
Nanoscale

COMMUNICATION
aThe Key Laboratory for Magnetism and Ma

Physics, School of Physical Science and Te

730000, China. E-mail: qijing@lzu.edu.cn
bQuantum Structures Laboratory, Departme

California, Riverside, California, 92521, US
cPhysical Electronics, 18725 Lake Drive East

† Electronic supplementary informa
10.1039/c3nr00027c

Cite this: Nanoscale, 2013, 5, 2651

Received 3rd January 2013
Accepted 13th February 2013

DOI: 10.1039/c3nr00027c

www.rsc.org/nanoscale

This journal is ª The Royal Society of
Current self-complianced and self-rectifying resistive
switching in Ag-electroded single Na-doped ZnO
nanowires†

Jing Qi,*a Jian Huang,b Dennis Paul,c Jingjian Ren,b Sheng Chub and Jianlin Liu*b
We demonstrate current self-complianced and self-rectifying bipolar

resistive switching in an Ag-electroded Na-doped ZnO nanowire

device. The resistive switching is controlled by the formation and

rupture of an Ag nanoisland chain on the surface along the Na-

doped ZnO nanowire. Na-doping plays important roles in both the

self-compliance and self-rectifying properties.
Resistive switching memory (RSM) has been reported as a
prominent candidate of the next-generation nonvolatile
memory because of its simple structure, high-density integra-
tion, low power consumption, fast operation and strong
potential for multilevel-per-cell memories.1–4 Recently, nano-
scale RSM has also been linked to the recongurable logic
applications5,6 and the concept of memristors7–9 for analogue
circuit10 and neuromorphic computing11–13 applications. It is
generally believed that the crossbar resistive memory array will
yield the most cost-effective solid-state memory. However, each
memory cell needs a diode to avoid the misreading caused by
the sneak current, especially for bipolar resistive switching, in
which a more complicated Zener diode simultaneously satis-
fying several crucial requirements is needed for each cell.14 This
situation presents extra challenges for the development of
1D1R-based bipolar resistive memory arrays, especially in a
3-dimensional multi-layer stack. Furthermore, a current
compliance is indispensable to prevent RSM from hard break-
down.15 In this letter, we report current self-rectifying and self-
complianced resistive switching in a single Na-doped ZnO
nanowire. The current self-rectication can provide a solution
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to suppress sneak current in crossbar arrays,16 while self-
compliance can prevent RSM from hard breakdown.

Na-doped and undoped ZnO nanowires were grown in a
quartz tube furnace system. Zinc powder mixed with or without
sodium acetate powder in a quartz bottle was placed in the
center of the quartz tube. A Si (100) substrate with 10 nm gold
catalyst on top was kept 2 cm away from the source on the
downstream side. Nitrogen gas with a ow rate of 1000 sccm
passed continuously through the furnace. The source and
substrate were then heated to a growth temperature of 540 �C.
During the growth, a mixture of argon–oxygen (99.5 : 0.5) of 300
sccm was introduced into the quartz tube for ZnO nanowire
growth. The growth lasted for 30 min. The microstructure,
composition and crystallinity of nanowires were evaluated by
scanning electron microscopy (SEM), high resolution trans-
mission electron microscopy (HRTEM) and secondary ion mass
spectroscopy (SIMS). The single-nanowire devices were utilized
to evaluate the electrical characteristics, which were fabricated
on an n-type silicon substrate capped with a thermally oxidized
SiO2 layer of 300 nm. To fabricate the memory device, ZnO
nanowires were rstly transferred onto the substrate. Then a
standard photolithography process was utilized to pattern the
substrate with ZnO nanowires on top, followed by deposition of
100 nm Ag. Electrical characterization was performed in air at
room temperature using a semiconductor parameter analyzer
(Agilent 4155C). The transportation of Ag during electrical
characterization was conrmed by the mapping of Ag utilizing
high spatial resolution Auger electron spectroscopy (HSR-AES).
The HSR-AES data were acquired with a PHI 700Xi system
utilizing a 20 kV 10 nm electron beam.

