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Abstract Novel hardware concepts in the framework of neuromorphic engineering
are intended to overcome fundamental limits of current computer technologies and
to be capable of efficient mass data processing. To reach this, research into mate-
rial systems which enable the implementation of memristive switching in electronic
devices, as well as into analytical approaches helping to understand fundamental
mechanisms and dynamics of memristive switching is inevitable. In this chapter,
memristive switching based on Ag metal filament formation is discussed throughout
different scales, providing insights on the stability of metal filaments and the onset
of collective behaviour. An unconventional cAFM approach, which intends to inte-
grate the memristive system directly on the apex of the cantilever instead of usual
contacting is presented. This facilitates the nanoscale probing of filamentary memris-
tive switching dynamics on long time scales for the purpose of basic research,
which is demonstrated by an archetypical electrochemical metallization (ECM) based
system consisting of Ag/Si3N4/Au. Further, the application of AgAu and AgPt noble
metal alloy nanoparticles (NPs) for memristive devices is discussed with special
focus on the device scalability. For the smallest scale it is shown, that a single
AgPt-NP encapsulated in SiO, operates via stable diffusive switching. Finally, two
concepts for the self-assembled fabrication of NP-based memristive switch networks
are evaluated regarding to collective switching dynamics: A sub-percolated CNT
network decorated with AgAu-NPs and a Ag-NP network poised at the percolation
threshold. The hybrid CNT/AgAu-NPs networks exhibit a mixed form of diffusive
and bipolar switching, which is very interesting for tailoring the retention time, while
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the networks dynamics of percolated Ag-NP networks are governed by ongoing tran-
sitions between a multitude of metastable states, which makes them interesting for
reservoir computing and other neuromorphic computation schemes.

Keywords Memristive devices - Diffusive switching * Self-assembled networks *
Nanoparticles - Neuromorphic engineering + Dynamic networks

1 Introduction

For several decades, the increasing demand for computational data processing was
satisfied by miniaturization of the transistor, which plays the role of the funda-
mental building unit in modern computer technology, through extreme manufac-
turing techniques and engineering of materials. Alongside with current developments
like Internet of Things or autonomous driving for which massive data processing is
required, the demand for computational power presumably cannot be met by conven-
tional computer technologies in the near future [1]. One reason for this relates to
physical limits as the size of a single transistor approaches atomic scale like a funda-
mental integration density limit or information lost via inadvertent tunneling currents
[2]. Another reason is the strict separation of information processing and storage units
predefined by the von-Neumann architecture of modern computer systems, since the
duration for massive data transfer between both units evolved into a bottleneck. In
foreseeable future, a gap in the computer technology must be filled in order to remain
capable of dealing with an increasing massive amount of data. The field of neuromor-
phic engineering comes along with unconventional computation schemes, which aim
to overcome the aforementioned limits by implementation of biological computation
principles in novel kind of hardware [3, 4]. Memristive devices play a fundamental
role in the realization of bio-inspired hardware. They are two-terminal passive circuit
elements, whose internal state (represented by the resistance of the device) is sensitive
to external voltage or current stimuli [5]. This property allows the implementation of
key features for neuromorphic computation like parallelism, in-memory computing
and plasticity [2]. Moreover, the functionality of memristive devices can be expanded
towards memsensing, which means a combination of memristive and sensitive prop-
erties [6]. Tremendous work was dedicated to the development of material systems
showing memristive behavior and understanding of nanoscale processes which are
responsible for the memristive switching property, which resulted in a multitude of
memristive material systems exhibiting diverse memristive switching dynamics [7].
One example is analog non-volatile switching, which is a potential electrical char-
acteristic for long-term memory in neuromorphic circuits and enables the hardware
implementation of artificial neural networks. Diffusive switching possesses a volatile
threshold-like dynamic beneficial for short-term memory realization and incorpora-
tion of non-linearity in neuromorphic circuits, which are both inherent for brain
functionality [8, 9].
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Besides valence change [10] and phase change mechanisms [11], the electrochem-
ical metallization (ECM) is of special interest to engineer materials with memristive
properties. ECM relies on redox-reactions and ion transport of active metallic species,
like Ag or Cu, in a nanoscale switching gap upon application of an external electrical
field [12]. The switching dynamics in ECM devices is dominated by the reconfig-
urable formation and rupture of a thin filament composed of the active metallic
species. The operation of ECM devices can be constrained into a diffusive regime by
utilization of a strict limitation of current flowing through the device during its oper-
ation or by limiting the amount of the active metallic species [13]. The understanding
and control of the complex processes governing the filament evolution during device
operation is still a current challenge. Especially, the inherent stochasticity in the
switching dynamics (in terms of variation of switching voltages from cycle to cycle)
is merely insufficiently studied. The stochasticity may impede the development of
certain applications like selector devices, but it may also be exploited like in the
design of true random number generators [14, 15].

