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Abstract

This work focuses on the development of new technical solutions for polymer

light-emitting diodes (PLEDs). Treatments were developed to use innova-

tive materials, such as graphene and carbon nanotubes, as hole-transporting

layers and surface modifiers on top of ITO. A processing treatment for the

preparation of the polymeric emissive layer of PLEDs was also investigated

which allowed the improvement of the on/off switching speed of the devices

thus enabling their employment in novel applications for visible light com-

munications.

Graphene-based transparent thin films obtained via the exfoliation of

graphite in the liquid phase were produced with a view of using them as

surface modifiers of indium tin oxide (ITO) or as transparent electrodes in

organic optoelectronic devices. As-deposited films are relatively resistive,

but the sheet resistance was decreased by up to three orders of magnitude

by thermal treatment down to values of ∼ 105 Ω/�. The films were also

chemically doped via the physisorption of the electron-withdrawing molecule

(CF3SO2)2NH. This resulted in an increase of the work function by up to

0.5 eV , to yield a value of ∼ 5.3 eV comparable to what can be achieved with

poly(3,4-ethylene dioxythiophene):poly(styrene sulfonate) (PEDOT:PSS).

Thin films of liquid-phase exfoliated graphene and sorted single-walled
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carbon nanotubes (SWNTs) were deposited on thin ITO layers (∼ 100 nm).

The work function values of these films measured in air using the Kelvin probe

were compared with the work function values measured via electroabsorption

when the film is inside a device and in contact with the emissive polymer

of the device’s active layer. The data shows that the latter appear to be

0.1/0.2 eV higher than those measured in air, whereas this difference is not

present for ITO alone. This suggests a charge transfer at the interface of

graphene films with the polymer layer.

Finally, the thermal processing of the active layer of PLEDs was reported

to increase the on/off speed of encapsulated devices by more than double

to reach a cut-off frequency of approximately 260 kHz. The underlying

mechanism was investigated. Unexpectedly, the increased speed of the de-

vice corresponds to the formation of crystalline domains that decrease the

thin-film transistor mobility. The data suggest suggests an increase in the

charge injection inside the active layer via a trap-assisted injection mecha-

nism. Thanks to such optimisation processing a maximum data rate up to

55 Mbit/s can be envisaged by employing wavelength multiplexing with a

high-performance artificial neural network (ANN) equalizer [1].
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Introduction

Polymer light-emitting diodes (PLEDs) are one of the most promising tech-

nologies for novel applications in optoelectronic devices. Since 1989, when,

at the Cavendish Laboratories in Cambridge (UK), high efficiency PLEDs

were demonstrated for the first time such devices have been intensively in-

vestigated and progressively optimised[8]. A vast range of new electrolumi-

nescent polymers have been obtained via the development of tailored organic

synthesis approaches. On the other hand, the device structure has been im-

proved in terms of the energy level matching between the different layers with

the introduction of polymeric interlayers, via electrodes engineering and in

terms of light out coupling with the accurate design of the optical path for

the emitted light.

Lower production costs, large areas, lightweight robust devices, increased

colour contrast, flexible devices are among the main strengths of PLEDs. The

most promising applications are both as a new display technology thanks to

a higher color contrast, a lower consumption and a larger viewing angle or in

the field of innovative lighting devices such as large area light emitting tiles,

wearable flexible lights and printable LEDs to give just a few examples.

This work focuses on the development of new technical solutions for

PLEDs. The use of innovative materials is explored, such as graphene or
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carbon nanotubes for the preparation transparent hole-transporting layers.

Graphene layers could be used as surface modifiers on top the transparent

electrode made of indium tin oxide (ITO) to reduce the acidic degradation

caused by PEDOT:PSS.

In chapter 2 graphene-based transparent films are used as indium tin

oxide (ITO) modifiers for application in optoelectronic devices. A thermal

annealing treatment of the films to increase their conductivity is described

and a chemical processing to tune their work function. In particular the

work focuses on graphene-based films obtained via deposition from liquid

dispersions. This approach for the production of graphene films still presents

some limitations, particularly in terms of electrical conductivity, but is a very

promising as an economic and easily scalable method of graphene film produc-

tion. The work function of the films can be conveniently tuned via chemical

surface doping via the deposition of an electron-withdrawing molecule.

Chapter 3 investigates the variation of the work function of graphene

films and single-walled carbon nanotubes (SWNTs) films upon the interaction

with the electroluminescent polymer poly[(9,9-di-n-octylfluorenyl-2,7-diyl)-

alt-(benzo[2,1,3]thiadiazol-4,8-diyl)] (F8BT). The formation of an interface

between the graphene films or the CNT films and the conjugated polymer

film results in an increase of the work function of the carbon-based film. This

effect is not present at the interface between bare ITO and the luminescent

polymer. To the best of our knowledge, this effect is not even reported at the

interface between PEDOT:PSS and F8BT. This result is of particular interest

for the use of graphene and SWNT based films as transparent hole-injection

layer in optoelectronic devices.
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Chapter 4 reports on an innovative application of PLEDs as trasmitters

in visible light communication technology (VLC). VLC is a communication

technology that employs radiation in the visible range opposed to the com-

monly used radio frequencies. This approach has the advantage of increasing

the available frequencies for use in communications (bandwidth) by using

screens, monitors or illumination sources as signal transmitting devices. The

use of PLEDs in VLC have been demonstrated for the first time in several

recent publications [9, 10, 11, 12, 13, 14, 15, 16]. A data rate up to 20

Mb/s has been obtained and the possibility for 55 Mb/s using a wavelength-

multiplexed system with a high-performance artificial neural network (ANN)

equalizer has been described [1]. This work will demonstrate and investigate

a processing treatment to increase the on/off switch speed of the devices by

more than twice from ∼ 116 kHz up to ∼ 260 kHz.
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Chapter 1

Organic electronics

This chapter gives a brief introduction on the physics of organic semicon-

ductors, and in particular of polymer semiconductors. These materials have

now started to be employed in high-end commercial products mainly flat-

screen TVs and monitors. Polymer semiconductors have the potential to rev-

olutionise the world of opto-electronic devices thanks to their low-cost, wide

colour tunability, high colour contrast, flexibility and the ease of processing

over large areas. Here the structure and functioning of polymer light-emitting

diodes (PLEDs) are also described. In the end of this chapter the main phys-

ical properties of graphene are presented: the single-atom thin material en-

tirely based on carbon atoms which has been obtained and characterised for

the first time by Novoselov and Geim in 2004. It has revealed to be the first of

a whole new class of bi-dimensional materials whose peculiar characteristics

are particularly appealing for innovative applications in the field of organic

electronics and optoelectronics.
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1.1 Organic semiconductors

It is only in the last half of the twentieth century that a semiconductor be-

haviour was demonstrated for certain types of organic small molecules and

polymers. In 1955, electroluminescence from organic materials was observed

by André Bernanose [17]. Pope and Kallmann at New York University in

1960 demonstrated the ohmic dark-injection of holes inside a crystal of an-

thracene, setting the basis for organic semiconductor devices [18, 19]. In 1962,

then, Pope and collegues observed electroluminescence from anthracene sin-

gle crystals using silver paste electrodes and applying voltages of the order

of 400 V [20].

In 1963 Bolto, McNeill and Weiss measured the conductivity of polypyr-

role polymerised at different temperatures and explained it as due to a semi-

conductor character of the molecule. Both n- and p-doping were also obtained

adding electron donating or electron accepting groups such as iodine and

ethylene to form charge-transfer complexes [21]. In 1965 Pope and collegues

described the electroluminescence in anthracene as due to the recombination

of exciton at an energy lower than the band gap [22].

