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ABSTRACT We show that electrodeposited films of 0-Bi,0; in a Pt/0-Bi,03/Au

cell exhibit unipolar resistance switching. After being formed at a large electric 0.4 B

field of 40 MV/m, the cell can be reversibly switched between a low resistance go . 3-BiyO;
o 0.

state (156 Q) and a high resistance state (1.2 G2) by simply cycling between SET & FORMIN‘G/ Au
]

and RESET voltages of the same polarity. Because the high and low resistance & 2 ; R
B Bi_ ESET

states are persistent, the cell is a candidate for nonvolatile resistance random & , - Q

access memory (RRAM). A Bi nanofilament forms at the SET voltage, and it ruptures SEr

to form a 50 nm gap during the RESET step at a current density of 2 x 107 A/em?. % 5 10 15 20

. . . . . temperature (K)
The diameter of the Bi filament is a function of the compliance current, and can be

tuned from 140 to 260 nm, but the current density in the RESET step is independent of the Bi diameter. An electromigration rupture mechanism is
proposed. The Bi nanofilaments in the low resistance state are superconducting, with a T, of 5.8 K and an H_ of 5 kOe. This is an unexpected result, because
bulk Bi is not a superconductor.

KEYWORDS: electrodeposition - nonvolatile resistance switching - solid-state memory - superconductive filaments - Bi,Os - bismuth

n emerging solid-state, nonvolatile
Amemory known as resistance random

access memory (RRAM) can be pro-
duced when a metal oxide that undergoes
resistance switching is sandwiched between
two metallic electrodes.'® Because the re-
sistance of the metal oxide is a function of the
history of charge that has passed through the
material, RRAM devices have been described
as memristors.” ~° Compared with current non-
volatile memory based on charge storage,
RRAM is expected to allow the use of smaller
memory cells."** Metal oxides that undergo re-
sistance switching include TiO,2'° Ta0,,'""?
Fe203,13 Nio,13—18 Znol19721 COO,13'18
C0304,22,23 Cu20,24’25 Cu0,2%7 Fe3O4,28
CoFe;0,,*° VO,*° and (Bi,03)07(Y203)03.'
Although the mechanism of resistance
switching in the metal oxides is not well
understood, the transport of oxygen vacan-
cies or oxide ions is generally considered
to be important.'®32 §-Bi, 05 is a particularly
interesting material for this application,
because it has the highest known oxide
ion mobility and it has very high electri-
cal resistivity. 0-Bi,Os is the high-tempera-
ture cubic polymorph of Bi,Os. It is only
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thermodynamically stable at temperatures
above 729 °C, but it can be stabilized in
the face-centered-cubic structure at room
temperature by forming a solid solution
with cubic oxides such as Y,0s. Shi et al.
have demonstrated that (Bi,O3)¢ 7(Y203)03
films sandwiched between Ag and Pt
electrodes exhibit electric field induced
resistance switching.>' We previously re-
ported that additive-free 6-Bi,Os; can be
electrodeposited at 65 °C from aqueous
solution.®*** Here, we show that electro-
deposited films of 6-Bi,O3 in a Pt/d-Bi,O3/
Au cell exhibit unipolar resistance switching,
and we demonstrate that superconducting
nanofilaments of Bi metal are produced
during the switching process. Although
Zhu et al. have reported superconductivity
in a Nb/ZnO/Pt bipolar resistance switching
cell, the superconductivity was attributed
to nanofilaments of Nb metal, a known
superconductor.?® The observation of super-
conductivity in our Pt/d-Bi,Os/Au cells, how-
ever, is an unexpected result, because bulk
Bi is not a superconductor. It only occurs
when the Bi nanofilaments are formed.
Besides the possibility of using the material
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for solid-state memory, the electrodeposited 6-Bi,Os
may find future utility in applications in which it is
necessary to toggle between an insulating material
with GQ-cm resistivity and a superconductor by a
simple flip of a switch.

RESULTS AND DISCUSSION

Films of 6-Bi,O3 were electrodeposited onto Au
substrates to a thickness of 1.3 um.>* The films deposit
with a strong [111] orientation and a columnar micro-
structure (see Figure S1, Supporting Information). The
resistivity of the as-deposited 0-Bi,0s is typically 6.5 x
10° Q cm. A top Pt contact to the film was made by
sputtering a 200 nm thick circular pad of Pt with a
125 um diameter through a shadow mask. As shown in
Figure 1, the electrodeposited §-Bi,Os films exhibit
unipolar resistance switching. That is, the Pt/6-Bi,05/
Au cell can be switched from a high resistance state
(HRS) to a low resistance state (LRS) without changing
the voltage polarity. The sample is first “formed” by

