Master Erasmus Mundus in Photonics Engineering,
Nanophotonics and Biophotonics

Europhotonics

MASTER THESIS WORK

Infrared Plasmons and Photocurrent in
Graphene

Achim Wößner
Supervised by Prof. Frank Koppens
(ICFO - Institut de Ciències Fotòniques)

Presented in Barcelona, on 6th September 2012
Registered at

Infrared Plasmons and Photocurrent in
Graphene
Master Thesis
of

Achim Wößner
at
ICFO - The Insitute of Photonic Sciences

Reviewer:
Second Reviewer:
Advisor:

Prof. Frank Koppens (ICFO)
Prof. Uli Lemmer (KIT)
Dr. Marko Spasenović (ICFO)
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Abstract
Light absorption plays a crucial role in both optical detectors and photovoltaics.
In order to improve the light absorption properties of materials different measures
can be taken. This thesis considers light absorption of graphene in the mid infrared
region of the electromagnetic spectrum. A numerical study of light absorption and
of localized plasmons in nanostructured graphene is presented and discussed. We
show that for nanostructured graphene in the mid infrared region of the spectrum
light absorption can increase significantly due to plasmon resonances. We perform
photocurrent measurements in graphene in the mid infrared region of the spectrum.
We show the first proof of concept measurements showing photocurrent in the midinfrared from simple graphene devices. We find a photodetection responsivity of
10−4 A/W in unpatterned graphene in the mid-infrared.
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1. Introduction
Efficient absorption of light is crucial for optical detectors and photovoltaics. Investigation of different methods of improving the light absorption of various materials
is an ongoing field of research. For some parts of the electromagnetic spectrum,
especially in the visible and ultraviolet region, a multitude of suitable materials, especially semiconductors such as silicon and gallium arsenide, for efficient absorption
and photodetection exist. Other regions of the spectrum, such as the mid infrared region, lack suitable materials for the efficient detection of light at room temperature.
Graphene promises to be an efficient light absorber in the mid infrared region of
the spectrum due to its zero bandgap dispersion relation and therefore its ability to
absorb photons with an arbitrarily low energy. This thesis explores the possibility of
using graphene for detection of light in the mid infrared region of the electromagnetic
spectrum at room temperature. Photocurrent in the mid infrared from a graphene
gold interface is measured and investigated experimentally. Furthermore the use of
localized graphene plasmons in the mid infrared for increasing the light absorption
capabilities of graphene is characterized using numerical simulations.
Graphene is a one atom thick layer of carbon atoms, that has created a lot of excitement over the past years. Mainly its unique electronic and mechanical properties
have sparked the interest in graphene research [1] and finally led to a Nobel Prize
in Physics in 2010 for its discoverers Andre Geim and Konstantin Novoselov [2].
Graphene shows many unique physical effects due to its two dimensional nature
and its massless electrons. It is an ideal ground for doing research on fundamental
physical effects and promises to be useful for table-top experiments for investigating quantum relativistic phenomena [3]. One very peculiar effects in graphene is
the room temperature integer quantum Hall effect that has been predicted theoretically [4] and observed experimentally [5]. Klein tunneling is another interesting
physical effect which was studied experimentally for the first time in graphene [6, 7].
Graphene is, even though extremely thin, an extremely flexible and durable material
which can be fabricated on a large scale [8, 9]. Furthermore graphene promises to
be fully integrable with already existing CMOS technology [10, 11].
Recently graphene has also been recognized as a promising material for photonic and
opto-electronic applications [12]. Even more recently graphene plasmonics emerged
as a new sub field of graphene photonics combining the field of plasmonics with
the extraordinary properties of graphene [13, 14, 15]. The field of plasmonics explores the ability of confining light fields at a conductor-dielectric interface to length
scales much smaller then the wavelength of light [16]. Due to the fact that graphene
is a one atom thick conductor many advantages of plasmonics, such as the strong
field confinement, become even more pronounced in graphene as a host material
for plasmonics. Graphene shows a very high field confinement and field enhance-
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ment. Moreover the properties of the plasmons can be tuned electrically which makes
graphene plasmonics very flexible and versatile [17].
Due to its extraordinary band structure graphene is an ideal candidate for photodetection in the infrared part of the electromagnetic spectrum. The main reason is that
graphene does not have a bandgap and therefore also photons with extremely low
energy can be absorbed and excite carriers [18]. The optical properties of graphene
can be tuned with Fermi energy, which makes graphene very versatile for photodetection [19]. In the visible part of the electromagnetic spectrum graphene was already
successfully used to build ultrafast photodetectors [20] as well as photodetectors with
ultrahigh gain [21].
This thesis deals both with the plasmonic properties of graphene and with photocurrent in graphene in the mid infrared part of the spectrum. Simulations of localized
plasmons in graphene nanoribbons are used in order to evaluate the possibilities of
graphene nanoribbons for improving the absorption behavior of graphene. These
simulations show the influence of different design parameters of the nanoribbons on
the plasmon resonance. This improved graphene absorption could then be used for
increasing the photocurrent yield of graphene nanostructures in the mid infrared. In
order to show an increased photocurrent due to plasmons, control experiments with
photocurrent from bulk graphene in the mid infrared have to be done. These experiments give information on how photocurrent in the infrared depends on the wavelength of the light source. With the information of the plasmon resonance behavior
and its design parameters and the information of the behavior of the photocurrent
without any plasmons at hand one can then start to characterize photocurrent from
graphene nanoribbons and show their photocurrent properties compared to bulk
graphene.
The thesis is structured into four chapters. The first chapter gives the necessary
background information. It introduces the relevant aspects of the fields of graphene,
plasmonics and photodetection. The second chapter shows the results of numerical simulations of graphene plasmons and discusses the implications of the results
both for the use of such devices in experiments as well as the physics behind the
results. The third chapter shows and characterizes photocurrent measurements done
on graphene in the mid infrared part of the electromagnetic spectrum. The results
are analyzed and discussed. The last chapter gives shows an outlook into the future
of graphene plasmonics and photodetection.

2

2. Background
This chapter introduces the theoretical background which is necessary to understand
the work that has been done in this thesis. First, the fundamental properties of
graphene are presented. Then analytical formulas for the conductivity of graphene
are shown. After that the mechanism of photon absorption in graphene is explained.
Finally the basics of metal plasmonics are introduced. Finally, photocurrent in
graphene is introduced.

2.1 Graphene Properties
Graphene is a two dimensional allotrope of carbon, made out of carbon atoms that
are arranged in a honeycomb lattice structure made of hexagons with a carbon
atom at each corner of the hexagon. Fig. 2.1 shows the different allotropes of carbon. On the top left the honeycomb lattice of graphene is depicted. On the top right
stacked graphene layers are shown. This is more commonly known as graphite, a
three dimensional allotrope of carbon which is for example found in pencils. On the
bottom left a one dimensional allotrope of carbon the so-called carbon nanotubes
, in essence rolled-up cylinders of graphene, are shown [22]. On the bottom right
fullerenes, which are molecules consisting of graphene wrapped up into a sphere, are
depicted [23]. From these allotropes of carbon it becomes clear that graphene is the
most basic allotrope out which all the other allotropes can be built up.

Figure 2.1: Different allotropes of carbon: Graphene on the top left is a honeycomb
lattice of carbon atoms. Graphite on the top right can be seen as stacked
graphene layers. Carbon nanotubes on the bottom left are rolled-up
cylinders of graphene. Fullerenes on the bottom right are molecules
consisting of wrapped up graphene. From [24].
For graphene, the interaction between electrons and the honeycomb lattice causes
the electrons to behave as if they have no mass. Because of this, the electrons in
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graphene are governed by the quantum-mechanical description of electrons moving
relativistically, the Dirac equation, and are therefore called Dirac fermions.
Graphene has a very high carrier mobility which is nearly temperature independent
for temperatures between 10 K and 100 K [25]. The intrinsic limit of 200, 000 cm2 /Vs
of the carrier mobility at room temperature is due to scattering by acoustic phonons.
For SiO2 substrates the scattering of electrons by optical phonons of the substrate
is the limiting factor for the mobility which is limited to about 40, 000 cm2 /Vs [26].
Suspended graphene [27, 28] and graphene on boron nitride [29] show a much higher
limit for the carrier mobility and are therefore very promising for further increasing the carrier mobility in graphene. High carrier mobility allows graphene to be
used for ultrafast transistors [30], high-speed optical modulators [31] as well as for
graphene plasmonics [17], as explained later.

S

Graphene

D

SiO2
Si++
BG
(a) Schematic of a typical graphene device.

(b) Backgate dependence of resistance.

Figure 2.2: (a) A typical graphene device schematic. Including gold source (S) and
drain (D) contants and a backgate (BG) contact. By applying a voltage
to the backgate contact the Fermi energy of the graphene can be modified. (b) Field effect in single layer graphene at a temperature of 10 K.
The resistance of a graphene layer as function of the applied backgate
voltage is shown. The inset shows the dispersion relation of graphene and
the change of Fermi energy, i.e. doping, with changing backgate voltage.
The point with the highest resistance is called Dirac point or charge neutrality point at which the density of states tends to zero. With a negative
applied backgate voltage, i.e. left of the Dirac point, the graphene is pdoped and hole transport dominates. Exactly at the Dirac point the
graphene is undoped. A positive backgate voltage results in n-doped
graphene with dominant electron transport. From [3].
Fig. 2.2 (a) shows the schematic of a typical graphene device with a source (S),
drain (D) and backgate (BG) contact. By applying a voltage between the source
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and drain contact and measuring the current at the drain contact the resistance of
the graphene device can be measured. By applying a voltage to the backgate contact the electric field effect in graphene can be used to change the resistance of the
graphene device. This so called backgate effect is shown in Fig. 2.2 (b). It can be
seen that the change of resistance with a changing backgate voltage is significant.
The change in resistance is due to electrostatic doping of the graphene. For an
intrinsically undoped graphene sample there are no free carriers which results in a
theoretically infinitely high resistance at 0 V backgate voltage. This point is called
Dirac point or charge neutrality point. When applying a backgate voltage one can
change the doping of the graphene from p-doped over undoped to n-doped graphene
by changing the backgate voltage from negative to positive values.
Due to intrinsic doping in the graphene, the charge neutrality point of real graphene
devices is usually not at 0 V backgate voltage but at some other non-zero value. The
interaction between the backgate and the graphene can be modeled using a simple
capacitor model where an opposite voltage compared to the one in the backgate is
induced in the graphene. This induced voltage leads to charge carriers accumulating
in the graphene which results in the doping of the graphene. The energetic difference between the Fermi level and the charge neutrality point in bulk graphene as a
function of the applied backgate voltage can be calculated using
pa simple capacitor
model [32]. One then finds that the Fermi energy follows EF ∝ |VBG − VD |, where
VBG is the backgate voltage and VD is the backgate voltage at which the Dirac peak
occurs. This way of doping the graphene is also refered to as electrical gating of
graphene.

