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Nonvolatile and reversible resistance switching of copper doped MoO, film was studied.
Hysteretic-type resistive switching was observed under dc. Reproducible resistance switching over
10% cycles was observed under alternative voltage pulses. Two resistance states can be maintained
for 25 h at 85 °C. The authors proved that resistance switching might be strongly related with the
rupture and generation of multifilaments confirmed by spreading resistance images of a conducting
atomic force microscope as well as filamentary conduction by double logarithmic plots. Based on
the x-ray photoelectron spectroscopy analysis, local conducting filaments could be formed by
thermally diffused copper into MoO, film from the bottom electrode. © 2007 American Institute of

Physics. [DOI: 10.1063/1.2715002]

Since the first observation of the bistable resistance
states in the 1960s," extensive research has been performed
to understand the switching mechanism involved and to im-
prove electrical characteristics for memory aplzalications. Re-
cently, numerous new materials, such as TiO,, NiO,3 ZrOx,4
Pr,_,Ca,MnO3,” Cr doped SrTiOs, (STO;),° Nb:STO5,” Ag
doped GeSe,® CuS,” and single crystalline STO3,10 exhibit
resistive switching behavior. Although various switching
models, such as Schottky barriers with interface states,7 elec-
trochemical migration at the interface,11 broadband of local-
ized states,'” and a phenomenological approach,13 have been
proposed to explain the resistive switching, the exact switch-
ing mechanisms based on physical analysis of various mate-
rials have not yet been reported. Based on the proposed
switching models, the resistive switching can be explained
by the motion of oxg/gen vacancies'™!! in the crystalline ma-
trix or mobile ions” in the insulating glassy matrix. It has
been reported that MoOj is a good solid-state electrolyte for
electrochromic devices.

In this letter, we report on the resistive switching be-
havior of Cu doped MoO, for nonvolatile memory
applications. 1416

400-nm-thick Cu doped MoO, films were deposited on a
Cu substrate at 500 °C via a sputtering system using a 0.5%
Cu doped MoOj target. During the deposition, Cu diffusion
from the Cu substrate increased Cu concentration in the
MoO, thin films. Using conventional photolithography, Pt
top electrodes were formed. To analyze the binding energy
and composition of each element, x-ray photoelectron spec-
troscopy (XPS) depth profiling was performed. The crystal
structure of the films was also analyzed by x-ray diffraction
(XRD). The microscopic nature of the resistive switching
was confirmed by a conducting atomic force microscope
(C-AFM) tool.

Figure 1(a) shows typical I-V characteristics of the
Pt/Cu doped MoO,/Cu device. The I-V curves exhibit
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hysteretic behaviors in both voltage regions. The switching
from the high resistance state to the low resistance state can
be achieved by applying positive voltage above a critical
value at a top gate electrode. By applying a negative gate
voltage, we can switch back to the original high resistance
state.

Figures 1(b) and 1(c) show the logarithmic plots of the
I-V curve for the positive- and negative-voltage regions, re-
spectively. For both high resistance states and low resistance
states, the slope is approximately 0.99-1.02, which can be
explained by Ohm’s law.'" 18

To consider nonvolatile memory applications, endu-
rance and retention tests of the devices were performed.
Figure 2(a) shows the resistive switching behavior under a
voltage pulse of 2 V for 1 us. Two stable resistance states
can be maintained under a cycle stress of up to 10° cycles. In
addition, the retention characteristics of two resistance states
were monitored at room temperature (RT) and 85 °C. We
have confirmed that data retention at 85 °C is sufficiently
longer than 25 h, as shown in Fig. 2(b).

To understand the origin of switching behavior, we per-
formed physical analyses of the films. Figure 3 shows the
XPS depth profile of each element of the films. Although
0.5% copper doped MoO; target was used, the atomic con-
centration of copper in the films was more than 5%. The high
Cu concentration in the bulk MoO, can be explained by ther-
mal diffusion from the bottom Cu electrode during sputtering
at 500 °C. Based on the XRD study, we found various peaks,
such as Cu, cupric oxide (CuO), and copper complex
(CusMogOy7).

To observe the microscopic behaviors involved in re-
sistive switching,9’19"2' spreading resistance images of the
film surface were investigated by a conducting AFM. A
C-AFM monitors the local conductance with a sufficient
spatial resolution, as shown in Fig. 4. After forming a
low resistance state, C-AFM analysis was performed
at a read voltage of 0.5 V. The multiple peaks in Fig. 4(a)
indicate localized high conductance spots. After forming a
high resistance state, the experimental results from Fig. 4(b)
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FIG. 1. (a) Hysteretic-type switching
behaviors in the memory window
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show the numerousconductance peaks but their intensity is
lower in comparison with those in the low resistance state.
This observation is consistent with the area dependence of
Cu doped MoO, film at both states. As the area of the top
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FIG. 2. 10° times of endurance test of Cu:MoO, by voltage pulses. (b)
Retention properties of R, and Ry at RT and 85 °C.

electrodes was scaled down, the current levels were also re-
duced at high resistance states. However, the low resistance
states were independent of the area due to the filamentary
conduction.

Based on the experimental data, we explain resistive
switching behaviors of heavily copper doped molybdenum
oxide as follows. After a forming process, we observed the
reversible resistance switching behavior, which might be ex-
plained by stable filament formation. A high current can flow
through conducting filaments at the on state. However, by
applying the opposite bias, the conducting filaments can be
disconnected near the anode side by the electrochemical re-
action. The neutral copper in the matrix can be anodized into
copper ions near the anode, which in turn disconnects the
filaments.

In summary, we investigated the resistive switching
of copper doped MoO, thin film. We have proposed
that resistive switching in the copper doped MoO, film is
due to the formation and rupture of multifilaments, and
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FIG. 3. XPS depth profiling of Cu:MoO, film. More than 5% copper is
diffused into film from the copper substrate.
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this description was confirmed by conducting AFM. In
addition, double logarithmic plots also strongly support
filamentary conduction. Considering bistable resistive
switching and device uniformity, Cu doped MoO,
film shows promise for future nonvolatile memory ap-
plications.
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