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ABSTRACT: A novel memory device based on laterally
bridged ZnO nanorods (NRs) in the opposite direction was
fabricated by the hydrothermal growth method and charac-
terized. The electrodes were defined by a simple photo-
lithography method. This method has lower cost, simpler
process, and higher reliability than the traditional focused ion
beam lithography method. For the first time, the negative
differential resistance and bistable unipolar resistive switching
(RS) behavior in the current−voltage curve was observed at
room temperature. The memory device is stable and
rewritable; it has an ultra-low current level of about 1 × 10−13 A in the high resistance state; and it is nonvolatile with an
on−off current ratio of up to 1.56 × 106. Moreover, its peak-to-valley current ratio of negative differential resistance behavior is
greater than 1.76 × 102. The negative differential resistance and RS behavior of this device may be related to the boundaries
between the opposite bridged ZnO NRs. Specifically, the RS behavior found in ZnO NR devices with a remarkable isolated
boundary at the NR/NR interface was discussed for the first time. The memory mechanism of laterally bridged ZnO NR-based
devices has not been discussed in the literature yet. In this work, results show that laterally bridged ZnO NR-based devices may
have next-generation resistive memories and nanoelectronic applications.
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1. INTRODUCTION

As conventional flash memories approach their technological
and physical limits in scaling reduction, resistive random access
memory (ReRAM) has been attracting much attention because
of its many advantages, such as simple structure, high density
integration, high operational speed, low-power consumption,
and potential for the replacement of flash memories in next-
generation nonvolatile memories.1−3 RS behaviors have been
extensively investigated in various materials, such as binary
transition metal oxides,4−7 perovskite oxides,8,9 organic
compounds,10−12 and graphene oxide,13 among others. To
explain the RS phenomenon, researchers have proposed many
theoretical models. The most believable explanation is the
formation and rupture of conductive filaments in the insulator.2

Other plausible models, such as field-assisted drift/diffusion of
charged ions, trap-controlled space-charge-limited current,
Frenkel−Poole emission, and Schottky barriers, have been
widely proposed.14−16

One-dimensional (1D) ZnO nanorods (NRs) have attracted
much attention recently as potential candidates for nanoscale
devices.17 The peculiar physical properties in confined
dimensions of ZnO NR-based ReRAM enable it to have such
characteristics as ultralow leakage current in the high resistive

state (HRS), large memory window, and low switching voltage.
Furthermore, ZnO NR-based ReRAM has the potential to
break through the present lithography limitation and increase
the area density of memory cells. So far, the origins of these
behaviors in laterally bridged ZnO NR-based ReRAM remain
unclear. Therefore, investigating and studying the electric
property in nano-scale devices are necessary to advance toward
next-generation memory devices. High-quality vertical ZnO NR
arrays are grown by several approaches, such as the gas
transport technique,18,19 metal−organic chemical vapor depo-
sition,20 and hydrothermal method.21−23 ZnO generally has a
strong leaning toward self-assembled growth. This important
tendency has led to the great interest in growing particular
nanostructures by controlling growth parameters for vertical
optoelectronic applications. Vertical alignment, selective
growth, and controlled morphology of NRs have recently
stimulated interest in 1D nanostructure applications. However,
direct contact between the top and bottom electrodes may
cause a short circuit problem if the top electrode is fabricated
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on a ZnO NR with a low packing density.24 By contrast, the
fabrication of lateral ZnO NR-based devices is much simpler.
Moreover, the concept of lateral structure not only solves the
short circuit problem but also realizes integrated submicrom-
eter/nanoscale devices on a planar substrate. Currently, these
1D ZnO NR-based devices can be achieved by randomly
dispersing a single ZnO NR onto pre-fabricated electrodes,25,26

