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The voltage-induced nonvolatile resistance 

switching recently reported in perovskite oxides1,2 

has triggered numerous studies in a variety of 

transition metal oxide materials to realize a new 

generation of nonvolatile memory devices with 

high speed and low power consumption, called 

Resistive Random Access Memory (ReRAM). 

While the resistance switching was initially 

believed to be specific to perovskite Mn oxides, it is 

now clear that this effect is a rather ubiquitous 

phenomenon of transition metal oxides. Among a 

wide variety of oxides, binary compounds, such as 

CuO, NiO, TiO2 are particularly appealing 

materials for resistive memory devices due to their 

low cost, simple processing and compatibility with 

CMOS technology3,4. The resistance switching 

effect in oxide dielectrics produced by electric-field 

stress has been known since the 60’s5-10. Many 

mechanisms have been proposed since then, 

however, the origin of the change in conductance 

remains elusive and is a main obstacle in regard of 

future application. The formation of conducting 

filaments within the insulating oxide has been 

suggested as an essential ingredient of resistance 

switching. Here we report the direct observation of 

a conducting bridge within the CuO channel of 

metal/CuO/metal planar-type resistance switching 

device, which is formed upon the initial voltage 

application. We find that the resistance switching 

phenomenon only occurs when just one single 

bridge is formed during a soft dielectric 

breakdown. We argue that the oxidation and 

reduction of this conducting bridge by the action of 

an applied field and/or current gives rise to a novel 

non-volatile memory effect. The location and size 

of the bridge were found to be controllable by 

appropriate design of the electrodes' geometry. 

 

The structure of the resistance switching device, 

often called ReRAM, is very simple, consisting of a 

capacitor-like sandwich structure of metal/insulating 

oxide/metal. In devices with binary transition metal 

oxides, such as CuO, NiO3,4, TiO2
3,11, Fe2O3

12, and 

CoOx
12,13, the resistance between the two metal 

electrodes shows a very sharp and reproducible 

switching from a high-resistance state (HRS) to a low-

resistance state (LRS) at a threshold voltage Vset  and 

switching from a LRS to a HRS at Vreset. These two 

processes are respectively called set and reset. Rather 

surprisingly, the switching is usually non-polar, that is, 

the transition occurs depending on the absolute value 

of the applied voltage and not on its polarity. Thus, a 
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device that has been switched with an applied voltage 

of a given polarity can be switched back by the 

successive application of a voltage of the same or 

opposite polarity. Importantly, in order to initiate this 

memory operation, an initial voltage Vforming, larger 

than Vset and Vreset , must be applied to the as prepared 

device. This device activation process is called 

forming. 

Proposed mechanisms for the resistance switching 

effect that emerged from recent research include 

polarity-dependent oxygen diffusion14-16, Schottky 

barrier controlled by charge accumulation at the 

interface17, resistance switching at dislocation18
, pulse-

generated crystalline defect19,20, carrier trapping21, 

internal doping effect by a change of a dopant valence 

state22 and Mott transition at the electrode interface 

based on theoretical model calculations23-25. Closely 

linked with these models, in the particular case of the 

resistance switching in binary oxides, the existence of 

a filamentary conductive path responsible for the 

effect has been speculated since the early work on 

NiO films6. Many recent studies have provided 

indirect evidences for the formation of conductive 

filaments within the dielectric11,26-31. For example, it 

was reported that the resistance of the LRS does not 

depend on the area of the metal electrode, while that 

of the HRS scales with the inverse of electrode 

area12,27. This implies that the current flow should be 

Figure 1. Resistance switching in metal/CuO/metal structure. a, The structure of device is schematically shown. Two 

metal (Pt) electrodes are placed on CuO film, forming Pt/CuO/Pt structure. Ni electrodes are also used. The channel length and 

width are represented as L and W, respectively. Current, I, is passed between the two metal electrodes. b, An optical microscopic 

image of a device from top view. The gap region between the two electrodes represents the CuO channel. c, The current I - 

voltage V curves for a Pt/CuO/Pt planar-type resistance switching device with a channel length of 2.1 Pm and a channel width of 

90 Pm is shown. As prepared sample is in high resistance state (HRS) with resistance R ~ 81 k: �black curve). With increasing 

voltage, “forming” occurs at Vforming = 29.3 V, and the device switched to low resistance state (LRS) with R ~ 2.4 k: (red curve). 