2.1.1 Conductivity in the Random-Phase Approximation
In order to describe the optical properties of graphene the permitivity of graphene
sheets in the optical frequency range is needed. The electrical conductivity of
graphene can be used to define the optical permittivity. The conductivity of graphene
sheets in the optical frequency ranges can be described using the random-phase approximation (RPA) [33, 34]. The conductivity can then be evaluated in the local
RPA limit, i.e. when k|| → 0 [35]. In this case a temperature dependent analytical
solution for the conductivity exists [36, 15]:
σ(ω) = σintra (ω) + σinter (ω)

(2.1)

where
σintra (ω) =

i
e2 EF
2
πh̄ ω + iτ −1

(2.2)

and


e2
i
h̄ω − 2EF
σinter (ω) =
Θ(h̄ω − 2EF ) + log
(2.3)
4h̄
π
h̄ω + 2EF
Eq. 2.2 describes a Drude-like response for intraband processes [37]. Here e is the
elementary charge, EF is the Fermi energy of the graphene, h̄ the reduced Planck
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constant and τ is the relaxation time of the carriers. The relaxation time takes
into account losses due to impurities, defects and scattering in a phenomenological
way and can be extracted from the dc mobility of graphene [38]. Assuming zero
temperature, which is a good approximation for doped graphene where EF  kB T
and a Fermi energy high enough such that the interband channel in Eq. 2.1 becomes
negligible.
Eq. 2.3 describes the interband transitions, which produce losses for energies higher
than 2EF . In this term Θ is the Fermi-Dirac distribution function.
The conductivity is derived using the local environment [15] . The limit of the
structure size below which the RPA breaks down due to quantum effects is around
10 nm [39]. Therefore it is assumed that the RPA also holds for the nanostructured
graphene under investigation.
The frequency dependent permittivity, or dielectric function, of graphene can then
be calculated using [40]:
iσ(ω)
(2.4)
ε(ω) = 1 +
ε0 ω

Figure 2.3: Real (solid curves) and imaginary (dashed curves) parts of the conductivity of doped graphene as a function of energy. The middle of the kink
for each of the Fermi energies is at 2EF . For high transition energies the
conductivity reaches a constant value of e2 /4h̄. From [15].
Fig. 2.3 shows the real parts (solid curves) and imaginary parts (dashed curves) of
the conductivity of doped graphene as a function of energy. The zero conductivity
for low transition energies is due to Pauli blocking which will be explained later.
The middle of the kink for each of the Fermi energies is at 2EF . For high transition
energies the conductivity reaches a constant value of e2 /4h̄.
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One can show that the constant conductivity over this large frequency range leads
to a constant absorption of the graphene layer. For this one needs to consider the
~ which shines perpendicular
incident photon flux of a laser with the electric field E,
~ The light absorbed by the
on a graphene sheet of unit area to be Wi = c/4π|E|.
~ = e2 /4h̄|E|
~ [41]. One finds that the
graphene sheet can be shown to be Wa = σ|E|
2
absorption is P = Wa /Wi = πe /h̄c = πα which is the universal absorption constant
of graphene. This broadband constant absorption, which is only dependent on the
fine structure constant α = e2 /h̄c ≈ 1/137, can be explained by the fact that
graphene has a gapless dispersion relation and by its two dimensional nature [41].

2.1.2 Graphene Light Absorption
Fig. 2.4 (a) shows a microscope image of an area that is partly covered with single
layer graphene and bilayer graphene. A scan along the yellow line clearly shows
that single layer graphene absorbs 2.3% of the incoming light and bilayer graphene
around twice as much. This absorption for only a single atomic layer is remarkably
high.

Figure 2.4: (A) Microscope image of an area which is partly covered with graphene
and bilayer graphene. A scan along the yellow line showing the intensity
transmittance of white light is shown. The inset shows the sample design
which is a 20-µm-thick metal structure that has several apertures of 20,
30, and 50 µm in diameter with graphene placed over them. (B) The open
circles show the transmittance spectrum of graphene. The inset shows
the transmittance for multilayer graphene. The frequency independent
absorption of 2.3% is remarkably large for a single atom thick material
and can be expressed in terms of the fine structure constant α. From [41].
Fig. 2.4 (b) depicts that the absorption of graphene for a wide frequency range is
constant and only determined by the fine structure constant. This shows experi-

7

2. Background
mentally that the universal absorption constant of graphene.

2.1.3 Photon Absorption
Fig. 2.5 depicts the mechanism of both photon absorption and Pauli blocking in
graphene. The dispersion relation is referred to as Dirac cone. Photons can only
make vertical transitions as their momentum is too small to give momentum to the
electrons in order to change their momentum and therefore make non-vertical transitions.

Figure 2.5: Sketch of the mechanism of Pauli blocking in graphene. EF shows the
Fermi energy of the graphene. h̄ω shows the energy of the photon.
(a) Photons with an energy smaller than 2 |EF | cannot be absorbed by
graphene due to Pauli blocking. (b) Photons with an energy bigger than
2 |EF | get absorbed by the graphene. (c) Photons with an energy smaller
than 2 |EF | cannot be absorbed by graphene due to Pauli blocking.
Fig. 2.5 (a) shows that photons with an energy smaller than 2 |EF | cannot be absorbed by graphene. This is because the photon energy is not high enough to excite
an electron from the valence to the conduction band.
Fig. 2.5 (b) shows a photon with an energy bigger than 2 |EF | where a photon can
excite an electron from the valence band to the conduction band and therefore create
an electron-hole pair. This means that for a photon with an energy h̄ω > 2 |EF | free
carriers can be created which is a necessary condition for a photovoltaic photoresponse.
Fig. 2.5 (c) depicts the case where Fermi energy of the graphene is too high and
therefore there are no free states for an electron to be excited from the valence band
to the conduction band due to the Pauli exclusion principle, hence also the name
Pauli blocking [42]. The principle of Pauli blocking in graphene has already been
applied to use graphene as a saturable absorber for building a graphene based modelocked laser [43].
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2.2 Graphene Plasmons
While an absorption of 2.3% is a lot for a material that is only one single atom
thick, in terms of absolute absorption the value is rather small. In order to increase
the absorption of graphene it is possible to use plasmons. Plasmons are collective
oscillations of electrons at the surface of a conductor, and can be excited by photons.
Graphene plasmons promise many interesting features which are explained in the
following section.

2.2.1 Graphene Plasmon Dispersion Relation
In order to find the plasmon dispersion relation of a two dimensional layer of
graphene one needs to solve Maxwells equations with the appropriate boundary
conditions [13]. For graphene with a dielectric on one side and air on the other, one
finds that:
1
−4πσ(ω)
ε
p
p
+
=
(2.5)
ω
εk02 − kP2
k02 − kP2
Here ε is the dielectric constant of the dielectric. For the limit of the non retarted
regime, i.e. ω/c = k0  |kP |, Eq. 2.5 simplifies to:
kP ≈ iω

ε+1
4πσ(ω)

(2.6)

Plugging the frequency dependent conductivity from Eq. 2.2 into Eq. 2.6 leads to
the following dispersion relation for graphene plasmons in highly doped graphene:

kP ≈

h̄2
4e2 EF



(ε + 1) ω 2 + iωτ −1



(2.7)

We can clearly see a quadratic dependence of the real part of the plasmon wave
vector on ω. From this equation one finds for the relation between the surface
plasmon wavelength and the free space wavelength:
λP ≈ λ0 α

EF 4
E P εr + 1

(2.8)

The plasmon wavelength is λP , α = 1/137 is the fine structure constant, λ0 is the
free space wavelength of light, EP = h̄ω0 is the plasmon energy and εr the relative
permittivity of the substrate. One can see that the plasmon wavelength only depends on the Fermi energy EF of the graphene layer, on the plasmon energy EP
and on the relative permittivity of the substrate. These parameters, especially the
Fermi energy and the plasmon energy can be easily controlled from the outside and
therefore the plasmon wavelength can be controlled using external parameters. This
formula shows that the plasmon wavelength in graphene is by about a factor of α
smaller than the free space wavelength, which makes graphene an excellent material
for tight confinement of light.
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The losses of surface plasmons can then be calculated using the following formula [13]:
Re {kP }
2πcτ
= ωτ =
(2.9)
Im {kP }
λ0
One can see that for the losses of the graphene plasmon both the intrinsic relaxation
time τ and the excitation frequency of the plasmon are relevant.

Figure 2.6: Dispersion diagram of a surface plasmon mode in graphene for a Fermi
energy of EF = 0.5 eV. Furthermore the intraband and interband transitions are shown in green and red. From [15].
Fig. 2.6 shows the dispersion relation of graphene plasmons. One has to note that
graphene plasmons are only long lived excitations in a regime where neither interband nor intra-band transitions are possible (white region on the left of Fig. 2.6) [44].

2.2.2 Localized Graphene Plasmons
Localized plasmons in graphene nanostructures possess slightly different properties
than surface plasmons and can behave similar to two-level systems at resonance
with the frequency of the incoming electromagnetic field. This section compares the
absorption behavior of localized graphene plasmons with the absorption behavior of
atoms interacting with an electromagnetic field.
In order to understand the absorption properties of graphene plasmons one can look
at the polarizability of the nanostructure. The polarizability is a measure of how
the nanostructure responds to an external electromagnetic field. It was found that
the polarizability of graphene nanodisks is well described by a Lorentzian lineshape
as [45, 46]:
3c3 κr
1
(2.10)
α(ω) =
2ω02 ω02 − ω 2 − iκω 3 /ω02
where ω0 is the plasmon frequency, κr is the radiative contribution to the decay rate
and κ is the total decay rate. The decay rate of a of the plasmon is related to the
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plasmon relaxation time by κ = 1/τP . One can then calculate the extinction cross
section for incident light parallel to the disk using σext = (4πω/c) Im {α(ω)}. This
gives:
1
(2.11)
σext (ω) = 6πc2 κr κω 4 4 2
2
ω0 (ω0 − ω 2 ) + κ2 ω 6
From Eq. 2.11 of the absorption one finds that the maximum extinction cross section
at resonance, i.e. ω = ω0 , of the graphene plasmon on a graphene nanodisk is:
σext =

3λ20 κr
2π κ

(2.12)

where λ0 is the wavelength of the plasmon resonance, κ is the total decay rate and
κr the radiative decay rate. Typically the total decay rate is much bigger than the
radiative decay rate [46]. It is important to note that even though all the formulas above are for graphene nanodisks in principle they are also valid for graphene
nanoribbons, as long as the polarization of the incident light is parallel to the surface
and the short axis of the nanoribbon.
The maximum absorption cross section of a two level atom with the incident light
on resonance with the transition energy and the ground and excited states having
the same statistical weight, can be described using the formula [47]:
σabs =

3λ20 κr
2π κ

(2.13)

where λ0 is the resonance wavelength of the transition, κ is the total decay rate and
κr the radiative decay rate..
By comparing extinction cross section of a localized graphene plasmon in Eq. 2.12
with the absorption cross section of an atom at resonance in Eq. 2.13 it becomes
clear that the maximum extinction cross section of a graphene plasmon and the
maximum absorption cross section of a two level atom have the same analytical
expression. The difference is the decay rate of a a localized plasmon and an atom. A
localized plasmon has typical total decay rates of 101 2 1/s and an atom has typical
decay rates of 108 1/s.

2.2.3 Relaxation Time
The intrinsic relaxation time, or also scattering time, of graphene takes into account
the losses due to impurities, defects and scattering in a phenomenological way. If
the excitation frequency is below the inter-band transition frequency and below the
optical phonon branch (h̄ω < 0.2 eV) one can neglect both inter-band transitions and
electron-phonon interactions. Therefore the scattering time τ can then be estimated
from dc conductivity measurements [1, 38]. The relaxation time in graphene can be
calculated using:
1
(2.14)
τ = 2 µEF
evF
11
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where µ is the dc mobility of the graphene, EF is the Fermi energy, e the elementary
charge and vF ≈ c/300 the Fermi velocity in graphene [48].
A moderate mobility of µ = 10000 cm2 /Vs gives a relaxation time of τ ≈ 10−12 s for
EF = 1 eV and τ ≈ 10−13 s for EF = 0.1 eV. In silver the relaxation time is 10−14 s.
This shows that plasmons in graphene can be up to two orders of magnitude longer
lived than plasmons in silver for typical carrier mobilities of graphene. This fact
makes graphene an ideal candidate for replacing traditional metals, such as silver
and gold, in the field of plasmonics.

