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Chapter 1

Introduction

1.1 In-situ Transmission Electron Microscopy

Microscopy is defined as the study of objects that are too small to be
easily viewed by the unaided human eye, viewing objects that range
in size from millimeters down to nanometers. But it was not until
1931 when Max Knoll and Ernst Ruska [1] at the Berlin Technische
Hochschule, with the invention of the electron microscope, finally
overcame the barrier to higher resolution that had been imposed by
the limitations of visible light.

Today, almost a century later, the highest resolution TEMs have sub
Angstrom resolving capabilities. However, classical electron microscopy
provides only passive images, the object is visible but it is not possible
to interact with it. It is, therefore, interesting to combine electron
microscopy with in-situ TEM techniques. In-situ TEM microscopy

1
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refers to the techniques that allow a direct observation of the dynamic
properties at the nanoscale of materials subject to external stimuli (e.g.
environment, a temperature change, stress, an applied external electric
or magnetic field, etc.) through imaging, diffraction and quantitative
measurement of some properties using the TEM (see figure 1.1).

Figure 1.1 Schematic of the different in-situ TEM techniques combined with
conventional TEM measurements.

In 1959, less than 20 years after the invention of the electron
microscope, Richard Feynman issued an invitation to scientists to
enter in this new field of discovery with his lecture entitled "There’s
Plenty of Room at the Bottom” saying “I put this out as a challenge:
Is there no way to make the electron microscope more powerful?” [2],
pointing out that there is still plenty of room for miniaturization and
that in principle we should be able to manipulate the positions of
individual atoms. From an early stage in the development of TEM,
the idea was brought up that the microscope should be transformed
into a micro-laboratory in which the response of the specimen to both
stimuli and the surrounding environment could be recorded in real
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time [3]. Nowadays in-situ TEM is becoming more and more relevant
in the scientific community, as reflected by the exponential growth of
the number of publications in the last few years related to in-situ TEM
[4] (Figure 1.2). This is true not only in absolute terms but also for the
percentage of available in-situ TEM with respect to TEM publications.
Also, the number of in-situ TEM holders and the number of companies
manufacturing them have seen a large increase [5].

Figure 1.2 Number of publications identified using the keywords “in-situ” (blue
bars) and percentage of “in-situ” publications with respect to “TEM” publications
(red line), showing a steady increase over the last 20 years [4].

Thus, in-situ experiments have two important components:
external stimuli and real time observations. To apply different external
stimuli inside the TEM, special holders are needed, which is the most
challenging demand. For real time observations, a fast recording system
is also required.

The most traditional in-situ experiment is the study of thermally
induced structural phase transitions [6]. Nevertheless, apart from
heating and cooling, holders with a diverse range of functionalities are
now available for mechanical or electrical measurements, amongst
others. Using a combination of microelectromechanical systems
(MEMS) based devices and special TEM holders, the changes in a
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specimen can be visualized in real time. Also, appreciable progress has
been made for the development of windowed cell holders to observe
solid/liquid and solid/gas interactions at high temperatures [7,8].

Furthermore, developments in in-situ TEM combined with
aberration corrected high-resolution imaging, electron energy-loss
spectroscopy (EELS), and energy dispersive x-ray spectroscopy (EDX)
have enabled many discoveries in dynamic materials processes at the
atomic level that were not previously possible [9–13].

In this chapter the most relevant in-situ TEM techniques are
presented, from heating holders to holders that combine multiple
techniques, allowing the use of the TEM as a nanolab. A comprehensive
description of the modes of operation and possible working conditions
of these devices is given in the following sections.

1.2 Heating holders

Many phenomena occur at elevated temperatures that are of
fundamental interest. The use of specimen heating during TEM
observation allows the possibility to study direct phase transformations,
such as nucleation and growth, recrystallization or dissolution processes,
amongst others.

The first in-situ heating TEM stage was reported in 1960 to allow
the observation of annealing effects on dislocations in aluminum [14].
Conventional in-situ heating stages for TEM were usually integrated
as part of the specimen holder and were made of tantalum, beacuse of
its high melting temperature and structural stability during thermal
cycling. In these holders, a heating filament embracing a 3mm-diameter
TEM specimen disk acted as an electric furnace and could reach
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1300°C for single-tilt holders and 1000°C for double-tilt ones. In a
furnace-heating holder, the thermal radiation heated the specimen,
which was, therefore, an indirect heating mechanism. An embedded
thermal couple measured the temperature in the furnace cup and
cooling water was used to minimize the heating of other parts of
the holder and to reduce specimen drift. However, the total thermal
expansion effect caused a severe problem of sample drifting when
changing temperature. Figure 1.3 (a) depicts a Gatan single tilt
heating stage.

In order to perform high resolution TEM imaging at elevated
temperatures, it is imperative to obtain high temperature stability and
low sample drift [15]. This is difficult to achieve with a large sample
stage that has a very large thermal mass and, also, a slow temperature
response. Recently, to address this issue, MEMs heating stages have
been developed1 (figure 1.3(b)). These holders use integrated circuitry
to produce localized resistive heating directly on the sample support,
and therefore, they minimize the distance between the heating filament
and the sample and only heat a small region. Thus, such stages show
a much lower thermal mass and a very high thermal stability, which
allows high resolution imaging at elevated temperatures.

The main drawback for MEMs-based heating holders is that the
sample must be placed in a small window. These holders work best
for thin films or nano-materials, that can be directly deposited from
solution or sputtered onto the window and analyzed in vacuum.

Even if heating TEM holders are amongst the first in-situ TEM
devices, they are still widely used for the characterization of new
materials in a wide range of temperatures and for multiple applications.
Recently, Wang et al. [16] studied the annealing of copper silicide

1Commercially available by Protochips Inc. and DENs solutions.
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Figure 1.3 (a) Example of a single tilt heating stage design by Gatan Inc. (b)
Example of a chip-based heating holder design by DensSolution Inc.

nanowires and their field emission properties using in-situ heating
holders. Neklyudova et al. [17] demonstrated that it is possible
to locally transform a 25nm thick polycrystalline Bi thin film into
a [111]-oriented single-crystalline film in the TEM. In the Spanish
context, one of the most recent publication is presented by Ortega
et al. [18], studying the size effect on the melting temperature of Sn
nanoclusters and nanorods, and diffusion of voids along the nanotube
axis during heating treatments.

1.3 Biasing holders

In-situ TEM electrical characterization allows a better understanding
of nanostructured materials such as nanowires, nanotubes and
nanoparticles by establishing a quantifiable direct correlation between
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composition or structure and electrical characteristics. Moreover,
the changes in the electrical properties of the nanostructures can be
correlated with changes of composition and structure in real time.

Early examples of employing electrical contacts for in-situ TEM
experiments can be found when Blech and Meieran investigated
electromigration in aluminum thin films in 1967 [19]. The continued
interest in performing in-situ TEM electrical measurements comes
from the exceptional opportunity for real-time monitoring by imaging,
diffraction or spectroscopy, enabling to stablish causality effects
between electrical current or biasing and sample tranformations by
electromigration or Joule heting effects.

The two main types of modern holders for in-situ TEM electrical
measurements are chip-based holders with fixed contacts and holders
where the contact is achieved by in-situ TEM manipulators such as
the TEM-STM system.

1.3.1 Biasing with chip-based holders

Historically, biasing holders consisted on bringing as many contacts as
possible into the TEM via the sample holder. Nowadays, two main
characteristics differentiate the chip-based biasing holders: the number
and the versatility of the contacts.

The chip-based approach uses prefabricated circuitry developed by
lithography on silicon chips containing thin silicon nitride membranes
(Figure 1.4 shows an example of a chip-based in-situ holder2). In this
type of holders two methods can be employed to connect the sample
to the sample holder: clamping or bonding. In the case of clamping,

2Designed by DensSolution Inc.
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the clamp ensures the mechanical stability and the electrical contact
as well; it is less versatile because all samples need to be adapted to
the clamp. The bonding method is more versatile but requires a more
careful handling.

Figure 1.4 Example of a chip-based in-situ holder designed by DensSolution Inc.

Furthermore, some commercial chip-based holders incorporate from
4 to 8 point-probe methods both for biasing and heating, allowing for
simultaneous biasing measurements at elevated temperatures.

Recently, B. Wang et al. [20] studied the domain switching in
GaN thin films by using a single tilt in-situ holder with four electrical
ports for electrical biasing, and den Hertog et al. [21] combined in-situ
biasing and off-axis electron holography to charaterize ZnO nanowires.

1.3.2 Biasing with direct manipulation

In the case of in-situ TEM for electrical measurements with direct
manipulation, an STM tip is used as an electrical probe to characterize
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single nanostructures (see Figure 1.5). The TEM-STM system has
been used in this thesis to adress the characterization of relevant
nanomaterials.

In this in-situ technique, the probe can be positioned in a
millimeter-scale workspace with subnanometer resolution using an
STM unit actuated by a three-degree-of-freedom piezotube. This
enables selecting a specific nanostructure and applying a voltage to
perform electrical measurements [22,23]. This approach is relatively
more straightforward but requires a dedicated piezo-driven stage.

Figure 1.5 TEM-STM holder with direct manipulation used for electrical
measurements from Nanofactory Inc.

One of the first results with the TEM-STM system was presented
by K. Svensson et al. [24] in Chalmers University of Technology in
Göteborg. They demonstrated experimentally how carbon nanotubes
(CNTs) can be used as “nanopipettes” in order to deposit and retrieve
solid material at a nanometer scale. The sample, multiwalled carbon
nanotubes (MWNTs) filled with iron, was attached to a metal wire.
The movable tip was used to approach individual MWNTs and to make
an electrical contact. By driving high current through the nanotube,
the entrapped iron started to migrate in a direction opposing the
electric field (see Figure 1.6).

Recently, the TEM-STM system has been used to study the
lithiation behavior of individual nanostructures in order to design
a new generation of lithium ion batteries (LIB). Q. Su et al. [25]
studied the dynamic behavior and the electrochemical reaction of
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Figure 1.6 Sequential TEM images showing the induced movement of iron [24].

carbon-coated Fe3O4 nanowires revealing that the lithiation process
involves the conversion of Fe3O4 nanowires to Fe nanograins and the
formation of Li2O along the lithium ions diffusion direction. The
delithiated product is FeO rather than the original phase of Fe3O4

after the first delithiation process (Figure 1.7).

Figure 1.7 Example of a study on the lithiation behavior of individual
nanostructures with an application in lithium ion batteries using the TEM-STM
system [25].

1.4 Mechanical holders

Nanoindentation, or instrumented indentation, is a technique that
consists in measuring the force and displacement of a hard tip (often
a diamond tip) forced into a bulk material. Nanoindentation and
atomic force microscopy techniques are commonly used to investigate
mechanical properties of nanoscale materials such as very thin layers,
nanowires and nanotubes, as well as nanoparticles.

But it was not until the first observations of moving dislocations
in a TEM from the mid 50s [26] that nanoindentation in the TEM
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became relevant. Since then, many research laboratories have designed
and manufactured their own straining holders [27–29]. By the 1980s
significant advances in nanoscale science and instrumentation led to
the first instrumented indentation techniques at sub-micron length
scales. Pethicai et al. [30] first demonstrated the approach of providing
a continuous measurement of load and displacement during indentation
with resolutions in the sub-microNewton and the sub-nanometer
regimes.

Nowadays, nanoindentation experiments in the TEM are generally
based on using one of two approaches: fabricated MEMs that are fitted
within a TEM specimen arm [31,32], and dedicated nanoindentation
stages encompassing piezo-driven probes integrated with the TEM
specimen arm [33–35] (similarly to the electrical probing within the
TEM).

Figure 1.8 Dedicated nanoindentation stage for direct manipulation from
Nanofactory Inc.

In the MEMs system approach, a load is applied using a thermal
actuator on one side of the freestanding specimen and is measured
on the other side, using a differential capacitive load sensor based
on interdigitated electrodes. The specimen is mounted between the
actuator and load sensor shuttles. MEMs design has the advantage
of incorporating multiple capabilities into one platform, so that
temperature control, electrical measurements and mechanical testing
may be completed while imaging in the TEM. Nevertheless, most
MEMs holders only operate on a single-tilt platform.
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The piezo-driven nanoindenter or Atomic Force Microscopy
(AFM)-TEM holders are configured with a diamond tip stable on
one end and the sample attached to the piezo tube on the opposite
side (Figure 1.8). The sample is controlled in 3D with a piezoelectric
actuator, allowing fine movements down to 0.1nm/step. These holders
are able to produce curves for load and displacement vs time and have
double-tilt capability, allowing the orientation of the specimen along a
particular axis. These types of holders have frequently been applied to
probe the mechanical properties of grown nanowires. Flat punched tips
can also serve to compress nanoparticles, but, in any case, modeling of
the deformed sample is needed to obtain quantitative data [36,37].

As examples, the Golberg group [38] in 2010 demonstrated for
the the first time the highest tensile strengths (up to 100 GPa) of
individual SWNTs and multi-walled boron nitride nanotubes (up to 33
GPa) under tensile tests inside the TEM using a TEM-AFM holder.
Kim et al.[39] in 2012 focused on complex heterogeneous amorphous
CNT–boron nitride nanotube (BNNT) nanostructures and documented
∼5.3 GPa tensile strength for such hybrids. Recently, B. Ozdol et
al.[40] have explored the structural and electronic properties of InAs
and InAs/GaAs core-shell nanowires at their mechanical limits.

1.5 Gas holders

The introduction of gases in environmental TEMs (ETEMs) has
expanded the capabilities of in-situ TEM, making it a versatile
technique to study catalytic reactions, nanomaterials synthesis and
corrosion, among others. [41–44]

The challenge of this technique is maintaining the high vacuum in
the TEM column when the gas is introduced into the specimen area
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since the high energy electron beam requires high vacuum conditions
to avoid undesirable scattering from gas molecules. There are two
approaches to solve this problem: specially designed environmental
TEMs equipped with pumped vacuum systems [45] and sealed gas cells
integrated into special TEM holders [46].

The first designs for environmental mimicking operation of the
TEM were reported over 70 years ago [47,48] and were produced
by either of both approaches, incorporating differentially pumped
apertures that separate the specimen from the high vacuum of the
TEM column [49–52] or windowed-cell designs that confine the gas
within the specimen holder using electron-transparent membranes
[53–56]. Atomic-resolution images in gaseous environments have been
obtained with both techniques at pressures up to ∼10 Torr but the
technological relevance of these measurements may not be compatible
with the more realistic operating conditions of catalyst nanomaterials
at higher pressures. ETEM microscopes that incorporate differentially
pumped apertures are generally limited to pressures of 15–20 Torr but
they allow imaging a standard TEM sample. A windowed-cell approach
produces a much thinner layer of gas than a differentially pumped
ETEM and allows examining samples at pressures greater than 50
Torr. However, the additional electron scattering due to the window
membranes can decrease the attainable contrast and resolution.

Atomic-scale imaging of catalysts and other nanoparticles also
benefits from in-situ aberration corrected high-angle annular dark-field
(HAADF) TEM imaging. This imaging mode can provide directly
interpretable atomic-scale images of catalyst nanoparticles at the
required pressures and temperatures. HAADF imaging is ideal for
catalysis studies in which small particles or clusters of heavy atoms
sit on a substrate and it is necessary to differentiate chemically
inhomogeneous structures at small spatial scales [57,58]. Recently, de
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Jonge et al.[59] reported a resolution of 0.4 nm for gold nanoparticles
at ambient gas pressure using a windowed-cell holder in STEM mode
(Figure 1.9).

Figure 1.9 (a) Picture of the specimen holder for atmospheric pressure STEM,
(b) Schematic of the flow system for atmospheric pressure STEM and (c) STEM
image showing gold islets on the top SiN window [59].

Although ETEM makes it possible to obtain time-resolved
atomic-resolution images and chemical information during reactions,
accurate temperature measurement of the specimen area being
observed, especially under conditions of flowing gas, is lacking. As a
result, quantitative thermodynamic and kinetic measurements from
in-situ data may have large uncertainties.[60]

In this sense, Creemer et al. designed a “nanoreactor” based on the
microelectromechanical system (MEMS) technique, as shown in Figure
1.10 [61]. This nanoreactor allows researchers to heat the sample to
500 °C and to keep it in a 1.2 bar of H2 atmosphere. Spatial resolution
of 0.18 nm was achieved for the observation of Cu particles on ZnO
at 300 kV. With the improvement of MEM systems, more advanced
designs of pressure gas cell are under rapid development.
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Figure 1.10 Illustration of the nanoreactor device: (a) Schematic cross-section
of the nanoreactor. (b) Optical image of the TEM holder with the integrated
nanoreactor and the four electrical probe contacts. (c) Optical close-up of
the nanoreactor membrane. (d) A low-magnification TEM image of a pair of
superimposed 10 nm thick windows [61].

In summary, although the windowed cell may reduce the spatial
resolution of the TEM, the combination of in-situ gas holders with
other techniques, such as X-ray spectroscopy, makes it possible to
study the reaction dynamics inside the TEM [62].

1.6 Liquid Cell holders

In recent years, special holders have been developed for measurements
in the TEM in a liquid environment. Two different techniques were
developed for getting liquid inside the electron microscope while still
maintaining a high enough vacuum to operate the electron source: the
“open cell” and the “closed cell” approaches.
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The first reports of TEM in liquids appeared in the 1940s using
both open [63] and closed [64] cell technologies. The “open cell”
approach consists in using differential pumping to control the pressure
at the sample region. By contrast, the “closed cell” consists in
enclosing the liquid between two electron transparent windows. By
physically confining the liquid within a thin layer, imaging is possible
in transmission mode through the windows and liquid. Nevertheless,
the windows were thick and their separation of several micrometers
was large enough to reduce the image resolution to a value not much
better than that of light microscopes.

In the last decade, closed liquid cell (LC) has experienced a surge of
interest due to the use of modern microfabrication techniques, allowing
new types of thin membranes to separate a liquid specimen from
the vacuum in the TEM [65] and obtaining nanometer resolution in
liquid for biological samples [66] and for nanoparticles [67]. Moreover,
microfabrication allows incorporating additional functionalities to the
modern liquid cells such as liquid flow, electrodes, or heating and
cooling.

There are several ways to encapsulate liquids in a LC in order
to image them in TEM. The most popular approach, based on
microfabricated chips, involves paired silicon chips with windows made
of electron-transparent thin-film membranes. These chips are mounted
together in what is typically named a “sandwich” chip system. For
most systems, the amorphous ceramic silicon-rich silicon nitride is the
preferred choice for the thin-film membrane fabrication (Figure 1.11).

In materials science, the modern LC has provided information
on electrochemistry [65], nucleation and growth of nanoparticles [67],
physics of fluids [69], reactions in batteries [14], corrosion [70] and
biomineralization [71] among others.
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Figure 1.11 Example of a LC design by Protochips Inc. (a) The LC holder,
(b) exploded view showing the tip assembly with o-rings and contacts for
electrochemistry or heating, (c) cross-sectional illustration showing the liquid
pathway and d) top view illustration showing the cutout that optimizes the design
for EDX. [68]

In life sciences, cryogenic TEM (cryo-TEM) techniques have been
used for over 30 years to address issues related to biological sample
preservation. In this method, a sample is rapidly frozen by plunging
it into a liquid ethane or propane slurry that is separately cooled by
liquid nitrogen. This method preserves high-resolution components of
the sample and also provides better tolerance against beam induced
damage during imaging. However, the process of freezing completely
excludes the possibility of observing dynamics in real time.

To allow for real-time TEM observations of dynamics that occur
on a microsecond or faster timescale such as loop and domain motion,
biological samples need to be imaged in a fully hydrated and non-frozen
state. Nowadays not only biological structures can be resolved using
LC TEM under fully hydrated conditions, such as virus and bacteria,
spores or human body cells, but also biological processes can be
stimulated in-situ by injecting nutrients.

However, studying physiological processes of live cells with electron
microscopy is still difficult because the minimum needed electron dose



18 Chapter 1. Introduction

to obtain contrast is already many orders of magnitude above the
lethal dose known to cause reproductive-cell death. Two different
solutions are reported in the literature: combining light and electron
microscopy, whereby a process is followed with the light microscope
and “snap shot” electron microscopy is then used to reveal molecular
configurations [72,73] and using time-lapsed Scanning TEM (STEM)
with a low-dose radiation per image (0.3-0.2 e−/Å2) combined with
positive stain at a very low concentration to improve the contrast [74].

Many examples of biological samples observed with LC TEM
and STEM in the last few years can be found in the literature.
In 2011, the de Jonge group [75] observed the intracellular uptake
of 30 nm diameter gold nanoparticles in pristine eukaryotic cells.
In 2013, Dukes et al. [76,77] presented for the first time the
observation of rotavirus double-layered particles (DLPs) in a native
liquid environment, obtaining a 3D model of the subviral particles
(Figure 1.12 c)) and Chen et al. [78] presented the 3D motion of
DNA-Au nanconjugates at nanometer resolution. In 2015, J. Park
et al. [79] observed structures of H3N2 influenza viruses in a buffer
solution for the first time using graphene LC. More recently, Kennedy et
al. [74] have visualized live bacterial physiology with a 5 nm resolution
(Figure 1.12 b) and c))using the time-lapsed STEM, and Peckys et al.
[80] have presented the study of the molecular drug response in breast
cancer cells.