A critical issue in the development of neuromorphic hardware is the challenge
of upscaling from individual memristive units to networked assemblies with an
enormous degree of complexity. Promising approaches under circumvention of vast
wiring procedures rely on self-assembly of memristive switching units. Reports have
shown, that nanoparticles (NPs) of Au [16, 17] or Sn [18] or Ag-nanowires [19, 20]
can be applied as fundamental memristive building units for self-assembled networks.
Such networks are capable of responding via complex dynamical switching patterns
featuring short-term memory and temporal correlations, which are both key require-
ments for concepts like reservoir computing [21]. A feasible strategy to maximize
the degree of complexity in self-assembled networks of switching units, and there-
fore to approach neural complexity, is to make use of criticality, where the network
dynamics are governed by complex correlated patterns, similar to those observed in
neural tissues [22, 23]. Networks of memristive switching units can be operated at
critical dynamics, when the connectivity inside the system is poised at the perco-
lation transition [24]. Developments in the design of material systems and deeper
characterization of emergent properties in networks of memristive units could be a
significant advancement for bio-inspired computation strategies.

In this chapter, we discuss basic studies on Ag-based filamentary switching and
approaches for device implementation on fundamentally different scales, ranging
from single switching junctions to complex network behavior. Firstly, an unconven-
tional conductive atomic force microscopy (cAFM) approach giving deep insights
into the long-term switching dynamics and inherent stochasticity of a single Ag-
filament is presented. Moreover, the application of Ag-based bimetallic noble metal
NPs as individual memristive switching units is discussed. Major emphasis is put
on implications which arise, when the memristive system is scaled up from a single
switching unit towards macroscopic assemblies of switching units, i.e. up to which
scale does the characteristics of individual NPs retain and when does collective
behavior emerge. Therefore, discussions on macroscopic assemblies realized by
two different approaches in which Ag-based noble metal NPs are incorporated
into complex networks are given in the last section: The first approach comprises a



222 N. Carstens et al.

randomly assembled CNT network with Ag-based NPs as localized switching units
while the second approach involves self-assembled networks of Ag-NPs poised at
the percolation threshold.

2 Deep Insight into Single Filament Switching Via
an Unconventional cAFM Approach

Progress in the development of novel neuromorphic hardware is directly reliant on the
understanding of the fundamental units causing the memristive action. In ECM-based
devices, as well as in self-assembled memristive switch networks, this fundamental
unit is a single metallic filament, which defines an either conductive (low resistive
state, LRS) or insulating (high resistive state, HRS) state of a nanogap. In ECM-
based devices, there is in most cases solely one single filament, which dominates
the behavior of the whole device [25]. Considering the typical diameter of an active
filament in the order of 10 nm, this means that all memristive action during device
operation takes place highly localized on the nanometer scale and is independent
of the devices’ geometrical dimensions defined through the fabrication [26]. The
analysis of inherent stochastic features in the switching dynamics of single filaments
are of special interest, because they set fundamental constraints on possible appli-
cations. On the contrary, in self-assembled memristive switch networks, filamentary
switching is spatially distributed over a huge number of nanogaps throughout the
network and the network response results from a complex interplay between the states
of different filaments. In such networks, studies on single filamentary switching are
likewise inevitable to understand the role of single elements in the collective network
dynamics.

CAFM raised to an essential tool probing electrical properties on the nanoscale and
was commonly used to make localized studies on switching filaments [27]. However,
a prominent drawback of the conventional cAFM method is associated to the thermal
drift of the cantilever, because it imposes uncertainties regarding the position of the
cantilever relative to the filament under investigation. The extent of the thermal
drift is usually more than 10 nm h~!, which exceeds the typical dimensions the
filament. This is especially problematic when the long-term electrical response of a
single filament shall be measured. To circumvent this issue, an unconventional cAFM
approach to probe the long-term response of the memristive switching of a single
filament can be applied [28]. Instead of conventional contacting, the memristive
device is integrated directly on the apex of a conductive cantilever. In this way,
the functionalized cantilever can be brought in reliable contact using the cAFM
instrumentation to any surface which acts as an inert counter electrode. This approach
is sketched in Fig. 1.