In 1965 Helfrich and Schneider obtained electroluminescence from an-

thracene single crystals via injection of both holes and electrons, only hole

injection had been obtained until then. They used liquid anode and cath-

ode electrodes made of solutions of positive and negative anthracene ions

respectively [23].

Electroluminescence from a non-conjugated (namely PVK, or polyvinyl-

carbazole) polymer films was observed for the first time by Roger Partridge

at the National Physical Laboratory (UK) who filed a patent in 1975 [24].
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The poor results were probably due to the relatively small conductivity of

PVK. It was in 1977 that Shirakawa, MacDiarmid and Heeger reported the

synthesis of polyacetylene with the addition of halogens vapour. Such doping

increased the polymer conductivity by over seven orders of magnitude up to

about 105 S m−1, where silver is 108 S m−1 and teflon has a conductivity of

10−16 S m−1 [25].

In 1987 Tang and Van Slyke at Eastman Kodak produced the first or-

ganic light-emitting diode (OLED) with an innovative multi-layer structure,

reporting an efficiency of 1%. With their work, they started the era of OLEDs

and organics optoelectronic devices [26]. In the same year, for the first time,

a polymer semiconductor, polythiophene, was used by Koezuka as the active

layer in field-effect transistors, in what is now called an OFET [27].

In 1989 Jeremy Burroughes, Donal Bradley and Richard Friend at the

Cavendish Laboratory in Cambridge produced the first high-efficiency green

polymer light-emitting diode (PLED) using a thin film (100 nm) of poly(p-

phenylene vinylene) (PPV) [8]. In the 2000 the Nobel Prize in Chemistry

was awarded to Alan J. Heeger, Alan G. MacDiarmid, and Hideki Shirakawa

for their work on conductive polymers [28].

In the last years, the number of companies that develop and sell commer-

cial organic opto-electronic devices is growing at fast pace. Organic semi-

conductors can be designed via chemical synthesis to tune their electronic

and optical characteristics. Small-molecules organic light-emitting diodes

(OLEDs) are already used in a large range of innovative commercial prod-

ucts mainly for displays, screens and lighting. Polymer light-emitting diodes

products are also developing rapidly thanks to the appealing possibility of
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processing the semiconductor materials using printing methods from liquid

polymer solutions.

1.1.1 Electronic properties

Conjugated systems

The electronic properties of organic semiconductor molecules arise from the

particular disposition of the carbon atoms. Carbon’s electronic structure is

1s22s22p2 meaning that, in the atomic valence shell (n = 2), four electrons

are shared between four orbitals: one s orbital and three p orbitals.

In particular, the chemistry of carbon is based on the hybridisation of

the valence shell atomic orbitals. A linear combination of the 2s orbital

and the 2p orbitals gives rise to an equal number of new hybridised orbitals.

Depending on the number of p orbitals involved, three different hybridisation

geometries are possible: sp1, sp2 and sp3.

The optical and electrical properties of organic molecules are mainly due

to sp2 hybridised carbon atoms [29]. The resulting three orbitals lie on a

plane and are oriented at 120◦ to each other (see Fig. 1.1). The one p orbital

that is not involved in the hybridisation is conventionally referred to as the

pz orbital.

The hybridisation can explain the bonding geometry of carbon atoms in

organic molecules. Two sp2 carbons can form a covalent bond by overlapping

their hybridised orbitals and thus forming two new orbitals: one σ-orbital

and one σ∗-orbital. Such orbitals are extended over the two carbon atoms

and hence are called molecular orbitals. The σ-orbital is more stable than

the two original atomic orbitals and therefore is called the bonding molecular
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orbital. On the contrary, the σ∗-orbital is unstable as its energy is higher

than the separated atoms and is called the anti-bonding molecular orbital.

Since only two electrons are involved in this process, they are both con-

tained in the σ-orbital forming a stable single covalent bond. The two pz

orbitals on each atom lie now very close to each other and their overlap gives

rise to two so called π-orbitals: one bonding (π) and one anti-bonding (π∗).

The two pz electrons are both contained in the lower energy π-orbital forming

a stable double bond (see Fig. 1.2).

Electronic structure

Portions of organic molecules constituted by adjacent sp2 carbon atoms are

referred to as conjugated systems. The pz electrons are delocalised on the

whole system (see Fig. 1.3).

All the pz orbitals interact to form delocalised π-type molecular orbitals

that extend across the entire conjugated system. The pz atomic orbitals

involved in the conjugated system give rise to an equal number of molecular

orbitals and, therefore, since every pz orbital contains only one electron,

in the fundamental state only half of the molecular π-orbitals are filled with

electrons. In particular, in the fundamental electronic state, only the bonding

molecular orbitals are filled. The resulting electronic structure is analogous

to a semiconductor where, at 0 K, the valence band (bonding orbitals in this

case) is full and the conduction band (anti-bonding orbital) is empty.

The so-called frontier orbitals are of particular interest for the chemi-

cal and physical properties of a conjugated molecule, i.e. the highest occu-

pied molecular orbital (HOMO) and the lowest unoccupied molecular orbital
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Figure 1.1: In the sp2 hybridisation process one spherical 2s

atomic orbital and two 2p orbitals in the valence shell of the

carbon atom are combined to form three hybridised orbitals (or-

ange). The sp2 hybridised orbitals have cylindical axis that lie

on a plane and point at 120◦ to each other. The one remaining

non-hybridised 2p atomic orbital is conventionally referred to as

the pz orbital.

Figure 1.2: Two sp2 hybridised carbon atoms can form double

bond which is composed of a σ covalent bond by overlapping two

sp2 orbitals and a π covalent bond due to the interaction of the

non-hybridised pz orbitals.

(LUMO). For a typical conjugate polymer, the energy gap (Eg) between the

HOMO and the LUMO is between ∼ 1.5 eV and ∼ 3.5 eV . Such a gap falls

in the range of the visible light hence polymer semiconductors can be used as

active materials in opto-electronic devices. The Eg is inversely proportional
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Figure 1.3: The pz atomic orbitals of adjacent sp2 hybridised

carbon atoms can interact forming molecular orbitals that extend

across the entire molecule or a large portion of it. The resulting

number of molecular orbitals is equal to the number of the atomic

orbitals that are involved. Depending on the relative phase of the

constituting pz orbitals a different number of nodes (i.e. points

where the probability to find an electron is zero) are present in

the molecular orbital. The energy of the orbital is proportional

to the number of nodes.

to the size of the conjugated system.

Conjugated polymers have delocalised domains that can extend onto sev-

eral monomeric units. Such domains are characterised by planar a structure

due to the geometry of the sp2 orbitals. Nevertheless, the strains due to

molecular movements often tend to distort the planarity of larger conjugated
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systems interrupting the delocalisation. This effect, together with the pres-

ence of localised defects on the molecules, reduces the size of the conjugation

corresponding to a larger HOMO-LUMO gap thus affecting the optical and

electrical properties [30].

Net charges

A net charge resulting by either charge injection or a chemical reaction, can

be stabilised by delocalisation on a conjugated system. Organic molecules

have a relatively low dielectric constant compared to inorganic compounds.

