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Abstract Memristors are promising candidates for new memory technologies and
are capable to mimic synapses in artificial neural networks. The switching in mem-
ristive devices occurs typically in few nanometer thin dielectric layers. The direct
observation of the switching mechanism is crucial for better comprehension and
improvements of memristors. Therefore, in situ experiments are conducted in a
transmission electron microscope (TEM). However, sample preparation processes
and electron beam irradiation can lead to a chemical and structural modification of
the active layers. Moreover, devices may show significant device-to-device variabil-
ity due to the details of processing parameters. Thus, it is essential to characterize
the identical device electrically before microstructural analysis.
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1 Introduction

Is Moore’s Law at an end? Memrisitve devices can help to extend the functionality
of today’s state-of-the art digital computers while simultaneously decrease energy
consumption for data intensive and associative tasks in novel in-memory and bio-
inspired computing architectures [1, 2]. The usual two-terminal device structure can
further help to decrease the size of integrated circuits and memory arrays.

Simple two-terminal memristive devices can help to further decrease the feature
size in integrated circuits, while simultaneously decreasing energy consumption.
However, with decreasing feature size, every single structural and electronic defect
becomes more important and analytical techniques become the limiting factor for
knowledge-driven engineering of memristive devices. In this chapter, the limits of
TEM are critically discussed. TEM, as one of the suitable analytical methods, pro-
vides sufficient resolution as well as a plethora of different techniques to obtain
information from real space, reciprocal space and spectroscopy. Recent progress in
TEM analysis of memristive devices is reviewed in publications of Strobel et al. [3],
Yang et al. [4], Sun et al. [5], Xu et al. [6] and Yang et al. [7].

The final goal of most TEM studies on memristive devices is to identify the
switching mechanism by directly observing structural or chemical changes or inho-
mogeneities inside the memristive material. However, the identification of finger-
prints for memristive switching is not straightforward as discussed below.

The most studied switching mechanism is the growth and rupture of a conduct-
ing filament which is believed to be essential for the electrochemical metalization
mechanism (ECM) and in valence change memories (VCMs) [8]. In memristive
devices based on the ECM, a metallic filament forms due to the partial dissolution
of an active electrode (typically Ag or Cu) into a dielectric layer in high electric
fields. Such metallic filaments were often observed in situ in TEM experiments, as
summarized in the review from Yang et al. [4]. However, radiolysis and developing
electric fields in the sample due to the electron beam complicate such experiments
and can lead to unambiguous interpretations. Especially for the thin TEM samples,
surface-migration and surface oxidation should be prevented to reduce effects from
radiolysis and electric fields.

One of the main defects discussed for resistive switching in the field of VCMs are
oxygen vacancies, which are reported to be responsible for the formation of one or
multiple conducting filaments inside the dielectric matrix [9]. These vacancies, how-
ever, are generally difficult to detect. In the case of TiO2 memristors, such filaments
could be identified by small crystallized regions with decreased oxygen content in
the so called Magnéli phases [10]. These can be directly identified by diffraction and
imaging techniques in the TEM. In other oxides, however, such direct fingerprints
for the filaments are under debate and thus indications are used to identify the fil-
aments, e.g., by spectroscopic means. Li et al. [11] and Jang et al. [12] observed
such an indication for HfO2 in the low loss electron energy loss spectrum (EELS):
A plasmon peak change under in situ biasing was interpreted as the change of oxy-
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(a) (b)

Fig. 1 a Low-loss EEL spectra with bias voltages from 0 to 10 V. The slit energy window for the
energy filtered (EF)TEM images in b is indicated by orange dashed lines. The color code indicates
higher oxygen vacancy concentrations. Adapted by permission from [Springer Nature Customer
Service Centre GmbH]: [Springer] [Nano Research] [11]

Fig. 2 Annular bright field STEM image of a Au/Fe:SrTiO3/Nb:SrTiO3 memory device after
electroforming and delamination of the Au top electrode. Adapted with permission from [ACS
Publications][Chemistry of Materials] [9]

gen vacancy concentration and distribution, which could then be mapped in energy
filtered (EF)TEM images (see Fig. 1b).

An additional difficulty is presented by the fact, that conducting filaments can be
formed anywhere in the memristive device, while TEM can only analyze a limited
region of interest. Yang et al. circumvent this problem by electrically probing a HfO2

thin film with conductive-AFM and fabricating FIB lamellas from probed regions
[4]. Such a filament was subsequently observed by means of scanning TEM (STEM)
energy dispersive X-ray spectroscopy (EDX) elemental mapping, as it exhibited
a reduced oxygen signal. Du et al. delaminated the top electrode of a device after
cycling and prepared FIB-lamellas from regions where they detected defects [9]. The
observedTi3+ ions indicated oxygenvacancies inSrTiO3 which could be identifiedby
X-ray absorption spectroscopy and X-ray photoemission electron microscopy. Con-
sequently, the researchers were able to show that multiple filaments can be formed
simultaneously, but with different velocities (see Fig. 2) [9]. Accordingly to this,
an observed filament can be in any resistive state, since a different filament might
dominate the resistive switching. Nevertheless, observing and characterizing the fil-
aments present great opportunities to gain a fundamental understanding of switching
mechanisms and towards knowledge-based improvements of memristive devices.
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However, such experimental results impose a high margin of error since artefacts
could be introduced by TEM sample preparation and by beam damage during mea-
surements. Accordingly, great effort should bemade to rule out or minimize artifacts.
Therefore, the following chapter presents means to achieve suitably pure samples, as
well as aspects of best practice. These include TEM sample preparation and the pos-
sible induction of artifacts, performing TEM measurements without beam damage
and ultimately dedicated in operando methods.

2 TEM Sample Preparation

TEM measurements require a specimen thickness below 100 nm and for reliable
(electron energy loss) spectroscopic information the thickness should be below
50 nm. This requirement makes the preparation equally important as the experi-
ment and the analysis itself, because unwanted alterations of the material or the
device are to be avoided. When analyzing memristive devices, electrical character-
ization prior to preparation and structural characterization via TEM is crucial and
should be carried out on the same device that is to be measured. Memristive devices
generally exhibit a high variability from device to device, which complicates the
subsequent analysis. Even devices on the same wafer can differ strongly, depending
on their position on the wafer. These differences could be attributed to local variances
in plasma conditions during sputter-deposition, which result in different oxidation
states of the metal oxide components on the wafer, which was proven by EELS fin-
gerprinting of the O-K edge in this case of a niobium oxide thin film [13]. Challenges
of preparations of specific devices are summarized below.

