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Zusammenfassung
Graphen und Kohlenstoffnanoröhren sind zwei Kohlenstoffalloptrope, in denen die Ato-
me in einem hexagonalen Honigwabengitter mit sp2-hybridisierten Bindungen angeord-
net sind, in einer Ebene in Graphen und aufgerollt in eine Röhre in Kohlenstoffna-
noröhren. Während Graphen ein einzelnes zweidimensionales Material ist, sind Koh-
lenstoffnanoröhren eine Klasse von eindimensionalen Materialien, die metallisch oder
halbleitend sein können. Um sp2 Kohlenstoffmaterialien aufzuladen, werden elektrosta-
tische Dotierung [1], elektrochemische Dotierung [2–4] und Alkalimetallaufdampfung [5–7]

häufig verwendet. Elektrochemische Dotierung funktioniert durch die Bildung einer De-
bye Schicht an der Grenzfläche zwischen dem Probenmaterial und einem Elektrolyt.
Dabei können viel größere Dotierungslevel erreicht werden als bei der elektrostatischen
Dotierung. Alkalimetallaufdampfung erreicht mit elektrochemischer Dotierung vergleich-
bare Dotierungslevel und wird für die Herstellung von Graphitinterkalationsverbindun-
gen verwendet.

In dieser Arbeit benutze ich Alkalimetallaufdampfung, um hochdotiertes Graphen
zu produzieren, das ich dann mit Reflektivität- und Ramanspektroskopie untersuche.
Um die Stärke der Dotierung zu bestimmen, messe ich die optische Reflektivität und
vergleiche diese mit einem Modell, das ich auf Basis von Änderungen im Brechungsindex
aufgrund der Dotierung entwickelt haben. Diese Messungen erlauben es, die Fermiener-
gie in mit Kalium dotierten Graphen zu bestimmen. Ich erhalte einen Wert von 1.3 eV.

Ich präsentiere Ramanspektroskopiemessungen von mit Kalium dotierten Graphen
als Funktion der Aufdampfungszeit und beobachte einen breiten und asymmetrischen
Peak bei niedrigerer Frequenz als die G Mode in dotiertem Graphen. Ich untersuche
diesen Peak mit Hilfe einer Vielzahl von Laserwellenlängen vom ultravioletten bis zum
infraroten Spektralbereich und zeige, dass die Peakposition mit steigender Laserenergie
monoton ansteigt. Für die Peakbreite und die Asymmetrie beobachte ich Maxima bei
einer Laserenergie, die der doppelten Fermienergie entspricht. Ich charakterisiere das
Ramansignal von mit Kalium dotierten Graphen außerdem unter Verwendung von linear
und zirkular polarisiertem Licht. Hierbei stellt sich heraus, dass der neue asymmetrische
Peak A1g und E2g Symmetrie vereint. Auf der Basis dieser Ergebnisse ziehe ich die
Schlussfolgerung, dass der asymmetrische Peak in mit Kalium dotierten Graphen nicht
eine Weiterführung der G Mode bei sehr hohen Ladungsträgerkonzentrationen darstellt.

Des Weiteren untersuche ich Kohlenstoffnanoröhren mittels elektrochemischer Dotie-
rung in Kombination mit Ramanspektroskopie. Diese Studie wurde durch die Beobach-
tung von Unterschieden in den Ramanspektren von Nanoröhren in Lösung und abgelegt
auf Substraten motiviert. Der Ramanpeak des longitudinalen optischen Phonons in me-
tallischen Nanoröhren ist zu höheren Frequenzen verschoben und zeigt eine schmalere
Linienbreite, wenn die Röhren auf einem Substrat abgelegt werden. Ich erkläre diese
Beobachtung durch Verschiebungen der Fermienergie.

Ich führe außerdem elektrochemische Ramanmessungen an Energietransferkomple-
xen durch, die aus Kohlenstoffnanoröhren und einem Farbstoffmolekül mit einer höheren
Absorptionsstärke bestehen. Die Energietransferkomplexe haben eine niedrigere Dotie-
rungseffizienz und eine verschobene Spannung des Ladungsneutralitätspunkts. Ich be-
stimme die Fermienergie der Komplexe in Lösung und ziehe die Schlussfolgerung, dass
Ladungstransfer zwischen dem Farbstoff und den Nanoröhren allein nicht die Verringe-
rung der Photolumineszensintensität erklären kann, die in früheren Arbeiten an diesen
Komplexen beobachtet wurde.





Abstract
Graphene and single-walled carbon nanotubes are two carbon allotropes featuring a
hexagonal lattice with sp2-hybridized bonds, either in a plane in the case of graphene
or rolled up into a tube in single-walled nanotubes. While graphene is a single two-
dimensional material, single-walled carbon nanotubes are a set of one-dimensional ma-
terials that can be metallic or semiconducting.

Electrostatic gating [1], electrochemical gating [2–4], and exposure to potassium [5,6]

and rubidium [7] vapor are commonly used techniques to charge sp2 carbon materials.
Electrochemical gating works through the formation of an electric Debye layer at the
interface of the sample material and an electrolyte and yields doping levels far exceeding
those in electrostatic gating. Exposure to alkali metal vapor can achieve doping levels
comparable to electrochemical gating and has been widely used for the production of
graphite intercalation compounds. Superconductivity has been demonstrated with a
transition temperature of 11.5 K in CaC6

[8] (one calcium atom per six carbon atoms).
Theoretical studies have predicted LiC6 monolayer graphene to exhibit phonon mediated
superconductivity with a critical temperature of 8.1 K [9], while the critical temperature
for bulk LiC6 is only 0.9 K.

In this thesis, firstly, I use exposure to alkali metal vapor to produce highly doped
monolayer graphene. To investigate the doping strength obtained using this method, I
measure the optical reflectivity and compare it to a model I develop based on changes
in the refractive index of graphene upon doping. These measurements allow me to
determine the Fermi energy in potassium-doped graphene to be 1.3 eV.

I conduct a Raman spectroscopy study of potassium doping of graphene as a function
of doping time, and observe the appearance of a broad and asymmetric peak at a peak
position much lower than that of the doped G line. I investigate this peak over a broad
range of laser excitation energies and find that the peak position increases monotonously
as a function of laser energy. I also characterize the polarization behavior of the Raman
signal of potassium-doped graphene in linear and circular polarizations. Here I find
that the new asymmetric peak shows A1g and E2g symmetry. I therefore conclude
that the asymmetric peak observed in potassium-doped graphene is not the result of a
continuation of the behavior of the G mode at very high doping strengths.

Secondly, I study single-walled carbon nanotubes using electrochemical gating in
combination with in-situ Raman spectroscopy, a study that was initially motivated by
the observation of differences in the Raman spectrum of nanotubes in solution and
nanotubes deposited onto substrates. The longitudinal optical phonon Raman peak
of metallic nanotubes upshifts and the line width narrows when the nanotubes are
deposited onto a substrate. I explain these observations as being caused by shifts in the
Fermi energy that affect the Kohn anomaly in the longitudinal optical phonon branch
in metallic nanotubes. I then use in-situ electrochemical Raman measurements to show
that I can reproduce the spectra in solution by deliberately shifting the Fermi energy.

I furthermore conduct an electrochemical Raman spectroscopy study of carbon nano-
tube energy transfer complexes. In these energy transfer complexes, a dye molecule
featuring a high absorption strength is brought close to the nanotube. The energy
transfer complexes exhibit a lower gating efficiency and a shifted voltage position of
the charge neutrality point. I quantify the Fermi energy of complexes in solution and
conclude that charge transfer between the dye and the nanotubes cannot explain the
photoluminescence quenching observed in previous works for some of these complexes.
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1 | Introduction

Graphene and single-walled carbon nanotubes are two allotropes of carbon in
which the atoms are arranged in a honeycomb lattice featuring sp2-hybridized
bonds, either in a plane in the case of graphene or rolled up into a tube in single-
walled nanotubes.

Graphene was first isolated in 2004 [10] and has since attracted enormous re-
search interest because of its outstanding physical properties. The electronic
band structure of graphene near the Fermi energy exhibits a linear conical dis-
persion around the K and K′ points. Measurements on graphene have revealed
the highest mechanical strength of any material [11], unprecedented charge carrier
mobilities [12–14], and infrared plasmons [15]. Raman spectroscopy of graphene has
been used to establish the layer number [16] and investigate strain [17,18] and doping.

Single-walled carbon nanotubes are a set of one-dimensional materials that
can be thought of as rolled-up graphene sheets. In single-walled carbon nano-
tubes, first discovered in 1993 [19], the carbon atoms are arranged in a hexagonal
lattice on a cylindrical surface and the diameter of the tube ranges from about
0.5 to 2 nm. As there are many ways of rolling up a graphene sheet, there are
many possible carbon nanotube structures, which can have metallic or semicon-
ducting electronic character. Raman spectroscopy is a useful method for the
characterization of carbon nanotube samples and gives information such as nano-
tube diameter, chirality [20], semiconducting or metallic character [21], and defect
density [22].

Commonly used techniques for charging sp2 carbons include electrostatic gat-
ing [1] and electrochemical gating [2–4]. The Raman response of graphene has also
been monitored under exposure to potassium [5,6] and rubidium [7] vapor, which
resulted in the highest doping strengths observed to date.

Of these three techniques, electrostatic gating achieves the lowest charge car-
rier concentrations. It is typically realized by contacting graphene or nanotubes
on a Si/SiO2 wafer and applying a voltage between the (highly doped) Si and
the contacted sample material, so that the SiO2 layer acts as a parallel plate
capacitor. The advantages of electrostatic doping are that it does not require the
sample material to be covered in electrolyte as in electrochemical gating or kept
in vacuum as for the exposure to alkali metal vapor.

Electrochemical gating works through the formation of an electric Debye layer
at the interface of the sample material and an electrolyte. In this configuration
the Debye layer can be seen as a parallel plate capacitor with a plate distance
of a few nanometers, which is far smaller than for electrostatic gating through
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an e.g. 300 nm thick SiO2 layer. Electrochemical gating thus yields doping
levels far exceeding those in electrostatic gating, with the maximum doping level
depending on the electrolyte. In the literature, a Fermi energy of 0.8 eV [4,23] has
been reported in graphene using a mixture of an ionic liquid and a polymer as
the electrolyte.

Exposure to alkali metal vapor requires that the sample be kept under high
vacuum conditions, for instance in an evacuated and sealed quartz ampule. It has
been widely used for the production of graphite intercalation compounds, where
an intercalant species is introduced into the space between the layers of a graphite
crystal. Graphite intercalation compounds have been studied for decades [24] and
were shown to exhibit modification of the interlayer spacing and charging of the
graphite layers. Superconductivity has been demonstrated with a transition tem-
perature of 11.5 K in CaC6

[8](one calcium atom per six carbon atoms). Raman
spectroscopy in graphite intercalation compounds can be used to identify the
stage number, i.e. how many intercalant atoms there are per carbon atom and
how they are arranged in the crystal, as well as strain in the graphene layers [25].

In this thesis, firstly, I use exposure to alkali metal vapor to produce highly
doped monolayer graphene, which I then study using reflectivity spectroscopy
in chapter 2 and Raman spectroscopy in chapter 3. Secondly, I study single-
walled carbon nanotubes using electrochemical gating in combination with in-situ

Raman spectroscopy in chapter 4. I now give a motivation and introduction for
these two parts of the thesis in order.

Superconductivity has not been observed experimentally in graphene. How-
ever, theoretical studies have predicted LiC6 monolayer graphene to exhibit pho-
non mediated superconductivity with a critical temperature Tc of 8.1 K [9], while
the critical temperature for bulk LiC6 is only 0.9 K. By contrast, the transition
temperature in monolayer CaC6 was predicted to be only 1.4 K, almost an order
of magnitude lower than the bulk value.

Alkali metal doping is thus a promising method to modify and tune the physi-
cal properties of graphene, and the predictions outlined above illustrate a need for
experimental investigations into the vibrational properties of intercalated mono-
layer graphene. For undoped materials there are pronounced differences in the
Raman spectrum of graphene and graphite, but these differences are well under-
stood. The initial measurements on potassium-doped graphene also show changes
from the Raman spectrum of bulk KC8

[6]. In this thesis I aim to comprehensively
characterize the Raman behavior of monolayer potassium-doped graphene, which
will allow a better understanding of the origin of the observed Raman signal and
the differences from the bulk.

I begin by investigating the doping strength obtained by evaporating potas-
sium on graphene. To this end I measure the optical reflectivity in the visible
range and compare it to a model I develop based on a cut-off in the absorption of
doped graphene and corresponding changes in the refractive index. Experiment
and theory show good agreement and allow me to extract the Fermi energy in po-
tassium-doped graphene. I obtain a value of 1.3 eV, in agreement with previous
angle-resolved photoemission measurements on KC8

[26] and on potassium-doped
graphene [27].
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I conduct a Raman spectroscopy study of potassium doping of graphene as a
function of doping time, and observe the appearance of a broad and asymmetric
peak at a peak position much lower than that of the doped G line. I investigate
this peak over a broad range of laser excitation energies and find that the peak
position increases monotonously as a function of laser energy. By contrast, the
peak width and asymmetry both exhibit maxima at a laser energy of twice the
Fermi energy. These observations are in disagreement with the behavior of the
G mode in less strongly doped graphene.

Investigating the Raman peak in potassium-doped graphene as a function
of layer number, I find unexpectedly small changes, in contrast to the Raman
spectrum of pristine graphene. I also characterize the polarization behavior of the
Raman signal of potassium-doped graphene in linear and circular polarizations.
Here I find that the new asymmetric peak shows A1g and E2g symmetry, as
opposed to the purely E2g symmetry of the G peak. I therefore conclude that
the asymmetric peak observed in potassium-doped graphene is not the result of
a continuation of the behavior of the G mode at very high doping strengths, but
a completely new peak originating from a different Raman process.

In chapter 4, I first present a study that was initially motivated by the observa-
tion of differences in the Raman spectrum of nanotubes in solution and nanotubes
deposited onto substrates: The longitudinal optical phonon Raman peak of me-
tallic nanotubes upshifts and the line width narrows when the nanotubes are
deposited onto a substrate. The Raman signal of semiconducting tubes remains
unchanged. I explain these observations as being caused by shifts in the Fermi
energy that affect the Kohn anomaly in the longitudinal optical phonon branch
in metallic nanotubes. I then use in-situ electrochemical Raman measurements
to show that it is possible to reproduce the spectra in solution by deliberately
shifting the Fermi energy, and to quantify the Fermi energy shift. I make quan-
titatively similar observations for several different samples. These results impact
the application of Raman spectroscopy to distinguish between metallic and semi-
conducting tubes by examining the high-energy mode lineshape.

In the the last part of chapter 4, I present an electrochemical Raman spec-
troscopy study of carbon nanotube energy transfer complexes. Because nano-
tubes have low absorption strengths and different chiralities require different ex-
citation energies, carbon nanotube energy transfer complexes have recently been
created [28–33] to overcome these shortcomings. In these energy transfer complexes,
a dye molecule featuring a higher absorption strength is brought close to the nano-
tube. The energy transfer process unfolds as follows: the dye is excited by an
incoming photon, the excitation is then transferred into the nanotube, and finally
the nanotube emits a photon in the near infrared. This energy transfer process is
very efficient, which means that almost every excitation in the dye is transferred
into the nanotube [28,30,32].

I present an in-situ electrochemical Raman study on carbon nanotube energy
transfer complexes which were produced with three different dye molecules. The
electrochemical charging characteristics of the energy transfer complexes is differ-
ent compared to a reference sample. They exhibit a lower gating efficiency and
a shifted voltage position of the charge neutrality point. I quantify the Fermi
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energy of complexes in solution and conclude that charge transfer between the
dye and the nanotubes cannot explain the photoluminescence quenching observed
in previous works for some of these complexes.



2 | Reflectivity of
Potassium-doped Graphene

In this chapter I show the results on the reflectivity of potassium-doped graphene.
I begin by introducing graphene and its physical properties, in particular its
optical properties, and outlining a formalism to calculate the reflectivity of layered
systems. I use this formalism to calculate the reflectivity of doped graphene on a
silicon substrate and compare the results to measurements on potassium-doped
graphene.

2.1 Theoretical Background

2.1.1 Graphene

Graphene is a two-dimensional allotrope of carbon where the atoms are arranged
in an sp2-bonded hexagonal lattice. As a single layer of atomic thickness, it
constitutes the building block for graphite (a stack of many graphene layers) and
carbon nanotubes (obtained by rolling up a graphene sheet), yet it eclipsed both
of those materials in terms of research interest in the past decade [34].

Figure 2.1: Left: Real space structure of graphene. δi are the nearest-neighbor vectors
and ai are the lattice unit vectors. Right: reciprocal space structure of graphene with
the reciprocal lattice vectors bi and the K and K′ points at the edge of the Brillouin
zone. Figure taken from Ref. [35].



16

In Fig. 2.1, I show the real space structure of graphene, which has two sub-
lattices (labeled A and B in the figure, carbon-carbon distance 1.42 Å), and the
Brillouin zone in reciprocal space with the two inequivalent K and K′ points.
Graphene’s most outstanding property, which gives rise to many of the most in-
teresting physical phenomena observed in the material, is its electronic spectrum
within several eV of the Fermi energy. It exhibits a linear dispersion around the
K and K′ points, as shown in Fig. 2.2, which means that the electrons behave as
massless Dirac Fermions [35].

Figure 2.2: Electronic structure of graphene including Dirac cones with linear dis-
persion. The energy axis is in units of the nearest-neighbor hopping energy t in the
tight-binding Hamiltonian (t = 2.7 eV). Figure taken from Ref. [35].

A plethora of fascinating physical phenomena were demonstrated in graphene
since its discovery. These range from astonishingly high charge carrier mobilities
on the order of 100000 cm2V−1s−1 at room temperature [12–14] to the observation
of the quantum Hall effect [36] even at room temperature [37] and the excitation of
infrared plasmons [15,38].

The isolation of monolayer graphene was first reported in 2004 by the Geim
group in Manchester [10,39,40], who fabricated graphene by mechanical exfoliation
of graphite using sticky tape. Mechanically exfoliated graphene has very good
quality with few to zero atomic defects, and desirable electronic properties such
as high charge carrier mobility. The mechanical exfoliation technique is limited to
the production of minuscule quantities, i.e. single flakes with lateral dimensions
of hundreds of µm. Several alternative techniques were developed that produce
larger quantities of graphene, such as chemical vapor deposition (CVD), epitaxy
on SiC, and liquid phase exfoliation. Disappointingly, these techniques have yet
to produce graphene with such outstanding electronic qualities as mechanically
exfoliated graphene.
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2.1.2 Optical Properties of Graphene

Figure 2.3: Left: Absorbance of single layer graphene in the infrared, showing a value
of πα. Figure taken from Ref. [41]. Right: Transmittance of graphene in the visible,
showing a value of 1 − πα. The inset shows that the absorbance increases linearly with
layer number. Figure taken from Ref. [42].

Graphene’s most well-known optical property is its flat absorbance of πα =
2.3% across a broad spectral range including the infrared and the visible [41,42],
where α = e2/4πǫ0~c is the fine structure constant. This property was observed
experimentally (Fig. 2.3) and can be calculated using Fermi’s Golden Rule and
considering graphene’s linear electronic bands close to the Fermi energy [42].

