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ABSTRACT: Oxide-based valence-change memristors are
promising nonvolatile memories for future electronics that
operate on valence-change reactions to modulate their
electrical resistance. The memristance is associated with the
movement of oxygen ionic carriers through oxygen
vacancies at high electric field strength via structural defect
modifications that are still poorly understood. This study
employs a Ce,_,Gd,0,_, solid solution model to probe the
role of oxygen vacancies either set as “free” or as “immobile
and clustered” for the resistive switching performance. The
experiments, together with the defect chemical model, show

that when the vacancies are set as “free”, a maximum in memristance is found for 20 mol % of GdO, § doping, which clearly
coincides with the maximum in ionic conductivity. In contrast, for higher gadolinia concentration, the oxide exhibits only
minor memristance, which originates from the decrease in structural symmetry, leading to the formation of “immobile”
oxygen defect clusters, thereby reducing the density of mobile ionic carriers available for resistive switching. The research
demonstrates guidelines for engineering of the oxide’s solid solution series to set the configuration of its oxygen vacancy
defects and their mobility to tune the resistive switching for nonvolatile memory and logic applications.
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he miniaturization of silicon-based electronics has been
the key to increased digital performance, enabling the
density of transistors per chip to double every 18
months." However, transistor scaling reaches physical limits,
and it becomes more and more difficult to process information
based on the storage of electronic charges at dielectric
interfaces.” Those challenges will have to be overcome by
material and technology innovations, searching for carriers
other than electrons to store and process information, such as
ions in novel types of ionically driven memory storage.
Resistive switches operating on ionic carriers, also named
memristive devices, have the potential to replace today’s
technology, enabling novel memory and computing architec-
tures circumventing the von Neumann bottleneck.” They are
simple structures in which the switching material is sandwiched
between two electrodes. Oxide-based valence-change memories
(VCMs) are one type of memristive device, where variations in
the resistivity can be induced by redox reactions in the oxide or
at the oxide—electrode interfaces for a given voltage pulse.
Herein, an applied high electric field in the range of MV/m
enables the motion of oxygen ions in the device. As a result, a
nonvolatile, polarity-dependent modulation of the electrical
resistance can be measured through a hysteretic current—
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voltage profile." In the past years, extensive demonstrations
on resistive switching in oxides were realized, mostly on TiO,,”
HfO,,* Ta,0s,” and Si0,"° being classic gate oxides in today’s
semiconductor industry besides some perovskites.'' Many of
these experiments demonstrate the hysteretic current—voltage
relationship or pulsed switching, which is of fascination for
electrical engineers, but only few describe the defect chemistry
or kinetics that drive the resistive switching processes. It is also
worth noticing that virtually no extrinsic doping studies exist for
which, from a defect chemical point of view, the balance of
ionic and electronic carriers as mobile defects is systematically
tailored for the oxide to study their implication on resistive
switching.

Modulation of Intrinsic and Extrinsic Defects for
Resistive Switching Oxides. Numerous reports show that
oxygen vacancies play a role as defects for the resistive
switching mechanism;'*~'* they can be present as extrinsic or
intrinsic defects depending on whether they are induced by
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dopants or not. Despite the qualitative acknowledgment, it
remains unclear in which manner the concentration and
mobility of oxygen vacancies of the oxide affect the resistive
switching property for the memristive devices under bias.

Intrinsic oxygen vacancy defects can be varied by modifying the
thin film deposition conditions (eg, temperature, oxygen
partial pressure)'*'® or by postannealing of an oxide film."”"*
For example, Bae et al. observed an improvement of the
resistive switching uniformity at a critical oxygen content
adjusted during deposition of TiO,_, films."> Similar results
were shown by Kwak et al. on Ar-annealed CoO, devices in
which a change in the Co valence was observed by X-ray
photoelectron spectroscopy.'® Lower forming voltage but
similar resistive switching performance was achieved by Sharath
et al. by modulating the oxygen-deficient growth of HfO,_,
devices for which hard X-ray photoelectron spectroscopy
revealed the presence of defect states in the valence band.'®
Younis et al. interpreted the loss in resistive switching of
electrodeposited CeO, films to a depletion of oxygen vacancies
after annealing at 300 °C, as confirmed by X-ray photoelectron
spectroscopy. /

It can be concluded from those studies on intrinsic oxygen
defect modulations that the resistance ratio, as well as the
forming and switching variability, is affected by the amount of
oxygen vacancy defects available in the device’s oxide
constituent. On the other hand, the intrinsic oxygen non-
stoichiometry of undoped switching oxides is very difficult to
control. It relies heavily on the external processing parameters
at the oxide’s film growth. Also, the impurity level might play a
significant role on the defect states. These limitations can be
circumvented by using extrinsic dopants to control the level of
oxygen stoichiometry and defects for memristors.

Extrinsic oxygen vacancy defects in anionic memristive devices
were reported to alter the resistive switching behavior of NiO,"”
HfO,,”" or Ta,Os.”" Li et al. demonstrate that Cu doping of up
to 2 atom % enhances the electronic carrier mobility in NiO by
a factor of 3 and can be used to decrease the set voltage of the
resistive switch.'” The oxygen vacancy formation energy in
HfO, could be lowered through the extrinsic doping with
trivalent cations on the four-valent Hf lattice sites, enabling a
better control of the conductive filament formation.”
Furthermore, the oxygen transport in Ta,O; is enhanced
through the doping with Si, by creating oxygen vacancy
transport channels leading to a more controllable resistive
switching.”’

