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Correlation between Electronic Structure, Microstructure,
and Switching Mode in Valence Change Mechanism
Al2O3/TiOx-Based Memristive Devices

Stephan Aussen, Felix Cüppers, Carsten Funck, Janghyun Jo, Stephan Werner,
Christoph Pratsch, Stephan Menzel, Regina Dittmann, Rafal Dunin-Borkowski,
Rainer Waser, and Susanne Hoffmann-Eifert*

Memristive devices with valence change mechanism (VCM) show promise for
neuromorphic data processing, although emulation of synaptic behavior with
analog weight updates remains a challenge. Standard filamentary and
area-dependent resistive switching exhibit characteristic differences in the
transition from the high to low resistance state, which is either abrupt with
inherently high variability or gradual and allows quasi-analog operation. In
this study, the two switching modes are clearly correlated to differences in the
microstructure and electronic structure for Pt/Al2O3/TiOx/Cr/Pt devices made
from amorphous layers of 1.2 nm Al2O3 and 7 nm TiOx by atomic layer
deposition. For the filamentary mode, operando spectromicroscopy
experiments identify a localized region of ≈50 nm in diameter of reduced
titania surrounded by crystalline rutile-like TiO2, highlighting the importance
of Joule heating for this mode. In contrast, both oxide layers remain in their
amorphous state for the interfacial mode, which proves that device
temperature during switching stays below 670 K, which is the TiO2

crystallization temperature. The analysis of the electronic conduction behavior
confirms that the interfacial switching occurs by modulating the effective
tunnel barrier width due to accumulation and depletion of oxygen vacancies at
the Al2O3/TiOx interface. The results are transferable to other bilayer stacks.
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1. Introduction

Redox-based resistive random-access
memory (ReRAM) devices with bipo-
lar switching behavior fabricated from
material stacks compatible to comple-
mentary metal oxide semiconductor
(CMOS) technology hold promise for
new computational concepts.[1–3] Stan-
dard filamentary VCM cells require an
electroforming step prior to the subse-
quent bipolar resistive switching which
is based on a temperature-accelerated
drift and diffusion of oxygen vacancies
leading to the closing and rupture of
the conductive filament.[4] Typically, the
filament closing representing the SET
process comes with an abrupt change
from the high (HRS) to low resistance
state (LRS). This is due to a configura-
tional change of the switching material
in the region between filament tip and
active electrode. Several studies address
the microstructure of the conductive
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filament in ReRAM cells from single layer TiO2. From these,
Magnéli-type Ti4O7 has been identified in the local filament
area,[5–7] and also crystalline rutile- and orthorhombic-like TiO2
phases have been found in the region adjacent to the main
reduced filament area.[8] In addition, TiOx has been shown to be
ideal for spectroscopic investigation and therefore has been stud-
ied extensively with respect to the filamentary switching mode.[9]

The observed changes in the microstructure and -chemistry are
consistent with the fundamental understanding of the standard
filamentary VCM-type switching process in transition metal
oxide-based devices.[10]

In contrast, non-filamentary switching often does not require
previous electroforming, and HRS and LRS values scale with
the device area. These area-dependent switching devices have at-
tracted attention because they show gradual SET events which
allow a quasi-analog programming of the resistance states on
time scales from microseconds to seconds. Consequently, this
kind of devices has emerged as promising technology for im-
plementing neuromorphic computing like emulation of synap-
tic behavior in neural networks.[11] The switching mechanism
can be either of electronic origin like filling and emptying of
traps[12,13] or by exchange of oxygen ions at an interface.[14–16]

Both mechanisms give a spatially uniform contribution to the
total current leading to an area-dependent switching hysteresis
often characterized by low device-to-device and low cycle-to-cycle
variation. Interfacial switching has been reported for different
perovskite materials, such as SrTiO3

[17] and (Pr,Ca)MnO3
[18] but

also for oxygen-deficient transition metal oxides like TaOx,
[19–22]

NbOx,
[23,24] WOx,

[25,26] HfOx,
[27,28] and TiOx

[29,30] in combination
with different tunneling barriers, mostly Al2O3. Some material
stacks enable operation in either abrupt filamentary or gradual
area-dependent switching mode controlled by the operation con-
ditions.

This work focuses on a comprehensive physical understanding
of the two bipolar resistive switching modes observed in the same
material stack. This is Pt/1.2 nm Al2O3/7 nm TiOx/Cr/Pt (from
bottom to top) fabricated on Si/SiO2 substrates and on Si3N4
membrane substrates in the form of micro- and nano-crossbar
devices. The metal oxide layers were grown by atomic layer depo-
sition (ALD) at 250 °C and exhibit an amorphous structure for de-
vices in the pristine state. The Al2O3/TiOx bilayer is sandwiched
between the high work function Pt electrode and the Cr electrode
with higher oxygen affinity, which is protected against continu-
ous oxidation in atmosphere by platinum. The Pt capping layer
is given for completeness, however, the active memristor stack is
Pt / oxide double layer / Cr. One mode is standard VCM-type fila-
mentary switching which is obtained after an initial electroform-
ing step and characterized by an abrupt SET event occurring at
negative voltage applied to the high work function Pt electrode.
The filamentary (f-) mode serves as a reference for the SET kinet-
ics and for the spectroscopy studies. The second mode is obtained
without an electroforming step and reveals a gradual SET event if
a voltage signal of positive polarity is applied to the Pt electrode.
According to the area-dependence of the programmed resistance
states this behavior is named area (a-) switching mode.[31] Ana-
lyzing the switching characteristics of neighboring devices on the
same sample allowed a direct comparison of the two switching
characteristics including scalability and SET kinetics with respect
to voltage and power. Operando X-ray transmission spectromi-

croscopy was used to detect local structural and chemical changes
showing distinct differences for devices which were switched in
the f– and a–mode. In addition, the extended I–V characteristics
of the gradual programmed resistive states are compared with
a conduction model for electronic transport through the device
stack. The numerical calculation reveals that changes in the oxy-
gen vacancy concentration by a factor of about two can cause
a modulation of the effective tunnel barrier which is sufficient
to explain the observed resistance change between a-HRS and
a-LRS. The results can be applied to various redox-based mem-
ristive device stacks consisting of a thin layer of tunnel oxide in
combination with a slightly thicker conductive metal oxide layer
enriched with defects, thus providing guidance for proper design
of area switching devices.

2. Results and Discussion

2.1. Electrical Characterization

2.1.1. Continuous Voltage Sweeps

Representative current-voltage (I–V) characteristics for Pt/1.2 nm
Al2O3/7 nm TiOx/Cr/Pt devices obtained from continuous volt-
age sweeps in the range of ± 2.5 V with a sweep rate of ≈1 V s−1

are shown in Figure 1a. The voltage polarity is defined toward the
Pt electrode and each group of curves consists of ten switching
cycles. Measurements on two different device sizes of (60 nm)2

and (500 nm)2 are indicated by bright and dark colors, respec-
tively. The orange and red switching hysteresis show a gradual
SET behavior which results when the devices were cycled start-
ing from their insulating initial states, i.e., without prior electro-
forming. The I–V curves with gradual SET and gradual RESET
events exhibit a low variability of the resistance states, consistent
with the results reported in Refs. [32,33]. The SET process is ob-
served when a positive voltage signal is applied to the Pt Schottky
electrode, while a negative voltage results in a RESET. Compar-
ing the switching characteristics for the different device sizes, the
shape of the I–V curves is not affected, but the total current de-
creases significantly for the smaller devices. Quantitative analysis
of the area dependence of the read values for the a-HRS and a-
LRS taken at −0.5 V is shown by the red symbols in Figure 1b,
which include results from ten devices and 200 cycles each. A
perfect area scaling is confirmed by the red dashed lines fitted
to the data points with a slope of minus one in the plot (log R)
versus (log A). The small standard deviation of the mean values
indicates low variability from device to device and from cycle to
cycle. The stability of the area-dependent states for at least 6∙104

s at room temperature was confirmed by retention measure-
ments shown in Figure S1 (Supporting Information). In addition,
the reproducibility of the switching over 300 cycles is shown in
Figure S2 (Supporting Information).

