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Abstract
Ca-doped  BiFeO3/LaNiO3/LaAlO3 (BCFO/LNO/LAO) heterostructures have garnered significant interest due to their unique 
combination of ferroelectric, magnetic, and resistive switching properties due to interfaces and lattice mismatch/strain, 
leading to unique electronic properties. The roles of structural defects and oxygen vacancies are important in achieving the 
magnetic and electrical properties of  BiFeO3-based heterostructures. By generating defects, swift heavy ion irradiation can 
lead to changes in the structural, optical, electrical, and magnetic properties of the materials. The Ca-doped  BiFeO3 and 
 LaNiO3 heterostructure was grown upon LAO substrates using the pulsed laser deposition technique, ensuring high-quality 
interfaces and controlled thicknesses. The heterostructures were irradiated with 80 MeV  O+7 ions at various ion fluence 
levels (5 ×  1010 ions/cm2 to 5 ×  1012 ions/cm2). The structure and crystalline orientation of the thin films were confirmed 
through x-ray diffraction, while the surface morphology was measured using atomic force microscopy. Irradiation-induced 
modifications of the structural strain and surface morphology were investigated in the context of internal annealing effect and 
defect formation. The resistive switching (RS) properties of the proposed devices were assessed by I–V measurement with 
sweeping 0 → 5 V → 0 →  − 5 V → 0, which shows that irradiation-induced defects play an important role in the electrical 
properties of the proposed heterostructure. Bipolar RS behavior was also verified with the conduction mechanism, indicat-
ing that the ohmic and space-charge-limited conduction mechanism plays an important role in irradiated BCFO/LNO/LAO 
heterostructures.
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Graphical Abstract
Graphical representation of the defect formation and RS behavior due to varying ion fluence as a function of RMS rough-
ness and strain.
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Introduction

Advancements in materials science and nanotechnology 
have paved the way for the exploration of novel functional 
materials and their potential applications in electronic 
devices.1 One such intriguing class of materials is multi-
ferroic heterostructures, which exhibit a unique combina-
tion of ferroelectric and ferromagnetic properties, making 
them promising candidates for a wide range of applications, 
including nonvolatile memory devices, spintronic devices, 
and beyond.2 The intricate interplay of different layers within 
these heterostructures, along with their tunable properties, 
holds the key to unlocking their full potential.3

BiFeO3 (BFO) is a multiferroic compound known for 
exhibiting the coexistence of ferroelectric and antifer-
romagnetic ordering above room temperature.4–6 When 
incorporated into heterostructures with other materials, 
BFO can exhibit a wide range of intriguing and tunable 
properties.7 BFO-based heterostructures have been stud-
ied in many dimensions of materials research, including 
multiferroicity and magnetoelectric coupling, ferroelectric 
tunnel junctions, piezoelectric and ferroelectric properties, 
spintronics devices, optoelectronic applications, topologi-
cal insulators and quantum phenomena, growth techniques 
and interface engineering, ion irradiation and strain effects, 
environmental and biomedical applications, and photovoltaic 
applications.8–12

BFO, as a ferroelectric material, exhibits interesting ferro-
electric and multiferroic behavior in BFO/LNO heterostruc-
tures. The interplay between the ferroelectric polarization of 

BFO and metallic-magnetic properties of LNO has been a 
subject of intense study.13–15 Researchers have explored the 
impact of strain, thickness, and epitaxial growth conditions 
on the properties of BFO/LNO heterostructures. These fac-
tors can tune the electronic, magnetic, and ferroelectric prop-
erties at the interface.13 Understanding the charge transfer 
mechanisms and band alignment at the BFO/LNO interface 
is crucial for designing functional electronic devices. Stud-
ies have focused on characterizing the electronic structure 
and charge distribution at this interface.16 The magnetoelec-
tric coupling in BFO/LNO heterostructures is of particular 
interest due to the coexistence of ferroelectric and magnetic 
order. This coupling has implications for novel spintronic 
and memory device applications.17 The interface between 
BFO and LNO can host a two-dimensional electron gas 
(2DEG) with intriguing properties. Researchers have inves-
tigated the formation and control of this 2DEG for potential 
applications in electronic devices.18 BFO/LNO heterostruc-
tures have shown promise in photovoltaic and photocata-
lytic applications, with the potential for efficient solar energy 
conversion and environmental remediation.19 The resistive 
switching behavior of BFO/LNO heterostructures has led 
to their exploration for nonvolatile memory applications. 
The resistive switching phenomenon in these heterostruc-
tures refers to the ability to reversibly change the electrical 
resistance of the device between two states, typically a high-
resistance state (HRS) and a low-resistance state (LRS), by 
the application of an external voltage. This behavior is cru-
cial for the development of resistive random-access memory 
(RRAM) devices.20 Researchers have employed various 
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deposition techniques, such as pulsed laser deposition and 
molecular beam epitaxy, to grow high-quality BFO/LNO 
heterostructures with well-defined properties. The growth 
methods are crucial for achieving the desired functionali-
ties.16 BFO/LNO heterostructures have been extended to 
superlattice configurations, where alternating layers of BFO 
and LNO are used to create unique structures with tailored 
properties.21

