REVIEW

W) Check for updates

physica
status
solidi

Www.pss-a.com

On the Application Potential of Chemically Tailored Metal
Oxide and Higher Chalcogenide Nanoparticles for
Nanoscale Resistive Switching Devices

Anne Frommelius, Thorsten Ohlerth, Michael Noyong, and Ulrich Simon*

Resistive switching (RS) for nonvolatile data storage is a highly relevant field of
research. Up to now, RS devices are fabricated via semiconductor processing
technologies. This poses the question of whether integration of chemically tai-
lored nanoparticles, either consisting of valence change or phase change
materials, can be integrated in nanoelectrode configurations in order to explore
their functionality for RS applications. This review discusses the RS properties of
such nanoparticles by means of selected examples of both nanoparticle
assemblies as well as on the individual particle level. Although this field of
research is rather unexplored, it becomes evident that chemically tailored

nanoparticles bear great potential for RS applications.

1. Introduction

The chemical synthesis of inorganic nanoparticles (NPs), which
show size-dependent physico-chemical properties, has evolved to
a prosperous research field and has meanwhile found its way to
many different areas of applications, including energy storage,!"!
catalysis,””! photonics,? or electronics.*®! In many cases, such
NPs can be synthesized via likewise easy-to-handle liquid-based
colloid-chemical routes with a high degree of control over nucle-
ation, growth, and shape evolution. In order to prevent such par-
ticles in solution from agglomeration and further growth, they
need to be stabilized, either by introducing a surface charge
through ionic additives or by organic molecules, so called cap-
ping ligands or surfactants. Such molecules enable either for ste-
ric or for electrostatic colloidal stabilization, or for combinations
of these, and they allow for liquid phase processing.
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With respect to electronic applications,
particularly metal, and metal oxide NPs have
been investigated for a plethora of different
technical uses, including gas sensing,'”’
printed electronics,™! or photovoltaics,'?
just to name a few. However, most of these
applications utilize the electronic properties
of ensembles of particles, rather than that of
single ones. Hence, collective phenomena
determine the overall electrical properties,
and structural features, such as packing dis-
order or domain interfaces may dominate
the integral behavior, rather than the tai-
lored and unique features of the individual
building blocks. As a consequence, many of
these applications do not take advantage of
the minute size of the NPs and thus do not fully utilize the size-
dependent properties that arise from the 3D confined electronic
and structural state of the NPs what would enable a leap toward
further miniaturization.

The electrical properties of individual particles are typically
studied by means of microscopic techniques, such as scanning
tunneling microscopy or conductive atomic force microscopy (c-
AFM)."*! These techniques provide detailed insights into the elec-
tronic structure and electronic transport phenomena. However,
they are less suited for building up devices that utilize the individ-
ual particles properties for a desired application. This can mean-
while be achieved by integrating individual metal NP into
nanoelectrode configurations, which are compatible with CMOS
technology and semiconductor processing. Hence, two-terminal
cells can be fabricated, where the metal NP serves as a metallic
island surrounded by the organic ligand shell. Thereby, the ligand
shell represents more than just a “dielectric spacer” in a typical
electrode-insulator-NP-insulator—electrode configuration. It has
been shown that breaking the symmetry by anisotropic arrange-
ments of the ligands on the NP surface, i.e., by forming “patchy”
or “Janus-type” particles, allows for directionality in binding. This,
in turn, allows for directionality in the electrical transport proper-
ties,"*"%) which, e.g., has recently been described for Janus-type
gold (Au) NPs in a heterometallic nanoelectrode configuration.
It was demonstrated that rectifying current—voltage characteristics
have been achieved by functionalizing the Au NPs with molecules
bearing different intrinsic electronic properties and different
functional terminal groups on the opposite hemispheres. In this
configuration, the terminal groups enabled the directed
immobilization between heterometallic nanoelectrodes and the
charge transport through the resulting device revealed the charac-
teristics of both types of molecules, forming an asymmetric double
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tunneling barrier. Hence, in such a configuration, the electrical
functionality mainly depends on the distinct binding configuration
between ligand and electrode as well as on the electrical transport
properties of the ligand molecules, while the metal NP just serves
as a metallic island with its size-dependent electrostatic charging
energy.

It would be highly desirable to integrate an additional func-
tionality into the NP itself and to utilize this for a new level
of device functionality, e.g., for resistive switching (RS) in non-
volatile data storage. While RS phenomena on nanostructures
fabricated via semiconductor processing technologies is a rather
rapidly growing and technologically highly relevant field, such as
in resistive random access memories (ReRAMs),'®! attempts to
integrate chemically designed NPs, that can undergo non-volatile
resistance changes, in nanoelectrode configurations are rather
unexplored and only first steps in this direction have been made.
However, in order to take full advantage of the tunability of NPs’
physical properties by tailoring their size, shape, and surface
functionalization, integration of a controlled number of well-
defined NPs into a nanoscale device concept would be key.
Eventually, the resulting electrode-ligand—NP-ligand—electrode
configuration as a two terminal cell would comprise both, the
tailored ligand properties and the intrinsic properties of the cen-
tral NP, and thus would open up new application scenarios that
go beyond the current state of research.

RS includes a class of phenomena where the electrical resistance
of a two-terminal cell comprising a metal-insulator-metal (MIM)
architecture changes in a hysteretic manner upon an external elec-
trical stimulus. Typically, the cell can be switched between a high-
resistive state (HRS) and a low-resistive state (LRS), which repre-
sent the binary extremes, i.e., the “ON” and “OFF” states, while
multiple resistance states are achievable as well by selecting appro-
priate stimuli, which further increases the application potential.

Among the manifold RS phenomena, this review will set its
focus on two fundamentally different switching effects, ie.,
valence change (VC) effects that are predominantly observed
in metal oxides, and phase change (PC) effects that are mostly
observed in higher metal chalcogenides. As there are many excel-
lent and comprehensive reviews on RS, to which we would like to
refer and which cover the different switching mechanisms
observed so far,!'’ % we will only give a very brief and simplified
phenomenological description of the two phenomena.

The VC effect is typically triggered by a forming process that
causes the formation of conducting paths or filaments along
extended defects. The forming process as well as the switching
effect itself induces a field-oriented local nanoionic redox reac-
tion, which is facilitated by a migration of oxygen ions or charged
defects, see Scheme 1. The resulting change in local stoichiom-
etry causes a VC of the cation sublattice, leading to a change in
the electrical resistance. This effect is typically restricted to the
electrode—oxide interface.