Summarizing literature, these studies deal primarily with low
doping concentrations. With higher doping and oxygen vacancy
concentrations, the effect of defect interactions such as oxygen
vacancy dopant clustering on resistive switching needs to be
considered, which has, however, only sparsely been reported.
For example, two resistive switching time scales were observed
for epitaxial LaysCa;sMnOj thin films and explained based on
the motion of free and clustered oxygen vacancies having
different migration energy barriers.”> However, a clear defect
model describing formation and dissolution of vacancy clusters
within a solid solution series is missing.”” Similarly, the
importance of including free oxygen vacancies versus defect
clusters for the resistive switching model of nonstoichiometric
SrTiO; was proposed by Kim et al without going into the
details of the resistive switching mechanism.” Yet, no study has
been performed where memristive devices with and without
clustered oxygen vacancies were tailored in a systematic manner
by solid solution variations of the resistive switching oxide.
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Analyzing the reports on extrinsic doping in the field of resistive
switching, we draw three main observations.

(i) Although efforts exist to add an extrinsic dopant to a host
lattice, systematic studies in which the extrinsic dopant is varied
over a wide solubility limit are missing. This is surprising as the
direct implication from a defect chemical point of view is to
tune effectively the oxygen vacancy concentration and mobility
in the host lattice, which defines the characteristics of a
memristive device, such as the switching speed, the Ropp/Roy
resistance ratio, or the number of addressable states.

(ii) Resistive switches operating on oxygen vacancies have
not been studied with respect to systematic variations of their
free and associated defect levels for oxygen vacancies.
Knowledge on how free versus frozen oxygen vacancies are
connected to the resistive switching performance may be key to
optimize those oxides for future memory and computing
architectures.

(iii) Extrinsic doping may be an excellent way to increase the
reservoir of available oxygen vacancies as defect sites for ions to
hop and to engineer the resistive switching response.
Nevertheless, it remains unclear if local lattice distortions and
symmetry breaks, induced by oxygen vacancy concentration
changes, modify the current—voltage profile in its resistive
switching performance.

Gadolinia-Doped Ceria Solid Solution Series To Tailor
the Mobility and Configuration of Oxygen Defects for
Resistive Switching Devices. Among the plethora of metal
oxide materials, gadolinia-doped ceria exhibits one of the
highest ionic conductivity values and forms a stable solid
solution series over a wide compositional range. The defect
chemistry of that mixed oxygen ionic-electronic conductor has
been widely studied.”* Additionally, it is known that the
conductivity in reduced gadolinia-doped ceria is mainly of
electronic nature at room temperature and takes place over
small polaron transport,”> which makes it a particularly
interesting model system for our work to tune the oxygen
defects in view of their impact on the resistive switching
properties.

Ceria has a high reduction potential and remains in the
fluorite phase (Fm3m space group) over a broad temperature
and oxygen partial pressure range.”* It is an established material
in numerous applications such as catalysts,”*~>* solid oxide fuel
cell electrolytes,””* sensors,”** and solar-to-fuel applica-
tions.”>** Extrinsic doping of ceria with aliovalent cations
goes along with the creation of charge-compensating oxygen
vacancies. The detailed defect chemistry for the solid solution
of gadolinia-doped ceria is presented in Supporting Information
S1. The ionic conductivity can be easily altered through
extrinsic doping of ceria with lower valent elements, such as
Gd**,**** without undergoing a change in either the crystal
structure or the band gap.*

At low doping concentrations <20 mol %, Gd** cations
randomly substitute the Ce*" host in the fluorite lattice
structure, forming a solid solution and, therefore, increasing
the concentration of free oxygen vacancies. This leads to an
increase in the ionic conductivity.

At intermediate doping concentrations >20 mol %, interaction
between the defects is expected, thus forming associates such as
charged dimers [Gd¢ VE]® and neutral trimers [2Gd¢ Ve )™
Larger associates show an increased stability, and hence it is
energetically more favorable for the oxygen vacancies to order,
formin_; clusters with bixbyite structure as probed by means of
TEM®” and confirmed by computational results.”® For gadolinia
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Table 1. Exemplary Overview of Ceria-Based Single Films and Multilayer Structures Employed as Oxides in Memristive
Devices, Their Resistive Switching Characteristics, and Microstructures

I . . Rore/Ron | Switchin; Electroformin: Oxide Device Film Deposition

Switching Oxide Material Ratio Voltage ¢ Yes No i Microstructure | Geometry Techniqui Ref.

