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ABSTRACT: The valence change model describes the resistive switching in metal
oxide-based devices as due to electroreduction of the oxide and subsequent
electromigration of oxygen vacancies. Here, we present cross-sectional X-ray
energy-dispersive spectroscopy elemental maps of Ta, O, N, and Ti in
electroformed TiN/TaO2.0/TiN structures. O, N, and Ti were exchanged between
the anode and the functional oxide in devices formed at high power (∼1 mW), but
the exchange was below the detection limit at low power (<0.5 mW). All structures
exhibit a similar Ta-enriched and O-depleted filament formed by the elemental
segregation in the functional oxide by the temperature gradient. The elemental interchange is interpreted as due to Fick’s diffusion
caused by high temperatures in the gap of the filament and is not an essential part of electroformation.
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1. INTRODUCTION

Metal−insulator−metal resistive switching devices based on
transition-metal oxides are of great interest for applications in
nonvolatile memories1,2 and in neuromorphic computing.3−5

The most promising structures are those based on tantalum
and hafnium oxides as they exhibit fast switching, long
retention, and high endurance among other properties.1,6

Currently, work in this field focuses on reduction of energy per
switching cycle, improving the endurance, and reducing cycle-
to-cycle resistance variability.
The widely accepted basis for the functioning of the TaOx-

and HfO2-based memory devices is the valence change
mechanism (VCM) with its defining characteristics being
bipolar switching.7 Following the work of Jeong et al.,8 it
postulated that initially high device resistance is lowered by the
oxygen leaving the functional oxide and entering the anode due
to potential difference induced by the applied voltage. Oxygen
vacancies generated in the process act as donors in the
functional oxide and make it conductive. It is not clear why this
process occurs only locally, but it is generally agreed that the
result is a small diameter filament that connects the two
electrodes. The filament can either be continuous correspond-
ing to the low-resistance state (LRS) of the device or have a
gap responsible for the high-resistance state (HRS). Since in
the VCM class of devices, the electric field effect dominates the
ion motion, the switching is inherently bipolar with SET and
RESET occurring in opposite polarities.
The unipolar switching observed, for example, in NiO,9,10

was explained by the thermochemical mechanism (TCM) that
emphasized thermal effects over those of the electric field.7,11

Electrical conductivity in most oxides is thermally activated,

and as-fabricated metal/oxide/metal structures frequently
exhibit S-type negative differential resistance (S-NDR) I−V
characteristics.12,13 Such devices are unstable when biased into
the NDR region exhibiting threshold switching events and
bifurcation of current density into high and low current density
domains. This leads to appearance of a small diameter hot spot
in the device in which the temperature can easily exceed 1000
K.14,15 Since at high temperatures, lower oxidation states of
metal cations become energetically more stable as evidenced
by Ellingham diagram,16 the appearance of the hot spot should
lead to composition change with the high-temperature region
becoming metal rich and oxygen poor. Such change can occur
by diffusion of metal cations in the direction of temperature
gradient or diffusion of oxygen against it. Which one of these
two mechanisms dominates remains a matter of dispute.17−20

Since the temperature gradients associated with current
constriction are mostly lateral, the motion of ions is expected
to be mostly horizontal rather than vertical (along the electric
field direction).
Resistive switching in TaOx is bipolar,

1 and the structures
based on TaOx were thought to be of VCM-type. Recent
experimental results indicate, however, that the distinction
between VCM and TCM devices is not as clear as it was
initially thought. The TaOx devices were shown to exhibit
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attributes typically associated with the TCM mechanism such
as threshold switching and formation of the hot spot before the
permanent changes of I−V.12,14,15 In addition, Ta ions are
mobile,21 possibly accounting for a higher fraction of
composition change in the electroformation process than the
motion of oxygen.19,20 Scanning transmission electron
microscopy (STEM) revealed that Ta ions move in some
structures laterally driven by the temperature gradient and
vertically along the field direction.19,20 The STEM data on
oxygen distribution so far were not as conclusive.
The microscopy results summarized above focused on

redistribution of oxygen and tantalum in the functional layer.
In contrast, the study presented here deals with the question of
exchange of oxygen and other elements between the functional
layer and the electrode during the electroformation process in
the TaOx-based device. The elemental maps after electro-
formation have been collected by X-ray energy-dispersive
spectroscopy (XEDS) mode of STEM on cross-sectional
samples. General conclusions of the analysis point to much
higher importance of thermal effects in VCM-type devices,
making them to exhibit characteristics of the TCM model.

