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Abstract: One of the most promising contenders for
ultralow-energy electronic devices are memristive mem-
ories, which allow for sustainably scalable “neuromor-
phic” computing, potentially capable of reducing power
dissipation in IT by >50%. Understanding the nanoscale
kinetics of the switching mechanisms is needed to ena-
ble high-endurance devices — only this can unlock their
integration into fast, low-energy, logic-in-memory archi-
tectures. Lately, non-perturbative techniques were intro-
duced to study morphological changes within memristive
devices. In particular, plasmonic nanocavities recently
became a smart and powerful investigation tool and
opened the path for completely new electro-optical appli-
cations based on memristive devices. In this review, we
will discuss the main research streams currently linking
the fields of nanoscale device engineering and plasmon-
enhanced light-matter interactions focusing on innovative
fast ways to study real-time movement of individual atoms
that underpins this new generation of ultralow-energy
memory nano-devices.

Keywords: plasmonics; optical nanocavities; memristive
switches; real-time spectroscopy; in situ spectroscopy.

1 Introduction

We are currently approaching the limit for miniaturizing
transistors and memory devices using current architec-
tures, with more and more components packed together
to grow computing performance. Virtually, all power in
microelectronics is converted into heat, and up to 80%
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of the computing energy is consumed in the data-transfer
bottleneck between logic and memory on interconnects
[1], a number that will likely increase even more by further
downscaling. Nowadays, IT accounts for increasing frac-
tion (2% in 2005 and 10% in 2015) of total world energy
use. Next generation high-speed microprocessors will
generate heat power densities of 1000 W/cm? or more,
almost similar to that emitted at the surface of the sun [2].
Cooling such devices (especially for mobile applications)
will not be economically achievable. Optimization of
memories or logic alone is, thus, not sufficient for sustain-
able power consumption. As on-chip interconnects are
based on nanoscale metal wires, charging and discharg-
ing of these is time and energy consuming. To progress
beyond this limit, new types of architectures are needed.

One of the most promising contenders for ultralow-
energy electronic devices are resistive switching memories
(RRAM), which can emulate the functionality of memris-
tors and memristive systems. RRAMs can deliver sustain-
ably scalable “neuromorphic” computing [3], which has
the potential to reduce the energy consumption in IT by
>50%. A number of fundamental studies on the working
principle of memristive devices are done using electron
microscopy, which is, however, destructive, invasive, and
under drastically different operational conditions, so only
little insight into realistic in operando conditions can be
provided. As a result, alternative non-perturbative tech-
niques were introduced to study morphological changes
within memristive devices. In particular, the ultra-con-
centration of light achieved in plasmonic nanocavities
became recently a smart investigation tool, overcoming
the limitations of traditional investigation techniques and
opening up new routes to sustainable future IT.

This review is organized in three parts. In the first
part, the resistive switching mechanism is discussed with
a focus on its wide range of technological applications as
well as the limitations present in the current investigation
techniques. The second part shows the latest progress
in the field, an example of optical nanocavities, and the
ability to enable optical experiments on the atomic scale.
The third part links the fields of low-energy nanoscale
device engineering of resistive switches and plasmon-
enhanced light-matter interactions, with a close look at
the RRAM potential use for optical computing.
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2 Resistive switching

