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Abstract

In microelectronics a device’s functionality is shaped by its interfaces. While classical
semiconductor research aimed for preparation of nearly ideal interfaces, the emerging paradigm
is that new functionalities can arise from interfaces with less perfection. Memristive devices
rely on the control of such less-perfect interfaces. They are the building blocks for a new range
of applications, including new memory and logic architectures and neuromorphic computing.
Research on memristive systems and applications demands an interdisciplinary approach across
disciplines including solid-state physics, electrochemistry and biochemistry. Advanced
metrology is the key for a better understanding and finally a better control of such interfaces
and novel device technologies. In this featured article we highlight such recent advances in
characterization and the understanding of electrochemical reactions on the (sub-) nanoscale and
the dynamics of the nanoparticles and clusters involved during operation of memristive devices
acting as a model system. We focus particularly on in operando real time monitoring of the
memristive switching effect by transmission electron microscopy and a novel plasmon

enhanced spectroscopy method.
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1. Introduction

Silicon electronics is arguably the most understood and well-modelled technology of our times.
The functionality of a device is essentially shaped by the control of its interfaces. The ambition
of preparing ideal interfaces in the past obstructed one’s sight that revolutionary new
functionalities can arise from functional interfaces with less perfection. Rather than being siloed
in one research field, understanding and exploitation of these new functionalities demand an
interdisciplinary mindset across disciplines ranging from (electro-) chemistry and catalysis to
materials science, solid-state physics, electrical engineering and biochemistry. Advanced
metrology is the key to gain a deeper understanding and pave the way for better control of such
interfaces and all of the many emergent device technologies. This topical review focuses on
memristive devices, highlighting their unique model character in terms of exploration of new
functional interfaces beyond classical semiconductor physics. Particularly, we highlight how
these devices are ideally suited to enable in operando probing.

This review is structured in two parts. The first part introduces the current state of research on
the physical and electrochemical processes involved during memristive switching. Recent
advances in spectroscopic and microscopic characterization methods are highlighted in the
second part. Given the range of ex situ and in in operando spectroscopic and microscopic
characterization methods, a particular focus will here be on transmission electron microscopy

(TEM) and a very recently established spectroscopic method based on plasmonic nanocavities.

2. Solid-State Electrochemistry in Memristive Switches

For detailed reviews on memristive devices with focus on the material science and device
physics®?, electrochemistry on the (sub-) nanoscale®, modeling*®, and applications®’, we refer
to existing literature. For memristive switches (also termed as Resistive Switching Random-

Access Memories, RRAMS) a distinction is typically made between Conductive Bridge RAMs
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(CBRAMs, sometimes termed as Electrochemical Metallization cells, ECM) and Valence
Change Mechanism (VCM) RAMs (sometimes called Oxide-based RAM, oxRAM).8° The
working principle of a memristive device relies on the ultra-fast'®! and in most cases localized
generation and movement of mobile ions within a nanoscale insulating material by applying an
appropriate voltage between the device’s two terminals. Aggregation in form of metal clusters
or nanoparticles, or depletion of ions leads in the formation or rupture of electronically
conductive paths between both terminals and allows for manipulation of the device resistance
typically within several orders of magnitude.>*3At least two different resistance levels (low

and high resistance) are used to encode at least two different logic levels (ON and OFF state).

2.1. Conductive Bridge RAMs
In CBRAMSs cells a nanoscale conductive metallic path between an electrochemical active
working electrode/anode (such as Ag or Cu) and a reasonably inert counter electrode/cathode
(such as Pt, Au or TiN) is formed or ruptured by generation, movement and reduction of mobile
metal cations (i.e. Ag* or Cu**, where z denotes the charge value of the ionic species). CBRAMs
are typically based on oxides (such as SiO,* or Al,03®), higher chalcogenides® (e.g. GeSe),
classical solid-state cation conductors (e.g. Agl'’) and polymers (such as PVDF* or PEO®). In
the simplest case, anodic oxidation of a metal electrode Me generating cations Me?* takes places
when a positive voltage is applied between the anode and cathode (anodic oxidation):®

