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Summary

Summary

The aim of this thesis was to investigate lithium intercalation in the single van
der Waals gallery of a bilayer of two-dimensional materials driven by electro-
chemistry. Lithium intercalation is the process of lithium ions being incorpo-
rated between the layers of a layered host material. Since these ions carry a
charge, energy can be stored this way. The most known application are bat-
teries, where upon charging, lithium is removed from the cathode, a lithium
compound, and incorporated at the anode. The commercially most frequently
used material for this purpose is a compound consisting primarily of graphite,
the layered allotrope of carbon. The elemental building block of graphite is
graphene, the two-dimensional, one atom thick allotrope of carbon. It was
first isolated in experiments in 2004 by A. Geim and K. Novoselov. They were
awarded the Nobel prize in 2010 for their findings. Graphene opened up a
wide variety of research due to the ease of production. When thinning down
graphite, which is a random process, bilayer graphene can also be isolated.
It provides the thinnest possible material suitable for lithium intercalation by
offering only one interlayer gap. Thus, it can be considered the most basic
building unit of a battery anode. In previous studies[95], this material has been
successfully intercalated with lithium ions using on-chip electrochemistry. By
doing so, charged ions in the electrolyte are separated and they accumulate at
the interfaces. In the case of a lithium containing electrolyte, lithium ions can
additionally intercalate into the material when a voltage above a certain thresh-
old is applied, which leads to doping of the host material [202].
This method is applied in this thesis as well in order to further investigate the
process of lithium intercalation into bilayer graphene. The investigation tool of
choice here was the SALVE TEM, which enables in-situ recording on the atomic
scale due to its outstanding resolution. To perform these TEM studies, modi-
fications of the sample layout became necessary, which are explained in this
thesis.
The starting point for investigation of lithium intercalation is the standard sam-
ple layout developed earlier in the group of Jurgen Smet. It consists of a bilayer
graphene flake, patterned into a Hallbar shape and contacted using metal leads.
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Summary

A lithium counter-electrode is used as cathode and an electrolyte is placed con-
necting the bilayer graphene device with the cathode. The electrolyte only cov-
ers a part of the sample in order to exclude the influence of the electrolyte on the
investigated portion of the sample. It was possible to see a reversible change of
the longitudinal resistance Rxx upon lithiation as well as a change in the Hall
resistance Rxy, due to charge induced by the lithium ion intercalates. During
measurements, some device degradation was observed after prolonged experi-
ments resulting finally in device failure. We identified reaction of lithium metal
used as counter-electrode with residual oxygen as the most likely source of this
sample degradation. Therefore, lithium metal was excluded for use as counter-
electrode during the sample fabrication process for the remainder of this thesis.
Instead a bare Ti or Pt metal counter-electrode was used. This has the disad-
vantage that the voltage drop applied across the bilayer graphene electrode and
the electrolyte droplet is not known, however, empirically this uncertainty can
be lived with.
Further samples were prepared and transferred into the TEM column in order
to test if images with atomic resolution can be acquired. During these early
investigations, two main challenges became obvious: The electrolyte droplet,
containing hydrocarbons, seemed to outgas in the UHV atmosphere of the sam-
ple space and amorphous carbon formed in the beam illuminated regions, pre-
venting proper imaging. The second challenge was that the bilayer graphene
lattice developed defects with time because of the co-existence of the high en-
ergy electron beam and the carbon contaminants. Extremely clean sample sur-
faces are required for prolonged imaging. We were able to solve these issues
by encapsulating the electrolyte droplet with a 200 nm thick layer of SiOx, ther-
mally evaporated on top of the drop. This was done with the help of a shadow
mask to keep most of the bilayer graphene uncovered. This layer successfully
prevented the electrolyte from outgasing and no additional amorphous car-
bon formed. The carbon residues from processing were removed by current-
annealing the sample directly inside the TEM column. A high current is sent
through the device which causes strong local heating. This reliably cleans the
sample in essence by burning off carbon residuals. After these modifications
to the sample fabrication procedure we were able to show that the bilayer
graphene samples could still be intercalated with lithium ions and the inter-
calation was to a large extent reversible.
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Summary

Samples with the modified device layout were then used inside the TEM col-
umn to record image series with atomic scale resolution to monitor the inter-
calation and de-intercalation process in-situ. The images revealed that an ad-
ditional lattice appears and grows with time. An analysis of the chemical ele-
ments present using EELS indicated that only the elements lithium and carbon
are available. Since the graphene lattice was also feasible, we conclude that the
extra crystalline lattice must consist of pure lithium. The Fourier transform of
a real space image yields its image in reciprocal space and thus the lattice in-
formation can be extracted from such an image. In the specific sample three
lithium crystals with slightly different rotation angles and a lattice constant of
3.1 Å, which is slightly larger than the lattice constant of bilayer graphene (2.46
Å) were identified. By masking the graphene reflexes in the FFT image and
back-transforming to real space, the underlying bilayer graphene lattice can be
removed to improve the visibility. Additionally, the three different crystal grain
rotations can be coloured to further enhance the visibility of the growth process
of these lithium crystals. Furthermore, we observed that even within one grain,
regions with different contrast appear. This was attributed to a varying thick-
ness of the lithium crystal grain. Hence, the lithium crystal grains are thicker
than just one atomic layer. Attempts to measure this thickness by using low-
loss EELS suggested a total thickness of 3 - 4 nm. However, the applicability
of the usual expressions to convert the signal strength to thickness is question-
able since for a two layer thick sample, surface plasmons dominate, normally
not considered. Hence, this value only is an upper limit for the thickness. Un-
fortunately, no other possibility existed to determine the thickness from TEM
data. Finally, we were also able to record image series during delithiation, i. e.
the removal of lithium from the bilayer graphene host. Hence, lithium crystal
growth is a reversible process.
We focussed on the nucleation and the time development of the lithium crystal
inside the bilayer graphene host. Nucleation starts at defect sites or residuals
from fabrication. Typically, these are regions where the lattice is distorted and
where the surface energy is higher. The crystal grains exhibit a triangular shape
initially. After some time, they still are characterized by sharp edges at the
growth front. The rotation angle of a lithium crystal seems to be independent
from the orientation of the underlying bilayer graphene lattice. Hence, there
appears to be no preferred growth direction and the FFT images show diffrac-
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tion spots that form a ring. When different grains grow towards each other,
they will eventually meet. Three possible scenarios can be distinguished. (1)
The crystal grains overlap leading to an increase in thickness visible by a darker
appearance in the real space TEM image. (2) One of the grains changes orien-
tation in order to match the other grains orientation and therefore the grains
merge into a single grain. This seems to happen only for very small grains,
presumably because reorientation of a large grain is energetically too costly. (3)
The crystal grains form a grain boundary between them and growth continues
in different directions since the interlayer gap is already occupied. The growth
rate was determined by a series of images in which the lithium crystal grains
fill the entire field of view after about 6 minutes. This led to an estimated rate
of 2.45 nm2/s.
TEM images were also taken on triple graphene layer samples. Lithium in-
tercalation basically appears similar and the same mechanism seems to be ac-
tive. Nucleation again occurs primarily at defects or amorphous residuals on
the sample surface. The lithium crystal grains also exhibit a triangular shape
and sharp edges after continued growth. Growth itself occurs in every direc-
tion without any preferred growth directions. Regions with increased contrast
within one grain are visible as well pointing to regions with increased thickness.
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Zusammenfassung

Zusammenfassung

Das Ziel dieser Thesis war die Untersuchung der elektrochemischen Lithium
Interkalation in die einzelne van der Waals Gallerie einer Bilage eines zwei-
dimensionalen Materials. Lithium Interkalation bezeichnet den Prozess, bei dem
Ionen zwischen die Atomlagen eines geschichteten Wirtsmaterials eingelagert
werden. Da Ionen eine Ladung besitzen, kann auf diese Weise Energie ge-
speichert werden. Die bekannteste Anwendung dieses Prozesses sind Batte-
rien. Während des Ladens wird Lithium von der Kathode, einer lithiumhalti-
gen Verbindung, entfernt und in der Anode eingelagert. Das kommerziell am
häufigsten genutzte Anodenmaterial besteht hauptsächlich aus Graphit, dem
geschichteten Kohlenstoff-Allotrop. Der elementare Grundbaustein von Gra-
phit ist Graphen, das zwei-dimensionale, eine Atomlagen dicke Kohlenstoff-
Allotrop. Es wurde im Jahr 2004 von A. Geim und K. Novoselov zum ersten
Mal experimentell isoliert und untersucht. Im Jahr 2010 wurde ihnen für ih-
re Entdeckung der Nobelpreis für Physik verliehen. Graphen hat durch seine
einfache Möglichkeit der Herstellung eine große Anzahl an Forschungsmög-
lichkeiten eröffnet. Bilagen Graphen kann isoliert werden, indem die Dicke von
Graphit schrittweise verringert wird. Bilagen Graphen repräsentiert das dünns-
te verfügbare Material, welches mit Lithium interkaliert werden kann, indem
es nur eine einzelne Lücke zwischen den beiden Atomlagen besitzt. Deshalb
kann es als Grundbaustein einer Batterieanode bezeichnet werden. In vorheri-
gen Studien[95] wurde dieses Material bereits erfolgreich durch die Nutzung
von elektrochemischen Prinzipien auf dem Chip mit Lithium Ionen interka-
liert. Während dieser Vorgehensweise werden geladene Ionen in dem Elektro-
lyten getrennt, welche sich dann an den Grenzflächen zu den Elektroden an-
lagern. Im Fall eines lithiumhaltigen Elektrolyten können die Anionen (Li+)
in das Elektrodenmaterial (Graphen) eingelagert werden, sobald die angelegte
Spannung zwischen den Elektroden eine gewisse Schwelle überschreitet. Dies
bewirkt eine Dotierung des Wirtsmaterials[202].
Die gleiche Methode wurde in dieser Thesis angewandt, um den Prozess der
Lithium Interkalation in das Wirtsmaterial, Bilagen Graphen, weiter zu unter-
suchen. Das hierzu gewählte Werkzeug war das SALVE TEM, welches es uns
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Zusammenfassung

ermöglicht, den Prozess in-situ auf atomarer Längenskala aufzuzeichnen, da
dieses TEM über eine herausragende Auflösung verfügt. Um diese TEM Un-
tersuchungen durchführen zu können, wurden zunächst notwendige Modifi-
kationen an dem Aufbau der Proben durchgeführt, welche im Folgenden auf-
gezeigt werden.
Der Ausgangspunkt für die Untersuchung der Lithium Interkalation ist ein
standardisierter Proben Aufbau, welcher im Vorfeld in der Gruppe von Jurgen
Smet entwickelt wurde. Er besteht aus einer Flocke Bilagen Graphen, welche in
eine Hallbarform strukturiert und mit Metallleitungen kontaktiert wurde. Eine
Lithium Gegenelektrode wird als Kathode eingesetzt und ein Elektrolyttropfen
wird darauf platziert, welcher das Bilagen Graphen mit der Kathode verbindet.
Der Elektrolyttropfen bedeckt hierbei nur einen Teil der Probe, um den Einfluss
des Elektrolyten auf die untersuchte Stelle der Probe ausschließen zu können.
Es war uns sowohl möglich, eine reversible Änderung des Longitudinalwider-
stands Rxx während der Lithiierung zu beobachten, als auch eine reversible Ver-
änderung des Hall Widerstands Rxy, verursacht durch die induzierte Ladung,
welche durch die interkalierten Lithiumionen induziert wurde, zu beobachten.
Während den Messungen wurde nach einiger Zeit eine Degradation der Pro-
ben bemerkt, welche dazu führte, dass die Proben unbrauchbar wurden. Wir
haben als wahrscheinlichsten Grund für diese Degradation die Reaktion von
metallischem Lithium, welche als Gegenelektrode eingesetzt wurde, mit Sau-
erstoff aus der näheren Umgebung identifiziert. Aus diesem Grund wurde auf
den Einsatz von metallischem Lithium als Material für die Gegenelektrode in
allen folgenden Schritten der Probenherstellung für den Rest dieser Thesis ver-
zichtet. Anstelle von Lithium wurde deshalb blankes Titan oder Platin als me-
tallische Gegenelektrode verwendet. Dieses Vorgehen hat den Nachteil, dass
der Spannungsabfall, welcher zwischen der Bilagen Graphene Elektrode und
dem Elektrolyttropfen anliegt, nicht mehr bekannt ist, man jedoch empirisch
betrachtet mit dieser Ungewissheit leben kann.
Weitere Proben wurden anschließend hergestellt und in die TEM Säule transfe-
riert, um überprüfen zu können, ob es möglich ist, Bilder mit atomarer Auflö-
sung von diesen Proben aufzunehmen. Während dieser frühen Untersuchun-
gen sind uns zwei hauptsächliche Problemstellungen aufgefallen: Es scheint,
als würde der Elektrolyttropfen, welcher aus Kohlenwasserstoffen besteht, in
der UHV Atmosphäre innerhalb der TEM Säule ausgasen. Daraufhin lagert
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sich amorpher Kohlenstoff in den Regionen der Probenoberfläche an, welche
von dem Elektronenstrahl beleuchtet werden, was dazu führt, dass keine weite-
ren Bilder aufgezeichnet werden können. Die zweite Problemstellung bestand
darin, dass mit der Zeit in dem Bilagen Graphen Gitter Defekte entstanden,
welche auf das Zusammenspiel zwischen dem hochenergetischen Elektronen-
strahl und Kohlenstoff-Verunreinigungen auf der Oberfläche zurückzuführen
sind. Um lange Zeiträume für die Belichtung zu ermöglichen, müssen die Pro-
ben somit eine extrem saubere Oberfläche besitzen. Wir haben die erste Pro-
blemstellung dadurch erfolgreich überwunden, dass wir den Elektrolyttropfen
mit einer 200 nm dicken SiOx-Schicht eingekapselt haben, welche thermisch
auf den Tropfen aufgedampft wurde. Dies wurde mithilfe einer Schattenmas-
ke realisiert, welche es ermöglicht, dass der Hauptteil der Probenoberfläche
nicht bedampft wird. Diese Schicht sorgt erfolgreich dafür, dass der Elektrolyt
nicht mehr ausgast und somit bildet sich keine zusätzliche Schicht amorphem
Kohlenstoffs auf der Probenoberfläche. Um die Kohlenstoff Rückstände, wel-
che von dem Herstellungsprozess stammen, zu entfernen, wurden die Proben
direkt innerhalb der TEM Säule mithilfe der Methode des Stromglühens gerei-
nigt. Hierbei wurde ein hoher Strom durch die Probe geschickt, was lokal zu
einer starken Erhitzung führt. Somit wird die Probe zuverlässig gereinigt, da
die Kohlenstoff Rückstände weggebrannt werden. Nachdem der Prozess der
Probenherstellung auf diese Weise modifiziert wurde, war es uns möglich, zu
zeigen, dass die Bilagen Graphen Proben immer noch mit Lithium Ionen in-
terkaliert werden konnten und dass dieser Prozess immer noch größtenteils
reversibel war.
Proben wurden daraufhin mit dem modifizierten Herstellungsprozess herge-
stellt. Diese wurden in die TEM Säule eingebaut, um Bilderserien mit atomarer
Auflösung aufzunehmen, die den Interkalations- und Deinterkalationsprozess
in-situ aufzeichnen. Diese Bilder brachten ein zusätzliches Atomgitter zum Vor-
schein, welches mit der Zeit wuchs. Eine Analyse mithilfe von EELS, welche
die chemische Zusammensetzung des Materials bestimmen kann, wies dar-
auf hin, dass nur die beiden Elemente Lithium und Kohlenstoff vorhanden
sind. Da das Graphengitter ebenfalls zugänglich war, liegt der Rückschluss
nahe, dass das zusätzliche Kristallgitter hauptsächlich aus purem Lithium be-
steht. Die Fourier-Transformation (FFT) des Bildes eines Kristallgitters im rea-
len Raum entspricht dem selben Gitter im reziproken Raum, weshalb man
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von solch einem Bild Informationen über das Kristallgitter erhalten kann. In
der vorliegenden Probe existieren drei Lithium Kristalle mit geringfügig un-
terschiedlichen Rotationswinkeln und es konnte eine Gitterkonstanten von 3,1
Åidentifiziert werden, welche etwas größer ist als diejenige von Graphen (2,46
Å). Durch eine Maskierung der Gitterreflexe von Graphen in dem FFT Bild
und einer Rück-Transformation in den realen Raum kann das unterliegende
Graphen Kristallgitter entfernt werden, wodurch die Sichtbarkeit des Lithium-
kristalls erhöht wird. Zusätzlich können die drei Kristallkörner mit den unter-
schiedlichen Rotationswinkeln eingefärbt werden, was den Prozess des Kris-
tallwachstums dieser Lithiumkristalle noch deutlicher sichtbar macht. Deswei-
teren konnten wir beobachten, dass innerhalb eines Kristalls Regionen mit un-
terschiedlichem Kontrast sichtbar sind. Dies legt den Schluss nahe, dass in-
nerhalb eines Kristalls Regionen mit unterschiedlicher Dicke existieren. Das
wiederum bedeutet, dass die Lithium Kristallkörner dicker sein müssen als
nur eine Atomlage. Es wurden Versuche unternommen, die Dicke mithilfe von
Niederverlust-EELS zu bestimmen. Die Ergebnisse dessen deuten auf eine Di-
cke von 3 - 4 nm hin. Hierbei gibt es jedoch zu beachten, dass die gewöhnli-
cherweise verwendeten Gleichungen, die Signalstärke in Dicke umzurechnen,
hier nicht zwingend anwendbar sind. Die vorliegenden Graphen Proben be-
stehen aus zwei Atomlagen und dabei dominieren Oberflächenplasmonen das
EELS Spektrum, welche normalerweise nicht betrachtet werden. Daher muss
gesagt werden, dass der berechnete Wert der Dicke eher eine obere Grenze dar-
stellt. Unglücklicherweise gibt es keine andere Möglichkeit mit den bestehen-
den Mitteln, die Probendicke aus den TEM Daten zu extrahieren. Abschließend
haben wir noch Bilderserien während der Delithiierung aufgenommen, bei der
also das Lithium wieder aus dem Wirtsmaterial entfernt wird. Damit wurde
gezeigt, dass das Lithium Kristallwachstum ein reversibler Prozess ist.
Wir haben im weiteren Verlauf unseren Fokus auf die Nukleation und die zeitli-
che Entwicklung des Lithiumkristalls innerhalb des Bilagen Graphen Wirtsma-
terials gelegt. Nukleation findet an Defektstellen oder an Rückständen des Her-
stellungsprozesses statt. Typischerweise repräsentieren diese Stellen Regionen,
bei welchen das Gitter gestört ist und deshalb die Oberflächenenergie höher ist.
Die Kristallkörner besitzen zu Beginn eine dreieckige Form. Nach einer gewis-
sen Zeit sind diese immer noch durch scharfe Kanten an der Wachstumsfront
charakterisiert. Der Rotationswinkel eines Lithiumkristalls scheint unabhängig
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von der Orientierung des unterliegenden Bilagen Graphen Kristallgitters zu
sein. Aus diesem Grund wirkt es, als ob es keine einzelne präferierte Wachs-
tumsrichtung gibt und die FFT Bilder zeigen Beugungsreflexe, die einen Ring
bilden. Im Falle, dass verschiedene Körner aufeinander zu wachsen, treffen sich
diese zu einem willkürlichen Zeitpunkt. In diesem Falls kann man drei ver-
schieden Szenarien unterscheiden. (1) Die Kristallkörner überlappen, was zu
einer Erhöhung der Dicke führt, welches sichtbar wird durch die dunklere Er-
scheinung im TEM Bild des realen Raums. (2) Eines der beiden Kristallkörner
verändert seine Orientierung insofern, dass die beiden Orientierungen über-
einstimmen, wodurch diese sich zu einem einzelnen Korn verbinden. Dieser
Fall scheint nur bei kleineren Körnern stattzufinden, vermutlich da die Neuori-
entierung größerer Körner energetisch zu kostspielig wäre. (3) Die Kristallkör-
ner behalten ihre Orientierung, wodurch eine Korngrenze zwischen den beiden
gebildet wird. Das anschließende Wachstum findet in unterschiedlichen Rich-
tungen weiter statt, da die Zwischengitter-Lücke bereits besetzt ist. Die Kris-
tallwachstumsrate wurde anhand einer Bilderserie berechnet, bei welcher die
Lithium Kristallkörner das gesamte Gesichtsfeld nach ungefähr 6 Minuten ge-
füllt haben. Dies führt zu einer ungefähren Wachstumsrate von 2,45 nm2/s.
TEM Bilder wurden darüber hinaus auch an Proben mit drei Graphen Lagen
aufgenommen. Die Lithium Interkalation funktioniert ähnlich wie im Falle des
Bilagen Graphens und folgt grundsätzlich den gleichen Mechanismen. Nu-
kleation findet ebenfalls wiederum hauptsächlich an Defekten oder amorphen
Rückständen auf der Probenoberfläche statt. Die Lithium Kristallkörner besit-
zen ebenfalls eine dreieckige Form und scharfe Kanten bilden sich bei fortge-
setztem Wachstum. Abermals sind Regionen mit erhöhtem Kontrast innerhalb
eines Korns sichtbar, welche auf Regionen mit erhöhter Dicke hinweisen.
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1 Introdution

1 Introdution

As the title of this thesis implies, the work presented here is dedicated to the
investigation how Lithium ions can intercalate into two-dimensional system,
namely bilayer graphene, using the technique of electrolyte gating.
Intercalation is the process of atoms or ions being incorporated into a host ma-
terial. This principle is nowadays widely used in the field of batteries, since
it enables to store energy reversibly. Historically , this method, using graphite
as host material, was probably first reported in 1840 [1]. Up to now, the most
important application of such an intercalated graphite host material is as an
electrode inside a Lithium Ion Battery (LIB). During charging of such a battery,
Lithium ions are removed from the cathode, consisting of a Lithium compound
such as LiCoO2 or LiFePo4, and intercalated into the graphite anode material.
Upon discharging, this process is reverted while electrical energy is released.
Most of the research conducted is focussing on the cathode material, while the
graphite anode is nearly ignored in literature. Hence, this thesis aims to fill this
gap.
Only very little is known about the mechanisms happening inside graphite
during intercalation of Lithium ions. In order to investigate such processes,
a miniature sized electrochemical cell is built. To do so, the elementary build-
ing unit of graphite, graphene is employed. It is a single atomic layer of carbon
atoms, arranged in the same hexagonal lattice as graphite. It was first isolated
in 2004 by A. Geim and K. Novoselov [2], who were awarded the Nobel prize
in physics in 2010 for their discovery and the first investigations of this mate-
rial. By stacking two such layers on top of each other, thus forming bilayer
graphene, the thinnest material offering host sites for intercalation becomes
available. In the course of this thesis, such a stack is hence investigated. In
a joint collaboration with the Electron Microscopy group of the University of
Ulm, measurements are performed and in-situ monitored using a Transmis-
sion Electron Microscope (TEM). The goal hereby is to monitor the process of
Lithium intercalation (and deintercalation) not only electronically and electro-
chemically, but also in terms of structural changes. To do so, at first a suitable
sample has to be produced allowing these measurements, which can then be
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analysed. Such a sample has to consist of a bilayer graphene flake, an elec-
trolyte droplet and a counter-electrode. The electrolyte connects the bilayer
graphene flake with the counter-electrode providing ionic conductivity but be-
ing electrically insulating. An area of the sample has to stay uncovered in order
to perform local investigations with the electron beam of the TEM.

This thesis is divided into the following chapters.
In the second chapter, a broad overview about the theoretical background is
given. At first, Graphene is introduced, followed by an overview of other two-
dimensional materials. Then, electrochemistry is introduced, since it provides
the route of choice for modification of the material under investigation. The tool
to investigate this, TEM is presented thereafter, followed by a wide overview
about nucleation and growth of crystals.
The next chapter is dedicated to fabrication of the samples investigated through-
out this work. It starts with substrate preparation, followed by isolation of the
desired bilayer graphene flakes which are then processed into a full device. An
electrolyte is thereafter prepared and positioned on the sample. In the last sec-
tions of this chapter, it is presented how the sample design is modified due to
first results from TEM investigations.
In chapter four, all results obtained in the course of this thesis are presented. It
is first shown, how fully assembled samples behave when exposed to air, which
leads to necessary modifications of the sample layout. After successfully solv-
ing these issues, it is presented how such samples behave during TEM investi-
gations and how issues occurring there are solved. Afterwards, results are pre-
sented showing the growth of a Lithium crystal in between the two graphene
layers, monitored in-situ using TEM and analysed using various tools. Nucle-
ation and growth of such Lithium crystals is further investigated in the next
section, followed by an excursion to triple layer graphene samples, where the
same measurements are conducted.
The work presented here is shortly summarised in english and in german be-
fore the beginning of the main text.
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The following articles were published as co-author during the course of this
PhD thesis, using parts of the results presented here:
1: M. Kühne, F. Börrnert, S. Fecher, M. Ghorbani-Asl, J. Biskupek, D. Samuelis,
A. V. Krasheninnikov, U. Kaiser, and J. H. Smet, “Reversible superdense order-
ing of lithium between two graphene sheets,” Nature, vol. 564, no. 7735, pp.
234–239, 2018.
2: P. Zielinski, M. Kühne, D. Kärcher, F. Paolucci, P.Wochner, S. Fecher, J. Drnec,
R. Felici, and J. H. Smet, “Probing Exfoliated Graphene Layers and Their Lithi-
ation with Microfocused X-rays,” Nano Letters, vol. 19, no. 6, pp. 3634–3640,
2019.
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2.1 Graphene: The �rst isolated two-dimensional

material

In 2004, a one-atom thick layer of carbon, called graphene, was first isolated and
characterized [2]. It is a planar and truly two-dimensional material due to sp2-
hybridization of the electrons. This discovery and the comparably easy method
of fabricating devices from it opened up a new class of two-dimensional (2D)
materials. A wide variety of elements and compounds has already proven to
exist in its 2D form and stacking different layers on top of each other, generat-
ing van-der-Waals heterostructures, lead to a nearly infinite number of possi-
bilities. Due to interaction between the different layers, many new properties
are introduced in such heterostructures, accounting for the wide interest in 2D
materials of the scientific community.
Throughout this thesis, the thinnest stack of a 2D material from a single ele-
ment, bilayer graphene, is investigated. In the following section, the properties
of single layer graphene and bilayer graphene are presented followed by an
introduction of graphite, the three-dimensional "mother" of graphene.