The progressive scaling of conventional electronics is
soon approaching fundamental physical limitations, and
reduction in power dissipation remains the most impor-
tant task in microelectronics [2]. This could be achieved
if logic and memory operations were performed within
the same components as more than half of the processor
power is consumed by data transfer between logic and
memory blocks [1]. Resistive switches are two-terminal
devices, which attracted great attention due to their high
scalability, ultra-fast access times, and ease of fabrication
[4]. Moreover, they are one of the most promising emerg-
ing devices for logic-in-memory operations [5]. In contrast
to charge-based devices, the logic states (ON and OFF) in
RRAMs are encoded by the manipulation of nanoscale
conductive filaments within a switching material. When
a sufficiently high voltage (typically below 3 V) is applied,
switching between high-resistance (HRS) and low-resist-
ance states (LRS), to represent the logical “0” and “1”, is
achieved. Migration of individual atoms can also bring
quantized and multilevel resistance values, resulting
in an ultrahigh-density memory device. Different types
of devices exist, depending on the mobile ion species,
which is responsible for the resistance transition. In this
review, we will cover electrochemical metallization cells
(ECM) and resistive switches based on the valence change
mechanism (VCM) [6]. ECM cells are the ideal candidates
for ultralow-power circuits. They consist of an active elec-
trode, an electronically insulating, but on the nanoscale
ion-conducting switching layer, and a (inert) counter
electrode (Figure 1, from Ref. [7]). According to the most
accepted model, a positive polarity is applied to the active
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electrode (e.g. Ag) and induces an initial oxidation of the
active electrode (charge-transfer reaction) and dissolu-
tion, followed by migration of Ag cations under the applied
electric field. The reduction reaction at the inert electrode/
solid film interface allows the nucleation process prior to
filamentary growth driven by further reduction. Finally,
the filament approaches the active electrode [7].

In VCM cells, the system consists of an active interface
at which the switching takes place, a mixed ionic-elec-
tronic conducting layer, and an ohmic counter electrode.
In the OFF-state (Figure 1, from Ref. [7]), the filament con-
sists of the n-conducting oxide (called plug) and a poten-
tial barrier (called disc) in front of the left electrode. Upon
application of a negative voltage, oxygen vacancies from
the plug part of the filament are attracted into the barrier,
which results in a significant decrease in the barrier
height and width due to a local reduction process, which
turns the cell into the ON state. For the RESET, a positive
voltage is applied to the active interface, which repels the
oxygen vacancies, leading to a local re-oxidation, and
turns the cell into the OFF state again [7]. In VCM-based
RRAMs, the comprehension of conduction mechanism
is also incomplete, and the understanding through the
conventional electron microscopy technique is even more
challenging due to the poor material contrast (i.e. oxygen-
rich and deficient regions). Various models were proposed
such as filamentary conduction, charge-trapping defect
states, trap-controlled space-charge-limited current,
and a change of a Schottky-like barrier [8, 9]. It was sug-
gested that electrons flow through the insulating layer by
hopping along one-dimensional chains [10]. The essential
feature of all of the aforementioned models is the migra-
tion of oxygen vacancies and electrons under an applied
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Figure 1: Typical current-voltage characteristic of an Ag/Ag-Ge-Se/Pt electrochemical metallization (ECM) and Pt/ZrOx/Zr valence change

memory (VCM) cell.

Reprinted with permission from Ref. [7], Copyright 2012 John Wiley & Sons, Inc.



DE GRUYTER

electric field [8]. Although VCM-based RRAMs offer a
higher device endurance than ECM-RRAMs (with best
results 10" cycles for Ta,0,-based RRAMs [11] compared to
typically <10° cycles for ECM cells [12]), the programming
energy of ECM cells (~pJ/bit) is about 10 times smaller
than that of VCM-RRAMs [13]. Theoretical calculations
predict programming energies down to 10 f]J [14], making
ECM-RRAMs an ideal candidate for low-power memory-in-
logic applications.

With programming energies below some pJ/bit down
to fJ/bit, resistive switches become attractive for research
on beyond von Neumann computing, where memory and
logic devices are not strictly separated anymore. Within
this research direction, memristive devices can be used
to perform logic and memory operations in the same
element(s). A first practical implementation of logic-in-
memory was shown by, e.g. Heath et al. [15]. Here, the
authors used a conventional memory element to control a
switch that acts as a programmable interconnect. Another
concept is to use memories in a passive crossbhar as re-
configurable Look-Up-Tables [16]. A third concept where
all necessary logic functions can be implemented using
sequential logic was demonstrated by Borghetti et al. [17]
in three, and later by Linn et al. [18] in a single, memristive
device. In the latter study, the memristive device is at first
programmed to a defined state, and at the two terminals,
the logic inputs and reference voltages are then sequen-
tially applied step-by-step according to a pre-defined
scheme for each logic function. During each step, the
state variable may be changed depending on the reference
voltage and logic input. After the last step, the logic result
is eventually stored directly in the device.