using electron-beam lithography,27 or using focused-ion-beam
deposition28 to individually delineate the electrical contacts.
The general drawbacks of the reported techniques are that they
require complex and time-consuming processing steps and
restrict the realistic mass fabrication and large-scale manufactur-
ing of lateral ZnO NR-based devices.
So far, the RS behaviors have been widely reported in ZnO

thin films29,30 but few in ZnO NRs. Chang et al. investigate the
RS characteristics of vertically aligned ZnO NR layers prepared
by hydrothermal growth (HTG) method.31 The Pt/ZnO NR
layer/ITO device exhibit reversible and steady bipolar RS
behavior. Chiang’s paper32 reports a single-ZnO-nanowire
memory device based on unipolar RS behavior is demonstrated
for the first time. The memory device is stable, rewritable, and
nonvolatile with on-and-off ratio up to 7.7 × 105. Compared
with ZnO thin film-based memory devices, a 1D nanostructure
can provide a localized conducting filament in devices that
allow RS operation with a narrow dispersion of operational
parameters.24 Besides, the investigation of RS behavior in
confined dimensional systems may bring new insights into the
underlying mechanism.33

In this study, we successfully fabricated and characterized a
new kind of ReRAM device with a bridged ZnO NR structure
synthesized through HTG at low temperature under 90 °C.
The device fabrication used a simple, stable, and reliable
method without focused ion beam lithography or a randomly
dispersed process. Field-emission scanning electron microscopy
(FE-SEM) and micro photoluminescence (micro-PL) spec-
troscopy indicated that oxygen vacancies at the boundaries of
ZnO NR/NR were observed and might play a role in the RS
behavior. This paper opens the possibility of developing
laterally bridged ZnO NR-based ReRAM.

2. EXPERIMENTAL DETAILS
Figure 1 shows a schematic view of the memory device based on
laterally bridged ZnO NRs in the opposite direction. The detailed
procedure is described as follows. An 80 nm thick SiO2 dielectric layer
was first deposited on a Si substrate by electron-beam evaporation.
Then, a 2 μm thick Au metal was defined by standard photo-
lithography to serve as a catalyst and metal contact. The patterned
substrates were immersed in an HTG solution of 25.2 mM Zn(NO3)2·
4H2O and 33.4 mM C6H12N4 at 90 °C for 1.5 h. Afterwards, the
samples were removed from the solution, rinsed in deionized water,
and dried thoroughly. Finally, the as-grown ZnO NRs were annealed
in vacuum under a pressure of 5 × 10−3 Torr using the rapid thermal
process system. Samples were heated from room temperature to 600
°C for 10 min at a heating rate of 60 °C/min and then cooled to room
temperature. The annealing process is mainly used to improve the
contact between ZnO NRs and Au electrodes, and the contact
resistance can be further reduced by annealing process at 600 °C.34

The morphology and distribution of lateral ZnO NRs were
characterized by FE-SEM (Hitachi SU8000). Micro-PL spectroscopy
was used at room temperature using a 325 nm He−Cd laser to
examine the oxygen-related defects. The current−voltage (I−V)
characteristics of all memory devices were measured by a Keithley
2400 source meter. The electrical analyses were carried out in a
nitrogen-filled glove box system at room temperature.

3. RESULTS AND DISCUSSION
Figure 2 shows the typical FE-SEM images of ZnO NRs
laterally grown across the gap between the electrodes, which
formed laterally bridged ZnO NRs and provided a carrier
transporting path. The average diameter and length of ZnO
NRs were 0.15 and 2.6 μm, respectively. The two-terminal
electrical measurement of laterally bridged ZnO NR-based
memory devices was conducted across a pair of Au electrodes.
During the first applied external voltage sweeping from 0 to 10
V, the unusual-forming process was achieved by applying a high
voltage of approximately +9.5 V with a current of 3 mA, as
shown in the insert of Figure 3a. Moreover, there was no RS
behavior could be observed from the I−V curves that measured
before unusual-forming as shown in Figure 3a. The unusual-
forming process is similar to a soft breakdown, and it increases
the defect states located at the NR/NR boundaries. After the
unusual-forming process, the state of the device became the
HRS in the order of ∼1 × 1010 Ω. As shown in Figure 3b), in
both positive and negative bias sweeping directions, a
symmetric nonlinear I−V characteristic and unipolar RS
behavior were observed. Moreover, the bistable RS behavior
was reversible and steady.
To understand the switching property, the I−V curves were