Fig. 1(a) shows a top view SEM image of the as-grown Na-
doped ZnO nanowires. The nanowires do not grow vertically on
substrates like undoped ZnO nanowires (see Fig. S1 for SEM
images†) because of Na doping. The inset shows the SIMS
result, which indicates that Na was doped into the ZnO nano-
wires. Fig. 1(b) and its inset display a low magnication TEM
image of an individual Na-doped ZnO nanowire and its selected
area electron diffraction (SAED) pattern, respectively, showing
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Fig. 1 (a) SEM image and SIMS spectra (inset) of Na-doped ZnO nanowires. Na
was doped into ZnO nanowires, which do not grow vertically on the substrate
because of doping. (b) TEM image of a Na-doped ZnO nanowire, inset: SAED
pattern of the nanowire. The Na-doped ZnO nanowire grows along the [0001]
direction. (c) HRTEM image of the nanowire in (b). The change of lattice param-
eters induced by Na-doping is under the resolution of HRTEM. (d) SEM image of
the Na-doped ZnO nanowire resistive switching device. The symmetric structure
of Ag/nanowire/Ag was used to simplify the fabrication process.

Fig. 2 (a) Typical I–V characteristics of an Na-doped ZnO nanowire device, which
shows current self-complianced (CSC) and self-rectified resistive switching
behavior set and reset at 40 V and �40 V, respectively. The self-complianced
current is about 10 mA and the self-rectifying ratio is 105 at the low resistive state.
(b) Typical non-rectifying I–V characteristics of an undoped ZnO nanowire device,
which needs external compliance. The current self-complianced and self-recti-
fying properties are due to Na-doping. (c) Retention and (d) endurance results of
resistive switching memory fabricated with a Na-doped ZnO nanowire. The two
states can still be well distinguished by a high resistance ratio of over 103, as the
data trends are extrapolated to 10 years. Both the LRS and HRS with a large
resistance window during DC sweeping periods of over 103 exhibited little
degradation.

Fig. 3 (a) SEM image and (b) Ag map for the ZnO nanowire resistive switching
device. After I–V characterizations, Ag dots show up on the surface of the Na-
doped ZnO nanowire. Ag contents along the Na-doped nanowire after I–V
characteristics (c) on the surface and (d) after layers with different thicknesses
were sputtered away. Ag distributes mainly on the surface of the biased side of
the Na-doped ZnO nanowire.
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that the Na-doped ZnO nanowire grows along the [0001] direc-
tion. The representative HRTEM image is shown in Fig. 1(c), in
which a typical single crystalline ZnO structure could be clearly
observed, showing that the change of lattice constant by Na
doping is below the resolution of HRTEM. Fig. 1(d) shows an
SEM image of the Ag/Na-doped ZnO nanowire/Ag memory
device, in which two Ag active electrodes are used, simplifying
the fabrication procedure greatly in contrast to the process
using one active electrode and one inert electrode.

Fig. 2(a) and (b) show typical I–V characteristics of the Na-
doped ZnO nanowire device and undoped ZnO nanowire
device, respectively. The Na-doped ZnO nanowire device shows
bipolar resistive switching set and reset at 40 V and �40 V
respectively, which has the self-compliance property with
current around 10 mA and self-rectifying property with a recti-
fying ratio of 105 at the low resistance state (LRS). The undo-
ped ZnO nanowire device shows typical bipolar resistive
switching, which needs external current compliance and is
similar to the results reported by Yang et al. in a single crys-
talline ZnO nanowire electroded by Ag.17 These results indicate
that Na-doping plays important roles in both the self-compli-
ance and self-rectifying properties at LRS. Fig. 2(c) and (d)
show retention and DC sweeping endurance characteristics of
an Na-doped ZnO nanowire device, respectively. The LRS
exhibits no signicant degradation aer 1 � 105 s, while the
high resistance state (HRS) shows no degradation. The two
states can still be well distinguished by a high resistance ratio
of over 103, as the data trends are extrapolated to 10 years. For
endurance, as shown in Fig. 2(d), no signicant degradation of
both LRS and HRS with a large resistance window of over 103

