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Abstract

In this thesis, the effect of the sample properties on the characteristics of the hot

carrier luminescence in graphene is investigated. The present work focuses on the

two main issues described below.

The first issue is the modification effects of near-infrared pulsed laser excitation

on graphene. For excitation fluences several orders of magnitude lower than the

optical damage threshold, the interaction with ultrafast laser pulses is found to

cause a stable change in the properties of graphene. This photomodification also

results in a decrease of the hot photoluminescence intensity. The detailed analysis

shows that ultrafast photoexcitation leads to an increase in the local level of hole

doping, as well as a change in the mechanical strain. The variation of doping and

strain are linked with the enhanced adsorption of atmospheric oxygen caused by

the distortion of the graphene surface. These findings demonstrate that ultrashort

pulsed excitation can be invasive even if a relatively low laser power is used.

Secondly, the variation of the hot photoluminescence intensity with the increas-

ing charge carrier density in graphene is investigated. The electro-optical measure-

ments performed using graphene field-effect transistors show a strong dependence

of the photoluminescence intensity on the intrinsic carrier concentration. The emis-

sion intensity has a maximum value in undoped graphene and decreases with the

increasing doping level. The theoretical calculations performed using a refined two-

temperature model suggest that the reduction of the photoluminescence intensity

is caused by an increase in the hot carrier relaxation rate. The modification of the

carrier relaxation dynamics caused by photoinduced doping is probed directly using

the two-pulse correlation measurements.

The discovered sensitivity of the hot photoluminescence to the intrinsic carrier

concentration can be utilised for spatially-resolved measurements of the Fermi level

position in graphene samples, offering an advantage in resolution and speed.
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Introductory notes

Please note that in this thesis, the terms “Fermi level” and “chemical potential” are

used as synonyms describing the total electrochemical potential of charge carriers

in graphene. The topmost occupied energy level in the ground state of a system is

referred to as ”Fermi energy”.

Chapter 4 is based on the paper E. Alexeev, J. Moger and E. Hendry, ”Photo-

induced doping and strain in exfoliated graphene”, Applied Physics Letters, 103(15),

151907 [1].
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Introduction

Two-dimensional electronic systems have always attracted extensive research inter-

est due to a unique combination of quantum and classical properties that give rise

to intriguing physical phenomena. The high mobilities achieved in these systems

have led to the discovery of the integer [2] and fractional [3] quantum Hall effects

and made them an integral part of the modern semiconductor technology.

Two-dimensional confinement of electrons in conventional systems is usually

achieved using metal-oxide-semiconductor (MOS) structures [4], quantum wells [5,6]

and superlattices [7]. In these systems, charge carriers are localised in a poten-

tial well, making their behaviour essentially two-dimensional. A robust and truly

two-dimensional electronic system, however, can be achieved only using an atom-

ically thin material. For a very long time, purely two-dimensional crystals had

been believed to be thermodynamically unstable [8]. The experimental discovery of

graphene in 2004 [9] has opened a new era in the low-dimensional electronic system

research.

Graphene is a single atomic layer of graphite, in which carbon atoms are arranged

into a two-dimensional honeycomb lattice. The unique properties of graphene arise

from its crystal structure: the strong in-plane σ bonds formed by the intersect-

ing sp2-hybridised orbitals give graphene its incredible mechanical strength, while

the bonding and anti-bonding of the out-of-plane pz orbitals define its low-energy

electronic structure.

The band structure of graphene was first calculated by P. Wallace in 1947 [10]

using the tight-binding approximation. Graphene is a zero-band gap semiconductor,

with the valence and conduction bands intersecting at the two inequivalent corners

of the first Brillouin zone, K and K ′. In the vicinity of these points, the electron

energy dispersion can be approximated by a linear relation E = h̄vF |K−k|, where h̄

is Plancks constant, vF ∼ 106 m/s is the Fermi velocity [11], and k is the wavevector

of electron. The linear energy dispersion of electrons results in charge carriers in

graphene behaving like mass-less Dirac fermions, described by the relativistic Dirac

equation rather than the Schroedinger equation [12].
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Introduction

One of the consequences of this relativistic behaviour is extremely high carrier

mobility. The very first graphene samples fabricated using mechanical exfoliation

of graphite demonstrated a room-temperature mobility of 10 000 cm2 V −1s−1 [9],

and graphene devices encapsulated in hexagonal boron-nitride [13] show mobilities

approaching the theoretically predicted limit of 2 · 105 cm2 V −1s−1 [14, 15].

The high carrier mobility makes graphene a very promising material for high-

speed electronics; however, the absence of the band gap complicates its applica-

tions as a logic component. A variety of methods for opening the band gap have

been developed, including confinement of the charge carriers in narrow nanorib-

bons [16–20], chemical modification [21–26] and inducing interlayer asymmetry in

few-layer graphene using an electric field [27–29]. Unfortunately, the majority of

these methods results in the opening of the band gap with a width of less than 360

meV [15] and also lead to significant degradation of the carrier mobility [30].

Moreover, many of the superior transport characteristics have been observed only

in the samples obtained by mechanical exfoliation. The industrial use of graphene as

a supplement or replacement of silicon requires a mass production method capable

of producing graphene samples with the highest crystalline quality.

Another intriguing property of graphene is its unique mechanical strength. Graphene

has a Young’s modulus of 1 TPa and can sustain a strain of more than 20%, making

it the strongest material ever tested [31]. Combined with its remarkable electronic

properties, this makes it an ideal conductor for flexible electronics. However, the

true potential of graphene perhaps lies in optoelectronic applications.

Owing to the symmetric conical band structure, monolayer graphene absorbs

2.3% of incident light [32], and the absorption is frequency-independent in the

infrared-to-visible frequency range [32]. Moreover, monolayer and bilayer graphene

can be made completely transparent for low-energy light using Pauli blocking [33,34].

The combination of broadband absorption [35], strong optical nonlinearities [36,37]

and remarkable transport properties [11] makes graphene a perfect material for op-

toelectronic applications.

Graphene has been used as an active element in various photonic and opto-

electronic devices, including optical modulators [38–40], ultrafast photodetectors

[41–43], saturable absorbers [44,45], optical frequency converters [36,46] and trans-

parent conducting films [47–49]. For all these applications, it is vitally important to

understand the light-matter interaction and charge carrier relaxation in graphene.

The dynamics of the hot electron relaxation has been studied extensively using

a variety of optical spectroscopy techniques, including transient absorption [50–57]

and photoemissions [58–61] measurements.
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The relaxation of the photoexcited charge carriers in graphene consists of three

fundamental steps [50, 62]. Firstly, an initially narrow distribution in energy space

created by laser excitation broadens due to the electron-electron scattering. This

fast process, which generally conserves energy, leads to the establishment of a Fermi

- Dirac distribution within a few femtoseconds after photoexcitation [50,62,63]. The

hot carrier distribution then quickly loses its energy through the emission of optical

phonons, until after ∼ 500 fs the two systems reach thermal equilibrium [52,54,62].

These initial relaxation processes occur at a much higher rate in graphene than in

other semiconductor materials due to the linear dispersion relation of electrons [63,

64]. On longer timescales, further energy relaxation occurs due to the anharmonic

decay of optical phonons, with both electron and phonon systems returning to initial

temperature on a time scale of few picoseconds [52,54,57,62].

The initial nonequilibrium carrier distribution formed by the rapid electron-

electron scattering gives rise to a broadband luminescence signal. Due to the ab-

sence of a band gap and ultrafast carrier relaxation, graphene does not produce

any fluorescence emission under continuous-wave excitation, and conventional pho-

toluminescence has been observed only in a chemically modified [4, 23, 65–67] and

highly electrostatically doped graphene [68]. However, upon excitation with ultra-

short laser pulses, graphene produces a broad luminescence signal, with emission for

energies both higher and lower than the excitation one.

At present, only a few experimental studies of ultrafast photoluminescence (PL)

have been carried out. The ultrafast PL spectrum was investigated for various

excitation energies and different pulse duration [64,69,70]. The temporal dynamics

of the emission was investigated using two-pulse correlation measurements [71] and

time-resolved luminescence spectroscopy [72]. The up-converted PL was used for

high-contrast imaging of graphene on arbitrary substrates [64,70]. Due to its origin,

this unique signal could give a valuable insight into the electron-electron interactions.

However, the correlation between the PL characteristics and properties of graphene

has not yet been established.

The implementation of graphene as an active element of optical and optoelectron-

ics devices requires the long-term stability of its properties under various operating

conditions. Due to its interfacial nature, graphene exhibits very high sensitivity

to the atoms and molecules interacting with its surface. This environmental sen-

sitivity has found its application in a wide range of different sensors [73–82], and

enabled graphene conductivity to be tuned from insulating to metallic through chem-

ical functionalisation [22,49,83–87]. However, it also makes the graphene properties

very susceptible to changes through interaction with the environment. For examples,
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adsorption of atmospheric oxygen and moisture can lead to significant hole doping

of graphene [88–90] and is responsible for hysteresis effects observed in graphene

field-effect transistors [91–94].

A very important case of the environmental sensitivity is the modification of

graphene properties caused by photoexcitation. Reversible photoinduced doping of

graphene has been reported for visible [95–97] and ultraviolet excitation [98, 99].

However, for the near-infrared region, the experimental studies have been so far

limited to identifying the optical damage threshold under ultrashort pulsed excita-

tion [100–103].

In this thesis, two main issues are addressed. Firstly, the photomodification of

graphene by ultrafast near-infrared excitation is investigated. The interaction with

picosecond laser pulses is found to cause a stable change of graphene properties,

which reveals itself in the reduction of the PL intensity. Secondly, the relationship

between the sample properties and the characteristics of the hot carrier luminescence

is studied using a combination of optical and transport measurements.

The thesis has the following structure: in Chapter 1, the theoretical concepts

that are essential for understanding the investigated optical phenomena and the

operational principles of various measurement techniques are described. The sam-

ple fabrication and characterisation methods, including electron beam lithography,

Raman spectroscopy, and transport measurements, are presented in Chapter 2.

Chapter 3 focuses on the modification of graphene properties caused by near-

infrared picosecond excitation. For the pulse fluences several orders of magnitude

lower than the optical damage threshold, the interaction with ultrashort laser pulses

was found to result in a stable localised modification of graphene. The photomod-

ification process is investigated for various experimental conditions (e.g. different

sample thickness, excitation wavelengths and pulse width) and the changes induced

in graphene are monitored using ultrafast PL spectroscopy. The modification ef-

fects demonstrate remarkable long-term stability, however, they can be reversed

completely through solvent treatment or thermal annealing.

In Chapter 4, the photoinduced changes of graphene properties are investigated

using Raman spectroscopy. The variation of the Raman spectra after photomodifi-

cation indicates a significant increase in the level of hole doping and a change in the

sample strain. These effects are explained by enhanced bonding of atmospheric oxy-

gen caused by the distortion of the surface due to slippage and buckling of graphene.

The changes of the sample properties are linked with increasing surface roughness

through atomic force microscopy measurements.

Chapter 5 investigates the origin of the ultrafast PL sensitivity to the photoin-
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duced changes. The dependence of the PL intensity on the carrier concentration in

graphene is studied using samples with controllable chemical potential. The lumi-

nescence intensity is found to have a maximum value in samples with low intrinsic

carrier density and decrease with increasing doping level. A simple two-temperature

model based on a set of coupled differential equations provides a very good fit to

the observed results.

Finally, Chapter 6 presents preliminary results concerning direct investigation

of hot carrier relaxation in graphene through two-pulse correlation measurements.

The changes of the shape of the correlation signal suggest an increase in the carrier

relaxation rates in the photomodified regions.
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Chapter 1

Background theory

1.1 Introduction

In this chapter, essential theoretical concepts utilised in this thesis are discussed.

Many of intriguing graphene properties arise from its unique band structure with

linear energy dispersion, and valence and conduction overlapping at the Dirac Point.

At the beginning of the chapter, the band structure of graphene is calculated within

the tight-binding approximation, and the universal optical conductance is derived

using time-dependent perturbation theory. Next, basic concepts of Raman spec-

troscopy and its application for investigating different properties of graphene, such

as doping, strain, and sample thickness, are reviewed. Finally, ultrafast photolumi-

nescence, a unique signal arising from recombination of hot charge carrier distribu-

tion, is discussed. The two-temperature model that describes the temporal evolution

of electron and phonon temperatures following the photoexcitation is presented at

the end of the chapter.

1.2 Band structure of graphene

Monolayer graphene is a single layer of sp2 hybridised carbon atoms arranged in a

two-dimensional honeycomb lattice. Being a basic building block for many carbon

allotropes, graphene has been a subject of extensive theoretical studies over the

last 70 years. However, isolated graphene had been believed to be unstable and

considered only as a theoretical concept until it was discovered experimentally by

Geim and Novoselov in 2004 [9].

Each of the carbon atoms that form the graphene lattice possess six electrons; two

of them belong to the tightly bound 1s state and do not take part in the formation of
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1.2. Band structure of graphene

chemical bonds. Three of the four electrons in the outer shell occupy sp2 hybridised

orbitals formed by superposition of 2s, 2px and 2py orbitals. These orbitals have

in-plane orientation with mutual angles of 120◦ degrees and form strong σ bonds

between neighbouring atoms. The remaining fourth electron belongs to the out-of-

plane unhybridised 2pz orbital; the overlap between these orbitals defines low-energy

electronic structure of graphene.

Figure 1.1: (left) Crystal lattice of graphene in real space. Honeycomb lattice is a
triangular lattice with a basis of two: black arrows show primitive translation vectors
and green arrows indicate nearest-neighbor vectors connecting two subblatices with
each other. (right) First Brillouin zone of graphene with high symmetry points Γ,
M, K and K’ indicated.

Figure 1.1 left shows the crystal structure of graphene. The honeycomb lattice

is not a Bravais lattice as its unit cell contains two inequivalent atoms, A and B. It

can be seen as two intersecting triangular lattices with primitive vectors defined by

a1 =
a

2

(
3,
√

3
)
, a2 =

a

2

(
3,−
√

3
)
, (1.1)

where a = 0.124 nm is the distance between two neighbouring carbon atoms. The

nearest-neighbour vectors that connect an atom on the sublattice B with the three

nearest atoms that belong to the sublattice A are given by the following expressions:

δ1 = −a

(
−1

0

)
, δ2 = a

(
1
2√
3

2

)
, δ3 = a

(
1
2
−
√

3
2

)
. (1.2)

The electronic band structure of graphene can be calculated using the tight binding

approximation [10]. Assuming that electrons are strongly bound to their own carbon

atoms and can hop only between the nearest neighbours, their wavefunction can be

defined as linear combination of the wavefunctions corresponding to the atoms on

different sublattices:

Ψ = CAψA + CBψB. (1.3)
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Chapter 1: Background theory

The atomic wavefunctions that satisfy the Bloch’s theorem are constructed from

linear combination of the individual 2pz orbital wavefunctions of carbon atoms φ(r)

ψj =
1√
N

∑
Rj

eikRjφ(r −Rj), j = A,B, (1.4)

where Rj = nja1 +mja2 is translation vector and summation is taken over N atoms

in the corresponding sublattice. Substituting the wavefunction given by Eq. 1.4 into

the Schroedinger equation and multiplying it by 〈φA| and 〈φB|, we get the following

set of linear equations for coefficients CA and CB:

CA

〈
ψA

∣∣∣ Ĥ ∣∣∣ψA〉+ CB

〈
ψA

∣∣∣ Ĥ ∣∣∣ψB〉 = E(CA 〈ψA |ψA〉+ CB 〈ψA |ψB〉) (1.5)

CA

〈
ψB

∣∣∣ Ĥ ∣∣∣ψA〉+ CB

〈
ψB

∣∣∣ Ĥ ∣∣∣ψB〉 = E(CA 〈ψB |ψA〉+ CB 〈ψB |ψB〉),

If we assume that 2pz wavefunctions centred on different atoms have negligible

overlap, i.e. 〈φA|φB〉 = 0, then Eq. 1.6 can be simplified as

CAHAA + CBHAB = ECAS (1.6)

CAHBA + CBHBB = ECBS,

where Hij = 〈ψi|Ĥ|ψj〉 and S = 〈ψA |ψA〉 = 〈ψB |ψB〉. The energy spectrum of

graphene can be obtained using the secular equation:∣∣∣∣∣ HAA − ES HAB

HBA HBB − ES

∣∣∣∣∣ = 0. (1.7)

Carbon atoms that form sublattices A and B are identical, therefore HAA = HBB.

As individual atomic wavefunctions φ(r−Rj) are normalised, it is easy to show that

S = 1 and solution of Eq. 1.7 gives

E = HAA ± |HAB|, (1.8)

where positive (negative) sign corresponds to the electrons in conduction (valence)

bands. We can now calculate the matrix elements HAA and HAB in the nearest-

neighbour approximation using the Bloch’s functions given above (Eq. 1.4):

E = E0 ± γ

√
1 + 4 cos

√
3kya

2
cos

3kxa

2
+ 4 cos2

√
3kya

2
, (1.9)

where E0 = 〈φ(r −RA)|Ĥ|φ(r −RA)〉 and γ = 〈φ(r −RA)|Ĥ|φ(r −RB)〉. From
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1.2. Band structure of graphene

Eq. 1.9 it can be seen that the energy spectrum is symmetric with respect to E0,

which is the Fermi energy of undoped graphene; therefore it is convenient to set its

value to zero. The term γ describes hopping between the nearest neighbours and

has a value γ ∼ 2.8 eV. A more accurate calculation can be made by taking into

account the next-nearest-neighbour interaction, however, it gives small corrections

to the result listed above.

Figure 1.2: (left) Band structure of graphene calculated using the tight-binding
approximation for nearest-neighbour hopping. (right) Cross-section of the band
structure in the vicinity of the K point showing linear energy dispersion.

Figure 1.2 plots the energy spectrum of graphene calculated using the tight-

binding approximation. Graphene has a symmetric energy dispersion relation for

electrons and holes with conduction and valence band touching each other at the

K and K’ points of the Brillouin zone. These points are non-equivalent due to the

presence of two sublattices and therefore correspond to two different valleys.

In the vicinity of the K (K’) point the energy dispersion relation can be approx-

imated by linear function

E =
√

3aγ|k−K|/2 = h̄vF |k−K|, (1.10)

where vF = 1 · 106 m/s is the Fermi velocity which in the case of graphene does

not depend on the carrier energy. The linear energy spectrum is similar to that of

massless Dirac particles, thus K and K’ point are called Dirac points.
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Chapter 1: Background theory

1.3 Optical properties of graphene

1.3.1 Universal optical conductivity

One of the striking features of the graphene band structure is that it supports

direct interband transitions in a very wide range of energies. In this section, we

derive the light absorption of graphene within the electric dipole approximation by

calculating the optical transitions rate for the electrons excited from the valence to

the conduction band.

The Hamiltonian describing massless particles in the presence of an electromag-

netic field has the following form [11,12]:

H = vFσ · (p + eA) , (1.11)

where p is the momentum operator, A is the vector potential and σ = (σx, σy) are

the Pauli spin matrices that represent pseudospin. The latter describes the sublattice

degree of freedom and acts analogously to the real spin of massless particles [12].