Archetypical memristive systems consisting of a few nm thin Ag layer covered by
a dielectric layer on Si3N4 were deposited on the apex of cantilevers by conventional
physical vapor deposition (PVD) techniques. The basic coating of the cantilever
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Fig. 1 Unconventional cAFM approach in the present study. Instead of conventional contacting,
the memristive system is integrated on the apex of the cantilever via PVD methods. The func-
tionalized cantilever is brought into contact with inert counter electrode surfaces (Au and ITO in
this work) resulting in an ECM-based memristor configuration. As the filamentary switching is
directly constrained to the apex, this approach allows more reliable long-term measurements on
the nanoscale via conventional cAFM instrumentation. Reproduced under CC-BY 4.0 license from
[28]

was chosen as Au to guarantee a good conductivity and electrochemical passivity of
the cantilever. The configuration of functionalized cantilever contacted to the inert
counter electrode surface defines a complete ECM-device to be probed. Cantilevers
functionalized with Ag/Si3N4 were investigated under two different configurations:
Having either Au or indium tin oxide (ITO) as inert counter electrode. This approach
offers two decisive advantages for the purpose of basic research. Firstly, the memris-
tive action through the filament is constrained directly to the apex of the cantilever.
Consequently, thermal drift causing lateral motion of the cantilever over the counter
electrode surface does not lead to any separation of probe and switching locality. As
thermal drift effects are mitigated, reliable nanoscale long-term measurements of the
filamentary switching activity are enabled using conventional cAFM instrumentation.
Another advantage of this approach concerns the flexibility in choosing the experi-
mental configurations, because an identical functionalized cantilever can be brought
into contact to diverse counter electrodes. This enables strategies to investigate the
switching activity of the very same filament on different interfaces.

In the following, the long-term switching of a single filament is discussed based
on data gathered from a cantilever functionalized with Ag/SizN4 contacted to a
Au surface. The contact was held at a well-controlled force of 1.2 nN to provide
non-invasive measurement conditions. The counter electrode was biased via voltage
sweeps between —2.6 and 2.6 V and current responses were recorded continuously
over 18 h resulting in over 12,000 switching cycles. During the measurement a
1 G2 serial resistance was applied to limit the current and protect the cantilever
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from Ag over-diffusion. The filamentary switching mechanism taking place sharply
localized at the apex and an exemplary switching cycle are shown in Fig. 2a and
2b, respectively. Initially, under zero-bias conditions, the sample is in its HRS since
no stable filament can exist between probe and counter electrode. Upon biasing
the counter electrode (towards either polarity), electrochemical oxidation of Ag is
triggered at anodic sites in the sample, leading to a release of Ag* -ions into the
dielectric layer. The Ag* -ions are mobile and can migrate in the SizN4 layer until
they become reduced at cathodic sites in the sample where they aggregate as metallic
silver. Through this mechanism, metallic Ag is reconfigured in the dielectric layer
until a continuous filament bridges the Si3 Ny layer, which causes a switching event
to the LRS. This moment is denoted as a SET event in the current response and
the current level (highlighted in blue) is solely limited by the external 1 GS2 serial
resistance. When the voltage bias is reduced coming from the LRS, a RESET event
is observed before reaching zero-bias. The physical mechanism behind this is the
spontaneous disintegration of the Ag filament into individual clusters caused by
interface energy minimization [13]. The fact that the filament is only stable above
a certain threshold voltage is the most prominent feature of diffusive memristive
switching. Among all cycles in the long-term measurement, 95% of them showed
clear diffusive switching, which indicates the stable and non-invasive measurement
conditions of this approach. It should be noted, that the incorporated 1 G2 resistance
is the reason why the switching is constrained into the diffusive regime. On the one
hand side, the limited current only allows for the formation of thin filaments which
are more prone to spontaneous disintegration. On the other hand, in the moment of
SET switching the major part of the externally applied electrical potential shifts to
the serial resistor, which significantly reduces the field across the filament.

