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Abstract
Resistive random access memories (ReRAMs) are promising next-generation memory devices.
Observation of the conductive filaments formed in ReRAMs is essential in understanding their
operating mechanisms and their expected ultimate performance. Finding the position of the
conductive filament is the key process in the preparation of samples for cross-sectional
transmission electron microscopy (TEM) imaging. Here, we propose a method for locating the
position of conductive filaments hidden under top electrodes. Atomic force microscopy imaging
with a conductive tip detects the current flowing through a conductive filament from the bottom
electrode, which reaches its maximum at a position that is above the conductive filament. This is
achieved by properly biasing a top electrode, a bottom electrode and the conductive tip. This
technique was applied to Cu/Ta2O5/Pt atomic switches, revealing the formation of a single Cu
filament in a device, although the device had a large area of 5 × 5 μm2. Change in filament size
was clearly observed depending on the compliance current used in the set process. It was also
found from the TEM observation that the cross-sectional shape of the formed filament varies
considerably, which is attributable to different Cu nuclei growth mechanisms.
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(Some figures may appear in colour only in the online journal)

1. Introduction

Resistive random access memories (ReRAMs) are promising
next-generation memory devices [1, 2]. There are several
types of ReRAMs [3], such as oxygen vacancy-based
ReRAMs [4] and cation-based ReRAMs [5]. It is widely
believed that in the former type, oxygen vacancy drift is
controlled, such as in TiOx [6, 7], TaOx [8, 9], NiOx [10],
and HfOx [11], where an oxygen deficient region becomes a
conductive channel. In the latter type, metal cation (e.g. Ag+

and CuZ+) drift is controlled, such as in Ta2O5 [12, 13] and

SiO2 [14, 15], where a metal filament is formed. However,
the local structure of conductive filaments is still con-
troversial. For instance, some of the major concerns in
this field of research are estimating the number and thick-
ness of filaments that are formed in a device [16], and
whether a conductive path consists of a continuous filament
or a chain of metal clusters [15]. Since the answer depends
on a particular system as well as the specific operating
conditions, observations of conductive channels are required
for each and every system to completely reveal their
characteristics.
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Several techniques have been reported for finding the
positions of conductive filaments [17]. One such technique
uses an atomic force microscopy (AFM) conductive canti-
lever as the ReRAM top electrode, where the conductive
cantilever scans over the metal oxide layer that is not covered
by a top electrode [18]. This method has enabled dynamic
observation of the evolution of metal filaments, both in a set
process and in a reset process. In addition, the scanned con-
ductive cantilever works as multiple electrodes, resulting in
the formation of a plurality of filaments. Although it is said
that the formation of multiple filaments occurs even in con-
ventional device structures [19], another technique is required
to confirm this.

The most promising method is to find the position of a
conductive filament after setting the device in actual operating
mode, i.e., with use of a top electrode, following which, the
position is cut out from the device for cross-sectional trans-
mission electron microscopy (TEM) observation. Another
method that has been reported is to dig into the top electrode
using a hard and conductive (e.g., doped-diamond) cantilever,
then, the position is located by detecting the current flowing
through the conductive filament from the bottom electrode
through the use of a bias that is sufficiently small that it does
not cause additional filament formation [20]. Although this
method is simple, information on the interface between the
conductive filament and the top electrode is lost. To date, one
novel technique has been reported that can find the position of
a conductive filament without removing the top electrode
[21]. This technique uses a small (atomic) force to modify the
conductivity of the filament. Only when, the tip-apex of the
cantilever is above a filament, the filament is locally distorted
and its conductivity is slightly modified. For TaOx-based
ReRAMs, this method successfully revealed that the con-
ductive filament consists of an oxygen deficient region. We
also applied this technique to atomic switches, where metal
cations should form a conductive filament. However, no
modification in conductance was detected. This may be
because the small force applied by the cantilever to the metal
filament causes a change in conductivity that is too small to
be detected. Here, we propose a method for finding the
position of a conductive filament through a top electrode by
properly biasing a top electrode, a bottom electrode and a
conductive cantilever.

The Cu/Ta2O5/Pt atomic switch is a system that has been
well studied in recent years. In addition to standard ON/OFF
bi-stable switching operation [12, 22, 23], it also demon-
strated memristive operation, quantized conductance and
biological synaptic behavior [24]. The materials and the
fabrication process for this type of atomic switch are com-
patible with those of current complementary metal–oxide–
semiconductors (CMOS), which enables them to be inte-
grated with CMOS circuits [25]. Since switching mechanisms
have great potential for technological applications, an
understanding of their microscopic details is essential. Our
earlier studies, based mainly on current–voltage measure-
ments, suggested that the key factor in switching is metal
filament formation and annihilation. However, direct obser-
vations of metal filaments have not yet been achieved because

of the difficulty in finding their actual position inside the
devices due to the presence of the top electrode.