1.7 Using TEM as a Nanolab

In the last few years the field of in-situ TEM has been changing
rapidly for two main reasons: nanotechnology is making it possible
to build better and more flexible holders and there has been a
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Figure 1.12 (a) Representative image and 3D reconstruction (inset) of rotavirus
DLPs in liquid containing contrast reagent. Scale bar, 150 nm [76], (b) STEM
snapshots of E. Coli taken at random intervals and (c) High-resolution HAADF
STEM imaging of E. Coli [74].

marked improvement of the data recording and collecting systems.
As a consequence, using a TEM as a nanolab is possible nowadays,
combining all the capabilities presented in this chapter. It is now
possible to strain the sample while heating it, or even strain a sample
while heating it in a controlled environment and measuring its electronic
behavior, reproducing conventional studies in a laboratory with atomic
resolution inside the TEM.

In this sense, the Ross group was one of the first groups to reproduce
the dynamic processess of electrochemical reactions for the growth
of nanowires [81,82]. Recently, G. M Bremmen et al. [83] used a
MEMS nanoreactor in combination with a specially designed in-situ
TEM holder and gas supply system for the imaging of the formation
of multiple layers of graphene encapsulating a cobalt nanoparticle, at
1 bar CO:N2 (1:1) and 500°C. Moreover, P. Liu et al. [84] investigated
the nucleation, growth and decomposition of Li2O2 micro-batteries
in a basic liquid-state Li-O2 system during discharging and charging
by using an in-situ Electrochemical Cell (EC) and HAADF-STEM
observations at a constant current density, together with synchronized
electrochemical measurements.
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1.8 Challenges

There are several challenges to consider for in-situ TEM instruments.
Not only the presence of a high energy electron beam and the high
vacuum conditions are problematic, but also the lack of space due to
the pole piece geometry and the TEM holder rod itself are two limiting
factors.

The space between the upper and lower pole piece in the TEM
typically varies from 2mm to 5mm (it can be up to 10mm in the
most favorable cases)(Figure 1.13). In conventional TEMs, ultra-high
resolution pole-pieces (URPs) used for high resolution imaging have
a typical gap of 2 mm, which is too narrow for most in-situ TEM
setups. On the other hand, TEMs with analytical (ARP) and cryogenic
pole-pieces (CRP) can accommodate any in-situ holder but the overall
image resolution is degraded. More recently, with the development of
aberration-corrected TEMs, several manufacturers have installed ARP
pole-pieces in these instruments, thus allowing both high-resolution
imaging and in-situ experiments. Nevertheless, the thickness of in-situ
holders means that specimen tilt will be limited when compared to
standard single-tilt and double-tilt holders.

Figure 1.13 Schematic illustration of the objective lens structure used for a TEM
system. The lens is composed of upper and lower polepieces. The TEM specimen
is loaded in the pole piece gap.
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As already mentioned, in the case of in-situ electrical measurements
in the TEM, one important issue is the influence of the electron
beam. The electrical and magnetic fields and high-energy electron
bombardment disturbs the operation of the investigated device and
those effects need to be decoupled during analysis of the results. As
an example, irradiation by electrons can create electron-hole pairs in a
semiconductor sample, plasmons in metals, and trapped electrons that
can charge insulating regions and interfaces which might influence, for
instance, the I-V behavior of a sample. Hence, interpretation of the
experimental results of in-situ electrical measurements needs careful
consideration.

1.9 Summary and scope of this thesis

In this thesis, in-situ TEM for electrical measurements through direct
manipulation using a STM tip, combined with TEM imaging and
spectroscopic techniques, has been used to address the characterization
of relevant nanomaterials.

In the second chapter, the set-up and calibration of the system,
the sample preparation procedures and the improvements on the
TEM-STM holder carried out during the thesis will be presented.

After the standarization of the experimental set-up, specific
approaches are optimized to be applied to different types of
nanomaterials. The systems characterized using in-situ TEM biasing
in combination with structural and analytical characterizations are
classified according to the type of nanostructure and their application,
from 2D nanostructures to functional devices.

In the third chapter, to better understand the behavior of
Graphene Oxide (GO) in electronic nano-devices, the elucidation of
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the effects of electrical current through a single graphene oxide sheet is
addressed by in-situ TEM in combination with Raman spectroscopy.

In the fourth chapter, the ferroelectric and piezoelectric behavior
of structures based on La2WO6 will be studied by using in-situ TEM.

In the fifth chapter, the anisotropic electrical conductivity of
GaInP CuPtB type ordering layers used for multijunction solar cells
will be assessed by in-situ TEM.

In the sixth chapter, the study of the conductive filament (CF)
formation mechanism in ReRAM devices will be carried out by in-situ
TEM analyses showing the structure and composition of the CF.

Finally, aConclusions chapter will summarize the results obtained
pointing out the relevance of in-situ TEM microscopy as a very
useful and versatile tool to electrically characterize samples from
nanomaterials to functional devices.
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Chapter 2

Instrumental

In this chapter, the TEM-STM holder used in this thesis is described.
Also, the specific sample preparation processes for in-situ TEM-STM
experiments are presented. First, for nanostructured samples different
preparation solutions are addressed depending on the sample support.
Then, for localized preparation of devices or thin films, Focused Ion
Beam (FIB) assisted preparation is shown, pointing out the special
necessities for in-situ preparation. Finally, the improvements on
the TEM-STM holder carried out to ensure the repeatability of the
experiments, as well as the calibration of the measurement system are
also included.
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2.1 TEM-STM holder

The TEM-STM holder used in the context of this thesis is a commercial
in-situ TEM sample holder, manufactured by Nanofactory Instruments
AB1. This holder is designed for the electrical probing of individual
nanostructures by using an STM probe that can be moved along the
x,y and z directions inside the TEM.

The TEM-STM holder is presentend in figure 2.1 (a). It consists
of three main parts, the end-piece (with the connectors), the rod and
the front-piece. The front-piece is at the end of the holder limited by
the O-ring and contains the nanomanipulator and the sample. Figure
2.1 (b) shows a magnified image of the front-piece. As can be seen in
the figure, the platinum tip (2), used as a STM probe, is placed on
the right-hand side and a wire (1), used as a sample support, on the
left-hand side. A sapphire ball (4) is supported by a piezotube to drive
the hat (3), the only moving part in the holder, where the STM tip is
placed. This system allows both fine and coarse movements of the tip
in x, y and z, enabling the selection of specific nanostructures placed
in the sample support [1].

As can be seen in figure 2.2, the whole TEM-STM system consists
of the following parts: the controller (1), the preamplifier (2), the
holder (3) and the computer (4) with the software system.

It is very important that the TEM-STM system is correctly
grounded, and also that it has a low impedance path to the TEM
ground, since the tip inside the holder is exposed to the e-beam inside
the TEM and, to prevent charging effects, it is necessary to have a
return path for the electrons back to TEM ground.

1Nanofactory went bankrupt in 2013, was purchased by FEI (now Thermo
Fisher Scientific) and the technical service was discontinued. Maintenance and
improvements are, thus, home-made.
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Figure 2.1 (a) TEM-STM holder for JEOL microscopes. (b) Front-piece of the
TEM-STM showing the most important parts: the platinum wire used as a sample
support (1); the STM movable tip (2); the hat (3) and the sapphire ball (4).

The software Nanofactory Instruments 3 (NF3) is used to control
the movement of the piezo and to record the outputs, such as the
measured current. Figure 2.3 shows the interface of the NF3. As
shown in Figure 2.3 (b), the NF3 allows the control of the movement
of the STM probe using a gaming pad.

The TEM-STM system has a wide variety of applications. First, the
system can be used for measuring the electrical properties at specific
locations of the sample and associate them with the TEM images. The
applied bias range is ± 10 V and the measurement noise is around 1
nA. Figure 2.3 (c) shows the results of an I-V characteristic measured
with the NF3 software.

Second, the TEM-STM system can also be used as a conventional
STM and perform topographical images of the nanostructure. In this
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Figure 2.2 Parts of the TEM-STM system composed by: the controller (1), the
preamplifier (2), the holder (3) and the computer (4) with the software system.

method, the image is built up by employing the phenomenon of electron
tunneling to get a current to pass between the electrically conductive
sample and the sharp metal tip. A specific current is fixed and the
system adjusts the tip position via a feedback loop to maintain this
constant current while the sample surface is scanned. This process
keeps the tip at a constant distance to the surface and the current
information related to the X and Y position of the scanner builds up
a topographical map of the scanned area.

All the in-situ experiments in the present thesis were performed
using this TEM-STM holder from Nanofactory working with both a
JEOL 2100 and a JEOL 2010F TEM operating at 200 kV.

2.2 Sample preparation

For TEM-STM experiments both the sample and the STM tip have to
be placed orthogonally with respect to the electron beam for imaging,
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Figure 2.3 Screenshots of the Nanofactory Instruments 3 (NF3) software showing
(a) the main interface, (b) the movement controller and (c) the results of an I-V
characteristic.

while also keeping the electron transparent part of the TEM sample
accessible to the STM tip. A successful sample preparation is then a
critical step previous to any electrical measurement.

In the case of nanostructured materials, this is relatively easy to
accomplish, but in the case of thin layer structures of nanodevices,
localized sample preparation is a must. In the following, the main
aspects of sample preparation procedures are described.

2.2.1 Nanostructured materials

Figure 2.4 summarizes the two different approaches used to prepare
the samples for in-situ TEM experiments in the case of nanostructured
materials, depending on the sample support used: a wire or a grid.

For in-situ TEM-STM applications, a wire is typically used as a
support[2] of nanostructured samples. A similar type of wire as the
one used for the STM tip is used for the specimen but placed at the
opposite end in the holder (see figure 2.5).
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Figure 2.4 Schematic of a conventional TEM holder, TEM-STM holder, and
samples prepared for in-situ probing.

Figure 2.5 TEM-STM holder using a wire as a sample support.

To prepare the wire for the TEM-STM experiments manually, a
conductive wire (e.g. copper, gold or platinum) is stretched with the
aid of pliers at 45° to elongate it by its plasticity to the point of
breakage and achieve an end as sharp as possible.

For nanostructured samples, once a wire with a thin end is obtained,
two strategies can be considered:

• Scratching the layer that contains the nanostructures and
assuming the surface adhesion will keep the nanostructures in
place (figure 2.6 shows a TEM image of the tip contacting a
nanowire attached to a gold wire using this strategy).
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Figure 2.6 TEM image of the tip contacting the nanowires attached to a gold
wire used as a support.

• Gluing the nanostructures directly to the wire with a conductive
epoxy.

Although attaching the nanostructures to the wire is very useful
for the in-situ TEM-STM system, it does not allow a subsequent
observation of the same sample using other kinds of TEM holders (e.g.
analytical, double-tilt. . . ). A solution is to use a conventional copper
grid attached to a wire as a sample support (see figure 2.4).

Thus, to use conventional copper grids as a sample support with
the TEM-STM holder the grid is pasted to a suitable copper wire with
a conductive epoxy. Then, to assure a good behavior of the epoxy,
the grid-and-wire support is annealed in the oven for 10 minutes at
120°C (Figure 2.7). Once the grid is well attached to the wire, the
nanostructures can be deposited. One drop of solution is applied to
the grid and left to dry (depending on the solvent this may take from
a few minutes to several hours).

As a final step, to use conventional TEM grids for the TEM-STM
system, they should be cut in half in order to let the tip access the
sample. Now, the sample is ready to be inserted into the holder to
start the measurements (Figure 2.8).
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Figure 2.7 (a) Tools used for sample preparation, (b) image of samples in the
oven, (c) image of samples before cutting.

Figure 2.8 (a) Image of the TEM-STM holder with a copper grid as a sample
support. (b) TEM image of the tip contacting graphene using a copper grid as a
support.

2.2.2 Localized preparation

In the case of samples that are not electrotransparent per se (e.g. bulk
samples, thin films, single devices) more sophisticated preparation
methods are needed. In particular, for localized preparation, Focused
Ion Beam (FIB) is the method of choice.

A typical FIB lamella preparation goes as follows. Once a region of
interest is located in the sample, a platinum strip is deposited to protect
this region. Electron or ion beam induced Pt deposition is achieved
by decomposition of the molecules of a metalorganic gas precursor
inserted in the chamber when the beam scans the selected region.
Then, two deep trenches, keeping the Pt strip between both cuts, are
milled at high ion current (figure 2.9 (a)). The different cuts are milled
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at medium ion current in order to leave the lamella attached only on
one side (figure 2.9(b)). The next step is the lift-out and consists in
the extraction of the lamella, and its subsequent manipulation to bring
it to the TEM grid. The lamella is then attached to the grid via Pt
deposition (figure 2.9(c)). Particular TEM grids need to be used as a
support for the lamellas prepared by FIB using the lift-out technique.
Figure 2.10(a) shows a typical Omniprobe2 copper grid. These grids
include multiple indexed mounting locations, with both vertical bar
(figure 2.10 (b)) and V-shaped attachment surfaces (figure 2.10(c)).

Figure 2.9 SEM images acquired during a TEM lamella preparation by FIB using
the lift-out technique. (a) Trenches milled by FIB, (b) lamella attached to bulk
sample by one side only and ready for the lift-out, (c) lamella attached to the TEM
grid via Pt deposition, (d) TEM lamella thinned enough for electrotransparency.

Finally, the last step of a conventional lamella preparation
corresponds to the final thinning and cleaning of the sample. This
step consists in scanning each lateral face of the lamella by FIB at low

2Omniprobe Inc., acquired by Oxford Instruments in 2011.
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Figure 2.10 (a) Copper TEM grid manufactured by Omniprobe Inc. for TEM
lamella preparation by FIB, (b) vertical post and V-shaped post for lamella location.

voltage and low current, polishing it until the lamella is thin enough
for electrotransparency (∼50nm) (figure 2.9 (d)).

Figure 2.11 (a) and (b) depict the TEM-STM holder with a FIB
grid used as a sample support. Although TEM sample preparation
by FIB is nowadays considered a routine procedure[3,4], the lamella
preparation for in-situ experiments with the TEM-STM system requires
an additional step. The lamella not only has to be transparent to
electrons, but also has to be well connected for electrical probing.
Thus, two cuts are carefully made by milling with FIB in the sides
of the electrotransparent part of the lamella, cutting off the current
paths between the top Pt protection and the TEM grid. As can be
seen in figure 2.11 (b), without these cuts the current would flow
through the Pt protections deposited by FIB from the movable tip
to the TEM grid, avoiding the interesting zones of the sample (as
they are less conductive). Figure 2.11 (c) shows how the cuts are
milled in the lamella (highlighted with red arrows) in order to avoid
these short-circuits and allow the flow of current through the layers
of the sample. Special attention has to be paid also in order to avoid
redeposition of the milling material containing some Pt amount.
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Finally, as for conventional copper TEM grids in the sample
preparation of nanostructured materials, the grid has to be attached
to a wire in order to insert it into the holder.

Figure 2.11 (a) Image and (b) schematic of the TEM-STM holder with a copper
grid for FIB sample preparation as a sample support. (c) Lamella with additional
lateral millings in order to avoid short-circuits for in-situ electrical measurements.

Instead of a special FIB grid (quite expensive), a wire can be also
used as a lamella support. We have developed a FIB approach to
attach the lamella directly to a wire, in order to use it as a sample
support in the TEM-STM system. In this method, the wire has to be
prepared for this purpose. First, the end of the wire has to be milled
in order to achieve a stable location for the lamella (see figure 2.12(a)).
After that, the lift-out technique can be carried out as usual, attaching
the lamella at the top of the wire via Pt deposition. Figure 2.12(b)
shows a top-view SEM image of the TEM lamella attached to the tip.

2.3 TEM-STM holder improvements:
a gridcase

In the previous sections different methods to prepare samples for
in-situ experiments on a copper grid have been described. In all cases,
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Figure 2.12 (a) FIB procedure to prepare TEM lamellas on a tip as a sample
support, (b) top-view SEM image of a lamella attached to a platinum tip.

the step of gluing the grid to a wire used as a support is required.
Nevertheless, to attach the grid to the wire with a conductive epoxy is
not always bound to produce good results. First of all, this connection
involves ohmic contacts introducing errors in the electrical resistance
measurements. Secondly, sometimes this attachment is not good
enough to resist large tensions. Also, the sample can be contaminated
by the epoxy and, finally, if we want to observe the sample with
other TEM holders, the specimen can be damaged at the moment of
separating the wire from the grid.

In order to overcome these disadvantages and assure a good
repeatability of the experiments, a gridcase that allows inserting a
TEM grid on one side and a wire on the other side has been designed
and built in the context of the present thesis. Figure 2.13 shows the
gridcase design.

As can be seen in figure 2.13, the wire, which can be introduced
in the TEM-STM holder, is held on the left-hand side of the gridcase
(labelled as A in the figure) and the TEM grid, where the lamella is
attached, is held on the right-hand side of the gridcase (labelled as
B in the figure), and both are screwed into place. This way, both
the wire and the grid can be easily replaced. Moreover, the gridcase
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Figure 2.13 From left to right and top to bottom, the side view, front view and
top view of the gridcase (dimensions in mm). Labelled as A and B, the places
where the wire and the TEM grid have to be inserted in, respectively.

has been fabricated with platinum in order to assure good electrical
conductivity through the grid-gridcase-wire system.

In addition, as mentioned in the previous chapter, one of the most
important challenges when building in-situ TEM instruments is the
lack of space due to the situation in the polar pieces. In order to
ensure the security using our gridcase, avoiding contact with the polar
pieces of the TEM, the inside of the column was observed while the
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improved holder was introduced and rotated. Figure 2.14 (a) depicts
the configuration for this preliminary observation. 2.14 (b) shows the
in-situ holder with the gridcase between the polar pieces.

Figure 2.14 (a) Configuration for the observation of the gridcase in the TEM.
(b) Image of the in-situ holder with the gridcase between the polar pieces.

The fabrication of a homemade gridcase for using a TEM grid as a
sample support in the TEM-STM system offers a greater versatility in
the experiments since it is possible to combine the capabilities of this
system with other holders for conventional TEM observation, while
reducing the measurement errors and improving the repeatability of
the experiments. Figure 2.15 shows a picture of the TEM-STM holder
with the homemade gridcase using a Omniprobe copper grid as a
sample support.

2.4 TEM-STM system calibration

In order to ensure the accuracy and consistency of the measurements
made with the TEM-STM system, a calibration has been carried out.
For this, commercial resistors were used as a reference. In particular,
different resistors from 0,01 kΩ to 20 kΩ with a 5% tolerance were
measured with three different approaches:
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Figure 2.15 TEM-STM holder using the gridcase as a sample support.

(a) With a commercial multimeter (KAISE Digital Multimeter
MAS830L). These resistance measurements will be called R1.

(b) With the TEM-STM system avoiding the contact effects of
the movable tip, using a protoboard and external connections,
assuring a perfect contact between the components (see figure
2.16 (a)). A ramp from -100 mV to 100 mV, with 400 sampling
points and an acquisition time of 100 ms for the entire ramp was
used to measure the resistance. It will be called R2.

(c) Finally, with the TEM-STM system as operated taking into
account the contact effects of the movable tip. In this approach
the STM tip was moved to the resistor with the NF3 Software
until the electrical contact occurred (see figure 2.16 (b)). A
ramp from -100 mV to 100 mV, with 400 sampling points and
an acquisition time of 100 ms for the entire ramp was used to
measure the resistance. It will be called R3.

Results are summarized in table 2.1, showing the nominal values
of the resistors, the average values of the resistances measured and the
relative errors (ε) for each approach.
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Figure 2.16 Procedure used for the calibration of the system (a) avoiding the
contact effects of the movable tip and (b) taking into account the contact effects of
the movable tip.

Rn(kΩ) R̄1(kΩ) R̄2(kΩ) R̄3(kΩ) ε1 ε2 ε3

0.01 0.013±0.001 0.049±0.001 0.035±0.001 0.3 3.9 2.5
0.1 0.011±0.001 0.124±0.001 0.116±0.001 0.01 0.24 0.16
0.2 0.217±0.001 0.237±0.001 0.235±0.001 0.09 0.19 0.18
0.5 0.467±0.001 0.482±0.001 0.484±0.001 0.07 0.04 0.03
1 0.994±0.001 1.022±0.001 1.032±0.001 0.01 0.02 0.03
2 1.971±0.001 2.04±0.06 2.013±0.001 0.02 0.02 0.01
10 9.89±0.01 9.897±0.001 9.91±0.01 0.01 0.01 0.01
20 19.77±0.01 20.165±0.005 20.07±0.01 0.01 0.01 0.01

Table 2.1 Nominal values of the resistors, average values of the resistances
measured and relative errors for each approach.

A graphical account of the results of table 2.1 is given in figure
2.17. These results show low errors and a good repeatability in the
TEM-STM system measure for resistances above 0.5 kΩ, obtaining
even, in some cases, lower errors than for the commercial multimeter.
For resistances below 0.5 kΩ, the error in the measurement increases,
since the resistance of the system itself is not negligible. Therefore, for
small resistances, a deeper analysis of the measure is needed. In this
case, the resistance measured is given by

RT = Rsample +Rtips +Req (2.1)
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Figure 2.17 Graphical account of the results of table 2.1, showing the relative
errors of the measurements for each resistor for the three different approaches:
R1 corresponds to measurements made with a commercial multimeter, R2, to
measurements made using the TEM-STM system with a protoboard and wire
connections and R3, to measurements made using the TEM-STM system as usually
operated.

The resistance measured is not only the resistance of the sample, it
is the direct sum of the resistance of the sample (Rsample), the tips
(Rtips) and the rest of the measurement system (Req) (equation 2.1),
in series of course (see figure 2.18).