redrawn in a semi-logarithmic plot with a more detailed
description, as shown in Figure 3c. The sequence for
measurement is as follows: (1) 0−2 V, to confirm the HRS;
(2) 0−5 V, the SET process; (3) 0−2 V, to confirm the LRS;
(4) 0−13 V, the RESET process; and (5) 0−2 V: to confirm
the HRS. The SET voltage (VSET) and RESET voltage (VRESET)
took place at 3.6 and 6.6 V, respectively. VSET was smaller than
VRESET for laterally bridged ZnO NR-based memory cells, which
is uncommon in typical unipolar RS behaviors. The analogous
RS phenomenon observed from a single-ZnO-nanowire
memory cell was reported by Chiang et al.32 The characteristic
of VSET < VRESET is anticipated to prevent burn-off and
breakdown directly caused by the large Joule heating generated
during the RESET process. The resistance state can be
determined using the reading voltage (VREAD) ranging from 0
to VSET without affecting the data stored in a memory cell. In

Figure 1. Schematic illustration of the memory device based on
laterally bridged ZnO NRs in the opposite direction. Prior to the
growth of lateral ZnO NRs, the Au metal is defined by photo-
lithography.
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this paper, the VREAD is set to 500 mV. The memory window
defined by the two resistance states

− ≅R R R R R( )/ /off on on off on (1)

is more than 1 × 106 at a reading voltage of 0.5 V from Figure
3b. The laterally bridged ZnO NR-based memory cell easily
distinguished the stored data between “1” and “0” because of
the high memory window of the present device.
To understand the unusual-forming process of laterally

bridged ZnO NR-based memory devices, the room temperature
(RT) micro-PL spectra were measured by the He−Cd laser at
325 nm to examine the defect states in as-synthesized and
unusual-formed ZnO NRs, as shown in Figure 4. The micro-PL
laser spot was focused on the center of laterally bridged ZnO
NRs, and the diameter of the laser spot was about 3 μm, as
shown in the insert of Figure 4. The intensity of the defect state
emission of ZnO NRs, such as monovalent interstitial zinc
(Zni

+), zinc vacancy (VZn), and monovalent vacancies of oxygen
(VO

+), increases after the unusual-forming process.35,36 These
results indicate that the unusual-forming process not only
increases the density of defect states but also the number of
zinc and oxygen vacancy sites. These defect states play an
important role in charge trapping. The trapped charge may be
collected at the NR/NR boundary. Negative charges are
trapped at the interface of NR/NR boundary, where energy
band bending occurs and forms a back-to-back Schottky barrier.
According to previous reports,37,38 energy band bending at the
interface/boundary results in a higher Schottky barrier. The
barrier height (φB) can be obtained by solving the Poisson’s
equation including the interface charge

φ
ε ε

=
qN
N2B

IS
2

d r 0 (2)

where NIS is the density of trapped charge in the interface, εr is
the relative permittivity, ε0 is the permittivity of free space, and
q is the elementary charge. The result of this equilibrium is that
the interface-trapped electrons act as a sheet of negative charge
at the boundary, leaving behind a layer of positively charged
donor sites on either side of the boundary, and create an
electrostatic field with a barrier at the boundary. When the
number of charge trapping increases, the barrier height
increases.38 Figure 5 shows the schematic energy band diagram
of the Schottky barrier when the applied voltage is zero. The
barrier height of the device after the unusual-forming process
(eφ2) is higher than that of the one as-synthesized (eφ1)
because of more trapped charges at the interface. The results
indicate that unusual-forming process in this structure can
lower the current level and open the memory window of the
devices.
To confirm this phenomenon, the NRs were grown at a

