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ABSTRACT: Resistive switching behavior has been observed
mainly in transition metal oxides, particularly in the form of thin-
film cells. In the present study, self-aligned, ferroelectric BiMnO3
(BMO) cubic nanodots on an Nb-doped SrTiO3 substrate were
fabricated by pulsed laser deposition (PLD). The BMO nanodots
showed the bipolar resistive switching as well as the typical
piezoresponse characteristics. Significantly, H2 annealing of BMO
nanodots resulted in a striking difference between the low-
resistance state (LRS) and the high-resistance state (HRS) as well
as a decrease in the SET and RESET voltages compared to the
nonannealed BMO nanodots. We suggest that the conductive
filament model is the most likely mechanism for the resistive
switching in the BMO nanodots. Concentration of oxygen vacancies plays a major role in the growth of conductive paths during
the H2 annealing process, leading to reduction of effective thickness in the BMO nanodots.

1. INTRODUCTION

Resistive random access memory (RRAM) is considered the
next-generation memory owing to its low operation voltage,
rapid switching speed, and simple structure.1−6 The resistive
switching characteristics, which are reproducible at two distinct
states between a low-resistance state (LRS) and a high-
resistance state (HRS), have been discovered in multiferroic
materials such as BiFeO3,

7,8 Bi0.9Ca0.1FeO3,
9 and BiCoO3

10 as
well as transition metal oxides.11−17 A range of RRAM materials
exhibit two representative resistive switching, “unipolar” and
“bipolar”, modes, depending on the configurations of the
RRAM capacitors.1,2,18 Among the mechanisms proposed for
the resistive switching behavior,1,19−21 the most reliable is the
conductive filament model. The filament-type resistive switch-
ing originates from the formation and rupture of filamentary
conducting paths in insulating materials,3,22−25 which have
demonstrated both unipolar and bipolar switching behavior.
A few studies reported RRAM devices made from

nanostructures, such as nanodots and nanowires.12,26−28 The
functionality of RRAM devices might be enhanced by scaling
their sizes down to the nanometer scale. A nanoscale RRAM
structure can be constructed using nanofabrication techniques,
such as nanotemplate, dip-pen lithography, etc.26,29 For
example, an anodic aluminum oxide (AAO) nanotemplate
was used to fabricate the Au/NiO/Au RRAM nanowire arrays,
which exhibited unipolar RRAM switching behaviors with lower
ON and OFF currents than in those previously reported
utilizing the NiO RRAM microcapacitors.26 The dip-pen
lithography technique was also used to form NiO nanodots
at the desired positions29 In this work, the BiMnO3 (BMO)
nanodots were fabricated using the pulsed laser deposition
(PLD) by controlling the deposition time. The resistive
switching characteristics of self-aligned ferroelectric BMO

nanodots on Nb-doped SrTiO3 substrate were investigated.
The BMO are known as multiferroics because it presents
ferroelectric and ferromagnetic properties simultaneously.30−33

In particular, the fact that the BMO is leaky electrically due to
oxygen vacancies can make it easier and more applicable to
RRAM devices.34,35 BMO nanodots, 10 and 20 nm in diameter,
exhibited typical piezoresponse (d33) hysteresis loops and
bipolar switching characteristics. The effects of hydrogen (H2)
annealing on the variation of SET and RESET voltages in the
BFO nanodots were investigated further.

2. EXPERIMENTAL SECTION
Cubic BMO nanodots were deposited on the step and terrace
surfaces of Nb-doped SrTiO3 substrates by PLD, as shown
schematically in Figure 1a. Aligned BMO nanodots were
fabricated using the electrochemical step-edge decoration
(ESED) technique,36,37 which is commonly used to fabricate
nanodots or nanowires on the terrace edges of single crystalline
substrates. The BMO nanodots can be formed along the step
edges of the terrace due to the fact that step edges are
energetically more stable for nucleation of adatoms.36 For the
ESED of BMO nanodots, a Nb-doped STO substrate of an
atomically flat and well-aligned terrace surface was used, which
was prepared by HF treatments and an annealing process. The
Nb-doped STO substrates were dipped in a dilute HF solution
and annealed at 1000 °C for 1 h.38