Moreover, for resistances above 0.5 kΩ the results with and without
taking into account the contact effects of the movable tip are similar.
This result demonstrates that the effect of the movable tip contact
is negligible. In the literature, the Olsson group determined that the
contact resistivity between the tip and a rGO sheet is 2 x 10−6Ωcm2

[5].
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Figure 2.18 Schematic of the resistance system of the TEM-STM holder.

2.5 Analyzing I-V curves

In addition to the calibration of the measuring instrument, in the
case of semiconducting nano-objects, I-V curves have to be analyzed.
In general, two-terminal measurements can be linear, nonlinear but
symmetric or nonlinear and asymmetric depending on factors such
as the Fermi level and doping level of the semiconductor, the work
function of the metal tip, or the contact condition between the metal
tip and the semiconductor[6].

As an example, in the case of measuring the I-V curves of
semiconducting nanostructures, the system can be described, at first
approximation, by two Schottky barriers embedding the nanostructure.
The two metal/semiconductor (M-S) junctions are the Pt-tip/sample
and sample/Pt-wire junctions. The schematic diagram of the M-S-M
structure and its equivalent circuit are shown in Figure 2.19. The
voltages at barrier 1, the nanostructure and barrier 2 are denoted as
V1, Vsample and V2 respectively.

According to the double Schottky diode model, the Schottky contact
will be active at either the first or the second junction, depending
on the sign of the applied voltage. When not active, one of the two
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Figure 2.19 (a) Energy band diagram of the M–S–M structure and (b) its
equivalent circuit.

Schottky diodes will have a resistive behavior, in series with the active
diode and the nanostructure itself.

The M-S-M structure is usually modeled using thermionic emission
theory (TED)[7]. If the semiconductor is heavily doped, both
contacts may be reduced to ohmic contacts resulting in a linear
I-V characteristic. On the other hand, if one contact is ohmic
while the other one remains a Schottky contact, the TED predicts a
rectifying I-V characteristic. However, the most frequently observed
I-V characteristic from semiconducting nanostructures is neither linear
nor rectifying, being instead an almost symmetric I-V characteristic
as in Figure 2.20.
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Figure 2.20 I-V characteristic of GaInP structures as an example of an I-V
characteristic of semiconducting nanostructures.

From this M-S-M model, one can estimate the intrinsic parameters
of the sample. According to the TED model, the current density
flowing in the reverse bias Schottky junction is given by

Ji = A∗∗T 2exp

(
qΦi

kT

)
exp

(
qVi

nikT

)
(2.2)

Where A∗∗ is the effective Richardson constant for Schottky diodes,
T is the temperature, Φi is the height of the Schottky barrier at the
contacts, k is the Boltzmann constant, q is the magnitude of the
electron charge and Vi is the effective voltage.

Several authors present this model to analyze I-V characteristics
of semiconductor nanomaterials [8-10]. In particular, according to
the method presented by Zhang et al.[11], observing figures 2.19 and
2.20 we can consider three regimes. First, at very low bias regime,
the current passing through the system is very small and the total
voltage is distributed mainly on the two Schottky Barriers (i.e. V1 and
V2 � Vsample). In the intermediate bias regime, the reverse-biased
Schottky barrier dominates and the voltage on the nanostructure
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becomes non-negligible. Finally, at larger biases, the voltage Vsample

increases almost linearly with the bias and becomes the dominating
term. So, in this region, the I-V curve can be differentiated to obtain
the resistance of the sample,

R = dVsample

dI
≈ dV

dI
(2.3)

Thus, analyzing the I-V curves from the M-S-M structure with the
TED model, calculations of intrinsic parameters of specific samples
can be carried out. This has been extensively applied in the present
thesis.

2.6 Conclusions

In this chapter, the TEM-STM holder has been presented, showing
the most important parts of the system and the possible applications
for the measurement of the electrical properties of nanostructures.

Moreover, the sample preparation for in-situ experiments has been
described, depending on the type of sample. First, the preparation of
nanostructured samples that are electroctransparent per se is described.
Second, the preparation of devices or bulk samples in a specific
location is addressed, presenting the Focused Ion Beam (FIB) sample
preparation method for a conventional TEM lamella and the additional
steps that are needed during the lamella preparation for the in-situ
experiments. Furthermore, a new approach for the preparation of the
lamella directly on a STM tip is described.

The design and fabrication processes of a handmade gridcase for
using a TEM grid as a sample support in the TEM-STM system
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have been presented. This improvement offers a greater versatility,
enhancing the repeatability and reducing the measurement errors of
the in-situ experiments

Finally, the calibration of the system has been addressed and the
I-V curves of semiconducting nanostructures have been analyzed. The
calibration results demonstrate that the effect of the movable tip
contact is negligible and that the TEM-STM system offers low errors
and good repeatability in the measure of resistances above 0.5 kΩ.
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Chapter 3

Effects of electrical current
on Graphene Oxide (GO)
sheets

3.1 Graphene Oxide (GO)

Graphene is the name given to a flat monolayer of carbon atoms tightly
packed into a two-dimensional (2D) honeycomb lattice, a basic building
block for graphitic materials of all other dimensionalities (Figure 3.1).
It can be wrapped up into 0D fullerenes, rolled into 1D nanotubes or
stacked into 3D graphite.

Geim and Novoselov [1] isolated a graphene layer for the first time
in 2004 and were able to measure its electrical characteristics. Since
then, graphene has attracted a great deal of interest from scientists
due to the exciting properties of the single-layer graphene sheets, such

57
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as a Young’s modulus of 1 TPa and intrinsic strength of 130 GPa
[2], high thermal conductivity (above 3.000WmK−1)[3], demonstrated
room temperature quantum Hall effect [4], room temperature electron
mobility of 2.5x105 cm2V−1s−1 [5], tuneable optical properties [6] and a
tuneable band gap [7]. Geim and Novoselov were awarded the Physics
Nobel Prize in 2010.

Figure 3.1 Graphene is a 2D building material for carbon materials of all other
dimensionalities. It can be wrapped up into 0D buckyballs, rolled into 1D nanotubes
or stacked into 3D graphite [8].

Graphene oxide (GO) is an interesting graphene-based material [9]
because its physical and chemical properties can be tuned depending
on the amount and nature of the functional groups attached to its
carbon structure [10–12]. Its use ranges a wide variety of applications
such as drug delivery [13], biodevices [14], energy storage systems [15],
catalysis [16], memory devices [17], lightweight technology [18] or 3D
printing [19].

Usually this material is obtained as a part of the synthesis of
graphene layers during the oxidation of graphite [20]. In chemically
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obtained graphene oxide the majority of the attached molecules are
oxygen-based (O-groups: carboxyl, hydroxyl and epoxy groups)[22,23].
Figure 3.2 shows a schematic of the chemical structure of GO. The
covalently bonded O-groups lead to tuneable physical and chemical
properties; for example, the conductivity ranges from insulator to
semiconductor behaviour as the oxygen content is decreased [23].
For this reason, and due to their two dimensional nature, GO or
its reduction products (reduced graphene oxide, rGO) have been
proposed as suitable materials to be implemented in advanced electronic
nano-devices, and even their combination in all-graphene devices
[24–27].

Figure 3.2 Schematics of the chemical structure of grapheme oxide [28].

Extensive literature describes the physical and chemical properties
of GO powders [29] and thin film structures [30–32]. However, to
better understand the behaviour of GO in electronic nano-devices, the
elucidation of the effects of electrical current through a single graphene
oxide sheet has received recent attention. In this sense, I. Jung et
al.[33] described a controllable thermal reduction of individual GO
sheets at low temperatures with simultaneous electrical measurements.
More recently, H.M. Nilson et al.[34] have demonstrated the possibility
to measure the electrical properties of wrinkled reduced GO flakes
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using in-situ TEM. Nevertheless, there is a lack of studies correlating
the changes of the structural properties of individual GO sheets while
an electrical current is flowing through its carbon structure. In this
thesis, in-situ TEM and Raman spectroscopy have been used to assess
the effects of the electrical current applied through a single GO sheet
on its structural parameters, enabling a better understanding of the
structural modifications of an in-operation GO sheet.

3.2 Electrodeposition of Graphene Oxide
sheets

The GO sample preparation and the Raman spectroscopy studies were
performed in collaboration with the group of Dr. Albert Cirera from
the University of Barcelona. Commercial graphene oxide sheets from
GRAnPH Nanotech, Grupo Antolín Ingeniería [35] were dispersed into
isopropanol (0.2 mg/mL) and sonicated for 30 minutes to guarantee
the appropriated homogeneity of the dispersion. No additives were
used. According to oxygen elemental analysis with a Thermo Flash
2000 analyzer, the oxygen content of the GO sheets used in this work
was 50 %wt.

Previous to deposition, platinum wires were cleaned with ethanol
and sonicated for 30 min to ensure good electrical contact during in-situ
experiments. GO deposits onto Pt wires, used as a sample support for
the in-situ TEM, were carried out in a Yflow Electrospinner 3.2.D-400
working as electrospray at room conditions (T=22 °C; 30% relative
humidity). This equipment has two high voltage sources, one for the
emitter (metallic needle) and another one for the collector. During the
deposition process, the working difference potential was fixed at 6.5 kV,
the flow rate was kept constant at 0.5 mL/h and the working distance
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(between the electrospray nozzle and the Pt wire) at 20 cm. Deposition
time was fixed to 1 min in order to avoid GO sheets agglomerations.
Figure 3.3 (a) shows a picture of the electrospinner system used and
figure 3.3 (b) shows the schematic of the TEM-STM holder with GO
sheets attached to a Pt wire as a sample support.

Figure 3.3 (a) Picture of the electrospinner system used for the graphene oxide
deposition onto the platinum tip. (b) A scheme of a TEM-STM measuring system
for the GO studies.

3.3 Electrical characterization

Four different suitable samples with single GO sheets attached to the
platinum wire (referred to as sample I, II, III and IV) were located and
electrically contacted. Figure 3.4 shows TEM images of the contacted
GO sheets.

The electrical resistance of GO, related with the presence of
functional groups bonded to its structure [36], is considered one of its
most important characteristics [37]. For this reason, the resistance
of the single sheets was measured before and after the application
of current, in order to understand the effects of the electric current
through individual GO flakes on the electrical conductivity. First of
all, a ramp from -100 mV to 100 mV, with 400 sampling points and an
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Figure 3.4 TEM images of the contacted GO sheets.

acquisition time of 100 ms for the entire ramp, was used to measure
the initial electrical resistance (R0) of each GO sheet. The R0 value
measured from the I-V curves ranged from 850 kW to 2 MW (see Table
3.1).

The effects of the electrical current over each single GO sheet were
assessed by applying a constant voltage of 100 mV between the Pt
wire and the STM movable tip during 100 seconds. The intensity
was recorded as a function of time. In order to compare the current
measured in all samples, the intensity was normalized to the area
(current density, J). The current density was calculated using the
geometric parameters of the GO sheets obtained from the TEM images
(inset images of Figure 3.5) and by considering the thickness of graphene
sheets to be 1 nm [38]. Figure 3.5 shows the current density (J) vs
time for each sample (notice the scale change). An increase of the
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Sample R0 Rf

(
Rf −R0

)
R0

A Imax Jmax Q
(kΩ) (kΩ) (nm2) (nA) (A·cm−2) (nJ)

I 2180 1140 0.47 260 95 0.36 85

II 857 435 0.49 500 243 0.49 2.18

III 996 440 0.55 400 258 0.64 1.85

IV 1114 226 0.80 400 576 1.44 4.78

Table 3.1 Important parameters (initial resistance (R0), final resistance (Rf ),
change of the electrical resistance (Rf -R0)/R0, surface of the GO sheet (A),
maximum current applied to the GO sheet (Imax), maximum current density
applied to the GO sheet (Jmax) and Joule heating(Q)) obtained in the in-situ TEM
experiments for each individual sample.

Figure 3.5 Current density vs time curves during the process for the four analyzed
GO samples. The inset shows a TEM image of each sample during the experiment,
with the platinum tip contacting the GO sheet attached to the platinum wire.

current density is observed in all cases, indicating a decrease of the
sheet resistance.

The final electrical resistance (Rf ) was determined again from I-V
measurements, following the same procedure as described above for
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the initial calculation of R0. The Rf values decreased for all samples
reaching values from 220 kW to 1 MW.

3.4 Joule heating

Due to the nature of the experiment, the decrease of the electrical
resistance can be attributed to the Joule heating effect [39], where the
Joule heat (Q) can be calculated as:

Q = 1
A

∫ t

0
V · Jdt = V

A

∫ t

0
Jdt (3.1)

where V=100 mV, A is the surface for each GO sheet, and
∫ t

0 Jdt is
the area determined by the J-t curves from Figure 3.5.

Figure 3.6 shows the electrical resistance variation of the samples
(defined as (Rf -R0 )/R0) vs Joule heat (Q). Thus, we observe that, as
Joule heat increases, the change of the electrical resistance increases too.
Then, because of the Joule heating, a reduction process is taking place,
changing the resistance value of the GO sheets due to the removal of
the O-groups attached to its carbon structure.

No noticeable changes of the geometry of the GO sheet or the
tip-sample contact were observed in TEM images during the experiment
in any case. Although morphologically visible changes were not
observed, we proceeded to assess by Raman spectroscopy the changes
suffered by an in-operation GO sheet in terms of its structural
parameters. We expect the electrical current applied on a single
GO sheet, using in-situ TEM, to give rise to changes in the bonding
properties of the GO sheet.
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Figure 3.6 Change on the electrical resistance against the Joule heat for the four
GO sheets contacted.

3.5 Raman studies

Generally, the spectrum of GO exhibits some common characteristics
to graphene, like the G (∼1585 cm−1) and the 2D (∼2700 cm−1) bands,
associated with the first- and second-order allowed Raman mode E2g,
respectively [40]. However, GO exhibits a wider G band and the
2D band spreads to a bump located between 2500 and 3200 cm−1;
both effects are attributed to a high defect concentration related to
oxidation [41]. These two Raman features are also accompanied by
a new and intense D peak at ∼1350 cm−1. The D band corresponds
to the A1g breathing mode and it is related to modifications in the
basal plane structure of graphene [42]. Some other less intense peaks
appear in graphene oxide Raman spectrum. The D’ band, centered
at 1620 cm−1, is attributed to the disorder-induced phonon mode
due to crystal defects [43]. More recent works have identified two
new peaks, D* (between 1150 and 1200 cm−1) and D” (broad peak
between 1150 and 1200 cm−1), both fundamental to better fit the
1000-1800 cm−1 spectral region [23,44]. These two extra bands have
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been related to molecules attached to carbon structure and amorphous
parts of chemically obtained GO samples. While D* was related with
disordered graphitic lattice provided by sp2-sp3 bonds at the edges
of the networks [45], S. Vollebregt et al. related D” with interstitial
defects associated with amorphous sp2-bonded forms that may include
functionalized small molecules[44]. Recent studies have elucidated the
importance of analyzing these interbands D* and D” for the assessment
of the reduction degree [22].

The Raman studies in the present thesis have been carried out
in close collaboration with the Dr. Cirera group, especially with Dr.
Varea. The first order Raman spectra for a pristine GO sheet and the
four current-exposed GO samples are shown in Figure 3.7(a). All the
spectra were calibrated using the Si band at 520 cm−1. Raman spectra
were fitted using 5-bands (Figure 3.7(b)): D and G bands centred at
1350 cm−1 and 1588 cm−1 respectively, D’ band (∼1610 cm−1), D*
(∼1150 - 1200 cm−1) and D” (∼1450 - 1550 cm−1).

Figure 3.7 (a) First order Raman spectra for GO and treated-GOs under different
powers; notorious changes can be observed. (b) An example of 5-fitting method
where the calculated data better fits the experimental data.

Considering the previous explanation, in our samples three kinds
of spectra can be clearly differenciated: i) The GO spectra from the as
received samples, which are characterized by D and G bands located at
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1350 cm−1 and 1588 cm−1 respectively, and a broad shoulder between
them, characteristic of chemically obtained GO. ii) The reduced GO
spectra (samples I and II), characterized by the G band moved to
lower Raman shift values when compared with GO. Also, a decrease of
the D-G interband amplitude is observed. iii) Finally, the amorphous
carbon spectra (samples III and IV), that show broader D and G bands
than GO or rGO spectra and an increase of the interband zone.

To perform a more in-depth study on the structural properties of
GO sheets subjected to an electrical current, the changes of the Raman
active G, D, D” and D* bands in correlation with the concomitant
(Rf -R0)/R0 changes have been evaluated. Figure 3.8((a) shows the
evolution of G and D” band positions for the different electrical
resistance changes. The G position values move to higher Raman
shift values for the lower resistance changes, and then decreases for
higher (Rf -R0)/R0 values. For D” position, there is an initial stage
where D” moves towards lower Raman shift values, and then it increases
for higher resistance changes. Other interesting features, the D* and
D areas normalized to G band, have been plotted as a function of
the electrical resistance variation in Figure 3.8(b); they both show
a two-step process: i) an initial step where the D* and D areas are
smaller than those for GO, and ii) a second step where the areas
recover and overcome these initial values.

Ferrari et al. described a model for the Raman spectra evolution
of graphite to amorphous carbon [46]. They suggested that, taking
into account the position of G band, there is a first stage where the
G band moves towards higher Raman shift values, from graphite to
nanocrystalline (nc) graphite, and a second stage that corresponds
to the transformation from nc-graphite to amorphous carbon (a-C),
where the G band moves the opposite way, i.e. towards lower Raman
shift values. D* and D” bands are also good reduction estimators
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Figure 3.8 (a) Evolution of the position of the D” and G bands as a function of
the variation of resistance. (b) Evolution of D* and D band areas normalized to G
band as a function of the variation of resistance.

for thermally reduced GO [22]. Changes in D* were attributed to
disordered graphitic lattice provided by the existence of sp3 bonds,
while D” changes were ascribed to amorphous phases that may also
include organic molecules. Thus, the analysis of G and D” band
position indicates that the reduction process is two-fold (Figure 3.8(a))
in good agreement with Ferrari et al.[37]: i) for low resistance changes
(i.e. low Joule heat), D” moves towards lower Raman shift values
indicating a decrease of the amorphous GO content due to the removal
of oxygen functional groups. On the other hand, ii) for higher resistance
changes, this band moves to higher Raman shift values indicating an
increase of the amorphous phase. This suggests that heating does
not only eliminate a fraction of functional groups attached to carbon
structure, but also allows the relaxation of the strained lattice around
them leading to the formation of holes [47]. The D* area decrease
indicates a lower sp3 bonds content in a first reduction step. This
fact is ascribed to carboxyl functional groups removal. For higher
applied current the conductor achieves higher temperatures and the
removal of hydroxyl groups starts. The removal of hydroxyl groups
needs an extra source of carbon atoms, and, if they are taken from
the graphitic structure, the sp3 is promoted, and, as a consequence,
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D* band area increases, as can be observed in Figure 3.8(b). The
analysis of D band, which is the main indicator of the disorder in
carbon structures, confirms that there is an initial reduction stage,
where D area decreases, and the formation of ordered sp2/sp3 domains
is induced due to O-groups removal; however, a second stage starts:
D area increases, suggesting the formation of higher sp3 domains
prompted by holes formation (i.e. higher disordered carbon structure).
Figure 3.9 shows a schematic representation of this two-step process
promoted by the effect of the electrical current through a single GO
sheet.

Figure 3.9 Schematic representation of the effects of the electrical current through
a single GO sheet.

3.6 High voltage effects

In order to attain a deep understanding of the effects of the electrical
current through a single GO sheet, a bias voltage of 5 V was applied
through a GO platelet during more than 5 minutes. Figure 3.10 shows
a series of TEM images captured during the experiment. As can be
seen in the figure, at first the tip is approached to the GO sheet, and
then the bias is applied. The TEM images show how apparently there
is no change in the sheet structure, until the image taken at second
310 when the GO structure changes. The last image shows a more
transparent sheet, which can be related to the reduction of the GO.

As in the previous studies, we proceeded to assess by Raman
spectroscopy the changes suffered by the GO sheet in terms of its
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structural parameters. We expected the GO sheet to be reduced
because of the applied electrical current, but also the hydroxyl groups
should be removed inducing the formation of a higher disorder carbon
structure. Figure 3.11 shows the first order Raman spectra for a GO
sheet as received (orange), a random flake found in the tip which was
not exposed to the Joule heating (blue) and finally for a GO sheet
exposed to the electrical current (black).

Figure 3.10 Series of TEM images captured during the thermal reduction process
under 5 V of constant bias stress as a function of time.

Thus, as expected, the Raman spectrum shows broader D and G
bands and an increase of the interband zone related with a reduction
of the GO but also with an amorphization of the sample structure.

Moreover, if we compare the TEM images with the current evolution
versus time (figure 3.12), we can observe three clear regions. A first
region, up to the first two minutes, where the current grows slowly,
that can be related to an initial reduction phase due to the removal
of oxygen functional groups induced by the Joule heating effect. A
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Figure 3.11 First order Raman spectra for a GO sheet as received (orange), a
random flake found in the tip which was not exposed to the Joule heating (blue)
and a GO sheet exposed to the electrical current (black).

second region, after the first two minutes, where some current peaks
are observed. These current peaks could correspond to cracks on the
carbon structure due to the removal of hydroxyl groups. Finally, a
third region, around the fifth minute, where a transformation of the
carbon structure to an amorphous carbon sheet is observed, changing
its electrical resistance and allowing an increase of the current.