The term vFσeA in the Eq. 1.11 describes interband transitions of charge carriers

induced by absorptions of photons and can be considered as a perturbation. The

optical transition rate in the electric dipole approximation can be calculated using

Fermi’s golden rule

Wi→f =
2π

h̄

∣∣∣〈f ∣∣∣ vFσ · e
c
A
∣∣∣ i〉∣∣∣2 ν(Ef ) δ(Ef − Ei − h̄ω). (1.12)

Here, ν(Ef ) is the density of final states, Ei (Ef ) is the energy of the initial (final)

states and h̄ω is the energy of the absorbed photon. The wavefunction of the two-

dimensional (2D) Dirac fermions in graphene is given by

|ψ±〉 =
1√
2

(
e−iθ(k)/2

±eiθ(k)/2

)
eik·r, (1.13)

where θ(k) = arctan(ky/kx) and negative (positive) sign corresponds to the carriers

in the valence (conduction) band [12]. If we choose the electromagnetic wave to be

polarised along the x axis

A = x̂ A0

(
eiωt + e−iωt

)
/2, (1.14)

then optical transitions are controlled by the σx matrix. The light absorption cannot

induce direct transitions within one band, therefore the only non-vanishing matrix
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1.3. Optical properties of graphene

element is given by

〈ψ− |σx |ψ+〉 = −(i/2)vF eA0 sin θ(k). (1.15)

Substituting the matrix element given by Eq. 1.15 into Eq. 1.12 and taking into

account the density of states in graphene ν(E) = 2|E|/πh̄2v2
F we obtain the following

expression for the optical transition rate in the electric dipole approximation

W−→+(k) =
e2A2

0ω

2h̄2 sin2 θ(k) δ(2E − h̄ω). (1.16)

Note that the delta function ensures that only charge carriers with the energy equal

to the half of the photon energy can be excited to the conduction band.

Figure 1.3: (left) Optical micrograph of graphene sample suspended over a
50 µm aperture.(right) Transmittance spectrum of monolayer graphene showing
frequency-independent absorption in the near-IR to UV range. Inset plots transmit-
tance as a function of sample thickness. Images adapted from Ref. [32].

The total transition rate per unit area can be calculated by integrating Eq. 1.16

over the momentum space and multiplying the result by 4 to account for spin and

valley degeneracy

R = e2A2
0 ω/8h̄

2. (1.17)

Comparing the amount of light absorbed by a unit area of graphene Wa = R · h̄ω
with energy flux of incoming lightWi = cε0A

2
0ω

2/2 we obtain the following expression

for the percentage of transmitted light:

T = 1−Wa/Wi = 1− πα ≈ 0.977. (1.18)
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Chapter 1: Background theory

where α = e2/4πε0h̄c is the fine structure constant. Two striking features of

graphene can be seen from these calculations. Firstly, it absorbs 2.3% of incom-

ing light despite being atomically thin. Secondly, within the linear dispersion range

the absorption coefficient is independent of the excitation wavelength. Experimen-

tal measurements on suspended graphene (Fig. 1.3) show very good agreement with

theoretical predictions. Graphene absorption increases linearly with the increasing

number of layers for flakes up to 9 layers thick [104].

1.3.2 Raman spectrum of graphene

1.3.2.1 General introduction

Raman spectroscopy is a spectroscopic technique that utilises inelastic light scatter-

ing to probe low-frequency modes of a system. In a simplified way, the difference

between elastic and Raman scattering can be described as follows: when a sample

is irradiated by the excitation light, electrons are excited to the state with energy

Eg + h̄ω, where Eg is the energy of the ground state and h̄ω is the energy of the

incoming photons. Since this excited state isn’t stable, electrons relax to the initial

state through the emission of a photon. In the majority of cases, the energy of

the emitted photons will exactly match the energy of the excitation light, which

corresponds to elastic or Raleigh scattering.

Figure 1.4: Diagram of energy levels involved in elastic and Raman scattering.

Raman scattering has a much lower probability and occurs when electrons lose

some of their energy through an interaction process before returning to the ground

state and the frequency of the emitted photons is therefore down-shifted. In rare

cases, an incoming photon can find the system in an excited low-energy state; hence
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1.3. Optical properties of graphene

when electron returns to the ground state it generates a photon with energy higher

than that of the excitation photon.

Resonant Raman scattering takes place when the excited or intermediate state

corresponds to the real energy state of the system and leads to a great improvement

of the Raman signal intensity. By measuring changes in the frequency of the ex-

citation light, vibrational, rotational and other low-frequency modes of the system

can be investigated. To maximise spectral resolution, a narrow-line monochromatic

light source, such as continuous wave laser, is used. Elastically scattered light will

dominate sample response and must be blocked using a notch filter; down-converted

(Stokes) and up-converted (anti-Stokes) components are registered with a spectrom-

eter.

The frequency of Raman components is measured with respect to the frequency

of excitation light and is expressed in the units of inverse centimetres (wavenumbers):

∆ω =

(
1

λin

− 1

λout

)
.

1.3.2.2 Raman spectrum of graphene

Figure 1.5: (left) Phonon dispersion of graphene showing three acoustic and three
optical branches. Image adapted from Ref. [105] (right) Typical Raman spectrum
of monolayer graphene showing all major peaks including defect-activated D peak
at 1350 cm-1.

Due to its unique band structure, which supports direct electron transitions for

photon energies in the near-infrared-to-ultraviolet spectral range, even monolayer

graphene produces a strong Raman signal. Raman spectroscopy can provide useful

information about the state of an electron system since, for visible excitation, real

electronic states serve as an intermediate state for scattering processes [106].
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Chapter 1: Background theory

The Raman signal of graphene originates from electron energy loss through inter-

action with optical phonons. The unit cell of graphene has two inequivalent atoms,

hence there are three acoustic and three optical branches in phonon dispersion re-

lations (see Fig. 1.5 (left)). For one acoustic and one optical band, displacements

of atoms are perpendicular to the surface of graphene (out-of-plane modes). The

other four modes correspond to in-plane vibrations and are classified as longitudi-

nal or transverse depending on direction of vibrations with respect to the A-B site

direction. Only in-plane longitudinal (iLO) and transverse (iTO) optical modes are

Raman-active [105].

Figure 1.5 (right) shows a typical Raman spectrum of monolayer graphene. The

two most intense features of the spectrum are the G and 2D peaks, which lie around

1580 and 2700 cm−1 respectively for visible excitation. In the presence of disorder

(e.g. defects, grain boundaries or at the edge of the sample) the defect-activated D

peak appears at 1350 cm−1.

Figure 1.6: Diagram illustrating Raman scattering processes in single layer graphene.
Red arrows correspond to phonon scattering and blue arrows indicate defect scat-
tering.

Raman scattering processes associated with these peaks are illustrated in Fig-

ure 1.6. The G band originates from the first order Raman scattering process in-

volving the double degenerate in-plane (iTO and iLO) phonon mode at the centre

of the Brillouin zone. The 2D peak arises from the second-order scattering process
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involving two iTO phonons near the K point. The D (D’) corresponds to the second-

order scattering process involving one iTO (iLO) phonon and impurity scattering

and therefore is forbidden in ideal graphene.

Since both the D and 2D bands originate from double resonance Raman process,

their frequencies increase linearly with increasing excitation energy with ∂ωD/∂Eex =

50cm−1 for the D peak and ∂ω2D/∂Eex = 100 cm−1 for the 2D peak [105,107].

1.3.2.3 Sample thickness and quality determination

Figure 1.7: Raman spectra of monolayer (blue), bilayer (green), trilayer (red)
graphene and bulk graphite (purple). Baselines of spectra are shifted for clarity.

Raman spectroscopy is commonly used to determine thickness of graphene sam-

ples. Figure 1.7 compares the Raman spectra of mono-, bi- and trilayer graphene

with spectrum of bulk graphite where the baselines of the spectra have been shifted

for clarity. The most significant change in the Raman spectrum occurs when mov-

ing from single to bilayer graphene. The Raman spectrum of monolayer graphene

(blue) shows sharp 2D peak with a symmetric shape and FWHM ∼ 25-30 cm-1

that can be fitted with single Lorentzian; the intensity of the 2D peak is normally

3-4 times higher than that of the G peak. The 2D peak in bilayer graphene (green)

is much broader (FWHM ∼ 50 cm−1) and requires four Lorentzians to reproduce its

shape. The 2D and G peaks have approximately same intensity.

The difference in the 2D peak shape arises from the difference in the band struc-

ture: due to interaction between two layers, bilayer graphene has a parabolic electron
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Figure 1.8: Raman scattering processes that give rise to the 2D band in bilayer
graphene. Image adapted from Ref. [105].

dispersion relation with two conduction and two valence bands. As a result, there

are four Raman scattering processes with different probabilities that lead to forma-

tion of the 2D peak (Fig. 1.8); the difference in the phonon energies associated with

these processes comes from phonon energy dispersion.

The shape and width of the 2D peak can provide information about stacking

order and relative orientation in few layer samples and is widely used to identify

single and bilayer samples. However, it does not allow unambiguous thickness de-

termination for thicker samples. For Nlayers > 5 shape of the 2D peak becomes

almost indistinguishable from that of bulk graphite [108].

Number of layers in sample up to 10 layers thick can be estimated from the

intensity of the G peak. The G peak originates from the stretching of the sp2 bonds

between carbon atoms and is present in many carbon materials. Its intensity is

proportional to the number of sp2 bonds in the excited area and grows linearly with

increasing number of graphene layers. For samples on silicon substrate, the G peak

intensity is usually normalised to the intensity of silicon peak at 520 cm-1 to avoid

variations in the signal intensity due to fluctuation of the excitation power.

The D peak at 1350 cm-1 is normally absent in samples produced by mechanical

exfoliation as it requires a defect for its activation. However, spectra of CVD-grown

samples usually contain it due to presence of grain boundaries. B. Kraus et al. [109]

have studied the evolution of Raman spectra during laser-induced disassembling

of single-crystal graphene into a network of interconnected nanocrystallites. As
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the number of defect increases the Raman spectrum evolves as follows: the D’

peak appears at ∼ 1620 cm-1, the intensity ratio ID/IG increases and all peaks are

broadened. At the end of this stage, broadening of the G and D’ peaks causes them

to merge into one broad feature around 1600 cm-1.

Since the D peak is produced only in a small (∼ 3 - 4 nm) region around defects,

intensity ratio of the G and D peaks can be effectively used to estimate density

of defects in the sample [109, 110]. Note that with further increase of disorder, as

nanocrystallite graphene is transformed into low sp3 amorphous carbon, the ID/IG

ratio decreases towards zero. However, this stage is easily distinguishable by the

absence of well-defined second-order peaks [110].

1.3.2.4 Effects of doping and strain on Raman spectrum

Due to its intrinsic sensitivity to phonon frequencies, Raman spectroscopy has be-

come a popular method of measuring strain in crystalline and semi-crystalline mate-

rials. The change of interatomic distances caused by applied strain leads to the shift

of the phonon frequencies, with tensile (compressive) strain generally giving soften-

ing (hardening) of phonon modes [108]. Since the 2D and G peaks in graphene orig-

inate from scattering on optical phonons, their position down-shifts with decreasing

phonon frequency. The 2D peak experiences larger shift with applied strain because

it originated from the second-order process that involves two phonons.

Figure 1.9: The evolution of the Raman G (a) and 2D (b) bands under increasing
uniaxial strain. The splitting of the G peak is caused by the symmetry breaking
between two sublattices, while the broadening of the 2D results from the strain-
induced modification of the band structure. Images adapted from Ref. [111].

Uniaxial strain applied to graphene lowers the symmetry of the crystal lattice,

causing both the G and 2D peaks to split into two components. Figure 1.9 plots the

evolution of the Raman G and 2D peaks under increasing uniaxial strain. The G

peak originates from a conventional first order Raman scattering process involving

the doubly-degenerate zone-centre phonon mode. Since uniaxial strain breaks the
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symmetry between the two sublattices, it resolves the phonon degeneracy at the Γ

point [111, 112]. This causes the G peak to split into two components, one parallel

and one perpendicular to the direction of strain, named G+ and G−. These com-

ponents have different polarisation, allowing the sample orientation with respect to

the strain direction to be determined using polarised Raman measurements [111].

The 2D peak, however, arises from the second-order, two-phonon Raman pro-

cess, and the effects of the uniaxial strain on the 2D peak are more complex. The

changes of the 2D peak shape and frequency under the applied strain are caused

by both changes in phonon frequencies as well as changes in the band structure,

i.e. deformation and displacement of the Dirac cones [111, 113]. The two distinct

components of the 2D peak, 2D+ and 2D− , can be clearly resolved only when a

significant amount of strain is applied along a high-symmetry direction [114].

As biaxial strain preserves the lattice symmetry, it does not cause any splitting

of the Raman peaks [115–117].

Different types of strain can be distinguished by considering the relative rate

of the peak position change as ∆ω2D/∆ωG depends on the type and direction of

strain. For the zigzag (arm-chair) oriented uniaxial strain, ∆ω+
2D/∆ω

+
G = 2.00(3.00)

and ∆ω−2D/∆ω
−
G = 2.05(1.89) [112,113,118]. When the level of uniaxial strain is not

high enough to resolve the two peak components, ∆ω2D/∆ωG can be approximated

as 2.02 and 2.44 for strain along the zigzag and armchair direction respectively [90].

Biaxial strain leads to a larger ∆ω2D/∆ωG ratio with experimentally measured values

ranging from 2.45 to 2.8 [115–117].

The position of the Fermi level in graphene plays an important role in many

physical processes, such as light absorption, charge carrier transport and relaxation

etc. The most accurate way of identifying it is through transport measurements,

e.g. Shubnikov-de Haas oscillations, quantum Hall effect or R(Vg) measurements.

However, it requires electric contact to be created with graphene and might not be

suitable for all types of samples.

The Fermi level position can be estimated from the Raman spectrum with a high

degree of accuracy as many parameters of graphene Raman spectrum have a strong

dependence on the carrier concentration (see Fig. 1.10). The G peak frequency

increases and FWHM(G) decreases with increasing Fermi level shift of any sign.

The intensity ratio of the 2D and G peaks I2D/IG has maximum value in pristine

graphene and decrease with increasing doping.
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Figure 1.10: (a) Position and (b) FWHM of the Raman G band as a function
of carrier concentration. (c) Position of the 2D peak for as a function of doping.
(d) Intensity ratio of the 2D and G peak as a function of the Fermi level position.
Images adapted from Ref. [119].

These three parameters show dependence only on the absolute value of the Fermi

level shift and therefore do not allow different types of doping to be distinguished.

Fortunately, the 2D peak shows different response to n- and p-doping as its frequency

decreases (increases) with increasing electron (hole) doping (Fig. 1.10 b).

Up-shift of the G peak position is caused by the presence of Kohn anomalies in

graphene [120]: strong electron-phonon coupling leads to softening of the phonon

modes with wavevector q ∼ 2kF where kF is the Fermi-surface wavevector. When

the Fermi level moves away from the Dirac point, the Kohn anomaly in graphene

at the Γ point is removed causing stiffening of the E2G phonon mode. The main

contribution to homogeneous broadening of the G peak comes from the phonon decay

into electron-hole pairs [120]. With increasing carrier concentration the electron-hole

gap becomes larger than the phonon energy blocking the decay channels. This leads

to sharpening of the G peak that saturates when the Fermi level shift is equal to
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half of the phonon energy.

The total area under Raman peaks represents the probability of the correspond-

ing scattering process [106]. The G peak arises from the single phonon scattering

process whose probability is not affected by doping for |εF | < h̄ωL/2, where h̄ωL is

the excitation energy. The 2D peak, however, originates from the second-order scat-

tering process in which real electronic states serve as intermediate states. Therefore

the area of the 2D peak is sensitive to the inelastic scattering rate of electrons that

includes both e-ph and e-e scattering [108]. The latter increases with increasing car-

rier concentration, causing a decrease of A(2D) with increasing doping (Fig. 1.10).

1.4 Ultrafast photoluminescence

Ultrafast photoluminescence of graphene is a rather unexpected property for a zero-

bandgap material. Due to the absence of a bandgap and ultrafast relaxation of

photoexcited carrier no luminescence signal was expected from graphene. Indeed,

for continuous wave excitation photoluminescence was observed only in chemically

modified [121] or highly electrostatically doped graphene [68]. However, upon pho-

toexcitation with ultrashort laser pulses, graphene produces a strong broadband

luminescence signal with emission for energies both lower and higher than the ex-

citation energy. The photoluminescence (PL) signal is unpolarised and angularly

broad, and its intensity shows strong dependence on the excitation power [64,70,71].

Figure 1.11: Spectrum of PL induced by excitation with 150 fs (a) and 7 ps (b)
laser pulses. Images adapted from Refs. [64,122].

Different PL spectra have been reported for various excitation pulse lengths.

Figure 1.11 compares spectra of PL induced by 150 fs (a) and 7 ps (b) laser pulses.

The PL produced upon femtosecond excitation show monotonous increase of inten-

sity towards the lower energy end of the spectrum. The shape of femtosecond PL

25



1.4. Ultrafast photoluminescence

spectrum does not show a strong dependence on the excitation energy, however, it

varies strongly with increasing pump fluence [71]. For picosecond excitation, PL

spectrum has approximately symmetric shape centred at the excitation wavelength

that does not change with increasing pulse fluence [64].

Origin of this difference lies in the relative pulse duration compared to char-

acteristic carrier relaxation times in graphene. Relaxation of photoexcited charge

carriers consist of three main steps: first, within ∼ 10 fs after photoexcitation rapid

e-e scattering leads to formation of hot Fermi-Dirac distribution [50, 63, 123]. This

process is very efficient in graphene due to the linear energy dispersion that allows

both energy and momentum conservation laws to be satisfied. This distribution then

loses its energy due to scattering on optical phonons until after ∼ 500 fs equilib-

rium between two systems is achieved [57]. The final step of the relaxation process

consists of an anharmonic decay of hot optical phonons into acoustic modes and

happens on a ∼ 5 ps timescale [54].

Figure 1.12: Origin of ultrafast PL. Spectrum of PL is defined by ultrafast scattering
of photoexcited charge carriers.

PL signal originates from the recombination of hot electron distribution created

by photoexcitation (Fig. 1.12). For femtosecond excitation, high instantaneous den-

sity of the photoexcited charge carriers leads to formation of a hot Fermi-Dirac

distribution on a ∼ 10 fs timescale through rapid e-e scattering. The temperature

of this distribution shows a strong dependence on the excitation pulse fluence, but

it is to a large extent independent of the excitation energy. The PL spectrum corre-

sponds to the spectrum of thermal emission and can extend well above the excitation

energy.

In the case of picosecond excitation,the Fermi-Dirac distribution cannot be es-

tablished as new charge carriers are created in the conduction and valence band at

the rate comparable to the characteristic e-ph relaxation times. E-e scattering leads

to almost instantaneous broadening of the laser-induced distribution, however, the
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energy exchange between electrons is less efficient due to much lower carrier concen-

tration.