A 1 in. BMO target was prepared using the conventional
solid-state reaction method. High purity, commercially available
powders of Bi2O3 (99.99%) and Mn2O3 (99.99%) were mixed
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after weighing out according to their stoichiometry. Owing to
the volatility of bismuth during the film deposition process, the
bismuth concentration was increased and the Bi to Mn molar
ratio (1.1:1) was adjusted. The mixture was well ground,
pelletized and calcined at 750 °C for 24 h. This process was
repeated three times to form a dense ceramic target. A KrF
excimer laser (wavelength of 248 nm and energy density of 0.5
J/cm2) for PLD was focused onto a BMO target. The distance
between the BMO target and substrate was approximately 40
mm. When the base pressure reached approximately 10−7 Torr,
the substrate temperature and oxygen partial pressure were set
to 800 °C and 0.2 Torr, respectively. After deposition, the
samples were cooled to room temperature under 300 Torr
oxygen ambient. The nominal deposition rate of the BMO was
approximately 0.005 nm/pulse in PLD. Atomic force
microscopy (AFM) was used to check the surface topography
of each BMO nanodot array. Ferroelectric and resistive
switching properties for the BMO nanodots were characterized
by PFM and conductive atomic force microscopy (C-AFM)
measurements, respectively.

3. RESULTS AND DISCUSSION
The cubic BMO nanodot arrays were fabricated by controlling
their sizes using different PLD times. The cubic shape was
observed as the size of the BMO nanodot increased, indicating
a high degree of crystallinity. Figures 1a,b show schematic
diagrams of the fabrication of BiMnO3 nanodot arrays on a Nb-
doped SrTiO3 substrate. Arrays of 10 and 20 nm sized BMO
nanodots were formed at PLD times of 45 and 180 s,
respectively. Prior to BMO deposition, the Nb-doped SrTiO3
substrate were confirmed to have a terrace surface with uniform
intervals of approximately 70 nm and a low roughness below
0.2 nm by AFM.
First, the topography of two-sized BMO nanodot arrays was

observed, as shown in Figures 2a,b. The AFM images showed
that most of the BMO nanodots nucleated on the terrace edges
of the Nb-doped SrTiO3 substrate. For a PLD time of 45 s, the
10 nm sized BMO nanodots were mainly formed. A range of
BMO nanodots, large and small in size, were also observed at
the terrace surface (Figure 2a). In the case of very tiny BMO
nanodots (approximately a few nanometer sizes), however, a
high leakage current was measured in the PFM measurement.
Therefore, only the 10 nm sized BMO nanodots were
considered for the PFM measurement. To make larger BMO
nanodots, the deposition time of the PLD was increased.
Doubling the size of the 10 nm sized BMO nanodots took 180
s. Similar to the 10 nm sized BMO nanodots, the 20 nm sized

BMO nanodots were well aligned along the edges of the
terraces, as shown in Figure 2b.
Figure 2c shows d33 curves for the 10 and 20 nm sized BMO

nanodots as a function of the applied voltage. Both BMO
nanodots exhibited the typical piezoresponse hysteresis loops as
a ferroelectric material, in which the d33 value of the 20 nm
sized BMO nanodot was larger than that of the 10 nm sized
BMO nanodot at a zero voltage. This is because the 10 nm
sized BMO nanodot has a larger leakage current than the 20
nm sized BMO nanodot. On the other hand, the 10 nm sized
BMO nanodot showed a lower coercive voltage than the 20 nm
sized BMO nanodot. This low coercive voltage of the 10 nm
sized BMO nanodot is due to the size effects of ferroelectric
nanodots as well as the low d33 value with scaling down.1,39,40

Figure 3a presents the current−voltage (I−V) characteristic
curves of the BMO nanodots, which exhibit typical resistive
switching behaviors with two different resistance states between
the HRS and LRS. The measurement was conducted at room
temperature under atmospheric condition. By applying a
voltage ramp, forming voltages of 10 and 20 nm sized BMO

Figure 1. Schematic diagram of the BiMnO3 nandots array on the Nb-
doped SrTiO3 substrate. (a) Pulsed laser deposition process of
BiMnO3. (b) BiMnO3 nandots array at the terrace edges of the Nb-
doped SrTiO3 substrate.

Figure 2. AFM images of two-sized BiMnO3 nanodots arrays of (a) 10
nm and (b) 20 nm. (c) Piezoresponse (d33) hysteresis loops of two-
sized BiMnO3 nanodots of 10 and 20 nm.