2.1 FIB Preparation of Specific Devices

The preparation of cross-sections of single devices on a lithographically structured
wafer relies onFocused IonBeam (FIB)millingwithGa ions combinedwith scanning
electron microscopy to select a specific region of interest. The FIB method enables
the preparation of a cross-sectional lamella, a few µm in size, with a homogeneous
thickness for high quality measurements. Prior to the Ga ion milling, a protective
Pt-layer is deposited with a gas injection source (GIS) that reduces both charging and
Ga-implantation in the device. In case of insulating specimens, this Pt-layer might
be insufficient as strong charging hinders the Pt-deposition itself. In case of sapphire
substrates, electron and Ga ion bombardment can lead to an amorphization of the
surface (see. Fig. 3). An alternative preparation method would be using the precision
ion polishing system (PIPS), which is described further below. However, due to the
method requiring steps ofmechanical grinding and thinning steps, preparation proved
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(a) (b)

Fig. 3 a HRTEM micrograph of hafnium zirconium oxide (HZO) grown on sapphire substrate,
prepared as a FIB cross-section. A high defect density is visible at the surface of the substrate. The
orange rectangle indicates the magnified region in b

to be impossible, as sapphire is one of the hardest materials. In the case of memristive
devices, the top electrode protects the underlying layers and reduces charging effects
during the FIB preparation.

Independent from the charging effects in the FIB, (e.g., by a sputtered top elec-
trode) dedicated TEMmeasurements require a final thinning step of the FIB lamella.
This can be done in the FIB with Ga ions accelerated with lower voltage from the
top of the cross-section. However, this procedure is prone to Ga implantation and
surface amorphization.

An alternative approach is to perform the final thinning with Ar ions with low
voltages to gently sputter material from the FIB lamella. However, for sapphire
substrates, low-energy milling is required, as it has been observed that sapphire is
sensitive to Ar ion milling at energies above 3 keV [14]. Sapphire becomes suscep-
tible to electron beam damage in the TEM, which could be prevented when milling
specimens with Ar ions with acceleration voltages of 2.5 keV or less [14]. This can
be explained by the incorporated Ar point defects that act as nucleation centers for
the reduction of Al2O3 in the electron beam [15]. Accordingly, oxides, especially
with high defect concentrations, should be Ar-milled only if necessary and with
low accelerating voltages (e.g., 500 eV) to prevent the creation of defects in the
preparation.

Differentmilling rates along the lamella in the FIBmight occur in cases, where the
top most layer is inhomogeneous or structured with different materials (e.g., with top
electrodes or dielectrics). In these cases it might be helpful to flip the lamella by 180◦
and to perform the FIB thinning from the backside, i.e., the side of the substrate [16].
Particularly for the most common substrate in many fields, a crystalline Si wafer, this
procedure enhances the homogeneity of the FIB lamella. Still, a slightly misoriented
Si substrate can result in strong anisotropic etching from different etching rates of
different crystal orientations, as can be seen in Fig. 4a, while in Fig. 4b homogeneous
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(a) (b)

Fig. 4 Two FIB lamellas prepared with a backside thinning procedure, developed in-house, using
a rotation tip. In a, the lamella was slightly tilted due to stress during transfer to the rotation holder
for the 180◦ rotation. As a result, a saw tooth structure developed due to anisotropic etching in the
crystalline Si substrate. In contrast, the lamella in b was perfectly aligned for backside thinning
resulting in a smooth Si surface

milling was achieved. In Fig. 4a, the FIB lamella was lifted out and attached to a
rotation tip for the 180◦ rotation. During this transfer, the lamella was slightly tilted
by stress, leading to a sawtooth structure due to anisotropic etching of the crystalline
Si substrate.

In cases where it is suspected that the preparation has produced artifacts, a refer-
ence sample must be prepared with a well-established andmore sensitive preparation
method. Such a method could be using the PIPS at low voltages, which mills a hole
inside the sample with Ar ion impact at an oblique angle. With the PIPS, no spe-
cific devices can be selected as TEM specimens, though high-quality specimens can
be produced. A comparison between FIB and PIPS preparation, acting as check of
reliability, has been carried out by the analysis of low-temperature superconducting
Josephson junctions as a reference system [17]. Figure 5a exemplifies the slightly
different outcome of these procedures: the sample prepared with FIB shows lower
contrast and resolution than the sample prepared via PIPS because of higher thick-
ness and some FIB induced amorphization of the surface layers [18]. Importantly,
though, the STEM-EDX scan (Fig. 5b) across the layers yielded qualitatively the
same result for both cases, showcasing the partial oxidation of the Al layer on the
side facing the surface. Since the results show such congruence, the preparation by
FIB - which is necessary for the actual devices - is deemed suitable [19].
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(a)

(b)

Fig. 5 Comparison of a Josephson junction prepared via FIB (left) and PIPS (right). In a, HRTEM
shows the polycrystalline nature of the Nb top and bottom electrodes as well as the partially amor-
phous Al/AlOx layer in between. The EDX scans in b, performed along the yellow arrows in a,
show both that Al is partially oxidized on the side facing the surface. Adapted with permission of
AIP Publishing [19]

2.2 Conclusion for the Preparation

• Protect the topmost layer before preparation to prevent Ga implantation and related
artefacts

• Use sensitive preparation methods with low acceleration voltages
• Check for preparation artefacts in the beginning, before starting sophisticated and
time-consuming measurements

• If preparation artefacts are likely, compare the same or a well-comparable sample
prepared with a more sensitive method (e.g., PIPS)

• Best practice: if possible fabricate a (prototype) device on a TEM-compatible grid
to check functionality before, after, or even during measurements.

3 Spectroscopic Methods

ModernTEMsare equippedwithEDXspectrometers as standard, since characteristic
X-rays are readily formed when the electron beam passes through the sample. These
X-rays can be used to determine and even quantify the elements in respect to their
concentrations in the sample. Not only the primary beam generates X-rays, but also
secondary electrons that interact inside themicroscope column and generate spurious
X-ray signals. These spurious X-rays, as well as further artifacts and pitfalls, will be
discussed in the following chapter.
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Fig. 6 a STEM high angle
annular dark field (HAADF)
image showing the thin film
stack of a DBMD build up
from bottom to top of Nb,
Al2O3, HfO2 and Au. The
spectrum image in b is
created from the Ar EDX
signal and in c from the Ar
M23 EELS signal. The inset
in c shows the EEL spectrum
with the Al2O3 plasmon and
the sharp M23 threshold peak
of Ar at 12 eV. The
overlayed image in d shows
the Al EDX signal in orange
and the Ar EELS map of c

(a)

(b)

(c)

(d)

Spurious X-rays are characteristics of the respective microscope and TEM grid
in use. Reference spectra next to the sample give a clear indication of which signal
is spurious or intrinsic. This procedure fails when the TEM grid contains elements
which are also present in the actual specimen. Accordingly, the right TEM grid needs
to be chosen beforehand. Further limiting this choice are overlapping EDX peaks
between TEM grid and elements that are expected to be in the sample. For instance,
peaks of Si andMo or Ti and Ba overlap and cannot be distinguished with the energy
resolution of common EDX detectors.