In another experiment, the consequences of having Au or ITO as counter elec-
trode interface are investigated. For this purpose, the Ag/Si3Ny system of an iden-
tical cantilever was brought into contact firstly with Au and subsequently with ITO.
The decisive advantage of this approach is that an identical active filament was
probed in consecutive measurements under different ECM-based device configura-
tions. Therefore, all influence coming with the active electrode or dielectric layer
(such as defect structure or filament morphology), which might disturb the compa-
rability of different configuration, are ultimately kept constant. In contrast to that,
in conventional cross-point devices, an investigation of the variation of different
counter electrodes is only possible at the expense of losing the direct comparability
in terms of the exact same filament [29, 30]. Figure 2c depicts the current response
during operation on Au (black) and ITO (red) over 50 consecutive cycles for each
electrode. It can be seen that interfacing to Au drives the switching window to lower
voltages. A representative switching cycle (scan speed: 4 s per cycle) drawn in bold
line shows a switching window between a RESET voltage of 0.3 V and a SET voltage
of 1.9 V in the positive regime. Further, it was detected that upon interfacing to Au
the LRS follows a linear characteristic, which reveals that contact between filament
and counter electrode surface is purely ohmic. Switching the contact to ITO in the
subsequent measurement resulted in fundamentally different electrical characteris-
tics. In this configuration, the switching window is shifted to higher voltages (above
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Fig. 2 a Physical mechanisms taking place during filamentary switching in the sample. b Repre-
sentative cycle from the long-term measurement. The operation of the Ag/SizN4 system integrated
on a cantilever and contacted to a Au surface resulted in diffusive switching characteristics due to
the 1 GS2 serial resistance. The distinctive feature of diffusive switching is, that the LRS is only
stable above a certain threshold voltage and volatile at zero-bias conditions. ¢ Operation of an iden-
tical filament from one functionalized cantilever on different counter electrode surfaces: Au (black)
and ITO (red). A non-linearity in the current response was detected for ITO, which indicates the
existence of an energetic barrier which was not observed during operation of the very same filament
on Au. d Representation of 100 consecutive cycles among the long-term measurement. It can be
seen, that SET and RESET threshold voltages have a statistical nature. Reproduced under CC-BY
4.0 license from [28]

2.5 V in the positive regime) and the current—voltage dependency exhibited a strong
non-linearity. This indicates the occurrence of an energetic barrier at the interface
between filament and ITO surface.

The long-term measurements of an identical functionalized cantilever open up
the possibility to study the inherent statistical nature of diffusive switching. For this
purpose, a long-term characterization on Au was conducted. Figure 2d depicts 100
consecutive cycles among the long-term measurement. It becomes apparent, that
SET and RESET events are not triggered by fixed threshold voltages, but underlie a
certain degree of stochasticity. Although great effort was invested to engineer fila-
mentary systems with minimized switching variability, it is difficult to suppress it
completely. Therefore, a deeper understanding of the statistical nature is inevitable. In
Fig. 3a, all four threshold voltages per cycle (SET and RESET at either polarities) are
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plotted against cycle number. A notable observation is, that the evolution of threshold
voltages shows a significant trend ranging over hundreds of cycles in some regimes
(highlighted as high correlation in the plot). However, in other regimes (highlighted
as low correlation), the threshold voltages are subject to strong randomness. This
observation suggests that there is partially a correlation in the switching characteris-
tics in consecutive cycles and that the degree of correlation varies over the long-term
measurement. To elucidate this, the linear correlation in the switching statistics was
quantified by means of the Pearson coefficient. For both indicated regimes, the indi-
vidual threshold voltages were related to the respective former value from the cycle
before. This quantification is visualized in Figs. 3b and 3d for SET and RESET
voltages with respect to positive polarity in the high correlation regime, respectively,
and in Figs. 3c and 3e for the same characteristic voltages but in the low correla-
tion regime. The values for the Pearson coefficient amount to 0.879 and 0.889 for
SET and RESET in the high correlation regime, respectively, whereas they are 0.435
and 0.581 for SET and RESET in the low correlation regime, respectively. This
supports the observation, that the threshold voltages are not statistically independent
on each other, but are subject to correlations in the switching dynamics, which puts
fundamental constraints in the design of real devices.

3 Noble Metal Alloy Nanoparticles for Diffusive Switching

An interesting approach to confine memristive action to the nanoscale lies in the
transition from conventional bulk planar active electrodes towards nanostructured
active electrodes or NPs. Using nanostructured electrodes (e.g. nanocones) showed
a beneficial effect on the switching uniformity in Cu-based filamentary memristive
devices [31]. NPs have recently attracted attention as building blocks for memristive
switching devices and are readily employed, either to enhance the reproducibility
by tailoring the electrical field inside the dielectric layer [32] or to act as a source
of mobile metallic cations [8, 33]. Using AgAu and AgPt alloy NPs, the benefits of
predefined electrical field enhancement and restricted mobile cation reservoirs were
combined, and diffusive memristive action was studied at different length scales,
ranging from individual NPs to multistack nanocomposites. Restriction of the mobile
species reservoir is crucial to achieve stable diffusive switching as the formation of
non-volatile filaments is inseparably linked to larger mass transport of the mobile
species. The use of bimetallic NPs is particularly promising, because the amount
of mobile species at the switching location can be effectively limited through NP
composition and size [33]. Figure 4 gives an overview of different device setups
which were studied in this context. AgPt and AgAu-NPs fabricated from a Haberland-
type gas aggregation source serve as fundamental memristive building units. To
obtain alloy NPs such as AgAu or AgPt, the concept of gas phase synthesis in a
magnetron-based Haberland-type gas aggregation source [34-36] was expanded by
the introduction of the multicomponent target approach. Here, instead of a planar
bulk target, a custom-made target is applied, which consists of a Ag target with a
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Fig. 4 Device setups under investigation. AgAu and AgPt-NPs act as fundamental memristive
building units and are encapsulated into SiO; for a complete ECM-based memristive device. Left:
Experimental setup to test the switching performance of individual NPs via cAFM. Right: The
upscaling capabilities of the NP-based approach was tested on multiple stacks of NPs and SiO;
layers via a macroscopic probe. Reproduced under CC-BY 4.0 license from [33]

