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We report on the rational synthesis of one-dimensional Cu,_,Se nanowires (NWs) via a solution
method. Electrical analysis of Cu,_,Se NWs based memory device exhibits a stable and
reproducible bipolar resistive switching behavior with a low set voltage (0.3-0.6 V), which can
enable the device to write and erase data efficiently. Remarkably, the memory device has a record
conductance switching ratio of 10°®, much higher than other devices ever reported. At last, a
conducting filaments model is introduced to account for the resistive switching behavior. The
totality of this study suggests that the Cu,_,Se NWs are promising building blocks for fabricating
high-performance and low-consumption nonvolatile memory devices. © 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4828881]

Nowadays, tremendous efforts have been focused on the
development of nanoscale electronic devices for possible non-
Si technology replacement in future computer generations
since the scaling limits to silicon transistors are almost ex-
hausted.! To date, semiconductor nanostructures have found
wide ranging devices applications including light emitting
diodes (LEDs),” logic circuits,” memory devices,* photodetec-
tor,5 solar cells,6 and so on. Among these devices, memory
devices, in particular resistive switching random access mem-
ory (ReRAM) devices employing stable resistance changes
produced in response to the applied bias voltages, have
attracted considerable attention due to their simple memory
structures (metal/insulator/metal (MIM) structure, an electro-
chemical active metal, a solid electrolyte as an ion-conducting
“I” layer, and a counter electrode made from an inert metal),
low power consumption, high-speed operation, and nonvola-
tility. Furthermore, ion-migration-induced redox-type switch-
ing might offer huge potential for future high-density
nonvolatile memories since it is the area in which nanoelec-
tronics becomes intimately connected to nanoionics.’

Due to the high-mobility of Cu™ ions, Cu,S,*” copper-
doped carbon CuC (Ref. 10), and other copper-containing chal-
cogenide such as Cu-doped SiO, (Ref. 11) and Cu-doped
MoOj; (Ref. 12) have been extensively researched for copper-
ionic based memory applications. The switching mechanism
can be attributed to the creation and annihilation of localized
conducting filaments under switching bias conditions. Copper
selenide as one of the most important copper chalcogenides
exists in a wide range of stoichiometric compositions (Cu,Se,
CuSe,, CuzSe,, CusSey, and Cu;Ses) and nonstoichiometric
compositions (Cu,_,Se)."” It has demonstrated potential appli-
cations in various fields such as solar cells,'* optical filters,"
thermoelectric and photoelectric transformers,16 gas sensor,l7
and so on. In spite of these numerous progresses, there has
been no report on Cu,_,Se nanowires (NWs) for memory
devices application. Here, in this contribution, we report on the
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fabrication of nonvolatile memory devices made from
Cu,_,Se NWs. Electrical analysis of the Cu/Cu,_,Se/Au
reveals obvious bipolar resistive switching behavior with very
good reproducibility and a conductance ratio as high as 10°. It
is also found that the switching behavior is due to the creation
and annihilation of the Cu filament within Cu,_,Se nanowires
at different bias voltages.

The Cu,_,Se NWs employed in this work were synthe-
sized using a modified solution method.'® Briefly, a mixture
of NaOH (1.29 g) and KOH (1.71 g) and 10 ml distilled water
were put into a 50 ml flask and stirred until the formation of
a homogeneous solution. Second, 1 mmol CuCl,-2H,0,
0.5 mmol Se powder, and 2 ml of hydrazine hydrate were
added into the flask. After ultrasonic agitation for about
30min, the flask was sealed carefully and immersed into an
oil bath. After reaction at 185 °C for 12h, the flask was taken
out and allowed to cool to room temperature. The black solid
products were washed with hot deionized water and absolute
ethanol several times and dried in a vacuum at 60 °C for 4 h.
The morphologies and microstructures of the as-synthesized
products were characterized by X-ray diffraction (XRD,
Rigaku D/MAX2500V with Cu Ko radiation), scanning elec-
tron microscopy (SEM, JSM-6490LV), and high-resolution
transmission electron microscopy (HRTEM, Philips CM 200
FEG). The composition of the Cu, ,Se nanowires was ana-
lyzed by energy-dispersive X-ray spectroscopy (EDS, Oxford
INCA, attached to SEM).