Apparently, for implementation of logic functions in
memories such as resistive switches, huge improvements
with respect to endurance, energy consumption, and
switching speed are required to make logic-in-memory
practically attractive. If the problems were solved, the
advantages would be less energy consumption, smaller
latencies, and more area efficiency as the number of
required elements to implement logic is smaller compared
to CMOS logic, and the same memory array can be used
for memory and logic operations, and long interconnects
can be avoided. This may be especially attractive for some
applications where huge amounts of data are processed.

Device optimization is, however, limited by the poorly
understood working principle of resistive switches. A
number of studies have recently been published on the in
situ characterization of the switching effect using electron
microscopy [19, 20]. Apart from two studies that managed
to record multiple switching cycles in situ [21, 22], in most
of such studies [23-25], only single cycles can be observed,
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and these typically differ significantly from what is observed
under ambient conditions. For both ECM and VCM cells,
this can be attributed to the lack of ambient oxygen and/
or moisture [26, 27] involved in charge transfer reactions or
ion velocity. While in situ TEM offers the benefit of direct
observation of the filament, the sample preparation, itself,
can result in stress and electric field gradients that differ
significantly from realistic devices due to the cell geom-
etry [21] or focused ion beam (FIB)-induced damage [28].
Additionally, electrons used for imaging can perturb the
movement of charged metal ions during filament formation
making the interpretation of these in situ studies difficult.
Recently, the shape of filaments in RRAMs was studied by
ex situ conductance atomic force tomography [29, 30]. This
is, however, a destructive technique, dependent on not
modifying the ductile filaments, and by measuring the con-
nectedness of the sample surface to the bottom electrode,
an inbuilt asymmetry is present while locally isolated fila-
ments or particles will not be visible [29].

3 Plasmonics and optical
nanocavities

The possibility to optically access the switching dynamics
of memristive devices requires the understanding of the
underlying concepts of how light interacts with matter
leading to, i.e. the strong (“plasmonic”) field confinement
on metal surfaces. When excitation of collective oscilla-
tions of electrons at interfaces (i.e. surface plasmon) is
achieved, its optical properties are very sensitive to any
changes in material properties, making it suitable for
sensing applications. For greater light confinement, also,
thelateral dimension can be reduced, leading to plasmonic
waveguides with a geometry similar to standard photonic
waveguides [31]. Trapping light with noble metal nano-
structures overcomes the diffraction limit and can confine
light to volumes typically on the order of 30 nm?, resulting
in a further reduction of the sensing area. Coupling nano-
particles together represents a smart approach toward a
large plasmonic field localization, as light can be tightly
confined to the gaps between nanoparticles [32-35]. The
field enhancements associated with nanoparticle clusters
can also be achieved with single nanostructures separated
from a metal film by a thin dielectric layer, which behave
similarly to a dimer [36, 37]. Recently, fabricating nano-
cavities in which optically active single quantum emitters
are precisely positioned became crucial for building nano-
photonic devices [38]. Photon emitters placed in an optical
cavity experience an environment that changes how they
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are coupled to the surrounding light field [39]. With recent
technological advances, coupled plasmonic nano-cavities
between metallic nanostructures with sub-nm spacings
became readily achievable, leading to both experimental
[40-44] as well as theoretical [45-49] observations of the
optical signatures of quantum mechanical effects.