Therefore, the excess of charge is poorly shielded and tends to polarise the

surrounding atoms within a relatively long distance. This causes also a dis-

tortion of the molecular conformation to decrease the energy of the system

resulting in the inter-band levels depicted in Fig. 1.4. The charge together

Figure 1.4: A net charge in organic semiconductors tends to po-

larise the surrounding molecules and distort their geometry to

lower the energy of the system giving rise to inter-band states

called polaron levels (adapted from [2]).

with the corresponding polarised surrounding can be described as a single
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quasi-particle called polaron. Polarons can be either negative or positive.

Bipolarons, instead, are formed when two polarons of the same sign interact

via lattice deformation.

A net charge can be transferred between two different conjugated systems.

The interaction between the donor and the acceptor leads to partial overlap

of electronic molecular orbitals and the charge transport occurs via a hopping

mechanism between localised states. This process is at the base of electrical

conductivity in organic compounds [31]. This mechanism is much slower than

the band-like transport mechanism in inorganic semiconductor crystals.

In a conjugated polymer matrix, opposite charged polarons can interact

via a coulombic attraction and form a neutral quasi-particle called the Frenkel

exciton. Such excitons can also form as the result of a photon absorption

by a chromophore via the transition of an electron from the HOMO to the

LUMO orbital.

Excitons are able to move between two different chromophores. In this

process, the two chromophores are indicated as donor D? and acceptor A,

where the star index means that the molecules is in an excited state. The

mechanism is referred to as energy transfer and it is generally described using

the Föster model or the Dexter model. Both the models consider the trans-

port as a non-radiative process, meaning that no emission and absorption of

a photon is involved.

In the Föster model the energy transfer occurs via dipole-dipole resonance

between the donor and the acceptor. The efficiency of this mechanism is pro-

portional to the overlap between the emission spectrum of the donor and the

absorption spectrum of the acceptor, is inversely proportional to the sixth
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power of the distance between D? and A and it is dependent on the rela-

tive orientation of the transition dipole moment vectors. This mechanism is

also known as fluorescence resonance energy transfer (FRET) (see Fig. 1.5a).

The Dexter energy transfer, instead, involves the exchange of two electrons

Figure 1.5: Föster resonance energy transfer mechanism (a) and

Dexter energy transfer mechanism (b). The two models describe

the diffusion of an excited state between adjacent molecules.

between the acceptor and the donor. In particular, an electron moves from

the LUMO of the donor to the LUMO of the acceptor while another elec-

tron moves from the HOMO of the acceptor to the HOMO of the donor

(see Fig. 1.5b). The efficiency of the process is proportional to the overlap

between the wave functions of the orbitals involved and for this reason it

decreases exponentially with the distance between the chromophores. It is

also proportional to the spectral overlap between the emission of the donor

and the absorption of the acceptor. Excited states can also be a transferred

radiatively via emission of a photon from the donor and subsequent absorp-
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tion by the acceptor. This process is proportional to the absorption-emission

spectral overlap between the two species and, thus, it is not very efficient

between molecules of the same species.

1.1.2 Interaction with light

Selection rules

Given the range of energies that separate the HOMO and the LUMO levels,

organic semiconductors can interact with visible light via the absorption and

emission of photons corresponding to transitions of electrons between the two

energy levels. To understand the photo-physics of conjugated polymers the

selection rules for the optical transitions need to be considered. Each quan-

tum state is described by a wave function Ψ. The electromagnetic radiation

interacts with the dipole moment of a chromophore and the transition prob-

ability PΨ′→Ψ′′ between an initial state Ψ′ and a final state Ψ′′ is proportional

to the square of the transition dipole moment integral

PΨ′→Ψ′′ ∝ 〈Ψ′′|~µ|Ψ′〉 (1.1)

where ~µ is the transition dipole moment operator. In the Born-Oppenheimer

approximation, the motion of electrons and that of the nuclei can be sep-

arated due to the large difference in their masses (the mass of a proton is

about 1800 times larger than that of an electron). Consequently, both the
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wave functions and the transition dipole moment can be factorised as follows

〈Ψ′′eΨ′′sΨ′′v|~µe + ~µn|Ψ′eΨ′sΨ′v〉 =

〈Ψ′′e |~µe|Ψ′e〉〈Ψ′′s |Ψ′s〉〈Ψ′′v|Ψ′v〉+ 〈Ψ′′e |Ψ′e〉〈Ψ′′s |Ψ′s〉〈Ψ′′v|~µn|Ψ′v〉 (1.2)

where Ψe is the electronic component, Ψv is the vibrational component and

Ψs is the spin component of the wave function whereas ~µe and ~µn are the

transition dipole moments for the electrons and for the nuclei respectively.

Given the orthonormality of the electronic wave functions Ψ′e and Ψ′′e then

〈Ψ′′e |Ψ′e〉 = 0 and hence the second term of the addition is zero. The proba-

bility of the transition from Ψ′e to Ψ′′e can be written as

〈Ψ′′|~µ|Ψ′〉 = 〈Ψ′′e |~µe|Ψ′e〉〈Ψ′′s |Ψ′s〉〈Ψ′′v|Ψ′v〉 (1.3)

The equation 1.3 contains the conditions on the symmetry of the wave

functions for an optical transition to occur between the two states. The first

term is the electronic orbital selection rule and it is based exclusively on the

symmetry of the two orbitals. The second term is the spin selection rule:

electrons are characterised by two spin states ms = +1/2 and ms = −1/2

thus the probability of a transition is different from zero only if the spin does

not change (conservation of spin). In general, spin forbidden transitions have

little probability but can be normally observed in systems containing a heavy

atom thanks to spin-orbit coupling. The last term in 1.3 is known as the

Franck-Condon (FC) factor and sets a condition on the shape of vibrational

wave functions. The transition probability is proportional to the squared

overlap between the initial and the final wave functions. The FC integral
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can assume a whole range of values as the two wave functions belong to

different electronic states and the orthonormality condition does not apply.

Frank-Condon principle

Optical transitions such as absorption and emission involve the motion of

an electron between two molecular orbitals and, according to the Born-

Oppenheimer approximation, are much faster processes than the molecular

vibrations which, instead, involve the motion the nuclei. The characteris-

tic transition times are in the order of 10−15/10−16s for absorption and of

10−13/10−14s for emission. The Franck-Condon principle states that, since

nuclei can be considered at rest during a transition, the probability of such

transition is proportional to the overlap between the two vibrational wave

functions of the initial and the final states. The mechanism is illustrated in

Fig. 1.6. where transitions between the ground electronic state and the first

excited electronic states are reported in function of the nuclei displacement

coordinate. According to the Franck-Condon principle, all optical transi-

tions occur vertically in this representation, i.e. without any variation in the

nuclear positions.

The Franck-Condon principle explains the shape of electronic bands in

the absorption or emission spectra. The excited electronic state is usually

characterised by a larger mean distance between the nuclei due to the fact

that one electron occupies an anti-bonding molecular orbital. For this rea-

son, the 0−0 transition (vibrational ground level to vibrational ground level)

both for absorption and for emission generally is not the most intense peak.

