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ABSTRACT
Two rich and vibrant fields of investigation - graphene and plasmonics - strongly overlap
in this work, giving rise to a novel hybrid photodetection device. The intrinsic photo-
response of graphene is significantly enhanced by placing the gold nanorods exhibiting
unique anisotropic localized surface plasmon resonances on the graphene surface. The
reported enhanced photoresponse of graphene is caused by the redistribution of localized
surface plasmons in the nanoparticles into graphene. The exact underlying energy redis-
tribution mechanism is thoroughly studied by a single particle scattering spectroscopy
monitoring the particle plasmon linewidth as a function of the number of underlaying
graphene layers. The obtained extraordinary plasmon broadening for nanoparticles placed
on graphene suggests the contribution of a novel energy redistribution channel attributed
to the injection of hot electrons from gold nanorods into graphene.

KEYWORDS
graphene, plasmonics, photodetection, LSPR, plasmon damping, gold nanorod, hot
electrons, single particle scattering spectroscopy

ABSTRAKT
Tato práce se zabývá vývojem nového hybridńıho zǎŕızeńı pro fotodetekci, jehož prin-
cip se oṕırá o dvě velmi významné a aktuálńı oblasti současného vědeckého výzkumu –
grafen a plazmonika. Vlastńı odezva grafenu na dopadaj́ıćı světelné zá̌reńı je v tomto
zǎŕızeńı značně zvýšena uḿıstěńım zlatých nanotyčinek na povrch grafenu, vykazuj́ıćıch
jedinečnou optickou odezvu danou lokalizovanými povrchovými plazmony. Tato zvýšená
fotoelektrická reakce je způsobena redistribućı energie osciluj́ıćıch elektronů v nanočástici
do grafenové vrstvy. Konkrétńı mechanismus redistribuce energie je studován pomoćı roz-
ptylové spektroskopie jednotlivých částic, kde je zkoumán vliv počtu grafenových vrstev
pod nanočástićı na rozš́ı̌reńı rezonančńıho ṕıku. Mimǒrádně velké rozš́ı̌reńı rezonančńıho
ṕıku pro částice položené na grafen naznačuje p̌ŕıtomnost nebývalého procesu tlumeńı
plazmonické rezonance. Toto neobvyklé tlumeńı je p̌ripsáno p̌renosu horkých elektronů
ze zlaté nanotyčinky do grafenové vrstvy.
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grafen, plazmonika, fotodetekce, LSPR, tlumeńı plazmonu, zlaté nanotyčinky, horké elek-
trony, rozptylová spektroskopie jednotlivých částic
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My gratitude also belongs to all members of Department of Physical Engineering

(BUT), Molecular Materials and Nanosystems (TU/e) and Molecular Biosensing for

Medical Diagnostics (TU/e) who were always ready and enthusiastic to help.
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INTRODUCTION

Graphene is a one atomic-layer thick two dimensional crystal composed of carbon

atoms arranged into a hexagonal lattice. Its discovery dates back to 2004, when Geim

and Novoselov from the University of Manchester successfully isolated the graphene

layer from a bulk graphite, which triggered its intense research. Graphene shows a

multitude of striking properties like excellent tensile strength, extraordinarily high

carrier mobility or zero bandgap. That makes it an extremely attractive material

for various applications ranging from electronics to chemical sensing, including the

photodetection. The latter one takes a unique property of graphene to create several

photoexcited carriers by an only one absorbed photon.

Graphene shows up a spectrally flat absorption of light of∼ 2.3%, which is a quite

high number when considering a graphene thickness of only one atom. Nevertheless,

for the photodetection applications, this value is noticeably low. Therefore, the gra-

phene intrinsic light absorption needs to be enhanced to ensure the effective and

sensitive photodetection. Such an enhancement can be realized by placing metallic

nanostructures on the graphene surface showing the unique property of plasmon

resonance creation.

By illuminating such a metallic nanostructure made of noble metals its con-

ductive electrons interact with the incoming electromagnetic field, giving rise to their

collective oscillation in the nanostructure, the so-called localized surface plasmon re-

sonance. The resonance wavelength depends on the shape, size, orientation and the

local environment of the particle, as well as the polarization of the incident light.

These plasmons interact with the light leading to strong scattering and absorption

of light by the nanoparticle. Moreover, due to the plasmon oscillations the electro-

magnetic field in the close vicinity of metallic nanoparticle is strongly enhanced

and highly confined on a scale much smaller than the wavelength of incident li-

ght. The field of plasmonics is a rapidly growing and well-established research area,

which covers various aspects of surface plasmons towards realization of a variety of

plasmon-based devices, which application ranges from reconfigurable meta-surfaces

to biological sensing, including also the opto-electronics.

The synergy of graphene and plasmonically active nanoparticles thus offers an

opportunity to create an ultra-fast and super-sensitive photodetection device. Addi-

tionally to the enhanced graphene intrinsic absorption, the properties of plasmonic

particles are transferred, making this hybrid conjugate behavior dependent on the

wavelenght of incoming light. The development of such a novel graphene / nano-

particle hybrid devices is currently the subject of tremendous research interest. The

functionality and properties of such a hybrid device are determined by the transfer

of energy between the localized surface plasmon in the metal nanoparticle and the
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graphene. Despite the intensive research the exact underlying mechanism causing

the energy redistribution in this system is not given yet. However, answering this

fundamental question is necessary to fully understand and improve the devices using

the graphene / nanoparticle conjugate to convert light into electricity and thus find

its place as an application in the fields of photodetection and photovoltaics.

This thesis

This work was done under the supervison of prof. RNDr. Tomáš Šikola, CSc. in close

cooperation with Eindhoven University of Technology (TU/e). Here, author of this

thesis became a member of the scientific research groups Molecular Materials and

Nanosystems (M2N) and Molecular Biosensing for Medical Diagnostics (MBx). Most

of the experiments later on published and discussed in this thesis were proceeded

in the laboratories of these groups under thorough supervisions of dr. Peter Zijlstra

and dr.ir. Cees F.J. Flipse.

In this thesis the necessary theory, exprimental methods, numerical calculations

and experimental results are discussed to achieve an efficient photodetection using a

graphene photodetector based on plasmonic nanoparticles and to determine the un-

derlying mechanism responsible for the interaction between graphene and plasmonic

nanoparticles.

In Chapter 1 the brief introduction into graphene is given, focusing on its electro-

nic and optical properties. The attention is paid mainly to the generation of pho-

tocurrent in graphene showing the extraordinary property of graphene - the carrier

multiplication. In Chapter 2 the theoretical background for the optical behavior of

plasmonic particles is given. The first section discusses the optical response of a bulk

metal and the second one focuses on the optical properties of metal nanoparticles

giving the emphasis on plasmon damping channels. Later on, the Mie and Rayleigh

theories are introduced followed by the discussion of gold nanorod properties. The

last section then discusses the possible interactions between gold nanoparticles and

an underlaying graphene substrate.

Chapter 3 deals with preparation of samples later used for experiments. The

photodetection experimets are thoroughly discussed in Chapter 4, wherein the de-

tailed description of prepared samples is given followed by measurements of photo-

responce of the prepared devices. Chapter 5 treats the interaction of gold nanorods

with graphene. The first section discusses the numerical calculations of the system,

the second one describes microscopy and spectrosopy of gold nanoparticles. The

2



last two sections then deal with the white-light spectroscopy measurements of single

particles on graphene in order to determine the particle plasmon damping pathways

present in the system.

The final chapter of this thesis then concludes the obtained results, summarizes

the work done in this thesis and finishes with an outlook on possible improvements

and future applications.

3



1 GRAPHENE

Graphene is a two-dimensional crystal of carbon, meaning a single atomic layer of

carbon atoms. Two-dimensional crystals have been studied on a theoretical level

from the first half of the 20th century starting with work by Peierls [1] and Landau

[2]. Both of them concluded that such materials are thermodynamically unstable

(tend to decompose or segregate) due to thermal fluctuations preventing a long-

range crystalline order at finite temperatures. Graphene itself, specifically its band

structure, was described later in 1947 by Wallace [3].

In 2004 groundbreaking research was done by Andre Geim and Kostya Novoselov

[4–6] from the University of Manchester. They successfully isolated graphene sheets

using a mechanical exfoliation method. Geim and Novoselov were later (in 2010)

awarded the Nobel Prize in Physics ”for groundbreaking experiments regarding the

material graphene”. In spite of Peierls’ and Landau’s theory two dimensional crystals

were found to be stable enough due to the gentle warp of the crystal [7]. Graphene

exhibits unique mechanical [8], electronic [6,9] and photonic [10,11] properties which

attract a great interest in research and industry.

Here, in this chapter, the graphene electronical properties with emphasis on the

doping effect are discussed. Later on, the optical properties of graphene are described

followed by discussion dealing with photocurrent generation in graphene. In this last

section the extraordinary property of graphene - the generation of hot carriers - is

discussed to get basic insight into problematique of photodetection using graphene

layers.

1.1 Electronic properties of graphene

The carbon atoms in graphene are arranged in a hexagonal honeycomb lattice due

to sp2 covalent bonds. It is these sp2 bonds which are responsible for extraordinary

properties of graphene. In graphene the carbon s and p in-plane orbitals (px and

py) are hybridized creating a strong covalent σ-bond between neighbouring carbon

atoms. The sp2 bonds and their conformation are the nature of high mechanical

strength of graphene. The unaffected out-of-plane pz orbitals lead to the creation of

π bonds which are responsible for the unique electronic properties of graphene.

The thickness of graphene d is assumed to be equal to the extension of the out-

of-plane π orbitals [12], giving d ≈ 3.4
◦
A [7]. The hexagonal structure of graphene,

as shown in figure 1.1a, can be seen as a rhombic lattice with a basis of two crys-

tallographically equivalent atoms A and B per unit cell. The lattice basal vectors ~a1

4



Fig. 1.1: a) Schematic image of the graphene honeycomb lattice in the real space,

b) schematic picture of graphene reciprocal lattice. The designation A and B corre-

sponds to the two crystallographically equivalent atoms belonging to unit cell of

graphene, ~a1 and ~a2 are the lattice basal vectors, ~b1 and ~b2 are the reciprocal-lattice

vectors. Γ, M, K and K’ are high symmetry points of the reciprocal Brillouin zone ,

Γ corresponds to the centre of first Brillouin zone, M is the symmetry point at the

halfway to another atom in the reciprocal lattice and K and K’ are the Dirac points.

and ~a2 [7] can be then written as

~a1 =
a

2

(
3,
√

3
)
, (1.1)

~a2 =
a

2

(
3,−
√

3
)
, (1.2)

where a = 1.42
◦
A is the distance between two neighboring carbon atoms in the

lattice. The size of the basal vectors gives the lattice constant of graphene aG =

2.46
◦
A. The reciprocal lattice of graphene is depicted in figure 1.1b, note that one

hexagon corresponds to the Brillouin zone of graphene. The reciprocal-lattice vectors
~b1 and ~b2 are given by

~b1 = 2π
~a2 × ~n
|~a1 × ~a2|

=
2π

3a

(
1,
√

3
)
, (1.3)

~b2 = 2π
~n× ~a1

|~a1 × ~a2|
=

2π

3a

(
1,−
√

3
)
, (1.4)

where ~n is the unit vector perpendicular to the plane defined by the vectors ~a1

and ~a2.

The π electrons form valence and conduction bands and thus are responsible

for the electronic properties of graphene. The valence and the conduction bands

5



Fig. 1.2: Electronic dispersion relation in the graphene honeycomb lattice. The figure

corresponds to first Brillouin zone of reciprocal space of graphene and the energy

dispersion relation. In the zoom the energy bands close to one of the Dirac points

are depicted. Adapted from [9].

of electrons in graphene honeycomb lattice touch at six points in reciprocal space

(Fig. 1.2) – in the Dirac points (K, K’) - making graphene a semiconductor with

a zero bandgap. From figure 1.2 it is clear that the band structure has a conical

shape in the vicinity of the Dirac points meaning that graphene exhibits a linear

dispersion relation.

In the case of free-standing graphene with no defects the valence band is fully

occupied and conduction band is completely empty. The Fermi energy of the sys-

tem is therefore at the Dirac points (Fig. 1.3). The linear dispersion relation and

the absence of bandgap provide an opportunity to tune the type and value of the

conductivity in graphene. Tuning can be realized by shifting the Fermi energy for

instance by applying a gate voltage [13, 14], creating defects in the layer [9] or ad-

sorbing atoms or molecules on the graphene surface [15, 16]. By shifting the Fermi

energy level below the Dirac points graphene becomes p-doped and by shifting the

Fermi energy level above the Dirac points graphene becomes n-doped. The lowest

conductivity of graphene appears when the Fermi energy level lies right at the Dirac

point.

This behavior of graphene together with its extraordinarily high carrier mobility1

give a rise of a new generation of electronic components ranging from the high-

1Graphene shows the highest reported carrier mobility from known materials

µ ≈ 4 · 104 cm2V−1s−1 [17] at room temperature and even µ ≈ 2 · 105 cm2V−1s−1

at temparatures close to absolute zero [17].
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frequency transistors [18] to the ultra-sensitive graphene based chemical sensors

enabling sensing of a single atom [16]. Moreover, currently the attention is paid to

highly sensitive graphene photodetectors enabling detection of a single photon [11].

The corresponding optical properties of graphene are discussed in following section.

Fig. 1.3: Schematic picture of the type and value of graphene conductivity as

a function of the Fermi energy level.

1.2 Optical properties of graphene

The adjustment of the Fermi energy level of graphene has a profound effect on the

optical properties. The reason is straightforward, optical transitions are allowed only

between occupied and unoccupied states. In case of undoped graphene the Fermi

energy level lies at the Dirac points allowing the interband optical transitions with

any possible energy. This in principle leads to a strong absorption of the incoming

radiation.

Despite being only one atom-layer thick, graphene is found to absorb a relatively

significant fraction of incident lightA = 2.3± 0.1 % and shows negligible reflectance

R < 0.1 % [19]. Therefore the absorbance of graphene corresponds roughly to 1 − T ,

where T is transmittance. The optical transmittance is spectrally flat in the visible

or near-infrared part of spectrum [19,20] and which is also true when other graphene

layers are added. The dependence of light transmittance on the number of graphene

layers was calculated and experimentaly verified by Zhu et al. [21]. This dependence

is described by the following equation:

T =

(
1 +

1.13πα

2
N

)−2

−→ N =
2

1.13πα

(√
T − T

)
, (1.5)
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Fig. 1.4: The light transmittance throught the graphene / graphite as a function of

the number of graphene layers. The dependence is given by equation 1.5 derived and

verified by Zhu et al. [21].

where T is the transmittance of light, α = e2/hc ≈ 1/137 is the fine-structure

constant and N is the number of graphene atomic layers. The corresponding graph

is shown in figure 1.4.

To get further insight into graphene interaction with light the wavelength de-

pendent optical constants of graphene need to be known. Although it is difficult to

measure the optical constants of a single layer of atoms, Weber et al. [22] determined

the complex dielectric function and thus complex refractive index by spectroscopic

ellipsometry measurements (Fig. 1.5). However, this optical constants are not fully

realiable because graphene is strongly anizotropic medium, where the optical con-

stants are different in in-plane and out-of-plane directions. Nevertheless, this data

gives trustworthy spectral results even when a simple Fresnel model is applied. More-

over these data will be later used for numerical simulations described and discussed

in detail in section 5.1.

1.3 Generation of photocurrent in graphene

Due to the absence of a bandgap graphene can absorb light and convert it into a

photocurrent over a wide range of the electromagnetic spectrum, from ultraviolet

8



Fig. 1.5: Complex refractive index of graphene measured by spectroscopic ellipso-

metry [22].

to visible and infrared regimes [10]. However, the mechanism of photocurrent gene-

ration in graphene is still debated in literature. There are two competing channels

responsible for the origin of the photoresponse: the photothermoelectric and the

photovoltaic effect, both described in detail later in the text. Importantly graphene

offers the opportunity to create multiple electrone-hole pairs when absorbing a single

photon, resulting into a phenomenon called carrier multiplication [23].

The incident photon is absorbed and generates an initial electron-hole pair which

then relaxes into non-equilibrium hot carriers with a temperature higher than that

of the lattice [24,25] (Fig. 1.6a). The expression hot carrier means that the electron

or hole possesses an excess energy (higher than thermal energy) compared to the

Fermi energy level of the system.

The processes enabling redistribution of primary photoexcited carriers into a hot

carrier distribution are: Auger-like processes, electron-electron scattering, electron-

phonon scattering and optical phonon emission (Fig. 1.6b). One can distinguish two

types of the Auger-like processes, both the Auger recombination and the impact

ionization occurs especially in the case of undoped graphene [23,27,28]. During the

Auger recombination an electron is scattered from the conduction band into the

valence band (1), while the corresponding energy is transferred to another electron.

9



Fig. 1.6: The carrier multiplication in graphene: a) Schema of initial photon absorp-

tion and subsequent energy relaxation resulting in creation of hot carriers distribu-

tion. The figure is adapted from [26]. b) Schematics of possible energy redistribution

processes: Auger recombination, impact ionization, electron-electron (e-e) interband

and electron-electron intraband scattering. Note that all these processes occur also

for holes.

This second electron is then brought to an energetically higher state within the

conduction band (2). The opposite and also more probable Auger-like process is the

impact ionization [23,27]. Here an electron relaxes to an energetically lower state (1)

inducing the excitation of an electron from the valence band into the conduction

band (2) resulting in an increase of the hot carrier density. Both processes also

occur for holes in an analogous way. The third possible energy relaxation process

of photoexcited carriers is the electron-electron scattering. Unlike the Auger-like

processes the probability of Coulombic scattering is much higher, especially in the

case of doped graphene [24–26, 29]. The Coulomb-induced scattering events occur

for both interband and intraband transitions leading to a significant increase of the

carrier density. Again, these relaxation processes occur also for holes.