Artificial peaks can also occur and are produced as sum-peaks when two charac-
teristic X-rays are detected within the processing time of a signal. These sum-peaks
can usually be ignored but become critical when an element at the same energy is
falsely detected. One prominent example is the sum-peak of Al, which lies at the
same position as Ar [20] and could lead to the wrong exclusion of Ar in Al. In a study
of a double barrier memristive device (DBMD) including a roughly 7 nm thin Al2O3

layer (compare Sect. 4 dealing with this device), an Ar EDX signal was measured
exactly in the middle of this layer as shown in Fig. 6b. In this case, an Al sum-peak
could be ruled out by the complementary technique EELS. The Ar M23 edge at
12 eV (see inset in Fig. 6c) and the L23 edge at 320 eV prove the presence of Ar in
the Al2O3 thin film, which is also indicated by the EDX signal. The EEL spectral
image exhibits a significantly better signal-to-noise ratio at the same acquisition time
in comparison to the EDX map. The compound map in Fig. 6d of Al (EDX signal)
and Ar (EELS signal) shows a clear anti-correlation, suggesting Ar segregation in
less dense regions inside the Al2O3. Dark contrast in the STEM-HAADF image in
Fig. 6c supports this hypothesis.
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Fig. 7 Mole fraction of Au
in AgAu bimetallic
nanoparticles deposited with
a Haberland type GAS at
different Ar pressures. The
mole fractions were
determined by XPS (blue
squares), TEM-EDX (red
circles), SEM-EDX (cyan
triangle) and approximated
from UV–vis spectra (green
stars). Adapted with
permission from IOP
Publishing [21]

The usage of complementary techniques can not only support the measurements
but also point the way to further conclusions. As an example, a combination of
EDX, X-ray photoelectron spectroscopy (XPS) as well as UV-vis spectroscopy was
used to investigate a system of bimetallic nanoparticles. These nanoparticles were
fabricated via a custom-made multi-component (e.g., AgAu) target in a Haberland-
type gas aggregation cluster source (GAS) and subsequently studied. Since XPS
and the optical behavior of the sample rely strongly on the surface properties, the
comparison with EDX can reveal the difference of bulk and surface composition,
even though the particles are 10 nm in diameter. XPS quantifications showed a
systematically higher Ag content in comparison to EDX,which led to the assumption
that an Ag enrichment had occurred on the surface of the AgAu nanoparticles, even
though the Ag-Au system is perfectly miscible. This hypothesis is supported by
quantitative approximations of plasmon peak positions in UV-vis spectra shifting
with the composition (see Fig. 7), which can be controlled with the pressure inside
the GAS [21].

4 Example Characterization of Double Barrier Memristive
Devices

In this section, an extensive investigation of double barrier memristive devices
(DBMDs) is presented, from which knowledge-based improvements could be
derived. These DBMDs were designed with an active layer (i.e., NbOx or HfOx )
that is deposited on the bottom part of a Josephson junction (Nb/Al/Al2O3) [17]
and a Schottky-type contact to an Au top electrode. This device is believed to show
interfacial resistive switching which is reported to result from oxygen ion move-
ment affecting the interfacial properties [22]. Therefore, no fingerprints for resistive
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(a) (b) (c)

Fig. 8 STEM and spectroscopic investigations of the first generation DBMD. The compound map
from EDX signals in a illustrates the layout of the device. The goodness-of-fit map in b of the O-K
edge of the NbOy/z shows the surface-oxidation of the Nb bottom electrode and its roughness. The
O-K edge of AlOx in c contains a pre-peak feature which was fitted with a Gaussian function, while
the main edge was fitted with a Pearson I(V). Adapted with permission from AIP Publishing [19]

switching, such as filaments that could be directly observed with TEM, are known
to characterize these devices.

These devices were analyzed by spatially-resolved STEM-EELS and -EDX to
simultaneously map light and heavy elements. ELNES (energy loss near edge struc-
ture) fingerprinting was utilized to determine the oxidation states of the Nb atoms.
In this approach, the shape of the edges is compared to known reference spectra. In
the first-generation DBMD, the ELNES of the alumina resembles that of amorphous
Al2O3. Unlike the targeted (Nb/Al/Al2O3)-Josephson junction, the entire Al layer
and even the surface of the Nb bottom electrode are oxidized. This niobia (NbOz)
could be assigned to Nb(II) oxide, thus providing sufficient conductivity for device
functionality. The Nb bottom electrode and Al layer were sputtered as metallic thin
films, which subsequently oxidize during the reactive sputtering of the memristive
layer on top (i.e., NbOx ). However, the ELNES of this NbOx could not be clearly
assigned to a certain Nb oxide. A mixture of Nb(IV) and Nb(V) appears probable.
Further, the electronic structure of the AlOx layer measured with EELS contains an
additional pre-peak feature at the O-K edge which is located roughly 6 eV before
the main edge (see Fig. 8c). A similar feature, which evolves due to beam damage
in oxides, is reported in literature - its origin will be discussed in more detail later
on [23, 24]. In this case, however, beam damage appears unlikely, as no evolution of
this pre-peak over time and no morphological changes even after extended electron
irradiation could be observed. Another explanation of this pre-peak feature could
be oxygen vacancies in AlOx as suggested by Nigo et al. [25]. This feature might
be caused by localized Al(3s) states in the band gap of AlOx . By comparing the
area ratio of the pre-peak and of the main edge, the concentration of these vacancies
could be estimated to be in the range of 1.7 to 3.2% with respect to the entire oxygen
content [19]. A third possible explanation for this feature is a superposition of the
O-K edges of alumina and the neighboring niobia, which was observed by Bruley
et al. [26]. The onset of the O-K edge from niobia lies few electron volts lower than
that of alumina. This explanation seems quite convincing, as the Nb-M3 and Nb-M2

edges are present at the same position and the shape and the position of the pre-peak
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resembles the onset of the two neighboring niobia O-K edges. Both interdiffusion as
well as an imperfectly aligned FIB lamella with respect to the electron beam could
explain this scenario.

