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Sebastian Siegel,* Christoph Baeumer, Alexander Gutsche, Moritz von Witzleben,
Rainer Waser, Stephan Menzel, and Regina Dittmann

Memristive switching devices are promising for future data storage and
neuromorphic computing applications to overcome the scaling and power
dissipation limits of classical CMOS technology. Many groups have engineered
bilayer oxide structures to enhance the switching performance especially in
terms of retention and device reliability. Here, introducing retention enhance-
ment oxide layers into the memristive stack is shown to result in a reduction of
the switching speed not only by changing the voltage and temperature distri-
bution in the cell, but also by influencing the rate-limiting-step of the switching
kinetics. In particular, it is demonstrated that by introducing a retention
enhancement layer into resistive switching SrTiO; devices, the kinetics are no
longer determined by the interface exchange reaction between switching oxide
and active electrode, but depend on the oxygen ion migration in the additional
interface layer. Thus, the oxygen migration barrier in the additional layer deter-
mines the switching speed. This trade-off between retention and switching
speed is of general importance for rational engineering of memristive devices.

Scaling in integrated circuits is approaching a stalemate, due to
the limitations of classical CMOS technology in terms of power
dissipation and physical boundaries of geometrical scaling.
At the same time, new concepts, such as neuromorphic com-
puting, demand for new functionalities, logic, and data storage
approaches. This drives intensive research in new types of elec-
tronic devices, so-called memristive devices.['"8l

As of today, there are multiple types of memristive devices
based on different physical concepts. Among those, redox-based
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resistive switching in transition metal
oxide devices plays a prominent role. The
fundamental mechanism for the transition
between a high resistive state (HRS) and
a low resistive state (LRS) in these Redox-
based Random Access Memory (ReRAM)
cells is a nanoscale redox-reaction due to
oxygen-ion migration.>*1VI During the
SET process from the HRS to the LRS, the
concentration of oxygen vacancies, which
act as donor dopants, is locally increased
in the oxide, adding electrons to the con-
duction band. This reduces the Schottky
barrier at the interface to the high work
function metal electrode, and results in a
lower resistance of the device. The RESET
operation, performed with the opposite
voltage polarity, decreases the concentra-
tion of oxygen vacancies near the interface,
increases the Schottky-barrier height or
width and thereby increases the resistance.

For many material systems, the SET operation can be per-
formed by applying a negative voltage to the active Schottky-
type electrode. It is widely accepted that in this switching mode,
positively charged oxygen vacancies in the transition metal
oxide layer are attracted toward the negatively biased electrode,
thereby increasing their concentration near the interface. In
turn, the oxygen vacancies are repelled upon application of a
positive voltage in the RESET operation, decreasing the inter-
face concentration. This thoroughly-studied type of switching,
also called “counter-eightwise switching” is due to purely
internal redistribution of oxygen vacancies.[*1]

However, for many material systems, such as TiO,_[!?"]
HfO,_,,1224 Ta,05_,,12324 and SrTi0;,12>%% it has been reported
that it is also possible to switch the devices with the opposite
set of voltage polarities, more precisely, to perform the SET
with a positive voltage to the active Schottky-type electrode,
and the RESET with a negative voltage. This is called anoma-
lous or “eightwise switching.” One interesting feature of this
switching mode is the gradual switching capability in both
SET and RESET directions, which makes it very promising
for analog~ and neuromorphic computing.?’-3% The anoma-
lous switching process cannot be explained by the model of
purely internal redistribution of oxygen vacancies. It has been
shown that the mechanism for this switching mode works via
an interface exchange reaction of oxygen at the active inter-
face electrode in combination with ion movement in the
bulk [9:20.2431)
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The strong role of the active interface allows for drasti-
cally increasing the retention of inscribed states by interface
engineering with additional oxide layers having a low oxygen
mobility, as we demonstrated by comparing SrTiO; cells with
direct platinum interface to cells with interfacial SrO and Al,03
layers.?? But so far it remains unclear how this kind of inter-
face engineering influences the switching kinetics. Such addi-
tional oxide interlayers in redox-based RRAM devices have been
proposed in manifold ways.[’33¢ Therefore, this question is
highly relevant for rational engineering of redox-based resistive
switching devices.