Other phenomena of hot carrier relaxation is electron-phonon scattering and op-

tical phonon emission [23, 27]. These processes transfer the energy of photoexcited

carriers into the lattice. Nevertheless, the energy redistribution from photoexcited
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carriers to the lattice is extremely inefficient [29] resulting in the quenching of the

electron-phonon scattering and the optical phonon emission channels. Due to this

bottleneck the carrier density is distinctly enhanced and its temperature stays hot-

ter than that of lattice for a few picoseconds [26, 30–34]. Eventually the hot carrier

distribution relaxes to equlibrium with the lattice particularly by electron-hole re-

combination.

Once the enhanced hot carrier distribution is established, the charge carriers can

be directed towards contacts to yield the photocurrent due to either the photother-

moelectric or the photovoltaic effect or their combination. The following sections

describe these two effects.

1.3.1 Photovoltaic effect

In most of photo-sensitive device types and configurations the photoresponse is

governed by the photovoltaic effect. The electron-hole pairs created by absorbing

photons are separated by a built-in field established inside the system. These free

carriers, both the electrons and the holes, then contribute to the photocurrent.

The presence of the internal electric field capable of separating the light induced

electron-hole pairs is crucial for the function and properties of devices. The efficiency

of exciton separation is proportional to the electric potential step ∆V across the

system.

The built-in field in the graphene layer can be established by direct doping by

atoms or molecules [15,16], contacting of graphene with metal contacts [35,36] or by

applying a gate voltage [13,14]. The photovoltaic nature of the photocurrent in gra-

phene is supported especially by earlier works dealing with a photocurrent response

in the vicinity of graphene-metal contacts [13, 14, 37–39]. The latest work [40] also

supports the photovoltaic effect in graphene but only as a contribution to the total

photocurrent.

1.3.2 Photothermoelectric effect

On the other hand, there is a plenty of publications [24, 26, 40–45] dealing with the

photo-thermoelectric effect as a source of the photocurrent generated in graphene.

The photothermoelectric effect results from the local heating of a junction between

two different materials by an incident light. The strength of the the thermoelectric

effect is described by Seebeck coefficient and can be written as:

I =
s1 − s2

R
∆T, (1.6)

where I is the electric current, s1 and s2 are the Seebeck coefficients of the two

materials, R is the electrical resistance of a device and ∆T is the temperature
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difference. In case of graphene the temperature difference is established by the local

creation of hot carriers with temperature THC giving

∆T = THC − T0, (1.7)

where T0 is the temperature of the lattice. The photocurrent is further governed

by the Seebeck coefficients. The Seebeck coefficient is determined by the formula

derived by Mott [46]:

s = −π
2k2

BTHC

3e

1

σ

dσ

dµ
, (1.8)

where kB is the Boltzmann constant, e the elementary charge, σ the conductivity

and µ the chemical potential. Equation 1.8 shows a dependence of the Seebeck

coefficient on conductivity and chemical potential. This can be fully exploited in

the case of graphene, where both can be easily tailored by the proper formation

of doping profile created in graphene. This behavior of the Seebeck coefficient in

graphene was calculated [25] and measured [25, 47] giving a good agreement with

formula 1.8.

Due to the existence of hot carrier distribution in graphene the temperature dif-

ference in equation 1.6 is nonzero. Therefore the difference in the Seebeck coefficients

of differently doped areas of graphene is a crucial parameter for the creation of photo-

current by the photothermoelectric effect. The experimental work by Gabor et al. [24]

shows that the photothermoelectric nature of graphene intrinsic photoresponse do-

minates over the photovoltaic effect at temperatures ranging from room temperature

down to 10 K. Moreover, according to the theoretical calculation by Song et al. [25]

the ratio between the photocurrents governed by photo-thermoelectric and photo-

voltaic effects is estimated to be 15 ∼ 20 showing more significant contribution to

photocurrent in graphene caused by photo-thermoelectric effect.

No matter the nature of photocurrent generation in graphene, the graphene la-

yers exhibit spectrally flat light absorption of light of only ∼ 2.3 % [19]. This value is

considerably low for photodetection applications and therefore its significant enhan-

cement needs to be provided. This can be done by placing optimized plasmonic

nanostructures on the graphene surface. Under resonant excitations such plasmonic

nanostructures are capable to focus the electromagnetic radiation into nanometric

areas and thus provide strong electric field enhancements resulting in increasing

absorption and thus enhanced harvesting of a photocurrent generated in graphene.

Moreover, the plasmonic structures give an opportunity to modify the optical re-

sponse by designing both their shape and the size. The following chapter focuses on

such a plasmonic gold structures and discusses their properties and interaction with

graphene.
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2 LOCALIZED SURFACE PLASMONS

Gold crystals were prepared in a colloidal solution for the first time by Faraday in

1857 [48]. Since that, many of their interesting and complex properties were dico-

vered and researched. The most striking one is a collective oscillation of conduction

electrons in the crystal, so-called localized surface plasmon arising from the inter-

action of electrons with electromagnetic fields. Interestingly, these plasmons can be

theoretically described by using classical electrodynamics based on Maxwell’s equati-

ons and solid state physics. The theory of electrodynamics describes the interaction

of both electric and magnetic fields with a matter. However, certain material pro-

perties, like the dielectric function, can not be calculated from the electrodynamics

theory and thus appear in the formulas as input parameters. Therefore, the solid stat

physics comes in and together with electrodynamics is able to describe the physical

phenomena taking place in small metal crystals.

In this chapter the optical properties of a bulk metal and metal nanoparticles are

discussed. First, the Drude model describing the optical response of a bulk metal

is introduced followed by corellation of this model with experimental data for bulk

gold. The optical properties of metal nanoparticles are discussed with emphasis on

the plasmon damping channels and the scattering and absorption of light by nano-

particles are described using the Mie and Rayleigh theory. Later on, the attention is

paid to the optical properties of gold nanorods. In the last section of this chapter the

coupling between gold nanocrystals and graphene is discussed phenomenologically.

2.1 Optical properties of a bulk metal

In 1900 Drude proposed a model describing the optical response of bulk metals [49].

The Drude model considers the electrons in a metal as a gas of independent, point-

like particles which are able to move freely through the material in between collisions.

These electron collisions are incorporated into the model by assuming a relaxation

time τ of free electrons have between two collisions. The idea of the free electron

gas in the metal can be used when only the conduction electrons contribute to

the optical properties. For gold this model is applicable only for the wavelengths

above 700 nm, below this threshold the contribution of internal bounded electrons

to optical properties become significant.

The response of a dielectric medium to electromagnetic waves is described by

the dielectric function ε (ω), also called permittivity, defined in terms of the electric

field ~E, polarization ~P and displacement ~D [50]:

~D = ε0
~E + ~P = εε0

~E, (2.1)

13



where ε0 is the permittivity of vacuum. Thus, the dielectric function can be derived as

follows. The equation of motion for a free electron considering the damping γ0 = 1/τ

caused by electron collisions is [51]

m
∂2~x

∂t2
+mγ0

∂~x

∂t
= −e ~E, (2.2)

where m is the electron mass, ~x is the deviation from the equilibrium position and

e is the charge of electron. When ~x and ~E are supposed to have a harmonic time

dependence e−iωt, the solution of equation 2.2 is of the form [51]

~x (t) =
e

m

1

ω (ω + iγ0)
~x (E) . (2.3)

Conduction free electrons are displaced by an external electric field ~E with respect

to a lattice consisting of positivelly charged ions and hence the material becomes

polarized. Considering the dipole moment of one electron ~p = −e~x and assuming

the density of free electrons n, we can obtain the polarization [51]

~P (t) = n~p (t) = −ne~x (t) = − ne2

mω (ω + iγ0)
~E (t) . (2.4)

Substituting the relation 2.4 for ~P (t) in equation 2.1 gives the dielectric function [51]

ε (ω) = 1−
ω2

p

ω (ω + iγ0)
, (2.5)

where ω2
p =

√
ne2/ε0m is the plasma frequency.

To take into account the quantum mechanical properties and the non-harmonic

behavior of electron caused by the presence of band gaps, we replace the free electron

mass m by an effective mass m∗ defined as m∗ =
h̄2

d2ε/dk2
, where ε is the electron

energy. Basically, it means that electron accelerated upon an external electric field

with respect to an ion lattice behaves like a free electron with an effective mass in-

stead of its natural mass m. Therefore, the final expression for the dielectric function

is then given by [51]

ε (ω) = ε∞ −
ne2

ε0m∗
1

ω (ω + iγ0)
= ε∞ −

ω2
p

ω (ω + iγ0)
, (2.6)

where the plasma frequency is newly given by ω2
p =

√
ne2/ε0m∗. The quantity ε∞

corresponds to the high-frequency term, which occurs due to the interband and core

transitions of electrons. ε∞ is reduced to 1 for metals, where only the conduction

electrons contribute to the optical response. The equation 2.6 is in literature often

reffered as the Drude-Sommerfeld model.
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The dielectric function given by both the Drude model (Eqn. 2.5) and the Drude-

Sommerfeld model (Eqn. 2.6) is obviously a complex function. Therefore, it can be

expressed in form [52]

ε (ω) = ε′ (ω) + iε′′ (ω) , (2.7)

where ε′ (ω) = Re {ε (ω)} is the real part of the complex dielectric function and

ε′′ (ω) = Im {ε (ω)} is its imaginary part. However, the optical properties of

materials can be also described in form of the complex refractive index N (ω), which

can be written in a similar form as the complex dialectric function [52]

N (ω) = n (ω) + ik (ω) , (2.8)

where n (ω) = Re {N (ω)} is the real part of the complex refractive index and

k (ω) = Re {N (ω)} is its imaginary part also called the extinction coefficient. The

complex dielectric function and the complex refractive index are connected together

by the following equations making these two quantities completely interchangeable

for describtion of material optical properties [52]

N (ω) =
√
ε (ω), (2.9)

ε′ = n2 − k2, (2.10)

ε′′ = 2nk, (2.11)

n =

√
ε′

2
+

1

2

√
ε′2 + ε′′2, (2.12)

k =
ε′′

2n
. (2.13)

2.1.1 Experimental bulk dielectric function of gold

The Drude-Sommerfeld model described by equation 2.6 gives good reliable results

for low energies, but the model does not take into account the complex electro-

nic structure of metals resulting from their bound electrons. This leads to large

deviations at higher energies (still corresponding to the visible part of spectrum).

In noble metals, such as gold or silver, the high energy deviatiations are mainly

caused by interband transitions, i.e. the electron excitations from the d-bands into

the conduction band [53]. It is not trivial to incorporate these contributions into the

free-electron model and hence the experimentally measured values of the dielectric

function are often used for calculations.

The most often used experimental data for the dieletric function of gold was

measured by Johnson and Christy [54]. They obtained the results by measuring

the transmission and reflectance of clean metal films in high vacuum. The dielect-

ric function of gold as measured by Johnson and Christy [54] together with the
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calculated Drude-Sommerfeld model (Eqn. 2.6) are shown in figure 2.1. The real

part of Drude-Sommerfeld dielectric function fits nicely to the measured values.

However, the imaginary part is only well approximated by this model at energies

below ∼ 1.8 eV (corresponding to wavelengths above ∼ 700 nm), at higher ener-

gies the interband transitions contributions become significant resulting into large

deviations from the Drude-Sommerfeld model.

Fig. 2.1: The real (left) and imaginary (right) part of the complex dielectric function

ε of gold as measured by Johnson and Christy [54] and the dielectric function

calculated using the Drude-Sommerfeld, the parameters used in equation 2.6 are

ωp = 9.1 eV, γ0 = 73 meV and ε∞ = 9.5 [55].

2.2 Optical properties of metal nanoparticles

Plasmons, the collective oscillations of conduction electrons, are the most specta-

cular property of metal nanoparticles. By creation of a plasmon in a particle the

extraordinary optical properties appears giving strong light absorption, scattering

and field enhancement in the close vicinity of the particle. These properties are

strongly determined by the particle shape and dimensions giving rise, for example,

to the vivid colour of their colloidal solution. In following text the discussion dealing

with the optical properties of metallic nanoparticles is performed starting with the

corrections to the dielectric function of nanoparticles.

In the case of nanoparticles the degrees of freedom are decreased comparing

to bulk materials resulting in creation of extra damping channels. The additional

damping is caused mainly by two factors: the surface scattering and the radiation

damping. The surface-induced scattering increases the oscillation damping due to

extra collisions between the electrons and the particle surface. Thus, this channel
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becomes significant for very small nanoparticles and its value is inversely proporti-

onal to their dimensions [53]. On the other hand the radiation damping occurs due

to plasmon resonant modes coupling to the applied electromagnetic field resulting

in dipole creation and subsequent light radiation [55]. This damping channel is ex-

pressive for large volumes and for spherical nanoparticles becomes dominant for at

radii larger than 80 nm.

Due to these extra damping channels, the correction of the dielectric function

for nanoparticles needs to be done. The corected dielectric function is given by [55]:

ε (ω) = εJC +
ω2

p

ω (ω + iγ0)
−

ω2
p

ω (ω + iγ)
, (2.14)

where the second term in the Drude-Sommerfeld dielectric function (Eqn. 2.6) is

subtracted from the experimental dielectric function determined by Johnson and

Christy εJC [54] and is replaced by a term with the corrected damping factor γ. The

corrected damping factor is given by [55]:

γ = γ0 + γS + γR =
1

τ
+ A

vF

λeff

+ 2κV, (2.15)

where γ0 is the contribution of bulk gold, γS = A
vF

λeff

is the surface-scattering

term and γR = 2κV is the term corresponding to radiation damping [55, 56]. Mo-

reover, vF is the Fermi velocity, λeff the mean free path of conduction electrons

in the nanoparticle dependent on the dimensions of the particle (see below), A

and κ are empirical constants and V is the volume of the particle. Coronado and

Schatz [57] showed the mean free path is given by 4V/S, where V is the particles

volume and S its surface area. The constant A is of the order of unity [56] and

κ = (5.5 ± 1.5) · 10−7 fs−1nm−3 [53,55]. Equation 2.15 clearly shows the surface

scattering is dominant for small nanoparticles (small term λeff) and the radiation

damping is then dominant for larger particles (due to the large term V ).

In general, the plasmon damping is caused by energetic losses and results in

a finite the width of the plasmon resonance Γ. The decay of the excited electron

population may occur by both radiative and non-radiative processes as schema-

tically shown in figure 2.2. The radiative decay channel is the energy relaxation

by transformation of plasmons into photons and thus occurs for instance through

the scattering or luminiscence. On the other hand, in the non-radiative decay the

collective oscillation dephases due to electron-electron scattering resulting in an

electron-hole pair formation. These electrons are excited into empty states in the

conduction band. If the initial states of these excited electrons are located in the

conduction band, the corresponding electrons transitions are called intraband. On

the other hand the electron excitations from the d-bands are called interband. In
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Fig. 2.2: Schematic representation of the particle plasmon damping channels in

noble-metal nanoparticles. The decay can be either radiative or non-radiative. Du-

ring the radiative decay a photon is emitted and the non-radiative decay occurs

via excitation of electron-hole pairs either by intraband transition (within the con-

duction band) or the interband transition (from the d-band into the conduction

band).

the case of non-radiative decay channel the energy is after plasmon excitation also

transferred into the lattice through electron-phonon coupling giving the heating of

the lattice [58].

Interband, intraband and radiation damping channels are the most important

contributors to the particle plasmon dephasing. The non-radiative channels are do-

minant over the radiation damping for small nanoparticles, whereas the radiative

decay becomes larger for bigger nanoparticles since the scattering cross section is

proportional to square of volume [58]. The interband damping channel is suppressed

for low energies, for gold the threshold energy value can be estimated from the die-

lectric function measured by Johnson and Christy [54] giving the value of ∼ 1.8 eV.

When a gold nanoparticle is illuminated by an electromagnetic wave the radiation

penetrates into the material. The corresponding penetration depth can be easily

determined [59] by using the data obtained by Johnson and Christy [54] giving

values of 30 ∼ 40 nm for the optical wavelengths. This value is comparable to the

dimensions of nanoparticles resulting thus in full penetration of the incident light

into the particle. This leads to a collective displacement of conduction electrons with

respect to the immobile positively charged gold ions in the particle. The positive and

negative charges attract each other giving rise to a restoring force. By combination

of this restoring force and the mass of electrons a spring-mass system is created and

its harmonic oscillations are generated. This collective oscillation of the conduction
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electrons in a metal nanoparticle is called a localized surface plasmon resonance

(LSPR) or a particle plasmon.

The plasmons in a metal nanoparticle can be described as a damped harmonic

oscillator with an external driving force, which is an incident electric field. Therefore,

the frequency spectrum of the excited LSPR is a Lorentzian lineshape characterized

by the positon of the maximum, the eigenfrequency ω0, and the full width at half

maximum (FWHM) ∆ω. In the energy units the FWHM is called the plasmon

resonance width or the linewidth Γ and it is given by Γ = h̄∆ω. Considerring the

mentioned quantities, the Lorenzian frequency spectrum of LSPR can be written as

follows

E (ω) =
E0

2π

Γ

2h̄

(ω − ω0)2 +

(
Γ

2h̄

)2 , (2.16)

where E is the electric field present in the nanoparticle and E0 is the amplitude of

the electric field component of incident electromagnetic wave. Equation 2.16 clearly

shows the presence of large oscilation amplitudes when the frequency of the inci-

dent light is in resonance with the plasmon frequency, even for small incident light

amplitudes.

2.2.1 Mie theory

In 1908 Mie published a theory [60] providing an analytical solution for the scattering

and the absorption of light by a metal sphere, spheroid or ellipsoid. This theory is

derived from Maxwell’s equations within use of the appropriate boundary conditions

resulting in final application of a multipole expansion of electromagnetic fields. A

thorough description of the Mie theory can be for example found in Bohren and

Huffamn [51]. The Mie theory enables one to calculate the electromagnetic field

inside and outside of the spherical particle of any dimension wit a great precision.