As the absorption coefficient a is related to the imaginary part of the refractive
index k by

a = 4πk/λ, (2.1)

we expect a linear increase of k for increasing wavelengths, which was indeed
measured in Ref. [43] for wavelengths above 400 nm. I reproduce their data for
the dielectric function and the complex refractive index of graphene in Fig. 2.4.
Graphene’s absorption in the infrared and visible is caused by electronic inter-

Figure 2.4: Real and imaginary parts of the dielectric function (left) and the refractive
index (right) of pristine graphene. Results are reproduced from Ref. [43].
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band transitions, which can be blocked by doping. At a given Fermi energy EF,
transitions up to 2EF are blocked and the absorption at energies up to EF is
reduced to zero [4]. This phenomenon affects the reflectivity of potassium-doped
graphene and will be discussed in detail later.

2.1.3 Reflectivity of Layered Systems

In the rest of this chapter I am interested in the reflectivity of graphene on a
Si/SiO2 substrate, a system with three layers. The reflectivity of layered systems
can be calculated fairly easily using the refractive indices and the thicknesses of
the different layers as input data. The calculation will be outlined in this section.
For some materials the complex refractive index ñ = n+ ik is not available in the
literature, but can be calculated from the dielectric function as follows:

n =
√

1

2
(√ε12 + ε22 + ε1)

k =
√

1

2
(√ε12 + ε22 − ε1),

(2.2)

where ε1 and ε2 are the real and imaginary part of the dielectric function. I
will only consider light incident perpendicular to the surfaces and interfaces of
the layered system in this section. For simplicity, the incoming light will always
come from above the layered structure and travel downwards. I first consider
an interface between to semi-infinite materials with refractive indices ñ2 and ñ1,
where the incoming wave travels in the material with refractive index ñ2. The
ratio of the amplitudes of reflected and incoming waves is

r = ñ2 − ñ1

ñ2 + ñ1

. (2.3)

I will refer to r as the reflection coefficient of the interface. When light of a
wavelength λ passes through a layer of a material with refractive index ñ and
thickness d, it experiences a phase shift of

b = 2πñd
λ
. (2.4)

I now define a so-called Fresnel coefficient for a layered system consisting of two
semi-infinite materials sandwiching a layer of a given thickness. In the actual cal-
culations performed, the top semi-infinite material is always air and the bottom
semi-infinite material is silicon. I call the reflection coefficient between the top
semi-infinite material and the sandwiched layer r2, the phase shift of the incident
light in the sandwiched layer b and the reflection coefficient between the sand-
wiched material and the bottom semi-infinite material r1. The Fresnel coefficient
is given by

a1 = r2 + r1e−2ib
1 + r1r2e−2ib . (2.5)

The reflectivity of this stack is R = ∣a12∣. It is very easy to add another sandwiched
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SiO2 (~300nm)

Si (bulk)

graphene

air

SiO2 (~300nm)

Si (bulk)

airn3=1

r2

n4=1

Figure 2.5: Geometry and parameters for a stack of three materials (left: Si, SiO2,
air) and four materials (right: Si,SiO2, graphene, air).

layer using this formalism. Given materials one through four with refractive
indices ñ1 − ñ4, I first calculate, as described above, the Fresnel coefficient a1 of
a stack of a semi-infinite layer of material three, a sandwiched layer of material
two, and a bottom semi-infinite layer of material one. To go from this structure
to the desired structure with two sandwiched layers, if the reflection coefficient
between materials four and three is r3, and the phase shift in the top sandwiched
layer is b2, Fresnel coefficient of the complete layered structure can be calculated
as

a2 = r3 + a1e−2ib2
1 + r3a1e−2ib2 . (2.6)

The reflectivity of the whole stack is R = ∣a22∣. Note that the Fresnel coefficient of
the stack of the bottom three materials appears in place of the bottom reflection
coefficient in the three-material stack.

2.1.4 Reflectivity of Graphene on SiO2/Si

The optical reflectivity in the visible spectral range of graphene was investigated
in detail before [44]. It was shown that reflectivity spectroscopy is a useful tool
especially to distinguish between areas with different layer numbers. In this
section I will show that my results match those in the literature. To the best of
my knowledge, the reflectivity of doped graphene has not been investigated. This
section will thus act as an introduction for my results on this topic, which are
presented in section 2.3.

Figure 2.6 shows the reflectivity of a monolayer graphene flake on a SiO2/Si
substrate as well the reflectivity of the bare substrate. The reflectivity is lower for
the area covered by graphene at energies around 2.1 eV. The contrast spectrum in
Ref. [44] is calculated as (ISi−Igraphene)/ISi and can be understood as a normalized
difference spectrum. In this case the lower reflectivity for graphene leads to a peak
with positive amplitude in the contrast spectrum. This is indeed seen in Fig. 2.7,
which furthermore shows that the contrast increases approximately linearly with
layer number, and that the experimental measurements show very good agreement
with calculations based on the formalism outlined in the preceding section.
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Figure 2.6: Experimental reflectivity of monolayer graphene on Si/SiO2 (blue) and of
the bare substrate (black).

2.1.5 Summary

In summary, I have detailed a formalism for the calculation of the reflectivity of
layered systems as well as its application to graphene on Si/SiO2. This chapter
should serve as a broad enough basis for the understanding of the reflectivity
spectra of potassium-doped graphene that are reported in this thesis.
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Figure 2.7: Experimental and calculated contrast for graphene on Si/SiO2 for one to
six layers.

2.2 Experimental Methods

2.2.1 Two Zone Vapor Intercalation and Sample

Preparation

In order to produce the fully doped graphene samples, pristine graphene and
atomic potassium (typically 99.95% purity from Sigma Aldrich) are placed in a
glass tube that is closed on one end (5mm thickness) in a glove box. The tube is
then evacuated and sealed on the other end, leaving the sample and the potassium
in vacuum in the opposing ends of the glass ampoule. To evaporate potassium,
the ampoule is enveloped in a heating wire. I then pass a d.c. current (typically
1 A at 12 V) through the wire, monitor the temperature and adjust the current
to maintain a temperature of 140○ C. The ampoule is kept at this temperature
for three days, at which point the graphene is fully doped. The resulting sample
is stable on a timescale of months.



22

2.2.2 Reflectivity Spectrometer

The setup used to measure reflectivity spectra in this thesis consists of a Nikon
Eclipse LV100D-U optical microscope with a 50 W halogen lamp as the light
source, together with a Horiba iHR320 spectrometer and nitrogen-cooled Sym-
phony II detector. The reflected light is collected by an optical fiber and fed
to the spectrometer entrance. A 300 lines/mm grating is used to cover a wide
spectral range from 400 to 900 nm.

2.2.3 Summary

Summarizing the description of my experimental methods, I have listed the prepa-
ration method for potassium-doped graphene in a sealed evacuated ampoule, as
well as an array of optical spectrometers. These will allow us to measure the
Raman spectra of the samples over an extremely broad energy range and with
polarization control, as well as their reflectivity.

2.3 Results

2.3.1 Modeling the Refractive Index of Doped Graphene

In this section I present my model for the reflectivity of doped graphene. The
most important idea behind it can be outlined as follows:

• In doped graphene electronic transitions with energy smaller than twice
the Fermi energy are blocked because for negative Fermi energies, the va-
lence band state is not occupied, and for positive Fermi energies, they are
forbidden by the Pauli principle.

• The absorption is governed by the imaginary part k of the complex refractive
index ñ = n + ik. Thus to model the reflectivity of doped graphene with a
Fermi energy of e.g. 0.5 eV, I introduce a cut-off in k with a broadened step
function at 1 eV.

• Given this function for k, the real part of the complex refractive index, n,
can be calculated by taking the Kramers-Kronig transform of k.

• This gives us complete knowledge of the complex refractive index of doped
graphene, which is sufficient to model its reflectivity.

In practice I take the b-spline parameters for ε2 in Ref.[43], and compute ε1 by
Kramers-Kronig transform as follows:

ε1(ω) = 1 + 2

π
P ∫

∞

0

ω′ε2(ω′)
ω′2 − ω2

dω′ = 1 + 2

π
∫
∞

0

ω′ε2(ω′) − ωε2(ω)(ω′ + ω)(ω′ − ω) dω′ (2.7)

From this I can calculate the complex refractive index of pristine graphene ac-
cording to formula 2.2, as shown in Fig. 2.4. For doped graphene, I introduce a
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cut-off in k by multiplying with a broadened step function:

kdoped(ω) = 1

e(~ω−2EF)/Γ + 1 kpristine(ω), (2.8)

where Γ determines the width of the cut-off. From kdoped, I can calculate the real
part of the refractive index of doped graphene, ndoped, again via Kramers-Kronig
transform:

ndoped(ω) = 1 + 2

π
∫ ω′kdoped(ω′) − ωkdoped(ω)(ω′ + ω)(ω′ − ω) dω′. (2.9)

In Fig. 2.8 I show the results for ndoped and kdoped for Fermi energies up to

Figure 2.8: Modeled refractive index of graphene for Fermi energies from 0 to 1.5 eV
using a width of 0.2 eV for the cutoff in kdoped.

1.5 eV. Upon Kramers-Kronig transformation, the cut-off in k leads to a peak
in n. I also varied the width of the step function used to introduce the cut-off
in k. Here broader widths of the cut-off also lead to broader peaks in n, as can
be seen in Fig.2.9. In the following I will use a width of 200 meV, which is close
to the value obtained in the infrared transmission spectra of Ref. [4]. Given the
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Figure 2.9: Modeled refractive index of graphene for a Fermi energy of 0.75 eV using
widths from 0.1 eV to 0.4 eV for the cutoff in kdoped.

complex refractive index of doped graphene, along with the refractive indices of
Si and SiO2 and the thickness of the SiO2 layer in my sample, I can then calculate
the reflectivity and the contrast spectrum the same way as described in Sec. 2.1.3.
The results of this calculation are shown in Fig. 2.10 for Fermi energies between
0 and 1.5 eV.

Figure 2.10: Left: Modeled contrast spectrum of graphene for Fermi energies from
0 (dark blue) to 1.5 eV (yellow). Right: Same data as left presented as a contour plot
with increasing Fermi energy from bottom to top. Negative contrast is blue, positive
contrast is red.
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The behavior of the reflectivity of graphene with increasing doping level can
be described as follows:

• Initially, the contrast spectrum is largely unchanged up to a Fermi energy
of 0.5 eV.

• The peak in the contrast spectrum increases slightly in intensity and down-
shifts in energy, to 2.12 eV for 0.9 eV Fermi energy.

• The spectrum then starts to exhibit a dip at around 2.4 eV in addition to
the peak, starting at Fermi energies of 1.1 eV.

• The zero-crossing in the contrast spectrum shifts to lower energies with
increasing Fermi energy, and the intensity ratio of dip to peak approaches
unity.

• For Fermi energies larger than 1.5 eV the intensities of dip and peak decline
simultaneously, while the zero-crossing stays at a fixed energy of 2.2 eV.

Figure 2.11: Energy at which the maximum contrast (blue), zero contrast (black),
and minimum contrast (green) occur in the modeled reflectivity spectra as a function
of Fermi energy.

I plot the position of the maximum contrast, the zero crossing, and the min-
imum contrast in Fig. 2.11. The position of the maximum changes by less than
0.2 eV,much less than that of the zero crossing and the minimum, which change
by 0.4 eV.
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2.3.2 Reflectivity Spectrum of Potassium-Doped

Graphene

The reflectivity spectrum of potassium-doped monolayer graphene on Si/SiO2 was
measured as described in Sec. 2.2. My results are shown in Fig. 2.12, alongside
a calculation using the model described above for doped graphene with a Fermi
energy of 1.3 eV.

Figure 2.12: Left: Modeled contrast spectrum for a Fermi energy of 1.3 eV compared
to experimental data of potassium-doped graphene on Si/SiO2. Right: Same data as
left in the region of the zero crossing, compared to calculations using different Fermi
energies.

Clearly, the contrast of doped graphene is markedly different from that of
undoped graphene. Instead of a single peak at 2.1 eV, the spectrum exhibits a dip
at around 2.4 eV and a peak at around 2 eV. The intensity ratio of dip and peak
is slightly smaller than unity. It can be seen from Fig. 2.12 that the calculated
contrast spectrum using a Fermi energy of 1.3 eV successfully reproduces many
of the characteristics of the experimental spectrum, namely:

• The dip and peak in the spectrum, as well as their intensity ratio of approx-
imately 0.8.

• The position of the zero crossing at 2.2 eV, as well as the slope there.

• The trend to zero contrast for longer wavelengths.

For energies above below 2.3 eV, the experimental spectrum is very noisy because
the contrast is normalized by dividing by the reflectivity of Si, which is small in
this range. For energies lower than 1.9 eV, while the calculated spectrum exhibits
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the same trend of the signal approaching zero contrast, it does not exactly match
the experimental spectrum.

The right panel in Fig. 2.12 elucidates how precisely the Fermi energy can
be determined from the reflectivity spectrum by comparing the region with the
zero crossing in the experimental spectrum to calculations using Fermi energies
ranging from 1.0 to 1.5 eV. Clearly the experimental response is in agreement
only with the calculation at 1.3 eV, giving a precision of 100 meV. This could
arguably be improved by calculating the refractive index of doped graphene for
a range of Fermi energies with a step size of less than 100 meV.

Figure 2.13: Left: Modeled contrast spectrum for a Fermi energy of 1.1 eV compared
to experimental data of potassium-doped graphene on hBN.

In addition to the measurement of the reflectivity of potassium-doped gra-
phene on Si/SiO2, I have also potassium-doped graphene produced using an
identical procedure but on hexagonal boron nitride (hBN) on Si/SiO2. Fig-
ure 2.13 shows the resulting reflectivity spectrum. The spectrum resembles that
on Si/SiO2, exhibiting for increasing energies first a peak and then a dip. The
most distinctive difference is that the peak, the zero crossing, and the dip are
all shifted to higher wavelengths, with e.g. the zero crossing being at 1.8 eV on
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hBN instead of at 2.2 eV on Si. I have amended my calculation of the reflectivity
spectrum to also include a hBN layer between the graphene and the Si/SiO2. The
resulting spectrum calculated for a Fermi energy of 1.1 eV is shown in Fig 2.13
alongside the experimental data. In analogue to my observations for Si/SiO2, the
calculation reproduces well the dip/peak structure, as well as position of the zero
crossing and the slope of the data there.

The Fermi energy values of 1.3 eV on Si/SiO2 and 1.1 eV on hBN are quite
similar to that of 1.35 eV for bulk KC8 determined from ARPES. This establishes
that potassium doping of single layer graphene can achieve higher doping levels
than even the most efficient electrochemical gating using a polymer-reinforced
electrolyte gel [4], which reached 0.85 eV. Obviously this also means that potas-
sium doping is far superior to any electrostatic doping technique in terms of
maximum achievable Fermi energy.

I now turn towards a discussion of the measurements of the reflectivity of
doped graphene in combination with the simulations presented here as a novel
method for determining the Fermi energy of highly doped graphene. The reflec-
tivity measurements are fast with integration times on the order of seconds, and
require only a lamp for excitation and a single grating spectrometer and a CCD
for detection. The simulations to which the experimental spectra are compared
are more time demanding, but this is mostly due to the calculation of the re-
fractive index of doped graphene, which employs a numerical integration step for
the Kramers Kronig transformation. This calculation only has to be performed
once, and can then be employed together with the sample parameters (thickness
and refractive indices of the substrates) to calculate the reflectivity spectrum in
a matter of seconds. From my calculations I extracted the energy position of
the contrast zero crossing (shown in Fig. 2.11), which can be used by other re-
searchers to determine the Fermi energy in their sample (provided they also use
a SiO2 thickness of 300 nm).

I can compare my method to the infrared transmission measurements per-
formed in Ref.[4]. These are limited to measuring Fermi energies of below 1 eV.
While this range could in principle be extended using visible transmission spec-
troscopy, all such measurements are only possible on transparent substrates, in
contrast to my method. As previously mentioned the Fermi energy in bulk KC8

has been measured using angle-resolved photo-electron spectroscopy (ARPES).
This is obviously a much more demanding technique experimentally which re-
quires synchrotron radiation or tabletop X-Ray sources. Furthermore, the X-Ray
beam used in ARPES cannot be focused as tightly as the visible light in my
measurements and thus potentially needs larger samples such as CVD graphene,
which is of lower electronic quality.

To summarize, my measurement method compares favorably to existing tech-
niques used to measure the Fermi energy in highly doped graphene or graphitic
samples. It could furthermore also be expanded to investigate highly doped
graphene incorporated in functional heterostructures e.g. with transition metal
dichalcogenides.
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2.3.3 Reflectivity of Doped Multilayer Graphene

Having discussed the reflectivity of doped monolayer graphene, I now turn to
corresponding measurements on bilayer and four- and five-layer graphene, which
are found adjacent to the monolayer flake in mysample. The inset of Fig. 2.14
shows an optical micrograph (10x magnification) of the sample after potassium
doping. As discussed in the theoretical background section for the reflectivity,
for pristine graphene layers the contrast increases approximately linearly with
layer number. It is obvious from the micrograph that this no longer holds for
doped graphene layers. Instead, it is impossible to differentiate the layers by
their reflectivity. This is confirmed by the spectroscopic measurements of the
reflectivity, shown in the main panel of Fig. 2.14 for mono-, bi-, four- and five-layer.
The contrast is fairly similar for all layer numbers and actually first increases from
monolayer to bilayer before then decreasing for four-layer and five-layer.

Figure 2.14: Contrast spectra of mono-, bi, four, and five layer graphene before (left)
and after (right) potassium doping. The inset shows a micrograph of the sample.

This experimental observation is in disagreement with the predictions from
my reflectivity model based on the refractive index of doped graphene. A given
Fermi energy in the simulation gives me the refractive index, which I then use
to calculate the reflectivity for different layer numbers by considering graphene
thicknesses of integer multiples of 0.335 nm in the phase shift b = 2πñ d

λ
. This

results in the contrast spectra shown in Fig. 2.15, which again increase linearly
with layer number, just like the experimental and calculated contrast for pristine
graphene.

I have tried to rectify this discrepancy between the simulated and experimental
contrast for multilayer graphene. I calculate the reflectivity of doped graphene
with one to five layers with a layer of potassium on top. The results are shown
in Fig. 2.16.
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Figure 2.15: Modeled contrast spectra of mono-, bi-, three, four, and five layer gra-
phene with Fermi energy of 1.3 eV. The contrast increases linearly with layer number.

For a 2 nm thick layer of potassium, the spectrum still exhibits intensity
approximately linear with layer number, although the contrast is increased below
600 nm and decreased above 600 nm. For larger potassium thickness, such as
15 nm, the contrast is much less dependent on layer number. But it shows a peak
followed by a dip, in contrast to my experimental observations. This is because
the measured spectrum approaches the reflectivity of potassium and the contrast
is then (ISi − IK)/ISi.

The graphene layer number appears in the phase shift in the Fresnel formalism.
There is no way to obtain the same contrast for different layer numbers if all layers
share the same refractive index.