2. Experimental

The Cu/Ta2O5/Pt devices were fabricated on SiO2/Si sub-
strates. The thicknesses of the Cu, Ta2O5 and Pt layers were
20, 15–20, and 30 nm, respectively. To prevent oxidation, an
additional layer of Pt (5 nm) or Au (30 nm) was deposited
over the top Cu electrode. Ta2O5 was deposited by RF
sputtering. All other metal layers were deposited by electron-
beam deposition. All depositions were achieved at room
temperature, and metal masks were used during deposition for
patterning. The preparation details are reported elsewhere
[12]. The device size was 5 × 5 μm.

The devices were switched-on by sweeping bias between
the top (Cu) and bottom (Pt) electrodes using a system source
meter (Keithley 2611B), where the top electrode was groun-
ded. The AFM measurements were done at room temperature
and ambient conditions using a JEOL-SPM head controlled
by a Nanonis system. A conductive cantilever (a Pt tip was
mounted using a focused ion beam (FIB) technique on a
commercially available cantilever (Olympus, OMCL-
AC240TM-R3)) was used to detect the local current by
biasing the cantilever at 1 mV and the bottom electrode at
−150 mV or −500 mV while the top electrode was grounded.
After mounting, the apex of a Pt tip was sharpened by FIB to
a radius of about 10 nm, resulting in a resolution of about
10 nm in the xy-plane direction and of about 1 nm in the z-
direction. SEM images of a Pt tip are shown in figure 1(a).
The top electrode of our device exhibits roughness on the
order of a few nm, which was confirmed by TEM cross-
sectional observation. Prior to the experiments on the devices,
the conductivity of the cantilever was checked by linear I/Vs
measured on a metal (Pt) surface. This is schematically shown
in figure 1(b). Since a metal filament would be highly con-
ductive, the resistance of the metal filament (RCF) can be
smaller than the resistance of the top electrode (Rtop) and the
bottom electrode (Rbottom) in the measured system. The
resistance of the electrodes in our device is typically on the
order of 100Ω. An equivalent circuit of the measurement
system is shown in figure 1(c), where RCONT corresponds to
the contact resistance between the Pt tip of the cantilever and
the top electrode. Since RCONT is on the order of 1 MΩ in our
measurements, major current flows in the bottom loop of the
equivalent circuit. In other words, the distribution of electric
potential (ϕ) on the top electrode does not change as a
dependence of the position of the cantilever. Namely, electric
potential (ϕ) becomes maximum at the top of the conductive
filament, resulting in the maximum current flowing through
the conductive cantilever, as schematically shown in
figure 1(d). By detecting the maximum point of current
flowing through the cantilever, we can detect the position of
the conductive filament.

To confirm metal filament formation, high-resolution
TEM and energy dispersive x-ray (EDX) mapping were car-
ried out using HD-2300 (Hitachi High-Technologies).
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3. Results and discussion

First, we turned the device on by applying a negative bias to
the bottom electrode while the top electrode was grounded.
For this measurement, an Au(30 nm)/Cu(20 nm)/
Ta2O5(15 nm)/Pt(30 nm) device was used. Figure 2(a) shows
an I/V curve in the turning-on process, where the compliance
current was set at 200 μA. The device was turned-on at
−2.3 V and was kept at a non-volatile ON-state. The initial off
resistance was typically greater than 10 GΩ and the on-
resistance was approximately 100Ω, which suggests that the
resistance of the filament is much smaller in comparison to
the resistance of the electrodes. Figures 2(b) and (c) show an
AFM topography image and a current image for the device
after the turning-on process. The diamond shaped area in the
center of figure 2(b) corresponds to the device area, i.e., Au/
Cu/Ta2O5/Pt. The device area is indicated by the white
dashed lines in figure 2(c). As mentioned in section 2, Au

(30 nm) is a protective layer. The current image, obtained
with a bias of −150 mV applied to the bottom electrode,
shows a single small conducting point in the whole device
area, corresponding to the filament position. The area con-
taining the conducting point is enlarged in the inset of
figure 2(c).