With increasing voltage in the LRS, the device returns back to HRS at Vreset = 6.0 V (blue curve). The HRS can be switched back 

to the LRS again at Vset = 12.0 V (< Vforming). This switching between HRS and LRS occurs repeatably and independent of the 

polarity of applied voltage. These behaviors are in parallel to those of capacitor-type device reported previously3,4,11-13,25-29. 
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spatially inhomogeneous in the LRS but not in the 

HRS. This can be qualitatively understood assuming 

the existence of a current path, with a much smaller 

section than the length scale of electrodes, which 

allows or blocks the current for each of the two 

resistance states. In this study, we attempt to directly 

image the putative inhomogeneous spatial structure of 

conducting path and, more importantly, to disclose the 

nature of the path formation and the current blocking 

mechanism. 

To directly access the observation of the oxide 

dielectric connected to metal electrodes, we have 

fabricated metal/CuO/metal (metal = Pt and Ni) 

planar-type devices rather than the usual stacked-

capacitor-type devices (see Methods). In these devices, 

two metal electrodes are fabricated on top of CuO film 

as shown schematically in Fig. 1(a). An optical 

microscope image of a metal/CuO/metal device is 

shown in Fig. 1(b). The current-voltage characteristics 

of the planar-type device were essentially the same as 

those observed in the conventional capacitor-type 

devices studied previously3,4,11-13,26-30. Figure 1(c) 

shows typical data for a sample with Pt metal 

electrodes. Upon the first application of voltage, 

forming is observed at Vforming ~ 29.3 V and the 

system switches to the LRS. To protect the device, a 

current limit was set at 1 mA. Under the application of 

successive voltage ramps of the same polarity, the 

reset from the LRS to the HRS is observed at Vreset ~ 

6.0 V, and the set from the HRS to the LRS is 

observed at Vset ~ 12.0 V. These voltages are smaller 

than the forming voltage, verifying Vforming > Vset > 

Vreset . Note that the strength of these threshold 

voltages is roughly about one order of magnitude 

larger than those observed in conventional capacitor 

devices. This difference, however, can be naturally 

understood as due to the sample geometry. In 

particular, the separation between the two metal 

electrodes is of the order of a hundred nanometers for 

capacitor structures, while it is about a few 

micrometers in the present case. In addition, all the 

specific peculiarities of the switching phenomenon 

reported in conventional capacitor-type devices are 

also observed in our system. For instance, current 

fluctuations when Vreset is approached in the reset 

transition28, and that the observed values of resistance 

in the HRS were always very close to those of the as 

prepared sample, while the values in the LRS were 

typically about two orders smaller. These features 

give strong support to the implicit assumption that the 

physical mechanism responsible for the resistance 

switching phenomenon in the present planar sample is 

essentially the same as the one in the previously 

studied capacitor-like structures. 

To investigate the conjectured formation of a 

conducting path, we first focus on the forming process 

where a most dramatic change in the structure can be 

anticipated. The observed forming voltages in samples 

having various channel lengths (electrode distance) 

and width are summarized in figure 2(a). The linear 

increase of forming voltage with channel length, and 

its independence respect to the channel width, imply 

that the forming process is essentially driven by the 

electric-field strength between the two electrodes. The 

slope of a linear fit of the data yields a forming 

electric-field of 1.46×105 V/cm. The same linear 

dependence of forming voltage with the thickness of 

the dielectric oxide layer (equivalent to the channel 

length here) was observed in the capacitor-type 

devices3 with a corresponding magnitude of electric-

field comparable to those observed in the present 

planar-type devices. We should also mention here that 

these electric-field strengths agree reasonably well 

with usual values for dielectric breakdown of 

transition metal oxide insulators32,33. 
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Figure 2(b) shows the scanning electron 

