g A\ )

e o

Applied Microscopy

d L J d | J Korean Society of Microscopy

pISSN 2287-5123 - elSSN 2287-4445
https://doi.org/10.9729/AM.2016.46.4.206

Review Article

Transmission Electron Microscopy on Memristive Devices:

An Overview

Julian Strobel, Krishna Kanth Neelisettyi, Venkata Sai Kiran Chakravadhanula®, Lorenz Kienle*

*Correspondence to:
Kienle L,

Tel: +49-431-880-6196
Fax: +49-431-880-6178
E-mail: [k@tf.uni-kiel.de

Kiel University, Faculty of Engineering, Institute for Materials Science, Kiel 24143, Germany
"Karlsruhe Institute of Technology, Institute of Nanotechnology, Hermann-von-Helmholtz-Platz 1,
Eggenstein-Leopoldshafen 76344, Germany

This communication is to elucidate the state-of-the-art of techniques necessary to gather
information on a new class of nanoelectronic devices known as memristors and related
resistive switching devices, respectively. Unlike classical microelectronic devices such as
transistors, the chemical and structural variations occurring upon switching of memristive
devices require cutting-edge electron microscopy techniques. Depending on the switching
mechanism, some memristors call for the acquisition of atomically resolved structural
data, while others rely on atomistic chemical phenomena requiring the application of
advanced X-ray and electron spectroscopy to correlate the real structure with properties.
Additionally, understanding resistive switching phenomena also necessitates the application
not only of pre- and post-operation analysis, but also during the process of switching. This
highly challenging in situ characterization also requires the aforementioned techniques
while simultaneously applying an electrical bias. Through this review we aim to give an
overview of the possibilities and challenges as well as an outlook onto future developments
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INTRODUCTION

As Moore’s law is reaching physical limitations, novel
approaches in computing are being pursued. Among them is
the realization of artificial neural networks that aim to mimic
the human brain’s capability in fields like pattern recognition
and massive parallel computing all the while maintaining
ultralow power consumption. These networks can be put
into effect by making use of memristive devices (Hasegawa
et al., 2012; Mazumder et al., 2012; Xia, 2011). These can be
understood as the technological equivalent of synapses in the
human brain and are essentially electronic components which
can change their electrical resistance repeatedly and reversibly
over billions of cycles, ideally in a non-binary fashion over
a large On/Off ratio. The scope of this communication is
to illustrate in a comprehensive fashion how these devices
can be characterized in transmission electron microscopes

in the field of nanoscopic characterization of memristive devices.
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(TEMs) and what particular challenges occur which may
call for extension of the present state-of-the-art in electron
microscopy and sample preparation. Ideally, research on
memristors brings together scientists from both the fields
of microscopy as well as device conceptualization and
fabrication.

The technological relevance of memristors is based on
the increasing need for their aforementioned advantages.
Arithmetic-logical operations are the stronghold of classical
transistor-based machines. They, however, fall short in
increasingly important tasks involving machine learning
or machine intelligence where classification and regression
require the machine to categorize certain inputs according
to specific rules. In particular, this includes the distinction of
simple objects like traffic signs but also much more complex
tasks such as facial recognition. On top of that, optimization
and prediction of data pose computational challenges for
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TEM on Memristive Devices

which memristor-based logic is likely most suitable to solve.
The seemingly obvious analogy with transistors in terms of
computation fails with respect to the very different complexity
of TEM analyses on both systems. Complex to fabricate on
the one hand, transistors are comparably easy objects for
nanoanalysis. In general, structures in transistors are large
enough to be straightforwardly distinguishable in TEM. The
current technology node as denoted by the International
Technology Roadmap for Semiconductors (ITRS) utilizes
structures as small as 14 nm which is easily resolvable in
virtually all TEMs.

Aside from challenges by the small dimensions of memristive
components of functional devices, further complication arises
from their partially unknown working principles. Where e.g.,
transistors are well understood and nanoscale analysis merely
confirms fabrication procedures and microscopic structure,
memristive devices require TEM analysis to uncover the
working principle behind them, thus their analysis poses
a much greater challenge. The general aim, of course, is to
measure whatever influences the present resistive state of
the memristor. If the present state and its parameters are
well understood, analysis of any kind becomes much more
straightforward. On the other hand, as fabrication technology
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is already well developed for microelectronics, research in the
field of memristors benefits greatly from the experience of the
past 35 years of transistor research.

