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Nanoscale cation motion in TaOx , HfOx and TiOx
memristive systems
Anja Wedig1†, Michael Luebben1†, Deok-Yong Cho2, Marco Moors1, Katharina Skaja1, Vikas Rana1,
Tsuyoshi Hasegawa3, Kiran K. Adepalli4,5, Bilge Yildiz4,5, Rainer Waser1,6 and Ilia Valov1,6*
A detailed understanding of the resistive switching mechanisms that operate in redox-based resistive random-access
memories (ReRAM) is key to controlling these memristive devices and formulating appropriate design rules. Based on
distinct fundamental switching mechanisms, two types of ReRAM have emerged: electrochemical metallization memories,
in which the mobile species is thought to be metal cations, and valence change memories, in which the mobile species is
thought to be oxygen anions (or positively charged oxygen vacancies). Here we show, using scanning tunnelling
microscopy and supported by potentiodynamic current–voltage measurements, that in three typical valence change
memory materials (TaOx, HfOx and TiOx) the host metal cations are mobile in ﬁlms of 2 nm thickness. The cations can
form metallic ﬁlaments and participate in the resistive switching process, illustrating that there is a bridge between the
electrochemical metallization mechanism and the valence change mechanism. Reset/Set operations are, we suggest,
driven by oxidation (passivation) and reduction reactions. For the Ta/Ta2O5 system, a rutile-type TaO2 ﬁlm is believed to
mediate switching, and we show that devices can be switched from a valence change mode to an electrochemical
metallization mode by introducing an intermediate layer of amorphous carbon.

R

edox-based ReRAM devices offer signiﬁcant potential for use
in future information technology as components for
memory1,2, logic3,4 and neuromorphic5–8 applications. The
devices have a metal–(nano)electrolyte–metal arrangement, where
the ion-transporting material often shows insulating properties on
the macroscopic scale, but evolves into an ionic or mixed ionic–electronic conductor at nanoscale device dimensions. Mediated by ion
transport processes in combination with internal redox reactions,
resistance switching can be introduced in these devices (cells) due
to the formation/dissolution of electron-conducting ﬁlaments,
allowing for non-volatile information storage. The attractiveness
of ReRAM devices lies in their low power consumption, subnanosecond switching times9 and a conceptual scalability down to the
atomic level10.
Two fundamentally different types of switching mechanism have
emerged depending on the part of the ReRAM cell predominantly
involved in the redox process: the electrode metal (such as Cu or
Ag) in the case of electrochemical metallization memories (ECMs)
or the oxide layer serving as the (nano)electrolyte in the case of
valence change memories (VCMs)11. Signiﬁcant progress in understanding the kinetics of ﬁlament formation and the nature of the
conductive ﬁlament on a microscopic level has been achieved for
both types of ReRAM by applying highly resolved techniques such
as local-conduction atomic force microscopy12, transmission electron microscopy13,14 and scanning tunnelling microscopy15 (STM).
However, reports on STM investigations of resistive switching are
rare due to the low electronic conductivity of the solid electrolytes
suppressing electron tunnelling. The studies are typically limited
to materials with mixed conductivity (for example, Cu2S (ref. 16)
and Ag2S (ref. 17)) or purely electronically conducting materials
such as Nb-doped SrTiO3 (ref. 18). A conceptual solution to

overcome this problem for solid electrolytes was demonstrated for
purely cation-conducting RbAg4I5 (ref. 15) and it has been suggested
that a similar solution can be applied to VCM systems.
Typical VCM materials are transition metal and/or refractory
oxides such as HfO2 , TiO2 and Ta2O5 (ref. 19). The existence of
cation defects in these types of oxide is well known, and the possibility
of their involvement in VCM processes has not been excluded11,20,21.
However, the formation of the ﬁlament, composed of a reduced (electronically conductive) metal oxide phase, and the switching phenomena in general are widely described to be related to redox reactions and
the transport of oxygen ions or, in defect-chemical (Kroeger-Vink22)
notation, oxygen vacancies as mobile donors. After formation, the ﬁlament should only be partially reoxidized, and a layer (disc) with a thickness of up to a few nanometres forms that is responsible for resistive
switching. Thus, subsequent voltage manipulations—that is, Set and
Reset operations—are supposed to be only due to the shift of
oxygen vacancies under the applied electric ﬁeld within this thin
layer of partially reduced oxide11.

