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ABSTRACT: A controlled shunting of polycrystalline oxide thin
films on the nanometer length scale opens the door to significantly
modify their transport properties. In this paper, the low energy Ar*
irradiation induced shunting effect of forming-free, non-volatile
resistive switching in polycrystalline BiFeOj thin film capacitor-like
structures with macroscopic bottom and top contacts was
investigated. Oxygen atoms at the BiFeO; surface are preferentially
sputtered by Ar"* ion irradiation and oxygen vacancies and a metallic
Bi phase are formed at the surface of the BiFeOj; thin film before
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deposition of the top contacts. A phenomenological model is that

of nanoscale shunt resistors formed in parallel to the actual BiFeO; thin film capacitor-like structure. This model fits the
noticeable increase of the retention stability and current density after irradiation. The formation of stable and conductive shunts
is further evidenced by conductive atomic force microscopy measurements.

KEYWORDS: resistive switching, Ar irradiation, shunting, oxygen vacancy, current retention, BiFeO;

1. INTRODUCTION

Optimization of electrical properties of many oxides strongly
relies on tailoring oxygen vacancies (V) because of their
important role in the formation of electrically active bulk and
interface defects.' Recently, resistive switching (RS) of
functional oxide thin films has attracted tremendous interest
due to its promising application in high speed and high density
nonvolatile memory devices.”” By applying voltage pulses
between metallic contacts on the oxide thin films, such
functional oxide films are switched between different resistance
states and may store information. This is the basis of resistive
random access memory (RRAM) devices. The resistive
switching phenomenon has been found in many metal oxides,
which are mainly classified as ternary oxides*™® and binary
metal oxides.””'" Two models, the interface-type model and
filamentary conducting model, have been proposed as the
possible driving mechanism for RS.* The characteristics of RS
oxides are strongly influenced by the amount and distribution
of oxygen vacancies and the valence of metallic elements.” An
approach to tune the transport properties in RS oxides is the
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formation of oxygen vacancies, V. The creation of Vg in RS
oxides can be referred to as a “defect doping” process.
Furthermore, several works demonstrated that low-energy Ar"
(<1 keV) irradiation is an efficient tool to create oxygen
vacancies in the surface layer of bulk SrTiO; substrate, and
enhanced electrical conductivity,u_14 blue-light emission,'> and
anisotropic magnetotransportlé’17 are observed in Ar" irradiated
SrTiO;.

BiFeO; has the same perovskite structure as SrTiO; and is
one of the most intensively investigated multiferroic materials
because of its potential for coupling the electric and magnetic
orders."® BiFeO; has received great attention also due to its
high ferroelectric Curie temperature (Tc ~ 1103 K) and
antiferromagnetic Néel temperature (Ty ~ 640 K)." In
addition to the impurity doping process, low-energy Ar*
irradiation is promising for realizing the electrical or magnetic
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Figure 1. Three-dimensional AFM images of (a) the as-grown BiFeOj films and (b—d) BiFeO; films irradiated by 300 eV Ar* ions with a fluence of
(b) 1 X 10" ecm™, (c) 5 X 10" em™, and (d) 1 X 10'® cm™ The scanning size is 4 X 4 ym> The AFM color scale (right) represents the height

information.

modulation of the BiFeO; The investigation of irradiation
effects in BiFeOj is of physical and technological importance.
Very recently, the RS effects have been observed in undoped
and doped BiFeOj by different groups.”*°~** An Au/BiFeO,/
Pt capacitor-like structure shows a bistable interface-related
resistive switching that needs no pre-electroforming step.” This
type of RS results from the change of Schottky barrier formed
at the interface of metallic contact/perovskite oxide under the
applied voltage.”® However, interface-related resistive switching
typically suffers from insufficient read current and unstable
resistive switching states.”>>” Both are critical issues for a
reliable circuit operation in memory cells and other devices
fabricated using the crossbar architecture, e.g., in neuromorphic
circuits.”® Sufficient and stable read current are also critical for
the applicability of BiFeO; based devices.