The PC effect utilizes the difference in electrical resistivity
between the high-resistive amorphous phase and a low-resistive
crystalline phase of various higher chalcogenides and even in
monoelemental systems. The switching between the LRS and
the HRS is achieved by local melting and quenching of the
respective material by a short, strong current pulse leading to
amorphization, while the way back to the LRS by partial recrys-
tallization results from Joule heating induced by a longer, but
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Scheme 1. Schematic illustration of the integration of VC NP (top) and PC NP
(bottom) into a nanoelectrode configuration and structural changes that are
induced by the applied voltage causing switching. For VC materials, the applied
voltage causes the migration of oxygen vacancies (Vo, represented as yellow
spheres) that reversibly transforms the materials from a HRS (i.e., “OFF”) into
the LRS (i.e., “ON). For this, according set (Vsgr) or reset (Vreser) pulses have
to be applied. For PC materials, Vsgr transforms the material from an amorph-
ized HRS to a crystalline LRS. Vigeser, followed by rapid thermal quenching,
re-amorphizes the structure and leads back to the HRS.

weaker, current pulse. While there is ongoing debate about
the specific binding configuration in PC materials, the PC effect
is accompanied by local rearrangements of the atoms as well as
changes of the electron densities in the chemical bonds.!*"

By means of selected examples, this review will illustrate recent
attempts to evaluate metal oxide and higher chalcogenide particles
as possible building blocks for nanoscale RS. We will cover exam-
ples of NP assemblies applied as compact films, NPs embedded in
a polymer matrix, NPs in monolayers, and we will showcase switch-
ing experiments on individual NPs. Thereby we intend to highlight
the most relevant developments achieved so far, whereas we will
put some emphasis on our own work of the last decade.

2. Metal Oxide Nanoparticles in Valence Change
Settings

2.1. Surfactant-Free Fabrication Methods

There have been several approaches that integrate solution-
processed metal oxide NP as a formal insulating layer within
the MIM architecture. In terms of NP assemblies, Kim et al. were
among the first groups to integrate magnetite (Fe;0,4) NPs as
resistive material into an RS device.””’ The NPs are obtained
in different sizes (diameters of 7, 9, 12, and 15 nm), and they
were compressed to a pellet with sizes of 0.5 - 1 - 4mm? after
organic surfactants ligands were removed chemically. These
rather thick assemblies of magnetite NPs showed bipolar RS fea-
tures with an Ropp/Ron ratio of ~20. Accordingly, switching
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behavior could be extended to related spinel structures, such as
MnFe,0,. Later, it was shown that by repetitively dip-coating
electrodes into organic colloidal dispersions of maghemite
NPs, thin films of about 300nm can be established, see
Figure 1.%*?Y As mentioned in the introduction, for this
approach, it is unavoidable to functionalize the surfaces of the
NPs. This is why after each dip-coating a subsequential sintering
step needs to be performed, so that the surfactants are removed.
Another beneficial aspect of the sintering is that the particles

Current (A)
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0~+8~0V
0~+10~0V
0~+12~0V
0~+14~0V
0~+16~0V
L 1 1 1 L

6 8 10 12 14 16
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Figure 1. a) Plan-view and b) oblique-angle view SEM micrographs of
y-Fe,O3 NP multilayer on Al plate formed by repeating dip coating and
annealing steps ten times (inset: schematic of Al/y-Fe,O; NP multilayer/
Al-plate structure). c) |-V characteristics of Al/y-Fe,O; NP multilayer/
Al-plate structure at the different voltage sweep ranges; +6 and +8V,
+10 and £12V, n+14 and +16V in the positive voltage range.
Adapted with permission.”®! Copyright 2011, IOP Publishing Ltd.
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coalesce and form a mechanically stable contact with the elec-
trode and thereby provide several percolation paths.

In Figure 1c, the [-V characteristics of Al/y-Fe,O3; NP multi-
layer/Al-plate structure exhibit multilevel RS, with the resistance
decreasing at higher voltages and switching not observed at
+ 6 V. These results suggest a possible RS mechanism where mul-
tiple conducting filaments are reversibly formed and ruptured,
potentially due to a phase transition of NPs from y-Fe,Os3 to
Fe;0,4. The RS could be associated with nanoscale redistribution
of atoms or vacancies within the y-Fe,O3; NP assembly, with the
large volume of voids between NPs facilitating this redistribution.

Furthermore, these assemblies have an extremely porous
structure. The resulting enhanced surface area is concomitant
with a higher concentration of potential ionic defects, i.e., oxygen
vacancies (Vo). Thus, it is worth mentioning that the inherent
characteristics and behaviors of NP-layered thin-film assemblies
exhibit significant differences when compared to those thin films
produced through top-down processing methods. Thereby, it is
important to note that this does not necessarily involve a different
redox chemistry of the insulating material. In the here described
example, the formation of a conducting filament in thin films can
be observed as an abrupt increase of conductance, while the path-
ways in the NP-based structure are gradually increased by apply-
ing voltage repetitively. The corresponding switching behavior
can be interpreted as a space charge limited current (SCLC) con-
duction mechanism; this is demonstrated in the I-V curve’s lin-
ear relationship in a log-log scale, showing ohmic resistivity at
low voltages (below around 4 V) where the injected current den-
sity is less than thermally generated carrier density, and a tran-
sition to SCLC conduction as the voltage increases (up to about
8 V).l Other conduction mechanisms, like Schottky emission,
tunneling, or Poole—Frenkel conduction, were excluded as the
current is likely to flow through the filaments by SCLC conduc-
tion due to the high density of interface trap sites. There are more
fundamental explanations and controversies for different types of
conduction or “leakage currents,” which are assumed for MIM
stacks and how the current is either interface controlled by
means of thermionic field emission and tunneling carrier injec-
tion or the current is bulk controlled through SCLC or the Poole—
Frenkel effect.””) However, this discussion goes well beyond the
scope of this review. Yet, in terms of NP assemblies, it is note-
worthy that the increased interface area promotes the electron
transport via a high concentration of trap sites, so the SCLC
is affected by this tremendously. As a consequence, increasing
pulse voltages and widths not only allow for RS but also gradually
increase the resistance bias between the LRS and HRS. Such
analog-type switching (see Figure 1c) is different from the cor-
responding thin-film structures and enable the potential to sim-
ulate novel approaches such as neuromorphic devices.*?”)
However, high voltage or current application may not always
form filaments, as both, formation and rupture are influenced
by concentrated electrical fields that lead to inconsistent switch-
ing characteristics. To improve uniformity and scalability in fur-
ther miniaturized devices, it would be necessary to control RS
within single or few NPs or nanowires (NW) and further inves-
tigate the impact of assembly thickness and lateral size on mul-
tilevel switching uniformity.