The experimentally observed invariance of the contrast with respect to layer
number is a theme that will be reprised in the later discussion of the Raman
spectra of doped graphene as a function of layer number.
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Figure 2.16: Modeled contrast spectra of mono-, bi-, three, four, and five layer gra-
phene with Fermi energy of 1.3 eV and a layer of potassium (2 nm on the left, 15 nm
on the right) on top.

2.4 Summary

To sum up, I have introduced a novel formalism to model the refractive index
of doped graphene at arbitrary Fermi energies. I have used these results to
calculate the reflectivity of doped graphene in my experimental configurations and
compared the calculations to experiments for graphene on Si/SiO2 and hexagonal
boron nitride, which show very good agreement. This allows me to determine
the Fermi energy in my potassium-doped graphene samples with relatively little
experimental effort in comparison to established techniques.





3 | Raman Spectrum of
Potassium-doped Graphene

3.1 Theoretical Background

3.1.1 Raman Scattering

The Raman effect refers to the inelastic scattering of light by the system under
study. A basic phonon Raman process can be described as follows [45]:

• The incoming photon excites an electron to an excited intermediate state
in a vertical transition.

• The electron or the hole it left behind in the valence band are scattered to
a second intermediate state under creation or annihilation of a phonon.

• The electron-hole pair recombines radiatively under emission of the outgoing
photon.

Raman processes where an excitation (such as a phonon) is created are called
Stokes processes, while processes involving annihilation are called Anti-Stokes
processes. The Raman process has to satisfy energy and momentum conservation
as expressed in the following equations:

E1 = E2 ± ~ω (3.1)

k1 = k2 ± q, (3.2)

where E1 and E2 refer to the energies of the incoming and outgoing photons, ~ω is
the phonon energy, and k1, 21, and q are the wavevectors of the incoming photon,
the outgoing photon, and the phonon. The plus and minus signs in the equations
refer to Stokes and anti-Stokes scattering, respectively. Since the wavevectors of
the photons are very small compared to the size of the Brillouin zone, q is also
limited to very small values, such that only Γ phonons are observable in such a
first-order Raman process.

The Raman process described above can take place if the intermediate elec-
tronic states mentioned above are virtual states, such as in a Stokes process in
a material where the laser energy is less than the band gap. However, the Ra-
man intensity is strongly enhanced if one or both of the intermediate states are
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real states. This is reflected in the Raman matrix element K2f,10, which can be
calculated from third-order perturbation theory [45]:

K2f,10 =
∑
a,b

⟨ω2, f, i∣Hel−R,ρ ∣0, f, b⟩ ⟨0, f, b∣Hel−ph ∣0,0, a⟩ ⟨0,0, a∣Hel−R,σ ∣ω1,0, i⟩(~ω1 −Eel
ia − iγ) (~ω1 − ~ωph −Eel

ib − iγ) . (3.3)

Here the sum runs over all intermediate electronic states a, b. ∣ω1,0, i⟩ is the state
with an incoming photon with frequency ω1, no phonon, and the initial electronic
state. f is the final vibrational state, ω2 is the frequency of the outgoing photon,
and ωph is the phonon frequency. The transitions are mediated by the Hamil-
tonian for the interaction between electrons and photons of a given polarization
Hel−R,ρ and the electron-phonon Hamiltonian Hel−ph. The terms in the denomi-
nator lead to increases in the Raman intensity if the incoming photon energy is
in resonance with the energy difference between the initial and first intermediate
electronic states or if the outgoing photon energy is in resonance with the energy
difference between the initial and the second intermediate electronic states. A
divergence is prevented by the iγ terms, where γ is the lifetime of the electronic
states. The Raman intensity is proportional to ∣K2f,10∣2.

In addition to these first-order Raman processes, second-order processes also
play an important role in the Raman spectra of graphene and related materials.
These can comprise two-phonon scattering or scattering by a defect in addition
to the single phonon scattering. I explain here the latter case.

The defect scattering is assumed to be elastic. It leads to an additional matrix
elementMel−def in the numerator and an additional energy difference term in the
denominator of the Raman matrix element, which now reads:

K2f,10 = ∑
a,b,c

Mel−RMel−defMel−phMel−R( . . . )( . . . ) (~ω1 − ~ωph −Eel
ci − iγ) + time order reversed. (3.4)

The (. . .) terms are the terms in the denominator of Eq.3.3. The defect scattering
process relaxes the previously mentioned q = 0 rule that governs first-order Raman
processes, since the electron can scatter with a phonon with finite wavevector q

and then be scattered back to its original wavevector in the defect scattering step.
This allows phonons away from the Γ point to be probed by Raman scattering.
The same is also true for two-phonon scattering.

3.1.2 Raman Spectrum of Graphene

The Raman spectrum of pristine graphene Si/SiO2 is shown in Fig. 3.1. I will
focus in this section on an in-depth discussion of the two most prominent peaks
in the spectrum, the G mode at around 1600 cm−1 and the 2D mode at around
2700 cm−1 [16,46]. To facilitate this discussion I show in Fig. 3.2 the phonon dis-
persion of graphite as measured by inelastic X-ray scattering [47].

The G mode is a single-phonon Raman mode that arises from out-of-phase in-
plane Γ point vibrations of the two carbon atoms in the unit cell of graphene [16,46].
The longitudinal and transversal optical phonon branches of the graphene phonon
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Figure 3.1: Raman spectrum of graphene including the G mode located close to
1600 cm−1 and the 2D mode around 2700 cm−1. The origin of these modes is discussed
in the text.

Figure 3.2: Phonon dispersion of graphite. Figure taken from Ref. [47].
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Figure 3.3: Raman scattering pathways for the G mode (left) and the 2D mode (right).
Figure taken from Ref. [46].

dispersion are degenerate at the Gamma point and both contribute to the G
mode signal [46]. As a first order Raman process involving only one phonon, the
G mode peak position is independent of laser energy at 1582 cm−1 in undoped
graphene. Possible Raman scattering pathways for the G mode are illustrated in
the left panel of Fig. 3.3. They unfold as follows: the incoming photon excites an
electron to a virtual excited state, the electron relaxes to a lower virtual excited
state under emission of a phonon, and the electron relaxes to its initial state under
emission of the outgoing photon, whose energy is lower than that of the incoming
photon by exactly the phonon energy. All the Raman scattering pathways involve
the same Γ point phonon and only vertical electronic transitions, but differ in the
initial electronic state. The intensity of the G mode in pristine graphene was
shown to be suppressed by a destructive quantum interference effect between
this continuum of Raman scattering pathways [4], but the mode is still readily
observable experimentally.

The 2D mode originates from a two-phonon Raman process with multiple
resonances as shown in the right panel of Fig. 3.3 [46,48,49]. Here the incoming
photon excites an electron to a real excited state. The electron and hole are then
each resonantly scattered into a real electronic state in the other valley (i.e. from
the vicinity of K to K′ or vice versa) by a large wavevector phonon, making this a
two-phonon process. The electron and hole then recombine under emission of the
outgoing photon. All scattering steps are between real electronic states, which
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leads to the large intensity of the 2D mode despite its nature as a higher order
Raman process than the G mode.

An extraordinary characteristic of the 2D mode is its dispersion with laser
energy. A larger laser energy in Fig. 3.3 specifies a resonant transition further
from the K point. This in turn leads to a larger phonon wavevector required
for the resonant scattering to the other Dirac point, resulting in a larger phonon
energy and a shift of the Raman peak in the spectrum.

The G and 2D mode together were used to identify the number of layers in
graphene samples [16,46]. Generally a 2D mode that can be fitted with a single
Lorentzian component and a stronger intensity than the G mode is accepted as
a criterion for single layer graphene.

3.1.3 Kohn Anomaly

A Kohn anomaly occurs when the ability of the conduction electrons in a metal
to screen the atomic vibrations changes abruptly and results in a lowering of the
phonon energy as well as a discontinuity in the slope of the phonon dispersion [50].
This is possible for phonon wavevectors that connect two points on the Fermi
surface. As the Fermi surface of graphene consists of only the K and K′ points,
and because K′ = 2K, the only phonon wavevectors that connect points on the
Fermi surface are q = 0 and q =K. The G mode, arising from Γ point phonons,
is indeed affected by the Kohn anomaly.

3.1.4 Doping Dependence of the Raman Spectrum

Up to this point I have described the Raman spectrum of pristine graphene. I
now discuss what happens at increasing charge carrier concentrations. The G
mode frequency was calculated for monolayer graphene in Ref.[51] and is shown
here in Fig. 3.4. Upon addition of electrons or holes, first the Kohn anomaly is
lifted, resulting in a frequency upshift of about 15 cm−1 at about 0.3 eV. This is
symmetric for electron and hole doping. At larger charge carrier concentrations,
the behavior is dominated by lattice stiffening or weakening due to occupation of
anti-bonding orbitals. In contrast to the lifting of the Kohn anomaly this effect
has opposite sign for electrons and holes, resulting in a decrease of the phonon
frequency for the former and an increase for the latter. In sum, for hole doping the
frequency increases monotonically, while for electron doping it increases, reaches
a maximum and then decreases.

In addition to the peak position, the linewidth is also affected by doping.
At charge neutrality, the phonon can decay into an electron-hole pair excitation
between the linear bands crossing at the charge neutrality point. This relaxation
channel leads to an increase in the phonon linewidth in pristine graphene. It is
blocked by doping when the Fermi energy reaches half the phonon energy, because
then the initial of the electron is not occupied for hole doping, or the final state
is already occupied for electron doping.

Lastly, doping also affects the intensity of the G mode. The destructive inter-
ference that suppresses the G mode intensity at charge neutrality can be blocked



38

Figure 3.4: G line position as function of charge carrier concentration. 10
14 charge

carriers per square centimeter corresponds to a Fermi energy of about 1 eV. Figure
taken from Ref. [51].

by increasing the Fermi energy to half the laser energy [4], resulting in a three-
fold increase in the intensity. Notice the different Fermi energy scale for this
mechanism, which is half the laser energy (e.g. 0.8 eV for 785 nm excitation),
compared to that of the Kohn anomaly and the phonon relaxation channel affect-
ing the linewidth. In the latter cases the Fermi energy only has to reach half the
phonon energy, about 0.1 eV, to lift he effects.

All of these effects were observed experimentally and studied in detail. In total,
the Raman spectrum of graphene was measured for hole doping up to −0.9 eV
using electrochemical gating with an electrolyte gel [4]. For electron doping, the G
mode was monitored up to a Fermi energy of an estimated 1 eV using rubidium
vapor doping, which included the observation of the maximum in the G mode
peak position upshift and a subsequent decrease of the peak position.

3.1.5 Fano Peak

A Fano peak occurs in the Raman spectrum if there is a competition between a
discrete scattering pathway and a continuum of scattering pathways. One exam-
ple of this is the competition between a phonon Raman process and a continuum
of electronic Raman processes as observed in p-doped Si [52]. The Raman inten-
sity of such a Fano peak with the phonon frequency ω0, peak broadening Γ and
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asymmetry parameter q can be calculated according to [53]

I(ω) = I0 ⋅ (1 +
ω−ω0

qΓ/2 )2
1 + (ω−ω0

Γ/2 )2 , (3.5)

where I0 is the intensity of the peak. The smaller the value of q, the larger the
asymmetry of the peak. For large values of q, the Fano lineshape approaches that
of a Lorentzian. Negative q values lead to increased intensity at lower frequencies
and positive q values give increased intensity at higher frequencies. Fano peaks
were also observed in the Raman response of graphite intercalation compounds,
which I will introduce in the next section.
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Figure 3.5: Raman lineshapes calculated according to formula 3.5 for asymmetry
parameters ranging from −5 to 5, with a width Γ of 50 cm−1 and the phonon frequency
ω0 = 1500 cm−1.
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3.1.6 Graphite Intercalation Compounds

Graphite intercalation compounds consist of graphite layers with an intercalant
atomic or molecular species in between. Common intercalants are the alkali met-
als Li, K [54–56], and Rb [57] as well as Ca [58,59] and other alkaline earth metals [60].
These produce electron doping of the graphene layers. FeCl3 can be used as an
intercalant for hole doping. Graphite intercalation compounds were extensively
studied using Raman spectroscopy, and also attracted attention because of super-
conductivity observed e.g. in CaC6 with a transition temperature of 11.5 K [8].

Graphite intercalation compounds are commonly labeled by their stoichiomet-
ric composition such as KC8, which contains one potassium atom for every eight
carbon atoms, KC24, KC36, KC72, etc. Alternatively the compounds mentioned
above are also referred to as stage 1, 2, 3, and 4. Here a lower stage number
indicates fewer carbon atoms per potassium atom and higher doping.

Figure 3.6: Arrangement of potassium atoms between the graphene layers of graphite
intercalation compounds from Stages I to VI. Figure taken from Ref. [61].

The stages mentioned above differ not just in the ratio of potassium to carbon
atoms. The arrangement of the potassium atoms in the graphite crystal is also
markedly different between them, as shown in Fig. 3.6. In stage 1 graphite inter-
calation compounds, the intercalant is between each graphene sheet. This results
in a uniform doping for every graphene sheet. In stage 2 compounds, there are
two graphene layers between every intercalant layer. The doping is again uniform,
but lower than for stage 1. In stage 3 compounds, there are three graphene layers
between every intercalant layer. This results in two outer layers that have strong
charge transfer from the intercalant, and one inner layer with much lower doping.
Analogously, in stage 4 compounds there are four graphene layers between every
intercalant layer, etc.

The stage number and the resulting doping has a critical influence on the
Raman behavior of graphite intercalation compounds. I will discuss this using
the example of potassium graphite intercalation compounds [25]. For KC8, the
Raman spectrum (shown in the left panel of Fig. 3.7) exhibits a very broad and
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Figure 3.7: Raman response of graphite intercalation compounds from KC8 to KC72

excited with 568 nm. Figure combined from Ref. [61,62].

strongly asymmetric Fano peak at 1510 cm−1 [54,56,62] with a width of 125 cm−1

and an asymmetry parameter of −1.1 [62]. This Raman peak is attributed to the
same phonon as the G mode in pristine graphite, i.e. the Γ point E2g modes of
the LO and TO branch. The large downshift, as well as the broadening, are also
observed in Rb and Cs [57] intercalation compounds and are thought to be due to
non-adiabatic corrections to the phonon frequency arising from electron-phonon
interactions [63]. The spectrum in Fig. 3.7 shows an additional E2g component at
1547 cm−1 and a peak attributed to residual KC24 at 1565 cm−1 [62]. The Fermi
energy in KC8 was measured to be 1.35 eV using angle-resolved photoelectron
spectroscopy (ARPES) [26].

For KC24, the doping is still the same for every layer, so that there is only
G mode peak. However, it is located at 1610 cm−1 [25], thus resembling the up-
shifted G mode in graphene under doping. For KC36 and higher stages, there are
two peaks in the G mode region, one from the graphene layers adjacent to the
potassium layers and one from the less-doped inner layers. The G mode from the
inner layers increases in relative intensity with increasing stage number, as there
are more inner layers. The peak from the layers adjacent to the potassium layers
decreases in relative intensity and also downshifts in frequency with increasing
layer numbers.

The 2D peak is not observable in KC8 and KC24 because the double-resonant
Raman process is blocked [25]. From KC36 to KC72 the 2D mode is present in the
spectrum and increases in frequency with increasing stage number.

3.1.7 Expectations for potassium-doped Graphene

As a consequence of the behavior discussed in the preceding sections on the doping
dependence of the Raman spectrum of graphene and the Raman spectrum of
potassium graphite intercalation compounds, there are two conflicting predictions
for the Raman spectrum of potassium-doped graphene:
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• A continuation of the behavior of doped graphene, meaning a decrease in
the Raman peak position after its maximum at around 1 eV. This could
conceivably lead to peak positions of between 1600 cm−1 and 1580 cm−1.
In this picture there would be no peak broadening or asymmetry at high
doping strengths.

• A Raman spectrum similar to that of stage one potassium graphite inter-
calation compounds, where there is one layer of potassium ions for every
graphene layer. If the potassium atoms arrange themselves only on top
of the graphene layer, this would lead to an equivalent doping strength
as in stage one potassium graphite intercalation compounds. If the po-
tassium atoms additionally penetrate the space between the substrate and
the graphene layer, this could lead to even stronger doping strengths. In
this picture I would expect a broad and asymmetric peak at much lower
peak position than in the other picture, as the peak in stage one potassium
graphite intercalation compounds is located at 1510 cm−1.

Figure 3.8: Raman spectra of potassium-doped graphene with increasing doping time,
KC8, and KC24 measured at 514 nm. The spectrum of heavily doped graphene exhibits
a broad and asymmetric peak at lower frequencies than the pristine G mode. Figure
taken from Ref. [6].

The Raman spectrum of potassium doped graphene was indeed measured in
Ref.[6] and is shown here in Fig.3.8. It exhibits an asymmetric peak, whose
position and linewidth vary with intercalation time. However the position is in
all cases higher and the linewidth narrower than that in stage one potassium
graphite intercalation compounds. It is equally clear that the behavior in Ref.[6]
is not a continuation of the doping dependence of graphene, as the peak is much
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too broad and asymmetric. Unfortunately the authors of Ref.[6] measure the
Raman spectrum only at a single laser wavelength of 514 nm.

3.1.8 Summary

In summary, I have discussed the theoretical background of the Raman spectrum
of graphene and its doping dependence, the Raman spectrum of graphite interca-
lation compounds as well as the first reported Raman measurements of potassium-
doped graphene. I also detailed a formalism for calculation of the reflectivity of
layered systems as well as its application to graphene on Si/SiO2. This chapter
should serve as a broad enough basis for the understanding of the reflectivity and
Raman spectra of potassium-doped graphene that are reported in this thesis.

3.2 Experimental Methods

3.2.1 Raman Spectrometers

To investigate the Raman spectrum of potassium-doped graphene over a wide
range of laser energies, a number of different Raman spectrometers were used:

• A Witec alpha300 R spectrometer using 532 nm laser excitation wavelength
and a single grating monochromator with a 600 lines/mm grating. This
setup uses an edge filter to block Rayleigh-scattered light and offers excellent
sensitivity as well as a piezo-motorized stage for the acquisition of Raman
maps.

• A Horiba XploRA spectrometer with 638 nm and 785 nm laser lines. This
spectrometer shares the characteristics of the Witec spectrometer described
above, but also has 1200 and 1800 lines/mm gratings.

• A Dilor XY spectrometer with an argon-krypton laser, offering a discrete
set of laser lines from 458 nm to 647 nm. The Dilor uses a triple grating
monochromator with 1800 lines/mm gratings. Its sensitivity is much lower
than that of the single-grating setups.

• A Horiba T6400 spectrometer. This setup is paired in our lab with a dye
laser and titanium sapphire laser, the latter of which can also be frequency-
doubled. I have used the frequency-doubled titanium sapphire laser at laser
wavelengths of 425 nm and 381 nm. The T64000 can be operated in single
or triple grating monochromator mode, but I have measured only with a
single 900 lines/mm grating and an edge filter to block Rayleigh-scattered
light.