In contrast, after an initial electroforming step at −3.5 ± 0.3 V
with a current compliance of 400 μA, represented by the grey
lines in Figure 1a, the 1st RESET is achieved by applying a pos-
itive voltage to the Pt electrode. Subsequently, abrupt SET and
gradual RESET events occur when a negative and a positive volt-
age is applied, respectively. This behavior, represented by the blue
curves in Figure 1a, corresponds to standard filamentary VCM-
type switching. The reading values, f-HRS and f-LRS, which were
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Figure 1. a) Filamentary switching for (500 nm)2 in dark blue and (60 nm)2 in light blue and area switching for (500 nm)2 in red and (60 nm)2 in orange
for Pt/1.2 nm Al2O3/7 nm TiOx/Cr/Pt (bottom to top) ReRAM devices. Voltage polarity is defined toward the Pt bottom electrode with ground potential
at the top electrode. b) Area dependence of the resistance states for filamentary (f) and area (a) switching read at |0.5| V in the respective RESET polarity.
The dashed lines represent linear fits to the data with a slope of zero and minus one for the f– and a–states, respectively. The error bars indicate the
scattering of the read values over 50 cycles for each state.

determined for devices with different area that were switched
with the same operation parameters are shown as blue symbols
in Figure 1b. The dashed horizontal blue lines fitted to the data
points with a slope of zero emphasize that the resistance states in
the filamentary mode are almost independent of the device area.
Therefore, the two switching modes shown in red and blue will
be discussed further as area (a-) mode and filamentary (f-) mode,
respectively.

2.1.2. Potentiation and Depression Behavior

In neuromorphic computing potentiation and depression prop-
erties describe the weight change of an artificial synapse by ap-

plication of trains of voltage pulses. To evaluate the potentia-
tion/depression behavior of the device in this study when oper-
ated in the different modes, successive voltage pulses with con-
stant pulse amplitude and a pulse width of 1 ms were applied
and the conductance state was read after each pulse. Devices
with an electrode area of (500 nm)2 were selected for this study.
The sequence of programming and reading pulses for the area
switching device is shown in Figure 2a above. For potentiation,
200 consecutive pulses of +2.2 V were applied. The conductance
of the device was measured after each pulse by applying a read
pulse of −1.0 V and 1 ms. For depression, 200 pulses of −2.2 V
were applied, and the conductance state was read in the same
manner as before. The resulting conductance for three repre-
sentative cycles of potentiation and depression, shown in the

Figure 2. Conductance of the device as a function of the number of applied pulses for a) the area mode and b) filamentary mode with the pulse delivery
scheme performed to evaluate the synaptic plasticity of the structure. c) Logarithmic time-voltage relationship of the SET event. The filamentary mode
(blue) shows a faster SET time with reduced pulse voltage associated with high variability of the switching times compared to the area mode, which
requires higher voltages and longer pulses for device with the same Al2O3 thickness of 1.2 nm (red) to obtain a resistance ratio of five. The switching
speed is further decreased for devices with increased Al2O3 thickness of 2 nm (dark red). The insets show the device stacks from the bottom to top: Pt
(grey) / Al2O3 (blue) / TiOx (yellow) / Cr (light grey) / Pt (grey), and the bright yellow color indicates the switching mode being either filamentary or area
dependent.
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lower plot of Figure 2a, demonstrate gradual resistance change
for the area switching device. However, this change is not lin-
ear, but shows a saturation-like behavior with a stronger con-
ductance change triggered by the first pulses of the two series.
Similar behavior has been described as soft-bound behavior[35–37]

and non-symmetric switching characteristics, since the conduc-
tance increases and decreases are not equal in magnitude and
both have different dependencies of the conductance of the de-
vice. Recently, researchers at IBM Research AI have successfully
demonstrated neural network training on arrays consisting of
such non-symmetric devices using a new algorithm called “Tiki-
Taka”.[38] Following this approach, Al2O3/TiOx-based device op-
erated in area mode show promise for neuromorphic computing
(NC) applications.

The sequence of programming and reading pulses applied to
the filamentary switching device is shown in Figure 2b above. For
potentiation and depression, 100 consecutive pulses of −1.1 V
were applied with 400 μA compliance current and +1.6 V, respec-
tively. The readout pulse was + 0.5 V and 1 ms. The conductance
measured for three consecutive cycles is shown in the graph be-
low. With the first potentiation pulse, the conductance jumps to
the final high conductance defined by the external compliance.
With the first depression pulse, the conductance returns to the
low conductance, with some variability occurring with repeated
pulses. For the given operation parameters, the behavior of the
filamentary switched Pt/Al2O3/TiOx/Cr/Pt device is character-
ized by abrupt SET and RESET events. For Al2O3/TiOx-based de-
vices operated in the filamentary mode the switching stochastic-
ity might be utilized to emulate an artificial synapse using multi-
ple ReRAM cells according to.[39] Following the intention of this
study, which is the comparison of the two switching modes in the
same device, the analysis is performed for a programming time
of 1 ms that is close to the timing of biological events. However, it
should be mentioned that rather linear potentiation/depression
characteristics can also be realized in filamentary switching de-
vices if the pulse width meets the transition time of the switching
event.[40,41]

2.1.3. SET Switching Kinetics

The dependence of the switching rate on the voltage and temper-
ature distribution in the ReRAM cell is controlled by the rate-
limiting step of the switching kinetics. It is widely accepted,
that in conventional filamentary memristive devices, positively
charged oxygen vacancies in the transition metal oxide layer are
attracted toward the negatively biased Schottky electrode, increas-
ing their concentration in the gap region between the conducting
filament and the Pt active electrode. A significant increase in lo-
cal temperature due to Joule heating accelerates this ion migra-
tion, resulting in extremely nonlinear SET kinetics in filamentary
devices.[34,42] The standard f–mode is therefore considered as ref-
erence for analyzing the SET kinetic behavior of the a–mode with
opposite switching polarity. For this mode, a switching mecha-
nism based on an area-dependent interfacial exchange reaction
of oxygen near the Pt active electrode combined with ion migra-
tion is discussed.[17,43–45] Despite different approaches, a direct
comparison of the switching kinetic behavior for the two differ-
ent modes, namely, the “abrupt, filamentary” and the “gradual,

interfacial” is difficult, because often devices of different dimen-
sions and various layer stacks are used for either case. Here, the
SET kinetic behavior of identical devices was measured on the
same sample and is discussed below. The standard filamentary
SET event is characterized by an abrupt current rise in response
to a voltage pulse of sufficient amplitude and width. In measure-
ments of transient current response, the delay time between the
voltage applied and the current rise is often defined as the SET
time.[46] In contrast, gradual SET events show a continuous cur-
rent increase for a given voltage pulse. In this case, SET events
are typically classified according to how long it takes to reach a de-
fined conductance when a specific voltage pulse was applied.[31,40]

The obtained SET kinetic behaviors for devices of size (500 nm)2

in terms of semi-logarithmic relationships between time and
voltage are shown in Figure 2c. The filamentary devices were pro-
grammed into an f-HRS in the range of (80 ± 30) kΩ before the
SET pulse was applied. The SET times were derived from these
transient current responses, which showed current increase of at
least a factor of ten. The SET times of the area switching devices
were determined from the widths of voltage pulses that changed
the resistance value of the device read at −0.5 V by a factor of five.
The width of the voltage pulses was changed in discrete steps,
and for each pulse width the pulse amplitude was increased until
the required resistance change was obtained. The statistical vari-
ation of the voltage that causes the required resistance change
for the given pulse width is considered by the error bars added to
the switching kinetic data of the a-type devices. In contrast, the
stochasticity of the SET event for the f-type devices is reflected
by the cloud of blue data points. Before the experiment, the de-
vices were switched 200 times using voltage pulses of alternat-
ing voltage of ± 2.0 V and 1 s pulse duration each. The a-mode
devices were programmed into a defined a-HRS in the range of
(200 ± 20) MΩ before the defined SET pulse was applied. RE-
SET pulses of 1 s duration and increasing voltage amplitude were
then applied when the resistance of the cell was below the defined
a-HRS value.