Experimental equipment for microscopy has advanced rapidly
over the past decades as well. Development of microscopes,
detectors and sample preparation equipment made a gigantic
leap towards today’s aberration-corrected monochromated
electron microscopy, with the capability for excellent
chemical analysis by multiple sector energy dispersive X-ray
spectroscopy (EDX) and highly precise electron energy-
loss spectroscopy (EELS) detectors. Although high-end
microscopes may not be omnipresent, the availability of
access to shared user facilities has eased the possibility of high-
end characterization.

One aspect that is often lacking, however, is the supply with
reference and database values for comparison, especially when
it comes to EEL spectra. Also, the link between structural
and chemical information gathered by TEM analysis and
macroscopic physical properties such as the relative permittivity
or electrical and ionic conductivities is often unclear.
Generally, memristive devices can be distinguished by their
working principle, cf. Fig. 1. The distinction can be made
between electrochemical metallization (ECM), cells valence

PCM
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Fig. 1. Three different types of memristive
devices whose analysis is being covered
in this communication and the difference
between their high (Off) and low (On)
resistance states. In electrochemical
metallization (ECM) cells a conductive
filament forms from what is coined the
active electrode towards the inactive
electrode. The active electrode and its
conductive filament consists of non-inert
metals like Ag or Cu. Inactive electrodes
in all these devices can consist of noble
metals such as Au and Pt or of conductive
compounds e.g., TiN. In valence change
memory (VCM) cells transition metal
(TM) oxides between the electrodes
locally change their oxidation state by
movement of charged defects, such as
oxygen vacancies. This behaviour can
occur in the form of homogeneous drift of
charge carriers or filamentary switching.
phase change memory (PCM) devices
exhibit a phase change in the amorphous
matrix where a crystalline conductive
filament is formed. This behaviour can
be observed in chalcogenides and e.g.
in an amorphous TiO, where crystalline
Magnéli filaments form. BE, bottom
electrode; TE, top electrode.
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change memory (VCM) cells, phase change memory (PCM)
and other less abundant devices like thermochemical
memory (TCM) cells (Waser, 2012). The first three (ECM,
PCM, and VCM) cells are all in the focus of intense research
and the experimental possibilities of transmission electron
microscopy with respect to these cells shall be discussed.

SPECIFIC CHALLENGES

TEM Sample Preparation

It is well known that artifact-free sample preparation for TEM
is a big technological challenge. It can generally be divided
into (1) location specific preparation where a certain area
of interest from the “bulk” sample material is chosen to be
prepared and (2) location unspecific preparation where a
mostly uniform sample undergoes preparation without the
need for choosing a specific feature of the sample. While
both of these present their own challenges, location specific
preparation is often needed for memristor samples. This need
is driven by the aim to fabricate increasingly smaller devices
as they generally exhibit lower power consumption which is
crucial to many memristor applications. Typically, relating
electrical properties with micro- or nanoscopic features is
only feasible with devices of defined dimensions. As these
range in size from a few hundred to below one micrometer,
location unspecific sample preparation, e.g., by mechanical
grinding or microtome cutting, is frequently not meaningful.
One exception presents the cross-sectional “sandwich”
preparation with a precision ion polishing system (PIPS)
which, at least for laterally large samples, can be useful. In all
cases the sample preparation techniques have to be critically
scrutinized with respect to possible preparation artifacts and
alterations to the sample.

