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ABSTRACT

Single nanowires and networks are considered as promising candidates for miniaturized memristive devices for brain-inspired systems. Moreover, single crystalline nanostructures are useful model systems to gain a deeper understanding in the involved switching mechanism of the
investigated material. Here, we report on hydrothermally grown single crystalline Nb3 O7 (OH) nanowires showing a complementary resistive
switching (CRS) behavior. The CRS characteristics can be related to an oxygen vacancy migration at the electrode/metal hydroxide interface.
Therefore, an oxygen plasma treatment is used to reduce the oxygen vacancy content, resulting in a total reduction of the device conductivity. Furthermore, temporal resolved current–voltage measurements demonstrate the dependence of the destructive readout process of the
resistance states on the voltage amplitude and polarity.
© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0052589

I. INTRODUCTION
Memristive devices are promising candidates for realizing artificial neural networks due to their ability to emulate biological
synaptic functions.1–3 Combined information storage and data processing is achieved by implementing memristive elements in a
parallel approach into logic circuits.4–6 It was shown by Snider
in 20087 that using a complementary metal-oxide semiconductor
(CMOS) combined with a memristive synapse in a crossbar array
configuration, neuromorphic computing in a parallel, scalable, and
failure-tolerance way is possible. Furthermore, Lu and Lieber8 summarized possible bottom-up fabrication processes for implementing nanowires or nanobelts in memory based crossbar circuits to
increase the device density and allow scaling in three dimensions.
However, to solve the sneak path problem in passive crossbar arrays,
Linn et al.9 proposed the complementary resistive switching (CRS)
by connecting two bipolar memristive elements. Since then, complementary resistive switching (CRS) has also been achieved in memristive devices with only one material type composed of different
oxygen-deficient layers.10 Liu et al. studied CRS in niobium oxidebased memory devices by using a bilayer Nb2 O5−x /NbOy and two

APL Mater. 9, 071105 (2021); doi: 10.1063/5.0052589
© Author(s) 2021

electrode configuration in a crossbar array system and could show
the absence of the sneak path current.11 However, CRS devices
often show a destructive readout procedure, where the resistance
state is overwritten by the readout process.9 Therefore, additional
energy for a write-back step after the readout is necessary to regain
the memory state. Approaches to overcome this problem are using
unstable, volatile resistive switching devices in a CRS configuration,
where the volatile resistive switch is used to readout the second
cell.12 Another solution could be given by using capacitive read-out
approaches.13 However, as the memristive device function strongly
depends on the material, its internal structure, defect concentration,
and the device architecture,1,14 detailed analysis of the switching
mechanism and neuromorphic behavior is necessary for each device
separately. We present in this work a CRS behavior for a single
niobium hydroxide [Nb3 O7 (OH)] nanowire within a two electrode
Au/Nb3 O7 (OH)/Au configuration. The resistance change is related
to an oxygen vacancy migration and redistribution. We furthermore
demonstrate the temporal behavior of the destructive readout current for different applied potentials. To the best of our knowledge,
this is the first report of Nb3 O7 (OH) single nanowires showing a
memristive behavior.
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II. EXPERIMENTS
The single nanowires are grown in a hydrothermal synthesis
approach adapted from Refs. 15 and 16. A synthesis time of 19 h at
200 ○ C is used. The resulting nanowire powder is dispersed in an
ethanol solution by using an ultrasonic bath treatment for 10 min.
5 μl dispersion is dropped on a finger electrode substrate [30 nm
gold on top of 10 nm indium doped tin oxide (ITO), 230 nm SiO2 ,
altogether on top of an n-doped (3 × 1017 cm−3 ) Si wafer], with finger electrode distances of 2.5, 5, 10, and 20 μm, four of each size. For
high resolution imaging, a field emission scanning electron microscope (SEM) Analytic SEM Zeiss Gemini 500 system is used with
an integrated energy dispersive x-ray spectroscopy (EDX) system
(0.02–30 keV). For transmission electron microscopy (TEM) characterization, 100 μl dispersion is dropped on a copper TEM sample grid with a lacey carbon support. High resolution imaging and
selected area electron diffraction (SAED) are performed on a JEOL
JEM-2100Plus operated at 200 kV as well as a CS image-corrected
Thermo Fisher Scientific Titan Themis 80–300 microscope operated at 300 kV. Being optional, an oxygen plasma treatment is done
with a Diener electronic plasma system (Type: Femto) for 30 s prior
to the electronic measurements. Current–voltage characteristics are
recorded in vacuum at ∼10−6 mbar at room temperature by a Keithley 2400 digital multimeter. The Keithley itself is controlled by a
self-written Matlab program.