microscopy (SEM) image of a section of the CuO 

insulator surface between the Ni electrodes. We 

observe a noticeable change in the SEM image of the 

channel region after the forming: as shown in Fig.2(c), 

a single filament-like bridge structure with a width of 

about 1 Pm showed up between the two metal 

electrodes. The bridge has the appearance of a melted 

region and was never present in the as prepared 

devices, thus it is due to the action of the forming 

process. Interestingly, whenever a sample showed 

reversible set and reset transitions, namely resistance 

switching operation, we almost invariably observed 

the presence of a single bridge in the channel. Cases 

where two bridges were present did occur, but 

remained rather exceptional. The bridge persisted 

without displaying any observable change in its SEM 

image after the device was reset to the HRS. We also 

Figure 2. Bridge formation within CuO channel by forming process. a, The forming operation (the first application of 

voltage on as prepared sample) was performed on metal/CuO/metal (metal = Pt and Ni) resistance switching devices formed on 

sputtered CuO films. The channel length (electrode distance) dependence of forming voltage is shown for devices with various 

channel widths (70 ~ 120 Pm) using filled symbols. The universal linear behavior indicates the electric-field (~ 1.46×105 V/cm) 

is driving the forming. b, The SEM image of a Ni/CuO/Ni device with a channel length of 4.0 Pm and a width of 110 Pm before 

the forming are partially shown. The bright region represents the two Ni-coated electrode areas and the dark gap region does the 

CuO channel. c, After the forming, a bridge-like structure with a width of 1 Pm is formed between the two Ni electrodes, see 

also Figure 3, where an enlarged picture of bridge is shown. When the channel length is larger than 7 Pm, a permanent 

breakdown of device was observed. The SEM image in the inset of panel (a) represents the case for permanent breakdown, 

where we observe the formation of multiple bridges. The voltages for such permanent breakdown were also plotted in panel (a) 

as opened symbols. We clearly see that the forming voltages fall onto a universal line together with the breakdown voltages, 

indicating the physical origin of the two seemingly different operations are the same. d, The SEM image of a Pt/CuO/Pt device 

after forming fabricated on the surface of CuO bulk single crystal instead of polycrystalline film in (b) and (c). The channel 

length and width were 4.5 Pm and 110 Pm, respectively. The formation of bridge structure is clearly observed, implying that the 

bridge formation does not depend on the micro structure of CuO channel. 
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fabricated similar planar-type devices on the surface 

of bulk CuO single crystals, and observed the same 

bridge structure and the resistance switching after 

forming as shown in Fig.2(d). This implies that the 

bridge formation does not depend on the micro 

structure of the insulating oxide.  

In order to find direct evidence that the 

observed bridge is responsible for the conduction in 

the LRS, an experiment where the bridge was 

physically cut was conducted. The resistance (R) 

between the electrodes of the as prepared device 

shown in Fig. 3 was R~ 200 k:. After the forming, 

the device was found in the LRS with R = 3.3 k: and, 

in the SEM image, we could identify the single bridge 

shown in Fig. 3(a). We then physically cut the bridge 

by focused ion beam (FIB) process as shown in Fig. 

3(b) and, without any voltage application, found that 

R recovered to 196 k:, the HRS. Note that the length 

of the cut slit was only a few Pm, which is one order 

of magnitude smaller than the width of electrodes (i.e., 

of the channel) ~ 80 Pm. Therefore, if the current in 

the LRS had been flowing in a region that extended 

significantly beyond the location of the bridge, we 

should not have observed the almost perfect recovery 

of R to the initial high resistance value of the 

insulating channel. The recovery of R to a value close 

to the HRS by bridge-cutting was reproduced in more 

than 10 devices. In addition, as a control experiment, 

instead of cutting the bridge, we cut the clean channel 

region a few Pm away from the bridge, but in that 

case we did not observe any noticeable increase of R. 