Figure 1.13: Intensity of ultrafast PL as a function of sample thickness. Image
adapted from Ref. [64]

The ultrafast PL is not limited to single layer graphene samples. Figure 1.13 plots

changes of PL intensity with varying sample thickness. For few layer graphene, PL

intensity shows an approximately linear increase with increasing number of layers.

However, after Nlayers ∼ 10 the increase rate slows down, with the PL intensity

reaching a maximum value at Nlayers = 15 − 20 and decreasing for thicker flakes;

bulk graphite does not produce a detectable up-converted signal.

1.4.1 Two-temperature model

The temporal evolution of the hot electron distribution that gives rise to the ultrafast

PL can be modelled using a set of coupled rate equations [54, 57, 71, 72]. This

two-temperatures model is a slightly modified version of the model developed by

Wang et al. [57] and Hale et al. [54] and is limited to the case of undoped graphene.

Due to ultrafast e-e scattering we can assume that at any given moment charge

carriers are fully thermalised with each other and form a hot Fermi-Dirac distribu-

tion. Changes in the temperature of this distribution caused by the interaction with

optical phonons can be described by the following differential equation:

dTe
dt

=
I(t)− 2 · Γphh̄ωph

Ce
, (1.19)

where I(t) is the absorbed laser irradiance, Γph is the optical phonon generation

rate, h̄ωph is the optical phonon energy and Ce is the electronic heat capacity. The

factor of 2 in Eq. 1.19 arises from the presence of both Γ and K point phonons. Since

they have similar frequencies, we can simplify the calculation by treating them as
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a single mode with energy h̄ωph = 0.18 eV. The phonon generation rate Γph can be

calculated using the following relation [54]:

Γph = α

∫ +∞

−∞
dE ν(E)ν(E − h̄ωph) · [ρe − ρa]. (1.20)

Here, ν(E) is the density of electronic states, ρe and ρe are the phonon emission and

absorption probabilities, and α is electron-phonon coupling strength given by

α =
9

4

πβ2

ρ0ωph
, (1.21)

where β = 45 eV/nm is the deformation potential, ρ0 = 7.6 · 10−7 kg/m2 is the

density of graphene, and vF = 1 · 106 m/s is the Fermi velocity. The probability of

emitting and absorbing a phonon for a given energy of electron ρe and ρa are given

by

ρe = f(E, Te) (1− f(E − h̄ωph, Te)) (nph + 1) (1.22)

ρa = f(E − h̄ωph, Te) (1− f(E, Te)) nph,

where f(E, Te) is the Fermi-Dirac distribution and nph is the phonon occupation

number.

The second differential equation that describes changes in the phonon occupation

numbers has the following form

dnph

dt
=

Γph

Mph

−
nph − n0

ph

τph

. (1.23)

The first term describes phonon generation by e-ph scattering and the second term

corresponds to the anharmonic decay of optical phonons into acoustic modes. Mph

is the number of phonon modes per unit area that participate in e-ph scattering; it

can be estimated by calculating the minimum and maximum momenta of phonons

that can be generated by a hot electron:

Mph =
2

4π

[(
Emax

h̄vF

)2

−
(
ωph
vF

)2
]
, (1.24)

where Emax is the maximum energy of hot electrons that can generate phonons.

The factor of 2 arises from valley or phonon mode degeneracy for Γ and K phonon

modes respectively. The temporal dynamics of electron and phonon temperatures

following the photoexcitation can be calculated by numerically solving the pair of
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coupled rate equations 1.19 and 1.23.

Figure 1.14: Temporal evolution of electron (solid blue) and phonon (dashed
green) temperatures following the photoexcitation by a 180 fs laser with the fluence
of 0.1 mJ/cm2 calculated using the two-temperature model.

Figure 1.14 shows an example of electron and phonon temperature dynamics

calculated using this model. Here the absorbed irradiance was defined as

I(t) =
Fex

2τex cosh( t(I)
τex

)
, (1.25)

where Fex = 2.3 µJ/cm2 is the absorbed laser fluence and τex = 180 fs is the

excitation pulse duration. The electronic heat capacity was calculated analytically

in the high temperature limit [71]

ce(Te) =
18ζ(3)

π(h̄vF )2
k3
BT

2
e , (1.26)

where ζ(3) = 1.202 is the zeta function and kB is the Boltzmann constant. Note

that this model is not applicable for the case of picosecond excitation as the en-

ergy exchange between carriers is less efficient due to much lower instantaneous

photoexcited carrier density [63,123].
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Experimental techniques

2.1 Introduction

In this chapter, sample fabrication and characterisation techniques utilised in this

thesis are described. Graphene samples were obtained by micromechanical cleav-

age of graphite and CVD growth on copper substrates. The number of layers in

exfoliated samples was defined from optical contrast measurements. Using Raman

spectroscopy, different sample characteristics, such as crystal quality, position of

the Fermi level and the mechanical strain level were investigated and number of

layers was confirmed. Contacted samples on Si/SiO2 substrates for electro-optical

measurements were fabricated using electron beam lithography.

At the end of the chapter, basics of ultrafast PL imaging and spectroscopy are

described.

2.2 Sample fabrication and characterisation

Since the first experimental discovery of graphene in 2004 [9], a range of different

graphene fabrication techniques have been developed, including chemical and shear

exfoliation [124–126], epitaxial growth on silicon carbide [127–129] etc. Graphene

samples produced by these methods vary in size, thickness and crystalline quality,

therefore appropriate fabrication techniques must be used for a specific application.

For research applications, the two most commonly used fabrication methods are

mechanical exfoliation [9, 130,131] and chemical vapour deposition on metallic foils

[132–134].
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2.2.1 Mechanical exfoliation

Majority of graphene samples presented in this thesis were obtained by mechanical

exfoliation of natural graphite, the technique that was originally developed by Geim

and Novoselov in 2004 [9]. Despite being unusable for industrial use due to small size

and low outcome of monolayer flakes, this process allows producing single crystal

samples of highest quality that are ideal for research and prototyping applications.

In order to the increase size of fabricated graphene flakes, high quality natural

graphite crystals with large size single crystal domains were used (Fig. 2.1 (a)).

Figure 2.1: Basic steps of mechanical exfoliation process. (a) Top layers of graphite
crystal are transferred onto a pre-cut piece of adhesive tape. (b) Graphite is re-
peatedly pealed using another peace of tape until desired thickness is achieved. (c)
Photograph of graphite crystals after pealing is completed. (d) Optical micrograph
of thin graphite crystals transferred onto a glass substrate showing large a few-layer
graphene flake in the middle.

At the beginning of the fabrication process, surface layers of graphite, which

might have been contaminated during transport and storage, are removed with

adhesive tape. Regular office tape can be employed, however, the use of less adhesive

tape (Nitto SWT 10+) allows glue residues on substrate and graphene flakes to be

minimised. Clean underlying layers are then transferred to a small piece of pre-cut

adhesive tape and pealed repeatedly until they look thin and translucent under a

microscope (Fig. 2.1 (b-c)).
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Substrate preparation is a crucial step of the fabrication process, since contami-

nation of the substrate surface can result in a very low density of transferred flakes.

Prior to the application of the tape, substrates are cleaned by immersion into boiling

acetone for 30 minutes and consequent sonication in fresh acetone and isopropyl al-

cohol (IPA) for another 60 minutes. Finally, the substrates are treated with oxygen

plasma to remove any remaining contaminants. Graphene flakes are transferred onto

the cleaned substrate by pressing adhesive tape against it and then carefully pealing

it off. It has been noticed that heating the substrate up before flake deposition leads

to higher deposition density; however, it can also increase sample contamination due

to tape residues.

2.2.2 CVD growth on copper substrate

Commercial applications of graphene require a fabrication method capable of pro-

ducing large area samples at low cost. One of the most commonly used techniques is

CVD growth of graphene on copper substrates. Chemical vapour deposition (CVD)

is widely used in the semiconductor industry for thin film fabrication. In the typical

CVD process, precursor gases at ambient temperature are fed into a reaction cham-

ber containing a hot substrate. A chemical reaction occurring near or at the surface

leads to deposition of a thin film on the substrate. By-products of the reaction and

unreacted precursors are removed from the chamber by gas flow.

CVD growth of graphene on Cu substrate was first reported in 2009 by Li et

al. [132] In this process, a graphene film is formed by thermochemical decomposition

of hydrocarbons at the surface of hot metal which also acts as catalyst significantly

lowering the energy barrier of pyrolysis. As copper has a very low carbon solubility,

the majority of carbon involved in formation of graphene comes from hydrocarbon

precursors. The first continuous layer of graphene formed on the copper substrate

acts as a barrier separating the precursors from the catalyst. Therefore, CVD growth

of graphene on Cu substrates is a self-limiting process resulting in the majority of

graphene being only one layer thick.

Graphene samples were grown in a cold wall furnace at 1000◦ C using mixture

of hydrogen and methane and transferred onto glass or silicon substrate using the

wet transfer method. First, copper foil with graphene film was covered by thin

layer of polymethyl methacrylate (PMMA) and put into a desiccator to remove any

remaining solvent. After the metal film was etched using ammonium persulfate

solution, the graphene/PMMA stack was rinsed in de-ionised water and transferred

onto the target substrate. In the final step, the polymer layer was removed by
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immersion into hot acetone, the substrate was then washed in IPA and dried nitrogen

flow to remove any remaining solvents.

2.2.3 Graphene visibility and thickness identification

Micromechanical cleavage of graphite crystals results in the distribution of flakes

with different thickness, with monolayer and few-layer graphene being a great mi-

nority among much thicker flakes. Search and identification of such samples is a

crucial part of the fabrication process. Fortunately, graphene shows an exception-

ally high absorbance of πα = 2.293% per one atomic layer which is independent

of wavelength for excitation in the near-infrared to ultraviolet range [32]. It means

that even monolayer graphene flakes are visible under wide-field microscope on most

substrates. Figure 2.2 (a) shows an example of a graphene sample with several areas

of different thickness deposited onto on 180µm thick glass substrate. The contrast of

the digital image has been artificially increased to make the monolayer part clearly

visible.

Figure 2.2: (a) Optical micrograph of a few-layer graphene sample on a glass sub-
strate. Contrast of the image was digitally increased to make monolayer part visible.
(b) Statistics of optical contrast measurements for 40 different samples showing a
step-like change in the optical contrast of graphene with increasing number of layers.

Optical contrast measurement is a well-established method for identifying the

number of layers in graphene samples [104]. The optical contrast of graphene flakes

can be defined as

C = (Igr − Is)/Is · 100%,

where Igr is the reflection intensity of the graphene flake and Is is the intensity of the

substrate. Figure 2.2 (b) shows optical contrast measurements for 40 graphene sam-
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ples of different thickness. Even though non-uniform illumination and interaction

with substrate creates variation of contrast for the flakes with the same thickness,

a step-like change with increasing number of layers is clearly visible and allows an

accurate determination of number of layers for samples up to 9 layers thick [104].

Monolayer samples on transparent substrates provide only 3% of contrast making

them hardly visible and extremely difficult to find. The visibility of graphene flakes

can be increased by using n-doped silicon substrate covered with a thin layer of

thermally-grown SiO2. In this case, highly doped Si, dioxide layer and graphene

create a Fabry-Perot structure, and the contrast provided by graphene flakes can

be maximised by choosing an appropriate combination of oxide layer thickness and

illumination light wavelength. For the commonly used 285 nm thick SiO2, the

maximum contrast is achieved using green light (550 nm).

2.2.4 Raman spectroscopy

After the fabrication process was completed and appropriate samples were identified

with an optical microscope, various sample properties, such as number of layers,

Fermi level position and defect density, were investigated using Raman spectroscopy.

Figure 2.3: Example of Raman spectra for exfoliated (green) and CVD-grown
(blue) graphene samples showing all major peaks. The baseline of the spectra have
been shifted for clarity.

Raman spectra were collected using a Renishaw RM1000 Raman microscope: a

532 nm excitation beam with power of 60 mW was focused onto the sample using

a 50x lens, resulting in excitation spot with diameter d < 1.5 µm. In order to avoid

optically damaging the graphene, a 1 OD neutral density filter was used to reduce
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the laser intensity. The excitation wavelength was blocked by high extinction low-

pass filters and the Raman signal was detected using thermoelectrically cooled CCD

detector. High spectral resolution of < 1cm−1 allows the accurate determination

of the peak positions that can be used to estimate doping and strain levels in the

sample. To ensure that measured Raman shifts are consistent, the system was

calibrated prior to measurements using the high intensity Si peak at 520 cm-1. All

measurements were performed at room temperature and in ambient conditions.

Figure 2.3 shows the Raman spectra of monolayer graphene samples produced

by mechanical exfoliation (green) and CVD growth (blue); the baselines of spectra

have been shifted for clarity. The 2D peak at 2680 cm-1 has a symmetric shape and

FWHM of less than 50 cm-1 confirming that both samples are only one layer thick.

The defect-induced D peak at 1350 cm-1 in the CVD sample indicates presence of

structural defects while reduced intensity ratio of the 2D and G peak suggest a

higher level of doping, most likely due to charged impurities introduced during the

fabrication process.

Figure 2.4: (a) Optical micrograph of a monolayer graphene sample on a glass
substrate. (b) Raman map of the corresponding area plotting the position of the
Raman 2D peak.

Maps plotting various parameters of the Raman spectrum can be constructed

by recording Raman spectra for different positions of excitation spot on the sam-

ple. Figure 2.4 (b) shows the strain-induced variation of the 2D peak position in

exfoliated monolayer sample on glass substrate.
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2.2.5 Electron beam lithography

Figure 2.5: Basic steps of contacted sample fabrication. (I) Graphene flake is exfo-
liated onto silicon substrate. (II) Thin layer of PMMA is spun onto the substrate.
(III) Contacts pattern is exposed in the the PMMA layer. (IV) Exposed areas of
the PMMA are removed during development. (V) Sample is coated with thermally
evaporated metal film. (VI) Unexposed PMMA is dissolved in hot acetone, leaving
only the metal film deposited directly onto the substrate.

Contacted graphene devices on Si/SiO2 substrates used for electro-optical mea-

surements were created using electron beam lithography. The main steps of the

fabrication process are illustrated in Figure 2.5. Firstly, a substrate with deposited

graphene flakes is covered with 400 nm thick layer of positive electron beam resist

(PMMA) using spin coating technique. After the location of a suitable graphene

flake has been identified using wide-field microscope, the pattern defining the con-

tacts is exposed in the PMMA layer. Exposure to electron beam causes the breaking

of polymer chains allowing exposed areas to be selectively removed. The trenches re-

vealed after photoresist development are filled with thermally evaporated chromium

and gold (5 nm and 60 nm respective layer thickness). Unexposed areas of PMMA

are removed by immersing the substrate into hot acetone. Finally, the sample is

washed in IPA and blow dried with N2 to remove any remaining residues.
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2.2.6 R(Vg) measurements

A field-effect transistor structure created by graphene, oxide layer and silicon can be

used to both measure and control the Fermi level position in graphene. By applying a

voltage between the highly-doped silicon layer and one of the gold contacts, electrons

can be injected or depleted from the graphene.

Figure 2.6: (a) Schematic of the experimental set-up for R(Vg) measurements. (b)
Typical R(Vg) dependence of monolayer graphene sample. Resistance peak at 1.7 V
occurs when the Fermi level crosses the Dirac point.

The number of injected charge carriers can be calculated using the plane plate

capacitor equation:

n =
εε0Vg
de

= 2.16× 1011 × Vg [cm−2], (2.1)

where ε = 3.9 is the permittivity of SiO2, ε0 is the permittivity of free space, Vg

is applied gate voltage, d is the thickness of dioxide layer, and e is the charge of

electron. Taking into account the density of states in graphene [12]

ν(E) = dN/dE = 2|E|/πh̄2v2
F , (2.2)

the Fermi level shift induced by electrostatic gating can be calculated as

εF = 59.6
√
VG [meV]. (2.3)

The position of the Fermi level can be identified by recording sample resistance

as a function of the applied gate voltage: when the Fermi level is positioned exactly

at the Dirac point, resistance of graphene reaches a maximum value due to the van-
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ishing density of states. In pristine graphene, this occurs when no voltage is applied

to the gate electrode; however, charged impurities created during the fabrication

process, as well as interaction with the underlying substrate, can lead to non-zero

chemical doping.

Figure 2.6 (a) a shows schematic of the experimental set-up for R(Vg) measure-

ments. The ballast resistor RB has resistance of 10MΩ, which is much higher than

the expected resistance of graphene sample (typical R < 20 kΩ). Changes of the

overall circuit resistance due to the variation of graphene resistance are less than

1%. Therefore, current can be assumed to be constant and sample resistance can

be calculated from the voltage drop across the sample. Figure 2.6 (b) shows an

example of the R(Vg) dependence of monolayer graphene sample. The resistance

peak is located at 1.7 V indicating that the Fermi level in the sample is shifted down

from Dirac point by 77 meV.

2.2.7 Atomic force microscopy

Atomic force microscopy (AFM) is a high-resolution microscopy technique that is

widely used to image the surface topography of a sample. The capacity to investigate

both conductive and insulating samples in a wide range of experimental conditions,

including measurement in air and under liquid, has made AFM the most commonly

used type of scanning probe microscopy techniques [135].

Figure 2.7: Schematic diagram of atomic force microscope.

The basic operating principle of AFM is illustrated in Figure 2.7. A sharp tip

mounted at the end of a flexible cantilever beam is brought into contact with a

sample, and the surface topography is investigated by measuring the change in the

force between the cantilever tip and the sample. The bending of the cantilever caused

by the repulsive or attractive force experienced by the AFM tip is recorded using
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the laser light reflected from the surface of the cantilever. The feedback controller

is used to adjust the vertical distance between the tip and the sample surface. The

position of the cantilever is controlled using a 3-axis piezoelectric scanner, and the

image is created by raster-scanning the probe across the surface of the sample.

The two most commonly used AFM imaging modes are contact (static) and

tapping modes. In constant mode, the signal from the four-segment photodetector

registering the deflection of the cantilever is used to keep the tip-to-surface distance

constant. In tapping mode, the cantilever is excited into oscillation near its resonant

frequency using a piezoelectric driver. The interaction with the substrate leads to

damping of the oscillation, and the feedback loop is used adjust the probe vertical

position in order to keep the oscillation amplitude constant.

Alongside with investigating surface topography, the tapping mode allows dif-

ferent sample properties, such as adhesion and viscoelastic properties, to be investi-

gated by recording the difference in phase between the driving signal and cantilever

oscillations.

The lateral resolution of the AFM is limited by the size of the tip, while the

vertical resolution is defined by the sensitivity of the piezoelectric material and can

be as high a fraction of an angstrom. The AFM tips are usually made out of silicon

or silicon nitride using MEMS technology and have an end radius of 15-40 nm.