However, the Mie theory is rather complex. Therefore, in the regime where the

particle size is much smaller than the wavelength, a straightforward quasi-static

approximation is generally preferred. Here, in this thesis, the attention is only paid

to such small nanoparticles and, therefore, this quasi-static approximation, which is

the first-order approximation of the Mie theory, can be used.

2.2.2 Quasi-static approximation

A metal nanoparticle upon an electromagnetic field act as an oscilating dipole at

the plasmon frequency due to its alternating surface charges (Fig. 2.3) resulting

thus in absorption and scattering of the incident light. Both, the scattering and
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Fig. 2.3: a) Oscillation of an electron ”cloud”in a spherical nanoparticle caused by an

external oscillating electric field. b) The charge separation in a nanosphere conside-

ring the quasi-particle approximation. Here, the external electric field ~Eext constant

over the whole particle volume induces a restoring electric field ~Eint inside the sphere.

the absorption, can be relatively simply calculated for particles much smaller than

the wavelength of the incident light by a simplified Mie theory called quasi-static

approximation (sometimes also reffered as the Dipole approximation or Rayleigh

theory).

In this situation the external electric field has the same phase over the whole

nanoparticle volume, similarly to electrostatics. Therefore, the illuminated particles

in the quasi-static approximation behaves like an oscilating dipole and the field out-

side of the nanoparticle can be described as a superposition of the external field and

the field of the point dipole localized in the geometrical center of the nanoparticle.

The scattering and absorption of the light caused by a particle is quantified by the

optical scattering σsca (ω) and absorption σabs (ω) cross sections, which are defined

as Psca (ω) = I0 (ω) · σsca (ω) and Pabs (ω) = I0 (ω) · σabs (ω). Here the Psca (ω) and

Pabs (ω) are the power of the scattering and the absorption respectively, and I0 is the

incident light intensity. The total attenuation of the light beam by a nanoparticle is

then given by the extinction cross section σext = σsca + σabs.

The optical cross sections of a metal nanosphere can be easily calculated from the

polarizibility α, which for a sphere is given by the Clausius-Mossotti relation [51]:

αsphere = 3ε0V
ε (ω)− εm

ε (ω) + 2εm

, (2.17)

where ε0 is the vacuum permittivity, V is the volume of the nanoparticle and ε (ω)

and εm are the dielectric functions of the metal and surrounding medium, respecti-

vely. The optical cross sections are then obtained with the following expressions for

the absorption cross section σabs, given by [51]:

σabs =
k

ε0

Im {α} , (2.18)
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and for the scattering cross section σsca [51]:

σsca =
k4|α|2

6πε2
0

, (2.19)

where k = 2π/λ is the wave number of light in the surrounding medium.

Here, we have shown the theoretical description of behavior of nanosphere being

illuminated by light within the quasi-static approximation. Later in the following

text, the description of elongated particles, such as nanorods, in terms of the quasi-

static approximation will be discussed. But, at first let us give some introduction

into the issue of gold nanorods.

2.3 Optical properties of gold nanorods

Elongation of originally spherical plasmonic nanoparticles causes lowering of their

geometrical symmetry resulting in an enrichment of their plasmonic properties. The-

refore, gold nanorods exhibit anisotropic plasmon reponses to the incident light

illumination. There are two independent LSPR modes present in a nanorod, the

longitudinal and the transversal mode. The first one corresponds to the collective

oscillation of conduction electrons along the nanorod long axis and the latter mode

is associated with electron oscillations in directions perpendicular to the nanorod

axis [58, 61]. Both modes are dipolar resonances for nanorods smaller than appro-

ximately 100 nm in lenght and thus can be efficiently excited by external plane

waves [62].

The nanorod transversal LSPR mode corresponds to a LSPR of spherical particle.

Therefore, the position of trasversal mode is located nearby the position of gold

spheres’ LSPR λT ∼ 520 nm [58, 61]. On the other hand, the longitudinal LSPR is

located at the red side of the transversal one and its direct position is determined

mainly by the aspect ratio1 of the nanorod [63,64]. By increasing the nanorod aspect

ratio the longitudinal mode position red-shifts almost linearly (Fig. 2.4a) followed by

an increase of the corresponding peak intensity (Fig. 2.4b). Unlike the longitudinal

LSPR, the transversal mode is not affected by aspect ratio changes giving almost

constant values for both the position (Fig. 2.4c) and the peak intensity [63,64]. The

increase of the peak intensity showed in figure2.4c is caused by the increasing gold

nanorod volume used in calculations [64].

Both plasmonic modes present in gold nanorods suffer from the energy losses

caused by various damping channels discussed in detail in section 2.2. However, an

interesting feature arises from the behavior of the longitudinal LSPR. By increasing

the gold nanorod aspect ratio and the subsequent red-shifting of the longitudinal

1The aspect ratio is defined as a ratio between the length and the diameter of the rod.
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Fig. 2.4: Plasmonic properties of gold nanorods: a) The longitudinal LSPR position

as a function of the aspect ratio of nanorod. b) Red-shifting and intentsity increasing

of the longitudinal LSPR peak with the increasing the aspect ratio of a gold nanorod

and c) a nearly constant peak position and linewidth of transversal LSPR mode.

The increasing of intensity here is caused by inreasing of gold nanorod volume in

performed calculations. The pictures are taken from references [61,64] and edited.

mode position the LSPR band gets away from the gold interband transition area.

That results in reduction of damping channel caused by the interband transitions

and almost its quenching for rods with the high aspect ratio [58, 61].

The closing of the interband transition damping channel results in an extremelly

strong electric near-field enhancement in the nanorod vicinity for the longitudinal

LSPR [64]. The largest amplitudes are then present at the regions with high curva-

tures, such as the two end of the nanorod [64]. These effects make the longitudinal

LSPR of gold nanorods extremelly sensitive to the changes in refractive index of

surroundings, enabling for example photosensing of even a single molecule [65].

2.3.1 Gold nanorods in quasi-static approximation

In paragraph 2.2.2 the analytical solution of light scattering and absorption by a

metal sphere using a quasi-static approximation was given. However, the Rayleigh

theory enables one to get analytical results also for elongated particles satisfying the

condition of particle dimensions much smaller than the wavelength of incident light.

However, the nanorod needs to be approximated by a cigar-shaped ellipsoid.

The elongated particles have an anisotropic polarizability and therefore a geo-

metrical factor Li is incorporated into the polarizibility equation. The polarizibility

αi in a field along one of its three principal axes i is given by [51]:

αi = ε0V
ε (ω)− εm

εm + Li (ε (ω)− εm)
, (2.20)

where the Li depends on the particle geometry. For a considered ellipsoid, where the

22



semi-axes follow the relation a > b = c. The geometrical factors are given as [51]:

L1 =
1− e2

e2

(
1

2e
ln

[
1 + e

1− e

]
− 1

)
and L2,3 =

1− L1

2
, (2.21)

where i = 1 is for the polarization of the incoming field along the long axis and

i = 2, 3 for the polarization along the two short axes. The ellipsoid eccentricity e is

given by e =
√

1− b2/a2. Note, that for spherical particle the geometrical factors

Lsphere are all equal to 1/3 and thus equation 2.20 is reduced into the form of equation

2.17 corresponding to a polarizibility of the sphere.

Nevertheless, the analytical solution of optical cross sections given by quasi-

static approximation suffers from the shape approximation done for nanorod by

assuming it as the ellipsoid. The exact shape of nanorods used in our experiments is

a spherically capped cylinder. Moreover, the difference in shapes results in a different

volume V of the nanoparticle giving real larger cross sections for spherically capped

cylinders. Therefore, the calculation of scattering cross sections of gold nanorod is

performed in this thesis numerically using the finite-difference time-domain (FDTD)

method applicable for various shapes and nanostructures.

2.3.2 Gold nanorod properties calculated by FDTD

simulations

The FDTD method has become one of the most widely used methods for solving

Maxwell’s equations in structures of complex geometries [66, 67]. FDTD is a grid-

based differential numerical modeling method based on discretization of Maxwell’s

equations in space and time domains. To implement the FDTD solution of Maxwell’s

equations, a computational mesh has to be first designed. The computational mesh

is composed of individual domains which basically is the physical region over which

the simulation is performed. Then, both the electric and the magnetic fields are

determined at every point of mesh and the process is repeated over and over again

until the desired transient or steady-state electromagnetic field behavior is fully

evolved [66, 67]. The computed system is determined by specifying the material of

each mesh cell. Typically, the material is either free-space (air), metal, or dielectric

and can be fully specified by either the dielectric function or the refractive index of

a material acting here as an input parameter.

In this thesis the FDTD calculations are done using commercial software Lu-

merical [66]. The proper discussion about the used calculation configuration, data

processing and obtained data reliability is given in section 5.1. Here, the example

of the scattering spectra and electric field distribution around and inside of a gold

nanorod for both LSPRs are shown in figure 2.5. The obtained results correspond
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Fig. 2.5: FDTD calculations for scattering intensity and electric field distribution

for a gold nanorod with the aspect ratio 2.75, diameter 40 nm and length 110 nm in

vacuum illuminated by plane wave: a) Longitudinal LSPR with a peak position of

λL = 621 nm, b) transversal LSPR with a peak position of λT = 523.9 nm. The

normalized electric field enhancement around the nanorod for the longitudinal c)

and the transversal d) LSPR bands. Gold was characterized from the experimental

data measured by Johnson and Christy [54].

to a spherically capped cylindrical gold nanorod with the aspect ratio 2.75 and dia-

meter 40 nm located in vacuum. As the input material data for gold, the dielectric

function measured by Johnson and Christy [54] was used.

2.4 Coupling between graphene and gold nano-

particles

Localized surface plasmons have finite lifetimes after which they decay either radia-

tively by emitting a photon or non-radiatively via intraband or interband transitions

resulting in generation of electron-hole pairs. By placing a nanoparticle showing up

LSPRs onto a substrate, an additional plasmon damping channel is created [58,61].

In this section, the effect of underlaying graphene substrate on plasmonic nanopar-

ticle behavior is duscussed.
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The energy of LSPR oscillating in nanoparticle is redistributed into graphene

sheet causing a broadening of the LSPR peak. Surprisingly, graphene, the one

atom thick carbon layer (d ≈ 3.4
◦
A), contributes to the plasmon damping signi-

ficantly [68, 69]. According to literature there are two plasmon damping channels

causing the plasmon energy redistribution into graphene: the classical dielectric in-

teraction between the nanoparticle and the underlaying graphene and the injection

of the hot electrons generated by illuminated particle into the graphene. Both effects

are in detail discussed in following paragraphs.

2.4.1 Dielectric interaction

The presence of the underlaying substrate brings a symmetry breaking of the die-

lectric environment surrounding the nanoparticle. The enhanced electric field in the

particle vicinity also penetrates into the underlaying substrate causing the electrical

field enhancement in the substrate. The excitation of LSPRs in the metal nanocrys-

tal results into induction of image charges in the underlaying substrate [58]. These

image charges then interacts with the free electron cloud oscillating in the particle

and thus affects the dynamic behavior causing the hybridization in the nanoparticle.

That results either in red or blue shifting of the particle plasmon position determi-

ned mainly by the real part of the substrate refractive index. Moreover, the result is

the creation of an additonal plasmon damping channel determined especially by the

imaginary part of refractive index of the substrate. In the case of metallic substrates,

the LSPRs excited in the particle can strongly couple with propagating plasmons at

the metal substrate surface addionally to the image charge induction effect [58,61].

In the case of graphene the enhanced electric field caused by the illuminated

particle penetrates in graphene where enhances the excitation of carriers. These

excited carriers then can create a dipole oscillations antiparallel to that of present

in the particle. This antiparallel image dipole then reduces the internal field in

the nanoparticle resulting in the particle plasmon shift and broadening of which

amplitudes are then determined by the complex refractive index of the graphene

(Fig. 1.5) and its effective thickness (≈ 3.4
◦
A).

The work done by Niu et al. [70] supports the idea of electromagnetic field

coupling between plasmonic nanoparticles and underlaying graphene. Here the red

shift of the LSPR wavelength was reported, however no peak broadening was dis-

cussed [70].
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2.4.2 Hot carriers interaction

However, the recent work done by Hoggard et al. [69] shows a significant particle

plasmon broadening, when the particle is placed on graphene. The value of this broa-

dening is significantly higher than expected from the classical dielectric interaction

and thus attributed to another interaction effect between the nanoparticle and the

graphene - the hot electrons injection from the particle into the graphene. Some

hot electrons generated in the particle conductively couple with the graphene resul-

ting in their transfer into the graphene layer [71] giving the enhancement of carrier

density in graphene and therefore shifting of the Dirac point position [72, 73]. On

the other hand the conductive coupling also perturbs the oscilating electron cloud in

nanoparticle, which might cause a shift and broadening of the plasmon resonance.

To remind, the term ”hot carriers” corresponds to the case when the energy dif-

ference between the excited electron or hole and the Fermi energy level is bigger than

the energies of relevant thermal excitations. In general, the excitation of a particle

plasmon, with associated near-field enhancement, results also in generation of hot

carriers [74]. At the birth of each photogenerated hot carrier is a photon absorption

event. Therefore, the number of hot electrons generated by a particle closely follows

its absorption spectrum with some oscillations originated from the discreteness of the

electronic levels of the nanoparticle [75]. The hot carriers are especially generated in

the regions of the particle where the field enhancement is large [74,75]. Thus, by in-

creasing the particle size the number of generated hot carriers is enhanced. However,

only a small fraction of generated hot carriers can escape out of the particle, be-

cause the ejection process competes with very fast carrier relaxation processes [75].

Nevertheless, the injection of excited hot carriers into surrounding materials has

been already reported by several works [76–78]. Anyway, from the particle plasmon

point of view, the generation of hot carriers acts as an additional damping channel

broadening the intrinsic linewidth of LSPR peaks [76].

For a gold nanoparticle placed on a graphene, the formation of a purely con-

ductive coupling plasmon damping channel was reported in works done by Ho-

ggard et al. [69] and Dejarnette et al. [71]. Moreover, the conductive coupling effect

for the graphene has been also supported by work done Konstantatos et al. [79]

showing the hole transfer from illuminated quantum dots into graphene.

However, the interaction of a plasmonic particle with graphene is most likely

determined by a combination of both effects the dielectric interaction and the hot

carriers injection. The combinanition of these effects has been supported by several

publications [72,73,76]. In chapter 5, the experiments focusing on the gold nanorod

interaction with graphene and attempting to distinguish between possible interaction

pathways will be discussed.

26



3 SAMPLE PREPARATION

In this chapter the preparation of samples will be discussed. First, we describe the

growth of epitaxial graphene on silicon carbide (Section 3.1). This is followed by a

description of the mechanical exfoliation of graphene (Section 3.2), and the thickness

measurement technique (Paragraph 3.2.1). Graphene layers prepared by these pro-

cedures will then serve as a substrate for gold nanorods. The gold nanoparticles can

be directly deposited from their colloidal solutions on graphene according to the

procedure developed by Quintana et al. [80]. However, this method was not used in

this work asi it is not straightforward and, consequently, it leads to deterioration

of graphene electronic properties. Therefore, a different approach for gold nanorods

deposition was chosen (Chapter 3.4). First, gold nanorods were deposited onto a

glass substrate and later on transferred onto graphene.

3.1 Growth of epitaxial graphene

The epitaxial growth of graphene by thermal decomposition of silicon carbide is

based on annealing of the SiC substrate at high temperatures leading to evaporation

of silicon atoms from the surface [81]. The vapor pressure of silicon is higher in

comparison with carbon at a given temperature, enabling silicon atoms to evaporate

layer-by-layer while carbon atoms form the graphene layer. There are more than

200 crystallographic configurations of SiC, but for the graphene growth by thermal

decomposition 4H-SiC(0001) and 6H-SiC(0001) polytypes are the most appropriate

ones. It is worth mentioning, that in this thesis the epitaxial graphene growth is

performed on the Si-terminated face of SiC.

The graphene growth was carried out in a home-made furnace of the M2N group

at TU/e [82]. After inserting SiC wafers (5 × 5 mm2) into the furnace the dega-

sing of samples was done at a temperature of 825 ◦C in vacuum. The process of

graphene growth consists of two steps (Fig. 3.1). The first step is the etching of a

SiC substrate at 1550 ◦C in hydrogen atmosphere at a pressure of 1000 mbar. This

step removes surface defects and impurities. During the hydrogen etching, an oxide

layer and several layers of SiC are etched away, leaving the wafer surface atomically

smooth and reconstructed into highly uniform terraces. The orientation of terraces

and their width depend on the mis-orientation cutting angle with respect to the

(0001) crystallographic plane.

The second step is a graphene growth itself (Fig. 3.1). During the growth, the

etched SiC wafers are annealed at high temperature either in an vacuum or in argon

atmosphere. In the case of annealing in vacuum the resulting graphene samples have

low uniformity and contain lots of defects randomly distributed over the surface. The
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Fig. 3.1: The schematic illustration of the epitaxial graphene growth on a SiC sub-

strate by thermal annealing. Hydrogen etching of SiC results in removing several

SiC layers and the oxide layer. Then, graphene is grown on the top of etched SiC by

annealing in argon atmosphere. Gray, violet, red and blue spheres indicate carbon,

silicon, oxygen and carbon atoms forming graphene, respectively. Taken from [83].

quality of epitaxial graphene can be significantly improved by performing the anne-

aling step at a high pressure in an argon atmosphere. The presence of argon results

in the lowering of the silicon evaporation rate, therefore the growth temperature can

be increased up to 1650 ◦C. The higher temperature enhances the diffusion of carbon

atoms at the surface and therefore the surface is reconstructed before the graphene

layer is finished. Hence, such samples exhibit remarkably improved morphology with

wide, straight and continuous terraces of graphene [83–85].