In this work, we will investigate the switching kinetics of the
eightwise-switching process in the model system of SrTiOs-
based ReRAM cells. We will identify the rate-determining step
(RDS) of the switching kinetics in the oxygen-release during
the SET process by modeling the underlying physical processes
and comparing calculated with measured kinetics. Further-
more, we investigate samples with interface oxide layers exhib-
iting slow oxygen migration and investigate their impact on the
rate-limiting step and the switching kinetics.

We compare the SET switching kinetics of SrTiO;-based
ReRAM cells with different material stacks. The 10 nm thick
SrTiO; thin films are grown epitaxially on single-crystalline
niobium-doped SrTiO; substrates by Pulsed Laser Deposition
(PLD). For two kinds of ReRAM cells, the SrTiO; layer is stoi-
chiometric (Sr:Ti ratio 50:50), while for one type of device the
SrTiO; is grown to be Srrich (Sr:Ti ratio =52/48). The latter
layer exhibits a SrO terminating layer on the surface of the
SrTiO; thin film.*”3% Onto one of the stoichiometric SrTiOs
layers, a 1 nm thick layer of Al,O; is deposited by PLD. Finally,
all samples are covered by micrometer-sized patterned plat-
inum top electrode, yielding one type of device with stoichio-
metric SrTiO; and a direct interface to the platinum top elec-
trode, one with Srrich SrTiO; and a SrO interface layer and
one with stoichiometric SrTiO; and an Al,O; interface layer.
The Nb:SrTiO; substrate is used as the grounded bottom elec-
trode and the voltage is applied to the platinum top electrode.
It should be noted that at the edge of the top electrode, a triple-
phase boundary exists between the top oxide layer (SrTiO; or
the interlayer material), platinum, and air.

Initially, the devices are formed with a quasi-static voltage
sweep to +3 V (sweep rate 650 mV s7!). The current in this
forming step is limited to 30 mA. In preparation for stable and
reproducible switching kinetics measurements, the cells are
switched between the LRS (ON state) and the HRS (OFF state)
multiple times with voltage sweeps between +2 V and -3 V
(sweep rate of 650 mV s™! for both) with a current compliance of
10 mA in the positive SET direction. More details can be found
in the Experimental Section and the Supporting Information.

To measure the SET switching kinetics, negative voltage
pulses are used to reset the cells to a defined high resistive
OFF state (HRS) of 2.5 MQ = 15%, before applying a positive
voltage pulse of defined length and height. The resistance of
the cell is read before and after each pulse by read-out pulses
of 0.3 V for 60 ms (see Figure 1a). Both read measurements are
compared to obtain the resulting OFF-ON-ratio X, For each
voltage in the measurement range, the pulse length of the SET
pulse is increased until the OFF-ON ratio overcomes the value
of 10, indicating that the cell has switched. The relation between
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Figure 1. a) Pulse scheme for switching kinetics measurement. Before
and after the actual pulse voltage, the read voltage is applied. b) Assumed
processes taking place in the oxygen release process: red arrow: oxygen
ion migration in the SrTiOs; green arrow: oxygen ion migration in the
interlayer (if applicable); black arrows: interface exchange reaction. c)
Comparison of measured switching kinetics for different material stacks.

switching voltage and switching time represents the switching
kinetics and is displayed in Figure lc. In this study, the
switching time is defined as the pulse length necessary to cause
an OFF-ON-ratio of 10. A sharp switching event like in other
studies investigating the switching kinetics cannot be observed,
due to the convergence of HRS and LRS for high voltages (only
one IV relation can be seen in Figure S2, Supporting Informa-
tion). The switching kinetics of the stoichiometric SrTiOs layer
with direct Pt interface are shown in blue. Between 1.4 V, where
it takes a pulse of about 100 s to switch the cell, to 2.1 V and a
switching time of 100 us, the slope of the switching times in the
logarithmic plot is constant at 100 mV dec.” For higher volt-
ages, the slope decreases to about 350 mV dec™.

Interface engineering with additional oxide layers has a sig-
nificant influence on the switching kinetics (see Figure 1c) red
and green). At about 2.3 V, cells with a SrO (Al,03) interlayer
need four (five) orders of magnitude longer pulses to switch
than cells with a direct SrTiO;/platinum interface. In the meas-
ured range, the slopes of the switching kinetics (140 mV/dec™
and 150 mV dec™! for the Srrich sample with SrO and the
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Al,O; interlayer sample, respectively) are lower for the cells
with interface engineering than for the cells without.

