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ABSTRACT Heterointerfaces between complex oxides have
sparked considerable interest due to their fascinating physical
properties and their offering of new possibilities for next-generation
electronic devices. The key to realize practical applications is the
control through external stimuli. In this study, we take the self-
assembled BiFeO; —CoFe,0, tubular interface as a model system to
demonstrate the nonvolatile electric control of the local conduction
at the complex oxide tubular interface. The fundamental mechanism

behind this modulation was explored based on static and dynamic

conductive atomic force microscopies. We found the movement of oxygen vacancies in the BiFeO;—CoFe,0, heterostructure is the key to drive this
intriguing behavior. This study delivers a possibility in developing next-generation electronic devices.
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omplex oxide interfaces are emerg-

ing as one of the most exciting sub-

jects in the field of condensed matter
due to their unique physical properties and
their possibilities for next-generation elec-
tronic devices."? Three types of complex oxide
interface have been established.> Among
them, the most explored interface is the artifi-
cially constructed heterointerface. Various in-
teractions at the interface have resulted in a
number of exciting discoveries, such as the
formation of a highly mobile quasi-two-dimen-
sional electron gas (2DEG) between two in-
sulators (LaAlOs; and SrTiOs).* Moreover, in
ferroic oxides, domain walls dictate natural
homointerfaces as a consequence of the mini-
mization of electrostatic and elastic energies.’
Several key studies have pointed out the
interesting observation of the existence of
local conduction on domain walls in ferro/
multiferroics.®° Recently, a new tubular oxide
interface has been developed in the self-
assembled heterostructures, and local conduc-
tion at the tubular interfaces of the BiFeOs
(BFO)—CoFe,O, (CFO) heterostructure was
discovered.® Such results create a huge play-
ground to explore and design intriguing prop-
erties of complex oxide interfaces. However, in
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the push for practical applications, control of
the interface functionalities through external
stimuli is desirable. An electrical modulation
of the local conduction at the homo- (BFO
domain walls) and heterointerfaces (LaAlOs/
SrTiO5) was demonstrated recently.'®'" In this
study, we showed that the BFO—CFO tubular
interface conduction could be modulated
nonvolatilely and reversibly via an external
electric field. A memristive-like electronic con-
duction was observed, which is strongly corre-
lated to the motion of oxygen vacancies
(donor impuirities) at the interface and in turn
modified the characteristics of the junction
between the measurement tip and the inter-
face. Our results complete the control of the
conduction at complex oxide interfaces and
suggest the possibility for new devices based
on complex oxide interfaces.

RESULTS AND DISCUSSION

BFO—CFO nanocomposite films of 100 nm
were grown on 30 nm SrRuOs (SRO)-buffered
STO (001) substrates by pulsed laser deposi-
tion assisted by high-pressure reflective
high-energy electron diffraction to in situ
monitor the growth process.'? Figure 1(a)
shows an illustration of the BFO—CFO
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Figure 1. (a) Diagram of BFO—CFO nanostructures. CFO nanopillars (yellow) are embedded in the BFO matrix (blue), and
hence tubular interfaces (red) form between these two materials. (b) Topography and (c) current image of BCFO are gained
simultaneously under the C-AFM mode, where the current is read by applied —0.05 V tip bias. (d—f) Conduction currents at
tubular interfaces can be turned on and off by applying a larger dc bias (8 V) of different polarity. (g—I) Currents at four sides of

the tubular interface can be switched individually.

nanostructures. Due to the surface energy anisotropy,
perovskite BFO and spinel CFO phases are sponta-
neously separated during the heteroepitaxial gro-
wth.'® The CFO nanopillars alternated with the ferro-
electric BFO matrix and grew perpendicular to the
substrate from bottom to top. The sharp interface
between CFO and BFO lies in the {110} orientation,
in which the octahedra in the perovskite directly
contact those in the spinel phase to lower the interface
energy.'® To investigate the conduction properties of
the BFO—CFO composite film, we used SRO as the
bottom electrode for electrical characterization and
employed conductive atomic force microscopy (C-AFM),
an effective technique to probe local conduction with
nanoscale spatial resolution,'® to map current distribution
on the sample. The characterization and manipulation of
1=V (current—voltage) behaviors at the interface were
also performed by C-AFM. The spatial resolution is limited
by the tip radius of 20 nm. Figure 1(b) shows a typical
AFM topographic image of BFO—CFO self-assembled
nanostructures, where well-orientated CFO pillars are
embedded in the BFO matrix. Unlike the matrix and pillar,
conducting currents at the interface can be detected
under very low tip bias (—0.05 V, Figure 1(c)), which
indicates the local conduction behaviors at the tubular
interface.