trench and embedded Au or Pt wires. Using this methodology, the material usage of
the more precious metal was significantly enhanced and the NP alloy composition
can be tailored and controlled in-operando. More details regarding the NP deposition
methodology can be found elsewhere [35, 36]. Encapsulation of the alloy NPs in a
dielectric layer consisting of SiO, (deposited by reactive pulsed DC sputtering from
a Si target in the presence of an Ar/O, atmosphere) completes the memristive device
setup.

In contrast to the vast majority of ECM-based devices, the reservoir of active
species (Ag in this case) has not the form of a continuous electrode, but is embedded
into a dielectric layer between two inert electrodes. A major focus of this study was
to explore the scalability of this concept which is one key aspect concerning device
implementation. Therefore, this concept was tested on two different scales: Firstly,
the switching performance of an individual alloy NP was tested via cAFM, which
embodies the lowest limit of the scalability range. Secondly, macroscopic devices
consisting of multiple stacks of NPs and SiO, layers were fabricated to characterize
the upscaling capabilities.

The NP-based approach used to implement memristive devices on the nanoscale
offers several advantages. The location of NPs inside the dielectric layer efficiently
predefines the path where the filament is formed, which is essential for the device
integration on the lower nanoscale. The strong localization of memristive action is
additionally enhanced by the inherent electrical field concentration at the surface of a
NP. Since the mechanisms leading to filament formation are driven by electrical fields,
a substantial facilitation of memristive switching by using NPs is expected. Further,
application of alloy NPs instead of the elemental counterparts provides additional
degrees of freedom to tune the memristive action. For the alloy system presented
here, AgAu and AgPt, Ag is the active species, whereas to more noble component,
Au or Pt, is completely inert and will remain at its location inside the dielectric layer,
which is expected to facilitate the long-term anchoring of the filament path.

To understand the memristive action of alloy NPs as building block for memristive
devices, first the switching at the level on an individual NP has to be understood.
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Fig. 5 Essential results from the memristive performance characterization of a single AgPt-NP
encapsulated in SiO; via voltage sweeps between —7 and +7 V probed by cAFM. a shows a plot of
70 consecutive cycles which are representative for the diffusive switching behavior of a single NP.
b shows the threshold voltage statistics for over 2000 consecutive cycles. Adapted under CC-BY
4.0 license from [33]

For this purpose, a stacked system consisting AgPt-NPs encapsulated in SiO, was
prepared through consecutive deposition steps of 8 nm SiO,, AgPt-NPs at sparse
filling factor and 2 nm SiO,. A cAFM setup was applied to identify the position of
a NP and to measure the current response at the location of an individual AgPt-NP
via driving voltage sweeps between —7 and +7 V through the conductive tip, while
the common Au thin film served as back electrode. A serial resistance of 101 M
was applied to this measurement to limit the current flowing through the system. In
this measurement, stable diffusive memristive switching was observed for over 2000
cycles. Essential results of the measurement are depicted in Fig. 5.

The memristive behavior of the single AgPt-NP matches diffusive switching and
consequently follows the identical qualitative characteristics as described for single
filament switching in the previous section. This is represented in Fig. 5a, where
70 consecutive cycles among the measurement are plotted. The threshold voltage
statistics for over 2000 consecutive cycles are given in Fig. 5b. Also in the case of
NPs, the switching characteristics underlie a considerable degree of stochasticity.
Interestingly, no initial electroforming step had to be performed to achieve a stable
switching regime. The origin of the diffusive switching behavior in the single AgPt-
NP system is not merely determined by the external current limitation (like in the
functionalized cantilever devices in the previous section), but rather by the absence
of bulk Ag electrodes. The alloy NP approach allows for a severe limitation of the Ag
amount (i.e. by small NP diameter or low ratio between Ag and noble alloy compo-
nent) and therefore provides degrees of freedom to constrain the system into diffusive
switching regime by supplying not enough Ag to build a non-volatile filament.