2. RESULTS

The electroformation of devices used for elemental mapping
was performed with voltage sweep in a circuit consisting of the
voltage source, device under test, and on-chip load resistor of
approximately 60 kΩ. The load resistor eliminated the rapid
increase of current in the circuit with the S-NDR device22,23

and the device overheating due to the discharge of parasitic
capacitances.24−27 Several nominally identical devices were
formed in positive and negative polarities with the forming I−
V’s of two devices analyzed here in detail, as shown in Figure 1.

One should note that all I−V’s are plotted as a function of
voltage drop across the device rather than the source voltage.
The A→C part of the curve in Figure 1a (device I)
corresponds to the S-NDR characteristics of the as-fabricated
device. Within NDR, the temperature and current distributions
become constricted with the maximum temperature reaching
∼920 K at point C (Supporting Information, Figure S1a). This
temperature is high enough for ions to diffuse and form the
permanent filament. This process happens in the C → D
segment of the characteristics, which represents the time
evolution of the device I−V with the source voltage remaining
approximately constant. Upon reaching point D, the device is
no longer evolving and the segment D to A is the result of
downward sweep of the source voltage. Segment D → A is
highly nonlinear, sometimes exhibiting a shallow NDR
region.20 A similar shape of I−V after formation was reported
in NbO2

28 devices. Finite element simulation of this segment is

included in the Supporting Information as part of the thermal
model in Section S2.
Segment D → A is different from HRS of fully formed

devices. Full forming requires application of bias with the
opposite polarity switching device to LRS.8 All devices tested
exhibited almost identical S-NDR part of I−V and a very
similar half-formed I−V. However, the point of transition
between the two occurred at different current values ranging
from 125 to 250 μA. The two I−V traces in Figure 1
correspond to high (device I) and low values of forming
current (device II). Other devices formed at intermediate
values of current and exhibited changes of elemental
distribution between the two extremes. Differences in forming
current resulted in differences of dissipated power and the
temperature in the device (see Supporting Information, Figure
S1 for detail).
Additional insight into the electroformation process is

offered by the device in response to a rectangular voltage
pulse, as shown in Figure 2. The source voltage pulse with an

amplitude of 12 V was applied at t = 0 s to a device and a load
resistor of 37 kΩ. Current remained low for approximately 1 μs
corresponding to the incubation time of the threshold switch.22

The current increase that follows is due to device heating up
and evolving along the quasistatic I−V stabilizing close to point
C in Figure 1a. The slow changes of current that follow occur
on the time scale much longer than the device thermal time
constant and are caused by initial stages of composition change
due to diffusion driven by the Soret effect.11,17−20,29−31 It is
easy to notice that the composition change in the nascent
filament (increase of the [Ta]/[O] ratio) creates a positive
feedback loop: the composition change increases the
conductivity and current, which in turn increases local
temperature and temperature gradient increasing the rate of
demixing. This produces a compositional runaway process
resulting in a steplike increase of current, collapse of the
permanent filament to a diameter much smaller than the initial
size of the hot spot, and a significant local temperature
increase. The process is akin to thermal runaway and
associated current constriction during threshold switching
event.14 The process comes to a steady state when Fick’s
diffusion flux due to created composition gradient balances the
temperature gradient-induced flux.
Figure 3 presents the cross-sectional XEDS elemental maps

and the corresponding line profiles of Ta, O, N, and Ti, as well
as a reference high-angle annular dark field (HAADF) image of
the same area of device I (Figure 1a). The use of large-area X-
ray detectors in STEM has increased the XEDS sensitivity to
that of the electron energy loss spectroscopy system. The
profiles have been obtained by integration of the XEDS signal
along the 18 nm wide strip at the position of the filament (red

Figure 1. (a) Forming I−V of a device (referred to as device I) under
positive bias with RLOAD = 58 kΩ. (b) Forming I−V in negative
polarity with RLOAD = 60 kΩ (device II).