In this paper, we investigated the stoichiometry and
nanostructure changes in BiFeOj; films on Pt bottom electrodes
induced by Ar” irradiation. A controllable formation of V, and
Bi metallic phase is found in the near-surface region of Ar*
irradiated BiFeO;, resulting in a noticeable increase of the
current density and a significant improvement of retention
stability of Au/BiFeO;/Pt capacitor-like structures. The
experimental results are discussed based on engineering of
the Schottky contact in combination with the formation of
stable and conductive shunts. We visualize the formation of
nanoscale shunts by conductive atomic force microscopy (C-
AFM) measurements and introduce a phenomenological model
that fits the noticeable increase of the retention stability and
current density after irradiation.

2. EXPERIMENTAL SECTION

500 nm thick BiFeO; films were deposited on Pt/Ti/SiO,/ Si
substrates at 650 °C using pulsed laser deposition. As-grown BiFeO,
films were irradiated by Ar* ions with a series of ion energies and
fluences. The low-energy Ar* beam is generated via a Kaufman ion
source in a high vacuum chamber with a base pressure of 10 mbar.
During the Ar" irradiation the chamber is backfilled with Ar from the
ion source to a pressure of 2.4X10* mbar. The surface temperature of
the BiFeO; layer is around 250 °C monitored by an external infrared
pyrometer. The thickness of BiFeO; (500 nm) is reduced during
irradiation by sputtering. The thickness reduction amounts to 99 nm
and 143 nm for an applied Ar* fluence of § X 10”7 cm™ and 1 X 10'®
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cm™?, respectively, as confirmed by surface profilometry measurements
using a Dektak8 from Veeco. Some of the samples were post-annealed
at 500 °C for 30 min in a pure Ar atmosphere or in a 5% oxygen
containing atmosphere. After irradiation, the Au top electrode with a
size of 100 pm X 300 ym was deposited by magnetron sputtering onto
the BiFeO; films through a shadow mask. A scheme of the Au/
BiFeO;/ Pt capacitor-like structure is displayed in the inset of Figure
Sa. The concentration ratio of Bi, Fe and O at the BiFeOj; surface as a
function of the Ar* fluence was simulated by the TRIDYN code.*” The
surface morphology of the samples was characterized by a multi-mode
AFM system. X-ray photoelectron spectroscopy (XPS) measurements
were performed with a scanning Auger electron spectrometer Microlab
310F. Cross-sectional transmission electron microscopy (XTEM) was
performed with an image-corrected FEI Titan 80-300 microscope. The
electrical measurements were carried out using a Keithley 2400 source
meter and via local current sensing AFM techniques (C-AFM) with an
Agilent Series 5500 AFM system. A scheme of the C-AFM
measurement is shown in Figure 4a.

3. RESULTS AND DISCUSSION

A. Defect Formation in BiFeO; due to Ar* Irradiation.
The preferential sputtering of the BiFeO; film and dynamic
composition changes under Ar" irradiation have been simulated
by using the TRIDYN code (see the Supporting Informa-
tion).” The results show that the ratio of oxygen atoms to
iron/bismuth atoms is significantly reduced under the Ar*
fluences used in this experiment. As the oxygen atoms are
preferentially removed from their sites, oxygen vacancies are
continuously produced during the irradiation. Once the Vj are
created in the penetration depth of the Ar* ions (6.5 nm), they
may diffuse into the bulk of the BiFeO; film driven by
concentration gradient of V, under irradiation at elevated
temperature.’® The irradiation effect on the surface morphol-
ogy of BiFeOj; films by Ar" irradiation with different fluences
was investigated by AFM and is shown in Figure 1. The as-
grown BiFeOj; film surface consists of randomly oriented grains
with a typical size of 300 nm. After Ar" irradiation at a small
fluence of 1 X 10'7 cm™?, the surface grains become smaller and
more uniformly orientated. The surface grain size is reduced to
around 100 nm and the surface is smoother. The surface
roughness is reduced from 21 to 15 nm. As the Ar" fluence is
increased to 5 X 107 ecm™ and 1 X 10'® cm™, the size of
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surface grains increases again and a number of prolonged cracks
appear on the surface. This is in agreement with our
observation from the scanning electron microscopy. Similar
behavior has also been observed on ion-irradiated polycrystal-
line metal films.*"