III. RESULTS AND DISCUSSION
TEM analysis of the untreated reaction product (shown in
Fig. 1) demonstrates the single crystallinity of the hydrothermally
grown nanowires. An average width of 60 nm and a maximum
length of 15 μm are observed. Ultrasonic dispersion results in
well-separated wires, which enabled further characterization. The
nanowires can be observed in two different orientations, along the
[001] and [100] axes of the orthorhombic crystal structure. The former, as shown in Fig. 1(b), shows well-defined crystal facets as well
as uniform growth in the [010] direction (along the long axis of the
wire). The latter [see Fig. 1(c)] reveals the planar stacking faults as
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observed in Refs. 17–19, which are attributed to oxygen vacancies
due to the imperfect stoichiometric nature of the crystal.
Figure 2 shows the device architecture for electronic measurements on single nanowires. The left image shows the finger electrode substrate with a periodic electrode distance. By chance, a single nanowire is found lying on top of two electrodes. On the right,
a 3 μm long nanowire contacts two gold electrodes with a distance
of 2.5 μm, schematically illustrated in the inset. The device is then
implemented in the electronic characterization setup and measured
under vacuum.
Typically, the n-type semiconducting Nb3 O7 (OH)20,21
nanowire do only show small currents with no visible memristive
behavior during the very first measurements. Therefore, an electroforming procedure with 20 V for 300 s is applied, as shown in
Fig. 3(a). The gradual increase in the current during electroforming
indicates Joule heating. To improve the nanowire/electrode contact,
usually an additional preparation step (annealing, oxygen plasma
treatment22,23 ) is performed. However, we assume that the contact
between the nanowire and the gold electrodes is improved to the
Joule heating effect during electroforming and accordingly did not
perform another treatment to prevent modifications of Nb3 O7 (OH).
Afterward, the devices show a complementary resistive switching
behavior [Fig. 3(b)] with a slight asymmetric behavior, which is
suggested to result from the asymmetric forming process. The color
specifies the cycle number and goes from black to light blue. The
current increases upon cycling, whereas a saturation within the first
four to five cycles is observed. The curves themselves show a CRS
behavior, where increasing the voltage from negative applied bias
to positive potentials (solid line) leads to a current increase up to
a voltage of ∼8 V and drops when going to even higher voltages.
It remains in the high resistance state (HRS) when the voltage is
decreased again (dashed line). After the polarity change, the device
gains back the low resistance state (LRS) again and remains there
until ∼−15 V is reached. The current drops for even lower voltages
again, and the system changes back to its high resistance state.
Cycles of only negative/positive polarities, as shown in Figs. 3(c)
and 3(d), do not show a memristive behavior. Negative cycling
begins at −20 V and is to that point in a low resistance state (LRS).

FIG. 1. TEM characterization of the untreated Nb3 O7 (OH) nanowires. (a) Conglomerate of single nanowires and fragments distributed on a carbon support for TEM analysis.
(b) Tip of a wire with the optical axis parallel to [001] showing the faceted nature as well as the single crystallinity. Inset: SAED pattern with associated lattice planes. (c)
Optical axis parallel to [100] reveals the planar faults in the crystal. Inset: SAED pattern with associated lattice planes.
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FIG. 2. SEM image of the single nanowire/electrode configuration. (Left) Finger electrode substrate with 2.5 μm distance in between two electrodes. (Right) Single nanowire
on top of two gold electrodes with a schematic of the architecture at the bottom right.

After the first cycle, it is found to be in the HRS and remains there
for further cycles. For the positive voltage region, the system was
already set to the HRS and remains there upon cycling. Therefore,
a polarity change is necessary to change the resistance state of the
device between low and high resistive states.

Endurance measurements for 1000 cycles are shown in Fig. 4.
The inset shows endurance measurements of a second sample. Typically, the switching behavior remains constant for 100 cycles for
all devices, whereas afterward, the current either increases, remains
constant, or even starts to decrease. However, more statistics in

FIG. 3. Electronic characterization of the CRS device. (a) A forming procedure is necessary to set the device into a conductive state. (b) I–V characteristics of the CRS cell.
In (c) and (d), cycling with only a negative or positive applied polarity shows no memristive behavior. Time is specified by the color gradient from black to light blue.
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FIG. 4. Endurance measurement for the present CRS cell, which is stable for ∼100
cycles. For further cycles, the current increases for the device. The inset shows the
endurance of a second device where the current drops, indicating the sample to
sample variation for endurance behaviors.

terms of the endurance measurements accompanied by a detailed
structural analysis of differently behaving nanowires are necessary to
find a suitable explanation for the endurance deviations. Most likely,
they are due to an irreversible structural and compositional change.
As a second step, the devices are oxygen plasma treated for
30 s. An oxygen plasma treatment in metal oxides usually leads to
a reduction of oxygen vacancies upon diffusion of ionized, radical
oxygen species into the material.24–26 Therefore, the element content is determined by EDX measurements as shown in Fig. SI1.
The untreated nanowires show a higher Nb/O ratio, compared to
the oxygen plasma treated samples. As oxygen vacancies are electron donor defects, a reduction in the oxygen vacancy concentration
upon oxygen plasma treatment results in a lower conductivity of
the nanowire. Thereby, the amount of electrons in the conduction
band is reduced, which reduces the Fermi energy level. Furthermore, a lower Fermi energy level leads to an increased metal/metal
oxide interface barrier.20,27 Figure 5 shows that the device has lost