In general, the alignment of the lower nanostructure
facet against a flat mirror creates an ultrathin plasmonic
cavity that supports multiple “cavity” resonances, defined
by the geometry (or faceting) of the nanostructure on top
(Figure 2, adapted from Ref. [50]). In contrast, plasmon oscil-
lations in the nanostructure perpendicular to the surface
induce image charges within the metal mirror. Plasmonic
mode hybridization between tightly confined plasmonic
cavity modes and a radiative antenna mode sustained in
the optical nanocavities shows how optics can reveal the
properties of electrical transport across well-defined metal-
lic nanogaps to study and develop innovative technologies
[50]. Strongly confined gap modes do not radiate directly,
but only if they can mix with antenna modes. Modeling
these systems with conducting bridges of increasing width
spanning the gap shows abrupt tuning and reconfiguration
of the nanogap modes [50]. Such anti-crossings are directly
seen in experiments using molecular layer gap spacers,
which are soft enough that optical irradiation can drive
metallic nanowires between the two metal walls (Figure 3,
adapted from Ref. [50]). The modes blue shift with thicker
bridges because the groove cavity length L_ reduces, eject-
ing modes one by one from the gap [50]. The blue shifts and
mode crossings, thus, allow conducting bridge diameters
and locations to be determined. The model shows that field
enhancement in the gap is typically three times smaller in
the crevice after the gap has closed.

Even more interestingly, individual atomic features
inside the gap of a plasmonic nanoassembly can local-
ize light to volumes well below 1 nm’ (“picocavities™),
enabling optical experiments on the atomic scale [51]
(Figure 4, adapted from Ref. [52]). It has been demon-
strated that when such ultrasmall localization of light
in these cavities is achieved, an alteration of the number
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Figure 2: Schematic of the coupling between strongly confined
transverse cavity modes (gap plasmon) and the radiative
longitudinal antenna mode (dipole plasmon).

Reprinted with permission from Ref. [50], Copyright 2016 American
Chemical Society.
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Figure 3: (A) Schematic of an NPoM with central conductive bridge
linking NP and surface and (B) its corresponding finite-difference
time domain simulation modes (normalized color map; yellow: high
intensity, blue: low intensity).

Reprinted with permission from Ref. [50], Copyright 2016 American
Chemical Society.
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Figure 4: Effective wavelength scales between free-space photons,
coupled via antennas into nanogap modes, which can then couple
to atomic-scale protrusions (“picocavities”).

Reprinted from Ref. [52].

and variety of vibrational modes of trapped molecules in
the cavity is observed. The resulting cascaded ultrastrong
plasmonic confinement pumps specific molecular bonds,
thereby, creating nonthermal vibrational populations and
constituting an optomechanical resonator [51]. This dem-
onstrates the possibility of resolving the dynamics of indi-
vidual bonds within molecules, which gives a sense of the
power of this tool as an in situ investigation technique at
the atomic scale.

4 Optical memristive switches

A first interaction between the light in a waveguide and the
electrical resistive switching was observed in an amorphous
silicon layer, where the plasmonic mode resides (Figure 5A,
from Ref. [53]). The electrically triggered creation of a
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metallic filament determines the variation of the absorption
and scattering loss of the fundamental plasmonic mode.
This results in the optical detection of an electrical RRAM
switching. Similarly, it was shown that the electrically trig-
gered addition of one atom to the filament connecting two
metallic pads can result in a short circuit and a change in
the electrical conductance, modifying the resonance prop-
erty of the cavity (Figure 5B, from Ref. [54]). Then, in addi-
tion, an optically triggered control of atomic relocations in
a metallic quantum point contact was reported [55], which
demonstrates an optically controlled electronic switch
based on the relocation of atoms (Figure 5C, from Ref. [55]).

Probing the electrical switching of a memristive
optical antenna by electron energy loss spectroscopy
(EELS) in a scanning transmission electron micro-
scope (STEM) also showed the spatial modifications of
the optical properties (LDOS) in a silver nanowire [56],
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constituent of a RRAM cross-bar device (Figure 5D, from
Ref. [56]).

On the other hand, these examples do not provide
any spectral information in the region of the filament
formation. However, ideally, optical spectroscopy would
be used, instead, to give detailed information about the
nanometer-scale metallic configurations exactly around
the filament, itself, and the dynamics of formation and
retraction [57, 58].