• A Horiba LabRam spectrometer paired with a helium-cadmium laser with
325nm wavelength. This is another single grating setup with an edge filter
and a 600 lines/mm grating. The UV laser wavelength necessitates the use
of a 40× magnification UV objective that was only used at this wavelength.
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Figure 3.9: Experimental setup for Raman spectroscopy in a backscattering configu-
ration with a notch filter or a double grating monochromator to suppress the Rayleigh-
scattered light. Adapted from Ref. [64].

Spectra at all wavelengths in the visible and near-infrared were calibrated in
frequency using a neon lamp. In the UV, where there are no neon lines, the
Raman peaks of diamond or silicon were used instead. To measure the Raman
signal of the doped graphene inside the ampoule, a 50x objective is used. This
objective offers the necessary working distance to focus on the sample through the
glass wall of the ampoule, as well as a good magnification to locate the graphene
flake, and a small enough laser spot size to ensure I am measuring only from the
desired area.

3.2.2 Polarization-dependent Raman Measurements

When measuring polarization-dependent Raman spectra at a given wavelength, I
want to acquire spectra with linearly polarized light where incoming and outgoing
light are polarized along the same axis (linear parallel) and along perpendicular
directions (linear perpendicular), as well as with circularly polarized light where
the polarization of incoming and outgoing light is rotating in the same direction
(circular corotating) and in opposite directions (circular contrarotating). I want to
realize these scattering configurations without removing or inserting any elements
in the optical path. I employ the linear polarization of our laser, a λ/4 plate
between the beam splitter and the objective lens, and an analyzer with a λ/2
plate in front of it. The analyzer is placed just in front of the spectrometer
entrance and aligned to transmit light of the laser polarization. For linear parallel
and perpendicular scattering, I align the λ/4 plate to 0○ with respect to the laser
polarization. Turning the λ/2 plate in front of the analyzer then switches between
linear parallel (0○) and linear perpendicular scattering (45○).

For circular corotating and contrarotating scattering configurations, I turn the
λ/4 plate in front of the objective lens to 45○. The light hitting the sample then has
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Figure 3.10: Experimental setup for polarization-dependent Raman spectroscopy. The
λ/4 between beam splitter and objective is turned between 0

○ and 45
○ for linear and

circular polarized incoming light. The λ/2 plate in front of the fixed analyzer is set to 0
○

for linear parallel and circular corotating configurations, and 45
○ for linear perpendicular

and circular contrarotating configurations.

Table 3.1: Experimental settings for polarization-dependent Raman scattering. The
λ/4 plate is placed in front of the objective lens. The λ/2 is placed in front of the
analyzer, which I keep fixed.

λ/4 plate λ/2 plate

linear parallel 0○ 0○

perpendicular 0○ 45○

circular corotating 45○ 0○

contrarotating 45○ 45○

circular polarization. The scattered light can have corotating and contrarotating
circular polarization. Upon passing through the λ/4 plate again on the way
to the spectrometer entrance, the corotating component is converted to linearly
polarized light with the same polarization as the laser, whereas the contrarotating
component is converted to linearly polarized light with polarization perpendicular
to that of the laser. I can thus again select between the two components by turning
the λ/2 plate in front of the analyzer between 0○ for corotating scattering and 45○

for contrarotating scattering.
The beam splitter in the Dilor setup has a polarization-dependent transmis-

sion coefficient. To correct for this, I take the spectrum of a 111 face of a silicon
crystal in linear parallel and perpendicular scattering configurations. The in-
tensity ratio between perpendicular and parallel scattering (depolarization ratio)
should be 2/3. This ratio is not observed in practice, but I find a correction factor
by which I multiply the intensities in perpendicular and contrarotating scattering
in subsequent experiments.
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3.2.3 Summary

Summarizing the description of my experimental methods, I have listed the prepa-
ration method for potassium-doped graphene in a sealed evacuated ampoule, as
well as an array of optical spectrometers. These will allow me to measure the
Raman spectra of the samples over an extremely broad energy range and with
polarization control, as well as their reflectivity.

3.3 Results

3.3.1 Evolution of the Raman Spectrum under Potassium

Exposure

In this section I present and discuss the evolution of the Raman spectrum of
graphene during the first hours of exposure to potassium vapor in a two zone
vapor intercalation experiment. The experimental details are as described in
Section 2.2.1 and all measurements are with 532 nm laser excitation. The initial
Raman spectrum, before I turned on the heating, shows the G and 2D modes
as expected for pristine graphene. The G mode peak is located at 1587 cm−1.
It can be fitted well with a single Lorentzian peak. The 2D peak is located at
2462 cm−1. It too can be fitted with a single Lorentzian, as is expected for single
layer graphene. The intensity ratio between the G and 2D peak is IG/I2D = 0.4.

From the moment the heating is turned on, the graphene is exposed to potas-
sium vapor. The evolution of the Raman spectrum is shown in Fig. 3.11 and can
be summarized in three phases:

• The G peak upshifts in position, to about 1600 cm−1. Its full width at half
maximum remains constant at 20 cm−1, as does its intensity. The 2D peak
downshifts in position and its intensity decreases.

• A new peak arises at lower frequencies than the G mode and increases in
intensity. At the same time, a strong background signal also appears. The
G mode increases further in frequency, but much more slowly than before,
up to a position of 1605 cm−1. The 2D mode disappears completely.

• The G peak then also decreases in intensity until it disappears, leaving only
the new peak at lower frequencies. This last phase takes much longer than
the other two to complete.

This constitutes the final state Raman spectrum. Further heating no longer leads
to any changes in the Raman response. The single peak is downshifted in fre-
quency from the original position of the G peak. It is located at 1560cm−1 and
has a linewidth of 61cm−1, much larger than the pristine G peak. Furthermore,
the peak is asymmetric. It exhibits higher intensity at lower frequencies, corre-
sponding to an asymmetry parameter of about 1/q = −6.

I summarize the evolution of the G peak position in Fig. 3.12. The evolu-
tion of the G peak under exposure to Potassium vapor as shown in this graph
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Figure 3.11: Time evolution of the Raman signal of graphene (532 nm excitation)
under exposure to potassium vapor. The G mode (left and middle panel) first rapidly
increases in frequency (best seen in the middle panel). At later times an additional
peak arises in the spectrum. The 2D mode (right) decreases in intensity and disappears
completely from the spectrum.

can be compared to Ref. [7]. Whereas their observations are initially in line
with my results, they do not see the appearance of the peak at 1560cm−1 that
arises in strongly doped graphene with potassium, or the disappearance of the G
peak. This might be due to their lower intercalation time, or the difference in
intercalant species of potassium versus rubidium. I now proceed by comparing
the experimental results from electron doping by potassium evaporation to those
from hole doping by electrochemical gating, as well as to a theoretical calculation
from Ref. [51].

The disappearance of the 2D mode can be explained by considering the Raman
process in Fig. 3.3. The transition involving the outgoing photon is blocked when
the Fermi energy reaches half of the outgoing photon energy, which is 2eV at
a laser wavelength of 532nm(2.33eV). The disappearance of the 2D mode thus
indicates a Fermi energy of more than 1eV.

3.3.2 Comparison of Potassium Doping and Electrolyte

Gel Gating

Electrochemical gating is a technique for doping graphene that works through
the formation of an electric Debye layer at the interface of graphene and an
electrolyte. This Debye layer acts a capacitor with a plate distance on the order
of a few nanometers, far smaller than for electrostatic gating through an e.g.
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Figure 3.12: G mode peak position of graphene under exposure to potassium vapor.
The peak first upshifts rapidly by about 15cm−1 and subsequently only increases at a
slower rate.

300 nm thick SiO2 layer. The doping levels achievable in electrochemical gating
thus far exceed those in electrostatic gating, with the maximum doping level
depending on the electrolyte. Using an electrolyte gel consisting of a mixture of
a polymer and an ionic liquid, I am able to achieve doping levels of about 0.8 eV,
as also reported in the literature [4,23].

In this section I compare the behavior of electrochemically doped graphene un-
der hole doping as a function of gate voltage to that of potassium-doped graphene
(which is electron-doped) as a function of potassium evaporation time. I show
the Raman spectra under electrochemical gate voltages ranging from 0 to −2.3 V,
acquired with 785 nm excitation, in Fig. 3.13. For the G mode, shown in the
left panel, I observe a monotonous increase in the peak frequency. Additionally,
there is a strong increase in the peak intensity at high gate voltages, followed by
a subsequent decline. There is no indication of the broad and downshifted peak I
observe for potassium-doping. Concerning the 2D mode, I see a strong decrease
in the peak intensity until it is no longer visible. Up to the disappearance, the
peak position remains constant at 2600 cm−1.

I plot the position and peak area of the G mode as a function of gate voltage
in Fig. 3.14 and Fig. 3.15. I now want to compare the peak position to theoretical
calculations by Lazzeri et al. [51]. For this purpose it is necessary to convert the
gate voltage to Fermi energy. To achieve this I make use of the observation of
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Figure 3.13: G mode Raman spectrum in electrochemically doped monolayer graphene
at 785 nm excitation as a function of negative gate voltage, corresponding to hole doping.
The G peak upshifts in frequency and increases in intensity at large gate voltages. The
2D peak decreases in intensity and eventually disappears.

the increase in the G peak area at −2.1 V. This increase in the G peak area has
been predicted to occur at 2EF = EL − ~ω/2, where EL and ~ω refer to laser and
phonon energies [4]. For my measurement this means that a gate voltage of −2.1 V
corresponds to a Fermi energy of

EL − ~ω/2
2

= 1.58 eV − 0.10 eV
2

= 0.74 eV. (3.6)

Assuming a linear increase of the Fermi energy with gate voltage 2VG, I thus find
that EF = 0.35 VG and am able to plot the peak position as function of Fermi
energy, or the charge carrier concentration n = E2

F/π(~vF)2 in Fig. 3.16 (negative
charge carrier densities). Also shown in the figure is the theoretical calculation
from Ref. [51], with non-adiabatic effects included. I have used the calculation for
a static lattice because the graphene is in contact with the a substrate in mymea-
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Figure 3.14: Peak position of the G mode in electrochemically doped monolayer
graphene as a function of gate voltage. The peak position increases approximately
linearly for larger negative gate voltages.

Figure 3.15: Peak area of the G mode in electrochemically doped monolayer graphene
as a function of gate voltage. With increasing negative gate voltage, the area first stays
constant up to −1.5 V but then exhibits a peak at −2.2 V.
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surements. Furthermore I have rescaled the calculation from Ref. [51] to use
the electron phonon coupling strength ⟨D2

Γ⟩F = 62.8 eV2/Å2
from Ref. [65]. This

value, calculated using the GW density functional theory method, is supposed to
be more accurate than the value of 45.6 eV2/Å2

used in Ref. [51]. I obtain excel-
lent agreement between theory and experiment and observe a maximum G mode
shift of 37 cm−1 at a charge carrier density of −4.3×1013 cm−2, corresponding to
a Fermi energy of −0.84 eV.

Figure 3.16: Peak position of the G mode under electrochemical gating (negative
charge carrier densities) and exposure to potassium vapor (positive charge carrier den-
sities) compared to a calculation from Ref. [51].

Similarly, to compare the peak positions observed under potassium doping to
the theoretical calculations, I need to convert the exposure time to charge carrier
density. Here I rely on the approach demonstrated by Parret et al. in Ref. [7],
who use the following function to model the charge carrier concentration as a
function of doping time:

n(t) = nf(1 − e−t/t0), (3.7)

where nf indicates the final charge carrier concentration and t0 sets the doping
timescale. I use this formula to fit my results to the calculation outlined above
(non-adiabatic effects included, static lattice, electron phonon coupling from GW)
for positive charge carrier densities and obtain values of nf) = 5.4×1013 cm−2 and
t0 = 200 minutes. While the data are described well by Eq. 3.7 up to charge carrier
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densities of 2×1013 cm−2, I then observe a plateau in the G mode frequency before
it increases again after 4×1013 cm−2. I do not observe a downshift of the G mode
at larger charge carrier densities. For longer doping times, the G mode remains
constant in frequency but decreases in intensity and eventually disappears, leaving
only the lower-frequency Fano peak.
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Figure 3.17: Peak position of the G mode and the Fano peak under exposure to potas-
sium vapor (positive charge carrier densities) compared to a calculation from Ref. [51].

To verify my Fermi energy calibration, I perform an analysis of the 2D mode
intensity as a function of Fermi energy. I fit the 2D mode in the spectra shown
in Fig. 3.11 and again convert the potassium evaporation time to Fermi energy
using equation 3.7. I compare my data to that of Ref.[4], where the Fermi energy
was determined from infrared transmission measurements, in Fig. 3.18. As can be
seen, my data is in agreement, which indicates that my Fermi energy calibration
is accurate.

I now use the conversion of doping time to charge carrier density to quantify
the behavior of the lower-frequency Fano peak and in particular to investigate if
the Fano peak appears at doping strengths that are also achievable by electro-
chemical gating. For this purpose I plot its peak position alongside that of the G
mode in Fig. 3.17. The final data point is observed after several days of potassium
doping, after which the G mode is completely absent from the spectrum. The
electron concentration for this data point was determined from the reflectivity in
Sec. 2.3.2. The first spectrum where the Fano peak is clearly observable is after
100 minutes. After 250 minutes, the peak is roughly similar in amplitude to the



3.3 Results 53

Figure 3.18: Integrated 2D intensity as a function of Fermi energy from my measure-
ments under potassium evaporation (orange) compared to data from Ref. [4].

G mode. This corresponds to a charge carrier density of 3.8×1013 cm−2, which
is lower than the maximum charge density that I obtain using electrochemical
gating.

It thus appears that the Fano peak only appears for electron doping but not
hole doping. This is supported by the fact that it was also not observed in FeCl3
intercalated few-layer graphene in Ref. [66]. However it is also clear that realizing
a high electron concentration is necessary but not sufficient to observe the Fano
peak because it was not seen in the rubidium doping experiments in Ref. [7]. I
also note that the theoretical calculation of Lazzeri et al. [51], even at the highest
electron density when the peak position decreases again, does not come close to
giving a frequency value that would be in line with my observation of the Fano
peak position. The difference is more than 30 cm−1.

Summarizing the two preceding sections, I have investigated the G mode peak
position in doped graphene over an extraordinarily broad doping range encom-
passing both hole and electron doping. Although I had to resort to different meth-
ods for electron and hole doping, the measurements were performed on graphene
samples from the same production batch and compared to the same calculation.
For hole doping using electrochemical gating, the G mode upshifts continuously
with no sign of a saturation and I obtain excellent quantitative agreement with
the calculation over the full doping range. For electron doping using potassium
evaporation, the G mode increases in position similarly rapidly as for hole doping
at low charge carrier concentrations but then slows down, reaches a plateau in
frequency, and decreases in intensity. I find decent overall agreement with the
calculation in terms of the absolute maximum peak position shift as well as the



54

Table 3.2: Fit parameters for the Fano peak in potassium-doped monolayer graphene
as a function of laser wavelength.

λ(nm) EL(eV) ω0(cm−1) Γ(cm−1) 1/q
785 1.58 1539 45 −8.2
638 1.94 1556 47 −5.2
593 2.09 1561 51 −4.9
568 2.18 1563 64 −5.0
532 2.33 1565 61 −5.8
514 2.41 1569 65 −4.4
487 2.55 1566 80 −4.3
425 2.92 1576 81 −2.3
381 3.25 1584 75 −2.7
325 3.82 1604 35 −5.7

weaker upshift at higher charge densities. For hole doping the G mode eventu-
ally disappears from the spectrum at long doping times. An investigation of the
remaining asymmetric Fano peak will be the focus of the rest of this chapter.

3.3.3 Excitation Energy Dependence of the Raman

Spectrum

Having described the time evolution of Raman signal of monolayer graphene under
exposure to potassium vapor, I now further characterize the Raman response of
the fully doped graphene (Fermi energy of 1.3 eV) by using a broad range of laser
excitation wavelengths. The strongest Raman peak between 1500 and 1600 cm−1

is fitted with a Fano peak according to:

I(ω) = I0 ⋅ (1 +
ω−ω0

qΓ/2 )2
1 + (ω−ω0

Γ/2 )2 , (3.8)

where ω0 denotes the peak position (not the spectral position of maximum in-
tensity), Γ is the peak broadening, and q is the asymmetry parameter. In this
section I examine all three of these parameters.

Figure 3.19 shows Raman spectra excited with laser wavelengths from 785 nm
to 325 nm, corresponding to laser energies ranging from 1.58 eV to 3.82 eV. With
increasing laser energy, the peak downshifts in position and becomes broader and
more asymmetric up to 425 nm. The peak position then continues to increase.
However, the width and asymmetry decrease for 381 nm excitation and, more
drastically, at 325 nm. The fit parameters are listed in Table 3.2. As an example,
the fitted spectrum acquired at 593 nm is shown in Fig. 3.20.
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Figure 3.19: Normalized Raman spectra of potassium-doped monolayer graphene as
a function of laser wavelength from 785 nm(top) to 325 nm(bottom). With increasing
laser energy, the peak upshifts in position. The peak width and asymmetry first increase
and then decrease again.
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Figure 3.20: The fitted Raman spectrum of potassium-doped graphene at 593 nm.
The data is shown as black dots, the fit components are shown in red and their sum is
shown in green.

Peak Position

Figure 3.21 plots the Fano peak position as a function of laser energy. The position
increases monotonically with increasing laser energy, from 1539.4 cm−1 at 1.58 eV
to 1604.4 cm−1 at 3.82 eV. It is important to note that this peak position is not
the spectral position of maximum intensity due to the Fano lineshape. In p-doped
Si, the Raman peak around 521 cm−1 was also fitted with a Fano peak [52]. While
the spectral position of maximum intensity also changes with laser energy in this
system, the Fano peak position remains unchanged, in contrast to my observation
in highly doped graphene.

From my measurements, I determine a slope of 26 cm−1/eV with a linear fit.
This value can be compared to the dispersion of the D and 2D line in pristine gra-
phene and graphite, which are about 50 cm−1/eV and 100 cm−1/eV, respectively.
This indicates that the phonon branch contributing to the signal in potassium-
doped graphene has a smaller slope in the range of wavevectors probed than the
TO branch near the K point in pristine graphene. The strength of the peak dis-
persion is also affected by the slope of the electronic band structure, meaning
that a phonon branch with a slope similar to that of the TO branch near K could
produce a dispersion of 26 cm−1/eV if the slope of the electronic band structure
were smaller than the Fermi velocity in pristine graphene.

For 425 nm and especially 371 nm, the peak position in potassium-doped gra-
phene is fairly close to that of the G mode in pristine graphene (1583 cm−1).
However, the measurement at 325 nm makes it clear that there is no saturation
of the peak position at higher excitation energies. The spectrum at 325 nm re-
sembles a spectrum of doped graphene with a lower Fermi energy (before the
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Figure 3.21: Peak position of the Fano peak in potassium-doped monolayer graphene
as a function of laser energy. A linear fit of the data yields a slope of 26 cm−1/eV.

peak downshifts below 1600 cm−1), but I have excluded any laser-induces dedop-
ing by measuring the spectrum at 532 nm after the measurement at 325 nm, with
identical results as before.