Aside the question of location specific or unspecific
preparation, the specific challenges of in situ or ex situ
analysis are crucial. The former requires much more advanced
preparation strategies because the sample must not only be
sufficiently thin but also electrical contacts have to be forged
without contaminating, damaging or short-circuiting the
sample. If only the static On or Off states are to be analyzed,
ex situ investigations offer an easily accessible, comparably
fast and—through decades of experience with comparable
samples—well established methodology. However, as the
demand for highest possible accuracy has increased so has the
demand for the highest possible sample quality. Spatial and
energy resolution in spectroscopic investigations increases as
the sample thickness decreases. In practice, this implies that
the sample must be much thinner than one mean free path of
the incident electrons to avoid phenomena caused by multiple
scattering events as much as possible. Especially for accurate
EELS analysis this means that samples below 50 nm thickness
are preferable, particularly for quantification of results. In the
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following, typical sample preparation challenges are being
discussed, with respect to memristor-specific questions and
the aforementioned challenges.

Location specific sample preparation by focused ion
beam techniques

Sample preparation by focused ion beam (FIB) is one of
the most prevalent preparation techniques in the TEM
community as it offers unique advantages over other methods
(Giannuzzi & Stevie, 1999; Langford & Clinton, 2004; Tseng,
2004). For memristors—and other microelectronic devices—
location specific preparation is frequently inevitable because
the regions of interest are much smaller than what can be
handled with conventional techniques, such as microtome
cutting, dimpling and Argon ion thinning, or wet-etching.
This is especially the case for junctions optimized for lowest
possible power consumption, as small contacts generally
represent higher resistance and thus operation at lower
currents. Accordingly, less power is consumed due to reduced
thermal losses. Examples for such devices are memristive
tunnel junctions (Hansen et al., 2015) and a plethora of
other devices integrated on wafer-scale which aim for CMOS
compatibility (Kim et al., 2012; Xia et al., 2009).

Their laterally sub-micron dimensions aside, particularly the
example of memristive tunnel junctions also exhibits layers
with a thickness well below 10 nm. FIB sample preparation
can potentially alter layers through a variety of ion beam-
induced artifacts, such as Ga implantation, amorphization
of surface layers and altering the composition through
redeposition (Kato, 2004; Mayer et al., 2007). Therefore,
thinning samples from the backside (Giannuzzi, 2012; Kang
et al,, 2010)—i.e., with the beam propagating firstly through
the wafer (backside) and subsequently through the layers
of interest and lastly through the former surface layers is

L /4
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Thinning direction

Fig. 2. Illustration of the preparation of a bi-layer sample via focused ion
beam-scanning electron microscope: either it is being thinned from the
protective surface layer (PSL) to the bottom or vice versa. The substrate-
typically a Si or Si/SiO, wafer-offers much higher protection and prevents
artifacts like curtaining due to its inherent homogeneity.
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advisable (cf. Fig. 2). Another variation of this technique
which is particularly interesting for nanostructures, is the
“shadow-FIB” geometry (Vieweg et al., 2012) where also the
substrate serves as the protective surface layer (PSL) during
thinning of the regions of interest on top.

As the substrate is much thicker than any PSL (Pt in most
cases) and has a vastly better homogeneity not only are
the layers of interest better protected but thinning is much
more uniform across the sample (Munroe, 2009). Another
advantage is a shorter overall preparation time, because the
deposition of a PSL can take several hours and its thickness
can be drastically reduced from several micrometers to as
thin as only about one micrometer. However, standard dual-
beam FIB setups are rarely equipped with the mandatory
equipment—a so called flip-stage which allows the sample to
be turned upside down. In any case, one should consider the
energy transferred to the specimen during sample preparation
(Ishitani & Yaguchi, 1996). Any small amount of energy
brought into the sample in the form of heat or ballistic impact
of the ion beam could potentially alter the memory cell overall
or at least its resistance state. Cross-correlation experiments
with different preparation techniques can help to identify
clearly artifacts. Another possibility to exclude preparation
artifacts is by a combined approach of TEM investigations
with preparation free nanoanalytical techniques, such as
X-ray photoelectron spectroscopy (XPS) or advanced X-ray
diffraction (XRD) analysis.

The described sample preparation methods is not, however,
suitable for samples relying on filamentary switching as
the specific areas where such filaments exist cannot be
determined in the scanning electron microscope (SEM), so
sample preparation would essentially become gambling.