Electronic excitation induced by swift heavy ions plays 
an important role in modifying the properties of multiferroic 
thin films.22–25 When an energetic ion passes through the 
material, it loses its energy, which can be converted into the 
formation of defects (vacancies, interstitials, and disloca-
tions), structural and surface modifications, ion track forma-
tion, thermal effects (local heating), the formation of oxygen 
vacancies (OVs), and modifications in magnetic, electrical, 
and optical properties.26,27 Controlled irradiation can be used 
to engineer the bandgap and magnetic anisotropy for tai-
loring the properties of oxide heterostructures for specific 
applications. Ion irradiation is also useful for engineering 
the interface of thin-film heterostructures under different 
irradiation effects for modification of the physical properties.

In the present case, we have chosen the 20% Ca-doped 
 BiFeO3 system as the top layer of the heterostructure due to 
the naturally occurring OVs that function as donor impuri-
ties to compensate calcium acceptors and retain a highly 
stable  Fe3+ valence state. The reason for choosing  LaNiO3 as 
a second layer is its (i) conducting nature, acting as bottom 
electrode, and (ii) good lattice mismatch with  LaAlO3 sub-
strate. In addition, the effect of swift heavy ion irradiation 
on the conductivity has been already studied.28–31

In this study, we have fabricated oxide multiferroic-based 
heterostructures by investigating the electrical properties of 
 Bi0.8Ca0.2FeO3/LaNiO3/LaAlO3 and exploring the intriguing 
effects of high-energy ion irradiation. By subjecting this het-
erostructure to 80 MeV  O+7 ion irradiation, we aim to shed 
light on the fundamental changes that occur in the resis-
tive switching properties of this material and gain a deeper 
understanding of interface engineering with the role of OVs 
and structural defects and their underlying mechanisms. In 
addition, understanding the effects of different ion fluence 
irradiation on the electrical properties of multiferroic het-
erostructures not only is of fundamental scientific interest 
but also holds significant promise for the development of 
next-generation electronic and spintronic devices.

Experimental Techniques

In the present study,  Bi0.8Ca0.2FeO3/LaNiO3/LaAlO3 thin-
film heterostructures were fabricated using pulsed laser 
deposition (PLD). Figure 1 shows a schematic view of the 
proposed heterostructure. The polycrystalline bulk targets 

of  Bi0.8Ca0.2FeO3 (BCFO) and  LaNiO3 (LNO) were syn-
thesized using the conventional solid-state reaction (SSR) 
method. The first layer of LNO was grown as a buffer layer 
on the LAO substrate using a 248 nm KrF excimer laser 
with 255 mJ energy, 5 Hz repetition rate, and distance 
between the target and substrate of 5 cm. The substrate tem-
perature and oxygen partial pressure were kept at 550°C 
and 0.01 kPa, respectively, during the deposition, and all 
films were deposited for 15 min. The second layer of BCFO 
was grown on the LNO layer using a 248 nm KrF excimer 
laser with 240 mJ energy, 5 Hz repetition rate, and distance 
between the target and substrate of 5 cm. The substrate tem-
perature and oxygen partial pressure were kept at 650°C 
and 0.01 kPa, respectively, during the deposition, and all 
films were deposited for 60 min. The substrate was first cut 
into four pieces of 5 mm × 5 mm for deposition of  the LNO 
and BCFO layer in a single deposition to maintain the same 
conditions.