In principle, the creation of Vj is accompanied by the change
of the valence of metallic elements in the oxide. The chemical
states of Bi at the surface were investigated by XPS. Figure 2a
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Figure 2. (a) XPS spectra for Bi 4f of BiFeO; as-grown, irradiated with
a 300 eV Ar* beam with a fluence of 1 X 10'® cm™ and irradiated plus
post-annealed at S00 °C for 30 min (independent of annealing
atmosphere). The Bi 4f peaks located at 159.5 and 164.8 eV, (main
peaks) and at 157.4 and 162.7 eV (sub-peaks) are marked as A, B, C,
and D, respectively. (b) The ratio of the integrated area of the Bi peaks
C and A, and the ratio of the integrated area of the Bi peaks D and B in
dependence on the Ar* fluence.

shows the XPS spectra of Bi-4f peaks. The spectrum of the as-
grown sample consists of two peaks at 159.5 eV (peak A) and
164.8 eV (peak B). This matches well with the spin orbit
splitting energy of 5.36 eV in Bi-4f related to oxide states of Bi
(Biyy). In contrast, the irradiated sample spectrum consists of
four peaks with two additional sub-peaks at 157.4 eV (peak C)
and 162.7 eV (peak D). The presence of these two sub-peaks is
associated with a metallic Bi phase (Bi,),*>*® which forms
because of the broken Bi—O bonds generated by preferential
sputtering of O under the energetic Ar* ion irradiation. The
integrated area of total Bi peaks (A + B + C + D) of the
irradiated sample is smaller than that of the as-grown sample (A
+ B). However, the ratio of the integrated area of the Bi peaks
C and A, and the ratio of the Bi peaks D and B increases with
increasing fluence (Figure 2b). This indicates that the valence
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of Bi continuously changes from covalent (Bi peaks A and B) to
metallic (Bi peaks C and D) during the irradiation.

During the BiFeOj; deposition, different types of defects,
such as dislocations, grain boundaries, ions, and oxygen
vacancies are created. Images a and b in Figure 3 show

(a)

Irradiated

(b)

Figure 3. Bright-field XTEM images of BiFeO,/ Pt/Ti structure (a)
as-grown and (b) irradiated with a 300 eV Ar* beam and a fluence of
1x10" em™. (c) High-resolution XTEM image focusing on the cross-
section of irradiated BiFeO;. HAADF-STEM images of (d) as-grown
and (e) irradiated samples. Arrows in (c) and (e) indicate the
thickness of the modified surface layer in the irradiated BiFeOj; film.

bright-field XTEM images of the as-grown and irradiated
polycrystalline BiFeOj; films. Some of the defects, e.g., grain
boundaries, are randomly distributed and orientated. Other
grain boundaries are more aligned and passing through the
entire layer of the BiFeO; film. These defects may trap
(charged) V and form conductive channels inside the BiFeO,
film. In contrast to the volume of BiFeOj; grains, the irradiated
surface layer with a thickness of 6.5 nm shows nanocrystals
embedded in an amorphous matrix (Figure 3c). The nano-
crystals may be formed by different Bi phases (Bi,, and Bi,,) in
the composite after the collision with Ar" ions. Images d and e
in Figure 3 show high-angle annular dark-field scanning TEM
(HAADF-STEM) images of the near surface region of as-grown
and irradiated BiFeO; films. In contrast to the virgin surface, a
darker surface layer is visible in the irradiated BiFeO; film,
which indicates a deficiency of heavy elements, e.g., deficiency
of Bi, in this layer. This is confirmed by energy-dispersive X-ray
spectroscopy (not shown) and is in agreement with the XPS
results shown in Figure 2a. We ascribe the reduction of the total
Bi (Biy) content in the irradiated surface layer to a
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thermodynamical effect instead of collisions and ballistic
transport effect simulated by TRIDYN code.”® Bi is known to
be highly volatile. Thus decomposition of Bi—O into Bi,, and
O, enhances the evaporation of Bi from the surface during Ar*
irradiation.>>** Nevertheless, according to Figure 2b, the ratio
of Bi,,/Bi,, in irradiated BiFeO; surfaces is relatively high (ca.
55%).