Figure 2. Current transient in response to a constant VSOURCE = 12 V
pulse.
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line, marked by a white dashed box in Figure 3a) and away
from it (black line). The black traces serve here as a reference
representing part of the device not affected by high
temperatures and current densities. The XEDS signal was
not calibrated by standards, and the absolute values of
concentrations can deviate from actual values by up to 10 at.
%. The relative changes, which are the main subject of this
study, however, are correct.
Figure 3b shows the XEDS map of Ta distribution in the

proximity of the filament. The slightly brighter contrast in the
center of the map indicates a local increase of the Ta content at
the location of the filament. A darker area indicating a lower Ta
content is visible at the top of the filament next to the interface
with the top TiN electrode. One should note that the diameter
of the filament (10−20 nm) is much smaller than the thickness
of the STEM sample. Accordingly, most of the X-ray photons
are generated outside of the filament diminishing the contrast
in the image.
The differences of Ta distribution along the filament can be

quantitatively assessed in the line profile in Figure 3f. The red
line corresponding to the Ta X-ray count in the filament is
higher than the black reference curve for most of its length
with the exception of 15 nm gap close to the top interface. A
local increase of the Ta content is also visible in the lateral line
profile obtained in the middle of the functional layer
(Supporting Information, Figure S4). Both features are in
agreement with the accumulation of Ta in the core of the
filament and appearance of the Ta-depleted gap next to the
anode observed by HAADF.20 The Ta signal decreases to zero
in both electrodes with no sign of diffusion/electromigration
across the interfaces.
The oxygen XEDS map indicates a slight decrease of the

oxygen content in the filament column. In addition, a dome-
shaped area with a diameter of ∼35 nm and a height of ∼8 nm
with an increased oxygen content is visible on top of the
filament within the TiN electrode. The composition of the
dome was determined to be TiN0.5O0.5 (Supporting
Information, Section S4). These observations are in agreement
with the red line profile in Figure 3g being slightly above the
reference trace and lateral line scan (Supporting Information
Figure S4a). In proximity of the anode, both traces overlap,
and on the TiN side, the red trace is significantly above that of

the reference signal. It is important to note that the exchange
of oxygen occurs only across the interface with the anode, and
there is no corresponding dome at the bottom interface.
Figure 3d,h shows redistribution of nitrogen. In the N map,

one can notice a decrease of nitrogen in the area of the oxygen-
enriched dome in the top electrode with the corresponding dip
in the line profile. The Ti map and the line profile show a
decrease of the Ti content in the TiN electrode in proximity of
the filament and an increase in the gap area (Figure 3e,i). In
both cases, the elemental distributions across the cathode
interface are not affected by forming.
Figure 4 shows the set of images and line plots

corresponding to those in Figure 3 obtained on a device

formed in negative polarity at low dissipated power of 380 μW
(device II). The HAADF image in Figure 4a shows a contrast
associated with the increased Ta content along the length of
the filament with the exception of the gap, which in this case is
located close to the bottom interface. The same can be seen in
the XEDS map (Figure 4b), the line profile along the filament
(Figure 4f), and in the lateral line profile (Supporting
Information, Figure S4b). All of these findings are consistent
with analysis of HAADF data presented elsewhere.20

Oxygen concentration in device II decreased slightly in the
filament (Figures 4c,g, and S4b) with a marginal increase of
density in the gap area. The oxygen concentration drop across
the bottom interface appears to be more gradual in the
proximity of the filament than in the reference scan. However,
there is no discernible oxygen-enriched dome in TiN and the
depth of interdiffusion is much shallower than in the sample
formed at high current. Ti and N profiles in Figure 4h,i, also
show weak signs of interdiffusion at the bottom interface.
Overall, the observed changes due to electroformation are
consistent with the type of changes observed in device I but are
much smaller in extent. This is to be expected if the
mechanism is Fick’s diffusion as the temperature was much
lower. XEDS STEM maps on devices formed at intermediate
power levels exhibited similar features (the O-enriched dome
in the anode, and interdiffusion of Ti and N in the gap area) as
those observed at high power with the extent of changes
between those of devices I and II.