10 2.8 X - E-beam 58

10 X Epitaxial 59

4 3 X - Electrodeposition | 17

100 1.5 X Polycrystalline 60

500 2 Epitaxial 61

1000 4 X Polycrystalline Pulsed laser | 62

CeO, 100’000 3 Epitaxial Cross-plane | deposition 63

50’000 1.8 Epitaxial 64

1.5 - 47

40 0.6 X Polycrystalline 65

100 2 X - . 66

100000 | 2 X Amorphous REF-sputtering 67

100°000 1 X Polycrystalline 45

CeCo,0, 1°000 2.2 Nanorods Cross-plane (I;Zlectrf)f:hemlcal 68

eposition

Ce0: / LagSto:MnO; 10000 | 2 X - mphne | depeston - | 48

Ceo,ngo,lol,gs / E1‘203 15 200 X Oriented 44

CeO / Laos(Sto1Caos)osMnOs £00 4 = Cross-plane fi,cl:1 1sc.'es':iltion o c

Ce0,/Zn0 4000 5 Polycrystalline P P 70

doping, the appearance of the bixbyite structure at 20 mol % of
GdO, 5 coincides with the highest ionic conductivity measured
experimentally.”>>**

For high doping concentrations >25 mol %, a full secondary
phase transformation from the original fluorite to a bixbyite
structure is observed."' In this state, the lowered symmetry
implies nonequivalent lattice positions for the ions, where the
oxygen vacancies become immobile occupying particular Ce-
neighboring sites. This reduces the concentration of free
oxygen vacancies in the lattice and thus increases the activation
energy lowering the ionic conductivity.””*"*

The transition from fluorite to bixbyite structure is not easily
observable by X-ray diffraction (XRD) due to the low scattering
power of oxygen and the not necessarily long-range periodic
oxygen vacancy ordering. Raman spectroscopy on the other
hand probes the near-order bond vibrations, which makes it a
powerful technique to probe the local structural transition and
symmetry breaks for gadolinia-doped ceria.™** Thus, gadolinia-
doped ceria is an ideal model system giving the opportunity to
study the role of oxygen vacancies on (i) ionic transport and
(ii) local near-order distortions ranging from fluorite to bixbyite
structures. This motivates us to look into the potential of ceria-
based resistive switching devices by giving an overview of the
field.

Undoped ceria films as well as multilayers of ceria and
additional transition metal oxides have been successfully used
for resistive switching devices and show memristive behavior.
Single ceria layers as resistive switches were demonstrated in
sputtered, polycrystalline ceria films with a Rogp/Roy resistance
ratio reaching 10° and a retention time exceeding 10* s.*> These
are very promising results when comparing to state-of-the-art
SrTiO, exhibiting a resistance ratio of 10° and retention times
of 10° s.** However, no information on the structural
modifications associated with the resistance change is given.
In contrast, Gao et al. demonstrated using in situ transmission
electron microscopy that the resistive switching effect in CeO,
is based on migration of oxygen vacancies and the reversible
valence change between Ce*" and Ce® associated therewith,
which increases the electronic conductivity."” Importantly,
electron diffraction studies revealed that in the low resistive
state, oxygen vacancies reorder, transferring the crystal structure
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from a fluorite- to a bixbyite-type; viz. highly reduced Ce,O;
prevails for that latter state.

Multilayer resistive switches using ceria as an interfacial layer in
combination with La;gSr;,MnQO;, commonly used as an
electrode, were shown to lower the operation voltage from
10 to 3 V by acting as an oxygen reservoir. ** Very recently,
Schweiger et al. demonstrated memristive devices based on
interfacial strain engineered Cey9Gdy;0;9s_s/Er,O; multi-
layers.”* A pronounced reduction, symmetry lowering and
thereby increased oxygen vacancy concentration was engi-
neered close to the largely strained gadolinia-doped ceria
interfaces in the multilayer and studied by two independent
methods, being TEM and Raman spectroscopy. Importantly, it
was demonstrated that the magnitude of strain opposed at the
Cey9Gdy 0, 9s_5 phase alters the memristive response of the
device and can be used as a tool.**

We summarize and give an overview of ceria-based
memristive devices and their characteristics in Table 1. To
date, mostly undoped ceria was used with epitaxial, polycrystal-
line, and amorphous microstructures for single films.
Irrespectively of the thin film deposition technique, an
electroforming step is required in most cases to induce resistive
switching, giving rise to a wide range of resistance ratios from 4
to 10° at switching voltages between 0.6 and 200 V
(respectively, S—600 MV/m). Electrical characterization is
mostly limited to current—voltage measurements, completed by
additional pulsing in selected cases. When comparing the
multilayer devices, it is evident that both the switching voltages
as well as the resistance ratios are comparable to values
obtained in the single-layer devices. It can be concluded that
resistive switching is found in devices using ceria as single- or
multilayer switching oxide material with promising resistance
ratios down to switching voltages of 0.6 V. However, it remains
open how the resistive switching is affected by ionic mobility
and defect association for extrinsically doped ceria-based
resistive switches.

In this work, we design resistive switching devices employing
a solid solution series for the oxide to capture the implication of
having the oxygen vacancies defined as “free” or “frozen”
defects on the resistive switching properties. For this, we tailor
as a model material the gadolinia concentration as an extrinsic
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Figure 1. Gadolinia-doped ceria devices as a model system to study the role of oxygen vacancy concentration and configuration in resistive
switching, (a) Schematic representation of a single PtICe,_,Gd,O,_,IPt device cross section and the defect states. (b) Photograph of a sample
showing the different crossbar switching units. (c) Optical micrograph of individual switching units. (d) Scanning electron microscopy picture
of a thin film cross-view. (e) Surface topography measured by atomic force microscopy.

dopant in the resistive switching oxide ceria. Through this
strategy, we can track the oxygen transfer dynamics on the
resistive switching response and probe via Raman spectroscopy
the level of lattice distortions and symmetry breaks upon a
systematic tailoring of the oxygen vacancy level and association
degree. We unequivocally demonstrate by the defect chemical
model oxide structures that it is not only the presence of
oxygen vacancies but their concentration and degree of
structural association that defines the resistive switching
property in view of high-performance memristive devices.