2.3 Ultrafast optical measurements

Ultrafast spectroscopy utilises short pulse excitation to probe transient processes

in a system. Pioneering work in this field was done in 1949 by G. Porter et. al.

[136], who studied free radicals involved in the photochemical decomposition of

carbon disulphide using 4 ms light pulses generated by photography flashes. For the

development of flash photolysis technique, Ronald Norrish and George Porter were

awarded the Nobel Prize in Chemistry in 1967.

Great improvement in temporal resolution was achieved in the mid-1960s with

invention of mode-locked ruby [137] and Nd:glass [138] lasers. Pulses with picosecond

duration allowed much faster processes, such as electron transfer reactions, energy

redistribution in molecules and relaxation in semiconductors, to be studied [139].

Measurement in the femtosecond time domain became available in 1980s after the

invention of the colliding-pulse mode-locked dye laser [140]. Currently the shortest

available isolated laser pulse has duration of 67 attoseconds and is generated using

the double optical gating technique [141].
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Besides providing high temporal resolution, pulsed excitation allows very high

peak powers to be achieved. This property makes it extremely useful for studying

nonlinear phenomena that have a strong dependence on incident power. Some of

these effects cannot be observed in the steady-state excitation regime as CW power

required to achieve a detectable signal would be much higher that the optical damage

threshold.

2.3.1 Laser systems

PL imaging and photomodification were performed using a picosecond optical para-

metrical oscillator (Levante IR ps, APE). Optical parametrical oscillator (OPOs)

are used to convert high energy incoming “pump” photon into two lower energy

photons with their frequencies linked by the condition:

ωsignal + ωidler = ωpump. (2.4)

The higher and the lower frequency outputs of OPO are historically called signal

and idler respectively. The frequency of both outputs can be tuned simultaneously

by changing the nonlinear crystal temperature and phase-matching conditions.

The Levante OPO is pumped by a frequency-doubled output of a neodymium-

doped yttrium orthovanadate (ND:YVO4) seed laser; using 532 nm pump photon,

the wavelength of the OPO outputs can be tuned continuously in the 690 - 990 nm

range for the signal and in the 1150 - 2300 nm range for the idler. Laser pulses are

generated with a 76 MHz repetition rate and have duration of 6 ps. The fundamental

mode of the seed laser centred at 1064 nm is also available and was used in some

measurements.

Higher temporal resolution required for correlation measurements was achieved

using a Ti:sapphire mode-locked laser (Mira 900D, Coherent Inc). Basic operational

principles of Ti:sapphire mode-locked laser can be described as follows: a continuous

wave pump laser induces fluorescence in a sapphire crystal doped with titanium ions,

with emission ranging from 650 to 1100 nm. Continuous wave lasing starts in the

laser cavity with many modes competing for amplification. If the individual phase

of these modes is not fixed and can change randomly over time, interference between

different modes will cause beating effects, i.e. random fluctuation of laser intensity.

However, if the phase of each mode is locked and they oscillate in phase, constructive

interference will lead to the formation of short, intense pulses of light. The repetition

rate of these pulses is defined by the time it takes for light to make one round-trip

in the cavity.
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The phase-locking in the Mira 900D laser is achieved using the Kerr-lens mode-

locking method. When high-intensity light travels through the Ti:sapphire crystal

interaction with the electric field of the light causes changes in its refractive index.

As the beam has a non-uniform power density distribution, the maximum change

occurs in the centre of the beam, and the crystal acts as a lens narrowing diameter

of the beam. By using an aperture with a diameter smaller than the cross-section

of the CW beam, low-intensity light can be attenuated and high-intensity partially

phase-locked pulses can be amplified, driving the mode-locking process.

The Mira 900D is pumped by a 532 nm (Verdi V10,Coherent) solid state laser

and produces 180 fs pulses at a 76 MHz repetition rate. The wavelength of these

pulses can be tuned in the 660 - 990 nm range, with the maximum laser intensity

achieved around 800 nm.

2.3.2 Ultrafast photoluminescence imaging and spectroscopy

Ultrafast PL imaging and spectroscopy were performed using adapted inverted con-

focal microscope (IX71, Olympus). Near-infrared excitation beam with a wavelength

in the 775 - 1064 nm range was carefully aligned into the microscope through a con-

focal scan unit (Fluoview 300, Olympus). To achieve the smallest possible size

of the excitation spot, the diameter of the laser beam was enlarged by the set of

beam expanders ensuring that the back aperture of the microscope lens was filled

completely.

Figure 2.8: Internal alignment of the confocal microscope used for PL imaging. Exci-
tation spot is scanned across the sample by the set of oscillating mirrors. Intensity of
the PL signal, isolated with the edge-pass filters, is recorded by the photomultiplier
tube.

The laser beam was focused onto the sample using either an Olympus UPLSAPO

20X lens or Olympus UPLSAPO 60XW water immersion lens. The signal generated

in graphene was collected in the backwards direction and detected by the photomul-
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tiplier tube (R3896, Hamamatsu) for integrated intensity measurements or by the

spectrometer with cooled CCD detector (Shamrock SR-303i, Andor Technology) for

spectroscopic studies.

PL images were constructed by raster-scanning the laser spot across the sample

using oscillating mirrors and recording the intensity of up-converted PL as a function

of position on the sample. The PL generation process has a relatively low efficiency

(QE ∼ 10−9), therefore a set of appropriate high extinction edge pass filters must

be used. Up-converted PL signal was isolated using 750 nm long-pass (LP) dichroic

mirror followed by a set of two 750 nm short-pass (SP) filters (see Fig. 2.8).

Figure 2.9: (a) Optical microscope image of a few layer graphene sample on a
glass substrate. (b) Up-converted PL image of the same sample; numbers indicate
thickness of the corresponding area.

Figure 2.9 compares images of a graphene sample on a glass substrate created

using wide-field optical microscopy (a) and up-converted PL imaging (b). The

PL image has a much higher contrast, making monolayer and bilayer areas of the

sample clearly visible. Areas of bulk graphite appear dark in the PL image due to

non-monotonous dependence of the PL intensity on sample thickness. The intensity

of the PL increases with increasing number of layers for thin samples, reaching

maximum at ∼15-20 layers and decreasing for thicker flakes.
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PL imaging becomes particularly useful when visibility of graphene is obscured

by sample contamination, e.g. PMMA residues from the wet transfer process. Fig-

ure 2.10 shows examples of optical and PL images of a CVD-grown graphene sample.

Contrast of the optical micrograph is too low to resolve any details or distinguish

between graphene and PMMA residues.

Figure 2.10: Wide-field microscopy (a) and up-converted PL (b) images of a CVD-
grown graphene sample transferred onto a glass substrate.

In the PL image only graphene is visible as up-converted signal produced by

residues is weak compared to graphene signal. Bright spots in the PL images corre-

spond to patches of bilayer graphene created during the growth process.

Figure 2.11: PL image of a CVD-grown graphene on a glass substrate showing the
full field of view accessible with the 60x lens (a) and magnified image of the central
region (b).

The confocal microscope system is controlled by the Fluoview software, which

allows a range of different measurements to be performed. The size and position of

the raster-scanned region can be chosen arbitrarily, allowing only a small portion

of the sample to be investigated. Figure 2.11 shows PL images of a CVD sample

constructed by raster-scanning the full field of view (235 µm× 235 µm for 60x lens)

(a) and only the 23 µm × 23 µm central area (b). Besides in-plane imaging, a

depth scan of the sample can be taken by varying the focal plane position using the
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motorised microscope stage. Different scan parameters, such as raster scan speed

and number or repetition, can be controlled.

Figure 2.12: Schematics of the experimental set up for ultrafast PL spectroscopy.
The PL signal collected in the backwards direction is isolated using a polarising
beam splitter; the backscattered excitation light is blocked by a band-stop filter.

Frequency resolved information about PL was obtained using the Hamrock SR-

303i spectrometer with Andor iDUS thermoelectrically cooled CCD detector. As

the PL signal does not show a polarisation dependence, it can be effectively isolated

using a polarising beam splitter (Fig. 2.12). The remaining excitation beam was

blocked by a pair of 775 nm high-extinction band-stop filters (NF785-33, Thorlabs),

allowing both up-converted and down-converted PL signal to be registered at the

same time. During the measurements CCD detector was cooled down to −55◦ C to

reduce the thermal noise level.
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Chapter 3

Photomodification of graphene

with near-infrared laser pulses

3.1 Introduction

In this chapter, the modification of graphene samples caused by interaction with

near-infrared picosecond laser pulses is investigated using ultrafast photolumines-

cence measurements. In recent years much research has been focused on the ultrafast

optical properties of graphene: the nonlinear optical response of graphene has been

studied using frequency mixing technique [36], transient absorption and photoe-

missions measurements have provided vital information about hot carrier lifetimes

and relaxation mechanisms [54, 57, 59, 60, 142]. With extremely high instantaneous

temperatures reached with pulsed laser excitation, it is of great importance to en-

sure that samples are not modified in any way during the measurements. Several

experimental and theoretical studies have defined the optical damage threshold of

graphene to be of the order of 100 mJ/cm2, though laser-induced defects in CVD-

grown graphene have been reported for pulse fluences as low as 14 mJ/cm2 [101].

Near-infrared excitation pulses were focused onto the samples and modification

of graphene was investigated by monitoring changes in the up-converted PL signal.

It was found that even for pulse fluences orders of magnitude lower than the damage

threshold the interaction with short intense pulses leads to a stable, localised de-

crease of PL intensity. The changes induced in graphene show remarkable long-term

stability, however, they can be reversed completely through solvent treatment or

thermal annealing. Samples with different number of layers show very similar tem-

poral dynamic of photomodification that is only weakly dependent on the excitation

wavelength. Strong environmental sensitivity of the photomodification process sug-
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gests that it is mediated by adsorption of atmospheric gas molecules onto the surface

of graphene.

3.2 Photoinduced reduction of photoluminescence

intensity

To investigate the effects of near-infrared pulsed laser excitation on graphene, the pi-

cosecond excitation light generated by the Levante OPO was focused onto graphene

samples using a 60x water immersion lens and changes of the sample properties

were monitored using ultrafast PL imaging. Single and few-layer graphene samples

were fabricated by mechanical exfoliation and deposited onto 180− µm-thick glass

substrates. The number of layers in individual samples was estimated by optical

contrast measurements [104] and confirmed using Raman spectroscopy [143].

Figure 3.1: (a) PL images of a pristine monolayer sample on a glass substrate (b)
PL image of the sample after photoexcitation with 3 mJ/cm2 laser light centred at
815 nm for duration of 8 minutes. The dark square corresponds to the photoexcited
region. All scale bars, 5µm.

Prior to photoexcitation, an image of the sample was created using the up-

converted PL signal, and the position and size of the area to be photoexcited were

defined using Fluoview software. In order to minimise changes induced in the sample

during PL imaging, laser fluence was kept below 0.2 mJ/cm2. For the photomodifi-

cation, the laser beam with fluence in the range of 1-3 mJ/cm2 was raster-scanned

over the designated area. The total time of the sample excitation was controlled by

varying the number of raster-scans.

Figure 3.1 shows the PL image of a graphene flake before (a) and after (b)

excitation with 3 mJ/cm2 pulses for duration of 8 minutes. The photoexcited region

can be clearly seen in Fig. 3.1 (b) as interaction with the laser light has led to stable

and highly localised reduction of PL intensity.
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Figure 3.2: (left) Dependence of the PL intensity on the total exposure time for
excitation with 3 mJ/cm2 pulses for a duration of 2 minutes. (Inset) A logarithmic
plot of the PL intensity decrease. The red line corresponds to a bi-exponential fit of
the data. (right) A PL image of a monolayer sample showing several square regions
exposed to various fluences of 879 nm radiation for one minute. Numbers indicate
excitation fluence in mJ/cm2 that was used to modify selected region.

The decrease of the PL intensity (I(PL)) with increasing exposure time shows

approximately bi-exponential behaviour: a fast initial drop is followed by a slow

decline that saturates at ∼20-30% of original value. Figure 3.2 (left) plots the

I(PL) dependence on the total exposure time for excitation with 3 mJ/cm2 pulses.

The inset of Figure 3.2 (left) shows the semi-logarithmic plot of the PL intensity

decrease; the red line represents a bi-exponential fit of the data.

The reduction of the PL intensity becomes faster with increasing excitation

power. Right side of Figure 3.2 shows the PL image of a monolayer flake with

several square regions exposed to different fluences of 879 nm radiation for duration

of 1 minute; the numbers in the image indicate the pulse fluence in mJ/cm2 that

was used to modify the corresoponding area. The regions modified with higher pulse

fluence show a stronger decrease of the PL intensity until the onset of saturation.

The total excitation time required to achieve a certain degree of reduction in the

PL intensity scales linearly with the size of the raster-scanned area. This indicates

that the PL intensity decrease depends only on the total exposure of each individual

region suggesting that photomodification is an accumulated effect of interaction with

individual pulses and not a result of steady-state heating.
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The photoinduced reduction of the PL intensity is not limited to mechanically

exfoliated flakes, and CVD-grown graphene samples show identical behaviour upon

ultrashort pulse excitation. Figure 3.3 (a) shows the PL image of a sample obtained

byCVD growth on copper substrate and transferred onto a 180-µm-thick glass cover

slip. Majority of the sample consists of monolayer graphene, with small patches of

bilayer that appear as bright spots in the PL image.

Figure 3.3: (a) PL image of a CVD-grown graphene sample transferred onto a glass
substrate. (b) PL image of the sample after photoexcitation with 0.8 mJ/cm2 laser
light centred at 775 nm for duration of 16 minutes. The dark square in the middle
corresponds to the photoexcited region. (c) Difference between images (a) and (b).
All scale bars, 20 µm.

Ultrafast photoexcitation leads to a stable localised reduction of the PL inten-

sity. Figure 3.3 (b) shows the PL image of the sample after 16 minute exposure to

0.8 mJ/cm2 laser pulses centred at 775 nm. To minimise fluctuations of the exci-

tation power due to accidental defocusing of the set up, lower numerical aperture

20x air lens was used. The long exposure time was required due to the larger size

of the photoexcited region.

As it can be seen from Figure 3.3 (b), the decrease of the PL intensity occurs

in both monolayer and bilayer regions of the sample. Figure 3.3 (c) is constructed

by plotting difference between Figures 3.3 (a) and (b): pristine areas appear black

as their intensity has not changes. In the modified area, regions with different

thicknesses can no longer be distinguished from each other, indicating that the

intensity of the PL intensity produced by monolayer and bilayer areas has reduced

by exactly the same values.
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Figure 3.4: (a) PL image of a graphene sample on a glass substrate after photo-
modification showing the decrease of up-converted PL intensity in modified regions.
(b) Optical micrograph of the same flake after photomodification.

A similar effect could be caused by the optical damaging of graphene. However,

optical micrographs of samples after photoexcitation do not show any signs of the

photoinduced changes. Figure 3.4 compares PL and optical microscope images of a

monolayer graphene flake after photomodification. Even though the contrast of the

optical image has been digitally increased, the photomodified regions are indistin-

guishable from pristine graphene.

Figure 3.5: Raman spectra of a monolayer graphene sample before (blue) and after
(red) excitation with 3 mJ/cm2 laser pulses centred at 815 nm for 1 minute.

Furthermore, the Raman spectra collected in the modified regions do not contain

the defect-activated D peak. Figure 3.5 shows an example of Raman spectrum before

and after photoexcitation: even though the positions and intensities of both G and

2D peaks have changed, the absence of the D peak at 1350 cm-1 indicates that no

structural defects have been created in graphene [110].

The photoexcited areas are indistinguishable from pristine graphene in optical

microscope images and do not contain structural defect. However, they produce

significantly different PL signal, indicating that interaction with near-infrared (near-
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IR) picosecond laser pulses has led to modification of graphene.

It is worth mentioning that PL imaging can also cause photomodification. There-

fore, low pulse fluences and short exposure times must be used to ensure that no

unintentional modification of samples occurs.

Figure 3.6: Decrease of the normalised PL intensity upon photoexcitation with
0.3 mJ/cm2 (blue), 0.7 mJ/cm2 (green) and 1.2 mJ/cm2 (red) pulses with the
wavelength of 1064 nm.

Figure 3.6 shows the dependence of the PL intensity on the total exposure time

for a graphene sample modified with a 1064 nm laser excitation with various pulse

fluences. The PL intensity was normalised to the value recorded in pristine sample

to make difference between excitation regimes more visible. As it can be seen,

the interaction with 0.7 mJ/cm2 (green) and 1.2 mJ/cm2 (red) pulses has led

to a significant decrease of the PL intensity. However, the reduction of the PL

intensity for 0.3 mJ/cm2 (blue) excitation is much smaller and is caused not by

photomodification, but by defocusing of the system during the measurement; the

PL image of the sample taken after the measurement does not show any sign of PL

intensity reduction in the photoexcited region.

To prevent unintentional photomodification during PL imaging, pulse fluence

was kept below 0.3 mJ/cm2. At the end of each experiment, the PL intensity of

non-modified regions was compared to the value recorded in the pristine sample to

ensure that no accidental photomodification has occurred.
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3.3 Photoluminescence intensity decrease for sam-

ples with different thicknesses

In order to investigate modification effects of pulsed laser excitation on samples with

different number of layers, few layer graphene samples were fabricated by mechanical

exfoliation. To minimise the influence of sample-to-sample variation of graphene

properties, flakes containing areas with different thicknesses were used. After a

suitable flake had been identified using an optical microscope and its PL image had

been created, areas with different number of layers were modified using 814 nm light

with pulse fluence of 1 mJ/cm2. Figure 3.7 compares temporal photomodification

dynamics (TPD) for sample thickness up to four layers.

Figure 3.7: (left) The decrease of the PL intensity for photomodification with
1 mJ/cm2 laser light centred at 814 nm for sample thicknesses up to four layers.
(right) PL image of the sample after photomodification. The numbers in the image
indicate the thickness of the corresponding region.

As for few-layer samples PL intensity increases with increasing number of layers,

the thicker areas show a higher pristine value of the PL intensity - see Section 1.4 for

the details. Upon photoexcitation, all four areas demonstrate identical behaviour:

initial rapid drop of the I(PL) is followed by slower decline. Though the shape

of the TPD curves is very similar, the total change and rate of the PL intensity

reduction is different in different regions. The variation might be caused by changes

of experimental conditions (e.g. fluctuation of the laser power or defocusing) or

sample inhomogeneity. These effects can be minimised by modifying several areas

at the same time and averaging the signal over the region with the same thickness.
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Figure 3.8: (left) Temporal photomodification dynamics in areas of a graphene
sample with different thicknesses. (right) PL image of a few-layer graphene flake
after photomodification with 813 nm excitation with the pulse fluence of 3 mJ/cm2.
The numbers in the image indicate the thickness of the corresponding region. The
thicker areas appear darker due to non-monotonous dependence of the PL intensity
on sample thickness.

Figure 3.8 plots the TPD curves obtained by exposing a straight line across the

areas with different thicknesses. The regions up to 6 layers thick demonstrate a

virtually identical response to the photoexcitation, with thicker samples showing

a slightly slower I(PL) decrease rate. The areas with number of layers N > 10,

however, show completely different behaviour: the PL signal produced by thick

areas remains constant with increasing exposure time.