In addition to spectroscopy, simultaneousmorphological analysis can yield further
valuable information. The roughness of the bottom electrode leads to a minimal
distance between NbOx and NbOz of around 1 nm across the AlOx (see Fig. 8, the
yellow lines), which might enable tunneling through this oxide. In contrast to the
targeted Nb/Al/Al2O3, no metallic Al smooths the interface to the dielectric AlOx

[27] which should lead to an inhomogeneous electric field between the electrodes.
According to [19], these devices demonstrated a high robustness regarding varia-

tions from the targeted design and layer sequence. TheseDBMDswere still functional
after NbOx was subsequently replaced by HfOx .

Nevertheless, only deviceswithin a central area of a 100mmwaferwere functional
(inner red area in Fig. 9a). To understand the reason for this, plasma and TEM
characterizations were carried out and revealed distinct differences. In particular, the
reactive plasma process to deposit NbOx layerswithmetal targets using anAr /O2 gas
atmosphere leads to variable oxidation states of Nb atoms across a whole wafer [13].
The subsequently patterned devices are showing a distinct memristive functionality
in the center of the wafer, while the devices at the edge of the wafer exhibit no
memristive I(V) characteristics. These findings indicate a strong correlation between
local plasma parameters and device performance and may pave the way to plasma-
engineered memristive components in the future. In case of NbOx , the ELNES of the
O-K edge varies between different wafer positions. In the functioning device from
the center of the wafer, the ELNES could be assigned to either Nb(IV) or Nb(V)
oxide, with slight deviations to both. A mixture of both oxides is probable. However,
from a non-functional device from the edge of the wafer (see I(V)-characteristics in
Fig. 9d), the O-K edge could not be assigned to a certain oxidation state. The lower
signal-to-noise ratio in comparison to the other oxides with the same acquisition
parameters, however, suggests a lower Leerschritt O-K edge signal and with this a
lower oxidation state of the Nb atoms. In addition, niobium oxide with a low valence
state is known to be a conductor and cannot be used to build a Schottky type barrier
as observed from the I(V) characteristics [13]. In summary, it could be proven that
the EEL spectroscopy of the niobium oxide O-K edge could explain the different at
the specific locations on the wafer.

Independent from the top-most oxide (i.e., NbOx or HfOx ), the AlOx layer under-
neath could be assigned to amorphous Al2O3 by the O-K edge. However, exactly in
the middle of the AlOx thin film a pre-peak feature appears as shown in Fig. 10a,
which clearly differed from the pre-peak from previous studies as shown in Fig. 8c.
Pre-peaks of the O-K edge occupied researchers for a long time, but still, the origin
and meaning are under debate. The pre-peak can be part of the main O-K edge in
some minerals, instead of being an additional defect feature, as shown byWinkler et
al. using DFT calculations, e.g., for Hambergite (Be2BO3(OH)). They have further
demonstrated that the “pre”-peak originates not only from the OH-, but also from all
BO3-groups [28]. An older hypothesis from [29], which claimed that the hydrogen
content of minerals can be determined from the pre-peak feature, can therefore be
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(a) (b)

(c)

(d)

Fig. 9 a Resistance map of a whole wafer with memristive devices deposited on top measured at
1.6 V. b and cHRTEMmicrographs from positions comparable with 2 and 3, respectively, indicated
in a. The STEM-EELS maps of the Nb-M45 edge showing the Nb distribution. d illustrates the
O-K EEL spectra in the niobiumoxide of the different positions overlaid with reference spectra. The
I(V)-characteristics of these devices at the respective positions are shown in the insets. Adapted
with permission from American Vacuum Society [13]

ruled out. The same conclusion was stated by Garvie, who assigned the pre-peak
of the O-K edge in OH- and H2O-bearing minerals to beam damage, which could,
however, be prevented by low dose-rates [30]. The pre-peak appearing as a result
of beam damage originates from the transition of core electrons to unoccupied pi∗
orbitals of molecular oxygen [23, 31–33], which develops, e.g., due to the decom-
position of hydroxides [24] or the reduction of the oxide itself [34, 35]. As indicator
for beam damage serves its development over time, as the damage process occurs
gradually and the resulting O2 gas is emitted into the vacuum. A more detailed look
on beam-induced damage is provided in the following Chap. 5. A recent study from
Ayoola et al. proposed that peroxy O-O bonds developed at the surface of γ -Al2O3

in the areas damaged by electron irradiation. However, these O-O bonds could be
prevented by employing cryogenic-EELS although beam damage in form of hole
drilling still occurred [36]. Peroxy groups were also found in amorphous Al2O3 by
stochastic quenching simulations which best explains a similar pre-peak of the O-K
edge measured by Near Edge X-ray Absorption Fine Structure [37]. Further, single
superoxide ions (O−

2 ) were detected in sapphire with electron paramagnetic reso-
nance after neutron-irradiation, proving their possible existence in Al2O3 [38]. It
seems likely though, that peroxy groups in Al2O3 are unstable in the electron beam
and directly decompose into molecular oxygen. Fritz et al. reported on an electron
beam stable pre-peak at the grain boundaries of polycrystalline Al2O3, and it was
interpreted as chemisorbed molecular oxygen [39].

In our own measurements, the pre-peak in the amorphous Al2O3 in the DBMD
(Fig. 10a) does not emerge or increase over time, but disappears with electron beam
irradiation (see Fig. 10a), which could be an indicator for adsorbed oxygenmolecules
released to vacuum. This hypothesis is supported by the difference spectrum before
and after electron irradiation in Fig. 10a, which resembles the O-K edge of molecular
oxygen gas. The pre-peak does not only disappear in the vicinity of the electron
beam, but also in distances further than 50 nm, which can be seen in the pre-peak
spectral image in Fig. 10e with an exposure time of 100 ms. Here, the oxygen
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(a)

(c) (d)

(f)

(e)

(b)