To conclude this subsection I compare and contrast the laser energy depen-
dence of potassium-doped graphene described above to pristine graphene, and
also doped graphene with lower Fermi energies. In pristine graphene the G mode
is not dispersive with laser energy. For low Fermi energies obtained e.g. through
electrostatic gating, this behavior remains unchanged. Also for rubidium-doped
graphene, where the G mode upshifts to up to 1607cm−1, the peak position is the
same for 488 nm and 514 nm laser excitation [7](although these laser wavelengths
are very close). I have also measured the G mode peak position of a potassium-
doped graphene sample that was not doped enough to show the lower-frequency
Fano peak, shown in Fig. 3.22. At laser wavelengths of 532 nm and 638 nm, the
peak positions are identical to within 1 cm−1 at 1605 cm−1. For this difference in
laser energy of about 0.4 eV, the Fano peak shifts by about 10cm−1.

The dispersion of the Raman peak in potassium-doped graphene at high dop-
ing levels is thus in contrast to pristine and moderately doped graphene and
indicates that this signal arises from a different Raman process compared to the
G mode in pristine graphene.

Peak Width

I show the laser energy dependence of the full with at half maximum in Fig. 3.23.
The peak is progressively broadened from 45.8 cm−1 at 1.58 eV to 81.2 cm−1 at
2.92 eV. However, the peak width decreases again for higher excitation energies.
At 3.82 eV, the peak width is only 35.9cm−1.
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Figure 3.22: G mode Raman signal from a potassium doped graphene sample that
was not doped so strongly as to show the Fano peak below the G line. The peak position
is identical at 532 nm and 638 nm excitation.

The peak width of the Fano peak in potassium-doped graphene is obviously
much larger than that of G mode in pristine graphene and electrostatically or
electrochemically doped graphene. On the other hand, it should be noted that
even at its maximum at 425 nm and 81.2 cm−1, the peak is not as wide as that
of the E2g peak observed in KC8, which exhibits 125 cm−1 width at 568 nm [62].

The maximum width observed in my measurements occurs between laser en-
ergies of 2.55 eV and 2.92 eV(487 nm and 425 nm). This energy matches twice
the Fermi energy in my sample as determined from reflectivity, 2EF = 2.60 eV.

In Ref. [6], the authors plot the peak width as a function of the peak position
for their measurements with increasing doping time and Fermi energies. They
observe a linear relation with negative slope, i.e. the larger the peak position the
smaller the width [6], but measure only at one laser energy. I have observed that
the peak position and width depend strongly on the laser energy, so that one
explanation for the findings in Ref. [6] would be that for increasing doping time,
the Fermi energy increases relative to the laser energy.
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Figure 3.23: Peak width (FWHM) of the Fano peak in potassium-doped monolayer
graphene as a function of laser energy. The peak width increases with increasing laser
energy up to a maximum of 81.2 cm−1 at a laser energy of 2.92 eV and then decreases
again.

Figure 3.24: Peak width (FWHM) of the Fano peak in potassium-doped monolayer
graphene as a function of peak position. The plot resembles Fig. 3.23

because the peak position depends linearly on the laser energy.
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I plot the peak width as a function of the peak position in the laser energy
dependent measurements in Fig. 3.24. Since the peak position increases linearly
with laser energy, the plot resembles Fig. 3.23, and shows first a linear increase of
peak width with increasing peak position. This indicates that the movement of
the Fermi energy relative to the laser energy does not account for the observations
in Ref. [6]. Nevertheless, to find the true maximum peak width for a given Fermi
energy, it is necessary to measure the Raman spectrum at a laser energy of twice
the Fermi energy, whereas Howard et al. used only a fixed laser energy for all
doping times and thus Fermi energies. They consequently report a too small width
for all measurements except when twice the Fermi energy happens to match their
laser energy. In particular, it is possible that for the most heavily doped data
point, where they observe a width of slightly less than 150 cm−1, a value closer
to that of KC8 (which they report as around 190 cm−1) could be observed with
the appropriate laser wavelength.

Peak Asymmetry

Lastly, I turn to the asymmetry parameter of the Fano lineshape, which I show
in Fig. 3.25. In this definition large values of q indicate a symmetric peak, with
q =∞ for a Lorentzian lineshape. I observe an increase in q from −8.25 at 1.58 eV
laser energy up to −2.37 for 2.92 eV. Similar to the behavior of the peak width,
the asymmetry then also decreases for higher excitation energies, to −5.74 at
3.82 eV.

Figure 3.25: Asymmetry parameter 1/q of the Fano peak in potassium-doped mono-
layer graphene as a function of laser energy. The asymmetry first increases with increas-
ing laser energy up to −2.37 at 2.92 eV and then decreases again.
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Figure 3.26: Asymmetry parameter 1/q of the Fano peak in KC24 and KC8 as a
function of laser energy from Ref. [67]. They observe a zero crossing in the asymmetry
parameter.

From formula 3.5 it can be seen that as the asymmetry parameter approaches
zero from below, the Fano peak develops a dip at higher wavenumbers in the
spectrum. If the asymmetry parameter crosses zero, the peak then exhibits asym-
metry in the other direction, with larger intensity at higher wavenumbers. This
zero crossing of the asymmetry parameter has been observed experimentally in
KC24 and KC8 in Ref. [67], although their spectra’s signal to noise ratios leave
something to be desired especially for the spectra with q close to zero. They do
not show any spectra exhibiting a dip, but a number of spectra with positive
values for the asymmetry parameter. They also claim that the zero crossing of
the asymmetry parameter occurs at an excitation energy close to twice the Fermi
energy (2.1 eV for KC24 and 2.7 eV for KC8). My observations for the asymme-
try parameter in potassium-doped monolayer graphene are in contrast to these
results for the E2g peaks in KC24 and KC8.

I clearly do not observe a zero crossing in the asymmetry parameter, which
instead starts to decrease again at a laser energy of around twice the Fermi energy.
This is in turn similar to my observations concerning the peak width.

Additional Peaks

In addition to the Fano peak above 1500 cm−1, the spectrum of potassium-doped
graphene also contains three more peaks in the region between 1100 cm−1 and
1400 cm−1. They are shown at selected wavelengths in Fig. 3.27. These peaks are
about 50 cm−1 broad, they overlap and they are much weaker in intensity than
the Fano peak. They can consistently be fitted with three components at around
1140 cm−1, 1200 cm−1, and 1260cm−1 which do not appear to disperse with laser
energy. However, it is clear from Fig. 3.27 that the peaks’ intensity depends on
the laser energy. Relative to the intensity of the Fano peak, the additional peaks
are strongest at 785 nm and then decrease in intensity. At 325 nm they are not
observable.

These additional peaks were also observed in Ref. [6], where Raman inac-
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Figure 3.27: Raman spectra of potassium-doped graphene in a broader spectral range,
showing additional peaks at lower frequencies than the Fano peak.

tive Γ point phonons that are activated by disorder of the potassium atoms are
mentioned as one possible explanation.

3.3.4 Layer Number Dependence of the Raman Spectrum

Having described the behavior of the Raman signal of highly doped monolayer
graphene as a function of laser energy in the previous section, I now turn to-
wards a description of the behavior as a function of layer number. In addition
to monolayer, my sample has areas of bilayer, four layer, and five layer graphene,
as well as areas of thicker graphite (more than 100 layers). In this section I will
describe the position, linewidth and asymmetry. Furthermore, I have performed
measurements on the multilayer samples with different laser energies, allowing
me to discuss the dispersion of the 1560cm−1 Raman peak as a function of layer
number.

I begin by examining Raman maps of the doped graphene flake with areas
of bilayer, four layer and five layer graphene, shown in Fig. 3.28. Spectra were
acquired with a step size of 1 µm. In the upper row I show the maps of the pristine
sample. The intensity of the G mode and the 2D mode increases with layer
number, with that of the G mode in particular being approximately proportional
to layer number from one to five layers. The width of the 2D mode also increases
with layer number.

The bottom row of Fig. 3.28 shows the integrated intensity, the position, and
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Figure 3.28: Raman mapping of pristine and doped graphene from one to five layers:
a) Pristine G mode intensity with layer number, b) pristine 2D mode intensity, c)
pristine 2D mode width, d) doped intensity, e) doped peak position, f) doped width.

the width of the Fano peak in potassium-doped graphene. I find that all three
parameters are uniform over the entire flake, irrespective of the layer number. The
uniform intensity is surprising because all peaks increase in intensity for larger
layer numbers in pristine graphene. Furthermore, the properties of the 2D mode
in pristine graphene, which is somewhat similar to the Fano peak in potassium-
doped graphene in that it shifts in position with laser energy, depend strongly on
layer number. This includes the position, width and number of fit components.
This is in contrast to the position and width of the Fano peak in potassium-doped
graphene.

Figure 3.29 shows the position of the Fano peak in potassium-doped graphene
with varying layer number as a function of laser energy. It also includes data
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Figure 3.29: Fano peak position as function of layer number for laser wavelengths of
532 nm, 638 nm and 785 nm.

from a 160 layer graphite flake. Its thickness was determined before the interca-
lation with the help of its reflectivity spectrum. At 2.33 eV(532 nm), the peak
position decreases from monolayer(1569 cm−1) to four layer(1561 cm−1) and then
increases to 1569 cm−1 for the five layer and 1576 cm−1 for the 160 layer flake.
At 1.58 eV(785 nm), the peak position varies much less with layer number(within
only 4 cm−1), and is again highest for the 160 layer flake. From the measure-
ments at three wavelengths, it is obvious that the Fano peak disperses with laser
energy in the multilayer samples similarly to the monolayer. Indeed, as shown
in Fig. 3.30, the slope of the dispersion is 26 cm−1/eV for monolayer as discussed
in Sec 3.3.3 and very similar in four layer graphene, but lies between 35 cm−1/eV
and 45 cm−1/eV for bilayer and five layer graphene and the 160 layer flake. While
there is no clear trend in the dispersion, the last data point is particularly striking
since there have been no reports of a dispersion of the 1510 cm−1 Raman peak of
bulk KC8 in the literature.

I now discuss the full width at half maximum of the Raman peak as a function
of layers and laser energy. Figure 3.31 shows this data with measurements at
532 nm plotted in green, 638 nm plotted in red, and 785 nm plotted in black.
At 532 nm, the peak width increases from 63 cm−1 to 83 cm−1 from monolayer
to 160 layers, with the exception of five layers where it is only 65 cm−1. At
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Figure 3.30: The slope of the dispersion of the Fano peak with laser energy as a
function of layer number.

638 nm, the peak width increases from 48 cm−1 for monolayer to 62 cm−1 for the
graphitic sample. At 785 nm, the peak width actually decreases from 46 cm−1

for monolayer to 37 cm−1 for four layers, and then increases again to 49 cm−1

for the graphitic sample. It is clear that the full width at half maximum of the
highly doped graphene Raman peak is much larger than that of the G line of
pristine graphene (around 10 − 15 cm−1) for all laser energies and layer numbers.
Furthermore, it is also smaller than the more than 100 cm−1 of bulk KC8 even
for the many-layer sample at 532nm.

3.3.5 Long Term Stability of Potassium-doped Graphene

In Fig. 3.32, I show the Raman spectrum of maximally doped graphene at 532 nm
laser wavelength obtained right after potassium evaporation and one and three
months later. The Raman signal is unchanged, indicating excellent long term
stability of the sample in a sealed evacuated ampule.

A possible route towards a sample of highly doped graphene stable in air is
hinted at by experiments on a heterostructure of a graphene monolayer sand-
wiched by two thicker layers of hexagonal boron nitride (hBN). In this sample
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Figure 3.31: Fano peak width as function of layer number for laser wavelengths of
532nm, 638nm and 785nm.

the graphene was also smaller laterally than the hBN layers, so that the gra-
phene is not exposed to the environment. This sample was also placed in a sealed
evacuated ampule together with potassium. Upon evaporation of the potassium,
the graphene Raman signal remained unchanged from that of pristine graphene,
which is a strong indication that the potassium cannot permeate through the hBN
neither from the top nor from the sides between the layers. Potassium-doped gra-
phene protected from the environment could be created as follows:

• Preparing potassium doped graphene without hBN on top as in the previous
experiments,

• Opening the ampule in a glove box under inert atmosphere,

• Depositing an hBN flake on top of the graphene inside the glove box.

It should be possible to take this sample outside of the glove box into ambient
conditions. The potassium would not be able to detach from the graphene be-
cause of the top hBN, and also would not oxidize as long as oxygen cannot pass
through the hBN. I am unable to prepare a sample like this because there is no
micromanipulator for the deposition of the top hBN layer in our glove box.
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Figure 3.32: The Raman signal of potassium-doped graphene in a sealed evacuated
ampoule (532 nm laser wavelength) right after intercalation, one month later, and three
months later.

3.3.6 Polarization-dependent Raman Spectra

The polarization dependence of the Raman signal of a given phonon mode is
given by its symmetry and the corresponding Raman tensor. In this section I will
only consider polarizations in the graphene plane for both incoming and outgoing
photons. As has been demonstrated in the literature, the G mode in pristine
Graphene, which arises from E2g phonons, is independent of the angle between
the polarization of incoming and outgoing light. By contrast, the double-resonant
2D mode exhibits a polarization dependence in the Raman signal. The signal for
parallel polarization is three times stronger than for crossed polarization. Both
the G and 2D mode intensities are independent of the orientation between the
polarization of the incoming laser light and the crystal lattice.

The idea behind the investigation in this section is that if the Raman peak
I observe in potassium-doped graphene arises from the same phonons as the G
mode in pristine graphene, it should also share the same polarization behavior.
By the same logic, a difference in the polarization behavior for the Raman signal
of potassium-doped graphene would be a sign that it does not arise from the same
phonons as in pristine graphene, and could maybe point towards an explanation
and the responsible Raman scattering process. The experimental setup used to
measure polarization-dependent Raman spectra is described in Sec. 3.2.2.

I briefly discuss the selection rules for Raman scattering in graphene. The
possible Raman tensors for the D6h point group are listed in Table 3.3. My scat-
tering geometry has incoming and outgoing light propagating along the z axis
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Figure 3.33: Polarization dependence of the G mode of pristine graphite (top), pristine
graphene (middle), and potassium-doped graphene (bottom).
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Table 3.3: Raman tensors for the D6h point group.

A1g E1g E2g

⎛⎜⎝
a 0 0

0 a 0

0 0 b

⎞⎟⎠
⎛⎜⎝
0 0 0

0 0 c

0 c 0

⎞⎟⎠
⎛⎜⎝
0 0 −c
0 0 0

−c 0 0

⎞⎟⎠
⎛⎜⎝
d 0 0

0 −d 0

0 0 0

⎞⎟⎠
⎛⎜⎝
0 −d 0

−d 0 0

0 0 0

⎞⎟⎠
and polarized in the x-y plane. To calculate the intensity I contract the Ra-
man tensors between (1,0,0) and (1,0,0) for linear parallel scattering, (0,1,0)
and (1,0,0) for linear perpendicular scattering, (1, i,0)/√2 and (1, i,0)/√2 for
circular corotating scattering, and (1,−i,0)/√2 and (1, i,0)/√2 for circular con-
trarotating scattering. This results in the scattering intensities listed in Table 3.4.
To summarize, there is no E1g scattering in this geometry, A1g scattering can be

Table 3.4: Raman intensities for the D6h point group.

A1g E1g E2g

linear parallel a2 0 0 d2 0
linear perpendicular 0 0 0 0 d2

circular corotating 0 0 0 d2 d2

circular contrarotating a2 0 0 0 0

observed in linear parallel and circular contrarotating polarizations, and E2g scat-
tering is allowed in linear parallel, linear perpendicular and circular corotating
polarizations. I thus expect the G mode in pristine graphene and graphite to be
visible in all polarizations except circular contrarotating. This is indeed observed
experimentally as shown in Fig. 3.33. Also as expected, the sums of the two linear
polarizations and the two circular polarizations are equal.

Figure 3.34: Polarization dependence of the Raman signal of potassium doped gra-
phene.

Having verified the functionality and accuracy of the polarization dependent
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Raman setup, I then turn towards the Raman signal of maximally doped Gra-
phene (bottom row in Fig. 3.33). The signal of the main Raman peak is only
about one third as strong as strong for perpendicular linear polarizations as for
parallel (I⊥/I∥ = 0.33). Furthermore, the signal does not disappear in circular
contrarotating polarization, but is almost as strong as for circular corotating
(I⟳⟳/I⟳⟲ = 1.27). Again the sum of the intensities in the linear polarizations is
the same as that in the circular ones. All intensities are summarized in Fig. 3.34.

The observed polarization dependence of the Raman signal of potassium-
doped graphene shows that the scattering arises from both E2g and A1g con-
tributions to the Raman tensor, instead of just E2g in pristine graphene. This
fact is shown very clearly in the top row of Fig. 3.36, where I replot the data to
isolate the E2g and A1g components. The A1g component is contained in the con-
trarotating spectrum and can be isolated by subtracting the corotating spectrum
from the sum of the linear polarizations, whereas the E2g component is present
alone in the corotating spectrum and can also be obtained by subtracting the
contrarotating spectrum from the sum of the linear polarizations. The signal in
potassium-doped graphene therefore cannot arise from the same phonon as the
G mode in graphene. It is inaccurate to refer to the 1560 cm−1 peak in potas-
sium-doped graphene as the G peak of highly doped graphene. This finding is
also supported by the observed laser energy dependence of the peak position in
potassium-doped graphene detailed in Sec. 3.3.3.

I also note that the strongest, asymmetric peak in the spectra of potassium-
doped graphene in e.g. circular corotating and circular contrarotating polariza-
tions (only E2g and only A1g scattering, respectively), can be fitted with the same
Fano peak with identical width, position and asymmetry. This indicates that the
signal originates from one mode with mixed symmetry, rather than one mode of
A1g symmetry and one mode of E2g symmetry.

I further analyze the polarization dependence of the weaker peak at around
1280 cm−1 and of the background signal between 1800 cm−1 and 1850 cm−1(this
spectral range was selected because of the absence of distinct peaks there). For
the analysis of the background signal I subtracted spectra acquired in each polar-
ization geometry on the silicon wafer just next to the potassium-doped graphene
flake. The results can be seen in the last two groups in Fig. 3.34. The polarization
behavior of the background signal is the same as that of the main asymmetric
peak discussed above. The secondary peak at 1280 cm−1 also demonstrates both
A1g and E2g scattering. Here I find I⊥/I∥ = 0.52 and I⟳⟳/I⟳⟲ = 0.92., indicating
a slightly stronger A1g contribution compared to the main peak.

In the literature there are references to the Raman peak of KC8 as having
purely E2g symmetry [63], but I was unable to find Raman measurements with
circularly polarized light on KC8. I therefore conduct such measurements for
comparison to my results on potassium-doped monolayer graphene. The spectra
are shown in Fig. 3.35 (middle row). There is the main peak at 1510 cm−1 and an
additional peak at 1550 cm−1. The former is present with comparable intensity
in linear parallel and perpendicular polarizations. The results for circular polar-
ization are striking and confirm my expectations: The KC8 peak at 1510 cm−1
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Figure 3.35: Top row: Decomposition of the Raman signal of K-doped graphene
into A1g (left) and E2g (right) contributions. Middle row: Polarization dependence
of the Raman signal of KC8 using linearly (left) and circularly (right) polarized light.
Bottom row: Decomposition of the Raman signal of KC8 into A1g (left) and E2g (right)
contributions. All spectra acquired at 532 nm
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is strong in circular corotating polarization and is completely absent in circular
contrarotating polarization.