Very similar rate of the PL intensity decrease in samples with different thick-

nesses suggests that the process affecting PL intensity occurs primarily at the surface

of graphene. Due to its intrinsically high surface-to-volume ratio, graphene exhibits

strong environmental sensitivity, and molecules physisorbed onto graphene can sig-

nificantly alter its electrical and optical properties [142,144]. In ambient conditions,

graphene samples can experience significant p-doping due to interaction with oxy-

gen and moisture in air [88,144]. Reversible photoinduced doping has been reported

previously for visible [95] and ultraviolet [98] excitation and was attributed to the

laser heating of graphene and the release of adsorbate groups respectively. However,

the linear dependence of the total exposure time required to achieve a certain degree

of I(PL) decrease on the size of the photoexcited region and much lower energy of

near-IR phonons suggest that photomodification process has different origin.
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The absence of I(PL) decrease in thicker samples may be caused by the significant

decrease of the surface-to-volume ratio. The thickness-dependent doping caused by

physisorption of oxygen onto the basal plane of graphene has been demonstrated

before: though single and bilayer samples showed reversible hole doping in the

oxygen atmosphere, no change was observed in thicker samples [94]. However, more

detailed studies of thickness dependence of the modification process are required to

draw any conclusions.

3.4 Photomodification with difference wavelengths

Figure 3.9: (left) TPD curves for modification with 775 nm laser pulses with 0.4
(bottom) , 1.1 (middle) and 1.7 (top) mJ/cm2 pulse fluence. (right) TPD curves
for modification with 1064 nm excitation with 0.3 (bottom), 0.7 (middle) and 1.2
(top) mJ/cm2 pulse fluence.

Figure 3.9 shows TPD curves for modification with 775 nm (left) and 1064 nm

(right) pulses recorded using a similar set of excitation powers. Lower PL intensity

in the latter case is caused by two reasons. Firstly, for the same excitation power, the

absorbed fluence for 1064 nm excitation is lower due to a larger excitation spot size.

Secondly, different portions of the up-converted PL spectrum were detected for two

excitation frequencies. The spectrum of PL produced with picosecond excitation

has a symmetric shape centered at the excitation wavelength [64]. Since a 750 nm

short-pass filter was used to isolate the up-converted signal in both experiments, for

1064 nm excitation, a much smaller part of the PL spectrum was detected by PMT1.

1Hamamatsu R3896. Spectral response range:185 to 900 nm
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The difference in the PL intensity becomes smaller with increasing excitation power

as the higher energy end of the PL spectrum shows a stronger power dependence [71].

Figure 3.10: Normalised PL intensity decrease for 775 nm (blue) and 1064 nm
(red) excitation with different pulse fluences.

To compare TPD curves for different excitation frequencies and powers, Fig-

ure 3.10 plots the PL intensity normalised to its pristine value. For both wave-

lengths, photoexcitation leads to the modification of graphene with I(PL) decrease

curves having very similar shapes. However, for 1064 nm excitation the intensity

decrease occurs at a slower rate and saturates at a much lower level.

The absence of a strong dependence on the excitation wavelength suggests that

photomodification is not mediated by the absorption of individual photons, but is

a consequence of very high electron phonon temperatures achieved with ultrafast

pulsed excitation. Different saturation levels for 775 nm and 1064 nm excitations

indicate that the higher-energy part of the up-converted PL spectrum is more af-

fected by photomodification. This can be evidence of changes in the relaxation times

of hot charge carriers as higher energy electrons would be more affected by it due

to a larger phase space available for scattering.

For both excitation frequencies, the TPD curves obtained with higher excitation

powers have virtually identical shapes despite almost a factor of two difference in

the absorbed laser fluence. This suggests that there is a process that limits the

maximum rate of the PL intensity decrease.
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3.5 Effects of photomodification on photolumines-

cence spectrum

The signal registered with the PMT represents the integrated intensity of the up-

converted PL. To obtain frequency-resolved information about the effects of the

photomodification, the changes of PL spectrum were investigated using the Ham-

rock SR-303i spectrometer - see Section 2.3.2 for details. Figure 3.11 compares the

PL spectra of a monolayer graphene sample before (blue) and after (orange) the

photomodification. The gap in the middle corresponds to the optical filters blocking

the excitation light represented by the red spike at 785 nm.

Figure 3.11: The PL spectrum produced by a monolayer graphene sample under
excitation with 6 ps laser pulses before (blue) and after (orange) the photomod-
ification. The gap in the middle of the spectra corresponds to the bandstop filters
used to block the 785 nm excitation that is marked by the red line.

The PL signal produced under picosecond excitation peaks at the wavelength

of excitation, with up-converted and down-converted parts having a comparable

strength. The photomodification affects not only the integrated intensity of PL, but

also the emission spectrum. After modification, the intensity of both parts of the

PL is decreased; however, the up-converted part of the PL is affected more than

down-converted part.
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3.6. Effects of pulse duration

Figure 3.12: The changes of the integrated intensity ratio of the up-converted and
down-converted PL under photoexcitation.

The ratio of the integrated intensity of the up-converted and down-converted PL

shows a steady decrease with increasing exposure time (Fig. 3.12). This modification-

induced asymmetry of the PL spectrum indicates an increase in the energy loss rate

of the hot carriers. As the density of electronic states of graphene increases linearly

with increasing charge carrier energy, higher energy electrons would be more affected

by it, due to a larger phase space available for scattering.

3.6 Effects of pulse duration

Figure 3.13: (a) PL image of a few-layer graphene sample after photomodification
created using 6 ps excitation with the wavelength of 775 nm. (b) PL of the sample
created using 180 fs excitation centred at 765 nm. In both cases, the excitation
pulses had the fluence of 0.17 mJ/cm2. All scale bars, 5 µm.

To investigate the effects of the temporal pulse width on the photomodification

process, PL imaging and photomodification were performed using 180 fs laser pulses

generated by the Mira 900D laser.

56



Chapter 3: Photomodification of graphene with near-infrared laser pulses

The shape of the PL spectrum changes significantly with excitation pulse width2,

and the variation of the PL spectrum reflects the alteration of the nonequilibrium

charge carrier distribution. While for picosecond excitation the carrier distribu-

tion created by photoexcitation is significantly broadened by e-e scattering, a much

higher instantaneous carrier density achieved with femtosecond excitation results in

the electrons being fully thermalised with each other, forming a hot Fermi-Dirac

distribution.

The use of excitation pulses with different temporal widths, however, results

in virtually identical PL images. Figure 3.13 compares the PL images of a few-

layer graphene sample created using excitation pulses with the 6 picosecond (a) and

180 femtosecond (b) duration.

Though the up-converted PL signal produced with femtosecond excitation had a

higher intensity, the brightness of the PL image was adjusted digitally to make the

two images more comparable. Various regions modified using picosecond pulses are

clearly visible in both images and have a very similar contrast, indicating that photo-

modification has a similar effect on the intensity of both femtosecond and picosecond

PL. The prolonged exposure of the sample to femtosecond radiation also leads to

a stable reduction of the PL intensity. However, unlike the photomodification with

picosecond pulses, it is caused by optical damage induced in the sample.

Figure 3.14: The temporal dependence of the PL intensity for photoexcitation with
180 fs pulses centred at 813 nm with the fluence of 1 mJ/cm2.

The difference between optical damaging and photomodification can be immedi-

ately seen in the shape of the PL intensity decrease with increasing exposure time

(Fig. 3.14). For femtosecond excitation, the PL intensity shows a slow initial decline

followed by a rapid drop. The intensity reduction rate decreases with increasing ex-

2See Section 1.4 for details.
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posure time, however, it never reaches zero, and the PL intensity continues to decline

until the sample produces no detectable signal.

Though the initial slow decrease may result from a process similar to the pi-

cosecond photomodification, the dramatic change of the slope indicates the onset of

the optical damage. As soon as initial defects, i.e. dislocations or missing atoms,

are created, the structural integrity of graphene becomes compromised, making it

more susceptible to laser-induced damage [145]. The defects also significantly lower

the heat conductivity of graphene, allowing for more efficient localised laser heat-

ing [146–148]. These effects lead to an avalanche increase in the rate of creation of

new defects, resulting in a rapid drop of the PL intensity. The decrease of PL con-

tinues until graphene is transformed into amorphous carbon or oxidised completely.

Figure 3.15: Raman spectra of a monolayer graphene sample before (blue) and
after (red) 2 minutes excitation with 180 fs pulses with 1 mJ/cm2 fluence centred
at 813 nm.

Figure 3.15 compares the Raman spectra collected before (blue) and after (red)

the two minute exposure to 1 mJ/cm2 femtosecond laser pulses. The considerable

intensity decrease and broadening of the 2D peak, as well as high intensity ratio of

the D and G peaks in the Raman spectrum after the excitation, indicates significant

photoinduced damage [109].

The difference between the two excitation regimes lies in the relative pulse dura-

tion compared to characteristic relaxation time scales in graphene. The duration of

the femtosecond pulse is shorter than the characteristic electron-phonon thermali-

sation time [50, 62, 63], leading to a significant increase in the electron temperature

after the excitation. On the other hand, the temporal width of the picosecond

pulses is comparable with the lattice cooling time [52,54,62]. Though the maximum

phonon temperatures achieved with picosecond excitation are significantly lower,

the graphene lattice remains at an elevated temperature for a longer time.
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Chapter 3: Photomodification of graphene with near-infrared laser pulses

The photoexcitation with the femtosecond pulses on some occasions has led to a

PL intensity reduction very similar to the one observed for picosecond photomodifi-

cation. However, the femtosecond photomodification was found to be sample-specific

and very difficult to control. The majority of the samples demonstrated an increas-

ing D peak intensity in the Raman spectrum recorded after femtosecond excitation.

3.7 Environmental dependence of photomodifica-

tion

To investigate environmental sensitivity of the photomodification process, the ambi-

ent atmosphere was replaced with high-purity argon gas using a specially designed

sample holder - see Fig. 3.16 for the schematics. Prior to modification in the argon

atmosphere, a reference data set was created by exposing several areas of a four

layer graphene flake to 813 nm laser light with 1 mJ/cm2 fluence in ambient condi-

tions. The sample chamber was then flushed with fresh argon for a duration of 10

minutes and photomodification was performed on pristine areas of the same flake

using identical excitation conditions.

Figure 3.16: (left) TPD for modification in ambient (blue) and argon (magenta)
atmospheres. (right) Schematics of the sample holder used to study environmental
sensitivity of photomodification.

Figure 3.16 plots the decrease of PL intensity recorded during modification in

ambient (blue) and argon (magenta) atmospheres. The pristine value of PL in-

tensity is identical in both cases, however, the inert atmosphere has significantly

lowered the rate of the I(PL) decrease. The observed environmental sensitivity sug-

gests that photomodification is mediated by adsorption of atmospheric gas molecules

to the surface of graphene.
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Though the inert atmosphere has significantly lowered the rate of I(PL) de-

crease, it has not prevented photomodification completely. This may indicate that

the molecular or atomic species that take part in the modification process were

already present at the surface of graphene. However, significant variations in the

shape of the TPD curves for modification in the argon atmosphere suggest the leak-

age of atmospheric gases into the sample chamber as a more probable explanation.

A more detailed study is required to identify the roles of different gases in the pho-

tomodification process, including the modification in controlled gas environments

and under high vacuum. However, these measurements require the use of a vacuum

chamber which could not be implemented in the current experimental set-up.

3.8 Stability of photomodification effects

Figure 3.17: PL image of a graphene sample on a glass substrate taken immediately
after photomodification (a) and after a period of six months (b).

The photoinduced reduction of the PL intensity demonstrates a remarkable long-

term stability. Figure 3.17 compares the PL image of graphene sample recorded

shortly after photomodification (a) and after a six month period (b) during which

the sample was kept at room temperature and in ambient atmosphere. Although

the two images cannot be compared directly due to the difference in PL imaging

conditions (i.e. excitation power and wavelength, optical filters, and PMT voltage),

all modified regions are clearly visible in Figure 3.17 (b) and their relative contrast

has remained unchanged.

Despite the stability in ambient conditions, modification effects can be reversed

completely by immersing sample into solvent, such as methanol or isopropyl alcohol

(IPA). Figure 3.18 (a) shows the PL image of a pristine few-layer sample on a glass

substrate; the darker part in the middle corresponds to a monolayer area. Prior

to immersion into a solvent, a rectangular region of the flake including areas of
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Figure 3.18: (a) PL image of a few layer graphene sample. The darker part in the
middle corresponds to the monolayer area, while brighter regions at the top are two
and three layers thick. (b) PL of the sample after photoexcitation with 815 nm
light with fluence of 3 mJ/cm2 for two minutes. (c) PL of the flake after solvent
treatment showing complete recovery of the PL intensity in all regions. All scale
bars, 5µm.

mono-, bi- and trilayer graphene was exposed to 3 mJ/cm2 laser pulses centred at

815 nm for 2 minutes. The image of the sample after photomodification shows a

strong reduction of the PL intensity in all the regions (Fig. 3.18 (b)). The sample

was then immersed into methanol for one hour, washed with IPA and dried using a

nitrogen flow. As it can be seen from Figure 3.18 (c), this treatment resulted in the

complete recovery of the PL intensity.

Figure 3.19: (a) PL image of a graphene flake before photomodification. The darker
region in the middle corresponds to a monolayer area. (b) a PL image of the sample
after photomodification showing photoinduced decrease of the PL intensity in several
circular regions. (c) a PL image of the sample after thermal annealing in ambient
atmosphere at 200◦ C for duration of 10 minutes. All scale bars, 5µm.

A very similar result can be achieved by annealing of the sample in an ambient

atmosphere. Figure 3.19 shows PL images of a graphene sample before (a) and

after (b) photomodification; the small dark circles in the PL images correspond to

regions modified with various excitation powers. Following the photomodification,

the sample was placed onto a hot plate and heated up to 200◦ C for 10 minutes.

As evident from Figure 3.19 (c), after annealing the PL intensity of the modified
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regions has recovered to pristine values while the intensity of non-modified regions

has remained unchanged.

The complete recovery of the PL intensity gives an additional proof that mod-

ification process does not involve damaging of the graphene. If photomodification

originated from steady-state heating of the sample due to the interaction with laser

pulses, sample annealing in ambient atmosphere would also lead to the reduction of

the PL intensity. However, the thermal treatment does not affect PL intensity in

pristine areas and completely reverses the I(PL) decrease in photomodified regions.

Moreover, no PL intensity recovery has been observed for low power excitation,

suggesting that photoexcitation does not cause significant heating of the sample.

The difference between two processes may lie in a very localised nature of heating

or much higher instantaneous temperatures achieved with pulsed photoexcitation.

3.9 Summary

In summary, the modification of graphene caused by the interaction with near-

infrared picosecond laser pulses was investigated using PL imaging. Though no

optical damage was inflicted on graphene, the interaction with short intense pulses

has led to a localised decrease of the PL intensity. The photoinduced changes show

remarkable long-term stability, with very little change observed in the modified

sample after 6 months.

Photoexcitation with different wavelengths leads to a very similar decrease of

the PL intensity suggesting that the modification process is not a result of single- or

multiphoton absorption, but arises from extremely high instantaneous temperatures

reached with ultrashort pulsed excitation. The recovery of the PL intensity in the

modified regions after thermal annealing indicates that photomodification is not

caused by the steady-state heating of the sample, but is a result of a highly nonlinear

regime achieved with ultrafast excitation. Strong environmental sensitivity implies

that modification process is mediated by physisorption of atmospheric gas molecules

onto the surface of graphene, most likely ambient oxygen and moisture.

The photomodification of graphene occurs for excitation fluences significantly

lower than optical damage threshold and may not be immediately obvious, as the

changes induced in graphene are not visible in optical microscope images and, though

they cause substantial changes in the Raman spectrum, they do not lead to the

activation of the D peak.
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Chapter 4

Photoinduced doping and strain in

exfoliated graphene

4.1 Introduction

In this chapter, changes of graphene properties induced with photomodification are

studied using Raman spectroscopy. Stable photoinduced reduction of the ultrafast

PL intensity shows that, even for relatively low pulse fluences, interaction with laser

light can significantly alter the properties of graphene. As pulsed laser excitation is

used in a wide variety of measurements, it is of a great importance to understand

how sample properties are affected by photoexcitation. The changes of the sam-

ple properties during measurements may be responsible for discrepancies that are

sometimes observed in the data.

Changes of the graphene properties caused by photomodification were studied

using spatially-resolved Raman spectroscopy. Variation of the Raman spectra after

modification show that photoexcitation has led to an increase in the doping level

of graphene as well as changes in the level of mechanical strain. Atomic force

microscopy studies of the samples show an increase of the surface roughness in the

modified regions, suggesting that changes in the strain level are caused by slippage

and buckling of graphene, the effect similar to the one observed in the anneal samples

[88, 90]. The increase in the doping level is likely to be caused by the enhanced

bonding of atmospheric oxygen due to the distortion of the graphene surface. Strong

correlation between the PL intensity decrease and the area ratio of the Raman 2D

and G peaks suggests that the former is caused by an increased inelastic scattering

rate of hot charge carriers.
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4.2 Raman studies of photoinduced changes in

exfoliated graphene

To investigate the modification of graphene properties caused by interaction with

laser pulses, square regions of monolayer flakes were exposed to different fluences

of picosecond excitation for a duration of 1 minute and the changes induced in

graphene were monitored using Raman spectroscopy. Single layer graphene sam-

ples were prepared by mechanical exfoliation of natural graphite and deposited on

180 − µm-thick glass substrates - see Section 2.2.1 for the details. The number of

layers in individual samples was estimated by optical contrast measurements [104]

and confirmed using Raman spectroscopy [143]. Excitation pulses centred at 816 nm

generated by Levante OPO were focused onto the sample using a 60x water immer-

sion lens. Square regions were modified by raster-scanning the laser spot across the

chosen area of the sample and the total exposure time was controlled by changing

the number of raster-scans.

Figure 4.1: (a) Optical micrograph of a monolayer graphene flake after photomod-
ification. The asterisk denotes the area where pump fluence was high enough to
cause material ablation. (b) PL image of the sample showing a decrease of up-
converted PL intensity in the modified regions. The numbers indicate excitation
fluence in mJ/cm2 that was used to modify the corresponding region. The dashed
line indicates the first excited region. All scale bars, 3 µm.

Figure 4.1 (a) shows the optical micrograph of a single layer graphene flake

after photomodification. Even though the contrast of the image has been digitally

increased, there are no visible signs of modification except for the bottom right

square where the excitation power was high enough to cause laser ablation. The

photoexcited regions, however, are clearly visibly in the PL image (Fig. 4.1 (b)) due

to photoinduced reduction of the PL intensity; the numbers in the image indicate

the excitation fluence that was used to modify the corresponding region.