Fig. 10 a Time-series of the background-subtracted O-K edge in Al2O3 with pre-peak feature
(green) in the beginning and after the pre-peak vanished (red). The difference of these spectra
(black dashed line), after alignment of the onset of the main O-K edge, resembles the O-K edge of
oxygen gas. The Al-L23 edges in b recorded simultaneously with a, show no significant difference,
indicating no valance change of Al2O3 and no metallic fractions. The STEM-HAADF image in c
provides an overview for the sequential spectral images of the pre-peak of the O-K edge in d and e.
d was recorded first with an exposure time of 9.8 ms and e was recorded second with an exposure
time of 100 ms. In fast measurements the pre-peak appears spread throughout the entire Al2O3,
while in slow measurement, the pre-peak concentrates at the left corner where the scan started. The
yellow dashed line indicates the interface to the Nb bottom electrode and the orange dashed line
indicates the center of the Al2O3 where the pre-peak is located. The oxidized Nb bottom electrode
shows intensity in the oxygen pre-peak spectral image in e, because the onset of the main O-K edge
of niobium oxide is located at the same energy. In the compound map f, the O-K pre-peak (similar
to e, but different position) and the Ar EDX signal are anticorrelated. No Ar is detected where the
O-K pre-peak concentrates but elsewhere Ar does not vanish

pre-peak concentrates at the left corner, from where the scan was initiated, while
a fast measurement beforehand (Fig. 10d) proved that the pre-peak spreads over
the entire Al2O3. This long-range effect could be explained by two scenarios. In
the first, secondary electrons spreading in all directions from the focused electron
beam, which causes the pre-peak to vanish before it could be measured in EELS.
These secondary electrons have lower energy and a shorter mean free path and may
produce stronger beam damage by radiolysis (for more details see Sect. 5 about beam
damage). In the second scenario, the focused electron beam positively charges [35]
the Al2O3, which could attract negatively charged chemisorbed [40, 41] oxygen-gas
molecules.

An argument for the second scenario is that the intensity of the concentrated
pre-peak appears higher, when comparing the second, slower scan to the initial fast
scan. This could be explained by the attraction of negatively charged chemisorbed
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oxygen, not only from the right side of the scanning window in the Al2O3 but also
from the left. In a time-series (see Fig. 10a), no further increase in the pre-peak was
observed but only a decrease, which argues against a development over time and
therefore against a pre-peak produced by beam-damage. In the pre-peak-map in Fig.
10e, intensity can be observed below the yellow dashed line, roughly indicating the
interface to the Nb bottom electrode. However, this intensity is produced from the
main O-K edge of the oxidized Nb, which is located at the same energy and therefore
mapped as well. In the fast measurement in Fig. 10d the noise level is too high to
detect the Nb O-K edge.

The presence of Ar gas inside the Al2O3 further proves the possibility for gas
inclusions and thus for incorporated oxygen gas. Ar gas was detected at the same
position as themolecular oxygen in themiddle ofAl2O3 byEDXandEELS (compare
Fig. 6). The Ar signal disappears, however, where the O-K pre-peak concentrates,
even though Ar gas is present where the O-K pre-peak has vanished by the long-
range effect (see Fig. 10f). This may indicate a physical displacement of the Ar atoms
from the oxygen molecules, as the Ar signal is stable in the electron beam. However,
molecular oxygen could have also been formed due to the preparation, where the
Ar atoms could destabilize the Al2O3 as proposed by Nufer [15]. In this case, the
molecular oxygen should be the product of the reduction of Al2O3 to metallic Al,
but no temporal changes at the Al-L23 edges, indicative for metallic Al [34], could
be observed in the EELS time series of the Al-L23 edges in Fig. 10b. Since the TEM
sample preparation was done without Ar ions, the origin of the incorporated Ar
can be attributed to the sputter gas of the deposition process. We assume, Ar atoms
implanted during reactive HfO2 sputtering, where the Al and the top-most Nb back
electrode were oxidized, as no traces of Ar could be found in the metallic Al thin
film.

The extensive analysis of a memristive device examined various aspects. These
include the oxidation and roughness of the Nb bottom electrode as well as different
oxidation states of the NbOy in dependence on the position of the device on the
wafer which lead to malfunctions. However, the switching mechanism could not
be resolved with TEM due to its interfacial character with very small dimensions
and amorphous structure. Last but not least, gas inclusions inside the 7 nm Al2O3

consisting of Ar and most probably molecular O2 were indicated by EDX and EELS,
whether these are important for the resistive switching will be investigated in future.

5 Invasive TEMMeasurements

TheTEMutilizes the interaction of accelerated electronswith solidmatter to facilitate
imaging with sub-Å spatial resolution. Due to the highly energetic impact, sensitive
materials can be severely damaged by prolonged irradiation. Especially at high dose-
rates, the induced beam damage can limit the resolution and available time for TEM
analysis. The following chapter introduces a broad overview of differentmechanisms
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of beam damage, which is followed by practical examples from memristive devices,
and reasons, why they require special care.

5.1 Beam Damage Overview

Electron beam damage typically describes irreversible changes in the investigated
sample during TEM analysis. A variety of phenomena can occur, like surface sput-
tering, phase transformations, (re)crystallization or amorphization, valence changes
and gas bubble formation. In general, beam damage can occur via two different
mechanisms, which may develop simultaneously and often cannot be clearly distin-
guished. The first mechanism is the so-called knock-on damage, where collisions
of electrons cause an elastic displacement of atoms. The second mechanism occurs
due to the inelastic interaction of beam electrons with core electrons, leading to the
formation of an excited state. This effect is called radiolysis. Electron beam damage
in the TEM was reviewed by Egerton [42] and Jiang [43]. This chapter discusses
important aspects of beam damage in relation to the materials used in memristive
devices and how it may be prevented.

Knock-on damage occurs preferentially at the surface due to the lower binding
energy of surface atoms, and preferential sputtering is expected in compounds of the
elements with the lower binding energy [42]. As a ’rule of thumb’, knock-on dam-
age increases with increasing beam energy while the effects of radiolysis decrease.
Radiolytic damage occurs predominantly in dielectrics with low conductivity, as the
excited state has a longer lifetime to produce point defects compared to conduc-
tive materials. In the vicinity of the beam the excited states accumulate and create
a charged area - typically positively charged in TEM due to secondary and Auger
electron emission. This positive charge can lead to cation migration away from the
irradiated area and, e.g., the creation of molecular oxygen [23, 34].