Further, the scalability of the NP-based approach was tested through studies on
macroscopic devices. For this purpose, samples consisting of multiple stacks of SiO,
layers and either AgAu or AgPt-NPs were fabricated and characterized in analogy
to the cAFM measurements. To account for effects arising from the thickness of
the SiO, separation layer, an effective SiO, thickness of 2 nm between the NP
depositions was chosen for the AgAu sample whereas it was chosen as 4 nm for the
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AgPt sample. A soft Pt probe having a diameter of 125 jum was applied to contact the
samples. The samples were stressed again via voltage sweeps under current limitation
with a 1 M€ serial resistor. Figure 6a and 6b exhibit the current responses and
threshold switching statistics measured for the macroscopic devices based on AgAu
or AgPt-NPs, respectively. Generally, it can be observed, that the diffusive switching
characteristics as known from a single NP is preserved, although multiple switching
junctions inside the sample are expected to contribute to the filament formation.
Comparison of the different alloy systems show, that the HRS of the AgAu sample
allows a measurable conduction whereas the HRS of the AgPt sample is hidden
in the noise level of the experimental instrumentation. These observations could
be connected to the different thicknesses of the SiO, separation layer. In the AgAu
sample, the lower SiO; thickness possibly allows significant leakage currents whereas
the 4 nm SiO, layer thickness in the AgPt sample results in effective insulation.
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Fig. 6 Upscaling of the NP-based approach. Macroscopic devices were fabricated by multiple
stacking of SiO; layers and AgPt or AgAu-NPs. The samples were contacted by a macroscopic Pt
probe (diameter of 125 pm) and characterized via voltage sweeps. a and b show switching cycles at
positive bias and extracted switching statistics for systems with AgAu and AgPt-NPs, respectively.
Reproduced under CC-BY 4.0 license from [33]
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4 Distributed Ag-Based NP Switching in Memristive
Networks

Alongside with the profound characterization and device engineering of single
memristors, further sophisticated challenges arise from the question how to build
functional networks with a magnitude of memristive switching units. These chal-
lenges can be tackled by two different paradigms: Either by a regular and precisely
engineered arrangement of hardwired memristive devices, like it is done in cross-bar
arrays, or by reliance on self-assembly mechanisms to achieve a random dispersion
of memristive switching units throughout a network. In the last section, two strategies
for the fabrication of Ag-NP based memristive switch networks under self-assembly
principles will be discussed.

4.1 Sparse CNT Networks with Implanted AgAu
Nanoparticles

From investigating single NPs or vertical stacks of only a few NPs, in this section,
the transition of NP-based memristive switching to the horizontal orientation is
discussed. For achieving the nanoscaled distances required for memristive switching
phenomena vertically, a variety of thin film deposition techniques are already well
established. However, in a lateral orientation only sophisticated techniques like e-
beam lithography [37, 38] offer the necessary resolution to produce nanoscaled
gaps between electrodes, that allow for memristive switching. In this section, a new
approach for the fabrication of lateral nanogaps as well as the memristive switching,
when combined with bimetallic NPs described in the previous section, is discussed
[39].

This approach is based on depositing carbon nanotubes (CNTs) between elec-
trodes fabricated by conventional UV-lithography where the spacing between the
electrodes is of several micrometers. The deposition is controlled such, that the CNTs
form a sparse network and a subsequent Joule heating step removes any existing
conductive pathways between the electrodes. The network then exhibits nanoscaled
gaps between CNTs allowing for memristive switching phenomena. To fulfill its
expected functionality, the CNT network has to meet certain requirements:

e The network must fill the space between the electrodes, so that all electrodes are
in electrical contact with the CNT network.

e The CNTs must be finely dispersed, so that there are no dense agglomerations of
CNTs, as those would impede the subsequent Joule heating step.

e The network must be below the percolation point but dense enough, so that the
distance between individual tubes is in the nanometer range.
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e The CNTs must not be heavily coated by surfactants or other additives, which
would hinder removing short-circuiting paths during the Joule heating step.