B. Transport Behavior in Irradiated BiFeO; on the
Nanoscale. Conductive shunts can form in the local region of
the Vi decorated grain boundaries with high density of gap
states. Actually, this is evidenced by conductive AFM
measurements shown in Figure 4 which give a direct
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Figure 4. (a) Schematic of the conductive AFM measurement on
BiFeOs/Pt/Ti/Si. A grounded conductive Pt-coated tip and a Pt layer
under the BiFeO; film serve as the front and bottom contact,
respectively. The voltage (—9 V) is applied from the back contact
(BiFeO;/ Pt). The voltage polarity is opposite to the I-V
measurements shown in Figure 5. The white stripes mark the
conductive shunts which are formed in the irradiated BiFeOj; layer.
Conductive AFM images of the BiFeO; films irradiated by 300 eV Ar*
ions with a fluence of 1 X 10" cm™, (b) topography image, (c)
current image. The dashed lines shown in (b) serve as guides to the
eye for grain boundaries or cracks. The negative current shown in (c)
is due to the polarity of the applied voltage.

visualization of the current variations on the BiFeO; surface.
Comparing the topography (Figure 4b) and current image
(Figure 4c), it is shown that the current preferentially goes
through the irradiated BiFeOj; film along the grain boundaries
or cracks around the BiFeOj grains. This has not been observed
in the as-grown sample due to the very low current signals
along the grain boundaries. These conductive channels based
on Vg decorated grain boundaries or cracks may serve as short-
circuits (shunts) between the Au and Pt electrode in a device
structure.

C. Forming-Free Resistive Switching Enhanced by
Nanoscale Shunting. Current—voltage (I—V) characteristics
of Au/BiFeQ;/ Pt capacitor-like device structures with and
without Ar" irradiation are shown in Figure S. In both cases the
I-V curves were taken for a voltage varying in different bias
ranges from +4.0 V in steps of 0.5 V to +6.5 V. The curves
show the I-V characteristics which are asymmetric in the
positive and negative voltage range. This is attributed to the
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Figure S. I-V characteristics of a Au/BiFeO;/Pt capacitor-like
structure with (a) as-grown and (b) irradiated by 300 eV Ar" ions
for 15 min with a fluence of 5 X 10'7 cm™ Note that the detection
limit is 1 X 107 A in negative bias mode.