Figure 4.2 compares the Raman spectra collected in the centre of the first square

region before (dashed blue) and after (solid red) excitation with 1 mJ/cm2 laser
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Chapter 4: Photoinduced doping and strain in exfoliated graphene

Figure 4.2: Raman spectra corresponding to the centre of the first square region
before (dashed blue) and after (solid red) photoexcitation with 1 mJ/cm2 laser
pulses for 1 minute.

pulses for 1 minute. Upon photoexcitation, the G peak is up-shifted by 1.2 cm-1 and

the 2D peak is down-shifted by 1.6 cm-1, and the intensity ratio of two peaks I2D/IG

is decreased. Note that no defect-induced D peak has been observed at 1350 cm-1

in the spectra after excitation, indicating that photomodification has not induced

any structural defects in graphene.

Figure 4.3: (a) PL image of the graphene sample after photomodification. (b)
Raman map of the sample plotting intensity ratio of the 2D and G peaks. All scale
bars, 3 µm.

The modified regions are clearly visible in the Raman map plotting intensity

ratio of the Raman 2D and G peaks (Fig. 4.3 (b)) as photomodification has led

to a decrease of the I2D/IG ratio. Higher excitation power gives rise to a stronger

decrease of the intensity ratio. The localisation of the photoinduced changes visible

in the Raman map match perfectly with the dark regions observed in the PL images,

indicating that the modification is local, limited to the region of photoexcitation.

A reduced I2D/IG ratio and sharpening of the G peak in the modified regions

suggests that photoexcitation has led to an increase of the doping level [119]. How-
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ever, the observed peak position changes do not match the ones expected from the

estimated value of the chemical potential, suggesting that there also has been a

change in the level of mechanical strain.

4.3 Separation of contributions from doping and

strain to the peak position change

Changes of the Raman 2D and G peak positions can be caused by the variation

of both doping and strain, and this bimodal sensitivity complicates data analysis

[111,119,149]. However, the contributions from strain and doping can be separated

by considering the correlation between the frequency shift of the 2D and G peaks.

This method first was introduced by J. Lee et al. [90]. It is based on the fact that

the relative rate of the peak position change is very different for the cases of doping

and strain.

Variation of the peak positions under applied strain is caused by the shift of the

phonon frequencies due to the change of the interatomic distances. While the rate of

the peak position change depends on the type and direction of strain, the 2D peak

always experiences larger shift because it originated from the second-order process

involving two phonons [105,108].

Uniaxial strain lowers the crystal lattice symmetry, causing both G and 2D peak

to split into two components1 [111]. The relative rate of the peak position change

under applied stress depends on the direction of strain with respect to the crystal-

lographic axes of graphene. For the zigzag-oriented strain, ∆ω+
2D/∆ω

+
G = 2.00 and

∆ω−2D/∆ω
−
G = 2.05 while for the strain along the arm-chair direction ∆ω+

2D/∆ω
+
G =

3.00 and ∆ω−2D/∆ω
−
G = 1.89 [118]. When the level of strain is insufficient to resolve

the two peak components, ∆ω2D/∆ωG can be approximated as 2.02 (2.44) for the

zigzag (arm-chair) direction.

Biaxial strain preserves the lattice symmetry and does not cause peak splitting,

with the experimentally measured values of ∆ω2D/∆ωG ranging from 2.45 to 2.80

[115–117].

Variation of the peak position with varying εF is caused by the change of the

equilibrium lattice parameter [119] and the presence of Kohn anomalies in graphene

[120, 150]. As the latter has negligible influence on the 2D peak, ω2D shows weaker

dependence on the carrier concentration. Figure 4.4 plots the correlation in peak

position changes between the 2D and G peaks with varying carrier density for elec-

1See Section 1.3.2.4 for more details.
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Figure 4.4: Variation of the Raman 2D and G peak positions with increasing electron
(blue) and hole (red) doping. Black dot corresponds to (ωG;ω2D) position in
undoped sample. Image adapted from Ref. [90].

tron (blue) and hole (red) doping. The frequency vector (ωG;ω2D) in the case

of hole doping shows approximately linear dependence on the carrier concentration

with the slope ∆ω2D/∆ωG = 0.7 [90]. For electron doping, however, ∆ω2D/∆ωG

quickly becomes nonlinear with increasing carrier concentration.

Figure 4.5: Unit vectors for strain- (blue) and doping-induced (magenta) changes
of the (ωG;ω2D) position. Black dot corresponds to the (ωG;ω2D) not affected by
strain or doping.

The majority of graphene sample in ambient atmosphere experience hole doping

due to the interaction with oxygen and moisture in air [88, 94, 144, 151]. Assuming

that native stress in the samples is dominated by uniaxial strain of a random direc-

tion, the contribution of hole doping and strain to the changes of (ωG;ω2D) can be

easily separated using a vector decomposition illustrated in Figure 4.5.

The magenta and blue arrows represent the unit vectors for doping- and strain-
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induced movement of (ωG;ω2D). The former has a gradient of 0.7 while the latter

has a gradient of 2.2, an average of ∆ω2D/∆ωG for zigzag and armchair directions.

The black dot represents the origin of the vector space, i.e. the (ωG;ω2D) position

not affected by either doping or strain. Up-shift (down-shift) from the origin along

strain direction corresponds to increasing compressive (tensile) strain. The yellow

shaded area in the Fig. 4.5 denotes the forbidden region: since increasing doping of

any kind leads to a blue-shift of the G peak, (ωG;ω2D) can enter this region only for

low carrier concentration (n < 1.4 · 1012) when ∆ω2D/∆ωG becomes nonlinear [90].

Figure 4.6: Correlation between the 2D and G peak frequencies in pristine graphene
samples. The blue and magenta dashed lines indicate directions of strain- and
doping-induced shifts of (ωG;ω2D). The different colors of the data markers corre-
spond to different samples.

Figure 4.6 plots (ωG;ω2D) obtained by Raman mapping five pristine graphene

samples. The intrinsic frequencies of the 2D and G modes (ω0
G;ω0

2D) were calculated

using the results from Ref. [83] and taking into account changes of the 2D peak

position due to the difference in the excitation wavelength [105]. All samples show

a significant variation of the peak positions across the sample. However, in all cases

(ωG;ω2D) is primarily distributed along the lines with a gradient of 2.2, which is in

excellent agreement with the behaviour expected for the case of randomly oriented

uniaxial strain. For the majority of the samples, (ωG;ω2D) lies in the forbidden

region indicating a low intrinsic level of doping.

Interestingly, most of the samples show a native compressive strain ((ωG;ω2D) is

shifted upwards from the origin along the strain line) with only one sample demon-

strating an intrinsic tensile strain. The compressive strain in the majority of the

samples was most likely induced during fabrication as exfoliated graphene flake
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were deposited onto pre-heated substrate (see Chapter 2 for details). Compression

of graphene due to a mismatch in thermal expansion coefficient between graphene

and the underlying substrate has been demonstrated before in samples after thermal

annealing [152–154]. The only sample demonstrating native tensile strain (denoted

with green circles in Figure 4.6) was deposited onto a substrate at room temperature.

4.4 Photoinduced strain and doping in exfoliated

samples

The impact of sample-to-sample variation of graphene properties can be minimised

by performing photomodification on different areas of the same flake. Nevertheless,

it is important to take into account the (ωG;ω2D) position in different regions of the

sample prior to photoexcitation. Figure 4.7 plots (ωG;ω2D) in three square regions

of the sample before and after photomodification. Green circle markers denoted the

(ωG;ω2D) position in the pristine sample. They form a narrow group with broadening

primarily induced by variation of strain.

Figure 4.7: (left) Plot of (ωG;ω2D) after photomodification with 1 mJ/cm2 (blue
stars), 2 mJ/cm2 (red triangles), and 3 mJ/cm2 (brown squares) for 1 minute.
The (ωG;ω2D) position in the sample before photoexcitation is shown by green cir-
cles. The dashed lines indicate directions of strain- and doping-induced movement
of (ωG;ω2D). (right) PL image of the sample after photomodification. The numbers
indicate excitation fluence in mJ/cm2 that was used to modify the corresponding
region. The asterisk denotes the laser-ablated area.

The distribution changes dramatically after photomodification. For the square

region modified with 1 mJ/cm2 laser light (blue stars), the centre of distribution

is shifted downward and to the right hand side. To achieve this kind of movement,

(ωG;ω2D) should be up-shifted along the doping direction and down-shifted along
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the strain direction. The former indicates an increase in the local doping level, while

the latter demonstrates that photoexcitation has lead to a reduction of compressive

strain in graphene, a remarkable effect that has not been reported before.

From Fig. 4.7 it can be seen that photoexcitation leads to significant broadening

of the (ωG;ω2D) distribution, which for 1 mJ/cm2 and 2 mJ/cm2 excitation is mostly

caused by variation of doping, and for 3 mJ/cm2 it is predominantly strain-induced.

Figure 4.8: Changes of doping and strain level in the sample after photomodification
estimated from the variation of the Raman peak positions.

A more quantitative description of the changes induced in the graphene sample

by photomodification can be obtained by separating strain and doping contribution

to the variation of the G peak position and calculating carrier concentration and

strain levels corresponding to the observed G peak shifts. Figure 4.8 plots changes

in the carrier density and stress levels after photoexcitation obtained using the data

from Refs. [119] and [149]. Note that for the hole concentrations n < 1.4 · 1012

the linear approximation for doping-induced changes of (ωG;ω2D) is no longer valid,

making vector decomposition and data fitting ambiguous. From Figure 4.8, it can

be seen that photomodification leads to both an increase in the level of p-doping

and a reduction of compressive strain. Higher laser fluences cause larger changes of

doping and strain levels.
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4.5 Atomic force microscopy studies of photomod-

ified regions

To investigate the origin of photoinduced strain and doping, atomic force microscopy

(AFM) scans of a sample after photomodification were performed. Figure 4.9 com-

pares the PL image of a monolayer graphene sample after photomodification with

the AFM scan of the sample. For this photomodification experiment, excitation flu-

ence was kept at the same level and different degrees of modification were achieved

by varying the total exposure time. Square regions were modified using 1 mJ/cm2

pulses centred at 815 nm, with a total exposure time varying from 2 to 8 minutes.

Figure 4.9: (a) PL image of a monolayer flake modified with 815 nm excitation with
the pulse fluence of 1 mJ/cm2. Numbers indicate total exposure time in minutes
of the corresponding region. (b) Height map of the sample created using AFM in
dynamic (tapping) mode. All scale bars, 2.5 µm.

The photomodified regions are clearly visible in the topological map of the sam-

ple (Fig. 4.9 (b)) as they show an increased surface roughness compared to pristine

graphene. The modified areas have very sharp borders, indicating the highly lo-

calised nature of the photoinduced changes.
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Figure 4.10: Height maps of the regions exposed to 1 mJ/cm2 laser light centred at
815 nm for 2 (a), 4 (b) and 8 (c) minutes. All scale bars, 1 µm.

Figure 4.10 compares enlarged images of the three modified regions arranged

according to decreasing PL intensity. As it can be seen, the surface roughness shows

a very strong correlation with the reduction of the PL intensity. Distortion of the

graphene surface is likely to be caused by slippage and buckling of the flake due to the

mismatch in thermal expansion coefficients between graphene and the underlying

substrate. The increase in the doping level, meanwhile, can be explained by the

enhanced bonding of atmospheric oxygen due to the distortion of the graphene

surface [88]. These effects are similar to the compressive strain and reversible p-

doping induced in graphene upon annealing [88, 90]. The different result, i.e. the

reduction of compressive strain in the modified regions, may be a consequence of

very local nature of heating or extremely high electron and phonon temperatures

reached during pulsed laser excitation.

Figure 4.11: (a) Height map of the square region after 9 minutes exposure. (b)
Phase map of the region. All scale bars, 1 µm.

The release of compressive strain has been observed previously in epitaxial

graphene samples exposed to atomic oxygen [155]. However, in order to act as

a strain-release centre, an oxygen adatom has to be chemically bonded to graphene.

The absence of the defect-induced peak in the Raman spectrum indicates that no

change of hybridisation occurs during photomodification.
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Molecules adsorbed at the surface of graphene should be visible in the phase

images constructed by recording the phase difference between the driving signal

and cantilever oscillations. Phase imaging provides information about various sur-

face properties, such as adhesion, elasticity, and friction, and it is widely used to

distinguish different component of composite materials [156–159].

Figure 4.11 compares height and phase images of a region modified with the

total exposure time of 8 minutes. Variation of the phase visible in the modified

region may be caused by material contrast due to the molecules physisorbed onto

the surface of graphene. However, phase lag can be also caused by difference in

the slope of the surface: the difference in phase reflects the dissipation of energy

involved in the contact between the sample and the AFM tip, which depends on the

total area of contact [160]. Unambiguous determination of material composition is

therefore possible only for relatively flat samples [135].

4.6 Correlation between photoinduced strain and

doping and decrease of PL intensity

As both doping and strain in graphene samples are affected by photomodification,

more detailed study is required to identify the process that leads to the stable

decrease of the PL intensity. Figure 4.12 displays the correlation between values of

strain and doping extracted from the Raman peak shifts and normalised PL intensity

for five different samples after photoexcitation. Note that for some samples various

degrees of modification were achieved using identical exposure time and different

excitation powers, while for others excitation power was kept at the same level and

different exposure times were used.

The majority of the samples demonstrate very similar behaviour, with decreas-

ing PL intensity being correlated with increasing doping and decreasing compres-

sive/increasing tensile strain. However, changes of the sample properties are not

always monotonic, and the magnitude of the changes varies from sample to sample.

The observed discrepancies may be caused by several reasons. Firstly, significant

variation of strain in pristine samples makes it difficult to compare directly the

changes induced in different regions. More accurate analysis that takes into account

the initial state of the sample is required, as magnitude and sign of the photoinduced

changes might depend on the starting doping and strain in the sample. Secondly,

the correlation analysis is limited to the case of hole doping and uniaxial strain,

and the presence of electron doping or biaxial strain would make it inapplicable.
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intensity

Figure 4.12: Correlation between normalised PL intensity and photoinduced doping
(top) and strain (bottom) in photomodified graphene samples. The different colors
of the data markers correspond to different samples.

Any additional process that affects the PL intensity, such as optical damaging of

graphene, will further complicate data analysis.

Remarkably, despite the variations in extracted values of strain and doing, cor-

relation between the normalised PL intensity and the area ratio of the Raman 2D

and G peak is very similar in all five samples (Fig. 4.13). The A2D/AG ratio is

commonly used to determine carrier concentration in graphene as it is very sensitive

to the inelastic scattering rate of electrons [106,108].

The integrated area of the Raman peak represents the total probability of the

corresponding scattering process. As the G peak originates from the first-order

scattering process determined by virtual states at the half of the laser energy EL, it

is not affected by doping for εF < EL/2. Therefore, although the intensity of the G

peak increases and FWHM(G) decreases with increasing doping, the total peak area

remains constant [106]. Consequently, the changes in A2D/AG reflect the variation

of the 2D peak area.
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Figure 4.13: Correlation between the normalised PL intensity and the area ratio of
the Raman 2D and G peaks in modified samples.

The 2D peak arises from the two-phonon scattering process in which real elec-

tronic states act as intermediate states. The 2D peak area therefore shows strong

dependence on the inelastic scattering rate of electrons γ, with A2D ∼ 1/γ2. The

two main mechanisms of inelastic scattering in graphene are emission of optical

phonons and electron-electron interaction. While the former is only weakly affected

by changes in the carrier concentration, the rate of the e-e scattering increases lin-

early with increasing chemical potential [106,108].

As changes of the other Raman spectrum parameters are consistent with the

picture of photoinduced doping, variation of the inelastic scattering rate due to

increasing carrier concentration is the most probable explanation for the observed

A2D/AG dynamics. However, additional sources of inelastic scattering (impurity

scattering etc.) or changes in the optical phonon generation rates would also lead

to the decrease of the 2D peak area.

4.7 Summary

In summary, the modification of single layer graphene due to intense, picosecond

near-infrared laser pulses was investigated using Raman spectroscopy. Ultrafast

pulsed excitation leads to both a local increase of p-doping and a change in the

level of mechanical strain. While the magnitudes of changes induced by photomod-

ification vary from sample to sample, the sign of the changes is predominantly the

same, resulting in an increase in hole doping and stress in the sample changing from

compressive to increasing tensile strain.
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4.7. Summary

The increase surface roughness observed in the modified regions suggests that

the changes of strain can be caused by the slippage and buckling of graphene while

an increase in the doping level can be explained by enhanced binding of atmospheric

oxygen and moisture. The latter is in the perfect in agreement with environmental

sensitivity of the photomodification described in the previous chapter. A strong

correlation between the normalised PL intensity and the A2D/AG ratio suggests that

the reduction of the PL intensity is caused by an increase of inelastic relaxation rate

due to photoinduced doping.

The local nature of the photomodification effects can be utilised to create com-

plex patterns that define device functionality, offering an advantage in spatial reso-

lution and speed.
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Chapter 5

Ultrafast photoluminescence and

charge carrier concentration in

graphene

5.1 Introduction

In this chapter, the dependence of up-converted PL intensity on the intrinsic charge

carrier concentration in graphene is investigated for the first time. As the ultrafast

PL signal arises from recombination of the nonequilibrium carrier distribution cre-

ated by short pulsed excitation, it is very sensitive to electron relaxation dynamics.

The presence of intrinsic charge carriers in graphene can lead to a modification of

the inelastic scattering rates of the photoexcited electrons.

The studies of the photoinduced changes of the graphene properties show that the

decrease of the PL intensity after photomodification is linked with both an increase

in the doping level and a change in the mechanical strain level. However, with both

properties changing at the same time, it is difficult to separate their contributions

and identify the process that leads to the variation of luminescence intensity.

Graphene-based field-effect transistors were used to control the carrier density

in the samples. The dependence of the up-converted PL intensity on the Fermi level

position was investigated using a combination of optical and transport measure-

ments. The PL intensity has the maximum value when the Fermi level is positioned

at the Dirac point, and decreases with increasing carrier density. For low levels

of doping, the PL intensity is only weakly dependent on the charge carrier con-

centration; however, the dependence becomes much stronger with increasing doping

level. The obtained results are in good agreement with the predictions of the refined
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two-temperature model presented at the end of the chapter.

5.2 Sample fabrication and characterisation

To investigate the dependence of the ultrafast PL signal on carrier density, a set

of contacted samples on Si/SiO2 substrates was created using electron beam lithog-

raphy - see Section 2.2.5 for the details. Substrates with graphene samples were

mounted into ceramic packages, and bonding pads on the substrates were connected

to the contacts on the packages using ultrasonic wire bonding. The carrier concen-

tration in the samples was controlled by applying a voltage between graphene and

a highly-doped silicon gate, and the position of the Fermi level was identified using

R(Vg) measurements.

Sample resistance was measured in a constant-current regime. The oscillating

voltage with an amplitude of 0.1 V and a frequency of 5.071 kHz was generated by

a lock-in amplifier (Model 7270, Signal Recovery), and a 1 MΩ ballast resistor was

connected in series to the sample to ensure a constant amplitude of the alternating

current in the circuit of I = 100 nA. The resistance of graphene was then measured

by recording the voltage drop across the sample.