During the growth process a buffer layer is formed in between the SiC substrate

and the graphene layer (see the right part of figure 3.1). This buffer layer consists

of an unfinished graphitic layer connected to the SiC substrate by several covalent

bonds, but its important feature is the dangling bonds arising from the silicon atoms

in first SiC layer and pointing directly into the graphene. These silicon dangling

bonds act as a strongly localized scattering centers for carriers in graphene and thus

heavily influence the electronic properties of epitaxial graphene [86].

The presence of graphene on the top of a silicon carbide wafer is verified by

the Raman spectroscopy. In the case of epitaxial graphene on silicon carbide the

Raman spectrum is significantly influenced by the underlaying SiC. Therefore, the

Raman spectra of SiC needs to be recorded separately and then subtracted from the

measured spectrum of the epitaxial graphene [87]. Such a spectrum is depicted in

figure 3.2. The measured spectras show graphene of a good quality which is apparent

from the low intensity of the D-peak positioned at ∼ 1340 cm−1. The intensity of

this peak is related to the number of the defects in the graphene layer [88].
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Fig. 3.2: Raman spectrum of pure epitaxial graphene grown on SiC. The measure-

ment was performed by Renishaw inVia setup, using an excitation laser with the

wavelength 514 nm and the integration time was 10 seconds. First the spectrum of

graphene grown on SiC was recorded and subsequently the spectra from the SiC

substrate was measured and subtracted from the former one, providing thus the

Raman spectrum of pure epitaxial graphene.

3.2 Exfoliating of graphene

The second approach for graphene preparation used in this thesis is its mechanical

exfoliation. This different method was introduced due to unexpected optical beha-

vior of epitaxial graphene and silicon carbide in single particle scattering optical

spectroscopy, discussed in detail in section 5.3. This method was developed by Geim

and Novoselov during their groundbreaking experiments resulting into the graphene

discovery [4–6]. They used a Scotch tape to gently peal off one atomic graphene layer

from bulk graphite and then transferral it onto a different substrate. Due to ease of

production, low cost and high quality of prepared graphene layers, the exfoliation

of graphite is currently the most popular route to prepare graphene.

The exfoliation method entails the repeated peeling of small islands (called flakes)

of graphene from highly oriented pyrolitic graphite (HOPG), using cellophane tape.

By repetition of the peeling step, the graphite becomes thinner ideally resulting

in one atomic-thick graphene layer. This method produces graphene flakes with a

variety of layer numbers, where monolayers are in a great minority compared to
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thicker ones. On the other hand the single graphene layers are most likely single-

crystalline and show up high quality properties enabling to use them mostly for

fundamental studies. The dimensions of flakes range in scale of tens micrometers.

The big disadvantage of this method is that the prepared samples usually contain

impurities from the adhesive tape. The protocol given for this graphene preparation

method is given in Appendix A.

3.2.1 Flake thickness determination

Graphene is relatively straightforward to make, but not so easy to find. However,

graphene can be quite easily visualized optically [89] due to its wavelength depen-

dent complex refractive index (Fig. 1.5). When graphene is placed on the 300 nm

thick SiO2 layer on Si substrate, the graphene flakes become visible in white light

illumination due to interference [89]. This method serves as a tool for finding pro-

mising single-atomic graphene flakes due to their characteristic color [89] and by

measuring the contrast or reflection the number of layers up to 10 can be roughtly

determined [90]. Nevertheless, in this work it was impossible to measure the flake

thickness by the interference because the flakes were directly deposited on opaque

glass without any reflection layer.

Another optical method useful for determination of graphene thickness is Ra-

man spectroscopy, which recently proved itself as a powerful tool for distinguishing

graphene monolayers [88]. The graphene 2D Raman peak is sensitive to the number

of graphene layers [88,91]. However, these measurements are extremely time consu-

ming - for instance getting a Raman map of a flake with dimensions ∼ 20× 80 µm2

requires more than 24 hours - and subsequent data processing relies on fitting many

different peaks and parameters.

The measurement of optical transmittance through multilayer graphene in the

visible spectrum provides a simple way to determine the number of graphene layers.

There are several works dealing with graphene transmittance as a fuction of number

of graphene layers both theoretical [92] and also experimental ones [19, 21]. Nair et

al. [19] argued that every single layer of graphene decreases the light transmittance

by 2.3 %, resulting thus in a linear dependence of transmittance on number of

graphene layers. This dependence was then corrected by Zhu et al. [21] as described

by equation 1.5 and verified by various experiments [21].

The optical transmittance measurement serves as a simple, fast, highly reliable

method enabling to determine many different graphene flakes on different places

across the sample. This method relies only on a common optical microscope equipped

with a realiable CCD camera to precisely measure the intensity of the transmitted

light. Therefore, this setup was used in this work for the flake thickness determination
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Fig. 3.3: The procedure of graphene flake thickness determination by measuring the

optical transmittance through the flake. a) Step 1 : identification of promising flake

in the reflection illumination configuration. b) Step 2 : recording of the light intensity

profile of selected flake under the transmission illumination. c) Step 3 : calculation

of light transmittance map. d) Step 4 : the number of graphene layers calculation

from light transmittance using the equation 1.5.

and proceeded as follows: According to performed calculations using the Fresnel

model the graphene flake contrast on BK7 glass substrate is noticeably higher for

reflection illumination compared to transmission one. Hence, first the flakes suitable

for further experiments were identified using reflection illumination (Fig. 3.3a) and

their coordinates were written down for the following step. In this second step, the

transmission illumination was used to record the light intensity map (Fig. 3.3b).

Further, the intensity map was recalculated using a simple SPM data processing

software to obtain the light transmittance map (Fig. 3.3c). In the last step the light

transmittance through the graphene flake was recalculated using equation 1.5 to get

a map with the number of graphene layers in the flake (Fig. 3.3d). Figure 3.3 shows

the whole procedure of graphene flake thickness determinantion step by step.
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3.3 Gold nanorods

In this thesis, three different types of gold nanorods are discussed, all of them grown

by a seed-mediated method [93,94] and purchased from start-up companies [95,96].

These particles will be referred to in this thesis as NR-10-700 (Nanopartz, origi-

nal name A12C-10-700), NR-20-700 and NR-40-650 (NanoSeedz ), where NR is the

abbreviation for the nanorod, the first number is the diameter of the rod in nm

and the second one is the ensemble averaged longitudinal LSPR wavelength in na-

nometers. Parameters of the gold nanorods can be found in table 3.1. Since the

seed-mediated growth yields gold nanorods with a size distribution, the parameters

in table 3.1 corresponds to the average values over the nanorod ensembles.

Tab. 3.1: The parameters provided by the manufacturers of commercial gold nano-

rods used in this thesis [95,96].

Name Manufacturer
Diameter Length Aspect TP LP

(nm) (nm) ratio (nm) (nm)

NR-10-700
Nanopartz 10 29 2.9 508 700

(A12C-10-700)

NR-20-700 NanoSeedz 20 51 2.5 512 700

NR-40-650 NanoSeedz 40 84 2.1 522 650

In figure 3.4 transmission electron microscopy (TEM) images of three mentio-

ned nanorod samples, corresponding absorption spectra of nanorods in a colloidal

solution and histograms of the size (diameter and length) distribution are shown.

The nanoros sizes and longitudinal surface plasmon resonance are ensemble avarage,

where each rod has an individual size and aspect ratio, which corresponds to a speci-

fic LSPR wavelength and peak linewidth. This distribution in size makes it essential

to measure the spectras of single particles in gold nanorod - graphene interaction

experiments (Chapter 5) to get reliable results.

3.4 Deposition of gold nanorods

Direct functionalization of graphene by covalent linking to gold nanoparticles di-

srupts electronic states of graphene which is highly undesirable. We therefore took

a different approach for immobilization of colloidal gold nanoparticles on graphene.

At first the colloidal gold nanoparticles are deposited on a glass substrate and then

subsequently transferred onto graphene. In the following sections this process is

described.
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Fig. 3.4: TEM images, absorption spectras and length and width distribudions of

gold nanorods discussed in this thesis. Adapted from [95,96] and edited.

3.4.1 Glass functionalization

Gold nanorods prepared by the seed-mediated growth [94] are capped by a cetyl-

trimethylammonium bromide (CTAB) bilayer enabling futher functionalization of

nanorods and preventing them from clustering in the colloidal solution. Also, the

presence of CTAB makes gold nanorods positively charged due to its ammonium

groups pointing outwards [97]. Since gold nanorods are positively charged, the ne-

gative charge needs to be created on target substrate to enhance their deposition

there. Therefore, glass appears itself as an ideal substrate because its surface can be

easily chemically modified and also it is optically transparent and inexpensive. The

negative charge on glass substrate can be created by applying UV/ozone treatment.

This cure charges the surface of glass by creation of negativelly charged -OH groups.

These groups can then be used either for direct nanorods deposition or as a platform

for creation of a self-assembled monolayer (SAM) of molecules with a thiol group

that can covalently bind to the gold.

Molecules used for the SAM formation are thiosilane compounds [98], in case
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Fig. 3.5: The mechanism of gold nanorods immobilization from solution on a

mercaptosilane-modified glass substrate. a) The activation of MPTMS by trace water

molecules in ethanol, where the methoxy groups react with water to form hydroxyl

groups. b) The hydroxyl groups of the activated MPTMS form covalent bonds with

hydroxyl groups on the glass surface and neighbouring MPTMS molecules form a

negatively charged SAM on the glass surface, where sulphur carries the net-negative

charge. c) The gold nanoparticle is attracted towards the glass due to an electrosta-

tic force between a positively charged CTAB capping layer and negative SAM on the

glass surface. When close enough the thiol group of the covalently bound MPTMS

binds to the gold nanoparticle (not to scale).
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of this work (3-mercaptopropyl)trimethoxysilane (MPTMS), where the thiol group

(-SH) carries a negative charge. The use of MPTMS ensures both the creation of

negatively charged SAM electrostatically attracting gold nanorods and, when close

enough, the thiol group binds covalently to the gold nanoparticles keeping them

firmly in place [99].

The creation of MPTMS self-assembled monolayer is depicted in figure 3.5. The

glass slides need to be cleaned thoroughly by UV/ozone treatment1 to activate the

hydroxyl (-OH) groups on the glass surface. The methoxy groups (-O-CH3) of the

MPTMS are first activated when reacting with trace water molecules in the ethanol

and thus form hydroxyl groups. The hydroxyl groups of the MPTMS bind to other

MPTMS hydroxyl groups and to hydroxyl groups on the UV/ozone treated glass

surface, forming a monolayer over the substrate surface.

The deposition of gold nanorods on MPTMS modified glass substrates was per-

formed as follows: The glass slides 22 × 22 mm2 (Menzel-Gläser) were sonicated

in methanol for 20 minutes and blown dry with nitrogen. Then the UV/ozone tre-

atment was used for 90 minutes to create hydroxyl groups on the glass surface.

Immediately after UV/ozone cleaning the coverslips were incubated in a MPTMS

ethanol solution to create negatively charged SAM. Afterwards, the glass slides were

rinsed with methanol, sonicated in methanol for 20 minutes and blown dry with

nitrogen. Finally, the gold nanorod colloidal solution was applied onto as-prepared

mercaptosilane-modified glass slides.

There are several possible ways of gold nanorods deposition from a colloidal

solution application on an as-prepared glass substrate. Here, in this thesis, two

different possibilities are shown. The first one, enabling the fast deposition but giving

a low gold nanorod coverage, is the spin-coating of the colloidal solution onto the

glass substrate. The second one, giving high and controlled gold nanorod coverage

on the glass substrate but unfortunately time-consuming is a direct full immersion

of mercaptosilane-modified glass slides into the bulk colloidal solution. Both of these

methods are thoroughly described in the following paragraphs.

3.4.2 Spin-coating deposition

For single-particle scattering microscopy described in chapter 5 low coverage of a

glass substrate by particles is needed. For this purpose the separation between par-

ticles needs to be more than 1 µm allowing only one particle present in the focal

1Also the piranha treatment can be used for the creation of hydroxyl groups on the glass surface.

Unlike the UV/ozone treatment, piranha treatment gives better and more uniform coverage of glass

surface with hydroxyl groups. The big disadvantage of piranha is its hazards, which make working

with piranha extremely dangerous.
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spot of an objective. To achieve such a nanorod coverage a spin-coating drop of the

gold nanorod colloidal solution onto mercaptosilane-modified glass coverslips is used.

The spin-coating procedure typically produces the samples with well-dispersed gold

nanoparticles with an average spacing varying between 2 and 10 µm (the obtained

spacing depends on wettability of the substrate, degree of silanization, nanoparticle

concentration and spin-coating parameters) [58].

The deposition procedure protocol is given in Appendix A. After spin-coating

each coverslip was rinsed with phosphate buffered saline (PBS) and distilled water to

rinse off CTAB micelles and impurities. Additionally coverslips with already deposi-

ted gold nanorods were again treated by UV/ozone to get rid off the CTAB coating

from gold nanorods. The gold nanorod deposition using spin-coating was applied on

both the mercaptosilane-modified glass slides and only UV/ozone treated coverslips.

Surprisingly, both substrates yielded a similar nanorod coverage. The experiments

using samples without thiol compounds were carried out to avoid contamination of

gold nanorods with any useless molecules covalently bounded to a gold nanorod.

3.4.3 Deposition from bulk solution upon coverslip

immersion

The photodetection experiments (Chapter 4) on the other hand need to be realized

with graphene samples highly covered by nanoparticles. This can be achieved by a

full immersion of MPTMS modified glass coverslips into the bulk colloidal solution.

However, to get the desired coverage by nanoparticles, the optimization of the whole

deposition procedure needed to be done. The parameters which could be optimized

were: MPTMS concentration in an ethanol solution, immersion time in MPTMS

ethanol solution, deposition time in gold nanorods colloidal bulk solution and con-

centration of CTAB in this solution. The UV-Vis spectras of prepared samples give

us a reliable information about the coverage of glass slides by the nanoparticles by

monitoring the absorption peak height. Therefore, this technique was further used

during the process of parameterization.

We first varied the MPTMS concentration in ethanol with the aim to vary the

density of thiol groups on the coverslip surface. The MPTMS concentration in etha-

nol was varied from 5 % to 20 %, namely 5 %, 10 % and 20 %. The results are shown

in the figure 3.6. Note that the values of other parameters in this case were: immer-

sion time in the MPTMS ethanol solution 15 minutes, concentration of CTAB in

the bulk solution 0.15 mM and the deposition time 1 day. According to the shown

results it is clear that the concentration of MPTMS in ethanol is not the crucial

parameter of gold nanorod deposition. Therefore the concentration of 5 % MPTMS

in the ethanol solution was selected for the final deposition protocol.
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Fig. 3.6: Parameterization of gold nanorod deposition process: The height of the

longitudinal plasmonic peak of gold nanorods extracted from UV-Vis spectra as

a function of the MPTMS concentration in ethanol (red triangles), the immersion

time in the MPTMS ethanol solution (blue triangles) and the deposition time in

the gold nanorods bulk solution (green triangles). The values of other parameters

in the case of varying the MPTMS concentration in ethanol were: immersion time

in the MPTMS ethanol solution - 15 minutes, concentration of CTAB in the bulk

solution - 0.15 mM and the deposition time - 1 day. Moreover in the case of varying

the immersion time in the MPTMS ethanol solution the MPTMS concentration in

ethanol was 10 %. In the case of varying the deposition time in the gold nanorod

bulk solution: the MPTMS concentration in ethanol - 5 %, the immersion time in

MPTMS the ethanol solution - 5 minutes and the concentration of CTAB in the

bulk solution - 0.07 mM.
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The next optimized parameter of gold nanorod deposition on glass is the immer-

sion time of glass slides in the MPTMS ethanol solution. The immersion time was

varied from 5 minutes up to 1 hour, namely 5, 15, 30, 60 minutes. The measured re-

sults can be seen again in figure 3.6. Again, one can clearly see almost no dependence

of deposition efficiency on the varying of the immersion time in the MPTMS etha-

nol solution (Fig. 3.6). Anyway, the curve of immersion time of 5 minutes showed

the best gold nanorods coverage of the sample. Therefore, the immersion time in

the MPTMS ethanol solution was selected to be 5 minutes for the final deposition

protocol.

The next optimizable parameter of gold nanorod deposition on mercaptosilane-

modified glass slides was the deposition time during which the glass slides were

immersed in the bulk colloidal solution. The time of deposition was varied namely

1, 2, 3 days. The values of other parameters were: the MPTMS concentration in

ethanol 5%, the immersion time in the MPTMS ethanol solution 5 minutes and the

concentration of CTAB in the bulk solution 0.07 mM. According to the previous

text and other used parameters one would expect the efficiency of deposition to be

determined only by the time during which the slides were immersed in the bulk

solution. From figure 3.6 it is clear that this statement is far from the truth - the

corresponding results show no clear dependence.

Another optimizable parameter was the CTAB concentration in the gold nanorod

bulk colloidal solution. It is worth noting that the CTAB concentration parameter

includes all CTAB molecules which cover the nanorods’ surface and also all CTAB

molecules and micelles freely dispersed in the bulk solution. The concentration of

CTAB was varied from 5 mM to 0.03 mM, the values were namely: 5, 0.5, 0.15, 0.07

and 0.03 mM. The corresponding results can be seen in figure 3.7. The values of other

parameters in this case were: MPTMS concentration in ethanol 5 %, the immersion

time in MPTMS ethanol solution 5 minutes and the deposition time - 1 day.