(a) 10-2 T T T T T T T T T T T T T T T T T T T T
f iRESET
1074 .
< 104 JA SER b
t "
o 10 T
N
7 10-6.
1084 h
1084
107104
10710 10 . 1A
20 40 60
0 1 2 3 4
voltage (V)
b
(b) as-deposited
Pt(+)
5-Bi, 04
Au(-)
FORMIEV
RESET
I
L —— -
SET
LRS HRS

Figure 1. Unipolar resistance switching in the Pt/0-Bi,Os/Au
cell. (@) Current—voltage curves for the Pt/6-Bi,Os/Au cell
during the FORMING, SET, and RESET steps. Solid points
represent average switching parameters measured on 10
different contacts together with their standard deviations.
The voltage was scanned at a rate of 0.7 V/s. (b) Schematic
showing the formation of a conducting filament during the
FORMING and SET steps, and rupture of the filament during
the RESET step.
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increasing the applied bias to approximately 60 V (see
inset of Figure 1a). This FORMING bias corresponds to a
very large electric field of about 40 MV/m. A compli-
ance current of 50 A was used in both the FORMING
and SET steps in order to prevent irreversible, hard
dielectric breakdown. A conducting filament is pro-
duced during the FORMING process, and the initial
resistance of about 10" Q abruptly drops to about
150 Q. After the FORMING step, the cell can be
switched from the LRS to the HRS by a RESET process,
and then switched from the HRS to the LRS by a SET
process. The conducting filament is produced during
the FORMING and SET steps at high electric fields, and
it is ruptured during the RESET step at high current
densities. A cartoon showing the generation of the
conducting filament during the FORMING and SET
steps and rupture of the filament during the RESET
step is shown in Figure 1b. The rupture of the filament
near the negative electrode is consistent with an
electromigration rupture mechanism, as discussed
later in this paper. In the RESET step a compliance
current is not applied and the current reaches a value
of 4.4 4+ 2.5 mA, far above the value of the compliance
current of 50 uA applied in the SET step. In the RESET
step the filament is ruptured at the RESET voltage
(0.4 + 0.1 V) and the cell switches to the HRS.

The cell can be switched back to its LRS by perform-
ing the SET process. The SET process is similar in nature
to the FORMING step. However, because only the gap
in the ruptured filament has to be reformed, it occurs at
much lower voltage (2.2 + 0.6 V) than in the FORMING
step. The solid points in Figure 1a represent average
switching parameters with their standard deviations
collected from 10 different contacts. The switching
parameters scatter significantly in the initial switching
cycles following the FORMING step. Therefore, the
analysis is performed after the parameters stabilize,
usually after about 25 switching cycles. There is at least
a 1V difference between the RESET and SET voltages in
each switching cycle, which minimizes the risk of a
hard dielectric breakdown in the cell when switching
the cell to HRS. The cell can be switched between the
LRS and HRS multiple times (Figure 2a), and the states
are persistent (Figure 2b). One issue that needs to be
addressed is the maximum number of switches the
material can perform. Although the 100 cycles shown
in the endurance test in Figure 2a are encouraging,
practical devices will require thousands or millions of
switching cycles. The ratio of resistance between the
HRS and LRS of 10° (Figure 2a,b) would allow one to
easily distinguish between the two states of the cellina
real working device.

The electrical properties of the Pt/6-Bi,Os/Au cell in
each of its states were measured by impedance spec-
troscopy. Figure 3 shows the impedance spectra in
Nyquist (complex) coordinates, together with the
equivalent circuits used for fitting the three states.
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Figure 2. (a) Endurance test of the Pt/6-Bi,Os/Au cell show-
ing 100 cycles. (b) Stability of the high resistance state (HRS)
and low resistance state (LRS) over time. FORMING and SET
steps performed with 50 A compliance current.
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Figure 3. Impedance spectra of the Pt/d-Bi,Os/Au resis-
tance switching cell in (a) as-deposited state (black), high
resistance state (HRS, blue), and (b) low resistance state
(LRS, red). Points are experimental results and lines are fits
to the equivalent circuits, which are shown as insets. A
constant phase element (CPE) is used to model the capa-
citor. FORMING and SET steps performed with 50 xA com-
pliance current.
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The cell in the as-deposited state can be described
by a single time constant, because a single semicircle
is observed (black squares in Figure 3). Assuming a
constant phase element (CPE), the as-deposited state
has a small capacitance of only 23 pF, with a parallel
resistance of 9.4 GQ, corresponding to a resistivity
for 0-Bi,05 of 6.5 x 10° Qcm. The LRS shows resistive
behavior (Figure 3b) with a small series inductance,
which originates from the cables. The resistive behav-
jor is suggestive of a metallic nature for the filaments.
The resistance of the LRS is only 156 Q, compared
with the initial 9.4 GQ of the as-deposited film. After
the RESET step, the cell is in the HRS. As with the as-
deposited state, the HRS can be described by a capa-
citance with a parallel resistance (blue triangles in
Figure 3). The capacitance of the HRS state is 25 pF,
and theresistanceis 1.2 GQ. The lower resistance of the
HRS compared with the as-deposited state is consis-
tent with a gap in the filament that is smaller than the
original film thickness. The measured capacitance of
the HRS is slightly larger than that of the as-deposited
film. Because the filament is in parallel with the rest
of the film, the measured 25 pF of the HRS is the
sum of the small capacitance from the broken filament
and the larger capacitance contributed by the elec-
trode area.