Figure 5.1: Optical micrograph of a graphene sample on a Si/SiO2 substrate showing
metallic contacts connecting the graphene flake in the middle with the large contact
pads prepared for wire bonding.

The R(Vg) characteristics were recorded by applying a sinusoidal voltage to the

gate electrode (±10 V at 0.2 Hz). The position of the Fermi level was identified by

measuring the shift of the resistance maximum.

Excitation pulses centred at 775 nm were generated by Levante OPO and focused

onto the sample using a 20x lens. The intensity of the up-converted PL signal,

isolated with 750 nm short-pass filters, was measured by a photomultiplier tube.
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The dependence of the PL intensity on the Fermi level position was investigated

by studying the correlation between the sample resistance and up-converted PL

intensity for a varying gate voltage.

Figure 5.1 shows the optical microscopy image of a graphene sample on a sili-

con substrate with electric contacts created using electron beam lithography. The

graphene flake located in the middle of the picture is connected to the 200 µm-by-

200 µm bonding pads that provide an area for ultrasonic wire bonding.

Graphene field-effect transistors fabricated on Si/SiO2 substrates can experi-

ence significant gate hysteresis, i.e. changes of the charge neutrality point position

(resistance maximum) depending on the direction of the gate voltage sweep. The

hysteresis is presumed to arise from the injection of charge carriers into trapping

centres in the oxide layer [92, 161] or charge transfer from molecules adsorbed at

the surface of graphene [91, 94]. Variation of the gate voltage corresponding to the

charge neutrality point VCNP depends on the rate and range of the gate voltage

sweep, as well as the surrounding environment.

Figure 5.2: Changes in the R(Vg) dependence of a graphene sample in ambient
atmosphere. (blue) The initial R(Vg) dependence of the sample. (green) R(Vg)
characteristic of the sample after 80 seconds of continuous gating. (red) R(Vg) of
the sample several minutes after the gate was grounded. The arrows indicate the
direction of the gate voltage sweep.

Besides the gate hysteresis, the samples investigated in an ambient atmosphere

were found to show increasing hole doping under a continuously applied gate voltage.

The blue curve in Figure 5.2 represents the intrinsic R(Vg) dependence of a graphene

FET. The charge neutrality point (CNP) is located at 1.5 V, indicating a low level of

hole doping with the chemical potential µ = −70 meV. A sine wave with a frequency

of 0.2 Hz and an amplitude of 10 V was then applied to the gate electrode. After

80 seconds of continuous measurements, VCNP has shifted to 2.6 V, indicating the
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decrease in the Fermi level position by 40 meV. This effect appears to be triggered

by the gating of the sample: with no voltage applied to the gate, the sample returns

to its original state after several minutes (red curve in Fig. 5.2).

The increasing doping of the samples under continuous gating may be caused

by the adsorption of the atmospheric oxygen to the surface of graphene. Changes

of the oxygen adsorption rate due to the variation of the Fermi level position have

been reported previously for electrically gated bilayer graphene [162].

To minimise the influence of the atmosphere on graphene during electro-optical

measurements, the substrates with graphene samples were coated with a thin layer

of PMMA. Though PMMA is commonly used as a positive photoresist for electron

beam lithography, it has very weak absorption in the visible and near-infrared wave-

length ranges [163]. PMMA was spun onto the substrates at 5000 rpm and baked

on a hotplate at 120 C◦ for 10 minutes to reduce the remaining solvent concentra-

tion. The second step of lithography was then performed on the samples to remove

PMMA from the bonding pads on the substrate.

The samples with the protective polymer layer demonstrated no variation of the

doping level after prolonged sweeping of the gate voltage. This indicated that the

observed effect was indeed caused by the interaction with atmospheric molecules.

However, these samples still experience CNP hysteresis. For the sake of clarity, the

R(Vg) curves are henceforth plotted only for the reverse direction of the gate voltage

sweep.

80



Chapter 5: Ultrafast photoluminescence and charge carrier concentration in
graphene

Significant changes of the CNP position were observed in samples upon photoex-

citation. Figure 5.3 compares the R(Vg) characteristics of a sample before, during,

and after photoexcitation. Prior to excitation, the CNP of the sample is located at

4.3 V (blue line), which corresponds to µ = −120 meV. Upon photoexcitation, the

resistance maximum is shifted to -3.6 V (red line), indicating significant photoin-

duced doping with ∆µ = 240 meV and the change in the type of majority charge

carriers from holes to electrons.

Figure 5.3: Photoinduced doping in graphene samples on Si/SiO2 substrates (blue)
R(Vg) dependence of pristine sample. (red) R(Vg) curves of the photoexcitation
sample. (green) Changes in the CNP position shortly after photoexcitation; time
delay between adjacent curves is 0.5 s. (magenta) R(Vg) dependence 1 minute
after the end of photoexcitation.

After the end of excitation, the photoinduced doping gradually decreases over

time. The green curves in Figure 5.3 shows the R(Vg) characteristics recorded with

0.5 second intervals after the excitation beam had been blocked. Magenta curve

represents the R(Vg) dependence measured 1 minute after the end of photoexcita-

tion, when changes of VCNP had stabilised completely. The resistance maximum

is shifted to a higher voltage compared to the pristine sample, indicating a stable

increase of hole doping due to the photomodification of the sample.

Temporary photoinduced n-doping appears to be caused by charge trapping in

the oxide layer [91, 161, 164–167], as a similar response was observed for excitation

of the substrate in the vicinity of the graphene sample.
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5.3. Dependence of photoluminescence intensity on charge carrier concentration

5.3 Dependence of photoluminescence intensity

on charge carrier concentration

The modulation of the voltage applied to the gate leads to the variation of the

Fermi level position around the point defined by the doping of the sample, with

EF = 59.6
√
|VCNP − Vg| (see Section 2.2.6 for details). As the gate voltage corre-

sponding to the resistance maximum may change during the measurement due to

photoinduced electron doping and photomodification, the value of the gate voltage

alone cannot be used to calculate the Fermi level position. However, as the shape

of the R(Vg) dependence remains to a large extent unmodified, the resistance of the

sample can be used to qualitatively describe the changes in the carrier concentration.

Figure 5.4: (left) PL image of a graphene sample on a silicon substrate with the
dashed lines indicating gold contacts. Scale bar, 3 µm. (right) R(Vg) dependence
of the sample recorded before the beginning of measurements.

Figure 5.4 (left) shows the PL image of a contacted sample S1 on a silicon

substrate. The dashed lines indicate the gold contacts that are visible in the PL

image due to two-photon luminescence [168, 169]. The R(Vg) dependence recorded

prior to photoexcitation indicate that the sample is p-doped with the Fermi level

shifted down from the Dirac point by 160 meV (Fig. 5.4 (right)).

The carrier density in the sample was modulated by a sinusoidal voltage with a

frequency of 0.2 Hz and an amplitude of 10 V that was applied to the gate electrode.

Figure 5.5 (left) plots temporal evolution of the up-converted PL intensity (blue)

and the sample resistance (green) for excitation with 0.5 mJ/cm2 pulses centred

at 775 nm. The resistance peaks that occur when the Fermi level crosses the charge

neutrality point are clearly visible. The paired, symmetric peaks in resistance cor-

respond to the different directions of gate voltage sweep, with some difference in the

peak shape and height caused by hysteresis effects. A relatively low intrinsic hole
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doping and photoinduced electron doping lead to the resistance maximum being

located at -4 V (-2 V) for forward (reverse) gate sweep.

Figure 5.5: (left) Temporal evolution of the up-converted PL intensity (blue) and
sample resistance (green) for 0.2 Hz AC voltage with the amplitude of 10 V applied
to the gate electrode. Paired symmetric peaks in resistance correspond to the Fermi
level crossing the Dirac point during forward and reverse gate sweeps. (right) Plot
of the cross-correlation between the sample resistance and the PL intensity.

The cross-correlation plot (Fig. 5.5 (right)) represents the degree of similarity

between two time series. The linear decrease of the correlation function with in-

creasing lag is caused by finite size of the experimental data. The repeating local

maximum (minimum) that occur when a peak in the sample resistance coincides

with a peak (trough) in the PL intensity indicate clear correlation between two sig-

nals. These local extrema are more apparent for positive lag, suggesting that the

degree of similarity between two signals decreases with increasing exposure time.

Though Figure 5.5 demonstrates a correlation between two signals, with the PL

intensity showing slightly higher values when the Fermi level is positioned at the

Dirac point, gate-induced modulations of the PL intensity are comparable with the

overall change of the PL signal caused by the photomodification of the sample.

The range of the Fermi level positions accessible with a silicon back gate is

limited by the breakdown of the oxide layer. To investigate the dependence of the

PL intensity on the carrier concentration for higher doping levels, the intrinsic carrier

density in a graphene sample was increased using photomodification.

Figure 5.6 (right) compares the R(Vg) characteristic of the sample S2 before

and after 20 minutes exposure to 1.5 mJ/cm2 excitation. The resistance maximum

in the sample before modification is located at 3.7 V, indicating a low level of hole

doping with µ = −115 meV. A higher overall resistance of the sample is caused by
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Figure 5.6: (left) PL image of the sample S2 after 20 minutes modification with
1.5 mJ/cm2 pulses centred at 775 nm. Scale bar, 3 µm. (right) R(Vg) characteris-
tics of the sample before (blue) and after (red) photomodification.

the elongated shape of the flake (see Fig. 5.6 (left)). After photomodification, the

resistance peak is shifted to 9.4 V, indicating a 70 meV downshift of the Fermi level.

Remarkably, though the protective layer of PMMA reduced the rate of pho-

tomodification, it did not prevent it completely, suggesting that the molecules

that take part in the modification process were trapped at the graphene/oxide or

graphene/polymer interface.

Figure 5.7: (left) Temporal evolution of the up-converted PL intensity (blue) and
sample resistance (green) for the sample S2 after photomodification. The peak
in resistance occurs when the Fermi level approaches the charge neutrality point.
(right) Cross-correlation function of the up-converted PL intensity and the sample
resistance.

In order to dynamically change the doping level during the measurement through

photomodification, a higher excitation power was focused onto a single point of the

sample. Figure 5.7 (left) plots the resistance of the sample (green) and the PL

intensity (blue) as a function of time for 1.5 mJ/cm2 excitation. Unlike the signal
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in Figure 5.5, the resistance maxima do not indicate the position of the CNP: as

the sample is highly doped, variation of the Fermi level position caused by gating is

not sufficient to cause the change in the charge carrier type. The peaks in resistance

observed in Figure 5.7 occur when the Fermi level approaches the Dirac point;

however, even for the maximum value of the gate voltage it does not cross it.

As the sample is exposed to the laser light, a further increase in the doping

level occurs due to the photomodification. It can be seen from Figure 5.7 that the

maximum value of resistance decreases with increasing exposure time, indicating

that the CNP moves to higher values of gate voltage.

At the beginning of the measurement, the PL signal produced by the sample

shows only a weak modulation due to the varying gate voltage. However, the mag-

nitude of the gate-induced changes of the PL intensity increases significantly as the

sample gets more doped. The maxima of the PL intensity show an excellent corre-

lation with the peaks in the sample resistance. Remarkably, even though the overall

PL intensity decreases with exposure time, the value of the PL corresponding to the

peaks in resistance, i.e. when the Fermi level approaches the Dirac point, remains

to a large extent unchanged.

The identical behaviour, i.e. weak correlation between the PL intensity and the

resistance in pristine samples that becomes much stronger as a result of photoin-

duced doping, has been observed in five different samples.
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Figure 5.7 (right) shows the cross-correlation between the PL and resistance

data. Unlike the correlation data for the sample S1 (Fig. 5.5 (right)), the periodic

local minima and maxima are more pronounced in the negative lag region. This dis-

similarity arises from the difference in the doping level. The sample S1 demonstrates

a low level of n doping that gradually decreases with increasing exposure time due

to the photomodification of the sample. On the other hand, the pre-modified sample

S2 has intrinsically high level of hole doping that increases further during the pho-

toexcitation. In both cases, as the Fermi level moves away from (towards) the Dirac

point, the PL intensity dependence on the carrier concentration becomes stronger

(weaker), increasing (decreasing) the shape similarity between the two signals.

Figure 5.8: The dependence of the sample resistance on the gate voltage after the
photomodification. The red and blue curves correspond to the forward and reverse
gate sweeps respectively.

The R(Vg) characteristic of the sample after the measurement (Fig. 5.8) shows a

further increase in the doping level. Though the resistance peak was shifted only by

0.5 V, a higher increase of doping is expected in the modified region, as R(Vg) reflects

the average concentration of the charge carriers in the sample. The photomodified

sample demonstrates a high degree of hysteresis, with R(Vg) curves for forward (red)

and reverse (blue) direction of the gate voltage sweep having significantly different

shapes.
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5.4 Coupled rate equation model

In order to get a better understanding of the PL intensity dependence on the carrier

concentration in graphene, a refined two-temperature model1 was used to calculate

the dynamics of the photoexcited electron relaxation.

As the two-temperature model relies on the charge carriers being in internal

equilibrium, it may not by applicable to the case of picosecond excitation, since a

lower instantaneous carrier density makes the energy exchange between electrons

less efficient [63, 123]. However, the photomodified areas are clearly visible in the

PL images created using a 180 fs excitation, suggesting that the effects of increasing

doping are similar in both cases.

The temporal dynamic of the charge carrier distribution was calculated using a

set of coupled differential equation for electron temperature Te and optical phonon

occupation numbers nph:

dTe
dt

=
I(t)− 2 · Γphh̄ωph

Ce
(5.1)

dnph

dt
=

Γph

Mph

−
nph − n0

ph

τph

. (5.2)

Here, I(t) is the absorbed laser irradiance, h̄ωph is the optical phonon energy, Ce is

the electronic heat capacity, Mph is the number of phonon modes participating in

e-ph scattering, n0
ph is the phonon occupation at room temperature, and τph is the

optical phonon decay rate.

The sensitivity of the coupled rate equations to the Fermi level position arises

from the electron-phonon energy exchange rate Γph [57, 170,171]

Γph = α

∫ +∞

−∞
dE ν(E)ν(E − h̄ωph) · [ρe − ρa], (5.3)

where α represents the electron-phonon coupling strength, ν(E) is the density of

electronic states, and ρe and ρa are the probabilities of emitting and absorbing a

phonon for a given energy of electron given by the following expressions

ρe = f(E, Te, µ) (1− f(E − h̄ωph, Te, µ)) (nph + 1) (5.4)

ρa = f(E − h̄ωph, Te, µ) (1− f(E, Te, µ)) nph.

The Fermi-Dirac distributions f(E, Te, µ) in Equation 5.4 originate from Fermi’s

1See Section 1.4.1 for the original model
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golden rule and describe the requirement for the initial (final) state of the scattering

process to be occupied (vacant).

Figure 5.9: (solid lines) The difference between the phonon emission and absorp-
tion probabilities [ρe−ρa] as a function of electron energy calculated for Te = 3000 K,
Tph = 300 K and various values of chemical potential µ. (dotted line) The density
of electronic states in graphene as a function of the charge carrier energy.

Figure 5.9 plots the difference between the phonon emission and absorption prob-

abilities [ρe − ρa] calculated for Te = 3000 K, nph = 9.5 · 10−4 (Tph = 300 K) and

different values of the chemical potential µ. Though the increasing electron (hole)

doping causes a shift of the probability distribution to a higher (lower) energy, the

shape of the curves remains unchanged.

The e-ph energy exchange rate depends on the density of the initial and final

states of the scattering process, ν(E) and ν(E − h̄ωph). As the density of elec-

tronic states in graphene is a linear function of the charge carrier energy (dotted

magenta line in Fig. 5.9), the scattering probability increases with increasing energy

of electron.

Figure 5.10: The electron-phonon energy exchange rate as a function of electron
energy for µ = −0.3 eV (red), 0 eV (green) and 0.3 eV (red).

Figure 5.10 shows the rate of energy exchange between electron and phonon

systems as a function of the carrier energy. For undoped graphene, the distribution
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has a symmetric shape, with both types of charge carriers having an equal scattering

probability. However, as the Fermi level moves away from the Dirac point, the

scattering probability for the majority carriers significantly increases. Therefore,

the overall optical phonon generation rate, given by the integrated area under the

curves, also increases with increasing carrier concentration.

Figure 5.11: The heat transfer rate between electrons and optical phonons as a
function of the chemical potential.

The electron-phonon heat transfer rate for various values of the chemical poten-

tial is plotted in Figure 5.11. It has the minimum value when µ = 0 eV. As the

Fermi level moves away from the Dirac point, a larger phase space becomes available

for electron scattering, making e-ph heat transfer more efficient.

5.4.1 Temperature dependence of chemical potential

With the extremely high carrier temperatures achieved during photoexcitation, the

temperature dependence of the chemical potential has to be taken into account when

calculating the relaxation dynamic of the photoexcited charge carriers.

The chemical potential µ, also commonly called the Fermi level, is the total

electrochemical potential of charge carriers in graphene. At absolute zero temper-

ature, the chemical potential is equal to the Fermi energy εF , i.e. the energy of

the top-most occupied electronic state. The variation of µ with increasing carrier

temperature can be calculated by considering the conservation of the total electron

density [172,173]

n =

∫ ∞
0

dε ν(ε) (f(E, Te, µ)− f(E, Te,−µ)) =
ε2F

πh̄2v2
F

, (5.5)
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Figure 5.12: The chemical potential dependence on the charge carrier temperature
for various values of the Fermi energy.

Figure 5.12 plots the chemical potential as a function of electron temperature

for various values of the Fermi energy obtained by numerically inverting Eq. 5.5. At

room temperature, µ ∼ εF , and the absolute value of µ decreases with increasing

electron temperature.

Figure 5.13: The temporal evolution of the electron (solid lines) and phonon
(dashed lines) temperatures calculated for photoexcitation with a 180 fs pulse
with the fluence of 0.1 mJ/cm2. The blue and red curve correspond to the relax-
ation dynamics for Fermi energy of -0.1 eV and -0.4 eV respectively.

Figure 5.13 compares the temporal dynamics of the electron and phonon temper-

atures for excitation with a 180 fs pulse with the fluence of 0.1 mJ/cm2 calculated

for εF = −0.1 eV (blue) and εF = −0.4 eV (red). The solid lines correspond to

the electron temperatures while the dashed lines represent the phonon temperatures.