2.3 Photocurrent
This section explains the different mechanisms which can lead to a photocurrent in
graphene. Different origins of the photoresponse were shown to exist in graphene
illuminated by a laser in the visible region of the electromagnetic spectrum [49, 50]

2.3.1 Mechanisms of Photocurrent Generation
Three different mechanisms are though to contribute to photocurrent in graphene:
Bolometric Effect
The bolometric effect is an effect in which the incident electromagnetic radiation
increases the local temperature of the graphene. The change of temperature then
changes the resistance of the graphene which produces a photocurrent for a graphene
device with an applied bias. One can confirm the bolometric effect by measuring the
temperature dependence of the photocurrent. The bolometric coefficient can then
be extracted [50]. This effect can only be seen for a biased graphene device and is
therefore not considered to be relevant for the conducted experiments.
Thermoelectric Effect
For generating a thermoelectric photocurrent the laser spot creates a temperature
gradient in the device. This creates a thermoelectric current. Typically in experiments a p-n junction is used to produce a Seebeck effect which then turns into a
photocurrent [49, 51, 52].
Photovoltaic Effect
For the photovoltaic effect photo-excited electrons and holes are separated and then
pulled into opposite directions by the built-in electric field due to the work function
mismatch at the graphene gold interface or by applying an external electric field.
Fig. 2.7 shows a sketch of how a photocurrent can be seen in unbiased graphene devices. The Fermi energy is depicted by the dashed line and is the same throughout
the whole device because there is no bias electric field applied to the contacts. The
energetic position of the Fermi level in the device is governed by the gold contacts,
because of their large amount of charge carriers, through so called Fermi level pinning [53].
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Laser

The solid black line is a sketch of the band diagram of the graphene. As it can be seen
a p-n-p junction is formed within the graphene device. As the electrostatic potential
φ ∝ −Eband it becomes clear that a bending in the band structure at the contacts of the graphene gold interface leads to a built in electric field at these contacts.
Charge carriers that are created within this region are separated by the electric field.
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Figure 2.7: Sketch of the mechanism that is responsible for a photovoltaic photocurrent at a graphene metal interface. The dashed line shows the Fermi
energy and ∆φ describes the pinning of the Fermi level. Both source (S)
and drain (D) contacts are made of gold. Laser light is impinging on
the interface between graphene and a contact and creating an electron
hole pair. Due to the potential difference between the contact and the
graphene a current can flow. Adapted from [53].
Charge carriers that are created in the middle where the band is flat do not feel
any electric field and therefore can only move by diffusion. With a typical carrier
2
relaxation time of 0.1 picoseconds and a typical
p mobility of µ = 10000 cm /Vs the
diffusion length can be calculated using ld = kB T µτ /e, where e is the elementary
charge and kB T = 25 meV at room temperature. One then finds that the diffusion
length in graphene with this properties is around 50 nm. This shows that diffusion
is a negligible effect for the generation of photocurrent for graphene samples with a
typical mobility. For graphene on boron nitride or suspended graphene with much
higher mobilities [27, 28, 29], and therefore also a possibly longer lifetime of the
charge carriers, one can imagine that photocurrent due to diffusion starts playing a
role.
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In this chapter simulations of graphene nanoribbons with different parameters and
properties are shown and analyzed. First graphene nanoribbons and their manufacturing process are introduced. After this the general setup of the simulation and
the parameters used are explained and justified. Afterwards the simulation results
for a single graphene ribbon in free space are shown and explained. After that the
change of the plasmonic resonance by changing various parameters of the graphene
ribbons, such as their mobility, size and Fermi energy, is investigated. Thereafter
the resonance of multiple graphene ribbons and their coupling is investigated. Finally the implications of the obtained results onto designing samples for a successful
experiment for showing plasmonic resonances are discussed.

3.1 Graphene Nanoribbons
Graphene nanoribbons are nanostructured graphene sheets with a specific width
and length, where the width is typically tens of nanometers and the length tens of
micrometers. For multiple nanoribbons there is one additional parameter, which is
the distance between the ribbons. The easiest way to define graphene nanoribbons
is electron beam lithography [54, 55]. For electron beam lithography the minimum
width obtainable is limited by the resolution of the electron beam process, but it is
typically god enough to get widths which are desired within this thesis. Other techniques, such as scanning tunneling microscope lithography [56], unzipping carbon
nanotubes [57, 58] or nanoscale cutting [59] exist to create very narrow nanoribbons
with properties different from bulk graphene.

Figure 3.1: Schematic of a graphene nanoribbon with a width w and a length l.
The nanoribbons which are simulated in this thesis have a much smaller
width than length, i.e. w  l. A typical width is 60 nm and a typical
length are tens of micrometers.
Fig. 3.1 depicts a schematic of a graphene nanoribbon with a width of w, also referred to as short axis, and a length l, also referred to as long axis. The nanoribbons
under consideration have a much smaller width than length, with a width of typically 60 nm and a length of tens of micrometers. Edge effects are not relevant for the
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size of graphene nanoribbons under consideration for this thesis. They play an important role only for nanoribbons narrower than 40 nm [60]. Therefore the graphene
nanoribbons considered in this thesis have the same properties as bulk graphene and
especially the same dispersion relation and permittivity as bulk graphene.

3.2 Single Ribbon
This section shows simulated plasmon resonances in a single graphene nanoribbon.
The parameters and settings used for the simulations are explained and discussed.
All the simulations were performed using the commercially available software package Lumerical FDTD Solutions [61, 62]. In this section free standing ribbons in air
are simulated as the real part of the dielectric constant of SiO2 in the frequency
range under consideration is around one and therefore the resonance of the plasmon
is not affected by the SiO2 substrate.
The permittivity of graphene is obtained using the random-phase approximation as
explained in section 2.1.1. All the characteristic parameters of graphene, i.e. thickness, mobility and Fermi energy, go into this calculation.

E
k
Graphene
w

t

Figure 3.2: Schematic of a simulation of a single freestanding graphene ribbon. The
graphene is excited with a plane wave source with the propagation direction perpendicular to the plane of the graphene and a polarization of the
electric field parallel to the short axis of the ribbon. The thickness t is
the thickness of single layer graphene. The permittivity of the graphene
is obtained using the rotating-phase approximation as explained in section 2.1.1.
Fig. 3.2 shows a sketch of the general setup used for the simulation of plasmon resonances in graphene nanoribbons. The simulations are done in a two dimensional
simulation environment with perfectly matched layer (PML) boundary conditions.
PML boundary conditions are used to avoid reflections from the excitation source or
the light scattered from the graphene back into the simulation box from the boundaries. The simulations are set to abort after the energy inside the simulation box
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decayed to 10−8 of the initial energy inside the box.
We use a plane wave light source, incident perpendicular to the graphene ribbon and
polarized parallel to the ribbon. The source is a broadband pulse with a tunable
bandwidth.
In order to simulate the percentage of power absorbed by the nanoribbons the power
coming from the source in direction of the sample and the power after the sample
is determined using transmission monitors. There are no monitors on the sides, as
the power radiated in these directions is negligible. In order to extract the extinction cross sections of the graphene nanoribbons the scattering cross section and the
absorption cross section are obtained from monitors and the extinction cross section
is calculated using σext (ω) = σabs (ω) + σscat (ω).
The thickness t of a single layer of graphene is supposed to be 0.3 nm, or approximately twice the length of a carbon bond [63, 64]. Analysis of the convergence of the
simulations for different thicknesses of the graphene shows that a simulated graphene
thickness of 1 nm gives good results and both the resonance frequency and the absorption do not differ significantly from the results for simulations of the graphene
being thinner. Therefore a thickness of t = 1 nm is used for the following simulations. The simulation time is drastically decreased by this measure because the
mesh around the graphene nanoribbon can be set to be a factor of three more coarse.
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Figure 3.3: Spectrum of the intensity of the electric field with a graphene ribbon normalized by the intensity of the electric field without any graphene. The
parameters used for the simulation are a width of 60 nm of the nanoribbon, a Fermi energy of EF = 0.3 eV and a mobility of µ = 5000 cm2 /Vs.
The spectrum is obtained by a field monitor in the middle of the
graphene ribbon. Two plasmon resonance modes with strong field enhancement can be seen. The mode with the strongest field enhancement
at λ0 = 6 µm is the lowest order plasmon mode which is investigated
further in this thesis. Going to smaller wavelengths plasmon modes of a
higher order can be seen.
Fig. 3.3 depicts the spectrum of the intensity of the electric field at the middle of
the graphene ribbon normalized by the intensity without any graphene. For the
simulation a 60 nm wide graphene ribbon with a mobility of µ = 5000 cm2 /Vs and
a Fermi energy of EF = 0.3 eV is used.
The strong field enhancement is given by the plasmon resonance at this wavelength.
Different Lorentzian field enhancement peaks can be seen that correspond to different plasmon modes. The peak at 6 µm wavelength is the lowest order plasmon mode
and corresponds to the width of the ribbon to be half of the plasmon wavelength
λP in the graphene according to Eq. (2.8). This shows that theory and numerical
simulations of the graphene nanoribbons are in good agreement. When referring
to the plasmon wavelength here usually the free space wavelength that is resonant
with the graphene plasmon is meant unless otherwise specified. The peak of the
electric field at a free space wavelength of 3.6 µm corresponds to the next higher
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order plasmon mode. The modes of higher order are, mainly due to their small
absorption compared to the lowest order mode, not a topic of this thesis but are
discussed extensively in [65] and [66].
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Figure 3.4: Spectrum of the percentage of power absorbed in the graphene ribbon
and the extinction cross section of the graphene ribbon normalized by
the width of the ribbon. The parameters used for the simulation are a
width of 60 nm of the nanoribbon, a Fermi energy of EF = 0.3 eV and a
mobility of µ = 5000 cm2 /Vs.
Fig. 3.4 shows the percentage of the power of the incident electromagnetic wave absorbed in the graphene ribbon and the extinction cross section of the ribbon normalized by its width for different wavelengths. It is interesting to note that the extinction
cross section for the plasmon resonance is a factor of two higher than the physical
size of the graphene ribbon even for a moderate mobility of µ = 5000 cm2 /Vs. For
higher mobilities the extinction cross section of graphene nanoribbons can exceed
the physical size of the ribbon by over an order of magnitude [46]. This is comparable to atoms at resonance with the incoming electromagnetic field. Their extinction
cross section can also exceed their physical size as explained in section 2.2.2.
By comparing Fig. 3.4 with Fig. 3.3 we find that the enhanced absorption of the
graphene is due to the plasmons being excited in the graphene ribbon. Furthermore
the reason why only the lowest order plasmon mode is considered in this thesis becomes apparent. The lowest order mode has a maximum absorption that is by a
factor of 30 higher than the maximum absorption of the next plasmon mode and
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should therefore be much easier to find in experiments.

Figure 3.5: Intensity of the electric field with a graphene ribbon normalized by the
intensity of the electric field without any graphene ribbon at the plasmon resonance wavelength of λ0 = 6 µm. The parameters used for the
simulation are a width of 60 nm of the nanoribbon, a Fermi energy of
EF = 0.3 eV and a mobility of µ = 5000 cm2 /Vs. A very strong field
confinement in both directions can be seen. Furthermore the main part
of the electric field is concentrated on the edges of the graphene ribbon.
The electric field lines show a dipolar behavior of the plasmon resonance.
Fig. 3.5 shows the normalized intensity of the electric field around the graphene
nanoribbon. The field is confined strongly to the surface of the ribbon and is
mainly concentrated on the edges of the graphene ribbon. The intensity is enhanced
here by almost four orders of magnitude for graphene with a DC mobility of only
5000 cm2 /Vs. For higher quality graphene with a higher mobility even higher field
enhancement is possible.
From the electric field lines in Fig. 3.5 we can see that the plasmon mode under
consideration shows a dipolal behavior and therefore effectively couples to far field
radiation polarized parallel to the graphene ribbon.
In the rest of this chapter the different parameters of the graphene nanoribbon are
varied. This shows the implications of the variations on the resonance behavior of
the ribbons. First the mobility is varied, after that the size of the ribbons, thereafter their Fermi energy and finally the distance between multiple ribbons. All
those variations are important to be considered in order to get a good grasp on
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the dependence of the resonance of the graphene on the different parameters of the
graphene that are accessible when preparing a nanoribbon sample for an experiment.