The impedance spectra for the Pt/6-Bi,Os/Au cell are
similar to those observed by other researchers for
Pt/NiO/Pt and Au/CuO/Pt resistance switching cells.'**°
In the NiO and CuO cells it was suggested that the
filaments were metallic. In the case of the NiO-based
cell, the formation of Ni filaments at the NiO grain
boundaries was confirmed by TEM.'®> Metallic filament
formation in the Pt/NiO/Pt cell was also confirmed by
magnetic measurements.'” The filaments were shown
to be ferromagnetic, with a clear exchange coupling
between the ferromagnetic Ni filaments and the anti-
ferromagnetic NiO matrix.'”

The metallic nature of the conducting filaments was
confirmed by the temperature dependence of the
resistance for the LRS (Figure 4). The measurements
also showed that the conducting filaments were super-
conducting at low temperature. These measurements
were made using pressed In contacts to the top surface
instead of the Pt contacts used in the switching
experiments. The pressed In contacts always produce
a LRS state that has a lower resistance than the Pt
contacts. The cells produced with the In contacts can
be reversibly switched between the HRS and the LRS.
Figure S2 in the Supporting Information shows R vs T
curves for films with a variety of pressed In contacts,
and Figure S3 shows FORMING, RESET, and SET curves
for a cell using pressed In contacts. As shown in the
inset of Figure 4a, the resistance of the LRS decreases
linearly as the temperature is decreased from 300 to
5.8 K. This linear dependence is consistent with the
filaments being metallic Bi. At 5.8 K there is an abrupt
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Figure 4. Evidence for superconductivity in the conducting
filaments. (a) Resistance vs temperature dependence at 0 Oe
of the 0-Bi,03-based cell in the low resistance state, SET with
a compliance current of 100 u«A. The inset shows the R(T)
dependence from 300 K at 0 Oe. (b) Resistance vs magnetic
field strength dependence measured at 1.8 K. The inset
in (b) shows the measurement geometry used in the
experiments.

drop in the resistance, the signature of a superconduc-
tor material. As shown in Figure 4b, the superconduc-
tivity is quenched at about 5 kOe for a sample that was
held at 1.8 K. This large critical field is consistent with
type Il superconductivity. The measured T, and H, are
higher than those observed for In metal (T, = 3.4 K,
UuoH™ = 28.15 mT)3® that was used for our top contact.
We have also observed superconductivity in samples
using an Au top contact (see Figure S4, Supporting
Information). Although bulk Bi is not a superconductor,
it has been shown by other workers that Bi nanowires
electrodeposited into polycarbonate membranes also
exhibit type Il superconductivity.3”*® The electrode-
posited Bi nanowires had two distinct superconduct-
ing phases with T, of 7.2 and 8.3 K, and corresponding
H. of 10 and 45 kOe. The superconductivity was
explained by the formation of high-pressure Bi phases
at the grain boundaries.?” It has also been observed,
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Figure 5. Plot of log(resistance) vs reciprocal temperature
for the 0-Bi,03-based cell in the high resistance state. The
activation energy of 0.84 eV is consistent with 0-Bi,Os being
in the gap that forms after the RESET step (low resistance
state SET at a compliance current of 100 xA).

however, that single-crystal Bi nanowires are super-
conducting,*® and that electrodeposited Bi nanowires
that were removed from membranes had a T. of 1.3 K
and an H, of 40 kOe® In the latter case, the super-
conductivity was attributed to the formation of a thin
oxide film at the wire surface.® This would be similar to
the conducting filaments in the LRS of our Pt/6-Bi,03/
Au resistance switching cell, because the Bi filaments
would be surrounded by the §-Bi,Os matrix. Because
the 6-Bi,Os deposits with a [111] orientation and a
columnar microstructure,® the conducting filaments
likely form along columnar grain boundaries, as pro-
posed for a strongly textured, columnar ZnO-based
cell.'® The metallic behavior in the R vs T curve and the
observation of a superconducting signature in Figure 4
are strong evidence that the conducting filaments
in the LRS are metallic Bi. Without direct observation
of the filaments, we cannot completely rule out
the possibility that the conducting filaments are due
to nonstoichiometric bismuth oxide that is produced
during the FORMING and SET processes. However, we
would expect such a cell to exhibit bipolar rather than
unipolar resistance switching.