One can imagine two possible reasons for the differences in
the shape and the slope of the switching kinetics of the different
material stacks. The first possible reason is that the power and
voltage applied to the cells are different. Temperature and voltage
distribution in the cell can have a major influence on the switching
kinetics.}%* Furthermore, different material parameters like dif-
fusion constants can have a severe effect on the switching speed.
The second possibility is that for each cell type, with and without
interface engineering, different processes are rate-determining.*’!
To clarify the origin of the different switching kinetics, models for
the switching kinetics determined by different possible processes
are obtained and the temperature and voltage distribution of the
different cells are simulated with a finite element method (FEM)
in a model proposed by Menzel et al. !

Based on our previous studies, the eightwise switching mech-
anism in these cells occurs via a release and reincorporation of
oxygen from the SrTiOj; layer.>3! This oxygen exchange process
consists of different intermediate steps. Two can be considered
as possibly rate-limiting and are depicted in Figure 1b: The first
step is the movement of oxygen ions through the oxide toward
the platinum interface (red and green arrows) and the second
step the release from the SrTiO; at this very interface (black
arrows). This is assumed to happen in an interface-exchange
reaction, where oxygen ions are extracted from the SrTiO; and
evolve as molecular oxygen O,. Due to the triple-phase boundary
at the edge of the top oxide layer, it is not exactly clear, if the
oxygen is transferred from the top oxide layer into the platinum
layer or the ambient air. But even at the triple-phase boundary,
the presence of the platinum layer would already significantly
lower the energy barrier for the interface exchange reaction.*!
Both processes, however, can be described with Butler-Volmer
kinetics as stated below. In a previous study, we could avoid
such triple-phase boundary and showed that oxygen also trans-
fers into the platinum layer, because switching could be main-
tained for multiple cycles even in reducing atmospheres.[*) The
evolution process of O, involves the transfer of four electrons
and various intermediate steps.*l The steps of the exchange
reaction are, in Kroger—Vink notation:

0%, &0 +e'+V; oy
20" <04 (2)

7 0 +e’ (3)
0,+h e 0, )

according to Merkle et al.*l and equations (2) and (3) were
determined to be rate-determining for the interface exchange
reaction.'! Following the work of Bockris et al.*®l and Noren
et al.,¥! one can now determine the reaction coefficients up to a
fitting parameter S €[0,1] to
O =1-f and o, =1+ B.

)
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A model for the switching kinetics based on this interface-
exchange reaction can be obtained from the Butler—Volmer
equation,

[4 €
Ored kTTAV“‘ _ e—aox kTTAV““

j Exchange = _] (8 J Wlth A‘/act = \/act - \/imen‘ace (6)

with the Boltzmann constant kg, the average interface tempera-
ture T, the activation and interface potential V, and Viperfaces
which describe the electric current density jechange across the
interface upon applying an effective interface potential AV,
from an imbalance between the reduction and oxidation pro-
cess at the interface, given by the exponential terms. Here,
the Butler—Volmer equation is used to describe the amount of
oxygen involved in the oxygen release and oxygen incorporation
reaction. From XPEEM measurements, we previously deter-
mined that about 4 at% of oxygen ions are removed from the
switching oxide in SrTiOj-based devices in similar switching
experiments.¥] The major increase of oxygen vacancy con-
centration occurs within some nanometers below the active
electrode, as we could show by in situ transmission electron
microscopy.l”) Hence, we assume that on average oxygen is
released from within a depth of 1 nm within the lattice.

Each release of an oxygen ion leads to a transfer of two elec-
trons. This allows for calculating the area charge density, which
is transferred during the SET process gyeqox t0

C
Jredox = 1.8 W (7)

A detailed derivation of this value is provided in the Sup-
porting Information. One can now define the switching time
as this charge density, divided by the exchange current jeychange
resulting from the exchange reaction:

AtSET — ‘qredox

J Exchange

(8)

When assuming the equilibrium exchange current to be
temperature-dependent and following an Arrhenius’ Law, with
the activation energy AW, and a prefactor jo, as

AW,

©)

J=Joe

and introducing the calculated exchange coefficients (equa-
tion (5)), the formula for the switching time (equation (10)) can
be re-written as

q AW, +BeAVae e -1
Atbgpp = 2208 o T sinh| — AV,, (10)
SET 2 J.O ( (kBT t))

The second process involved in the anomalous switching
is the migration of oxygen ions toward the interface. If this
process is the RDS, the SET kinetics can be described using
the Mott—Gurney law (or, more precisely, by the Genreith—
Schriever-DeSouza law*)) and defining the SET time as the
time, when the charge, which is moved during a SET process,
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as calculated above, has been moved.[*] The SET time can then
be written as