To fabricate Cu/Cu,_,Se/Au memory device, the as-
synthesized Cu,_,Se NWs were dispersed uniformly onto
Si0O, (300 nm)-p*-Si substrates with a desired density. Then
photolithography, e-beam evaporation, and a lift-off process
were employed to define an Au (50nm) electrode on one
end. Afterwards, an additional photolithography process was
employed to define a Cu (50 nm) electrode on the other end
of the nanowire. The device performance was evaluated by a
semiconductor characterization system (Keithley 4200-SCS)
at room temperature.

Fig. 1(a) depicts the XRD pattern of the as-synthesized
products. All the diffraction peaks could be readily assigned

© 2013 AIP Publishing LLC
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FIG. 1. Structure and morphology characterization of the Cu, ,Se nano-
wires. (a) XRD pattern, (b) SEM image, (c) HRTEM image, and (d) the cor-
responding FFT pattern. The inset in (b) shows the corresponding EDS
pattern.

to face-centered-cubic Cu,_,Se (JCPDS 06-0680). No evi-
dent impurity peaks from Cu and Cu,O are observed, indi-
cating that the products are of single phase and high purity.
Notably, the peak intensity of the (220) is much stronger
than that in the standard JCPDS card, which may imply the
possible preferential orientation growth. The SEM image in
Fig. 1(b) shows that the product consists of a large quantity
of ultra-long nanostructures, with diameters in the range of
300-800nm and lengths of more than 40 um. Further EDS
spectrum (inset in Fig. 1(b)) reveals an atomic ratio of Cu:Se
~1.78:1, in consistency with the nonstoichiometric composi-
tion of the products (Cu,_,Se). Note that the Si peak in the
EDS spectrum stems from the Si substrate. Further HRTEM
image (Fig. 1(c)) and the corresponding fast Fourier trans-
form (FFT) pattern (Fig. 1(d)) recorded at a typical nanowire
reveal that the as-synthesized Cu,_,Se nanowire is single
crystalline with face-centered cubic structure. In addition,
the d-spacing (0.20 nm) between adjacent lattice planes cor-
responds to the [022] growth direction, which agrees well
with the unusual strong reflection peak observed in XRD
patterns.

The scheme in Fig. 2(a) illustrates the step-wise process
to fabricate the Cu/Cu,_,Se/Au nanodevices. The distance
between the two parallel electrodes is ~15 um (cf., the inset
in Fig. 2(b)). Fig. 2(b) shows the typical current (/)-voltage
(V) characteristic of the as-fabricated nanodevice measured
by a dc voltage sweeping with a sweeping loop —1V — 0V
— 1V — 0V — —1V (the bias was applied to the Cu
electrode and the Au electrode was grounded). Apparently,
the device shows a typical bipolar resistive switching
behavior. That is, when the voltage swept from —1V to 1V,
the device would be switched suddenly from the off
state (high resistance) to the on state (low resistance) at the
set voltage (V) 0.44V, with a response speed less than
0.1s. It would retain the on state until a reverse voltage
was applied to switch it back to the off state. Specifically,
the off state occurred at the reset voltage (Vies) —0.14V
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FIG. 2. (a) Schematic illustration of the step-wise process for fabrication of
ReRAM nanodevice based on a single Cu,_,Se nanowire. (b) A typical -V
curve of as-fabricated nanodevice. The arrows indicate the voltage sweeping
direction. The upper inset shows the /-V curve in a semilogarithmic plot,
and the lower inset shows an SEM image of a typical nanodevice. (c)
Representative /-V curves of a device measured for 20 times in sequence.
(d) Histograms of the operation voltage distribution from 40 nanodevices
(Vser and V.50, denote set and reset voltage, respectively).