After the Pt/0-Bi,Os/Au cell is RESET, the HRS is pro-
duced due to the rupture of the Bi filament. The tem-
perature dependence of the resistivity of the HRS was
studied to gain insight into the nature of the material in
the gap that forms when the Bifilament ruptures. The cell
switches to insulating behavior, because the resistance
increases exponentially as the temperature is lowered.
An Arrhenius plot is shown for the HRS in Figure 5. The
activation energy measured from this plot is 0.84 eV, in
reasonable agreement with the known activation energy
of 099 eV for §-Bi,05.*° This Arrhenius measurement
suggests that the gap is filled either with 0-Bi,Os, or with
a material with similar electrical properties.

The diameter of the Bi filaments that are produced
in the SET step can be controlled by the compliance
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Figure 6. Filament resistance (blue, left axis) and effective
diameter (red, right axis) vs compliance current of the Pt/)-
Bi,Os/Au cell in the low resistance state. The diameter of the
filament increases as the compliance current is increased.
The dashed lines are drawn as a guide to an eye. Cell was
switched at a scan rate of 0.7 V/s.

current that is used during the SET process. Although
we have not directly observed the Bi filaments by
microcopy, we estimated their effective diameter from
the measured resistance of the low resistance state.
The filaments were SET and RESET at least 25 times
prior to the analysis to ensure stable switching param-
eters. We used the measured resistance and known
film thickness (1.3 um), and we assumed that the Bi
filaments are cylindrical in shape and have the same
resistivity (128 x 10~ Qm) as bulk Bi.*' As shown in
Figure 6, the filament resistance decreases and the
effective Bi filament diameter increases as the compli-
ance current is increased. A decrease in filament
resistance with increasing compliance current was also
reported for Pt/Co30,4/Pt and Cu/TiO,/TaO,/W resis-
tance switching cells.?**? In the latter case the fila-
ments were metallic Cu and the filament diameter was
estimated using the same method as outlined in this
paper for the Pt/0-Bi,Os/Au cell. The Bi filament di-
ameter increases from 140 4+ 16 nm at a compliance
current of 25 uA to 260 + 30 nm at a compliance
current of 2.5 mA.

The systematic increase in the effective diameter
with increasing compliance current also causes an
increase in the RESET current that is necessary to
rupture the filaments (see Figure 7). Although the
voltage required to SET and RESET the Pt/6-Bi,Os/Au
cell is independent of the compliance current, the
RESET current increases as the compliance current
and Bi diameter are increased. These results show that
it is the applied electric field that reduces 9-Bi,Os to Bi
filaments in the FORMING and SET steps, and it is the
applied current that ruptures the Bi filaments during
the RESET steps. Although the RESET current and Bi
diameter are both dependent on the compliance
current, the current density for filament rupture during
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Figure 7. (a) SET (red) and RESET (blue) voltages vs com-
pliance current used in the SET step for the Pt/0-Bi,Os/Au
cell. (b) Dependence of the RESET current (left, blue) and the
RESET current density (right, red) on the compliance current
used in the SET step. The RESET current increases as the
compliance current increases, but the RESET current density
is independent of compliance current. Points represent
average values measured on 10 different contacts together
with their standard deviations. Cell was switched at a scan
rate of 0.7 V/s.

the RESET step is fairly constantat 2.2 + 0.2 x 107 A/cm?
(see Figure 7b).

Itis also possible to estimate the gap size after the Bi
filament ruptures. Here, we compare the voltage (60 V)
required to FORM the entire 1.3 um film thickness with
that (2.2 V) required to SET the cell. If we assume that
the gap is filled with a material of similar breakdown
field strength as the as-deposited 6-Bi,Osz (40 MV/m),
the gap size is estimated to be approximately 50 nm.
Because the SET voltage is not a function of the
compliance current used to form and RESET the cell,
the gap size appears to be independent of the com-
pliance current.