AtSET =— qredox

_] ion motion

(1)

with the electric current density resulting from the ion motion
Jion motion- Following the work of Menzel et al.,’” this current
density can be obtained from the Mott-Gurney law, resulting in

s eak))
Atger = &3 T | sinh| —
2z Geell Co fa kBT

as the SET time, where z = 2 is the charge number of the
oxygen ions, dg the unit cell size of the material the ions are
moving in, ¢y the concentration of oxygen ions in the material
and f, the jump attempt frequency. AW, is the energy barrier
for the ion migration.

Comparing the formulas for the SET kinetics, one can see
that the overall structure is the same with a hyperbolic sine
term in the end and an Arrhenius-like term in the beginning.
The major difference is that in the Butler-Volmer-Model (equa-
tion (10)) for the SET kinetics limited by the interface exchange
reaction, the exponential in the Arrhenius term has a voltage
component and is therefore depending on the electric field.

Now, after obtaining formulas for the switching times with
either assuming (1) the interface exchange reaction (equa-
tion (10)) or (equation (2)) the ion movement toward the inter-
face (equation (12)) to be rate-limiting, we can calculate the
theoretical switching kinetics and compare the results to meas-
ured switching kinetics. Both formulas require information
about the temperature and electric field in the cell and at the
interface. Values for the electric field, potential, and tempera-
ture terms in equations (equation (10)) and (equation (12)) are
obtained from FEM simulations with the commercial software
COMSOL Multiphysics (see Supporting Information). The
simulated geometry resembles the fabricated cells assuming a
filament radius of 300 nm, similar to simulations by Menzel
et al®l and comparable to the area of valence change in our
XPEEM measurements of switched devices.?? For the ion
motion in (equation (12)) in the SrTiO; the average field and
temperature values from a 1 nm region below the interface
(“diode”) to the top layer in the filament radius are used. Simi-
larly, the ion motion in the interlayer uses the same values
acquired from the oxide interlayer region on top of the SrTiO;.
For the interface exchange reaction (equation (10)) the average
temperature and electric field data in the region of the assumed
filament radius at the interface between the platinum and its
lower region is used.

The results for the expected SET kinetics for each device
geometry based on (equation (10)) and (equation (12)) are shown
in Figure 2 and compared to the experimental data. When calcu-
lating the switching kinetics depending on ion migration with
the Mott-Gurney model (equation (12)) and comparing it to the
measured switching kinetics of cells with stoichiometric SrTiO;
with a direct interface to the platinum electrode, it becomes
apparent that for the anomalous switching mode investigated
here, the ion motion in the SrTiO; layer is not the RDS, because
the calculated switching times (see red line in Figure 2a) are

(12)
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Figure 2. The relation between pulse voltage and length that is neces-
sary to achieve a certain ON—OFF ratio is the switching kinetics. Simu-
lated switching kinetics in comparison to measured switching kinetics. a)
For devices with a direct interface between the switching SrTiO; and the
active electrode, the interface exchange reaction is rate-limiting. b) When
introducing a SrO interlayer, the ion migration in this interlayer becomes
rate-limiting. c) Also for an Al,Oj; interlayer, the oxygen ion migration in
the interlayer is rate-limiting.

3.0 3.5

orders of magnitude faster than the measured switching times.
In contrast, these switching times can be fitted closely with the
Butler—Volmer model (equation (10)) for the interface exchange
reaction as the RDS (black line in Figure 2a), choosing the
parameters displayed in Table 1. Where references are given,
the values in this table are taken from the literature. Otherwise,
they are fitted to match the measured current-voltage-character-
istics (see Figure S2, Supporting Information). The fitted value
for the equilibrium exchange current density j, is in the range
of typical values for mixed conducting perovskites.>>2
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Table 1. Parameters for the Butler—Volmer model for the switching
kinetics depending on the oxygen interface exchange reaction. Values
for the equilibrium exchange current jo o, asymmetry factor 3, and over-
potential @q are fitted parameters. The activation energy for the SrO/
Pt interface device is assumed equal to the one of the SrTiO;/Pt inter-
face device, because to the author’s best knowledge, no value has been
determined yet.