Me — Me”" + ze” Q)
The counter reaction is the reduction of cations at the cathode and obeys

Me?* — Me - ze". @)
Equation (1) and (2) may explain resistive switching in a classical ion conductor such as Agl
which consists of a matrix of sufficiently mobile cations in the pristine state but cannot explain
the injection of cations in cation-free insulators like SiO2 or GeSe. In these systems, charge

neutrality is not fulfilled for equation (1) since equation (2) is inhibited due to the lack of
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reducible cations close to the cathode (at least in the pristine state). In contrast, equation (3):2°-
22

O2 + 2H,0 + 4e" — 40H" 3)
has been suggested as the required counter reaction at the cathode to fulfill charge neutrality
before cations agglomerate at the cathode for cation reduction (equation (2)). In fact, a number
of studies have demonstrated the relevance of hydroxyl ions OH" being present both for resistive
switching.

In a simplified model, cations drift from the anode towards the cathode where they get reduced
when a positive voltage is applied between anode and cathode.® Reduction of cations results in
a local enhancement of the electric field, and consequently, a metal filament grows from the
cathode towards the anode. However, the movement and redox-reactions of cations as well as
the formation and rupture of metallic inclusions into the insulator (i.e. filament and
nanoparticles and -clusters) are in general subject to a complex interplay of the local ion
concentration?, ion mobility?#?>, redox rate’® as well as local nucleation and insulator

morphology?’. Details will be discussed in section 3.

2.2. Valence Change Mechanism

Transition metal oxides like ZrO2, SrTiOs or Ta2Os are the choice of materials for VCM cells.
In VCM cells mobile oxygen vacancies Vo™ are responsible for the formation of an oxygen
deficient and electronically conductive path (“plug”) between a low (e.g. Zr, Ti, Hf, Ta) and a
high (e.g. Pt) work function electrode during an initial electro-forming step.! In thermodynamic
equilibrium the oxygen vacancy concentration in a transition metal oxide obeys in Krdger and
Vink notation

200 <> 02(g) + 2Vo™ + 4¢” (4)

where Op are oxygen ions on regular lattice sites and O2(g) is oxygen in the ambient gas phase.

Hence, the oxygen vacancy concentration is controlled by the ambient partial pressure of
4



WILEY-VCH

oxygen. According to the current understanding, the concentration of oxygen vacancies
between the plug’s tip and the high work function electrode modulates a Schottky barrier
effectively making the device more or less electronically conductive.® Theoretical models
predict a strong increase of the oxygen vacancy mobility due to very localized Joule heating
during resistive switching and electric field enhancement.?® The general validity of models for
VCM cells is currently under debate as recent studies show that in some VCM systems mobile
cations may significantly contribute to the switching effect.?%%

In addition to resistive switching, many transition metal oxides are also ferroelectric. A very
promising material is Hafnium oxide.3*3® Both ferroelectric® and resistive switching has been
reported in HfOx and both effects appear to be influenced by oxygen vacancies. While resistive
switching is typically observed in amorphous HfOy, and ferroelectric switching is reported for
crystalline HfOx, a recent study demonstrated a reversible combination of resistive and
ferroelectric switching in a single poly-crystalline Sr-doped cell.*®

When replacing the metal-insulator-metal structure of classical VCM cells by flexible
nanocomposites and colloidal suspensions, based on e.g. ZnO, resistive switching becomes
more complex. These switches have been recently categorized as interfacial coupling
mechanism (ICM) devices®: Experimental results indicate here that in those devices local metal
adatom doping of ZnO nanowires is important for conductance changing even for low metal

concentrations.

3. Recent Advances in Characterization Methods of Memristive Devices

Only little is understood about the actual working principle of memristive switches. In case of
CBRAMs, ion mobility derived from studies based on bulk oxides cannot explain resistive
switching within micro- to nanoseconds and in contrast to VCM cells Joule heating can be
excluded in most cases. For VCM cells the model of a modulated Schottky barrier is still part

of ongoing research. In both systems, the morphology and processes for formation, rupture and
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growth of filaments is not well understood (including the filament growth direction in
CBRAMS). Recent studies suggest a prominent role of locally separated nanoparticles and -
clusters instead of fully continuous filaments.?52” In addition, in both systems the signature of
quantized conductance effects can be observed at room temperature®”® indicating the
importance of atomic processes during the resistive switching effect.