This reaffirms the contrast to potassium-doped monolayer graphene. The bulk
of the KC8 Raman signal has clear E2g symmetry whereas the signal in potassium-
doped monolayer graphene exhibits mixed A1g and E2g symmetry. However, an
examination of the second peak in the KC8 signal, which appears as a shoulder in
the linear parallel signal, shows that it exhibits very similar behavior as the peak
in potassium-doped monolayer graphene: It is present in roughly equal strength
in the A1g symmetry and E2g components (bottom row of Fig. 3.35). Further-
more, this second peak is also dispersive with laser energy: A measurement of KC8

at 487 nm reveals that the peak has shifted to higher frequencies compared to
532 nm and is more separated in frequency from the E2g component at this lower
wavelength. The increasing peak position with increasing laser energy matches
the behavior in potassium-doped monolayer graphene. Unfortunately an investi-
gation of the second peak in KC8 is not possible over a broader wavelength range
because KC8 did not give any Raman intensity outside of the green and blue
spectral range.

Figure 3.36: Raman signal of KC8 at 532 nm (black) and 487 nm (green).

The polarization and laser energy dependence of this second peak in KC8 point
to a similar origin for this peak as for the peak in potassium-doped monolayer
graphene. One could thus assign these peaks to the outer doped graphene layer in
KC8, which shows the same Raman signal as isolated doped graphene, while the
bulk KC8 gives rise to the broader E2g peak at 1510 cm−1. It is unclear however it
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is not possible to observe the second peak in KC8 over the same broad wavelength
range as the peak in potassium-doped monolayer graphene.

3.3.7 Origin and Explanation of the Observed Raman

behavior

I have observed several characteristics of the Raman signal of potassium-doped
graphene that require an explanation:

The broadened lineshape and the asymmetry of the Raman peak around
1560 cm−1 that I have detailed in the previous section, as well as the background
signal observed over a broad spectral range, point toward a continuum of elec-
tronic scattering channels.

In pristine graphene, the G-mode phonon can decay into low-energy electron
hole pairs, leading to an additional relaxation channel and a broader phonon
peak. This phenomenon is even more pronounced in metallic nanotubes, were
the lower frequency G peak is very broad (around 50 cm−1) and also exhibits
an asymmetry that is thought to arise from a competition between the discrete
phonon scattering channel and a continuum of electronic scattering channels,
leading to a Fano lineshape.

Clearly the broadening of the Raman peak in my spectra is much stronger
than in pristine graphene, as is the asymmetry, which is very hard to observe in
pristine graphene. This points towards either a larger density of states at the
Fermi energy or stronger coupling between the two scattering channels [52].

However, all the peak positions reported in the previous sections are obtained
by fitting the spectrum to a Fano peak. Consequently the peak position should
be independent of laser energy if the Fano mechanism were the only effect in
play [52] for a q = 0 phonon peak, but it is clearly not.

The prevalent mechanism to explain a dispersive Raman peak in carbon mate-
rials (graphite, graphene, and carbon nanotubes) is a double resonant (or more)
q ≠ 0 Raman process. For these non Γ phonon Raman processes, momentum
conservation can be satisfied either by scatting by a defect, as in the D peak, or
by multiple phonon scattering, as in the 2D peak.

To determine if there are a large enough number of defects in my doped
samples to enable a single-phonon Raman scattering signal of the strength that
I observe, a first instinct might be to examine the D peak intensity. This peak is
absent in my undoped graphene. It is doubtful that the additional peaks below
the Fano peak contain the D peak because they do not disperse with laser energy.
However, the D peak might be absent not just because there are few defects, but
also because it is blocked because of the Fermi energy shift, as is the 2D peak.

A convincing explanation of the observed behavior of the Raman signal of
highly doped graphene will require knowledge of the electronic band structure
and the phonon dispersion of this system. As can be seen from the band structure
of CaC6 and LiC8 in Ref. [63], it is not sufficient to simply consider a rigid-band
shift of the Fermi energy, as is done to explain the lifting of the Kohn anomaly
and the blocking of the additional phonon relaxation channel at Fermi energies
on the scale of few 100s of meV.
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The band structure of KC8 and a doped graphene layer with the same Fermi
energy has been calculated in Ref. [68]. It shows bands close to the Fermi energy.
A next step is then to find electronic excitations that are similar in energy to the
observed phonon peak, which would explain the background signal as well as the
broadening and asymmetry.

However, to fully explain the frequency dispersion, a suitable phonon branch
where either the phonon energy or twice the phonon energy in case of a two-
phonon process matches the Raman peak position has to be found. A simple
inspection of the phonon dispersion of graphite in Ref. [47] shows that LO branch
between Γ and M or between Γ and K contains frequencies that I observed exper-
imentally. However, the calculation of the phonon frequency in KC8 in Ref. [63],
which was only accurate after consideration of non-adiabatic effects, indicates
that it is not sufficient to examine the phonon dispersion of pristine graphite to
explain the laser energy dependence of the Fano peak I observe in potassium-
doped graphene. A conclusive explanation will furthermore rely on a calcula-
tion of the Raman signal including the matrix elements for electron-photon and
electron-phonon coupling.

3.4 Summary

To conclude this chapter, I have presented a comprehensive Raman study of
potassium-doped graphene. I monitored the behavior during the potassium in-
tercalation up to the maximally doped state. I then proceed to characterize the
final state Raman spectrum as a function of laser energy, where I observe changes
in position, linewidth and asymmetry that are in contrast to the behavior of pris-
tine and less strongly doped graphene. I investigated different graphene layer
numbers, where the differences were weaker than expected. To determine the
symmetry of the phonon mode that gives rise to the Raman signal, I conduct
polarization-resolved Raman spectroscopy and again find strong disagreement
with the behavior in pristine graphene.



4 | Electrochemical Raman
Spectroscopy of Single-walled
Carbon Nanotubes

4.1 Theoretical Background

4.1.1 Geometric structure

Carbon nanotubes are a class of one-dimensional materials that can be visualized
as rolled-up graphene sheets. One distinguishes between single-walled [19] and
multi-walled [69] tubes, but we will deal exclusively with the former type in this
thesis. In single-walled carbon nanotubes, the carbon atoms are arranged in a
hexagonal lattice on a cylindrical surface and the diameter of the tube ranges
from about 0.5 to 2 nm. As there are many ways of rolling up a graphene sheet,
there are many possible carbon nanotube structures. They are defined by their
chiral vector, a graphene lattice vector which turns into the tube circumference
when the sheet is rolled up. The chiral vector can be expressed as a sum of
multiples of the graphene lattice basis vectors a1 and a2 as [70,71]

c = n1a1 + n2a2. (4.1)

The linear coefficients n1 and n2 in this equation are called chiral indices and
define the tube structure. From the chiral indices we can calculate the tube
diameter d and the chiral angle θ, the angle between the chiral vector and the
zig-zag direction in the graphene lattice, as follows: [70]

d = ∣c ∣
π
= a0

π

√
n2
1 + n1n2 + n2

2, (4.2)

where a0 = ∣a1∣ = ∣a2∣ = 2.461Å is the length of the graphene lattice basis vectors,
and

θ = arccos( a1 ⋅ c∣a1∣ ⋅ ∣c ∣) = arccos
⎛⎝ n1 + n2/2√

n2
1 + n1n2 + n2

2

⎞⎠ . (4.3)

One distinguishes between achiral and chiral tubes, where the former have θ = 0
or 30○ and are called zig-zag and armchair tubes, and the latter have chiral
angles somewhere between 0 and 30○ [70]. A nanotube’s periodicity along its axis is
determined by the shortest graphene lattice vector perpendicular to the nanotube
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Figure 4.1: The chiral vector c and the chiral angle θ of a (5,3) nanotube (left) and
its atomic structure (right). Figure taken from Ref.[71].

chiral vector. This vector is called the tube’s translational period and can be
calculated from the chiral indices: [70]

a = −n1 + 2n2

nR
a1 + 2n1 + n2

nR
a2, (4.4)

where n is the chiral indices’ greatest common divisor and R is 3 if the difference
between the chiral indices n1−n2 is divisible by 3 and 1 if not. The nanotube unit
cell is given by the rectangle formed by the chiral vector and the translational
period. It contains nhex = 2 (n2

1 + n1n2 + n2
2) /nR graphene unit cells and twice as

many carbon atoms. The unit cell is much larger for chiral tubes than for achiral
ones [70].

Figure 4.2: Atomic structure of a (12,0) zigzag tube, a (6,6) armchair tube, and a
chiral (6,4) tube. Figure taken from Ref.[71].

4.1.2 Brillouin Zone

The electronic properties of carbon nanotubes are closely related to those of
graphene. Specifically, the rolling-up of the graphene sheet imposes a quantization
of the wavevector along the circumference of the nanotube. An approximation of
the nanotube band structure can be obtained by evaluating the graphene band
structure at the wavevectors allowed in the nanotube.
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Mathematically, the quantization condition reads

k ⋅ c = 2πm. (4.5)

Here m is an integer that is referred to as the quasi-angular momentum quantum
number and defines the wavevector perpendicular to the tube axis according to
k⊥,m = 2m/d. m can take values from −nhex/2 + 1 to nhex/2. The electronic
wavefunction of a state with quasi-angular momentum m has 2m nodes along the
nanotube’s circumference. The wavevector along the nanotube axis is continuous
(for an infinitely long tube) and the first Brillouin zone contains kz = (−π

a
, π
a
].

The nanotube Brillouin zone thus consists of nhex lines that are parallel to the kz
axis and separated by a distance of 2/d. In armchair tubes, kz is along the Γ-K
direction in graphene, in zig-zag tubes it is parallel to Γ-M and in chiral tubes
the direction is in between.

4.1.3 Electronic Structure

As a useful approximation to investigate the electronic structure of carbon nano-
tubes in dependence of their chirality, we can evaluate the graphene band struc-
ture along the lines of allowed wavevectors in the nanotube. This approach is re-
ferred to as zone-folding and takes into account the quantization of the wavevector
but neglects the tube curvature [70]. Since in the graphene band structure valence
and conduction band meet only at the K points, the zone-folding approximation
yields a simple condition to determine if a tube chirality is metallic or not: if
the wavevectors allowed in the nanotube include the K point, the tube is me-
tallic, otherwise it is semiconducting. Mathematically the condition for metallic
character is that n1 − n2 has to be a multiple of three [70,72].

The wavevector line in metallic nanotubes that includes the K point leads to
linear one-dimensional bands with the same slope as the Dirac cone in graphene.
All other lines lead to sets of valence and conduction bands that have extrema
where the line is closest to the K point. We can use the zone-folding approach to
investigate the dependence of the transition energies between these band extrema
on the tube chirality. This dependence is best visualized in the so-called Kataura
plot, which plots the transition energies as a function of tube diameter. At
increasing energies, there are two groups of transitions in semiconducting tubes
(referred to as S11 and S22) followed by one group of transitions in metallic tubes
(M11). Within a group, the transition energy decreases with increasing diameter
following 1/d. There are further systematic variations that are explained for
instance in Ref. [70].

4.1.4 Vibrational Properties

Similarly to the electronic properties in the preceding section, the vibrational
properties of carbon nanotubes can also be derived from the graphene phonon
dispersion by evaluating it at the wavevectors allowed in the nanotube. As the
graphene phonon dispersion contains three optical and three acoustic phonon
branches and there are nhex lines of allowed wavevectors in the nanotube, the
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Figure 4.3: Reciprocal space structure of metallic and semiconducting carbon nano-
tubes. The hexagon is the graphene Brillouin zone and the background shows a contour
plot of the graphene valence band with white corresponding to the lowest energy. The
dashed lines are the lines of allowed wavevectors in the nanotube. They include the K
point in the metallic tube on the left and do not include the K point in the semicon-
ducting tube on the right. The nanotube chiral vector and chiral angle are called L and
η in this figure. Figure taken from Ref. [73].

Figure 4.4: Carbon nanotube transitition energies for metallic (open symbols) and
semiconducting (closed symbols) tubes. There are two groups of semiconducting tran-
sitions before the first group of metallic transitions. The energies were calculated from
third-nearest neighbor tight-binding. Figure taken from Ref. [45].
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nanotube phonon band structure contains 6nhex bands in total. The phonon
modes at Γ (kz = 0) in the nanotube for wavevector lines with m ≠ 0 can be said
to be folded onto Γ by the wavevector quantization. In principle these additional
Γ point modes could be observable in Raman scattering, but in practice the num-
ber of observable modes is strongly reduced by selection rules and the so-called
antenna effect. The latter refers to the screening of electric fields perpendicular
to the tube axis, which suppresses Raman processes with photons of these po-
larizations. The selection rules impose that the quasi-angular momentum m has
to be conserved in the Raman process. As m is not changed upon absorption or
emission of a photon with polarization along the tube axis, the phonon scattering
step in the Raman process is also limited to mph = 0 [70].

In first order Raman processes, we can thus observe the mph = 0 phonon
branches with q also 0. There are three such modes in every nanotube chirality:
the radial breathing mode (RBM) and the longitudinal and transversal tangential
modes. All three have A1 symmetry in chiral nanotubes and A1g symmetry in
achiral nanotubes.

In analogy to the electronic properties, the detailed properties of the Raman-
active phonon modes also depend on the nanotube chirality. For the radial breath-
ing mode, which appears between about 100 and 400 cm−1, the frequency is in-
versely proportional to the tube diameter [74]. In the following chapters we will
focus on the longitudinal and transversal tangential modes, also called high-energy
modes. These have more pronounced variations with tube chirality, in particular
their properties are different in metallic and semiconducting tubes.

In metallic tubes, the longitudinal optical (LO) branch at Γ is affected by a
Kohn anomaly [75]. This leads to a downshift of the phonon frequency at charge
neutrality, which can be lifted by changing the Fermi energy. There is also peak
broadening because the phonon can decay into electronic excitations across the
Fermi energy in the linear metallic bands. We have also mentioned these phe-
nomena and explained their origins in the section on the Raman spectrum of
graphene, but their magnitude is greater in metallic nanotubes. As a result, the
LO mode in metallic tubes appears around 1560 cm−1 with a width of greater
than 50 cm−1, which further depend on the diameter. By contrast, in metal-
lic carbon nanotubes the transversal optical branch is not affected by the Kohn
anomaly. It thus appears as a much narrower peak (FWHM of around 10 cm−1)
at frequencies around 1590 cm−1 [21,75].

In semiconducting nanotubes, there is no Kohn anomaly due to the absence
of the linear metallic bands, so the LO mode appears as a narrow peak at
1592 cm−1. The TO mode is downshifted because the bonds along the circumfer-
ence are weakened due to the tube curvature and appears as a narrow peak around
1560 cm−1 [21,75]. Example spectra of the high-energy modes for semiconducting
and metallic tubes are shown in Fig. 4.5.
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Figure 4.5: Raman spectrum of the carbon nanotube high-energy modes. The atomic
displacement patterns are: semiconducting TO (top left), semiconducting LO (top
right), metallic LO (bottom left), and metallic TO (bottom right). Figure taken from
Ref. [75].

4.2 Experimental Methods

The sample investigated in section 4.4 is an enriched sample produced using
size exclusion chromatography by gel filtration (Fraction 7 of Ref. [76]) with the
starting nanotube material produced by pulsed laser evaporation (PLV). The
semiconducting species are enriched in the (14,1), etc. branch; the sample has
a narrow diameter distribution centered at 1.1nm. The tubes are suspended in
aqueous solution with sodium cholate and a residual amount of sodium dodecyl
sulfate as surfactants. The sample on silicon was prepared by depositing a single
drop on a Si/SiO2 wafer with a 300nm oxide thickness and letting it dry in air.

The laser spot illuminates ensembles of nanotubes in both the solution-based
and the substrate supported samples. The spectra reflect the average Raman re-
sponse of many different nanotubes. We verified the homogeneity of the deposited
sample by taking multiple spectra at various positions.

The four samples used in section 4.5 are as follows. Sample 1 contains HiPCO
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tubes in aqueous solution with SDBS as the surfactant without any enrichment
and a broad diameter distribution. Sample 2 is an enriched HiPCO sample pro-
duced using gel chromatography [76] with SDS as the surfactant. Its photolumi-
nescence excitation map shows (12,1), (11,3), (10,5), (11,1), and (10,2) tubes.
Sample 3 is enriched in a similar fashion and also has HiPCO tubes with SDS as
the surfactant, but features a narrower chirality distribution, mainly (12,1) and
(11,3) tubes. Sample 4 is not enriched and contains HiPCO tubes from a different
batch than sample 1. The samples were deposited onto Si/SiO2 substrates with
a 300nm oxide thickness by simply casting a drop and letting it dry in air.

To prepare the energy transfer complexes studied in section 4.6, the hydropho-
bic dyes are introduced into the micelles and onto the tubes via micelle swelling as
described in Ref. [29]. Consequently, there are no free dye molecules in the solution.
We investigate three energy transfer complexes containing anthracene, pyrene,
and α-quarterthiophene(a4T), formed with PLV single-walled carbon nanotubes.

For section 4.4, spectra were acquired with Dilor XY and XploRA spectrom-
eters at wavelengths of 488, 633, 638, and 647nm. Spectra in solution and on
substrates were recorded in micro-Raman backscattering configurations with 10x
magnification objectives. The Dilor spectrometer uses a triple-grating subtrac-
tive monochromator and the XploRA features an edge filter to block Rayleigh-
scattered light. Frequencies were calibrated using a Neon lamp.

Electrochemical measurements were performed using a 1:2.4 weight ratio mix-
ture of LiCl4 in poly(ethylene oxide) (PEO, molecular weight 400) as the elec-
trolyte. The chemicals were mixed as-received from Aldrich in air. The nanotube
sample was deposited on a mica slide covered with a 100nm Au layer and was
used as the working electrode. An Ag/AgCl reference electrode (World Precision
Instruments) and a silver wire acting as a counter electrode complete the electro-
chemical cell. We applied a gate voltage using a homemade voltage source that
also monitored the current between the working and counter electrodes. This
current did not exceed 2µA at gate voltages within a range of ±1.4V. Use of
the polymer electrolyte is necessary because aqueous electrolytes are only stable
within a 1.3V range. Outside this limited range, bubbles form in the electrolyte,
rendering further measurements impossible.

In section 4.5, Raman spectra were recorded on a Horiba XploRA spectrom-
eter with a 532nm laser and a notch filter. Spectra were calibrated using a neon
lamp. Electrochemical Raman spectra were acquired from samples deposited
from a solution onto a 100nm gold layer on a mica slide. An electrochemical
potential was applied between the sample (working electrode) and a Ag/AgCl
reference electrode using a homemade voltage source. The potential was swept
from -0.9V to 1.2V. The electrolyte was a 1:2.4 weight ratio mixture of lithium
perchlorate (LiClO4) and poly(ethylene oxide) (PEO, molecular weight 400) and
the electrochemical cell was completed with a silver wire acting as the counter
electrode. There was no current flow between working and counter electrode in
the potential range used in this work.