RESULTS AND DISCUSSION

Gadolinia-Doped Ceria as Defect Chemical Model
Oxides for Memristive Devices. We fabricate memristive
device units composed of gadolinia-doped ceria oxides with
crossbar Pt electrode structures to study the influence of
extrinsic doping, oxygen vacancy formation, and association on
the resistive switching property (Figure 1a). In Figure 1b,c, we
display the successful fabrication of an array of Ce;3Gdy,0;9_s
switching units with crossbar Pt electrodes integrated on a
sapphire substrate. The two-terminal devices consist of
microfabricated circular-shaped Pt electrodes oriented in
cross-plane geometry versus the oxide thin film (Figure lc).
Solid solution tailoring of the oxide thin film defines the
concentration of the extrinsic dopant gadolinia in the ceria
lattice, which we vary between 3 and 30 mol % of GdO, 5. The
extrinsic defect level concentration serves to impose three
possible defect chemical scenarios on the oxygen vacancies of
the oxides in the memristive units: (i) At low extrinsic doping
level (<10 mol %), a generally minor concentration of extrinsic
oxygen vacancy defects is formed; viz. the reservoir of present
oxygen vacancy defects to contribute in resistive switching is set
as low. (ii) At intermediate extrinsic doping level (10—20
mol %), we form a high concentration of soluble oxygen
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vacancies by dopant host substitution and have an optimum
oxygen ionic mobility in the lattice. (iii) At high extrinsic
doping level (>20 mol %), the dopant cation is easily clustered
with an oxygen vacancy due to lattice instabilities and forms
associated defects for lowered oxygen ionic mobility.

Analyzing the microstructure of the device cross sections by
scanning electron microscopy (SEM) (Figure 1d), which
exemplarily shows the results for low, intermediate, and high
gadolinia doping concentrations, we conclude that the active
oxide thin films grow in a dense, columnar, and crack-free
microstructure over all investigated doping concentrations. All
deposited films exhibit a total thickness of about 500 nm
(£10%). The surface topography was measured by atomic force
microscopy (AFM) (Figure le). We observe a similar surface
roughness of 3.8 nm independent of the extrinsic doping
concentration. An average grain size of 50 nm is measured both
by AFM and SEM for all compositions. XRD confirms a cubic
crystal structure with Fm3m symmetry with strong orientation
along the (111) crystallographic axis (see Supporting
Information S2).

Vibrational Raman Spectroscopy of Solid Solution
Tailored Ce,_,Gd,0,_, Thin Films. Raman spectroscopy has
been employed to study the vibrational modes of oxygen—
cation bonds as a function of extrinsic doping. The energy of
the vibrational Raman modes is measured by the relative
wavenumber shift to the incoming wavelength (see schematic
Figure 2a). Here, we apply Raman spectroscopy to the
memristive devices to probe the ionic near-order correlations
relative to the extrinsic doping over a wide range from 3 to 30
mol % of GdO,5 in ceria (Figure 2b). Importantly, the
technique allows one to probe the cation—anion interaction
and is also sensitive to changes in the oxygen sublattice itself.
Because the oxygen ionic transport is largely driven by the
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Figure 2. Near-order structural analysis of the gadolinia-doped ceria model switching devices using Raman spectroscopy. (a) Schematic
representation of the Raman spectroscopy principle. (b) Raman spectra of the Ce;_,Gd,0,_, devices with GdO, 5 doping concentrations of
3—30 mol %, showing near-order changes in the bonding environment. F,, and F, denote the vibrational symmetry, whereas A,s, Asso, and
Agqo denote the defect-activated bands. (c) Bonding environment of the F,; and F, Raman mode in the fluorite ceria and bixbyite gadolinia,
respectively. (d) Peak position (left y-axis) and fwhm (right y-axis) of the 465 cm™' Raman vibration with F,; symmetry for the gadolinia-
doped ceria solution series; the lines serve as a guide for the eyes. (e) Peak intensity of the oxygen vacancy induced Raman vibrations denoted

as A,so Assoy and Aggg; the lines serve as a guide for the eyes.

oxygen vacancy surrounding, this allows relevant structural
information to be obtained.

We analyze first the low 3 mol % of GdO s-doped ceria thin
film of the resistive switching devices (Figure 2b). The
spectrum is characterized by a peak around 464 cm™!
corresponding to the oxygen breathing mode around the
Ce*" cation with F,, symmetry (see ref 49 for details). Due to
the high symmetry, this triply degenerate mode is the only
Raman-active vibration for the fluorite crystal structure. The
bonding environment of the eight-fold coordinated Ce** is
exemplified in Figure 2¢, and the corresponding Raman-active
vibrational bonds are indicated by arrows. The selected dopant
Gd,0;, on the other hand, crystallizes in the cubic bixbyite
structure (a3 space group),”’ in which the cation is
octahedrally coordinated, giving rise to 22 Raman-active
modes: 4A; + 4E, + 14Fg,51 from which the most intense
band around 360 cm™' is of E, symmetry.>”