Concerning thinner assemblies, Younis et al. used CeO, nano-
cubes (NC) with side lengths of 5 nm and created ~163 nm-thick
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Figure 2. a) Particle-size distributions of the CeO, nanocubes. b) |-V measurements on the linear scale. ¢) Endurance performance of the device for 200
switching cycles. d) Data retention performance of the device for 2000 s. e and f) Schematic diagram for the self-assembly of CeO, nanocubes to form a
RS device g) setup for I-V measurements. Schematic model demonstrating the conduction process in the device h) without potential, i) with positive
potential, and j) with negative potential. Adapted with permission.”?! Copyright 2013 American Chemical Society.

assemblies of by threefold dip-coating gold electrodes into the
nanoparticle dispersion, see Figure 2.7 The CeO, NC were simi-
larly processed by sintering and the counter electrode was sput-
tered on top of the NP layers. Ropgr/Ron ratios of 10* were
achieved with thermal stability of up to 200 °C with more than
10* cycles (cf. Figure 2b-d). The authors note that thinner films
exhibit lower Ropg/Ron ratios due to a deficit in Vo, which are
essentially charge carriers. In contrast, for thicker films, they have
demonstrated an uptick in charge carrier density by means of
Hall effect measurements. However, the corresponding lower
Rorr/Ron ratios for these thicker films, specifically those exceeding
163 nm, are found to be smaller compared to devices with relatively
thinner films. This is attributed to the necessity of applying higher
effective field strengths to generate charge carriers via redox reac-
tion processes. The authors propose an RS mechanism model that
shares similarities with the widely accepted filamentary growth
mechanism previously mentioned. In this model, V,, or free oxy-
gen ions (O?7) play the role of charge carriers.”®

The initial state has a high resistance, which is not only due to
the NC bulk but also the interfaces between the particles that act
as barrier (h). Upon applying a positive potential, O®~ are
attracted toward the anode and are likely to form a reservoir
at the electrode/CeO, interface (i). When the oxygen vacancy
density is high enough, percolation paths between the filament
are formed that enable electrons to tunnel through the potential
barrier, so the system is in the LRS. The opposite voltage imme-
diately interrupts these conductive paths by pushing the Vo away
from the cathode, resetting the device to the HRS (j). Compared
to polycrystalline films in analog tests, these CeO, showcased a
generally much higher resistance (10’ Q) than their thin-film
counter parts (<10°Q), which effectively results in a higher
and more desirable high Ropr/Roy ratio.

Despite the differences between common thin films and
assembled NP as insulating material in a MIM structure, NP
can form structures that are not only confined in one, but in
all three dimensions. This motivated other groups to integrate
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Figure 3. Schematic illustration of the crossbar memory structure formed
from two NiO-Ni core-shell NWs in HRS a) and LRS b), differing by the
presence of a conducting filament, and the consequent [-V curves.
) Hybrid bottom-up/top-down crossbar structures between a core—shell
NW and corresponding measured -V d) curves showing SET/RESET for
four sequential cycles. Adapted with permission.*"! Copyright 2011
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Figure 4. Exemplary I-V curves showing a) CS-type and b) BS-type behavior of [Pt/Ir]/TiO,_, NP/[Pt/Ir] devices. c) Schematic illustration of different steps
“1” to “4” during the CS process in a vacuum-annealed TiO,_, NP with an assumed core—shell-like structure. Reproduced with permission.?? Copyright
2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Figure 5. Exemplary SEM image of a TiO, NP film on the Pt/Ir surface transferred by the one-step method; on the left-hand side, the Pt/Ir-coated tip
electrode is visible a) and tapping mode AFM image of the TiO, NP film transferred by the microcontact printing method onto a Pt/Ir surface b). Two I-V
curves recorded on different TiO, NP monolayers exhibiting BS behavior c,d) (arrows and small letters depict voltage sweep sequence). Adapted with
permission.?*l Copyright © 2017 MDPI.
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individual NPs into an electronic device and elucidate the RS
mechanism where the effect of dimensional confinement comes
into play.””! One elegant way was established by using Ni-based
NW. In one of these studies, the NW are composed of a core—
shell structure: a metallic Ni core that acts as connection for elec-
trodes in the crossbar-like device set-up and an insulating NiO
shell that constitutes the active switching layer during the voltage
sweeps (see Figure 3a—c).[3°‘31]

In this way, RS of two perpendicularly stacked Ni/NiO-NW
with a total diameter of 200 nm (with an =15 nm-thick oxide
layer shell) was shown. The change in resistance could be unam-
biguously assigned to the crossing junction of the two NW. It is
therefore reasonable to assume that a conductive filament is gen-
erated by means of local reduction of NiO at this cross junction
(Figure 3a,b). The Rorg/Roy ratios of about 10° are comparable
with planar NiO devices. It was also shown that cycle stability was
limited to only four ON/OFF switching cycles, which is probably
due to mechanical failure caused by thermally induced mechan-
ical stress of the crossbar construction (Figure 3c,d). However,
these findings serve as a proof of concept for NW-based crossbar
memories. These NW-based RS devices were discussed in depth
by lelmini and coworkers. Their and other studies show that
core—shell NiO-Ni NWs can act as flexible building blocks with
inherent high scalability for high-density crossbar memory
arrays.P%?!