can be observed.
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Aer electrical measurements, some white dots were found
on the biased side of the nanowire as shown in the SEM image
in Fig. 3(a), compared with its SEM image before electrical
measurements shown in Fig. 1(d). Fig. 3(b) shows the corre-
sponding results of the HSR-AES Ag map aer a layer of 1 nm
was sputtered away to avoid contamination. Combining Zn and
This journal is ª The Royal Society of Chemistry 2013
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O maps shown in Fig. S2,† it is concluded that these white dots
are composed of Ag. In addition to these white dots, Ag is also
distributed along the whole nanowire. The part with the highest
Ag content is at the biased end of the nanowire while the lowest
one is in the middle. The content of Ag was measured quanti-
tatively choosing 13 points along the nanowire. The results are
provided in Fig. 3(c), which shows that the Ag content at the
biased end is much higher than that at the grounded end and
the middle. The quantitative contents of Ag were also measured
for these 13 points aer layers of 2 nm, 3 nm, 5 nm, 10 nm,
20 nm, and 50 nm were sputtered away. Fig. 3(d) shows the
results. Together with the SEM image and Zn, O, and Ag maps
shown in Fig. S3† in the ESI, it indicates that although there are
some Ag atoms in the core of the Na-doped ZnO nanowire, Ag is
mainly distributed on the surface of the nanowire. While for the
nanowire without going through electrical characterization,
there is no Ag signal along the whole nanowire, as shown in
Fig. S4.† According to Fig. 1(d), 3 and S4,† Ag atoms were
transferred onto the ZnO nanowire during I–V characterization.
These results indicate that the resistive switching in a single Na-
doped ZnO nanowire is induced by the formation and rupture
of an Ag nanoisland chain on the nanowire surface, as observed
by Yang et al. in SiO2-based resistive switching,18 which is
similar to the mechanism reported by Yang et al.17

The random distribution of Na dopants can serve as a load
resistor in series to constrain the current.19 The Ag mobile ions
forming the conducting nanoisland chain can be partially
retracted from the grounded side of the nanowire surface at
small negative biases which suppresses the device conductance
and induces the load resistor to be variable with the increase of
negative bias, which corresponds to the self-compliance
behavior. The partial retraction of Ag was also observed in the
Ag/a-Si/poly-Si system.20 The self-rectifying behavior of ZnO
nanowires can be explained by the asymmetric contacts
between ZnO nanowires and Ag electrodes, as reported previ-
ously in the structures of Ag/randomly oriented nanorods/Ag,21

Au/aligned nanorods/Au,22 and Au/single nanobelt/Au.23 In
Fig. 2(a), the rst voltage sweeping process is from 0 V to 40 V,
the I–V characteristics of which are similar to a diode with the
p-type end grounded. When the rst voltage sweeping process is
from 0 V to �40 V, the I–V characteristics are similar to a diode
with the n-type side grounded, as shown in Fig. S5.† These
results indicate that the direction of the diode is related to the
rst voltage sweeping process. While in an undoped ZnO
nanowire, the I–V characteristics show no difference using
different rst voltage sweeps. Because Na is a p-type dopant in
ZnO,24 a large amount of electrons in the nanowire are
compensated by Na-doping, which makes the nanowire more
resistive and the good contact more difficult to obtain, although
the Na-doped ZnO nanowire is still n-type under the growth
conditions in this experiment, as shown in Fig. S6.† At the same
time Ag can also be utilized as a p-type dopant in ZnO nano-
wires25 besides forming a nanoisland chain on the surface.
During the voltage sweeping from 0 V to 40 V, Ag atoms doped
into the nanowire moved towards the grounded side. The
biased side was more conductive while the grounded side was
more resistive. Finally, a good contact between the nanowire
This journal is ª The Royal Society of Chemistry 2013
and Ag at the biased side was formed while that at the grounded
side kept as a Schottky contact. The whole nanowire system can
be treated as a resistor in series to a Schottky diode, as shown in
the inset of Fig. 3(a).

In summary, current self-complianced and self-rectifying
bipolar resistive switching was observed in Ag-contacted, Na-
doped ZnO nanowire resistive memory. SEM, HSR-AES and I–V
characteristics show that the resistive switching was controlled
by the formation and rupture of the Ag nano-island chain on the
surface of the nanowire. The self-compliance is induced by
Na-doping and partial retraction of Ag from the nanoisland
chain while the self-rectifying behavior mainly originates from
the asymmetric contact between the nanowire and Ag contact
induced by Na-doping and Ag atom segregation and doping.
The demonstration of current self-compliance and self-recti-
cation in Na-doped nanowire resistive memory can signicantly
simplify the future resistive random access memory circuitry
because no separate selector device is necessary.
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