3.7 Conclusions

Summing up, in-situ TEM and Raman have been used to study the
effects of the electrical current flow through a single GO sheet. The
electrical current passing through an individual GO sheet causes an
initial reduced state with the removal of oxygen functional groups due
to the Joule heating effect. A lower content of sp3 bonds is observed
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Figure 3.12 I-t curve during the thermal reduction process under a 5 V constant
bias stress.

due to the carboxyl functional groups removal. As the electrical current
increases through the GO sheet, the removal of hydroxyl groups starts
inducing the formation of a highly disordered carbon structure.

Therefore, Joule heating effect can be used for the reduction
of GO. However, the applied power has to be limited; otherwise,
an amorphization of the graphene-based structure takes place. A
balance between reduction and structural disorder needs to be obtained.
The results presented in this chapter illustrate the importance of
properly analysing the effects of current flow through single sheets of
carbonaceous materials.

In future works, it would be interesting to focus on the relationship
between the current peaks observed during the Joule heating and the
removal of specific O-groups of the GO sheet.

The work presented in this chapter has been published in
Nanotechnolgy in 2018 [48].
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Chapter 4

Piezo- and ferroelectricity
of lead-free thin films

4.1 Piezoelectricity and ferroelectricity

Piezoelectricity was discovered by Jacques Curie and Pierre Curie [1]
in 1880. By analogy with temperature-induced charges in pyroelectric
crystals, they observed the generation of electricity under mechanical
pressure of certain crystals such as quartz, zinc blendes, tourmaline
and Rochelle salt. The converse piezoelectric effect (i.e. deformation
or strain under applied electric field) was mathematically deduced
from fundamental thermodynamic principles by Lippmann [2] and
experimentally confirmed by the Curie brothers [3] in 1881.

From the very beginning it was understood that the crystallographic
symmetry of materials played a decisive role in piezoelectric phenomena.

79
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Figure 4.1 Grouping of crystal classes according to their piezoelectric,
pyroelectric and ferroelectric properties.

Figure 4.1 summarizes the classification of the crystallographic classes
according to their piezoelectric, pyroelectric and ferroelectric properties.
From the 32 crystallographic classes, piezoelectricity may exist in
the non centro-symmetric crystallographic structures (see figure 4.2),
except for the cubic 21th class (432), where the piezoelectric charges
along the <111> polar axes cancel each other. Among the 20
piezoelectric crystal classes, there are ten pyroelectric point groups
that possess a unique polar axis. Pyroelectric crystals contain a
built-in polarization, which manifests itself in temperature-induced
changes of the total dipole moment of the unit cell (in the absence
of applied fields). If this spontaneous polarization can be reversed
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by an external electric field, the crystal is called ferroelectric. This
phenomenon was discovered in Rochelle salt crystal by Joseph Valasek
[4] in 1920, observing the typical hysteretic behaviour between electric
displacement and electric field.

Figure 4.2 Schematic of non centro-symmetric (top) and centro-symmetric
(bottom) crystallographic structures under an external mechanical pressure.

Piezoelectric and ferroelectric materials are of high interest
in advanced electronics and are of great industrial and economic
importance. Their applications are widespread and include sonars,
frequency filters, gas ignitors, ultrasonic and medical diagnosis
transducers, surveillance devices and FeRAM memories among others
[5].

In last years in-situ electron microscopy has been used to study
piezoelectricity, allowing experiments on piezoelectric nanomaterials.
In 2006, the Wang group used a combination of SEM and a
multiprobe Ti/Au/W tip, demonstrating that ZnO nanowires can
act as piezoelectric-gated diodes [6]. More recently, in 2014, Renyun et
al.[7] investigated the same material, piezoelectric-gated ZnO nanowire
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diodes, using in-situ TEM, demonstrating that the diode is actually
gated by the piezoelectric effect. In 2017, Okayasu et al.[8] performed
in-situ TEM observations of microstructural characteristics of lead
zirconate titanate piezoelectric ceramics during heating to 1000 °C.
Thus, in-situ TEM studies on piezoelectric materials can lead to an
understanding of the local effects of piezoelectricity and ferroelectricity
on nanostructures allowing the improvement of new electronic devices.

4.2 Advanced ferroelectric materials

To date, lead-based oxides are the most widely exploited and extensively
used ferroelectric materials. The perovskite solid solution family of
lead-zirconate-titanates Pb(Zr,Ti)O3 (PZT) is by far the most widely
used piezoceramics because of their outstanding electromechanical
properties that can be tailored to numerous applications through
chemical modifications.

PZT are widely used as sensor and actuator devices multilayered
capacitors, as hydrophones, etc.[9–11], with an estimated market of
tens of billions of dollars worldwide, due to their excellent polarization
values, dielectric constant, easy integration to various devices and
piezoelectric constant.

However, PZT are composed of about 60 %wt. lead, which rises
important concerns. Thus, some countries have legislated to replace
these materials by lead-free ceramics since lead is a toxic element that
affects the human health and the environment. In this sense, the
development of lead-free piezoelectric and ferroelectric materials and
its characterization at device level is mandatory.

Lead-free oxides based on A2O3-MO3 (A=Bi3+ or Ln3+; M=Mo
or W) systems are of significant technological interest owing to
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laser applications [12], ionic conduction [13], catalytic [14] and,
particularly, ferroelectric [15] properties.For the La2WO6 (LWO)
compound, bibliography is scarce and its two polymorphic structures
(i.e., β-La2WO6 and α-La2WO6) were solved only recently [16,17].

The low temperature variety, β-LWO, which crystallizes in the
space group P212121 (group n.19) with cell parameters a = 7.5196(1)
Å, b = 10.3476(1) Å and c = 12.7944(2) Å; and the high temperature
one, α-LWO, crystallizes in the space group Pm21n (group n.31) with
quenched cell parameters a =16.5531(1) Å, b = 5.52003(3) Å and c
= 8.88326(3) Å (see figure 4.3) [17]. In fact, the two polymorphs, α
and β, crystallize in a non centro-symmetric space group, and this can
lead to potentially interesting ferroelectric properties.

In this chapter, the piezo- and ferroelectric behaviour at local level
of α-LWO thin films, grown on (100)-oriented SrTiO3 (STO) substrate
by Pulsed Layer Deposition (PLD), will be addressed. No other such
studies are found in the literature.

4.3 α-La2WO6 films growth

The α-La2WO6 thin films growth and the X-Ray structural studies
were performed by the group of Dr. Marie-Hélène Chambrier from the
University of Artois.

Initially, ground powder was obtained from the La2O3 and WO3

oxides, weighted in stoichiometric proportions and mecanically mixed
together in an agate mortar. Before crushing, the lanthanum oxide
powder was first dried and decarbonated at 1000 °C, overnight. The
prepared compound was then heated at 1350 °C, during one complete
night, in an alumina crucible, before cooling it down. This procedure



84 Chapter 4. Piezo- and ferroelectricity of lead-free thin films

Figure 4.3 Crystal structures of the α and β-LWO phases [17].

was repeated twice to ensure more reliable results. Electron Diffraction
(ED) analyses were performed on the powder as shown in figure 4.4.
The sharp spots and the absence of any diffuse streaks demonstrate
the good crystallization of the sample and rule out the existence of
any stacking defects.

Figure 4.4 Electron diffraction patterns of α-La2WO6 phase recorded along
the [001], [010], and [100] directions. White arrows point to forbidden reflections
appearing from double diffraction.

In order to prepare the target for PLD, the ground powder was
compelled into pellets (1 in. diameter) with the help of uniaxial
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pressure and finally annealed at 1450 °C for 12h in air before letting it
slowly cool down toward room temperature.

LWO thin films were deposited on (100) SrTiO3(STO) single-crystal
substrates (Crystal GmbH, Germany). All substrates were first
ultrasonically cleaned in ethanol for 5 min, and then dried. The
pressure in the pulsed-laser chamber was lowered down to 1 × 10−6

mbar and the substrate temperature for the film growth raised through
a 10 °C/min step elevation toward synthesis temperature (three
temperatures were tested: 600, 800, and 900 °C) while adjusting
the O2 pressure during deposition to 1 × 10−3 mbar or 1 × 10−1 mbar.
Finally, at the end of deposition, the O2 pressure was increased up to
200 mbar in the chamber and next, the films were slowly cooled to
room temperature.

Depositions were carried out by PLD using a Compex Pro 102 KrF
excimer laser (λ = 248 nm). All films were grown using 6000 laser-pulse
shots. The fluence was adjusted to 2 J/cm2 and the deposition rate
fixed at 2 Hz. The target-substrate distance was adjusted to d = 4.5
cm.

Because there were no previous studies about pulsed laser
deposition of LWO, the first step consisted in optimizing the thin
film growth conditions. For such a purpose, both the temperature of
the substrate and the O2 pressure during deposition were optimized
in order to increase the thin-film quality. XRD diffractograms were
acquired at three different deposition temperatures, ranging from 600
to 900 °C (Figure 4.5). For the lowest temperature considered, i.e.,
600 °C, no crystalline peak is observed, implying an amorphous film.
Increasing the pressure from 10−3 to 10−1 mbar has no influence
on crystallization (4.5 (a), (d)). At 800 °C, the O2 pressure plays
an important role: whereas the thin film is still amorphous under a
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Figure 4.5 X-ray diffractograms showing the effect of temperature T and pressure
P in obtaining epitaxial α-La2WO6 thin film. (a) T = 600 °C and PO2 = 1 × 10−3

mbar; (b) T = 800 °C and PO2 = 1 × 10−3 mbar; (c) T = 900 °C and PO2 = 1 ×
10−3 mbar (the star corresponds to an unidentified peak); (d) T = 600 °C and PO2

= 1 × 10−1 mbar; (e) T = 800 °C and PO2 = 1 × 10−1 mbar; (f) T = 900 °C and
PO2 = 1 × 10−1 mbar.

pressure of 1 × 10−3 mbar, some XRD peaks with large full width at
half maximum (FWHM) appear under a pressure of 1 × 10−1 mbar
(Figure 4.5 (b), (e)). Finally, at 900 °C for the two tested pressures,
1 × 10−3 and 1 × 10−1 mbar, well-defined families of XRD peaks
emerge. Such an observation at this rather high temperature is not
surprising when taking into account the refractive behavior of these
oxides. However, the number of diffraction peaks that are observed
on the diffractograms appears rather limited, compared to the ones
obtained in the case of bulk materials. As a result, the indexation may
only carry some signature conferring the α-La2WO6 composition to
the obtained thin films.

Considering the film grown at 900 °C under an O2 pressure of 10−1

mbar, a preliminary TEM study was carried out to demonstrate the
possibility to grow highly oriented c-axis α-LWO thin films and that
the high-temperature α-LWO polymorph may be stabilized at room
temperature in thin film by PLD.
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4.4 Preliminary TEM characterization

TEM images were, thus, acquired in a cross-section configuration
from the sample grown at 900°C under an O2 pressure of 10−1 mbar,
prepared by FIB using the lift-out technique.

Figure 4.6 (a) HRTEM image of an α-LWO thin film grown on a (001)-oriented
STO substrate; (b) and (c) FFT of the highlighted areas in (a).

Figure 4.6 shows an HRTEM image of the LWO/STO system and
the corresponding Fast Fourier Transform (FFT) of the LWO thin film
and the substrate. The FFT of the layer could be indexed according
to α-LWO structure.

Moreover, the α-LWO film thickness was determined to be close
to 40nm. As the films were grown using 6000 laser-pulse shots, the
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deposition rate can be determined as 0.067 Å ± 0.017 Å par laser-pulse
shot.

Furthermore, good thin film crystallinity was evidenced with no
amorphous areas at the interface between the film and the substrate.

From the FFT calculations, the (001) orientation of the film growth
was confirmed (marked as c axis in Figure 4.6). Moreover, the expected
epitaxial relationship, shown in figure 4.7, was also assessed.

Figure 4.7 Epitaxy relationship scheme of the α-LWO thin film on a STO-(100)
substrate.

4.5 Ex-situ AFM characterization

An ex-situ AFM characterization of the α-LWO thin films was carreid
out by the Chambrier group.

To address the local switching behavior of ferroelectric domains,
as well as the piezo-activity, piezo-response loops have been performed
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by placing the AFM tip over the free film surface. Off-field phase
and amplitude loops are depicted in figure 4.8. In this procedure,
each point was measured at zero bias voltage to promote the
electromechanical contribution at the expense of the electrostatic
effect, which corresponds to the remnant response. Square hysteresis
response is clearly obtained from the phase signal (Figure 4.8 (a)).
Both opposite polarization states and the hysteretic behavior strongly
reveal the local ferroelectricity in the as-deposited α-LWO thin film.

Figure 4.8 Remnant (a) phase and (b) amplitude hysteresis loops, simultaneously
measured on the free surface of the α-LWO thin film.

Besides, a well-defined typical butterfly shape due to the
inverse piezoelectric effect is observed for the simultaneously
recorded amplitude piezo-loop (Figure 4.8 (b)), evidencing the local
piezo-activity of the film. In addition, a saturated loop is measured
without a linear part, an indication of the strong electromechanical
contribution to the detected piezo-signal.

4.6 Piezoelectricity in-situ characterization

Although the macroscopic piezoelectric behavior of this material is thus
demonstrated, the local piezoelectric response of α-LWO is studied
here by using the Nanofactory STM holder.
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The TEM-STM system can be used for piezo-controlled movement
of the tip for the deformation of nanoscale materials. The tip is moved
at a constant velocity and this design allows us to control the movement
of the Pt probe to ensure optimum contact with the specimen, but also
allows for electromechanical testing of materials. Unfortunately, the
mechanical measurements made using this design are only qualitative
because the applied force can be only correlated with the displacement
of the TEM-STM tip.

The TEM lamella was prepared by FIB using the lift-out technique.
Figure 4.9 depicts a schematic of the system used for this experiment.
The lamella was attached to an Omniprobe grid with FIB Pt deposition.
As can be seen in the figure, a final step during the FIB sample
preparation was to mill part of the Pt protection in order to allow
the tip to access the α-LWO thin film (see chapter 2 for more details
about the TEM lamella preparation for in-situ experiments).

The first step of the experiment was to characterize the conductivity
through the FIB platinum deposition, contacting with the tip at
position “1” of figure 4.9(c). The resistance through the FIB platinum
deposition is about 500 Ω, which shows that the system allows for
good electrical conduction.

Figure 4.9 (c) shows the movable tip of the holder contacting the
α-LWO thin film and figure 4.9 (d) shows with an arrow the direction of
the pressure applied with the tip to the sample during the experiments.

A qualitative characterization of the piezoelectric behavior was
carried out by measuring the I-V curves while pressure was applied
by the STM tip to the sample. These in-situ TEM measurements
enable us to probe the direct effect of the piezoelectricity, i.e., the
generated electrical energy (or current) following the application of
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Figure 4.9 (a) Schematic representation of the in-situ TEM-STM system, (b)
TEM image of the platinum tip contacting the sample and (c) TEM image taken
during the experiment.

some mechanical stress. As it is not possible to accurately quantify
the force applied with the employed TEM-STM system, we used, as
a measurement unit, each mechanical step of the tip position (see
figure 4.10 (a)). For each position of the movable tip of the holder, we
recorded a characteristic local I-V curve (a ramp from -1V to 1V, with
400 sampling points and an acquisition time of 100 ms for the entire
ramp).

The I-V red curve corresponds to the minimum force which can be
applied to allow electrical contact. We observe a clear increase of the
conductivity when higher pressure is applied to the LWO surface. In
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Figure 4.10 (a) I-V curves for different pressures applied by the tip to the sample.
(b) Resistance vs force applied by the tip to the sample.

addition, the resistance values were calculated and plotted in Figure
4.10 (b). A decrease in the resistance, from 9 MΩ (red curve) to 800 kΩ
(blue curve) is observed as more pressure is applied by the nanometric
tip to the sample. In fact, we can consider that the resistance of the
sample remains constant during the experiment and the changes in
the current measurement are due to the electrical charge induced by
the mechanical pressure.

So, the piezoelectric effect can be measured using the Ohm law as

V + ∆V = I ·R (4.1)

Where V is the applied voltage, ∆V the piezoelectric induced voltage,
I the measured current and R the resistance of the sample. Taking
into account the equation 4.1, ∆V can be plotted as a function of the
force applied with the tip (see figure 4.11).

Although recent publications have reported mechanical pressure
induced changes in signals and bias induced ionic motion [19,20], this
effect can be considered negligible for this type of electrical resistance
measurements.
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Figure 4.11 Piezoelectric induced voltage vs force applied by the tip to the
sample.

Thus, the evolution of the resistance measurements during the
experiment is a direct effect of the internal generation of electrical
charge resulting from the applied mechanical pressure with the tip,
demonstrating the piezoelectricity that occurs in the LWO thin film.

4.7 Ferroelectricity in-situ characterization

The TEM-STM system was also applied to study the ferroelectricit
behavior of α-LWO thin films. Figure 4.12 shows a half-cycle of
the hysteresis switching current, obtained with the I-V measurement
method by applying the minimum pressure that allows electrical
contact. In this measurement, a ramp from -1V to 1V, with 4000
sampling points and an acquisition time of 100 ms for the entire ramp
was applied. Interestingly, a jump of the current value for a 620 mV bias
voltage is observed. In fact, this jump is predicted for a ferroelectric
film when the applied voltage is close to the coercive level [21]. This
current peak corresponds to the dipole-reorientation contribution of
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Figure 4.12 Half-cycle of the hysteresis switching current obtained with the I–V
measurement method by applying the minimum pressure allowing electrical contact.

the ferroelectric material, which is a signature of ferroelectricity in the
α-LWO layer.

Thus, the TEM-STM system has been used to assess the
piezoelectric and ferroelectric behavior of α − LWO thin films, in
good agreement with the results obtained with AFM.

4.8 Conclusions

In this chapter, the piezoelectric and ferroelectric properties of α-LWO
thin films grown on a (001)-oriented STO substrate by PLD are assessed
for first time by in-situ TEM.

A decrease of the resistance is observed as pressure is applied from
the TEM-STM tip. This effect can be ascribed to a ∆V produced by
the piezoelectricity, confirming the local piezoelectric behavior of the
α-LWO thin films. Besides, ferroelectricity has been confirmed from
the cycle of the hysteresis switching current using the I-V method.
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This new lead-free α-LWO phase, stabilized as a thin film, can be
considered as a promising candidate for nanodevice applications.

Although the TEM-STM system has been used for a qualitative
measurement due to the lack of an integrated force sensor, this study
demonstrates that in-situ TEM techniques are a powerful tool for
the study of piezoelectricity and ferroelectricity of nanomaterials and
opens a wide range of possibilities for future experiments.

The work presented in this chapter was published in ACS Appied
Materials & Interfaces in 2015 [18].
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Chapter 5

Electrical anisotropy in
ordered GaInP

5.1 III-V compounds

The III-V compounds are semiconductors combining elements of
the third and fifth groups of the periodic table, such as gallium
arsenide and indium antimonite. Many binary and ternary naturally
occurring compounds were known to exhibit a behavior now associated
with semiconducting properties long before the invention of the
transistor. Nevertheless, it was this development that stimulated
systematic searches for new semiconductors in the early 1950s. The
first materials investigated in this manner were the diamond structure
III-V compounds. Although in 1950 Blum et al. and Goryunova and
Obukhov [1] reported InSb to be a semiconductor, Welker was the first
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one to appreciate the importance of III-V compounds as a new class
of semiconductor in 1952 [2].

III-V semiconductors have been explored as active materials for
high-speed electronic devices, many types of opto-electronic and
high-efficiency photovoltaic devices. The widespread use of III-V
semiconductors is due to the inherent advantages of direct bandgap
and high electron mobility.

In recent years in-situ electron microscopy has become a very
significant tool contributing to the optimization of III-V based
modern nanodevices. In 2011, the Ross group [10] reported the
in-situ growth of nanowires of one particular III-V semiconductor,
GaP, in a TEM, using the precursor gases trimethylgallium and
phosphine. In 2014, F. Lenrick et al. [11] studied the in-situ growth
of InAs nanowires using a closed cell in a conventional TEM with a
heating holder. Moreover, V. T. Fauske et al.[12] performed the
electrical characterization of individual GaAs nanowires by using
in-situ SEM probing. More recently, in 2017, R. Straubinger et al.[13]
reported in-situ thermal annealing in the TEM of III-V semiconductor
heterostructures in different environments. Hence, in-situ TEM studies
on III-V compounds can lead to an understanding of the structural
properties of nanostructures allowing the improvement of new advanced
optoelectronic devices.

In this chapter, the anisotropic electrical conductivity of GaInP will
be assessed by using in-situ biasing TEM. The electrical conductivity
of GaInP thin films with a different degree of order (controlled by the
amount of Sb flux used during the growth) will be measured in the
orthogonal [110] and [1-10] directions and the differences discussed in
view of the antiphase boundaries present in the layer.
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5.2 GaInP for multi-junction solar cells
(MJSC)

Recently, III-V semiconductor compounds are receiving much attention
because of their efficiency in III–V multi-junction solar cells (MJSC).
The III-V semiconductor family possesses a number of attractive
properties for fabricating solar cells. The bandgaps of the binary III-V
semiconductors are conveniently scattered around the solar spectrum
with further bandgap tuning possible through ternary or quaternary
alloys. The majority of III-V materials have direct bandgaps, leading
simultaneously to large absorption coefficients for photons with energies
in excess of the bandgap and short radiative lifetimes [3].