In the context of this review, it should be noted that these NW
were synthesized through electroplating. In that regard, Schmidt
et al. could transfer the core—shell phenomenon from the NiO-
based NW toward chemically synthesized TiO,_, NPs.’? These
NPs with a size of 80 nm in diameter showcase not only a bipolar

(@) 10° :
— 10.2[ - - J~E™ i
‘g 10°} }
9 a4l o sweep(1)
,S, 10_5r o- sweep (2)
= 107} scLc
10-6 : Thermiomic emission 4
19
10'7r o~ ':;'EM £
10—8 L s s
10° 10* 10°
E (V.em™)
.Electron PVA Unfilled trap Fulfilled trap
/ \ \ TNTs \ TNTs /6 \\
A Tl %
% Q\l\ [ / si2 N /
& = N
o 2 //0 : // - e
- s :
o | — "o | —
RESET SET

Figure 6. a) Current density—electric field strength (J-E) plot of current
transport mechanism of the Al/PVA:TNTs/FTO device (FTO = fluorine-
doped tin oxide). b) Schematics of the charge trapping—detrapping pro-
cess in the Al/PVA:TNTs/FTO device corresponding to the SET and
RESET process of RS behavior. Reproduced with permission.*!
Copyright © 2018 Royal Society of Chemistry.
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switching (BS) behavior, but predominantly a complementary
switching (CS) mechanism (see Figure 4a,b).

A nanorobotics setup installed in a scanning electron micro-
scope (SEM)P? was used to electrically address individual NPs
via a conductive tip electrode and bottom electrode. Both electro-
des were coated with a [Pt/Ir] film so that in the end a [Pt/Ir]/
TiO,_NP/[Pt/Ir] configuration was formed. The switching
model is explained in Figure 4c. Starting with a high voltage
of +5V at the tip, the already oxidized TiO, shell of the NP accu-
mulates O?~ ions that further insulate the tip-NP interface. On
the other hand, the local shell at the interface between the bottom
electrode and the NP has a high concentration of Vo, which
makes it an ohmic contact, but due to the insulating tip-NP inter-
face, the configuration is overall in the HRS. When the polarity of
the tip is turned to voltage of —2.5V, the insulating shell of the
tip-NP is destroyed, which leads to a voltage drop and an
increase of the current. At this point, the configuration is
switched to the LRS. A further decrease of voltage leads to the
oxidation of the bottom electrode and NP interface, so the con-
figuration is switched back to the HRS in the same polarity,
which is typical for the CS mechanism. Still, some NPs exhibit
BS mechanism or even show a transition from the CS to the BS
mechanism. For that, one of the electrode—NP interfaces remain
in the oxygen deficient and thus conducting state. Given that the
atmosphere within the SEM is at 10~® mbar and gaseous oxygen
is released at the electrodes, it is hypothesized that the
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Figure 7. a) NP solutions are injected under a blade against a rigid sub-
strate, where “stop-and-go” motion of the stage produces NP ribbon
assemblies to form, as shown in b), an optical micrograph of BZO-4.5
NP ribbon assembly arrays. The insert shows a schematic illustration
of the c:AFM measurement geometry across an individual polymodal
nanoribbon assembly. c) IV response of a BZO-4.5/SZ0-2.4 polymodal
nanoribbon (height = 80 nm) displaying “eightwise” BS character, as indi-
cated by the arrow markers. Here “1” indicates the SET process, “2" and
“3” indicate the LRS response, and “4” indicates the RESET process. d) I-V
response of an individual BZO-2.3 monomodal nanoribbon displaying
(volatile) threshold switching behavior. Here “i” and “iii"” indicate the
threshold voltage and increase to the LRS; “ii” and “iv” initiate the return
to the LRS. Adapted with permission.[&] Copyrlght © 2021 American
Chemical Society.
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reoxidation of the TiO,_, interface might be prevented. Due to
the high work functions of the cathodes there is no other oxygen
source that could reincorporate O~ ions back into the NP. This
is in line with the observation that after several triangular voltage
sweeps, the LRS remains intact, which indicates that at least one
required insulation layer at the electrode—NP interface cannot be
retrieved for either electrode anymore. This further supports the
assumption that oxygen is extracted from the TiO, ,-NP system.

Subsequent experiments by Schmidt et al. rendered to some
extent the combination of both: a thin-film deposition and
switching of individual sub-10 nm TiO, NPs.? For this, the for-
mation of multilayers, as discussed earlier, has to be prevented.
Experiments with controlled water surface curvature enable in
best-case scenarios the formation of monolayers of NPs (corre-
sponding to a film thickness of &5 nm) which are transferred to
the substrate surface that acts as bottom electrode, see Figure 5.

The different regions, i.e., NP monolayers or particle free elec-
trode surfaces, could be identified by means of the aforemen-
tioned nanorobotic setup. For monolayers and multilayers,
bipolar RS behavior was observed (Figure 5c,d). High voltage
and current, possibly generating Joule heating, were seen to
induce structural changes in a layer of TiO, NPs, potentially
resulting in direct contact between the measurement tip and
the Pt/Ir surface, thus causing observed ohmic behavior. Factors
such as thermal drift and creep effects in the piezoelectric control
elements might also lead to direct contact, and though most
measurements showed a short circuit, it was hypothesized that
individual sub-10nm TiO, NPs might be reduced to more
conductive Magnéli phases, leading to the observed switching
behavior.**

(@)
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4 2 0 2 4
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Eventually, a very recent research explores the properties of
three-dimensionally confined HfO, nanoislands, grown by van
der Waals epitaxy, with an eye toward their potential application
in highly scaled ReRAM devices.** Detailed analysis using scan-
ning probe methods and ab initio simulations revealed the nano-
islands’ structural and electronic properties, which demonstrated
characteristics similar to bulk material. Interesting findings
include the presence of various acceptor- and donor-like in-gap
states, suggesting a significant role for hafnium carbide formation
and other defect states in the nanoislands’ behavior. The identifi-
cation of sub-nanometer HfO, crystals and a detailed understand-
ing of their atomic structure provide new insights into the first
nucleation steps in the formation of these nanostructures.
Ultimately, van der Waals epitaxy requires an ultraflat substrate
like graphene. This is where chemically synthesized NPs might
have an edge, as they can be deposited on basically any material.