SrTiOs/Pt SrO/Pt Al,O4/Pt
Joor [Am™] 2 %102 2 %102 10%2)
AWe[eV] 1.3064 13 6.7165]
D [V] 0.35 0.35 0.35
Al o1 o o

3 (Physically unrealistic value compared to equilibrium exchange currents from
the literature 1152 only used for the sake of showing the numerically closest
possible fit);

In principle, one could also consider the oxygen diffu-
sion in the platinum top electrode as a possible rate-limiting
step. Oxygen is released from the SrTiOj; layer to the interface
with the platinum top electrode. This could also lead to a rate-
limitation, when released oxygen accumulates at the inter-
face and occupies all available sites, thereby hindering further
oxygen from being released. The very low diffusion coefficient
of oxygen in bulk platinum could support this argument. But
measured diffusion coefficients, especially for defect-rich plat-
inum, exhibit significantly higher values. Since the platinum in
our cells is deposited by thermal evaporation, it can be expected
that it is defect-rich. The higher diffusion coefficients are due
to multiple factors such as enhanced diffusion along grain
boundaries[>*** and fast surface diffusion,> especially along
step edges.*®l Therefore, taking the value of the oxygen diffu-
sion coefficient given by Velho et al., which is 2.5%10%cm s~
at room temperature,””! the time oxygen needs to diffuse 1 nm
away from the surface (which is about three times the lattice
constant of platinum) can be estimated using.*®!

(*

tmi L

2D

——

(13)

with the mean-square displacement of the oxygen atoms (x%)
and the diffusion coefficient D and to about 2 us. The diffusion
coefficient is temperature-activated. Therefore, this is a con-
servative estimate and still much faster than the measured and
calculated switching time for lower voltages. At about 3 V, the
switching times approach the us regime, but at the same time,
the interface temperature increases. This leads to an enhanced
diffusion and speeds up the diffusion time for movement
within the platinum electrode to about 50 ns, which is again
faster than the measured switching kinetics. Therefore, the dif-
fusion of oxygen in the platinum electrode is not considered as
a possible rate-limiting step in this study. Therefore, we suggest
that the RDS for this type of cell in the anomalous switching
mode is the exchange reaction of oxygen at the SrTiO;-plat-
inum interface.

On the other hand, for the cells with an additional inter-
facial oxide layer, the switching kinetics cannot be modeled
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Table 2. Parameters for the Mott—-Gurney model for the switching
kinetics depending on the oxygen ion migration. Attempt frequencies
assumed from Menzel et al.[*’]

SrTiO; SrO AlLO,
AWy [eV] 1.0166] 1.6032 1.8167.59]
falHZ] 10" O 107
Acell [A] 3.905[681 5.1069] 4.81701

with the Butler—Volmer model (12) for the interface exchange.
The calculated kinetics based on the fitting to the -V charac-
teristics do not fit the measured switching time values (black
line in Figure 2b). For the Al,Os-interlayer cells the calculated
switching kinetics, when dependent on the interface exchange,
can approach the measurement values, when using a physically
unreasonably high equilibrium exchange current of 103® Am=2.
This is not only much higher than the equilibrium exchange
current used for the other two cell types of 2*¥10> Am™2, but
also orders of magnitude higher than values found in the lit-
erature.’>2 Furthermore, the oxygen ion motion in the SrTiO;
layer (red lines) cannot be the rate-limiting step for the switching
kinetics, similar to the case for the SrTiO;/Pt interface. Actu-
ally, for cells with an additional oxide interlayer, the measured
switching kinetics are close to the calculated kinetics limited by
the ion motion in the additional oxide interlayer (green lines),
using the literature values given in Table 2. Therefore, we sug-
gest the ion motion in the oxide interlayer as the RDS of the
switching kinetics of ReRAM cells with an additional interfacial
oxide layer. While a different RDS explains the large difference
in switching times between devices with and without an inter-
facial oxide layer, also the interlayer material plays an important
role in the switching speed. As one can see in Figure 1c, devices
with an Al,O; interlayer switch one order of magnitude slower
than those with a SrO interlayer. According to the simulations
carried out here, for both device types the oxygen ion migration
is the RDS of the switching kinetics. However, the activation
energy for this motion is 0.2 eV higher for defect-rich Al,0,
with 1.8 eVP% than for SrO(1*%).