Different parameters influence the beam damage. As mentioned before, the accel-
eration voltage determines which of the two damage mechanisms dominates. With
increasing acceleration voltage an increasedmaximumenergy can be transferred dur-
ing interaction with an atomic nucleus leading to displacement and thus knock-on
damage. On the other hand, inelastic scattering is reduced which reduces charging in
dielectrics and the number of atoms in an excited state. Dielectrics typically charge
up positively in the TEM [44], as most fast electrons are transmitted through the
sample and secondary (SE) and Auger electrons are created. In thicker samples or
especially in the SEM this positive charge can be compensated by absorbed elec-
trons from the primary beam leading to negative charging [45]. The cross-section
for SE emission has a maximum at several keV and decreases with the acceleration
voltage, as the mean free path of the electrons increases [46]. Accordingly, charging
and thereby radiolysis can be reduced with higher acceleration voltages and particu-
larly thin specimens provide a further means of mitigation. Beam damage is further
affected by the dose (accumulated electrons per unit area) as well as the dose-rate
(accumulated electrons per unit area and unit time or also called current density of
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the electron beam). The excited state requires sufficient energy for atomic displace-
ments, while the life-time and localization need to be high enough so that an atom
can move after the energy is converted into momentum [44]. Accordingly, radiolysis
mainly affects insulators, as lifetime (and localization) are too short in conductors,
where the excited state is rapidly relaxing. However, in insulators excited atoms may
change their valence state or start to move. For reversible processes (in the sense
of damage and recovery), the dose-rate determines the damage. Significant damage
only occurs if the activation is faster than the recovery. In this case, it is sufficient to
reduce the dose-rate to prevent beam damage, although the accumulated dose after
prolonged measurements can be high [32]. However, it is not necessarily the case
that the recovered and the original state are identical. The simplest way to reduce the
dose-rate is to analyze the sample at low magnification. In case, high resolution is
relevant, the beam current (spot size) needs to be reduced until no damage occurs.
The following chapter describes examples of beam damage occurring in different
material classes used for memristive devices.

5.2 Thin Film Metal Layers in TEM

Metalsmainly suffer fromknock-on damage,which can be easily reduced by employ-
ing low acceleration voltages. However, most metals are commonly covered with a
thin oxide layer, and in the case of silver even with a sulfide layer. These compounds
can be decomposed by the electron beam, leaving mobile silver nanoparticles on
the surface. TEM experiments were performed at the tip of an intact atomic force
microscope (AFM) apex. The apex is coated with a gold thin film as electrode, a
silver thin film as active metal and a SiNx -matrix as insulating layer. This so-called
Memtip-approach enables the investigation of the very same conducting filament
with different counter-electrodes [47]. The TEM experiments revealed the invasive
character of the electron beam making ex situ measurements before and after con-
ductive AFM (c-AFM) not feasible. After 15 min of electron beam irradiation with
200 kV acceleration voltage silver protrusions and morphological as well as chemi-
cal changes in the SiNx -matrix had developed (see Fig. 11a, b). The matrix became
denser and thinner, and in EDX, no nitrogen could be detected. Instead, oxygen
was found, which suggests that the pristine matrix was porous and did not entirely
protect the silver from the atmosphere. It is likely that atmospheric sulfur formed
some Ag2S under the matrix, which is known to build Ag protrusions under electron
beam irradiation due to mobile Ag+ ions inside Ag2S and injected electrons [48–
50]. Accordingly, samples containing silver should be transferred and stored with
particular care prior to analysis, e.g., by using a vacuum transfer holder. A different
approach is to seal the surface in situ with a non-porous matrix to prevent oxidation
and surface migration, as reported in [51]. Otherwise, such morphological changes
can lead to the misinterpretation of ex situ or in situ biasing TEM experiments since
these morphological changes can already be formed by contact with the atmosphere
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(a) (b)

Fig. 11 AFM apex before a and after b TEM and EDX measurements. In b, arrows on the right
indicate evolvingAgprotrusions and arrowson the left indicatemorphological and chemical changes
of the SiNx matrix [47]

or by the electron beam. Accordingly, ex situ or in situ TEM experiments should be
reproduced without electrical stimuli.

5.3 Oxides in the TEM and SEM

The key component in a multitude of vertical memristors is a dielectric thin film
[52]. Because of this, special care should be taken when analyzing these dielectrics
in the TEM, and, of course, also during imaging and preparation in the SEM. The
following section describes various phenomena that can occur with oxides in the
electron beam, especially when they are produced with high defect concentrations.

5.3.1 Crystallization of Amorphous Oxides

The active oxide in memristors being amorphous can be beneficial, as the amorphous
state is isotropic in comparison to the granular microstructure of polycrystalline
thin films. Further, the processing costs can be reduced due to the lower deposition
temperatures of amorphous films. As a model system to be analyzed, amorphous
hafnia was chosen, which represents one of the most studied high-k oxides in many
fields, including resistive devices [53, 54] as well as ferroelectric applications [55].

Mittmann et al. observed that radio frequency (RF) sputtering of hafnia leads to
sub-stoichiometric, amorphous hafnia thin films, which can crystallize in the ferro-
electric orthorhombic (Pca21) phase after rapid thermal annealing (RTA). However,
when sufficient oxygen is added during the deposition, the monoclinic equilibrium
phase is obtained [55]. We observed the crystallization of the pristine amorphous
hafnia thin films during the TEM measurements, which appeared more pronounced
at higher magnification (i.e., with higher dose and dose rate). Figure 12a shows such
a crystallized region after 15 min of imaging in high-resolution mode. The crys-
tallization starts from the very beginning of electron beam irradiation, though. The
selected area diffraction (SAED) inset indicates a polycrystalline phase-mixture of
hafnia. This thin film was RF sputtered with Ar from a hafnia target after a condi-
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tioning time of 10 min to reach a steady state on the target surface. However, when
the target was pre-treated with a mixed oxygen-argon-plasma to increase the oxygen
content, the thin film exhibited few nanocrystallites in the pristine state which could
serve as nucleation center for crystallization. Nevertheless, no crystallization caused
by the electron beam was observed (see Fig. 12b). We hypothesize that the chemi-
cal composition has a significant effect on the beam-induced crystallization of the
investigated hafnia. The same is true for the crystalline phase after RTA. Admixture
of sufficient oxygen leads to the monoclinic phase while a sub-stoichiometric hafnia
can crystallize in the orthorhombic phase [55].

Investigations with different substrates were performed to evaluate their influence
on the crystallization, e.g., the influence of charging and oxygen-absorption. These
substrates include amorphous carbon, amorphous Si3N4 and polycrystalline TiN,
which is also serving as back-electrode in metal-insulator-metal (MIM) structures.
On the amorphous carbon layer of a standard TEM grid a lot of nanocrystallites were
present as-deposited, while the electron beam still induced strong crystallization of
the thin film (see Fig. 12c). The same is true for hafnia on polycrystalline TiN thin film
(see Fig. 12d). These findings underline that the nanocrystallites are no prerequisite
for electron beam crystallization. Of higher importance is the stoichiometry of the
thin film.