STM switching and point contact formation
Figure 1 shows STM-tip-induced switching experiments on 2-nmthin amorphous layers of TaOx deposited on Ta bottom electrodes.
The samples were vacuum-annealed to increase the conductivity in
the oxide layer by partial reduction/forming. By preparing the
samples in this way and with this thickness, we aimed to reproduce
the conditions and properties of the metal oxide layer responsible
for resistive switching in real devices. Cathodic or anodic bias
voltages were applied to the STM tip at a ﬁxed tip position and tip–
sample distance to trigger the resistive switching event, and the time
dependence of the resulting current was measured. The sample was
initially exposed to an anodic tip voltage of 1 V (Fig. 1a,A), which
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Figure 1 | Scanning tunnelling switching at negative tip voltages under UHV conditions. a, Time dependence of the tunnelling current measured on a
2-nm-thin TaOx layer on changing the voltage applied to the STM tip stepwise from +1 V to −3 V to −1 mV. The conductance G calculated from the current
at a tip voltage of −1 mV exceeds the conductance quantum G0 , indicating the formation of a metallic quantum point contact that is temporarily stable after
removal of the high electric ﬁeld. Contact formation is attributed to the diffusion of Ta ions to the negatively charged STM tip. b, Surface image of the TaOx
layer recorded directly after time-resolved STM measurements at negative tip voltages applying a scanning bias voltage of 1 V to the tip and with a
tunnelling current setpoint of 1 nA. Highly conductive regions are visible at the positions where local resistive switching was performed. The size of the nuclei
is comparable to those observed for other materials. The current–voltage curves measured on these regions show either purely metallic or mixed metallic–
semiconducting behaviour, the latter suggesting a high tendency towards reoxidation of the metallic Ta structures formed during resistive switching.

proved to have no effect on the sample’s morphology or electronic
structure. On changing the tip voltage to −3 V, a strong increase
in the current was detected (Fig. 1a,B), indicating resistive switching
to the low-resistance state (LRS). A resistance of 9.6 kΩ (current of
104 nA at −1 mV) was measured after the pulse elapsed (Fig. 1a,C).
This corresponds to a conductance higher than the atomic point
contact quantum conductance G0 (G = 1.3G0).
This high conductance cannot be explained by the formation of
an oxygen-deﬁcient conductive ﬁlament in the oxide. It is instead a
proof of the establishment of a metallic quantum point contact
between the STM tip and the sample. By ‘metallic contact’, we
mean the formation of a metallic Ta ﬁlament bridging the vacuum
gap and providing direct galvanic contact to the tip via at least one
Ta atom. The switching mechanism is comparable to that observed
for gap-type atomic switches built from cation-conducting ECM
cells15,23. The formation of an atomic point contact can only
68

happen if two conditions are fulﬁlled simultaneously: (1) the metal
cations are mobile within the TaOx ﬁlm and (2) the applied
voltage is sufﬁcient to increase the chemical potential of the electrons
(Fermi level) to or above the energy level required for the reduction
reaction Ta5+ + 5e− → Ta to proceed. Consequently, the switching
process in TaOx under negative bias conditions has to be related to
a movement of Ta ions to the STM tip and subsequent reduction,
as encountered in gap-type ECM cells. Based on our experiments,
we cannot determine for certain whether the cation defects are Ta
vacancies or Ta interstitials. However, because of the small size of
the Ta ions and the existence of a reduced, amorphous TaOx
phase (Ta interstitials are donors in the same way as the oxygen
vacancies), we consider Ta interstitials to be the more probable
cation defects. The metallic point contact remains stable for a
certain period of time after removal of the electric ﬁeld and then
breaks (Fig. 1a,D). We explain this disruption of the metallic
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Figure 2 | Scanning tunnelling switching at positive tip voltages. a, I–t dependence measured on a TaOx layer showing no quantum point contact after the
voltage is decreased. The initial current increase is related to a different switching mechanism, possibly predominantly involving the diffusion of oxygen
vacancies. b, Surface image of the TaOx layer recorded directly after time-resolved STM measurements at positive tip voltages applying a scanning bias
voltage of 1 V to the STM tip and with a tunnelling current setpoint of 1 nA. Diffuse conductive regions are visible at the positions where local resistive
switching was performed. Current–voltage curves measured on these regions show semiconducting behaviour.