2.2. Influence of Organic Matrices in NP-Based ReRAM

Incorporating chemically synthesized NPs into a ReRAM device
poses challenges not only in the assembly process but also due to
the prevalence of organic capping agents. However, some groups
have successfully used organic matrices as a dielectric compo-
nent in a switching cell, effectively utilizing what was initially
a disadvantage.’*% One method involves creating a thin-film
layer by spin-coating metal oxide NPs within a polyvinyl alcohol
(PVA) as polymer.?**!! This composite mixture of metal oxide
and polymer has demonstrated promising switching capabilities
in recent years. The RS characteristics can be illustrated using
a hybrid organic-inorganic device exhibiting BS behavior,

(b) 101

0.51

4
o

Current [pA]

-0.54

Figure 8. |-V curves of rod-like NP (dry) films recorded by periodic voltage sweeps in a a) microelectrode device (channel width of 5 ym, sweep rate of
10 mV's™"). Inset: microchannel device. b) Nanoelectrode device (nanoelectrode separation 21 nm, sweep rate 100 mVs™). Inset: SEM image of a
nanoelectrode device with rod-like nanoparticles. ¢) Magnification of the inset in (b) highlighting the respective subunits. Adapted with permission.!?!

Copyright © 2022 American Chemical Society.
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for instance with TiO, nanotubes and PVA.1?! Notably, the
materials—PVA polymer or TiO,-nanotubes—do not show
switching hysteresis individually.

The current transport mechanism in these composite materi-
als involves an interface controlled thermionic emission mecha-
nism, which injects charge carriers from the electrode into the
polymer (Figure 6). Starting from a HRS, charge carriers are
injected into the PVA polymer at low voltages. With increasing
voltage, the system’s conductivity is enhanced by trap-controlled
SCLC and a charge transfer occurs between the polymer and the
TiO,-nanotubes, following a donor—acceptor mechanism. When
all acceptor traps in the TiO,-nanotubes are filled, the current
spikes and the device switches to an LRS with ohmic behavior.
The TiO, nanotubes thus serve as electron acceptors within an
electron donor matrix. A reversed bias regenerates charge carrier
traps within the NP, resetting the system to the HRS. These
hybrid systems are stable in ambient conditions, inexpensive, easy
to manufacture, mechanically robust, and flexible due to the poly-
mer matrix. However, further studies are needed to understand
the switching behavior concerning the polymer host matrix, tem-
perature, and variations in nanofiller loading.!*") Moreover, upscal-
ing a spin coating process for industrial use remains challenging
due to its treatment of small substrates, material waste, and diffi-
culty achieving thin-film layer formations below 10 nm, a critical
threshold in the semiconductor industry.

The group of Nonnenmann has shown the employment of
HfO, NPs as nanoribbon-like thin films."*? They propose that
the switching behavior correlates linearly with the length of
the capping ligands they used for the colloidal stabilization of the
NPs. Shorter ligands are thereby concomitant with an increased
tunneling probability due to the shorter interparticle spacings. In
another study, they solvothermally synthesized differently sized
BaZrO; (BZO, 4.5 and 2.4 nm in diameter) and SrZrO; (SZO,
2.4 and 9.0nm in diameter) NPs and stabilized those with
2-hexyldecylphosphonic acid as capping ligands.

The particles were assembled via a flow-coating method (see
Figure 7a) and deposited onto a Pt substrate that acts as bottom
electrode. The ribbon height was ~80 nm. The authors found a
BS response of NP nanoribbon assemblies using a sweeping volt-
age (see Figure 7¢) applied to a Pt bottom electrode and collected
by a grounded Pt top electrode. The voltage sweep starts with
negative polarity, initially showing a HRS before reaching a
Vspr that induces a significant increase in current and estab-
lishes an LRS. The LRS remains even after removing the applied
voltage, proving the nonvolatile nature of the nanoribbons. Both
“eightwise” and “counter-eightwise” hysteretic BS responses
were observed for BZO and BZO/SZO nanoribbon assemblies.
The coexistence of BS with opposite polarity trends is similar to
SrTiO; and TiO, thin-film studies, which attribute the polarity
conversion to local changes in defect density. Oxygen exchange
at the Pt electrode interface affects local vacancy concentration
and the migration of Vo, which in turn modulate the depletion
region and barrier height. However, most nanoribbon assembly
combinations exhibit threshold switching responses (see
Figure 7d). The typical threshold response is similar to the bipo-
lar response but differs in the behavior of the LRS. Unlike the
nonvolatile bipolar response, where the LRS is maintained
toward the maximum positive bias, the volatile threshold
response returns to the HRS at zero bias and maintains the
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HRS in the opposite polarity until the threshold bias is reached.
Similarly to the NiO/Ni NW or the iron oxide NP thin films that
were discussed above, other studies have shown that parameters
like temperature, electrode thickness, current compliance, or
oxygen stoichiometry can cause instabilities in oxide thin films,
while in the case described here it results in a conversion from
BS to threshold switching."**** The nanoribbon assemblies were
measured at ambient temperature, indicating that temperature is
not the cause for this transition. Although the nanoribbon sys-
tems do not exhibit filamentary-based switching, inefficient heat
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Figure 9. The (OCH,);C-R ligated WD polyoxoanion. a) Side view.
b) Top view. c) Ligand scaffolds: Ry =CH,SMe of WDS-1 and
R, = NHCOCgH,SMe of WDS-2. Color code: blue octahedra = WO, yel-
low octahedra = VOg, magenta square pyramids = PO,, red spheres = O.
H atoms are not shown. d) Switching events of WDS-2 on Au(111). A rep-
resentative STS spectrum (It =200 pA, Ug = 1.8 V). In the forward direc-
tion (black), the switching from a high-resistive state to a low-resistive
state at —1.7 V is clearly discernible. e) Time-resolved resistive switching
of WDS-2. A background subtracted I-t spectrum is shown. Three conduc-
tivity levels are emphasized by red lines (=200 pA, Ug=—-1.8V).
Adapted with permission.*”! Copyright © 2022, John Wiley & Sons.
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dissipation due to thinner electrodes might contribute to the
observed switching behavior. The limited current provided by
most c-AFM amplifiers may also be insufficient to migrate
enough Vo, affecting the occurrence of BS. Variations in operat-
ing voltage and uniformity are influenced by size-dependent
nanocrystal structural changes, with smaller BZO and SZO
NPs likely having higher lattice parameters. The Tauc method
applied to UV-vis absorption spectra shows a red shift in the
bandgaps of both BZO and SZO systems with decreasing NP
diameter, which is attributed to increased Vo concentration in
smaller diameter NPs, leading to lower Vsgr and improved
switching uniformity. The authors again assumed that the I-V
responses of the BZO-SZO combinations reveal that the under-
lying mechanism driving current in ligand-capped NP assem-
blies strongly depends on ligand length. Longer organic
ligands, e.g., 2-[2-(2-methoxyethoxy)ethoxy]acetic acid, result in
charge transport limited current, while shorter ligands, such
as 2-hexyldecylphosphonic acid, lead to charge injection limited
systems. The switching mechanism thereby involves charge
trap/detrap cycles at the tip—sample interface facilitated by inter-
facial Vo, electron traps.