In section 4.6, Raman spectra were acquired on a Horiba XploRA spectrometer
with 638nm laser excitation. For the electrochemical Raman measurements, the
samples were dropcast from solution onto a gold-coated wafer to form the working
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electrode. Trimethylpropylammonium bis(trifluoromethanesulfonyl)imide was used
as the electrolyte. The electrochemical cell was completed by a Ag/AgCl refer-
ence electrode and a Ag wire counter electrode. Gate voltages between -1.1V and
+1.1V were applied in steps of 0.1V using a homemade voltage source.

4.3 Author Contributions

The following works have been published in Refs. [77–79]. For these publications,
I performed all measurements, analyzed the data, and wrote the manuscripts.
Frank Hennrich, Manfred Kappes, Ralph Krupke, and Friederike Ernst provided
samples. Kenichi Ataka and Joachim Heberle provided equipment and expertise
for electrochemical measurements. The studies were conceived by Ralph Krupke
and Stephanie Reich and designed by Sebastian Heeg, Stephanie Reich, Ralph
Krupke and myself. All authors discussed the results and the manuscripts.

4.4 Fermi Energy Shift in Deposited Metallic

Nanotubes

4.4.1 Introduction

The high-energy modes around 1600cm−1 (also called G modes) are a promi-
nent feature of single-walled carbon nanotube (SWNT) Raman spectra. They
comprise out-of-phase in-plane vibrations tangential (TO) and parallel (LO) to
the nanotube axis. The exact frequency of the LO and TO vibrations depends
sensitively on the metallic or semiconducting character of the tubes [76,80–82]. In
semiconducting tubes, the TO mode is located at lower frequencies than the LO
mode because of the nanotube curvature which softens the bonds along the cir-
cumference [75]. In metallic tubes the LO phonon is broadened and downshifted
by the interaction of the phonon with low-energy electron-hole pairs that results
in a Kohn anomaly [83–85]. The appearance of a broad peak at 1550cm−1 is gener-
ally taken as indicative of the presence of metallic tubes. Recent studies claimed
the absence of such an LO peak in armchair metallic tubes [86,87], despite earlier
reports to the contrary [88,89]. The study by Haroz et al. [86] stresses the advantage
of ensemble measurements in solution over measurements on individual tubes on
a substrate. It was argued that ensemble studies are less sensitive to variations
on the single-tube level and changes of the local environment. The argument im-
plicitly assumes that the Raman spectra of tubes in solution remains unchanged
upon deposition. This is particularly important since nanotube chirality enrich-
ment and selection is done on tubes in solution, whereas nanotube devices such
as field effect transistors are constructed on substrates.

In this paper, we show that the Raman line shape of nanotubes in solution
and after deposition on a substrate differs strongly in metallic tubes. We observe
an upshift and narrowing of the metallic LO peak in solution compared to on
silicon, while the HEM of semiconducting tubes remain unchanged. The drastic
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changes are caused by Fermi energy shifts, lifting the Kohn anomaly. The shift
amounts to 23cm−1 and leads to hole doping as we demonstrate by combined
electrochemical Raman measurements.

4.4.2 Results and Discussion

Figure 4.6a shows HEM Raman spectra of ensembles of nanotubes in solution
(blue trace) and after deposition on a silicon substrate (black trace) acquired
with 647nm excitation. The spectrum in solution shows a higher-frequency peak
at 1589cm−1 and a shoulder at 1577cm−1 with a full width at half maximum of
29cm−1. One is tempted to assign the spectrum to semiconducting tubes with the
typical dominating peak around 1590cm−1. The spectrum measured under the
same conditions on silicon, in contrast, is dominated by a broad and asymmetric
low-frequency component at 1554cm−1 with a full width at half maximum of
42cm−1 (see Figure S3 in supporting information for a fit). This peak is clearly
due to metallic LO vibrations.

A possible explanation for the change from semiconducting to metallic line-
shapes upon deposition is a change in the optical transition energies. However, the
RBM spectra in the two experiments are almost identical (see inset of Fig. 4.6a),
verifying constant resonance conditions. Due to the narrow resonance windows
of RBMs even tiny changes in the optical transition energies result in drastic
changes of the relative RBM intensities in ensemble measurements [74]. The RBM
data also allow identifying the tubes as the metallic (15,0), (14,2), (13,4), and
(12,6) chiralities (2n+m=30 branch) [20,74].

For blue excitation the comparison between the two Raman spectra is qual-
itatively different. Here, the signal arises from semiconducting tubes and there
are negligible differences between the spectra in solution and on silicon, as seen
in Fig. 4.6b. We also examined the HEM spectra of a HiPCO sample (not shown)
and observed similar downshifts and narrowing of the metallic LO peak upon
deposition. The effects were of smaller magnitude and more difficult to detect.
Furthermore, the 2D Raman line of the enriched sample shifts by 10cm−1 to
smaller energies when depositing tubes on Si, in analogy to the HEM behavior.

The changes in the HEM spectra of metallic tubes in Fig. 4.6a are due to
shifts in the Fermi energy upon deposition. The Fermi energy affects the metallic
LO peak in three ways as summarized in Fig. 4.7. The metallic LO frequency
is lower than in semiconducting tubes because of the Kohn anomaly at q = 0 (Γ
point) [50,90]. In a quasi-static picture the LO displacement leads to the opening
of a periodic gap in a nanotube [91]. This band gap reduces the time-averaged
total electronic energy, Fig. 4.7a. Less energy is required to excite the LO mode,
resulting in a phonon softening. The Kohn anomaly was described more rigorously
in DFT calculations [75,84] and in calculations of the phonon self-energy due to the
electron-phonon interaction [83,92]. Second, the width of the metallic LO peak is
affected by the Fermi energy. Under intrinsic conditions the LO phonon can decay
into a low-energy zero-wavevector electron-hole pair in the two bands crossing
at the Fermi energy [93], as shown as a green dashed arrow in Fig. 4.7b. This
relaxation channel vanishes with a shift in Fermi energy. Thirdly, the metallic
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Figure 4.6: HEM Raman spectra recorded on ensembles of nanotubes in solution (blue
trace) and on silicon (black trace) at wavelengths (a) 647 and (b) 488nm. The spectra at
647nm exhibit drastic differences as discussed in the text, while the spectra at 488nm
are largely unchanged. The inset shows the RBM spectra at 647nm, which are very
similar in solution and on silicon.
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Figure 4.7: Effects of the Fermi energy on the HEM lineshape of metallic SWNTs
at intrinsic Fermi energy (top row) and Fermi energies below (middle row) and above
(bottom row) the band gap. The effects of a dynamic band gap (solid black lines,
intrinsic band structure shown as gray dashed lines) on the energy of the electronic
system is shown in (a), (d), and (g). Occupied states that are moved to lower (higher)
energies are highlighted in green (red). (b), (e), and (h) show the Feynman diagrams for
the phonon self-energy due to the electron phonon interaction. This self-energy includes
the resonant decay of the phonon into a zero-wavevector electron-hole pair at intrinsic
Fermi energies (green dashed line). At non-intrinsic Fermi energies the decay channel is
blocked. The electronic Raman process that competes with the LO pathway and leads
to the asymmetric lineshape is shown in (c), (f), and (i). The Raman processes are also
blocked at non-intrinsic Fermi energies.
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LO peak at intrinsic Fermi energy exhibits an asymmetric lineshape and is fitted
with Fano profiles. This is due to quantum interference between the discrete
LO phonon and the continuous electronic Raman scattering process [94], the latter
process is shown in Fig. 4.7c [52,53]. All three mechanisms depend sensitively on
the position of the Fermi energy. They are blocked or not in effect when the
Fermi energy is not at its intrinsic value (see second and third row in Fig. 4.7).

We assign the lower-frequency peaks of Fig. 4.6a in solution and on silicon
to metallic LO phonons. The LO in solution is higher frequency, narrower, and
more symmetric because the Fermi energy is shifted from its intrinsic value. The
downshifted, broad, and asymmetric metallic LO peak on silicon is characteristic
of metallic tubes with intrinsic Fermi energies. Quantitatively, the metallic LO
shift has a magnitude of 23cm−1 and the full width at half maximum changes by
13cm−1.

To confirm our interpretation and quantify the position of the Fermi energy
we performed in-situ electrochemical Raman measurements [89,95,96]. HEM Ra-
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Figure 4.8: HEM Raman spectra acquired at 638nm under application of electrochem-
ical gating. A gate voltage sweep from -1.4V to 0V is shown in (a). The inset shows
two examples of the Fano fit component for gate voltages of 0V and -1.0V. The spectra
acquired at gate voltages of -0.4, -0.5, and -0.6V are each compared to the spectrum in
solution in (b). The lineshape matches at a gate voltage of -0.5V.

man spectra recorded with gate voltages ranging from -1.4 to 0V are shown in
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Fig. 4.8a. Negative gate voltages correspond to negative Fermi energy shifts, that
is hole doping. Spectra acquired at positive gate voltages (electron doping) show
similar behavior. The most obvious development in Fig. 4.8a is an upshift and a
narrowing of the lowest-frequency metallic LO peak with increasing ∣Vg ∣. There
is excellent agreement between the lineshape of the electrochemical spectrum at
-0.5V and the spectrum recorded in solution, see Fig. 4.8b. We reproduce the
spectrum in solution by deliberately shifting the Fermi energy, confirming our
interpretation.

We now use the broadening of the metallic LO peak with gate voltage to cali-
brate the position of the Fermi energy. Figure 4.9a compares the experimentally
observed peak width as a function of gate voltage with the theoretical depen-
dence of the peak width on Fermi energy. The broadening decreases to half of
its maximum value at Fermi energies of plus and minus half the phonon energy,
that is ±0.1eV [83,97]. Experimentally the broadening is reduced to half of its
maximum at -0.25 and +0.5V, see Fig. 4.9a. The rate of change of the Fermi
energy with the gate voltage, or gating efficiency, is 0.2eV (the phonon energy)
per 0.75V (voltage difference between crossing points) or 0.27eV/V, comparable
to 0.4 - 0.7eV/V reported earlier [98,99]. The spectrum in solution, middle panel in
Fig. 4.9b, corresponds to a Fermi energy shift ∣∆EF ∣ = (0.16 ± 0.03)eV.

Next we determine the direction of the shift in Fermi energy by examining the
2D mode under electrochemical gating. Figure 4.9b shows the spectral develop-
ment under negative (upper panel) and positive (lower panel) gate voltages. For
negative gate voltages, the peak exhibits an upshift, whereas it exhibits a down-
shift by a smaller absolute magnitude for positive gate voltages. This asymmetry
of the 2D mode with the sign of the Fermi energy shift is due to changes in the
resonance conditions; it allows us to determine the direction of the Fermi energy
shift. As the 2D peak in solution is higher in frequency than on a substrate, the
Fermi energy in solution is below its intrinsic value, corresponding to hole doping.
The position of the Fermi energy in solution is therefore ∆EF = −(0.16 ± 0.03)eV
below the band crossing point. The spectrum recorded on silicon exhibits a metal-
lic LO peak. Nevertheless following the same arguments as for tubes in solution
electrochemical measurements reveal ∆EF = −(0.07 ± 0.02)eV.

We now discuss possible explanations for the positions of the Fermi level.
Strano et al. [100] investigated the effects of changing the pH value of a SWNT
solution on the HEM lineshape. They found that metallic tubes protonate at pH
around 5, which leads to a withdrawal of electrons. They observed an upshift
of the metallic LO peak after protonation. Strano et al. [100] also demonstrated
that the surfactant shifts the pH value at which tubes protonate to more neutral
values. A slightly acidic pH in our solution would thus explain the Fermi energy
shift we observe in our sample.

After deposition, the Fermi energy continues to be below the intrinsic value.
P-type behavior was observed in nanotube and graphene field-effect transistors
on Si under ambient conditions in many studies [101–104], and attributed to ambient
oxygen. This agrees with our results. Gaur and Shim [105] found a narrowing and
upshift of the LO peak in metallic nanotubes under ambient conditions compared
to after argon annealing. They ascribed the behavior to non-intrinsic positions
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Figure 4.9: (a) Linewidth (left axis) and peak position (right axis) of the metallic
LO peak as a function of gate voltage together with the theoretical prediction for the
phonon linewidth at 0K without electronic broadening. The intersections at half of the
maximum broadening occur at Fermi energy shifts of ±~ωph/2. (b) 2D Raman spectra
acquired at negative (top panel) and positive (bottom panel) gate voltages. The spectra
at negative voltages exhibit a progressive upshift, while the spectra at positive voltages
exhibit a downshift of smaller magnitude. The 2D peak position as a function of gate
voltage is plotted in the inset.
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of the Fermi energy under ambient conditions due to oxygen adsorption - in
agreement with us - but failed to determine the sign and magnitude of the energy
shift.

4.5 Raman Spectra of Metallic Carbon

Nanotubes in Solution and on Substrates

4.5.1 Introduction

Carbon nanotubes have generated enormous research interest in the past years
for their potential in a wide range of applications. Examples include integra-
tion in transistors [106] and gas sensors [15] as well as biomedical applications [107].
Raman spectroscopy is a well-established non-destructive technique for character-
izing carbon nanotube samples. It yields information such as nanotube diameter,
chirality [20], semiconducting or metallic character [21], defect concentration [22] and
more.

The longitudinal optical (LO) phonon mode exhibits particularly interesting
behavior. In this mode, which appears around 1600cm−1 as part of the G mode,
the atoms oscillate out of phase in the direction of the nanotube axis. The metallic
LO Raman peak is downshifted and broadened compared to the same peak in
semiconducting tubes. These observations stem from an interaction between
the LO phonon and electronic excitations between the linear bands crossing at
the intrinsic Fermi energy in metallic tubes. The downshift and broadening are
explained in terms of a Kohn anomaly [75] and an additional phonon relaxation
channel [93], respectively. Both the downshift and the broadening depend critically
on the Fermi energy, which determines whether the electronic excitations between
the linear bands are possible. The two mechanisms are in effect when the Fermi
energy is close to its intrinsic value and lifted when the Fermi energy is shifted
by a value of more than half the phonon energy (100meV) [85,97].

In a previous study, we investigated the behavior of the metallic LO mode in a
highly enriched sample in solution and after deposition on a Si/SiO2 substrate [77].
We observed an upshift and narrowing of the metallic LO peak in solution com-
pared to on the substrate. This behavior was explained in terms of a Fermi energy
shift to 160meV below the intrinsic value in solution, which turns off the Kohn
anomaly and the additional relaxation mechanism.

In this study, we extend our previous work and characterize four different
carbon nanotube samples with varying degrees of enrichment. We find that the
upshift and narrowing of the metallic LO peak in solution is not an isolated
incident, but a general behavior that occurs in all the samples investigated in
this study. We quantify the Fermi energy shift in one of the samples by using
in-situ electrochemical Raman measurements. The results have implications for
all spectroscopic studies that are performed on nanotube samples in solution.
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Figure 4.10: G mode Raman spectra of sample 1 in solution (orange solid line) and
on a Si/SiO2 substrate (black solid line). The dashed lines below show the metallic LO
fit component, which is upshifted and narrower in solution. The inset schematically
depicts the position of the Fermi energy in solution and on Si/SiO2.

4.5.2 Results and Discussion

Figure 4.10 shows normalized Raman spectra measured on sample 1 using an
excitation wavelength of 532nm in solution (orange solid line) and after deposi-
tion on a Si/SiO2 substrate (black solid line). Metallic tubes are excited at this
laser wavelength and give rise to the broad peak at about 1550cm−1. There is a
noticeable difference between the spectra in solution and on the substrate, with
a weaker signal at lower Raman shifts in solution. To gain quantitative informa-
tion about this observation, we fit the experimental data using a Lorentzian peak
for the D mode, a Fano lineshape [108] for the lowest frequency G peak, and two
Lorentzian peaks for the semiconducting contributions. The resulting metallic LO
peaks are shown as dashed orange and black lines below the experimental spec-
tra in Fig. 4.10. The metallic LO peak is upshifted by 8cm−1 from 1538cm−1 to
1546cm−1 and narrowed by 14cm−1 from 49cm−1 to 35cm−1 in solution compared
to the substrate.

We explain our observations with a shift of the Fermi energy away from its
intrinsic value in solution, in agreement with our previous study [77]. Due to
this Fermi energy shift, the Kohn anomaly is lifted and the additional phonon
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relaxation channel is blocked, resulting in the narrower and upshifted metallic
LO peak. The position of the Fermi energy is schematically depicted in the inset
of Fig. 4.10.
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Figure 4.11: G mode Raman spectra of metallic tubes excited with 532nm in three
other samples, all of which exhibit an upshifted and narrower metallic LO peak in
solution.

The observation of a non-intrinsic position of the Fermi energy in a second
sample is an indication that this might be a general behavior. This idea is re-
inforced by studying three further samples, for which Raman spectra are shown
in Fig.4.11. The samples show varying behavior with respect to, for instance,
the relative intensities of metallic and semiconducting signals. Compared to our
earlier study [77], there is a larger residual contribution of semiconducting signal
at the laser wavelength where the metallic signal is strongest in these samples.
Furthermore, the absolute positions and widths of the metallic LO peaks in so-
lution and on Si/SiO2 also differ. However, all three samples have in common
an upshifted and narrower metallic LO peak in solution compared to on Si/SiO2,
indicating that a non-intrinsic position of the Fermi energy, i.e. a charging of the
nanotubes, is a general occurrence in solution.

We also fitted the spectra of samples 2-4 and extracted the metallic LO pa-
rameters. Figure 4.12 shows the metallic LO peak position (open circles) and
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Figure 4.12: The peak position (open circles) and width (vertical lines) as extracted
from the fits of the metallic LO component in all four samples in solution (orange)
and on Si/SiO2 (black). The peak is systematically shifted to higher Raman shifts and
narrowed in solution relative to the behavior on the substrate.

peak width (vertical lines). The fact that the peak is upshifted in solution for all
samples is also apparent in this plot: all the orange circles, corresponding to the
spectra in solution, are above the black ones, which correspond to the spectra on
Si/SiO2. Additionally, the peak is narrower in solution for samples 1-3, while the
peak width is unchanged for sample 4.

Having confirmed that Fermi energy shifts in solution are a common occur-
rence, we quantify the observed Fermi energy shift by performing in-situ electro-
chemical Raman measurements on sample 3. These measurements allow us to
deliberately change the Fermi energy and observe the Raman response [89,95,109].
Figure 4.13 shows G mode spectra taken at gate voltages between 0 and -0.9V.
Measurements at positive gate voltages show very similar behavior. However, the
behavior of the 2D peak is asymmetric with gate voltage [110] and the behavior of
the 2D mode in solution corresponds to negative gate voltages (data not shown).
With increasing gate voltage, the metallic LO peak observed originally at about
1550cm−1 increases in frequency, decreases in width, and loses intensity. In the
same gate voltage range the semiconducting LO peak at about 1590cm−1 retains
its position and width and only decreases in intensity. These observations are in
agreement with previous experiments [89,95,109] and the mechanisms outlined in the
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Figure 4.13: Electrochemical Raman spectra of sample 3 acquired at gate voltages
between 0V and -0.9V. With increasing gate voltage, the metallic LO peak upshifts,
narrows, and decreases in intensity. The inset shows a comparison between the spectrum
in solution and the electrochemical Raman spectrum at -0.6V. The lineshapes match.

introduction, i.e. the Kohn anomaly and the additional phonon relaxation chan-
nel, both of which only exist in metallic tubes and are switched of at non-intrinsic
Fermi energies. The spectrum in solution is reproduced at a gate voltage of -0.6V
(see inset of Fig. 4.13), again confirming Fermi energy shifts as the explanation
for our observations.