Location unspecific sample preparation

In contrast to location specific preparation, location
unspecific sample preparation is suitable for larger samples
with specimen dimensions on the millimeter scale. Layer-
based samples may be prepared by cross-sectional PIPS
preparation; other techniques might be especially useful for
devices that are not layer-based, like memristors made from
nanostructures, such as single nanorods or -wires as these
are representing easy to prepare horizontal devices (Kim et
al.,, 2012; Liang et al., 2014; Yan et al., 2011). Investigations on
such memristors are further discussed in section III-A-3.

In the case of single nanowire samples the application of
micro manipulators, e.g., in the SEM, is usually required. If the
structures to be analyzed are large enough to be seen under
light microscopes, careful manual handling and placement
might be possible. To allow for in situ investigations or pre-
and post-operation analysis without removing the specimen
from the electron transparent TEM grid, samples have to
be carefully placed between previously deposited electrodes
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which can be biased either in situ or ex situ depending on
the available equipment. The need for carefully placing the
samples is unnecessary if e.g. entire networks of switchable
structures are used. They can frequently be deposited right
on top of electron transparent membranes as parts of TEM
sample grids without any need for careful placement (Avizienis
et al,, 2012; Liang et al.,, 2014; Sun et al,, 2007). Alternatively,
the nanowires can be randomly dispersed and the electrodes
are deposited and shaped in a later stage with lithographic
means (Chiang et al., 2011).

Dedicated Techniques and Instrumentation

Generally, standard investigations via HRTEM or SAED
are not sufficient in order to characterize the small scale
structures of memristive devices in depth. In order to resolve
fine details in samples where the local chemistry is relevant,
simultaneous sub-Angstrom and sub-eV resolution of the
electron beam have to be established, hence also setting high
standards for experimental equipment. As beam damage can
be easily induced, either beam currents, dwelling times or
both have to be kept as low as possible, in turn requiring high
collection yields from detectors and deft data processing to
extract relevant signals over the ubiquitous noise. Especially
for low signal-to-noise-ratio (SNR) data, e.g. fine structure
signals in EELS, this represents a major challenge in the way of
extracting the desired information. The demands for sample
preparation are equally high. In order to extract information
from the energy loss near-edge structure (ELNES) on chemical
bonding or the extended energy loss fine structure (EXELES)
region on local chemical surrounding, samples have to be
considerably thinner than 50 nm to minimize plural scattering
and thus ease deconvolution as much as possible. The energy
resolution should be at least 0.5 eV in order to reveal fine details
like the peak splitting in transition metal L and M edges. A
number of publications can give further insight into the topic of
electron spectroscopy (Egerton, 2007, 2011) and its application
in combination with STEM (Pennycook et al., 2011).

Besides research on memristive materials, surveying research
on other—in the broadest sense—electrical systems can help
developing new techniques for memristive research as
they face similar challenges especially in the case of in situ
investigations. These systems include for example battery
materials (Hammad Fawey et al., 2016) where highly advanced
FIB techniques have been used for both thinning the regions
of interest as well as forging the electrical contacts for in situ
biasing, or supercapacitors (Ilari et al., 2016) where interfaces
have been analyzed by EELS during and after in situ heating.

SELECTED EXAMPLES

Filamentary Switching in Memristors
Local filamentary switching is typically energetically favored
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over switching mechanisms governed by finely dispersed
bulk diffusion because of lower interface energies and high
affinity of like species to one another. Due to the required
electroforming process (initial formation of filaments),
filamentary switching is generally not the aspired outcome,
instead bulk switching modes without an electroforming
process are aimed at. In some cases filamentary switching
is the desired outcome; in most reported cases, however,
bulk switching without high-energy electroforming steps is
favored. In this chapter the analysis of filamentary switching
shall be highlighted by representative examples.