3.3 Mobility Variation
At first the mobility of the graphene is varied. This parameter is by far the least
accessible while manufacturing a sample and depends to a large amount on the fabrication process used. In general it can be said that CVD graphene has a lower mobility
than exfoliated graphene. In exfoliated graphene mobilities of around 10000 cm2 /Vs
are reachable while graphene obtained by CVD can have mobilities of a few thousand cm2 /Vs. For the plasmon resonance dependence on the variation of the electron
mobility of the graphene, a ribbon with a width of 60 nm and a Fermi energy of
EF = 0.3 eV is simulated and the mobility is changed within realistic boundaries.
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Figure 3.6: The absorption spectrum of graphene nanoribbons as a function of the
electron mobility of the graphene. The parameters used for the simulation are a width of 60 nm of the nanoribbon and a Fermi energy of
EF = 0.3 eV and the mobility was changed within realistic boundaries.
The tendency of an increasing maximum absorption and a decreasing
FWHM for higher mobilities is visible.
The dependence of the absorption spectrum of a graphene ribbon on the electron
mobility of the graphene is depicted in Fig. 3.6. A clear increase in the maximum
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absorption for an increase of mobility is visible. As Eq. (2.8) predicts there is no
dependence of the resonance frequency on the carrier mobility of the graphene.
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Figure 3.7: Maximum absorption and FWHM extracted from Fig. 3.6 for different
mobilities. (a) Increasing maximum absorption for an increasing mobility
is shown. The black dashed line shows a linear fit of the maximum
absorption. (b) Decreasing FWHM with an increasing mobility. The
black dashed line shows a fit of FWHM ∝ 1/µ.
Fig. 3.7 (a) depicts the increasing maximum absorption with an increase of the
mobility. The black dashed line shows a linear fit of the maximum absorption. According to Eq. 2.9 the losses in graphene are proportional to ωτ . As the frequency
stays constant with a change of mobility the losses are proportional to τ which is
proportional to µ. Therefore we find that the losses of plasmon and therefore its
maximum absorption of the graphene ribbon are linearly dependent on the graphene
mobility.
In Fig. 3.7 (b) we find that the FWHM of the plasmon resonance peak decreases
with increasing mobility, which means that the decay rate of the plasmon resonance
decreases. This behavior is expected as the graphene plasmons have a longer lifetime with increasing graphene mobility. Therefore one can see that for an increasing
mobility the resonance wavelength of the plasmon stays constant while the FWHM
decreases. It was shown that the plasmon quality factor follows qualitatively the
behavior Q ≈ ω0 τ [15]. The definition of the quality factor is Q = ω0 /FWHM.
Therefore combining the two formulas of the qualitative behavior and the definition
of the quality factor we find that FWHM ∝ 1/τ and as shown in Eq. 2.14 τ ∝ µ
and therefore we find that FWHM ∝ 1/µ which is the fit we used for the FWHM in
Fig. 3.7 (b).
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This section clearly shows that high quality graphene with a high mobility is essential for doing experiments with graphene nanoribbons. Not only does the magnitude
of the absorption increase strongly with the mobility but also the FWHM of the absorption resonance decreases which allows for much easier detection of the absorption
peak due to the graphene plasmon for high quality graphene samples.
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Figure 3.8: The quality factor of the plasmon for different mobilities of the graphene
extracted from a Lorentzian fit of the absorption profiles in Fig. 3.6. A
linear increase of the quality factor with increasing mobility is shown.
The black dashed line shows a linear fit of the quality factor.
Fig. 3.8 depicts the quality factor Q = ω0 /FWHM of the plasmon resonance increasing for an increasing mobility. The black dashed line shows a linear fit of the
quality factor with increasing mobility. This means that for an increasing mobility
of the graphene one can expect the plasmon excitation to be longer lived. The linear
scaling behavior can be found using Q ≈ ω0 τ [15]. We then simply use the definition
of the relaxation time from section 2.2.3 and from there we see that τ ∝ µ. As
we have seen before the resonance wavelength does not depend on the mobility and
therefore we find that the quality factor scales linear with the mobility, i.e. Q ∝ µ,
which exactly the behavior also found for our numerical simulations of the mobility
dependence of the plasmon resonance.
From these simulations of different mobilities of the graphene it becomes clear that
a high mobility is crucial for experiments with graphene nanoribbons. Not only does
the maximum absorption increase with increasing mobility but also the lifetime of the
plasmon oscillation. For low quality graphene samples with low mobility it becomes
increasingly harder to see the plasmon resonance in experiments because both the
maximum absorption and the quality factor decrease with decreasing mobility.

3.4 Width Variation
In this section the dependence of the plasmon resonance wavelength on the width
of the graphene ribbon is investigated. For the plasmon resonance dependence on

23

3. Plasmon Simulations
the variation of the width of the ribbon, a ribbon with a graphene mobility of
µ = 5000 cm2 /Vs and a Fermi energy of EF = 0.3 eV is simulated. The width of
the ribbon is varied from 30 to 150 nm in steps of 30 nm.
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Figure 3.9: The absorption spectrum of graphene nanoribbons as a function of the
width of the graphene ribbons. An increasing absorption maximum and
an increasing resonance wavelength for an increasing width of the ribbon
is visible. The parameters used for the simulation are a variable width
of the nanoribbon from 30 to 150 nm, a Fermi energy of EF = 0.3 eV
and a mobility of µ = 5000 cm2 /Vs.

Fig. 3.9 depicts the dependence of the absorption spectrum of the graphene nanoribbons for different widths of the ribbons. The trend of an increasing resonance wavelength for bigger widths of the nanoribbons is clearly visible. Furthermore an increase
in the maximum absorption of nanoribbons is visible. This increase in absorption
magnitude is mainly due to the bigger size of the graphene nanoribbons as a normalization by the width of the ribbons shows. The peaks with a smaller magnitude
towards the lower wavelength range correspond to the higher order plasmon modes
of the graphene nanoribbons.

24

3.4. Width Variation
2

(T H z )

8
4

1

0

F W H M

C e n tr a l w a v e le n g th ( µ m )

1 2

0

4 0

8 0

W id th ( n m )

1 2 0

(a) Central wavelength

1 6 0

0
0

4 0

8 0

W id th ( n m )

1 2 0

1 6 0

(b) FWHM

Figure 3.10: Central wavelength and FWHM extracted from Fig. 3.9.√(a) The central
wavelength of the plasmon resonance scales with λ0 ∝ w and a fit for
this behavior is shown by the black dashed line. The central wavelength
of a nanoribbon with a width of 15 nm is added. (b) The FWHM of
the plasmon resonance for different widths of the nanoribbons stays
constant as the decay rate in first approximation only depends on the
material properties of graphene. The FWHM of a nanoribbon with a
width of 15 nm is added.

Fig. 3.10 (a) depicts the increasing central wavelength of the plasmon resonance
√ for
an increasing width of the nanoribbon. From Eq. (2.8) one finds that λ0 ∝ λP .
Knowing that the width of the graphene ribbon
√ needs to be a multiple of the plasmon
wavelength [67] one can deduce that λ0 ∝ w [66]. The fit of the central wavelength
in Fig. 3.10 (a) shows that this simple deduction of the dependence of the resonance
wavelength on the width is correct and can also be seen in the numerical simulations
used in this thesis. Furthermore this behavior has been shown experimentally by Ju
et al. [68] for plasmons in the THz frequency range and is a characteristic of two
dimensional electron systems [33].

Fig. 3.10 (b) shows the FWHM of the plasmon resonance for different widths of the
nanoribbon. The FWHM of the plasmon resonance stays constant over all the sizes
simulated. This is equivalent to a constant decay rate for the different widths of the
graphene ribbons. We find this to match with previously published theory for the
Fermi energy used in this simulation [46].
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Figure 3.11: The quality factor of the plasmon for different widths of the nanoribbon. The quality factor clearly decreases for an increasing
width of the
√
ribbon. The black dashed line shows a fit of Q ∝ 1/ w.

Fig. 3.11 depicts the quality factor Q = ω0 /FWHM of the plasmon resonance for
widths of the nanoribbons. The black dashed line shows a decrease of the quality
√
factor for an increasing width of the nanoribbon. The decrease follows Q ∝ 1/ w.
This means that for an increasing width of the nanoribbon the number of plasmon
oscillations before the plasmon decays is deceasing.
From these simulations show that the width of the nanoribbons has to be chosen
according to the specific experimental requirements. While an increasing width
gives a higher absolute absorption because of the higher filling factor of the ribbon
compared to the incoming laser beam, the quality factor of the plasmon oscillation
decreases for an increasing width. Furthermore for experiments the resonance frequency of the plasmon cannot be arbitrary because of the laser one wants to use for
the experiment. Therefore one should choose a width of the ribbon which gives a
resonance approximately in the middle of the accessible wavelength range. But keep
in mind that not only the width but also the Fermi energy in the nanoribbon plays
an important role for the resonance frequency of the plasmon as you will see in the
next section.

3.5 Fermi Energy Variation
In this section the effect of a change of the Fermi energy of the graphene, or in other
words a change of the Fermi energy, on the plasmon resonance is investigated. For
the plasmon resonance dependence on the variation of the Fermi energy a 60 nm
wide ribbon with a graphene mobility of µ = 5000 cm2 /Vs is simulated.
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Figure 3.12: The absorption spectrum of graphene nanoribbons as a function of the
Fermi energy of the graphene. The parameters used for the simulation
are a variable Fermi energy of the nanoribbon from 0.1 to 0.5 eV, a
width of 60 nm and a mobility of µ = 5000 cm2 /Vs. The resonance
wavelength decreases for increasing Fermi energy and the maximum
absorption increases.

In Fig. 3.12 the absorption spectrum for different Fermi energies of the graphene is
shown. A change of the Fermi energy results both in a shift of the resonance wavelength of the plasmon and a change in the absorption. An increase of the maximum
absorption for increasing Fermi energy is visible. The other effect is a decrease in
the resonance wavelength for increasing the Fermi energy of the graphene.
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Figure 3.13: Maximum absorption, central wavelength and FWHM extracted from
Fig. 3.12. (a) A decreasing central wavelength for increasing Fermi√energy is shown. The fit of the central wavelength shows a λ0 ∝ 1/ EF
dependence of the central wavelength which is shown by the black
dashed line. Furthermore a increasing maximum absorption for increasing Fermi energy is depicted. (b) Decreasing FWHM with an increasing
Fermi energy. The black dashed line shows a fit of FWHM ∝ 1/EF .