growth time of 8 h and 10 h for samples 1 and 2, respectively.
The average length of ZnO NRs was 2.6 μm and 3.2 μm for
sample 1 and 2, respectively. Because of the gap between
electrodes was 5 μm, the bridged structure of sample 1 was
almost cohered with about 200 nm overlapping and that of
sample 2 was fully cohered with 1.2 μm overlapping. After the
unusual-forming process, the I−V curves of samples 1 and 2
exhibited symmetric and asymmetric curves, respectively, as
shown in Figure 6a. Interestingly, the significant RS behavior
was discovered only in sample 1. Panels b and c in Figure 6
show the resistance in each region for samples 1 and 2,
respectively. For sample 1, the boundary resistance (RB) was
larger than the contact resistance (Rc). Thus, the Joule heating
accumulated at the boundary and damaged it. For sample 2, the
RB was smaller than the Rc. The damaged interface occurred at
the contact between metal and ZnO NRs. Therefore, sample 1

Figure 2. Typical FE-SEM plane-view images of laterally bridged ZnO NRs. The ZnO NRs were grown in an HTG solution of 25.2 mM Zn(NO3)2·
4H2O and 33.4 mM C6H12N4 at 90 °C for 8 h. As-grown ZnO NRs were annealed in a vacuum under a pressure of 5 × 10‑3 Torr using a tube
furnace.
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exhibited the symmetric I−V characteristic and unipolar RS
behavior. On the basis of these results, the unusual-forming
process of the device may be attributed to the formation of
more defect states, and the defect states may be produced at the

boundary of the opposite bridged NRs. The current density of
the fabricated memory cell measured from the insert in Figure
3a approached 3 × 104 A cm‑2. This current density is large
enough to induce a thermally assisted electromigration39,40 of
oxygen vacancies at the NR/NR interfaces caused by the
accompanying Joule heating effect.41,42 According to previous
literature, the RS behavior may be highly related to the oxygen
vacancies and/or zinc interstitials confined on the surface of
ZnO NRs.31,43,44

Figure 6d shows the schematic presentation of the regions of
filament generation and ohmic conduction. The defects
concentrated at the boundaries of NR/NR interfaces. The
equivalent thickness of memory cell was much less than the
total length of laterally bridged ZnO NR. The formation and
rupture of conductive filaments occurred at the boundaries of
NR/NR interfaces resulting from the high density of
accumulated defects. Accordingly, the VSET and VRESET of
fabricated memory cell were significantly smaller than the
values reported by Chiang et al.32

To clarify the conduction and switching mechanisms of the
memory cell, the previous I−V characteristics were re-drawn in
a double logarithmic scale, as shown in Figure 7. The I−V curve
in LRS showed a linear behavior under low voltage (<VSET ≈
3.6 V). The conduction mechanisms clearly showed an ohmic
behavior because the curve of the logI−logV was linearly fitted

Figure 3. (a) I−V characteristics before unusual-forming process
performed by voltage sweepings with compliance current of 0.025A.
(Inset) The unusual-forming process occurred at 9.5 V. (b) Bistable
and unipolar RS characteristics of a laterally bridged ZnO NR-based
memory device after the unusual-forming process. Curves a, b, c, and d
denote the positive SET, positive RESET, negative SET, and negative
RESET processes, respectively. (c) Unipolar RS I−V curve in the
semi-logarithmic plot of a laterally bridged ZnO NR-based memory
device in the voltage-sweeping mode. The SET and RESET voltages
are 3.6 and 6.6 V, respectively.

Figure 4. RT micro-PL spectra of as-synthesized and after unusual-
forming laterally bridged ZnO NRs. (Inset) Location of the laser spot.