Www.pss-a.com

A first step toward integration by realizing a device-like set-up
was achieved by immobilizing sub-10 nm rod like and spherical
tri-n-octylphosphineoxide-stabilized HfO, NPs (TOPO-HfO,-NP)
in lithographically fabricated electrode structures.*"!

The NC were drop-casted in dense films onto either micro-
channel devices or nanoelectrode structures (see Figure 8).

In the nanoelectrode configuration, the Au/TOPO-HfO,/Au
structures included only a few NPs embedded between the
two electrode tips. It was shown that even traces of residual mois-
ture in the atmosphere lead to redox-like behavior that accords to
water splitting reactions, whereas under vacuum, for either the
microchannel devices and the nanogap devices showed threshold
switching. It was hypothesized that the applied voltage induces a
polarization in the dry NP hybrid material, which aligns contrary
to the electric field, contributing to a self-limited current. The
polarization could be due to surplus nonadsorbed TOPO mole-
cules, dipoles at the TOPO/metal interfaces, or within the dry NP
itself, which may reorient under an electric field, especially with
charge injection from the electrodes or redistribution of surface
charges. If the electric field decreases below a certain level, the
polarization disappears, making the dry NP film behave like a

Figure 10. Series of SEM images of intermediates identified during the solvothermal synthesis of Sb,Te; and corresponding simplified models that
illustrate the respective morphologies. a) Intermediate 1, amorphous spherical Sb,Te, particles, b) Intermediate 2, “fried egg” like structure,
c) Intermediate 3, evolution of a hexagonal shape, d) Intermediate 4, hexagonally shaped layers with convex rim, e) final Sb,Te; hexagonal platelets.
Scale bar: 200 nm. Reproduced with permissionl®'! Copyright © 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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dielectric or poor semiconductor. This means that the volatile
threshold switching observed for TOPO-stabilized HfO, NPs,
tested without moisture, represents the combined properties
of the dry NP film and the device design, rather than the NP
alone, which highlights the importance of the capping ligands
depending on the device architecture.

Approaching the hypothetical size limit of oxide NPs, i.e.,
clusters that consist of less than 100 atoms (excluding the
organic ligand shell), a very recent approach demonstrated the
synthesis of two types of so-called Wells—Dawson polyoxoanions
(tBuyN)s[HP,V3W15050((OCH,)3C-R)] (see Figure 9a—c).[*¢*”]
The two different polyoxoanions differ only in the composi-
tion of the surface-bound ligands R, i.e., Ry =CH,SMe or
R, =NHCOCH,SMe (WDS-2) and were studied toward their
RS behavior on a gold surface. It was found that the type of ligand
used in these polyoxoanions affected how they assembled at the
surface: WDS-2, with a longer ligand R,, formed larger uniform
structures while WDS-1, with a shorter ligand R, created smaller
agglomerates and thus enables the potential of directed assembly
of these polyoxo species.

More relevant regarding this Review, a connection between
these polyoxoanions’ electronic structures and their interactions
with the gold surface could be demonstrated, which impacts their
redox state. The experiments were conducted by means of a two-
terminal memory cell test structure within a scanning tunneling
microscope and by scanning tunneling spectroscopy. The vana-
dium centers within both WDS-1 and WDS-2 were reduced when
in direct contact with the gold surface, resulting in a decreased
bandgap. This reduction was interpreted as RS of the polyoxoan-
ions. Notably, the discovery that was made here describes a
switching procedure that is controlled by the vanadium centers
in these polyoxoanions, independent of the ligand type, which
demonstrates the theoretical feasibility of using polyoxoanions
in ReRAM devices.

3. Metal Chalcogenide Nanoparticles in Phase
Change Settings

3.1. Electrical Addressing of Individual Nanoparticles

There are many metal chalcogenides (consisting of, e.g., Ge,
Sb(Bi), Te) known in binary, ternary, and quasi-binary composi-
tions that have applicability in PC memory devices.!**! Nowadays,
these materials are widely used in forms of polycrystalline or
amorphous thin films made by gas-phase deposition techniques
like sputtering.[**! Thin films are also being produced by metal—
organic chemical vapor deposition (MOCVD) and epitaxial
growth depositions with the advantage of highly ordered single
crystal structures.®® By sputtering different thin films, for exam-
ple Bi,Te, it was found that depending on small deviations of the
favored stoichiometry (Bi,Te;), huge property contrasts in terms
of thermal and electrical conductivity occurs.®"*? This leads to
further investigation in wet-chemical syntheses of three-
dimensionally confined nanoparticulate materials for there is a
great interest on getting insights on the formation of exact com-
positions in these three-dimensionally (3D) confined materials.”**!

A challenge in working with PC materials (PCM) is their high
tendency to form oxides which makes the oxygen-free handling
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unavoidable.’* Even though, for the binary PCM GeTe studies
showed that small amounts of oxygen doping can enhance the
thermal stability of the amorphous phase just slightly higher oxy-
gen quantities lead to the failure of RS properties.*> Therefore,
the air-free syntheses and transport of PCM into optically and
electrically addressable matrices shows ground for investiga-
tion.’® Furthermore, problems in studying NPs arise when
these need to be stabilized by organic ligands which might influ-
ence the switching behavior.!*”)

Antimony telluride (Sb,Te;) as a narrow bandgap semicon-
ductor has been investigated thoroughly over the years in form
of nanoscaled single crystalline and polycrystalline thin
layersP®”*® as it has ever since been of great interest in rewritable
optical recording material.”® However, layered structures are
just confined in one spatial dimension, unless the electrical con-
tacts are truly in nanoscale dimension. In order to explore the
size- and structure-related properties of these materials and to
approach the three-dimensionally confined state, in 2015,
Saltzmann et al. proposed an environmentally friendly solvother-
mal way to synthesize single-crystalline Sb,Te; hexagonal plate-
lets (HP) by using precursor oxides in a basic medium.[¢®¢"

