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Multiferroic oxides hold immense potential for multi-

functional applications in data storage, random access mem-

ory, spintronics, filters, attenuators, sensors, and photovoltaic

devices because of their fundamental physical properties.1–6

Among multiferroic oxides, bismuth ferrite (BiFeO3) has

earned ever-increasing attraction because of its coupling of

ferroelectricity and magnetism, promising for magnetoelectric

device fabrication.4 Along with this, recently, various interest-

ing physical properties of BiFeO3, such as photovoltaic and

photo-ferroelectric effects under visible light,5–7 spontaneous

polarization,4 piezoelectric effect,8 switchable ferroelectric

diode characteristics,9 resistive switching (RS),10,11 and mag-

netoelectric behaviour,4 have been investigated considering

its promises to meet the aspirations for the next generation

multifunctional devices. However, in many situations, the

issues like crystallinity, leakage property, and volatile nature

of bismuth are found to affect negatively on the performance

of BiFeO3.12–14 In this concern, several strategies have been

developed by the researchers to improve the multifunctional-

ity of BiFeO3.10,12–14 Moreover, BiFeO3 has been studied

well mostly in its bulk and thin films although BiFeO3 nano-

structures should have quite interesting properties arising

because of the morphology and the quantum size effects. In

fact BiFeO3 in the form of nanostructures has not been studied

well enough in the area related to solid state electronics.

This work reports an efficient approach to achieve multi-

functionality in BiFeO3 nanostructures grown on wide band

gap TiO2 nanotubes (NTs) substrate (see supplementary mate-

rial).15,16 TiO2 NTs serve as the insulating oxide mask having

large surface area where the interfacial interaction between

BiFeO3/TiO2 nano-heterojunctions provide opportunity to

achieve significant multifunctionality. BiFeO3 nanostructures

are found to exhibit stable ferroelectric behaviour, in compari-

son to that of the pure BiFeO3 NTs reported in our previous

work.17 Most interestingly, we have observed the white-light-

induced ferroelectricity in BiFeO3 nanostructures. The

coupling of visible light and ferroelectricity in BiFeO3 nano-

structures has not been studied till to date. The demonstration

on the origin of the photon induced ferroelectricity not only

provides insights of the physical property but also boosts the

opportunity to design light-controlled switchable ferroelectric

devices based on BiFeO3. The same nanostructure also exhib-

its ferroelectric diode like rectifying characteristics and photo-

voltaic effect. Furthermore, the resistive switching behaviour

of the BiFeO3/TiO2 nano-heterostructure has been found to be

interesting where the electronic conduction could be easily

switched between nonvolatile “ON” (low resistance state,

LRS) and “OFF” (high resistance states, HRS) states with

applied external bias. This phenomenon holds immense prom-

ise for the application in semiconductor based nonvolatile re-

sistance random access memory (ReRAM) devices. Therefore,

the light controlled ferroelectricity, photovoltaic, and rectifying

properties coupled with the resistive switching behaviour in

BiFeO3/TiO2 nano-heterostructure open up the opportunity to

fabricate BiFeO3 based multifunctional nanoelectronics

devices.

The morphology and structure of the as prepared BiFeO3/

TiO2 nano-heterostructure, examined by the field emission

scanning electron microscope (FESEM, JEOL JSM-7600F)

show vertically aligned uniform nano tubular arrays of diame-

ters �120 nm (Figure 1(a)). The transmission electron
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microscope (HRTEM, JEOL JEM-2100) studies show the well

covered wrapping of the particle like BiFeO3 nanostructures

on the surface of TiO2 NTs (Figures 1(b)–1(d)), whereas the

high resolution TEM micrograph (Figure 1(e)) indicates some

superimposed BiFeO3 nanostructures having the dimension

�15–20 nm on the TiO2 NT’s body. The x-ray diffraction

(XRD, Panalytical X’Pert Pro diffractometer) patterns for both

pristine TiO2 NTs and BiFeO3/TiO2 nano-heterostructure have

been recorded using Cu Ka line (k¼ 1.54 Å). The XRD pattern

(Figure 1(f)) demonstrates that BiFeO3 is polycrystalline, sin-

gle phase material that corresponds to the rhombohedral dis-

torted perovskite structure of BiFeO3 with R3c space group

(JCPDS File#20-0169) (see supplementary material).15 The

elemental colour mappings (Figures 1(h)–1(k)) performed by

using energy dispersive x-ray spectroscopy (EDS, Oxford

Instruments, attached to the FESEM) confirm the homogene-

ous distribution of the Ti, Bi, Fe, and O on the surface of

BiFeO3/TiO2 nano-heterostructure.