By integrating memristive devices as a patch antenna
MIM as in Figure 6A and B, dark-field spectroscopy is
capable of monitoring the real-time dynamics of the nano-
wire through their groove modes [58] (Figure 6A—C, adapted
from Ref. [58]). The surface plasmons of the Ag-nanodot
couple to their image charges in the gold film underneath
the dielectric spacer layer forming a tightly confined plas-
monic hotspot, similar to a nanoparticle dimer [59, 60]. The
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Figure 5: (A) Formation and annihilation of the nanoscale filament with optical readout functionalities, reprinted with permission from Ref.
[53], Copyright 2013 American Chemical Society. (B) Interaction of incident light (ISPP) with the resistive (OFF state) and conductive (ON state)
filament resulting in transmission (TSPP) and reflection (RSPP) depending on the gap distance LSP. (C) Zoom to the critical switching area.
Reprinted with permission from Ref. [54], Copyright 2015 American Chemical Society from https://pubs.acs.org/doi/abs/10.1021%2Facs.
nanolett.5b04537 (further permissions related to the material excerpted should be directed to the American Chemical Society). (D) Schematic
of a device for probing the electrical and optical switching properties by means of Electron Loss Spectroscopy (EELS). The zoom-in illustrates
the proposed switching mechanism. The device shown in the STEM image (scale bar 400 nm) acts as an optical antenna and the switching
affects the optical properties as can be seen in the STEM EELS maps and spectra. Reprinted with permission from Ref. [55] Copyright 2018
American Chemical Society, from Ref. [56] Copyright 2016 https://creativecommons.org/licenses/by/4.0/.
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Figure 6: (A) Sketch and (B) SEM of NPoM memristive cell and (C) its optical response upon electrical switching.
Reprinted with permission from Ref. [58], Copyrights 2016 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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authors in Ref. [58] measured the optical response of this
system by illuminating the sample with a white light beam
incident at a high angle and collecting the scattered light
through a dark-field objective, enabling them to follow the
different phases of bridge formation within the optical
nanocavity by the plasmonic mode shifts. Changes in the
optical signatures allow probing morphological changes
prior to the switching/forming (e.g. Figure 6C for t<40 s).
These changes relate to the growth and dissolution of a
filament composed of only some thousands of atoms [61].
Optical characterization in such nanogaps offers a number
of advantages over electron microscopy including access
to in situ nondestructive dynamics under ambient opera-
tion conditions and realistic geometric conditions, reveal-
ing contact morphologies on the nanometer scale.

5 Potential use for optical
computing

Besides heat dissipation, information transfer and process-
ing bandwidths are limited due to electron-based charging
and discharging of wires, on-chip interconnects, and ter-
minals of logic gates. That results in a bandwidth of some
tens to hundreds of GHz. In contrast, photons travel nearly
loss free and all-optical devices do not suffer from charg-
ing delays. In fact, communication on inter-chip level and
beyond became already the latency bottleneck for data
processing, hence, the ongoing shift to optical data trans-
mission [62]. All-optical devices have several benefits such
as low crosstalk and a high potential of parallel process-
ing [63]. Ultimately, they could replace electronic gates
and fulfill the bandwidth requirements of up to 1 TB/s and
beyond for future many-core architectures [64].

Most technical solutions for optical computing today
are based on hybrid electro-optical devices. In Ref. [65],
Sun et al. demonstrated, for example, a single-chip micro-
processor that is made of a RISC-processor and photonic
components. The conventional microprocessor transis-
tors and 850 photonic components were fabricated using
standard CMOS steps, demonstrating the feasibility for
industrial-scale semiconductor production. With the
photonic components, the chip can interact with exter-
nal devices such as memory chips via optical signals. A
theoretical bandwidth of 55 Gb/s could be achieved using
multiple optical wavelength for data transmitting.

However, not only monolithic integration of photonics
in microelectronic circuits is challenging [66] but also the
bandwidth and performance of most hybrid electro-optical
devices (limited due to spectral bandwidth, dispersion, or
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simply because of the energy loss for converting electronic
energy into photons [67]) is still only slightly better than
those of conventional electronics.