Fig. 3.13 (a) shows the decreasing central wavelength for an increasing Fermi energy. This can be explained using the basic plasmon equation. We set the plasmon
wavelength in Eq. (2.8) constant. This is a reasonable assumption, as the plasmon
wavelength for the zero order mode of the plasmon is half the width of the graphene
ribbon and the width of the graphene ribbon is kept constant
in these simulations.
√
We then rearrange the formula and finds that λ0 ∝ 1/ EF . The fit of the central
wavelength in Fig. 3.13 (a) shows exactly this behavior and therefore shows that
the simulation of the Fermi energy dependence of the plasmons gives good results in
accordance√with the analytical formula for plasmons in graphene. The scaling law
of λ0 ∝ 1/ EF is a signature of massless Dirac fermions [35, 68].
Fig. 3.13 (b) shows the FWHM of the resonance peaks of the plasmons decreasing
with an increase of Fermi energy, which means that the decay rate of the graphene
ribbons decreases. One can easily find that the scaling of the FWHM should follow
the law FWHM ∝ 1/EF . This is due to the plasmon quality factor scaling with
Q ≈ ω0 τ and the definition of the quality factor which is Q = ω0 /FWHM. Combining these two formulas one finds that FWHM ∝ 1/τ . As shown in section 2.2.3
τ ∝ EF and therefore we find that FWHM ∝ 1/EF , which is the black dashed line fit
in Fig. 3.13 (b). We find this to be consistent with previously published theory [46].
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Figure 3.14: The quality factor of the plasmon for different Fermi energies of the
3/2
graphene. The black dashed line shows a fit of Q ∝ EF .
Fig. 3.14 shows the quality factor of the plasmon oscillations for the different Fermi
energies that have been simulated. It is interesting to note that the quality factor
3/2
of the plasmon oscillation increases with the proportionality of Q ∝ EF . This can
be shown simply by the definition of the quality factor and the proportionality of
its components. The quality
√ factor is defined to be Q = ω0 /FWHM. As we have
shown before ω0 ∝ 1/λ0 ∝ EF and FWHM ∝ 1/EF . Plugging in those proportionalities into the definition of the quality factor one easily finds the proportionality of
3/2
Q ∝ EF .
From this simulations it can be seen that one can change both the resonance wavelength of the plasmon and the absorption at the resonance wavelength by changing
the Fermi energy of the graphene. As explained in section 2.1 one can change the
Fermi energy of graphene by just applying a voltage to the backgate of the graphene
device. This feature of graphene therefore makes up for a very interesting property
of the graphene plasmons as their resonance behavior can be changed just by changing a voltage. This means that one could create electrically changeable infrared
absorbers. Furthermore it is interesting to note that one can drastically change
the quality factor of the plasmon oscillations by changing the Fermi energy of the
graphene.

3.6 Distance Variation
In this section the simulation of multiple ribbons using periodic boundary conditions
is discussed and the results obtained from the simulations are evaluated. Fig. 3.15
shows a sketch of the simulation parameters for the distance dependent simulations.
For the following simulations the width w of the graphene ribbons was constant
and the distance d between the graphene ribbons was varied. The other parameters, i.e. Fermi energy and mobility were also kept constant.
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Figure 3.15: Sketch of the distance dependent simulation of multiple graphene ribbons. For the simulations the distance d between the ribbons was varied
and their width w, their Fermi energy and mobility were kept constant.
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For the simulation of the distance dependence of the plasmon resonance 60 nm wide
ribbons with a mobility of µ = 5000 cm2 /Vs and a Fermi energy of EF = 0.3 eV
were used. The simulations were made using periodic boundary conditions.
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Figure 3.16: Maximum absorption and central wavelength as a function of the distance between the graphene ribbons. For the simulations 60 nm wide
ribbons with a mobility of µ = 5000 cm2 /Vs and a Fermi energy of
EF = 0.3 eV were used.
Fig. 3.16 (a) depicts the distance dependence of the maximum absorption at the
plasmon resonance frequency of the graphene nanoribbon array. A clear nonlinear
increase of the maximum absorption for smaller distances between the nanoribbons
can be seen. This nonlinearity is due to the coupling between the ribbons that becomes stronger for a decreasing distance between the ribbons.
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In Fig. 3.16 (b) the distance dependence of the resonance wavelength of the nanoribbon array can be seen. Here the increasing coupling strength between the nanoribbons is even more visible and one can see a strong change in the plasmon resonance
wavelength starting for distances smaller than 100 nm between the ribbons.
From these distance dependent simulations it becomes apparent that when designing
an experiment with graphene nanoribbons one not only has to take the width and
the Fermi energy into account but also the separation between the ribbons. A large
separation between the ribbons guarantees a unperturbed plasmon resonance wavelength of the nanoribbon array, but at the same time does not give the maximum
achievable absorption. From the simulations we find that decreasing the distance
gives a strong increase in absorption which is desirable. Decreasing the distance between the graphene ribbons even more should lead to a decrease in absorption, but
has not been quantified for this thesis, as smaller distances between the ribbons are
not realistically achievable experimentally. Using the simulations one can predict
the change in resonance wavelength and therefore design the other parameters of
the nanoribbons such that the resonance wavelength falls into the desired range for
the experiment.

3.7 Conclusions
From the simulations of graphene nanoribbons it can be seen that for designing an
experiment to exploit the properties of the graphene plasmons all design parameters
have to be taken into account. Especially the right choice of distance between the
graphene ribbons has to be made in order to find graphene plasmons with the desired
resonance frequency. Here a trade off between high absorption and an unperturbed
resonance frequency has to be made. In order to achieve strong resonances and a
high field confinement high quality graphene, i.e. with a high scattering time and
therefore a high mobility, has to be used. Mechanically exfoliated graphene can
be used as it shows mobilities of up to 10000 cm2 /Vs. As the simulations have
shown this mobility is enough to get sharp resonance peaks and the plasmons can
be detected in absorption measurements. Furthermore other methods of increasing
the mobility of graphene are known. Especially suspended graphene [27, 28] and
graphene on boron nitride [29] are very promising candidates with an extremely
high mobility.
Because of the small width of the graphene nanoribbons the assumption that the
Fermi energy is uniform over the entire width of the ribbon is not necessarily true.
Future investigations should take this into account and incorporate theoretical findings of the distribution of the Fermi energy into the simulations [69].
The simulations show that FDTD is a versatile tool for investigating the behavior
of plasmons in graphene. The concept of using FDTD simulations for studying the
behavior of graphene plasmons can be easily extended to many other parameters
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such as the angle of incidence of the source, changing the excitation from a plane
wave to a Gaussian beam profile and full three dimensional simulations. For three
dimensional simulations it has to be taken into account that the needed calculation
power of the computer increases drastically. Using full three dimensional simulations
plasmons in arbitrary graphene structures can be examined [70].
We predict that the increased absorption for a narrow frequency range due to plasmons in the graphene nanostructures can be used to plasmonically enhance the
photocurrent at the resonance frequency of the plasmon. In fact, is is not a real
enhancement of normal photocurrent due to plasmons, but a photocurrent which
would not be possible without plasmonic resonances. The photocurrent which gets
enhanced by the plasmon absorption is only present when normal photon absorption, i.e. an electron being excited from the valence band to the conduction band, is
forbidden due to Pauli blocking. Therefore photocurrent due to plasmon resonances
has a different signature as compared to normal photocurrent. While normal photon
absorption is blocked for photons with an energy smaller than 2 |EF | due to Pauli
blocking, plasmon absorption is possible for this Fermi energies, and in fact these
Fermi energies are needed for efficient plasmon excitation. A question which is not
yet answered is, if the plasmons will in fact decay into electron hole pairs and therefore an enhanced photocurrent can be measured, or if they decay into some other
decay channel, such as phonons.
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This chapter presents experimental results of photocurrent from graphene in the mid
infrared part of the spectrum. The measurement and characterization of the photocurrent response of graphene to mid infrared radiation is a necessary prerequisite
for characterizing the enhancement of photocurrent in the infrared due to plasmons.

4.1 Active Area
Previous studies of photocurrent at a gold graphene interface have shown that the
active area, in which photocurrent is generated, expands about 0.2 µm into the
graphene along the interface [53]. Therefore for the calculation of the responsivity
of photocurrent experiments in which the spot size of the laser beam is much bigger
than the active area, not the spot size but the active area of the graphene device
has to be taken into account.

Figure 4.1: Sketch of the active area of a gold graphene interface. For large beam
spot sizes compared to the active area, not the spot size but the active
area is used in responsivity calculations.
Fig. 4.1 depicts the concept of the active area used. From this sketch it becomes clear
why for large beam sizes compared to the overlap of the graphene with the gold not
the whole power of the laser is used for calculations but only the power of the laser
beam that overlaps with the graphene gold contact. The active area assumed within
this thesis is a rectangle with a side length of 0.2 µm in the direction perpendicular
to the gold graphene interface and the length of the graphene overlapping with the
gold in the other direction.

4.2 Characterization of the Devices
Fig. 4.2 shows an optical microscope image of the two devices used for the measurements in this thesis. The graphene flakes are transferred to a substrate with
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Figure 4.2: Microscope image of the sample used for the experiments. The substrate
for this sample is a 90 nm thick layer of SiO2 . The graphene device (1)
on the left has a distance between the contacts of 32 µm and device (2)
on the right of 112 µm. Around device (2) there are several multilayer
graphene flakes which are only connected to the top contact and therefore
do not take part in the generation of photocurrent. On the right a piece
of graphite can be seen.

gold markers using a wet transfer technique. The gold markers are used to define
gold contacts using electron beam lithography. The graphene is on a 90 nm thick
SiO2 layer which is on top of highly doped silicon (see Fig. 2.2 (a)) which acts as a
backgate. The Fermi energy of the graphene devices is variable using this backgate
for electrostatic doping.
Device (1) has a distance of 32 µm between the two gold contacts and device (2)
112 µm. The width of the bottom contact of device (1) overlapping with graphene
is 5.5 µm and the width of the top contact of this device overlapping with graphene
is 4 µm. For device (2) the width of the graphene overlapping with the bottom
contact is 6 µm. For the top contact the width of the graphene overlapping with the
gold cannot be determined because the single layer graphene is partially overlapping
with multi layer graphene and therefore the width of the single layer graphene is
not clear. The multilayer graphene is only connected to the top gold contact and
therefore does not influence the photocurrent measurements. The part of the single
layer graphene that is not overlapping with multi layer graphene is 4 µm. These
widths are used for the calculation of the active areas.
Fig. 4.3 (a) shows the resistance of device (1) as a function of backgate voltage. The
electric field effect of graphene can be nicely seen. The steep decline of the resistance
away from the Dirac point shows that the graphene has a good mobility. The device
is checked for leakage current between the backgate and the drain by disconnect-
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Figure 4.3: (a) Resistance of device (1) as a function of backgate voltage. The highest
resistance at the Dirac point is at a backgate voltage of 1.5 V. (b) Raman
spectrum of the graphene flake of device (1). The high ratio between the
intensity of the 2D peak and the G peak, and the single Lorentzian
fit of the 2D peak indicate that the flake is single layer graphene. (c)
Resistance of device (2) as a function of backgate voltage. The highest
resistance at the Dirac point is at a backgate voltage of 8 V. (d) Raman
spectrum of the graphene flake of device (2). The high ratio between the
intensity of the 2D peak and the 2D peak and the single Lorentzian fit
of the 2D peak indicate, that the flake is single layer graphene.

ing the source contact and letting it float and applying a voltage to the backgate.
Leakage current can be a problem during the measurements and can show up for
example due to cracks in the substrate. This device does not show any leakage for
the backgate voltages used.
Fig. 4.3 (b) depicts the Raman spectrum of the graphene flake of device (1) with
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a 514 nm laser source. The ratio between the intensity of the 2D peak and the G
peak is 5.6. The FWHM for a single Lorentzian fit of the 2D peak is 27.5 cm−1 . A
ratio of the peak intensity of the 2D peak and the G peak bigger than two and a
FWHM smaller than 30 cm−1 indicate single layer graphene [71]. The graphene has
very little disorder, as there is no visible peak in the Raman spectrum at a Raman
shift of 1350 cm−1 which would indicate disorder in the graphene [64].
Fig. 4.3 (c) shows the backgate dependence of the resistance measured between the
two contacts. Device (2) shows due to its much larger length compared to device (1)
a higher resistance. The point of the highest resistance, the so called Dirac point is
found to be at 8 V backgate voltage. Device (2) has also been checked for leakage by
the same means as device (1). The resistance between the backgate and the drain
was also found to be infinity for voltages higher than 0 V, as there was no backgate
voltage dependent change in the current between backgate and drain. For backgate
voltages smaller than 0 V a leakage current was visible.
Fig. 4.3 (d) depicts the Raman spectrum of the graphene flake of device (2) with a
514 nm laser source. The ratio between the intensity of the 2D peak and the G peak
is 5.5. The FWHM of a single Lorentzian fit of the 2D peak is 28.5 cm−1 . A ratio
of the peak intensity of the 2D peak and the G peak bigger than two and a FWHM
smaller than 30 cm−1 indicate single layer graphene [71]. The graphene has very
little disorder, as there is no visible peak in the Raman spectrum at a Raman shift
of 1350 cm−1 which would indicate disorder in the graphene [64].
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4.3 Measurements
This section shows the measurements of the photocurrent. First the setup used for
the measurements is presented and explained. After that the different measurements
and their results are shown.