asymmetric electrical contact barriers in the Au/BiFeO;/ Pt
structure. The more pronounced I—V hysteresis appears in the
positive voltage range with two different resistance states for
each applied voltage. The positive voltage range will be the
reading range of a RS device. During the voltage ramp in
positive direction, the I—V curves represent the high resistance
states (HRS). Their path is nearly the same, independent of the
maximum voltage. However, the I-V curves during the voltage
ramp in negative direction are well separated from each other.
They represent different low resistance states (LRS) depending
on the applied maximum voltage. Such multi LRS behavior
offers an opportunity for designing a multilevel RS device,
which is based on the Au/BiFeQ;/ Pt capacitor-like structure.>®
For Ar" irradiation with an ion energy of 300 eV and an ion
fluence of § X 10" cm™, the resulting I-V curves in Figure Sb
shift upward by about one order of magnitude as compared to
the I—V curves of the as-grown material and their separation at
LRS is more uniform. These two aspects of the improved
device characteristics are further demonstrated in Figure 6 by a
retention test for irradiation with different Ar* fluences and
energies. Figure 6a shows the current density (J) measured by
giving 500 voltage pulses of +2 V (reading pulse, U,) to the
samples in LRS or in HRS within an interval of 100 s. There is a
significant decay of the current density of the as-grown sample
with increasing number of voltage pulses. This decay is more
pronounced in LRS than in HRS. Figure 6b shows that the
decay of the normalized current density in LRS is significantly
suppressed via Ar* irradiation, ie., the retention behavior is
improved with increasing irradiation fluence. This improvement
is confirmed by the retention measurement performed both at
room temperature and at an elevated temperature of 385 K.
Figure 6c shows that the current density at LRS increases as the
Ar* fluence increases beyond 1 X 10" cm™2 and a current
density two orders of magnitude higher than for the as-grown
sample was achieved by Ar" irradiation with a fluence of 1 X
10" cm™. The retention behavior is quantitatively compared
by the ratio of the last and the first measured current density
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Figure 6. (a) Retention characteristics of the current density (J) of the Au/BiFeO;/Pt structure for S00 pulses of a read voltage of +2 V with a
repetition frequency of 100 s. The pulse length is 100 ms. The BiFeOj films are either as-grown (black squares) or irradiated by 300 eV Ar* ions with
a fluence of 1 X 10'7 em™? (red circles), 5 X 10'” cm™ (green triangles), and 1 X 10'® cm™ (blue diamonds). Solid and hollow symbols show the
current density at LRS and HRS, respectively. (b) Normalized current density at LRS vs. retention time. The current density values taken at different
time (J,) are normalized by the initially measured current density value (J,). The dashed curves indicate the retention measurement performed at the
temperature of 385 K for sample as-grown (black) and irradiated (green) with a fluence of 5 X 10'” cm™. (c) The Ar* fluence and (d) energy
dependence of the initially measured current density (J,) at LRS (black solid squares, left scale) and of the ratio of the last and the first measured
current value (J500/Jo) during the retention test (red hollow squares, right scale). Endurance test at (e) room temperature and (f) 385 K of the as-
grown (black solid squares) and irradiated (red hollow circles) Au/BiFeQs/Pt capacitor-like structure with a device size of 100 X 300 gm? The Ar*
fluence is (e) 5 x 107 cm™ and (f) 1 X 10'® cm™.The currents are taken at a read voltage of 1.66 V. The switching voltage is 7 V.

(Js00/Jo) As the Ar* fluence increases to 1 X 10'® cm™ the
current density (Jgo0) after 5X10* s remains 85% of the first
measured value (J,), which is remarkably higher than that of the
as-grown sample of 7%. The significant improvement of the
retention behavior for the irradiated BiFeO; overcompensates
the disadvantage of the reduced ON/OFF current ratio. In
addition, stable and constant current levels at LRS and HRS are
also demonstrated in the endurance test of the irradiated device
with 1 X 10* and 3 X 10* write/erase cycles measured at room
temperature (Figure 6e) and 385 K (Figure 6f), respectively.
These improved characteristics allow a reliable device
operation. Figure 6d indicates a minor effect of the increase
of Ar® energy, whereas the increase of the Ar* fluence
significantly enhances the current density.