This section focusses on the advances in a number of widely used characterization methods,
namely voltage-sweeps and pulse measurements, electrochemical cyclic voltammetry, and ex
situ and in operando electron microscopy. Finally, a novel non-destructive in operando

spectroscopic technique is introduced based on plasmonic cavities.

3.1. Voltage-Sweeps and Fast Pulse Measurements

The most common methods to study resistive switching are quasi-static voltage-sweeps, which
show a hysteresis in the voltage-current characteristics due to the ON and OFF state device
resistance, and (fast) pulse measurements, where a voltage pulse is applied with variable
amplitude and length. An example of a quasi-static voltage sweep with the current plotted in
logarithmic scale is shown in Figure 1a for a Ta;Os based VCM device.'® To prevent damage
of the device by high currents in the ON state a current compliance is used in many experiments.
It should be noted, however, that the current compliance is actively regulated by the external
source meter and the regulation speed can be much longer than the switching speed of the device
(e.g. up to hundreds to ms compared to some tens of nanoseconds). This may lead to artefacts
in the switching behavior that have been reported for example for VCM cells.®

Pulse measurements do not allow a characterization of the full voltage-current behavior of the
device, but are used for measurement of the switching speed and kinetics and are much closer
to the actual operation conditions of a practical memory device. Most resistive switches have
demonstrated non-linear switching characteristics with switching times between several ms to

ns depending on the applied pulse voltage.?24° By plotting the slope of the switching speed vs.
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voltage amplitude (Figure 1b) different limiting regimes (namely nucleation limitation,

electron transfer limitation and drift or mixed limitation regimes) can be identified.'*
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Figure 1: Electrical characterization of memristive switches. a) Quasi-static current-voltage
sweeps (redrawn with permission from Ref. 1° published by Springer Nature), b) non-linear
switching Kinetics (switching speed tsw Vvs. switching/SET voltage Vapp) — redrawn with

permission from Ref. 1! published by the PCCP Owner Societies.

3.2. Electrochemical Cyclic Voltammetry

For cyclic voltammetry (CV) a typically bipolar voltage sweep is applied between the active
and the counter electrode while simultaneously monitoring the current. The recorded current is
plotted versus the voltage potential in respect to a reference electrode and is affected by the
scan rate (i.e. the voltage sweep rate) and the signature of redox reactions that occur during the
voltage sweep. CV is a widely used method in electrochemistry but its application is limited for
thin films where the use of a non-polarizable reference electrode within the solid electrolyte is
challenging.*! Nevertheless, cyclic voltammetry can be used in a two-terminal configuration to

reveal qualitative information of the redox processes involved in resistive switches.?® CV is
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very similar to the voltage-sweep method but the voltage amplitude is limited so that a complete

resistance transition is suppressed.
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Figure 2: Cyclic voltammetry for a (a) silver- and (b) copper-based CBRAM (i.e. Me/Ta,Os/Pt,
with Me = Ag, Cu). Redrawn with permission Ref. % published by WILEY - VCH Verlag

GmbH.

Figure 2a depicts CV curves for a Ag/Ta>Os/Pt ECM cell. At the beginning, the insulator is
nearly free from mobile cations and the current starts in the origin. The current increases by
increase of the applied voltage indicating the formation of Ag* cations. Once the voltage
excesses the point where further anodic oxidation is limited by the diffusion of cations into the
insulator a current peak is recorded. When sweeping back from the vertex potential a second
current peak is observed indicating the diffusion limited reduction of Ag*. While no mobile
cations are found in the pristine state (hence, the current starts in the origin), in this purely
dynamic electrochemical system not all cations may be reduced in the subsequent cycles, and
the current does not start at the origin anymore. In contrast to Ag, Cu ions can be onefold Cu*
or twofold Cu?* charged and oxidation and reduction between these species can take place:
Cu" — Cu**+e (5)