Figure 3. (a) Cross-sectional HAADF image of a filament in device I
with forming I−V in Figure 1a. The scale bar corresponds to 20 nm.
(b)−(e) Ta, O, N, and Ti elemental maps collected by XEDS from
the same location as (a). (f)−(i) Compositional line profiles of Ta, O,
N, and Ti corresponding to images (b)−(e). The red trace represents
integrated line profiles obtained in the white dashed box in (a), the
black trace was integrated over the same width away from the
filament. The distance scale starts at the top edge of the image.

Figure 4. (a) Cross-sectional HAADF image of a filament in device II
with forming I−V in Figure 1b. The scale bar corresponds to 20 nm.
The feature marked by the red circle is caused by carbon deposition in
STEM. (b)−(e) Ta, O, N, and Ti elemental maps collected by XEDS
from the same location as (a). (f)−(i) Compositional line profiles of
Ta, O, N, and Ti corresponding to images (b)−(e). The line profiles
are integrated over the 18 nm wide box marked by white dashed lines
in (a). The horizontal axis (distance) starts at the top of each map.
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Sample configuration used here, i.e., cross-sectional STEM
on the location of the filament, allows for mapping relative
changes of the filament composition and the ion exchange
across interfaces with electrodes, but the contributions to X-ray
counts from the material surrounding the filament degrade the
signal-to-noise ratio. The elemental distributions deduced from
cross sections do not contradict any of the findings based on
HAADF and plan-view EELS20 but are not as precise. For this
reason, we have not included quantitative estimates of
compositions within the TaOx layer.

3. DISCUSSION

It is likely that Ti and N exchange across the TiN/TaOx

interface affects the device properties, but it is the exchange of
oxygen that is widely thought to be critical for the VCM-type
switching. The oxygen ions are thought to cross the interface
with the electrode reducing the functional oxide

O V 2e 1/2O (gas)O O 2↔ + +
× ·· −

(1)

The force that is driving the reaction was asserted to be due to
applied bias, which, depending on polarity, can cause transition
in either direction.7,8,32−35 The primary supporting evidence
for this interpretation is formation of bubbles at the oxide/
anode interface32,34,36−42 and the presence of the reduced
oxide under the deformed electrodes.34,36,42−44 In a parallel
report, we argue that these arguments are flawed as the
deformation of electrodes was observed only in circuits relying
on current compliance function of the voltage source or using
current source.27 Neither can prevent the current spikes and
device overheating, which are not intrinsic to the formation
and switching processes. In other words, the reported bubbles
and oxide reduction are the experimental artifacts. While we do
not claim that electric field-driven exchange does not occur,
more evidence needs to be presented to support this
mechanism before it can be accepted.
Instead of field-driven oxygen loss, we propose that ion

exchange in structures tested here is caused by Fick’s diffusion
due to concentration gradient. Above results indicate that
intermixing is not uniquely associated with oxygen: titanium
and nitrogen also cross the interface with the extent of
exchange correlated with that of oxygen. Second, while the
electric field could induce oxygen motion within the functional
oxide or across the interface, it cannot drive the oxygen 10 nm
deep into TiN as the electric field in conducting TiNxO1−x is
negligibly small. Third, a brief inspection of the I−V in Figure
1a clearly shows that the device is not formed when the electric
field in the device is highest (this corresponds to point B) but
at the time when the dissipated power reaches maximum. This
is a clear argument for the temperature controlling the
electroformation process. Finally, there is a question of an
apparent dependence of the exchange on polarity of applied
bias, i.e., intermixing occurring at the anode but not the
cathode. This observation is in apparent agreement with
electric filed-induced exchange of oxygen. The same
mechanism could explain motion of Ti ions in opposite
direction, i.e., from TiN to oxide, but is in conflict with the
exchange of negatively charged nitrogen ions.
Fick’s diffusion, instead, offers a natural explanation. It was

realized early on that the application of positive bias to the top
electrode should create a gap in the filament next to this
electrode.45 High resistivity within the gap causes a voltage
drop and creates highest temperatures in the device. This

model was confirmed by experimental observation of
crystallization at the anode interface.20