Traditionally, phase-change materials were widely
used in optical information processing in the past. For
example, in RW-DVDs, write laser pulses induce amor-
phous to crystalline transitions eventually allowing for
manipulation of the phase-change material’s optical
properties. Low-energy laser read pulses are then used
to readout the encoded transmission. Phase-change
materials are also used as an alternative to redox-related
memristive devices as the local morphology also influ-
ences the material’s electronic conductivity. Recently,
chalcogenides such as Ge,Sh,Te, (GST) were also used as
photonic memories, which can be integrated in random-
access architectures [68] similar to redox-related mem-
ristive devices. A number of studies have demonstrated
the implementation of photonic devices based on phase-
change materials integrated in wave-guides [69-72]. In a
very recent study, a GST-based photonic memory device
was optically operated to perform direct scalar and matrix-
vector multiplication [73]. Here, optical write pulses with
energies as low as some hundreds of p] for a few tens of
ns were used to change the optical transmission within an
order of magnitude in an analog way. Using a read pulse
below the threshold to induce a morphological change in
the material allows to multiply the non-volatilely stored
transmission value with the read pulse amplitude.

While research on optical interactions in phase-
change materials is considerably mature, the ener-
gies for optically operated phase-change memories in
the order of some hundreds of p]J are relatively high. In
phase-change materials, the photonic interactions are
present by mesoscopic morphological changes (crystal-
line vs. amorphous phases), and the potential of energy
scaling is yet unknown. In contrast, in redox-based
resistive switches (ECM and VCM), photons interfere
with highly localized plasmonic resonances down to an
almost atomic level, which may have a huge potential
for further energy scaling. Emboras et al. were the first
to present a redox-based memristor that can switch the
optical signal during resistance transition [53] (Figure
7). The authors used an ECM-type memristor based on
amorphous silicon and a silver electrode. ECM is gener-
ally considered to allow for ultralow memristive switch-
ing energies as low as some tens of fJ/bit [14]. The
practical limitation of the device is the low bandwidth
of their (not speed optimized) switching in the order of
some kHz. A significant improvement in terms of energy
and time efficiency was reported by Emboras et al. in Ref.
[54]. Here, the authors demonstrated an electro-optical
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Figure 7: Modulation of an optical signal during resistive switching.

(A) A sinusoidal voltage stimulation (black) results in a modulated optical signal (here represented as a differential signal, blue).
The bandwidth is limited by the resistance and capacity of the device and could be significantly improved. (B) The optical modulation
is schematically contributed to the growth and rupture of a filament inside the switching insulator. (C) Resistive switching (black)

characteristic versus optical signal (green).

Reprinted with permission from Ref. [53], Copyright 2013 American Chemical Society.

modulation of a silver/amorphous silicon atomic-scale
plasmonic switch consuming no more than 12.5 fJ/bit.
The energy consumption is, hence, competitive to con-
ventional interconnects [1] and certainly better than the
state-of-the-art LiNbO, Mach-Zehnder interferometer
modulators, which typically operate at above 10 pJ/bit
[67]. A limitation for ECM-type devices could be that
their endurance (typically about 10° cycles [74]) is not
sufficient for practical applications. VCM-type devices
generally show superior endurance characteristics with
a record of 10" cycles [11]. An electro-optical VCM-type
switch based on ZnO was demonstrated by E. Battal et al.
[75]. No figure of energy consumption was provided in
the study, but from the memristive hysteresis, the switch-
ing power is in the order of some tens of mW (compared
to ~10 nW in Ref. [54]).

Although Emboras et al. could improve the operation
bandwidth significantly from a few kHz to 1 MHz, the target
bandwidth for practical applications is in the order of some
hundreds of GHz. Nevertheless, as switching within nano-
seconds was approved by several groups [11, 76, 77, 78],
there is a potential of significant increase in the bandwidth.