To ensure that the conducting point corresponds to the
actual filament position, the device was turned off once, and
turned on again. Figures 3(a) and (b) are topographic and
current images measured in the OFF-state at a position where
the conductive point was observed in figure 2. It can be seen
that the conducting point disappeared. I/V spectroscopy
measured at the conducting point using a conductive canti-
lever clearly suggests the disappearance of the conductive
channel between the top and bottom electrodes (figure 3(c)).
Namely, no current was detected because the electric potential
of the top electrode fell to ground level due to the dis-
appearance of the conductive filament. Although the

Figure 1. (a) SEM images of a FIB sharpened Pt tip. (b) Schematic of the measurement set up using a conductive-AFM Pt-tip and a Cu/
Ta2O5/Pt device to locate the position of a conducting filament. (c) Equivalent circuit of the measurement. (d) Electric potential map of a top
electrode, the center of which is the filament position. Calculations were done by assuming that −150 mV is applied to a bottom electrode. (e)
Line profile of electric potential as a function of the distance from the filament position.

Figure 2. (a) Current–voltage sweep between the top and bottom electrodes for switching the device to a non-volatile ON-state. Bias was
applied to the bottom Pt electrode while the top Cu electrode was grounded. (b) Topography image of the top electrode of the device. (c)
Current image indicating a conducting point that corresponds to the position of a conducting filament. The double peak shape of the
conducting point may reflect the surface morphology, since contact resistance between the cantilever and the surface also varies depending on
surface morphology.
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morphology of the area did not change, as can be seen by
comparing the topographic images taken before (figure 3(a))
and after (figure 3(d)) the second turning-on, a conductive
point appeared again in the same position in the large area
(5 × 5 μm) of the device (figure 3(e)). I/V spectroscopy mea-
sured at the conducting point (figure 3(f)) clearly indicates the
re-appearance of the conductive channel between the top and
bottom electrodes. Namely, the electric potential at the con-
ductive point increased due to the re-appearance of the con-
ductive channel, enabling current to flow between the
conductive cantilever and the top electrode. We expect that
the nonlinearity in figure 3(f) is caused by the cantilever itself,

because similar nonlinearity was observed on a directly
biased metal surface.

TEM observation of the device cross-section at the
conducting point revealed a wide (∼40 nm) area containing
Cu between the top and bottom electrodes, as shown in
figure 4. The wide area is indicated by the white two arrows.
A first Fourier transform (FFT) of the area shows some dif-
fraction spots, suggesting the existence of crystalline metal,
while the neighboring area does not show any diffraction
spot, as shown in figure 4(a). The EDX map shows that the
filament region contained Cu (figure 4(b)) and the con-
centration of Ta had decreased (figure 4(c)). The EDX line

Figure 3. Topography and current images of the switching area of the device in its OFF-state (a), (b) and ON-state (d), (e). The corresponding
current–voltage characteristics, obtained with an AFM Pt-tip at the conducting spot, are shown on the right-hand side of each image (c), (f).

Figure 4. (a) TEM image of the cross-section of the device at the conducting point showing a thick conductive -filament formed between the
top and bottom electrodes. FFT image of a region of the conductive-filament showing clear spots, indicating the presence of a crystalline
phase. The neighboring area does not show any diffraction spots. EDX maps of (b) Cu, (c) Ta and (d) Pt in the conducting region. The
profiles corresponding to the lines drawn on the EDX maps are shown below each map.
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profiles of Cu and Ta are shown below the respective
EDX maps.

The above notwithstanding, the observed filament was
much thicker than those reported and expected, e.g., 1–10 nm.
We had thought that a large compliance current, i.e., 200 μA,
would result in the formation of a thick filament. In addition,
much larger current (transient current) flows momentarily
through the device during the SET process due to the
response-time delay of the instrument, which could also result
in thick filament formation. Indeed, the SET time was found
to be much shorter than the response time of the instrument
[26]. Transient current is known to cause Joule-heating,
which leads to physical damage and interferes with device
operation, or even to cause complete device-breakdown. The
EDX map and line profile of Pt (figure 4(d)) shows that Pt
atoms were also brought into the filament region, which may
be due to joule heating in the switching process. Therefore,
limiting the current flow through the device is an important
issue that needed to be addressed [27, 28].