For practical applications, searching for external
stimuli to control the local conduction at the interface
is the next key step. Reports on oxides, including BFO,
have shown that the movement of oxygen vacancies
can lead to memristive conducting behaviors.'®'® In
the BFO—CFO system, we also found a similar phe-
nomenon. The variation of local conduction at the
tubular interface with a dc bias is directly visualized
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through the C-AFM. At a small measuring tip bias of
—0.5V, local conduction currents at tubular interfaces
are observed in as-grown films (Figure 1(e)). After
applying a relatively large dc bias with a magnitude
of 8 V on the film by point-to-point tip scanning, the
interface shows nonvolatile conduction switching. In
Figure 1(f), the larger square was switched by a nega-
tive tip bias, and then the smaller square inside the
larger one was switched in series by a positive tip bias.
The C-AFM image shows that the local conduction
diminished in the region poled by a negative tip bias,
but it switched back after the region was poled by a
positive tip bias. In fact, more precise data analysis
indicates that the conduction current can be improved
even at the regions poled by a positive bias. More
interestingly, the conduction modulation at different
sides of the tubular interfaces can be controlled inde-
pendently. As shown in Figure 1(g—I), each side of the
tubular interface was locally switched by the SPM tip.
However, the redistribution of the oxygen vacancies can
bring up the local conduction again. The relaxation time
depends on the applied voltage. This suggests one more
pathway to control this local conduction.

To investigate the effect of external bias on the
conduction at the tubular interface more quantita-
tively, we applied pulse voltages on the interface as
the modulation source. The magnitude and the dura-
tion of the switching bias can thus be controlled. Figure 2
shows the variation of conduction currents at the inter-
face when switching the conduction from OFF to ON
state by different pulse voltages. The OFF state was
initially created by erasing the local conduction at the inter-
face using a tip bias of —8V./—V curves in Figure 2(a and c)
were measured in the range of bias voltage less than 3 V.
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Figure 2. Change of /-V characteristics at the interface after various external pulse bias was applied. The current (as grown,
black dot in (a) and (c)) at the tubular interface was first erased by applying a —8 V tip bias, and then the currents were revived
by the voltage pulses. (a) IV curves measured after applying negative voltage pulses of different magnitude for 1 s and (b)
the conductance ratio of /,,,//; measured at 2 V versus pulse magnitude. The revived currents increase with the magnitude of
voltage pulses. (c) I-V curves measured after applying —15 V voltage pulses of different duration and (d) the conductance

ratio of /,,/l,¢ measured at 2 V versus pulse duration.

The |-V curves were tested repeatedly to confirm the
measuring bias is small enough to not affect the non-
volatile conduction state. At the interface of the as-grown
film (ON state), the /—V curves can be fitted within the
space-charge-limit model, where /—V plots with the char-
acteristics of / =< /" nearly pass through the origin. Figure 2-
(a) shows that after applying a pulse voltage for 1 s
duration, the conduction at the tubular interface was
recovered stably if the voltage magnitude is higher than
10V, and the conductivity at the interface increases with
the switching pulse voltages. For switching voltages high-
erthan 15V, the conduction currents are even higher than
those in the as-grown film. The conduction currents of
these ON states are on the order of nA. Compared to the
currents of the OFF state, which are undetectable in the
system limit and estimated to be within the noise level of
10 pA, the conductivity ratio between the ON/OFF state is
larger than 102 Due to the nonlinear behavior of the
I=V curves, the ratio of I,n/los increases with the
detecting bias. Figure 2(b) shows the current ratio
measured at 2V, and the data points are obtained by
applying different pulse amplitudes for 1 s duration
at various interfaces. The absolute value of obtained
ratio fluctuation depends on the tip-to-sample con-
tact condition; on the other hand, the basic trends of
increasing ratio with the pulse voltages and large I,/
I ratio of about 102 to 10* are clear.

The conduction modulation at the interface under
different bias durations was also investigated. Figure 2(c)
shows that when the pulse magnitude is fixed at 15V,
the conduction at the interface can be reliably
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recovered once the duration of the voltage pulse is
longer than 200 ms, and the nonvolatile conductivity
increases with the duration. In contrast, conduction
recovery by a duration of less than 100 ms becomes
much more difficult, which might require higher ap-
plied voltage. Potentially, this can be an obstacle for
practical applications. The effect of the duration time
on the Iy,/lo ratio is shown in Figure 2(d), which also
illustrates the tendency of increasing ratio with the
duration time. The long response time implies the
movement of oxygen vacancies as the most possible
mechanism for this conduction modulation.