Filaments through phase transformations

Filaments standing out by a different crystal structure than
their surrounding are most prominent in thick amorphous
layers from which various crystalline strands can form. Best
known for this behavior are Magnéli phases forming from an
amorphous TiOx matrix (Kwon et al.,, 2010, cf. Fig. 3). Local
peaks in electric field strength caused by imperfect electrodes
induce the formation of oxygen deficient crystalline Ti-
oxide filaments in these PCM cells. Characterization of
these filaments is of course possible by quantification of the
titanium to oxygen ratio, and also by structural determination.
Other systems where such a behavior has been observed are
ZnO (Chang et al., 2008; Chen et al., 2013; Huang et al., 2012,
2013; Song et al., 2011; Yao et al., 2012), NiO (Seo et al., 2004),
CuO (Dong et al., 2007), HfO, (Wu et al., 2011), and SrTiO3
(Szot et al., 2006). It should be noted here, that the distinction
between a phase change in PCM cells is not only caused by
diffusion-less phase changes but can also include diffusion, e.g.
by oxygen and/or vacancies. This diffusion can result in phase
changes between amorphous and crystalline phases in oxides
(Kwon et al., 2010) or heavier chalcogenides (Kim et al., 2011;
Liet al, 2013; Pino et al., 2010; Zalden et al., 2016), formation
or alteration of local defects (Seo et al., 2004; Szot et al., 2006)
or even a crystalline-crystalline transformation (Dong et al.,

210

Strobel J et al.

2007).

If not by electrode imperfection, local peaks in electric
field strength can manually be induced by application of
scanning tunneling microscopy-TEM (STM-TEM) holders
incorporating a movable STM needle-tip which can be
biased with respect to the sample. This approach is certainly
advantageous over trying to find filaments which have
been induced ex situ because it is basically a needle-in-a-
haystack problem as pre-grown filaments are normally not
visible during sample preparation. This can be solved by
either preparing samples with a high density of filaments or
preparing many samples until a filament is found.

Kwon et al. (2010) characterized Magnéli filaments by
application of such a highly sophisticated STM-TEM holder,
successfully showing the formation and rupture of the
crystalline filaments while simultaneously recording the I-V
curves. However, as Strachan et al. (2010, 2013) demonstrated,
the need for special equipment can be circumvented by clever
sample design. Instead of the two previously mentioned
approaches—needle-in-a-haystack and in situ—they fabricated
a vertical crossbar array directly onto an electron transparent
Si;N, membrane creating a stack with a combined thickness
of around 100 nm. While this represents the upper limit of
specimen thickness that still allows effective analysis in the
TEM it does obviate the need for both the special TEM holder
as well as dedicated sample preparation. Furthermore, ex situ
analysis can be undertaken because the sample must be biased
outside the microscope but this can be done directly on the
TEM grid without any intermediate sample preparation and
thus without the possibility of artifact induction (Jang et
al,, 2016).

Filaments through diffusion

Contrary to PCM cells, resistive switching by diffusion
of an active metal electrode into conducting filaments is
observed in ECM cells. The problems arising for analyzing

Fig. 3. Magnéli filaments in partially
amorphous, partially polycrystalline
mixed anatase and brookite structure
TiO, matrix as reported by Kwon et al.
(2010). (A) Ti,O, filament connecting
top (TE) and bottom electrode (BE), (B)
disconnected conical Ti,O, filament.
Reproduced with permission from ref.
(Kwon et al., 2010).
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such devices resembles those discussed above for PCM cells
closely. Standard approaches for sample preparation lead
to a needle-in-a-haystack problem (Liu et al., 2010; Qian et
al., 2016a), and inducing a filament in one certain location
requires expensive and dedicated equipment. A crossbar like
fabrication of samples for the previously discussed ex situ
analysis is less advantageous though, because the electrode
thickness has to be extremely small compared to real devices.
The comparability between TEM samples and mass fabricated
devices is likely not given; electrodes of only a few nanometer
thickness—necessary to maintain electron transparency—
represent an extremely small reservoir for forming the
filaments. Fabricating thicker electrodes to overcome this
problem would impede analysis by prohibiting transparency
of the sample to the electron beam.