Figure 5. Band structure diagram of a double Schottky barrier in
equilibrium for a ZnO grain boundary with the two NRs in opposite
directions, where Ec, EF, and Ev are the bottom of the conduction
band, Fermi level, and top of the valence band, respectively. (a)
Scheme of the band structure without unusual-forming (as-
synthesized). (b) Schematic presentation after the unusual-forming
process. Note the representation of a higher barrier height (eφB2 >
eφB1) of the junction after unusual-forming. The trapped electron
density is higher than the as-synthesized one because of the large
number of defect states (interfacial state) created by the unusual-
forming process (i.e., Zni

+, VZn, and VO
+).
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well with a slope of about 1.22, which could be considered to
correspond to the formation of conductive filaments at the
boundaries of NR/NR interfaces during the SET process.45

Then, at the voltage VSET (3.6 V), the current increased slowly
and the slope reached about 2.44. The charge transport
behavior at the NR/NR boundaries can be explained by the
one-hole carrier injected trap-controlled space-charge-limited
conduction mechanism. However, an entirely different current
mechanism might have dominated in HRS. The fitting of the
currents was approximately 4.47. The number of carriers
injected into the boundaries of the NR/NR interfaces was

significantly higher in this voltage range than in any other
range, and the I−V data consequently followed a typical space-
charge-limited current with a trap model, which is known as the
trapped charge-limit-current mechanism.46,47 The large slope
value of the fitting line indicates that the traps in the boundaries
of the NR/NR interfaces are exponentially distributed over
energy in the ZnO band gap.
Figure 8a shows that the memory window remained beyond

11 times during cycling, and that the memory cell showed little

degradation after 20 repeated sweep cycles. The endurance
measurements that ensured the switching between on and off
states were highly controllable, reversible, and reproducible.
After the device was switched on or off, no electrical power was
needed to maintain the resistance within the given state. The
retention performance was also measured, as shown in Figure
8b. Clearly, the resistance in both states was demonstrated to
remain for 1 × 105 s, and the on−off ratio was >1 × 104. The
excellent retention properties of fabricated memory cells show

Figure 6. (a) I−V characteristic of samples 1 and 2 after the unusual-
forming process. The schematic diagram is shown as (b) sample 1
(almost cohered) and (c) sample 2 (fully cohered), where RB, RM, RC,
and RS are the resistance of the NR/NR boundary, Au, contact, and
ZnO NR, respectively. The red spots indicate the damaged area by the
unusual-forming process because of the generated Joule heating. (d)
Schematic presentation of the filaments in the generated region and
the ohmic conduction region.

Figure 7. Experimental I−V data and fitted data in the RESET and
SET processes and the corresponding slopes for each portion.

Figure 8. (a) Endurance performance of the fabricated device.
Application of +5 V 500 ms to switch the memory state to ON state
and +10 V 500 ms pulse to switch it back to the OFF state. (b)
Retention performance of laterally bridged ZnO NR-based memory
devices in 1 × 105 s under 0.5 V read voltage. The resistances in the
HRS and LRS only show a slight change in more than 1 × 105 s under
room temperature.
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that laterally bridged ZnO NRs are the potential structures for
ReRAM application.

4. CONCLUSION
In summary, we developed a laterally bridged ZnO NR-based
memory device with unique and excellent memory character-
istics using a simple fabrication process. A preliminary
investigation and thorough discussion of isolated boundaries
were performed for the first time. The equivalent thickness of
the memory cell was much less than the total length of a
laterally bridged ZnO NR. The formation and rupture of
conductive filaments occurred at the boundaries of the NR/NR
interfaces resulting from the high density of accumulated
defects. The laterally bridged ZnO NR-based memory is stable,
rewritable, and nonvolatile with on−off current ratio higher
than 1 × 106 and long retention up to 1.56 × 106 s. This finding
confirms that the laterally bridged ZnO NR-based device is a
potential candidate for application in next-generation non-
volatile memory.
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