4.3.1 Setup

Figure 4.4: A sketch of the setup used for the measurements. The laser beam coming from the quantum cascade laser (QCL) is sent through a beam splitter (BS) to an off-axis parabolic mirror (PM) with a focal distance of
25.4 mm. The light is then focused on the sample. Light reflected from
the sample is picked up by the beam splitter and sent to the photodetector (PD). For measurements with infrared light the beam splitter is
removed because it is not transparent for infrared radiation. The sample
can be positioned using a xyz-stage.
Fig. 4.4 shows a sketch of the setup used for the measurements. The laser beam is
emitted by the quantum cascade laser (QCL) and is sent through a beam splitter
(BS) to an off-axis parabolic mirror (PM). The light is then focused on the sample.
The reflected light is collected by the photodetector (PD). In order scan the sample
it is mounted on a motorized xyz-stage.
The QCL used (Block Engineering LaserScope) generates laser radiation from 6 µm
to 10 µm. In order to put the sample into the focus a red alignment laser coming
from the QCL is used. The reflection from a gold contact of the device is picked
up and the power reflected to the photodetector is maximized by adjusting the zposition of the sample. For the actual measurements with the infrared radiation
the beam splitter is removed, because it is not transparent in the infrared frequency
range.
An off-axis parabolic mirror is used for focusing the laser to ensure that all wavelengths are focused at the same position. The parabolic mirror has a short focal
distance of 25.4 mm, to get the highest possible focusing. For this focal length
one finds that the numerical aperture for a beam with a diameter of 5 mm is 0.1.
Therefore in the used wavelength range the theoretical minimum beam diameter in
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the focal position according to the formula d = λ/NA, is 60 µm for light with a
wavelength of 6 µm and 100 µm for light with a wavelength of 10 µm.
The electronic part of the setup consists of the following parts. The measurements of
the photocurrent are done using a current preamplifier (Femto DLPCA-200) which
is connected to a lock-in amplifier (Stanford Research Systems SR830 DSP). An
optical chopper (Thorlabs MC-2000) is used to modulate the laser beam with a frequency of 209 Hz. The integration time at the lock-in amplifier was set to 100 ms.

0 .2 1

1 0

P h o to n E n e rg y (e V )
0 .1 8
0 .1 6
0 .1 4

0 .1 2

1 2 0

8

P h o to n E n e rg y (e V )

0 .2 1

0 .1 8

0 .1 6

0 .1 4

0 .1 2

6

7

8

9

1 0

4
0

2
6

7

8

9

W a v e le n g th ( µ m )

(a) QCL Power Spectrum

1 0

(µ m )

P o w e r (m W )

6

8 0

F W H M

1 0 0

6 0
4 0

W a v e le n g th ( µ m )

(b) FWHM of Spot Size

Figure 4.5: (a) Output power of the quantum cascade laser as function of the laser
wavelength. The dips on the lower wavelength side of the spectrum are
due to absorption peaks of atmospheric gases in this frequency range.
(b) FWHM of the infrared laser beam at the focus of the sample. The
spot size is increasing for an increasing wavelength. The black dashed
line shows a linear fit of the FWHM.
Fig. 4.5 (a) depicts the output power spectrum of the quantum cascade laser. For
lower wavelengths dips in the output power are visible, due to absorption peaks of
atmospheric gases in this wavelength range.
Fig. 4.5 (b) shows the FWHM of the focused infrared laser spot as a function of
the wavelength. The FWHM is increasing for an increasing wavelength. The black
dashed line shows a linear fit of the FWHM. The FWHM is measured by doing a two
dimensional scan of the photocurrent and extracting the FWHM of the photocurrent
which is also the FWHM of the laser spot as the size of the graphene device is much
smaller than the spot size of the laser.
We use the formula d = λ/NA, with d the FWHM of the laser spot, λ the wavelength
and NA the numerical aperture. The linear fit shown in Fig. 4.5 (b) gives the inverse
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of the numerical aperture, which we find to be 0.069 in this setup. The theoretical
maximum NA for this setup with a beam size of 5 mm and a focal length of around
25 mm is 0.1.
A real numerical aperture of 0.069 in the setup used is actually a very good result.
The focus is found by finding the maximum reflection from the red laser and then
leaving the z-position untouched for all the infrared wavelengths. Moreover only
one parabolic mirror is used and there is no compensation of any kind for divergence
of the beam or for the beam pointing in different directions for different wavelengths.
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Figure 4.6: Reflection image of the sample used. The two gold contact pairs defining
the two devices can be clearly seen in the reflection image. The graphene
itself is not visible in this reflection image.

Fig. 4.6 shows the reflection image of the sample. The reflection image is obtained as
explained in the discussion surrounding Fig. 4.4. It is interesting to note that most
of the features seen in the microscope image, such as the pieces of graphite, can also
be seen in the reflection image. When examining the reflection carefully, one even
finds that the multilayer graphene around device (2) slightly decreases the reflection.
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4.3.2 Device (1)

For the measurements on device (1) the drain is connected to the gold contact on
the bottom left and the source to the gold contact on the top left of the reflection
image.
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Figure 4.7: Photocurrent dependence on the duty cycle of the laser source. The
black dashed line shows a linear fit of the photocurrent.

In Fig. 4.7 it can be seen that the photocurrent extracted from the device is
found to scale linearly with the incident power. The laser light has a wavelength of
7.69 µm for this measurement which has the highest maximum power of the laser
(see Fig. 4.5 (a)). The dependence on the duty cycle is measured by staying at
the same position on the sample and gradually increasing the power of the laser by
changing its duty cycle. From this we can deduce that for the powers used here nonlinear effects do not play any role for the photocurrent response of the graphene. A
linear photocurrent response makes it possible to compare the photocurrents which
is measured at different wavelengths of the laser and different powers of those wavelengths by a simple power normalization.
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Figure 4.8: Two dimensional map of the photocurrent. The photon energy is h̄ω =
0.149 eV and the wavelength is λ = 8.33 µm. The backgate voltage is
set to 10 V. The black dashed lines indicates the outline of the two gold
contacts to which the graphene is connected.
Fig. 4.8 depicts a two dimensional map of the photocurrent for a photon energy of
h̄ω = 0.149 eV or a corresponding wavelength of λ = 8.33 µm. The backgate voltage
is set to 10 V in order to see a high photocurrent and therefore have a good signal
to noise ratio. The black dashed lines indicate the outline of the two gold contacts
to which the graphene is connected.
The photocurrent at the two different contacts shows an opposite sign. This is the
same behavior that has already been observed for photocurrent in graphene with
a visible laser source [72]. This behavior can nicely be explained by the sketch in
Fig. 2.7 where a built in electric field at the contact between graphene and gold due
to the work function difference leads to carrier separation which is measured as a
photocurrent.
As it was shown before the spot size of the laser beam at λ = 8.33 µm is 100 µm.
The spacing of 32 µm between the two contacts therefore is smaller than the spot
size of the infrared laser beam. Therefore when the laser beam center is overlapping
maximally with one of the contacts it is also already overlapping with the other
contact and the net current which is measured is not the actual current that is
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N o r m a liz e d R e s p o n s iv ity ( A /W )

generated. This is because the two currents from the two contacts have opposite
signs and will appear as a smaller current on the measurement. This is especially
important for responsivity calculations as the apparent responsivity is smaller than
the actual responsivity of the device.
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Figure 4.9: Responsivity of the maximum photocurrent normalized by the active
area overlap with the laser spot.
Fig. 4.9 shows the responsivity of the maximum photocurrent normalized by the
active area overlap with the laser spot. Full two dimensional maps of the photocurrent as the one in Fig. 4.8 are obtained for the different wavelenghts at a backgate
voltage of 10 V. The active area in this case is the 4 µm wide overlap of the graphene
with the gold contact and the width of the p-n junction of 0.2 µm as explained in
section 4.1. The power spectrum of the laser is obtained from Fig. 4.5 (a) and the
spotsize is obtained from the linear fit in Fig. 4.5 (b) . The two data sets refer to two
sweeps of the laser frequency. For the up sweep the laser frequency is changed to the
next higher frequency after each full two dimensional scan and for the down sweep
the laser frequency is changed to the next lower frequency after each full scan. The
different responsivities for the up and down sweep could be due to the fact that the
Fermi energy does not stay constant during all the measurements but in fact drifts.
The drift of Fermi energy on the timescale of a few hours could be due to reaction
of the graphene with humidity or contaminants in air. As shown in Fig. 4.11 the
photocurrent strongly depends on the backgate voltage (i.e. Fermi energy).
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Figure 4.10: Responsivity of the minimum photocurrent normalized by the active
area overlap with the laser spot.

Fig. 4.10 depicts the responsivity of the minimum photocurrent normalized by the
active area overlap with the laser spot. The backgate voltage for all the scans was
set to 10 V and the active area here is the 5.5 µm wide overlap of the graphene with
the gold contact and the width of the p-n junction of 0.2 µm.

As explained before the laser spot size is bigger than the distance between the two
gold contacts in this device. Therefore the maximum photocurrent measured is not
the actual maximum photocurrent of the device. This means that the responsivity
measured in this device is lower than the actual responsivity of the device.
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Figure 4.11: Dependence of the photocurrent on the backgate voltage for three different photon energies of the infrared laser. The blue dashed line shows
the normalized backgate dependence of the resistance.
Fig. 4.11 depicts the backgate dependence of the photocurrent for different photon
energies of the infrared laser. The photocurrent is normalized by its maximum value
in order to be able to compare the backgate dependent behavior of the photocurrent for different wavelengths. The blue dashed line shows the normalized backgate
dependence of the resistance.
It can be seen that the photocurrent does not decrease to zero for higher backgate
voltages. The photocurrent is expected to go to zero again for higher backgate voltage than the 22 V up to which we measured here. The reason why the photocurrent
is expected to go back to zero is that for higher backgate voltages the Fermi energy of the graphene should increase further and the situation which is depicted in
Fig. 2.5 (c) should be reached where carrier excitation is forbidden due to the Pauli
exclusion principle.
The reason why the backgate voltage has not been increased further in the experiments is because the for high voltages applied to the backgate so called backgate
leakage might become a problem. This backgate leakage is a current flowing from
the backgate to the drain. For thin SiO2 , like the 90 nm used here, the leakage can
occur for relatively low backgate voltages. The leakage occurs because of charges
from the silicon layer below the dielectric flowing to the gold contacts either through
the graphene or directly to the contacts. This behavior is not only undesired it
might also destroy the device and therefore one has to be careful when increasing
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the backgate voltage.