Further, a simple heating effect as cause for the crystallization in the electron
beam can be ruled out. After prolonged heating instead of electron irradiation a pure,

(a) (b)

(c) (d)

Fig. 12 TEM images of an amorphous, RF-sputtered HfOx thin film on various substrates after up
to 15 min of electron beam irradiation. In a and b, the thin filmwas sputtered on a Si3N4 membrane,
in c on amorphous carbon and in d on a Si3N4/TiN thin film stack. In b, the thin film is showing no
crystallization in the electron beam, but a few nanocrystals are present in the pristine state. In this
case, the ceramic target was pre-sputtered with oxygen admixture. The insets show SAED patterns
with diffraction rings of TiN in d beeing indicated with red arcs
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thermodynamically stable monoclinic HfO2 is expected [56]. In our examination,
the thin films with higher oxygen content should crystallize as well due to a heating
effect, which is not the case. In addition, several studies indicate that the temperature
increases by no more than 10 ◦C during normal imaging conditions [42, 44, 57–59].

As a cause for the crystallization, radiolysis seems to be likely, as different studies
reported on the occurrence of crystallization when amorphous oxides were reduced
in the electron beam [60, 61].

However, this beam crystallization is not affected by whether the substrate is
conductive (TiN and amorphous carbon) or insulating (Si3N4). Accordingly, a sub-
sequent charging effect does not play a major role for the crystallization.

Taking these investigations into account, we propose that only the initial oxygen
content, or, in terms of oxygen vacancies, the defect concentration, determines the
crystallization of the amorphous HfOx in the electron beam and also the resulting
phase after annealing. However, an unambiguous statement is hardly possible. Fur-
ther triggers for crystallization could be, e.g., the amorphous structure, free volume
and presence of nucleation centers.

A second example for defect concentration-dependent beam damage was already
discussed in Sect. 2. Here, Ar-milling with energies above 3 keV can alter crystalline
Al2O3 in a way that it becomes susceptible to beam damage [14]. These findings
highlight that the defect-concentration has a major impact on the stability of the
sample in the TEM. This could be explained by the increasing free volume due to
the defects leading to higher diffusion rates due to lower activation energies. On the
other hand, beam damage produces defects. One example is a ferroelectric BaTiO3

thin film that can be converted into a memristive thin film with configurable resistive
states by electron beam irradiation [62].

5.3.2 Hole-Drilling and Oxide Reduction

In STEM mode, the focused electron beam has a high dose-rate (current-density),
which can be more destructive in comparison to the TEM mode. In Fig. 13a, the
electron beam produced a line of holes after an EDX line scan across a HfO2 thin
film with a dwell time of 6 s at each position. Close to the dark area of the holes in
the STEM image, high intensity in the vicinity gives an indication for the formation
mechanism of these holes. Cazaux proposed a possible mechanism, starting with the
accumulation of positive charges, which occur due to secondary and Auger electron
emission in the vicinity of the electron beam [35]. These positive charges repel
cations, creating an excess of anions which can react to molecular oxygen [23, 34].
Following this mechanism, the bright Z-contrast next to the holes in Fig. 13a may
hint towards a thicker crater rim with Hf-excess.

Such a reduction mechanism is dose-rate-dependent so that below a certain,
material-dependent threshold, no visible beam damage occurs [32] and recovery
processes can compensate the damage [33].
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(a) (b)

Fig. 13 a STEM image showing hole drilling in an amorphous HfO2 thin film after a line scan. b
HRTEM micrograph and FFT-inset reveal crystalline regions around the holes

(c)(b)(a)

Fig. 14 a and b EFTEM (at 17 eV energy loss) images of a PECVD-deposited SiO2 thin film after
doses of 1.3 and 22Me/nm2, respectively. In b, silicon-rich nanoparticles develop at the bright dots.
c Electron beam-induced conductivity changes of the same SiO2 film. Current was measured at 3
V. Adapted with permission from Cambridge University Press [63]

The following section describes a tool which can be used to measure this thresh-
old in situ in the TEM or SEM. This threshold becomes particularly important when
defect concentrations or defect variations are to be measured (e.g., using EELS).
The (partial) reduction of oxides is equivalent to the generation of oxygen vacancies,
which are commonly discussed point defects involved in the memristive switching
mechanism. In addition, the thresholds for stoichiometric oxides reported in literature
[42] will vary significantly from defective oxides. For this purpose, in situ electri-
cal measurements on several thin film oxides were carried out, revealing reversible
changes in conductivity attributed to a reduction in the electron beam and subsequent
re-oxidation of the materials (see Fig. 14c). In case of SiO2 thin films, the electron
dose-induced formation of Si-rich particles leads to an increase in conductivity [63].
This effect can be reversed upon exposure to the atmosphere and even in the vacuum
of the TEM when the beam is blanked. In the blue regions of Fig. 14c, the conduc-
tivity is increased during electron beam irradiation, while in the yellow areas, the
conductivity is decreased upon blanking the beam. The chemical changes are indi-
cated by energy-filtered (EF)TEM dose series showing Si nanoparticle formation by
filtering the Si plasmon peak at 17 eV. Applying a dose of 22Me/nm2 white dots have
evolved gradually in Fig. 14b indicating the formation of particles. The conductivity
change caused by irradiation can be utilized to determine the critical dose for beam
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damage, thus providing data for the inhibition of such effects. This can be used prior
to in situ or in operando TEM and SEM experiments with ceramics to prevent beam
effects on the I(V) characteristics and morphology. Due to this reversible behavior
of the electron beam on the I(V) characteristics we labeled this experiment as the
TEMristor. In thesemeasurements, the beamdamagewas dominated by radiolysis, as
indicated by the dependence on the acceleration voltage. The critical dose decreases
with the acceleration voltage. Especially in the SEM with voltages of 30 kV and
lower, e.g., TiO2 exhibits a lower critical dose compared to 300 kV in the TEM.

This observation reconnects to the TEM preparation in Sect. 2 and highlights
that dielectrics may have already been damaged by the electron beam during FIB-
preparation. An effect that should be reduced by applying low beam-dose as well as
a conductive coating on the sample.

5.4 Conclusions of Electron Beam Effects

In this chapter different mechanisms for beam damage in the TEM were described.
Metallic samples are more prone to knock-on damage while dielectrics are more
prone to radiolysis. In the context of memristive devices with high defect concen-
trations, either specially-designed or produced on purpose through a formation step,
beam damage is a major concern: The included defects facilitate the beam damage,
especially in the regions of interest where the memristive switching occurs. Low-
dose rates should therefore be chosen to investigate memristive devices, either to
prevent or at least reduce the beam damage. In situ current measurements can be
used to determine the threshold below which no significant damage occurs. Further
aids and best practices will be described in the next chapter.

