution.

To probe the competing role of the interfacial Schottky
and bulk polarization effect, systematic poling dependent PV
studies are carried out. For this purpose, the sample is UP-
poled at1, 2,4, 6,and 8 Vand the PV measurements are carried
out under dark and light illumination conditions. The recorded
J-V characteristics are shown in Fig. 3(b). Interestingly, the J-
V curves display two distinctly different features appearing
at two different poling field ranges. The non-linearity in J-V
curves (as guided by arrow heads) in Fig. 3(b) at lower pol-
ing fields, from 1 to 4 V, reveals a Schottky-like behavior, and
it indicates the dominant interfacial Schottky effect in the PV

(a) é¢m.
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response. However, at higher poling fields, from 6 to 8 V, the
J-V curves show the predominant linear features (highlighted
by an arrow) and they indicate the dominant bulk polarization
effect in the PV response. The J-V characteristics show similar
features for the sample subjected to the DOWN-poled state,
as shown in Fig. 3(c).

To explain the poling field (E,oeq) dependent PV response
in the ferroelectric Au/BZT-BCT/Pt film, the schematic
energy band diagrams are drawn in I'ig. 4. Generally the ferro-
electric BZT-BCT film is considered an n-type semiconductor
due to the inherent nature of perovskite oxides having oxygen
vacancies and the possible mixed valence state of the Zr/Ti
metal ions (generated to maintain the overall charge neutral-
ity of the system) acting as electron donors.3%4548 Hence,
the BZT-BCT and Au/Pt contacts facilitate the formation of
Schottky barriers at the top and bottom electrode interfaces
due to band bending so as to match the metal and semicon-
ductor Fermi levels (Er). The corresponding schematic band
diagram illustrating the band bending mechanism, giving the
built-in-potential (¢p; = ¢, — ¢¢) at the interface and the asso-
ciated built-in-field>> Ey; = ¢,;/(q x d), for an unpoled sample
is drawn in Fig. 4(a). Here, ¢ and ¢y, are the barrier heights at
the top and bottom electrode /film interfaces, respectively, q
is the charge, and d is the thickness of the film. Note that Ey; at
the metal-semiconductor interface facilitates the separation
of photo-generated carriers.2° However, the barrier poten-
tial could be modified (¢;;) by Epoled- As @ result, the sample
subjected to the poled state shows that the net internal field
(Enet = Ep; = Egp) is the combination of the Schottky (Ep;) and
depolarization field (Egp).'#2641 When Epgleq < Ecoercive, the
observed Schottky-like non-linearity in J-V curves under light
illumination [Fig. 3(b)] suggests that Ey,; > Egp. On the other
hand, when Ejgjeq > Ecoercive, the observed predominant linear
J-V curves under light illumination [Fig. 3(b)] suggests that Ey;
< Egp. Overall, these poling dependent J-V characteristic fea-
tures of the BZT-BCT sample can be understood from Figs. 4(b)

Eg . Un-poled : J
: Fo |
Aul_ I+ BZT-BCT W Pt aul | BzmBCT Pt Auked' BZTBCT Pt
/Vt b : Wl
E it Efu‘ ED(J'Cd * ECUCI‘C“"-‘ E poled >>E coercive
E,‘rf 2E dp E, hi< Edp

FIG. 4. Schematic energy band diagram showing the variation of the barrier field for (a) un-poled, (b) poled with Epged < Ecoercive, and (c) poled with Epoieq > Ecoercive
states of the Au/BZT-BCT/Pt film. Here, &p is the polarization charge due to poling, and W; and W), are the depletion widths at the top and bottom electrode/film interfaces,

respectively.
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and 4(c), which show the band diagrams for these two cases,
i.e., Epoled < Ecoercive and Epgleq > Ecoercive, respectively. Note
that for Epgleq > Ecoercive, the Schottky barrier width increases
largely and hence has as a predominate linear behavior (due
to high resistive nature of the width) in a lower bias field and
shows the non-linearity at a higher bias field, as depicted in
Fig. 2(b).