Cu** - Cu*-¢ (6)
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By considering the standard redox potentials for Cu one can qualitatively link the current peaks
in Figure 2b to the respective redox reaction.?4%°

With the current density (given by the device geometry) and integration of the current peaks
one can also qualitatively estimate the ion concentration and ion mobility. For ECM cells the
ion concentration was found to be of the order of some mmol/cm? and the mobility is of the
order of 10°*2 cm?/Vs?3, which is orders of magnitude higher than what can be estimated from
bulk data. It has been observed that the ion concentration decreases as the sweep rate increases
indicating that for high sweep rates less time is available for oxidation.?* Interestingly, the ion
mobility is also affected by the sweep rate, and hence, ion concentration. The mobility decreases
with increasing ion mobility, and thus, ion-ion interactions cannot be neglected in these systems.
The current response, and with that, the ion concentration and ion mobility are also affected by
the ambient conditions. In particular, the partial pressure of water and oxygen are important

factors for the ionic current as well as the catalytic activity of the cathode for water and oxygen

reactions enabling the required counter reactions to keep charge neutrality.?!??

a. og3f b. 0.06
~E 02F 'l L
S V5/6 § S
21 01F <
= < 0.02
00}
§ 01} Vo € 0.00
X ()
= S
E 02} jg -0.02
S o3l
oA 1 3-004
04 6mV/s 6 mV/s
1 L 1 _0‘06 A 'S A A A A A A 'S
4 2 0 2 4 20 15 10 05 00 05 10 15 20
Voltage (V) Voltage (V)

Figure 3: Cyclic voltammetry for a Ta/Ta,Os/Pt VCM cell (a) in moisture and (b) in vacuum.

Reprinted with permission from Ref. 42 published by WILEY - VCH Verlag GmbH.

Similar CV behavior can be observed in VCM cells supporting the assumption that VCM
switching is also related to redox reactions (Figure 3). However, the interpretation of the CV
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curves appears to be far more challenging since partial oxygen-related redox reaction as well
as the effect of redox reactions where ambient oxygen and water are involved are superposed
(compare Figure 3a when moisture is present and Figure 3b in vacuum).3%42 Moreover, recent
studies suggest that especially close to room temperature some of the cations from the transition
metal oxide lattice contribute to the ionic current, and may thus, affect the CV curves as well.?°
Cyclic voltammetry is a powerful tool for analysis of mass transport and redox processes before
the actual memristive switching takes place. However, CV does not provide sufficient
information on the localized switching effect itself nor does it allow to gain insight into the

morphology and geometry of the formed filaments.

3.3. Transmission Electron Microscopy

Transmission electron microscopy allows for high-resolution imaging of the resistive switching
effect. Using ex situ TEM, filaments and metal clusters as well as the (change of the)
morphology of the switching material before and after switching can be studied down to the
mesoscopic scale. A number of studies have demonstrated the formation and rupture of
conductive paths in the ON and OFF state both for VCM and CBRAM devices.**° In a very
recent in operando TEM study ion migration in metalo-polymer hybrid resistive switching
devices have been observed combined with nanoparticle reshaping at reasonably high electric
fields.*® TEM imaging on CBRAMs is typically easier due to the good material contrast
compared to VCM cells. In CBRAMs, the filament is usually made of different atoms (e.g. Ag
or Cu) compared to the switching material, while in VCM devices, the conductive path is
typically a sub-stoichiometric or nearly metallic (oxygen-deficient) phase of the surrounding
host material. Nevertheless, some studies have imaged conductive phases in VCM cells. For
example, in Ref. ' Kwon et al. have demonstrated the formation (Figure 4a) and rupture
(Figure 4b) of a sub-stoichiometric and conductive Magnéli phase in TiO2 with a diameter as

low as 10 nm. Similar geometries for filaments have been observed for CBRAMs.
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Figure 4: TEM image of a TiO> memristive device a) after switching in the ON state, and b) in

the OFF state. Redrawn with permission from Ref. 4’ published by Springer Nature.