Based on these requirements, a custom-made CNT dispersion has been developed
by mixing ethanol with dry, pristine CNTs and a small amount of PEDOT:PSS. The
mixture has been ultra-sonicated with a high-power sonicator to break up the CNT
bundles and disperse them, whereas the PEDOT:PSS prevented a re-agglomeration
of the CNTs and kept them finely dispersed. Despite the PEDOT:PSS acting as a
surfactant, the low amount used is not detrimental to the Joule heating step. Using
ethanol as a solvent allowed for a quick spin coating deposition in which single drops
of dispersion are dropped subsequently onto the substrate under constant rotation,
making the density of CNTs in the network well controllable. A sparse network of
CNTs is shown in Fig. 7a. Conductive pathways in the CNT network, which have
been short-circuiting the electrodes, were removed via Joule heating by applying
voltages of up to 30 V.

AgAu NPs have been deposited onto the CNT networks with a Haberland-type gas
aggregation source, which has been discussed in the previous section. The percola-
tion point of the NPs deposition process has been determined by in-operando current
measurements. It has been used to adjust the NP density to be just below the percola-
tion point, so that the distances between particles are in the lower nanometer range,
which is indicated in Fig. 7b. CNT networks with implanted AgAu NPs showed
ECM-type memristive switching with a switching behavior exhibiting a hybrid of
diffusive and bipolar characteristics. Current—voltage measurements are shown in
Fig. 7c and d. Figure 7c depicts the diffusive switching mode, where the LRS is
reset to the HRS when falling below a voltage threshold (cf. Figure 5). Additionally,
Fig. 7d shows the capabilities for resetting the resistance state when cycled quickly
into the reverse voltage regime, which is a feature of bipolar memristors.

A time resolved current measurement is shown in Fig. 7e, which indicates the
retention time i.e. the time until the HRS is reached after reducing the applied voltage.
Below the voltage threshold, diffusion and surface tension lead to a collapse of the
silver filament. However, the thickness of the filament, and thus the amount of silver
in it, defines its lifetime [13]. Therefore, it is proposed that the deposited NPs provide
alimited silver reservoir for filament formation. The amount of silver atoms is limited
such that no stable filament can be formed. But there is still sufficient silver to form
filaments that are thick enough to show a substantial lifetime.

The retention time can also be described as the “memory span” of the device,
as it remembers its resistance state. While in non-volatile memory applications, the
retention time is supposed to be as high as possible to prevent data loss, a second-
scale retention can be used for a short-term memory effect. Short-term memories are
an efficient way of storing information that is only required for a limited amount of
time, as it automatically forgets that information by itself again and thus does not
have to be explicitly reset.
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Fig. 7 Morphology and switching behavior of CNT networks with implanted AgAu NPs. a +
b SEM micrographs of sparse CNT networks without a and with b deposited AgAu NPs. ¢ Current—
voltage cycles of a CNT network with NPs showing diffusive memristive switching behavior. d A
current—voltage cycle showing the bipolar reset mechanism by applying reverse voltages (see arrow
4). e Time-resolved current measurement showing the retention of the LRS. Adapted under CC-BY
4.0 license from [39]
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4.2 Nanoparticle Networks

In addition to the networks of the previous section, another approach for large-scale
memristive switch network implementation, which solely makes use of metallic NPs
for building the network, is discussed in this section. Elemental Ag-NPs synthesized
from Haberland-type gas aggregation source, which are similar to the memristive
bimetallic Ag-based NPs as discussed in Sect. 3, are applied as fundamental memris-
tive building units in this type of network. Network formation is done by random
assembly (realized by the statistical nature of the deposition process) of the Ag-NPs
between chemically inert electrodes. The resulting network consists of a complex
arrangement of clusters of electrically connected Ag-NPs and potential switching
gaps between different clusters. The system scale is defined by the electrode sepa-
ration and can be easily set to large-scale systems in horizontal electrode geometry.
A NP network system with maximized complexity (in terms of maximized amount
of metastable network configurations) can be realized through careful tuning of the
NP filling factor at the percolation transition [24]. A schematic setup of a percolated
NP network is shown in Fig. 8a. In the subcritical regime, no network response is
possible, because of missing current paths having the scale of the overall system. In
addition to that, in the supercritical regime, the network complexity is expected to
be strongly reduced due to the existence of stable current paths that dominate the
network response. However, it should be noted that NP networks in the supercritical
regime potentially are still able to show a dynamic response which results from the re-
configuration of interface defects (such as grain boundaries) between connected NPs,
as it is reported for Au-NP networks above the percolation threshold [17]. Exactly
at the percolation threshold, which marks the critical regime of a phase transition,
the network configuration is located at some point between none and full connec-
tivity and allows for ongoing transitions between a multitude of different metastable
network configurations [40]. Figure 8b shows schematically a Ag-NP network under
indication of potential switching gaps. The state of the network is accessed by the
conductance between both electrodes, which is determined by the configuration of
all switching gaps across the network. Upon an external disturbance, e.g. application
of voltage stimuli across the electrodes, localized memristive switching at individual
switching gaps may be triggered, which lead to a redistribution of potential differ-
ences across other switching gaps. As a consequence, memristive switching at a
certain location could induce switching at other gaps in the network, resulting in a
complex interplay of switching gaps distributed over the whole network. Figure 8c
depicts the network response of a percolated Ag-NP network to a DC bias of 5 V. It
can be seen, that the network dynamics are governed by ongoing transitions between
a multitude of metastable conductance states over more than 1 h of operation. There
is no indication that the network converges to a definable conductance state, which is
in contrast to the lower-scale vertical NP-based devices in Sect. 3. Figure 8d shows
the probability density of the observed conductance states for the vertical AgPt-NP
devices from Sect. 3 (cf. Figure 6, right) and the percolated Ag-NP network. This
comparison stresses out, that for the small-scale NP-based memristive devices well
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differentiable conductance states (i.e. LRS and HRS) dominate the operation, which
is not the case for the large-scale NP network. Instead, for the percolated NP network,
the well differentiable conductance states are fading, which can be seen as an indi-
cator for collective behavior of a multitude of switching junctions. Such a behavior
is potentially interesting for neuromorphic computational concepts like reservoir
computing, which require complex networks of interacting non-linear elements able
to map input information into temporal dynamics in the network [41].