2.1.1 Graphene

Weak van der Waals forces holding together the atomic layers of graphite can
be overcome very easy. This property of graphite was first exploited by Andre
Geim and Konstantin Novoselov to isolate thin layers of graphene in 2004 [2].
In 2010, they were awarded the Nobel prize in physics for "groundbreaking ex-
periments regarding the two-dimensional material graphene" [3]. They isolated
graphene down to a thickness of a single atomic layer by using the method of
mechanical exfoliation (which will be described in detail in subsection 3.2.1)
with the use of Scotch tape. The resulting flakes were then patterned into a field
effect transistor geometry and it was proven that such devices show an electric
field effect, which was not reported before for any other atomically thin metal-
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lic films. Up to that date, graphene was believed to be unstable under normal
conditions and tends to roll up into curved structures [4, 5, 6, 7, 8, 9, 10, 11, 12]
like carbon nanotubes or fullerene. Such 2D layers were considered thermody-
namically unstable and discontinuous [13].
The truly two-dimensional structure of graphene intrinsically confines the elec-
trons into two dimensions. Unlike conventional materials exhibiting a two-
dimensional electron systems (2DES), such as GaAs/AlGaAs, where the 2DES
is buried within the heterostructure [14], the 2DES of graphene is easily acces-
sible at the surface. As a matter of fact, the material only has a surface and no
bulk. Adsorbed water can unintentionally lead to hole doping [15, 16]. An-
nealing the material in vacuum can remove this adsorbed water and also the
doping. When afterwards again exposed to water or NH3 vapour, graphene
was measured to become p- or n-doped, respectively [2]. Hence, graphene is a
mixed-carrier type material.
Graphene is the two-dimensional allotrope of carbon. Its crystal structure is
composed of a triangular lattice with a two-point basis and a lattice constant of
a = 2.46 Å. It has two sublattices, A and B. In Figure 2.1 (a), a schematic of the
crystal structure is given. The two different sublattices are shown with full (A)
or empty (B) circles at the corresponding atom positions. The lattice vectors a1

and a2 are also drawn in the figure and they can be written as

a1 =
a

2

(
3,
√

3
)
, a2 =

a

2

(
3,−
√

3
)
. (2.1)

The first Brillouin zone (1. BZ) of graphene is shown in Figure 2.1 (b). In order
to explain the electronic structure, specific important points of high symmetry
are labelled, such as the centre of the 1. BZ (Γ), the edges (K and K′, indicating
the two different sublattices) and the middlepoint of the faces (M ) in between
K and K′. Furthermore the reciprocal lattice vectors b1 and b2 are given. These
reciprocal lattice vectors can be written as

b1 =
2π

3a

(
1,
√

3
)
, b2 =

2π

3a

(
1,−
√

3
)
. (2.2)
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Figure 2.1: Crystal structure of single layer graphene (a), showing the two di�erent
sublattices A (full dots) and B (empty dots) and the lattice vectors a1 and a2.
First Brillouin zone of graphene (b) with the points of high symmetry (Γ, M , K
and K′) and the reciprocal lattice vectors b1 and b2 labelled.

The most interesting points in the reciprocal lattice of graphene are K and K′.
Their coordinates in momentum space are given by

K =

(
2π

3a
,

2π

3
√

3a

)
, K ′ =

(
2π

3a
,− 2π

3
√

3a

)
. (2.3)

The valence electrons of graphene are sp2-hybridized (2s, 2px and 2py) into
three bonding and three anti-bonding sigma-orbitals, forming covalent in-plane
bonds and the bond angle of 120 ◦. The remaining valence electron is in its
2pz-orbital leading to formation of delocalized π-bands, pointing out of plane.
These π-bands are mainly responsible for the electronic structure of graphene
around the Fermi energy. The band structure E(k) can be calculated using a
tight-binding Hamiltonian as described by [17]. At first, the secular equation

det(H − ES) = 0 (2.4)

has to be solved. Here, H and S stand for the transfer and overlap integral
matrices. The nearest-neighbour hopping is described by the function f(k),[18]

f(k) = eikya/
√

3 + 2e−ikya/2
√

3 cos(kxa/2). (2.5)

The transfer and overlap integral matrices of monolayer graphene, Hm and Sm

are given by [18]

Hm =

(
εA −γ0f(k)

−γ0f
∗(k) εB

)
,

Sm =

(
1 s0f(k)

sof
∗(k) 1

)
.

(2.6)
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For intrinsic graphene, the diagonal elements of Hm, εA and εB are zero. s0 de-
scribes the possibility of non-zero overlap between orbitals on adjacent sites.
The corresponding values are γ0 = 3.033eV and s0 = 0.129 [19]. Solving
the secular equation yields the following expression for the band structure of
graphene, E± [18]:

E± =
±γ0|f(k)|

1± s0|f(k)|
. (2.7)

The plus sign refers to the upper π-band while the minus sign refers to the
lower π-band. The resulting band structure of graphene along the direction M-
Γ-K-M is given in the following Figure 2.2. The valence and conduction band

Figure 2.2: Band structure E(k) of single layer graphene along the direction M-Γ-
K-M (left). On the right, a magni�cation around K is given to show that close to
the Fermi energy around K, the bands exhibit a linear dispersion.

meet at the Fermi energy (E = 0 eV) around the K point, as can be seen from
Figure 2.2. From the graph on the right in Figure 2.2, which is a magnification
around K, it can even be seen that the bands show a linear dispersion. Since
there is no band overlap but also no band gap, graphene is considered a zero-
gap semiconductor. The linear dispersion around K has another implication for
graphene. The effective mass of electrons meff is defined as inversely propor-
tional to the second derivative of the energy E with respect to the wave vector
k: meff ∼ d2E

dk2
. In this case, the effective mass meff would be infinitely large. A

similarity of the linearity of the energy bands around K can be seen when com-
paring it to massless relativistic particles with constant group velocity. Since
electrons have spin 1

2
, these particles can be described using a modified Dirac

equation. Due to that they are called Dirac fermions [20]. Therefore the band
structure in the vicinity of K and K´ resembles a Dirac cone. The dispersion
relation in the linear regime is described by E = ~kvF with the energy E, the
reduced Planck constant ~, the wave vector k and the Fermi velocity of the par-
ticles vF , which is roughly 1

300
of the speed of light in vacuum [20].
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Another fundamental electronic property of graphene is its density of states
(DOS(E)) which can also be calculated from a tight-binding approximation [17].
In the energy region close to the Fermi energy, where the bands are linear, it can
be calculated using the following equation

DOS(E) =
|E|
π~v2

F

. (2.8)

In Figure 2.3 the resulting DOS of graphene is given. As can be seen from the

Figure 2.3: Density of states (DOS) of single layer graphene.

graph, the DOS is symmetric around zero energy and linear at low energy. Ad-
ditionally, it becomes zero at zero energy, meaning that graphene has a charge
neutrality point at the Dirac point (K/K’).

2.1.2 Bilayer Graphene

The material investigated throughout this thesis is bilayer graphene. It consist,
as the name suggests, of two layers of monolayer graphene, naturally stacked
on top of each other. The lattice vectors a1 and a2 are the same as for graphene
(see Equation 2.1). The spacing between both layers is the same as the inter-
layer spacing in graphite, c = 3.35 Å. The stacking of both layers can happen
in different ways. Usually, when speaking about bilayer graphene, the layers
are stacked in a so called Bernal stacking order [21], which corresponds to an
AB stacking. The crystal structure is illustrated in Figure 2.4 a. An atom of
sublattice A in the top layer is on top of an atom of sublattice B in the bottom
layer, while the other atoms of the top layer belonging to sublattice B are not
above atoms of sublattice A of the bottom layer, but at the middlepoint of the
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lower layer hexagon. See the dashed orange and green lines in Figure 2.4 a for
clarification. In Figure 2.4 b, the top view of that stacking order is given.

Figure 2.4: Structure of bilayer graphene (a) and the corresponding top view (b).
In c, the top view of twisted bilayer graphene with an arbitrary twist angle is
given.

Another way of stacking two graphene layers is called AA stacking, where all
atoms of both sublattices lie directly above the corresponding ones from the
bottom layer. The third possibility is twisted bilayer graphene. Both layers ex-
hibit an arbitrary twist angle (6= 60◦) between them, leading to superstructures
with very interesting properties. In 2018, for example, it was proven that a
’magic’ angle of around 1.1 ◦ in twisted bilayer graphene leads to superconduc-
tivity up to a temperature of 1.7 K [22]. This lattice structure is schematically
given in Figure 2.4 c. A twist angle of 60◦ would again correspond to a Bernal
AB stacking of the layers.
The reciprocal lattice of bilayer graphene (AB stacked) is the same as for single
layer graphene. In order to calculate the band structure of the four π-bands of
BLG, the SWMcC model, initially developed for bulk graphite by Slonczewski,
Weiss and McClure [23, 24], can be used. Due to interactions between the two
carbon layers in BLG, interlayer hoping of electrons also has to be considered,
which this model takes into account. The transfer integral matrix of BLG, Hb,
can be written as [25, 26, 27, 28, 29, 30]

Hb =


εA1 −γ0f(k) γ4f(k) −γ3f ∗ (k)

−γ0f ∗ (k) εB1 γ1 γ4f(k)

γ0f ∗ (k) γ1 εA2 −γ0f(k)

−γ3f(k) γ4f ∗ (k) −γ0f ∗ (k) εB2

 , (2.9)

with γ0 = 3.16 eV as the intralayer nearest-neighbour hopping energy, γ1 = 0.39

eV as the vertical coupling energy between atoms of the dimer sites of the A
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and B sublattices. γ3 = 0.38 eV describes the coupling energy between non-
dimer sites, which are located on top or below the centre of the hexagons, and
γ4 = 0.14 eV describes the coupling energy between the dimer and non-dimer
sites on the opposite layer. The values of these parameters were reported by
[31] using infrared spectroscopy. In Figure 2.5 the different interactions are
shown for clarification.

Figure 2.5: Lattice structure of bilayer graphene. The parameters γ0, γ1, γ3 and
γ4 used for the tight-binding calculation are depicted for clari�cation.

The diagonal elements in the transfer integral matrix represent the on-site en-
ergies of the four atomic sites of the two layers and the two sublattices and can
be calculated using [30]

εA1 =
1

2
(−U + δAB),

εB1 =
1

2
(−U + 2∆′ − δAB),

εA2 =
1

2
(U + 2∆′ + δAB),

εB2 =
1

2
(U − δAB),

(2.10)

with
U =

1

2
[(εA1 + εB1)− (εA2 + εB2)],

∆′ =
1

2
[(εB1 + εA2)− (εA1 + εB2)],

δAB =
1

2
[(εA1 + εA2)− (εB1 + εB2)].

(2.11)
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Here, U describes the interlayer asymmetry between both layers [25, 32, 26, 33,
34, 35, 36, 37, 38, 39, 40, 41, 42, 43], ∆′ = 0.022 eV [31] stands for the energy
difference between the dimer and non-dimer sites [10, 28, 44, 45] and δAB for
the difference in energy of the A and B sites on each layer [46, 30].
The function f(k) describes the nearest-neighbour hopping and is the same as
for single layer graphene, see Equation 2.5.
The overlap integral matrix Sb is commonly entirely neglected since the pa-
rameters describing the non-orthogonality of adjacent orbitals is small at low
energies [18]. Therefore, the eigenvalue equation reduces to

HbΨ = EΨ, (2.12)

with the Hamiltonian as described in Equation 2.9. Hence, the band structure
of bilayer graphene can be calculated and the result of such a calculation along
the M -Γ-K-M direction is shown in Figure 2.6.

Figure 2.6: Band structure E(k) of bilayer graphene along the directionM -Γ-K-M
(left). On the right, a magni�cation around K is given to show that close to the
Fermi energy around K, the bands exhibit a parabolic dispersion with an overlap
of 1.6 meV [27].

The band structure of bilayer graphene looks similar to that of monolayer graphene,
but there is an important distinction. A second valence and conduction band
is appearing. Furthermore, in the vicinity of the K point, the bands no longer
show linear but parabolic behaviour. The bands exhibit an overlap of 1.6 meV
[27] at the K point. The described parameters U and δAB are usually attributed
to extrinsic factors. These can be e.g. doping or applied gate voltages. Gating
in this case leads to breaking of the symmetry between the layers and therefore
modifies the band structure. This can open a band gap, which turns bilayer
graphene into a semiconductor.
The density of states (DOS) can also be calculated within the tight binding ap-
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proach using [17, 47]

DOS(E) =
gvgs
2πγ2

[
∆

2
+ ε+Θ(ε−∆)

(
ε− ∆

2

)]
, (2.13)

with the step function Θ(t) defined as

Θ(t) =

1 (t > 0);

0 (t < 0).
(2.14)

In Figure 2.7 the resulting DOS for bilayer graphene is depicted. It exhibits a
linear behaviour in the vicinity of the Fermi energy, as it is the case for single
layer graphene, and is also symmetric around zero energy. The main difference
to single layer graphene is a step at 0.39 eV which comes from the availability
of the second π-band at that energy. Therefore at higher energies, the slope is
steeper since electrons have access to a second band.

Figure 2.7: Density of states of bilayer graphene.

2.1.3 Graphite

The three-dimensional arrangement of graphene layers, which occurs naturally,
is graphite. The four valence electrons (2s2 and 2p2) of carbon, enabling cova-
lent chemical bonds between the atoms, can hybridize in two different ways
leading to different allotropes, diamond and graphite. If the valence electrons
are sp3-hybridized, the orbitals form tetrahedral bonds (109.5 ◦ bond angle) and
the crystal structure becomes cubic. This allotrope is called diamond.
On the other hand, if the electrons are sp2-hybridized, the orbitals form planar
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bonds (120◦ bond angle) and the crystal structure becomes hexagonal. This al-
lotrope is called graphite. These two allotropes differ very much in their prop-
erties. For example, diamond is one of the hardest materials known, while
graphite is so soft that it is used in pencils to write on paper. An other exam-
ple is that diamond is electrically insulating, while graphite is a good electrical
conductor (in plane).
As it was mentioned before, graphite consists of graphene layers and thus
serves as the starting point for devices fabricated throughout this thesis. Its
crystal structure is a simple hexagonal Bravais lattice with a bond angle of 120◦

between the atoms. Naturally, the layers are stacked upon each other follow-
ing the already introduced Bernal stacking [21], also called AB stacking. In
Figure 2.8 a schematic picture of the crystal structure is given. The lattice con-
stants are a = 2.46 Å (in plane) and c = 6.708 Å (out of plane) and the C-C
bond length is 1.41 Å [48]. Energetically, there exist two identical positions for

Figure 2.8: Crystal structure of graphite. The distance between nearest neighbour
carbon atoms is 1.41 Å, the lattice constants are a = 2.46 Å and c = 6.708 Å [48].

the layers stacked on top of the bottom layer and thus also two stacking se-
quences, AB and AC, only differing in the origin of the second stacked layer.
In 2.9 a schematic view perpendicular to the basal plane (i.e. in c direction) of
the graphite lattice is shown. These two possibilities are depicted in Figure 2.9
a (AB) and Figure 2.9 b (AC). In a natural crystal, both stacking orders have the
same probability, which can lead to the formation of an ABC stacking sequence
as shown in Figure 2.9 c. This crystal structure is then no longer hexagonal but
rhombohedral with the lattice constants a = 2.256 Å and c = 10.06 Å [48]. An-
other possibility of stacking would be an AA type, where adjacent layers are
stacked directly above each other. This possibility usually does not occur natu-
rally since it is thermodynamically unfavourable.
As already introduced before, the covalent in-plane bonds stem from the sp2-
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Figure 2.9: Di�erent types of stacking order of graphite. In a (b), AB (AC)
stacking is shown with two di�erent origins of the second layer. They have a shift
of 1

3
<110> with respect to the underlying layer. In c, an ABC stacking order is

given, which can occur naturally since both positions in a and b have the same
probability.

hybridization of three of the valence electrons with the remaining fourth va-
lence electron in its 2pz orbital, forming two delocalized π-bands directed out-
of-plane. These bands are degenerate due to symmetry at the P -point (cor-
ners of the Brillouin zone) where the Fermi energy passes through. Therefore
graphite is a good conductor in-plane. The π-bands of adjacent layers can pair
and form weak van der Waals bonds. The van der Waals bond strength is about
75 times weaker than the covalent in-plane bond [48]. Thus, graphite is a fairly
soft material in the third dimension, whose interlayer bonds can easily be over-
come by shear forces causing a sliding motion of individual layers. Due to this
property graphite is widely used as lubricant and this property is exploited for
fabricating the devices studied in this thesis.

2.2 Other two-dimensional materials

As mentioned before, the discovery of isolated layers of graphene opened up a
completely new field of materials science. By using the very simple technique
of mechanical exfoliation, the van der Waals binding between layered crystals
can be overcome and thus the crystals can be thinned down to single atomic
layers.
The band gap of these two-dimensional materials can be engineered due to
changes in the number of layers [49, 50], which opens a variety of materials
for broad research. By combining different materials with different properties,
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a heterostructure can be created. Depending on this combination, charge can
be transferred between the layers which again alters the band gap [51]. In the
following Figure 2.10 an overview is shown for the five most common classes
of 2D materials and some of the representing elemental compositions. The cor-
responding DOS is also shown here for comparison.

Figure 2.10: Overview of some non-graphitic 2D materials, their crystal structures
and corresponding DOS [51].

One of the newly discovered layered 2D materials are the class of transition
metal dichalcogenides (TMDCs). The transition metal electrons in this mate-
rial class are progressively filling the d-band and thus the electronic behaviour
changes. TMDCs can be classified as insulator, (semi-)metals and semiconduc-
tors [51]. Their general formula is MX2, where M is the transition metal atom
and X the chalcogen atom. TMDCs have a hexagonal structure, which can be
separated into two main polytypes, trigonal prismatic and octahedral. In Fig-
ure 2.10 on the left side, the corresponding structures and the respective DOS
are given.
Metallic TMDCs are characterized by the crossing of the Fermi level with the
d-orbital band, which implies that they exhibit metallic conductivity. Examples
for that are NbS2, TcS2 and VS2. The DOS (as seen in Figure 2.10) of these is
fairly high which adds to the metallic character [52]. Some of the interesting
properties of this kind of material is the existence of charge density waves and
superconducting states [53].
In semiconducting TMDCs, excitonic effects dominate the properties of the ma-
terial, especially the optical properties. This comes from dielectric screening
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and charge confinement [51], which makes these materials interesting for pho-
tonic applications. Typical materials in this class are MoS2, TiS2 and PdS2. As
an example, the lowest binding energy for an exciton is on the order of 1 eV
[51]. An application of such materials could lie in the manipulation of quan-
tum information, since they exhibit a fundamental gap at the K/K’ point. Thus
information could be stored as spin and momentum of electrons, holes or exci-
tons [51].
A monoelemental 2D layered material is black phosphorus (or Phosphorene,
a monolayer of Phosphor), which is also a semiconductor with a direct (or
nearly direct) band gap [54]. Its mobility is pretty high, reaching a value of
about 1000 cm2/Vs at a thickness of 10 nm at room temperature [55]. Theo-
retically, a monolayer could even reach values on the order of 10,000 - 26,000
cm2/Vs in zigzag direction [56]. Its electronic and optical properties are highly
anisotropic due to the orthorhombic structure [51]. Additionally to the proper-
ties mentioned before, it has been shown that it exhibits interesting properties
such as superconductivity and desirable thermoelectric properties [57], which
could find their way into application. One of the most important 2D layered
insulators is hexagonal Boron Nitride (hBN). Its hexagonal structure shows al-
ternating B and N atoms in plane which are bonded with a covalent sp2 bond
[51]. The lattice constant is almost the same as for graphene, it has a large band
gap and it shows strong resistance towards mechanical forces and chemical in-
teractions [51]. Thus, and due to its atomically smooth surface, it is mainly
used for encapsulating other 2D materials or as an insulating separation layer
in a heterostructure build of many different materials. Examples of such struc-
tures can be found throughout the literature. An underlying substrate of hBN
was found to dramatically improve the mobility of graphene devices [58, 59]. It
does not only leave the band structure of graphene unperturbed, furthermore
it also provides an atomically smooth surface without any dangling bonds or
trapped charges.
Oxides can also have layered structures, which make them candidates to cre-
ate 2D materials as well. These oxides are studied in respect to their possible
application as cathode material for batteries, such as MoO3 and V2O5 [51], su-
perconductors (Cu and Co based layered oxides) [60, 61] and passivating layers
(P based oxides) [62, 63]. Further possible applications of this material class are
solar cells, since perovskite-based cells were able to exhibit a power conver-
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sion efficiency of 20 % [64]. To create such a cell, layers of organic chains are
intercalated into a layered host of metal halide [51].

2.3 Electrochemistry in two dimensions

The devices investigated throughout this thesis combine two research fields.
The material from which the devices are built is bilayer graphene. The second
research field is the electrochemically induced uptake of lithium ions in be-
tween the two layers, called intercalation. Using electrochemical methods, this
process is monitored in-situ. Thus, the samples have to be prepared in such a
way that they form a half-cell of a miniature battery.

2.3.1 Batteries

A battery is an electric device which is composed of an electrochemical cell.
It is used to store electrical energy as chemical energy. Due to electrochemi-
cal reactions this stored energy can be released and used to power electric de-
vices. Each electrochemical cell is made of two half-cells connected in series
through an electrolyte. The half cells consist of an electrode immersed in the
electrolyte. If the electrolyte in the two half cells differs, a separator is used to
prevent exchange of the liquid without hindering ion movement between the
half cells. The positive (negative) electrode is defined as the cathode (anode),
where electrons are added (removed) during discharging. When the half cells
are connected via an external circuit, electrical energy is released due to a redox
reaction between the half cells.
In Figure 2.11 a schematic image of a Li-ion battery is shown. A commer-
cially available cathode is usually made of LiCoO2 (or LiFe3PO4). These com-
pounds are decomposed during charging, since the Li-ions are removed (dein-
tercalated) from the material and are dissolved in the electrolyte solution. At
the anode, made of graphite, the Li-ions from the electrolyte solution are in-
corporated (intercalated) in between the layers and a graphitic intercalation
compound (GIC) is formed [10]. The maximum stoichiometry which can be
achieved is LiC6.
Upon discharging, the whole process is reverted which means that the Li-ions
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Figure 2.11: Schematic of a Lithium-ion battery. Upon charging, Li-ions are re-
moved from the cathode and incorporated into the anode. They are connected
through an electrolyte solution.

are removed from the GIC at the anode and incorporated again in the cathode
material. The use of layered materials as electrodes for rechargeable batteries
was first attempted in 1976 by Whittingham [65] by using TiS2, which led to
an increase in stability during cycling of the battery [66, 65, 67]. To use GICs
as electrodes, the following requirements of the materials properties [68] have
to be fulfilled. The material has to be rechargeable without losing its structural
integrity during charging and discharging. Ion exchange with the electrolyte
and electron exchange with the external circuit have to work reliably. GICs are
suitable for battery applications because they fulfil these requirements and fur-
thermore they exhibit low weight relative to energy density and a wide variety
of non-stoichiometric intercalant compositions [10].
In 1980, John Goodenough discovered LixCoO2 (x between 0 and 1) as a suitable
cathode material for high energy density [69, 70], which is still in use in current
Li-ion batteries. John Goodenough, together with Michael Stanley Whitting-
ham and Akira Yoshino, was awarded the Nobel prize in chemistry in 2019 for
"the development of lithium ion batteries" [71]. In the early 1990, Sony Corpo-
ration, through Akira Yoshino, commercialized the first Li-ion batteries using a
carbon cathode and a LiCoO2 anode [72].
An electrode made of graphite has a theoretical capacity of 372 mAh/g [73, 74]
and it can repeatedly be cycled between 0 and 0.4 V vs Li [75]. Theoretically,
monolayer graphene can achieve double of that capacity by adsorbing Li on

18



2 Theory

both sides of the plane [73] and it can repeatedly be cycled between 1 and 3 V
vs Li [75].

2.3.2 Electrolyte gating

As mentioned before, throughout this thesis only half-cells were investigated.
These consist of bilayer graphene connected to a metal electrode via an elec-
trolyte. The metal electrode is used to apply a gate voltage, which acts as driv-
ing force for ions to move inside the electrolyte towards the bilayer graphene.
When using such a device setup, the effect of gating on the materials properties
has to be considered. Gating is a process utilized in e.g. field effect transis-
tors (FETs) to induce charge in the material. This induced charge either opens
up a conducting channel (e.g. MOSFET) or closes it (JFET). In Figure 2.12 a, the
schematic of a FET made of bilayer graphene is shown. By applying a gate volt-
age between the Silicon substrate and the bilayer graphene, additional charge
carriers (electrons or holes) can be induced leading to different electronic prop-
erties.

Figure 2.12: Schematic of a �eld e�ect transistor (FET) made of a bilayer graphene
(a) and an electric double layer transistor (EDLT) made of bilayer graphene (b).
In grey, the doped Silicon substrate is shown, on top is an insulating SiO2 layer
(in blue), on which the bilayer graphene (black layers) is placed. Source and drain
contacts are shown in yellow. The electrolyte of the EDLT is drawn with light
blue.

In Figure 2.12 b, an electric double layer transistor (EDLT) made of bilayer
graphene is schematically shown. It works the same way as a FET, but the
increase in charge carriers is achieved much easier. As the name suggests, this
type of transistor works with an electrolyte as dielectric layer between gate and
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conducting channel. By applying a gate voltage, the charges in the electrolyte
are separated and the ions move to the electrode with opposite charge, where
they accumulate. At the interface, an electric double layer is formed which
induces opposite charge in the electrode (material under investigation). The
distance between the materials interface and the accumulated ions is typically
in the order of 1 nm, therefore the effect is very large. It leads to doping in the
material and therefore to a change in the DOS and a shift of the Fermi energy.
As an example, applying this method to 2D materials such as MoSe2, MoTe2

or WS2 can introduce superconductivity [76] due to insertion of ions into the
material. This process will be described in the following subsection.
By using this type of transistor, it has to be taken into account that the material
under investigation could react with the electrolyte. This results in the irre-
versible formation of a solid electrolyte interface (SEI) by removing ions from
the electrolyte in the vicinity of the materials surface [77, 78, 79]. Due to the
increased surface area, the higher reactivity and the occurrence of edge defects
of 2D materials compared to the bulk counterpart, this reaction is more pro-
nounced [80, 81].