It is interesting to note that absorption and fluorescence emission involve
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Figure 1.6: According to the Franck-Condon principle, optical

transitions occur much faster than the motion of the nuclei of a

molecule therefore are described by vertical lines in a diagram of

the molecule energy versus the nuclear coordinates. For this rea-

son the intensity of a peak for an electronic transition is propor-

tional to the overlap between the two vibrational wave functions

of the initial and final states.

the same energy levels hence, in principle, the two spectra are mirror images

of each other. Nevertheless, some important differences are present. The

absorption spectrum is usually featureless for conjugated polymers as the

vibronic components are difficult to resolve. The reason is that, due to the

intrinsic disorder of the polymer, a number of different chromophores con-
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tribute to the absorption with a distribution of different sizes and hence with

a distribution of slightly different energy for the electronic and vibrational

levels. On the other hand, the emission spectra show more resolved vibronic

peaks because, after the absorption, the excitons diffuse from shorter conju-

gated segments to longer conjugated segments with larger delocalisation and

lower energy gap. This process is known as spectral diffusion. The result is

that the fluorescence emission occurs from a narrower distribution of conju-

gation lengths and therefore the peaks are sharper and the spectral features

more resolved. The energy difference between the 0 − 0 transition peaks in

the absorption and in the emission spectra is defined as the Stokes shift. This

difference is caused by the conformational deformation of the molecules in

the excited state to lower their energy before re-emitting a photon.

An exciton is constituted by two fermionic charged particles with spin

quantum number ms = ±1/2, thus the total spin of the system is S = Σms

and it can either be 0, when the two spins are anti-parallel, or 1, when they

are parallel. The spin multiplicity is defined as 2S + 1 and it is respectively

2S + 1 = 1 (singlet state) for anti-parallel spins or 2S + 1 = 3 (triplet

state) for parallel spins. The electronic ground state is a singlet state as all

the electrons are paired. Excitons generated via absorption of a photon are

mainly singlets given that the spin must be conserved in an optical transition.

For the same reason, photon-generated excitons have a higher probability of

decaying radiatively via emission of a photon to return to the single ground

state. On the other hand, excitons generated by the mutual capture of

polarons with opposite charge can give rise to either singlets or triplets states.

In fact, triplets are statistically three times as favourite as singlets due to
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the difference in spin multiplicity.

The Jablonski diagram

An exciton is an unstable state that can decay releasing energy either via

the emission of a photon or via non radiative transitions. The Jablonski

diagram is useful to describe all the possible transitions between the elec-

tronic states of a molecule (see Fig. 1.7). The fundamental and excited

Figure 1.7: The Jablonski diagram is a summary of all the possible

transitions between the electronic states of a molecule.

electronic singlet states and an excited triplet state are represented. A series

of vibrational levels is also reported for each electronic state. For organic

chromophores the vibrational quantum states are spaced by about ∼ 0.1 eV

At room temperature the thermal energy is ∼ 25 meV and only the funda-

mental vibrational state is populated. Absorption of light occurs when the
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chromophore is hit by a photon with an energy equal to the gap between the

lowest vibrational state in the fundamental electronic state and a vibrational

level in one of the excited electronic singlet states. The photon gets absorbed

and the chromophore undergoes a vibronic (vibrational + electronic) transi-

tion in approximately ∼ 10−15 s. In ∼ 10−12 s such excited system decays

via thermal relaxations (within an excited electronic state) and internal con-

version (between two different excited electronic states) to the fundamental

vibrational level of the excited electronic singlet state with the lowest en-

ergy, as described by the Kasha rule. At this point, the system decays to the

fundamental electronic state either radiatively or non-radiatively depending

on which of the two possible ways is faster. The radiative decays occurs

generally after a time of few nanoseconds (photoluminescence life-time). In

this process, called fluorescence, the system decays to one of the vibrational

levels of the fundamental electronic state emitting a photon with an energy

equal to the gap between the two quantum levels. Another possibility is

the spin flipping of one of the unpaired electrons via a process called inter-

system crossing. The system passes from the singlet excited state S1 to the

triplet excited state T1. The energy of the triplet state is lower due to Hund’s

multiplicity rule. The radiative emission from T1 to the fundamental single

electronic state is a process called phosphorescence, it is a partially spin-

forbidden transition that can occur only relatively slow with a life-time of

10−3/102s.
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Excited complexes

The interaction between two near chromophores can affect their physical and

optical properties. It can be either an intra-molecular interaction, for adja-

cent chromophores along the polymer chain, or it can be an inter-molecular

interaction, when the chromophores belong to different molecules. Interac-

tions between chromophores on portions of a same polymer chain in a coiled

conformation that are separated by a distance much longer than the size of

the chromophores are also referred to as inter-molecular interactions.

The interaction at short distance between chromophores in the ground

state is referred to as a ground-state aggregate. This interaction modifies

the electronic structure of the two molecules giving rise to a modification in

the absorption spectra. If the interaction occurs only when one of the chro-

mophores is in the excited state the system is called an excimer (for excited

dimer) or an exciplex (for excited complex) respectively when chromopho-

res are of the same chemical species or when of different chemical species.

Excimers and exciplexes are unstable species with a characteristic life-time.

The radiative emission from an excimer/exciplex state is characterised by

a lower energy with respect to each of the two separated chromophores. Such

spectral shift is proportional to the difference between the energy stabilisation

of the coupled system and the repulsion of the molecules in their ground

states.
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1.2 Polymer light-emitting diodes

Polymer light-emitting diodes (PLEDs) are optoelectronic devices based on

the electroluminescence from a thin film of a conjugated polymer. Such de-

vices have a sandwich structure composed of a number of layers and have

a relatively large photo-active area (up to several cm2). Differently from

organic LEDs (OLEDs), where the active layer is produced by thermal evap-

oration of small organic molecules in vacuum, in PLEDs conjugated polymers

thin films are obtained via a number of deposition methods from liquid so-

lutions.

1.2.1 Structure of a PLED

The emissive layer and other polymer inter-layers are sandwiched between

the two electrodes: a transparent electrode and a back-reflecting metal-

lic electrode. The most widespread material for the transparent electrode

is indium tin oxide (ITO). It is a highly degenerate n-type semiconductor

formed by a solid solution of indium oxide (In2O3) and tin oxide (SnO2)

as a dopant in a concentration of about 10% in mass. ITO has a wide

band gap (∼ 3.5 − 4.3 eV ) and that is why it shows a high transmission

of visible and near-IR light [32]. The high level of doping to a carrier den-

sity of up to ∼ 1020 cm−3 confers the material a relatively low electrical

resistivity of ∼ 2/4 × 10−4 Ω cm [33]. A ∼ 100 nm thick layer of ITO

is deposited on a transparent inert substrate (glass) via a sputtering pro-

cess. A hole-injecting layer of ∼ 30 nm is usually employed on top of ITO.

The common hole-injection layer is constituted by the polymer poly(3,4-

ethylenedioxythiophene) (PEDOT) doped with polystyrene sulfonate (PSS).
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To avoid energy barriers for the charge carriers and thus improving the

charge transport is important to match the energy levels at the interface

between the different layers. The work function is the physical property of a

surface that is most crucial in forming a good interface. The work function

is defined as the energy required to extract an electron from the surface of a

material and bring in to a point where it is still subject to the electrostatic

potential of the surface.

In a metal, the occupation of the electronic levels is described by the

Fermi-Dirac statistics

f(E) = 1
e(E−µ)/kT + 1 (1.4)

where f(E) is the probability of an electron to occupy the level at energy

E, k is the Boltzman constant, T is the temperature in Kelvin and µ is the

Fermi energy. At the thermodynamic equilibrium at 0 K the Fermi energy

is equivalent (but opposite) to the work function whereas at T > 0 K the

Fermi level has always a probability of occupation of 0.5.

PEDOT:PSS has a work function of ∼ 5.2 eV which is close to the HOMO

level of the typical fluorescent conjugated polymers used in PLEDs [34].

PEDOT:PSS is also characterised by a smoother surface compared to ITO

and this is critical to increase the homogeneity of the device avoiding short

circuit [35].