We addressed the issue of limiting the current flow
through the device by adding a series resistor to the mea-
surement system, as shown schematically in figure 5(a), and
using a compliance current at the lowest possible value
(300 nA) necessary to obtain a non-volatile ON-state. The I/V
curve in the turning-on process is shown in figure 5(b), where
a Pt(5 nm)/Cu(20 nm)/Ta2O5(20 nm)/Pt(30 nm) device was
used. The thicker Ta2O5 layer (20 nm) caused a larger bias

(−5 V) for turning-on, while the bias for turning-on was
−2.3 V for a 15 nm thick Ta2O5 layer (figure 2(a)).

The top surface of the device in its ON-state was scanned
using the conductive-AFM setup to locate the position of the
filament. The topography is shown in figure 5(c) and the
current image, obtained with a bias of −500 mV applied to the
bottom electrode, indicating a conducting spot on the top
surface of the device, is shown in figure 5(d). Enlarged
topography and current images are shown in the inset of each
figure. In this device, the conductive point was also a single
point in the large device area.

TEM observation of a cross-section of the device at the
conducting point, shown in figure 6(a), revealed a dome-
shaped structure at the bottom of the conductive region, as
indicated by the white arrow. The area had a higher con-
centration of Cu and a lower concentration of Ta than the
other area, as can be seen in the corresponding EDX maps of
Cu (figure 6(b)) and Ta (figure 6(c)). Interestingly, Pt did not
distribute in the Ta2O5 layer (figure 6(d)), thanks to the
smaller compliance current that suppresses the joule heating
effect. Figures 6(e) and (f) show a cross-section TEM image
and an EDX map of an area far from the conducting point,
which in turn show the existence of Cu ions along the
interface between the bottom Pt electrode and the Ta2O5

layer.
The dome-shaped structure supports our understanding

of the switching mechanism [12], although the part of the

Figure 5. (a) Schematic of the turning-ON of a Cu/Ta2O5/Pt device with an external resistor, connected in series with the voltage source,
acting as a current limiter. (b) Current–voltage sweep to turn-ON the device with the external resistor and a compliance current of 300 nA. (c)
AFM topography image of the device top surface in its ON-state. A small protrusion appeared in the turning-on process. (d) Current image
showing a conducting spot that corresponds to the Cu-filament formed inside the device. Insets are enlarged images for both topography and
current.
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filament connecting the top Cu-electrode was too thin to be
resolved clearly due to EDX mapping instrumentation lim-
itations. When a positive bias is applied to the Cu top elec-
trode, anodic dissolution of Cu ions occurs at the Cu/Ta2O5

interface. These Cu ions migrate through the Ta2O5 matrix
towards the bottom Pt electrode under the effect of the electric
field that results from the applied bias (figure 6(g)-left). In the
early stage of the turning-on process, Cu ions are supplied to
the whole area of the Pt electrode, as can be seen in
figure 6(f). Eventually, inhomogeneous nucleation of Cu
occurs at the Ta2O5/Pt interface due to a cathodic deposition
reaction (figure 6(g)-center), following which, Cu nuclei grow
towards the top electrode and form a filament (figure 6(g)-
right). There may be several nucleation sites where Cu nuclei
might form and grow, but only a single complete filament is
responsible for the ON-state. This is because as soon as a
single filament completes the connection between the top and
bottom electrodes, the resistance of the device drops down to
about 100Ω (the typical on-resistance value), which means
that the resistance of the filament is smaller than the resistance
of the electrodes. Therefore, on completion of the first fila-
ment, the electric field applied between the top and bottom
electrodes suddenly decreases to such a small value that it
prevents Cu ion migration and the further growth of other Cu
nuclei. The current compliance system also stops further
growth of other Cu nuclei by reducing the bias applied to the
device when the current reaches the compliance level of the
source meter. Once a filament is formed, growth and dis-
solution of the metal filament preferentially occur at the same
point due to the electric field concentration on the formed
nucleus. This is further supported by the fact that the AFM
current images of the device top surface always showed a
single conducting spot for the device.

4. Conclusion

In conclusion, we have demonstrated a simple and non-
destructive method for locating the conducting filament of a
Cu/Ta2O5/Pt device using a conductive-AFM. Generally, this
method should be applicable for similar resistive switching
devices, where the key-switching component is the formation
and annihilation of a metal filament. Metal filaments, being
Ohmic in nature, exhibit low resistance that enables their
detection despite the presence of the top electrode of the
device. Furthermore, TEM observations confirmed the for-
mation of a Cu-filament in the switching area and elucidated
the switching mechanism explaining the forming process and
the effect of Joule heating. The results obtained in this study
are important because Ta2O5-based atomic switches, being
compatible with current CMOS fabrication processes, have
great potential for technological applications.
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