To date, the best III–V compound triple-junction and four-junction
solar cells have attained conversion efficiencies of up to 44.4 and 46%
under concentrated light, respectively [4,5]. To further increase the
conversion efficiency it is necessary to enhance light absorption, increase
carrier collection, or reduce energy loss due to thermalization. Several
strategies have been proposed to increase the conversion efficiency in
III–V MJSC [6–9]. For example, a new material engineering technique
has been developed for maintaining high thermal homogeneity at the
wafer surface, which expands the bandgap engineering possibilities for
improving the efficiency in III–V MJSC [8]. Also, metal nanoparticles
have been introduced on the illuminated surface of III–V multi-junction
solar cells for producing strong light scattering and light trapping,
which is beneficial for carrier generation in the absorbing region [6,7].
A 15% increase of conversion efficiency has been implemented by
introducing Au nanoclusters on top of the III–V multi-junction solar
cells [7].

GaInP is a key material in III-V MJSCs. GaInP presents a CuPt
ordering in the group III sublattice, as many other III-V ternaries.
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This ordering consists of alternating Ga- and In-rich planes on the
four equivalent 111 planes of the zinc-blende structure (figure 5.1).
Misorientation of the (001) substrate by a few degrees towards (111)
favors the formation of a single GaInP variant, exhibiting ordering
only on the (-111) and (1-11) planes (CuPtB type).

Figure 5.1 Crystal structure of GaInP for (a) [110] and (b) [-110] zone axes.

The electrical and optical properties of GaInP are influenced by the
ordered domains as the presence of these domains leads to anisotropy in
the minority carrier diffusion length as well as in the layer conductivity
and reduces carrier mobility. Surfactants, such as Sb, among others,
can be used to control the degree of order (related with the energy
bandgap (Eg) of the alloy) without changing other process variables.
Nevertheless, to further increase the performance of the aforementioned
devices, a deep understanding of the relationship between the growth
conditions and the electrical properties of the devices is mandatory.

5.3 Sb-flux assisted growth of GaInP

The GaInP sample growth and optical porperties determination were
performed by the group of Prof. Carlos Algora from the Institute of
Solar Energy of Universidad Politécnica de Madrid (IES-UPM).
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GaInP semiconductor structures were grown in a commercial
horizontal MOVPE reactor (Aixtron AIX200/4) equipped with an
in-situ reflectance anisotropy (RA) spectrometer (Laytec EpiRAS 200)
on Ge(001) substrates with 6° misorientation towards the nearest [111]
direction [14]. The Sb precursor employed was TESb. They all consist
of a 365nm-thick GaInP nucleation layer, followed by a Zn doped, 1100
nm-thick GaInP layer (where different amounts of Sb were introduced
into the reactor to promote surfactant mediated growth) and a 400
nm-thick GaInAs overbuffer. Layers were grown at 675°C, a V/II ratio
of 120 and a growth rate of 0.60nm/s. Figure 5.2 depicts a cross-section
sketch of the GaInP structure under study.

Figure 5.2 (a) Cross-section sketch of the GaInP structure under study on Ge
substrate. (b) Normalized PL measurements at RT of GaInP TC base layers with
different amounts of Sb.

In order to control the degree of order of GaInP structures using
Sb as a surfactant, a preliminary study was carried out. Preliminary
PL measurements were performed on layers grown with different Sb/P
ratios. Figure 5.2(b) shows how the peak position shifts from 1.819 eV
up to 1.884 eV [15,16].

In view of these results, it is confirmed that the amount of Sb
modulates the degree of order in GaInP. In this sense, an order
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parameter is defined as η. η is estimated from the variation of the
energy bandgap of an alloy with respect to the gap of the disordered
material according to the equation [17],

Eg(η) = Eg(η = 0) − η2∆Eg (5.1)

where ∆Eg is the bandgap reduction of the fully ordered alloy, which
has been experimentally determined to be 471 meV [18]. Accordingly,
the order parameter can be inferred from the energy position of the
PL peak as

η =

√
1991 − PL at 20K(meV )

471 (5.2)

where 1991 meV is the estimated energy bandgap of a completely
disordered GaInP layer at 20 K grown lattice-matched on a Ge
substrate [15].

Table 5.1 summarizes the samples analyzed with the employed
Sb/P ratios, together with the energy bandgap determined from the
PL peak energy at 20K, and their η (order parameter) value.

Sb/P η Eg(eV)20K
0 0.53 1.855

411 0.48 1.880
728 0.44 1.904
1721 0.31 1.949

Table 5.1 Order parameter and value of the PL peak energy at 20K for the Sb/P
ratio in the vapour phase for the GaInP samples grown.

5.4 General TEM characterization

TEM images of the GaInP structures were acquired in a cross-section
configuration from specimens prepared by FIB using the lift-out
technique.



5.4. General TEM characterization 105

Figure 5.3 (a) TEM image of the cross-section of the structure and (b)
HAADF-STEM image of the Ge-substrate/GaInP Nucleation layer interface

Figure 5.3 (a) depicts a low magnification bright field TEM image of
the sample showing, on top of the Ge-substrate, the GaInP nucleation
layer, the GaInP buffer grown with the Sb surfactant with layer
thicknesses of 365 nm and 1100 nm, respectively, and the 400 nm thick
GaInAs overbuffer.

From HAADF-STEM images (figures 5.3 (b) and 5.4) we can
confirm the high quality of all samples. No trace of anti-phase domains
was observed for any sample at the GaInP/Ge heterointerface as
shown in figure 5.3 (b). Therefore, we can discard any influence of
the III/V/IV heteroepitaxy in the microstructure of the upper layers
grown using Sb. In addition, no evidence of GaInP decomposition was
found in any of the examined samples. This was avoided by the use of
relatively low Sb/P ratios and high growth rates [19]. Moreover, the
alternating In-rich and Ga-rich planes can be observed through the
Z-contrast STEM-HAADF using aberration corrected instruments in
figure 5.41.

1FEI TITAN3, equipped with a high brightness Schottky field emission gun
(X-FEG) and a condenser lens Cs corrector, 80 kV-300 kV. Located at École Centrale
des Arts et Manufactures, Paris.
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Figure 5.4 HAADF-STEM image of GaInP structure obtained along the [110]
zone axis.

5.5 TEM study of the order parameter

In order to study the effect of the Sb/P ratio on the degree of order in
the GaInP structures, samples were studied in the two orthogonal [110]
and [1-10] cross-section directions. Hereafter, the observed along [110]
zone axis will be refered to as [A] oriented samples, and the [1-10] as
[B] oriented samples. The cross-section TEM lamellas were prepared
by FIB using the lift-out technique. Figure 5.5 shows a SEM image
obtained during the preparation in the two orthogonal directions.

Figure 5.6 shows the selected area electron diffraction (SAED)
patterns in [A] and [B] orientations for each sample with different
Sb/P ratios employed. As can be seen, all samples observed in the
[B] zone axis show the expected pure zinc-blende pattern. In contrast,
SAED patterns of all samples oriented in the [A] direction present
extra satellite spots at positions (h± 1

2 , k∓ 1
2 , l±

1
2). These results show

the existence of a CuPtB ordering in the (1-11) plane with only one
variant for all samples, which indicates that Sb does not change the
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Figure 5.5 SEM image of the sample during the TEM lamella preparation in
the two orthogonal [110] and [1-10] cross-section TEM orientations.

type of ordering, as expected for GaInP grown on a highly misoriented
substrate.

Moreover, the variations in the degree of order amongst the
different samples can be qualitatively inferred by comparing the ratio
of intensities between the 1

2(111) superlattice spots and the usual
zinc-blende spots in the same diffraction pattern. As the Sb/P ratio
is increased, the relative intensity of the 1

2(111) spot becomes weaker,
which indicates that Sb is actually decreasing the degree of order.
This is in good agreement with the decrease in η with the Sb/P ratio
presented in Table 5.1.

Several studies have shown that the microstructure of ordered
GaInP consists of domains of an ordered material with uniform
phase separated by antiphase boundaries (APBs) [20-23]. Figure



108 Chapter 5. Electrical anisotropy in ordered GaInP

Figure 5.6 Comparison of the selected area diffraction patterns of the structures
along the [110] zone axis (top panels) and [1-10] zone axis (bottom panels) as a
function of the employed Sb/P ratio. Notice the superstructure reflections between
the main spots in the direction parallel to g = (1-11) in only the [011] zone axis
diffraction patterns. The yellow arrow indicates the [001] direction in all cases.

5.7 shows the dark field electron microscopy images obtained using the
satellite spot (1

2 ,
1
2 ,

1
2) for different Sb/P ratios. All samples present a

single-variant order domain structure separated by APB dark stripes.
The bright regions are considered as domains of a given η parameter
and the dark regions, their boundaries, where antiphase domains meet
and overlap [24]. In our samples, the extension angle of the APBs
(the angle of APB with respect to the plane of the interface) has been
directly correlated with the use of Sb, yielding values even higher than
90º. Figure 5.7 (d) shows the evolution of the average value of APB
angle vs. the Sb/P ratio employed.

More quantitative measurements concerning the domain size were
also carried out. The average domain width is measured as the average
horizontal extension of a domain limited by the dark stripes of the
APBs. Domain size is found to vary from 45nm to 110 nm (from the
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Figure 5.7 Dark field TEM images obtained along the [110] zone axis using the
satellite spot g = ( 1

2 ,−
1
2 ,

1
2 ) (a) with no Sb; (b) with an Sb/P ratio of 411 ppm;

(c) with an Sb/P ratio of 728 ppm. (d) Schematic representation of the change in
orientation of ordered domains (angle θAP B as a function of the Sb/P ratio).

interface to the upper surface) for all Sb fluxes. Given the variation
of APB density between the different samples, it was interesting to
study the dependence of the anisotropy of the conductivity of GaInP
structures with respect to the degree of order and the presence of
APBs.

5.6 Electrical characterization

Once the relationship between the order parameter and the Sb/P ratio
is assessed, the anisotropy of the conductivity can be studied. The
local conductivity of both [A] and [B] oriented samples was measured
for each Sb/P ratio by in-situ TEM. A ramp from 1V to -1V, with
400 sampling points and an acquisition time of 100 ms for the entire
ramp was used to measure the electrical resistance (R) of each GaInP
structure in both directions.

Figure 5.8 shows the set-up for the in-situ experiments. As can be
seen in the figure, a path was milled with FIB in order to control the
current flow through the GaInP:Sb layer. The Pt tip of the TEM-STM
holder was carefully approached to the interesting part of the sample,
the GaInP:Sb layer, in order to perform the electrical measurements.



110 Chapter 5. Electrical anisotropy in ordered GaInP

Figure 5.8 Schematic representation of the in-situ TEM-STM system.

In order to study the anisotropic behaviour of the electrical
conductivity of the GaInP structures, the degree of the anisotropy
was calculated as the ratio between the resistivity in the [A] oriented
sample and the resistivity of the [B] oriented sample for three samples
grown with different Sb/P ratios.

It is worth to mention now that the current flows through the [1-10]
direction in the case of the [A] oriented lamella preparation and along
[110] direction in the [B] oriented sample. For this reason, from now
on we will name these ρ values as ρ[1−10] and ρ[110].

The resistivity (ρ) was calculated from R measurements using
the geometric parameters of the GaInP structures obtained from the
TEM images (as an example, see Figure 5.8 (b)) and considering the
thickness of the TEM lamella to be 100 nm (see table 5.2).

Figure 5.9 shows the graphical representation of the ratio of
resistivities vs the Sb/P ratio. As can be seen in the figure, as the
Sb/P ratio increases, the change in the resistivity between the [1-10]
and [110] directions decreases, or in other words, as the degree of order
decreases the anisotropy of the electrical conductivity decreases too.
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Sb/P R[110
] R[110] ρ[110

] ρ[110]
ρ[110]
ρ[110]

η

(ppm) (MΩ) (MΩ) (Ω ·m) (Ω ·m)

0 15.2 3.4 63.7 11.5 5.54 0.53
411 10.9 3.5 43.9 10.6 4.14 0.48

1721 1.5 1.4 5.46 4.95 1.10 0.29

Table 5.2 Important parameters: Sb/P ratio, resistance in direction [1-10]
(R[110]), resistance in direction [110] (R[110]), resistivity in direction [1-10] (ρ[110]),
resistivity in direction [110] (ρ[110]), ratio between the resistivity in the [1-10]
direction and the resistivity in the [110] direction (

ρ[110]

ρ[110]
) and order parameter (η).

Figure 5.9 Ratio of the resistivities along the [1-10] and [110] directions as a
function of the Sb/ratio.

Furthermore, the resistivity increases with the order parameter
when the current flows perpendicular to the APBs (i.e. ρ[1−10]), and
it is kept relatively independent from the order parameter when the
current flows parallel to the APBs (i.e. ρ[110]). This is an important
result, as it shows the role of the APBs as recombination centers, and
offers a direct insight into the electrical anisotropy of the system.

Thus, from the direct measurement of the local conductivity of
GaInP structures using in-situ TEM, the dependence of the anisotropy
behavior with the Sb/P ratio, and, therefore, with the order parameter,
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has been demonstrated. In fact, these results are totally consistent with
the macroscopic study of the tranport anisotropy in GaInP structures
presented by Chernyak et al. in 1997 [25]. They attributed the observed
anisotropy to the ordered domain boundary scattering and noted that
the higher band gap associated with domain boundaries could act as a
barrier and affect the diffusion length.

5.7 Conclusions

In this chapter, the ordering of GaInP layers grown with different
amounts of Sb/P ratio in the gas phase during the epitaxial growth by
MOVPE on Ge(001) substrates with a 6° misorientation towards the
nearest [111] axis has been shown. The type of ordering observed is
CuPtB single variant and it is unaffected by the use of Sb during the
epitaxial growth. The relative intensities of the satellite spots becomes
weaker with increasing Sb flux, in good agreement with the reduction
of the order parameter as determined from previous PL measurements.

Moreover, with in-situ TEM, the anisotropy of the conductivity
between [110] and [1-10] orthogonal directions has been assessed. From
the electric measurements through the GaInP:Sb layer for the two
orthogonal [A] and [B] oriented samples, it has been observed that,
as the degree of order decreases, the anisotropy of the electrical
conductivity decreases too. Furthermore, we have shown that the
resistivity increases with the order parameter when the current flows
perpendicular to the APBs, and it is kept relatively independent from
the order parameter when the current flows parallel to the APBs.

A publication concerning the results in this chapter is currently
under preparation.
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Chapter 6

Resistive switching studies
of ReRAM devices

6.1 ReRAM memories

Resistance random access memory (ReRAM) consists in a switching
layer sandwiched between two electrodes, typically formed by a
metal-insulator-metal (MIM) structure. The intrinsic physical
phenomenon behind ReRAMs is the resistive switching (RS), which
means that the device can be freely programmed into a high resistance
state (HRS or OFF state) or a low resistance state (LRS or ON state)
under external electrical stimuli. In most cases, the current is restricted
to a local region with high conductance known as a conducting filament
(CF) in the LRS and flows uniformly through the device, decreasing
the conductivity, in the HRS[1,2]. The switching event from the HRS
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to the LRS and the corresponding voltage are denoted as SET process
and VSET , respectively. In contrast, the switching event from the LRS
to the HRS and the corresponding voltage are denoted as RESET
process and VRESET , respectively.

Figure 6.1 (a) Unipolar and (b) bipolar switching. Icc denotes the compliance
current, which is adopted during the set process to prevent permanent breakdown.

ReRAMs can be classified into two types according to the operating
electrical polarity. The ‘unipolar’ one, where the switching mechanism
is independent of the polarity of the operating voltage, as shown in
figure 6.1 (a), and the ‘bipolar’ one, where the set and reset processes
must occur with opposite voltage polarities, as shown in figure 6.1 (b).
The physical mechanism in the unipolar type is generally interpreted
as a Joule heating effect, which means that the operating electrical
polarity does not depend on the polarity of the operating voltage.
Figure 6.2 (a) depicts an example of unipolar switching, showing
the thermally activated conductive filament dissolution due to radial
diffusion. In contrast, the physical mechanism in the bipolar type is
typically regarded as a redox reaction and an electrochemical migration.
Figure 6.2 (b) shows an example of bipolar switching by the drift of
oxygen vacancies under an applied field. Hence, the operating electrical
polarity depends on the polarity of the operating voltage[3].
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In order to avoid a permanent breakdown of the device, a limitation
of the current is typically applied. The limit of the current allowed is
known as the compliance current (CC). It is an important parameter
to be considered in the set process for both unipolar and bipolar
ReRAMs.

Figure 6.2 Schematic representation of (a) unipolar switching, including
thermally activated conductive filament dissolution due to radial diffusion, and (b)
bipolar switching by the vertical drift of oxygen vacancies under the applied field[4].

The resistive switching (RS) phenomenon was first reported in
a series of binary oxides by Hickmott et al. in 1962 [5]. Hickmott
observed large negative differential resistance in five thin anodic oxide
films including SiOx, Al2O3, Ta2O5, ZrO2 and TiO2. Subsequently,
more materials were demonstrated to show RS, and the switching
mechanisms started to be explored as well.

Since the late 1990s, the interest in RS was reignited in the search
for an alternative to Si-based memories. The first practical application
of ReRAMs was reported by Zhuang et al.[6]. They fabricated a 64-bit
ReRAM based on Pr0.7Ca0.3MnO3 using a CMOS process.

In recent years, the range of suitable materials for ReRAMs has
been expanded to metal oxides such as TiO2 [7], SrTiO3 [8,9], NiO [10],
CuO [11], ZnO [12], MnOx [13], HfOx [14], Ta2O5 [15]. ReRAMs based
on chalcogenides [16], polymers [17], atomic switches [18], spintronic
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systems [19] and quantum systems [20] can also be found in the
literature. Biological materials and mechanisms such as sweat ducts
[21], leaves [22], blood [23], slime mould [24], synapses [25] and neurons
[26] are also described as memristive.

On the other hand, the most critical problem for the development
of ReRAM technology is the detailed understanding of both the
mechanisms of conductive filament formation and switching mechanism.
The nanometric nature of the switching region and its random location
in the device make it extremely difficult to characterize. In this sense,
in-situ TEM has been demonstrated as a valuable tool to explore
ReRAMs switching mechanisms.

Interestingly, the detailed nucleation and growth processes of
conducting filaments have been directly recorded by in-situ TEM
in some materials. In this sense, D.H. Kwon et al. [27] demonstrated
with in-situ biasing and high resolution TEM (HRTEM) studies that
in Pt/TiO2/Pt ReRAM devices, switching occurs by the formation
and disruption of TinO2n−1 filaments of Magnéli phase. Also using
in-situ TEM, Q. Liu et al. [28] obtained in ZrO2 based ReRAM
devices real-time observations of the CF formation and dissolution
processes, based on a local redox reaction inside the ZrO2-electrolyte
system. X. Wu et al. [29,30] observed the formation and dissolution of
nanofilaments in Ni/HfO2 based ReRAM devices by TEM in real time,
showing oxygen ion drift and a subsequent Ni diffusion/migration
into the dielectric and the substrate from the top electrode. The
Reset process was associated with the partial dissolution of the
CFs due to thermally enhanced diffusion of Ni atoms induced by
Joule heating[29,30]. Thus, in-situ studies have been proved to be a
useful tool to improve the understanding of the ReRAMs switching
mechanisms[31-34].
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In this chapter, three different ReRAM systems and the structural
and chemical modifications at the nanoscale after CF formation
and SET, RESET cycling will be analyzed by TEM in: (1)
silicon-aluminium oxynitride (SiAlON) thin films grown by pulsed
laser deposition (PLD); (2) a HfO2 based ReRAM inkjet-printed
structure; and, finally, (3) a Ni/HfO2/Si structure grown by Atomic
Layer Deposition (ALD).

6.2 Al/SiAlON/Si

The SiAlON structure was grown and electrically characterized by
the group of Prof. Blas Garrido at the Electronic and Biomedical
Engineering Department of UB. The SiAlON ReRAM sample consists
of a SiAlON layer and an Al electrode grown onto a p-type (100)-Si
substrate (see figure 6.3).

Figure 6.3 Cross-section sketch of the SiAlON ReRAM structure.

Here, the main objective of the TEM characterization is the
elucidation of the forming mechanism of CF in SiAlON ReRAM
structures under real operation conditions. The electroforming was
made ex-situ, at device level, and then the samples were characterized
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by TEM in order to correlate the macroscopic effects of the CF
formation with the CF nanoscale features.

6.2.1 Sample growth

SiAlON thin films (140 nm-thick) were grown onto p-type (100)-Si
substrates by means of pulsed laser deposition (PLD). The ablation
of the SiAlON target was carried out at room temperature in a
base pressure of 1×10−6 mbar, using a 193 nm ArF-excimer laser
with a pulse duration of 20 ns and at an energy density of 4.1
J·cm−2 per pulse. After deposition, the films were submitted to an
annealing process at 700 °C in air. X-ray photoelectron spectroscopy
measurements determined a SiAlON composition of Si (45%), Al (3%),
N (40%) and O (12%) [35]. The device structure was completed by
fabricating a vertical Metal-Insulator-Semiconductor (MIS) structure,
where the metal, insulator and semiconductor materials were Al,
SiAlON and the Si substrate, respectively. The top and bottom
electrode metallizations were done via electron beam evaporation of
Al, where the top electrode was properly patterned in the form of
150 µm-diameter circular dots by using a chromium shadow mask,
whereas a full-area Al deposition was applied on the rear side of the Si
substrate.