The emissive layer is usually deposited on top of PEDOT:PSS. In some

cases an electron-blocking layer (EBL) is employed in between PEDOT:PSS

and the emissive layer. The EBL has a large band gap with a HOMO close

to PEDOT:PSS and a LUMO level higher than the LUMO of the emissive

layer to create an energy barrier for electrons that are therefore confined
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inside the active layer and not quenched on the anode. An example of EBL is

the polymers poly(9,9’-dioctylfluorene-alt-N-(4-butylphenyl)-diphenylamine)

(TFB).

A metallic cathode is deposited via thermal evaporation directly on top

of the active layer. Metals such as calcium and lithium or compounds like

molybdenum oxide (MoO3) or lithium fluoride (LiF ) have low enough work

functions of ∼ 3 eV to match very well the typical LUMO level of most of the

conjugated fluorescent polymers. In many cases work function of the cathode

is even lower compared to LUMO of the emissive polymer (as absolute value).

In such situations, electrons transfer from the cathode to localised interface

states of the polymer layer in a process known as the pinning of the work

function that results in the equilibration between the work function of the

cathode and the LUMO of the polymer [36, 37, 38, 39, 40].

1.2.2 Built-in voltage

When the device is assembled the Fermi levels of two metallic electrodes level

up via charge transfer to localised states inside the polymer layer. A built-in

voltage (VBI) defined as

VBI = (Eanode − Ecathode)/e (1.5)

where Eanode and Ecathode are the work function of the anode and of the

cathode respectively and e is the elementary charge. The VBI is generated

inside the device due to the difference between the work function of the anode

and the cathode. Given the very low charge density and low level of doping

by impurities, the resulting depletion region for polymer semiconductors is

very large, of ∼ 1 µm, much larger than the thickness of the active layer.
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As a consequence, the energy structure is characterised by rigid bands i.e.

the electric field inside the polymer layer is constant. When a voltage of

opposite sign is applied, the energy levels of the electrodes are shifted. When

the applied voltage is equal to the VBI a flat-band condition is reached where

electric field inside the active layer is zero. When the voltage is further

increased, charge can be injected from the electrodes and transported through

the active layer.

1.2.3 Charge injection

The first step to the operation of a PLED is the injection of charge from the

electrodes: holes from the anode and electrons from the cathode. The injec-

tion process depends strongly on the height of the Schottky barrier at the

metal/semiconductor interface between the Fermi level of the metal and the

distribution of states of the polymer semiconductor due to the amorphous

disorder. The dependence of the injection current on the electric properties

at the interface is described using models borrowed from inorganic semicon-

ductor device physics.

The thermionic emission model is used when the Schottky barrier is lower

or comparable with the thermal energy of the charges and for low electric

fields. The current has the form

I = A∗ T 2 e
−Φeff

B
kT (1.6)

where A∗ is the effective Richardson constant and T is the temperature. The

image charge potential reduces the barrier height and Φeff
B is the effective

barrier that contains the dependence on the field. This model describes a

thermally activated injection with an Arrhenius equation.
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The Fowler-Nordheim quantum mechanical tunneling model considers the

case of a triangular barrier higher than the thermal energy

I ∝ E2 e
−κΦ3/2

B
E (1.7)

where E is the electric field and κ is a constant in terms of the carrier effective

mass. The model provides a better description of the injection current at high

electric fields and high energy barriers. A trap-assisted injection mechanism

where the charge is injected to a localised states with a lower injection energy

barrier which reflects in a reduced temperature dependence with respect to

the classical thermionic injection [41].

1.2.4 Charge transport

Once the charges are inside the polymer active layer they migrate subject to

the applied electric field via a hopping mechanism to the adjacent localised

states. The distribution of energies is governed by the intrinsic disorder in

the polymer bulk. Two main different conduction regimes can be observed

in PLEDs: injection limited regime and space-charge limited regime.

When the Schottky energy barrier at the interface with contacts is large

compared to the energy barrier for hopping between adjacent chromophores

(i.e. relatively large polymer mobility) the current across the PLED is limited

by the rate of carrier injection and thus it is strongly dependent on the height

of the injection barrier.

When the injection barrier is lower and the energy barrier for hopping

between adjacent chromophores is lower than or comparable with the thermal

energy, the current is space-charge limited (SCL). The charge injection from

the electrode is faster than the migration of charges away into the polymer
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layer and the accumulation of space-charges disturbs the the local electric

field limiting the current. When the metal-semiconductor contact is non-

ohmic, i.e. a large Schottky barrier is present, the current regime can pass

from injection limited to SCL by increasing the forward bias.

Polymer semiconductors differ drastically from their inorganic counter-

part as no delocalised valence and conduction band are present due to their

intrinsic lack of order. The models that describe better the current in PLED

devices contain field dependent parameters analogous to that observed in

trapped-charge limited current models for inorganic semiconductors.

When characterising the different conduction limiting regimes in PLEDs,

usually single carrier diodes are used to take into consideration only unipo-

lar current and reduce the complexity of the system. Nevertheless, efficient

PLEDs are based on well balanced bipolar currents that show a strong recip-

rocal interaction that results in reduced the net space-charge and electron-

hole recombination. In simple models these processes are taken into account

introducing a Langevin recombination term to unipolar current equation.

1.2.5 Device efficiency

The External Quantum Efficiency (EQE) is one of the most common way

to report the efficiency of an LED. Such value can be easily measured as it

is given by the ratio between the number of charges injected (electrons or

holes) and the number of photon emitted. A series of factors contribute to

the EQE as described by the relation

EQE = IQE · ηout = ηPL · rst · γ · ηout (1.8)
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where ηPL (photoluminescence quantum efficiency) is the probability of an

exciton in the active layer to decay radiatively by emitting a photon. The

rst is the ratio between singlet excitons and triplet excitons which is equal

to 0.25 due to spin multiplicity. The γ is the number of excitons formed per

unitary charge injected in the active layer. The ηout is the light out-coupling

efficiency: the link between the EQE and the Internal Quantum Efficiency

(IQE) is given by the ratio between the number of photons generated inside

the active layer and those that are emitted by the device. It depends on a

large number of optical and geometrical parameters that make it very difficult

to assess.

1.2.6 Indium tin oxide replacement

Indium Tin Oxide (ITO) is currently the material of choice for transparent

electrodes. Thin film ITO is used as transparent electrode in displays and

solar cells, surface heater film camera lenses, heat reflecting film for windows

and many others [32]. Nevertheless, ITO shows some limitations for future

applications mainly due to: indium growing costs for its scarcity [42]. ITO is

also a brittle material not suitable for flexible devices [43]. In addition, the

high temperatures needed for its deposition do not get along well with the

use of plastic based flexible substrates [32, 44].

Even if ITO is still the most widespread transparent conductor, the re-

search of a replacement material is seen as an inevitable way to go in the

next decade. Thanks to its electronic properties, graphene is one of the most

promising materials for this purpose as a very thin nanometric layers of it

presents high electrical conductivities together with a high light transparency
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and also great mechanical flexibility. Moreover, the ambipolar electric field

effect in graphene allows to tune the Fermi level continuously in a wide range

of values without compromising its properties.

1.3 Graphene

Graphene is a monoatomic sheet of carbon atoms hybridized sp2 and arranged

in a regular honeycomb hexagonal lattice as shown in Fig 1.9. Together with

diamond, graphite, fullerenes and nanotubes graphene is one of the allotropes

of carbon. It can be found in nature as the component of graphite where

graphene sheets are piled on one another, bound through π-stacking supra-

molecular interactions. The stacking structures ABA and ABC (see Fig.1.8)

are present in graphite.