contact by the high tendency of the Ta nucleus to reoxidation even
under ultrahigh-vacuum (UHV) conditions, as also suggested by the
STM imaging.
Figure 1b presents a STM image of a 2-nm-thin TaOx layer
recorded after three consecutive local switching events at cathodic
tip voltages. The switching leads to the formation of highly conductive regions with an average diameter of ∼40 nm. The reproducibility of the features points to the applicability of this method in the
rather young ﬁeld of redox-based STM nanolithography18,24.
Current–voltage spectroscopy performed on the modiﬁed areas in
most cases revealed metallic conduction indicative of the local
enrichment of Ta metal. At position 1 (switched ﬁrst) we also
observed semiconducting behaviour, but at position 3 (switched
last) the behaviour is metallic. The semiconducting features at position 1 again suggest a high tendency of the metallic structures to
reoxidation, in accordance with the limited stability of the metallic
behaviour found in time-resolved measurements. The resistance at
position 1 can again be changed into a metallic one by applying a
cathodic voltage to the tip.
To exclude the effect of a possible asymmetric ﬁeld gradient, we
performed switching experiments by applying opposite (that is,
positive) tip voltages of up to 6 V. We again observed a switching
of the TaOx layer to a LRS, indicated by the strong increase in the
tunnelling current shown in Fig. 2a. However, the current was not
sustained after the pulse elapsed (Fig. 2a,B) and thus no bridging
of the tunnelling gap was observed. The STM image recorded
after switching at 6 V at three different points again shows regions
of increased conductivity (Fig. 2b), but the highly conducting
areas are much broader than those in Fig. 1b, and I–V spectroscopy
on the LRS regions showed predominantly semiconducting behaviour (for extended results see Supplementary Section 1). As the
STM tip is positively polarized, the possible redox reaction at the

tip is the oxidation of oxygen ions from TaOx, whereas at the
counterelectrode, the reduction of both residual oxygen and
cations is possible. The much larger modiﬁed area depicts the ﬁeld
distribution at the large bottom electrode characterized by a much
smaller current density. Thus, the switching of the sample at positive
tip voltages has to be explained by a switching mechanism other
than ﬁlament formation based on the redox reaction alone and
the motion of host cations towards the metal electrode under the
oxide layer.

Atomic point contacts on HfOx and TiOx ﬁlms

The STM investigations performed on HfOx and TiOx layers yielded
results comparable to those obtained for TaOx. The application of a
cathodic tip voltage resulted in the build-up of metallic quantum
point contacts, which were stable for several seconds after removal
of the electric ﬁeld and were then disrupted (Fig. 3a,c). This indicates that for these materials also, the formation of a temporarily
stable metallic ﬁlament via the diffusion of cations to the negatively
charged STM tip is responsible for the observed resistance switching. As shown in Fig. 3b,d, the application of a positive voltage to
the tip does not lead to the formation of metallic point contacts
and the conductance values remain well below G0 , similar to the
situation on TaOx.
The STM studies on surface electrochemical processes are applicable to gapless-type systems, because fundamental properties of
matter—that is, the mobility of ions, activation energies, rate constants and kinetic parameters for redox reactions for the studied
systems—can be determined from the experimental data15,25. Thus,
we provide clear evidence that the cations in thin ﬁlms of TaOx,
HfOx and TiOx are mobile under the inﬂuence of an electric ﬁeld
and can actively participate in the resistive switching process in
competition with the oxygen vacancies. We have also conﬁrmed
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Figure 3 | Scanning tunnelling switching on HfOx and TiOx . a,b, Time dependence of the tunnelling current measured on a 2-nm-thin HfOx layer on
changing the voltage applied to the STM tip stepwise. c,d, Time dependence of the tunnelling current measured on a 2-nm-thin TiOx layer. The behaviour
of both metal oxides is qualitatively identical to that of TaOx. The resistive switching at high negative tip voltages is attributed to the formation of a
metal ﬁlament, also proving cation mobility for these materials. The polarity of the initial tip voltage does not have any (artiﬁcial) effect on the current–
time characteristics.