Increasing the extrinsic doping concentration of the oxide for
the switching device structures results in a frequency shift for
which we distinguish two basic regimes:

(i) Raising the gadolinia doping concentration up to 10
mol % leads to a vibrational frequency decrease of the F,, active
Raman band to 462.7 cm™" (Figure 2d). (ii) In contrast, further
doping up to 30 mol % of GdO, 5 in ceria results in a significant
linear increase of the F,, Raman wavenumber toward 472.2
cm™ for the oxide film structures. The steady increase of the
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fwhm of the F,, mode reflects the higher degree of structural
disorder induced by the gadolinia dopant and reaches a plateau
for GdO, 5 doping concentrations exceeding 20 mol %. As the
fwhm levels off, the high-frequency shift of the F,, band
becomes more significant.

Analyzing the spectra in more detail for dopings above 3 mol
%, we see the rise of additional bands A,y Asg, and Agy at
250, 550, and 600 cm™, respectively. Careful analysis reveals
that these originate from the presence of oxygen vacancies and
the associated symmetry reduction in agreement with earlier
findings on doped ceria pellets.*”>* These vibrational modes
are activated through the lowered local symmetry induced by
the presence of oxygen vacancies and the different size of the
Gd** versus Ce*" cations and show increasing Raman activity as
the extrinsic doping with GO, 5 exceeds 10 mol % (Figure 2e).
We interpret this as the homogeneous incorporation of
gadolinia into the CeO, crystal structure of the films and the
formation of oxygen vacancies associated therewith. For GdO, 5
concentrations larger than 20 mol %, an additional band occurs
at about 370 cm™!, which coincides with the F, mode of
Gd, 0, reflecting the onset of the bixbyite-like oxygen vacancy
ordering.***

The results show that upon a critical extrinsic GdO, 5 doping
of 20 mol %, the fluorite structure type prevails, and as a
consequence, predominantly “free” oxygen vacancies form,
characterized by a low uprise of the A,5,, Agso, and Agy bands
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Figure 3. Resistive switching characteristics of a Pt—Ce3Gd,,0, o_s—Pt crossbar device. (a) Hysteretic current—voltage curve is showing the
switching from the high-resistant “OFF”-state to the low-resistant “ON”-state for positive bias with a Rqpr/Roy resistance ratio of 60. (b)
Resistance X area values of the device measured in (a) shown over 50 cycles. After 20 cycles, the values level off toward a stable value. (c)
Sweep rate dependence of the resistance ratio. (d) Electrode area dependence of the resistance X area for both the high-resistant “OFF”-state
and the low-resistant “ON”-state. (e) Rops/Roy resistance ratio for various electrode sizes of the values shown in (d).

in Raman. This changes with the appearance of the bixbyite
structure for more than 20 mol % of GdO, ;. Here, the lattice
instability leads to defect clusters measurable in the rise of the
F, band intensity correlating to the bixbyite structure. Now it is
important to note that the trend reported here on the defect
chemistry of the switching oxide films by Raman spectroscopy
relates very well to electrochemical studies for which a
maximum in ionic conductivity clearly exists in doped ceria at
20 mol % for the fluorite structure type.”” At this point, the
magnitude in “free” vacancies is largest, and the oxygen ions can
hop best and in quantity over these like a freeway. As soon as
clusters with bixbyite structure form in the oxide as the GdO 4
doping increases above 20 mol %, visible by the appearance of
the F, vibrational band, the fluorite volume fraction is
diminished as the structure rearranges and clustering of
vacancies to gadolinia doping cations prevails, “freezing”
vacancies as “immobile” access points and reducing the oxygen
ionic transport. We confirm here, now for thin film structures,
an earlier trend, which coincides well with a report by Banerji et
al”? on the Raman spectra evolution of gadolinia-ceria
powders. Furthermore, our results on the Ce,;_,Gd,0,_, thin
films are in agreement with earlier structural investigations by
Lubomirsky and co-workers on the solid solution system
measured by EXAFS on powders, confirming that doping with
gadolinia changes the local environment of Ce.*' Here, we
show that the oxide thin films of the resistive switching devices
present the structural features expected for devices with
engineered oxygen vacancy configuration and mobility and
turn now to the electrical characterization to measure their
impact on the resistive switching.