Another possibility for such a similar ex situ approach
is pursued by Yang et al. (2012; cf. Fig. 4) Instead of a
vertical crossbar array they demonstrated the possibility
of producing horizontal nano gaps. These, too, have been
fabricated directly onto a thin electron transparent silicon
nitride membrane. The gap subsequently was filled with the
electrolyte—chalcogenides in this case—necessary for silver
ion movement. While this approach offers a fast and simple
possibility to analyze the formation of silver filaments it
might be inherently problematic: Surface diffusion occurs
with vastly higher diffusion rates than bulk diffusion. As a
horizontal stack is naturally thin (according to Yang et al.
[2012] only 15 nm) to allow for good electron transparency
the surface dominated effects are dominant which are not
relevant to the same extent for the devices. Rarely, this aspect
is being discussed. Experiments to verify or rule out surface
effects could include tomographic analysis where it is possible
to determine whether the formed filaments or nanoparticle
cluster (Guo et al., 2016) are within or above the matrix.
Utilizing in situ approaches, live observation of filament
growth is possible. This has been demonstrated in scientific
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publications numerous times (Chen et al., 2015; Choi et al.,
2011; Liu et al., 2012; Tian et al., 2014). Alternatives to in situ
TEM are for example presented by Di Martino et al. (2016).

Memristive nanostructures

Horizontal devices as discussed in the previous section can
not only yield excellent TEM specific samples but are also
pursued because of their inherent functionality. In terms of
TEM analysis these devices are advantageous because they
forestall the need for complicated and time-consuming cross-
sectional specimen preparation if deposited directly onto
electron transparent membranes.

Horizontal memristive devices have been realized with
switching nano-structures containing Ag wires (Avizienis et
al., 2012), CuO nanowires (Fan et al., 2013; Liang et al., 2014),
ZnO nanowires (Chiang et al., 2011), TiO, (Lin et al., 2016),
Cu,S nanowires (Liu et al., 2015), GeTe nanowires (Sun et
al., 2007), and Ge/Si nanowires (Yan et al., 2011). The large
variety of material systems analyzed underlines the flexibility
and relative ease with which such investigations can be
conducted. Most of such experiments are performed while
applying an electrical bias in situ so that the resistive switching
can be observed dynamically. However, where appropriate
equipment is lacking conducting pre- and post-operation
analysis is a good and easy alternative.

Homogenous Switching in Memristors

Anion movement based devices

Devices making use of anion displacement rely on the change
in conductivity linked with this movement and their change
of resistance state is associated with a valence change. This
can either be a macroscopic change in conducting paths
or a laterally highly confined change in the case of tunnel
junctions (Jeong et al., 2009, cf. Fig. 5). The observation of
oxygen distribution in the memristive tunnel barrier allowed

Fig. 4. Formation of conducting Ag fila-
ments in an amorphous SiO, matrix
between an Ag and Pt electrode in hori-
zontal configuration as reported by Yang et
al. (2012). The device has been deposited
directly onto an electron transparent
SiN, membrane. Scale bar=200 nm. (A)
Transmission electron microscope (TEM)
image of the device as-fabricated before
being biased. Inset is a sketch of the device
design. (B) TEM image of the same device
and same location after being biased
outside the TEM. Conducting filaments
formed during biasing are highlighted by
arrows. Reproduced with permission from
ref. (Yang et al,, 2012).
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correlation of the Off state with a clearly segregated oxygen
concentration profile whereas in the On state the oxygen is
much more dispersed throughout the barrier.

Particularly in the latter case, determination of dielectric
properties is required in order to describe and predict the
electrical (tunneling) behavior of such devices. Especially
determination of the full dielectric function—and thus the
bandgap and relative permittivity—is one of the most pursued
fields currently under development in the domain of electron
microscopy which is only possible by application of valence
EELS (VEELS). As the number of monochromatic TEMs
rises, so does the availability of VEELS. However, even as
disposability of equipment increases, interpretation of VEELS
data is a major obstacle as relativistic effects—such as Cerenkov
losses (Stoger-Pollach et al., 2006)-modify the VEEL spectrum
especially in high relative permittivity (i.e., refractive index)
materials (Stoger-Pollach & Schattschneider, 2007). Also,
the relevant loss signals lie in the tail of the zero loss peak
(ZLP) and its correct subtraction is even more important
than background removal is for core-loss EELS. This implies
that the already non-straightforward application of EELS is
even more intricate when it comes to accurate determination
of dielectric properties. Furthermore, application of VEELS
in STEM mode might be impossible altogether because of
superposition of the inelastic signal with elastic momentum-
transfer in the entire diffraction plane. This would limit the
application of spatially resolved VEELS to TEM imaging
mode, capturing several energy filtered micrographs and
creating an image spectrum (as opposed to a STEM spectrum
image).