Fig. 8 Behavior of networks
comprised of Ag-NPs and
poised at the percolation
threshold. a A schematic
percolation curve showing
classification of the network
states into sub- and
supercritical and critical
regime depending on the
filling factor. b is showing
schematically a critical
network state, where no
global connectivity persists,
but the network state is
defined by the configuration
of a multitude of switching
gaps. ¢ exhibits the network
response upon application of
a constant external bias of

5 V. d shows the distribution
of distinct resistive states for
a AgPt-multistack device as
discussed in Sect. 3 (left) and
extracted from the Ag-NP
network response shown in
(c) (right)

Conductance [a.u.] &

Critical

Subcritical

Super-]
critical

[]1Switching Gap

Time [a.u.]
(c) T T T T
2.0+ E
< 1.8} 4
E
2 1.6} E
¢
3 14f -
1.2+ ]
1 1 L 1
0 20 40 60
Time [min]
(d) e
4]
& |
c |
@
o LRS
2 14 HRS | 47
=z
(1] -
2 ]
£
o
0 T - 0 T v
8 10 12 2.5 3.0

log(Resistance [Q])

Resistance [kQ]



236 N. Carstens et al.

5 Conclusion

In this chapter, Ag-mediated reconfiguration of resistance states have been observed
throughout different device implementations and system scales, ranging from indi-
vidual filaments to complex assemblies of switching gaps. Fundamental research
into the long-term switching dynamics of an individual Ag-filament via cAFM can
be considerably facilitated through direct implementation of the memristive material
system at the cantilever apex instead of conventional contacting, because it mitigates
loss in data significance by thermal drift effects. This approach was exploited to
study the cycle-to-cycle variability of filamentary diffusive switching dynamics. It
was observed that the variability in the switching dynamics of an individual filament
cannot be seen as purely stochastic, but potential correlation effects must be taken
into account. Further, AgAu and AgPt alloy NPs have been found to be promising
and versatile building blocks for diffusive memristive devices with a broad range
of switching properties. Investigations via cAFM on individual Ag-based alloy NPs
have shown, that already a single NP can act as a fundamental memristive building
unit. Application of NPs for memristive devices opens up several design opportuni-
ties, such as inherent field enhancement at the surface of the NP, high localization
of the memristive action at the location of the NP in contrast to bulk electrodes and
precise regulation of the number of active species through NP size and composition,
which is important to stabilize the diffusive switching regime of the device. Finally,
two approaches to build large-scale memristive switch networks by self-assembly
principles with a different degree of sparseness are discussed. The first approach is
comprised of a sparse CNT network, which establishes a static network topology,
and AgAu-NPs, which enable memristive switching between adjacent CNT sites in
the network. Such hybrid CNT/AgAu-NPs networks were shown to exhibit a mixed
form of diffusive and bipolar switching. The second approach treats networks only
comprised of Ag-NP with a filling factor around the percolation threshold. The Ag-
NP networks differ from their lower-scale counterparts regarding the non-existence
of stable and definable conductance states. Instead of a clear differentiation into
LRS or HRS, the networks dynamics of percolated Ag-NP networks are governed
by ongoing transitions between a multitude of metastable states, which makes them
interesting for neuromorphic computation schemes, where spatio-temporal mapping
of information into complex patterns is required.
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