4.3.3 Device (2)
For the measurements on device (2) the drain was connected to the gold contact on
the top right and the source to the gold contact on the bottom right of the reflection
image.
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Figure 4.12: Two dimensional map of the photocurrent. The photon energy is h̄ω =
0.161 eV and the wavelength is λ = 7.69 µm. The backgate voltage
was set to 20 V. The black dashed lines indicates the outline of the two
gold contacts to which the graphene is connected.
Fig. 4.12 depicts a two dimensional map of the photocurrent. The photon energy is
h̄ω = 0.161 eV, which is in terms of wavelength λ = 7.69 µm. The backgate voltage
was set to 20 V in order to see a high photocurrent response. The black dashed lines
show the outlines of the two gold contacts to which the graphene is connected.
Here the spot size of the infrared laser spot is smaller than the separation between
the two contacts. The distance between the two maximum and minimum of the
photocurrent in Fig. 4.12 was found to be 114 µm, which is in excellent agreement
with the distance between the two contacts extracted from the microscope image.
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The responsivity normalized by the active area is found to be 2 · 10−4 A/W.
As for the measurements with device (1) the signs of the photocurrent at the two
contacts have opposite sign.
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Figure 4.13: Backgate dependence of the photocurrent. The photon energy is h̄ω =
0.161 eV which corresponds to a wavelength of λ = 7.69 µm. The
photocurrent was measured for different backgate voltages with a cut
from one contact to the other. The plot on the right shows the backgate
dependence of the resistance of the device.
Fig. 4.13 shows the backgate dependence of the photocurrent with a cut from one
contact of the device to the other for one wavelength on device (2). The plot on the
right shows the backgate dependence of the resistance of the device. The photon
energy is h̄ω = 0.161 eV which corresponds to a wavelength of λ = 7.69 µm. The
backgate voltage has been not decreased further because the device starts leaking
for a backgate voltage smaller than 0 V because the device showed leakage. The
backgate voltage was not increased any further than 22 V in order to not damage
the device. As for device (1) the strong increase of the photocurrent occurs for backgate voltages above the Dirac point of the device.
A very weak photocurrent can be seen for low backgate voltages that switches sign
around 10 V backgate voltage. The switch of sign can be explained by the graphene
going through the flatband condition. This means that the band bending as seen in
Fig. 2.7 goes from the p-n-p junction which is sketched in this figure to a flatband.
For this flatband there is no built-in electric field which leads to no photocurrent in
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this case. Further increasing the backgate voltage will result in a n-p-n junction and
therefore an inverted sign of the current. This has already been seen for photocurrent from visible radiation [72].
Further increasing the backgate voltage leads to an increasing photocurrent. Increasing the backgate voltage even further one should see that the photocurrent
starts to decrease due to Pauli blocking in the graphene, which is not the case here,
probably because the backgate voltage was not increased to a high enough value.
The backgate voltage has not been increased further in order not to risk damaging
the device.

4.4 Conclusion
The experiments show that we can get photocurrent at the gold graphene interface
from a mid infrared laser source. We are able to show a photocurrent for the whole
spectral range of our laser and are able to characterize the responsivity in the mid
infrared of our device. A dependence of the photocurrent on the Fermi energy of the
graphene is shown for different wavelenghts.
The photocurrent from infrared radiation is shown to scale linear with the incident
power, as one would expect for the powers used in this thesis. The responsivity of the
photocurrent for device (1) is found to be around 10−5 A/W for a broad spectrum
which is about one to two orders of magnitude smaller than the photocurrent responsivity of graphene found for visible irradiation [49, 72, 20]. This is explained by the
size of the laser beam being bigger than the distance between the two contacts. Due
to this the maximum photocurrent measured is not the maximum photocurrent of
the device but rather the maximum photocurrent given the destructive interference
between the opposite currents of the two contacts.
The photocurrent shows a strong dependence on the backgate voltage. For a backgate voltage higher than the backgate voltage of the Dirac point a strong increase
in photocurrent is visible which peaks and then starts declining again. The strong
increase of the photocurrent could be due to the electric field at the gold graphene
interface increasing because of the increasing doping in the graphene and the decrease of the photocurrent for higher backgate voltages due to absorption of photons
being reduced because of Pauli blocking.
In device (2) the responsivity is found to be around 10−4 A/W which is comparable
to responsivities found for visible irradiation [49, 72, 20]. The higher value of the
responsivity compared to device (1) is because the two regions of positive and negative photocurrent are nicely separated and the absolute maximum and minimum
of the photocurrent are measured. This result shows that for accurate photocurrent
experiments in the infrared it is important to use devices with a separation between
the contacts which is larger than the spot size of the laser beam. Another important
feature of well defined samples for photocurrent measurements is that both contacts
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should have the same overlap with graphene in order to get a symmetric response
of the photocurrent.
Device (2) shows a similar backgate dependence behavior as device (1) and a strong
increase of the photocurrent for backgate voltages higher than the Dirac point can
be seen. For the backgate voltages applied the photocurrent can not be seen to
start decreasing again. This could be because the Dirac point for device (2) is at
a higher backgate voltage than for device (1) (8 V in device (2) compared to 1.5 V
in device (1)) and the decrease of photocurrent for high backgate voltages is due to
Pauli blocking.
To sum up we are able to show photocurrent in the mid infrared region of the electromagnetic spectrum for unpatterned graphene devices with gold contacts. A linear
power dependence of the photocurrent is observed. The mechanism of photocurrent generation is the same mechanism as for visible laser radiation. Responsivities
comparable to the ones for visible radiation are found for a large device where the
contacts are separated by more than the spot size of the laser. A strong backgate
dependence of the photocurrent is observed which needs further investigation.
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5.1 Simulations
Simulations of graphene plasmons using an FDTD software showed very good results in accordance with theory published for localized graphene plasmons [46]. This
shows that this software can be used for further exploring the intriguing properties
of graphene plasmons. One of the next steps is to use the simulation capabilities
in order to not only study plasmons in graphene nanoribbons but also in nanodisks
and other nanostructures. For going from nanoribbons to other nanostructures the
simulation environment has to be changed from two dimensional to three dimensional, which will increase the resources needed for the simulation drastically. In
order to minimize the resources needed periodic boundary conditions could be used.
Furthermore the software can possibly also be used to study propagating surface
plasmons instead of localized ones.
After the first experiments using graphene nanoribbons have been done the results
obtained should be compared with the results of the simulations and, if necessary,
the graphene model should be adjusted to the results. One reason for the experimental results being different from the simulations could be the slightly different doping
in the graphene nanoribbons compared to bulk graphene. Theoretical models have
already been developed [69] and could be included in the simulations if necessary.

5.2 Experiments
For the photocurrent measurements graphene with a Dirac point at smaller positive or or bigger negative voltages should be chosen. With this it is expected that
the absorption of the graphene starts setting on for a lower backgate voltage. This
would also mean that the Pauli blocking for high Fermi energies starts for lower
backgate voltages. This is desired in order to show that the photocurrent is actually
governed by the mechanisms of Pauli blocking. One possibility should be the use of
current annealing for the samples which shifts the Dirac point of the graphene to
0 V backgate voltage [73].
In order to show without any doubt that Pauli blocking is responsible for the photocurrent going to zero for high backgate voltages the transmission through the device should be measured at the same time as the photocurrent. For the Pauli blocked
regime a higher transmission should be seen compared to the non-blocked regime.
This is because in the Pauli blocked regime the photons cannot be absorber by
the graphene and therefore propagate without losses through the graphene. Transmission measurements are also interesting for future experiments including ribbons,
where a high absorption for the resonance wavelength of the ribbons should be visi-
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ble.
One of the next steps that should be done after this thesis is not only measuring
photocurrent from graphene devices but also measuring photocurrent from nanostructured graphene devices. These devices should have a higher absorption due to
plasmon resonances and therefore should also have a higher photocurrent.
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Figure 5.1: Left: Sketch of the top view of graphene nanoribbons with source and
drain gold contacts. The distance between the two contacts is h. Right:
Sketch of the side view of grapene nanoribbons. The width of the
nanoribbons is w and the distance between the nanoribbons d. The
thickness of the silicon dioxide layer depends on the device, but is typically either 90 nm or 285 nm. The doping of the graphene can be changed
by applying a voltage to the backgate (BG).
Fig. 5.1 depicts a sketch of typical graphene nanoribbon device. The ribbons are
perpendicular to the source and drain contacts, which are used for measuring the
current through the device. The graphene used is CVD graphene and the contacts
have been defined using optical lithography. The ribbons are on a silicon dioxide
substrate with a typical thickness of either 90 nm or 285 nm and the Fermi energy
of the ribbons is tunable by applying a voltage to the backgate (BG).
Experiments using ribbons on CVD graphene were tried. The ribbons under consideration for this thesis have been made using an electron beam lithography process [54, 55]. The ribbons did not shown any conduction and therefore no photocurrent from the ribbons was visible. This is probably due to the fact that the ribbons
got small cracks and other defects during their creation procedure and therefore were
not conducting anymore. For future experiments it is therefore especially important
to be very careful when trying to define the ribbons with lithography.
For further experiments with graphene nanoribbons it is not only essential to overcome the problem with non-conducting ribbons. Another important addition needs
to be made to the current optical setup, which is adding light collection optics such
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that the absorption properties of the graphene nanoribbons can be studied independently of the creation of photocurrent. Furthermore a beamsplitter for the infrared
part of the spectrum should be added to the setup, so the power of the quantum
cascade laser can be measured continuously for a more accurate normalization of the
photocurrent.
Another addition that should be made to the setup is a half wave plate for the
infrared part of the spectrum so polarization dependent measurements of both photocurrent and absorption in the infrared can be done.
In order to measure photocurrent of smaller devices a setup with a higher numerical
aperture should be used. This can be achieved by using three instead of one parabolic
mirrors. The first mirror is then used to increase the beam size. The second mirror
then has its focal position in the focus of the first mirror and is used to collimate
the beam again but with a bigger beam diameter. The third mirror is then used
to focus the collimated beam. This can be used to create a setup with a numerical
aperture of 0.7, but the three parabolic mirrors are very difficult to align.

51

Bibliography
[1] Novoselov, K. S. et al. Electric field effect in atomically thin carbon films.
Science 306, 666–9 (2004).
[2] Geim, A. Nobel Lecture: Random walk to graphene. Reviews of Modern Physics
83, 851–862 (2011).
[3] Geim, A. K. & Novoselov, K. S. The rise of graphene. Nature Materials 6,
183–91 (2007).
[4] Peres, N. M. R., Guinea, F. & Castro Neto, A. H. Electronic properties of
two-dimensional carbon. Annals of Physics 321, 1559–1567 (2006).
[5] Zhang, Y., Tan, Y.-W., Stormer, H. L. & Kim, P. Experimental observation of
the quantum Hall effect and Berry’s phase in graphene. Nature 438, 201–204
(2005).
[6] Katsnelson, M. I., Novoselov, K. S. & Geim, A. K. Chiral tunnelling and the
Klein paradox in graphene. Nature Physics 2, 620–625 (2006).
[7] Robinson, T. R. On Klein tunneling in graphene. American Journal of Physics
80, 141–147 (2012).
[8] Li, X. et al. Large-Area Synthesis of High-Quality and Uniform Graphene Films
on Copper Foils. Science 324, 1312–1314 (2009).
[9] Lee, Y. et al. Wafer-Scale Synthesis and Transfer of Graphene Films. Nano
Letters 10, 490–493 (2010).
[10] Bae, S. et al. Roll-to-roll production of 30-inch graphene films for transparent
electrodes. Nature Nanotechnology 5, 574–578 (2010).
[11] Reina, A. et al. Large Area, Few-Layer Graphene Films on Arbitrary Substrates
by Chemical Vapor Deposition. Nano Letters 9, 30–35 (2008).
[12] Bonaccorso, F., Sun, Z., Hasan, T. & Ferrari, A. C. Graphene Photonics and
Optoelectronics. Nature Photonics 4, 611–622 (2010).
[13] Jablan, M., Buljan, H. & Soljacic, M. Plasmonics in graphene at infrared
frequencies. Phys. Rev. B 80, 245435 (2009).
[14] Rana, F. Graphene optoelectronics: Plasmons get tuned up. Nature Nanotechnology 6, 611–612 (2011).
[15] Koppens, F. H. L., Chang, D. E. & de Abajo, F. J. Graphene Plasmonics:
A Platform for Strong Light-Matter Interactions. Nano Letters 11, 3370–3377
(2011).
[16] Ozbay, E. Plasmonics: merging photonics and electronics at nanoscale dimensions. Science 311, 189–93 (2006).
[17] Chen, J. et al. Optical nano-imaging of gate-tunable graphene plasmons. Nature
487, 77–81 (2012).
[18] Yan, H. et al. Infrared Spectroscopy of Wafer-Scale Graphene. ACS Nano 5,
9854–9860 (2011).
[19] Wang, F. et al. Gate-Variable Optical Transitions in Graphene. Science 320,
206–209 (2008).