Implication of Oxygen Vacancies on Resistive Switch-
ing Characteristics of the Ce,_,Gd,0,_, Cross-Point
Device Structures: Let’s Tailor the Vacancies Mobility
and Configurational State. To clarify the role of the oxygen
vacancy mobility and configuration for the oxygen ions to move
in memristive devices in view of their resistive switching
properties, we measure first exemplarily a Pt—Ce(sGd;,0,9_s—
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Pt device in a microfabricated crossbar pattern by means of
cyclic voltammetry. For this, we apply first an electroforming
step in which a positive voltage is applied to the top electrode.
This results in the formation of additional oxygen vacancies and
electronic charge carriers (respectively Ce®*) near the bottom
electrode, which decreases the resistance of the device and
induces an asymmetry in defect concentrations, resulting in
bipolar resistive switching (see Supporting Information S3 for
details). The cyclic voltammetry measurements reveal a
pinched hysteretic current—voltage profile for voltages of
+10 V (respectively, 20 MV/m) (Figure 3a). Applying a
positive bias on the top electrode turns the device into a low-
resistive “ON”-state, exhibiting counterclockwise also known as
eightwise resistive switching. By reversing the bias polarity, the
high-resistance “OFF”-state is reset. Depending on the applied
bias history, two resistance states can be defined at the curve
crossing with a resistance ratio of up to 100 for the
Ce3Gdy,0,9_5 switching units. Note that the slight shift of
the curve crossing from the origin is caused by capacitive
contributions similar to observations made for Pt—SrTiO;—Pt
memristive devices.”” The stability is demonstrated over S0
cycles (Figure 3b), where the resistivity in the low-resistance
ON- and high-resistance OFF-state is represented. The
resistivity increases over the first 20 cycles, after which the
values remain stable resulting in a Ropp/Royn value of
approximately 60 for more than S0 cycles. The resistance
modulation is controlled by the device kinetics as the sweep
rate dependence shows (Figure 3c). By increasing the cycling
speed from 250 mV/s to 1 V/s, the resistance ratio decreases by
approximately a factor of S. Similar behavior was observed for
Pt—SrTiO;—Pt devices.”® Importantly, the resistance X area of
our devices is independent of the electrode area for both the
high and low resistive state (Figure 3d). The current—voltage
curves are presented in the Supporting Information, Figure S3.
This is also reflected in the Rope/Roy resistance ratio (Figure
3e). Comparison to results on Nb:STO" confirms that the
resistive switching process involves the whole electrode area
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high resistive switching for intermediate doping concentrations with high oxygen ionic mobility, and (d—f) low resistive switching for high
doping concentrations with reduced oxygen ionic mobility due to cluster formation.

and is not confined to a single conductive filament in gadolinia-
doped ceria.

We demonstrate the successful operation of Pt—
Cep3Gdy,0,9_5—Pt devices for resistive switching. In the
following, we employ these test resistive switching structures to
tailor the gadolinia extrinsic doping concentration in a
systematic manner to study the implication of oxygen vacancy
concentration and clustering on the resistive switching
characteristics. Cyclic voltammetry measurements are per-
formed, and the 25th out of 50 cycles is presented as an
exemplary case for all doping concentrations as stable resistive
switching is assured here (Figure 4). Here, we report the
following observations by our successful defect engineering
approach on the implication of the oxygen vacancy
configuration and mobility on the resistive switching properties
of the devices:

At low GO, 5 doping concentration <10 mol % in ceria (Figure
4a), no crossing in the current—voltage profile is measured, and
we ascribe the visible hysteresis to capacitive and volatile effects.
In this state and according to Raman spectroscopy, a low level
of oxygen vacancies is formed by adding the extrinsic doping.
Due to the low level of oxygen vacancy concentration available
for the oxygen ionic motion, an effective modulation of the
electronic carrier concentration is minor. In essence, this
demonstrates that there is a critical minimum oxygen vacancy
concentration needed to induce resistive switching as if too low,
simply capacitive effects and a nonlinear resistive behavior
dominate in the current—voltage profile of the device.

At intermediate GdO, 5 doping concentration from 10 up to 20
mol % in ceria and enlarging the concentration of mobile
oxygen vacancies (Figure 4b,c), a significant hysteresis in the
current—voltage profile is measured showing the onset of
oxygen ionic motion and as a result, resistive switching prevails
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for the device. Remarkably, the strongest Ropr/Roy ratio up to
100 was observed for an extrinsic doping concentration of 20
mol % GdO,; in ceria. This corresponds to the highest
concentration of “free” oxygen vacancies and high oxygen ionic
mobility in the pure fluorite structure.

Now, high GdO, s doping concentrations up to 30 mol % in
ceria (Figure 4d—f) results in a reduced hysteretic opening and,
thus, resistive switching of the device. In this extrinsic doping
range, the Ropp/Roy ratio is decreased reaching only a value of
up to 2 for 30 mol % GdO, ;. We interpret this finding by the
reduced mobility of the oxygen ions to hop over vacancies that
are “frozen” in clusters. In that case, we confirm that this
coincides with the lowering of symmetry whereby the structure
partially turns from fluorite to bixbyite measured by the
appearance of the F;, Raman mode and pronounced shift in F,,
for the O—Ce—O stretching band (see Figure 2b for details).

We summarize the results in the box plot representation of
the Rope/Ron resistance ratios for the different gadolinia
concentrations of the ceria resistive switching devices (Figure
S). For every device, the results on five different electrodes are
taken into account whenever resistive switching occurred. Only
the measurements after the initial 20 stabilization cycles were
considered. A maximum in the resistance Ropp/Rgoy ratio is
observed for intermediate GdO, g doping concentrations between
10 and 20 mol %. At low and high gadolinia doping
concentrations, respectively, the Ropp/Roy resistance ratio is
very low with values around five. Comparing these results to
the ionic conductivity at room temperature (data adapted from
ref 39), we unequivocally demonstrate that there is a
connection between the ionic conductivity of the oxide in
resistive switching devices and the resistance Ropp/Roy ratio.
This analogy between ionic mobility and configuration of the
vacancy type (“free” vs “clustered”) for the oxide and the
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resistive switching performance is shown in resistive switching
devices.