The temperature distribution in the formed filament was
assessed using a simple model similar to that proposed by
Larentis et al.45 (Figure 5a,b). The filament was assumed to be

a cylinder with a diameter of 20 nm and a temperature-
independent conductivity of 106 S/m. The diameter is larger
than what was observed in the experiments to simplify the
geometry. This does not affect the I−V behavior or the
temperature distribution in the structure. In the gap region, the
filament contains an insulating plug with a diameter of 18 nm
consisting of Ta2O5 where the conductivity was assumed to be
0. The plug leaves a thin layer of the conducting material
around its periphery. This geometry reflects the shape of the
filament observed in the cross-sectional TEM with the plug
corresponding to the Ta2O5 crystallite and the narrow channel
representing the conducting subfilaments.20 The conductivity
of the channel was assumed to be of Poole−Frenkel-type with
an activation energy of 0.12 eV and a pre-exponential factor of
6 × 103 S/m. Such conductivity reproduced I−V shape of half-
formed devices in Figure 1. The details of the simulation
procedure are described in Supporting Information, Section
S2. Assuming Poole−Frenkel-type conductivity throughout the
entire gap (no plug and no channel) while matching the
resistance of the device produced qualitatively similar absolute
temperatures and temperature distributions.
Figure 5 shows the simulated temperature distribution

within the filament and the gap after forming in devices I and
II at experimental power values. The temperatures at the anode
interface for the two devices are 1310 and 920 K with the
corresponding temperatures near cathode of 900 and 645 K.

Figure 5. Simulated axisymmetric cross-sectional temperature
distribution of devices assuming that a 20 nm wide filament is
formed with a 16 nm wide gap on the (a) top (at power dissipation
750 μW) and (b) bottom (at power dissipation 390 μW). The 2 nm
thick path conducts current since the gap is made of Ta2O5. The views
in (a) and (b) show only the magnified portion of the entire structure
with an efficient heat sink (see the Supporting Information for more
details). (c) Temperature line profiles of positively (green) and
negatively (red) formed devices along the vertical direction 9 nm
away from the rotational axis (through the conductive path) at the
power dissipation of 750 and 390 μW, respectively. The blue curve is
the temperature line profile along the center of the device before the
formation of the filament (point C of Figure 1a).

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://dx.doi.org/10.1021/acsami.0c06960
ACS Appl. Mater. Interfaces 2020, 12, 27378−27385

27381



The activation energy of oxygen diffusion in TiN46 gives the
ratio of diffusion coefficients at 1310 and 900 K of about 1000
or the diffusion length ratio of 30. Since the depth of oxygen
interdiffusion near the anode in Figure 2 was about 10 nm, the
corresponding depth at ∼900 K would be 0.3 nm and
practically undetectable. This explains the lack of interdiffusion
across the interface with the cathode in both devices and across
the anode interface at low power. Similar arguments can be
used to eliminate the interpretation of interdiffusion as
occurring during threshold switching. The calculated temper-
atures (blue trace in Figure 5c) are too low, and their lateral
extent (Figure S1) is too large. In summary, the oxygen-rich
dome in the anode was created after the filament formation
and is its result rather than the origin.
One could consider the case in which the field-induced

amount of oxygen loss to the electrode is small, too small to be
detected by microscopy methods, but large enough to allow for
current flow, Joule heating, and electroformation. This also
appears to be unlikely. Recent conductivity measurements of
substoichiometric TaOx films indicate that the compositions
that can produce significant current densities and Joule heating
in the filament at typical applied voltage values are close to 1:1,
i.e., composition of TaO.47,48