Graphene’s electronic structure was predicted for the first time by P.R.

Wallace in 1947 whose aim was to describe graphite starting from a sin-

gle layer graphene as its basic component [45]. The electronic properties

of graphene also revealed to be useful in later years to explain the physics

of fullerene first and carbon nanotubes more recently [46]. Even if few re-

ports are present on the isolation of single-layer graphene or thin graphite

were published [47], very scarce experimental work was done until 2004 when

Novoselov, Geim and co-workers at the University of Manchester character-

ized the electronic properties of a monolayer of graphene obtained with a

simple method they devised, now known as micro-mechanical exfoliation of

graphite [48]. Their method consists in using a commercial scotch tape to

peel off a small flake from a piece of HOPG and then by repeatedly pressing

the tape on the flake and pulling apart in order to cleave it into thinner
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Figure 1.8: Lattice structure of (a) ABA-stacked multilayer gra-

phene and (b) ABC-stacked multilayer graphene (adapted from

[3]). All possible carbon-carbon interactions are depicted with

indexes γi.

fragments until some of the cleaved flakes are actually monolayer graphene.

Finally, the tape bearing the monolayers is stuck on a Si/SiO2 substrate and

pulled back off very slowly to leave some of the flakes on the surface. The

monolayers need to be localized and this can be done using both optical

microscopy and atomic force microscopy [49].
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Figure 1.9: Graphene honeycomb lattice is formed by two rhom-

boid sublattices (blue and yellow atoms in (a)) with the same unit

vectors a1 and a2. The δ1, δ2 and δ3 are the nearest neighbors vec-

tors. Next-nearest neighbors vectors point to atoms within the

same sublattice. The first Brillouin zone in (b) shows the high

symmetry points Γ, M, K and K’. The band structure for the π

molecular orbitals in the first Brillouin zone is shown in (c) in

the case of t′ 6= 0. The conical structure at the Dirac point is

zoomed-in in the inset. (adapted from [4])

1.3.1 The electronic properties of graphene

Crystallographic and electronic structure

The crystallographic structure of graphene can be described as constituted of

two equivalent rhomboid Bravais sublattices as reported in Fig.1.9(a) [50, 4].
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The unit vectors in the real space are given by:

a1 =
(

3a
2 ,
√

3a
2

)
a2 =

(
3a
2 ,−

√
3a
2

)
, (1.9)

where a = 1.42 Åis the bond length in graphene. In the reciprocal lattice

the unit vectors are:

b1 =
(

2π
3a ,

2π
3
√

3a

)
b2 =

(
2π
3a ,−

2π
3
√

3a

)
. (1.10)

The energy dispersion can be calculated with a tight binding model. The

energy required for the electrons to "hop" between different carbon atoms is

calculated with exchange integrals and it is t = 2.8 eV to hop to the nearest

neighbor atoms whereas for the next-nearest neighbor atoms the energy is

t′ such that 0.02t ≤ t′ ≤ 0.2t (see Fig. 1.9) [4, 45, 46]. The simplified band

structure has the form

E±(k) = ±t
√

3 + f(k)− t′f(k) (1.11)

f(k) = 2 cos
(√

3kya
)

+ 4 cos
(√

3
2 kya

)
cos

(3
2kxa

)
(1.12)

where the negative sign applies to the valence band (π binding molecular

orbital) and the positive sign to the conduction band (π∗ antibonding molec-

ular orbital). The symmetry between the two bands is broken when hopping

within the same sublattice (t′ 6= 0) is also taken into account.

The Dirac points

The Fermi level for pristine graphene is at the crossing point between the two

bands in correspondence of the symmetry points K and K’ in the Brillouin

zone where valence and conductive bands meet forming the characteristic
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cone shapes. They are commonly called Dirac points because if the energy

dispersion next to K or K’ is expanded we obtain

E±(q) ≈ ±~vF |q| = ±vF |p| (1.13)

where q = k − K for q � K is the momentum measured relatively to the

points K or K’ and vF is the Fermi velocity, given by vF = 3ta/2 whose value

is calculated as vF = 1 × 106 m/s. This result was obtained by Wallace in

1947 [45]. Considering the relativistic nature of electrons in graphene near

K and K’ then the energy is given by

ε =
√
m2c4 + c2p2 (1.14)

where m0 is the electron mass at rest. By replacing c with vF = c/300 and by

setting m0 = 0 the energy dispersion of graphene ε ≈ vF |p| can be obtained.

Due to the interaction with a honeycomb lattice potential, electrons near the

points K and K’ in graphene behave like relativistic quasi-particles which

are described by the the Dirac equation. These quasi-particles are called

massless Dirac fermions and can be seen either as electrons that have lost

their rest mass m0 or as neutrinos that acquired the electron charge e [5].

Another peculiar property of graphene near the Dirac points is that the

Fermi velocity of electrons is constant vF = c/300 and in first approximation

does not depend on their energy. On the contrary, the energy dispersion for

conventional metals and semiconductors is ε(k) = ~2|k|2/(2m) which instead

leads to a Fermi velocity vF =
√

2E/m that depends on the energy of the

particle, being v = k/m =
√

2E/m.
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The density of states

The density of states (DOS) is defined as the number of energy eigenstates

in a unit energy interval and is reported in Fig. 1.10 either for the case in

which next-nearest neighbor hopping is considered (t′ 6= 0) or not (t′ = 0). In

particular, in the case of t′ = 0 it is possible to obtain an analytical expression

for the DOS [4]. Close to the Dirac point, in the approximation of linear

dispersion E(k) = ±vF~|k|, the density of state is given by g(E) ∝ |E|/v2
F .

Although the DOS is equal to zero at the Fermi energy, the conductivity

of graphene does not disappear, thus showing a metallic behavior. For this

reason graphene is defined as a zero-gap semiconductor.

Figure 1.10: The density of states (DOS) for t′ 6= 0 (top row)

and for t′ = 0 (bottom row). The DOS near the Dirac point is

zoomed-in in the diagrams on the right column. (adapted from

[4])

When single-layer graphene is used as the active layer of a field-effect

transistor it shows a strong ambipolar electric field effect upon application
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of a gate voltage bias. Either a concentration of electrons or holes can be

induced continuously based on the the sign of the gate bias and in both cases

it causes a rapid decrease in the resistivity (see Fig. 1.11) [5]. Charge car-

riers concentrations up to 1013 cm−2 can be obtained with mobilities higher

than 15, 000 cm2V −1s−1 even under ambient conditions. The mobility in

graphene is weakly affected by the temperature and it remains high even for

high doping levels with charge carrier concentrations higher than 1012 cm−2,

suggesting a ballistic transport at submicrometre scale.