The mechanism of film rupture is presently not known.
On the basis of the estimated diameters of the Bi
filaments, the average current density in the RESET step
is 22 + 0.2 x 107 A/cm? The RESET current density is
independent of the effective diameter of the Bi nanofila-
ments. The large current density in the RESET step would
lead to Joule heating of the filament to induce either
thermal oxidation of the Bi filaments or even melting of
the filaments. Another possible mechanism for the
rupture of the filament is current-induced electromigra-
tion, in which metal atoms move in the direction of
electron flow due to momentum transfer. This electro-
migration would lead to a gap formation at the negative
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electrode, with thickening of the filament toward the
positive electrode. The cartoon shown in Figure 1b
is consistent with the electromigration-induced film
rupture. Electromigration is a common problem in
large-scale integration, in which interconnects rupture
due to high current flow.* The current densities ob-
served in the RESET step of our Pt/6-Bi,Os/Au are greater
than or equal to those that produce electromigration in
interconnects.

CONCLUSIONS

We have shown that the Pt/6-Bi,Os/Au cell under-
goes unipolar resistance switching. Because the low
and high resistance states that are formed are persis-
tent, this cell is a candidate for future RRAM devices.
The voltage difference between the LRS and HRS is
over 1V, and the resistance contrast between the two
states is over 10°. Our results are consistent with the
formation and rupture of a conducting filament of Bi
metal. The effective diameter of the Bi filaments is in

MATERIALS AND METHODS

0-Bi, 03 films were electrodeposited to a thickness of 1.3 um
according to the procedure described elsewhere**** Briefly,
films were anodically deposited at a current density of 5 mA/cm?
and a temperature of 65 °C onto Au substrates. The electrolyte
used consisted of 0.1 M Bi(NOs)s, 0.25 M (-tartaric acid and 2.5 M
KOH. The substrates were mechanically polished and then
electropolished prior to the electrodeposition of the 0-Bi,Os
films.33 The structure of the films was determined using a high-
resolution Philips X-Pert MRD X-ray diffractometer (XRD) with
a Cu Ko, radiation source (1 = 1.54056 A). The morphology of
films was studied by scanning electron microscopy (SEM; Hitachi
S4700 FESEM).

Resistance switching experiments were performed in two-
point, vertical geometry using a Keithley 2400 current source.
A top Pt contact to the film was made by sputtering a 200 nm
thick circular pad of Pt with a 125 um diameter through a
shadow mask. The connection to the Pt pad was made with a
sharp Au low-pressure pin contact. An electrical connection was
made to the Au substrate using Cu tape, which served as the
bottom contact. Current—voltage curves were run at a scan rate
of 0.7 V/s, with the top Pt contact as the positive electrode.

The electrical properties of the Pt/0-Bi,Os/Au cell in each of
its states were measured by impedance spectroscopy using a
Solartron SI 1255 frequency response analyzer in the frequency
range of 1 MHz to 10 mHz. The as-deposited material, HRS,
and LRS were measured with AC amplitudes of 1V, 50 mV, and
10 mV, respectively.

Electrical and magnetotransport measurements were per-
formed in the Quantum Design Physical Property Measurement
System (PPMS). Two Ag wires were attached to the film and to
the Au substrate by pressing In solder, which served as electrical
contacts. The resistance was measured with a two-point method
normal to the film plane. The LRS was measured at 25 A, while
the HRS was measured at 1 nA.
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the 140—260 nm range and can be controlled by
varying the compliance current used to SET the cell.
The gap that is formed after resetting the cell is
estimated to be 50 nm in length, and is independent
of the compliance current. The Bi nanowires in the low
resistance state are superconducting, with a T. of 5.8 K,
and an H, of 5 kOe. A very large applied electric field of
40 MV/m reduces 6-Bi,O3 to Bi filaments in the FORM-
ING step, and a large applied current density of 2.2 +
0.2 x 107 A/cm? ruptures the Bi filaments during the
RESET step. The current density necessary to effect
filament rupture is independent of the filament dia-
meter. Joule heating and/or current-driven electromi-
gration are possible mechanisms for the rupture of the
Bi nanofilaments. Because the electrodeposition meth-
od we use to deposit the 6-Bi,Os is not a line-of-sight
deposition method like sputtering and the material only
deposits on electrified interfaces, it should be possible in
future work to deposit the material conformally onto
crossbar arrays to produce highly scalable memory.

Supporting Information Available: SEM micrograph of elec-
trodeposited 6-Bi,O3 showing columnar microstructure, R vs T
curves for films with a variety of pressed In top contacts,
FORMING, SET, and RESET curves for films using pressed In
contacts, and observation of superconductivity in a device
using a low-pressure Au pin contact. This material is available
free of charge via the Internet at http://pubs.acs.org.
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