The plot of the SET kinetics in Figure 2c clearly shows that the
f-mode (blue) enables faster SET events at lower voltages com-
pared to the a-mode (red). Choosing the identical pulse length,
a gradual SET event in a-mode requires about twice the voltage
as an abrupt SET event in f-switching. According to the physi-
cal understanding of f-switching, the current through the device
is highly concentrated in the filament region and therefore, the
local current density can easily exceed the current density of a-
switching devices by orders of magnitude. Consequently, the fast
switching in filamentary devices is due to the current-induced
Joule heating and temperature-accelerated drift and diffusion of
oxygen vacancies caused by the high current density in the fil-
amentary region. Devices switched in a-mode with lower cur-
rent density for this reason, require voltage pulses with much
higher amplitude to achieve a SET event at the same time as f-
switching. Increasing the thickness of the Al2O3 tunneling bar-
rier from 1.2 nm (red symbols) to ≈2 nm (dark red symbols)
further shifts the SET kinetics curve to higher voltages. The
SET kinetics for the f-mode agrees well with the temperature-
accelerated drift and diffusion model of oxygen vacancies.[42] In
contrast, the SET kinetics of the Pt/Al2O3/TiOx/Cr/Pt devices
switched in a-mode is determined either by a field-driven ex-
change of oxygen ions across the interface near the Pt active
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Figure 3. a) Illustration of the device geometry for transmission X-ray spectromicroscopic characterization with a crossbar device on the free-standing
40 nm thick Si3N4 membrane. b) Microscope image of the device structure taken in transmission from the backside of the Si substrate through the
Si3N4 membrane window. The probe pads are outside the membrane. c) Electrical characterization of the Pt/Al2O3 (1.5 nm)/TiOx (7 nm)/Cr/Pt cell
taken prior to the spectromicroscopic analysis. The device of 2 μm x 2 μm size shows the typical area switching with a RESET into a-HRS and a SET into
a-LRS obtained for a voltage of negative and positive polarity applied to the Pt Schottky electrode, respectively. d) TXM image of the device set to a-LRS
taken at the Ti L-edge at a photon energy of 459.1 eV. e) Ti L-edge absorption spectra extracted from the energy image series of a device area defined by
the grey square for the device set to the a-LRS (pink) and to the a-HRS (black).

electrode or by ion movement in the Al2O3 interlayer, depending
on which process becomes the rate-determining step (RDS). The
latter has been identified by Siegel et al. as RDS for the SET events
in interfacial switching SrTiO3/interlayer/Pt devices, while oxy-
gen ion exchange at the interlayer/Pt interface is still assumed.[17]

In contrast to the amorphous films obtained by atomic layer de-
position in this study, the epitaxial SrTiO3 thin films were grown
by pulsed laser deposition. In such devices, nanoscale conducting
filaments were identified by scanning transmission electron mi-
croscopy and core-loss spectroscopy.[47] To obtain structural infor-
mation about the devices compared in this study, spectroscopic
studies were performed, which are explained and discussed
below.

2.2. Spectroscopic Investigations

2.2.1. Transmission X-Ray Microscopy (TXM)

For the near-edge X-ray absorption fine structure (NEXAFS)
TXM measurements, the total thickness of the sample was re-
duced to less than 100 nm to obtain a reasonable signal-to-noise
ratio. For this purpose, the stack itself was set to Ta (3 nm)/Pt
(15 nm)/Al2O3 (1.5 nm)/TiOx (7 nm)/Cr (5 nm)/Pt (15 nm) (from
bottom to top) and the cross bars were fabricated on Si substrates

with a 40 nm thick Si3N4 layer on top. The sample setup for TXM
characterization is schematically shown in Figure 3a. The bot-
tom and top lines are 2 μm wide and three crossbar devices are
positioned on the free-standing Si3N4 membrane obtained after
etching a defined window into the Si substrate from the backside
(see Figure 3b). Recent studies have shown that ReRAM devices
on freestanding Si3N4 membranes are sensitive to breakdown at
lower voltages compared to devices on Si bulk wafers.[48,49] There-
fore, the “TXM-devices” were fabricated with a slightly increased
Al2O3 thickness of 1.5 nm.

Devices Switched in Area Mode: Figure 3c shows several area
switching cycles measured for the device under study prior to
the spectromicroscopic analysis. The switching curves are su-
perimposed, indicating little variability from cycle to cycle. From
the recorded I–V-curves, a typical a-type switching is evident. As
a precaution, the maximum voltage for RESET and the maxi-
mum current for SET were limited to −2.3 V and 200 μA, respec-
tively. Under these conditions, stable reversible bipolar switching
was achieved between a-LRS and a-HRS with resistance values
of ≈450 kΩ and 30 MΩ, respectively, measured at a read volt-
age of −1.0 V. TXM measurements were performed on two de-
vices, and each device was programmed two times into the a-HRS
and the a-LRS before subsequent TXM data acquisition. In this
way, a total of four TXM images was taken for each condition.
Figure 3d shows a representative TXM image of a device in a-LRS

Adv. Electron. Mater. 2023, 9, 2300520 2300520 (5 of 15) © 2023 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH
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measured at a photon energy of 459.1 eV. The 2 μm × 2 μm
size cross-junction device area with the BE and TE lines can be
clearly distinguished due to the difference in total absorption,
which is due to differences in the layer stacks and thicknesses
(see Figure 3a for details). The layer stack below the TE appears
darker because TiOx absorbs strongly at this photon energy. All
four TXM images of the devices in a-LRS were carefully analyzed.
However, in none of the images for the devices in a-LRS could a
difference in local intensity be detected that could have indicated
local valence changes of TiOx corresponding to preferred current
paths. Therefore, the possibility of multiple conducting filament
scenario as reported in [50] and [51] is considered unlikely for the
Pt/Al2O3/TiOx/Cr/Pt devices of this study. This is true for a diam-
eter of the localized conducting filament larger than ≈30 nm. The
TXM results agree well with the area switching behavior in the
Pt/Al2O3/TiOx/Cr/Pt devices observed without an electroform-
ing step.

By extracting NEXAFS spectra from energy image series ac-
quired by TXM, chemical identification of the species can be
performed. For the device programmed in a-LRS and a-HRS,
Figure 3e shows representative spectra in pink and black, re-
spectively, taken from the region marked by the grey square in
Figure 3d. Both spectra show the typical Ti-L edge absorption
caused by the excitation of electrons from the 2p to the 3d level.
Four well-separated main lines are observed, which are due to
the spin-orbit splitting into L2 and L3 lines and the crystal-field
splitting into t2g and eg lines in octahedral symmetry. The ab-
sorption spectrum of the Ti-L edge shows distinct features for
the different phases of stoichiometric TiO2, reduced TiO2-x, and
Magnéli phases TinO2n-1 (n > 2).[52] Comparison with literature
reveals good agreement of both spectra with the amorphous and
anatase TiO2 phase. Characteristically, the spectral features are
broad and smooth with a higher intensity of the (Ti L3, eg) peak
compared to the (Ti L3, t2g) peak. However, the differences be-
tween amorphous and anatase TiO2 are subtle. The crystalline
phase shows sharper absorption peaks, this means an increased
first (Ti L3, t2g) and third (Ti L2, t2g) main peak (at 458 and
463 eV), as well as stronger crystal field splitting compared to
the amorphous structure. In addition, for anatase TiO2 a strik-
ing splitting of the second main peak ((Ti L3, eg) at 460.5 eV)
is expected due to a distortion of the Ti site from octahedral to
tetragonal symmetry.[53,54] Such features are observed in the spec-
tra in Figure 3e, although slightly attenuated. This indicates high
structural disorder, as expected for amorphous TiOx. Therefore,
we assign the chemical nature of the TiOx layer in the area switch-
ing Pt/Al2O3/TiOx/Cr/Pt devices to amorphous TiOx with a small
contribution from the anatase phase. This result agrees well with
previous structural analyses of TiOx thin films grown by a ther-
mal ALD process from TDMAT and H2O using X-ray diffrac-
tion and grazing incidence total X-ray scattering in combination
with pair distribution function analysis.[55] The spectra shown in
Figure 3e don’t reveal any clear differences between the a-HRS
and a-LRS of the device. Minor deviations are caused by slight
variations of the experimental conditions during a measurement.
Moreover, no differences can be observed between the spectra
from the device region and from the region below the top elec-
trode, which is the reference for the deposited Al2O3/TiOx/Cr/Pt
layer stack. In total, the NEXAFS spectra extracted from the en-
ergy image series acquired by TXM do not show any character-