when the voltage swept back from 1V to —1 V. According to
the /-V curve in a semilogarithmic plot shown in the upper
inset in Fig. 2(b), the conductance ratio of the on/off states is
up to 10® at 0.1V, which is much higher than that of previ-
ously reported Cu'-based resistive switching devices such as
Cu,S films (10°,* Cu,S and Cu-Pc bilayer films (10°-10%).°
As a matter of fact, this conductance ratio can be further
improved considering that the current compliance was fixed at
1 mA to avoid the device failure by high current. Moreover,
though the set voltage of the present device is comparable to
the device mentioned above, yet it is remarkably lower than
that of memories devices based on other nanostructures such
as ZnS nanoribbon,19 Si/a-Si core/shell nanowires,20 and ZnO
nanowires.”' In addition to the higher conductance ratio and
low reset voltage, the present device exhibits excellent repro-
ducibility as well. Fig. 2(c) shows the I-V curves for 20 se-
quential cycles, the high coincidence of the initial cycle, and
the twenty subsequent cycles which confirmed that the resis-
tive switching between the on and off state is reproducible.
Notably, no apparent difference between the first set voltage
(Vsetform) and the following set voltage (V) has been
observed during our experiment. We attribute this subtle dif-
ference to the high mobility of Cu™. Furthermore, the statisti-
cal histograms of the operation voltages (V. and V,.g;) of
over than 40 devices in Fig. 2(d) reveal that all devices exhib-
ited similar bipolar resistive switching behavior, with the
mean values 0.48 V and —0.16 'V, for V,, and V., respec-
tively. The relatively narrow V., distribution at 0.3-0.6 V and
Viyeser at —0.3 ~ —0.05V suggest high uniformity and excel-
lent reproducibility of the devices.



193501-3 Wu et al. Appl. Phys. Lett. 103, 193501 (2013)
@ 1.0 ) OFF stat
Ul —_ 10f State
- ca10 ¢
S 0.5} Py " f 1~ @read 100mV
: 0.0k g 10 -1V 5s
= 8 E1V 5s
> -0.5} g 1 04 | 1 @read 300mV
-1.0f , . -2 ... Oistats vice tosed by coeine of wrtesoad-
0 50 100 150 200 1 01 1 02 1 03 erase-read operation. (a) The input
H H voltage (V;,), (b) the response current
(b) Time (S) (d)A Time (S) (Iou). (c) The retention property of
120.0} §_ 54| Ryign and Ry, which demonstrates no
= ) [N degradation for up to 8000s. (d) The
< 80.0 ﬁ ’-H ’1‘ ﬂ\ M I-M ’-'1 M ’-H ’-l" g 52| . @read 100mV change of the on-state current at vari-
% , g 50l \'\-\. ous low temperatures.
o o 5 48| &
-40.0pk %4 e
100 150 200 o ?’)0 100 150 200 250 300
Time (s) Temperature (K)

To evaluate the capability of the present device for
memory device application, a coherent write-read-erase-read
process was carried out under a programmed pulsed cycle
voltage at a pulse step of 5s. Figs. 3(a) and 3(b) display the
reversible switching at room temperature with ten read/write
circles. Obviously, one can see that on state can be obtained
when 1V was applied. To read the on state, a small voltage
of 0.1 V was introduced to the device after the turn-on pro-
cess, and the response current in the device was measured to
be ~0.08 mA. The resistance of the device is about 1.7 x 10°
Q. Such a low resistance state (LRS) corresponds to write
data into the device. On the contrary, one needs to apply
—1V voltage in order to switch off the device with response
current of 20-50pA with some noise. This high resistance
state (HRS) followed by a 0.1V to probe the state can serve
to erase data from the device. Note that the labels “1” and
“0” in Fig. 3(b) were designated as the low and high resist-
ance states, respectively. The write-read-erase-read cycles
can be repeated for more than 100 times, suggesting great
potential as a nonvolatile memory device. The stable con-
ductance ratio of the on/off states can be ascribed to the suf-
ficiently long pulse width (5s) for the creation and
annihilation of the conducting paths inside the Cu,_,Se
nanowire.’ Furthermore, the retention characteristics of the
on state and the off state at room temperature in Fig. 3(c)

excellent nonvolatility of the device. It appears that the on
state is much more stable than the off state since it was con-
trolled by the current compliance. Detailed comparison of
the key memory parameters of our devices with previously
reported memories was shown in Table 1.