2.3.3 Intercalation

As it was mentioned before, during gating with an electrolyte as dielectric layer,
ions of the electrolyte can be incorporated into the layered electrode material.
This process is called intercalation. The intercalants can be hosted in between
the layers due to weak van der Waals bonding forces. Examples for such ma-
terials are graphite or TMDCs. That process can also be used to isolate layers
from each other, called exfoliation. It is considered an extreme case of inter-
calation and an easy way of isolating single layer graphene from graphite on
a large scale. In general, intercalation is a reversible process for chemical and
electronic doping. Ions are incorporated into the material, which changes its
atomic structure and charges are induced which alter the electronic properties
of the host material. The driving force for intercalation is usually an external
electrical source creating a potential difference. The electrochemical potential
difference between the two electrodes in a battery provides a driving force for
discharge. Li has a high potential against graphite, therefore Li ion batteries
have high cell voltages above 3 V.
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Upon intercalation, the band structure of the host material changes. New bands
induced by the intercalant appear above the Fermi energy and new phenomena
such as superconductivity in CaC6 up to a critical temperature of 11.5 K [82] can
appear.
Various GICs exist, which can be classified in two groups, donor and accep-
tor compounds. Donor intercalants can be K, Rb, Cs, Li, alkaline earth metals
and lanthanides [10], while acceptor intercalants can be based on Lewis acids
such as Br2, halogen mixtures, metal chlorides, bromides, fluorides, oxyhalides,
acidic oxides like N2O5 and SO3 or strong Brönsted acids like H2SO4 and HNO3

[10].
The incorporation of intercalants in between the layers causes an expansion
along the c-direction of the host material, depending on the molecular size of
the intercalant. Furthermore, intercalants can induce strain inside the lattice
planes, thereby modifying the length of the C - C bond [83]. In air, many GICs
are unstable due to oxidization of donor or desorption of acceptor compounds
[10].
Intercalation of 2D materials could be a promising tool to further modify the
thickness-dependent electronic [84, 85, 86], optical [86, 87, 88] and magnetic
[89, 90] properties. Compared to their bulk counterpart, the intercalation ki-
netics in 2D materials is much faster [91, 92, 10, 93, 94], and for the case of
Lithium intercalation in bilayer graphene, its diffusion coefficient is even faster
than for NaCl in water [95]. This can likely be attributed to a reduction of the
energy needed for intercalation, the increased flexibility of the sample sheets
and the increased surface reactivity when the sample thickness is decreased.
Furthermore, the interlayer interactions are weakened and functional groups
can decorate edges or grain boundaries [91, 10, 96, 97].
Upon intercalation, charge is transferred from the intercalant to the host lattice.
This comes along with a stretching (shortening) of the C- C bond in plane for
donor (acceptor) intercalants [98, 99]. This behaviour for the bond length can
be calculated using MO theory [100], tight-binding model [101] or DFT calcula-
tions [102].
The electronic structure upon intercalation changes in such a way that donor
type intercalant bands overlap with the π-band of graphite where they strongly
hybridize with graphites states. They transfer electrons to graphite and as
a result the Fermi energy is shifted to accommodate the added charge [103].
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In TMD host materials, intercalant electrons are mainly added to the d-band,
which are the lowest unoccupied energy levels [104]. Raman spectroscopy can
be used to identify the strength of the charge transfer from the intercalants to
graphene, since stronger intercalant doping and thereby stronger charge trans-
fer causes a larger shift of the G-peak [105, 106, 107, 83].

Conventional GIC

First calculations of the band structure of GICs were performed for LiC6 in 1978
[108]. The results show that the graphite band structure remains highly pristine
while the intercalant leads to additional bands above the Fermi energy. This is
due to the strong intralayer (C - C) and weak interlayer (C - Intercalant) bond-
ing [10]. Due to screening of charge from intercalants by single graphite layers,
very dilute GICs have basically the same band structure as pristine graphite
[10]. It can be observed that the conductivity of GICs is strongly enhanced
compared to pristine graphite for both donor and acceptor compounds. This is
due to graphite having a high charge carrier mobility in plane (13,000 cm2/Vs)
but only a small charge carrier concentration (≈ 2 · 1019 cm−3) [10]. Electrons
from the intercalant layer have a comparably low mobility but high concen-
tration. They are transferred to the graphite layer and therefore increase the
charge carrier concentration with high mobility. This is similar to the process
which happens in superlattice semiconductor materials such as GaAs/AlGaAs,
where carriers are transferred from the low mobility doped AlGaAs region to
the high mobility undoped GaAs region [109, 110].
Phenomenologically, the enhancement of the in plane conductivity of graphite
is maximized when the maximum charge carrier density is transferred from the
intercalant to the graphite layer while the thickness of the intercalant is mini-
mized [10]. It has been observed that donor compounds transfer more charge
than acceptor compounds, but the mobility tends to be lower. This could be
a result from more effective charge carrier scattering due to greater coupling
between graphite and the intercalant [10].
Intercalants in GICs not only greatly increase the conductivity, they can also
lead to new properties such as superconductivity, which is not present in pris-
tine graphite. The first discovered superconducting GIC was KC8 with a tran-
sition temperature of Tc = 0.15 K [111]. Some other superconducting GICs are
CaC6 (Tc = 11.5 K) [82] and YbC6 (Tc = 6.5 K) [82]. From these findings it was
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expected that LiC6 also shows superconductivity, but it was found that this is
not the case [112]. Instead, the metastable high-pressure phase LiC2 was found
with a superconducting transition up to Tc = 1.9 K at a pressure of 33 kbar
[113]. The reason for superconductivity in GICs lies within the band structure.
When intercalants enter the host lattice, electrons are injected, which shifts the
interlayer band to lower energies. As the doping is increased, the interlayer
band crosses through the Fermi energy which means that the band becomes
occupied and superconductivity arises [114]. In LiC6 this is not the case since
the intercalant band does not cross the Fermi energy. In 2012, Ca was success-
fully intercalated into bilayer graphene while the Fermi surface was mapped.
The interlayer band crossing as described before was observed, suggesting that
this material might be superconducting [85]. Recently this suggestion was con-
firmed for 2D CaC6 (Tc ≈ 2 K) [115].

Staging

The ordering of intercalate layers inside a graphitic host is called staging. It
represents the periodic arrangement of intercalant layers within the graphitic
layers. The stage index gives the number of graphite layers between two in-
tercalant layers [10]. This for example means, that in a stage 1 compound, the
material layers alternate between intercalant and host. In stage 2 compounds,
two layers of host material are separating intercalant layers. Staging is a phe-
nomenon which only occurs in GICs, not in other intercalation compounds like
TMDs. It is a long range property which leads to superlattices with unit cells ex-
tending across many atomic layer, e.g. 30 Å for stage 8 alkali metal compounds
[10]. It is independent of the commensurability of the intercalants in-plane
structure with the host graphite layer structure. Since one layer of graphite is
enough to screen the intercalant, long-range electrostatic interactions between
the intercalant layers is hindered and therefore staging relies on the long-range
lattice strain interaction [10]. In Figure 2.13 the galvanostatic curve of electro-
chemical intercalation is schematically shown. In this figure, the potential of
graphite measured against Li is plotted as a function of time while a constant
current is applied. This serves as driving force for charging (i.e. intercalating)
the graphite electrode. As can be seen from the plot, at the onset of intercala-
tion, a dilute stage III compound is formed which transforms into stage II and
finally into stage I, where Li and graphite layers alternate. In order to mini-
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mize energy costs, intercalants enter the host material not in a random way but
they rather fill an entire layer before adjacent layers are filled. In the poten-
tial plateaus observable in Figure 2.13, two or more stages exist simultaneously
due to a stepwise transformation. At the sudden vertical potential drops, only
a single stage is present.

Figure 2.13: Galvanostatic curve for intercalation of Li ions into graphite. A
stepwise transformation between the di�erent stages can be seen. In the �nal
stage I, a layer of Li is alternating with a layer of graphite host material [10].

Conventional GIC: LiC6

The first preparation of graphite intercalated with Li was successfully performed
in 1965 [116] by applying a Li steam to graphite. Before that, only graphitic
compounds with Na, Rb and Cs were reported. The lattice constants measured
for LiC6 are a = 0.4290 nm and c = 0.3737 nm. Compared with pure graphite,
the lattice constants are slightly larger. Therefore it can be said that the incor-
poration of Li into graphite causes an expansion of the lattice. Furthermore it
was observed that the carbon atoms arrange in identical lattice planes, which
means that they are AA-stacked with Li arranged between the carbon layers
in the centres of the hexagons. The band structure can be calculated using a
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modified KKR method based on an ionic potential for Li+C−6 [117, 108, 118, 10].
The result of such a calculation can be seen in Figure 2.14. As it was mentioned
before, graphites π bands (dashed lines) remain highly graphitic while the in-
tercalant band (labelled 1+) lies above the Fermi energy. From this, it can be
concluded that the Li intercalant is fully ionized and therefore it transfers one
electron per Li atom to the adjacent graphite layer [10].

Figure 2.14: LiC6 band structure calculated by [108]. The π bands of graphite stay
mainly unperturbed while a new band emerges due to the intercalant, labelled as
1+, which lies directly above the Fermi energy.

Lithiated bilayer graphene: C6LiC6

It was proven before that bilayer graphene can successfully be intercalated
electrochemically from an electrolyte which does not fully cover the materi-
als surface [95]. This comes along with a variety of new phenomena, some
of which will be presented here. The most important process taking place is
the reversible charge carrier density increase upon lithiation and delithiation,
which was measured in-situ using magnetoresistance measurements. It was
shown that the density increases by at least 2 orders of magnitude up to 2 · 1014

cm−2 [95]. The maximum stoichiometry achievable is C6LiC6. Under the as-
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sumption of full charge transfer, which means that every Lithium ion induces
1 electron in bilayer graphene, the theoretical charge carrier density should in-
crease up to 6.36 · 1014 cm−2 [95]. Due to the in-situ measurement of the charge
carrier density change, the diffusion coefficient of Lithium ion movement was
extracted and it was shown that it reaches a value of 4 · 10−5 cm2 s−1, which is
even higher than the diffusion coefficient of NaCl in water (≈ 2 · 10−5 cm2 s−1)
[119].
According to ex-situ measurements performed by these authors, they were also
able to determine the diffusion path of Lithium ions to be exclusively in be-
tween the two graphene layers [95]. Additionally they have shown that at the
edges of the bilayer graphene devices (and the contact pads), Lithium reac-
tion products are piled up to a height of about 100 nm [95], which is another
prove that intercalation works in such thin devices, as long as Lithium resides
between the carbon layers.

2.4 TEM

Transmission Electron Microscopy (TEM) is a powerful tool which can be used
to investigate thin specimens with high (up to atomic) resolution. Its working
principle relies on the fact that electrons are not only particles, but also electro-
magnetic waves which can interact with matter. As it is the case for optical mi-
croscopy, in TEM lenses are needed for imaging. Since electrons are used, elec-
tromagnetic lenses are utilized. There are three different types of lenses. They
can either focus the beam, form an image (objective lense) or magnify (projec-
tive lenses) the image. All lenses have in common that they suffer from several
imperfections. Astigmatism comes from non-perfect circular lenses which dis-
tort the magnetic field used to deflect the beam. This causes deviations from
rotational symmetry. It can be corrected using quadrupole elements and stig-
mators which generate additional electric fields. Spherical aberration appears
when off-axis electrons are stronger deflected than on-axis electrons. This in-
flicts a spread of the focal point. By using aberration correctors this can be cor-
rected. Chromatic aberration takes place when electrons with different wave-
length are deflected differently, which again results in a spreading of the focal
point. To correct this, a better gun has to be used which emits monochromatic
electrons. There are two gun types available, a thermionic gun with a W fiber
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Figure 2.15: Schematic picture of the CM30 TEM from Philips showing the po-
sition of all lenses used to generate images. The electron gun used here is a
Wehnelt type, from which the electrons travel towards the bottom of the TEM
column, where the image can be seen inside the projection chamber [120].

filament and a LaB6 crystal or a field emission gun (FEG) with a sharp W nee-
dle. The FEG has the lowest energy spread of 0.4 - 1.5 eV [120]. Lower values
of approx. 0.1 eV can only be achieved when using a monochromator [120].
A schematic figure of a CM30 TEM from Philips (one of the oldest TEMs still in
operation) is shown in Figure 2.15. A TEM is built in such a way that at the top,
the electron gun is positioned where the electrons are emitted. They are then
focussed on to the specimen by a condenser system which is composed of dif-
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ferent magnetic lenses and apertures. The electrons interact with the specimen
and continue to travel towards the bottom. Directly below the specimen there
is the objective lens which generates the first intermediate image and diffrac-
tion pattern. The diffraction lens sits underneath that. This lens can either be
focused on the real image or on the diffracted image, which makes it easy to
switch between these two imaging modes in a TEM. Due to this possibility, the
TEM is a unique tool to characterize materials in real and in reciprocal space.
Between the objective and the diffraction lens an aperture can be inserted to
select only a portion of the diffracted beam. This is schematically shown in the
following Figure 2.16. With this it is possible to look at the brightfield image
(BF-TEM) (Figure 2.16 a), where the opening of the aperture is in the optic axis.
Furthermore, dark field images (DF-TEM) (Figure 2.16 b) can be selected by
having the opening of the aperture out of the optic axis. The third possibility
is when the full beam goes through the aperture opening and interferes which
results in high resolution images (HRTEM) (Figure 2.16 c).

Figure 2.16: By changing the position and opening width of the objective aperture,
the imaging modes can be switched. When only a small opening is present inside
the optical axis (a), a bright�eld image is generated where higher frequencies of
the image are cut o�. If the opening is not in the centre of the optical axis (b),
a dark�eld image is generated. With a wide enough opening of the objective
aperture in the optical axis (c), a high resolution image is provided with the
highest possible intensity, even at higher frequencies (adapted from [120].

2.4.1 Aberration-correction

As mentioned before, there are imperfections in electromagnetic lenses. To
compensate for these, correctors have to be implemented into the system. The
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spherical aberration correction in light microscopy is done using a concave dis-
persive glass lens, as shown in Figure 2.17 a. In electron optics, a combination of
two hexapoles and two transfer lenses, as shown in Figure 2.17 b is used, which
produces dispersion that compensates the effect of the objective lens. This de-

Figure 2.17: In optical microscopy, spherical aberration is corrected using a dis-
persive lens (a). To do the same in electron microscopy, a system composed of
hexapoles and transfer lenses is needed as shown in b (adapted from [120]).

velopment has led to a significant improvement in imaging resolution. It was
first successfully introduced in 2000 by H. Rose [121] and was able to achieve
a dispersion effect which compensated the spherical aberration CS. Due to this
development it was possible to increase the resolution down to approx. 0.5
Å and it enabled structural investigations without delocalisation effects which
disturb the transferred information [122, 123]. Furthermore this development
enabled the investigation of samples at lower voltages (below 100 kV) which
is of particular interest for investigating graphitic structures. The threshold for
so-called knock-on damage on graphene layers lies at approx. 90 Å. To avoid
this type of damages, a lower voltage is used [124, 125].

2.4.2 Electron-Matter interactions

As it was mentioned before, the incoming electrons emitted from the gun are
interacting with the specimen under investigation. The electrons can either be
scattered in an elastic or inelastic way.
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Elastic scattering

When electrons interact with the atomic nucleus or the electron cloud around
the nucleus, one speaks of incoherent elastic scattering. The negatively charged
electrons are attracted by the positive potential of the core and therefore the
electron path is deflected, up to the extreme case where its direction of travel
is reverted. One then speaks of back-scattered electrons. The higher the order
number Z of the atom, the higher is its attractive potential (Coulomb force) and
therefore the stronger is the scattering.
If the specimen has a periodic structure, i.e. it is crystalline, coherent scattering
occurs. In contrast to incoherent scattering, where single electrons are deflected
at single atomic nuclei, here the whole electron beam is deflected. Due to con-
structive interference between scattered electron waves in certain directions,
diffracted beams are generated. To describe this phenomenon, the Bragg equa-
tion can be used:

2d sin(Θ) = nλ. (2.15)

Here, d stands for the distance between lattice planes, λ is the wavelength of
the incident beam, n is an integer number and Θ the diffraction angle. Typical
values of the diffraction angles lie between 0 and 1◦, which is very small due
to the high energy and therefore the small wavelength of the electrons [120].
This implies that the reflecting lattice planes are almost parallel to the incom-
ing beam along the zone axis of the crystal. This yields a diffraction pattern
with very distinct spots in reciprocal space.
All interactions between the electron beam and the specimen diminish the in-
tensity of the direct (unaffected) beam. The aperture used for imaging blocks
scattered and diffracted electrons and therefore generates an amplitude con-
trast. The thicker a sample under investigations is, the higher the probability
is for interactions and therefore the image appears darker. When the crystal
orientation is close to the zone axis, most of the electrons are diffracted and
therefore the intensity is also decreased and the image appears darker.
When the diffracted beams interfere with each other and the direct beam, a
phase contrast is generated. If the objective aperture is chosen in such a way
that reflections with frequencies up to the point resolution of the microscope
are collected [120], the resulting electron beam has ideally only interacted elas-
tically with the crystal potential of the specimen. As a result, the measured
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electron beams amplitude and phase are modulated with respect to the incom-
ing electron beam. This contrast contains information about the structure of the
sample material. Due to interactions between the electron beam and the optics
of the microscope, with all its imperfections, a phase contrast transfer function
is introduced. This function describes the intensity distribution and therefore
also the phase shift of the diffracted beam. The complete derivation and expla-
nations regarding this function can be found elsewhere in existing textbooks
(e.g. [120]. As an example, two phase contrast transfer functions (PCTFs) are
given in the following Figure 2.18 for two different electron sources (LaB6 and
FEG) at 300 kV with a spherical aberration coefficient ofCs = 1.15 nm. From the

Figure 2.18: Phase contrast transfer functions for two di�erent electron sources at
300 kV voltage. In a, LaB6 is used, while in b a �eld-emission gun is used [120].

PCTF, the point resolution ∆X of a TEM can be calculated using the equation
[120]

∆X = 0.66 4
√
Csλ3, (2.16)

where Cs stands for the spherical aberration coefficient and λ for the wave-
length of electrons accelerated by the electron source.

Inelastic scattering

In contrast to elastic scattering, inelastic scattering is a process in which energy
from the incident electron beam is transferred to the sample and the electrons
loose energy. This can be measured with regard to the incident beams energy.
The most important scattering event in this context is explained as follows.
Electron energy loss spectroscopy (EELS) can be used to characterize the chem-
ical composition of the specimen under investigation. An electron energy loss
spectrum can be divided into three parts. The zero loss region which mainly
comes from electrons which have not been scattered inelastically, the low loss
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region which is between 0 and 100 eV energy loss and the core loss regions
above 100 eV. The low loss region of the spectrum is mainly determined by
plasmons, which are collective oscillations of electrons. This part can be used
to derive the thickness of the specimen.
The equation used for that is [126, 127, 128]

t

λ
= ln

It
I0

, (2.17)

where t is the thickness of the specimen, λ the mean free path for inelastic scat-
tering. It is the total number of electrons in the EEL spectrum and I0 is the
number of electrons which are unperturbed and therefore do not lose energy
(zero-loss peak). The zero-loss peak value I0 is calculated from the spectrum
of the sample under investigation by only considering the intensity very close
to zero (up to 5-8 eV). The remaining intensity at higher energy losses is cut
off. It is calculated by integrating the whole EEL spectrum of the device under
investigation. The mean free path for inelastic scattering λ is a property which
depends on the material as well as on the electron beam wavelength. For metal-
lic samples, most semiconductors and some insulators, it is calculated using the
following equations [128]:

λ =
106FE0

Em ln(2βE0/Em)
. (2.18)

E0 is the incident energy, β the spectrum collection semi-angle, F the relativistic
factor and Em the average energy loss. F is calculated from

F =
1 + (E0/1022)

(1 + (E0/511))2
, (2.19)

whereas Em is derived experimentally. It can be expressed as

Em = (7.6 eV)Z0.36. (2.20)

Here, Z as the atomic number of the specimen under investigation.
In the core loss region, the intensity drops rapidly and the spectrum exhibits
a continuous background due to a variety of processes which cause unspecific
energy losses. At specific energies, pronounced peaks appear. These corre-
spond to ionization edges which are typical for specific elements. Due to that, a
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qualitative analysis of the chemical composition of the material under investi-
gation can be performed. The ionization process can be understood as follows.
The incoming electrons from the beam transfer enough energy to lift an inner
shell electron from its ground state to the lowest unoccupied energy level. The
amount of energy needed for that process marks the onset of the ionization
edge measured in EELS and is characteristic for every element. Not every tran-
sition is allowed due to the well-structured density of states of a material close
to the Fermi energy. Therefore the intensity distribution close to the ionization
edges (electron energy loss near edge structure, ELNES) shows a fine structure
which can be used to determine additional material properties like, for exam-
ple, the oxidation state of elements under investigation.

2.4.3 FFT images

Figure 2.19: Images from a sample inside a TEM column (b) are generated due
to scattering of incident electrons with the sample. In a, the corresponding lenses
and apertures are shown (simpli�ed). This process can also be described mathe-
matically. In c, the corresponding mathematical steps for such image processing
are given (adapted from [129]).

A diffraction image representing the reciprocal lattice structure is generated in-
side the TEM at the objective back-focal plane after the beam passed through
the objective lens. Mathematically this can also be achieved by applying a
Fourier transformation to the real image. Using a Fast Fourier transformation
approach (FFT) during operation of a TEM, the real space image of the sample
under investigation can be Fourier transformed in real time. Thus, it becomes
possible to monitor the real and reciprocal space image of a sample at the same
time. The back-transformation of the reciprocal space image (Inverse Fourier
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transformation) again yields the real space image. In Figure 2.19 the relation
between real image processing (a) of a sample inside the TEM column (b) and
its mathematical description as mentioned above (c) is given. Due to this rela-
tion, images can easily be processed to gather additional materials information
such as phase-separated images, dark field images or defect structure images
[130, 131, 132, 129]. An example of image quality enhancement is given in Fig-
ure 2.20. The high resolution TEM image is at first Fourier transformed. Then

Figure 2.20: TEM image quality enhancement due to �ltering of the FFT image
and back transformation [129].

a mask is applied to that image which filters spatial frequencies which do not
stem from the crystal lattice under investigation. Afterwards a band-pass filter
can be added to remove background noise and accommodate for inhomoge-
neous illumination. As a last step, the image is back transformed to real space.
One has to pay attention while doing this, since additional features and arte-
facts might be unintentionally introduced.

2.4.4 Indexing di�raction patterns

A diffraction pattern is achieved when the beams diffracted through the lattice
of the crystal under investigation are focussed by the objective lens in the back-
focal plane of the microscope or by doing a Fourier transformation of the real
space image. It directly represents the materials lattice in reciprocal space and
contains all information needed for lattice structure characterization. This in-
cludes the crystallographic structure itself, e.g. face-centred cubic (fcc), but also
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the lattice constants. As mentioned before, Braggs equation is used to calculate
the diffraction angle Θ:

2d sin(Θ) = nλ. (2.21)

As described earlier, d is the lattice plane spacing, the distance between planes
where diffraction occurs. Depending on the crystal structure it must be cal-
culated differently. In the following the equations are given for cubic (Equa-
tion 2.22) and hexagonal (Equation 2.23) lattices [133].

1

d2
=
h2 + k2 + l2

a2
, (2.22)

1

d2
=
h2 + k2

a2
+
l2

c2
. (2.23)

Here, h, k and l are the Miller indices for lattice planes and a and c the lat-
tice constants. A diffraction pattern can have several types, most important are
the ring and spot patterns. Ring patterns stem from multi-crystalline samples,
where diffraction signals from multiple planes oriented differently but with the
same lattice spacing are present. These rings in the pattern still satisfy Braggs
equation, since they stem from the crystal lattice and can therefore be used
to identify phases (or e.g. precipitates) of a material and to determine its lat-
tice constant. In comparison to that, spot patterns exhibit very clear diffraction
spots. These stem from single crystals of sufficient spatial extension in the area
of investigation. They represent planar sections through the reciprocal lattice
perpendicular to the beam direction. These spots can be indexed by the corre-
sponding Miller indices h, k and l and the lattice constant and crystal structure
can easily be obtained. In the following Figure 2.21 an example is given for the
diffraction pattern of a simple hexagonal crystal with all lattice points labelled.
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Figure 2.21: Schematic picture of a hexagonal lattice di�raction pattern. All lattice
points are indicated using the Miller indices as mentioned above.

2.5 Crystal growth

Crystal growth is a nonequilibrium process, at which a starting phase, like a
melt, solution or gas, is transformed into the crystalline solid phase [134]. It
is a dynamic process where matter is transported from a reservoir to a seed,
where crystallization takes place as a result of supersaturation in the surround-
ing media[134].
Crystallization is also occurring naturally, e.g. when sea water evaporates, sea
salt crystallizes [135]. This process in general can be divided into two parts,
nucleation and growth, which will be described in the following.