A direct consequence of exchange being due to Fick’s
diffusion rather than the electric field is the irreversibility of the
process. Many publications on resistive switching assume that
the electrodes serve as a reservoir of oxygen, which can be
stored or released from the electrode upon application of the
electric field depending on polarity.32,33,35,49 In the TaOx/TiN
system, oxygen, even if present in the anode, cannot go back to
the functional layer. The energetics of the exchange is likely to
be different in other systems but in all of the entropy of the
intermixed state would make the motion back into the oxide
difficult. One should also remember that the electric field in
metallic electrodes is too low to drive the ion motion. All of
these indicate that during the lifespan of a device, the filament
will continue to lose oxygen gradually changing switching I−V
characteristics. Eventually this could make the filament too
conductive to reset inducing failure. Likewise, the diffusion of
Ti into the Ta-rich filament is also of concern and should be
properly controlled.
Similarly, the finding that Ta and O maps within the

functional layer in devices I and II are similar while there is a
large difference in the amount of oxygen loss to the electrode
indicates that oxygen exchange is not needed for forming and
switching. Ta enrichment is clearly due to lateral motion due
to the Soret effect following appearance of the hot spot due to
threshold switching. Oxygen can also be inferred to
redistribute in the TaOx layer (either laterally or vertically)
in structures formed at low temperatures without the need of
loss to the electrodes. The above arguments are in direct
opposition to the vital element of the VCM model: loss of
oxygen to electrodes and its electric field-induced nature.
Vast majority of papers on resistive switching associates the

composition changes with oxygen motion alone and considers
Ta ions to be immobile. We would like to re-examine this
assertion. The most precise estimate of the ion motion was
provided by the HAADF and EELS images obtained on plan-
view samples.20 A local increase of Ta density was by a factor
of 1.8 with oxygen decreasing by a factor of 0.6 compared to
the starting layer composition of TaO2. This corresponds to
approximately the same number of both types of atoms moving
in or out of the filament volume, indicating that the diffusion

coefficients are similar. The experimental data on diffusion in
the Ta−O system are scarce. A recent study of polycrystalline
stoichiometric Ta2O5 determined the activation energy for
oxygen diffusion at 1.6 eV and that of niobium at 3.6 eV
(niobium was used in lieu of Ta, which does not have a
convenient isotope to be used as a tracer).50 The absolute
values of the cation diffusion coefficient were several orders of
magnitude lower than that of oxygen. These results are in
agreement with the values of 1.6 and 3.7 eV calculated for
crystalline λ-Ta2O5.

51 These data are in conflict with that
obtained on amorphous anodic tantalum oxide. Radiotracer
experiments estimated the ratio of the oxygen to tantalum
diffusion coefficient at 2:1.52−54 Similarly close were the values
calculated for amorphous suboxides: TaO2, TaO1.5, and TaO.

55

In addition, one has to keep in mind that sputtered films used
in fabrication of switching devices are not fully dense with the
free volume of as much as 20%.56,57 Given these values, our
estimate of comparable contribution of Ta and O to filament
formation appears quite reasonable.
XEDS or EELS results have not allowed for estimation of

lateral and vertical redistribution of oxygen in the functional
layer. Specifically, these techniques could not detect the O-
enriched ring around the filament core, which would be
expected in the case of lateral motion induced by the
temperature gradient. Such rings were reported in X-ray
absorption maps and interpreted as due to demixing of TaOx.

17

The experimental conditions used in this work, however, were
very different compared to ours. The rings appeared only after
hundreds of switching cycles with the pulse voltage much in
excess of the typical switching voltage intentionally selected to
exaggerate the changes in the material. Also, the devices were
deposited on thin Si3N4, which made the heat extraction less
efficient resulting in significantly higher temperatures.58 This
makes it unlikely that the lateral segregation of oxygen could
occur in well heat sunk devices at low operating power.
The conclusion of oxygen loss to the anode occurring after

formation of the filament applies to TiN/TaO2 and is a
consequence of material parameters such as diffusion
coefficients, bonding energies, and others. Since many device
structures use the easily oxidizable scavenging layer as the
anode, the question arises whether these structures behave in
the same way. The ease of electroformation of such structures
indicates a possibility of electroreduction. Whether it occurs
will have to be answered by future experiments.
The last subject to be discussed is the impact of the Soret