They analyzed the formation process by stopping the reaction
at different reaction times and characterized each intermediate
starting from an amorphous NP structures (see Intermediate 1
and 2 in Figure 10) to partially crystalline and eventually single
crystal Sb,Te; HP (Intermediates 3 and 4 see Figure 10, respec-
tively). In the intermediate states 1-3, the material showed stoi-
chiometries that differed from the ideal Sb,Te; stoichiometry
and only after the final structure was achieved the particle
can be considered a typical PCM.!¥ First, electrical switching
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Figure 11. a) Nanorobotic measuring setup in the SEM. b) Switching
sweep measured for an in situ contacted Sb,Te; hexagonal platelet in the
SEM. c) Positions of the measuring tips during measurement the switch-
ing events. Scale bar: 1 ym. Reproduced with permission!®" Copyright ©
2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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experiments were performed in an in situ-nanorobotic setup
integrated in an SEM, as it was already described above.*’
Individual NPs were contacted by two metal-coated AFM tips
and probed with a switching sweep between 0V and 5V after
a short amorphization pulse, where typical unipolar switching
characteristics between a high and low resistive state were
observed (Figure 11). After a few cycles, the material showed
no switching behavior anymore and stayed in the LRS. The
authors assumed that the loss of tellurium and therefore a non-
ideal stoichiometry due to the experimental setup in vacuum
caused this loss in functionality.

Nevertheless, this first RS experiments on individual particles
set the ground for further experiments.”*%** In 2018, Jacobs-
Gedrim et al. showed RS in 2D confined Sb,Te; nanoflakes
formed by exfoliation processes. Here, the particles were placed
between two Ti/Au metal contacts and could successfully be

(a) 957 cm-t

1150 cm! 1250 cm!

1600 cm-!
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switched over more than 20cycles between HRS and LRS.
They also found that the energy required to amorphize the crys-
talline material decreases exponentially with thickness reduc-
tion.[°>¢%] Comparing the thickness of the wet-chemically
synthesized Sb,Te; HP with roughly 200 nm and the exfoliated
nanoflakes of 20-100 nm the confinement into two dimensions
seems to increase the stability of the elemental composition dur-
ing switching processes.

In order to advance the understanding of this particular PCM
and its role in RS, a comparison was drawn between Sb,Te;
structures formed by molecular beam epitaxy (MBE) and those
synthesized chemically. Their optical properties were scrutinized
using scattering-type scanning nearfield optical microscopy
(s-SNOM).[”) This method, with its 20 nm resolution, facilitated
a detailed exploration of individual particles (Figure 12). A
distinct optical contrast was found within different surface
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Figure 12. (a) Near-field optical images in scattering amplitude S, (first row) and phase ¢, (second row), normalized to silicon (upper left corner). The
five columns show measurements for different illumination frequencies. A schematic overlay of the optical pattern from a) with the topography of
the growth spiral is shown in b). In c) and d), the relative contrast between the domains, as labeled in b), is plotted in amplitude and phase, respectively.
In the inset of c), the area of 500 nm radius around the screw dislocation that is used for the evaluation of the relative contrasts is sketched. The lines are
calculated near-field contrasts under the assumption of different Drude terms for the domains A and B: No = 2.1 - 10°cm 3, Ng=1.5-102cm™>. In the
lower plots, the respective contrast to silicon is shown. e) and f) lllustrations of the effect of a variation of £30% around the extracted damping factor
¥ =540 cm ™" while N is kept constant at 1.8 - 10°° cm 2. Crossing points which indicate an inversion of the contrast between two spectra are marked with
vertical dashed lines. Reproduced with permission.®” Copyright © 2015 American Chemical Society.
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segments of a single particle, attributable to variations in charge
carrier densities resulting from slight Sb:Te ratio discrepancies
on the particle surface. Such variations are essential when it
comes to conductivity changes and are thereby central to RS
in PCMs in general.

Conventional AFM experiments confirmed a spiral growth
pattern on the Sb,Tes; surface, as previously identified by
Saltzmann et al. (see Figure 10d).°" This pattern was observed
to occasionally cause contrast inversion. Upon adjusting the
supersaturation of growth species, symmetric infrared domains
emerged as an inherent trait of Sb,Tes. This observation held
true for both chemically synthesized particles and MBE-
produced nanofilms.'*®!

These few examples show that metal chalcogenide NPs can in
principle be applicable in RS settings. However, in contrast to
metal oxides, they are less stable in terms of stoichiometric integ-
rity during switching experiments. Furthermore, it is evident that
the particles studied so far still reach up to the micrometer range
in at least one lateral dimension. Hence, the features of a three-
dimensional (3D) confinement have not yet been explored, as
only a few PCM in (true) NP form have been synthesized so
far. To the best of our knowledge, on such NP systems, electrical
switching experiments have not been published yet. However, as
detailed structural investigation on the structural features and the
stability of the amorphous state as a function of particle size have
been performed, we include examples from those studies in this
review, as they shed light in the potential of chemical design also
for RS purposes.

3.2. Stabilizing Amorphous GeTe by 3D Confinement

The group of Yarema did pioneering work on analyzing the 3D
confinement effect in PCM on the phase stability and transition
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between the amorphous and crystalline state.!*”! They showed a
wet-chemical synthesis approach to achieve ligand stabilized
GeTe NPs in a variety of sizes between 4 and 8 nm in diameter
and thereby enabled the analysis of the size-dependent crystalli-
zation temperature (T). Previous synthesis of amorphous GeTe
NPs in a nonsize-controllable manner showed already that
decreasing size from bulk to a particle size diameter of
1.8 nm leads to a drastic increase in crystallization temperature
from T.=170°C to T. =400 °C.’%7"