Using in operando TEM the dynamics of nanoparticles in ECM cells have been studied in detail.
Yang et al. embedded metal particles in thin oxides sandwiched between two electrodes and
applied a voltage bias while monitoring the behavior of the nanoparticles.? Figure 5a-f shows
exemplarily the drift of embedded Cu nanoparticles. The authors report that Ag and Cu particles
drift from the anode to the cathode mainly in a step-wise manner that can be explained by
electrochemical bipolar electrodes*. The particle surface facing the anode locally behaves like
a cathode and allows for reduction, while the opposing surface behaves like an anode and allows
for oxidation. In contrast, when Pt particles are embedded larger clusters are formed that are
found never to be dissolved again. Ni is reported to grow dendrites from the anode towards the

cathode.
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Figure 5: Dynamics of embedded nanoparticles in memristively switching oxides (here SiO>).

a. b.

a) — f) time resolved drift of Cu nanoparticles (1) — (3) towards a Au cathode monitored by
in operando TEM. g) — h) schematic of the model explaining the drift and nucleation
mechanism of nanoparticles as a function of the (local) ion mobility p and redox rate 7.

Redrawn with permission from Ref. 26 published by Springer Nature.

The authors explain this behavior by a complex interplay of the (local) redox and nucleation
rate, and ion concentration and mobility. When both the ion mobility and redox rate are high
(Figure 5g), ions can penetrate deep into the oxide and can get reduced at nearly any position
at the cathode. This results in the formation of rather extended clusters growing from the
cathode towards the anode. With a low ion mobility, ions can only drift a short distance from
the anode and form isolated particles when the redox rate is low (i.e. reduction can only take

place at specific energetically favorable positions) as shown in Figure 5h, or an extended
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cluster is formed in the oxide when the redox rate is high (Figure 5i). If the ion mobility is high
and the redox rate is low, filaments grown from the cathode towards the anode are formed, since
ions can drift deep into the oxide but are reduced only at energetically favorable positions
(Figure 5j). This model helped to understand the different growth characteristics of filaments
and particles in CBRAMs. Lately, the model has been extended by the observation that this
interplay can dynamically change from cycle to cycle and is strongly linked to the local

morphology of the switching material.?’

3.4. Plasmon enhanced Spectroscopy

TEM is a powerful tool to image the formation and rupture of filaments in resistive switches.
However, the operation conditions and samples differ in general very much from resistive
switches for practical applications. Focused-ion-beam (FIB) cuts used to display cross-sectional
views of devices is a destructive technique that does not allow the device to be operated
afterwards.*® Additionally, Gallium contaminations cannot be avoided. For in operando TEM,
devices are typically prepared on electron-transparent silicon nitride windows. In this case,
imaging of filaments is non-destructive but the (lateral) device geometries are different from
the (vertical) geometry of a practical device used in a memory array. This may result in a
different switching material morphology and local mechanical stress. Also, the electrons used
for imaging can perturb the drift of the charged ions.

Recently, a new non-destructive spectroscopic technique has been introduced, which exploits
the interactions of photons with matter in the switching material.>*! By designing one of the
two electrodes as a metallic nanodot, a strong field enhancement can be localized within the
switching material. As a result, the electrodes of a memristive device behave like two metallic
spheres separated by a tiny gap. The electric charges in this system can be set into oscillation
by the electric field of the incident wave. Once this oscillatory motion (“plasmons”) takes place,

accelerated charges radiate electromagnetic energy in all directions. This secondary radiation
13
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is called scattering.>? The way how the system scatters light outside the medium depends on its
composition and geometry.>*>8 For a system where the plasmonic field is localized in the
switching material, the formation, change and rupture of conductive matter inside the switching
device changes the plasma frequency which eventually results in a change of the scattered

optical spectrum.
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Figure 6: Nanoplasmonic enhanced spectroscopy. a) Optical microscopy image of the device
under test (100 nm x 100 nm Ag-dot). ITO is used to electrical biasing using probe needles. b)
Transient current in response to an applied triangular voltage, and c¢) corresponding scattered

spectra. Redrawn with permission from Ref. *° published by WILEY-VCH Verlag GmbH.