2.5.1 Nucleation

Nucleation is a first-order transition which means that only the first derivatives
of the thermodynamic potential are changing [135]. The significance of Gibbs’
thermodynamic description [136] was first acknowledged by Volmer and We-
ber in 1926 [137]. When sufficiently large clusters of atoms or molecules in-
side another host material have a lower free energy than the same atoms or
molecules in the host material, nucleation is thermodynamically favourable
and a nucleus forms with a separating interface region. Thus, the key barrier to
nucleation is the free energy cost needed to form nuclei [135].
The driving force for nucleation is the supersaturation, which is given as the
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chemical potential difference between the parent and the new phase, ∆µ > 0.
This difference is defined depending on the starting point and therefore the
route of nucleation. For vapour condensates, the vapour pressure p has to be
considered following [135]

∆µ = kBT ln(p/p∞), (2.24)

where kB is the Boltzmann constant, T the temperature and p and p∞ the actual
and equilibrium vapour pressure. When crystallization occurs from a solution,
the corresponding activities of the solute are to be used instead of the vapour
pressure as follows [135]

∆µ = kBT ln(a/a∞) ≈ kBT ln(c/c∞). (2.25)

Here, a and a∞ are the actual and equilibrium solute activities and since they
are usually taken equal to 1, they can be approximated by the ratio between
actual and equilibrium concentrations c and c∞. Crystallization from melts fol-
lows the expression [135]

∆µ = QM∆T/TM , (2.26)

where QM stands for the molar heat of fusion and ∆T for the undercooling of
the melt, defined as ∆T = TM − T with the melting temperature TM and the
actual temperature T .
If the nucleation is induced by an overvoltage, as it is the case during electro-
chemically induced crystallization, the nucleation driving force is [135]

∆µ = zFη. (2.27)

Here, z is the number of charge exchanged, F the Faraday constant (96,500
C/mol) and η the overpotential, defined as η = e − e0, which is the difference
between electrical potential e applied on the electrochemical system and the
equilibrium potential e0 of the ions in solution [135].
Homogeneous nucleation is the simplest case to be considered. It means that
nuclei spontaneously form in an equally distributed fashion throughout the
whole supersaturated host system. The total Gibbs free energy difference upon
nucleation in a system of N molecules is given as the difference between the
gain of free energy when n molecules are transferred from the supersaturated
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to the new phase and the consumed free energy needed for creation of a new
interface, θ. This is expressed as follows [135],

∆G = Gfin −Gstart = −n∆µ+ θ, (2.28)

where Gfin and Gstart stand for the Gibbs free energy in the final and the start-
ing phase of the process. These are defined as Gstart = Nµmother and Gfin =

(N − n)µmother + nµnew + θ. µmother and µnew are the chemical potentials of the
mother phase and the new formed phase and the difference between them is
∆µ = µmother − µnew > 0. Inserting these yields the equation above. Since the
new formed phase is more stable than the mother phase, the first term (Gfin) is
negative, thus the system tends towards a spontaneous phase transition [135].
If one considers the simplest case of spherical droplets, nucleating from vapour
phase, a basis for other cases can be created. Due to the droplets shape, the
number of molecules is proportional to the third power of the radius, n ∝ r3

and the second term in the above Equation 2.28, θ, is proportional to the sec-
ond power of the radius, θ ∝ r2. According to this, the total free energy can be
plotted as a function of the radius, as seen in the following Figure 2.22. From

Figure 2.22: Total Gibbs free energy ∆G as a function of the nucleus radius r.
The contribution from the droplets shape is plotted as dotted line while the con-
tribution from interface creation is plotted as dashed line. A local maximum ∆G∗

is clearly visible at the critical nucleus radius r∗ [135].

this plot it becomes clear that for small radii, at the starting point of nucleation,
the energy cost due to creation of a new surface is higher than the energy gain.
A local maximum of the total free energy, ∆G∗, exists at the critical radius r∗

(or critical cluster size), which is an unstable state. This implies that when a
nucleus reached its critical size, more energy is gained than consumed during
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growth, which makes it energetically favourable to continue the increase in ra-
dius [135].
When crystal nucleation appears homogeneous, the total surface free energy θ
is defined as θ = Σ(Shklγhkl) with the surface area Shkl and corresponding spe-
cific surface free energy γhkl) of the crystal face. Inserting this into Equation 2.28
above, gives the unified equation

∆G = −n∆µ+ Σ(Shklγhkl). (2.29)

Using the definition that the total free energy is at its maximum at the critical
nucleus size (d(∆G)

dn = 0), the general Gibbs-Thomson equation is obtained

∆µ = Σ

(
γhkl

dShkl
dn

)
. (2.30)

For crystallographically equivalent faces, the previous equation for the total
free energy change can be simplified to

∆G = −n∆µ+ Sγ, (2.31)

where S is the total surface of the new phase and γ the specific surface energy
[135].
In order to determine the rate, at which nuclei are formed, a statistical- thermo-
dynamic approach can be used, according to Volmer [138]. In his approach, the
activation energy is the nucleation barrier. Using a Boltzmann relation between
entropy and probability, the nucleation rate J can be expressed as [138]

J = A exp

(
−∆G∗

kBT

)
, (2.32)

where ∆G∗ stands for the nucleation energy barrier at the critical radius r∗.
A is a pre-exponential factor which can be empirically calculated through the
kinetic derivation of this equation. The nucleation rate depends strongly on the
specific surface energy γ and the chemical potential difference ∆µ through the
relation [135]

∆G∗ = KΩ2 γ3

∆µ2
, (2.33)

where K is a shape-dependent coefficient (e.g. 16π/3 for spheres) and Ω is the
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volume of the crystal building block.
Currently it is still under investigation if the nuclei structure is the same as in
the bulk phase. Some believe, that it differs significantly (e.g. [139] or that
they exhibit a fractal structure (e.g. [140] . In order to solve nucleation prob-
lems, molecular dynamics or Monte Carlo simulations can be conducted (e.g.
[141, 142]. The approach mentioned above can be used to describe nucleation
at low supersaturations. At high supersaturation, it was pointed out by Wal-
ton and Rhodin, that an atomistic approach is more suitable [143, 144, 145].
They investigated vapour deposition of thin films at high impingement rates
and claimed that point defects on the surface of crystals can act as traps for
adatoms which function as centres for growth. Furthermore even single atoms
can act as nucleation sites [146].
In the case of electrochemical induced nucleation, an atomistic approach has
also been applied previously. Here, high overvoltages are present and it was
observed that the relation between the critical nucleus size r∗ and the difference
in chemical potential ∆µ is not linear but stepwise (e.g. [147, 148]) and thus an
interval of supersaturation can be observed. With increasing nucleus size this
interval becomes smaller.
In the first calculations of the total energy fluctuation needed for nucleation
[149, 138], the effect of conformational entropy was neglected which means
that the nucleus shape does not depend on the temperature. Later this effect
was included in calculations which showed that only at T = 0 K the nucleus
is completely polygonized and becomes rounded with increasing temperature
[150].
Described before was the case of homogeneous nucleation, occurring every-
where on the specimen with the same probability. Since this case seldom takes
place, heterogeneous nucleation is looked at. It takes place at locations which
offer a foreign surface inside the host material such as impurity particles, de-
fects, interfaces to adjacent materials such as the surrounding container, etc
[135]. For example, the case of nucleation from a liquid droplet at the interface
between two bulk liquids and a solid can be considered [138]. The total free
energy required for nucleation is

∆G∗hetero = ∆G∗homo(0.5− 0.5 cos(β)− 0.25 sin2(β) cos(β)), (2.34)
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with ∆G∗homo being the free energy required for homogeneous nucleation of
spherical drops and β being the wetting angle. Two extreme cases can be dis-
tinguished, either complete wetting (β = 0), where ∆G∗hetero = 0 and thus nu-
cleation has only a very small energy barrier, or complete non-wetting β = π.
In that case, ∆G∗hetero = ∆G∗homo and therefore the substrate has no influence. In
every other case, where β lies between 0 and π, heterogeneous nucleation takes
place with a lower energy barrier than needed for homogeneous nucleation.
Nucleation occurs at active sites with a given rate. This rate dN∗

dt can be cal-
culated according to the following equation, if equal activity of the sites is as-
sumed [146].

dN∗

dt
= J ′(Na −N∗), (2.35)

where Na and N∗ are the density of active sites and the number of nuclei and
J ′ is the nucleation frequency (in 1/s). As can be seen, this rate depends on the
number of the active sites which are not yet occupied, Na−N∗. Integrating this
equation leads to the expression

N∗ = Na[1− exp(−J ′t)]. (2.36)

From this it becomes clear that due to the exponential behaviour, the ratio be-
tween active sites and number of nuclei of 1/100 is already achieved after 5/J ′,
which is 5 times the process time constant and after prolonged time the number
of nuclei approaches the initial number of active sites.
Despite the assumption before, active sites for nucleation can have different ac-
tivities [151], since even in single crystals the surface is not homogeneous due
to e.g. defects, impurities or inclusions. These can locally change the chemical
potential and are thus possible nucleation sites.
The most important requirement for nucleation at any site is supersaturation.
With an increase in the systems total supersaturation, even less active sites be-
come nucleation centres since the more active sites are already consumed.
The nucleation theorem goes back to Gibbs initial thermodynamic nucleation
theory [136]. His simple relationship led to the following equation by Kashchiev
and Oxtoby [152, 153, 154, 155] which gives a relation between critical nucleus
size and the nucleation rates dependence on the supersaturation.

n∗ ≈ kBT
d(ln J)

d(∆µ)
+ α1, (2.37)
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where n∗ is the number of molecules to form nuclei of critical size r∗, J is the
nucleation rate and α1 a correction factor with values between 0 and 1. This
equation relies on experimental data for J and is thus helpful for experimenters
and it does not depend on nucleus shape or size [152, 153].
The attachment and detachment of molecules at the nucleation site is a random
process continuing until a critical nucleus size is achieved [156] and thus the
rate of nucleation is a random quantity. Therefore it falls under the laws of
probability and can be calculated. Nucleation itself is considered a sequence of
independent random events happening in a fixed time interval. The probability
PM to find M such events in a given time interval t can be expressed using
Poisson formula [156] according to

PM = [NM exp(−N)]/M !, (2.38)

where N stands for the number of nucleation events which are expected to
appear in the time interval 0 to t. Using the assumption that supersaturation
stays constant and solving the equation above leads to an expression for the
probability of the formation of at least one nucleus, M = 1, as follows.

dP≥1 = Jst exp(−Jstt)dt, (2.39)

with Jst being the steady-state nucleation rate. By integrating this equation, the
following is obtained,

P≥1 = 1− exp(−Jstt), (2.40)

which directly gives the relation between the probability and the nucleation
rate. This equation can be rewritten in such a way that the mean expectation
time for the formation of at least 1 nucleus T1 as follows

T1 =

∫ ∞
0

tdP≥1 = 1/Jst. (2.41)

This equation makes it clear that the mean formation time is the reciprocal of
the steady-state nucleation rate [156]. This quantity is, as shown above, random
but nevertheless offers valuable insights in the kinetics of the nucleation pro-
cess [157] and can further be implemented in more detailed theoretical descrip-
tions. This can be found extensively in the literature and is thus not presented
here.
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2.5.2 Growth

The term crystal growth or crystallization refers to the process of small crystals,
nuclei as described in the previous section, growing in size. It is considered a
phase transformation either from the liquid or gas phase into the solid phase.
When the solid phase and non-solid phase are shifted away from equilibrium
due to a temperature difference, heat flows as a response, while a difference in
chemical potential µ leads to a mass flow as response. For small differences,
this response can be linear, proportional to the shift, but sometimes the system
can also respond non-linear during crystal growth [158].
Growth can occur in two different directions, either normal to the nucleus local
surface orientation or lateral to it. The nature of the surface plays an important
role in determining which growth direction will be preferred. If the surface is
rough, kinks exist everywhere and thus the growth direction will be normal to
the surface orientation. On the other hand, lateral growth occurs when the sur-
face is smooth or faceted. This implies that there are very few kinks which are
present at steps in the crystal. While the crystal grows, this step is moved for-
ward with the growth front and thus the facets become larger and one speaks
of lateral or layer growth [158].
The driving force for transfer of molecules from solution to a crystal is the
change of Gibbs free energy (∆G0

cryst) [159]. It consists of the enthalpy (∆H0
cryst)

and entropy (∆S0
cryst),

∆G0
cryst = ∆H0

cryst − T∆S0
cryst. (2.42)

The supersaturation in solution and thus the difference in chemical potential
acts as driving force for nucleation and follows the equation

∆µ = RT ln

(
γc

γece

)
, (2.43)

where c is the concentration of atoms in solution and ce its equilibrium con-
centration (which is the solubility). γ and γe are the corresponding activity
coefficients, R is the universal gas constant and T the temperature.
From solution there are different possibilities for atoms to crystallize, either by
direct incorporation at kinks or steps at the outline [150, 160] or by adsorp-
tion to the crystal outline followed by diffusion towards the kinks or steps
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[138, 150, 161]. If supersaturation is small, the Gibbs free energy for nucleation
is large and thus the nucleation rate is basically zero [158]. With increasing
supersaturation, the energy decreases and therefore nucleation is more likely
to happen. This then leads to growth of crystal facets. In the case of small
facets, the crystal expands in every direction simultaneously because the newly
formed nucleus spreads through the whole facet. At larger facets, growth oc-
curs in preferred directions, since there are multiple nucleation sites throughout
the facet and thus it is considered multinucleation growth [158].
As mentioned before, crystal growth occurs due to transport of atoms from the
surroundings to the nucleus by diffusion and incorporation of these atoms. The
driving force for diffusion is a gradient in chemical potential between solid (nu-
cleus) and the surrounding environment. This potential difference is reduced
due to mass transport and heat transport in the opposite direction will take
place simultaneously, which in return determines the growth velocity.
To determine the growth velocity v, we consider the case of solution growth,
where the rate-determining process is the coupling between mass transport
and atom (or molecule) incorporation. The following equations hold for the
transport of mass [158].

v = vsκ(c1 − ceq) = vsDň∇c, (2.44)

with κ being the kinetic coefficient, vs the inverse of the solid density, c−1
s , and c1

and ceq the concentrations initially and at equilibrium. ∇c is the concentration
gradient, D the diffusion constant and ň the unit normal vector of the growth
site.
The mass diffusion can be described using

δc

δt
= D∇2c. (2.45)

Considering the simplest case, a constant nucleation and growth rateR, the vol-
ume V (t, τ) of an isotropically growing crystal from a melt follows the equation
[162]

V (t, τ) =

(
4πR3

3

)
(t− τ)3, (2.46)

where τ is the time at which a nucleus is formed and t the actual time. Since
the mass used up during growth stems from the surrounding melt, the total
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crystals volume V (t) is

V (t) =

∫ t

0

v(t, τ)Nv[V0 − V (τ)]dτ, (2.47)

with Nv being the nucleation frequency and V0 and Vτ the volume of the melt
initially and at time τ . Solving the integral leads to the following solution

V (t) = 1− cosh(xt) · cos(xt), (2.48)

with x as a substituent for
x4 = 2πNvR

3. (2.49)

Since impingement of growing crystal is not considered in this equation, it be-
comes clear that it only holds in the beginning of crystallization. To access
this problem, Johnson, Mehl, Avrami and Kolmogorov provide us with an ad-
vanced model (JMAK model) [163, 164, 165, 166, 167]. The crystals volume in
this model follows the equation

V = 1− exp
(
−π

3
NvR

3ty
)
. (2.50)

The exponential factor y depends on the type of growth. For three-dimensional
growth, y takes values between 3 and 4, for two-dimensional between 2 and 3
and for one-dimensional between 1 and 2 [168] . For a derivation of this equa-
tion, references from Johnson and Mehl [164], Avrami [165, 166, 167] and Kol-
mogorov [163] can be read. It is worth to note that Johnson, Mehl and Avrami
use a geometric approach, starting with the overlap of different crystal grains,
while Kolmogorov uses a probabilistic approach. Both yield the same final
equation and hence the model carries all of their names.
The driving force for crystallization from melt is undercooling below the melt-
ing point. This minimizes the Gibbs free energy. During growth, atoms or
molecules from the surrounding melt are incorporated in the already grown
crystal grain at the interface between melt and crystal. The crystallization rate
R can be expressed with the Wilson-Frenkel formula which reads [169, 170]

R = aν exp

(
− Ed
kBT

)[
1− exp

(
− ∆µ

kBT

)]
, (2.51)
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with a the atom radius, ν the vibration frequency of atoms in the melt and ∆µ

the difference in chemical potential of the liquid and solid phase. Using the
Einstein-Stokes relation, the equation above can be rewritten as

R = κ

[
1− exp

(
− ∆µ

kBT

)]
, (2.52)

with the kinetic coefficient κ defined as

κ =
kBT

6πa2η
. (2.53)

Here, η is the liquid viscosity. For the simplest case of only small undercooling,
R becomes approximately

R ≈ κ
∆µ

kBT
∝ ∆T (2.54)

and thus it is shown that it is proportional to the undercooling ∆T .
The above equations assume ideal conditions. The crystallization rate in gen-
eral is controlled by three processes: surface kinetics, chemical diffusion and
heat conduction [169, 170]. Surface kinetics determine how atoms at the liq-
uid/solid interface are incorporated into the crystal, chemical diffusion deter-
mines the atom transport towards this interface and the heat conduction deter-
mines how fast heat, which is released during crystallization, is removed from
the interface. The ideal growth rate only holds if all processes are fast. Other-
wise, the slowest process determines the total crystallization rate.
Crystal growth is a complex process which can be modelled with sufficiently
large calculation power. An example for a model system is the growth starting
from a facet which in return requires nucleation of two-dimensional clusters.
One of the most effective models which can be used to match diverse proper-
ties of the crystals under investigation is based on Monte Carlo simulations of
kinetic lattice models. It has been successfully used before to study e.g. crys-
tal growth on close-packed surfaces [171, 172, 173]. The advantage of such a
model lies in the simplicity of the simulated events and thus fast computation
while maintaining accurate atomic diffusion rates and other growth mecha-
nisms [174].
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2.5.3 In-situ observation of crystal growth

Direct observation of crystal growth provides very helpful insights into the
physics behind the process. To do so, various methods can be used, such as
scanning tunnelling microscopy (STM) [175], which gains insight with atomic
resolution, or scanning electron microscopy (SEM), which can, for example,
in-situ monitor the crystal growth obtained by molecular beam epitaxy [176,
177, 178, 179, 180, 181, 182, 183]. SEM has the advantage that it can be eas-
ily incorporated in a MBE system and it has low requirements to geometries
of beam sources and electron gun [184]. Additionally, it provides a wide field
of view to monitor the process on a large scale [185, 186, 187, 188]. Another
easy, non-destructive possibility for in-situ monitoring the growth process are
optical measurements. They can not only directly observe phenomena at the
surface [189], but they can also map the properties of the surroundings of a
growing crystal, such as temperature or concentration fields and gradients in
these [189]. Using principles of tomography, even three-dimensional properties
can locally be reconstructed during growth [190, 191, 192].

47



3 Fabrication of devices

3 Fabrication of devices

Fabrication of high quality devices is essentially important to achieve very good
measurement results. In the following it is described how the samples pre-
sented in this thesis are made. At first, substrates have to be cleaned and coated
with resist. Then bilayer graphene flakes are exfoliated from bulk graphite and
they are identified using optical microscopy and Raman spectroscopy. Using
a dry transfer technique, the flakes are then transferred to the desired final
substrate and processed to measurable devices. This is done with the help
of electron beam lithography, plasma etching and contact metal evaporation.
To enable electrochemical measurements, an electrolyte is added to the device
and an insulating capping layer is evaporated. To obtain atomic resolution for
imaging, the finished devices are cleaned in-situ inside a TEM column using a
current-annealing technique.

3.1 Preparation of substrates

In general, except for Raman spectroscopy, fabrication of samples is performed
inside a cleanroom to prevent contaminating the devices with dust. Through-
out this thesis there were two kinds of substrates used. The one serving as
a starting point is a 600 µm thick Silicon substrate, terminated with 300 nm of
thermally grown SiO2 and lateral dimensions of 2 x 2 cm. The second substrate,
used for measurements inside the TEM, is a 300 µm thick Silicon substrate, ter-
minated with Si3N4 and lateral dimensions of 0.8 x 0.333 cm. Furthermore,
these substrates already have pre-patterned contact leads from the bondpads
to the sample position, buried under the Si3N4 layer. A schematic of this sub-
strate is given in Figure 3.1.
In order to fabricate devices with high quality, the substrates, on which they are
to be made, have to be prepared first following the procedure described below.
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Figure 3.1: Schematic of a substrate used for measurements inside the TEM cham-
ber. The contact leads are buried under a Si3N4 layer to prevent short circuits
with the TEM holder. In the central area there is a 40 x 40 µm wide membrane
area with a hole with a diameter of 1 µm.

3.1.1 Cleaning procedure

As a first step of device fabrication, the substrates have to be cleaned prop-
erly. This is done by placing them in beakers filled with acetone heated up
inside a 55◦C warm water bath. They are kept inside the warm acetone for 12
minutes to ensure that the solvent fully cleaned the surface from any organic
contaminations. For improved cleaning results, the procedure can be assisted
by ultrasound cleaning. This should only be used for the 2 x 2 cm substrates
mentioned first since these are mechanically strong enough. The second sub-
strates mentioned, used for TEM measurements, have a thin membrane Si3N4

membrane in the central area, which may get destroyed when exposed to ul-
trasound. After keeping the substrates for 12 minutes inside the warm acetone,
the substrates are taken out from the beaker and transferred to another beaker
filled with fresh acetone and the (ultrasound) cleaning process is repeated again
for a total of four times. Afterwards, the substrates are transferred into a fresh
beaker filled with iso-propanol and they are cleaned again for 12 minutes. Sub-
sequently, the substrates are taken out of the iso-propanol beaker and blown
dry using a nitrogen (5.0 purity) gun. To finalize the cleaning process, the sub-
strates are put onto a glass plate and exposed to an O2 plasma inside a Pico
plasma system from Diener Plasma-Surface-Technology. The parameters used
are a pressure of 0.35 bar (around 14 sccm O2 gas flow), 200 W plasma power, an
excitation frequency of 13.45 MHz and a total plasma duration of 20 minutes.

3.1.2 Coating

For later use of the so called dry transfer (see subsection 3.3.1), the 2 x 2 cm
substrates have to be coated with a double layer resist. The bottom layer has
to be water-soluble, the top layer has to be stable enough to float in water and
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mechanically support the exfoliated bilayer graphene. The resists used for this
purpose are PVA (9,000 - 10,000 g/mol molecular weight, 5 % solution in H2O)
as bottom layer and PMMA (AR-P 641.05 from Allresist: 200,000 g/mol molec-
ular weight, 5 % solution in chlorobenzene) as top layer. The PVA layer is first
drop-casted onto the substrate and then spin-coated at 6,000 rpm for 40 sec-
onds. The substrate is then baked at 130◦C for 2 minutes on a hotplate. This
temperature was chosen in order to prevent the PVA from undergoing a phase
transition towards a water-insoluble phase. After baking the substrate covered
with PVA, PMMA is drop-casted onto the substrate. It is then spin-coated with
a two-step program at first at 3,000 rpm for 5 seconds and then at 8,000 rpm for
30 seconds. Then, the substrate is again baked at 130◦C for 2 minutes.

3.2 Isolation and identi�cation of bilayer

graphene �akes

Creating bilayer graphene devices starts with thinning down natural graphite
using scotch tape. This is schematically shown in panels a and b of Figure 3.2.
Such a thin graphitic flake is then transferred onto a suitable substrate (c) and
identified using optical microscopy. The exact number of atomic layers has to
be determined using Raman spectroscopy (d). In this section, that procedure is
described in detail.

3.2.1 Exfoliation from natural graphite

The isolation of bilayer graphene from natural graphite is the starting point for
the fabrication of the devices investigated throughout this thesis. To do that,
the method of mechanical exfoliation is used, which was first developed by
Novoselov and Geim in 2004 [2]. A piece of natural graphite, purchased from
NGS Naturgraphit GmbH, is glued onto a stripe of scotch tape (Magic tape, se-
ries 810 from Scotch/3M). A second stripe of scotch tape is glued against that
stack to form a sandwich with graphite in the middle (Figure 3.2 a). The adhe-
sion between tape and graphite is enhanced by gently pressing the whole stack
together. Afterwards, the stripes are pulled apart from each other, resulting in
thinner layers of graphite on each of the stripes (Figure 3.2 b). This process
is repeated until some transparent greyish areas can be identified on the tape.
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Figure 3.2: Schematic representation of the isolation of bilayer graphene �akes
from bulk graphite in order to create devices of this material. In a and b, the
process of mechanical exfoliation is shown. Initially a piece of natural graphite
is glued on a scotch tape. Another piece of tape is glued on the opposite site to
create a sandwich (a). Both tapes are gently pressed together and peeled o� (b).
This process is repeated several times until the remaining graphite piece on the
tape becomes greyish transparent. This transparent �ake is pressed on top of a
substrate (c), coated as described in subsection 3.1.2. To identify bilayer graphene,
Raman spectroscopy is used (d). From the distinct shape of the 2D Raman peak
the amount of layers can be determined (see subsection 3.2.3 for details).

These regions most likely yield thin flakes with a thickness down to monolayer
graphene.
After identifying these greyish regions, the tape is gently pressed for 1 - 2 min-
utes onto the 2 x 2 cm substrates coated with the double layer of resist (PVA
and PMMA as described before in subsection 3.1.2) and afterwards carefully
removed again (Figure 3.2 c). The tape is placed in such a way that the identi-
fied greyish area is roughly in the centre of the substrate. Prior to placing the
tape, the coated substrate is heated up to 130◦C to improve adhesion between
resist and graphene. By chance, some of the layers are transferred from the tape
to the resist on the substrate.

3.2.2 Optical microscopy

As was mentioned, only by chance some layers are transferred to the resist sur-
face. To search for these thin layers of graphite, especially for bilayer graphene,
optical microscopy is used. Since a single layer of graphene is considered to be
only d1 = 0.34 nm thick, which is the extension of the π orbitals out of plane,
[193] and it has no band gap, it is opaque. Due to extension of the optical
light path, an optical contrast with respect to the substrate is created. Hence,
graphene becomes visible on suitably chosen substrates. To calculate the con-
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trast of graphene on top of an oxidized Si substrate, Fresnel’s law can be used.
The model to calculate the contrast consists of light incidence from air with the
refractive index n0 = 1 onto a stack of graphene, SiO2 and Si. It is assumed that
the silicon substrate is semi-infinite and that the refractive index of silicon n3(λ)

and of the insulating layer of SiO2 n2(λ) are dependent on λ, the wavelength of
the incident light. The SiO2 layer thickness is given by d2. The refractive index
of graphene was taken as n1(λ) = 2.6 - 1.3i, which is the same as the refrac-
tive index of graphite, and also depends on the wavelength λ. The following
equation (2.1) is used to calculate the intensity of the reflect light [194]:

I(n1) = |(r1e
i(Φ1+Φ2) + r2e

−i(Φ1−Φ2) + r3e
−i(Φ1+Φ2) + r1r2r3e

i(Φ1−Φ2)

×ei(Φ1+Φ2) + r1r2e
−i(Φ1−Φ2) + r1r3e

−i(Φ1+Φ2) + r2r3e
i(Φ1−Φ2))−1|2,

(3.1)

with the phase shifts Φ1 and Φ2, which stem from the changes in the optical
path [194]:

Φ1 =
2πn1d1

λ
,

Φ2 =
2πn2d2

λ
.

(3.2)

The relative indices of refraction, r1, r2 and r3 are calculated by [194]:

r1 =
n0 − n1

n0 + n1

,

r2 =
n1 − n2

n1 + n2

,

r3 =
n2 − n3

n2 + n3

.

(3.3)

To finally calculate the contrast, the following equation (2.4) is used [194]:

C =
I(n1 = 1)− I(n1)

I(n1 = 1)
. (3.4)

The outcome of the calculations can be seen in Figure 3.3, which is a colour
plot of the contrast of graphene as a function of the SiO2 layer thickness and
the wavelength of the incident light. Using standard white light, which is a
mixture of all visible wavelengths between 400 and 700 nm, the contrast of
graphene is increased at nearly all SiO2 thickness, except for thickness below
30 nm and at approx. 150 nm. Standard substrates used in our laboratory have
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Figure 3.3: Contrast of graphene on top of a Si substrate terminated with SiO2.
The contrast is colour plotted (colour scale given on the right) as a function of
wavelength λ of the incident light and SiO2 thickness of the substrate [195]. As
can be seen from the plot, the contrast is at a maximum for a thickness between
80 and 100 nm and between 200 and 300 nm.

a SiO2 thickness of either 90 or 300 nm, which are both suitable to find graphene
using white light. Since we coat the substrates for later use of the dry transfer
method with a resist, which has a total thickness of approx. 300 nm, a termi-
nation layer of SiO2 for the silicon substrates with a thickness of 300 nm was
chosen throughout this thesis.
After successful exfoliation of graphite and transfer of thin flakes to the resist
coated substrates, one has to find a suitable bilayer graphene flake. Exfoliation
gives a random distribution of graphitic material of any thickness throughout
the whole substrate. In order to find a suitable graphene bilayer, the substrate
has to be scanned using an optical microscope (Axio Imager.M2m from Carl
Zeiss Microscopy GmbH). In the following Figure 3.4 an example is given for
such a flake on top of the substrate. In the left image, a flake with different
graphene thickness (layer number is given in the respective area), which is con-
nected to a thick piece of graphite, is shown. On the right, two bilayer graphene
flakes are shown, but the underlying thickness of the SiO2 layer is only 80 nm,
which makes it hard to see and also leads to a green background colour.