that in 15 nm oxide thin ﬁlms Ta ions are mobile, by carrying out
diffusion experiments on NbOx/TaOx bilayer structures and secondary ion mass spectrometry (SIMS) depth proﬁling (for details see
Supplementary Section 2).
Cation mobility in these oxides is also supported by studies on
the passivation of metals (for example, Ta, Al and W) in liquid electrolytes, where cation diffusion coefﬁcients (in dense oxide ﬁlms)
comparable to those of oxygen vacancies have been reported,
obtained by tracer diffusion marker experiments26–28. A high
cation mobility was furthermore observed for TiO2−x , for example,
in tracer diffusion experiments at high temperatures29 (temperatures
of up to 1,000 K can be induced in a VCM due to Joule heating), but
also in thin ﬁlms grown at room temperature30–32. Moreover,
ECM-type behaviour and a metallic LRS at room temperature
have recently been reported for VCM devices of the Ti/TiOx
system33. These results further support our ﬁndings, although the
authors attributed them to an oxygen-vacancy-based mechanism.

Ta/Ta2O5 interface structure and switching
To relate the results obtained by STM to the behaviour of real
devices (a larger electrode surface area with full electrode–electrolyte
contact), we performed X-ray absorption studies focused on the
structure of the Ta/Ta2O5 interface. We used X-ray absorption spectroscopy (XAS) as a non-destructive bulk-sensitive technique to
examine the chemistry of the Ta/Ta2O5 system. As well as chemical
analyses with X-ray absorption near-edge structure (XANES), we
also obtained structural information from the extended X-ray
absorption ﬁne structures (EXAFS) presented in Fig. 4.
The Ta atoms at the Ta/Ta2O5 interface are much more disordered than those in the bulk Ta foil (Fig. 4a,b). This implies that a
variety of local environments exist in the interfacial Ta layers.
More detailed analyses have shown that the Ta layers near the
Ta/Ta2O5 interface internally oxidize to form an intermediate
rutile-type TaO2 layer. As shown in Fig. 4c, the EXAFS analyses
suggest that the TaO2 layer has a short-range rutile structure,
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although the ﬁlm is amorphous overall. XANES analyses have
shown that this intermediate layer has a different electronic structure. Combined with the different short-range order, this different
electronic structure is a prerequisite for different transport properties (more detailed XAS analyses are provided in Supplementary
Section 3). The TaO2 layer is formed spontaneously at the Ta/
Ta2O5 interface and mediates the oxidation of Ta metal. TaO2 is
thermodynamically unstable, so structural studies on TaO2 have
rarely been reported, and no experimental results on ion or electron
diffusion have been published. However, it easily oxidizes to insulating Ta2O5 in the presence of oxygen. As the oxidation of Ta is supported by the diffusion of both cations and anions, we believe that
this intermediate layer is mainly responsible for the resistive switching (after the forming process) and allows the movement of both
oxygen and tantalum ions, as well as electrons.
Figure 5 presents current–voltage curves and current–time transients of the Reset process measured on a Ta/(TaO2)Ta2O5/Pt cell.
The cell consists of a 10 nm Ta2O5 layer deposited on platinized
SiO2 and covered with Ta electrodes (0.1–1 mm in diameter).
Before the switching experiments, the cell was set into the LSR by
applying a voltage of −5 V to the Pt electrode at a current compliance of 1 mA. Both plots in Fig. 5 show the behaviour to be expected
for the passivation of a metal (which is well known from textbooks
on liquid-phase electrochemistry) (Supplementary Section 4).
We performed Reset voltage sweeps to different positive voltage
vertex values at the Pt electrode and observed a partial Reset of the
cell to different high-resistance states (counter-eight-wise switching34, Fig. 5a) corresponding to different stages of reoxidation of
the ﬁlament. The particular resistance depends on the oxide layer
thickness and/or composition, which in turn depends on the
driving force for reoxidation (the applied voltage). We believe that
the switching layer is mainly composed of the rutile-type TaO2
phase. The LRS is then achieved either by the reduction of Ta
ions to metallic Ta or the formation of Ta-ion-enriched TaO2.
The reoxidation (Reset) transforms it back into TaO2/Ta2O5 ,
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increasing the total cell resistance. The achieved intermediate states
proved to be stable following repeated cycles to the respective
maximum voltage, without self-switching of the cell to different