FIG. 5. I–V characteristics for the CRS device in the initial stage and after different treatments. The plasma cleaning leads to vanishing conductivity. After a long
electroforming procedure for ∼1 h, the behavior does recover to a certain extend.
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its conductance behavior even though SEM investigations do not
show any visible change in the nanowire position or on the nanowire
itself. This is related to the reduction of the oxygen vacancies during
the plasma treatment, resulting in a reduced conductivity. The oxygen plasma treatment is only partly reversible. To reset the device
conductivity, a long electroforming process of at least 1 h is necessary. However, the devices could not be brought back to the initial
behavior.
Additionally, we performed conductivity measurements in air
and see a current drop over two orders of magnitude (see Fig.
SI 2). The current is gained back when the chamber is evacuated again. This indicates again the great impact of the oxygen
vacancies on the conductivity, as oxygen ions from the atmosphere adsorb on the nanowire surface, which supports the previous
suggestions.
Figure 6 shows a schematic of the expected switching process
within the single Nb3 O7 (OH) nanowires. The memristive switching performance is understood as accumulation/redistribution of
oxygen vacancies, similar to previous studies on niobium oxide
devices.11,28 The oxygen plasma treatment study supports this
assumption, as the conduction is reduced by the reduction in oxygen vacancies. Therefore, the change in the resistance during I–V
cycling is related to the distribution model of oxygen vacancies, as
shown in Fig. 6. The device is in a lower resistive state due to a conductive path, as shown in Fig. 6 (1). Increasing the voltage further
leads to a migration of positively charged oxygen vacancies, which
are repelled at the positive electrode (2) and attracted at the negative
electrode. This results in a disruption of the conductive path, as well
as an increased interface Schottky barrier for electrons and hence
a higher resistivity. An increased Schottky barrier height, as well as
the oxygen vacancy migration, during resistive switching in single
metal oxide nanowires has been discussed before.29,30 The large electric field is found to induce oxygen vacancy migration,11 whereas for
a nanowire of 2.5 μm length, oxygen vacancy accumulation at the
metal interfaces has already been found as the switching process in
single nanowire devices before.30,31 A change in the polarity leads
to a backward diffusion of the oxygen vacancies upon the field (3),
whereas larger negative polarities (4) lead to the same but opposite
effect as observed in (2).
The destructive readout process of complementary resistive
switches is investigated temporally and is voltage dependent, as
shown in Fig. 7. To write a specific state, either +20 or −20 V is
applied to the sample for 5 s. Afterward, a readout voltage of ±12,
±10, ±8, and ±5 V is applied, with opposite polarity to the afore
performed write operation. It is observed that the current for the
readout process for positive readout polarities increases first, followed by a current drop. For negative, large applied potentials, the
current drops quite fast, whereas for smaller potentials (<10 V), the
current increases in the beginning as well, followed by a current
drop. The current increase in the beginning of the readout operation
is related to the polarity change induced oxygen vacancy migration
similar to that illustrated in Fig. 6. For a negative write operation, the
device is in condition (2) (Fig. 6). The readout operation leads to a
migration of oxygen vacancies to the negative electrode and a repellence at the positive electrode, until a conductive path is formed (3).
However, the oxygen vacancies are further repelled from the positive
electrode, increasing the interface barrier for electrons and reducing
the conductivity again (4). This process is dependent on the applied
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FIG. 6. CRS schematic of the single Nb3 O7 (OH) nanowire devices. In (1), the device is in a LRS, which is switched to a HRS in (2) by increasing the voltage and repelling
the oxygen vacancies at the positive electrode. In (3), the device switches back to the LRS due to a redistribution of the oxygen vacancies upon the opposite voltage polarity.
The device is switched back to the HRS if the voltage is too large and repels the oxygen vacancies at the opposite electrode again.

potential and is slower for lower voltages. If the applied readout voltage is too small, only the high resistance state can be measured and
no change in the current is observed. However, for application purposes, the readout voltage to probe the resistance state of the device
is always the same. We demonstrated here that temporally resolved
current–voltage measurements are a useful method for finding an
appropriate readout voltage with a slow destruction of the resistance
states, but a reasonable on/off ratio. Due to the asymmetric electroforming process, the destructive readout time is dependent not only
on the voltage amplitude but also on the polarity for our device. A
slow destruction is therefore possible for smaller positive voltages,
and less energy needs to be consumed to rewrite the resistance state
again.

IV. CONCLUSION
The growth of Nb3 O7 (OH) nanowires by a hydrothermal
method results in single crystalline nanowires containing planar
stacking faults. 3 μm long single Nb3 O7 (OH) nanowires are successfully contacted on top of two gold electrodes. The devices show a
complementary resistive switching behavior, which is attributed to
an oxygen vacancy migration process at the metal/hydroxide interfaces. By using an oxygen plasma treatment, the oxygen vacancy
concentration is lowered, leading to a highly resistive nanowire so
that switching is not possible anymore. Furthermore, the destructive
readout current, which is typical for CRS cells, has been investigated
in terms of voltage and time. It is shown that the destruction could be
slowed down by using a positive readout polarity and low voltages.
SUPPLEMENTARY MATERIAL
See the supplementary material for the ratio calculation from
EDX measurements.
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