In Figure 6, we schematically summarize the findings where
the degree of oxygen vacancies is either “free” or “frozen” with

Low vacancy Medium vacancy [e@High vacancy
concentration concentration concentration
a N[ N
1 1 1
Device
response v v v
Extrinsic 7S o
. 10 — 20 mol% > 20 mol %
doping
Defect > >, >,
states
- 7 \ 7

Mobile oxygen vacancies . Frozen oxygen vacancies

Figure 6. Schematic representation of the oxygen vacancy mobility
regimes governing the memristive properties in gadolinia-doped
ceria resistive switching devices. (a) At low doping concentrations,
no switching is observed; the oxygen vacancy concentration is too
low to modulate the device resistance. (b) At medium vacancy
concentration, the high mobility of the oxygen vacancy defects
enables the ionic motion that modulates the device resistance. (c)
At high doping concentration, the ionic mobility is reduced
through the formation of oxygen vacancies clusters, which results in
a highly reduced resistive switching performance.

the device current—voltage response. At low GdO,s doping
concentration <10 mol % (Figure 6a), where the concentration
of oxygen vacancies is low, the number of mobile anionic
carriers is insufficient to undergo reproducible resistive
switching. The equivalent circuit model is governed by the
capacitive contributions of the device. At intermediate GdO, g
doping concentration from 10 up to 20 mol % (Figure 6b), where
the oxygen-ionic conductivity is at the maximum, we observe
the largest memristive response with resistance ratios up to 100
for 20 mol % of GdO,s doping. In that regime, the oxygen
vacancies are present as “free” mobile defects, which govern
resistive switching. At high GdO, 5 doping concentrations up to 30
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mol % (Figure 6¢c), the concentration of oxygen vacancies is
high, but they are present as “frozen” defects, which reduces the
oxygen ionic mobility as the association energy is too high.
This, in turn, reduces the memristive response dramatically.

These results show a clear correlation between the
concentration of mobile oxygen vacancies for the ions to hop
and their degree of association not only for the ionic
conductivity but for resistive switching. We highlight that the
level of “free” versus “frozen” defects in the oxide is vital and
needs to be carefully defect engineered for memristive devices.

Switching Model. We now propose a model to connect the
findings to the defect chemistry of ceria. During the initial
electroforming, oxygen ions probably migrate toward the top
electrode where they accumulate and are released into the
atmosphere. At the bottom electrode, oxygen vacancies
accumulate, and their formal positive charge is balanced by
Ce’*, amplifying electronic conductivity in the resistive
switching device. This reduction of gadolinia-doped ceria is
possible as a result of the asymmetry of the device structure: the
bottom electrode is engineered as buried under the oxide film,
making it oxygen-blocking while the top Pt electrode is open
and enables oxygen exchange with the atmosphere facilitated
through the metal grain boundaries.>’

In the subsequent hysteretic current—voltage cycles, oxygen
is redistributed within the structure under high electric fields.
For positive bias, oxygen is transported to the top electrode,
partially reducing the gadolinia-doped ceria, which leads to an
increased electronic conductivity. When reversing the bias, the
low resistive region of the material is reoxidized, and therefore,
the electronic resistance is increased. This is possibly the
physical origin of the polarity-dependent resistance modulation
observed for intermediate doping concentrations in Figure 4b,c.
Also, the significant dependence of the Ropp/Roy ratio on the
sweep rate shown in Figure 3c is in line with this model; at
slower sweep rates, there is more time for ionic charge transfer,
which increases the resistance ratio.

Hence, the modulation of the electronic current relies on
mobile oxygen ions. By doping ceria with gadolinia, both the
concentration and the mobility of the ionic carriers are
modulated, as described earlier. Consequently, the doping
concentration giving rise to the highest ionic conductivity is
expected to show the largest resistance ratio, which is exactly
what can be seen in Figure 5.

Here, we present a defect chemical model indicating the
correlation between the ionic conductivity and the resistive
switching performance on the example of the gadolinia-doped
ceria solid solution. We demonstrate how the configuration of
the oxygen vacancy defects in the memristive oxide steers the
ionic motion underlying the resistance change in the devices.

CONCLUSION

In this study, we illustrate an effective correlation between the
configurations of oxygen vacancy defects—set as either “free”
or “clustered”—and the resistive switching performance for
oxide-based resistive switching devices. The designed defect
chemical methodology to tune not only the concentration but
also the configuration of the defects by a tailored solid solution
series for the oxide will be relevant to the engineering of
menmristors. The resistive switching performance has been
shown to unequivocally scale with the oxygen ionic
conductivity for the model devices based on gadolinia-doped
ceria. The level of the extrinsic dopant, gadolinia, is either set to
obtain a low concentration of oxygen vacancies showing almost
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capacitive behavior in the current—voltage profile, a high
concentration of free and mobile oxygen vacancies resulting in
resistive switching, or, in the extreme case, immobile associated
oxygen vacancy defects leading to a hampered ionic conductivity
and resistive switching. In the latter case, symmetry breaks
occur, and a transition from a fluorite to a bixbyite structure is
measured due to the formation of immobile defect clusters of
the oxygen vacancies in the oxide of the resistive switch.
Importantly, extrinsic doping allows one to tune the
concentration and mobility of oxygen vacancies in a much
more systematic and controlled manner than what can be
achieved through classic intrinsic defect variations such as
oxygen-deficient deposition or postannealing for state-of-the-art
resistive switching oxides. Careful engineering of switching
oxides in their solid solution limits, association degree, and
structural ordering of oxygen vacancy defects using extrinsic
doping as a tool gives ample opportunities to engineer future
high-performing memristors for memory and computing logics.