From the measured UV-Vis absorption curves depicted in figure 3.7 one can

clearly see that the CTAB concentration in the colloidal bulk solution is the crucial

parameter for efficient gold nanorod deposition on mercaptosilane-modified glass

substrates. The curves representing CTAB concentrations of 0.15 mM and 0.07 mM

show clearly recognizable longitudinal plasmon peaks. However, for all the remaining

curves there are no plasmon peaks at all. This is in agreement with a critical concen-

tration of CTAB in gold nanorods bulk solution, which value is around 0.1 mM [100].

This means that for the CTAB concentration lower than ∼ 0.1 mM the gold nanorod

tend to cluster. Such a clustering is observed for the curve of 0.03 mM CTAB con-

centration, where an enhanced absorption is present in the red part of the spectra.

On the other hand there is no significant feature for the CTAB concentration of

5 mM and 0.5 mM. We believe that this behavior can be explained by the presence
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Fig. 3.7: UV-Vis spectras of deposited gold nanorods on glass slides: the dependence

of the gold nanorod coverage of a glass slide on the CTAB concentration in a gold

nanorod bulk solution. The CTAB concentration parameter includes all CTAB mo-

lecules which cover the nanorods surface and also all CTAB molecules and micelles

freely dispersed in the bulk solution. The values of other parameters of gold nano-

rods deposition were: MPTMS concentration in ethanol - 5 %, the immersion time

in MPTMS ethanol solution - 5 minutes and the deposition time - 1 day.

of freely dispersed CTAB molecules and micelles in the gold nanorod bulk solution.

Most likely the thiol groups can not bind to the gold due to shielding caused by

CTAB.

Therefore, the earlier reported independence of gold nanorod deposition efficiency

on the deposition time can be explained by the presence of freely dispersed CTAB

molecules and micelles in colloidal bulk solution. These molecules are attracted by

the negatively charged SAM and create a shielding layer preventing the continuation

of the gold nanorod deposition.

For enhancing the gold nanorod coverage of a glass substrate the disruption of

formed the CTAB shielding layer on the substrate is necessary. This disruption can

be done by rinsing the sample by a high ionic strength buffered solution, such a

PBS. Such a rinsing with PBS causes washing off the electrostatically bound free

CTAB molecules and micelles, but also only electrostatically bound nanorods. The
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Fig. 3.8: Dependence of the gold nanorod coverage of mercaptosilane-modified glass

slides on the number of rinsing cycles. The period between each rinsing was 20

minutes. This rinsing disrupts the CTAB shielding layer on the mercaptosilane-

modified glass surface, enabling thus a further deposition of gold nanorods. Note

that in the case of the red curve (10 rinsing) the old gold nanorods possessing a

different position of the plasmon peak were used.

PBS residues were washed off by distilled water, this rinsing of glass coverslips was

repeated every 20 minutes. The dependence of gold nanorods coverage on the number

of rinsing cycles is depicted in figure 3.8. It is obvious that the density of coverage

increases with the number of rinsing cycles.

Let us focus on figure 3.8: The green curve (23 rinsing) is a typical example of

the sample with clustered nanorods, there is a clear evidence of enhanced absorption

in the red part of spectrum. This feature, so significant for clustering, is present also

in the case of the purple curve (20 rinsing) but not in such a big presence. In this

case the plasmon peak is still significant showing that the clustering is not critical.

Note that in the case of the red curve (10 rinsing) the different (old) gold nanorods

possessing a different position of the plasmon peak were used. It was found that

after ∼ 15 rinsing of slides the clustering started to appear. This can be explained

by the decreasing of the CTAB concentration in the bulk colloidal solution due to

the rinsing off free CTAB molecules from glass slides and subsequent lowering of
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the CTAB concentration in bulk solution under the critical value (∼ 0.1 mM), and

thus the clustering of gold nanorods. To overcome a clustering of nanorods the bulk

colloidal solution was fully exchanged after 12 rinsing steps of glass slides.

3.4.4 Transfer of gold nanorods onto graphene

Since the gold nanorods are effectivelly immobilized on the glass substrate, their

transfer onto graphene needs to be performed. The method used in this work entails

the covering of gold nanorods with poly(methyl methacrylate) (PMMA) and sub-

sequent peeling-off this layer with gold nanorods from the source glass substrate. The

peeling-off is achieved by immersing the PMMA structure into a basic solution (0.1

mM KOH in distilled water), wherein a slight hydrolization of PMMA occurs [101].

The peeled PMMA / gold nanorod layer then flows on the surface of liquid and can

be transferred to a new target substrate, namely graphene. There the PMMA can

be dissolved by organic solvents.

The PMMA layer was created on the gold nanorods-immobilized glass slides by

spin-coating. Three different types of PMMA, different in the length of polymer

chains, were tested - 995k PMMA, 120k PMMA and 15k PMMA. It was found

the PMMA layer needs to have a desired thickness not to be torn during the im-

mersion in KOH. The table 3.2 shows the minimal thicknesses of the PMMA film

for the successful transfer of gold nanorods from the source glass substrate. These

thicknesses were measured using the Dektak XT profilometer and were determined

to be ∼ 120 nm for 995k PMMA and ∼ 330 nm for 120k PMMA. In the case of the

15k PMMA the created film was torn after immersion into KOH for every thicknesses

up to 1 µm. This could be caused by the short molecular chains of 15k PMMA, which

are unable to create a sufficiently interwoven polymer network.

Tab. 3.2: The parameters of the gold nanorod transfer from the source glass slide

onto atarget graphene substrate according to the used PMMA type.

PMMA type
Molecular weight thickness Minimal film Transfer

(Da) (nm) efficiency

995k PMMA 995 000 ∼ 120 60 %

120k PMMA 120 000 ∼ 330 95 %

15k PMMA 15 000 > 1000 X

After spincoating the PMMA layer the sample was immersed in a KOH bath for

2 hours. After peeling-off the floating PMMA / gold nanorods layer was manually

transferred into distilled water bath. There the layer was cleaned from remaining

KOH for 1 hour. Then the PMMA / gold nanorods layer was transferred onto the
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target substrate containing graphene. It was found that for the better stretching of

PMMA / gold nanorods layer on the graphene surface the heating of the sample at

50 ◦C for 10 minutes was applied. Subsequently the PMMA was dissolved in acetone

or chloroform [102] overnight. For single-particle scattering microscopy experiments

described in chapter 5 another step was added into the transfer procedure. After pee-

ling off the PMMA / gold nanorods layer in the KOH bath, the layer was transferred

into a salt solution (NaCl - 1 M) bath to get rid of the remaining CTAB molecules

from gold nanorods.

The efficiency of the transfer was determined by measuring the longitudinal

absorption peak of the samples before and after the transfer. The corresponding

values for both types of PMMA are also shown in table 3.2. The transfer process

using 995k PMMA exhibits an efficiency of 60 %. This low number is most probably

the consequence of the long polymer chains of 995k PMMA. These long molecules

are unable to wrap around nanorods efficiently, thus a significant amount of gold

nanorods is lost during the process. Therefore, the PMMA with shorter molecules

should give better results because polymers should be better wrapped around the

gold nanorods. Indeed, the measured transfer efficiency increases to 95 %. Thus the

120k PMMA was selected for the final protocol of the gold nanorod transfer from

the glass source substrate onto a target graphene. The protocol for the transfer of

gold nanorods onto graphene can be found in Appendix A.

Fig. 3.9: a) SEM and b) AFM topography images of the gold nanorods transferred

onto epitaxial graphene on silicon carbide. The SEM measurements were performed

with assistance of Ing. Rostislav Váňa using the TESCAN GAIA3 microscope. The

AFM measurements were performed using Veeco Nanoscope Multimode AFM in the

tapping mode using the highly doped silicon tips (PPP-NCHR) purchased from

Nanosensors Company.
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Just to give an information how the prepared epitaxial graphene samples with

the gold nanorods on its surface looked like, a scanning electron microscope (SEM)

and an atomic force microscopy (AFM) measurements were performed. The obtained

results are shown in figure 3.9. The original gold nanorod sample was prepared ac-

cording the above mentioned deposition method (Paragraph 3.4.3) and the number

of the applied PBS rinsing cycles was 20 (purple curve in figure 3.8). These sam-

ples correspond to that ones which were later used for photodetection experiments

performed and discussed in detail in the following chapter 4.
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4 PHOTODETECTION

Various designs and architectures of photo-devices based on graphene have been

already proposed. The simplest configuration is a metal-graphene-metal design, in

which graphene is contacted with metal electrodes acting as the source and drain.

This architecture is easy to fabricate because it does not rely on nanoscale lithogra-

phy. In this configuration the device operates over a broad wavelength range as the

interaction between light and matter is mainly determined by graphene itself.

Since the electrodes are fabricated from a metal, it is necessary to know how the

metal presence affects the graphene. If metal gets into contact with graphene, there

are two possible ways of bond creation between these two materials [35,36]. The first

one is the chemical interaction, where the covalent bond between metal and graphene

is established and thus perturbation of the graphene electronic structure is created.

The second type of the interaction is the physisorption. Here the metal is bounded

to graphene predominantly by van der Waals forces causing no graphene electronic

state disruption. However, the work functions of graphene (WG = 4.48 eV [35]) and

of most metals are different. It gives rise to an equilibrium charge transfer at the

metal - graphene interface resulting in doping of the graphene sheet. In general,

there is an electron transfer to (from) the metal pad causing the moving of the

Fermi level downward (upward) from the graphene conical Dirac points. Therefore,

this behavior can be viewed as a doping of graphene with holes (electrons).

The sign and magnitude of graphene doping depend on the type of metal. Ac-

cording to calculations performed in references [35,36] the doping of graphene layer

caused by a physisorbed metal is n-type for Al, Ag, Cu and p-type for Au and Pt.

The magnitudes of graphene doping caused by these metals are shown in table 4.1.

To create a proper doping profile in graphene enabling efficient photocurrent cre-

ation and harvesting, at least two different metals need to be used for contacting.

From table 4.1 one can clearly see that the most suitable combination of metals for

electrodes is Al and Pt.

Tab. 4.1: Calculated work functions of the clean metal surfaces WM, free-standing

graphene and five metals with absorbed graphene W. In the last row the Fermi-

level shifts ∆EF caused by interaction between metal and graphene are shown. The

calculations were performed in [35,36].

Graphene Al Ag Cu Au Pt

WM [eV] - 4.22 4.92 5.22 5.54 6.13

W [eV] 4.48 4.04 4.24 4.40 4.74 4.87

∆EF [eV] - -0.57 -0.32 -0.17 0.19 0.33
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The configuration and the materials of electrodes are known, but the distance

between the electrodes has to be determined. There are two competitive factors

dealing with the distance between the electrodes: harvesting most of created carriers

and covering the smallest possible area of graphene with electrodes. Considering the

fact that almost no photocurrent is created under the metallic contacts [13,37,38] a

proper trade-off between these factors should ensure the highest possible efficiency

of the graphene photodetector.

The build-in field created by the metallic contacts extents approximately

0.2 ∼ 0.3 µm into the metal-free graphene [13]. On the other hand, the exci-

ton diffusion length in highly doped graphene is approximately LD ≈ 15 ∼ 70 nm

and for the low-doped graphene the exciton diffusion length can reach value a of

LD ≈ 170 nm at room temperature [13, 103]. Once the exciton is separated into a

free electron and hole, the electron mean free path in graphene is λe ≈ 400 ∼ 600 nm

at room temperature [3]. Therefore, these values limit the desirable distance between

electrodes to the maximum value L ≈ 1 µm.

However, the recent research has shown that the photocurrent in graphene is

governed by the thermoelectric effect, as discussed earlier (Paragraph 1.3.2). This

fact increases a possible value of the distance between the electrodes dramatically.

Hot carriers are thermally decoupled from the graphene lattice over the length scale

as large as ξ ≈ 7 µm at room temperature [25]. Thus, if the light illuminates the

center of the device (considering the focused light with a usual spot diameter of 1

µm), it gives the maximum possible distance between the electrodes L ≈ 15 µm.

Metals are usually deposited by evaporation from a solid source in ultra-high

vacuum. In laboratories of M2N the metal evaporator setup is located in nitrogen

atmosphere. Therefore the oxygen-free environment allowed us to use the aluminum

electrode and thus suppress its oxidation. Unfortunately, the evaporator did not

allow us to deposit platinum, thus a different metal had to be used for the second

electrode. According to table 4.1 gold was selected to create the p-doped region in

the device. The deposition of electrodes was done using a homemade lithographic

mask allowing us to fabricate the metal pads with a thickness of 70 nm separated

from each other by 15 ∼ 20 µm. Note that the created distance between the

fabricated electrodes was not homogeneous due to the frayed edges of the created

electrodes.

The samples were prepared according to the procedures described in detail in

chapter 3. The epitaxial graphene grown on silicon carbide was used for photode-

tection experiments. The gold nanorods were transferred onto graphene prior to

the deposition of the metal electrodes. The electrodes were further contacted using

a silver glue in the way preventing a direct contact between silver and graphene.

Two different types of photodetectors were prepared: the bare graphene photode-
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tector(Fig. 3a) and the graphene photodetector with gold nanorods on the top of

graphene (Fig. 3b). Moreover the reference samples consisted of only silicon carbide

with gold nanorods on its top and bare silicon carbide were fabricated.

Fig. 4.1: Sample configurations: a) bare graphene photodetector, b) graphene pho-

todetector with gold nanorods on its top. Pictures are not to scale.

4.1 Characterization of prepared systems

For understanding of the following photodetection experiments the description of

fabricated systems is necessary. The interaction between the metals and graphene

leads to a doping of graphene. The electrode made of gold shifts the level of Fermi

energy in underlaying graphene downwards from the conical point, resulting in a

p-doping of 0.19 eV. In the case of the aluminum electrode the Fermi energy level

in the underlaying graphene sheet is shifted upwards, resulting in a n-doping of

-0.57 eV.

Nevertheless, these values correspond to the free-standing graphene [35, 36],

where the Fermi energy level is located right in the Dirac point, meaning the zero

doping. In the case of epitaxial graphene the presence of the SiC substrate and the

intermediate buffer layer causes shifting the Fermi energy level upwards from the co-

nical point giving thus the n-doping of graphene by a value of -0.54 eV [104]. Thus,

there are three differently doped regions of graphene in such system. The Fermi

energy level is gradually aligned among these three areas and the doping profile is

determined by an extension of the build-in field from metal pads into the graphene

channel by a value of 0.2 ∼ 0.3 µm [13]. This system is depicted in figure 4.2a.

However, by placing gold nanorods onto the graphene surface the well defined

system shown in figure 4.2a is significantly changed as depicted in figure 4.2b). The

nanorods themselves locally dope graphene positively due to their gold nature. Un-

like the gold contact, the nanoparticle does not cover the whole surface of graphene-

related area and thus the doping is not homogeneous and it is strictly localized in

nanorod surroundings. However, the n-doping in epitaxial graphene on SiC is mainly

attributed to the presence of the buffer layer, namely to the silicon dangling bonds
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pointing into the graphene sheet [86]. The doping caused by the dangling bonds is

also strongly localized. The presence of gold nanorods in vicinity of such dangling

bonds can effectively shield them and thus the n-doping of graphene is significantly

decreased. However, there is another factor causing additional positive doping of

graphene and that is the presence of PMMA residues left on the graphene surface

due to the gold nanorod transfer [102].

Fig. 4.2: Doping profile of the fabricated systems: a) Gold – epitaxial graphene –

aluminum, b) gold – epitaxial graphene with gold nanorods on its top – aluminum.

Note that the depicted metal-related regions do not mean the metal itself but the

graphene lying under the metal.

4.2 Photoresponse measurements

The basic method for characterization of photo devices is the measurement of I-V

curves. This method measures the electric current passing through a device as a

function of bias voltage applied to device electrodes. To get the desired information

about the device photoresponse the I-V measurements are first performed in a dark

environment and later on under the illumination of the device. The difference be-

tween the current measured under the illumination and the dark current determines

the photoresponse behavior of the device.

The I-V measurements carried out in this thesis were performed in a nitrogen

atmosphere without any exposure of the samples to ambient conditions. The source

of illumination simulated the solar spectrum AM 1.5 (see figure B.1 in Appendix B).

First, the I-V measurements of the control samples were performed. The samples

consisted of contacted silicon carbide with and without gold nanorods on its surface,

both provided with Al and Au electrodes. In both cases only the electrical noise was

detected. Therefore, the contribution from the SiC substrate to the photocurrent

was ruled out. The obtained I-V measurement results of a graphene photodetector

without and with gold nanorods on the top of graphene are shown in figures 4.3
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and 4.4, repectively. The measurements were carried out for two disting wiring con-

figurations of electrodes. In both figures 4.3 and 4.4 the first wiring configuration

(upper parts of figures) corresponds to the grounded aluminum electrode and the

bias voltage applied to the gold electrode. In the second wiring configuration (lower

parts of figures 4.3 and 4.4) the gold electrode is grounded and the bias voltage is ap-

plied to the aluminum one. The both samples showed significantly distinct behavior

for the different wiring configurations.

First, the I-V measurement results of the bare graphene photodetector (Fig. 4.3)

are discussed. The grounded electrode defines the position of the Fermi energy level

of the system (see insets of figure 4.3). For the dark measurement related to the

grounded aluminum electrode the bias voltage applied on the gold electrode started

at -1 V and was increasing. For negative bias voltages the current in the photo-

detector had to flow through the localized states in graphene causing quite high

resistance and, hence, a small slope of the curve was observed. The current started

to flow partially through the delocalized states of the system when the applied bias

voltage reached the value ∼ 0.03 V corresponding to the difference between the

value of doping in bare graphene and the doping value of graphene under the alu-

minum electrode. This led to a decrease of device resistance and thus to an increase

of the curve slope. However, even for the bias voltage higher than ∼ 0.03 V there

was still a part of the device (area under the gold electrode), where the localized

states were present. These localized states were fully overcome when the applied bias

voltage reached the value ∼ 0.8 V. This value corresponds to the difference between

the values of graphene doping under the gold pad and that of graphene under the

aluminum electrode. Above the bias voltage of ∼ 0.8 V the current started to flow

only through the delocalized states in the whole device and the resistance was thus

abruptly reduced resulting in precipitously increased curve slope.