The fluence dependence of the ratio between XPS peak area
of metallic Bi,, and XPS peak area of oxidized Bi,, shown in
Figure 2b is in qualitative agreement with the increase of
current density shown in Figure 6¢c. This is also confirmed by
post-annealing effect of irradiated BiFeOj; films. The Bi,, XPS
peaks C and D vanish after post-annealing (Figure 2a) at 500
°C for 30 min, which is accompanied by a re-oxidation of Bi,, at
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the surface and the corresponding reduction of the current
density. Figure 7 compares the initial current density value (J,)
at LRS and its retention time stability for as-grown, irradiated
and irradiated plus post-annealed BiFeO; films. Post-annealing
was performed in two different atmospheres: Al (pure Ar) and
A2 (with 5% O,). In both cases, Al and A2, Bi,, peaks in XPS
spectra have disappeared (Figure 2a), ], is reduced to a value
close to the original current level in the as-grown BiFeO,
sample (Fig. 7a). In the case of the oxygen-containing
atmosphere, ], is even below this level. However, the retention
stability of the current density of the post-annealed BiFeO,
sample dramatically depends on the oxygen content in the
atmosphere. Figure 7b demonstrates that after post-annealing
in pure Ar gas, the irradiated BiFeO; sample still keeps its
improved retention stability. By post-annealing in oxygen
containing ambient, the retention is deteriorated to the original
behavior in the as-grown BiFeO; sample. This finding again
underlines the important role of Bi;, and Vg, for the increase in
the current density and of the irradiation-induced Vg for
improved retention behavior of Au/BiFeO;/Pt capacitor-like
structures. Note that the thickness reduction of the BiFeO,

dx.doi.org/10.1021/am404144c | ACS Appl. Mater. Interfaces 2013, 5, 12764—12771
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blue diamond). (b) Normalized current density at LRS vs. retention
time. The current density values taken at different time (J,) in the
retention measurement are normalized by the initially measured
current density value (J,).

under irradiation is not important for the observed increase of
the current density, because the irradiated plus post-annealed
samples are thinner as well. To further confirm this point, we
prepared a sample with 750 nm BiFeO;, and the thickness
reduction induced by Ar" irradiation is overcompensated by the
thicker film. The increase of the current density and improved
current retention is still observed in the Ar" irradiated sample
with a thicker BiFeO; film.

D. Phenomenological Shunt Model. The irradiation-
induced composition and structure deviation at the surface, i.e.
the deficiency of Bi and O and the corresponding formation of
Vo and the relative accumulation of a Bi, phase, causes a
reduction of the Schottky barrier at the interface between Au-
contact and BiFeO; grains which is responsible for the
nonvolatile RS effect. The formation of the Bi;, phase at the
surface of BiFeOj; grains may locally reduce the Schottky barrier
height of Au/BiFeO; because of the lower work function of
metallic Bi (4.31 eV). Furthermore, V, are effective donors for
n-type BiFeO;. A higher concentration of Vg at the surface
because of irradiation induces band bending and reduces the
width of the depletion region. Both effects lead to an increase of
the thermal emission and of the tunneling probability of
electrons and contribute to the enhancement of the current
density.>>*¢

To further elucidate the Ar" irradiation effect on the
improvement of the RS characteristics, here we introduce a
phenomenological model to explain the noticeable increase of
the retention stability and current density after irradiation. This
model describes a shunt resistor in parallel to the irradiated
BiFeOj; thin film capacitor-like structure. For a non-irradiated
BiFeO; thin film capacitor-like structure the influence of the

shunt resistor can be neglected and its total resistance can be
described as a series of resistances

Rgpo = RAu/BiFeO3 + RBiFeo3 + RBiFeos/Pt (1)

where Ry,/pireo, and Rpipeo,/pe are junction resistances of the
top (Schottky) and bottom contact, Rpipeo, is the bulk

resistance of the non-irradiated BiFeO; thin film. When a
positive voltage is applied, the Au/BiFeO; Schottky contact is
biased in forward direction as BiFeOj; is an n-type material.
Under a negative switching pulse the Schottky contact at the
Au/BiFeQj; interface is in reversed direction and Rgpo is
dominated by R,,/pire0, Which induces a low leakage current

(Figure Sa). Contrary, the BiFeO;/ Pt bottom contact is an
Ohmic like contact according to the high current observed
under positive voltages (Figure Sa). The low barrier height
formed at the BiFeO,;/ Pt interface results from the inter-
diffusion of Ti to this interface during the film deposition
process at 650°C.*® For the Au/irradiated BiFeO,/ Pt
capacitor, the -V curves show no appearance of electro-
forming (Figure Sb). Instead, they show a dependence of LRS
and HRS on the area of the Au top contact size (inset in Figure
8). This dependence may partially be caused by the increased
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Figure 8. I-V curves of Au/irradiated BiFeO;/ Pt capacitor-like
structure with different Au electrode sizes. The Ar* irradiation has
been performed at 300 eV with a fluence of 5 X 107 cm™ The inset
shows that the current measured at a reading voltage of 2 V has a
linear relationship with electrode size.