The suggested switching mechanism calls for inves-
tigation of oxygen vacancy dynamics and its bias
dependence. This was done by using the first-order
reversal curve current—voltage (FORC-IV) imaging
technique, as it allows probing electrochemical activity
locally."” A voltage waveform consisting of several
triangular pulses with increasing amplitude was ap-
plied to the sample via an SPM tip, and a current
response was recorded. When the measurements were
completed at a given location, the tip moves to the next
one and the measurements were repeated. Figure 3(a)
displays the voltage waveform with three peak biases, 3,
5,and 7 V, and the average current response collected
from a spatial grid of 50 x 50 pixels in a region of 500 x
500 nmZ. The corresponding IV curves (again, aver-
aged over 2500 pixels with different responses) are
shown in Figure 3(b). At peak biases lower than ca.
3V, the |-V curves are nonhysteretic, with lower and
upper branches coinciding (blue line in Figure 3(b)). This

VOL.7 = NO.10 = 8627-8633 =

2013 @L%N J: ( j

WWwWW.acsnano.org

8629


http://pubs.acs.org/action/showImage?doi=10.1021/nn402763w&iName=master.img-002.jpg&w=312&h=235

10
P 2
s | (@)
85
L
L.
2
0 0
0 5 10 15
time (s)
60
< "4
C
40 (©) /
;o
g
5 20 A
o ,/
Ot 5
0 2 4 6 8
Tip bias (V)

Current (nA) -

—_— Fa
= 20 (b) 2
e ¥
o
10 g
= J
O L
Pl
0 2 4 6 8
Tip bias (V)
£t (d) v
= 20 y
g A
510 /
o /.r
=0 2 2 6 8
Tip bias (V)

Figure 3. (a) FORC voltage waveform applied to the tip and current response averaged over the 2500 pixels of the grid; (b)
corresponding averaged /—V curves showing some hysteresis; (c) IV curves averaged over the top 10% of pixels with highest
conductivity showing little hysteresis; (d) I—V curves averaged over the top 10% of pixels with highest loop area showing

significant hysteresis but lower conductivity.

means that the bias sweep to lower peak values does
not shift oxygen vacancies around and thereby not
altering the conduction state of the sample as described
above. At higher peak biases, however, hysteresis ap-
pears in the [-V curves. By the time the peak bias is
reached, the conductivity state has been changed and
the backward curve starts deviating from the forward
one. Thus, the FORC-IV loop opening is a method of
measuring ionic motion or electrochemical activity, and
since I—V curves were recorded across the grid, samples
could be mapped out in terms of the loop opening as
shown below. To emphasize the differences between
the C-AFM images and FORC-IV maps as well as the
differences in the shape of /—V curves in different
locations of the grid, we present /Vs averaged over the
top 10% of the 2500 pixels with highest maximal
conductivity (Figure 3(c)) and highest maximal loop
opening (Figure 3(d)). As can be seen, highly con-
ductive locations show next to no hysteresis and
high current, whereas locations with highest ionic
activity manifest huge hysteresis, but at much lower
current.

Having described the average behavior, we now
turn our attention to local properties of the nanocom-
posite. Figure 4(a and b) show a C-AFM image of a 500 x
500 nm? region taken at 0.1 V and the corresponding
topography with a typical high interface conductance,
respectively. The FORC-IV loop area maps and current
maps at different peak biases are shown in Figure 4
(d,f,h and c,e,g), correspondingly. The loop area maps
were normalized to the square of the peak bias divided by
200 ML (protective resistance) to render them comparable
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(units changed from nW to a fraction of unity). At 3 V peak
bias (and lower biases that are not shown here), the loop
area map is noise-dominated, highlighting areas with
high conductivity. However, at 5 and 7 V peak biases,
loop area maps clearly show that maximal ionic activity
is confined to the interface between BFO and CFO. It is
noted that the current maps and loop area maps show
slightly different features since the highest conductiv-
ity does not correspond to the highest ionic activity, as
we have seen in Figure 3(c and d). Activation of
switching behavior at different locations with different
voltage levels can be seen in the lower left corner of
Figure 4(f and h) with a puzzle-piece-like CFO island
(encircled in red in Figure 4(c)). At 5V, its right interface
(blue arrow in Figure 4(f)) is active, but by the next
sweep at 7 V it already switched to higher conductivity
and showed almost the same loop opening as at the
island's surface. The rectangular island at the center, on
the other hand, got activated more at 7 V, and its
interface (green arrow in Figure 4(h)) stands out clearly.
Beyond the peak bias of 7 V, the SPM tip starts
degrading and the FORC-IV data become less reliable.
Thus, in the bias window of 3—7 V, the nanocomposite
not only shows higher general ionic activity at the
BFO—CFO interface but also differentiates in the
switching activation on different interfaces, which
further supports that oxygen vacancies play a key role
in the modulation of this local conduction.