6.2.2 Electrical characterization

The electrical characterization of the devices was performed by means
of an Agilent B1500 semiconductor device analyser and a Cascade
Microtech Summit 1100 probe station, where the devices under study
are screened from external electromagnetic fields by a Faraday cage.
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This hardware-software combined system is suitable for switching
characterization thanks to the possibility to set a protocol using the
current-voltage (I-V) sweep mode, with a compliance current when
necessary.

To elicit the memristive behaviour, first of all the electroforming
process was produced in the SiAlON devices and, afterwards, the
two resistive states were obtained using voltage ramps at different
polarizations. Figure 6.4 shows the electroforming process in the device,
which exhibits characteristic ramps due to the switching between the
high and the low resistance states. Note that the current is represented
in logarithmic scale due to the huge resistance ratio between both
states. The switching between the two resistive states describes a cycle
where the following regions can be defined and are labelled in the figure:
(1) the pristine device is submitted to a positive increasing ramp up to
20 V, exhibiting a highly resistive conduction. At voltages close to 20
V, (2) there is a sudden increase in the current, and, thus, the device
switches from the HRS to the LRS. The current is limited to ICC =
0.5 mA in the device by using a variable resistor in series in order to
prevent the irreversible breakdown of the device. The resistance in
the LRS can only be determined once the voltage is lowered to obtain
currents well below this limit, recovering the real I-V curve in the
LRS. In the region labelled as (3), the current remains constant at the
current compliance when reducing the voltage. At voltages below 0.1 V,
(4) a linear relationship between the applied voltage and the obtained
current can be observed, with a large slope that evidences the creation
of conductive paths between the two electrodes; the device remains in
this LRS under low negative bias. At large enough negative voltages
without the limitation of the current compliance, (5) the current
rapidly increases and remains independent of the applied voltage until
(6) it gets abruptly reduced from the mA range to some µA. This
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behaviour suggests that the conductive paths have been interrupted
and the device has switched back to the HRS. At this point, (7) the
I-V curve remains in this HRS, with a conduction behaviour typical of
insulating materials. To complete a memristive cycle, (8) the voltage
is positively increased again following an insulating I-V curve, but
far more conductive than for the pristine device. Finally, (9) there is
a sudden current increase for voltages around 15 V, achieving again
the LRS. The cycle continues at point (3) and it is repeated at the
following cycles. Therefore, the switching to the LRS is obtained by
applying a writting voltage of VSET > 15 V (keeping the current
compliance active), and the HRS is attained after VRESET < -5 V is
applied (without current compliance)[36].

Figure 6.4 Complete cycle of a typical I-V curve, showing the different resistance
states. The cycle steps are labelled by their corresponding number in the graph.
Voltage bias is applied at the top electrode, whereas the back contact is grounded.
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6.2.3 TEM preliminary characterization

TEM images were acquired in a cross-section configuration from a
pristine device prepared by FIB using the lift-out technique. During
the sample preparation no presence of defects along the electrode
surface was observed (figure 6.5).

Figure 6.5 SEM image of the surface of a pristine device.

Figure 6.6 depicts the TEM images showing the Al and SiAlON
layers on top of the Si substrate, presenting a good uniformity, with
layer thicknesses of 70 nm and 140 nm for the Al and SiAlON layers,
respectively. High resolution analysis revealed an atomically-sharp
interface between the crystalline Si substrate and the amorphous
SiAlON layer, with a roughness of about 3 monolayers, whereas
the interface between the SiAlON and the Al electrode exhibits an
enhanced roughness. Figure 6.7 shows the HRTEM images of the Si
substrate/SiAlON layer and the SiAlON layer/Al electrode interfaces.

6.2.4 Structural and compositional analysis after the
electroforming process

In order to shed light on the structural modifications after the
electroforming, an in-depth study at the nanoscale after the
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Figure 6.6 TEM image of the cross-section of a pristine device.

Figure 6.7 HRTEM images of (a) the Si substrate/SiAlON and (b) the
SiAlON/Al electrode interfaces respectively. (c) FFT of the highlighted area.
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electroforming process was addressed. Figure 6.8 shows a SEM image
of the surface of a device after the electroforming process. Some
irregularities can be seen on the surface, randomly distributed, with
lateral sizes that range from some hundreds of nanometres to a few
micrometres, which is in contrast with the smooth and homogeneous
surface in pristine devices.

Figure 6.8 SEM image of the biased sample. Bubble-like and crater-like features
are observed in the biased samples.

The formation of some of these circular shaped irregularities
could even be observed during the electroforming process by optical
microscopy; based on this, they were tentatively ascribed to structural
modifications during the electroforming process, and therefore could
be of interest to understand the resistive switching properties of the
SiAlON devices.

Samples after the electroforming process were also prepared for
TEM observation in a cross-section configuration by using FIB, in
order to explore the structure underneath the circular bumps (see
figure 6.9).

Figure 6.10 corresponds to TEM images of the lamella containing a
bubble-like feature. Figure 6.10(a) clearly shows that the Al-electrode
is locally bent and separated from the SiAlON layer, forming a bubble,
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Figure 6.9 FIB images of (a) the surface of the device and (b) the TEM specimen
being prepared from the highlighted region in (a).

whereas the latter is perfectly stacked on top of the substrate. In
figure 6.10(c), a higher magnification image of the highlighted zone
in figure 6.10(b) is displayed, where the different layers of the device
are observed in the edge of the bubble, all of them continuously and
perfectly stacked. However, when moving to the centre of the bubble
there is an obvious detachment of the Al top electrode from the SiAlON
layer, thus causing a physical deformation that can be observed from
the top of the devices (the separation is around 200 nm in height).
The contrast of the region between the electrode and the SiAlON layer
corresponds to a void region, suggesting that this surface inhomogeneity
displays a bubble-like structure, which was presumably filled by gas
during the electroforming process. Figure 6.11 shows a composition of
HRTEM images along the bubble-like feature.

Considering the chemical reduction of the active layer during the
electroforming process reported in the literature and the atomic species
of our SiAlON layer, the only gases that can possibly produce those
bubbles are either O2 or N2. Thus, the positive bias applied to the top
electrode should induce the migration of negatively-charged O or N
ionic species from the SiAlON layer towards the top electrode. Whereas
some authors reported O2 release during both the electroforming
process and for the formation of new conductive filaments in oxides
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[37,38], devices based on nitrides have been observed to release N2

during the resistive switching process, which would also promote the
formation of gas bubbles [39].

Figure 6.10 (a) Cross-section TEM image of a bubble. (b) Detailed image at
the edge of the bubble, i.e., the red framed region in (a).

Figure 6.11 HRTEM image composition of the bubble-like feature.
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Nevertheless, the creation of bubble-like features is not the only
mechanism that governs the formation of topological irregularities
in the surface. Figure 6.12 shows a cross-section TEM image
corresponding to another feature in the surface. It is evident from
the figure that in this region there is a local thickness increase of the
layer beneath the Al-electrode, with a non-uniform contrast. In fact,
the image reveals a precipitate on top of the SiAlON layer, which
bends the Al contact (see the dotted-framed region of figure 6.12).
The precipitate presents a width of 250 nm and a height of 130 nm,
showing an irregular shape. Immediately under this precipitate there
is a darker region within the SiAlON layer, suggesting a compositional
modification of this active layer that is presumably related to the
formation of the precipitate on top. It is important to note that this
feature is not observed underneath the bubbles, where the SiAlON
layer seems to remain unaltered.

Figure 6.12 TEM image of the cross section of a different feature, showing a
precipitate beneath the Al electrode and a dark region within the SiAlON layer.
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In order to assess the local composition, low-loss EELS analyses
of these regions were carried out in STEM mode. Figure 6.13(a) and
figure 6.13(b) correspond to the STEM-HAADF images of the analysed
regions (a bubble and a precipitate). Figure 6.13(c) and figure 6.13(d)
show the colour-coded maps corresponding to the energy value of
the bulk plasmon peak observed in the low energy loss region of the
spectra in the considered areas. The colour scale ranges from 14 eV
(red) to 26 eV (purple). The low-loss region of the spectra of the
elements and compounds of relevance for this analysis are displayed in
figure 6.13(e) (plasmon values of Si (∼16.7eV), SiO2 (∼23eV), Si3N4

(∼24eV), Al (∼15 eV) and Al2O3 (23.8 eV) are obtained from EELS
databases[40,41]).



132 Chapter 6. Resistive switching studies of ReRAM devices

Figure 6.13 STEM HAADF images corresponding to (a) an edge of a bubble
and (b) a precipitate. (c) and (d) show the colour-coded plasmon energy maps
of the highlighted regions in (a) and (b), respectively. (e) Low loss spectra of Si,
Al, SiO2, Al2O3 and Si3N4, showing the plasmon of Si (∼16.7eV), SiO2 (∼23eV),
Si3N4 (∼24eV), Al (∼15 eV) andAl2O3 (23.8 eV), where the colour scale employed
in (c) and (d) is also included and correlated to the chemical composition according
to the plasmon energy.
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In figure 6.13(c), a homogeneous contrast can be observed for all the
layers, both at the edge and in the middle of the bubble, which indicates
that there is no modification of the plasmon energy of the different
layers (SiAlON and Al), i.e., no modifications of their stoichiometry.
Moreover, there is a clear shift to higher energies of the plasmon peak
at the interfaces that can be attributed to partial oxidation because
of their exposure to the atmosphere during the different steps of the
device fabrication. However, the interface between the SiAlON and
Al layers presents higher plasmon energies than for both materials,
pointing to a higher content of either O or/and N. Due to the fact
that the composition is homogenous around this region and the fact
that the bubble must be filled by gas (either O2 and/or N2), the
compositional variation at the SiAlON/Al interface could be related
to O or N migration from other regions of the device, forming SiO2

and/or Si3N4 or Al2O3, which results in an effective plasmon shift to
a higher energy.

The same analysis was carried out in the region where a precipitate
is observed (figure 6.13(b) and figure 6.13(d)). The region labelled as
A in figure 6.13(d) presents a plasmon peak at 21.8 eV, corresponding
to the SiAlON layer, which energy is substantially lower than the
plasmon peak for SiO2 or Si3N4, but larger than the one corresponding
to pure crystalline Si. The SiAlON region labelled as B in figure
6.13(d) presents a different plasmon energy, centred around 18.0 eV
(green colour in the image), which evidences that this region has a
different composition than the rest of the SiAlON layer. The fact
that the plasmon energy of this region has decreased with respect to
its surroundings indicates a larger concentration of either Si and/or
Al, with some degree of oxidation or nitridation (i.e., formation of a
silicon rich oxynitride). Therefore, these results suggest that there
has been some out-diffusion of O (and probably N) from this region
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towards other parts of the structure (for instance, towards the top
electrode as suggested by figure 6.13(c)), which takes place during the
electroforming process.

Figure 6.14 EDX map of (a) a bubble-like feature and (b) a precipitate for Si,
Al, N, O and Pt and the Bright Field TEM image of the observed region.

The region just above B, labelled C, displays a plasmon peak
around 22.2 eV, close but with a slightly larger energy than the one
corresponding to the SiAlON layer, which can be attributed to a higher
presence of O and/or N. Finally, the region labelled D in figure 6.13 (d)
presents a plasmon peak around 23 eV, which indicates a region rich in
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O or N between the SiAlON and Al layers. In addition, the Al contact
presents a more irregular plasmon energy distribution, indicating a
compositional modification probably caused by the precipitate. In
addition, energy-dispersive X-ray spectroscopy measurements in the
same region assessed the presence of Si, Al, O and N within the SiAlON
layers (figure 6.14).

In order to determine whether the shift of the plasmon peak is due
to the interdiffusion of N or O, or both, further EELS experiments
were carried out. Figure 6.15 shows the composition density maps of
the precipitate obtained from core-loss EEL spectrum images after
removing the background signal, integrating the area under the K edge
of N at 401 eV (figure 6.15(b)) and the K edge of O at 532 eV (figure
6.15(c)). The results of the core loss EELS study clearly show that
the shift of the plasmon peak is due to the distribution of both oxygen
and nitrogen through the SiAlON layer. In addition to their presence
in the precipitate, the region just below (labelled B in figure 6.13(d))
shows a lower concentration of these two elements. The fact that the
Al-electrode exhibits a more intense oxygen signal than the SiAlON
layer could be ascribed to the different probability of electron-matter
interaction of Al and SiAlON. The results displayed in figure 6.13(d),
where the Al-electrode presents a plasmon peak closer to Al than to
Al2O3, are in good agreement with this assumption. However, a high
concentration of oxygen at the interface between the precipitate and
the Al electrode is also observed, thus indicating an oxygen diffusion
from the SiAlON layer into the elelectrode.

6.2.5 Discussion

Due to the fact that both oxygen and nitrogen ions are negatively
charged, the composition results presented so far suggest that these
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Figure 6.15 (a) STEM HAADF image corresponding to the precipitate under
analysis. (b) and (c) show the composition density maps obtained from the core-loss
EEL spectrum of the highlighted region. Compositional maps are obtained from
the areal density of the K edge of N at 401 eV (green) and the K edge of O at 532
eV (blue).

ions drift towards the top electrode when polarized under positive bias.
During the upward diffusion of O2− and N3− ions, a non-negligible
concentration of these ions is partially trapped in the intermediate
region (label C in figure 6.13(d)), as demonstrated by a subtle shift
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to higher energies observed when analysing the latter. Part of the
remaining (i.e., still diffusing) ions arrive to the precipitate (label D),
again inducing a plasmon blueshift in this region due to enhanced SiO2

and Si3N4 formation. If the diffusing O2− and N3− ions concentration
is higher than the precipitate can absorb, these ions may actually reach
the SiAlON/Al interface, where they are discharged forming O2 and
N2 gas, which is in turn further diffused through the interface and
accumulated in random areas. After a certain gas pressure is reached,
the top electrode will mechanically stress the weakest part of the layer,
resulting in a layer bending that gives rise to the observed bubble-like
structure on top of the devices. From the analysis of both features
it is then plausible to assume that the bubble-like structures can be
the final step of the proto-precipitate feature, in a process that started
with ion migration from the SiAlON layer and ended up stressing (and
bending) the Al contact layer by O2 and N2 gas saturation at the
Al/SiAlON interface.

In summary, the described observations of the device cross-section
morphology under external polarization, as well as the chemical
composition analysis of the regions under study, give evidence of the
diffusion of O2− and N3− ions through the SiAlON layer. In fact, the
observed structural modification may be responsible for the creation
of conductive paths, and therefore for the generation of memristive
behaviour, as corroborated by the electrical characterization. The
combination of electrical and structural results therefore demonstrates
that SiAlON exhibits memristive properties similar to those of metal
oxides or nitrides, where the presence of oxygen and nitrogen vacancies
plays a key role in the switching between the different resistance states.
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6.3 Ag/HfO2/Pt/Si inkjet-printed structure

The inkjet printed HfO2 structure was grown and electrically
characterized by the group of Dr. Albert Cirera at the Electronic
and Biomedical Engineering Department of University of Barcelona.

The inkjet-printed HfO2 based ReRAM sample consists of a bottom
electrode (50nm) on top of a Si substrate, followed by a 300 nm thick
HfO2 dielectric layer and a 700 nm thick Ag top electrode. The
resulting Pt/HfO2/Ag MIM stack is sketched in Figure 6.16

Figure 6.16 3D sketch of the HfO2-based ReRAM device.

Inkjet printing is considered as one of the most promising techniques
for non-contact and low-cost printed electronics production. It is
applicable to large areas and is compatible with flexible or irregular
substrates [42,46]. It represents an additive and non-contact process
without the need of high temperatures, photolithography, high vacuum
or etching steps which typically occur in traditional micro fabrication
techniques [47], making mass-produced printable electronics possible.

The goal of this section is the study of the resistive switching
mechanism in the fully inkjet-printed HfO2 based ReRAM.
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6.3.1 Sample growth

The sample fabrication was carried out by means of a Fujifilm Dimatix
DMP 2831 inkjet printer, equipped with cartridges with a droplet
volume of 1 pL and 10 pL, respectively, for conductive ink and 2D
materials. Two types of inks were used to inkjet-print the final MIM
structure: a conductive Ag-nanoparticles (NPs)-based ink and HfO2

NPs ink as high-k dielectric (Torrecid S.L.). Contact leads were printed
using Ag NPs-based ink from Advanced Nano Product (DGP-HR, 30%
w/w). Further details on the HfO2 NPs ink formulation and printing
can be found elsewhere[48].

The ReRAM MIM devices were fabricated on top of oxidized Si
(Si/SiO2) substrates. First, a Pt thin film (50 nm) was deposited as
bottom electrode by sputtering on a Ti layer (15 nm). Afterwards, a
HfO2 NPs-based layer (300 nm) was selectively printed over the bottom
electrode covering an area of 0.1 mm2, while keeping the substrate
temperature constant at 30 °C. A post-deposition annealing process
at 240 °C was then carried out for 3 h in a vacuum furnace, to ensure
the elimination of the solvents. Finally, a 300-nm-thick Ag electrode
was printed on top of the structure.

6.3.2 Electrical characterization

The electrical characteristics of the resulting devices were studied
with a Keithley 4200 Semiconductor Parameter Analyzer. For the
acquisition of transport data, the devices characterization was carried
out at room temperature (∼24 °C) using a four-probe configuration.

Figure 6.17 plots two consecutive current-voltage curves (randomly
selected from a set of highly-reproducible measurements) from an
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Figure 6.17 Representative bipolar switching I-V curves of two consecutive cycles
measured on an inkjet-printed ReRAM device. The current compliance limit is
established at 1µA to ensure avoiding the permanent breakdown of the dielectric.
Blue and red lines correspond to the Set and Reset processes, respectively.

inkjet-printed memory device, after electroforming was carried out.
The I-V measurements exhibit a typical bipolar resistive switching
feature. On one hand, for positive voltages (Set process, blue lines in
the figure) the current compliance, fixed at 1 µA, is reached at around
0.1 V. On the other hand, without any current limitation, for negative
voltages (Reset process, red lines in the figure) a current of around
1 mA (ION ) at -0.05 V is registered, corresponding to the LRS state
(ON state). When the negative voltage ramp reaches -0.1 V, the large
current immediately descends to ∼5 pA (IOF F ), around 9 orders of
magnitude lower, indicating that the sample has switched to the HRS
state (OFF state).
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6.3.3 Preliminary TEM characterization

In order to establish a correlation between the structural arrangement
taking place within the dielectric layer and the consequent electrical
switching mechanism of the inkjet-printed ReRAM devices, SEM
and TEM characterization of the devices was carried out, starting
by the assessment of the thickness and composition of the layers in
pristine devices. Inspections by SEM of pristine samples reveal no
unexpected features in the sample surface. TEM images were acquired
in a cross-section configuration from a pristine device prepared by FIB
using the lift-out technique (See figure 6.18).

Figure 6.18 SEM image of the TEM lamella of the inkjet-printed HfO2 based
ReRAM device.

TEM images (figure 6.19 and figure 6.20) show the inkjet-printed
ReRAM device on the Si/SiO2 substrate: first a bottom electrode,
with a Ti layer of 17-nm-thick and a Pt layer with a thickness of 80nm;
the 300-nm-thick HfO2 layer; and the 700-nm-thick top electrode layer
of Ag. Moreover, as can be seen in the TEM images, the as-printed
HfO2 layer appears as a series of nanoparticles (NPs), sphere shaped
with an average diameter of ∼25 nm, forming a uniformly-deposited
polycrystalline layer[49].
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Figure 6.19 TEM image of the pristine sample showing the inkjet-printed
ReRAM device with a Pt(80 nm)/Ti(17 nm) double layer bottom eletrode, the
300-nm-thick HfO2 layer and the 700-nm-thick top electrode layer of Ag printed on
the Si/SiO2 substrate.

Figure 6.20 Increasingly higher magnification TEM images of the inkjet-printed
device, showing the HfO2 and Ag layers as aggregates of NPs.

6.3.4 Compositional analysis after the electroforming
process

After the electroforming process and several Set-Reset switching cycles,
SEM images of the memory cell were acquired (see figure 6.21). The
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samples present clear randomly-distributed bubble-like features with
diameters of ∼1 µm. Actually, these sort of features, typically observed
in ReRAM devices (as the ones found in SiAlON based ReRAMs in
the previous section), are usually attributed to oxygen diffusion during
the Set-Reset cycles.

Figure 6.21 (a) SEM image of bubble-like features in a biased device; (b) FIB
cross-sectional image of the detected bubbles.

In order to determine the nature of these bubble-like features, a
preliminary study was performed by SEM. A TEM lamella was then
prepared just where the feature was observed by FIB, using the lift-out
technique (figure 6.22). SEM images reveal the presence of a feature
between the Ag and HfO2 layer which bends the surface of the device.

Figure 6.23 shows the TEM images of the sample after the
electroforming, showing the presence of the clustering between the
HfO2 and Ag layers. Figure 6.24 displays the corresponding EELS
study across the sample, confirming that the changes in the morphology
of the devices are due to the presence of a Si agglomeration at the top
Ag-HfO2 interface. Moreover, no evidence of Ag electromigration was
detected during the spectroscopy studies.