istic features that could be assigned to one of the two resistance
states, a-LRS or a-HRS, of the area switching process. There were
no measurable structural changes in the TiOx film when the de-
vice was switched in the a-mode. The consistent conclusion is
that the TiOx film remained in its amorphous as-deposited state
during a-switching of the device. Considering a crystallization
temperature of the TiOx film of ≈670 K it is summarized that no
strong Joule heating can be involved in the a-switching process.

Devices Switched in Filamentary Mode: For comparison, also
f-switching devices have been analyzed. All samples for TXM in-
vestigation were fabricated in the same way as before. The only
difference in device operation is the electroforming step applied
prior to the typical f-switching, which for the device of this TXM
study is shown in Figure 4a), with values of the f-HRS and f-LRS
at 0.5 V being ≈90 and 6 kΩ, respectively. The TXM measure-
ments were performed operando. Figure 4b shows a represen-
tative TXM image of the device in f-LRS for a photon energy of
459.1 eV. The film thickness and elemental mass have a strong
effect on the attenuation of the signal due to absorption. There-
fore, the cross junction, the BE and TE layers, and the pure Si3N4
membrane outside of the device can be clearly identified from
the different grey tones. On the right side of the vertically ex-
tending TE is a vertical bar that has slightly darker grey tones
than the BE and Si3N4 membrane that follow to the right. Ad-
ditional analysis by electron microscopy revealed that this verti-
cal bar consists of TiOx material left over after etching the TE
due to non-ideal vertical side walls. For the TXM analysis, this
imperfect structuring allows interesting observations because it
provides information about a TiOx film that is close to the cross
junction but was not exposed to an electric field due to the lack
of TE. Chemical analysis is performed using NEXAFS spectra ex-
tracted from energy image series acquired by TXM. In addition,
principal component analysis (PCA) suggests dividing the device
into three distinct components, the local distribution of which is
shown in Figure 4c–e. The figures show the region near the lower
right corner of the device. The first component (green) represents
the average TiOx layer in the whole area of the device, abbreviated
by “D”. Figure 4c shows that this component is evenly distributed
up to the edges of the crossbar junction. The second component
(blue) appears mainly in a region of ≈1 μm in diameter near the
lower right corner of the device (see Figure 4d)). The third com-
ponent (pink) shows a strong contrast locally limited to an area
with a diameter of ≈50 nm (see Figure 4e). Data from the corre-
sponding regions, i.e., device “D”, halo “H”, and filament “F” (see
Figure 4b), were extracted to obtain the X-ray absorption spectra
and identify the specific phases. The corresponding Ti absorp-
tion spectra in Figure 4f show significant variations. The green
spectrum is representative of device region “D” as well as por-
tions of the remaining TiOx on the TE sidewall. This spectrum
corresponds to the TiOx amorphous phase and is very similar to
the spectrum shown in Figure 3e for the device immediately after
fabrication.

Characteristic features are the broad and smooth spectral fea-
tures, a higher intensity of the (Ti L3, eg) peak compared to the
(Ti L3, t2g) peak, and the absence of the splitting of the (Ti L3,
eg) peak. In contrast, the blue spectrum extracted from the blue
rectangle inside the larger circular halo-like “H” region and out-
side the TE shows typical features of crystalline TiO2, especially
a slight broadening of the (Ti L3, eg) peak, indicating distortion
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Figure 4. a) Electrical characterization of the Pt/Al2O3/TiOx/Cr/Pt cell before spectroscopic measurements. After electroforming, the device shows
typical filamentary VCM-type switching. b) TXM image of the device in f-LRS acquired at the Ti L-edge at a photon energy of 459.1 eV. c–e) Components
maps at the Ti L-edge enabling the identification of regions of amorphous TiOx, rutile-type TiO2 and reduced TiO2-x. f) Near-edge X-ray absorption fine
structure (NEXAFS) spectra of the different locations (marked in b) of the titania layer in the filamentary switching ReRAM device, recorded at the Ti L23
edge. The ranges of the t2g- and eg-related peaks at the L3 and L2 edge are indicated.

of the TiO6 octahedron.[56] Based on the broadened peak shape,
the respective type of octahedral distortion and thus the phase of
the TiO2 can be distinguished. Here, the peak has a shoulder at
lower energy, which is typical for the rutile phase of TiO2 with
tetragonal distortion of the TiO6 octahedron.[57,58] Furthermore,
the intensity of the (Ti L3, t2g) peak compared to the (Ti L3, eg)
is stronger. Spectra from different regions inside the halo “H”
are compared in Figure S3a–c (Supporting Information). Sum-
marizing, region “H” can be clearly assigned to rutile-type TiO2
phase. The pink and the purple spectrum from the filamentary
region “F” in Figure 4b differ clearly from the other two spectra.
In addition to a significant shift of the broad Ti L2,3 peaks toward
lower photon energy, new features appear ≈456 and 461.5 eV.
This is consistent with the presence of a partially reduced phase
containing Ti3+.[7] Even more pronounced is the merger of the
crystal field-split doublet pairs (eg and t2g), indicating lower local
symmetry. A mixed valence composition of Ti3+ and Ti4+ exhibits
broader features compared to pure Ti4+ phases, which can be at-
tributed to core shifts of the Ti3+ levels as well as overlap and in-
creasing number of allowed transitions in the Ti3+ phases.[59,60]

Therefore, region “F” can be assigned to reduced titanium ox-
ide. Comparison with spectra reported in the literature for the
different TiOx and TinO2n-1 (n > 2) phases[53] leads to the conclu-
sion that the pink and purple spectrum in Figure 4f are close to
that of the Ti4O7 phase. Spectra of the filament region were mea-
sured for the device switched into f-LRS (pink) and f-HRS (pur-
ple). However, due to the small volume of the filament region