3.2.3 Raman spectroscopy

After finding a suitable flake by optical microscopy, its thickness has to be de-
termined. From the contrast in optical microscopy, one can not reliably distin-
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Figure 3.4: Exfoliated graphene �akes on a substrate with a 300 nm SiO2 layer
(left) and a 80 nm SiO2 layer (right). In the left image there are four areas with
di�erent graphene thickness visible, labelled with the number of layers.

guish monolayers from bilayers or even thicker layers. Therefore, Raman spec-
troscopy is used to determine the thickness, since the resulting Raman spec-
trum depends very much on the number of atomic layers of the investigated
material. The Raman spectrum of bilayer graphene has a very distinct signature
which makes it easy to differentiate it from monolayers and multilayers. The
effect behind Raman spectroscopy is named after C. V. Raman who discovered
it in 1928 [196] and describes the inelastic scattering of light by matter. During
this method, the investigated sample is illuminated with monochromatic light
(e.g. laser light). The intensity and wavelength of the scattered light can than
be analysed with respect to the incident beams intensity and wavelength. Pho-
tons from the incident beam can excite an electron of the system to a virtual
state which is not an eigenstate of the system. This then leads to creation of an
electron-hole pair, which interacts with the system by creating or annihilating
excitations such as phonons. The virtual state of the electron is unstable and
will therefore decay. This leads to a recombination of the electron-hole pair and
thereby to emission of light [197].
The energy difference between the incident and the scattered light is called Ra-
man shift and is usually given in wave numbers (in cm−1). Depending on the
interaction of incident photons with phonons of the specimen, this process can
either lead to an increase of the scattered lights energy (blue shift) with respect
to the incident beams energy, a decrease (red shift) or it stays the same as before,
which means that it was scattered elastically. Therefore, Raman spectroscopy is
very sensitive to lattice vibrations, which makes it a very useful tool to investi-
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Figure 3.5: Left: Raman spectra of graphite and graphene. Two very distinct
peaks can be seen in both cases, the G peak at 1582 cm−1 and the 2D peak at
2600 - 2800 cm−1. Right: Comparison of the shape of the 2D peak for di�erent
thickness and two di�erent laser excitation wavelengths [198].

gate the lattice structure of materials.
Due to the specific energy transfer from different phonons, sp2-coordinated
(graphitic) carbon shows very clear peaks in the Raman spectrum as can be
seen from the left panel in Figure 3.5. The first peak is located at 1582 cm−1 and
is called G-peak. It stems from first-order scattering where only one phonon is
involved in the process. Furthermore it is a resonant scattering event since the
electron is excited to an eigenstate of the system and not to a virtual state. It is
then scattered with a phonon from the in-plane bond stretching vibrations of
the lattice while conserving its momentum and afterwards relaxes into a state
with a lower energy while emitting light with the observable Raman shift of
1582 cm−1. A second peak which is very easy to identify is the so-called 2D
peak in the range between 2600 and 2800 cm−1. It has a very characteristic
shape and is therefore commonly used to determine the amount of AB-stacked
graphene layers. As can be seen from the right panels in Figure 3.5, the shape
of this peak changes with a change of layer thickness up to a maximum of 10
layers, upon which it is no longer distinguishable from multilayer graphene
(graphite). Furthermore it is clearly visible in the right panels of Figure 3.5,
which are taken at 514 nm and 633 nm incident laser wavelength, that the 2D
peak is dispersive, which means that its shape depends on the wavelength of
the incident beam [199]. The origin of these peaks comes from double reso-
nance scattering [200] which is a second-order scattering process. In order to
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explain this process, the band structure of graphitic materials, highly depend-
ing on the number of atomic layers, has to be taken into account. Therefore
it becomes clear that this peak can be used to determine the thickness of the
graphitic material under investigation.

Figure 3.6: The origin of the 2D peak in the Raman spectrum of bilayer graphene.
Left: Band structure of monolayer graphene. An electron is �rst excited from a to
b at the K point and then scattered to c at the K' point. Right: Bilayer graphenes
bandstructure with the four possible scattering routes. Electrons are �rst excited
from the inner/outer valence band edge to the inner/outer conduction band edge
of the K point. From there they are scattered to the inner/outer conduction band
edge of the K' point [198].

In the case of monolayer graphene, as shown on the left in Figure 3.6, the inci-
dent photons first create an electron-hole pair. An electron in the vicinity of the
K point is excited from the valence (a) to the conduction band (b) while main-
taining its momentum. This is a resonant transition since the electron involved
is excited into an eigenstate of the system and not into a virtual state. The ex-
cited electron is then scattered inelastically with a phonon with momentum q

to a state in the vicinity of the K’ point on the conduction band (c) and back-
scattered by a phonon with momentum −q to its excited state in the vicinity of
the K point (b). It relaxes back to its original state (a) under resonant conditions
where the electron-hole pair recombines.
Raman scattering in bilayer graphene follows a very similar path as in mono-
layer graphene. It is depicted in the right panel of Figure 3.6. As in a monolayer,
an electron-hole pair is generated as a first step. Since bilayer graphene has two
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bands, there are also two possibilities for this process. The electron from the in-
ner (outer) valence band is then excited to the inner (outer) conduction band,
from which it has again two different possibilities to scatter. An excited elec-
tron from the inner conduction band in the vicinity of K can either be scattered
to the outer (q1A) or inner (q1B) conduction band around K’. The same possibil-
ities hold for excited electrons from the outer conduction band (q2A and q2B),
leading to a total of four possible scattering trajectories, depending on the mo-
mentum of the phonon involved in the process. Therefore the 2D peak in the
Raman spectrum consists of four single peaks which merge into one broader
peak, with substructure as it is shown in Figure 3.7. Furthermore it can be
noted that two of the single peaks have a higher intensity, namely those from
the scattering events with phonons of momentum q1A and q2A (i.e. from the
inner conduction band edge of K to the outer conduction band edge of K’ and
vice versa, highlighted with bold arrows in Figure 3.6).

Figure 3.7: Raman 2D peak of bilayer graphene at two di�erent excitation wave-
lengths [198]. The four �tted components of the Raman line are also shown in
green. The 2D1A and 2D2A components contribute the highest intensity.

In Figure 3.8 a typical Raman spectrum of an exfoliated bilayer graphene flake
is displayed. The two important Raman lines, G and 2D, are labelled. The flake
was processed as described before and the spectrum was taken with a confocal
Raman spectrometer from NT-MDT (NTEGRA), using a laser excitation wave-
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length of 488 at 1 mW of laser power and an exposure time of 10 seconds.

Figure 3.8: Typical Raman spectrum of bilayer graphene obtained for a 488 nm
excitation wavelength. The two very distinct peaks are labelled as G (1582 cm−1)
and 2D (2600 - 2800 cm−1). Due to its characteristic shape the latter is used to
di�erentiate bilayer graphene from monolayer graphene or multilayer graphene.

3.3 Device processing

3.3.1 Transfer to the �nal substrate

After finding a suitable bilayer graphene flake, it has to be transferred onto the
final substrate suitable for measurements inside the TEM (or suitable for trans-
port measurements inside a cryostat). To do that, a dry transfer method is used
[58]. This method has the advantage that the bilayer graphene flake can be posi-
tioned precisely on the target substrate and that the surface of graphene is never
in contact with any liquid such as water, acids or polymers. During this process,
the sample is flipped upside down, thus the surface mentioned here represents
the interface between the target substrate and the bilayer graphene flake. Due
to this method, the adhesion between substrate and bilayer graphene flake is
increased and no molecules might be trapped under it, yielding improved qual-
ity. First demonstrated in 2010, when graphene was transferred onto a flake
of hexagonal Boron nitride (h-BN), it was proven that this method indeed in-
creases the quality of graphene significantly. As described before, a substrate
is spin-coated with a water-soluble resist (PVA) and afterwards with a layer
of PMMA. The graphene is exfoliated and transferred onto the PMMA layer
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and identified as bilayer graphene using Raman spectroscopy. A plastic frame
(thickness of 300 µm) with a cut-out (roughly 1.3 x 1.3 cm) in the centre is glued
on top of the PMMA layer with double-sided tape (Figure 3.9 a) so that the bi-
layer graphene flake is roughly centred in the cut-out. This whole stack is then
put into a beaker filled with water (Figure 3.9 b). The plastic frame ensures that
the stack is floating on the water surface. After waiting for a minimum of 3
hours, the water-soluble layer is dissolved and the bare substrate sinks to the
bottom of the beaker. A membrane of PMMA with graphene on top glued to
a plastic frame remains floating on the water surface (Figure 3.9 c). This can
then be fished up with a tweezer, flipped upside-down and glued to a metal
holder. This holder is screwed to a transfer stage under a microscope. For that
purpose, a VHX-5000 microscope from Keyenze with a VH-Z100R objective is
used. This system has the advantage that it has a large working distance and
the focus point can be precisely controlled. The desired target TEM substrate
is placed on a heating stage under the microscope. This stage can be moved
independent from the microscope stage using micrometer screws controlled by
piezo motors. The metal holder with the plastic frame glued to it is screwed
to another piezo motor controlled stage above the substrate. Using this piezo
motor, the distance between graphene and the substrate can be reduced (Fig-
ure 3.9 d).
The position of the substrate and the flake to be transferred are aligned with re-
spect to each other as an initial step using the piezo motor controlled stage. The
substrate is heated to around 100 ◦C to remove any remaining water molecules
from the backside of the PMMA membrane and to increase the adhesion of the
PMMA layer and the bilayer graphene flake to the substrate. The flake is then
lowered towards the substrate. Using the focal point of the microscope, the
height of the flake with respect to the substrate can be easily checked and con-
trolled. While lowering the flake, the alignment between flake and substrate
is always checked and corrected if needed in order that the flake touches the
substrate at the desired position. After the transfer is completed, the remaining
PMMA membrane is cut off from the plastic frame and the substrate is cooled
down to room temperature again. To further increase the adhesion between
the substrate and bilayer graphene, the substrate is afterwards slowly heated
to 160 ◦C on a hot plate, kept at that temperature for around 10 minutes and
finally cooled down slowly to room temperature (Figure 3.9 e).
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Figure 3.9: Schematic visualisation of the dry transfer process used for positioning
the bilayer graphene �ake on top of the desired substrate. At �rst (a), a plastic
frame with a cut-out in the centre is glued on top of the resist coated substrate.
This stack is then placed �oating inside a water-�lled beaker (b) and after a min-
imum of 3 hours waiting time, the substrate sinks to the bottom, leaving behind
a �oating PMMA membrane with bilayer graphene on top (c). This membrane is
�ipped upside down and transferred to a TEM suitable substrate (d) so that the
bilayer graphene �ake is at its desired position (e).

3.3.2 Structuring the device

In order to measure the magneto-transport properties, the flake needs to be pat-
terned into a standardized geometrical shape. The most widely used geometry
is the Hallbar. The resist (PMMA) on top of the bilayer graphene flake is a pos-
itive electron beam resist and therefore it can be developed into an individual
mask for the bilayer graphene flake by using electron beam lithography. For
this resist an electron beam dose of 450 µC/cm2 yields good results. After elec-
tron beam exposure, the resist is developed by immersing it into a MIBK:IPA
(1:3) solution for 30 seconds and into IPA for 1 minute to stop the development
(Figure 3.10 a).
The sample with the patterned resist mask is then put into a plasma cham-
ber. By using an O2-plasma, the exposed bilayer graphene areas on top of the
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substrate are etched away. The conditions used for that purpose are 0.35 bar
chamber pressure (around 14 sccm O2 gas flow), 200 W plasma power with a
duration of 15 seconds. The plasma process is repeated three times with a wait-
ing time of 5 minutes in between the plasma pulses to let the resist cool down.
Using this method, the graphene bilayer is patterned into the desired shape
and isolated from adjacent graphene or graphite pieces (Figure 3.10 b). To re-
move larger graphite parts from the substrate, additional fabrication steps are
required.

Figure 3.10: Schematic of the developed resist mask used for etching (a) and the
resulting Hallbar shaped bilayer graphene �ake after O2-plasma treatment (b).

3.3.3 Peeling away adjacent graphite pieces

After successful patterning and isolation of the desired bilayer graphene flake,
all other graphene pieces which were also transferred to the desired substrate,
can be removed using the peeling method. To do that, an approx. 400 nm
thick layer of PMMA (AR-P 641.07 from Allresist: 200,000 g/mol molecular
weight, 7 % solution in chlorobenzene) is spin-coated on the substrate using
standard parameters (6,000 rpm for 35 seconds). This resist is then baked at
160◦C for 4 minutes. Using electron beam lithography with a beam dose of 550
µC/cm2, the resist in the vicinity of the bilayer graphene flake is illuminated.
After development (same parameters as before), the resist on top of the bilayer
graphene device is removed while everywhere else the resist remains. The sub-
strate is then put into a water bath. It is heated up to 90 ◦C in order to soften
the resist and reduce the adhesion between substrate and resist. With the use
of an optical microscope (SteREO Dicovery.V20 from Carl Zeiss GmbH) and a
tweezer, the resist is peeled off under water and residues are washed away in
acetone. The adhesion between most of the graphitic residuals from exfoliation
and the resist on top is higher as the adhesion between the residuals and the
substrate. Therefore they are removed together with the resist. After some time
in acetone, the substrate is put into IPA and finally the sample is blown dry
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with nitrogen.

3.3.4 Annealing

Organic residuals, like glue from the scotch tape used for exfoliation, still stick
to the substrate even after peeling off the resist. To remove these and therefore
to further clean the samples, they can be annealed. This is performed in an
annealing oven AO500 from MBE-Komponenten GmbH. The sample is kept
under a 150 mbar forming gas (mixture of 10 % hydrogen and 90 % argon)
atmosphere. The sample is slowly (30 K/min) heated up to 350 ◦C within 30
minutes, kept at that temperature for 3 hours and afterwards slowly (30 K/min)
cooled down to room temperature.

3.3.5 Contacting the device

After patterning the bilayer graphene, removal of big graphitic layers and sam-
ple cleaning in an annealing oven, the bilayer graphene flake needs to be con-
tacted using metal contacts in order to be able to perform electrical measure-
ments. To this end, the substrate is first coated with a double layer resist. First,
a layer of approx. 400 nm thick PMMA (AR-P 631.09 from Allresist: 50,000
g/mol molecular weight, 9% solution in chlorobenzene) is spin-coated using
standard parameters (6,000 rpm for 35 seconds) and the substrate is baked at
160 ◦C for 4 minutes. Then a second layer of approx. 90 nm thick PMMA
(AR-P 641.035 from Allresist: 200,000 g/mol molecular weight, 3.5% solution
in chlorobenzene) is spin-coated with the same parameters and also baked at
160 ◦C for 4 minutes. This resist has the advantage that during exposure a small
undercut is created. This makes the lift-off of resist with excess metal on top
easier and more reliable without destroying the contact material evaporated
directly on the substrate surface. Electron beam lithography is performed with
an electron beam dose of 550 µC/cm2 to pattern the contacts and the counter-
electrode. The development is performed using the same parameters as before.
The sample is then blown dry using a nitrogen gun (Figure 3.11 a).
After resist patterning with the contact design and development, the sample is
put into the evaporation chamber to evaporate contact metal. Initially, electron-
beam assisted thermal evaporation (with a Pfeiffer Classic 500) of Titanium was
used, but later sputtered Platinum was used as contact metal in a self-built sput-
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ter chamber. The usual evaporation and sputtering rate is approx. 4 Å/s, the
thickness of the evaporated metal approx. 60 nm. After the metal is success-
fully evaporated, the sample is unloaded from the evaporation or sputtering
chamber and immersed into acetone for some minutes. During that time, the
resist is dissolved and the evaporated metal, which is not in direct contact with
the substrate, is also removed. Therefore only the metal which is evaporated
directly on top of the unmasked substrate stays in place. Excess metal debris
can be removed using a stream of acetone from a syringe. After that, the sample
is cleaned for some time in IPA and blown dry with a nitrogen gun (Figure 3.11
b).

Figure 3.11: Schematic of the resist mask used for evaporation of the contact metal
(Ti or Pt) (a) and the resulting contacted bilayer graphene device after successful
lift o� of the excess resist and metal (b).

3.4 Fabrication of the electrochemical cell

3.4.1 Preparation of the electrolyte

An electrolyte is in general a substance which separates into cations and an-
ions when dissolved in a polar solvent. It provides ionic conductivity while
being electrically insulating. When an electric potential is applied between an
anode and a cathode, which are connected by the electrolyte, the cations and
anions are separated and move towards the electrode with the opposite charge,
where they accumulate. Throughout this work, a polymer electrolyte [201] is
used. It is a sort of electrolyte, where the ionic salt is dissolved in a polymer
matrix with high molecular weight. The polymer electrolyte used in this the-
sis has been used and characterized already in previous works of the group
[202, 203, 95]. The use of this electrolyte has the advantage, that its position on
the device can easily be controlled and it can afterwards be solidified using UV
radiation. Due to the solidification, it stays at the desired location and leaves
regions of interest uncovered.
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The ionic salt dissolved in the polymer matrix used throughout this work is Li-
TFSI (Li+ - bis(trifluoromethane)sulfonimide)−) in a concentration of approx.
0.35 M. The polymer matrix consists of PEGMA (poly(ethylene glycol) mono
methacrylate) with an average molecular weight of 500 g/mol, BEMA (bisphe-
nol A ethoxylate dimethacrylate) with an average molecular weight of 1700
g/mol. A commercially available photoinitiator Darocur 1173 (2-hydroxy-2-
methylpropiophenone) is used to initiate the radical polymerization. The cor-
responding chemical structures are given in Figure 3.12.

Figure 3.12: Structure of the components used for the electrolyte. The polymer
matrix consists of BEMA (a) and PEGMA (b). The Lithium containing salt is
LiTFSI (c) and the photoinitiator is Darocur1173 (d).

Even after solidification the electrolyte keeps its location and shape without
shrinking or moving, even when cooled down to 1.4 K. The electrolyte reaches
a conductivity of σ = 7.9 × 10−6 S/cm [95], which makes it a suitable candi-
date for usage in our electrochemical devices. It is essential in our case that the
electrolyte stays at its desired location after solidification since the investigated
samples are hit by an electron beam from the TEM which might cause damage
to the electrolyte and blocks the beam from passing through the specimen.
All work involving the electrolyte are performed inside an Argon filled glove-
box. The amount of water and oxygen inside the glovebox is kept below 0.1
ppm. Furthermore, since the electrolyte is sensitive to UV radiation, the glass
window of the glovebox is equipped with a UV shield.
As a first step of producing the electrolyte, a mixture of PEGMA and BEMA in
a ratio of 3:7 (600 mg : 1400 mg) is prepared. The mixture is stirred permanently
for some minutes to mix it properly. Afterwards, 10 wt.% LiTFSI salt (200 mg) is
added and the mixture is stirred for about one hour to homogenise the solution.
As a last step and directly prior to usage, 3 wt.% of the photoinitiator Darocur
1173 (60 mg) is added. The mixture is constantly stirred to keep it available for
usage and covered with a non-transparent plastic to prevent polymerization
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from stray light.

3.4.2 Positioning of the electrolyte

The goal of the experiments performed in this work is to measure the move-
ment of Li ions and the growth of Li crystals between two layers of graphene
using a TEM. Therefore, the area of investigation needs to stay uncovered from
the electrolyte. In order to only partially cover the bilayer graphene flake with
the electrolyte, the sample is at first placed under a light microscope inside an
Ar-filled glovebox for better visualization. A small volume of the as-prepared
electrolyte is placed on top of the counter-electrode using a metal wire loop.
This loop is prepared by clamping a thin metal wire loop (diameter approx.
100 µm) in a pen-like holder. The wire loop is then twisted which leads to a
decrease of the loop diameter. This loop is then dipped into the electrolyte solu-
tion. Due to capillary forces a small volume of the electrolyte stays in the loop
and it can be placed on top of the counter-electrode. The resulting droplet is
drawn with the wire loop towards the bilayer graphene device until they are in
contact. Afterwards the substrate is put under a UV light source for 5 minutes
to initiate the radical polymerization and therefore to solidify the electrolyte
droplet (Figure 3.14 a).

3.5 Covering the elctrolyte with a capping layer

First results have shown that the electrolyte, which mainly consists of hydrocar-
bons, is outgasing under UHV conditions. Since this is the case inside the TEM
column, hydrocarbons can get accumulated on the bilayer graphene surface.
Due to the power of the electron beam used for imaging, these hydrocarbons
are irreversibly cracked and amorphous carbon is collected in the area of inves-
tigation, as shown in Figure 3.13. This happens when the investigated bilayer
graphene device is imaged with high magnification (atomic resolution) for a
prolonged period of time (about 5 - 10 minutes).
In order to overcome this problem, the electrolyte droplet can be covered with
an air-tight layer which blocks the hydrocarbons from outgasing. Such a layer
is evaporated directly on top of the electrolyte. To protect the bilayer graphene
during evaporation and to deposit the material only on the desired region, a
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Figure 3.13: Due to outgasing of the electrolyte under UHV conditions inside the
TEM column, a clean bilayer graphene surface (left) is covered with amorphous
carbon (right). After prolonged imaging at high magni�cation, hydrocarbons are
cracked leading to accumulation of carbon contaminants. These hinder further
imaging of the area under investigation.

shadow mask is used. Since an individual mask has to be created for every
sample, a pretty simple way of masking was chosen. A thin (150 µm) semi-
transparent Kapton foil was cut into small stripes and glued onto the desired
positions on the substrates using scotch tape. In order to cover the whole elec-
trolyte but only a portion of the bilayer graphene flake as small as possible, this
task was performed using an optical microscope (SteREO Dicovery.V20 from
Carl Zeiss GmbH) with a 150x magnification.
After successful placement of the shadow mask, the sample is loaded into the
evaporation chamber of a thermal evaporator. The evaporated layer does not
only need to be air-tight, but also electrically insulating. For this purpose, sev-
eral oxides in varying thickness were tested. The results suggested to use a SiOx

layer with 200 nm thickness evaporated from a SiO source. The evaporation is
done at a rate of 2-3 Å/s with a current of 6-7 A and a resulting voltage of ap-
prox. 70 V. Afterwards, the sample is unloaded and the Kapton foil is removed
(Figure 3.14 b and c) leading to a partial coverage of the bilayer graphene device
and full coverage of the electrolyte droplet.
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Figure 3.14: Schematic of the bilayer graphene devices after positioning and so-
lidi�cation of the electrolyte (a) and after the successful evaporation of the SiOx

capping layer to prevent the electrolyte from outgasing inside the TEM column
(b and c).

3.6 Cleaning of devices

After solving the issue of hydrocarbon outgasing from the electrolyte, another
problem became apparent, the unsatisfactory cleanliness of the samples. Even
though the samples are cleaned in ACE and IPA after each fabrication step
and annealed at 350 ◦C, there are still residuals from the fabrication process
present on the surface. These are assumed to consist of hydrocarbons or amor-
phous carbon. The high energy electron beam of the TEM interacts with in-
vestigated matter. The interaction includes knock-on displacements, radiation-
induced diffusion, electronic excitation and radiolysis [204]. To circumvent
some of these interactions, a lower beam voltage of 80 kV is used, which is
below the threshold for knock-on damage to sp2 carbon but still suitable to al-
low for atomic resolution imaging [204]. Even at this low energy of the electron
beam, free-standing amorphous carbon can be graphitized during exposure.
In the case of amorphous carbon, supported by underlying graphene layers,
graphene can serve as a template for graphitization and can lead to the growth
of planar graphene layers [205]. These modifications to graphene when con-
taminated with amorphous carbon residuals from the fabrication process also
happened in the devices used in this work. Due to graphitization, the investi-
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Figure 3.15: Amorphous carbon residuals in the investigated area of the bilayer
graphene act as a catalyst for cracking graphene. This happens even with a beam
energy of 80 kV, which is below the threshold for knock-on damage of sp2 carbon
[204].

gated area of the sample is altered, such that these areas can no longer be used,
since the whole field of view is blocked with the grown graphitic carbon, which
was already shown in Figure 3.13 in the previous subsection. Furthermore it
was observable in experiments that these contaminations can act as a catalyst
for cracking the underlying bilayer graphene device. In Figure 3.15 a series of
high magnification images of a typical device is shown with some amorphous
carbon contaminants. It is clear that imaging these regions becomes impossible
after a short period of time due to the degradation of the device in the investi-
gated area.
In Figure 3.16 a typical TEM image of a bilayer graphene device is shown af-
ter some time of imaging. It can clearly be seen that there are regions on the
sample, where the bilayer is still intact, next to areas where one layer is already
destroyed leaving behind monolayer graphene. Additionally in some places,
the graphene is fully destroyed, leaving behind a hole and some regions are
still completely covered with residuals from the fabrication process.

3.6.1 Ex-situ cleaning using AFM

In order to clean the surface of the sample to avoid the above described is-
sues, different approaches were attempted. Initially, it was tried to mechani-
cally clean the surface using an atomic force microscope. This method was first
successfully used in 2012 by [206, 207] to mechanically clean graphene surfaces.
It was proven that the AFM tip acts as a broom when it is scanned over the
surface in contact mode and mechanically pushes away contaminations from
the fabrication process, leaving behind a clean surface. Additionally it was
shown in 2019, that this method also improves the quality of van der Waals

68



3 Fabrication of devices

Figure 3.16: Typical image of a bilayer graphene sample after some time of imag-
ing. In the area of investigation the bilayer graphene is cracked, leaving behind
monolayer graphene or is fully destroyed, leading to creation of holes. Furthermore
it can be seen that some regions are completely covered by residual contaminations
from the fabrication process.

heterostructures by reducing the amount of enclosed air bubbles between the
individual layers which come naturally from the fabrication process of stacking
layers on top of each other. Using these large bubble-free areas, a device can be
fabricated with highly improved quality [208].
A commercially available AFM system (NX-10 from Park Systems) was there-
fore used to apply this method. An AFM tip (Park PPP-NCHR), which is in-
tended for non-contact mode use, was scanned over the bilayer graphene flake
in contact mode. A force of 50 nN was used to push down the tip and the
scan was performed with a scan speed of 0.3 Hz in an area of 3 x 3 µm. This
method successfully cleans the surface of samples fabricated on the substrates
used in this thesis (see Figure 3.17 a and b) by pushing away residuals on the
surface. Unfortunately, this method is not suitable for free-standing layers. The
bilayer graphene which spans over the hole in these substrate, is destroyed (see
Figure 3.17 c and d) due to the applied force from the AFM tip.
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Figure 3.17: AFM images of a bilayer graphene on top of the Si3N4 membrane
before (a) and after (b) using the described cleaning method with the AFM tip in
contact mode. AFM images of the same sample in the vicinity of the 1µmwide hole
in the membrane before (c) and after (d) the described cleaning method. It can
clearly be observed that cleaning the bilayer graphene device works as described
when it is supported by an underlying substrate, but when it is free-standing, as
it is the case above the hole, the graphene is not strong enough to withstand the
forces of the AFM tip and therefore breaks.