The investigation by high temperature p-XRD of 6 nm GeTe NP
further showed that the crystalline domain size increased up to
25nm which indicated that the coalescence of the NPs occurs
at a similar temperature range as the crystallization. Analyzing
the temperature-dependent behavior of 3D confined NPs is even
more difficult due to the fact that the size-dependent trends of T,
and of the melting temperature (T,,,) are opposite. While T, is
decreasing with decreasing size due to higher energy per atom
with increasing number of surface atoms, T, is increasing. To
distinguish between these thermally induced phenomena, differ-
ential scanning calorimetry with different heating rates was
performed. While the exothermic T. and the endothermic T,
at high temperatures are clearly distinct from each other during
these measurements, the T, signal is broadened. With higher heat-
ing rates, the exothermic signal can be subdivided into two
exothermic peaks and are identified as crystallization at lower tem-
perature and coalescence at higher temperature. Therefore, addi-
tional insitu-heating transmission electron microscopy (TEM)
experiments were conducted. The slightly higher coalescence tem-
perature was explained by the organic ligand shell stabilizing the
NPs which causes a physical gap for atomic diffusion and coales-
cence. This hypothesis was backed up by exchanging the larger
organic ligand by inorganic anions which revealed a crystallization
of GeTe NPs around T, =170°C which aligns with T. of bulk
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Figure 13. a) Schematic representation of crystallization and coalescence of GeTe NPs, when covered with organic ligands. b) Size dependence of
crystallization temperature for GeTe NPs extracted from peak intensity profiles and fitted with entropy of crystallization model. c) Size effects on crys-
tallization and melting. Adapted with permission.[*®! Copyright © 2018 American Chemical Society.
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GeTe (see Figure 13c). This might give some insights into the
improvement in data retention at room temperature. Also, the
power consumption in order to crystallize/melt the GeTe NP
can be found on the same level as synaptic events in living organ-
ism which opens the fields of ultralow power consumption mem-
ory devices by 3D confinement.**”?

The investigation on the optical properties therefore the reflec-
tive index, extinction coefficient, and the optical bandgap of
amorphous and crystalline GeTe NPs was performed in 2020
by Michel et al. by using spectroscopic ellipsometry.”*! The inor-
ganic ligand stabilized particles (GeTe@!I ) were spin-coated as
thin films onto a Si substrate with a native 100 nm SiO, layer. In
order to avoid the prone degradation during annealing processes
of GeTe, the particle thin layer was then coated with a ~ 40 nm
layer of SiO, via sputtering (see Figure 14).7*

The sample annealing up to 300 °C leads to the expected crys-
tallization of the particles®® and could even be seen visibly by a
change of surface color of the substrate and was confirmed by
p-XRD. The optical properties of GeTe in bulk are already
known”>~”7) and could therefore be nicely compared to the 3D
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confined material in a size range of roughly 6 nm. It was found
that the GeTe NPs show a smaller reflective index and extinction
coefficient and a larger optical bandgap than a sputtered thin
layer. This can be attributed to the relatively smaller volume
fraction and confinement effect due to size limitation in all
dimensions of NPs.’”®) Additionally to binary PCM recently
the investigation into M-GeTe NP (described as quantum dots
with M = Sn) which showed a decrease of T, with increasing
amount of Sn. Furthermore, a large reflectivity contrast between
the crystalline and amorphous material phase was observed.””!
In conclusion, the investigation on 3D confined PC material NP
as well as formation processes and surface engineering could not
only increase the access to this material class due to a facilitated
fabrication process but also provide a platform to tailor the prop-
erties of these materials.

4. Summary and Outlook

We have discussed selected examples of the RS properties of NP,
both in assemblies as well as on the individual particle level.

2 10,

i @—»
TOPIE @ :

Si

Si

a-GeTe NPs

intensify '

a-GeTe NP film

c-GeTe NP film

(c)

GeTe
S

Figure 14. a) After the a-GeTe NPs were synthesized following an amide-promoted route, films were fabricated by spin-coating. Annealing under nitrogen
led to crystalline NP-based thin films, indicating partial NP sintering. The atomic arrangement (Ge: black; Te: white) is only a schematic illustration of the
structural order and does not represent the atomic lattice. b) TEM image of as-synthesized a-GeTe NPs with an average diameter of 5.8 nm. The a-GeTe
and c-GeTe thin film samples were characterized via X-ray diffraction in c) with a scheme of the sample stack in the inset. The peaks are indexed to the
rhombohedrally distorted a-phase of c-GeTe (gray ticks according to JCPDS #47-1079). Cross sections of these samples were further characterized via
SEM shown in d) and e). Reproduced with permission.l”?! Copyright @ 2020 American Chemical Society.
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Although this field of research is in a rather premature state, it
becomes evident that the versatility of chemical synthesis that allow
the tailoring of size, shape, and composition of NPs bears a major
potential for RS applications. One of the main challenges will be
the integration of individual NP into a nanoelectrode circuitry, but
the progress in the studies of individual NP properties, which has
been achieved in recent years, holds promise that the effort to be
taken for achieving this goal is worthwhile. Thereby the strategies
to integrate metal NPs into nanoelectrode configurations may be a
good guidance for integration individual VC and PC NPs into
nanoelectrode circuitry as well. In comparison to PC NPs, the
VC NP properties, typically consisting of metal oxides, are a bit
more explored up to now, so that even RS properties have been
studied on the single particle level. Additionally, metal oxides suffer
less from chemical instabilities, such as phase segregation or dem-
ixing, as it is observed in most of the PC materials.

Furthermore, one might anticipate that the field of NP-based
RS will benefit from the huge variety of different metal oxide
NPs, for which synthesis protocols have already been developed
for other purposes.

For PC, the recent discovery of the size-dependent crystalliza-
tion temperature could be a very promising cornerstone for uti-
lizing this 3D confinement effect for electrical RS applications.
However, the challenge of compositional instability under elec-
trical load, predominately by Joule heating and probably by differ-
ences in ion migration,*"! might be overcome by reducing the
compositional complexity, e.g., by synthesizing monometallic
NP that may promise higher stability. This concept may be
deduced from the work of Salinga et al. who applied pure anti-
mony for optical PC studies. They showed that sub-10 nm layers
of crystalline Sb could successfully be amorphized and stabilized
up to 50h at room temperature, which goes well beyond the
properties of bulk Sb, which cannot be stabilized in its metasta-
ble amorphous state.®® This example as well as very recent stud-
ies on mechanism of amorphous phase stabilization in ultrathin
films®" may be inspiring for chemists and materials scientists to
develop synthesis routs for sub-10 nm Sb NP and well as of other
metalloids that hold promise for higher cycle stability.
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