To give a quantitative picture about the PV mechanism,
Ep; and Eg, are estimated. The estimated ¢ and ¢}, based on
the work function of Au (5.1 eV), electron affinity (y.) of BZT-
BCT (3.9 eV) and work function of Pt (6.35 eV) are 1.2 eV and
2.45 eV, respectively. This gives the Ep; ~ 1.7 MV/m.*> On the
other hand, Eg4, is calculated from the electrostatic equation

Egp = —eong (%),4350 where P, and e are the rem-
nant polarization and dielectric constant of the ferroelectric
thin film, respectively. €. and A are the dielectric constant
and screening length of the metal electrode, respectively. &g
is the permittivity of free space. Eg, is calculated at poling
fields below and above Ecoercive using the following values: P,
=144 uC/cm? at 3 V and 4.80 uC/cm? at 8 V. &r ~ 905 at
1 kHz (from the dielectric measurement), €, = 2, and 2 = 0.4
A(for noble metals such as Au and Pt).*° The calculated Egj, =
0.088 MV/m at 3 V poling (Epgled < Ecoercive) is lower than E;
(1.7 MV/m). However, Eq, = 2.9 MV/m at 8 V poling (Ejoleq >
Ecoercive) is higher than E;. These values further confirm that
the Schottky barrier dominates Eg, for sample poled below
Ecoercive- However, above Ecoercive, Eqp i @ major contributing
factor for the observed PV response in the BZT-BCT film which
is in agreement with the mechanism discussed earlier.

The large photo-response of the BZT-BCT film with sharp
ON-OFF transient current characteristics (see the enlarged
version of Jgc versus time plot in the inset of Fig. 5) under
UV-visible light strongly suggests its suitability for self-
powered photodetector devices such as the UV detector and
visible-blind sensor.>3551 To envisage the photodetector per-
formance, the salient parameters such as the responsivity
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FIG. 5. Calculated R and D* plotted as a function of poling voltage for the BZT-
BCT film. The inset is Jsc versus time plot under the light ON and OFF state under
the zero bias condition.

scitation.org/journal/apm

R= Iph/(P x S)) and detectivity (D* = R/4/(2el4q/S)), where
Iph = Ilighe! — laarkl, liighe 1S the current in the light ON
state, g, is the current in the light OFF state, P is the inci-
dent light intensity, and S is the effective irradiated area, are
calculated from the ON and OFF, PV characteristics of the
BZT-BCT sample shown in the inset of Fig. 5.5 The resultant
R and D* values are plotted as a function of poling voltage
in Fig. 5. The difference in magnitude, with respect to the
polarity of poling voltage, seen in the value of R and D* is
mostly attributed to the asymmetric electrode geometry and
its related interface barrier formation. The maximum values
of R and D* observed under the UP-poled state are 2.5 x 107
A/W and 2.4 x 10° Jones, respectively. These values are com-
parable with a BFO system at 100 mW /cm? light intensity.>
Additionally, the switchable, sharp, and stable PV response
displayed by the film advocates its application in data stor-
age and logical switching devices, where “electrical writing”
and “optical reading” can be performed by poling and light
illumination conditions, respectively.3>

A good quality polycrystalline Pb-free high piezocoeffi-
cient 0.5Ba(Zrp2Tip g)O3-0.5(Bag7Cap3)TiO3 thin film was fab-
ricated on the Pt/TiO; /SiO; /Si substrate by a PLD technique
to study the PV characteristics. The structure and crystallinity
of the film was confirmed by XRD measurements, and the
optical bandgap value of 3.2 eV was deduced from the K-
M plot. The observed P-E loop along with the PFM phase
and amplitude response to the bias voltage confirms the fer-
roelectric nature of the film. The studies revealed a large
PV response with a maximum of 0.81 V and 36 uA/cm? as
Voc and Jgc, respectively. Interestingly, the PV studies unveil
distinctly different J-V curves at two different poling field
regions. The features were well explained in terms of the
interfacial barrier formation and its modulation by the polar-
ization induced depolarization field, using the band diagram.
Overall, the study demonstrated that the polarization contri-
bution to the PV response was predominant over the interfa-
cial Schottky contribution in the BZT-BCT film poled at above
coercive field. Moreover, the calculated photodetector param-
eters, responsivity and detectivity, strongly suggested the
application potentials of the BZT-BCT film in photodetector
devices.
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