3.6.2 In-situ cleaning using current-annealing

An alternative approach is needed for cleaning the samples in the area of in-
vestigation. According to [209], a high current of several milliamperes can be
sent through a graphene flake with a few microns width to reduce the amount
of contaminations. This locally ultra-high current density (several 108 A/m2)
leads to a significant temperature increase, burning away polymer residues and
hence reducing the contaminations adsorbed to the surface of the graphene
flake. This can not only be proven using an AFM, but also with transport mea-
surements, since the transport quality improves [209]. Later, it was proven that
this method can also be applied inside a TEM column [210] where the process
of current annealing can be monitored in-situ. The authors also showed that
contaminations from fabrication are removed due to the high local Joule heat-
ing of up to 2000 ◦C. If the current bias exceeds a certain threshold, it was re-
ported that carbon atoms can sublimate from graphene leading to crack forma-
tion, multilayer graphene can be peeled off layer-by-layer, graphene can be nar-
rowed down into nanoribbons and individual graphene layers can be welded
together to form an intact uniform graphene layer [210].
This method of current annealing was performed on our samples inside the
UHV of the TEM column. To do that, a source measure unit was connected
between two contacts of the bilayer graphene flake. The current between these
contacts was slowly increased up to a maximum value between 700 µA and 1.4
mA, depending on the sample. At the maximum current, one or both contacts
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broke down which terminated the current flow. Due to the high current flowing
between the contacts, the sample was heated up locally. The temperature was
even high enough to melt the contact material (Ti or Pt). This method does not
only result in a clean surface, but it also causes a spontaneous crystallization
of the underlying amorphous Si3N4 membrane. The membrane material con-
tracts and therefore the formation of a crack is initiated. The result of such local
heating and cracking of the membrane is shown in Figure 3.18. Due to its high

Figure 3.18: Due to the applied high current �ow between two contacts, the sample
heats up locally. This in return results in crystallization of the amorphous Si3N4

layer and thus in the formation of a crack.

strength, the bilayer graphene flake withstands this process of crack formation
in the membrane and bridges the crack area. In conclusion, current annealing
offers atomically clean free-standing bilayer graphene areas due to cracking the
membrane inside the TEM column, which provides us with a device area that
can be inspected for a prolonged time without gathering amorphous dirt or
graphitic carbon residuals from the fabrication. This can be seen from looking
at the high magnification images in Figure 3.19. Even though the amorphous
dirt is mobile on the bilayer graphene surface, it is not getting cracked anymore.
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Figure 3.19: High magni�cation images of the current-annealed clean region at
di�erent times showing that imaging for a prolonged time does not destroy the
bilayer graphene even after 13 minutes.
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4 Experimental results

The aim of this thesis is to investigate the process of lithium intercalation into
bilayer graphene. In order to do this, samples are prepared following the
description in the previous chapter. Due to the discoveries presented below,
which made improvements necessary, the sample design was adjusted contin-
uously.
In the following these modifications and the results which made them neces-
sary are reported. After successful implementation of these, it was possible to
record image series showing Lithium crystal growth appearing in the field of
view. These are then to be analysed. Further images on different samples were
recorded as well in order to understand the whole process of nucleation and
growth. The TEM used throughout this thesis is designed within the SALVE
project (http://www.salve-project.de), which stands for Sub-Angstrom Low
Voltage Electron Microscope. It consists of a FEI Titan Themis3 column and
a CEOS aberration corrector, which allows for first order chromatic aberra-
tion correction, fifth order axial geometric aberration correction and third order
off-axial geometric aberration correction due to its quadrupole-octupole design
[211]. The electron gun is a Schottky type FEI X-FEG and a FEI CETA 16M fibre
coupled CMOS camera is used for obtaining images. EELS spectra are recorded
using a Gatan Quantum ERS energy filter mounted to the TEM column. The
energy resolution obtained is about 0.7 eV. The base pressure was kept at ap-
prox. 10−7 mbar throughout the experiments. The holder used is a modified
FEI NanoEx-i/v with eight electric feed-throughs and the acceleration voltage
used is 80 kV.

4.1 Modi�cation of the electrochemical cell

In order to investigate Lithium intercalation into bilayer graphene, samples
need to be fabricated. Previous studies in our research group [202, 203, 95]
used samples fabricated the same way as described in Section 3.3, but on dif-
ferent substrates. These substrates are 4 x 4 mm in lateral size, made of 600
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µm thick p-doped Silicon (using Boron as dopant) and terminated by a 300 nm
thick layer of SiO2. After contacting the bilayer graphene devices with evap-
orated metal contacts, the whole substrate is glued to a 24 pin chip carrier us-
ing silver conductive paint and bond wires are applied to connect the sample
bond pads with the chip carrier. Prior to positioning of the electrolyte, metallic
Lithium is placed on top of the evaporated metal counter-electrode inside the
Argon filled glovebox. To do so, small granules of Lithium are cut into tiny
pieces using a scalpel and afterwards transferred to the metal electrode with
the help of an optical microscope. This can easily be performed with a steady
hand since pure metallic Lithium is a very soft material. It is furthermore quite
sticky, which is why it stays at the desired position after transfer. The elec-
trolyte is then placed such that it covers the counter-electrode and a part of
the bilayer graphene device, as described in subsection 3.4.2. The electrolyte
is then solidified. In Figure 4.1 images of such a sample are presented directly
before transferring it into the glovebox for positioning of the Lithium and elec-
trolyte. In panel a, an overview of the whole substrate is given, where one can
see the metallic counter-electrode in the centre of the substrate and the bond
pads in the outer part. In panel b, a zoomed image of the bilayer graphene
device is given, from which the metal leads connecting the device can be seen.
Furthermore, this sample does not purely consist of bilayer graphene but has
a thicker piece of multilayer graphene (graphite) attached to it. Previous ex-
periments have shown, that by keeping such thicker parts and covering only
these with electrolyte does not hinder the process of intercalation of Lithium
into the bilayer part. It can help extending the devices total length and there-
fore positioning of the electrolyte becomes easier, a process performed inside
the argon filled glovebox under an optical microscope. After finishing the fab-
rication, such a device is usually directly mounted on a sample holder of a
sample rod and inserted into a cryostat for magnetotransport measurements.
In panel c of Figure 4.1, the measurement principle of such a device is schemat-
ically given. The bilayer graphene part, shown in grey, is connected with the
metallic counter-electrode (the two contacts in the left), which is covered with
Lithium (not shown here), via the solidified electrolyte droplet. An AC current
of around 100 nA is applied between the source and drain contacts. Voltage dif-
ferences are recorded to determine the longitudinal (Uxx) and transverse (Uxy)
resistances. The intercalation is controlled via an external DC voltage source
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Figure 4.1: Images of a sample prior to placing lithium metal and the electrolyte
drop (a and b) as well as a schematic of the measurement circuit (c). Panel a gives
an overview of the whole substrate, including the metal counter-electrode (two
semi circles in the centre, coming from the bottom) and the bond pads connecting
the bilayer graphene device. In panel b, the area of the device is magni�ed,
showing the bilayer graphene �ake with its electrical connections and the thicker
graphite pieces connected to it. Panel c gives a schematic of the measurement
setup of such a sample inside a cryostat. An AC current I is applied between
source and drain and the voltage di�erences along (longitudinal voltage Uxx) and
across (transversal voltage Uxy) are measured. An external magnetic �eld B can
be applied and a potential di�erence between counter-electrode and the bilayer
graphene device Uel can be controlled via an external DC source.

between counter-electrode and the bilayer graphene device determining the
potential difference between them and thus providing the driving force for
Lithium ions to intercalate. Additionally, an external magnetic field (B) can be
applied perpendicular to the samples surface for Hall effect measurements. In
Figure 4.2 typical results of intercalation measurements can be seen. In the left
panel (a), the transverse resistance Rxy between two contacts, measured per-
pendicular to the current direction, is shown as a function of the magnetic field
B. The top curve was recorded directly after inserting the sample into the cryo-
stat and prior to the intercalation measurements. The lower curve was recorded
after intercalation. From the Hall effect data presented in a, the type of charge
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carriers and their density can be extracted. As can be seen, in the initial state,
the charge carriers inside this bilayer graphene device are holes with a calcu-
lated density of about 5 · 1012 cm−2. The data shown in panel b of Figure 4.2 is

Figure 4.2: Magnetotransport data recorded before, during and after intercalation.
The top curve in panel a represents a Hall e�ect measurement performed for the
initial state of the device. The magnetic �eld is swept from -10 T to +10 T, while
the transverse resistance Rxy is measured. A constant AC current of 100 nA is sent
through the device. The bottom curve in panel a shows the same measurement
performed after intercalation. In panel b, the longitudinal (Rxx) and transverse
(Rxy) resistances are measured as a function of time during the intercalation of
Lithium ions. A constant magnetic �eld of 10 T is applied perpendicular to the
sample surface. The left curves show an overview over the whole 2 hours of
the measurement, while the right curves are a magni�cation of the same curves
between 0 and 10 minutes.

recorded during intercalation. The curves on the left show an overview over a
total measurement time of 2 hours, while on the right a zoomed plot highlights
the first 10 minutes of the measurement. At the starting point of the measure-
ment, the potential difference between the lithium-covered counter-electrode
and the bilayer graphene device was lowered from -2 V to -50 mV. This po-
tential difference was proven before [95] to initiate intercalation of lithium ions
into bilayer graphene. The curves at the top show the change of the longi-
tudinal resistance Rxx over time during intercalation, while the lower curves
show the corresponding change of the transverse resistance Rxy, measured at
a constant magnetic field of 10 T. From the plots one can see that after about
3 minutes, the resistances start to change. Rxx is increasing strongly, leading
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to a peak at around 20 kΩ after nearly 6 minutes (marked with a dashed line)
and afterwards it is decreasing again to about 1 kΩ. For improved visualisa-
tion, the curves are magnified on the right side of panel b between 0 and 10
minutes, from which these behaviours of the curves become clearly visible. As
mentioned in subsection 2.1.2, the density of states of bilayer graphene exhibits
a minimum at the Dirac point or at zero energy. When the Fermi energy (T =
0 K) is located at zero energy, the sample is charge neutral and the density of
states vanishes. As a result, the resistance strongly increases. This so called
Dirac peak is clearly visible in this plot. It stems from the fact that upon inter-
calation, as described in subsection 2.3.3, lithium ions enter bilayer graphene.
As they carry a positive charge, negative charge is induced inside the bilayer
graphene device. The initially hole doped sample becomes more and more
electron doped with increasing lithium ion content, until the majority of charge
carriers are electrons. This transition from hole to electron conduction is sig-
nalled by the Dirac peak. In the lower Rxy plots presented here, this transition
is also noticeable with the same changes at exactly the same time as explained
before. After the measurements are performed, another sweep of the magnetic
field is performed (panel a, bottom curve), which shows that after intercalation,
the majority of charge carriers are indeed electrons (inverted slope compared
to the top curve) with a density of about 1 · 1014 cm−2. Hence, intercalation
has increased the charge carrier density by a factor of 20, accompanied by a
change of the main carrier type from holes to electrons, as it was theoretically
described before. Results have shown that some of the devices are not stable
for prolonged measurement times. After several cycles, most of the samples
are not working anymore. Either some of the contacts to the graphene bilayer
are destroyed or intercalation itself does not happen anymore. In order to gain
knowledge about the reason for such behaviour, the samples are investigated
after the measurements are performed using optical or scanning electron mi-
croscopy. The samples may change dramatically during measurements. One
example is illustrated in Figure 4.3. Panel a shows an overview prior to lithium
and electrolyte placement, (see also Figure 4.1). Panel b shows the same sample
portion after performing the measurements yielding the results shown in Fig-
ure 4.2. It can be noticed that the whole surface is covered with contaminations,
not just in the area where bilayer graphene is located. The broken bond wires
in the upper image region do not play any role for the results presented here,
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Figure 4.3: Images of the sample before and after the lithium intercalation. Panels
a and b compare the whole sample before (a) and after (b) the measurements. It
can be seen that contaminations are present everywhere on the surface, not just in
the region where bilayer graphene is placed. Panels c and d compare the regions
where bilayer graphene is present before (c) and after (d) the measurements. Again
it is observable that contaminations are present afterwards which have varying
colours. These stop more or less at the graphene boundary. Additionally it seems
that the border of the electrolyte is not as sharp as it usually is after placing the
electrolyte and solidifying it. Panels e and f present SEM images of the bilayer
graphene area after measurements. It seems that the contaminations show a
topography and a thickness comparable to the metal contact leads. Furthermore
they look like a bubble shaped byproduct of any chemical reaction.
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since this happened when the sample was prepared for further microscope im-
ages. In panel c and d, a zoomed image of this region is shown before (c) and
after (d) performed measurements. The border of the electrolyte, coming from
the bottom right, seems not to be sharp anymore, as it usually is directly af-
ter solidification. Additionally, the whole sample area seems to be covered by
any type of contamination, which looks colourful. This coverage stops more
or less at the edge of the sample, which might indicate that the electrolyte, or
parts from it, is creeping over the surface during measurements leaving behind
residuals. By looking at this area with a SEM, as shown in panels e and f, these
contaminations can further be seen. It seems that it does not yield a flat cover
layer but rather some bubble like topography, which might indicate unwanted
reactions involving gas evolution. It has to be understood what leads to this
transformation of the devices. One of the possible reasons is the high reactivity
of Lithium. For the samples used here a metallic Lithium counter-electrode is
used to provide a fixed electrochemical potential difference in the electrochem-
ical device.
The time span during which these devices are typically exposed to air is min-
imal. Anyway, it seems that this time span is long enough for the samples to
change and degrade. Additionally, it can not be excluded that there are no
traces of oxygen inside the sample space of the cryostat. Even though the sam-
ples are pumped to UHV (usually around 5 · 10−6 mbar), pumping is not con-
tinued throughout the measurements. Furthermore, oxygen traces could be
trapped either at the sample or inside the sample rod or cryostat itself, mak-
ing it difficult to exclude such factors. In the case of measurements inside a
TEM column, the time span, at which the samples are exposed to air, is much
longer due to logistical reasons. Thus, it has to be investigated first how the
devices are altering when exposed to air for a longer time. Under an optical
microscope it is observable that the Lithium seems to react with air leading to
gas evolution and ultimately to a detachment of the whole electrolyte droplet
from the substrate. To prove this, a simplified sample is fabricated which can
easily be monitored under an optical microscope with a camera attached. The
samples for that purpose consist only of metallic Lithium, placed on a bare
SiO2 surface of a 4x4 mm square Silicon substrate, covered by a droplet of elec-
trolyte and solidified using UV radiation. Such a sample is then placed under
the optical microscope which is usually used for transferring bilayer graphene
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flakes to the desired substrate (see subsection 3.3.1). Images are captured ev-
ery 15 seconds to monitor the process. In Figure 4.4 the resulting evolution of

Figure 4.4: Image series showing how a sample consisting of Lithium covered by
an electrolyte droplet behaves when exposed to air. The respective times are given
for each image. It can be observed that a bubble is forming which, with time,
increases in size until it reaches the edge of the electrolyte droplet. Ultimately,
the droplet is detached from the substrate surface and ripped open at one side
after a total of 200 minutes.

the sample prepared as described above is shown. It has to be noted, that this
sample was kept under a slight Argon atmosphere from the glovebox, inside
a container which is not tight. Thus, the whole process happens slower than
it might be in ambient conditions, since in the beginning it is protected by the
inert gas atmosphere. With time, the Argon will be exchanged with oxygen
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from the environment. Initially (panel a), the electrolyte droplet is fully cover-
ing the Lithium granule, which has a nice metallic shine. After 40 minutes, this
metallic shine has disappeared and it seems as if a bubble is starting to form
at the interface between Lithium and the electrolyte. With time, this bubble is
increasing in size, until after a total time of 60 minutes it reached the edge of
the electrolyte on the left. It seems that the droplet is disconnected from the
substrates surface at the edge, leading to a different colour visible. This con-
tinues in all directions with time. Additionally, the electrolyte droplet seems to
grow in size from right, where it is still connected to the substrate, to left, until
ultimately after 135 minutes the electrolyte droplet seems to be completely dis-
connected from the substrate surface. Another event which takes place when
the exposure to air is continued, can be seen after 200 minutes. The electrolyte
droplet is ripped open on the left side, most probably due to forces acting on
the droplet stemming from this process presented here. As can be seen from
the image series, it seems that Lithium, although it is covered by the electrolyte
droplet, is reacting, most probably with oxygen from the surrounding. This in
return leads to gas evolution which ultimately detaches the electrolyte droplet
from the underlying substrate and might cause rupture of the droplet itself. If
one thinks of a full device, this behaviour would result in two critical scenarios.
Either the contact between electrolyte and bilayer graphene device, and thus
the path for ions, would be lost, or during detachment the bilayer graphene
flake might get ruptured. In the first case, the sample could be easily recovered
by a removal of the detached electrolyte and the reacted Lithium and redeposi-
tion of both. In the second case, a rupture of the bilayer graphene device can not
be recovered and thus a new sample would be needed for measurements. In
order to circumvent this problem, another test device was created as described
before, but this time the sample was kept under vacuum atmosphere during
image recording. Keeping the sample under vacuum would be a possible way
of handling finished devices up to the point where they are finally loaded into
the TEM chamber for measurements. Some exposure of the device to ambient
air can unfortunately not be avoided due to the given infrastructure. Thus this
is simulated by an unprotected transport of around one minute in air directly
prior to pumping the sample space. Images were then recorded again every 15
seconds to monitor the evolution of the sample and especially the Lithium. In
Figure 4.5 the outcome of this is provided. As can be seen from that series, ini-
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Figure 4.5: Image series showing the time evolution of a sample consisting of
Lithium covered by an electrolyte in vacuum atmosphere. The sample was kept
in ambient conditions for about one minute before the sample space was pumped
to vacuum. It can be seen that initially a small bubble exists at the top right, but
this bubble does not signi�cantly increase in size. After a total of 240 minutes,
the sample basically looks the same as at the initial state.

tially a gas bubble exists inside the electrolyte droplet. It most probably stems
from Lithium reacting due to the short exposure to air. With time, this bubble
is first growing, reaching its maximum after 3 minutes (panel c). Afterwards
the bubble keeps shrinking, reaching its minimal size after 15 minutes (panel
e). Most probably, some traces of oxygen were present on the sample surface
or in the container, which had to be removed first due to the applied vacuum
atmosphere. Under these conditions, the sample stays unchanged, even after a
total time of 240 minutes, as given in panel f. This implies that by keeping the
samples under a controlled, oxygen free atmosphere, reactions of Lithium un-
derneath the electrolyte droplet are successfully prevented. To prove that this
behaviour really occurs due to the controlled vacuum atmosphere, the same
sample is taken out of the vacuum container and kept at ambient atmosphere
after the first video was recorded. Another video is then recorded showing the
behaviour of the sample under ambient conditions with the same settings as
before. From Figure 4.6, it can be seen that, as soon as the sample is removed
from the vacuum atmosphere, Lithium starts to react and thus forms a gas bub-
ble. With time, the bubble, which was already existing in the beginning, keeps
increasing in size until it reaches the electrolyte edge after 23 minutes. The
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Figure 4.6: Image series showing the time evolution of the sample studied previ-
ously. After these studies, shown in Figure 4.5, the sample is removed from the
vacuum atmosphere and kept at ambient conditions. As can be seen from this
series, the Lithium immediately starts to react and form gas bubbles when it is
removed from the controlled vacuum atmosphere. This again leads to the �nal
result that the droplet is detached form the underlying substrate, as it was the
case at the sample kept under ambient conditions all the time.

droplet is partially detaching from the substrate, which continues to happen
with time. After 31 minutes, this image series was stopped, since it was proven
that Lithium metal is reacting with oxygen from the environment, even after
stable behaviour for 4 hours under vacuum conditions. As explained above,
pure Lithium metal covering the counter-electrode provides a weakness for the
whole device when exposed to air. Unfortunately, short exposure times can not
be avoided and thus there is a high risk of damaging devices if the design is
kept as it was done initially. Circumventing this would require to either fully
prevent exposure to air, which is impossible, or to not use pure Lithium metal
anymore. In a previous work performed in the group [202] it was observed that
intercalation can also work without having Lithium metal covering the metal-
lic (Cr/Au) counter-electrode. It is believed that in this case, Lithium ions are
extracted from the Li-containing electrolyte due to the applied external poten-
tial between the counter-electrode and bilayer graphene. Voltages needed for
this purpose are above 4 V and the whole process drives the electrolyte out of
equilibrium conditions since there is no external source of Lithium ions to ac-
commodate for the ion loss inside the electrolyte due to intercalation. Due to
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the above mentioned reasons, this seems to be the method of choice throughout
the rest of this thesis.

4.2 Challenges encountered during TEM

investigations

Based on the results above, samples were made as described in detail in sec-
tion 3.3. Bilayer graphene flakes were first exfoliated from natural graphite
and then transferred to the TEM substrate. Subsequently, they were structured
and isolated from surrounding flakes. After thermal annealing at 350 ◦C, they
were contacted with Pt metal. The metallic counter-electrode is not covered by
lithium metal due to its high reactivity, as explained in the previous section.
Inside the argon filled glovebox, the electrolyte is drop-casted to connect the
metal counter-electrode with the bilayer graphene flake. Only a small portion
of the flake is covered by the drop. In particular, the membrane area with the
hole remains uncovered by the drop. Such a device is then transferred into the
TEM column to verify whether it is possible to image samples prepared and
how long it is possible to image the active device area.
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Figure 4.7: TEM images of an as prepared sample. In panel a, an overview of the
whole sample in the initial state is given, while in b the same �eld of view is shown
after some imaging time at high magni�cation. A dark ring appears in the regions
imaged with high magni�cation, marked with arrows. Such an area of the sample
is shown in panels c to i. These present a time evolution of the sample under
investigation at high magni�cation. With increasing time, the holes marked with
arrows are growing in size and hence the graphene bilayer is destroyed. Panels
j and k show the same region but with decreased magni�cation to see the full
in�uence of the beam.
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In Figure 4.7, images recorded on such a sample are displayed. In panel a, an
overview image with the hole in the centre of the substrate is shown. The hole
has a diameter of 1 µm and is covered by bilayer graphene. Some darker spots
are residuals from the fabrication process or other types of contamination. Ar-
eas of this sample, where little or no contamination is present, are imaged at
larger magnification for a prolonged time. After this imaging, the device looks
as shown in panel b. Three darker rings appear in the centre, at the bottom and
at the top, marked with arrows. The longer a region is imaged at high magnifi-
cation, the darker it becomes where the samples was imaged. Panels c - i are a
time sequence of images recorded with high magnification. Hence, such a ring
forms rapidly within some minutes. Zooming on the affected area reveals that
the darker appearance of the ring is caused by material build-up in the imaged
area. In addition, also carbon atoms are gradually removed from the graphene
layer. Panel c shows an initially clean area with no holes in the graphene lay-
ers present. However, with prolonged imaging holes appear. Images d to i are
recorded for a total of 19 minutes of beam irradiation. Two holes form after 2.5
minutes in the graphene bilayer (d). Additional holes appear with advancing
time and their size increases until parts of the layer are ruptured in panel i.
When zooming out (panel j), the area surrounding the previously imaged area
is fully covered by contaminants and hence can no longer be used anymore for
further imaging. Panel k shows the same region at lower magnification to see
the full influence of the beam.
We conclude from the images, that the dark area corresponds to amorphous
carbon, or other contamination that is present on the sample surface. As men-
tioned before in section 3.6, amorphous carbon, present on the surface of graphene,
can be graphitized due to the energy of the impinging electron beam [205]. It
can cause layers of graphene to grow on top of the existing material. Also,
cracking of the bilayer graphene is possible. Even though the TEM column
typically has a vacuum of approx. 7 ·10−7 mbar, the outgasing of the electrolyte
may serve as a source of contaminants. Hydrocarbons, present in the electrolyte
drop, may spread inside the TEM column or on the surface of the substrate.
They might get cracked when hit by the electron beam. As a result, amorphous
carbon is deposited. This can be the origin of the dark rings in the images.
Without any additional measures, outgasing can not be avoided and is a seri-
ous issue that needs to be addressed. The most promising approach would be
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the encapsulation of the UV cured and hardened electrolyte droplet. Here, we
have explored the evaporation of an oxide such as MgO, SiO2 or Al2O3. It is
certainly not obvious that this method would yield a tight, uniform layer on
the curved surface of the droplet. Simplified test samples were prepared by
placing a droplet of electrolyte on a substrate, as was done before to test the
reactivity of lithium. The electrolyte drop was cured to increase its viscosity
and solidify it. Then, a 100 nm thick layer of one of these oxides was evap-
orated with a thermal evaporator. The samples were imaged with scanning
electron microscopy. The images are displayed in Figure 4.8. In panels a and b,
Al2O3 has been used. It seems to be nicely and smoothly covering the droplet.
Panels c and d are for a SiO2 layer. The layer exhibits a fine structure similar
to a herringbone pattern and also completely covers the droplet. At the bot-
tom, in panel e and f, a MgO layer was deposited. On these samples, cracks
are present, that likely prevent the intended protection against outgasing. This
material was therefore excluded for further investigations. The layer thickness
needs to be adjusted in such a way that the layer is air-tight but also stable on
the curved surface of the electrolyte droplet. Therefore, different oxide thick-
nesses were tested. Droplets of electrolyte were cast on substrates and layers
with different oxides thickness were evaporated on each individual substrate.
Subsequently, the substrates were immersed into acetone, a solvent that can
dissolve the polymers contained in the electrolyte used here, when in direct
contact. If the droplet stays intact after immersion in acetone, the evaporated
cover layer is tight enough to prevent outgasing of the electrolyte. Images were
taken before and after the immersion of the substrates to check if the evaporated
layers are able to sufficiently protect the electrolyte droplet from the solvent. In
Figure 4.9 such images are shown for the Al2O3 (panels a, c and e) and SiO2

samples( panels b, d and f). The thickness of these layers are 100 nm (a and b),
150 nm (c and d) and 200 nm (e and f), respectively. Each panel shows a pic-
ture before immersing (left) and after immersing the sample in acetone (right).
It seems that only the 200 nm SiO2 layer in panel f is protective enough. To
verify the results, this test was repeated for three different samples, all with the
same 200 nm thick layer of SiO2 evaporated on top. The outcome can be seen
in Figure 4.10. Again, the image on the left in each panel displays the sample
directly after evaporation while the image on the right is taken after immersion
into acetone. For two out of three samples, the electrolyte droplet stays intact.
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Figure 4.8: SEM images of electrolyte droplets placed on a substrate and covered
with thermally evaporated oxide layers on top. Panels a and b are for an Al2O3

layer, panels c and d for a SiO2 layer and panels e and f for a MgO layer.