Finally, in order to perform an in-depth study of the Si cluster
found at the Ag-HfO2 interface, HRTEM images were obtained for
both the Si cluster and Si substrate. As can be seen in figure 6.25,
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Figure 6.22 (a) FIB images of the feature found between the Ag and HfO2 layers
of the device and (b) the TEM specimen prepared in the highlighted region in (a).

the Si clustering presents a crystalline structure, identical to that of
the the Si substrate (the holder had to be tilted 18° with respect to
the substrate in order to recover zone axis conditions), evidencing the
diffusion of the Si through the layers during the electroforming.

6.3.5 Discussion

The inkjet-printed memory cell consists of an electrochemically active
electrode (Ag, top electrode), a reducible transition metal oxide layer
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Figure 6.23 TEM images of the biased sample.

Figure 6.24 STEM image of the biased sample (center) together with the EELS
data acquired along the highlighted line. Left: single spectra from the Ag layer, the
Si precipitate and the HfO2 layer, as indicated with red arrows. Right: Si intensity
profile along the highlighted line.

(HfO2) and an inert (not electrochemically active) electrode (Pt). In
such a structure, the HfO2 stoichiometry plays an important role. In
our device, the estimated O:Hf ratio is ∼1.85 [50], thus resulting in
oxygen deficiency; in turn, this leads to a high concentration of oxygen
vacancies within the dielectric layer.
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Figure 6.25 HRTEM images of the sample showing the crystallinity of the Si
clustering in red and the Si substrate in blue and the corresponding FFTs (insets).
The Si precipitate and the Si substrate do not present the same zone axis.

It has been recently reported that transport through
highly-defective HfO2 may take place via trap-assisted tunneling
[51]. Nevertheless, although this mechanism is plausible taking into
account the material characteristics, tunneling is strongly dependent
on both the dielectric/metal band offsets and the applied electric field.
In fact, at the low electric fields employed, other mechanisms may
become more favorable. In particular, in wide-band gap materials
with a high density of intrinsic defects, such as HfO2 or ZrO2, [52,53]
charge transport usually takes place via thermally-activated charge
hopping through intra-band gap allowed (defect) states, the so-called
Poole-Frenkel mechanism [54]. In any case, within the frame of
both proposed mechanisms for the HRS, the randomly distributed
oxygen vacancies near the grain boundaries of the polycrystalline
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inkjet-printed HfO2 [55,56] are responsible for the very low currents
registered in the pristine state of the memory cell.

Given the current level difference between HRS and LRS states
(about 9 orders of magnitude), the transport mechanisms taking
place within every state must necessarily differ, which follows from
a structural modification of the film when Reset state is switched
into Set. In this case, the increase in the positive voltage induces the
loosely-bound oxygen ions in lattice positions (as a consequence of
the breakage of the metal-oxygen bonds, Hf-O) to diffuse towards the
Ag top electrode. This ionic diffusion leads to the creation of new
oxygen vacancies (generated from the released O ions, causing a change
of the inkjet-printed film stoichiometry) that randomly accumulate
close to the inert Pt bottom electrode. When the applied voltage
stress overcomes a critical threshold for the dielectric layer, the oxygen
vacancies defects reach a local density that promotes the formation
of a CF through the whole dielectric thickness. Therefore, a current,
flowing preferentially at the grain boundaries [54], switches the memory
device from pristine state to the LRS. In this state, the vertical
arrangement of oxygen vacancies (i.e., the CF), can be seen as a
quasi-continuum of (defect-related) electronic allowed levels. Since
the high oxygen vacancies density dramatically reduces the inter-state
distance, trap filling is not achieved (i.e., constant charge flow is
possible), carrier transport probability through the CF thus increases,
and either trap-assisted tunneling or thermal hopping no longer apply.
Instead, one can see the new set of electronic states as a mini-band
settled deep within the HfO2 band gap, through which quasi-Ohmic
transport takes place. [57]

The structural modification cycle ends during the Reset process,
when the applied negative voltage drives back the oxygen ions from
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the top electrode to the inert bottom electrode. In this case, as the
maximum current flows through the CF, the diffused-back O2− anions
randomly fill the previously-formed VO within the CF crystalline
sites. Once this stochastic total re-oxidation of the CF occurs [48],
the memory device switches from LRS to HRS due to the abrupt
increase in the electrode/dielectric barrier height, and, again, purely
dielectric-based mechanisms govern charge transport.

Yang et al. demonstrated enhanced switching uniformity and
stability in TiO2-based ReRAM due to the diffusion of the underlying
Ti through the Pt bottom electrode, which in turn reacted with the
metal-oxide layer, consequently generating oxygen vacancies in the
dielectric film [58]. In our case, Si diffusion is detected instead of Ti.
This phenomenon probably enhances the uniformity of the RS and the
stability of the ReRAM. In collaboration with the group of Dr. Cirera,
it has been demonstrated that when no Si diffuses through the HfO2

(by using an Au electrode instead of Pt), the current distributions are
less uniform and in some cases the ReRAM can be damaged by the
excess of O- atoms in the Ag-HfO2 interface. The lack of diffusion of
Ti is explained by the annealing temperature used to deposit the inks,
which is usually around 200°C, as it is necessary to anneal the Ti/Pt
electrode over 600°C to promote the Ti diffusion [57]. Moreover, the
generated Si interlayer seems to be the material that acts as a series
resistance to the CF generated from the oxygen vacancies type defects,
promoting a controlled self-compliance current.
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6.4 Ni/HfO2/Si

The Ni/HfO2/Si structure was grown and electrically characterized
by the group of Prof. Francesca Campabadal from Institut de
Microelectrònica de Barcelona, IMB-CNM (CSIC).

This section focuses on the elucidation of the forming mechanism of
CF in Ni/HfO2/Si ReRAM structures under real operation conditions
of ReRAM devices. Samples were brought ex-situ, at device level, to
the different states of the device: HRS, LRS and hard breakdown
(HBD) and then were characterized at the nanoscale by HRTEM,
EELS and EDX techniques. Finally, in-situ biasing TEM experiments
were performed to study the formation of the CF in real time and
to understand the physical mechanism behind the CF formation in
ReRAM devices based on HfO2.

6.4.1 Sample growth and electrical characterization

The Ni/HfO2/Si sample consists of a 20 nm-thick layer of HfO2 and
a 200 nm-thick Ni electrode grown onto an n-type (100)-Si substrate.
Figure 6.26 shows a schematic cross-section of the studied Ni/HfO2/Si
structures.

Figure 6.26 Cross-section sketch of the Ni/HfO2/Si devices under study.
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The Ni/HfO2/Si devices were fabricated on (100) n-type CZ silicon
wafers with a resistivity of (0.007-0.013) Ω·cm following a field isolated
process. The 20 nm-thick HfO2 layer was deposited at 225°C by atomic
layer deposition (ALD) using tetrakis(dimethylamido)hafnium and
H2O as a precursors, and N2 as a carrier and purge gas. The top
metal electrode, consisting of a 200 nm-thick Ni layer, was deposited
by magnetron sputtering and patterned by lift-off. The resulting MIS
structures are square cells with 5×5 µm2 and 2×2 µm2 areas, with the
contact pad on top of the field oxide.

The current-voltage (I-V) measurements were performed using a
HP-4155B semiconductor parameter analyzer at 300 K. The voltage was
applied to the top Ni electrode, while the Si substrate was grounded. As
already reported [59], these structures show unipolar resistive switching,
with the Set and Reset processes at the same voltage polarity and with
the best performance for negative biases.

The forming of the CF was produced by applying a negative voltage
ramp that was stopped when the current reached 100 µA. The forming
occurred at voltages of around -12 V. After that, five RS cycles were
performed in order to reach a stable state of the CFs (see Figure
6.27(d)). Finally, the samples were left either at the HRS or at the
LRS. Figures 6.27(a) and 6.27(b) show the last I-V curves recorded
for samples left at the HRS and LRS, respectively.

In addition, the hard breakdown (HBD) of the samples, which
corresponds to the state where the device has a permanent damage
and therefore it cannot switch anymore between the LRS and HRS
state, was also analyzed. For that, the negative voltage ramp was
applied with a current limit of 100 mA (the maximum current limit
of conventional semiconductor parameter analyzers). In figure 6.27(c)
the recorded I-V curves before and after hard breakdown are shown,
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Figure 6.27 Last I-V curves after 5 RS cycles of the studied samples that were
left at the (a) HRS, (b) LRS and (c) recorded I-V curves before and after hard
breakdown of the studied sample in HBD state. The square symbol indicates
the last measurement point. Measurements were obtained at device level with a
semiconductor parameter analyzer.(d) Example of the current-voltage characteristics
measured during five RS cycles performed in the sample in order to reach a stable
state of the CFs.

indicating that, after hard breakdown, the conductivity is much larger
than for samples at LRS.

6.4.2 Preliminary characterization

First, thickness and composition of the layers in pristine devices
with the Ni electrode were assessed by TEM. TEM bright field and
HRTEM images (figure 6.28) show a polycrystalline Ni electrode, 230
nm thick, an also a polycrystalline HfO2 layer, 19 nm thick, on the
monocrystalline Si substrate.
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Figure 6.28 (a) TEM bright field and (b) HRTEM images of the pristine
Ni/HfO2/Si structure.

6.4.3 Assessment of the devices after the electroforming
process

In order to detect the presence of a CF through the HfO2 layer, the
Ni electrode was etched off by means of a (H2O:HNO3) (4:1) solution.
After Ni removal, surface features visible in Atomic Force Microscopy
(AFM) observations revealed the location of CFs. S. Claramunt et al.
observed through conductive AFM (CAFM) characterization that the
CFs were formed in a unique spot with higher conductivity seen as a
hillock in the topography image after the removal of the Ni electrode
[60]. A schematic cross-section of the studied Ni/HfO2/Si devices is
presented in figure 6.29 showing the pristine device and also the device
after the electroforming before and after the removal of the Ni electrode.
TEM lamella samples were prepared precisely at the hillock site (see
Figure 6.30) by Focused Ion Beam using the lift-out technique and
an in-depth analysis based on HRTEM and STEM imaging combined
with EELS and EDX studies was carried out.

Figure 6.31 displays the TEM images and the EELS studies carried
out for each different state of the ReRAM device (HRS, LRS, and
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Figure 6.29 Sketch of (a) the pristine device and the device after the
electroforming (b) before and (c) after the removal of the Ni electrode.

Figure 6.30 SEM images of the TEM specimen preparation process in the
highlighted area of the sample. During the preparation, special attention was paid
in order to ensure the hillock feature was included in the lamella.

HBD). The left column presents a general view of the CF region which
is seen at higher magnification in the central column. Compositional
density maps are shown in the right column of Figure 6.31, obtained
from EELS spectrum images removing the background signal and
integrating the area under the plasmon of HfO2 at 15.5 eV [61] (blue),
the M2,3 edge of Ni at 68 eV (red) and the L2,3 edge of Si at 99 eV
(green).
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Figure 6.31 From top to bottom results for HRS, LRS and HBD showing
TEM images and EELS spectrum imaging results. Green square shows the area
corresponding to the spectrum image. Compositional maps are obtained from the
areal density of the plasmon of HfO2 at 15,5 eV (blue), the M2,3 edge of Ni at 68
eV (red) and the L2,3 edge of Si at 99 eV (green). EELS results reveal the presence
of Si, Ni and HfO2 in the conductive channels, highlighted with white arrows in
the figure, and a diffusion of Ni towards the Si substrate and vice versa.

In the case of HRS (Figure 6.31 (b)), two semi-spherical structures
consisting of a Ni-Si compound are observed, one in the Si substrate
(region II in Figure 6.31 (b)) and the other one in the Ni electrode
(region I). Also, a conductive channel [60] where the CFs are present
is observed. The conductive channel and the semi-spherical structure



6.4. Ni/HfO2/Si 155

of the substrate present the same crystallographic orientation as the
n+ doped Si substrate but the semi-spherical Ni-Si structure of the Ni
layer is found to be polycrystalline. Another semi-spherical shaped
structure in the Si substrate next to the HfO2 layer (region III) is
also observed, corresponding to a Ni-Si-HfO2 compound. Interestingly,
several crystalline conductive channels of a Ni-Si-HfO2 compound are
found to lie across the HfO2 layer. Thus, not only diffusion from the
Ni towards the Si substrate exists, but also Si migration towards the
Ni electrode through the HfO2 layer is observed. Figure 6.32 shows the
results of the EDX mapping for the HRS sample, in good agreement
with the results obtained from EELS analyses.

Figure 6.32 EDX map of the HRS state for Si (yellow), Ni (red), Pt (green) and
O (blue), the color composition of all these elements and the bright field TEM
image of the observed region.

LRS (figure 6.31 (e)) sample presents one crystalline conductive
channel composed of a Ni-Si-HfO2 compound. Besides, as in the HRS
case, diffusion from the Ni electrode to the Si substrate and vice-versa
is observed, forming two semi-spherical structures of a Ni-Si compound
(region I in the electrode, region II in the substrate) and another
one corresponding to a Ni-Si-HfO2 compound (region III) in between.
Notice that the white region at the interface between regions I and
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II corresponds to a vacuum gap between the Ni electrode and the
substrate. Similar regions have been observed for samples inspected in
the HRS (see figure 6.31(a)) and HBD state (see figure 6.38). Figure
6.33 shows the results of the EDX mapping for the LRS sample.

Figure 6.33 EDX map of the LRS state for Si (yellow), Ni (red), Pt (green) and
O (blue), the color composition of all these elements and the bright field TEM
image of the observed region.

Finally, for the HBD state (figure 6.31 (g)), several crystalline
conductive channels and the two semi-spherical structures of Ni-Si
compound are observed, but the Ni-Si structure in the substrate has a
perfect semi-spherical shape and a diameter one order of magnitude
larger than in the cases of the LRS and HRS. Figure 6.34 depicts the
results of the EDX mapping showing the Ni and Si difussion, in good
agreement with EELS results.

Figure 6.35 shows a composition of HRTEM images along the
features produced during the electroforming for the HBD sample.
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Figure 6.34 EDX map of the HBD state for Si (yellow), Ni (red), Pt (green)
and O (blue), the color composition of all these elements and the bright field TEM
image of the observed region.

Figure 6.36 shows an example of the boundary between the Si
substrate and the Ni-Si compound structure with the corresponding
FFT of the highlighted area (Ni-Si structure with the same zone axis
as the n+ doped Si substrate). For all cases of biased samples, Fast
Fourier Transforms (FFT) of HRTEM images of the Si substrate and
Ni-Si compound suggest the presence of a NiSi2 phase, which has a
cubic structure (a=0.5406 nm) very similar to the Si structure (a =
0.5431 nm). Nevertheless, multiple grain boundaries in the whole
Ni-Si structure in the substrate are observed (see figure 6.37). In the
literature, similar diffusion effects of Ni towards the Si substrate in
CMOS devices have been observed [62,63].

In order to rule out any influence of the Ni removal process in
the obtained results, a TEM lamella of a HBD sample with an intact
Ni electrode was prepared by FIB, cutting the whole device slice by
slice, and observing simultaneously with SEM until an evidence of the
dielectric rupture became visible. Figure 6.38 displays the obtained
TEM and EELS results. Again, a crystalline conductive channel of a
Ni, Si and HfO2 compound, and two structures, in the Si substrate
and in the Ni layer, consisting of a Ni-Si compound are observed.
Thus, diffusion from the Ni towards the Si substrate and vice versa is
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Figure 6.35 HRTEM images of the HBD state along the features produced
during the electroforming.

also present. Hence, the results obtained in the sample with the Ni
electrode are totally consistent with the ones with the Ni electrode
previously removed.

6.4.4 In-situ polarization

In order to study the physical mechanism behind the CF formation in
HfO2 based ReRAM devices, in-situ TEM experiments were performed.
A TEM lamella for the in-situ studies was prepared. Several cuts were
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Figure 6.36 Bright Field TEM and HRTEM images of the HRS sample with
the corresponding FFTs of the highlighted areas, for the Si substrate and the Ni-Si
structure.

Figure 6.37 HRTEM images of the HBD state along the features produced
during the electroforming.

carefully made by milling with FIB in the electrotransparent part of
the lamella (as shown in figure 6.39 (b) highlited with red arrows) in
order to avoid the short-circuits between the Pt FIB deposition and
the TEM grid and allowing the flow of current through the ReRAM
device. Notice that, as more cuts are done, more individual devices
are obtained for the in-situ experiments. As can be seen in figure
6.39 (c), the Pt tip of the TEM-STM holder was carefully approached
to the desired part of the sample in order to perform the electrical
measurements.
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Figure 6.38 Cross-section of a sample previously to Ni removal. (a) Bright
field TEM image of the sample with Ni electrode, (b) general image and HAADF
co-acquired signal of the area corresponding to the spectrum image, and (c) EELS
results of the sample with the Ni electrode. Compositional maps are obtained from
areal density of the plasmon of HfO2 at 15.5 eV (blue), the M2,3 edge of Ni at 68 eV
(red) and the L2,3 edge of Si at 99 eV (green). The results obtained in the sample
with the Ni electrode are totally in perfect agreement with the ones corresponding
to the samples in which the Ni electrode was removed.

Figure 6.39 (a) Cartoon of the STM tip contacting the sample during the
polarization. (b) FIB image of the cuts in the lamella (highlighted with red arrows).
(c) TEM image of the STM tip contacting an individual device.
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In a first step, an I-V curve was measured from 0 to 1V (values
low enough to avoid structural changes in the sample) in order to
evaluate the conductivity of the Ni/HfO2/Si sample. In a second step,
a controlled bias of 10V was applied to the sample surface in order to
induce the electroforming through the HfO2 layer (figure 6.40 shows the
current vs time measured during the experiment). Finally, in a third
step, the conductivity of a Ni/HfO2/Si sample was measured again from
I-V curves acquired at the same bias voltage range as in the first step.
Figure 6.41 shows the I-V characteristics of the Ni/HfO2/Si sample
before and after polarization, showing how the electrical resistance
of the sample decreased due to the in-situ polarization, from 11MW
before polarization to 5MW after polarization.

Figure 6.40 Current measured vs time applying a bias of 10V

Figure 6.42 depicts the results of the EELS study performed in the
sample after the polarization. It reveals a diffusion of Ni towards the
substrate through the HfO2 layer, as expected from the studies in the
ex-situ polarized samples.

Thus, an early CF formation is achieved in the devices inducing
the electroforming inside the TEM by applying a constant bias with
the TEM-STM system.
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Figure 6.41 I-V characteristics of the Ni-HfO2-Si sample before (red) and after
(blue) polarization.

Figure 6.42 Low loss EELS spectrum imaging results. HAADF reference image
shows the area corresponding to the spectrum image; bright contrast corresponds
to areas with higher atomic number. Compositional maps are obtained from the
areal density of the plasmon of HfO2 at 15,5 eV (blue), the M2,3 edge of Ni at 68
eV (red) and the L2,3 edge of Si at 99 eV (green).
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In order to achieve a complete electroforming inside the TEM, the
lamella was attached directly to a wire, in order to use it as a sample
support in the TEM-STM system. This way, the current that passes
through the devices is increased. Nevertheless, because of the nature of
the TEM-STM system, it is not possible to apply a compliance current
(CC) during the experiment. For that reason, when the current is
sufficient for the complete electroforming of the device, the CF are
formed and consequently, the resistance of the device decreases and if,
the CC is not applied, a permanent breakdown occurs. Figure 6.43
shows the measured current vs time during the experiment applying a
constant bias of 10V. As can be seen in the figure, it is clear that the
conductivity abruptly increases around the 2mA (because of a possible
electroforming) and after that a HBD takes place. Figure 6.44 shows
TEM images of a device before and after suffering the HBD using the
TEM-STM system.

Figure 6.43 Current measured vs time applying a bias of 10V without CC for
three Ni-HfO2-Si devices.

Finally, the conductivity of a sample with a hard breakdown state
polarized ex-situ has been recorded in order to compare the results
with the conductivity of the sample polarized in-situ (figure 6.45). The
resistance measured for this device is 40 kW, four orders of magnitude
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lower than the one obtained with the in-situ early electroforming, and
one order of magnitude greater than the value obtained when the
electroforming is achieved (immediately after suffering a HBD) with
the in-situ polarization.

Figure 6.44 TEM images (a) before and (b) after HBD applying a bias of 10V
by using the in-situ TEM-STM system.

Figure 6.45 I-V characteristics of a Ni/HfO2/Si device in a HBD state produced
ex-situ.

6.4.5 Discussion

In summary, the presence of a CF due to interdiffusion of Si and Ni
through the HfO2 layer is clearly visible in the biased Ni/HfO2/Si
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devices. The obtained results indicate that the diffusion of Si from
the substrate to the electrode and also of Ni from the electrode
to the substrate through the HfO2 layer drives the CF formation.
Furthermore, the in-situ forming offers information on the early forming
state of the CF: a Ni diffusion towards the Si substrate through the
layer is observed. In view of all the experimental results, the mechanism
of CF formation and evolution towards breakdown can be described
as schematically shown in figure 6.46.

In the literature, similar diffusion processes of Ni into the Si
substrate [62] and also the migration of the Si from the substrate
to the dielectric layer [64-66] are observed in dielectric stacks. Besides,
several authors [29,30] describe the migration of Ni from the electrode
through the HfO2 layer and into the Si substrate as a usual mechanism
of the ReRAM behavior in HfO2 devices. In the present work, a
migration of Si to the Ni electrode is also observed, which has never
been reported in ReRAM structures.