and the low signal-to-noise ratio which is due to the small area
of only 9 image pixels from which the spectrum was extracted,
no robust differences could be identified for the different resis-
tance states. In addition, attention should be paid to the area size
of the different regimes. Filament “F” of reduced TiO2-x phase
is confined to a region of ≈50 nm diameter surrounded by a re-
gion “H” of rutile-type TiO2 of ≈1 μm diameter. No additional
features were detected for this 4 μm2 device made of an amor-
phous TiOx layer (“D”). The electroforming process, which the
device has been subjected to prior to the filamentary switching,
is understood as a soft local breakdown event characterized by
increased electronic current, local heating and an increased oxy-
gen ion drift and diffusion in the heated regime and under the
applied electric field. Under these conditions, a local conductive
filament is formed in the amorphous TiOx matrix. For filament
formation, a negative voltage was applied to the active Pt electrode
and the Cr top electrode was grounded (see Figure 4a). Under the
electric field, positively charged oxygen vacancies form near the
Cr electrode and drift toward the Pt electrode. This proves to be
a self-accelerating process, as the current-induced Joule heating
makes an additional contribution. The observed structural fea-
tures shown in Figure 4 illustrate the result of this process, which
consists of a ≈50 nm size filament from reduced titanium ox-
ide surrounded by crystallized rutile-type TiO2 with a diameter
of ≈1 μm. In previous annealing studies of the amorphous TiOx
films grown by thermal ALD crystallization into the rutile phase
was obtained at temperatures ≈670 K. For this, it can be inferred
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Figure 5. a) HAADF-STEM image of the filamentary switched Pt/Al2O3/TiOx/Cr/Pt device taken in a regime of ≈120 nm × 120 nm around the conductive
filament. b) Color-coded spatial distribution map of the four components of the Ti L-edge which are determined by means of non-negative matrix
factorization (NMF) and clustering analysis and c) the four corresponding Ti L-edge component spectra. d) Spatial distribution map of the CrOx signal
corresponding to the black spectrum shown in e), which is obtained after the decomposition of the components at the Cr L-edge. In this spatial map
of a single component, dark and light grey colors represent low and high concentrations, respectively. e) Cr L-edge component spectra obtained by
NMF and clustering. The three components orange, red and brown refer to metallic chromium, while the shifted peak of the component drawn in black
corresponds to chromium oxide.

that the area “H” surrounding the filament “F” was exposed to
temperatures higher than this by dissipating the heat generated
during the electroforming event. Equivalent results have been re-
ported by Meng et al. for TaOx.

[61] Here, the even stronger crys-
tallization observed at the edge of the TE where the TiOx was not
covered by the Pt TE is understood from a slower heat dissipation
due to reduced heat transport.

2.2.2. Scanning Transmission Electron Microscopy (STEM-EELS)

Devices Switched in Filamentary Mode: The device pro-
grammed into the f-LRS was also chemically analyzed by STEM
combined with electron energy loss spectroscopy (EELS), which
provides a higher spatial resolution compared to TXM and
further enables the chemical analysis of the chromium oxida-
tion state. Figure 5a shows the high-angle annular dark-field
(HAADF)-STEM image of the filamentary regime “F” with its
surrounding, which is basically the “H” region (cf. Figure 4b,e).
Despite the overlapping granular microstructure of the Cr/Pt TE,
a slightly dark spot can be seen in Figure 5a (highlighted by the
white arrow), indicating microstructural changes in the device.

Here, non-negative matrix factorization (NMF) followed by clus-
tering was used to decompose the distinct spectra from the noisy
EELS map for each local position in the HAADF-STEM image. In
total, four components were identified, and the resulting color-
coded distribution map of the four decomposed components of
the Ti L-edge is shown in Figure 5b. The corresponding Ti L-
edge spectra in their respective color are shown in Figure 5c.
Due to the limited energy resolution of EELS measurements, the
crystal field-split doublet pairs (eg and t2g) cannot be resolved.
However, the peaks representing the merging of the eg and t2g
peaks also show a significant shift in the four components. From
Figure 5b, it appears that the region outside the filament (i.e. “H”)
is dominated by the orange and red components, which have
peak maxima at higher electron loss energies corresponding to
a higher titanium valence state compared to the brown and blue
components. This agrees well with the results of TXM analysis,
which identifies a rutile-type TiO2 phase in the “H” region near
the filament. The filament region itself (marked by the white ar-
row in Figures 5a,b,d is dominated by the blue and brown com-
ponents characterized by peaks at lower electron loss energies
corresponding to reduced TiO2-x, also in agreement with the TXM
results. From the HAADF-STEM image (Figure 5a) combined
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with the component analysis map (Figure 5b) the diameter of
the conductive filament is confirmed to be slightly smaller than
≈50 nm.

In addition, the Cr L-edge of the Pt/Al2O3/TiOx/Cr/Pt device
was investigated and analyzed by the same method applied to Ti
L-edge. Figure 5d shows the spatial intensity distribution map
for one component that corresponds to the black spectrum in
Figure 5e. In the spatial distribution a high and low amount is
represented by brighter and darker grey color, respectively. From
the comparison of the spatial distribution maps in Figure 5b,d it
is visible that an increased amount of the chromium compound
corresponding to the black spectrum in Figure 5e is located at the
outer periphery of the filament perimeter. Figure 5e displays the
four components which were identified for the Cr L-edge. The
red, orange, and brown spectra can be correlated to Cr metal,
with the maximum of the L3 and L2 peaks at 577.5 and 586.0 eV,
respectively, in agreement with the literature.[62] Again, the mi-
nor differences between these components can be attributed to
differences in microstructure such as thickness of the remain-
ing top electrode. In contrast, the black component shows a clear
shift of 1 to 2 eV to higher binding energies and corresponds to a
higher chromium valence state equivalent to a signature of CrOx.
The increased intensity of this compound at the edge of the fil-
ament’s perimeter can be attributed to the electroforming and
filamentary switching process: The oxygen vacancy formation in
the TiOx layer close to the Cr electrode is due to an oxygen ion
transfer from the TiOx to Cr, resulting in chromium oxide.

Nanoscale chemical analysis using TXM, and STEM clearly
shows a filamentary region formed in a Pt/1.5 nm Al2O3/7 nm
TiOx/Cr/Pt device of 2 μm × 2 μm size after an electroforming
process and filamentary resistive switching. The filament with a
diameter slightly smaller than ≈50 nm is surrounded by rutile-
like TiO2 with a diameter of ≈1 μm. Signatures of CrOx are ob-
served in the Cr electrode adjacent to the TiOx layer laterally con-
fined to the outer perimeter of the TiO2-x-based conductive fila-
ment. The spectromicroscopic analysis uncovers microstructural
and -chemical changes of the device stack which are attributed
to effects of local Joule heating caused by the high current den-
sity in the filament region. This proves that temperature accel-
erated local oxygen ion transfer from the TiOx switching layer
to the Cr oxygen exchange electrode is an important process ac-
companying the filament formation step. It should be noted that
the observed local changes are mainly of chemical and struc-
tural nature, with very little morphological impact. In contrast to
the filamentary mode, neither local nor lateral chemical changes
were observed in the area switching device, where the TiOx film
remained in its amorphous state as it was deposited. The area
switching mode is therefore further analyzed in terms of the elec-
tronic conduction mechanism.

2.3. Electronic Conduction Mechanism

From previous work on f-switching Pt/TiOx/Ti/Pt devices, it is
known that electronic transport occurs via the conduction band
due to the shallow defect states of the oxygen vacancies in TiOx.

[63]

The resistive switching in these devices is an effect of the change
in tunnel distance due to a variation in oxygen vacancy concentra-
tion causing different Schottky barrier screening lengths.[32,64] In

this study, the area-dependent switching of Pt/Al2O3/TiOx/Cr/Pt
bilayer devices is investigated. The oxide double layer device con-
sists of a 1.2 nm thick Al2O3 and a 7 nm TiOx layer, which serve
as tunneling barrier and n-type semiconductor, respectively. The
insulating properties of the Al2O3 film by PE-ALD and the semi-
conducting behavior of the TiOx film by thermal ALD have been
demonstrated in previous studies.[65,66] However, the open struc-
ture of the 𝛾-alumina phase still allows exchange of oxygen ions
across the Al2O3/TiOx boundary as well as oxygen ion diffusion
through the Al2O3 thin layer.[63] The area scaling of the resistiv-
ity values for the pristine state and for a-LRS and a-HRS (see
Figure 1b) shows that the conductivity can be averaged over the
device area, which allows a continuous description of the elec-
tronic transport. Thus, a model system is constructed from the
exact material stack, namely, a high work function Pt electrode,
a 1.2 nm Al2O3 tunneling barrier, a 7 nm thick semiconducting
TiOx layer, with the voltage applied to the Pt electrode. This layer
stack can be considered as a metal-oxide-semiconductor (MOS)
capacitor, which allows the energy bands to be described analo-
gous to a MOS capacitor in depletion mode, e.g., ref. [67]. The
screening charge in the TiOx layer is calculated as

QTiOx = Acell

√
2𝜀0 𝜀r,TiOx 2

[
VO

]
𝜓s = Acell 𝛽

√
𝜓s (1)

with the cell size Acell, the vacuum permittivity ɛ0, the relative per-
mittivity of the semiconducting material ɛr,TiOx, the concentration
of two times positively charged oxygen vacancies [VO], and the en-
ergy 𝜓 s at the interface between Al2O3 and TiOx. Due to charge
accumulation according to Equation (1), the Al2O3 film acts as a
capacitor dielectric with a capacitance of

CAl2O3
= Acell

𝜀0𝜀r, Al2O3

dAl2O3

(2)

with the relative permittivity 𝜀r, Al2O3
and the thickness dAl2O3

of
the Al2O3 layer.