By fitting the electrochemical Raman spectra and plotting the metallic LO
peak parameters as a function of gate voltage as seen in Fig. 4.14, we can compare
our experimental data to the theoretical predictions. In particular, the metallic
LO peak width is predicted to decrease to half of its maximum value at a Fermi
energy shift of half the phonon energy, i.e. 100meV [97]. By observing at which
gate voltage the peak width decreases to half and relating this to a Fermi energy
shift of 100meV, we calibrate gate voltage to Fermi energy. We calculate that
the gate voltage of -0.6V where the electrochemical spectrum matches the one in
solution corresponds to a Fermi energy shift of -(200±30)meV. This is comparable
with our previous result of -160meV [77]. Consequently, several 100meV appears
to be a typical Fermi energy shift in nanotube solutions.

The observation of Fermi energy shifts or non-intrinsic charge densities in
every one of the samples included in this study has implications for all spectro-
scopic methods probing nanotubes in solution. For Raman measurements, where
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Figure 4.14: Peak position (black symbols, left axis) and full width at half maximum
(green symbols, right axis) of the metallic LO peak as a function of gate voltage.

resonance profiles are commonly acquired in solution [111], the intensity is depen-
dent on the Fermi energy. Furthermore, the Raman intensity decreases faster for
metallic than for semiconducting chiralities [112]. It is therefore possible that the
abundance of metallic tubes assessed by simply examining the G mode lineshape
could be underestimated [77]. It has also been shown that the photoluminescence
intensity decreases and the E33 electronic transition energy redshifts when the
Fermi energy is shifted away from its intrinsic value [113]. Time-resolved spec-
troscopic experiments that are performed in solution [114] should also take into
account the possibility of non-intrinsic Fermi energies. We plan additional fur-
ther experiments to investigate the behavior of the metallic LO peak in solution,
including measurements on tubes with anionic and cationic surfactants to see if
the solutions Fermi energy shifts in different directions, as well as measurements
on tubes in anorganic solvents.
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4.6 Electrochemical Raman Spectroscopy of

Carbon Nanotube Energy Transfer

Complexes

4.6.1 Introduction

Single-walled carbon nanotubes have attracted enormous research interest be-
cause of their varied optical properties [115], excellent electronic transport char-
acteristics [116], and potential biomedical applications [107]. Semiconducting nano-
tubes emit light at near-infrared wavelengths, in the biomedically relevant trans-
parency window of tissue [117].

Nanotubes have low intrinsic absorption strengths and different chiralities re-
quire different excitation energies, which hinders imaging application. Carbon
nanotube energy transfer complexes have recently been developed [28–33] to over-
come these shortcomings. In these complexes, a dye featuring a higher intrinsic
absorption strength is brought into proximity of the nanotube. After optical
excitation of the dye, the excitation is transferred into the nanotube, and the
nanotube emits light in the near infrared. The energy transfer efficiency reaches
values that are very close to unity, meaning that almost every excitation created
in the dye is transferred into the nanotube [28,30,32].

Spectroelectrochemical Raman measurements of carbon nanotubes have been
used to investigate the electron-phonon coupling and the charge states of nano-
tubes in solution and on substrates. The metallic LO component of the G-mode
lineshape is very sensitive to the Fermi energy, which can be changed by apply-
ing a gate voltage. The metallic LO peak exhibits a Kohn anomaly, which leads
to a downshift of the peak compared to semiconducting tubes [51,75,83,84,91,95,97].
Furthermore, in metallic tubes there is an additional phonon relaxation channel
consisting of electronic excitations between the linear bands crossing at the Fermi
energy [93]. This additional phonon relaxation channel leads to a broader Raman
peak. Both the Kohn anomaly and the phonon relaxation channel are only in
effect at intrinsic Fermi energies and are lifted when the Fermi energy is shifted
by half the phonon energy in either direction.

In this paper we conduct in-situ spectro-electrochemical Raman measurements
on carbon nanotube energy transfer complexes formed using three different dye
molecules and compare their behavior to that of a reference sample. We find that
the energy transfer complexes exhibit different electrochemical charging charac-
teristics such as a lower gating efficiency and shifted voltage position of the charge
neutrality point. We also investigate the Fermi energy of complexes in solution
and find that charge transfer between the constituents cannot explain the photo-
luminescence quenching observed previously for some of these complexes.

4.6.2 Results and Discussion

Figure 4.15 shows G-mode Raman spectra of the anthracene-carbon nanotube
energy transfer complex acquired while sweeping the gate voltage from 0V to
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Figure 4.15: Electrochemical Raman spectra of the anthracene-carbon nanotube en-
ergy transfer complex acquired at gate voltages from 0V to +1.1V with 638nm laser
excitation.
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+1.1V. Spectra were also acquired at negative gate voltages. With increasing gate
voltage, the metallic LO peak initially located at 1552cm−1 upshifts and narrows
in accordance with established results on the Kohn anomaly and the additional
phonon relaxation channel, which are lifted and blocked at non-intrinsic Fermi
energies [93,95]. At the same time, the integrated peak intensity decreases. At
larger gate voltages the semiconducting LO peak initially located at 1588cm−1

additionally up-shifts to higher frequencies.
We fitted the electrochemical Raman spectra with three peaks for the G-mode

region and track the peak position and width (full width at half maximum) of
the lowest-frequency fit component, which corresponds to the metallic LO peak.
The same type of measurement and analysis was performed for the pyrene-carbon
nanotube and a4T-carbon nanotube energy transfer complexes and the reference
sample. Figure 4.16 shows the peak position and width as a function of gate
voltage for all four samples.

Comparing the behavior of the three energy transfer complexes and the refer-
ence sample, we can make several observations: Firstly, the gate voltage at which
the metallic LO peak exhibits the maximum width and minimum peak position
is different for the different samples. This can be attributed to doping of the
nanotubes by the dye molecules, which has to be countered by a certain gate
voltage to achieve charge neutrality. The corresponding voltages are +0.1V for
anthracene and -0.1V for pyrene and a4T. However, the spectrum of the reference
sample also does not exhibit maximum broadening and minimum peak position
at 0V, but instead at +0.1V.

Secondly, the rate of change of the width and position of the metallic LO
peak, i.e. the gate efficiency, is slightly smaller for the anthracene and pyrene
samples than the a4T and the reference samples. This means that is harder to
induce a given charge density in the nanotubes in these samples, presumably due
to the presence of the dye molecules in immediate proximity to the nanotubes. To
quantify the gate efficiency, we observe the difference in gate voltage between the
two points where the peak width reaches half its maximum value (e.g. +0.6V −(−0.4V) = 1V for anthracene). From theory we know that this corresponds to a
change in the Fermi energy equal to the phonon energy, 200meV [83,84,97]. We thus
arrive at a gating efficiency of 0.20eV/V for anthracene. The gate efficiency is
0.20eV/V for pyrene and 0.25eV/V for a4T and the reference sample.

Thirdly, the most pronounced difference is in the minimum width and and
maximum peak position of the metallic LO peak obtained at high gate voltages.
Here the values for the reference sample indicate significantly stronger doping
than for the energy transfer complexes, leading to a lower peak width and higher
peak frequency. This observation can be hypothesized to be due to the presence
of the dye molecules between the electric double layer and the nanotube, which
reduces the maximum capacitance of the nanotube-electrolyte interface. This
leads to lower maximum charge densities. The maximum doping in the reference
sample is greater than in all three energy transfer complexes, while the behavior
among the energy transfer complexes is fairly similar. Specifically, the peak width
and position at -1.1V are 16cm−1 and 1594cm−1, respectively, compared to 32cm−1

and 1579cm−1 for anthracene. A comparison of the spectra at -1.1V is shown in
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Figure 4.16: Peak width (full width at half maximum) and peak position of the
metallic LO peak extracted from the fitted electrochemical Raman spectra as a function
of gate voltage.

Fig. 4.17b.
It is interesting to note that the maximum peak width of 80cm−1 and the min-

imum peak position of 1550cm−1 of the metallic LO peak obtained at the charge
neutrality point is very similar in all the samples, see Fig. 4.17a. This proves that
the dye molecules do not introduce significant Fermi energy inhomogeneity in
the tubes, as could have arisen from uneven coverage of the tubes. Fermi energy
inhomogeneity would have manifested itself as a lower maximum peak width and
higher minimum peak position because at a single gate voltage, not all the tubes
would have been at charge neutrality.

Photoluminescence measurements on the carbon nanotube energy transfer
complexes are typically carried out in solution. We therefore also compare Raman
spectra of our samples acquired in solution to the electrochemical Raman spectra
in order to assess the charge state of the nanotubes in solution, and in particular
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Fermi energy shifts were determined.
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if the tubes are charged enough to quench their luminescence.
The G-mode Raman spectra in solution, shown in Fig. 4.17c, match the elec-

trochemical Raman spectra taken at gate voltages of -0.3V for anthracene, -0.4V
for pyrene and a4T, and -0.2V for the reference sample. We take the voltage dif-
ference between these values and the respective voltages of the charge neutrality
point and convert them to Fermi energy shifts using the gate efficiencies deter-
mined earlier in this paper. This calculation gives Fermi energy shifts of 80meV
for anthracene and pyrene and 75meV for a4T and the reference sample. These
values are for the metallic tubes that contribute to the metallic LO peak.

Our measurements in this paper probe several metallic chiralities that con-
tribute to the metallic LO peak in the spectrum together. By contrast the mea-
surements in Ref. [29] probe various single semiconducting chiralities. It was found
that a4T enhances the photoluminescence for all chiralities, by up to 100% for
(11,1) tubes. Anthracene quenches the photoluminescence of all chiralties by
around 20%, except for the (11,1) chirality, which gives about 90% enhancement.
Pyrene quenches the photoluminescence for all chiralities, by 30% on average. We
do not focus on the Raman signal of semiconducting tubes in this work because
their G-mode peak position and width is affected much less by changing the Fermi
energy than the G-mode of metallic tubes.

In our measurements we found the spectra in solution to correspond to electro-
chemical potentials at most 0.4V below the charge neutrality point. Assuming a
charging efficiency of 1eV/V for semiconducting tubes inside the band gap, these
values would not be sufficient to shift the Fermi energy into the valence band, at
which point quenching was observed in the absorption in Ref. [118].

Regardless of whether the Fermi energy shifts would be strong enough to
quench the absorption or luminescence, since the Fermi energy shifts are very
similar to the reference sample for all three energy transfer complexes, charge
transfer cannot be the explanation for the photoluminescence quenching and en-
hancement observed in Ref. [29]. The photoluminescence quenching can be at-
tributed to a reduced radiative life time in the energy transfer complexes. The
precise mechanism of the radiative life time reduction was not determined. A pos-
sible candidate is the extrinsic local modulation of the Fermi energy through the
adsorbed dye molecules leading to increased scattering. This local modulation of
the Fermi energy is not accessible in our experiments, which probe the average
Fermi energy in an ensemble of nanotubes.

4.7 Conclusion

In summary, we have conclusively demonstrated two Fermi energy shifts in me-
tallic nanotubes: Away from the intrinsic value in solution and back towards its
intrinsic value after deposition on silicon. The shifts manifest themselves in a
changing HEM lineshape of metallic tubes, with an upshift and narrowing of the
metallic LO peak in solution. Electrochemistry allowed us to quantitatively de-
termine the sign and magnitude of the observed Fermi energy shifts in solution
(-0.16eV) and on silicon(-0.07eV). Our results have implications for the application
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of Raman spectroscopy to estimate the fraction of metallic and semiconducting
tubes in bulk nanotube samples because Fermi energy shifts might lead to the un-
derestimation of the fraction of metallic tubes. Spectra are preferably acquired on
silicon where the Fermi energy is closer to its intrinsic value and the metallic LO
exhibits the characteristic downshift, broadening, and asymmetry. This is par-
ticularly recommendable for volume samples intended for electronic applications
where the dominance of either semiconducting of metallic species is critical [119,120].
By investigating four additional samples, we have provided conclusive evidence
that the discussed Fermi energy shifts are common occur

We furthermore performed electrochemical Raman measurements on the car-
bon nanotube energy transfer complexes. We found that the presence of the
dyes influences the charging behavior of the nanotubes, as manifested in different
positions of the charge neutrality point and reduced maximum doping strength.
Furthermore, we examined the Raman spectra of the same complexes in solution
and found that the Fermi energy has very similar values in all samples. This
rules out charge transfer as the explanation for the different photoluminescence
enhancement/quenching behavior of the different samples.





5 | Conclusion

I conclude this thesis by summarizing my findings and giving an outlook. I
established a new method to determine the Fermi energy in doped graphene.
The method relies on measurement of the optical reflectivity in the visible range
and comparison to calculated spectra obtained by modeling the refractive index
of doped graphene. The model for the refractive index of doped graphene employs
the fact that for a given Fermi energy, the electronic transitions leading to the
optical absorption of graphene are blocked up to energies of twice that Fermi
energy, and the fact that the absorption is proportional to the imaginary part of
the refractive index. I calculate the real part of the refractive index by Kramers-
Kronig transform. This method allows me to determine the Fermi energy in
my samples of potassium-doped graphene, where I find values of 1.3 eV for a
graphene sample on Si/SiO2 and 1.2 eV for a sample on hBN. These values are
in agreement with results from ARPES.

I also presented a comprehensive Raman spectroscopy study on potassium-
doped graphene. I monitored the time evolution during exposure to potassium
vapor and observed the appearance of an additional Raman peak at lower fre-
quencies than the G line that is observable while the G line is still present in
the spectrum. After longer doping times, the G line disappears and the broad,
asymmetric peak at about 1560 cm−1 for green excitation remains.

I demonstrated that the peak position, width, and asymmetry depend on laser
energy, with the position increasing monotonously with increasing laser energy.
The width and asymmetry exhibit maxima at laser energies of twice the Fermi
energy. Additional measurements on multilayer graphene showed that the peak
is remarkably independent of layer number, in contrast to the behavior of the
Raman spectrum of pristine graphene of different layer number.

I furthermore employed polarization-resolved Raman spectroscopy with linear
and circular polarized incoming light to investigate the symmetry of the peak in
potassium-doped graphene. I find that it has mixed A1g and E2g symmetry.

The main finding from my Raman study on potassium-doped graphene is that
the asymmetric peak observed around 1560 cm−1 is not the G line at very strong
doping. I summarize the three pieces of evidence:

• The peak disperses with laser energy, which rules out single-resonant pro-
cesses that lead to the G mode.

• The peak has A1g and E2g symmetry contributions as opposed to the pure
E2g symmetry of the G peak.
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• It is impossible (in my measurements and those in Ref. [6]) to observe a
transition between the G peak and the lower frequency Fano peak. Howard
et al. attribute this to spatially inhomogeneous doping, but the observation
is equally consistent with two peaks coexisting in a uniformly doped mate-
rial. The Fano peak appears at lower doping strengths than those were the
G mode disappears completely.

This means that the Raman behavior of potassium doped-graphene is differ-
ent from any related material: pristine graphene, less strongly doped graphene,
and bulk KC8. The Raman peak I observe clearly stems from a resonant process
and involves non-Γ point phonons. Invoking non-resonant Raman scattering only,
there is no explanation for the observed dispersion with laser energy. Furthermore,
the phonon in question is obviously affected by very strong electron-phonon cou-
pling, similar to that described in the explanation of the 1510 cm−1 peak in KC8,
which results in the observed peak width.

As the theoretical calculations in Ref. [9] predict different superconductivity
transition temperatures for lithium and calcium intercalated graphene, it would
be interesting to also study these intercalants by Raman spectroscopy. Ultimately
it would desirable to know to what extend the differences between the supercon-
ducting properties of the bulk and monolayer samples of the different intercala-
tion compounds are mirrored in the differences between the bulk and monolayer
Raman spectra. I have already shown that the latter are quite strong for potas-
sium intercalation. Apart from the above-mentioned phonon Raman scattering,
it has been shown in Ref. [59] that in CaC6 below the superconducting transition
temperature, there is a cutoff in the background arising from electronic Raman
scattering. The position of this cutoff in CaC6 is at about 24 cm−1 and is very
similar to other measurements of the energy gap.

Low-temperature Raman measurements could thus also be used more directly
to investigate superconductivity in intercalated monolayer graphene. Measure-
ments of the position of the cut-off in the electronic Raman scattering background
in monolayer and bulk intercalation compounds and for different intercalants
would allow the determination of the energy gap and the critical temperature
without the need for electronic transport or SQUID measurements. The neces-
sary observation of a spectral region very close to the Rayleigh-scattered light
should be possible using a triple-monochromator system (as used in Ref. [59]).
The introduction of a sealed ampoule containing monolayer intercalated graphene
into a cryostat may be more challenging.

In the set of electrochemical Raman studies on single-walled carbon nanotubes,
I made a number of observations that contribute to a better understanding of the
Raman response of carbon nanotube samples in different environments. Firstly,
I showed that the Fermi energy is shifted away from its intrinsic value in solution
and shifts towards the intrinsic value when the tubes are deposited on an Si/SiO2

substrate. These Fermi energy shifts influence the LO phonon Raman peak of
metallic nanotubes, which is upshifted and narrowed in solution compared to on
Si/SiO2.

I also showed that it is possible to reproduce the differences between the
spectra in solution and on the substrate by deliberately changing the Fermi energy
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by applying an electrochemical gate voltage. Furthermore, by monitoring the
width of the metallic LO peak as a function of gate voltage, I calibrated the gate
voltage to the Fermi energy and can thus determine the Fermi energy in solution
(−0.16 eV) and on silicon(−0.07 eV).

These results have an application in the use of Raman spectroscopy to quan-
tify the fraction of metallic tubes in an unknown sample, because the lineshape of
metallic nanotubes with a shifted Fermi energy can resemble that of semiconduct-
ing tubes. This can be avoided by measuring spectra on silicon, where the Fermi
energy is closer to the intrinsic value, and by generally noting the possibility of
a Fermi energy difference between nanotubes in solution and on a substrate. I
carried out the measurements described above for four samples in total and ob-
served qualitatively similar behavior in all of them, which leads me to conclude
that the Fermi energy of nanotubes in solution is commonly shifted away from
its intrinsic value.

Lastly, I presented an investigation into the electrochemical Raman response
of carbon nanotube energy transfer complexes formed with three different dye
molecules. The dye molecules that are in proximity to the nanotubes change
the charging behavior of the tubes: I observe a voltage position of the charge
neutrality point and smaller maximum doping level as compared to a reference
sample. These results indicate that charge transfer alone is not responsible for the
differences in photoluminescence enhancement or quenching which has previously
been observed in these samples.
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