effect on switching rather than electroforming. Lateral
accumulation of Ta is comparable in spatial extent and
concentration change to the vertical depletion at the anode.
During RESET pulse, which happens under positive bias, both
electric field and the temperature are highest in the gap at the
interface with the top electrode. The field exerts a downward
force on positively charged Ta ions, while the temperature
gradient drives them in opposite direction. Evidently, the
electromigration overcomes the thermodiffusion producing a
gap. However, the effect of the field is in part compensated by
the temperature gradient and depletion is not as deep as it
would be otherwise. Behavior of oxygen is expected to be
similar. During the SET process, both forces act in tandem
reinforcing each other and increasing the rate of resistance
change. This effect could, in part, be responsible for rapid SET
and gradual RESET.45
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4. CONCLUSIONS

In conclusion, we have used XEDS to map out the distribution
of Ta, O, N, and Ti in the electroformed TiN/TaO2.0/TiN
resistive switching devices. The maps of Ta and O
redistribution are in agreement with previously published
HAADF data. In addition, XEDS detected exchange of O, N,
and Ti ions across the interface with the anode in devices
formed with power dissipation approaching 1 mW. At power
below 0.5 mW and the same electric field, the exchange was
below the detection limit. These results were interpreted as
due to Fick’s diffusion caused by high temperatures within the
gap in the filament. Distribution of Ta and O in the functional
layer remained the same, indicating that the loss of oxygen to
the anode is not an essential part of forming and switching.
The dominant process of filament formation appears to be the
Soret effect driving the Ta and, likely, O ions laterally. The
above conclusions indicate that the formation and switching
processes in what is considered a typical valence change
memory system are much like those in the thermochemical
memory model. It appears that many of the processes invoked
in the original interpretations can take place in switching
devices, but their extent varies between different structures,
functional materials, and forming and switching procedures. As
the result, the forming and switching mechanism can be a
combination of the elementary processes changing from
structure to structure. Certainly, drawing the same cartoon of
a filament as consisting of few oxygen vacancies is not justified.

5. EXPERIMENTAL SECTION

5.1. Fabrication. The devices examined in this report were
fabricated by sputtering a blanket 40 nm thick TiN layer on thermal
oxide/Si followed by photolithography and dry etching to define the
bottom electrode. Patterned TiN was covered by reactively sputtered
50 nm thick TaOx and 10 nm SiOx blanket layers. The active area of
the device was defined by e-beam lithography and dry etching of a
150 × 150 nm2 via in the SiOx. The stack was finished by sputtering
the 40 nm thick TiN top electrode layer and lift-off. The composition
of the as-deposited TaOx was determined to be TaO2.0.

20

5.2. Device Simulation. The device physics was simulated using
Comsol Multiphysics, which is a finite element simulation software
package. The device temperature, current flow, and conductivity, etc.
were simulated by solving two coupled equations describing heat and
current flow, and the device was assumed to be connected to a voltage
supply and a load resistance in series. Details including the geometry
and the material properties can be found in the Supporting
Information.
5.3. Material Characterization. STEM lamellae were lifted out

using a Ga-ion focused ion beam (FIB) FEI Nova 600 system. The
cut was positioned using the outline of the active area visible in
secondary electron beam images. Fabrication of devices with a
uniform thickness of the functional layer deposited on the flat bottom
electrode resulted in the filament forming in the center of the device.
Since the active area was only 150 × 150 nm2, the initial thin section
of about 100 nm contained most of the device volume and always
contained the filament. The depth of the filament at this point was
assessed by tilting the sample in TEM followed by final thinning in
FIB.
The STEM images shown in this report were collected by FEI

Talos F200X S/TEM operating at 200 keV. The HAADF-STEM
images were collected using the Fischione Model 3000 HAADF
detector in the system at the collection angle of 76.7−200 mrad. The
XEDS images were collected using the “SuperX” energy-dispersive X-
ray detector with the probe current of 1 nA.
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