The applied voltage V equals the sum of all contributions

V =
(𝜙Pt − 𝜙TiOx)

e
−

QTiOx

CAl2O3

−
𝜓s

e
(3)

where ϕPt and ϕTiOx denote the work functions of the two elec-
trodes and e the electron charge.

Solving Equations (1–3) for 𝜓 s leads to

𝜓s(V) =
⎛⎜⎜⎝−

e𝛽Acell

2 CAl2O3
+

√√√√−eV + 𝜙Pt − 𝜙TiOx +
e2A2

cell 𝛽
2

4C2
Al2O3

⎞⎟⎟⎠
2

(4)

with 𝛽 =
√

2 𝜀0 𝜀r,TiOx 2[VO] .
From 𝜓 s the width of the depletion zone in the TiOx is calcu-

lated by

ddp(V) =
𝛽
√
𝜓s(V)

2 [VO] e
(5)

The potential drop is approximated as parabolic within the de-
pletion zone ddp (V) in the TiOx layer and linear in the Al2O3 layer,
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whereby VAl2O3
=QTiOx

/CAl2O3
denotes the total voltage drop in the

Al2O3. The internal potential determines the bending of the con-
duction band EC, but it requires consideration of the offset EC,offset
in the conduction band at the interface between the two oxides,
which is given by the difference in the oxides’ electron affinities
(𝜒Al2O3

− 𝜒TiOx
). In the following, the position z = 0 is set to the

interface between Pt and Al2O3. This results in the description
for conduction band at each voltage

EC (z) =

⎧⎪⎪⎨⎪⎪⎩
Et + 𝜓s ⋅

(
z−ddp(V)−dAl2 O3

)2

(ddp(V))2 dAl2O3
< z < ddp + dAl2O3

Et + 𝜓s + EC,offset − eVAl2O3
⋅

(
dAl2 O3

−z
)

dAl2 O3

0 < z < dAl2O3

(6)

Here, Et describes the position of the equilibrium Fermi-level.
With the barrier defined, the current transport through tunneling
can be calculated using the Tsu–Esaki-formalism

I = A cell ⋅
4𝜋me e

h3

Emax

∫
Emin

Tr(E)N(E) dE (7)

with the electron mass me and Planck’s constant h. The trans-
mission probability is calculated from the Wentzel–Kramers–
Brillouin (WKB) approximation

Tr(E) = exp

(
−
√

2𝜋2 mt

h2 ∫
√

EC (z) − E dz

)
(8)

The thermal activation at each energy E is given by the supply
function N(E), and mt defines the electron tunneling mass.[68–70]

From this, the oxygen vacancy concentration [VO] as state variable
is fitted to the experimental data. All other input parameters are
taken from literature values listed in Table 1.

To only examine the electronic transport in the experiments,
it must be decoupled from the ionic motion, i.e., a change in
[VO]. Therefore, [VO] must be approximately frozen for the electri-
cal characterization. This can be achieved by analyzing the elec-
tronic current with short voltage signals that are too short in time
to trigger vacancy migration. This type of measurement is re-
ferred to as “extended I–V”-characterization.[75] The I–V half cy-
cles shown by the solid lines in Figure 6a represent the RESET
branches obtained from continuous I–V cycling of a (500 nm)2

device switched in the area mode between 2.5 and −2.5 V for the
SET and the RESET, respectively (see Figure 1a) for comparison).
In addition, the I–V characteristic of the device in the a-LRS was

Table 1. List of the material parameters.

TiOx Al2O3 Pt

d 7.0 nm 1.2 nm

ɛr 8.0[71] 2.2a)[72]

mt 0.25·me
[73]

Et 0.1 eV[63]

𝜒 3.9 eV[74] 2.6 eV[73]

ϕ 5.84 eV[74]

a)
for thin films of <2 nm thickness.

probed by voltage pulses of 25 μs width which aren’t sufficiently
long to initiate further resetting of the device. The resulting “ex-
tended I–V” characteristics shown by the red dots in Figure 6a)
represents the purely electronic current response of the device.
Here the data points give the current values which result from
averaging in the range from 10 to 15 μs for the applied voltage
pulse. Figure 6b) summarizes the extended I–V characteristics
for the device programmed into four different states, two a-LRS,
namely, 700 kΩ and 2 MΩ, and two a-HRS, namely, 20 MΩ and
40 MΩ, shown by red squares, orange circles, grey triangles, and
black triangles, respectively.

The I–V dependence of the area switched device is calculated
using the current transport model and the material parameters
listed in Table 1, with the oxygen vacancy concentration in the
TiOx depletion region being the only completely free parame-
ter for the fit. The fits in Figure 6b show promising results as
they qualitatively predict the curvature and trajectory of the I–
V branches correctly. This clearly shows that the oxygen vacancy
concentration in the TiOx layer serves as a state variable for the
area-type switching in Pt/Al2O3/TiOx/Cr/Pt devices. The [VO] val-
ues in the TiOx layer used to match the different resistance states
are 1.45·1025, 1.65·1025, 2.1·1025, and 2.8·1025 m−3. This result in-
dicates that a change of [VO] by about a factor of two in the de-
pletion region of TiOx near the Al2O3 tunnel barrier is sufficient
to change the average resistance value of the device by a factor of
>50. Baeumer et al. reported the effect of redox-induced Schot-
tky barrier variation for filamentary switching with the same po-
larity in graphene/SrTiO3/Nb:SrTiO3 devices. With a thickness
of the undoped SrTiO3 film of 20 nm, the authors found a fila-
ment diameter of ≈500 nm and donor concentrations in the near-
interface region of ≈3 × 1026–8 × 1026 m−3.[49] The observation
of resistive switching at donor concentrations which are by al-
most a factor of 30 lower compared to the multifilamentary sys-
tem might stem from the area-dependent nature of the resistive
switching for the devices in this study. This is consistent with the
clear area dependency, the absence of any detectable microstruc-
tural features, and with the proposed current transport model.