LRS. These states can also be reproducibly generated on the same
cell if, after the Set, we Reset the cell and apply the same conditions.
In this way, we can precisely control the resistance of the off state.
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The same passivation-type behaviour is observed in the I–t relaxation curves at constant applied positive voltage shown in Fig. 5b. A
higher applied voltage resulted in a lower relaxation current,
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corresponding to a higher resistance and a higher degree of reoxidation and/or ﬁlm thickness. The observation of a passivation-type
behaviour shows that in the TaOx device, the switching cannot
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only be due to a simple shift of ionic defects, but involves a redox
reaction and the formation and reoxidation of metallic Ta or
reduced TaOx phases. Similar passivation-type I–V curves were
also recorded for Ta/Ta2O5 cells measured with different current
compliances as well as Hf/HfOx- and Ti/TiOx-based VCM devices
(Supplementary Section 5).
To examine the type of conductivity of the ﬁlament, we performed temperature-dependent (180–373 K) measurements of the
LRS (Supplementary Section 6), showing metallic behaviour at
temperatures below 298 K. In the temperature range 298–373 K,
the LRS was not stable for more than ∼15 min and the data
scatter. The strongly negative Gibbs energy of formation for
Ta2O5 , ΔfG = −760 kJ mol−1 (corresponding to an oxygen activity
of 10−133), indicates that the metallic Ta ﬁlament tends to oxidize,
as also observed in STM and XAS measurements. The same behaviour is expected and observed for Hf/HfOx and Ti/TiOx systems
with Gibbs energies of formation of ΔfG = −1,010 kJ mol−1 and
ΔfG = −888 kJ mol−1, respectively (Supplementary Section 7).
Therefore, we cannot provide an unequivocal answer as to
whether the (electronically conducting) ﬁlament in real devices (if
formed metallic) remains metallic or partially oxidizes.