This served as a preliminary assessment that this kind of protective cover layer
may prevent outgasing of the electrolyte under the UHV conditions inside the
TEM column. Another batch of samples was created to verify whether this is
indeed the case in the TEM column. A simplified process was chosen. A large
area monolayer graphene was transferred onto a TEM substrate and a droplet
of electrolyte is then placed on the sample. With the help of a round metallic
shadow mask, a protective layer of 200 nm thick SiO2 was evaporated on top
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Figure 4.9: Optical images of electrolyte droplets covered by Al2O3 (a, c and e)
and SiO2 (b, d and f). The thickness of each layer is 100 nm (a and b), 150
nm (c and d) and 200 nm (e and f). The left image in each panel shows the
image directly after evaporation, the right image is taken after the samples were
immersed into acetone. In panels a to e, the right image exhibits a hole in the
evaporated layer at the position where the electrolyte has been removed, while in
panel f the electrolyte droplet is still present in the right image.

without covering the hole of the Si3N4 membrane on the substrate. One such
sample is presented in panels a and b of Figure 4.11. The image in a shows an
overview of the graphene layer with the electrolyte covering part. A circular
shape SiO2 cap layer was deposited on top. In panel b, a magnification of the
region of interest is shown. By looking very closely, the 1 µm wide hole in the
centre of the rectangular membrane area can be seen. The edge of the electrolyte
(very top) and of the SiO2 cap layer are also visible. After finding a rather clean
area of graphene inside the TEM, high magnification images were acquired. In
Figure 4.12 an image series covering about 5 minutes is presented. From this
series one can observe that there is no accumulation of surface contaminants in
this small area of the sample, as it happened before. But another issue is still
present. Contaminations on the sample surface are already present from the
very start. They are most probably residuals from the fabrication process and
therefore consist of hydrocarbons. The graphene layer is still getting destroyed
with time near such residuals. In panel a, the layer is fully intact, while in panel
b already some small holes (marked with arrows) start to form. Further holes
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Figure 4.10: Images of three di�erent samples with an electrolyte droplet covered
by a 200 nm thick layer of SiO2. In the left images of each panel, the sample is
shown before and on the right side after immersing into acetone. It can be seen
that two out of these three samples stayed intact after the treatment.

Figure 4.11: Images of a sample used for testing of the SiO2 cap layer in the TEM.
Panel a shows an optical image of the sample from which the circular SiO2 cap
layer and the electrolyte droplet can be seen. Panel b is an enlargement of the
area of interest, showing the hole in the membrane, the electrolyte and the cap
layer edge. The graphene layer is in both images not clearly visible due to a lack
of contrast, but covers the whole visible area in panel b.

90



4 Experimental results

Figure 4.12: Time evolution images of a sample used for testing of the SiO2 cap
layer recorded with high magni�cation in the TEM. The formation and growth of
holes (marked with arrows) and thus destruction of the graphene layer is visible
in these images.

are formed and these expand in size in panel c - e until they locally lead to a
rupture of the layer as shown in panel f (right side). When zooming out of
this region, one can check if the outgasing of the electrolyte was successfully
suppressed. Panels a, b and c of Figure 4.13 show the sample area presented
in Figure 4.12 with decreasing magnifications. As a comparison, in panel d the
original image of the total sample area is displayed as it was before imaging the
sample with high magnification. From the images presented here it is obvious
that the SiO2 encapsulated electrolyte droplet no longer contributes as a source
of additional contamination due to outgasing. Unfortunately, the issue of the
graphene layer being cracked due to the high energy of the electron beam when
investigated with high magnification persists.
Since the electrolyte can now be encapsulated such that outgasing is prevented,
it can be verified whether the use of pure lithium metal as a counter-electrode
is possible. This would be desirable for the measurements, since the resulting
galvanic cell would have well-defined electrochemical potentials inside the de-
vices. To do so, test samples are again prepared as described in the previous
section, but after positioning of lithium and solidification of the electrolyte, the
samples are loaded into the evaporation chamber for deposition of a thin oxide
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Figure 4.13: A series of TEM images with decreasing magni�cation at the location
recorded in Figure 4.12 (marked with a rectangle in panel a). Panel c is an
overview image recorded after the high magni�cation TEM imaging and d is the
corresponding image before. A dark ring, as observed before in Figure 4.7, is not
found here due to the SiO2 cap layer.

layer. After deposition, the samples are again placed under an optical micro-
scope in ambient atmosphere and images are recorded every 15 seconds. From
the images in Figure 4.14 it can be seen that initially (panel a) the sample is sta-
ble without any significant change. However, after 7 min (panel b), a bubble
starts forming at the right edge of the lithium granule. After 11 minutes, an-
other bubble forms on the left and grows in size with time. After 17 minutes
(panel e), the bubble has reached the boundary of the electrolyte droplet and the
electrolyte gets more and more detached it from the underlying substrate. After
a total of 200 minutes (panel i) the electrolyte is basically completely detached
and the recording was stopped. From this image series it can be concluded that
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Figure 4.14: Image series of a lithium granule on a substrate, covered by an elec-
trolyte droplet with an evaporated layer of 200 nm SiO2 on top to prevent reac-
tions. As time advances, it can be seen that a gas bubble appears and increases in
size until ultimately the electrolyte droplet is fully detached from the substrate.

the cover layer is not tight enough to fully prevent lithium from reacting with
the elements from the surrounding atmosphere. Hence, lithium has to be fully
excluded from the sample preparation procedure in order to avoid future prob-
lems.
As it was mentioned before and shown in Figure 4.12, the only problem left hin-
dering imaging for prolonged time is the cracking of graphene layers due to the
high energy of the electron beam. This behaviour is most likely accelerated by
contaminations on the surface acting as a kind of catalyst. These contaminants
are believed to consist of residual hydrocarbons from the fabrication process,
since PMMA is used as photo resist for electron beam lithography. Although
after every processing step the remaining polymer film is washed away us-
ing acetone and iso-propanol, it seems that this cleaning procedure is not com-
pletely sufficient. An additional cleaning step incorporated into fabrication of
devices is thermal annealing of the samples at 350 ◦C in a forming gas atmo-

93



4 Experimental results

sphere, but nonetheless some contaminants still remain on the samples surface.
This implies that it is necessary to further clean the samples in order to avoid
problems stemming from these contaminations.
As described in the previous chapter, it is possible to use an AFM to clean the
sample surface. Unfortunately, this method leads to rupture of the thin bilayer
graphene membrane and can thus not be used, as described in detail in subsec-
tion 3.6.1. Therefore the method of choice throughout this thesis is to clean
the samples in-situ inside the TEM chamber using a high current. This re-
sults in strong local heating and ultimately in spontaneous crystallization of
the amorphous Si3N4 substrate below the bilayer graphene device. The out-
come of this is the formation of a crack in the substrate with intact clean bilayer
graphene spanning across this region. For a detailed description of this pro-
cess, the reader is referred to subsection 3.6.2. An image of such a crack in
the membrane is presented in Figure 4.15, which was already shown before in
subsection 3.6.2 but added here for completeness. After performing current an-

Figure 4.15: Due to the applied high current �ow between two contacts, the sample
heats up locally. This in return results in crystallization of the amorphous Si3N4

layer and thus in the formation of a crack. In addition, residuals on the surface of
the bilayer are essentially "burned" away.

nealing, it is possible to find clean sample areas inside the crack which can be
imaged for prolonged time. This is illustrated in Figure 4.16. With the methods
presented above, all hurdles to image in-situ lithium intercalation in a graphene
bilayer can be overcome. The electrolyte drop will be encapsulated with a 200
nm thick SiO2 layer and no lithium metal is used as counter-electrode to avoid
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Figure 4.16: High magni�cation images of the region cleaned by current-annealing.
The time delay is shown in the arrow at the top. Imaging over a longer period of
time is possible without the appearance of holes in the �ake.

gas bubble formation. The only open question is, if intercalation itself is still
possible with the modified device layout, since the electrolyte droplet and a
small portion of the bilayer graphene sample is now covered by a 200 nm thick
oxide layer. It is believed [95] that diffusion of Lithium ions happens between
the two layers of bilayer graphene. This path has to be opened up first, which
means that the van der Waals gap between the layers has to be widened to
provide space for adding the ions. If another thick layer of material is placed
on top of graphene, the forces which have to be overcome should increase sig-
nificantly. The abandonment of lithium metal as a counter-electrode has the
disadvantage that there is no longer a well-defined electro-chemical potential
drop across the double layers of the galvanic cell. However, this modification is
necessary for imaging. The counter-electrode in the final device geometry only
consists of the evaporated contact metal, Ti or Pt.
After successful placement of the electrolyte, covering only a small portion of
the bilayer graphene flake, a 200 nm thick layer of SiO2 is evaporated with the
help of a shadow mask to prevent outgasing of the electrolyte. In panels a - f
of Figure 4.17 a so prepared sample before (a - c) and after (d - f) positioning of
the electrolyte is presented. Panels a and d provide an overview of the whole
area including all contact leads and the counter-electrode. Panels b and e show
a magnification of the central area. The hole inside the Si3N4 membrane on the
substrate underneath the bilayer graphene is visible. In panels c and f, the area
of the bilayer graphene sample and the edges of the electrolyte and encapsu-
lation SiO2 layer (panel f) are shown. The bilayer graphene flake is marked
with a grey dashed line in panel c since it is difficult to spot otherwise. After
transferring the samples into the TEM column, they are locally heated using
a current annealing technique to provide a crack in the thin membrane layer
and a very clean region of bilayer graphene, as described above. This enables
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Figure 4.17: Overview of �rst successfully intercalated sample in the TEM. In pan-
els a, b and c optical images of the sample are given with di�erent magni�cations
showing the whole device (a) and the bilayer graphene area (b and c). Addition-
ally, the bilayer graphene region is marked with a dashed grey line in c. Panels
d, e and f show the same areas after positioning of the electrolyte and deposition
of the encapsulation SiO2 layer. In panel g, the schematic of the sample and of
the measurement con�guration inside the TEM column is shown including the
electrical circuit. Panel h shows the resulting longitudinal resistance against time
during lithiation (region marked L), when applying an external voltage of Uel =
7 V and delithiation with Uel = 0 V.

imaging with high magnification and high resolution of the device under inves-
tigation for a prolonged time period, which is needed to successfully intercalate
lithium ions and delithiate. In order to create a driving force for intercalation,
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an external voltage Uel is applied between the counter-electrode and the bilayer
graphene of up to 7 V on a fully assembled device inside the TEM. In panel g of
Figure 4.17 a device schematic is displayed together with the electrical circuit.
A current I of 100 nA is applied between source and drain contacts in order to
measure the longitudinal resistance Rxx = Uxx/I . For delithiation, an external
voltage Uel of 0 V is applied. It allows the ions to return to the electrolyte under
equilibrium conditions. In panel h, the resulting longitudinal resistance Rxx as
a function of time is given. In the regions marked with "L", the sample was lithi-
ated using the external voltage Uel of 7 V. As can be seen, upon lithiation, the
resistance of the sample drops by almost a factor of 10. The resistance slowly
recovers to its original value during delithiation. Hence, the lithiation process
is reversible and can be repeated. Here only two such lithiation and delithiation
cycles are presented. The change of resistance can be explained by the fact, that
lithium ions entering the graphene bilayer carry a positive charge. They induce
a negative charge inside the graphene bilayer and thus act as dopants. It seems
that the sample presented here is initially already electron doped. The tran-
sition from hole doping to electron doping, signalled by the so-called charge
neutrality peak in Rxx as seen in Figure 4.2, can not be observed here. As the
electron doping increases due to incorporation of more and more lithium ions
with time, the total resistance decreases due to the accompanied increase of
the charge carrier density. Upon delithiation this whole process is simply re-
versed. This measurement curve gives proof that we were able to overcome all
problems due to contaminations, electrolyte outgasing and the high reactivity
of lithium with the modified sample layout.

4.3 Crystal growth observed inside the TEM

After successful transport measurements, which prove that Li is able to enter
bilayer graphene within the modified cell design inside the TEM chamber, in-
situ image recording is performed. To do so, the device under investigation
is at first current-annealed as described before. By chance, a clean area can be
found and the magnification is increased to achieve atomic resolution. Upon
application of a potential between the electrode and bilayer graphene of 7 V,
successive images were recorded manually. The resulting image series is split
in two parts, given in Figure 4.18 and Figure 4.19.
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Figure 4.18: First part of the TEM image series showing the evolution of a sample
investigated with high magni�cation after application of an external voltage of 7
V between bilayer graphene and the counter-electrode. At �rst, only the regular
lattice of bilayer graphene is visible, but already after 53 seconds (b), a new crystal
starts to appear from the bottom left. This crystal front is growing towards the
top right of the image.
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Figure 4.19: Continuation of the series presented previously in Figure 4.18. After
170 seconds (a), half of the investigated area is covered. With advancing time, the
crystal front keeps moving until after 327 seconds (f), the whole area is covered
by the new crystal phase.
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The starting point of the image series (Figure 4.18 panel a) is a quite clean bi-
layer graphene area with only a minor amount of contaminants present. The
remainder of the investigated area provides a very nice regular lattice. After
53 seconds (Figure 4.18 panel b) a change becomes visible. From the bottom
left side of the image, the direction where the electrolyte is positioned, an addi-
tional crystal seems to appear. In the following image (Figure 4.18 panel c), this
crystal is growing and a second one appears on the left side (above the scale
bar). With time, these crystals grow towards the top right of the images. After
170 seconds (Figure 4.19 panel a) about half of the investigated area is covered
by this newly formed crystal. As time advances, more of the initially pure bi-
layer graphene area is covered with the new crystal until ultimately after 327
seconds (Figure 4.19 panel f) the whole area seems to be covered. Please note
that due to issues with the camera software used for image recording, the time
span between 170 and 266 seconds could not be recorded.
Since it is very difficult for untrained eyes to spot this behaviour of the newly
formed crystal phase and thus the progression of growth, a yellow dotted line
is drawn at the border of the additional crystal in Figure 4.20 and Figure 4.21, to
enhance the visibility. With the help of this marked boundary the progression
of the crystal front through the bilayer graphene lattice can easily be seen.
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Figure 4.20: First part of the TEM image series showing the same images as in
Figure 4.18, but with a yellow dotted line demarcating the edge of the progressing
crystal front for enhanced visibility of the crystal growth process.
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Figure 4.21: Continuation of the TEM image series showing the same images as in
Figure 4.19, but with a yellow dotted line demarcating the edge of the progressing
crystal front for enhanced visibility of the crystal growth process.
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It is believed that this new crystal consists of pure lithium ions which have in-
tercalated between the two graphene layers. In order to investigate the real
composition of the in-situ formed crystals, EELS measurements can be per-
formed. For this purpose, the beam is focussed on a location where a newly
formed crystal is visible in the image. The imaging screen is removed and the
EELS detector is inserted. A representative spectrum is shown in Figure 4.22.
Panel a contains the full spectrum of a pristine graphene bilayer sample (blue

Figure 4.22: EELS data of the sample presented above. Panel a shows an overview
of the whole energy range from 40 to 800 eV. A comparison between the lithiated
(light green curve) and the pristine case (blue curve) is given. With dashed lines
the speci�c energies for certain elements are marked. Since the shape of the
curves only di�er at around 55 eV, which corresponds to Lithium, these region is
magni�ed in panel b. The exponential background is removed and thus the blue,
pristine curve vanishes. Panel c shows the energy range corresponding to Carbon,
again with the exponential background removed.

curve) as well as the spectrum from a region where the newly formed crys-
tal is present (light green curve). Since every element has a specific energy
loss, the corresponding elemental energies are marked with dashed lines. As
can be seen, the shape of both curves only differ at one energy, around 55 eV.
This is exactly the onset of the Lithium peak. At all other element energies,
the curves show no visible features. EEL spectra always exhibit an exponen-
tial background that can be mathematically removed to improve the visibility
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of fine structures of the peaks. This is done in panels b and c for the energies
around 55 eV (lithium peak) and 288 eV (carbon peak). The lithiated curve in
panel b indeed shows a pronounced peak stemming from elemental lithium,
while the pristine sample area completely vanishes after subtracting the expo-
nential background. The carbon peak, highlighted in panel c, is basically the
same for both curves with only a very small shift to higher energies in the lithi-
ated case. We conclude that the graphene bilayer is essentially unperturbed
despite lithium insertion. The investigated areas only contain lithium and car-
bon at a significant level. Hence, the crystal purely consists of lithium and other
elements can be excluded as main components of the new crystal phase.
As mentioned before, the Fourier transform of a real space TEM image yields

the reciprocal lattice of the crystal. Such a transformation can be done using a
fast Fourier transform (FFT) algorithm. By doing so, the crystal structure can
be analysed starting from a TEM mage, as acquired and shown before. This is
done in Figure 4.23 for the previously shown images after 0 seconds (panels a
and b) and after 170 seconds (panels c and d). Panels b and d are FFT images
calculated from data in panels a and c, respectively. Please note that for better
visualization, the colours of the FFT images are inverted in order to achieve a
better contrast. In the pristine graphene bilayer area (panel a and b), the hexag-
onal lattice structure can be seen very clear both in the real space as bright spots
and in reciprocal space as dark spots, marked with green (first order) and or-
ange (second order). The same spots can also be seen in the FFT image after 170
seconds, given in panel d, proving that the initial bilayer graphene lattice is un-
changed during lithium crystal growth. In addition to these graphene spots, 3
new individual sets of hexagonal spots can be observed easily between the first
and second order graphene spots. If one looks very closely, it can be seen that
these represent the crystals second order reflexes. The first order reflexes are
vaguely visible in the amorphous central part of the FFT image. These reflexes
are marked with magenta (first order) and blue (second order). The lattice spac-
ing can reliably be determined from the spots, since it is possible to calibrate the
lattice spacing using the well known reflexes from graphene. Assuming that
the Lithium crystal grown shows the same symmetry as the parent graphene (i.
e. hexagonal close packed, hcp), a lattice constant of 3.1 Å is extracted, which
is larger than the lattice constant of bilayer graphene, 2.46 Å. Since TEM only
shows a projection of the crystal lattice, the structure could also be face cen-
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Figure 4.23: TEM images after 0 seconds and 170 seconds from the previously
shown image series (a and c) and the corresponding FFT images (b and d) re-
vealing the reciprocal lattice of the investigated material. In both FFT images,
the hexagonal lattice re�exes of bilayer graphene are clearly visible, proving that
it stays unchanged during growth of the lithium crystal. These are marked with
green (�rst order) and orange (second order). In addition, panel d exhibits three
new crystal lattice re�exes with the same hexagonal structure as bilayer graphene
but a di�erent lattice constant. These are marked with magenta (�rst order) and
blue (second order).

tred cubic (fcc), viewed along the <111> direction. In order to extract the full
structure, a sample needs to be viewed at different incident beam angles. This
requires a sample holder with tilt capability, which unfortunately is not possi-
ble with the holder used in these experiments.
We now turn our attention to the fact that three additional sets of lattice reflexes
appear, all with the same lattice constant. Therefore 3 identical lithium crystals
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must exist which are slightly rotated with respect to each other. If one looks
closely at the images, the boundaries between these can be observed. For clar-
ification, these boundaries are marked in panel a of Figure 4.24 and the corre-
sponding FFT images (with inverted colours) from the regions marked in panel
a, are given in panels b, c and d. It can be seen that indeed, three regions exist,

Figure 4.24: Illustration of three di�erent crystalline grains in the TEM image
recorded after 170 seconds (a). The yellow dotted lines mark the borders between
the individual crystal grains. Panels b - d are FFT images on each crystal region
separately. Each FFT image indeed reveals only a single crystal grain, as expected.

which all show a single set of hexagonal reflexes, beside the graphene reflexes,
in the FFT. A combination of these sets would again yield the full set of reflexes
presented in the FFT image of Figure 4.23 (panel d).
As discussed in subsection 2.4.3, one can apply a mask to the FFT images and
back-transform it to real space. This technique can be used to remove the bi-
layer graphene lattice and enhance the visibility of the newly formed lithium
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crystal. An example of such filtering is illustrated in Figure 4.25 for the TEM
image recorded after 170 seconds (Figure 4.18, panel g). This image is shown

Figure 4.25: The process of applying a �lter to a TEM image using a mask on the
FFT image. In a, the real space TEM image of the series above after 170 seconds
is shown. This image is then Fourier transformed yielding the image presented in
b. Applying a mask to this image with hexagonal symmetry, covering all crystal
re�exes stemming from the bilayer graphene lattice and subtracting it from the
FFT image yields the modi�ed FFT image shown in c. This image can then be
back transformed into real space using an inverse FFT algorithm and yield an
image is given in d. Here, the underlying bilayer graphene lattice is successfully
removed leaving behind only the Lithium crystal and amorphous contaminations.
This process provides a good technique to remove a speci�c lattice from a given
TEM image.

again in panel a. The Fourier transformed is plotted panel b. On this image, a
mask is applied with hexagonal symmetry covering all spots that stem from the
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graphene bilayer. This mask is then subtracted from the FFT image resulting in
black spots in the modified FFT plotted in panel c. By applying an inverse FFT
algorithm on the filtered FFT image a back transformation to real space with
an applied filter is achieved. The outcome is shown in panel d. The graphene
lattice has been successfully removed, leaving behind only amorphous parts
(contaminations) and the lithium crystal. The border of the crystal is now very
clearly visible. This method can be applied to all images of the series shown
before, resulting in a new series without the graphene lattice, enhancing the
visibility of the lithium crystal growth front. These images are presented in
Figure 4.26 and Figure 4.27. This method of filtering with a mask in the FFT
and transforming it back is a powerful tool to gain insight into the growth pro-
cess on the nanoscale.
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Figure 4.26: First part of the TEM image series showing the time evolution during
lithiation. This series shows the same images as in Figure 4.18, but with the bilayer
graphene lattice �ltered away following the procedure presented in Figure 4.25.
The progression of the lithium crystal front is clearly visible now.

109



4 Experimental results

Figure 4.27: Continuation of the TEM image series showing the time evolution
during lithiation. This series shows the same images as in Figure 4.19, but with
the bilayer graphene lattice �ltered away following the procedure presented in
Figure 4.25. The progression of the lithium crystal front is clearly visible now.
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As mentioned previously, there are three different sets of lithium crystal re-
flexes present in the FFT images. Using FFT images from reduced areas makes
it possible to determine the regions corresponding to the specific orientation,
as shown in Figure 4.24. To further improve visualization of the different crys-
tal grains, each orientation can be given a specific colour. This type of colour-
coding can be done for each image shown before and the resulting colour-coded
image series is depicted in Figure 4.28. This series provides key information
about the growth of the individual lithium crystal grains within the graphene
bilayer. The graphene lattice is masked away. The central grain, coloured in
green, together with the red crystal grain at the left, is already observable after
53 seconds. These then grow with time as more lithium ions become available.
After 113 seconds (panel d), a new, blue coloured grain starts forming at the
bottom right. It continues to grow and reaches its maximum size after 170 sec-
onds. The green crystal grain seems to be the dominant grain. Over time, it
consumes the other two orientations or moves those grains out of the field of
view. After a total of 327 seconds, nearly the entire investigated area is filled up
with the central green grain.
A closer look at the images after prolonged growth, e.g. the image after 266
s, different regions can be recognized within the big (green coloured) central
crystal. These still belong to the same crystal grain, i.e. have the same orien-
tation, and yet the structure seems to change and the colour intensity is dif-
ferent. As an example, three different regions are marked and magnified in
Figure 4.29. Panel a shows again the image after 266 seconds (Figure 4.26 h),
with the graphene bilayer lattice filtered away. Three different regions in the
field of view are marked with black rectangles and these are magnified in the
panels b, c and d. The structure of each region looks different, despite the fact
that crystal orientations are identical. The only parameter which can change is
the thickness perpendicular to the electron beam. Hence, it is believed that the
lithium crystal has a different thickness in the different regions within the same
grain. At the border, there must be a step. As mentioned in subsection 2.5.2,
crystal growth can occur in two directions, either normal to the local nucleus
orientation, or perpendicular to it. It might be favourable for the crystal, as it is
encapsulated by two sheets of graphene, to continue growth in two dimension,
but with time, additional atoms could also accumulate to expand the thickness.
In Figure 4.30, the borders between these regions with varying thickness are
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Figure 4.28: TEM image series during lithiation with the bilayer graphene lattice
�ltered away and the lithium crystal grains with di�erent orientation coded with
red (left grain), green (middle grain) and blue (right grain) to further improve the
visibility of the di�erent grains.

marked with dotted green lines to highlight these steps in the thickness. The
thickness of a crystal can be determined in TEM from EELS. Because of the very
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Figure 4.29: In panel a, the TEM image after 266 seconds, as shown in panel h
of Figure 4.26, is provided, with the bilayer graphene lattice �ltered away. Inside
the central grain, three di�erent regions can be identi�ed, marked with rectangles.
These regions are magni�ed in panels b, c and d for the sake of comparison.

small size of the individual grains, it is not possible to measure the thickness
variation within each grain separately. The energy density to record the EEL
spectrum would be very high and it would damage the graphene bilayer as
well as the lithium crystal itself. Only a broader area can be analysed to obtain
EELS data and calculate the average thickness using the equation (see subsec-
tion 2.4.2)

t

λ
= ln

It
I0

. (4.1)

Hence, λ is determined using the equations presented in subsection 2.4.2. The
thickness depends on the relation between the total spectral intensity and the
zero loss peak. Hence, a spectrum is required showing both of these contri-
butions in order to calculate the thickness. A typical spectrum of a lithiated
graphene bilayer is displayed in panel a of Figure 4.31. The grey curve repre-
sents the zero loss peak while the green curve stems from the lithium crystal.
In panel b, the spectrum is zoomed to low intensities to point out the difference
between the zero loss peak and the spectrum from the lithium crystal. In order
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Figure 4.30: The TEM image recorded at 266 seconds (panel h of Figure 4.18 and
Figure 4.20). The graphene bilayer lattice is �ltered away. Regions with di�erent
appearance are observed inside the same lithium crystal grain. The borders of the
di�erent regions are marked with a dotted green line.