These results clearly demonstrate that the current in 

the LRS does flow through the bridge structure 

formed by a soft breakdown. To further investigate the 

nature of the bridge, we attempted the re-forming of a 

device whose bridge had been previously cut, i.e., a 

2nd forming process. We observed that the device 

regained its switching operation. In the SEM image 

after this 2nd forming we observed that the cut bridge 

developed a branch, reconnecting the electrodes, as 

shown in Fig. 3(c). This further demonstrates the 

metallic nature of the bridge structure and its key role 

in the switching phenomenon.  

Figure 3. Bridge-cut experiment. a, The SEM image of conductive bridge and the resistance R between the two metal 

electrodes in a Ni/CuO/Ni resistance switching device before the bridge-cut. In between the dotted line is the CuO channel 

region. The channel length of this device was 5.2 Pm and the width was 80 Pm. After the forming, the bridge can be clearly 

seen and the resistance R was as low as 3 k: indicating the device is in the LRS. b, The bridge was then cut by creating a 

narrow slit like hole using focused ion beam. The resistance after the cut recovers its as prepared value ~ 200 k:. c, Then a 

“re”-forming was conducted after the cut and the R recovered the LRS value ~ 3 k:. In the corresponding SEM, branching of 

bridge is clearly recognized. These results indicate that the bridge observed is responsible for the conduction in the LRS. 
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The bridge-cutting experiment was also 

performed on a device in the HRS. Only a small 

increase of R of a few percents was found, which can 

be ascribed to the reduction of effective channel width. 

This observation implies that in the HRS, the 

conduction through the bridge is essentially fully 

blocked. Since, as previously mentioned, the SEM 

images show that the bridge structure remains 

apparently unmodified after the reset transition, the 

bridge becomes electrically “dead” in the HRS. What 

effects are taking place within the bridge structure are 

then the key to understand the nature of the set and the 

reset process. 

To investigate the physical nature of the different 

conduction states, the channel resistance in the LRS 

and HRS were measured as a function of temperature. 

Figure 4 shows a typical metallic behavior of the 

resistance observed in the LRS, where the current 

mostly flows through the bridge. In contrast, the 

resistance in both, the as prepared state and the HRS 

shows insulating behavior as displayed in the inset of 

Fig. 4. No appreciable difference was observed in 

R(T) between the as prepared state and the HRS, again 

indicating that conduction within the bridge is 

completely blocked in HRS. It should be pointed out 

that pure Cu is the only metallic phase possible from a 

Cu-O binary system. This implies the presence of a 

Cu metal path inside the bridge. In support for this, 

the temperature dependence of R(T), with a knee-like 

structure around 200 K associated to the Debye 

temperature, agrees very well with those reported for 

Cu metal34,35. The absence of electrode metal within 

the bridge was confirmed by energy dispersive X-ray 

analysis (EDX). An estimate of the resistivity in the 

LRS, assuming that the whole bridge structure 

contributes to the conduction homogeneously36, gives 

~ 2×10-2 : cm, which is too high to be consistent with 

the presence of bulk Cu. It is natural then to conclude 

that the bridge consists of a mixture of Cu and 

insulating CuOx, and that minor Cu metal regions 

within the bridge give rise to a network of filamentary 

conduction paths in the LRS. The SEM-EDX analysis 

was not able to identify the presence of regions of Cu 

metal within the given spatial resolution, however the 

indication of reduced oxygen content within the 

bridge structure by ~ 10 % compared to the 

surrounding CuO channel is consistent with the  

presence of a fine CuOx-Cu mixture. From the values 

of resistance observed in the LRS and those of pure 

Cu, one estimates that the cross section of the putative 

Cu filamentary path may be of order of a few tens of 

nanometers. This Cu filamentary path inside the 

bridge gets interrupted upon switching to the HRS, 

Figure 4. Metal-insulator transition accompanied with 

resistance switching. The temperature dependence of channel 

resistance R(T) of a Pt/CuO/Pt resistance switching device 

with a channel length of 1.8 Pm and a width of 95 Pm was 

measured at each stage of resistance switching. The main panel 

shows R(T) in the LRS indicating that the conduction is 

dominated by a good metal, highly likely Cu. The inset shows 

R(T) in the as prepared state and in the HRS. From the 

temperature dependence an activation energy of ~ 0.14 eV was 

estimated. 
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which may be reasonably ascribed to the re-oxidation 

of a segment of the Cu path. 