While these differences in the material stacks and mate-
rial parameters give a consistent explanation for the different
switching kinetics, it is still possible that the voltage and/or
temperature distribution in the different device stacks is largely
different and that actually this governs the switching speed. In
the following, we will show that this is not the case as there is
no major difference in the electrical power dissipation in the
cells and it is solely the presence of the additional oxide inter-
layer which changes the RDS of the switching kinetics. This
is illustrated in an exemplary comparison between the cells
with no interlayer and the cells with an alumina interface layer
(Figure 3). The voltage applied to the device is divided between
the voltage drops over the Schottky barrier within the SrTiO;
layer at the interface, the interface oxide layer, and the bulk part
of the SrTiO;, Figure 3a displays the voltages in the different
parts of the stack and the oxygen ion migration barrier as a
function of applied voltage. Figure 3b sketches the path oxygen
ions have to pass to be released at the interface and indicates
the potential barriers for the ion migration in the materials and
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Figure 3. a) Evolution of voltage distribution and process energy barriers. Solid lines show the voltages dropping over the respective areas of the
memristive stack. Dashed lines give the activation barriers of the indicated processes; b) Sketched energy barriers on the complete pathway to oxygen
release. Arrows indicate the relevant processes, which can be found in the sketch to the right; c) Relevant processes for oxygen removal: Oxygen ion
(violet) migration in SrTiO; (red arrow) and the interlayer (green, if applicable) and interface exchange reaction (black arrows). Sketch of temperature
distribution for a 3 V pulse (lines show boundaries of different material layers)

the exchange reaction at the interface. For both cells at low volt-
ages, voltage mostly drops across the interfacial Schottky bar-
rier (red solid line). With increasing voltage, the voltage drop
across the Schottky barrier increases further, which causes a
decrease of the oxygen ion migration barrier in the SrTiO; and
a decrease of the interface exchange barrier for the cell without
an interlayer. The decreased oxygen ion migration barrier can
be obtained from the Mott-Gurney law as AW, —££, which is
used to obtain equation (equation (12)). The decreased inter-
face exchange barrier originates from the Butler—Volmer model
(equation (10)) as AW, + PeAV,,. For the cell with a direct
SrTiO; interface to platinum, the slope of the voltage drop over
the interfacial Schottky barrier decreases for voltages above 2 V,
as the voltage increasingly drops over the SrTiOj; series resist-
ance. The ion migration and interface exchange barriers are not
lowered further (black and red dashed lines in Figure 3a) and
the switching kinetics flatten (compare Figure 2a). For the cell
with an Al,O; interlayer, on the other hand, less voltage drops
over the SrTiO; far away from the interface but instead over the
interlayer (green solid line in Figure 3a). This leads to a steady
decrease of the ion migration barrier in this interface layer
(green dashed line) and goes together with the continuously
decreasing switching times in the switching kinetics of this cell
type (compare Figure 2c). The energy barrier for the interface
exchange reaction in the cells with an Al,O; interlayer is much
higher than the migration barriers in the SrTiO; and the Al,04
layer. But since it is sufficient that the oxygen is released from
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the SrTiO; into the Al,O3, this process is not important for the
switching process and plays no role for the switching kinetics.

Importantly, it is actually the voltage modulation of the
potential barrier governing the RDS of each cell that shapes
the switching kinetics. Moreover, the temperature distribution
is similar between cells with and without an Al,O; interlayer
in the voltage region, where the switching kinetics are meas-
ured. This is shown for the example of 3 V applied voltage in
Figure 3c. Therefore, the switching speed depends merely on
the voltage modulation of the different RDS and is neither
caused by major differences in the temperature distribution,
nor due to a largely different voltage division in the cell.

In conclusion, we have shown that the switching kinetics
of SrTiOs-based anomalous resistive switching cells can be
influenced heavily by engineering the interface between the
SrTiO; and the active high work function metal electrode. A
direct interface between these two layers leads to comparably
fast switching, while additional interfacial oxide layers drasti-
cally decrease the switching speed. This is not due to different
dissipation of electrical power or major differences in the dis-
tribution of the applied voltage, but to a change in the rate-
determining step of the oxygen release process that determines
the switching kinetics. For cells with no interfacial oxide layer,
we showed that this RDS is the interface exchange reaction of
oxygen, while for the cells with an interlayer, the ion movement
in the interlayer material becomes rate-limiting. In that case,
the material parameters of the interlayer become crucial for the

© 2020 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH
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switching speed and higher migration barriers cause slower
switching.