To investigate the current path at different voltages, the con-
duction band as a function of the z-position (blue lines) and the
spectral current density as a function of the energy are plotted
together in Figure 6c–h for two states with oxygen vacancies con-
centrations of 1.65·1025 m−3 (c) to e), grey lines) and 2.8·1025 m−3

(f) to h), red lines) and three voltages of 0.5 V, 1.5 V and 2.5 V
(from bottom to top) each. The spectral current describes the frac-
tion of current at each energy. The graphs in Figure 6e,h show
that a tunneling process through the depletion zone in the TiOx
is the dominant transport mechanism at low to medium volt-
ages for both values of [VO]. This is also the region of read volt-
age for these devices. At increased voltages, the tunneling level
shifts to higher energies until the Al2O3 band offset is reached
(see Figure 6d,g,c,f). As a result, at high voltages, tunneling oc-
curs through the Al2O3 for all concentrations. In summary, the
resistance changes in the Pt/Al2O3/TiOx/Cr/Pt devices switched
in area mode are caused by a broadening and enlargement of
the depletion zone in the TiOx near the Al2O3 tunneling barrier.
The latter limits the maximum total current at high applied volt-
ages. Comparable results based on the idea that a change in local
donor concentration represented by oxygen vacancies bends the
band structure and affects the resistance have been reported for
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Figure 6. a) I–V curve of negative polarity for a (500 nm)2 device switched in the area mode (red line) and an extended I–V characteristic (circles).
b) Extended I–V measurements for negative polarity given by the symbols for two a-LRS (700 kΩ and 2 MΩ) and two a-HRS (20 and 40 MΩ) fitted
by different concentrations of oxygen vacancies (colored lines). c–h) Conduction band energy versus position (blue lines) and spectral current density
versus energy for two states with oxygen vacancies concentrations of 1.65·1025 m−3 (grey lines) and 2.8·1025 m−3 (red lines) and three voltages of 0.5,
1.5, and 2.5 V with the dashed black line indicating the quasi-Fermi-level in the Pt electrode.

different bilayer VCM devices made from a tunnel oxide
and a n-type conducting oxide, such as TiO2-x, SrTiO3-x, and
NbOx.

[17,23–24,63,76] In addition, Sommer et al.[77] investigated the
effects of oxygen exchange between the two layers for a bilayer
VCM cell consisting of a tunnel barrier and a highly doped con-
ductive semiconductor employing a drift and diffusion model
for electrons and oxygen vacancies. Oxygen exchange between
the oxide layers was found for a low ion migration barrier in
the tunnel oxide. This is consistent with the behavior of the
Pt/Al2O3/TiOx/Cr/Pt devices in this study, where the calculations
predict a change in [VO] between a-HRS and a-LRS less than
1.35·1025 m−3. At this small value of donor concentration, screen-
ing in the Al2O3 tunnel oxide does not occur. Thus, the tunnel
barrier remains constant, as shown in Figure 6, and band bend-
ing takes place in the semiconducting TiOx layer, resulting in the
observed polarity of the switching hysteresis.

2.4. Discussion

Two switching modes have been identified in the same
Pt/Al2O3/TiOx/Cr/Pt bilayer device consisting of amorphous

films deposited by ALD, namely, a thin Al2O3 tunnel oxide and a
semiconducting TiOx layer. The modes differ by their area depen-
dence of the resistance values in HRS and LRS, by the character-
istics of the SET event, and by the polarity of the switching hys-
teresis. Devices that have not been subjected to an electroforming
step exhibit gradual switching behavior for SET and RESET with
a distinct area scaling of the resistance values in a-HRS and a-
LRS. The SET event is triggered by a positive voltage applied to
the Pt electrode. In contrast, devices that have subsequently un-
dergone an electroforming step exhibit typical filamentary VCM-
type resistive switching behavior with a more abrupt SET event
occurring at negative voltage applied to the Pt Schottky electrode.
The investigated material stack is ideally suited for fundamental
studies on these two intensively discussed switching modes for
several reasons: first, the two modes can be clearly distinguished
by the application or non-application of an electroforming step;
second, the memristive cells show reasonable switching stabil-
ity in both modes; and third, the Ti L23 edge is readily accessible
for spectroscopic studies. Here, the structural and chemical pro-
cesses involved in the two switching processes have been investi-
gated using operando spectromicroscopic techniques. The study
is complemented by the analysis of the SET kinetic behavior of

Adv. Electron. Mater. 2023, 9, 2300520 2300520 (11 of 15) © 2023 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH
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Figure 7. Comparison of the switching mechanism in standard filamentary mode with an abrupt SET event occurring for a negative voltage signal applied
to the Pt active electrode and area-dependent switching with opposite polarity and quasi-analog behavior.

the different switching processes and the electronic conduction
mechanism of the area switching devices.

For the device of 2 μm × 2 μm size switched in the filamen-
tary mode, analysis of the NEXAFS spectra collected at the Ti
L23 edge allowed identification of a filament of reduced TiO2-x
phase with a diameter of ≈50 nm, which is centrosymmetric sur-
rounded by crystalline rutile-type TiO2. This finding is supported
by EELS data combined with the principal component analysis
method. The temperature gradient from the filament to the sur-
roundings can be estimated from the spatial extent of the rutile
phase with a diameter of ≈1 μm, which results from local heat-
ing the 7 nm thin amorphous TiOx layer to temperature of at least
670 K required for crystallization. This proves that Joule heating
is a prerequisite for filamentary switching in these Al2O3/TiOx
layer stacks. These results are in good agreement with the stan-
dard filamentary VCM-type switching behavior described by a
temperature-accelerated drift and diffusion of oxygen vacancies
in the filament disk region. The switching properties as well as
the measured SET kinetics are properly described by the physical
JART v1b model.[78]

In contrast, TXM/NEXAFS analysis of the area switched de-
vice showed only signatures of amorphous titanium dioxide with
no evidence of local structural or phase changes and with no sig-
nificant changes in Ti L-edge absorption spectra for the devices
set to either a-LRS or a-HRS. Therefore, extended I–V curves of
a device in different a-HRS and a-LRS states were analyzed in
terms of their electronic conduction mechanism. Due to the full
area scaling, the numerical calculation could be simplified to a
one-dimensional geometry. The Pt/Al2O3/TiOx/Cr cell is consid-
ered as a MOS capacitor in the depletion mode. The numerical
calculations of the electronic current are performed with the oxy-
gen vacancy concentration in the TiOx layer serving as the state
variable. Good agreement between the calculations and the ex-
tended I–V measurements is obtained for values of [VO] between

1.45·1025 and 2.8·1025 m−3 for the studied a-HRS and a-LRS, re-
spectively. This shows that a change in donor concentration by
≈1.35·1025 m−3, changes the resistivity values at read voltage by
a factor of ≈50, which is due to a change in band bending of the
TiOx layer near the Al2O3 interface. Given the low oxygen vacancy
concentration on the order of 1025 m−3 and the small change by
a factor of two due to switching, the operando spectroscopy anal-
ysis on the area switching devices could not reveal any change
in the measured TXM spectra upon switching due to the resolu-
tion limits. The results described are consistently summarized in
the schematics shown in Figure 7. Area mode switching (red hys-
teresis) can be realized in memristive bilayer devices, where one
oxide serves as a tunneling barrier and the other oxide as highly n-
doped conducting semiconductor. Switching is accomplished by
broadening and enlarging the depletion zone of the semiconduc-
tor layer (TiOx) near the tunnel barrier (Al2O3). The low oxygen
vacancy concentration on the order of only 1025 m−3 is consistent
with screening happening exclusively in the TiOx layer, preserv-
ing the polarity of the area mode. Area scaling allows the resistor
values to be matched to the desired circuit properties by device
scaling.

The slower SET kinetics of the area-mode compared to the fil-
amentary switching is attributed to the absence of Joule heating.
This is confirmed by the results from spectromicroscopic anal-
ysis and the observation of a retained amorphous TiOx phase.
The resistance ratio achieved for quasi-analog switching in the
Pt/Al2O3/TiOx/Cr/Pt devices is limited by the maximum RESET
voltage that can be applied for the area mode prior to the on-
set of an electroforming event. Therefore, electroforming can
be considered as a failure mechanism for the area-dependent
switching. Due to the stochastic nature of electroforming events,
the required voltage increases with decreasing defect density,
increasing film thickness, and decreasing device area (see also
Figure 1a).[79,80] Therefore, it is proposed that bilayer VCM-type

Adv. Electron. Mater. 2023, 9, 2300520 2300520 (12 of 15) © 2023 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH
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devices of smaller dimensions are better suited for stable quasi-
analog resistive switching in area mode. Since the Debye screen-
ing length is a function of film thickness, relative permittivity,
and defect density, these parameters essentially define the de-
sign space of devices with gradual area switching.[77] For the
Pt/Al2O3/TiOx/Cr/Pt devices investigated in this study, negligi-
ble band bending of the Al2O3 tunnel barrier is due to a quite
small concentration of exchanged oxygen vacancies on the order
of 1025 m−3. Calculation of the spectral current density using the
Tsu-Esaki-formalism revealed that the resistance ratio of a-HRS
to a-LRS can be influenced by the choice of the optimal read
voltage. An electroforming event results in filamentary switch-
ing (blue hysteresis in Figure 7). The influence of Joule heating
for filamentary switching became obvious from the morpholog-
ical changes observed in the surrounding of the filament. Based
on the comprehensive characterization of the devices, the dif-
ference in SET kinetics between filamentary and area switching
(c.f. Figure 1c)) can be clearly attributed to the influence of the
locally generated heat in the filament, especially since identical
cells were used. Changing the Al2O3 tunnel oxide from ≈1.2 to
2 nm thickness causes an increase in the SET time which is at-
tributed to an increased voltage drop across the thicker tunnel
barrier. This raises the question by which effective voltage the
oxygen vacancy exchange at the oxide-oxide interface is accurately
described.