These films were then irradiated by 80 MeV  O+7 ions 
with fluence values of 5 ×  1010 (5E10), 5 ×  1011 (5E11), and 
5 ×  1012 (5E12) ions/cm2 at IUAC, New Delhi, using a 15 
UD tandem accelerator. The estimated current and vacuum 
were 0.7 pnA and 5 ×  10−6 mbar, respectively. The ion beam 
was focused onto a spot of ~1 mm diameter and was con-
tinuously scanned over the complete area of the film using 
a magnetic scanner to ensure uniform irradiation. To avoid 
the channeling effect, the irradiation experiments were 
performed at a normal angle with respect to the ion beam 
direction. Electron energy loss (Se) and nuclear energy loss 
(Sn) (using SRIM-2008  software32) were calculated using 
SRIM simulation, and the values were ~0.92 keV/nm and 
0.52 eV/nm, respectively. The projectile range of O ions was 
~64.47 µm, confirming that the energetic ion passes through 
the heterostructure.

Fig. 1  Schematic of the geometry of the BCFO/LNO/LAO hetero-
structure.
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X-ray diffraction (XRD) measurements of the pristine 
and irradiated heterostructures were carried out at room tem-
perature using a Bruker D8 x-ray diffractometer with Cu-Kα 
radiation diffraction. Atomic force microscopy (AFM) meas-
urements were carried out to analyze the surface modifica-
tions after irradiation using an NTEGRA Prima atomic force 
microscope. Cyclic current–voltage (I–V) measurements were 
carried out by sweeping bias from −5 V to 0 V to +5 V in the 
geometry given in Fig. 1 using a Keithley 2612A SourceMeter. 
The Rutherford backscattering (RBS) experiment was con-
ducted using a 3.037 MeV  He+ ion beam at IUAC, New Delhi, 
to understand the thickness, composition, and interface of the 
proposed heterostructures.

Results and Discussion

The XRD patterns of pristine and 80 MeV  O7+ ion-irradiated 
BCFO/LNO/LAO thin-film heterostructures are shown in 
Fig. 2. It can be seen that all pristine and irradiated heterostruc-
tures show the (h00)-oriented growth of BCFO and LNO along 
the LAO (h00) substrate orientation. In addition, a minor phase 
of a (110)-oriented peak of BCFO is also observed, which is 
compared with the polycrystalline bulk data of BCFO. It is 
also verified that the commonly observed impurity peak of 
 Bi2O3 and  Bi2Fe4O9 in BFO multiferroics is not present in the 
present case. The lattice mismatch between the BCFO layer 
and LAO substrate can be clearly seen from the separation of 
the film and the substrate XRD peaks, resulting in the strain 
δ. The values of lattice mismatch or strain in the films at the 
interface were calculated using the formula

where d is the d-spacing of the substrate and thin film. The 
structural strain starts to decreases after 5E10 fluence irra-
diation and then starts to increase with ion fluence of 5E11 

(1)�% =
(

d
sub

− d
film

)

∕d
sub

∗ 100%

and 5E12, as can be observed in the enlarged view (right 
panel) of the main peak in Fig. 2. The calculated strain val-
ues of BCFO and LAO for the pristine and irradiated het-
erostructures are tabulated in Table I, and show negative 
values, suggesting the presence of compressive strain. In 
addition, there is no variation in the LNO peak observed 
after irradiation. It is well known that swift heavy ion irra-
diation can create structural defects, local annealing, or both 
due to electron energy loss, which is highly dependent on 
the ion fluence.33,34 In the present case, the large decrease 
in strain in the 5E10-irradiated heterostructure suggests that 
the internal annealing effect becomes more prominent, while 
the minor variation in the strain of the 5E11- and 5E12-irra-
diated heterostructures is due to the formation of structural 
defects and hence an increase in unit cell volume.

Figure 3a, b, c, and d show the AFM micrograph of 2D 
and 3D images, height distribution, surface profiles of pris-
tine, and the irradiated top surface of the BCFO/LNO/LAO 
heterostructures. It can be seen from Fig. 3a and b that the 
pristine heterostructure surface shows a partially developed 
granular structure, while after 5E10 fluence irradiation, it 
shows a fully granular structure, and with further irradia-
tion at 5E11 and 5E12, a linear track-like feature and near-
track feature with hillocks, respectively, are observed. The 
linear track-like feature and near-track with hillocks are the 
signature of the displacement and rearrangements within 
the crystal lattice caused by the energy and momentum 
transferred from the incident ions to the target atoms, which 
modifies the structure and local electronic structure.35 Fig-
ure 3c depicts the topographical images, which show the 
homogeneous distribution event for 5E10 irradiation com-
pared with the pristine heterostructure and higher-fluence 
irradiation (5E11 and 5E12) images, which show a random 
distribution. The average root mean square (RMS) surface 
roughness, average height, and maximum height are tab-
ulated in Table I, in which all the values increase for the 
5E11-irradiated heterostructure, indicating the formation 
of surface defects due to irradiation, and decrease in the 
5E10-irradiated heterostructure, suggesting local annealing 
due to irradiation. This defect-induced change in 5E11 and 
5E12 is observed in the surface profile images (Fig. 3d). 