53

Bibliography
[20] Xia, F., Mueller, T., Lin, Y.-m., Valdes-Garcia, A. & Avouris, P. Ultrafast
graphene photodetector. Nature Nanotechnology 4, 839–843 (2009).
[21] Konstantatos, G. et al. Hybrid graphene-quantum dot phototransistors with
ultrahigh gain. Nature Nanotechnology 7, 363–368 (2012).
[22] Saito, R., Dresselhaus, G. & Dresselhaus, M. S. Physical Properties of Carbon
Nanotubes (Imperial College Press, 1998). URL http://ebooks.worldscinet.
com/ISBN/9781860943799/9781860943799.html.
[23] Kroto, H. W., Heath, J. R., O’Brien, S. C., Curl, R. F. & Smalley, R. E. C60:
Buckminsterfullerene. Nature 318, 162–163 (1985).
[24] Castro Neto, A. H., Guinea, F. & Peres, N. M. R. Drawing conclusions from
graphene. Physics World 33, 33–37 (2006).
[25] Morozov, S. V. et al. Giant Intrinsic Carrier Mobilities in Graphene and Its
Bilayer. Physical Review Letters 100, 16602 (2008).
[26] Chen, J.-H., Jang, C., Xiao, S., Ishigami, M. & Fuhrer, M. S. Intrinsic and extrinsic performance limits of graphene devices on SiO2. Nature Nanotechnology
3, 206–209 (2008).
[27] Du, X., Skachko, I., Barker, A. & Andrei, E. Y. Approaching ballistic transport
in suspended graphene. Nature Nanotechnology 3, 491–495 (2008).
[28] Bolotin, K. et al. Ultrahigh electron mobility in suspended graphene. Solid
State Communications 146, 351–355 (2008).
[29] Dean, C. R. et al. Boron nitride substrates for high-quality graphene electronics.
Nature Nanotechnology 5, 722–726 (2010).
[30] Lin, Y.-M. et al. Operation of Graphene Transistors at Gigahertz Frequencies.
Nano Letters 9, 422–426 (2008).
[31] Kim, K., Choi, J.-Y., Kim, T., Cho, S.-H. & Chung, H.-J. A role for graphene
in silicon-based semiconductor devices. Nature 479, 338–344 (2011).
[32] Freitag, M. et al. Imaging of the Schottky Barriers and Charge Depletion in
Carbon Nanotube Transistors. Nano Letters 7, 2037–2042 (2007).
[33] Hwang, E. H. & Das Sarma, S. Dielectric function, screening, and plasmons in
two-dimensional graphene. Physical Review B 75, 205418 (2007).
[34] Falkovsky, L. A. Optical properties of graphene. Journal of Physics: Conference
Series 129, 12004 (2008).
[35] Wunsch, B., Stauber, T., Sols, F. & Guinea, F. Dynamical polarization of
graphene at finite doping. New Journal of Physics 8, 318–318 (2006).
[36] Falkovsky, L. A. & Varlamov, A. A. Space-time dispersion of graphene conductivity. European Physical Journal B 56, 4 (2006).
[37] Hanson, G. W. Quasi-transverse electromagnetic modes supported by a
graphene parallel-plate waveguide. Journal of Applied Physics 104, 84314
(2008).
[38] Novoselov, K. S. et al. Two-dimensional gas of massless Dirac fermions in
graphene. Nature 438, 197–200 (2005).
[39] Thongrattanasiri, S., Manjavacas, A. & Garcia de Abajo, F. J. Quantum FiniteSize Effects in Graphene Plasmons. ACS Nano 6, 1766–1775 (2012).

54

Bibliography
[40] Gaponenko, S. V. Introduction to Nanophotonics (Cambridge University Press,
Cambridge, United Kingdom, 2010).
[41] Nair, R. R. et al. Fine structure constant defines visual transparency of
graphene. Science 320, 1308 (2008).
[42] Neto, N. M. R. P., Stauber, T. & Castro, A. H. The infrared conductivity of
graphene on top of silicon oxide. EPL (Europhysics Letters) 84, 38002 (2008).
[43] Sun, Z. et al. Graphene Mode-Locked Ultrafast Laser. ACS Nano 4, 803–810
(2010).
[44] Bostwick, A., Ohta, T., Seyller, T., Horn, K. & Rotenberg, E. Quasiparticle
dynamics in graphene. Nature Physics 3, 36–40 (2007).
[45] van Coevorden, D. V., Sprik, R., Tip, A. & Lagendijk, A. Photonic Band
Structure of Atomic Lattices. Physical Review Letters 77, 2412–2415 (1996).
[46] Thongrattanasiri, S., Koppens, F. H. L. & de Abajo, F. J. Complete Optical
Absorption in Periodically Patterned Graphene. Physical Review Letters 108,
47401 (2012).
[47] Budker, D., Kimball, D. & DeMille, D. Atomic physics - An Exploration through
Problems and Solutions (Oxford University Press, Oxford, 2008), 2nd editio edn.
[48] Deacon, R. S., Chuang, K.-C., Nicholas, R. J., Novoselov, K. S. & Geim, A. K.
Cyclotron resonance study of the electron and hole velocity in graphene monolayers. Physical Review B 76, 81406 (2007).
[49] Lemme, M. C. et al. Gate-Activated Photoresponse in a Graphene p–n Junction.
Nano Letters 11, 4134–4137 (2011).
[50] Freitag, M., Low, T., Xia, F. & Avouris, P. Photoconductivity of biased
graphene. arXiv (2012). 1202.5342.
[51] Gabor, N. M. et al. Hot carrier-assisted intrinsic photoresponse in graphene.
Science 334, 648–52 (2011).
[52] Song, J. C. W., Rudner, M. S., Marcus, C. M. & Levitov, L. S. Hot Carrier
Transport and Photocurrent Response in Graphene. Nano Letters 11, 4688–
4692 (2011).
[53] Mueller, T., Xia, F., Freitag, M., Tsang, J. & Avouris, P. Role of contacts in
graphene transistors: A scanning photocurrent study. Physical Review B 79
(2009).
[54] Han, M., Ozyilmaz, B., Zhang, Y. & Kim, P. Energy Band-Gap Engineering of
Graphene Nanoribbons. Physical Review Letters 98 (2007).
[55] Biro, L. P., Nemes-Incze, P. & Lambin, P. Graphene: nanoscale processing and
recent applications. Nanoscale 4, 1824–39 (2012).
[56] Tapaszto, L., Dobrik, G., Lambin, P. & Biro, L. P. Tailoring the atomic structure of graphene nanoribbons by scanning tunnelling microscope lithography.
Nature Nanotechnology 3, 397–401 (2008).
[57] Jiao, L., Zhang, L., Wang, X., Diankov, G. & Dai, H. Narrow graphene nanoribbons from carbon nanotubes. Nature 458, 877–80 (2009).
[58] Kosynkin, D. V. et al. Longitudinal unzipping of carbon nanotubes to form
graphene nanoribbons. Nature 458, 872–6 (2009).

55

Bibliography
[59] Mohanty, N. et al. Nanotomy-based production of transferable and dispersible
graphene nanostructures of controlled shape and size. Nature Communications
3, 844 (2012).
[60] Hod, O., Peralta, J. & Scuseria, G. Edge effects in finite elongated graphene
nanoribbons. Physical Review B 76 (2007).
[61] Lumerical Solutions, Inc. (2012). URL www.lumerical.com.
[62] Cham, J. The Methodolgy Section Translator (2012). URL www.phdcomics.
com/comics/archive.php?comicid=1476.
[63] Blake, P. et al. Making graphene visible. Applied Physics Letters 91, 063124
(2007).
[64] Cooper, D. R. et al. Experimental Review of Graphene. ISRN Condensed
Matter Physics 2012, 1–56 (2012).
[65] Nikitin, A. Y., Guinea, F., Garcı́a-Vidal, F. J. & Martı́n-Moreno, L. Edge and
waveguide terahertz surface plasmon modes in graphene microribbons. Physical
Review B 84 (2011).
[66] Nikitin, A., Guinea, F., Garcia-Vidal, F. & Martin-Moreno, L. Surface plasmon
enhanced absorption and suppressed transmission in periodic arrays of graphene
ribbons. Physical Review B 85 (2012).
[67] Christensen, J., Manjavacas, A., Thongrattanasiri, S., Koppens, F. H. L. &
Garcı́a de Abajo, F. J. Graphene plasmon waveguiding and hybridization in
individual and paired nanoribbons. ACS Nano 6, 431–440 (2012).
[68] Ju, L. et al. Graphene plasmonics for tunable terahertz metamaterials. Nature
Nanotechnology 6, 630–634 (2011).
[69] Thongrattanasiri, S., Silveiro, I. & Javier Garcia de Abajo, F. Plasmons in
electrostatically doped graphene. Applied Physics Letters 100, 201105 (2012).
[70] Liu, P., Cai, W., Wang, L., Zhang, X. & Xu, J. Tunable terahertz optical antennas based on graphene ring structures. Applied Physics Letters 100, 153111
(2012).
[71] Ferrari, A. C. et al. Raman Spectrum of Graphene and Graphene Layers.
Physical Review Letters 97, 187401 (2006).
[72] Xia, F. et al. Photocurrent imaging and efficient photon detection in a graphene
transistor. Nano Letters 9, 1039–44 (2009).
[73] Moser, J., Barreiro, A. & Bachtold, A. Current-induced cleaning of graphene.
Applied Physics Letters 91, 163513 (2007).

56

Acknowledgements
First of all I would like to thank Frank for the great opportunity of working on
the new and exciting field of graphene plasmonics for my master thesis in such an
excellent environment as ICFO. Thanks for always having an open ear to problems
coming up during the experiments and simulations and thanks for pushing me further when needed. Also I would like to thank Marko for the awesome supervision
and great help during my thesis at ICFO, both during and after work. Then I would
like to thank Michela for working with me on the lab, helping and working many
hours trying to align mirrors and turn knobs and then the same thing all over again
because something turned, got touched or the translation stage had to be moved.
Thanks to my office partners Gabriele and Fabio for the good time in the office and
the nice chats when I was not in the lab and you were not in the cleanroom (which
rarely happened). Thanks also to the rest of the group, Klaas, Louis, Ivan and Kevin
for the fun times both during work hours and during the free time. The group is
really extraordinary being both very productive and hard working and still very nice
and cool people. I hope you will continue publishing in such great journals as you
have been in the past and I surely hope that the fun and excitement for your work
never vanishes.
My next block of thanks goes to all the people that studied with me for the past
two years in the Europhotonics program in no particular order:
Alek, Lazar, Lara, Kevin, Vacys, Bruno, Judith, Gabriele, Moritz, Maria, Duc, Radwan, Tan, Arko, George, Waiz, Yibing, Wei, Valentina and Mohamed.
Even though our classes and professors were not always the best I still would say
that we had an awesome time during our master and learned a lot about optics,
photonics and life. I remember, and also lots of times don’t remember, many wonderful nights in Marseille, eating, drinking and laughing. Thanks to all of you the
dorms in Alice Chatenoud were only half as bad and even the loss of a car was not
that tragic anymore. I will never forget our trips to different parts of France. And
even though all of us came from very different countries we were still able to connect
and become friends. It was a great pleasure meeting every single one of you. I hope
to see all of you at many different places in the future. But for sure we will all
meet at the 1st of October 2015, the official Europhotonics reunion date. Thanks
to Pau for translating my abstract into Catalan and Spanish, it is really appreciated.
An dieser Stelle auch vielen Dank an all meine Freunde in Deutschland, die ich über
die letzten zwei Jahre mit Sicherheit viel zu sehr vernachlässigt habe. Danke an
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