Increasing hole doping leads to a more efficient energy exchange between electron

and phonon systems, increasing the rate of the electron relaxation.
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5.4.2 Effects of electron heat capacity

The heat capacity is a physical quantity defined by the ratio of the absorbed heat and

the change of the system temperature C = ∂U/∂T . The heat capacity of electrons

is described by the following expression [174]

Ce =
∂U

∂Te
=

∫ ∞
0

dε(ε− εf )ν(ε)
df(E, Te, µ)

dTe
. (5.6)

The temperature evolution in Figure 5.13 was calculated using the electron heat ca-

pacity obtained by analytically solving Eq. 5.6 in a high temperature limit (kBTe �
|εF |) [71, 175]:

Ce(Te) =
18ζ(3)

π(h̄vF )2
k3
BT

2
e , (5.7)

where ζ(3) = 1.202 is the zeta function. Another analytical solution can be obtained

for the high doping regime (kBTe � |εF |) [174,176]

Ce =
2π

3

εF
(h̄vF )2

k2
BTe. (5.8)

However, as for a non-zero intrinsic carrier concentration the electron system can

go through both regimes during photoexcitation, it is important to ensure that the

correct estimate of the electron heat capacity is used.

Figure 5.14: The heat capacity of electrons calculated numerically (black) and
analytically in the high temperature (red) and high doping (blue) limits for εF =
−0.3 eV.

Figure 5.14 compares the electron heat capacity obtained by numerically solving

Eq. 5.6 while taking into account the temperature dependence of the chemical po-

tential (black) with the analytical results for the high temperature (red) and high
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doping (blue) limits for εF = −0.3 eV. As it can be seen, the high temperature

approximation is very close to the result of numerical calculations in a wide range

of carrier temperatures.

Figure 5.15: The temporal dynamics of the electron and phonon temperatures cal-
culated in the high temperature limit (red) and using a numerical solution for the
electron heat capacity (black). The solid (dashed) lines correspond to the electron
(phonon) temperature.

The use of the numerical solution for the electron heat capacity results only in

small corrections to the electron relaxation dynamics that mostly affect the lower

temperature part of the relaxation process (see Fig. 5.15). As the PL signal has a

strongly nonlinear dependence on the charge carrier temperature [71], these changes

do not have any significant effect on the resulting PL intensity.
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5.4.3 Emission intensity

As the ultrafast PL signal generated using femtosecond excitation arises from re-

combination of a thermalised electron distribution, its emission spectrum can be

described using Plank’s law [71]:

F(h̄ω, Te) ∝
ω3

2π2c2

1

eh̄ω/kBTE − 1
(5.9)

The total intensity of the up-converted PL can be calculated using the temporal

dynamic of Te and integrating the emission over the detected wavelength range

(λ < 750 nm).

Figure 5.16: The intensity of the up-converted PL signal as a function of the Fermi
energy calculated using the refined two-temperature model.

Figure 5.16 plots the variation of the PL intensity for increasing hole doping.

The intensity of the up-converted PL has the maximum value for εF = 0 eV and

decreases as the Fermi level moves away from the Dirac point2.

The dependence of the PL intensity on the Fermi energy calculated using the two-

temperature model is in good agreement with the experimental results presented in

Figures 5.5 and 5.7. Due to the intrinsically low doping of sample S1, the oscillating

gate voltage leads to the variation of the Fermi energy in the -175 to 200 meV range.

As the gradient of the I(PL) dependence in this region is very low, the change of the

gate voltage result in only a weak modulation of the PL intensity. However, as the

sample S2 had been highly doped using the photomodification, its Fermi energy was

located in the region with an increasingly higher gradient (εF ∼ −270 ÷ 0 meV),

resulting in a strong dependence of the PL intensity on the gate voltage.

2The PL intensity dependence on the carrier density for electron doping has an identical shape
and is not shown here.
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5.5 Summary

In summary, the dependence of the up-converted PL intensity on the intrinsic charge

carrier concentration was investigated using electro-optical measurements. The car-

rier density in graphene field-effect transistors was modulated using gate electrode

and controlled photomodification.

The up-converted PL intensity has a maximum value when the Fermi level is

located at the Dirac point and decreases with increasing doping. The strength

of the luminescence intensity dependence on the Fermi level position varies with

intrinsic carrier population. Samples with a low intrinsic doping show only a weak

modulation of the PL intensity with the varying Fermi energy. However, the signal

intensity dependence on the carrier concentration becomes increasingly more distinct

as sample gets more doped.

Changes of the charge neutrality point position with respect to gate voltage

caused by gate hysteresis and photoinduced electron doping make it difficult to

extract the exact value of the chemical potential from the transport measurements.

As the shape of the R(Vg) dependence changes over time due to the modification

of sample mobility, further studies are required to directly link the resistance and

Fermi level position.

These difficulties are associated with the Si/SiO2 substrate and could be over-

come by depositing graphene on a quartz substrate and using polymer top gate to

control the carrier concentration in graphene. However, the excitation fluences re-

quired to achieve a detectable level of PL signal were found to cause melting of the

polymer and consequential tearing of the graphene samples.

Nevertheless, the sensitivity of the up-converted PL signal to the carrier density

makes it a promising tool for the high-resolution spatial mapping of the Fermi level

position in graphene samples.
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Chapter 6

Probing relaxation dynamics using

two-pulse correlation

measurements

6.1 Introduction

In this chapter, the preliminary results of the investigation of the photoinduced

changes in the electron relaxation rates using two-pulse correlation measurements

are presented. The relaxation dynamics of the photoexcited charge carriers is probed

directly by measuring the intensity of the up-converted PL signal as a function of the

temporal delay between two ultrashort laser pulses. The correlation signals recorded

in the regions of a monolayer flake with various degrees of modification-induced

reduction of the PL intensity are compared with the signal of pristine graphene.

The changes in the height and width of the correlation trace suggest an increase in

the relaxation rates of hot charge carriers.
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6.2 Experimental setup

To investigate the photoinduced change of relaxation times of hot carriers more

directly, the changes in the temporal dynamics of the PL process were probed using

two-pulse correlation measurements [71]. In this technique, the intensity of the PL

signal is measured as a function of the temporal separation between two ultrashort

laser pulses.

The origin of the correlation signal lies in the nonlinear dependence of the PL

intensity on the electron temperature Te. The PL intensity is predominantly defined

by the maximum value of Te reached during excitation [71]. It is achieved when the

two pulses have a perfect temporal overlap and decreases with increasing separation

between them, reaching saturation for delays larger than the characteristic relaxation

time of hot carriers in graphene [52,54,57,62].

Figure 6.1: Schematic diagram of the two-pulse correlation setup

The optical setup used for the correlation measurements is illustrated in Fig-

ure 6.1. The excitation beam was split by a polarising beam splitter into two equal

intensity pulses (“pump” and “probe”) that were later recombined using a 0.3 OD

neutral density filter. The temporal separation between the two pulses was con-

trolled by changing the path length of the ”probe” pulse using the motorised delay

line. The orthogonal polarisation of the excitation pulses allowed interference effects

to be minimised, but at the same time did not affect the measurement itself since

the PL is not sensitive to the polarisation of the excitation pulse [71].

The excitation beams were aligned collinearly through a pair of widely spaced

pinholes and an individual set of collimating lenses was used for each of the beams to

optimise the overlap between the two focal volumes (not shown in Fig. 6.1). Prior

to all measurements, the PL intensity generated by the “probe” pulse only was
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recorded for different positions of the delay line to ensure that the beam alignment

remains constant.

For the correlation measurements, the fluence of the individual pulses was set

to 0.07 mJ/cm2 to ensure that no optical damage was induced in graphene. The

final correlation traces were obtained by averaging multiple signals recorded for the

different directions of the delay line scans.

Figure 6.2: The upconverted PL intensity as a function of temporal separation
between two 180 fs pulses recorded in a pristine few-layer graphene sample.

Figure 6.2 shows the correlation trace recorded in a pristine few-layer graphene

sample. The change in the slope of the PL intensity decrease at ∼ 500 fs separation

indicates the moment when the electron and optical phonon systems achieve thermal

equilibrium [52,54,63].
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6.3 Photoinduced modification of hot carrier re-

laxation rates

The two-pulse correlation measurements were performed on different regions of a

monolayer flake modified using the picosecond excitation. Figure 6.3 (a) shows the

PL image of the sample after photomodification. By varying the total exposure time,

the PL intensity reduction of 50%, 60%, and 65% was achieved in three square areas

of the flake.

Figure 6.3: (a) The PL image of a monolayer graphene flake after photomodification.
The numbers indicate the PL intensity in percent of the pristine value. (b) The
Raman map of the flake plotting the intensity of the G peak. (c) and (d) The
Raman spectra collected in the central square region before (blue) and after (red)
photomodification. All scale bars, 3 µm.

The Raman map of the sample (Fig. 6.3 (b)) shows a higher intensity of the G

peak in the modified regions, indicating an increased level of doping. However, the

Raman spectra recorded after photomodification do not contain the defect-activated

D peak, which indicates that no structural defects were created in the sample during

the photomodification (Fig. 6.3 (c) and (d)).
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Figure 6.4: The two-pulse correlation traces recorded in a pristine sample (blue)
and the photomodified regions with 50% (green), 60% (red) and 65% (magenta)
reduction of the PL intensity.

Figure 6.4 compares the TPC signal of the pristine monolayer graphene (blue)

with the signals recorded in the photomodified areas with 50% (green), 60% (red),

and 65% (magenta) decrease of the PL intensity. The photomodification leads to

an overall reduction of the PL intensity i.e. the background level of the correlation

signal, as well as a change in the shape of the correlation peak.

Figure 6.5: The correlation traces recorded in the different regions of the sample
and normalised to the same height to allow direct comparison.

The variation of the peak intensity makes it difficult to compare the TPC signals

recorded in the different regions of the modified flake. Figure 6.5 plots the correlation

traces normalised to the same height to allow direct comparison. As it can be seen,

the photomodification leads to sharpening of the TPC signal, with the width of the

peak showing a direct correlation with the decrease of the PL intensity.

The width of the correlation trace for pristine graphene is determined both by the

laser pulse width and the relaxation kinetics of hot carriers. The observed changes

in the TPC peak width can be explained by an increase in relaxation rates of hot

carriers. For the same temporal separation, electrons in the modified areas excited
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by the first pulse can cool down to lower temperatures before the arrival of the

second pulse, resulting in a lower overall PL intensity.

6.4 Summary

In summary, the changes in the relaxation dynamics of hot photoexcited carriers

caused by the photomodification of graphene were probed directly using two-pulse

correlation measurements. The preliminary results show a reduction of the height

and sharpening of the correlation peak in the modified regions. The variation of

the two-pulse correlation signal may indicate an increase in the carrier relaxation

rate. However, further experimental and theoretical investigations are required to

identify methods of extracting quantitative information from the correlation signal.

The two-pulse correlation measurements can be combined with ultrafast PL

imaging, making it a promising technique for obtaining spatially-resolved informa-

tion about the charge carrier relaxation dynamics in graphene.
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Conclusions and Future Work

In this project, the sensitivity of the ultrafast PL to the properties of graphene was

investigated by studying the variation of the PL signal caused by the photomodifica-

tion of the sample. It was found that the interaction with near-infrared picosecond

pulses results in the stable change of the graphene properties, which manifests itself

in the reduction of the PL intensity. The photoinduced changes were studied using

a combination of optical, transport and scanning probe measurements.

The variations of the Raman spectra and transport characteristics of the samples

show that photomodification leads to a significant increase in the level of hole doping

as well as a change in the mechanical strain. Using atomic force microscopy, these

changes were linked to a considerable increase in the roughness of the graphene

surface. Though very similar to the slippage and buckling observed in thermally

annealed graphene [88, 90], this effect is not a result of the steady-state heating,

but arises from the extremely high electron and phonon temperatures achieved with

ultrashort photoexcitation. The strong environmental sensitivity suggests that in-

teraction with atmospheric oxygen and moisture plays a vital role in the photomod-

ification process.

The reduction of the PL intensity after photomodification was associated with

the photoinduced doping. The electro-optical measurement performed on graphene-

based field-effect transistors have demonstrated that the PL intensity has a maxi-

mum value in undoped graphene and decreases with increasing carrier density. The

changes of the PL intensity with increasing doping were attributed to an increase in

the relaxation rate of the photoexcited charge carriers.
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This finding was confirmed using the refined two-temperature model, with the

theoretical predictions showing good agreement with the experimental results. The

doping-induced increase in the electron relaxation rate was also observed directly in

the two-pulse correlation measurements.

7.1 Controlling oxidation of graphene with pho-

tomodification

Due to the stability and localised nature of the photoinduced changes, the photo-

modification can be utilised for high-resolution patterning of graphene. For example,

the photoinduced doping can be used to enhance the performance of graphene pho-

todetectors through the formation of spatially controllable p-n junctions [167, 177].

Another promising application of photomodification is controlling the functionali-

sation of graphene, as molecules adsorbed at the surface, as well as an increased

surface roughness, will affect its chemical reactivity.

A wide range of graphene derivatives has been created using chemical modifica-

tion [178]. One of the graphene-based materials that has recently attracted the most

research interest is graphene oxide [26, 179]. Commonly obtained by the oxidation

of graphite, it can be reduced to almost pristine graphene, providing one of the most

efficient methods of large-scale graphene synthesis. Graphene oxide has found its

applications in a wide spectrum of areas, ranging from composite materials [180,181]

and energy storage [182–186] to cancer treatment [187–190].

For electronic applications, the most attractive property of graphene oxide is

that, unlike graphene, it has a band gap which can be tuned by varying the degree

of oxidation [191,192]. Graphene oxide can be incorporated into existing devices by

selective functionalisation of graphene with oxygen plasma treatment [193–195].

This section reports the results of the first attempt to control the oxidation of

graphene using photomodification. Prior to functionalisation, several square areas

of graphene were modified using picosecond excitation. Figure 7.1 (a) shows the PL

image of the flake after photomodification, with three 3 µm x 3 µm areas having

different degrees of photoinduced reduction of the PL intensity. The photomodifi-

cation pattern is still clearly visible in the Raman map plotting the intensity of the

D peak in the sample after plasma treatment (Fig. 7.1 (b)).

Figure 7.1 (c) compares the Raman spectra recorded in the pristine and pre-

modified regions of the sample after the plasma treatment. The observed Raman

features (an increase of the D peak intensity, and the G and D peaks merging into a
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Figure 7.1: (a) The PL image of a monolayer graphene sample patterned using
photomodification. (b) The map of the Raman D peak intensity in the sample after
oxygen plasma treatment. (c) The Raman spectra collected in the pre-modified
(red) and pristine (blue) areas of the sample after oxidation. The corresponding
regions are marked with coloured arrows in the PL and Raman images. All scale
bars, 3 µm.

one broad feature) is a typical signature of successful transformation of graphene into

graphene oxide [193, 194]. However, the photomodified areas show smaller increase

in the D and D’ peak intensities, indicating a lower degree of oxidation.

The difference in the Raman spectra between the pristine and photomodified re-

gions of the sample after the plasma treatment indicate that the molecules adsorbed

at the graphene surface during photomodification may have acted as a protective

layer, shielding graphene from oxygen plasma. These results suggest that photomod-

ification can be used as an additional method for controlling the functionalisation

of graphene, capable of creating complex patterns that define the device function-

ality. However, more in-depth investigations are required to uncover the precise

mechanisms at work.
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7.2 Optical sensing using photoluminescence imag-

ing

The PL imaging has proven to be a very useful technique for high-resolution, background-

free imaging of graphene on various substrates [64, 70]. The newly discovered sen-

sitivity of the PL signal to the charge carrier concentration can transform it into a

valuable characterisation technique, allowing the Fermi energy in the samples to be

mapped with high resolution and speed. The PL imaging does not require the use of

expensive confocal microscopes and can be achieved in a much simpler setup. Using

readily available components, an inexpensive inverted microscope was adapted for

PL imaging.

Figure 7.2: Schematic of the custom-built wide-field nonlinear microscope.

Figure 7.2 shows a schematic diagram of the custom build wide-field nonlinear

microscope based on a commercial metallurgic microscope (Brunel SP95M). The

excitation light is focus onto the sample using a bi-convex lens with a focal length

of 2 cm, resulting in a spot size ∼ 10µm. The luminescence signal, transmitted into

forward direction and isolated by a 1 µm short-pass filter, is recorded using a con-

sumer astrophotography camera (Atik 315L+). The final PL image is constructed

by raster-scanning the excitation spot across the sample and digitally merging the

images recorded in different regions into a single picture.

The wide-field nonlinear microscope has been successfully applied for imaging

of the samples with electrolyte gate. This type of gating allows the achievement of

Fermi level shifts up to 1 eV [119, 175] and is commonly used for optical measure-

ments that require transparent dielectric substrates. However, the ultrafast laser

excitation can lead to the melting of the polymer, causing significant damage to the

underlying graphene film.

Figure 7.3 (a) and (b) shows the optical micrographs of graphene samples on

the quartz substrates after ultrafast spectroscopic measurements. Due to the thick
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Figure 7.3: (a) and (b) The optical microscopy images of graphene samples with
polymer gate. (c) and (d) The PL images of the corresponding samples.

layer of polymer covering the samples, the condition of the graphene cannot be

investigated using optical microscopy. However, the discontinuities in the graphene

film caused by polymer melting are clearly visible in the PL images ((c) and (d)).

Another possible application of the PL imaging is optical sensing. Due to its

intrinsically high surface-to-volume ratio, graphene exhibits strong environmental

sensitivity that has led to its application as an active material in a variety of different

sensors [73, 76,77,80,82].

This section presents the preliminary results of the PL imaging application for

optical sensing of molecules interacting with the surface of graphene. The graphene

sample was prepared by CVD growth on a copper foil and transferred onto a quartz

substrate using the wet transfer method - see Section 2.2.2 for details. The substrate

with the sample was then partly immersed into a pyrene/methanol solution.

Figure 7.4 (a) shows the optical microscope image recorded after sample has

dried. The dashed lines in the picture indicate the border region between the areas

that were immersed (left-hand side) and the pristine graphene (right-hand side).

The absence of a sharp border is due to the meniscus formed by methanol. The

PL signal produced by the sample shows significantly different intensity in these

two regions. Figure 7.4 (b) plots the variation of the PL intensity recorded by

scanning the excitation spot in the direction perpendicular to the region border.

The gradient in the PL intensity is clearly visible, with the PL having significantly

higher intensities in the pristine region.

The majority of graphene sensors developed to date rely on the change in the
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Figure 7.4: (a) Optical image of a graphene sample after the immersion into
pyrene/methanol solution. The dashed lines mark the border region between the
pristine and functionalised areas. (b) The PL intensity profile in the corresponding
region of the sample. The narrow bright line in the centre is an imaging artefact.

transport characteristic of the sample for detection [196, 197]. The electrochemical

detection requires an electric contact to be created with graphene. The use of

optical detection may potentially decrease the cost of the sensor components by

reducing the number of fabrication steps. This might be especially important for

medical applications of graphene, since active component of medical sensors are

often disposable. The high resolution of the PL imaging also allows different sensors

to be incorporated into a single device by functionalising several areas of graphene

with different chemicals.
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Glossary

AC Alternating current.

AFM Atomic Force Microscopy.

CNP Charge Neutrality Point.

CVD Chemical Vapor Deposition.

FET Field-Effect transistor.

FWHM Full Width at Half Maximum.

IPA Isopropyl Alcohol.

PL Photoluminescence.

PMMA Polymethyl Methacrylate.

TPD Temporal Photomodification Dynamics.
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