Figure 2(a) shows the room temperature (RT) P-E hyster-

esis loops for the BiFeO3 nanostructures anchored on TiO2

NTs under dark and visible white light illumination (10 mW/

cm2) conditions with various voltages with the applied mag-

netic field of H¼ 0. Inset of Figure 2(a) shows the schematic

diagram of the experimental setup used for the ferroelectric

hysteresis loop measurements, where the BiFeO3 nanostruc-

tures are anchored on the insulating TiO2 NTs surface and Ag

and Ti (substrate underneath) act as two electrodes. The varia-

tion of the ferroelectric polarization under dark and light irra-

diation conditions for the applied voltages of 30 and 300 V are

shown in Figure 2(b). P-E hysteresis loops for the BiFeO3

nanostructures at different applied voltages under dark and

light-illumination conditions are shown in Figure S6 in the

supplementary material.15 Clear evidence of ferroelectricity is

found for the BiFeO3 nanostructures where the hysteresis

could be related with the ferroelectric polarization. It is to be

mentioned that the pristine TiO2 NTs exhibit no ferroelectric

signature. The stable electrical polarization with saturation

ferroelectric polarization for the BiFeO3 nanostructures is

found to be improved than that of the BiFeO3 NTs reported in

our previous work,17 where the BiFeO3 nanotube samples

exhibited no hysteresis or lossy type hysteresis characteristics

(pristine BiFeO3 and doped BiFeO3 nanotubes samples

measured with both ends having Ag electrodes). Therefore, it

is believed that the insulating TiO2 NTs not only act as the

mask for the growth of BiFeO3 nanostructures but also pro-

vide the platform to reduce the leakage current problem and

hence stable and enhanced ferroelectric polarization in

BiFeO3 nanostructure is obtained.9,18 However, the unsatu-

rated nature of the P-E loops might indicate that the ferroelec-

tricity is because of the resistivity of the structures. Most

interestingly, here we have observed a distinctive photo-

ferroelectric effect in BiFeO3 nanostructures. The saturation

ferroelectric polarization and the remnant ferroelectric polar-

ization are found to increase instantly with the incidence of

visible white light (k> 420 nm) from an ordinary electric

lamp (10 mW/cm2). The above changes are found to be more

prominent at the low applied voltage (30 V). With the increase

of the applied voltage, the photo-ferroelectric effect is found

to become feeble. The variations of the saturation and remnant

ferroelectric polarizations with the applied voltage under dark

and light-illumination conditions are summarized in Table S1

(see supplementary material).15 Figure 2(c) shows the visible

white light induced changes of saturation ferroelectric polar-

ization (DP) of BiFeO3/TiO2 nano-heterostructure with

respect to the applied voltage. Here, DP is defined as

(Plight�Pdark)/Pdark, where Pdark and Plight, respectively, are

the saturation ferroelectric polarizations in dark and light-

illumination conditions. It is evident from Figure 2(c) that

with the increase of the applied voltage, DP decreases expo-

nentially. With the increase of the applied voltage from 30 to

100 V, DP decreases sharply and then DP decreases steadily

with the increase of the voltage beyond 100 V. DP decreases

from 44% to 5% with the increase of the applied voltage from

30 to 300 V. The change in the remnant ferroelectric polariza-

tion (DPR) with the illumination of white light with respect to

the applied voltage has been plotted in Figure 2(d). Here, DPR

is defined as (PR (light)�PR (dark))/ PR (dark), where PR (dark) and

PR (light), respectively, are the remnant ferroelectric polariza-

tions in dark and light-illumination conditions. It is found that

DPR also decreases exponentially with the increase of the volt-

age. Here, the change in DPR is found to be consistent with

the voltage. DPR is about 33% at the low applied voltage of

30 V while it becomes only 11% when the voltage increases

to 300 V. The instant change in the saturation and remnant

FIG. 1. FESEM (a), TEM (b)–(d), and

HRTEM (e) images of the BiFeO3

nanostructure anchored TiO2 NTs.

XRD patterns of the BiFeO3/TiO2

nano-heterostructure (f) and TiO2 NTs

(g). (h)–(k) EDS colour mapping of the

top surface of BiFeO3 BiFeO3/TiO2

nano-heterostructure.



polarizations with light-illumination “on” or “off” indicates

that the light only triggers the ferroelectric property, where

the generation of heat due to light-illumination could be over-

ruled. This study suggests that the ferroelectric polarization in

BiFeO3 nanostructures can be tuned by visible light and most

interestingly, the external electric field has a crucial role to

control the photo-ferroelectric effect. The electric field con-

trolled photo-ferroelectric effect in BiFeO3 nanostructures

helps to understand the mechanism of the photo-ferroelectric

effect.