On the basis of the experimental results, we now
focus on the modulation origin of this conduction. In
previous studies, oxygen vacancies are mobile positive
charges in BFO.'® The negative tip bias can attract
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Figure 4. (a) C-AFM image of a selected region taken with 0.1 V applied to the tip and (b) corresponding topography image
(scale bar is 100 nm); (c, e, g) current maps at peak biases 3, 5,and 7 V, respectively (scale in nA) plotted from the FORC-IV data
collected on a 50 x 50 grid of the same region; (d, f, h) FORC-IV loop area maps showing progressively increasing /—V

hysteresis at the interface.

(a)

Figure 5. (a) Schematic illustrating the control of the local conduction at the interface. The oxygen vacancies will be attracted
by the negative tip bias and thus accumulate on the top surface, making the BFO become a p—n junction. The process is
reversible and the interface will be conductive once the positive tip bias is applied. (b) Topography. (c) PFM after switching.
Before switching, the PFM shows that the orientation of the out-of-plane phase for the BFO matrix is downward. After switching,
the orientation of the out-of-plane phase will be changed to upward. (d) C-AFM image showing that the interface conduction at
the area after switching is diminished. (e) KFM image showing the negative surface potential at the poled region.

oxygen vacancies that accumulate on the top surface;
consequently, the top surface acquires n-type carriers,
whereas the region near the bottom becomes p-type.
Therefore, a p—n junction is created in BFO, modifying
the conducting behaviors in BFO (typically enhancing
the local conduction). We have tested the BFO matrix,
and it shows the same characteristics. However, this
behavior is opposite our observation in BFO—CFO
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system (when the positive tip bias was applied, the
local conduction can be enhanced). The hypothesis we
propose is that due to different polarizabilty of the
matrix and the interface, applying a negative tip bias to
the interface region would lead to a negatively charged
matrix near the interface, and then the positive oxygen
vacancies at the interface would be attracted by this
electric field to the BFO matrix (Figure 5). In order to
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verify this model, PFM, C-AFM, and Kelvin force micro-
scopy (KFM) measurements were carried out (Figure 5).
We found that the orientation of out-of-plane polariza-
tion is the key to the conduction at the interface and
matrix. At the as-grown state, the orientation of out-of-
plane polarization is downward, and the interface is
conductive. After poling, the orientation of out-of-
plane polarization becomes upward, and the conduc-
tion at the interface is diminished. The explanation for
the phenomenon is that after poling the electrons are
trapped at the surface due to the upward polarization.
Therefore, the surface potential is negative at the poled
area.'”” The negative surface potential of the BFO
matrix causes the oxygen vacancies at the interface
to move to the top surface of the BFO matrix. In
addition, we observe that the BFO matrix poled by a
large negative tip bias will need a smaller critical
voltage (<2 V) to turn on currents than the as-grown
state (Supporting Information). This is because the oxy-
gen vacancies leave from the interface and accumulate
on the top surface of the BFO matrix after a negative tip

METHODS

The samples were fabricated by pulsed laser deposition at
700 °Cin O, (200 mTorr) using a composite target with 65% BFO
and 35% CFO (molar ratio).'> Commercial scanning probe
microscope systems (CPIl, Multimode 8 with ScanAsyst) were
used to perform the measurements of C-AFM, PFM, and KFM. A
Pt—Ir-coated tip with a force constant of about 2—4.4 N/m
(OSCM-PIT, Olympus) was used for scanning. The voltage pulses
for switching the conduction at the interface were performed
by an arbitrary waveform generator (G5100A, PICOTEST).

The FORC-IV measurements were performed on a Cypher
(Asylum Research) AFM interfaced with National Instrument
cards controlled by LabVIEW and Matlab software. Cantilevers
with Cr/Pt conductive coating were used (Budget Sensors). Bias
was applied to the cantilever tip, and the current was read off
the bottom electrode with a Femto current amplifier (DLPCA-
200). The voltage waveform had a step height of 0.1 V and a
step duration of 20 ms. A protective resistor of 200 MQ was
connected in series with the sample. Data processing was done
using custom-written Matlab codes.
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