In Ref. %0 the authors probed resistive switching of a Ag-nanodot/SiOz/Au device (electrode
area 100 nm x 100 nm) using plasmon enhanced spectroscopy. A transparent indium tin oxide
(ITO) layer was used for electrical contact of the Ag-nanodot (acting as anode) and the top
electrode probe needle. Figure 6a shows a dark field microscopy image of the device. The

scattered spectra during device operation (Figure 6b) are shown in Figure 6c¢. In the pristine
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state (i.e. device after fabrication), a peak at a wavelength around 580 nm is observed. Upon
switching, the peak continuously shifts to larger wavelengths indicating the formation and
growth of a metal filament in the oxide. When the device is switched off, the peak again moves
back to shorter wavelength around 670 nm indicating that some leftover material remains in the
oxide during OFF state. Interpretation of the spectra is non-trivial and part of ongoing research.
However, the advantage of this technique is that (vertical) device geometries identical to those
used in memory arrays can be studied over multiple switching cycles, in ambient conditions
and without perturbing the movement of ions. Additionally, optical spectroscopy in general

allows for ultra-fast probing of the switching.
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Figure 7: Optical switching with a memristive plasmonic switch. a) false-color scanning
electron microscopy image of a switching device with an atomic-scale filament. b) Quasi-static
current-voltage behavior and corresponding optical output. ¢) Modulation of an optical signal
by programing the memristive device using a function generator. Redrawn with permission

from Ref. *° published by the American Chemical Society.
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The same physical processes can be also used for a new range of applications. For example,
Emboras et al. fabricated an atomic-scale plasmonic switch (Figure 7a) that can be used to
modulate optical signals by ultra-fast programming of the memristive device.®° Here, the optical
signal is directly linked to the switching hysteresis. The authors could show optical modulation
between a few kHz (Figure 7¢) up to 1 MHz with no more than 12.5 fJ/bit (Figure 7b) required
to switch the device.>® Further improvement of the technique allowed to increase the bandwidth
up to 0.5 Ghit/s.%! Such a low energy consumption (at high speeds) for optical modulation is
three orders of magnitude better than conventional LiNbOs based Mach-Zehnder interferometer
modulators, which typically operate at 10 pJ/bit.®> However, for computing based on optical
switching the bandwidth needs to be increased significantly (above some 50 Gb/s®%) to compete
for example against CMOS-based advanced hybrid electro-optical microprocessors. Such high
bandwidths may be supported by fast switching down to ns or below. Nevertheless, the ultra-
low energy consumption may open up the field for a completely new range of applications such

as on-chip-level memristor based electro-optical data transmission.

4. Conclusions

Memristive devices are model systems that show how advanced metrology combined with an
interdisciplinary mindset allow us to develop a new framework of understanding for controlling
functionality in less-perfect materials and interfaces. In this review we highlighted recent
developments in the characterization of memristive devices with particular attention paid to the
dynamics of filaments, nanoparticles and clusters in the switching material. Advances in
voltage/current-based techniques such as cyclic voltammetry were summarized. The technique
allows for identification of electrochemical reactions underlying the resistive switching process.
Interestingly, CV indicates that cations are involved in the switching both in CBRAMs and
VCM-type devices. Direct observation of the growth and rupture of filaments and the dynamics

of nanoparticles can be done by in operando TEM. A complex and dynamic interplay of the
16
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redox and nucleation rate, and the ion concentration and mobility and the morphology of the
switching material is responsible for the different geometries and growth directions of filaments
reported in literature. The drawbacks of electron-based imaging in TEM can be overcome by
novel plasmon enhanced spectroscopy techniques, allowing non-destructive exploration of the
memristive switching process in real-time with realistic device geometries. At the same time,
the underlying physical processes can be exploited for a new range of energy-efficient electro-

optical applications based on ultra-fast programmable memristive devices.
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