The photo-ferroelectric effect is known to physics for a

long time.19 The possible origin of the light induced change in

ferroelectricity evidenced, for different materials are demon-

strated based on the trapping of the photo generated charge

carriers at domain/grain boundaries and the mobility of ferro-

electric domains under light illumination.22–24 The photo gen-

eration of the charge carriers in the ferroelectrics5,6 is well

known, and we also have observed the photo-generation of

electrons in the BiFeO3 nanostructures too (discussed later).

Here, the BiFeO3/TiO2 nano-heterostructure provides large

interfaces/surface area along with the grain boundaries in

BiFeO3 nanostructures anchored on TiO2. Hence, the photo-

generated electrons in BiFeO3 nanostructures can get trapped

at the interfaces and grain boundaries and induce polarization

effect as evidenced for other multiferroics too.7,20–22 Now, if

the direction of polarization caused by the trapped electrons at

the interfaces/grain boundaries is same as that of the BiFeO3

nanostructures themselves then the resultant ferroelectric

polarization of the BiFeO3 nanostructures will increase with

the illumination of the visible-light, as observed in this work

and in case of the BiFeO3 thin films, reported recently.7 In

order to get a clear idea about the mechanism of the photo-

ferroelectric effect, here we have studied the effect of external

electric field on the photo-ferroelectric polarization. The

photo-ferroelectric effect is found to diminish remarkably

with the increase of the external electric field. Hence, it is

expected that the increase of the external bias will force to

leave and move the trapped electrons at the interfaces/grain

boundaries and therefore the population of the trapped elec-

trons responsible for the enhancement of the ferroelectric

polarization will decrease reducing the total polarization of

the material. The external electric field dependent study on

the photo-ferroelectric effect of BiFeO3 nanostructures signi-

fies that the enhanced photo-ferroelectric effect can be attrib-

uted to the photo-generated electrons trapped at the interfaces

and grain boundaries.

The effect of visible-white light radiation on the I-V
characteristics of BiFeO3 nanostructures grown on TiO2 NTs

is shown in Figure 3. A distinct change in photoconduction

is observed after light-illumination (10 mW/cm2 and

k> 420 nm) on the BiFeO3 nanostructures which also exhib-

its interesting photovoltaic response. The measured short-

circuit current (Isc) is 1 nA, and the open circuit voltage (Voc)

is about 0.3 V. The change in conductivity upon illumination

may result because of the self-polarization of BiFeO3 nano-

structures23,24 which indicates that the generation of photo-

induced carriers and ferroelectric polarization is correlated to

each other. The I-V characteristics of BiFeO3 nanostructures

measured in dark condition clearly demonstrate the obvious

rectifying behaviour.25–27 During a measuring cycle, the cur-

rent value is switched at around 64 V.

Along with the ferroelectric memory characteristics, the

RS property of ferroelectric oxides, where the oxide changes

its internal conductivity according to the history of the

applied voltage/current,28,29 has also drawn considerable

attention for the applications in nonvolatile memories, popu-

larly known as ReRAM. Although there are few reports on

the resistive switching behaviour of the BiFeO3 thin

films,9,30 the same phenomenon for BiFeO3 nanostructures

still remains unexplored. The RS property of the BiFeO3/

TiO2/Ti nano-heterostructures is shown in Figure 4(a). Inset

of Figure 3(b) shows the schematic of the device where RS

behaviour is recorded by applying a sweeping voltage as

�10 V ! 0 V ! þ10 V ! 0 V ! �10 V with Ti grounded

at RT. A distinct non-volatile bipolar type anti-clockwise RS

characteristics is observed (Figure 4(a)) without any

“forming” process, and the device is found to repeat the

same hysteresis behaviour even when the sweeping voltage

is varied from 0 V ! þ10 V ! 0 V ! �10 V ! 0 V!
þ10 V. During the voltage swept from 0 to þ10 V, the resist-

ance of the device is found to switch from a HRS to a LRS

and a non-volatile “On” state was achieved. Figure 4(a) indi-

cates that the current increased noticeably to a maximum

value at around þ5 V. The HRS and an “Off” state were

achieved during the voltage sweep from 0 to �10 V. During

the voltage swept from 0 to þ10 V, the resistance varies

from ROff (HRS)¼ 31� 109 X to ROn (LRS)¼ 14� 109 X at

round þ5 V. The device is found to repeat the same stable

hysteresis behaviour over time (Figure 4(b)). The device can

be switched between HRS and LRS repeatedly a number of

times, as shown in Figure 4(c) for the first five cycles. The

intrinsic resistance memory effect of the device is evident

from the reproducible I–V hysteresis.

FIG. 2. (a) and (b) and the inset of (b): variations of the room temperature P-E hysteresis loops for the BiFeO3 nanostructures anchored on TiO2 NTs with

applied voltage under dark and visible white light-illumination conditions. Inset of (a): schematic diagram of the experimental setup used for the ferroelectric

hysteresis loop measurements. (c) Variation of the saturation polarization and (d) remnant polarization with applied voltage BiFeO3 nanostructures on TiO2

NTs.