This result has important consequences for rational design
of resistive switching devices. Depending on the purpose of the
memristive device, a different approach for optimization must
be chosen. While dedicated memory elements demand for long
data retention, computational memory might emphasize high
switching speed. As was shown in previous works, the intro-
duction of interfacial oxygen layer increases the retention of the
devices drastically,?>% but on the other hand, like in this study,
it slows down the switching speed. This decrease in switching
speed could be possibly mitigated by choosing a material with a
low oxygen migration barrier as the interface layer. For devices
without an oxide interface layer, an enhancement of the surface
electrons could increase the switching speed. Of course, this
would on the other hand decrease the retention of the device.
The interest in bi- and mult-ilayer devices has increased dras-
tically over the last years, due to the often superior retention
and stability of these devices.''®3] In this study, we showed
that this kind of cell design, on the other hand, can have large
influence on the switching speed. This is an important trade-off
between state retention and switching speed, which is crucial
for rational device engineering.

Experimental Section

Device Preparation: Device Fabrication: 10 nm of (stoichiometric/
Sr-rich) SrTiO; were deposited onto 0.5 at%-doped SrTiO; substrates
manufactured by Crystec GmbH (Germany) with a (100)-oriented
surface. Prior to deposition, the substrates were annealed in air for 4 h
at 950 °C. The deposition was carried out by Pulsed Laser Deposition
(PLD) with a KrF excimer laser (A = 248 nm) with a laser fluence of
1.5 ) cm™2 for stoichiometric films and 1] cm™2 for Sr-rich films with
a repetition rate of 5 Hz at a substrate temperature of 800 °C and an
oxygen partial pressure of 0.1 mbar.

An Al,O; film of 1 nm thickness was deposited ex situ with PLD
with a laser fluence of 2.1 | cm™ and a repetition rate of 5 Hz in an
oxygen atmosphere of 107 mbar at room temperature. Since Al,0; was
dissolved by the developer for the optical lithography, Microchemical’s
AZ MIF 326, for this sample, a 10 nm platinum protective layer was
deposited onto the Al,O3 layer which then can be structured to contact
pads with equal size as for the other material stacks investigated by
optical lithography and ion beam etching.

For all samples, an 80 nm thick insulating oxide layer was deposited
and patterned by optical lithography to open contact holes to the
SrTiO; or Al,O3 layer. (see Supporting Information for details on the
cell geometry). The metal contacts were fabricated by depositing
electron-beam evaporation of 10 nm platinum followed by 80 nm of
gold and patterned by optical lithography and a lift-off process. The size
of each device was 3 um x 9 um and the contact area separated from
the active layer by the thick insulating oxide was 250 um x 140 pum.
A sketch of the device geometry was given in Figure S3, Supporting
Information. The additional insulating oxide layer plays no role in the
switching process. It was used to separate the actual device from the
contact area, where the device was contacted with a probe station. On
the one hand, it acts as a mechanical protection of the SrTiO; layer
from being punched through by the contact needle, which would
shorten the device. On the other hand, it allows for large contact areas
compared to the device size without drastically increasing the capacity
of the device. This would lead to long RC-times and make it impossible
to appropriately measure short pulse length. By this means the RC-
times were kept at least two orders of magnitude below the measured
switching kinetics.
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SET Kinetics Measurement Procedure: The SET switching kinetics were
measured by applying a voltage pulse of increasing length (100 ns to
1 s in half logarithmic steps) and height (1 to 3.5 V in steps of 0.25 V).
For pulses shorter than 1 s, the rise and fall times were 100 ns while
for pulses longer than 1 ms they were 1 us. For all other pulses, the
rise and fall times were 10% of the respective pulse length each. Prior
to the rise to the actual pulse voltage, the voltage was increased in a
1 ms ramp to the read voltage of 0.3 V. This leads to more reproducible
switching kinetics measurements. All voltages were applied with
respect to the active electrode while the ohmic electrode was always
grounded. The resistances before and after the potential SET pulse was
measured with a 60 ms pulse of 0.3 V and the resistance calculated as
the quotient of the current and the applied voltage. If the ratio of the
resistance before and after the voltage pulse was greater or equal to 10,
this was defined as a switching event. In order to provide a comparable
measurement procedure, prior to the application of a SET pulse, the
cell was transformed into a defined HRS of 2.5 MQ +- 15%. Negative
RESET pulses of 1 ms length and increasing height or positive pulses of
2.5V and 100 us length were applied, if the cell’s resistance was below
of below or above this value, respectively.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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