to determine the thickness according to Equation 4.1, the intensities have to be
calculated by integrating the spectra with respect to the energy.
In total there are three different areas investigated using this technique. The
values of one of these is given here as an example for the calculation. At first,
the inelastic mean free path λ is calculated. To do so, the relativistic factor F ,
depending on the acceleration voltage used (E0 = 80 keV), is at first calculated
to F = 1+E0/1022

(1+E0/511)2
= 0.806 1

keV . The average energy loss of the specimen under in-
vestigation is calculated to Em = (7.6eV)Z0.36 = 11.29 eV. With the microscope
specific collection angle, β ≈ 9 mrad, the result yields an inelastic mean free
path of λ ≈ 106F E0/Em

ln(2βE0/Em)
≈ 125 nm. Inserting this value and the integrated

intensities into the equation above yields a thickness of

t = λ · ln It
I0

= 125 nm · ln 9497390

9207590
= 3.87 nm. (4.2)

The other two measurements yield thicknesses of 3.27 nm and 4.00 nm. Thus,
the total range of calculated lithium crystal thickness lies between 3 and 4 nm,
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Figure 4.31: EEL spectra showing the zero loss peak (grey) and the spectrum from
a lithiated graphene bilayer sample (green). Panel a shows the full spectrum while
in panel b, the ordinate is magni�ed to emphasize to the low intensity regime to
see the di�erence between the zero loss peak and the spectrum from the sample.

which is very large compared to the thickness of bilayer graphene, which is
only 0.335 nm.
The ratio t/λ is an important indicator for the applicability of this equation. As
a rule of thumb, the thickness of the specimen should be close to the inelastic
mean free path for the equation to hold. This means that t/λ should be in the
range between 0.1 and 2 to provide accurate results. For values below 0.05,
the equation does not yield reliable results. The intensity in the EEL spectrum
comes either from bulk or surface plasmons in the low loss regime and stems
from vibrational modes in the bulk material or its surface. The Equation 4.2
is only valid if the bulk contribution is dominant. In the case presented here,
the values lie between 0.026 and 0.033, which is below the threshold and there-
fore the equation yields an upper bound on the thickness. Here, the surface
represents a large contribution to the spectrum since the material under inves-
tigation is very thin, even for TEM measures.
The obtained sample thickness of approx. 3 - 4 nm is therefore only an upper
limit of the actual thickness. Moreover, in the specimen presented here, we
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have to consider mixed contributions from the graphene host and the lithium
crystal. This too may have an important influence on the result.
Other methods to determine the thickness are therefore highly desirable, such
as tilting the sample and achieve a side view. Unfortunately, this is not possible
with the TEM holder used for these experiments. Another option would be to
measure the thickness ex-situ, using an AFM or SEM (again from a side view).
Such approaches have not been attempted so far.
We conclude that an applied external voltage of up to 7 V can act as a driving
force to electrochemically trigger lithium to intercalate into bilayer graphene.
It is possible to monitor this process in-situ using a TEM. This electrochemi-
cal process is essentially identical to what occurs in a battery. It needs to be
verified that this intercalation can be reversed, i.e. removed from the host
material. Transport measurements, presented before in Figure 4.17, showed a
change of the resistance upon delithiation, suggesting that this is indeed possi-
ble. Also in-situ TEM imaging confirms this when the voltage applied between
the counter-electrode and the bilayer graphene device is set to 0 V. Since there
is no more potential difference, there is no more driving force and it is expected
that the system goes back to its original equilibrium state. The lithium should
be removed from the bilayer graphene host and incorporated back into the elec-
trolyte droplet. This process was imaged on a different area of the same sample
as before at a lower magnification to obtain a broader overview. The image
series is shown in Figure 4.32. Note that in these images, the contrast was arti-
ficially enhanced in order to better see the evolution of the lithiated spots. The
dark spot correspond to regions with only bilayer graphene present while the
brighter spots are lithiated regions. Initially, the lithium crystal covers about
half of the field of view in the bottom left (panel a). With time, this crystal
shrinks. After 210 seconds, only a stripe remains whose lateral size shrinks un-
til it has disappeared after 403 seconds (panel e). We conclude that the delithi-
ation is to a large extent reversible as well. The delithiation can also be moni-
tored in-situ, but contrary to the crystal growth the removal of lithium occurs
in a different manner.
FFT images calculated from data recorded during delithiation demonstrate that
these crystals keep the same lattice constant as observed during growth. In
the field of view two different crystal orientations are present. These different
grains can again be colour-coded following the same procedure as before. The
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Figure 4.32: TEM image series showing delithiation of the bilayer graphene sample.
Due to contrast enhancement, the lithiated regions appear bright while the unlithi-
ated bilayer graphene regions remain darker. It can be observed that delithiation
occurs and can also be monitored in-situ using a TEM.

colour-coded image series can be found in Figure 4.33.
The lithium crystal structure is hexagonal in projection and the lattice constant
is 3.1 Å. The exact structure can however not easily be extracted. Theoretical
calculations have proven, that upon variation of pressure and temperature, a
pure Lithium crystal can exhibit bcc, fcc, hcp as well as a martensitic structure
[212]. In a 2D projection, both fcc and hcp show hexagonal symmetry and thus
it might be possible that the observed structure is one of these two. At room
temperature, the bcc structure is the most stable, but this does not fit the exper-
imental observations presented here. One possible explanation might be that,
since the crystal grows between two layers of graphene, it is exposed to an ex-
ternal pressure which in return forces a structural transition towards a close
packed crystal (either fcc or hcp).
The observation of a hexagonal pattern compatible with a fcc or hcp structure
implies that the lithium crystal consists of multiple layers. This is entirely un-
expected, since studies of lithium intercalation in graphite reported so far LiC6

as the final stage stoichiometry. DFT calculations [213] do not exclude the pos-
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Figure 4.33: TEM image series showing the same delithiation series as in Fig-
ure 4.32. Here, however, the two di�erent crystal grains are coloured with red
and green. The red grain is removed fully in panel d, while a small portion of the
green grains remains even after 403 seconds in panel e.

sibility of higher lithium contents. It is energetically less favourable to have
one or two atomic lithium layers than three or more layers, which are equally
favourable. This is indeed surprising since the two graphene layers need to ex-
pand far away from each other in order to open up a van der Waals gap wide
enough for such an expanded crystal. This expansion might lead to a complete
decoupling of the two layers into individual single layers of graphene, which
alters the properties significantly. Such a decoupling might be observable in-
side the TEM as well. For this purpose one could make use of the fact that using
diffraction, bilayer graphene can be distinguished from single layer graphene.
The intensities of the first and second order diffraction peak are the same in the
case of single layer graphene, while in the case of bilayer graphene, the second
order peak has double the intensity of the first order peak [198]. Unfortunately,
we were not able to perform such diffraction measurements in the course of this
work. Of course, changes upon lithiation of bilayer graphene would also lead
to a modification of the band structure, which would be observable in ARPES
(Angular-resolved photoelectron spectroscopy). However, the implementation

118



4 Experimental results

of ARPES with in-situ electrochemistry is very challenging and we are unaware
of any group who has accomplished that.

4.4 Nucleation and growth of the lithium crystal

Crystal growth is a process which can typically be divided into two parts. It
starts with nucleation, where small crystallites are formed at nucleation sites.
For this to happen, a supersaturation of atoms in the surrounding medium of
such sites is necessary. Depending on the seed concentration, either a large
uniform single crystal will form (low concentration of seeds) or many individ-
ual crystals will coalesce into a polycrystalline network (high concentration of
seeds). After successful nucleation, crystals continue to grow along their pre-
ferred crystal orientation. In the following, this process is addressed for the
lithium crystal growth inside the graphene bilayer.

4.4.1 Nucleation

In order to study the nucleation process and crystal growth, additional im-
age series were recorded on other bilayer graphene devices, making sure that
images are taken immediately after a voltage is applied between the counter-
electrode and the bilayer graphene, acting as driving force for ion intercalation.
This enables a comparison of regions where crystal growth has not happened
yet, so that nucleation can be monitored closely. The image series previously
presented is not suitable for this purpose, since the lithium crystal is growing
into the field of view and thus nucleation happened in an area not visible in the
recorded images. The additional data images illustrating crystal nucleation are
shown in Figure 4.34. Panel a and b are images directly before (a) and after (b)
nucleation. These are raw images without any processing. The possible sites
for nucleation are marked with blue circles in panel c and d. These are either
defects in the graphene bilayer or amorphous carbon residuals. Panel e is the
same image as in panel c, but the graphene lattice has been filtered away fol-
lowing the same procedure previously done. This enhances the visibility of the
defects and also of the lithium crystal grains that start to form.
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Figure 4.34: TEM images taken directly before (a, c and e) and after (b, d and
f) nucleation of a lithium crystal inside the graphene bilayer. Panels a and b are
the original images, c and d show the same images but with defects in the bilayer
graphene layers marked using blue circles, since these might serve as nucleation
sites. In addition, the nucleated lithium crystal grains are marked using yellow
dotted lines. The same is shown in panels e and f, but with the graphene bilayer
lattice �ltered away using the same procedure presented before.
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In panels d and f, the same is done for the image after nucleation given in
b. In addition, the lithium crystal grains are marked by yellow dashed lines.
From these images, we conclude, that nucleation indeed occurs either at defects
marked with blue circles, or near amorphous carbon residuals from the fabri-
cation process. Areas in the field of view further away from such defects or
residuals stay uncovered and do not provide any seeds for subsequent growth
of a lithium crystal. It is possible that underneath the residuals, additional
defects may be present. Defects are believed to provide areas with distorted
bilayer graphene lattices and thus with a lower surface energy, which makes
them ideal sites for nucleation.

4.4.2 Growth

After the formation of a lithium crystal seed at a nucleation site, growth takes
place. Additional lithium, which diffuses through the bilayer graphene host,
accumulates at the edges of the existing seeds and the crystal grain grows in
size. In most experiments, the seeds initially had random shapes, but with in-
creasing size, crystal grains adapt a triangle shape. In Figure 4.35 two examples
of such triangular shaped grains from two different samples are shown. The top
panels, a and b, present the original images before lithiation, while in the bot-
tom panels, c and d, lithium crystal grains have formed. They are marked with
yellow dotted lines to highlight their shape. It seems that this shape minimizes
the total energy. This shape also fits with the overall hexagonal symmetry. Fig-
ure 4.36 illustrates a few other examples. Again, the panels at top, a, b and c,
are the original images prior to lithium crystal formation, while in the panels
at the bottom, d, e and f, lithium crystal grains have formed. Their borders
are marked using a yellow dotted line. In these examples, a strict triangular
shape is not always observed. Only some edges suggest such a shape. Over-
all, the crystal grains exhibit sharp straight edges stemming from the crystal
symmetry. The triangular shape is mainly visible at an early stage of the crys-
tal growth while with increasing size, the grains extend in different directions.
The question arises whether there exist some preferential growth directions.
To answer this question, two different samples are presented in Figure 4.37
and Figure 4.38. All these images were acquired after prolonged growth, so
that many different crystal grains formed, ultimately covering the whole field
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of view. For each of these images, an FFT image was calculated in order to
determine predominant crystal orientations of the lithium crystal grains. In
Figure 4.37, images from the same sample at two different magnifications are
shown. The image in panel a was recorded at lower magnification, while the
image in panel b is a zoom-in of a portion of the area displayed in a. Panels c
and d are the corresponding FFT images. At lower magnifications, 6 different
sets of hexagonal lithium reflexes are present in varying orientations. When
increasing the magnification, less crystal grains come into the field of view and
thus only three sets of hexagonal lithium crystal reflexes are present. This in

Figure 4.35: TEM images of two di�erent samples. Panels a and b show sample
images prior to lithiation. Panels c and d show the same images but lithium
crystal grains have formed. These are marked with yellow dotted lines. Their
shape is triangular. Presumably, this shape minimises the total crystal energy. It
also and �ts to the overall hexagonal symmetry.
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Figure 4.36: TEM images of three samples at an early stage of crystal growth.
The top panels, a b and c, are images prior to lithiation, while the bottom panels,
d, e and f, show the same images during lithiation. The boundaries of the crystal
grains are marked with yellow dotted lines.

return means that individual grains exist next to each other, all with different
distinct orientations. This phenomenon is the same for another sample, de-
picted in Figure 4.38. Here, three different magnifications of the same region
are given, with increasing magnification from a to c. The corresponding FFT
images are again provided below the real space images (panels d to f). With in-
creasing magnification, few crystal grains are observed in the field of view and
therefore the crystal reflexes can easily be distinguished. At the lowest mag-
nification (panels a and d), a full ring pattern exists and no individual crystal
reflexes can be extracted. Therefore a real multi crystalline crystal structure ex-
ists with a large number of different orientations. Some orientations might be
less pronounced, but they can not reliably be identified. When increasing the
magnification (panels b and e), one can identify individual lattice reflexes. Us-
ing the highest magnification (panels e and f), even fewer individual reflexes
are present in the FFT images meaning that there are also less distinct crystal
grains present in the real space image.
It can be concluded that there exists no preferred lithium crystal orientation.
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Figure 4.37: TEM images of a sample recorded after prolonged crystal growth.
Panel b is a magni�cation of a smaller region in the �eld of view of panel a. In
panels c and d the corresponding FFT images are displayed. In the image recorded
at lower magni�cation (a and c), a total of six di�erent crystal orientations can
be detected. In the magni�ed region, only three of them are still present.

Growth occurs in every possible direction, resulting in the multicrystalline ring
pattern observed in panel d of Figure 4.38. When increasing the magnification,
fewer grains come into the field of view and thus individual grains can be seen,
both in real space as well as in the FFT image. The orientation of the crystals
does not depend on the bilayer graphene lattice orientation and the growth of
the lithium crystal grains seems to be a completely random process. In each
grain, growth follows symmetry rules, resulting in specific shapes and straight
crystal edges, but the orientation with respect to the graphene lattice itself is
random.
In the following we analyse what happens when different grains grow towards
each other and ultimately come in close contact. In Figure 4.39 some images of
Figure 4.18, Figure 4.19, Figure 4.26, Figure 4.27 and Figure 4.28 are repeated
for the sake of convenience. In a, d and g the original images after different
intercalation times (increasing from a to g) are shown. The filtered images are
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Figure 4.38: TEM images of a bilayer graphene sample after prolonged time of
lithium crystal growth. From panel a to c, the magni�cation is increased and for
each real space image, the corresponding FFT image is given below. At low mag-
ni�cation, a multicrystalline ring pattern showing every possible grain orientation
is present (d). With increasing magni�cation, fewer grains are present in the �eld
of view and therefore the lattice re�exes can be identi�ed individually.

provided in b, e and h while in the third column, the filtered images are colour
coded (panels c, f and i). Initially, only two different crystal grains exist (red
and green). They are apart from each other. While growth progresses, these
grains start to touch and an additional grain (blue) appears at the bottom right.
These grains ultimately grow in the same direction (towards top right) without
disturbing each other. A grain boundary forms between them, clearly visible
for example in the bottom right of panel h, and therefore the orientation of each
individual grain is not influenced by the adjacent grains.
In order to check, if this behaviour is always the same, the growth of lithium
crystals was investigated on many different other samples. In Figure 4.40, an-
other image series is provided from a different sample. The original full size
images are presented in the middle column (panels b, e, h and k) These images
were recorded after 0 s, 12 s, 102 s and 208 s, respectively. Two specific regions
in the field of view are selected. They have been marked with blue and orange
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Figure 4.39: TEM images shown previously in Figure 4.18 and Figure 4.19 (a, d
and g), Figure 4.26 and Figure 4.27 (b, e and h) and Figure 4.28 (c, f and i).
Panels a, d and g show the original images acquired with increasing time from
top to bottom. The second column, panels b, e and h, are the same images,
but the graphene bilayer lattice has been �ltered away. The third column shows
the images with the individual grains colour coded. The individual grains come
in contact with each other, keep their orientation and form a grain boundary in
between them, while keeping their growth direction.

rectangles. Magnified images for the blue rectangles are on the left and for
the orange rectangle on the right. On this sample the individual crystal grains
behave differently when they come in close contact with each other. Instead
of creating a grain boundary between each of the individual grains, as was the
case in Figure 4.39, the grains overlap as time advances and hence, the thickness
increases. This is apparent from the decrease in brightness in the overlapping
areas. Since this happens inside the graphene bilayer, one of the crystal grains
must slide over the other. The total thickness of the stack created this way is
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Figure 4.40: TEM images showing lithium crystal growth. The central column
(panels b, e, h and k) are the full size originally acquired images. In these images,
two regions are marked with blue and yellow rectangles. These regions are magni-
�ed in the left column (blue rectangle) and right column (orange rectangle). The
crystals start to overlap when they come in contact. The overlap region appears
darker in the TEM images and suggests an increase in thickness.

increasing and therefore the area appears darker in the TEM image. This be-
haviour is common and is observed on multiple samples. In Figure 4.41, three
examples of such visible thickness steps due to overlapping crystal grains are
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presented. These images were taken on three different samples and after some
lithium crystal growth time. Please note that the image in panel b stems from
the same sample used in Figure 4.40 for comparison. In Figure 4.42, images are
shown from the sample already presented in Figure 4.34 immediately after nu-
cleation and the start of the lithium crystal growth. The image in panel e was
taken 1 second after the image in panel b. In b, there are 2 individual crystal
grains present at the left edge, marked with blue and orange rectangles. The
corresponding FFT images of these marked regions are given in a (blue) and c
(orange). The reflexes corresponding to graphene and lithium are marked with
yellow and green circles, respectively. Please note that only the reflexes in the
upper half of the FFT images are marked, since they are symmetric around the
centre (marked with dark blue dashed lines). The orientation of graphene and
the lithium crystal is measured with respect to the central vertical line for the
reflexes at the top. In all images, graphene exhibits an angle of 15.7 ◦. The angle
of the lithium crystal is given at the top right of each FFT image. Within the blue
rectangle, there are two sets of reflexes corresponding to lithium crystal grains,
with angles of 11.3 ◦ and 16.4 ◦ (panel a). In the orange rectangle, the orientation
is 2.7 ◦ instead (panel c). The grains apparently have different orientations. The
bottom row of images is for the same sample area, but was recorded 1 second
later. The same regions are again demarcated with blue and orange rectangles
in panel e.Crystal grins in the blue and orange rectangle have grown towards
each other and are now touching each other. In the blue rectangle, the lithium
crystal now only exhibits a single orientation of 11.3 ◦, while the second orien-

Figure 4.41: TEM images of three di�erent samples after some lithium crystal
growth. In all three images, crystal grains overlap resulting in a reduction of
brightness in the overlap region. This behaviour of overlapping growth is com-
monly observed and not only in the sample of Figure 4.40.
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Figure 4.42: TEM images at an early stage of crystal growth. Panels b and e show
real space images of the same location with a time separation of 1 second between
them. In these images, two regions are marked with orange and blue rectangles.
FFT images of these marked regions are given next to the real space images to
analyse the crystal grain orientation. Bilayer graphene has an orientation of 15.7
◦ in all images, its re�exes are marked with yellow circles. Lithium crystal grain
re�exes are marked with green circles. The corresponding orientations of the
lithium grains are given at the top right of each FFT image. Initially, in panel b,
there exist three di�erent orientations, but after the grains come in contact with
each other, they all show the same orientation of 11.3 ◦.

tation has vanished (panel d). The crystal in the orange rectangle now exhibits
the exact same orientation of 11.3 ◦ (panel f). Hence, crystal grains have appar-
ently rotated to adopt the same orientation. The transformation into a single
lithium crystal grain with a uniform orientation of 11.3 ◦ likely minimizes the
total energy. After some additional time (3 seconds), another phenomenon is
observed. It is illustrated in Figure 4.43. The image in panel b is exactly the im-
age in panel e of Figure 4.42. The blue rectangle corresponds to the blue crystal
grain in Figure 4.42, but we now compare it with a different crystal grain in
the field of view demarcated by the orange rectangle. The orientation of this
grain equals 14.3 ◦ (panel c). The bottom row of images shows again an image
recorded at a later stage (after 3 seconds). In panel e, it can be seen that both
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Figure 4.43: TEM images at another short time (3 seconds) of crystal growth. The
image is made up the same way as the previous �gure. The orientation of bilayer
graphene is still 15.7 ◦, while the blue marked crystal stays at 11.3 ◦ for the entire
process. The orange crystal has an orientation of 14.3 ◦ and, unexpectedly, keeps
this orientation when the grains come in direct contact. Thus, the crystals do not
form a uniform grain but rather form a grain boundary between them.

crystal grains again have grown towards each other and come in direct contact
at this point. In panel d, the blue grain retains its orientation of 11.3 ◦ and also
the orange grain has kept its orientation of 14.3 ◦, despite the behaviour pre-
sented in Figure 4.42. Hence, the crystal grains, even though they are directly
in contact, keep their orientations and do not rotate. A grain boundary is cre-
ated between them and they do not form a single grain. This grain boundary
can be observed in panel e, if one looks closely. The difference between the
result in ?? and the previous example in Figure 4.42 is that the grains already
have a larger size. This may have an influence on the possibility for one of the
grains to rotate. When the crystal is small, it might be energetically feasible for
the grains to rotate and merge with the other adjacent crystal. With increasing
size, a reorientation becomes difficult and a grain boundary is created instead.
In summary, three different scenarios can be distinguished when two crystal
grains come close to each other. (i) One of the grains rotates slightly in order to
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fit the orientation of the other grain and unify into a single grain (Figure 4.42);
(ii) The grains keep their orientation and form a grain boundary at some energy
cost (Figure 4.39 and Figure 4.43); (iii) Grains keep growing in the direction they
were growing before by overlapping each other. This case is accompanied by an
increase in the thickness (Figure 4.40 and Figure 4.41). All three scenarios were
observed on different samples. The first scenario, grain rotation and merging,
only happens for small grains. For larger grains, the other two scenarios are
more likely.
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Finally, we turn our attention to the rate at which the lithium crystal grains
grow in between the graphene sheets. For this study, the images in Figure 4.26
are used, since they offer the best view on the growth process. Figure 4.44
shows, how the analysis is done. In panels a, b and c, three images recorded
at different times are reprinted. In these images, the graphene bilayer lattice
has been filtered away. Each image is divided into regions with and without
lithium crystal. Regions with no lithium are shown in black in the panels be-
low and regions with lithium are coloured in white. We then calculate the area
covered with lithium. The outcome is plotted in panel g. This exercise is re-
peated for images at different times. The ordinate is the total lithium coverage
in % and the abscissa is the time that has passed. The field of view area equals
28.7 nm x 28.7 nm. The lithium coverage can therefore be converted into an
absolute area. This is done on the right axis. After an initial delay, the growth
rate is approximately constant and equal to 2.45 nm2/s.
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Figure 4.44: Determination of the lithium crystal growth rate. The top row shows
three of the previously discussed TEM images of Figure 4.26 recorded at three
di�erent times. The images can be divided into regions with and without lithium.
In the panels below the TEM images, areas without lithium are marked black
(pristine) and those with lithium white (lithiated). This procedure allows a de-
termination of the lithium coverage. Panel g plots the lithium in percent and
absolute area as a function of time and includes a linear �t with a resulting slope
of 2.45 nm2/s.
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4.5 Triple layer graphene

In the following the same investigations are performed on triple layer graphene.
Figure 4.45 addresses the nucleation process. In panels b and e, full sized TEM

Figure 4.45: TEM images showing the process of nucleation in triple layer
graphene. Panels b and e o�er full sized images before (b) and after (e) nucleation.
Areas marked with blue and orange rectangles are magni�ed in the left column
(blue regions) and the right column (orange regions). Nucleation proceeds in the
same fashion as in the case of bilayer graphene. Defects or amorphous residuals
serve as nucleation sites.

images are plotted at the initial state (b) and after nucleation has occurred (e).
In the images, two areas are marked with blue and orange rectangles. These
areas are magnified in panels a and d (blue area) and in c and f (orange area).
Nucleation follows the same principle as observed in bilayer graphene sam-
ples. It occurs in the vicinity of defects or amorphous residuals. Figure 4.46
displays TEM images after some growth time on two distinct samples (panels
a and b). In both images, the area marked by a black rectangle, is magnified in
panel c and d, respectively. As observed before in bilayer graphene samples,
grains start to overlap as growth progresses and hence regions with increased
thickness and steps between them appear. In the case presented here, it is diffi-
cult to tell whether the overlap takes place in the same van der Waals gap, since
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Figure 4.46: TEM images of triple layer graphene samples after prolonged time
of Lithium intercalation. Panels a and b represent two di�erent samples. There
is a region of interest marked in both images using a black rectangle, which is
magni�ed in the row below the original image, from which the thickness steps
due to overlapping crystals and also the triangular shape of them becomes clearly
visible.

two van der Waals gaps are available for the lithium to intercalate and to form a
crystal. It is possible that overlapping grains are located between different pairs
of graphene layers. Nevertheless, the growth in triple layer graphene appears
similar to the case of bilayer graphene. Individual crystal grains again exhibit a
triangular shape or at least straight edges corresponding to their observed crys-
tal symmetry. The magnification here is rather low with larger field of views of
200 x 200 nm (a), 100 x 100 nm (b), 150 x 150 nm (c) and 75 x 75 nm (d). There-
fore it is not possible to study the influence of nearby grains on their orientation.
Figure 4.47 shows a sequence of five TEM images for successive growth times
(panels a, e, i, m and q) with 5 seconds between each image. In each of these
images, three different regions are marked with blue, orange and yellow rect-
angles. These areas are magnified and presented in the adjacent columns (from
left to right: blue, orange and yellow demarcated areas). In these magnified
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Figure 4.47: TEM images of lithium crystal growth in triple layer graphene. The
left column are the full sized images recorded at successive growth times (from
top to bottom) with 5 seconds between each image. Regions marked with blue,
orange and yellow rectangles are magni�ed in the second (blue), third (orange) and
fourth (yellow) columns. Nucleation occurs at defect sites, marked with dashed
green lines. Growth takes place in all directions. The crystal grains also �ll up
the defect sites, that are present in at least one of the three graphene layers.

images, the growth of the lithium crystal grains can be seen more easily. Before
nucleation, regions with defects in at least one graphene layer are marked with
a dashed green line. The same regions are highlighted in the images recorded
at later stages of the growth. Nucleation starts at these marked defects and at
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amorphous residuals. Growth occurs in all directions starting from the seeds,
also towards the inner part of the hole defects. The lithium crystal grains seem
to fill up these holes. It is unclear and also not observable in the TEM, in which
van der Waals gap the lithium grains grow and in which layer of the graphene
triple layer the defects are located. A defect distorts the lattice to reduce the
surface energy. This turns defects into preferred sites for nucleation. A TEM
holder with tilt capability may offer additional insight, but was not available in
the course of these investigations.
In summary, the growth of lithium crystal grains in triple layer graphene pro-
ceeds in a very similar fashion as in bilayer graphene with the only distinction
that the availability of a second van der Waals gap offers an additional degree
of freedom for grains to overlap.
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