Generally, the RS behaviour of perovskite oxides is

addressed based on two key mechanisms: conducting filament

mechanism1–4 and interface mechanism.5–8 The filament type

switching mechanism stands on the formation and rupture of

local conductive filaments which results from the reorienta-

tion of oxygen vacancies9,10 or the diffusion of metal

ions.11,12 On the other hand, the interface switching is demon-

strated based on migration of oxygen vacancies13 or interfa-

cial carrier injection and trapping/detrapping process.7,30–32 It

is well known that both TiO2 and BiFeO3 are n-type semicon-

ductors.14 Here, the TiO2 NTs contains large concentration of

oxygen vacancies, as observed from XRD, XPS, and Raman

studies (supplementary material),15 which are known for the

n-type characteristics of the TiO2 and here the carrier (elec-

trons) concentration in TiO2 is higher than that of BiFeO3.

Furthermore, during the growth of BiFeO3 on TiO2 NTs by

wet chemical route, a large number of interfacial defects

appear in the nano-heterostructures. The formation of large

concentration of defect states at the BiFeO3/TiO2 heterojunc-

tion is quite obvious because of the large surface areas of

BiFeO3 and TiO2 nanostructures.7 Now, these defect states

can act as the “trapping centre,” which can trap the migrating

carriers (electrons) and control the electrical conductivity of

the material significantly. The pristine state of the BiFeO3/

TiO2 heterojunction is shown in Figure 4(d). Now, with the

application of suitable negative bias on the Ti substrate, the

electric field can force the migration of the electrons present

in TiO2 NTs across the BiFeO3/TiO2 hetero-interface to

BiFeO3 nanostructures. Thus, the applied electric field causes

sudden increases of current, which results in LRS or “On”

state.7,30–32 The injected electrons across the BiFeO3/TiO2

hetero-interface get trapped at the trapping centres as shown

in Figure 3(d).7 The trapped electrons cannot be released until

a large reverse voltage is applied to the device in the reset

process, to overcome the built-in interfacial energy barrier,

and thus the device achieves the “Off” state (HRS) in a

reverse bias condition as shown in the schematic diagram in

Figure 4(d). Therefore, it is expected that the injection/migra-

tion of the electrons from TiO2 across the hetero-interface and

the trapping/detrapping of the same at the defect/trapping

centres present at the interface plays the key role in control-

ling the RS behaviour of the BiFeO3/TiO2 device. Moreover,

BiFeO3 being an electrochemically active material,33 different

ionic and electrochemical processes34 also take place in the

sample along with the above mentioned electronic process

when the applied voltage is changed, leading to tuning the

resistive switching property.

In summary, this study demonstrates the visible white-

light tailored ferroelectricity, rectifying characteristics, pho-

tovoltaic effect, and the resistive switching behaviour of the

BiFeO3 nanostructures grown on insulating TiO2 nanotube

surface. The saturation ferroelectric polarization and remnant

ferroelectric polarization are found to increase by 44% and

33%, respectively, at an external bias of 30 V after the irradi-

ation of visible-light. The photo-ferroelectric response of the

BiFeO3 nanostructures becomes weaker with the increase of

the applied external voltage. This external field-dependent

photo-ferroelectric effect reveals that the trapping of the

photo-generated electrons at the grain boundaries/interfaces

controls the ferroelectric characteristics of BiFeO3. BiFeO3/

TiO2 nano-heterostructure also exhibits rectifying and photo-

voltaic characteristics along with the pronounced RS behav-

iour. RS mechanism of the device is demonstrated based on

the field-induced injection/migration and trapped/detrapped

process of electrons at the defect/trapping centres at the

nano-interfaces. The BiFeO3/TiO2 nano-heterostructure de-

vice shows multifunctionality that integrates logic, memory,

and photovoltaic properties.
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FIG. 3. (a) I-V curves of the BiFeO3/

TiO2 nano-heterostructures under dark

and light-illumination conditions. Inset

of (a) shows the semi-log I-V curves of

the BiFeO3/TiO2 nano-heterostructures.

(b) I-V curves measured at a voltage

range of 68 V on the BiFeO3/TiO2

nano-heterostructures under dark condi-

tion. Inset of (b) shows the sketch of the

set up for the I-V measurements.

FIG. 4. (a) The I-V hysteresis curve indicating the RS behaviour for the BiFeO3/TiO2/Ti nano-heterostructures. (b) The I-V hysteresis curves of the BiFeO3/

TiO2/Ti nano-heterostructures for the first five cycles. (c) Variation of LRS and HRS at þ5 V over cycles. (d) Schematic illustration of the RS mechanism in

Au/BiFeO3/TiO2/Ti nano-heterostructures based on electron injection and trapping/detrapping process.
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