Previously, a conducting filament model was proposed
to account for the bipolar switching behavior of copper-
ionic materials based memory devices.®'? In fact, this
model could apply to our Cu,_,Se nanostructure based
memory as well. As illustrated in Fig. 4, there is no con-
ducting filament in the Cu,_,Se nanowire at zero applying
voltages. The conductance is low, and the device is on the
off state. When applying a positive voltage larger than the
set voltage (1V in our experiments) on the Cu electrode,
the high-mobility Cu™ cations within the Cu,_,Se nanowire
will migrate towards the cathode made of inert Au, where
they are reduced by electrons. The Cu atoms will keep
growing till the metal filament reaches the anode, whereby
the device was switched to on state. It should be pointed
out that the Cu filament thus formed is highly electrochemi-
cally active, and they can be oxidized and dissolved into
the Cu,_,Se nanowire. In other words, the creation and
annihilation of the Cu is a reversible process which can be
described as follows:

.. . Reduction

indicate that neither the on state nor theg off state shows appa- Cu'(Cuy_,Se) + ¢~ =—= Cu.

rent degradation for at least 8 x 10”s, indicative of the Oxidation

TABLE I. Comparison of the key memory parameters for the memories from the previous reports and the present work.

Memory media Operation mechanism Vet Lonll s Retention time

Cu,_,Se NW Conductance filament 0.3-0.6V >10° >8 % 10%s

Cu,S film* Conductance filament <03V >10°
-/nS/n-S1 heterojunction nS/-S1 mntertace =33 > > N

p-ZnS/n-Si heterojunction” ZnS/-Si interf: 2733V 106 10°

Si/a-Si x Ag NW* Conductance filament ~3V >10* >2 weeks

ZnO NW coated with ferroelectric NPs Ferroelectric FET ~15V >10* >4 % 10*s

See Ref. 8.

"See Ref. 19.
“See Ref. 20.
9See Ref. 21.
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FIG. 4. Schematic drawings of the operating mechanism: (a) creation and
(b) annihilation of the conducting filaments, respectively.

On changing the polarity of the bias voltage (as shown
in Fig. 4(b)), Cu atoms dissolve at the edge of the metal fila-
ment, eventually annihilating the filament so that the device
is switched back to its off state. Considering that the chemi-
cal reaction ideally does not cause any damage to the MIM
system, the switch may in principle be expected to work
indefinitely.”

The conducting filament model was experimentally veri-
fied by the variation of the on-state resistance at temperature
in Fig. 3(d). The increase of current with decreasing temper-
ature suggests that the conducting filament is composed of
metallic materials, as opposed to semiconductor. Assuming
the conducting metallic filament formed in the Cu,_ ,Se
nanowire to be pure copper and treating the resistance as a
single filament for simplification, the equivalent diameter of
the copper filament can be estimated to be ~14 nm, compa-
rable to the reported values.’ This consistence further proves
that the conducting filament mechanism plays an important
role in forming resistive switching behavior.

In summary, Cu,_,Se NWs with diameters in the range
of 300-800 nm and lengths of more than 40 um were synthe-
sized through a solution reaction approach. Electrical analy-
sis reveals that the Cu/Cu,_,Se/Au memory device exhibits
typical bipolar resistive switching behavior with low set volt-
age in the range from 0.3 to 0.6V, a large conductance
switching ratio as high as 10%, and a retention time of more
than 8 x 10%s. Such a remarkable memory characteristics
can be attributed to the creation and annihilation of the Cu
filament within Cu,_,Se nanowires at different bias voltages.
This study proves that Cu, ,Se nanostructures have great

Appl. Phys. Lett. 103, 193501 (2013)

potential for future high performance nonvolatile memories
application.
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