As for the illuminated device the shape of the I-V curve was significantly changed.

The illumination of the bare graphene photodetector caused the creation of hot

carrier distribution (of both holes and electrons) in the whole device. These hot

carriers are simply the delocalized states. Therefore, the current was able to flow

through these delocalized states in the whole device for every value of the applied

bias voltage. Hence, the resistance in the device was constant for the whole bias

voltage range and also significantly lower than the lowest reported resistance in the

dark current measurement.

In the case of the second wiring configuration (the gold electrode grounded, bias

voltage applied to the aluminum electrode) the behavior was drastically changed

compared to the dark current curve of the grounded aluminum electrode. From the

lower part of the figure 4.3 one can clearly see the resistance of the measured dark

current was constant for all the values of the applied bias voltage. This behavior is
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Fig. 4.3: I-V characterization of the bare graphene photodetector for different wiring

configurations of electrodes. In the upper part of the figure the results measured in

the grounded aluminum electrode configuration (see the inset) are depicted. In the

lower part of the figure the measurement results for the grounded gold electrode

configuration (see the inset) are shown.
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Fig. 4.4: I-V characterization of the prepared graphene photodetector with the gold

nanorods placed on its top for different wiring configurations of electrodes. Again,

the upper part of the figure corresponds to the results measured in the grounded

aluminum electrode configuration (see the inset) and the lower part of the figure

shows the measurement results for grounded gold electrode configuration (see the

inset).
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attributed to the current flow through the delocalized states almost for all the bias

voltage values. The reason for missing a resistance step change at a bias voltage

of -0.79 V is unclear. The measured I-V curve corresponding to the illuminated

device for the gold grounded configuration was completely same as in the case of

the aluminum grounded configuration. Therefore, the explanation is also the same.

That is the presence of the hot carrier distribution in the graphene created by

incident light.

In the following part the I-V measurements of the graphene photodetector with

gold nanorods are discussed. If one compares the measurements for both samples

and for both wiring configurations depicted in figures 4.3 and 4.4, the dark current

curves for the graphene photodetector with gold nanorods shows lower resistance

than curves corresponding to the bare graphene photodetector. This feature can

be attributed to the effective shielding of the silicon dangling bonds present in the

buffer layer by the gold nanoparticles. The silicon dangling bonds are important

sources of carrier scattering events in bare epitaxial graphene [86] and thus their

shielding results in the lowering of the device resistance.

The results of I-V measurements of the graphene photodetector with the gold

nanorods for both wiring configuration are shown in figure 4.4. The dark current

curve for the grounded aluminum electrode again showed the complex behavior.

However, due to the faintly defined system the step changes of the measured dark

current could not be exactly assigned. Nevertheless, the device resistance for the

negative bias voltage values was higher due to the bigger amount of the localized

states which the current must flow through compared to the positive values of the

bias voltage, where the bigger amount of the delocalized states occurs.

The illuminated graphene photodetector with gold nanorods in the grounded

aluminum configuration showed the positive photoresponse for the negative bias

voltages and the negative photoresponse for the positive bias voltages (compared to

the slope of the dark current curve). Due to the presence of gold nanorods on the

top of the graphene layer and their acting plasmonic effects the significantly higher

amount of hot carriers was created. Based on the only occurrence of the localized

states before illumination, these enhanced hot carriers (the number of which was

lower for the negative bias voltages compared to the positive once) caused the posi-

tive photoresponse. For the positive bias voltage values the delocalized states were

present in graphene even before illumination. Therefore, in the illuminated device

the amount of hot carriers was drastically enhanced, so that the Coulombic inter-

actions and scattering events became noticeably more probable. That resulted in an

increase of the resistance in the device compared to the dark current measurements,

giving the negative photoresponse of the device.

In the case of the grounded gold electrode configuration the behavior of dark
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current was again different compared to the grounded aluminum electrode configu-

ration. The slope of the dark current curve and corresponding resistance were again

constant for all the values of the applied bias voltage as also reported for the bare

graphene photodetector in this configuration. The reason for this behavior was again

the fact that the current flow only through the delocalized states almost for all bias

voltages.

The illuminated graphene photodetector with gold nanorods in the grounded

gold electrode configuration showed the noticeable negative photoresponse for all

the measured values of bias voltage. Even in the case of no illumination the signifi-

cant amount of the delocalized states was present in the system for all bias voltage

values. Therefore, due to the gold nanorods plamonic effects arising after the device

illumination the amount of the delocalized carriers was drastically enhanced. The-

refore, the Coulombic interactions and scattering events again became the processes

influencing the current flow in the device significantly. Hence, the resistance of the

device drastically increased in comparison with the dark measurement.

The I-V measurements reported here showed significant photoresponses, espe-

cially when the gold nanorods were present. Also the different results for the dif-

ferent wiring configurations of the fabricated devices were reported. Therefore, the

graphene photodetector with gold nanorods on its surface and the gold electrode

grounded proved to be the best combination of the device and corresponding wiring

configuration for light detection. This device configuration showed a linear behavior

of photoresponse with the growing applied bias voltage. In addition, a negligible

photocurrent generated at zero bias voltage was found for both devices in every

wiring configuration.

In general, for understanding the graphene photodetectors performance reported

here the creation and presence of hot carriers in graphene is necessary. However, to

fully understand the behavior of the graphene photodetector based on gold nanorods,

the wavelength dependent measurements of photoresponse should be performed in a

future research. This experiment could prove that the photoresponse enhancement

reported for devices with gold nanorods results from their plasmonic properties.

Generally, the enhanced photoresponse of the system consisting of gold nano-

rods and graphene motivates in further research on photodetection using graphene

and metal nanoparticles conjugates. Particularly, the mechanism responsible for the

enhancement of graphene photoresponse when the plasmonically active nanostructu-

res are placed on its top should be studied. The following chapter 5 deals with this

challenging task using both the simulations and the experimental approach.
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5 GOLD NANOROD INTERACTION

WITH GRAPHENE

When the nanoparticles made of noble metals are illuminated, they exhibit the

collective oscillations of conduction electrons in particles, the so-called localized

surface plasmon resonances. These LSPRs have finite lifetimes after which they

decay either non-radiatively or radiatively. By adding the underlaying substrate

the symmetry of the system is broken and thus a new plasmon damping channel

is established. However, when considering the whole system the substrate-related

damping channel can be seen as a way of energy redistribution from a generated

particle plasmon into the substrate.

In the case of the graphene substrate two ways of energy redistribution are

discussed in literature: the dielectric interaction between the nanoparticle and the

underlaying graphene, and the injection of hot electrons generated in the particle into

the graphene sheet, both are phenomenologically described in section 2.4. However,

none of these effects is clearly refuted or confirmed by a direct experiment.

These energy redistribution channels appear in the particle spectra as an ad-

ditional broadening of the plasmonic peak. Therefore, single particle spectroscopy

can serve as a useful tool to monitor these processes. Moreover, by proper designing

a single particle scattering spectroscopy-experiment it can be even possible to dis-

tinguish between these two mentioned effects. Anyway, due to the lack of relevant

publications dealing with the nature of interaction between plasmonic structures

and underlaying graphene, the complex approach including calculations and experi-

ments both attempting to find new perspectives and insights into the problem was

performed.

In the following sections and paragraphs a proper discussion dealing with the gold

nanorod interaction with graphene is given. First, the FDTD calculations of the sys-

tem consisted of a gold nanorod and variety of substrates are performed (Section 5.1),

followed by a short introduction into single particle scattering spectroscopy method

and description of the used experimental setup (Section 5.2). Later on, single particle

scattering spectroscopy performed both for epitaxial (Section 5.3) and exfoliated

graphene (Section 5.4) is presented and discussed.

5.1 Finite-difference time-domain simulations

In order to estimate shifts of localized surface plasmon peaks and their broadening

changes resulting from placing a gold nanorod on graphene or other corresponding

53



substrates, the calculation using finite-difference time-domain method were done. As

already mentioned in paragraph 2.3.2, the FDTD method is a grid-based numerical

method solving the discretized Maxwell’s equations in space and time domains [66,

67].

The FDTD calculations were performed using the commercial software Lumeri-

cal [66]. Either the refractive index or the dielectric function serve as input parame-

ters describing the material optical properties. In this thesis the following materials

act in both experiments and calculations: gold, borosilicate glass (BK7), silicon car-

bide (6H-SiC), graphene and its three-dimensional form - graphite (HOPG). The

refractive index data used for gold were measured by Johnson and Christy [54]

(Fig. 2.1 or Fig. C.1 in Appendix C), for the BK7 glass the input data ware obtai-

ned from the company Schott [105] (Fig. C.2 in Appendix C). As the input refractive

index data of SiC those obtainted from measurements done by Singh et al. [106] were

used (Fig. 5.6). The refractive index data used for graphene and graphite were taken

from Weber et al. [22] (Fig. 1.5) and Djurǐsić et al. [107] (Fig. C.5 in Appendix C),

respectively. All of these materials then act in simulations as an effective medias.

The configuration and thorough description of computational systems are given in

Appendix D.

However, the issue is how to model the graphene layer in FDTD calculations,

because this method is not exactly appropriate for ultrathin layers. Graphene is

only the one-atom-thick layer having a thickness of ≈ 3.4
◦
A and anisotropic optical

properties in in-plane and out-of-plane directions being approximated by an isotro-

pical complex refractive index et al. [22] (Fig. 1.5). Moreover, the graphene layers

in FDTD simulations needs to be assumed as 1 nm thick to achieve efficient compu-

ting [108–110]. This is indeed significant difference compared to the real graphene

thickness. Hence, all these approximations of the real graphene layer need to be kept

in mind during the data evaluation.

In order to get insight into the gold nanorod behavior when placed on graphene

and other substrates the calculations were performed for an increasing gold nanorod

volume at a fixed aspect ratio of 2.75. The attention was paid only to the behavior

of the longitudinal LSPR peak of these gold nanorods. The calculated dependences

of gold nanorod LSPR peak positions and linewidths on the particle volume are

shown in figure 5.1. Note that in the notation used here the volume of the nanorod

is characterized by its diameter.

The calculated results (Fig. 5.1a) show the effect of retardation on the longi-

tudinal LSPR wavelength. The retardation causes a red shift of the LSPR peak,

especially for larger volumes, where the nanorod length is not small anymore com-

pared to the wavelength of incident light. This means that the phase of the electric

field is not constant over the length of the nanorod, resulting in a decrease in the
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Fig. 5.1: FDTD calculations for scattering of a gold nanorod with the given aspect

ratio 2.75 as a function of the particle volume for various underlaying substrates. The

volume of the particle is in this plot reffered to the diameter of nanorod. a) Position

of a gold nanorod longitudinal plasmonic peak and the corresponding linewidth of

the peak b) as a functions of the particle diameter.
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restoring force and thus in a redshift of the resonance wavelength [51]. This is a vo-

lume effect, thus upon its incerasing, the redshift due to retardation increases. This

behavior is reported for all estimated systems suggesting that none of the probed

substrates does have an unusual effect on the gold nanorod LSPR peak position. The

obtained offsets of the plasmon positions corresponding to the different substrates

from the bare nanorod LSPR peak positions are given by the values of the real part

of the refractive index of specific substrate materials.

Now, let us focus on the nanorod LSPR linewidth dependence on the particle

volume shown in figure 5.1b. The obtained results for all the examined systems

show clear contributions of the particle plasmon damping channels earlier discussed

in detail in section 2.2. The radiative damping channel broadens the plasmon reso-

nance for large particle volumes (more than about 50 nm in diameter), whereas the

surface-induced broadening becomes noticeable for small sizes (< 10 nm in diame-

ter). Thus the minimum in plasmon broadening occurs at an effective diameter of

about 30 nm [53,58]. However, the results obtained for systems containing graphene

shows a considerably higher linewidth magnitudes for all the reported particle vo-

lumes. This suggests the presence of strong coupling between the gold nanorod and

underlaying graphene.

The electric near-field distribution in close vicinity of the nanoparticle can give

a useful information about the optical properties of examined systems. Here, the

electric near-field distributions were recorded in order to vizualize the penetration

of electric near-field into the underlaying graphene and other substrates of interest.

The examined system consisted of the gold nanorod with the aspect ratio 2.5 and

diameter 20 nm, earlier described in section 3.3 where named NR-20-700. The electric

field in close vicinity of the nanorod was calculated for nanorod longitudinal resonant

frequency illumination and the obtained results are plotted in term of normalized

electric field to the incident illumination giving the enhancement of the electric field.

The results of performed calculations for the gold nanorod on different underlaying

substrates are shown in figure 5.2.

The obtained results clearly show the enhancement of the electric field in the vici-

nity of the gold nanorod for the longitudinal LSPR. The enhancement of the electric

field is highest at the nanorod tips and decays exponentially into the surroundings.

Thus, when the underlaying substrate is present the enhanced electric field penetra-

tes into the substrate. Moreover, the presence of a substrate results in the creation

of hot spots with extremely large electric field enhancements, mainly determining

the plasmon interaction with the substrate [61].

Importantly, the simulated systems containing graphene show a higher electric

field above and under the graphene than that inside the layer. This behavior sug-

gests the enhanced absorption in the graphene layer further supported by the gold
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Fig. 5.2: FDTD calculations of electric near-field enhancement for a gold nanorod

placed on variety of substrates: a) gold nanorod in vacuum without any substrate,

b) on silicon carbide, c) on graphene laid on silicon carbide, d) on bare graphene

layer in vacuum, e) on BK7 glass, f) on graphene on BK7 glass, and g) on graphite

(HOPG).
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nanorod behavior on graphite, where the significant electric field damping compared

to the other substrates is reported. However, this graphene behavior is not found for

graphene on silicon carbide. That can be explained by the refractive index data used

for SiC suffering from the missing imaginary part (Fig. 5.6). The optical properties

of silicon carbide are in detail discussed later in paragraph 5.3.1. However, there is a

question for the future research, how much and in what way is the light absorption

in graphene affected by its substrate.

The performed FDTD calculations serve only as a tool to give supporting infor-

mations, but not the reliable results due to the fact, that too many approximations

and assumptions are involved. Therefore, the calculated spectra are not correlated

and compared with the results obtained from the following experiments. Anyway,

the obtained results give us an idea how the gold nanorods behave on the examined

substrates. This knowledge thus can be used in single-particle scattering experiments

discussed and performed in the following section.

5.2 White-light single particle scattering

spectroscopy

Far-field optical techniques are used to study the spectral properties of gold nano-

rods under white-light illumination. The spectras of single nanorods are recorded

to estimate the longitudinal LSPR peak shifts and broadenings due to the presence

of the underlaying graphene substrate. These measurements are performed to de-

termine the particle plasmon damping when the particle is placed on graphene and

thus to distinguish between the electromagnetic field coupling damping channel and

the hot carrier injection damping channel, both discussed earlier in section 2.4. The

nanorods are measured one by one due to their distribution in size and thus the sta-

tistics considering the Gaussian size distribution can be applied, resulting in reliable

and precise results for a given nanorods ensemble.

The scattering microscopy techniques deal with the filtering of incident light and

thus recording only the signal corresponding to the scattering. There is a variety

of optical setups and configurations useful for a single-particle detection [58], the

choice of which is dependent on the used sample. In this work the single-particle

white-light scattering microscopy experiments were performed with the Nikon Ti/e

microscope adapted for white-light scattering and with an Acton SPi spectrometer

from the Princeton Instruments company. The output port of the microscope can be

switched to either an electron multiplying charge coupled device (EMCCD) camera

(Andor iXonEM + 885), which is used to find the location of a specific nanorod, the

spectra of which is to be measured, or to the spectrometer to measure the white-
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light spectrum of the selected nanorod. Moreover, the microscope is equipped with

a movable stage enabling the movement of a sample within the micrometer scale

precision using the computer interface. The used microscope setup enables us to

illuminate a sample from different directions, making the setup a useful tool for

single particle scattering spectroscopy. The specific illumination configuration used

for experiments performed in this thesis depended on the sample of interest discussed

in detail in paragraph 5.2.1.

Regardless of the used illumination configuration the output of the EMCCD

camera gives the image consisted of a few bright difraction spots on dark background.

The measured samples were prepared in order to have only single-particles on a

substrate surface without any conjugates of particles. However, there still is a certain

probability of creation of such clusters. Therefore, arises the problem that has to be

encountered, the diffraction-limited spots can not belong to a single particle, but

to a cluster of two or more gold nanorods. They do not give a reliable information

about plasmon and, therefore, these spectras from clustered particles need to be

filtered out. The easiest way how to do it is a close look at the measured spectras.

The clusters can be recognized when the spectrum is asymmetrical, extremely broad

or more peaks are visible. Two typicall examples of such cluster spectra are shown

in figure 5.3.

Fig. 5.3: Two examples of spectra of clustered particles. a) The spectrum of two

particles with two corresponding longitudinal LSPRs. b) The spectrum of two or

even more clustered nanoparticles with too broad linewidth.
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5.2.1 Apparatus configuration

Single particle white-light scattering microscopy can be realized by several measure-

ment setups which differ mainly in illumination approach [58]. The type of the used

illumination scheme depends on the properties of the sample of our interest. Here,

in this thesis, two different groups of samples were studied and thus two different

ilumination approaches provided. The first group of the samples was represented

by gold nanorods placed on epitaxial graphene grown on silicon carbide and other

corresponding substrates (Section 5.3). The scattering spectroscopy of these nano-

particles was realized in the dark-field configuration (Fig. 5.4a). The second group

of the samples corresponded to gold nanorods on exfoliated graphene flakes placed

on borosilicate glass (BK7) and related samples (Section 5.4). These samples were

measured in the total internal reflection (TIR) configuration (Fig. 5.4b).