Fig. 2  XRD diffraction patterns of pristine and irradiated BCFO/
LNO/LAO heterostructures.

Table I  Values of Structural strain, RMS roughness, and average and 
maximum height for pristine and irradiated BCFO/LNO/LAO hetero-
structures

Sample name RMS 
roughness 
(nm)

Average 
height 
(nm)

Maximum 
height 
(nm)

Strain value (%)

Pristine 4.72 9.55 24.82 −3.28
5E10 3.04 9.77 20.39 −2.02
5E11 8.91 22.78 42.89 −3.47
5E12 4.65 9.96 23.10 −3.56



5066 S. Hajra et al.

In addition, the separation distance between two grains 
increases for 5E11 irradiation, which can be understood by 
the agglomeration of grains due to the higher fluence and 
formation of defects, and hence noise in curvature, while the 
5E12-irradiated sample shows a large change in the surface 
profile curve due to agglomeration.

Figure 4a, b, c, and d show the raw and RUMP (Ruther-
ford Universal Manipulation Program)-simulated RBS 
spectra of pristine and 5E10- and 5E11-irradiated BCFO/
LNO/LAO heterostructures. RBS data were measured using 
a 3.037 MeV  He+ ion beam. It can be seen from Fig. 4a 
that all the elements of the heterostructure are present. The 
pristine heterostructure shows sharp peaks of Bi and La, 
indicating homogeneous grain growth, which is modified 
after 5E10 and 5E11 irradiation. The calculated thicknesses 
of BCFO and layers in all heterostructures are ~250 nm 
and ~145 nm, respectively. The simulated graphs of the 

5E10- and 5E11-irradiated heterostructures show the mixed 
phase of BCFO/LNO(encircled in Fig. 4a), which indicates 
the greater mixed-phase variation with 5E10 irradiation as 
compared with the pristine and 5E11-fluence irradiation.

To investigate the RS properties of the pristine and irra-
diated BCFO/LNO/LAO heterostructures, the cyclic I–V 
behavior was determined in current-perpendicular mode 
(Fig. 1) geometry. Figure 5a, b, c, and d show the cyclic 
I–V behavior of the pristine and irradiated heterostructures 
under the sweeping maximum voltages of 0 → 5   V(cycle 

1) →  0(cycle 2) →  − 5  V(cycle 3) →  0(cycle 4) at 100 K, 300 K, and 
350 K. All heterostructures show linear behavior with hys-
teresis in the current value or RS behavior under applied 
voltage in some of the irradiated heterostructures.

It can be seen from Fig. 5a that the pristine heterostruc-
ture does not show any RS behavior at 300 K and 350 K, 
while it shows minor RS behavior in the higher-voltage ±5 V 

Fig. 3  AFM (a) 2D images, (b) 3D images, (c) topography, and (d) surface profiles of pristine and irradiated BCFO/LNO/LAO heterostructures.
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cycle at 100 K. This behavior of the pristine heterostruc-
ture is modified after irradiation. After 5E10 ion irradiation 
(Fig. 5b), a similar change is observed in the current in posi-
tive voltage and negative voltage sweeping cycles at 300 K 
and 350 K, indicating bipolar RS, whereas at 100 K, large 
RS behavior is observed, but it is not similar in the positive 
and negative sides. With further increases in ion irradiation 
fluence of 5E11 (Fig. 5c), the RS is not significant at 300 K 
and 350 K, but in the case of 100 K, minor RS behavior is 
observed. At very high fluence of 5E12 irradiation [Fig. 5d], 
the RS behavior is significant at 300 K, while at 350 K, it 
decreases, and for 100 K, no RS behavior is observed.