Figure 3. (a) Typical resistive switching characteristics of BiMnO3
nanodots. (b) Bistable resistivity as a function of the switching cycles
of the BiMnO3 nanodots.
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nanodots were measured to be 3.8 and 3 V, respectively. During
the dc voltage sweep, the BMO nanodots exhibited bipolar
switching characteristics with symmetric hysteresis; it changed
from the HRS to the LRS under a positive bias and from the
LRS to the HRS under a negative bias. In the case of the 10 nm
sized BMO nanodot, the current increased suddenly at +2.9 V,
where the resistive state switches from the HRS to the LRS
(SET process). On the other hand, the current decreased
dramatically at −3 V, which refers to the resistive change from
the LRS to the HRS (RESET process). The 20 nm sized BMO
nanodot exhibited SET and RESET voltages of +3.8 and −4.3
V, respectively, which means that the SET and RESET voltages
increase with increasing nanodot size. Generally, the SET and
RESET voltages can decrease with increasing concentration of
oxygen vacancies in transition metal oxides.1,18 In addition, the
leakage current increases with decreasing the size of nanodots.
Therefore, the 10 nm sized BMO have a higher leakage current
than that of the 20 nm sized BMO nanodot. Because the slopes
in the I−V curve are proportional to the resistances of the HRS
and LRS, the 10 nm sized BMO shows a clearer difference
between the HRS and LRS compared to the 20 nm sized BMO
nanodot.
The influence of oxygen vacancies on the SET and RESET

voltages in the 10 nm sized BMO nanodot was investigated
further. The 10 nm sized BMO nanodots were annealed to
increase the population of oxygen vacancies. For this, a forming
gas (H2, 20 mTorr) annealing process was conducted at 500 °C
for 10 min. After the H2 annealing process, the I−V
characteristics were measured (Figure 3a). The SET and
RESET voltages of the H2-annealed (10 nm sized) BMO
nanodot were −2.3 and +2.2 V, respectively. As expected, these
voltages are smaller than those of the nonannealed BMO
nanodot. Therefore, the H2-annealed BMO nanodot has a
higher leakage current than the nonannealed BMO nanodot. In
Figure 3a, the H2-annealed (10 nm sized) BMO nanodot
showed the lowest LRS state and the largest difference between
the LRS and HRS. Significantly, H2 annealing of the BMO
nanodot maximized the difference between the LRS and HRS,
leading to a decrease in SET and RESET voltages.
To check the reproducible switching behavior of the BMO

nanodots, the bistable resistivities were obtained as a function
of the switching cycle, where the reading voltage was 1.5 V
(Figure 3b). For the two sized and H2-annealed BMO
nanodots, the different current states were stable and
reproducible when the number of switching cycles was
increased to 200 cycles. In particular, the H2-annealed BMO
nanodot also exhibited the largest difference between the ON
and OFF currents.
As mentioned previously, the resistive switching behavior in

the BMO nanodots is related to filamentary conducting paths.
The oxygen vacancies, which occur mainly in perovskite oxides
concomitantly with Bi vacancies due to its volatile property,
would induce conductive paths (filaments), leading to a
metallic state.41,42 Figure 4 presents schematic drawings for
the formation of oxygen vacancies after the H2 annealing
process as well as the features of the conducting filaments
depending on the population of oxygen vacancies. Please note
that the H2 concentration plays the role as a catalyst in
ferroelectric oxides, leading to oxygen vacancies and other
positive charge centers.43 In other words, lattice defects in the
BMO nanodot are generated by H2 annealing, which are likely
to be oxygen and Bi vacancies. In particular, oxygen vacancies
are concentrated at the surface of the BMO nanodot (Figure

4a). The region distributed with a high concentration of oxygen
vacancies is electrically more conductive because oxygen
vacancies give rise to an effect that is equivalent to “electron
doping”. Therefore, the H2 annealing process results in two
features. First, the oxygen vacancies increase the likelihood of
the formation of conduction filaments during the SET and
RESET switching process. Second, oxygen vacancies reduce the
effective thickness (d) of the BMO nanodot (Figure 4b). This
means that the effective electric field is enhanced by the gradual
growth of conductive filaments in the oxygen vacancy-
concentrated region compared to the non-H2-annealed BMO
nanodot.

4. CONCLUSIONS
This study examined the RRAM characteristics of the self-
aligned ferroelectric BMO nanodots. They were fabricated at
the terrace edges of the Nb-doped SrTiO3 substrate by pulsed
laser deposition. PFM and C-AFM were used to identify the
ferroelectric and resistive switching characteristics, in which the
10 and 20 nm sized ferroelectric BMO nanodots exhibited
typical ferroelectric d33 hysteresis loops and bipolar switching
behaviors. The H2 annealing process made it possible to
maximize the difference between the LRS and HRS and reduce
the SET and RESET voltages. This study provides insight into
nanodot RRAM devices.
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