In the dark-field configuration the sample was illuminated under a high incident

angle. The incoming light is then reflected by a substrate according to Snell’s law.

That results in situation when only the light scattered by a gold nanorod is collec-

ted by an objective lens with low numerical aperture (NA) and thus the resulting

microscope image is provided in the dark-field mode. Both the illumination and de-

tection angles have to be chosen carefully to make sure that no direct light enters

the objective. This can be controlled by adjusting the angle of incident light and

by a proper selection of the used objective, namely its NA. For the experiments

done within the dark-field illumination (Section 5.3), the Plan Apo VC 20x DIC N2

objective with NA = 0.75 was used. It is worth noting that the used microscope

allows one to increase the magnification of the objective twice resulting in the final

magnification of 40 times.

Though the microscopy using the dark-field illumination scheme gives dark-field

images of the gold nanorods, there is still some undesirable background signal. Mo-

reover, the scattering microscopy experiments performed with the group of samples

representing by gold nanorods on exfoliated graphene flakes (Section 5.4) are also

carried out within small nanorods NR-10-700 and NR-20-700. The scattering cross

section is proportional to the volume squared (Eqn. 2.19), and thus the scatte-

ring signal intensity can vanish in background. Therefore, the different illumination

scheme giving a high ratio between the scattering signal and the background noise

needs to be applied for the experiments described in section 5.4. The illumination

configuration fulfilling this requirement is the total internal reflection scheme.

The plasmons of the gold nanorods are excited in a total internal reflection

microscopy (TIRM) setup by an evanescent field created by total internal reflection

of light. The scheme of the illumination configuration using TIR is shown on fi-

gure 5.4b. The white light source illuminates the glass prism placed at the top of
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Fig. 5.4: Schematic of a single particle white-light scattering microscopy setups used

in this work. a) The dark-field configuration was applied in experiments with a

group of samples representing by gold nanorod placed on epitaxial graphene on SiC

(Section 5.3). b) The total internal reflection configuration. These approach was

utilized for samples consisting of gold nanorods placed on exfoliated graphene flakes

on borosilicate glass (Section 5.4). Images are not to scale.

the glass substrate and is refracted into the prism. Here, at the interface between

the prism and the glass substrate the total internal reflection occurs, creating a

non-propagating evanescent field. This field tunnels through the glass towards the

second interface where decays exponentially from the interface and thus penetrates

into the surroundings to a depth of approximately 100 nm.

The largest gold nanorods used in this thesis are the NR-40-650 with a diameter

of 40 nm, therefore, the whole nanoparticle is successfully surrounded by the evane-

scent field providing efficient excitation of particle plasmons. The excited particles

then scatter the light which is collected by an objective. The high ratio between

the signal and the noise is reached in TIRM due to the exponential decay of the

excitation evanescent field which is thus not collected by the objective.

The single particle white-light scattering experiments realized in the TIR con-

figuration were performed within the oil-immersion objective Plan Fluor 100x Oil

Iris DIC H N2 with the adjustable numerical aperture. The refractive index of the

immersion oil was n = 1.515 and the NA of the objective was set to 1.3. Unlike

the dark-field configuration experiments, the microscope was not set to give twice

higher magnification and, therefore, the magnification was determined only by the

objective giving a value of 100 times.
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5.3 Gold nanorod interaction with epitaxial

graphene

After the description of single particle scattering spectroscopy and related experi-

mental setup the experiments on single particles will be discussed in detail. The

suggested experiments consist of two steps. First, the single particle scattering

spectroscopy will be performed with gold nanorods placed on pure epitaxial gra-

phene on silicon carbide and other substrates (SiC, BK7 glass and HOPG). Then in

the second step, the spectroscopic measurements will be performed with nanorods

separated from the surface of these substrates by an insulating layer with varying

thickness. This spacing layer should ensure the stopping of potential injection of

hot carriers generated by a nanorod into graphene, providing thus the quenching

of a potential channel for nanorod conductive coupling damping. The measured de-

pendence of the plasmon linewidths on the insulating spacer thickness should allow

us to distinguish between the electric field coupling interaction and the hot carrier

injection from a gold nanoparticle and to underlaying graphene.

The samples were prepared according to the procedures described in chapter 3,

the gold nanorods (NR-40-650) were deposited onto glass slides using spin-coating,

then the nanorods were transferred using PMMA wet transfer on four different sub-

strates: BK7 glass, silicon carbide, epitaxial graphene on silicon carbide and HOPG.

It is worth noting, that in the case of the BK7 glass substrate the nanorods were

only deposited onto glass and the transfer onto another glass coverslip was skipped.

Moreover, the prepared samples did not undergo the post UV/ozone treatment and

the salt solution bath, so that the CTAB bilayer surrounding the gold nanorods

could not be fully disrupted and thus influence the measured results.

The scattering spectras were sucessfully recorded for the nanorods placed on the

BK7 glass, silicon carbide and epitaxial graphene on SiC. However, the spectras

corresponding to gold nanorods on HOPG could not be measured due to both the

high reflections from the substrate and the huge broadening of gold nanorod plasmon

peak caused by the HOPG substrate. Single-particle scattering spectras of 20 na-

norods deposited on each selected substrate were acquired within the dark-field

configuration and the averaged peak positions and linewidths of their peaks statisti-

cally processed (Fig. 5.5). The error bars for all binned data correspond to standard

deviation in the linewidth and resonance wavelength.

The silicon carbide substrate red-shifts the gold nanorod longitudinal plasmon

peak significantly in comparison with the BK7 glass. For the BK7 glass substrate the

peak position was λBK7
0 = 610.3 ± 6.2 nm and for silicon carbide

λSiC
0 = 713.2 ± 9.5 nm. The red-shift of the peak position compared to glass
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Fig. 5.5: Peak positions (red squares) and corresponding linewidths (blue ci-

rcles) of a gold nanorod longitudinal plasmonic peak on the BK7 glass

(λBK7
0 = 610.3 ± 6.2 nm, ΓBK7 = 209.4 ± 6.0 meV), silicon carbide

(λSiC
0 = 713.2 ± 9.5 nm, ΓSiC = 231.2 ± 10.9 meV) and epitaxial gra-

phene on SiC (λEG
0 = 711.0 ± 7.4 nm, ΓEG = 189.8 ± 13.7 meV). The error

bars correspond to standard deviations.

also occurs for epitaxial graphene on SiC, but less than for silicon carbide only, gi-

ving a value of λEG
0 = 711.0 ± 7.4 nm. This behavior can be attributed to the

higher values of the real part of SiC refractive index comparing to that of the BK7

glass. By adding the epitaxial graphene interlayer the nanorod gets further from

silicon carbide causing a less efficient coupling with it resulting in a slight blue-shift

of plasmon peak in comparison with the bare SiC.

Surprisingly, the similar behavior occurs also for the particle plasmon linewidth.

Here, the plasmon damping is big for bare silicon carbide giving a value of the

peak linewidth ΓSiC = 231.2 ± 10.9 meV and a significantly lower value of

ΓEG = 189.8 ± 13.7 meV for the epitaxial graphene on SiC. This behavior

is in stark contrast with the measurements reported in literature [69], where an

additional broadening of the particle plasmon peak caused by presence of graphene

was found. However, the measurements done in the paper by Hoggard et al. [69]
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were not performed using the epitaxial graphene grown on silicon carbide.

Nevertheless, there are few features present in our experiments which should be

taken into account while discussing the obtained results. Unlike the epitaxial gra-

phene substrate, the silicon carbide includes a thin layer (few nanometers) of oxide

on the surface possibly influencing its optical properties. On the other hand, epita-

xial graphene is separated from a silicon carbide substrate by a ∼ 3
◦
A thick buffer

layer [86], optical properties of which are not properly determined in literature [111]

and its influence on the graphene optical properties is also not clear. It is worth to

note, that the linewidth corresponding to a gold nanorod placed on the BK7 glass is

so large (ΓBK7 = 209.4 ± 6.0 meV) due to the significant contribution of the gold

interband trasitions resulting from the plasmon position closer to the gold interband

threshold.

Unfortunately, the damping channels of particle plasmon caused by graphene are

lost in the damping channels related to the silicon carbide. Therefore, the resultant

optical responses of silicon carbide and epitaxial graphene grown on SiC complica-

ted our experiments dealing with monitoring the broadening of plasmonic peaks in

dependence on thickness of an insulating spacing layer between the nanorod and

the substrates. The behavior of gold nanorods placed on silicon carbide substrate

was absolutely unexpectable. Therefore, the next paragraph deals with the optical

properties of silicon carbide to get some insight into the effects causing this unusual

particle plasmon broadening.

5.3.1 Optical properties of silicon carbide

Silicon carbide has been a well known material since the half of the 20th century and

thus intensively researched. During that time more than 200 crystallographic allot-

ropes of SiC have been found, however, most attention was paid to these polytypes:

3C-SiC, 4H-SiC and 6H-SiC [112]. These types differ in both the crystallographic

configuration and the correspondings electronic and optical properties. In this thesis,

the 6H-SiC (also sometimes called α-SiC) crystallographic type was used for all per-

formed experiments including the epitaxial graphene growth.

Both for the experiments and the calculations performed in this thesis, the

knowledge of wavelength dependent optical constants of 6H-SiC in the visible and

near-infrared is crucial. For FDTD calculations these optical constants act as input

parameters, and in the case of experiments the constants are necessary for under-

standing the obtained results. However, the literature dealing with measuring either

the complex refractive index or the complex dielectric function of SiC is focused

more on the far-infrared [113,114] and the ultraviolet [115] spectral range and in the

spectral area of our interest only few data points have been measured [116].
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The only work focusing on the visible part of spectrum was done by Singh et

al. [106]. Therefore, these data are depicted in figure 5.6 and were used in FDTD cal-

culations performed in this thesis. However, by a closer look at the 6H-SiC refractive

index data (Fig. 5.6) it is clear that there is no imaginary part of this function. This

fact makes the data not so reliable because the imaginary part of the complex

refractive index corresponding to the light absorption should be present for every

crystalline material even for energies lower than bandgap. For 6H-SiC the band gap

is Eg = 3.21 eV [117] giving the threshold wavelength of λg = 388.8 nm.

Fig. 5.6: Refractive index of silicon carbide (6H-SiC), data measured by Singh et

al. [106].

During the work on this thesis, the relevant data for the imaginary part of the sili-

con carbide complex refracive index in the visible and near-infrared parts of spectrum

has not been found in the literature. The complex refractive index of SiC could be

measured for instance by spectroscopic ellipsometry, which might help to under-

stand the unexpected optical response reported in section 5.3. However, this task

goes beyond the scope of this thesis.
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5.4 Layer-dependent study

To overcome the problems with silicon carbide and related epitaxial graphene in

the single particle scattering experiments, a different type of graphene needs to be

used. Therefore, graphene samples were prepared by mechanical exfoliation from

graphite and placed on a BK7 glass substrate. However, the result of this method

is not integral layer over the entire substrate surface. Instead, a lot of small (tens

of micrometers) graphene pieces, called flakes, were present on the surface. The

graphene exfoliation method suffers from the fact, that the only small fraction of

flakes is the one-atom thick. Therefore, the flakes showing up a broad thickness

distribution are found on the glass substrate. Nevertheless, this imperfection of the

exfoliation method gives us an opportunity to perform scattering measurements in

dependence on the thickness of underlaying graphene.

Therefore, a novel design of experiment is suggested. By monitoring the beha-

vior of the gold nanorod longitudinal plasmon peak as a function of the number of

underlaying graphene layers we should be able to determine the nature of energy

redistribution in the gold nanorod placed on graphene/graphite flakes. Moreover, by

performing the experiments with more types of nanorods, differing in their dimensi-

ons, we should be even able to evaluate the energy redistribution process.

In layer-dependent single particle scattering spectroscopy the TIR configuration

(Fig. 5.4b) was used. Therefore, the measurements proceeded in the immersion oil

environment described above. The experiments were performed for all types of nano-

rods defined in section 3.3, which differed in both the aspect ratio and diameter. In

this section they are reffered to their diameter. The samples were prepared according

to the methods described in chapter 3. The graphene layers were peeled off from the

HOPG using a Scotch tape and transferred onto the BK7 glass. The tape residues

were dissolved by inserting the sample into a toluene bath for 5 hours. Gold nanorods

were deposited on the glass coverslips by spincoating and subsequently transferred

using the PMMA wet transfer onto the glass slide with already deposited graphene

flakes. Then, the PMMA was dissolved in the chloroform bath overnight. Moreover

two addtional steps were added into the sample preparation process to thoroughly

get rid of the CTAB molecules from nanorod surface: Prior to the gold nanorods

transfer the UV/ozone treatment for 1 hour and during the transfer the salt solution

bath were applied.

Such a sample preparation results in gold nanorods randomly distributed over

the substrate surface and thus also a significant part of nanorods took place on

the flakes. In general, this procedure does not give a precisely determined system

wherein the nanorod of known dimensions is placed on the flake with a given number

of graphene layers. Most likely the situation corresponds to gold nanorods showing
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a Gaussian distribution in their dimensions placed on variety of randomly thick

graphene flakes. However by measuring a big quantity of particles the statistic can

be applied on both the gold nanorods and the underlaying graphene / graphite

flakes.

The scattering spectras of individual gold nanorods were measured separately

one by one and, independently, the number of underlaying graphene layers right in

the place of the nanorod was determined. These recorded data points were then

divided into data sets according to the number of graphene layers. The histogram

showing the amount of nanorod scattering spectras corresponding to the given num-

ber of underlaying graphene layers for all the used gold nanorod types is depicted

in figure 5.7.

Fig. 5.7: Histogram showing the amount of the measured nanorod scattering spectras

corresponding to the given number of underlaying graphene layers. Three different

types of gold nanorods were used in the single particle scattering experiments di-

ffering both in the aspect ratio and the diameter. Here, they are reffered to their

diameter and their exact dimensions and properties can be found in table 3.1.

First, let us discuss the results obtained for gold nanorods with a diameter of

10 nm. Recording of single particle scattering spectra was extremelly difficult due to

low signal noise ratio for nanorods of 10 nm in diameter. Although nearly a thousand
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Fig. 5.8: The position of the gold nanorod longitudinal plasmonic scattering peak as

a function of the number of underlaying graphene layers. The error bars correspond

to standart deviations of data set distributions. The histogram of the data taken

into account for the shown data sets is depicted in figure 5.7.

of difraction spots spectras was measured, only a few results were obtained (Fig. 5.7 -

green color). It was even hard to find a gold nanorod on the bare glass without an

underlaying graphene flake. We believe that the measured data correspond only

to the edge of nanorod size distribution, ergo only to the bigger particles from

the ensemble. Therefore, this data set is not fully trustworthy and is not further

considered.

On the other hand, the data obtained for the gold nanorods with the diameters

40 nm and 20 nm show sufficient data sets to get reliable results. Especially, in the

range from zero to six graphene layers there is a sufficient quantity of data enabling

to encompass almost the entire Gaussian distribution. However, in the case of the

nanorods of 20 nm in diameter the single particle scattering experiment became

insufficient for seven and more underlaying graphene layers caused probably by a

large plasmon broadening, and thus vanishing of the signal in the background. The

same behavior occurred also for the gold nanorods with 40 nm in diameter when

placed on flake with thickness higher than ten layers (not shown).

By plotting the gold nanorod plasmon peak positions as a function of underlaying
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Fig. 5.9: Normalized linewidths of the gold nanorod longitudinal scattering peak as

a function of the number of underlaying graphene layers. The error bars correspond

to standard deviations of data set distributions. The histograms of the taken data

sets is depicted in figure 5.7.

graphene layers (Fig. 5.8) almost no dependence was found for both nanorod types.

That suggests the underlaying graphene / graphite layer is not sufficiently thick

to influence the plasmon peak position even if the big mismatch in real parts of

refractive indexes for graphene and the BK7 glass underneath of it is present. The

real part of graphene (and also of graphite) refractive index is almost twice bigger

than that of the BK7 glass in the wavelength range from 600 nm to 1000 nm.

The situation is completely different for the plasmon peak linewidth. Figure 5.9

shows the normalized plasmon linewidth as a function of the number of underlaying

graphene layers, wherein the strong dependence is observed. Even for one graphene

layer the plasmon linewidth is significantly increased, showing the presence of a sub-

stantial damping factor, which is not present for nanorods placed only on bare glass.

The linewidth then further increases by adding additional graphene layers. From fi-

gure 5.9 it is clearly seen that the damping is stronger for the smaller nanorods with a

diameter of 20 nm compared to the bigger ones. In general, the small plasmonic par-

ticles are more effected by the presence of the substrate than the bigger ones [58,61]

suggesting that the observed dependence can be caused by electromagnetic field
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coupling of gold nanorod field with the underlaying graphene / graphite.

The gold nanorod plasmon linewidth for one graphene layer was changed com-

pared to a zero graphene layer in the case of nanorods with the 20 nm diameter

from Γ20 nm
0L = 111.1 ± 12.2 meV to Γ20 nm

1L = 172.6 ± 41.2 meV and for

the nanorods with the diamater of 40 nm from Γ40 nm
0L = 200.0 ± 18.1 meV

to Γ20 nm
1L = 223.0 ± 24.8 meV. Considering the atomic thickness of one gra-

phene layer the reported extraordinary linewidth changes can not be caused only by

the electromagnetic coupling. That suggests the presence of an additional damping

channel. According to literature (discussed in section 2.4) we believe this plasmon

extraordinary broadening is caused by injection of hot electrons from gold nanorods

into graphene. The hot electrons generated by gold nanorod tunnel into the first

graphene layer preferentially and the tunneling of charge carriers between graphene

layers is highly unlikely [118]. It means that the possible hot carrier injection dam-

ping channel is significant especially for a low number of graphene layers (up to

3) while the plasmon damping caused by electric field penetration into underlay-

ing graphene / graphite becomes more significant for the system consisted of more

graphene layers (more than four). In this situation the thickness of the underlaying

graphene / graphite substrate becomes high enough to act as an effective dielectric

medium.