However, instead of bandgap determination it is possible
to find the oxidation state and the linked number of charge
carriers by EELS. Specifically in highly ordered systems, such
as epitaxial ferroelectric tunnel junctions (Chanthbouala et
al., 2012) TEM investigations can yield information (a) by
determining interface quality (Arita et al., 2016; Lee et al.,
2016; Lin et al., 2008), (b) by testing for disordering, especially
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for charged defects which induce net polarization and thus
have an effect on dielectric properties, and (c) by strain
measurements (Vasudevan et al., 2014) which can cause
domain pinning in ferroelectric layers.

In cases where it is not dielectric properties but rather spatially
dependent conductivity, analysis of oxidation states and lateral
distribution of anions, e.g. in bulk mixed ion conductors, can
yield important information as they determine the number
of available charge carriers or trap states (Privitera et al., 2013,
2015). Here, the resistance state of the memristor is defined by
the oxygen or trap concentration profile; the ion conductivity
is linearly dependent on mobility and concentration, the latter
of which can be determined by EELS analysis of the metals
oxidation state or even simpler but possibly less accurate by
quantification of metal and oxygen contents from EDX data.
For this, however, accurate quantification algorithms are
necessary, e.g., (-factor quantification.

As oxygen deficiency in otherwise stoichiometric compounds
can also alter the structure substantially HRTEM investigations
offer an easy way to visualize regions with different compo-
sitions—and thus different conductance-without the need for
more complex spectroscopic investigations and equipment.
This can be applied for example in HfO, based switching
layers (Calka et al., 2013) where stoichiometric crystalline
regions are found right next to oxygen deficient amorphous
regions. This behavior, however, is found rather rarely and
for the sake of completeness a cross-correlation between
structural and spectroscopic investigations is advisable. Never-
theless, as HRTEM and even more so electron diffraction
experiments, normally require much lower exposure times
and thus the energy input into the material is accordingly
lower, such investigations offer an inherent advantage over
spectroscopic analyses, where they are possible.

Furthermore, amorphous layers of only a few nanometer
thickness, such as tunnel barriers can be characterized by
their pair distribution function (PDF). For instance, the local
PDF can be determined from nanobeam electron diffraction
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Fig. 5. Oxygen distribution in TiO,, based tunnel barrier sandwiched between two Al electrodes as reported by Jeong et al. ranging from high oxygen
content (bright yellow) to no detected oxygen (dark blue). (A) Oxygen ions segregate in the tunnel barrier at the two electrode interfaces thus forming the
Off state. (B) Oxygen ions are finely dispersed throughout the tunnel barrier forming the On state. Insets show the integrated oxygen distribution in the
area marked with white dashed lines. Reproduced with permission from ref. (Jeong et al., 2009). BE, bottom electrode; TE, top electrode.
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experiments (Hirotsu et al., 2001).

Cation diffusion in thick layers

Instead of anion movement it is also possible to manufacture
devices with homogenous movement of metal ions
without the formation of filaments. Such systems require
information by means of tomography in order to visualize
particle distribution and track diffusion. This in turn allows
reconstruction of electrical fields (by simulation) and thus
information about the driving forces of cation movement.
Additionally, locating the different metal species can also yield
information by comparing high and low resistance states.

For mixed ionic conductors the conductive properties have
been exploited to serve as a memristive material such as in
GaOx (Aoki et al,, 2014). However, devices relying on cation
movement tend to form conducting filaments instead of
homogenous switching, as summarized by Valov and Kozicki
(2013) in their review article. The example presented by Aoki
et al. (2014) represents an exception and as apparent from
their results, the change in Ga and O concentration profiles
between On and Off state seems almost impossible to detect.