Based on these experimental results, we propose a 

mechanism of resistance switching schematically 

described in Fig. 5. The forming is essentially a soft 

dielectric breakdown, which is an extremely fast 

process, where CuO is reduced within a single bridge-

like structure. The conducting bridge, made of an 

insulating CuOx melt with an embedded Cu metal 

network, is consequently formed. The conduction in 

the LRS is through the Cu metal network, and is 

suppressed during the reset process by the re-

oxidation of a segment of the Cu metal network. The 

subsequent set transition is similar to the initial 

forming breakdown, but only occurs at the location of 

the re-oxidized segments (hence the smaller threshold 

voltage,  Vset < Vforming) and the conduction of the Cu 

network is thus recovered by the chemical reduction 

of those segments. The scenario that we propose here 

can be viewed as a phase change memory action based 

on a local reduction-oxidation of CuOx. 

The microscopic mechanism of such reduction-

oxidation process is not fully clear yet. Nevertheless, 

the reduction of CuO by plasma-induction for the 

remaking of Cu is a known method in metallurgy, thus 

one might imagine that a similar process occurs here 

Figure 5. Oxidation-reduction model for resistance switching. The schematic image of resistance switching in real space 

proposed from the present study of metal/CuO/metal devices. The forming process creates a conducting bridge which is a mixture 

of filamentary Cu metal (yellow) and insulating oxide (white) by a soft breakdown. The filamentary Cu metal path can be 

blocked and opened repeatably by applying electric-field and/or current. If multiple bridges are produced in the forming, a 

permanent breakdown results. The set and reset voltages are found to be rather independent of the channel length as already 

reported for capacitor-type devices12. This might mean that the set and reset occur only in a segment of the filamentary path, 

possibly near the electrode interface region12,24-26,29. 
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at the reduce scale of the device during its electric 

breakdown forming. On the other hand, the oxidation 

mechanism responsible for the reset might be more 

elusive. We suspect that it might be a form of current-

driven oxidation. Indeed the maximal current density 

sustained during the reset is remarkably large, a lower 

bound of 106 A/cm2 is estimated by assuming a 

homogeneous current flow over the whole bridge 

structure. It was reported that a high current density 

(107 A/cm2) can induce a local oxidation of a Ti nano-

wire that is constricted by a TiOx anodized region37,38. 

The Ti nano-scale constriction surrounded by 

insulating TiOx is in fact reminiscent of the proposed 

scenario of a conductive nano-scale network of Cu 

metal embedded within the insulating CuOx melt of 

the bridge. One may therefore speculate that a similar 

oxidation process can occur in the CuOx system. 