However, the useful information about the obtainted results can be given also by

the Q-factor dependence on the number of graphene layers. The Q-factor is the ratio

between the position in eV and the peak linewidth in eV (Q = E0 (eV) /Γ (eV)).

The obtained dependence is depicted in figure 5.10 in the normalized form. Due to

its definiton the behavior inverse to that of the linewidth is obtained. For the first

graphene layer an unexpected drop compared to zero layers is found for both data

sets followed by a Q-factor gradual decrease with the increasing number of graphene

layers. This behavior of the Q-factor is quite expected due to the reported constant

peak postions for both gold nanorod types.

By increasing the nanorod longitudinal peak linewidth with the inreasing number

of underlaying graphene layers, the peak intensity decreases for both measured gold

nanorod types. However, in the case of bigger nanorods with the diameter of 40 nm,

an interesting feature appears. By decreasing the longitudinal peak intensity another

peak positioned at ∼ 560 nm appears in the measured spectras of the gold nanorods

placed on graphene / graphite within the thickness higher than one graphene layer

(not shown in this thesis). This peak shows no dependence on the increasing number

of graphene layers giving the constant peak position λ0 = 568±24 nm and linewidth

Γ = 542±120 meV. Note that the big values of standard deviations are caused mainly

by the used fit. The nature of this novel peak is not fully clear and thus needs to

be further studied. However, we attribute this peak to the transversal mode of the
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Fig. 5.10: Normalized Q-factor of the gold nanorod longitudinal scattering peak as

a function of the number of underlaying graphene layers. The error bars correspond

to standard deviations of data set distributions. The histogram of the taken data

sets is depicted in figure 5.7.

gold nanorod mainly due to its position.

In general, the obtained results show a strong influence of the gold nanorod

longitudinal peak on the underlaying graphene / graphite layer, significantly even

on one graphene layer only. However, the transversal peak of gold nanorods seems not

to be influenced. This behavior can be possibly explained by an enhancement of the

electric field in the nanorod vicinity. This is huge for the gold nanorod longitudinal

LSPR mode giving an enhancement factor of ∼ 21, whereas for the transversal mode

the electric field is enhanced by a factor of only ∼ 4 (Fig. 2.5). For both discussed

plasmon damping channels (electromagnetic coupling and hot electron injection) the

electric field acts as an important parameter [75, 76]. Thus, the plasmon damping

caused by graphene should by higher for the nanorod longitudinal plasmonic mode.

The performed experiments showed the extraordinary broadening of gold nano-

rod longitudinal plasmon peaks when the nanorod is placed on the graphene sub-

strate. However, from the performed experiments we can not conclude if the energy

redistribution in the gold nanorod on the graphene system is caused either by the

electromagnetic coupling or by the hot electron injection channels. Most likely, both
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effects contribute to energy redistribution in the given system. But to directly answer

this question additional experiments need to be performed in the future.

The suggested experiment should deal with inserting the insulating spacing layer

into the system and then again recording the gold nanorod scattering spectras as

a function of the number of underlaying graphene layers. The spacing layer should

prevent the potential injection of hot carriers generated by nanorod into graphene.

This should provide the quenching of the potential conductive coupling damping

channel in the system. However, the deposition of such a layer onto a graphene

substrate would give a surface with an inhomogeneous thickness. Therefore, a diffe-

rent approach will be chosen to overcome this difficulty. The gold nanorods will be

directly covered by a 5 nm thick insulating silica capping layer.
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6 CONCLUSION

In this thesis we have proposed a novel hybrid photodetection device consisting of

graphene and gold nanorods. In this device graphene acts as a photoactive layer and

the gold nanorods placed on its top then serve as a factor causing enhancement of

photoresponse and sensitivity of the proposed photodetector. Such enhancement is

provided by creation of localized surface plasmon resonances in the gold nanorods

and subsequent transfer of the energy of plasmons into graphene upon illumination of

the device by incoming light. The channels of energy redistribution from oscillating

plasmon in the nanoparticle to graphene were neatly treated to determine the exact

mechanism responsible for the energy transfer. This was done by single particle

white-light scattering spectroscopy showing the novel unexpected energy transfer

channel present in the graphene / gold nanorod system.

We have reported bias-dependent photoresponse observations in proposed pho-

todetector devices when the bias voltage was applied using the I-V measurement

technique. The devices consisted of bare epitaxial graphene on SiC and epitaxial

graphene on SiC with the gold nanorods placed on its top, both devices contacted

with asymmetric metal electrodes (gold, aluminum) in the metal-graphene-metal

configuration. The bias-dependent photoresponse was found even for the bare gra-

phene photodetector. Nevertheless, the significant enhancement of photoresponse

was found in the situation, where the device consisted of graphene and gold nano-

rods on its top.

However, the photoresponse behavior for both devices significantly differed for

the different wiring configuration. The corresponding behavior was discussed and

attributed to the doping profile established in graphene by the applied metallic

electrodes and to the generation of hot carriers in graphene upon the illumination

by incident light. The best combination of the device and corresponding wiring

configuration for light detection was the graphene photodetector with gold nanorods

on its surface in the configuration, where the gold electrode was grounded and the

bias voltage was applied to the aluminum electrode. In this situation, the device

showed a linear behavior of photoresponse in dependence on the applied bias voltage.

Nevertheless, a negligible generated photocurrent was found for both devices in every

wiring configuration when zero bias was applied.

The reported photoresponse enhancement due to the presence of gold nanorods

is caused by the energy redistribution from the nanoparticle localized plasmon into

the graphene. However, the exact responsible mechanism is not fully known and in

literature there are two possible energy redistribution channels discussed: the dielect-

ric interaction between plasmonic nanoparticles and underlaying graphene and the

generation of hot electrons by plasmonic particle and their subsequent injection into
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graphene. The further research of this thesis then fully focused on the determination

of energy transfer channels acting in the system.

These experiments were done using the white-light scattering spectroscopy of

single particles monitoring the linewidth of nanorod longitudinal localized plasmon.

First the gold nanorods placed on epitaxial graphene on silicon carbide were probed.

However, the unexpected behavior of the gold nanorod plasmonic peak on silicon

carbide was found, when the plasmon linewidth was bigger for nanorods on SiC

compared to the epitaxial graphene. This unpredictable performance thus disallowed

us to determine the plasmon damping channels using the epitaxial graphene grown

on silicon carbide.

Therefore, these experiments were perfomed using the exfoliated graphene on the

glass (BK7) substrate and the gold nanorod plasmon linewidth was measured as a

function of the number of underlaying graphene layers. The measurements were done

for two different gold nanorod types. The obtained results showed extraordinarily

big particle plasmon broadening for one underlaying graphene layer compared to

the bare glass substrate for both nanorod types. Considering the almost negligible

thickness of graphene, such a huge reported plasmon broadening can not be caused

only by the classical dielectric coupling plasmon damping channel. These results thus

suggested the presence of a novel plasmon damping channel in the system attributed

to the injection of hot electrons from the gold nanorod into the underlaying graphene.

By increasing the number of underlaying graphene layers in the system the

plasmon peak was further broadened, but not in such a big magnitude per layer

as in the case of one graphene layer. This thus suggests also the presence the of

dielectric interaction. The found effects were more significant for the smaller nano-

rods compared to the bigger ones. Moreover, in the case of bigger gold nanorods

another peak in nanorod spectra attributed to the trasversal band of gold nanorods

was found. This peak was not affected by the presence of graphene / graphite layers.

The reported dependence of the longitudinal plasmon linewidth on the number of

underlaying graphene layers thus suggests the contribution of both possible damping

channels in the gold nanorod / graphene system, the dielectric coupling between a

gold nanorod and graphene and the hot electron injection from this nanoparticle

into graphene. However, to directly distinguish between these two effects, the further

experiments need to be performed in the future research.

Suggestions for future research

The experiment suggested for distinguishing between electromagnetic coupling and

hot electrons injection channels deals with inserting an insulating spacing layer be-
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tween the gold nanorod and the graphene. Then the gold nanorod scattering spectras

will be recorded again as a function of the number of underlaying graphene layers in

this new type of sample. The spacing layer should suppress the potential injection

of hot carriers generated by the nanorod into graphene and thus quench of the

conductive coupling channel. Nevertheless, the deposition of such a layer onto a gra-

phene substrate would give a surface with an inhomogeneous thickness. Therefore, a

different approach will be applied to overcome this imperfection: the gold nanorods

will be directly covered by a 5 nm thick insulating silica capping layer.

In addition, the unexpected optical response of silicon carbide and epitaxial

graphene on SiC discussed in section 5.3 should be further investigated. First, the

complex refractive index of silicon carbide should be measured using the spectrosco-

pic ellipsometry. Based on this data the reported big broadening of the plasmonic

peak of gold nanorods on SiC could be explained or a next experiment could be

suggested.

The graphene photodetector performance reported in Chapter 4 should be further

studied to prove the suggested explanation and to improve the properties of the fab-

ricated devices. This could be done by performing thorough wavelength dependent

I-V measurements of their photoresponse, and by determining the doping profiles in

the devices.
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APPENDIX

Appendix A - Sample preparation: The protocols

Mechanical exfoliation of graphene - tips & tricks

Technically, there is no general procedure protocol to perform the exfoliation of

graphene from bulk graphite to yield the highest possible number of single-layer

flakes. The yield is more controlled by practice and intuition of performing scientist.

But there are few rules that should be followed for sufficient graphene exfoliation.

The first peeling off is realized from bulk HOPG. Then, the peeled graphite layer

present on the tape surface is weakened by few peeling-off cycles again using tape

until the thickness of flakes is homogeneous all around the surface (meaning no

presence of thick flakes right next to thin ones). The amount of peelling cycles is at

least 6.

Later on, the transfer onto substrate by sticking the tape to the substrate and

subsequent peeling of the tape is realized. This final peeling step should be proceeded

as slow as possible, namely within a rate of about a milimeter per second.

However, emphasis should be also placed on a substrate and its treatment. Sub-

strate should be cleaned properly and exhibit high adhesion. The adhesion of sub-

strate can be enhanced by oxygen plasma or UV/ozone treatment resulting in the

etching-off organic impurities from the surface and the charging of substrate surface.

For single-particle scattering microscopy experiments (Chapter 5), the transpa-

rent substrate needed to be used. Therefore, as a substrate the borosilicated glass

(BK7) microscopy slides 26 × 76 mm2 (Menzel-Gläser) were used. Prior to graphene

flakes transfer onto substrate the glass slides were sonicated in acetone, isopropanol

and distilled water (all for 10 minutes) and treated by UV/ozone for 1 hour. Sub-

sequently, the graphene flakes were placed on top of glass substrate and the sample

was loaded into toluene bath for 5 hours to get rid of the adhesive tape residues.
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Protocol of gold nanorods deposition using spin-coating

1. Blowing glass slides (22 × 22 mm2, Menzel-Gläser) with nitrogen

2. Rinsing slides with methanol

3. Sonication of coverslips in methanol for 20 minutes

4. Unloading the glass slides from methanol, blowing them dry with nitrogen

5. UV/ozone treatment of coverslipes for 90 minutes

6. Blowing slides with nitrogen

7. Immersion of coverslipes into 5 % MPTMS solution with ethanol (high purity)

for 5 minutes

8. Rinsing slides with methanol

9. Sonication of coverslips in methanol for 20 minutes

10. Unloading the glass slides from methanol and blowing them dry with nitrogen

11. Spin-coating of gold nanorods drop (see its contain in table below) onto pre-

pared glass coverslip

• spin speed: 2000 rpm, 1 minute

Tab. 6.1: The content of gold nanorod solution drop of volume aproximatelly 500 µl

for different types of used gold nanorod. Values were determined experimentaly.

Gold nanorods type Gold nanorods Liquid

NR-10-700 5 µl 495 µl of 0.5 mM CTAB

NR-20-700 2 µl 498 µl of 0.5 mM CTAB

NR-40-650 5 µl 495 µl of 0.5 mM CTAB

12. Rinsing the spin-coated glass slides with PBS and distilled water properly and

blowing coverslips dry with nitrogen

13. In case of single-particle scattering microscopy experiments (Chapter 5): skip

the steps 7 - 10 and apply the UV/ozone treatment of coverslips with deposited

gold nanorods for 1 hour
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Protocol of gold nanorods deposition from bulk solution upon

coverslip immersion

1. Blowing glass slides (22 × 22 mm2, Menzel-Gläser) with nitrogen

2. Rinsing slides with methanol

3. Sonication of coverslips in methanol for 20 minutes

4. Unloading the glass slides from methanol, blowing them dry with nitrogen

5. UV/ozone treatment of coverslipes for 90 minutes

6. Blowing slides with nitrogen

7. Immersion of coverslipes into 5 % MPTMS solution with ethanol (high purity)

for 5 minutes

8. Rinsing slides with methanol

9. Sonication of coverslips in methanol for 20 minutes

10. Unloading the glass slides from methanol and blowing them dry with nitrogen

11. Loading the slides into gold nanorods colloidal solution with CTAB concent-

ration of ∼ 0.1 mM

12. Every 20 minutes: Unloading the coverslips from gold nanorods bulk solution,

rinsing them with PBS and distilled water properly, blowing them dry with

nitrogen and loading them back into the nanorod bulk solution

13. If needed, after 12 rinsing steps use new gold nanorods colloidal solution

14. In case of single-particle scattering microscopy experiments (Chapter 5): UV/o-

zone treatment of coverslips with deposited gold nanorods for 1 hour
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Protocol of gold nanorods transfer onto graphene

1. Blowing the gold nanorods source glass slides with nitrogen

2. Spin-coating of PMMA onto gold nanorods glass slide

• 120k PMMA A10, spin speed: 4000 rpm ∼ 330 nm

3. Heating the glass slide at 50 ◦C for 10 minutes

4. Cutting the glass slide with PMMA into preferable sizes

5. Blowing the prepared glass slide with nitrogen

6. Peeling-off the PMMA / gold nanorods layer in the KOH solution (concent-

ration of 0.1 M) bath for 2 hours

7. In case of single-particle scattering microscopy experiments (chapter 5): Get-

ting rid of the remaining CTAB molecules from gold nanorods in salt solution

(NaCl - 1 M) bath for 1 hour

8. Cleaning of the PMMA / gold nanorods layer in the distilled water bath for

1 hour

9. Unloading the PMMA / gold nanorods layer by graphene substrate

10. Gently blowing dry with nitrogen

11. Heating the PMMA / gold nanorods / graphene sample at 50 ◦C for 10 minutes

12. Dissolving PMMA in acetone or chloroform bath overnight

13. Loading gold nanorods / graphene sample into isopropyl alcohol bath for 1 mi-

nute

14. Loading gold nanorods / graphene sample into distilled water bath for 1 minute

15. Blowing the sample dry with nitrogen
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Appendix B - Solar spectrum

Fig. B.1: Solar irradiance spectrum: AM 0 – the solar spectrum measured in the

space, AM 1.5 – the solar spectrum measured at the sea level after penetration of

sunlight through the air with thickness of one and half atmosphere.
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Appendix C - The refractive index library

Fig. C.1: The complex refractive index of gold. Data measured by Johnson and

Christy [54]. The data are depicted in the form of the dielectric function in figure 2.1.

93



Fig. C.2: The complex refractive index of borosilicate glass (BK7). Data obtained

from the company Schott [105].

Fig. C.3: The complex refractive index of silicon carbide. Data measured by

Singh et al. [106].
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Fig. C.4: The complex refractive index of graphene. Data measured by

Weber et al. [22]. The same plot was already used in section 1.2 as figure 1.5.

Fig. C.5: The complex refractive index of graphite. Data measured by

Djurǐsić et al. [107].
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Appendix D - FDTD simulations: The computing

system description

The configurations of computational systems are schematically shown in figure D.1.

The gold nanorod has a shape of spherically capped cylinder. As a source of illu-

mination the plane wave was used, represented by total-field scattered-field source

(TFSF). This provides the illumination of the system by polarized white light pulse

consisted of different wavelengths. The polarization was selected to be linear and

oriented parallel to the long axis of nanorod in order to excite longitudinal LSPR of

nanorod. Moreover the TFSF source enables spatially define the area to be illumi-

nated resulting in situation that outside this defined area the incident illumination

does not propagate and thus if some light leaves the area, it is the light scattered or

reflected from the nanorod or substrate.

Fig. D.1: Schematic pictures of computational systems configurations (not to scale).

a) The simulation system for computing of the scattering cross section of nanorod,

b) the system used for nanorod electric-near fields calculations.

The calculations are carried out in whole simulated region defined by its borders,

however, the data of electromagnetic field are stored only in areas where the so-

called monitors are placed. Monitor records and then stores the electromagnetic field

data in the selected wavelength range. That allows us to geometrically define the

scattered light according to later performed experiments (Fig. D.1a). The scattering

cross section thus corresponds to the sum of powers recorded by monitors above and

around the nanoparticle devided by the intensity of the incident light. The recording

of near-field enhancement in gold nanorod vicinity was then realized by placing
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the power monitor at position prescribed in figure D.1b in order to vizualize the

penetration of electric near-field into the underlaying graphene and other substrates

of interest.

The boundary conditions of the simulated region are important feature for effi-

cient calculation. Here, the perfectly matched layers (PML) were applied. PML are

absorption boundary conditions that allowing propagation of electromagnetic waves

outside the simulated region resulting in quenching of the wave and preventing its

reflection back to the simulated region.
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