6 Solutions

Materials can be sensitive to damage induced by either TEM sample preparation via
FIB and Ar ion milling, or even the TEM measurement itself – this holds especially
true for thin films designed for memristive devices, i.e., in non-equilibrium states
and with high defect concentrations. In this section, different approaches for reliable
TEM analysis of memristive devices are proposed.

6.1 Ex situ Measurements on Horizontal Devices

The best way to verify the reliability of TEM measurements of memristive devices,
and to exclude severe alterations by the preparation or the electron beam is to elec-
trically characterize the TEM specimen before and after in an ex situ manner. This
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(a) (b)

(c) (d)

Fig. 15 Overview STEM image before a and after b ex situ electrical probing. Bimetallic AgPt
nanoparticles were deposited by a Haberland cluster source on top of the electrodes and these were
covered with a SiON-matrix. The inset in a shows the I(V)-characteristics of the dielectric break
down. The schematic design of the ex situ grids with structuredAu contracts on Si3N4 membranes is
illustrated in c. AnEDX linescan in d along the orange arrow reveals that the fractal dendrites consist
mainly of Ag. The position of d is indicated by the orange square in b. Adapted by permission
from [Springer Nature Customer Service Centre GmbH]: [Springer] [64]

approach can be realized via a horizontal electrode design which can be lithographi-
cally structured on electron-transparent Si3N4 membranes. Such an electrode design
is illustrated in Fig. 15c. The detailed procedure is described in reference [64]. By
means of electron beam lithography electrode distances of 40 nm and below were
achieved, which enable a good observation of the region of interest at high resolu-
tion. The corresponding prototype, deposited via, e.g., sputtering, can subsequently
be analyzed in the TEM. Following this approach, it was possible to observe fractal
growth in an AgPt nanoparticle film below the percolation limit, encapsulated in a
SiON-matrix which suffered a dielectric breakdown during electrical probing. EDX
measurements in Fig. 15c revealed that these fractal dendrites consist of silver and
leave behind Pt-rich nanoparticles after electrical biasing. This observation provides
information for the switchingmechanism of a similar, but vertical nanoparticle-based
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diffusive memristor [65]. In bimetallic nanoparticles, the less noble metal mainly
contributes to the filament formation while the noble counter part remains behind
and can serve as an anchor point for the filament to enhance memristive switching
[21]. However, this ex situ approach may be insufficient, as a (partially) reduced
oxide might re-oxidize during transfer to the ex situ measurement setup and electron
beam damage could go unnoticed. To be sure, in situ or in operando experiments are
necessary, and suitable approaches are described in the following section.

6.2 FIB Preparation for In situ Experiments

A horizontally-arranged prototype device may serve well for TEM measurements
and fundamental research, but is not comparable to real devices, as the geometry
of the electrodes has a major impact on the properties of the device [66]. For this
purpose, the real devices have to be analyzed and to exclude preparation artefacts,
the functionality of the TEM sample should be checked and compared to the device.
TEM sample preparation for in operando experiments on vertical devices requiring
FIB turned out to be a major obstacle due to Pt and Ga contamination and material
re-deposition, all creating possible short circuits. To overcome these problems, the
sample geometry and a specially adapted MEMS chip for in situ electrical biasing
were designed by Zintler et al. [67]. The preparation improvements start with a spe-
cial stub, mounting both the sample and the MEMS chip orthogonal to each other.
This stub enables venting-free preparation including lift-out, transfer, contacting of
the electrodes and thinning. Top and bottom electrodes are contacted with Pt trenches
from the gas injection system in the FIB instrument. To prevent short circuits and
memristive switching apart from the electron transparent region, the counter elec-
trodes are cut next to the Pt trenches by means of Ga-ion etching. The whole prepa-
ration is described in detail in [67]. After successful preparation, the lamella can be
electrically characterized in situ or even in operando in the TEM and the comparison
of the lamella device with the macro device shows striking similarities (compare
Fig. 16b, c with f, e). Further, the influence of the electron beam can be measured
electrically.

Despite these striking similarities, the approach also presents some drawbacks.
First, the preparation is time-consuming and is likely to end up in a short circuit.
Secondly, the lamella device is quite large, and the resistive switching therefore
difficult to observe, as it may occur at any point in the lamella. This second point is
not only a drawback, as the geometry is not altered significantly and a larger area
can be observed. Further, such a lamella has two free surfaces which may dominate
the switching when diffusion or migration is involved. And last but not least, the
small dimensions make Joule heating more critical which may lead to a faster device
degradation and could limit TEM observations [67].
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(a)

(d)

(b)

(e)

(c)

(f)

Fig. 16 a FIB lamella mounted and contacted by Pt trenches to contacts of the MEMS chip. d
STEM image of the device for the in situ measurements. The inset shows a Bright-field STEM
image with higher magnification. b and c show I(V)-characteristics of the lamella device while f
and e represent data for the macroscopic device. b and f show the gradual reset and c and e the
unipolar resistive switching. Adapted with permission from Elsevier [67]

6.3 Conclusions and Best Practice

In conclusion, reliable TEM experiments on memristive devices can be realized by
adhering to the following guidelines:

• Surface diffusion processes must be prevented, e.g., by the application of barrier
layers on the top and bottom of the devices, cf. [51].

• Contamination of the samples must be prevented, e.g., by using suitable device
transfer systems from the sputtering devices to the TEM.

• If possible, check for functionality before and after preparation and after the TEM-
measurements. For this purpose, horizontal instead of vertical devices should be
produced and analyzed. These systems do not require sophisticated TEM prepa-
ration, since they can be fabricated directly for TEM analysis.

• For real device characterization, electrically contacted FIB lamellas should be
analyzed in operando and the I(V)-characteristics should be critically compared
to the real device.

• In ex situ, in situ or in operando, experiments, current measurements should be
used to determine the threshold for electron beam damage. If this is not possible,
the usage of low dose rates but high acceleration voltages is advisable, if dielectric
memristive devices are to be characterized.
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7 Experimental

TEM measurements were performed on different microscopes. High-end EELS for
the DBMD characterization was done on a FEI Titan3 provided by ESTEEM3 facil-
ities. Acceleration voltages of 300 kV and 80 kV were used in conjunction with a
monochromator, XFEG, GIF quantum energy analyzer and SuperX EDX detector.
The analysis of the electron beam crystallization of hafnia thin films was conducted
on a JEOL JEM-2100 with 200 kV and a LaB6 cathode. Hole-drilling experiments,
also with hafnia thin films were performed using a Tecnai F30 G2 microscope with
300 kV and a field emission gun.
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