The RS in BCFO/LNO/LAO heterostructures may be 
attributed to various mechanisms, including the migra-
tion of OVs, the modulation of the interface between 
different layers, and the changes in the electronic and 
magnetic properties of the materials involved.36 In the 
present case, the formation of OVs and structural defects 
and interface modification of the BCFO/LNO layer is 
due to 80 MeV  O+7 ion irradiation. The modification in 

temperature-dependent RS behavior of BCFO/LNO/LAO 
heterostructures as a function of ion fluence is summarized 
as follows:

(1) In the pristine heterostructure, OVs are formed to 
maintain the charge neutrality and ionization OVs in 
the Ca-doped BFO layer. These OVs are distributed 
in the ferroelectric layer and play an important role 
in charge conduction and RS behavior due to migra-
tion of OVs and the interface effect.36 In the present 
case, charge conduction is observed due to formation 
of OVs. There is an absence of RS behavior due to the 
bottom LNO conducting layer at 300 K. At 350 K the 
additional temperature effect enhances the conduction 
only, and absence of RS behavior is observed. At low 
temperature (100 K), OVs cannot release the electron in 
the conduction path up to ±4 V, while at ±5 V it starts 
to release and create a conduction path in cycle 1, and 
hence in cycle 2 it shows a low-resistance state with 
minor RS behavior.

Fig. 4  (a) RBS raw data and RUMP simulated data for (b) pristine and (c) 5E10- and (d) 5E11-fluence irradiated BCFO/LNO/LAO heterostruc-
tures.
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(2) The heterostructure irradiated with 5E10 ion fluence 
shows a reduction in structural strain (confirmed by 
XRD) and a decrease in roughness and granular struc-
ture in AFM images, indicating that local annealing 
takes place during the 5E10 ion fluence irradiation 
which forms OVs. In this case, BCFO/LNO interface 
modification and formation of OVs play an important 
role in RS behavior at 300 K. RS behavior at 350 K 
decreases due to the increasing temperature, which 
facilitates the release of electrons from OVs in cycle 
1, and in cycle 2, there are fewer remaining electrons, 
hence reducing RS behavior. At low temperature 
(100 K), the enhancement in RS behavior with the 
asymmetric I–V in positive and negative bias regions 
may be due to the release of defect-mediated trapped 
charges at the bottom of the BCFO/LNO under an 
applied electric field. Similar behavior is observed in 
PZT/SNTO and BFO films.37 The temperature-depend-
ent I–V study of the 5E10 heterostructure confirms that 
interface-assisted detrapping of interfacial charge car-

rier may responsible for the enhancement in RS behav-
ior, which can be correlated with the modification of 
the interface in RBS analysis.

(3) The 5E11 ion-irradiated heterostructure does not show 
RS behavior due to formation of structural defects, 
which hinders the path of charge carriers released from 
OVs. Applying a ±5 V sweeping cycle at 300 K, it 
shows minor RS behavior due to migration of trapped 
charge carriers at higher voltage. The formation of 
structural defects can be correlated with the increased 
structural surface strain and linear track-like surface 
modification, as observed in XRD and AFM measure-
ments. It is also correlated with the interface modifica-
tion in RBS analysis.

(4) The 5E12-irradiated heterostructure shows low RS 
behavior compared with the 5E10-irradiated hetero-
structure. In this case, the higher-fluence 5E12 irradia-
tion leads to the formation of large structural defects 
as well as OVs, which both affect the RS behavior. 
Importantly, an increase in the structural strain and 

Fig. 5  Cyclic I–V data taken at 100 K, 300 K, and 350 K for (a) pristine and (b) 5E10-, (c) 5E11-, and (d) 5E12-fluence irradiated BCFO/LNO/
LAO heterostructures.
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linear track-like features with hillocks/humps near the 
track results in similar but lower RS as compared to 
the 5E10-irradiated heterostructure. In addition, the 
absence of RS at 100 K is due to the increased struc-
tural defects, which can trap the charge carriers and 
hence requires much higher voltages to release them.

To qualitatively understand the charge conduction 
mechanism in the pristine and irradiated BCFO/LNO/
LAO heterostructures, various charge conduction mecha-
nisms are applied to the cyclic I–V curves. The general 
conduction mechanisms for ferroelectric thin films are (i) 
space-charge-limited conduction (SCLC), (ii) Schottky 
emission or thermionic emission, (iii) Fowler–Nordheim 
(F–N) tunneling, and (iv) Poole–Frenkel (P–F) emission. 
Figure 6a, b, c, and d show the fitted cyclic I–V curves of 
the pristine and irradiated BCFO/LNO/LAO heterostruc-
tures using the SCLC mechanism. The SCLC mechanism 
can be described by Eq 2, as follows:

where µ is  electron mobility, �
r
 is the optical dielectric con-

stant, �
0
 is the permittivity of free space, E is the applied 

electric field, d is the film thickness, and � is the ratio of the 
free to trapped carrier concentration. Linear fitting of log 
J versus log E for the BCFO/LNO/LAO heterostructure is 
shown in the graph in Fig. 6.