3. Conclusion

In this study, the filamentary and area switching mode in
Al2O3/TiOx-based devices are directly compared utilizing the
same physical cells at various sizes. Abrupt and gradual switch-
ing are correlated with the filamentary and area mode, respec-
tively. For filamentary switching a localized region like Ti4O7 with
≈50 nm in diameter surrounded by crystalline rutile-like TiO2 is
identified, which confirms the effect of Joule heating in standard
filamentary VCM-type devices with a fast SET kinetics. In con-
trast, TXM results of cells switched in area-mode showed that the
TiOx film was preserved in its amorphous phase, confirming that
the local temperature did not exceed the crystallization tempera-
ture of ≈670 K. A negligible effect of Joule heating comes with a
slower SET kinetics. Analysis of the electronic conduction mech-
anism of area-dependent states proposes a modulation of the ef-
fective tunnel barrier width due to oxygen ion reconfiguration
at or a transfer across the Al2O3/TiOx interface. A prerequisite
for stable switching and self-limitation of the maximum current
is a tunnel barrier with high dielectric strength and a negligible
change of the band structure due to exchange of oxygen vacan-
cies. These observations define the requirements for the design
of quasi-analog type memristive devices based on area dependent
VCM switching. In addition, the quasi-analog switching VCM de-
vices are promising for energy-efficient neuromorphic comput-
ing applications due to their area-scalable resistance values with
low variability.

4. Experimental Section
Fabrication of Micro- and Nano-Cross Point Devices: The crossbar de-

vices consist of Ta (5 nm) / Pt (25 nm) / Al2O3 (1 – 2 nm) / TiOx (7 nm)

/ Cr (5 nm) / Pt (15 nm) structures with sizes of 4·10−3–9 μm2 grown
on SiO2/Si substrates. The 25 nm thick Pt bottom electrode (BE) was
obtained from sputter deposition, patterning by e-beam lithography for
nanostructures and optical lithography for microstructures and structur-
ing by reactive ion beam etching (RIBE). Subsequently, ultrathin metal ox-
ide layers were grown by atomic layer deposition (ALD) in a FlexAL ALD
Tool of Oxford Plasma Technologies. Al2O3 layers of 1.2, 1.5, and 2 nm,
and a TiOx layer of 7 nm thickness were obtained from trimethyl aluminum
(TMA) and O2-plasma, and tetrakis(dimethyl-amino) titanium (TDMAT)
and H2O vapor, respectively. The growth rates in the unit of growth per
cycle for the TiOx and Al2O3 films deposited at 250 °C were ≈0.035 and
0.1 nm/cycle, respectively. The thickness of the individual layers grown in
this study was controlled by X-ray reflectivity measurements on a Bruker
D8 Discover A25 diffractometer equipped with a Cu K𝛼 source and op-
erated at 40 kV and 40 mA. The metal layers for the top electrode (TE)
composed of Cr and Pt as a capping layer were obtained from sputtering.
The TE lines together with the underlying switching oxide were structured
in a RIBE process. Cr was used rather than the more strongly reducing Ti
to avoid any background Ti signal in the subsequent spectromicroscopic
measurements and to have similar devices for the micro- and nanostruc-
tures compared to the membrane structures.

Micro-Crosspoint Devices on Si3N4 Membranes: For near edge X-ray ab-
sorption fine structure (NEXAFS)-TXM measurements the total sample
thickness is reduced to under 100 nm to achieve a good signal-to-noise
ratio. For this purpose, the stack itself is adjusted to Ta (3 nm) / Pt (15 nm)
/ Al2O3 (1.5 nm) / TiOx (7 nm) / Cr (5 nm) / Pt (15 nm) and the crossbars
were fabricated on 40 nm Si3N4/Si. By etching windows into the silicon
substrate from the backside until the Si3N4 is reached, the device struc-
ture was only supported by the free-standing Si3N4 membrane so that the
total sample thickness that is transmitted by the X-rays is ≈85 nm.

Device Measurement and Characterization: Electrical characterization
comprised sweep and fast pulse analysis. First was carried out by an Ag-
ilent B1500A semiconductor analyzer with a sweep rate of 1 V s−1. Sec-
ond was mainly performed identically to ref. [16] on a Keithley 4200 SCS,
equipped with a two-channel pulse measure unit (4225-PMU) and two re-
mote amplifiers (4225-RPM), and expanded by measurements on a Keith-
ley 2611 for the area mode. Voltage polarity is always defined toward the Pt
bottom electrode, as the electronically active electrode. For the area mode
the fast pulse analysis was carried out after an initialization with 200 pulses
of alternating voltage of ± 2.0 V and 1 s pulse time each. The resistances
before and after the potential SET pulse were calculated from the current
values obtained at −0.5 V. If the ratio of the resistance value before and
after SET was >5, this was defined as a switching event. To establish com-
patibility of the measurements, prior to the application of a SET pulse, the
cell was transformed into a defined HRS of 200 MΩ ± 10%. RESET pulses
of 1 s length and increasing height were applied if the cell’s resistance was
below this value.

Transmission X-ray Microscopy: NEXAFS-TXM measurements were
performed at the undulator beamline U41-PGM1 at the BESSY II electron
storage ring operated by the Helmholtz-Zentrum Berlin.[81] At this end-
station, Ti L-edge spectra can be measured with a spectral resolution of
up to E/ΔE = 104 and a spatial resolution of 25 nm.[82] With NEXAFS the
switching layer can be investigated isolated from the electrodes by tuning
the photon energy to the Ti resonance, here the Ti L2,3 absorption edge
(455–470 eV). The absorption intensity is proportional to the unoccupied
density of states providing information about the crystal structure and oxi-
dation state of the TiOx layer.[83] The signal-to-noise ratio for the O K-edge
has been too weak and the signal of Cr L-edge has been dominated by
components in the system so that these could not be used for meaningful
conclusions. The X-ray absorption spectra at the Ti L-edge were extracted
from image sequences acquired in the photon energy range 452–470 eV.
Three separate images were acquired at each photon energy and summed
up to improve the signal to noise ratio. Each image was taken with proper
focus on the sample to optimize the spatial resolution. The image series
were then aligned using a cross-correlation iteration process to get rid of
the sample movement. The spectra are normalized by nearby reference
signal without Ti-signature to take inhomogeneity of the beam intensity in
account.
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Transmission Electron Microscopy: HAADF-STEM imaging and STEM-
EELS measurements were performed with a spherical aberration-corrected
TEM (Titan G2 80–200 ChemiSTEM, FEI) at an operating voltage of 200 kV
equipped with a Cs probe corrector, a Schottky type high-brightness X-
FEG module, and a post-column energy filter system (Enfinium ER 977,
Gatan). The spectra were recorded by spectral mapping in the energy range
between 400 and 600 eV to include Ti L- and Cr L-edges.
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