Competition/transition between VCM and ECM switching
The potentiodynamic experiments (I–V sweeps) presented in Fig. 6
revealed new features conﬁrming that different mechanisms of resistive switching are present, which are related to the contributions of
the two mobile ionic species, that is, oxygen and tantalum ions.
Figure 6a presents bipolar switching curves measured on a negatively formed Ta/(TaO2)Ta2O5/Pt cell. The I–V sweep experiments
typically shown in the literature were extended by increasing the
sweep range during consecutive sweep cycles. The expected cell performance was veriﬁed during the ﬁrst voltage sweeps, where the cell
was Reset to a high-resistance state (HRS) at positive voltages, and
the negative sweeps Set the cell back to the LRS (counter-eightwise switching) with a resistance of ∼120 Ω calculated from the
slope of the I–V curves in the ohmic regime. In subsequent cycles,
the voltage range in the Set direction was increased, resulting in
states with a lower resistance down to ∼80 Ω indicated by the
steeper slope of the I–V curves. Accordingly, the Reset voltages
were shifted to higher positive values. This behaviour (as well as
Fig. 5) also demonstrates the facility of the cell for multi-level
switching operations.
Completely different switching characteristics were found when
the maximum sweep voltage in the Set direction was increased
further. On sweeping to a moderate maximum voltage (in this particular case to −1.6 V), we observed a complementary switching behaviour35, where the cell is Set at a lower voltage and Reset at a
higher voltage of the same polarity (Fig. 6b). The low resistance
values associated with the two LRSs of ∼100 Ω (Fig. 6d) are again
an indication of metallic-type electrical conduction via a ﬁlament.
As the two Set events occur at different absolute voltage values, a
thermochemical switching mechanism can be excluded. The two
Reset events, on the other hand, occur at the same voltage values,
indicating a thermally assisted mechanism. The complementary
switching behaviour can be well explained either by the movement
of oxygen vacancies only or cation defects only, or by the movement
of both charged species. However, the versatile switching behaviour
demonstrated for the TaOx cells, as well as its complexity, can be
explained reasonably by only taking into account that both
cations and anions are involved in the resistive switching.
When voltage sweeps were performed to even higher negative
voltage values at a sufﬁciently low sweep rate (0.25 V s−1), bipolar
switching with highly conducting LRS/HRS was observed
(Fig. 6c), showing a smaller hysteresis and a reversed switching
polarity with respect to the bipolar case described above (eightwise switching34,36). The low resistance values in the range of
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40–100 Ω point to a metallic conduction pathway, as also reported
for TiO2-based cells33.
We also succeeded in inducing and demonstrating the ECM
mode in the devices by introducing a thin intermediate layer of
amorphous carbon between the Ta and Ta2O5. The I–V sweeps in
Fig. 6e,f show typical ECM characteristics with asymmetric Set/
Reset voltages and currents. The Reset currents vary, ranging from
Ireset comparable to the current compliance (Fig. 6e) to a much
higher Ireset (Fig. 6f ). This variability affects the Reset kinetics and
ion transport due to the inﬂuence of Joule heating (for currents
higher than ∼10 µA) and the higher partial electronic current
(which in turn increases the Reset voltage). Indeed, for small Ireset
(Fig. 6e), Vreset is nearly 10 times lower than Vreset for higher Ireset.
The reason for this variability is statistical deviation from cell to
cell, but it is important to note that the Set/Reset currents depend
strongly on the material system. Thus, in ECM cells based on a
TaOx electrolyte, higher Reset currents are more typical, but lower
values of Ireset have also been reported, for example, in Cu/TaOx/
Pt ECM cells37–39. The Ta/C/TaOx/Pt system (assuming mobile Ta
ions) shows I–V characteristics almost identical to those reported
for the Cu/TaOx/Pt cells (assuming mobile Cu ions).
The Form voltages are the same as in the other devices, that is,
Vform = 5 V (at the Ta electrode), but the Set voltages are much
lower, varying between Vset = 0.2 V and 0.4 V at current compliances in the range 1–10 µA. The on/off resistance ratio can be
as high as Roff/Ron = 106 (Fig. 6f ). We tested the cells for up to
100 cycles and observed good stability, but deviation of Vset. We
proved that the ECM mode works only if the amorphous carbon
is positioned at the Ta/Ta2O5 interface (Ta/C/Ta2O5/Pt). Stacks of
the type C/Ta/Ta2O5/C or Pt/C/Ta2O5/Pt do not provide ECMmode switching.
We introduced the carbon layer to prevent a chemical reaction
between the oxygen and tantalum (passivation) on applying Form
and Set voltages (positive) to the Ta electrode. In ECM cells
(using Ag or Cu active electrodes), during Set/Reset operations
with counterelectrodes of metals with high oxygen afﬁnity (for
example, Ta, Al), we have previously found that the cell passivates
on cycling40. As the equilibrium potential of the Ta5+/Ta (as well
as Hf4+/Hf and Ti4+/Ti) half-cell reaction is much more negative
than that of the half-cell reaction O2/O2−, the ﬁrst reaction on
applying a positive voltage to the top electrode will be Ta – 5e −
→ Ta5+. Afterwards, if oxygen ions are available, TaOx will form
(chemical step). At much higher potentials, oxygen ions can be oxidized: 2O2− – 4e– → O2. Thus, our idea is to modify (decrease) the
interface dynamics at the Ta/Ta2O5 interface and to suppress the
oxygen reaction (for a detailed discussion see Supplementary
Section 8). We have applied a similar concept to the system
Ag/GeSx, where we introduced a metallic layer at the Ag/GeSx interface to stop the chemical reaction between Ag and GeSx41. In this
system we observed a stabilization of the on state, and suggested
that the main role for this stabilization is a retarded diffusion of the
metal component through the barrier layer. We therefore applied
the same concept to VCM systems, and this has allowed us to demonstrate the transition to an ECM switching mode in the Ta2O5 system.

Conclusions
In view of the results of the nanoscale and macroscopic measurements, we conclude that the resistive switching in TaOx, HfOx and
TiOx can be caused not only by the diffusion of oxygen vacancies
(as thought previously), but also by the migration of cations. Both
processes lead to the formation of a highly reduced ﬁlament, creating
a pathway for fast electrical conduction. A complete transition from a
VCM switching mode to an ECM switching mode is demonstrated
for a Ta/Ta2O5 device by introducing an intermediate layer of amorphous carbon, tuning the interface dynamics. The current–voltage
characteristics may thus show features of ECM- and VCM-type
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memristive switching depending on the boundary conditions. We
relate one of the reasons for the high cation mobility in the
Ta/Ta2O5 system to the intermediate TaO2 layer, with rutile-type
short-range order allowing both ions to move.
Filaments formed at negative STM tip voltages are metallic, but
easily reoxidize, whereas LRS formed at positive tip voltages show
different band structures with semiconducting, but also metalliclike behaviour. We conclude that the ﬁlament in the relaxed state
is chemically inhomogeneous and composed of regions at different
stages of oxidation. The participation of both cations and anions in
the switching process in oxide-based cells can also explain the complexity of the observed switching phenomena. Additionally, the
observation of ﬁeld-induced morphological changes is important
for redox-based STM nanolithography on metal oxides. The
results we report provide fundamentally new insight into the resistive switching mechanism in oxide-based ReRAMs and should be
used for improved device design and modelling.