amount of conductive nanoscale shunts under the larger area of
Au contacts. However, the dependence of HRS on the contact
area is less pronounced than the dependence of LRS. We
suggest that this is due to the larger resistivity of BiFeO; grains
at HRS and the RS effect of the irradiated structure is induced
mainly by interface-related switching. The switching between
HRS and LRS results from the change of Schottky barrier
height formed at the interface of metallic contact/perovskite
oxide under the voltage.

When V, generated close to the BiFeO; surface diffuse
through the entire BiFeOj; film at elevated temperature during
irradiation or under external electric fields applied during the
electrical measurements. Vg are trapped preferentially at
defects, e.g., grain boundaries, and thus reduce their
resistivity.”! A conductive “sub-band” may form in the local
region of the Vi decorated grain boundaries with high density
of gap states.”” An effective current path can be created. This is
demonstrated by the conductive AFM measurements shown in

dx.doi.org/10.1021/am404144c | ACS Appl. Mater. Interfaces 2013, 5, 12764—12771
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Figure 4. The current paths serve as conductive shunts in the
device structure with top Au electrode.

These shunts are electrically more stable than the defects in
the as-grown sample, e.g. randomly distributed V, and they
contribute as parallel resistance Rg to Rgpo (Figure 9a).

(a)

o

Figure 9. (a) Illustration of irradiation-induced composition and
structure change at surface (dark arch pattern) of polycrystalline
BiFeOj; and V, decorated grain boundaries passing through the entire
BiFeO; film (dark stripe pattern). The Schottky contact of Au/BiFeO,
is modified, and these grain boundaries act as conductive paths
(shunts) in the irradiated Au/BiFeO;/ Pt memristor. (b) Equivalent
schematic diagram. Rg labels the shunt resistance of the conductive
paths shown in a.

Therefore, the formation of nanoscale shunts after irradiation
enhances the current stability of Au/BiFeO;/ Pt capacitor in
the retention measurement. According to Figure 9b, the total
resistance R of the Au/irradiated BiFeO;/ Pt structure can be
written as
1 1 1
+

R Ry Ry 2

with Rgpo described in eq 1.

Note that the formation of stable shunts surrounding the
BiFeO; grains does not play a critical role for the RS effect,
which occurs inside the BiFeOj; grains. This is different from
the filament formation model for the RS effect.” The nanoscale
shunts formed in the grain boundaries serve as conductive
channel or parallel resistors to the RS unit. This configuration
of the circuit may also contribute to the improvement of the
current stability.

4. SUMMARY AND OUTLOOK

We have found that oxygen vacancies and metallic Bi phases are
controllably created in Ar* irradiated BiFeOj; due to preferential
sputtering. Therefore, nanoscale shunts are formed and the
forming-free resistive switching in the multiferroic BiFeOj is
enhanced. The resistive switching in Au/BiFeO;/Pt structures
towards interface-related switching. Ar* ion irradiation also
modifies the barrier height of the Au/BiFeO; Schottky contact
due to composition and structural changes at the surface of
irradiated BiFeO; films. Trapping of the irradiation-induced
oxygen vacancies at defects or grain boundaries facilitates the
formation of conductive channels serving as electrically stable
shunts. Both the nanoshunt formation and the reduction of the
barrier height of the Au/BiFeO; Schottky contact result in an
enhanced current density and significant improvement of the
retention stability.
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TRIDYN (A TRIM simulation code including dynamic
composition changes) simulation of the preferential sputtering
of the BiFeO; film and dynamic composition changes under

Ar" irradiation. This material is available free of charge via the
Internet at http://pubs.acs.org.
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