EXPERIMENTAL SECTION

The two-terminal memristive devices were fabricated by pulsed laser
depositions of Ce;_,Gd,0,_, thin films sandwiched between two
platinum electrodes in crossbar geometry.

Thin Film Preparation of the Resistive Switching Devices.
The Ce,_,GdxO,_, (x = 0.03—0.3) thin films were deposited by
pulsed laser deposition (PLD, Surface Advanced PLD technology; KrF
excimer laser, 248 nm) operated at a target—substrate distance of 70
mm on round, randomly oriented sapphire substrates of 35 mm
diameter (Stettler sapphire, Switzerland). The 500 nm thick films are
deposited at 600 °C with a laser fluence of 0.54 J/ cm? and 10 Hz
repetition rate (20k shots) under constant oxygen flow at a pressure of
2.67 X 107> mbar.

The PLD targets of Ce,_,Gd,O,_, (x = 0.03—0.3) were prepared by
solid-state synthesis, mixing stoichiometric amounts of CeO, (99.9%,
Cerac specialty inorganics), CeyoGdy 0195 (99.9%, Praxair),
Cep9Gdo,019 (99.9%, Praxair), and Gd,0; (99.99%, Alfa Aesar).
The powders were thoroughly mixed, pressed uniaxially at 4 MPa, and
subsequently isostatically at 350 MPa for 2 min and sintered at 1400
°C for 24 h with heating and cooling rates of +5 °C/min. Phase purity
was confirmed by XRD.

Resistive Switching Device Fabrication. The crossbar metal
electrodes were patterned using a standard photolithography lift-off
process in an ISO class 4 cleanroom. For this, the negative AZ nLOF
2020 (MicroChemicals, Germany) photoresist was spin-coated at a
rotational speed of 4750 rpm for 45 s followed by a soft-bake at 110
°C for 60 s. The samples were then aligned (Karl-Siiss MJB3 mask
aligner) and exposed to broadband ultraviolet light (400 nm) with a
dose of 320 m_]/cmz using a custom-made foil mask (Selba,
Switzerland). After a postbaking at 110 °C for 60 s, the samples
were developed for 90 s in AZ 726 (MIF) developer (MicroChemicals,
Germany).

The metal electrodes were deposited by physical vapor deposition.
First, the samples were cleaned in an O, plasma Asher (Technics
Plasma TePla 100 Asher system) at 100 W and 1 mbar oxygen for 60
s. The bottom (5 nm Ti/80 nm Pt) and top (80 nm Pt) electrodes
were then deposited by means of electron beam evaporation (Plassys
MEB 550, France) with a substrate rotational speed of 4 rpm and a
deposition rate of 1.5 A/s. The lift-off process was done by soaking the
samples subsequently in acetone and isopropyl alcohol.

Material Structural Characterization. The oxide’s PLD target,
as well as the thin film phase purity, was confirmed by X-ray diffraction
(Bruker D8) at a Cu Ko wavelength. The thin film microstructure was
investigated by SEM (Zeiss LEO 1530, Germany) on device cross
sections. A 4 nm Pt film was deposited on the cross sections to avoid
charge buildup of the investigated surface. The surface morphology
was measured by AFM (Cypher S, Asylum Research, USA) using AC
tapping mode with an Arrow NCR tip (NanoWorld, Switzerland).
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lonic Near-Order Characterization. The anionic—cationic near-
order structure was probed using a confocal WITec alpha300 R Raman
microscope instrument (WITec, Germany) equipped with a 532 nm
wavelength laser for excitation and a spectral resolution of 0.4 cm™".
Fitting was done by OriginPro 9.0G using a Lorentzian function for
the 465 cm™ peak and Gaussian for all others. An end points weighted
background subtraction was chosen.

Electrical Characterization of Resistive Switch Device
Elements. In this study, cyclic voltammetry was used to characterize
the resistive switching performance of the model devices. The
electrical measurements were carried out with a Keithley SMU
2601B in ambient conditions. In all measurements, the bias voltage
was applied to the top electrode and the bottom electrode was
grounded. The microelectrodes were contacted by platinum tips using
micromanipulators.

Electroforming of Memristive Model Devices. A current-controlled
electroforming was performed on all devices before the cyclic
voltammetry measurements. The electroforming consists of applying
30 V with a compliance current of 30 mA/cm?® (which corresponds to
100 pA for the standard electrodes of 100 ym radius). The duration of
the electroforming was set to 300 s once the compliance current is
reached, which was optimized to reach the highest conductivity after
the electroforming, whereas the compliance current was chosen
arbitrary and then applied to all the measurements for consistency.

Cyclic Voltammetry on Memristive Model Devices. Cyclic
voltammetry measurements were carried out between +10 V (£20
MV m™!) with 500 mV s™* on circular electrodes with 100 ym in radii
unless otherwise mentioned. The resistance of the resulting current—
voltage curves is determined by fitting the data linearly at the
intersection for both increasing and decreasing voltages.
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