Methods
Methods and any associated references are available in the online
version of the paper.
Received 3 October 2014; accepted 25 August 2015;
published online 28 September 2015
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Methods

simultaneous recording of the tunnelling current and gap voltage during the timeresolved measurements. To clean the ex situ prepared oxide layers of surface
adsorbates and to slightly increase the electrical conductivity, the samples were
annealed at 550 °C for 1 h in ultrahigh vacuum before STM measurements. The
switching experiments with a mechanically cut Pt/Ir tip as the top electrode were
then performed according to the following procedure. After establishing stable
tunnelling conditions at a ﬁxed tip position applying a bias voltage of 1 V
(referenced to the STM tip) and a tunnelling current setpoint of 1 nA, the feedback
loop was switched off to ﬁx the tip–sample distance. By stepwise changing the tip
voltage from −6 V to +6 V, the switching event was initiated, as indicated by an
increase in the measured current to the detection limit of the preampliﬁer (∼450 nA).
To calculate the local resistance of the sample in the switched area, the absolute
current values were detected at a lower voltage in the millivolt regime.

Sample preparation for I–V sweeps. As a counter electrode, a 30-nm-thin Pt layer
(r.m.s. surface roughness <1 nm) was desposited by sputter deposition onto a Si
substrate with dimensions of 1 × 1 in2 covered by 430 nm thermally grown SiO2 and
a 5-nm-thin adhesion layer of TiO2. Thereafter, a 10 nm TaOx layer was deposited
by reactive radiofrequency (RF) sputtering. Subsequently, 15-nm-thin Ta top
electrodes with a diameter of 0.1–1 mm encapsulated by 30 nm Pt were prepared
using conventional ultraviolet lithography and RF sputtering in Ar at a pressure of
4 × 10−3 mbar, followed by a liftoff in acetone and isopropanol.

I–V sweeps. I–V sweeps were performed using a Keithley 6430 Subfemto
Sourcemeter. In an initial electroforming step, the samples were switched to a LRS
applying a voltage of −5 V to the Pt electrode with a current compliance of 1 mA. No
current compliance was used in the subsequent current–voltage measurements.

Sample preparation for STM measurements. A 100-nm-thin Pt layer (providing
electrical contact to the sample bottom) with dimensions of 1 × 0.2 cm2 was
deposited by sputter deposition onto a Si substrate with dimensions of 1 × 1 cm2
covered by a 430-nm-thin layer of thermally grown SiO2. The Pt contact layer was
covered one-third with standard photoresist for a later liftoff procedure. Then, a
50-nm-thin layer of Ta, Hf or Ti was deposited by d.c. sputtering in Ar at a gas
pressure of 7 × 10−3 mbar. A ∼2-nm-thin layer of TaOx, HfOx or TiOx was then
deposited in situ by reactive d.c. sputtering in an atmosphere containing 75% Ar and
25% O2 at a pressure of 3.5 × 10−2 mbar. The deposition duration for the oxide layer
was extrapolated from the deposition duration for slightly thicker ﬁlms (10–15 nm)
determined via X-ray reﬂectometry and TEM of thin-ﬁlm cross-sections. Finally,
the Pt contact layer was accessed by a liftoff process in acetone and isopropanol.

STM measurements. The STM experiments were carried out at room temperature
in an Omicron VT scanning probe microscope operated at a base pressure of
5 × 10−10 mbar. A Tektronix TPS 2024 digital oscilloscope was used for the

X-ray absorption spectroscopy. Ta L3-edge XAS was performed at the 10C
beamline of the Pohang Light Source. The total ﬂuorescence yields were collected
using a Si detector. To enhance the sensitivity of the signals near the surface, a
grazing-incidence X-ray geometry was used with an incidence angle of 3°. Depthresolved information was obtained from the metal/oxide interface by varying the
thickness of the metal (5–20 nm) and oxide (10–30 nm) layers. The samples were
prepared in the same way as for the electrical measurements.
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