Figure 1.11: The resitivity of a monolayer of graphene as a func-

tion of gate voltage shows an ambipolar electric field effect. A vari-

ation in the gate voltage Vg can move the Fermi energy of graphene

continuously around the neutrality point: positive (negative) Vg

induce electrons (holes) concentration to increase according to the

DOS. The conical low-energy dispersion is shown in the inset to

indicate the position of the Fermi energy. (adapted from [5])
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Optical conductivity

As a consequence of the linear dispersion at the Dirac point, optical conduc-

tance of graphene monolayer for electronic π → π∗ interband transitions is

not dependent on the frequency for a broad range of photon energies (theo-

retically from 0 eV to ∼ 2 eV where the energy dispersion begins to deviate

from linearity) and it is equal to G0 = e2/4~ ' 6.8×10−5 Ω−1 [51]. Based on

Fresnel equations it is possible to derive the theoretical optical transmittance

of a freestanding monolayer graphene

T = (1 + πα

2 )−2 ' 1− πα ' 97.7% (1.15)

where α = e2/~c = 1/137 is called the ’fine structure constant’ and it is a

universal constant. Absorbance A = 1 − T = πα ' 2.3% was confirmed

experimentally for a monolayer and also for few layer graphene where ab-

sorption increases linearly according to the number of sheets [52]. This result

shows that in few layer graphene (FLG) the single sheet can be considered

as a two-dimensional electron gas almost non-interacting with the adjacent

layers. In the range of visible light the reflectance of graphene was measured

to be < 0.1%, much lower than absorbance.

In the visible range, the absorbance starts to increase for increasing energy

moving away from the Dirac points and hence from the linearity of the energy

dispersion. The spectra show a peak at ∼ 4.6 eV which is attributed to a

van Hove singularity in the density of states (see Fig. 1.10) at the symmetry

point M in the Brillouin zone where the electronic bands form a saddle point

[53, 54]. Due to a strong excitonic interaction between the excited electron

in the conduction band and a hole in the valence band, the peak in graphene

UV-vis spectra is red-shifted with respect to the π → π∗ transition at the M
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point which is originally of ∼ 5.2 eV [55].

Electrical conductivity

An important observation is that the conductivity of pristine graphene never

disappears, even near 0 K at zero-field Vg = 0, where g(E) ' 0, it shows

a conductivity equal to a quantum conductivity for each species of charge

carriers 2G0 = 2e2/h ' 7.75 × 10−5 Ω−1 equivalent to a sheet resistance of

∼ 6 kΩ/� for a single layer [5, 56]. Nevertheless, given that the charge-

carriers mobility remains high even for a high concentration of carriers, the

resistance can be reduced down to ∼ 50 Ω/� by chemical doping [56]. Even

unintentional doping due to the absorption of molecules (e.g. water) from

the atmosphere can cause a carrier concentration of the order of 1012 cm−1

[48]. Considering a common value of µ = 105 cm2s−1V −1 for carrier mobility

at a doping level of n = 1012 cm−2, the sheet resistance can be expressed as

Rs = 1
eµnN

= 62.4 Ω
N

(1.16)

where N is the number of graphene sheets [57]. Electrical conductivity is

strongly hampered by the presence of lattice defects which cause a decrease

of the mobility[58].

Multilayer graphene

The interplane coupling in multilayer graphene is weak compared to the C-C

bonding energy such that the optical absorption is not altered significantly.

However, the interaction between the different graphene layers leads to some

key modification in the band structure. The change in the electronic prop-

erties of bilayer graphene stacked in an AB (Bernal) configuration (which
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corresponds to a relative rotation of θ = 60◦ between the two honeycomb

lattices, see Fig.1.12a) is due to the inter-layer interactions between carbon

atoms which break the symmetry between the two sublattices in each of the

two sheets. To account for the different possible interactions between atoms

from the two layers a number of terms are added to the Hamiltonian of the

system, each one with a weighting factor. In a first approximation, if only

interactions up to γ1 are considered, the band structure of graphene Bernal

stacking bilayer results in four parabolic-shaped bands (see Fig.1.12b), two of

which touch at E = 0 while the other two are equally distant from E = 0 in

the symmetric bands case t′ = 0, when the in-plane next-nearest neighbours

hopping is neglected [4]. The parabolic shape determines a drastic reduction

in the Fermi velocity of electrons at the Dirac point. In addition to this, the

application of a bias between the two layers is able to open a band-gap which

is extremely interesting for electronic applications of graphene [4]. If a fur-

ther out-of-plane interaction γ3 is considered, a trigonal distortion (warping)

of the bands, at much lower energies than parabolic distortion, gives rise to

the formation of a set of three Dirac-like linear bands at finite momentum

(see Fig.1.12c) [7].

This approach where hopping terms between different atoms from differ-

ent layers are added to the Hamiltonian in the tight-binding model can be

extended to calculate the energy structure with an infinite number of layers

in a Bernal stacking configuration. The addition of layers to the system in-

creases the complexity of the energy structure as each new layer introduces

2 more bands for the π/π∗ orbitals [6].

The relative orientation (θ) between any couple of consecutive layers has
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Figure 1.12: A regular AB (Bernal) stacking graphene bilayer is

shown in (a) where the most important possible hoppings between

the two layers are indicated with γi indices. In panel (b) I report

the band structure obtained by considering interactions up to γ1

in the tight binding Hamiltonian. If also γ3 is considered a trigonal

warping results at very low energies at the touching point between

two of the bands, restoring conical structures. (Adapted from

[3, 6, 7])

a strong effect on the electronic structure of the system due to the modula-

tion of the electronic density for the formation of a Moireé pattern. Bilayer

graphene where the rotation angle is different from the ordered Bernal AB

stacking (θ 6= 60◦) are referred to twisted bilayer graphene. The effect of this

relative rotation is to decouple preferential interaction between certain atoms

from the two sheets partially restoring the broken symmetry of a monolayer

graphene and its properties [59].

Chemical doping

The strong ambipolar field effect of graphene allows to control the doping

continuously from p-type to n-type by varying the charge carriers concen-

tration. Therefore, electrical conductivity and Fermi energy of graphene can
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be finely tuned. Chemical doping reduces the effects of unwanted doping

due to contamination and is a powerful method to tune the electrical prop-

erties of graphene [60]. Chemical doping of graphene can be done either

via surface transfer between graphene and adsorbed molecules or via sub-

stitutional doping where carbon atoms in graphene lattice are replaced with

species with different number of valence electrons [60]. The factor that deter-

mines the doping level via the surface charge transfer is the relative position

of the Fermi level of graphene with the highest occupied molecular orbital

(HOMO) and the lowest unoccupied molecular orbital (LUMO) of the dopant

molecule. The dopant acts as a donor (n-type doping) if the HOMO level is

above the Fermi energy of graphene whereas a p-type doping is obtained if

the LUMO level of the dopant is below the Fermi energy of graphene and a

charge transfer of electrons occurs from graphene to the dopant molecule.

1.3.2 Methods of production

Since graphene was first isolated with the Scotch-tape method a variety of

different synthetic routes have been developed to obtain ever larger sheets

with high quality and high throughput. This is important target especially

to extend the potential of graphene and its application to the market. Each

of these preparation methods results in a material with slightly different

properties that can be appropriate for different applications [61]. There is

a number of methods that differentiate on the basis of sheet size, number

of layers, quality, processability, the possibility to implement the method

for mass production or for large-area applications and their cost and ease of

fabrication [62]. In the rest of the chapter I will present briefly some of the
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most important and used methods.

Mechanical exfoliation

Mechanical exfoliation is a very intuitive method that was used to obtain

monolayer graphene on Si/SiO2 for the first time by Novoselov and Geim in

2004. Nevertheless, this procedure is impossible to scale to mass production

and large area applications. Only a small percentage of high quality mono-

layer or few layer graphene is present among multilayer and graphite like

chunks on the substrate surface. The localisation of mono-atomic sheets of

graphene on Si/SiO2 is a time-consuming step and is made possible thanks

to the fact that, with a SiO2 layer of 300 nm, they add to the optical path

of the reflected light and change the contrast with respect to an empty sur-

face up to about 12%, sufficiently enough to be detectable with an optical

microscope [48, 49].