At this point, it is worth to mentioning the difficulties to elucidate
the switching mechanism between LRS and HRS. Although we have
observed differences between the number of conductive channels in
the LRS and the HRS, we cannot directly compare them, as they are
found in different devices. It must be taken into account that it is
impossible to obtain a lamella of the very same device in LRS and
HRS states since the preparation of a TEM thin foil is obviously a
destructive procedure. Disentangling the specific differences between
high and low resistance states in the same device is thus not possible.
However, due to the multiple observations by TEM of the HfO2 based
ReRAM devices, we can speculate that the differences between the
LRS and the HRS may be due to changes in the size and quantity of
the CFs present in the device. Typically, multiple conductive channels
are observed aggregated into a single conductive path.
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Figure 6.46 Schematic representation of the evolution of the dynamic mechanism
behind the CF formation in Ni/HfO2/Si devices: pristine state (top), after forming
the conductive channels (middle) and after a hard dielectric breakdown process
(bottom).
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Other reports about in-situ TEM approaches have unveiled
the changes between the two states [27-30]; nevertheless, the
dimensions and current values involved in this type of experiments
are quite different from real operation conditions (ultra-high vacuum,
geometric changes for TEM specimen preparation). Interestingly, our
experimental approach for the study of the electroforming made ex-situ
and removing the electrode in order to observe the position of the
CF in the SEM, which has not been previously reported, unveils the
mechanism of the CF formation in real operation conditions. Moreover
the combination of the study of the CF made ex-situ and in-situ for
the same devices allows us to observe the dynamics involved in the CF
formation inside the TEM, and also observe the differences between
the experiments inside the TEM and in real operation conditions.

In conclusion, the present work has brought to light the mechanism
of CF formation in Ni/HfO2/Si ReRAM structures. By an analysis
based on HRTEM, EDX and EELS, several samples have been
characterized in order to study all the different states (HRS, LRS, and
HBD) of the ReRAM device. A mechanism of CF formation in ReRAM
structures based on the diffusion of Ni from the electrode to the Si
substrate and of Si from the substrate to the electrode through the
HfO2 layer is demonstrated. This work offers an extensive insight into
the the physical and chemical nature of the CFs under real operation
conditions of ReRAM devices.

6.5 Conclusions

In this chapter, the forming mechanism of CF in three different ReRAM
systems has been analyzed by TEM and related analytical techniques.
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In the case of SiAlON based ReRAM devices, TEM characterization
evidenced the diffusion of O2− and N3− ions through the SiAlON layer
as the mechanism responsible for the switching behaviour.

In the case of a HfO2 based ReRAM inkjet-printed structure, EELS
inspections discarded a silver electromigration effect, evidencing that
the resistive switching mechanism is due to the formation of an oxygen
vacancy-based conductive filament through the HfO2 layer.

In the case of Ni/HfO2/Si ReRAM devices, diffusion of Ni from
the electrode to the Si substrate and vice versa through the HfO2 layer
has been demonstrated. Moreover, from in-situ TEM experiments, the
diffusion of Ni and Si as the main drivers of the conducting mechanism
in the studied ReRAM devices has been confirmed.

In future works, it would be interesting to focus on the
in-situ characterization of CF formation of ReRAM devices with
self-compliance.

Parts of the work presented in this chapter have been published
in Applied Physics Express [67] and in Nanotechnology [36], both in
2018.
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Chapter 7

Conclusions

The main goal of this thesis has been to apply in-situ TEM electrical
measurements using a STM tip, combined with TEM imaging and
spectroscopic techniques, in order to address the characterization of
relevant nanomaterials. This system has not only been used to measure
electrical properties, but also to carry out in-situ experiments with
Joule heating and to apply mechanical stresses.

A review of the different in-situ TEM techniques, their development
over the years and their impact in the scientific community has been
presented.

The instrumental used in this thesis, in particular, the TEM-STM
system, has been described. In addition, two techniques for the
preparation of specific samples for in-situ TEM-STM experiments have
been presented: for nanostructured samples (2D materials, nanowires,
etc), and for localized samples (devices, thin layers, bulk samples,
etc). A gridcase that allows the use of conventional TEM grids in the
TEM-STM system has been designed and fabricated in the context
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of this thesis. The use of this homemade gridase has allowed us to
improve the experiments, offering more reproducibility and versatility.
Finally, the calibration of the electrical measurements of the system
has been carried out.

The obtained results are grouped from 2D materials to functional
devices. In the following paragraphs are summarized the main findings
for the studied materials.

• Effects of electrical current on graphene oxide(GO)

– In-situ TEM and Raman spectroscopy have been used to
assess the effects of the electrical current applied through
a single graphene oxide (GO) sheet on its structural
parameters.

– The conductivity of a single sheet of GO before and after
the application of Joule heating has been determined using
in-situ TEM. The resistance of the GO sheets exposed to
the electrical current decreases due to the Joule heating
induced reduction.

– Raman spectroscopy has been performed in the very
same GO sheet in order to correlate the effect of the
current in the structural parameters of the single GO
sheet. A lower content of sp3 bonds is observed due to
the carboxyl functional groups removal. As the electrical
current increases through the GO sheet, the removal of
hydroxyl groups starts inducing the formation of a high
disordered carbon structure.

– Joule heating effect can be used for the reduction of GO
but the applied power has to be limited in order to avoid an
amorphization of the graphene-based structure takes place.
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• Piezoelectric and ferroelectric behaviour of α-La2WO6

– The elucidation of the piezo and ferroelectric behaviour at
local level of lead-free α-La2WO6 thin films has been carried
out using in-situ TEM.

– The TEM-STM holder has been used as a nanostressor
controlling the applied force by the arm position and
I-V characteristics have been acquired while changing the
pressure on the film made by the tip. A decrease of the
resistance has been observed as higher pressure is applied
from the tip to the sample from 8 MW to 800 kW. This effect
can be ascribed to a ∆V produced by the piezoelectricity
confirming the local piezoelectric behavior of the α-La2WO6

thin films.

– The ferroelectric behaviour of α-La2WO6 thin films has been
assessed from the cycle of the hysteresis switching current
using the I-V method. The measured coercive voltage is
620 mV.
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• Conductive anisotropy of III-V compounds

– The elucidation of the anisotropic electrical conductivity of
GaInP CuPtB type ordered layers has been carried out by
using in-situ biasing TEM.

– GaInP structures under study present an ordering that
consists of alternating Ga- and In-rich planes on the (-111)
and (1-11) planes.

– HAADF-STEM has been used to confirm the order of GaInP
structures and SAED analysis to assess the effect of Sb on
the degree of order. The order parameter η of the GaInP
structures decreases (from 0.53 to 0.31) as more Sb/P ratio
is employed during the growth.

– The electrical conductivity of GaInP thin films with different
degree of order (controlled by the amount of Sb flux during
the growth) has been measured in the two orthogonal [110]
and [1-10] directions using in-situ TEM.

– The degree of the anisotropy has been calculated as the
ratio between the resistivity in both directions. The degree
of anisotropy has been calculated as the ratio between
the resistivity in the [1-10] and the resistivity in the [110],
obtaining values from 5.54 to 1.10)

– As the degree of order decreases, the anisotropy of the
electrical conductivity also decreases. Moreover, the
resistivity increases with the order parameter when the
current flows perpendicular to the antiphase boundaries
(APBs), and it is kept relatively independent from the order
parameter in the case that the current flows parallel to the
APBs.
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• Switching mechanisms of ReRAM devices

– The forming mechanism of conductive filaments (CF) of
silicon-aluminium oxynitride (SiAlON) thin films under real
operation conditions has been adressed.

∗ The electroforming has been made ex-situ, at device
level, and then the samples have been characterized by
TEM in order to correlate the macroscopic effects of
the CF formation with the CF nanoscale features.

∗ The electroforming process is found to generate some
bubble-like features in the Al top electrode, which
suggests a gas eruption from the SiAlON layer, and
precipitates through the SiAlON layer.

∗ EELS analysis has determined that the precipitate
corresponds to SiAlON, with its stoichiometry
slightly modified, attributable to O2− and N3− ion
rearrangement.

– The study of the forming mechanism in HfO2 based ReRAM
inkjet-printed structures has been also carried out.

∗ The characterization of the devices after the
electroforming process and several Set-Reset switching
cycles has revealed the presence of randomly-distributed
bubble-like features with diameters of ∼1 µm due to
the formation of crystalline Si agglomerations at the
Ag-HfO2 interface.

∗ EELS inspections have discarded a silver
electromigration effect, evidencing that the resistive
switching mechanism is due to the formation of an
oxygen vacancy-based conductive filament going
through the HfO2 layer.
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– The elucidation of the mechanism of the CF formation of
Ni/HfO2/Si ReRAM devices has been addressed.

∗ The combination of TEM, EELS and EDX detailed
characterization carried out in the different states
of the ReRAM device (pristine state, HRS (High
Resistance State), LRS (Low Resistance State) and
HBD (Hard Breakdown)) have enabled the elucidation
of the mechanism of ex-situ CF formation.

∗ A crystalline metallic channel of a Ni-Si-HfO2

compound is observed through the layer. Two
semi-spherical structures consisting of a Ni-Si
compound are also observed, one in the Si substrate
and the other one in the Ni electrode. Thus, diffusion
from the Ni towards the Si substrate and vice versa is
observed.

∗ In-situ biasing TEM experiments have been carried out
to observe the formation of the CF in real time and
to understand the physical mechanism behind the CF
formation.

∗ An early forming state of the CF was achieved in-situ in
the TEM, observing the diffusion from the Ni towards
the Si substrate through the oxide layer and enabling a
better knowledge of the CF mechanism and its essential
role in the behaviour of ReRAM devices.

In-situ microscopy expands the horizons of the characterization
and study of materials and, in particular, in the context of this thesis,
an in-situ TEM-STM system has been used to electrically characterize
samples from nanomaterials to functional devices.
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Resum en català

Des de la invenció del primer Microscopi Electrònic de Transmissió
(TEM) al 1931, ja existia la idea de portar la microscòpia electrònica
més enllà de la pura observació: transformar el TEM en un
micro-laboratori en què les respostes d’un espècimen a certs estímuls
poguessin ser enregistrades en temps real. A aquest concepte de
provocar estímuls en la mostra i observar la seva resposta en un TEM
se’l va anomenar TEM in-situ. Avui dia, les tècniques de TEM in-situ
estan esdevenint cada cop més rellevants en la comunitat científica.

Les dues tècniques de TEM in-situ més tradicionals són, per una
banda, les relacionades amb l’escalfament de les mostres dins del
microscopi i, per l’altra, amb l’aplicació d’una certa força controlada
sobre una mostra, permetent així l’estudi de les seves propietats
mecàniques. A més, durant els últims anys s’han anat aconseguint
nous avenços en novedosos portamostres de TEM que permeten des
de fer passar corrent elèctric a través de la mostra, fins a l’estudi de
materials en atmòsferes controlades (tant gasoses com líquides) en la
zona del portamostres.
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El desenvolupament de nous portamostres no és una feina trivial
ja que l’interior del microscopi s’ha de mantenir en ultra-alt buit
alhora que l’espècimen es col·loca en un espai reduit entre les dues
peces polars. Recentment s’han pogut dur a terme experiments dins
del TEM que recreen experiències de laboratori, a la nanoescala,
combinant diverses tècniques de TEM in-situ i observant les respostes
amb resolució atòmica.

En aquesta Tesi, s’ha emprat una tècnica de TEM in-situ
que permet realitzar mesures elèctriques utilitzant una sonda de
microscòpia d’efecte túnel (STM, Scanning Tunneling Microscopy en
anglès), tot combinant-la amb imatge TEM i tècniques d’espectroscòpia.
A més, aquest sistema no només s’ha utilitzat per a mesurar les
propietats elèctriques, sinó també per a dur a terme experiments
in-situ amb escalfament per efecte Joule o aplicant una tensió
mecànica a la superfície de la mostra. D’aquesta manera s’han
pogut caracteritzar nanomaterials, des de nanoestructures 2D fins
a dispositius completament funcionals.

El Capítol 1 presenta una introducció general a les diferents
tècniques de TEM in-situ, el seu desenvolupament al llarg dels anys i
la repercusió que han tingut en la comunitat científica.

El Capítol 2 mostra l’instrumental utilitzat en aquesta tesi i la
posada a punt del sistema que s’ha dut a terme. A més s’han presentat
dues tècniques de preparació de mostres específiques per a experiments
in-situ TEM-STM: per a mostres nanoestructurades (materials 2D,
nanofils, etc) i per a mostres que necessiten una preparació en un lloc
específic (dispositius, capes primes, etc). En aquest cas s’ha donat
especial importància a la preparació mitjançant feix d’ions focalitzat
(FIB, Focused Ion Beam en anglès). A més, en el context d’aquesta tesi,
s’ha dissenyat i fabricat una peça que permet l’ús de reixetes de TEM
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convencionals en el sistema TEM-STM. Aquesta peça, manufacturada
pel nostre grup, ha permès una millora en els experiments, aportant més
versatilitat i reproductibilitat. Per últim, s’ha dut a terme la calibració
de les mesures elèctriques del sistema i s’ha estudiat com interpretar
les característiques I-V de materials semiconductors obtingudes al llarg
d’aquesta Tesi.

Els següents capítols descriuen els resultats d’aquesta
caracterització in-situ en materials i dispositius nanoestructurats.

El Capítol 3 mostra l’estudi dels efectes del pas de corrent a
través d’un sol full d’òxid de grafè. En aquest estudi s’ha combinat
l’ús de la microscòpia in-situ amb l’espectroscòpia Raman, per tal
de relacionar els efectes elèctrics amb els canvis en els paràmetres
estructurals. Com a resultat, s’ha observat que el pas de corrent
elèctric a través d’un sol full d’òxid de grafè provoca un estat de
reducció inicial amb l’eliminació dels grups funcionals d’oxigen de
l’estructura degut a l’efecte d’escalfament Joule. A més, s’observa un
menor contingut d’enllaços sp3 degut a l’eliminació de grups funcionals
carboxil. A mesura que el corrent augmenta a través del full d’òxid de
grafè, comença també l’eliminació de grups hidroxil, induint d’aquesta
manera la formació d’una estructura altament desordenada.

Per tant, podem dir que l’escalfament Joule pot ser utilitzat com a
mètode de reducció de l’òxid de grafè, tot i que la potència aplicada
s’ha de limitar. En cas contrari, té lloc l’amorfització de l’estructura
basada en grafè. Els resultats presentats en aquest capítol mostren la
importància d’analitzar de manera exhaustiva els efectes del corrent
elèctric a través de fulls 2D de materials de carboni per tal d’entendre
com responen durant el seu ús en nano-dispositius.

El Capítol 4 recull la caracterització piezoelèctrica i ferroelèctrica
de capes primes d’òxids funcionals lliures de plom. En particular, en
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aquesta tesi s’ha estudiat la resposta piezoelèctrica i ferroelèctrica
d’una capa prima d’ α-La2WO6 crescuda per dipòsit per ablació amb
làser polsat (PLD, Pulsed Laser Deposition) sobre un substrat de
SrTiO3 (STO).

Per fer una caracterització qualitativa del seu comportament
piezoelèctric s’ha mesurat la característica I-V per a cada pas
mecànic de la punta d’STM dins del TEM. D’aquesta manera, durant
l’experiment s’observa una disminució de la resistència elèctrica a
mesura que es va aplicant més pressió a la superfície de la mostra amb
la punta, des de 8 MΩ fins a 800 kΩ .

La caracterització del comportament ferroelèctric s’ha fet a partir
del cicle d’histerèsi de commutació de corrent utilitzant el mètode
I-V. Amb aquest mètode s’obté un pic de corrent quan el voltatge
aplicat és proper a la tensió coercitiva de la mostra, que correspon a
la contribució de la reorientació dels dipols del material ferroelèctric.
Amb aquest estudi s’ha obtingut que el valor del voltatge coercitiu de
la capa prima és de 620 mV.

Així doncs, amb les mesures elèctriques in-situ, s’ha pogut confirmar
i estudiar el comportament piezoelèctric i ferroelèctric d’una capa prima
a nivell local.

El Capítol 5 mostra l’estudi de l’anisotropia en la conductivitat
d’estructures ternàries III-V ordenades utilitzades en cèl·lules solars
tàndem multicapa. Concretament es tracta de capes de GaInP
crescudes amb diferents ratios de Sb/P durant el creixement per
MOVPE sobre un substrat de Ge (001) amb 6° de desorientació cap
a l’eix [111] més proper. Aquestes mostres presenten ordre del tipus
CuPtB en els plans (1-11) degut a la desorientació del substrat, el qual
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disminueix en funció del flux de Sb aplicat durant el creixement de la
mostra.

En primer lloc, s’ha fet un estudi TEM preliminar confirmant
l’estructura de la mostra. Per a aquest estudi s’han preparat dues
lamel·les per a cada mostra (cada mostra ha estat crescuda amb
diferents quantitats de flux de Sb) en les dues direccions ortogonals,
la [110] i la [1-10]. D’aquesta manera, fent difracció, s’ha observat
que en el cas de la direcció [110] existeixen punts addicionals als de
l’estructura zinc blenda a les posicions (h ± 1

2 , k ∓ 1
2 , l ± 1

2) degut a
l’ordre. A més, s’ha observat que la intensitat relativa d’aquests punts
esdevé més i més feble a mesura que augmenta el flux de Sb, la qual
cosa confirma que l’ús de Sb durant el creixement de les mostres fa
disminiur el paràmetre d’ordre.

En segon lloc, s’ha estudiat com la conductivitat en les dues
direccions de la mostra té una forta dependència amb l’ordre. A
partir de les mesures elèctriques a través de la capa de GaInP s’ha vist
que a mesura que el paràmetre d’ordre disminueix, l’anisotropia de la
conductivitat elèctrica disminueix també. A més, s’ha observat com la
resistivitat augmenta amb el paràmetre d’ordre quan el corrent passa
perpendicular a les fronteres d’antifase (direcció [1-10]), però es manté
relativament independent del paràmetre d’ordre quan el corrent passa
paral·lel a les fronteres d’antifase (direcció [110]).

El Capítol 6 aborda l’estudi amb TEM de la formació de filaments
conductors (CF) i del mecanisme de commutació resistiva en tres
dispositius ReRAM diferents.

La primera part del capítol es centra en l’estudi del mecanisme
de commutació sota condicions reals d’operació de capes primes de
SiAlON crescudes mitjançant PLD.
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L’electro-conformació dels CF es fa ex-situ a nivell de dispositiu
i posteriorment les mostres són caracteritzades per TEM, per tal de
correlacionar els efectes macroscòpics observats en el dispositiu amb
les característiques a la nanoescala dels CF.

Durant l’estudi s’ha observat que el procés de conformació genera
certes modificacions en forma de bombolla, les quals suggereixen
erupcions gasoses de la capa de SiAlON. A més, s’ha trobat també
una petita elevació de l’elèctrode d’Al, provocat per un precipitat a la
interfície Al/SiAlON. S’ha determinat a partir dels anàlisis EELS que
aquest precipitat correspon a SiAlON però amb una estequiometria
lleugerament modificada degut a un procés de difusió tant d’oxigen
com de nitrogen.

En la segona part del capítol s’estudia amb TEM el mecanisme
de commutació resistiva de dispositius ReRAM fabricats mitjançant
procediments d’injecció de tinta, tant pel HfO2 com pels elèctrodes.
La caracterització dels dispositius es duu a terme després del
procés de conformació i diverses commutacions entre els estats
d’alta i baixa resistència, manifestant la presència de bombolles en
l’elèctrode degudes a la formació d’aglomerats cristal·lins de Si a la
interfície de Ag/HfO2. A més, els estudis d’EELS descarten l’efecte
d’electromigració de plata, evidenciant d’aquesta manera que el procés
de commutació resistiva es deu a la formació de CF de vacants d’oxigen
a través de la capa de HfO2.

Finalment, a la tercera part del capítol 6 es presenta l’estudi del
mecanisme de formació dels CF de dispositius ReRAM de Ni/HfO2/Si,
fabricats sobre un substrat de Si mitjançant dipòsit de capes atòmiques
(ALD, Atomic Layer Deposition).

S’han caracteritzat diverses mostres per tal d’estudiar els diferents
estats d’una memòria ReRAM: estat verge, HRS (estat d’alta
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resistència), LRS (estat de baixa resistència) i HBD (estat de forta
ruptura). En tots els casos en què el CF s’ha conformat ex-situ,
s’observa un canal metàl·lic cristal·lí a través de la capa de HfO2,
compost per Ni, Si i HfO2. A més, s’observen també dues estructures
en forma de semiesfera compostes per Ni i Si, una al substrat de Si i
l’altre a l’electròde de Ni. Per tant, podem dir que s’ha produït una
difusió de Ni cap al substrat de Si i viceversa.

A més, s’han dut a terme experiments de TEM in-situ per tal
d’observar la conformació dels CF en temps real i entendre el procés
físic que hi ha darrere del mecanisme de commutació. Durant els
experiments s’ha aconseguit un estat preliminar dels CF, i s’ha observat
dins del TEM la difusió de Ni cap al substrat de Si a través de la capa
de HfO2.

En els diferents capítols d’aquesta tesi s’ha donat resposta a
problemes de ciència de materials amb l’ajut d’una tècnica de
TEM in-situ tot combinant-la amb altres tècniques d’espectroscòpia
i difracció. El desenvolupament d’aquesta tècnica ha permès
caracteritzar les propietats del materials a nivell nano, des de materials
2D fins a dispositius funcionals.
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