Linear fitting in the low-resistance state (LRS) with a 
slope of ~1 demonstrates that linear ohmic behavior gov-
erns the conduction in Ca-doped BFO/LNO/LAO films, 
whereas in the high-resistance state (HRS), trap-controlled 
SCLC explains the conduction.20 In the present case, the 
slope of I–V data for the pristine heterostructure shows 
values of ~1.0 for all temperatures, indicating ohmic 
behavior, while for the 5E10-irradiated heterostructure, 
slope values are between ~1.0 and 2.5. suggesting domi-
nance of the SCLC mechanism. In addition, the values 
for 100 K, 5E10-irradiated heterostructure are ~1.8–2.5, 
confirming the detrapping of charge carriers and validating 
the SCLC mechanism. Again, ohmic behavior is observed 
in 5E11-irradiated heterostructures  for 300 K and 350 K, 
while for 100 K, the slope for the HRS increases from ~1.2 
to 1.6, indicating the SCLC mechanism. Similarly, with 
5E11-fluence irradiation, the calculated slope values for 
the HRS are from ~1.2 to 1.6 for 5E12-irradiated data at 
100 K. Finally, the RS behavior of the BCFO/LNO/LAO 
heterostructures is attributed to the defect-induced trap 

(2)J =
9

8
�
r
�
0
��

E
2

d3

charges released under the applied electric field, which can 
be qualitatively explained by the temperature-dependent 
behavior. At 100 K, defect-induced trap charges migrate 
under the applied electric field and create the HRS state in 
cycle 1, and the already formed conduction path facilitates 
the movement of charge carriers; thus the LRS in cycle 2 
similarly occurs in negative bias. The F–N tunneling, P–F 
emission, and Schottky emission do not fit well for the 
proposed devices and hence are not presented here.

Conclusions

The effects of 80 MeV  O7+ ion irradiation on the proper-
ties of PLD-grown BCFO/LNO/LAO heterostructures have 
been investigated with respect to OVs, structural defects, and 
interface modification. XRD measurements confirm the sin-
gle-phasic nature along with the strain modulation with ion 
irradiation. The strain value decreases for 5E10 ion fluence 
due to the internal annealing effect, and for 5E11 and 5E12 
ion fluence, the strain value increases due to the formation of 
structural defects, which can be correlated with the decrease 
in the RMS roughness and the granular structure of 5E10 
fluence, which increases for 5E11- and 5E12-ion fluence-
irradiated heterostructures as shown in AFM analysis. The 
AFM micrograph reveals the formation of linear track-like 
features and tracks with hillock-like surface defects for 5E11 
and 5E12 fluence irradiation, respectively. The RUMP-simu-
lated RBS data confirm the ~250 nm and ~145 nm thickness 
of BCFO and LNO layers along with irradiation-induced 
BCFO/LNO interface mixed phase. A large variation in the 
BCFO/LNO mixed phase is observed for 5E10 ion fluence 
irradiation compared with the pristine and 5E11 fluence-
irradiated heterostructures. The irradiation-induced modifi-
cation of temperature-dependent RS behavior is understood 
by the formation of OVs, structural defects, and interface 
modifications. The good RS behavior at 300 K and 100 K 
for 5E10- and 5E12-irradiated heterostructures may be 
responsible of the formation of OVs, which releases charge 
carriers under an applied electric field, while the 5E11 het-
erostructure does not show RS behavior due to the formation 
of structural defects which hinder the conduction of charge 
carriers at low voltages. This bipolar RS behavior is also 
verified by the conduction mechanism, and it is understood 
that the ohmic and SCLC conduction mechanism plays an 
important role in the irradiated BCFO/LNO/LAO hetero-
structures. The ion fluence-dependent modification of the 
structural strain RMS surface roughness with RS behavior in 
the BCFO/LNO/LAO heterostructure is summarized in the 
graphical abstract. Lastly, defects formed by ion irradiation 
are permanent defects and hence ensure long-term stability 
of normal devices under ambient conditions.

Fig. 6  SCLC fitting of positive and negative cycles of I–V data taken 
at 100 K, 300 K, and 350 K for (a) pristine and (b) 5E10-, (c) 5E11-, 
and (d) 5E12-fluence irradiated BCFO / LNO /LAO heterostructures.

◂
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