An important issue for eventual application as 

memory device, is to control the position and the size 

of the formed bridge. In this respect, the observation 

made of the bridge branching and reconnecting to the 

electrode in a 2nd forming after the bridge-cut by FIB, 

suggests that the location of the bridge can be 

controlled by fabricating a metallic seed in the 

electrode for the soft dielectric breakdown. To further 

establish this point, we fabricated different types of 

seeds, such as a rectangular shaped protuberance and a 

pair of opposite triangular shaped electrodes, as 

shown in Fig. 6. After the forming, we clearly 

observed that the bridges were in fact formed at the 

seeds' locations, as indicated by the arrows in the 

figure. These images, demonstrate the feasibility of 

position control of the bridge. We note that when the 

gap between the electrodes was longer that 1 Pm, the 

thickness of the bridge was of the order of 1 Pm as 

shown in Figures 6(a) and (b). This bridge thickness is 

similar to the ones described previously for devices 

without seed (Figures 2 and 3).  However, when two 

sharp triangular seeds were placed with a separation 

smaller than 1 Pm, as shown in Fig. 6(c), the thickness 

of the bridge was significantly reduced and it appears 

to be of similar size as the grains of the polycrystalline 

film. Such reduction of the geometrical dimensions of 

the bridge resulted in the drastic improvement of the 

switching characteristics. The current-voltage 

characteristics of this device, shown in Fig 6(c), 

shows that the Vset and Vreset are now as small as 1-2 V, 

that is, one order of magnitude smaller than those of 

the devices with bridge length of over Pm. This is a 

clear consequence of the combination of the sharp 

Figure 6. Control of bridge size and position. a and b, The 

SEM images of a Pt/CuO/Pt device with patterned electrodes 

for forming with a bridge seed. The images were taken after 

the forming process. The bridges were formed right at the 

seed electrodes, demonstrating that the location of the bridge 

formation can be controlled. c, Downsized seed electrodes 

produced a sub-micrometer bridge with enhanced I-V 

characteristics. 
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triangular shapes of the seeds and their small 

separation. More remarkable is, perhaps, the reduction 

of the switching current by almost one order of 

magnitude compared with the other devices. This is 

likely due to the reduction of the cross-section of the 

bridge. The combination of these two features has the 

important consequence of a dramatic reduction the 

power consumption. Thus, from these results one 

might expect that the effect of downsizing this type of 

resistance switching memory would actually be to 

improve its operation specifications. This notable “the 

smaller, the better” performance of this binary oxide 

resistance switching device, we believe, is a very 

appealing feature in regard to possible future 

application. While the planar-type memory developed 

for this study was originally motivated for the 

exploration of the mechanism of resistance switching, 

these last results on the scalability of the device might 

open the way for the actual practical adoption of this 

geometry. 

 In summary, we fabricated planar-type 

metal/CuO/metal resistance switching devices. From 

the correlation between the observed electrical 

behavior and the real space image, we found that a 

single bridge-like path is generated within the CuO 

after “forming” through a soft dielectric breakdown 

process. The bridge was demonstrated to be 

responsible for the conduction in the low resistance 

state. The metallic temperature dependence of 

resistance in the low resistance state strongly suggests 

the presence of a Cu metal filament network 

embedded within the CuOx bridge. We propose that 

the set and the reset switching are respectively 

associated to a reduction and oxidation of a narrow 

segment of the Cu metal path promoted by electric-

field or current. The resistance switching device might 

be therefore considered as an electrochemical phase 

change memory. We demonstrated that the position 

and the dimensions of the bridge can be controlled by 

appropriate patterning of the electrodes' geometry. 

Finally, the observed improvements in the power 

dissipation requirements obtained by downscaling of 

the device demonstrates the high potential of binary 

oxide resistance switching for next generation 

nonvolatile memory applications. 

 

Methods 
Sample preparation 

The metal/CuO/metal device structure used in this 

study was prepared using the following recipe. A CuO 

polycrystalline film of 2.6 Pm thickness was grown on 

a SiO2/Si substrate by radio-frequency magnetron 

sputtering with a 99.9 % pure CuO ceramic target. 

During the deposition, the temperature of substrate 

was kept at 300 oC and the pressure was fixed at 0.7 

Pa of Ar-O2 (96:4) gas. A Pt or Ni film with a 

thickness of 70 nm was deposited onto the CuO film 

by electron beam deposition, and then the channel was 

formed by creating a slit in the metal electrode using a 

focused ion beam processing system (JEOL JEM-

9310FIB). The optical microscopic image of the 

obtained planar-type sample is shown in Fig. 1(b). 

The channel length (electrode distance) and channel 

width (electrode width) were ranged from 0.8 to 15 

Pm and from 70 to 110 Pm, respectively. 

Electrical measurements and surface observation 

Current-voltage characteristics were measured at room 

temperature in air using a semiconductor parameter 

analyzer (Agilent Technologies 4155C) and a voltage-

source meter (Keithley 237). The surface observation 

of CuO channel region in each stage of the resistance 

switching operation was conducted by scanning 

electron microscopy (SEM) (KEYENCE VE-7800). 

Energy dispersive X-ray (EDX) analysis was also 

performed for the mapping of the local composition 
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change of the channel region with an analyzer (EDAX 

Genesis 2000) equipped with the SEM system. 
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