OUTLOOK

Besides the samples discussed in the preceding sections,
other developments in the field of microelectronics are
foreseeable. Lately, manufacturers of consumer electronics
have begun developing prototypes relying on bendable soft
matter electronics, especially for handheld devices such as
smartphones. These, much like liquid crystal semiconductor
systems or other organic samples, are usually not ideal for
TEM analysis. However, as the quality of electromagnetic
lenses improves, field emission guns offer higher-quality
electron probes and aberration correctors become more and
more abundant. Thus the accelerating voltage and electron
dose can be reduced while maintaining a decent resolution.
Likewise, the signal-to-noise ratio for spectroscopic methods
has become better because of more efficient detectors thus
allowing for lower beam currents and concordantly dose
rates or energy input into the sample. Both developments
allow the investigation of organic matter such as organic
light emitting diodes (OLEDs) and the aforementioned
bendable displays and organic-inorganic hybrids (Jeong et
al., 2010; Kimura et al., 2012; Koo et al., 2011; Qian et al.,
2016b). If these trends prove to be persistent, fabrication of
organic matter memristors is very likely and analysis of these
can advance in the same manner as for the examples above.
Further miniaturization might even lead to memristors with a
quantized conductance because dimensions of the conductor
are reduced to a single row of atoms (Ohnishi et al., 1998).

In situ TEM studies also offer possibilities towards under-
standing the underlying phenomena. However, this is

TARNA
u uJu

completely dependent on the system employed, where
challenges like insufficient resolution, sample preparation
artefacts, electron beam induced sample modification may
arise. Moreover differentiating beam induced change vs
change resulting from electrical biasing is critical. On top
of that, kinetic processes interrelated to oxygen mobility are
difficult to measure during an in situ TEM experiment in real
time due to insufficient time resolution.

Another certainly noteworthy aspect is the correlation of TEM
results with atomic scale simulations such as kinetic Monte
Carlo (Dirkmann et al., 2016; Toufik et al., 2015) or molecular
dynamics (Savel’ev et al., 2011) simulations. They are
powerful tools allowing for emulation of resistive switching
phenomena on different timescales. Similar to structure or
diffraction pattern simulations used when evaluating high
resolution or diffraction experiments they give hints as to how
the device changed from the ON to OFF states. As for most
simulations and fitting algorithms these simulations suffer
heavily under the start value problem; the more accurate
the input-i.e., the initial pre-operation state—can be worked
into the simulation the better and more accurate the result.
Thus, simulations do not directly allow for evaluation of
TEM investigations but instead help understanding switching
mechanisms.

Lastly, software developments should not be underestimated.
Image processing and multidimensional data analysis software
like Hyperspy (Pefia et al., 2016) advanced greatly, and is more
easily available to the majority of scientists. They allow for
analysis not only to speed up, but mathematical operations
like deconvolution—removal of plural scattering effects from
EEL spectra—and precise fitting with reference spectra also
allow for a more accurate localization and identification of
chemical species.

CONCLUSIONS

In summary, this comprehensive review of electron micro-
scopy methods for nanoscale memristive or resistive
switching devices highlights different possibilities to gather
crucial information on switching mechanisms by observing
ON and OFF states. Compared with in situ experiments, ex
situ analysis in TEMs is easier to conceive and interpret and
less prone to erroneous results. Typical pitfalls, such as the
general discrepancy between TEM examinable specimen and
“actual” implemented devices as well as hardly foreseeable
effects such as surface migration have been discussed. Despite
these possible obstructions, TEM analysis proves to be an
extremely versatile analytical tool for both filamentary and
bulk switching mechanism based devices.

Filamentary devices are best characterized by horizontal
arrangement of electrodes and switching layers. The otherwise
necessary cross sectional preparation has hardly any means of

213



TANA
u  Ju U

effectively localizing the position of filaments and selectively
preparing a TEM suitable specimen.

Bulk switching based devices, because of their homogeneity of
congeneric alteration in the memristive layer are comparably
easy to handle, because cross sectional preparation does not
require a specific location to be prepared for TEM investigation.
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