However, the record for switching is yet in the order of some
hundreds of picoseconds [79, 80] giving a bandwidth below
10 GHz; thus, significant increase in the switching speed is
still required to clearly outperform competing technologies.
A potential solution could be all-optically controlled resis-
tive switches. Optically tunable switching was observed in
a number of switching devices such as multiferroic [81] and
ferroelectric [82] heterostructures and ferromagnets [83].
In context of memristors, an obvious practical implemen-
tation of such a device may be using photo-assisted move-
ment of cations in chalcogenides, which was previously
reported [84]. In Ref. [85], such a device where the switch-
ing can be controlled by photons is demonstrated. Here,
D. Jana et al. used a thermally grown Ge Se ., ECM-type
device with Cu electrode. However, the authors used optical
programming times of several seconds. In contrast, a mem-
ristor-based photodetector with an optical data throughput
of 0.5 Gbit/s was demonstrated in Ref. [55] (see Figure 8).
Here, the authors exploited atomic relocations in a silver
metallic quantum point contact. A random bit-pattern gen-
erator (generated by digital signal processing, DSP) with an
output bandwidth of 0.5 Ghit/s was used to modulate a laser
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Figure 8: Experimental setup for testing 0.5 Gbit/s optical photodetection using an Ag/SiO,/Pt device (A). (B) The experimental result is

depicted showing a clear eye diagram of ~240,000 consecutive cycles.

Adapted with permission from Ref. [55], Copyright 2018 American Chemical Society.

signal (1310 nm wavelength, modulated with a commercial
modulator). The modulated laser signal was detected by the
metallic quantum point contact ECM device. The electrical
signal of the ECM device was then recorded using a high-
bandwidth oscilloscope. The recorded spectrum shows
an eye diagram (i.e. a transient summation of the statisti-
cally distributed signals). The vertical opening of the “eye”
reveals that the transmitted signal can be successfully
reconstructed. The minimum optical power required for
optical switching is given as 500 nW by the authors, which
results in ~1 fJ/bit.

A summary of studies demonstrating optically acces-
sible platforms based on hybrid electro-optical devices,
phase-change memories, or redox-based memristive
systems is shown in Table 1. Where available, bandwidth
and energy/power consumption are listed or calculated
based on the experimental data of each study. It can be
clearly seen that both phase-change memories and redox-
based memristive device cannot yet compete in terms of
bandwidth against the hybrid electro-optical approach,
and further research is required to increase the bandwidth
beyond 0.5 Gbit/s. However, especially ECM-based mem-
ristive devices have a huge potential in terms of energy
consumption per bit.

Table 1: Comparison of the studies demonstrated optically
accessible platforms for computing or memory operations based
on hybrid electro-optical devices, phase change, or redox-based
memristive devices.

Study  System Bandwidth Energy/power
[65] Hybrid electro-optical ~ Upto 55 Ghb/s  <0.5 p)/bit
[73] GST phase-change ~100 MHz <1 nJ/bit

[53] ECM Some kHz <200 nW/bit
[54] ECM 1 MHz 12.5 f)/bit
[75] VCM n/a <100 mW/bit
[55] ECM 0.5 Gbit/s 1 f]/bit

Although little is known about the optically assisted
switching speed bandwidth, the potential for high band-
width is motivated by the very nature of the switching
process on the nanoscale. Though the redox processes
responsible for resistance transition are still based on
charge transfer (which would limit the bandwidth), the
critical length for these processes was demonstrated to
be in the almost atomic level [86—-88]. This critical length
scale makes the effective dimension where hybrid electro-
optical effects are involved extremely short (and by that,
the potential for high bandwidth), a far-below typical
length scale that can be fabricated on industrial scale for
semiconductors. In fact, the experimental data in Ref. [54]
indicates electro-optical modulation based on the mass
movement at a single-atom level.

6 Conclusion

This review presented the resistive switching effects and
their application as the basis for future non-volatile mem-
ories. We introduced the main research streams currently
linking the fields of nanoscale device engineering and
plasmon-enhanced light-matter interactions. We showed
the overall ability to implement optically accessible mem-
ristive switches, able to correlate the influence on the
optical spectrum of the plasmonic modes present in the
switching junction. In the future, it can be expected that
the understanding of memristive switching mechanism
will be improved, thanks to the further development of
such in situ optical observations of the nanoscale kinet-
ics of these switching mechanisms. With these premises,
the reduction of the critical length scales down to atomic
scale and the interaction of hybrid electro-optical effects
will result in a new generation of ultralow-energy memory
nano-devices, fundamental for sustainable future IT.
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