Liquid-phase exfoliation

Liquid-phase exfoliation (LPE) is based on the separation of single and few

layer graphene layers from HOPG by the use of an ultrasonic treatment in

an appropriate solvent such as N-methyl-2-pyrrolidone (NMP), dimethylfor-

mamide (DMF) and others. The matching of the surface energies between

graphene and the solvent is a key factor to obtain a stable dispersion of thin

layers. Dispersions of graphene can be obtained also in water or relatively

polar organic solvent with the use of a suitable surfactant which stabilizes

the graphene flakes [63, 64, 65, 66].

Graphene sheets obtained by ultrasonication are limited in lateral size as
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the energetic exfoliation process causes them to break in smaller flakes. Also

the crystal quality of a single flake is much lower compared to mechanically

exfoliated graphene as many defects are produced during the sonication. On

the other hand LPE is a very economic method and one of the most promising

for large area applications. In fact graphene liquid dispersions can be easily

handled and deposited on a number of different substrates using printing

technologies.

Graphene oxide

Graphene oxide is obtained by the chemical oxidation of graphite with the

insertion on the graphene lattice of oxygen groups such as hydroxyl (C-OH),

carbonyl (C=O), carboxyl (O-C=O) and epoxy (C-O-C) groups [67]. These

functional groups are characterised by the presence of a electric dipole that

make the surface much more hydrophilic than pristine graphene and hence

the flakes are readily soluble in water. Graphene oxide forms very stable

dispersion of monolayers in water which are also very easy to deposit on hy-

drophilic substrates such as glass, quartz or silicon oxide as single flakes [68].

Nevertheless the introduction of oxygen atoms together with a high num-

ber of structural defects generated by the strong oxidation reaction causes

a drastic reduction of the charge carrier mobility. Graphene-like domains

with different size and shape are enclosed by oxidized regions and it makes

graphene oxide flakes much less electrically conductive proportionally to the

degree of oxidation [69]. The partial reduction of graphene oxide with the

removal of oxygen groups can be achieved with different methods to improve

electrical conductivity and partially restore the band structure of pristine
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graphene [70, 71, 72].

Chemical vapour deposition

Chemical vapour deposition (CVD) is maybe the most promising method

to obtain large area graphene with good electrical conductivity [73]. In a

basic form of CVD, a flux of methane is fed on a thin foil of copper at high

temperatures of about 1000 ◦C. The hydrocarbon decomposes and domains

of monoatomic layers of carbon grow and eventually coalesce generating a

poly crystalline thin film of mono and multi layer graphene [74]. The film

so obtained needs to be transferred on the desired substrates by depositing

a thin layer of PMMA and chemically etching the copper foil. After the

deposition on the substrate the PMMA is removed. Sheet resistances as low

as few hundreds of Ω/� can be obtained with multilayer CVD graphene and

the use of chemical doping methods on large area films [75].

Epitaxial graphene

Epitaxial graphene can be obtained through segregation from silicon carbide

(SiC) by thermal annealing between 1250 ◦C and 1450 ◦C [76]. This type of

graphene is believed to retain the physical properties of mechanically exfoli-

ated flakes especially when electronically decoupled from the SiC substrates

via hydrogen treatment [77].
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Chapter 2

Thermal treatment and

chemical doping of

semi-transparent graphene

films

Graphene transparent conductive films have been proposed as indium tin ox-

ide (ITO) modifiers for application in optoelectronic devices. Here thermal

and chemical treatments of graphene-based transparent films are systemat-

ically investigated with a view to increasing their conductivity and tuning

their work function. Two different types of graphene layers are investigated,

obtained either via spin-coating of graphene oxide (GO) aqueous dispersions

or vacuum filtration and transfer of liquid-phase exfoliated (LPE) graphene

in highly volatile, non-toxic solvents such as isopropanol and ethanol. As-

deposited films are relatively resistive, but their sheet resistance was decreased
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by up to three orders of magnitude for both LPE and GO, so as to reach val-

ues of ∼ 105 Ω/� via thermal treatments at temperatures of ∼ 350/400 ◦C

at pressures of ∼ 106/104 mbar. Most importantly, the physisorption of

the molecule (CF3SO2)2NH (trifluoromethanesulfonimide) results in an in-

crease of the films work function by up to 0.5 eV , to yield a value of ∼ 5.3 eV .

This is comparable or slightly better than what can be achieved with poly(3,4-

ethylenedioxythiophene) doped with poly(styrenesulphonate) (PEDOT:PSS),

depending on PSS concentration, thereby confirming the potentially benefi-

cial role of chemical doping of liquid dispersions of graphene-derivatives for

application to organic electronics.

2.1 Introduction

Graphene is one of the most interesting candidate materials for the pro-

duction of transparent conductive films for flexible optoelectronic applica-

tions such as light-emitting diodes (LEDs) or photovoltaics. Graphene is

a monoatomic layer of carbon atoms arranged in a honeycomb lattice. It

combines a good transparency (2.3 % transmittance for a single layer for

wavelengths higher than ∼ 400 nm [52]), good charge carrier mobility [78]

(∼ 105 cm2 s−1 V −1) and promising mechanical properties [79].

Thanks to a strong ambipolar field-effect, the tuning of the Fermi en-

ergy of either sign causes a variation in the charge carrier concentration and

hence of the electrical conductivity of graphene [5]. As a consequence of

this, for a single layer of graphene the sheet resistance can be reduced from

∼ 6 kΩ/� for the undoped graphene to few hundreds of Ω/� via inten-

tional or serendipitous chemical doping with molecules such as H2O, NO2
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and NH3, or by applying a gate voltage of ∼ 100 V or so [56, 48].

Since it was first isolated in 2004, different production methods have been

developed for graphene. They all result in products with slightly different

physical properties depending on the size of the graphene flakes, the integrity

of the honeycomb lattice and the presence of chemical defects [80, 61]. The

application of graphene in optoelectronic devices requires films with areas

up to several cm2 and a production method that can be scaled-up for mas-

sive production. Only few of the existing synthetic approaches meet these

requirements.

The chemical vapour deposition (CVD) method is generally reported to

produce multi crystalline films of graphene, with domains of up to 50 µm or

larger [74, 81]. In a basic configuration methane and hydrogen gas are passed

through a reactor at high temperature (∼ 1000 ◦C) to activate the growth of

graphene domains on a thin copper foil (25 µm) as a catalytic substrate [82].

A polymer layer is then deposited on the film and the copper foil is etched in

a FeCl3 solution. The graphene is transferred onto the final substrate and

the polymer layer is washed away. Large-area films with a sheet resistance as

low as ∼ 200 Ω/� have been obtained with a roll-to-roll adaptation of this

method [73]. The use of high temperatures reactors, an ignitable gas and the

dependence on an expensive metal as copper are the main shortcomings of

this method that need to be considered when upscaling the process towards

industrial production.

Less expensive and highly-scalable methods for the production of gra-

phene are based on the exfoliation of graphite powder in a solvent to obtain

liquid dispersions of mono and multi layer graphene flakes [63, 83, 84]. The
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exfoliation process is based on the surface energy matching between the gra-

phene sheets and the solvent [63]. Interestingly, the range of suitable solvents

can be usefully extended by using a variety of surfactants, also with a view

to using water as a dispersant [85, 65, 66].

In the liquid-phase exfoliation approach, a low power bath sonication

provides enough energy to intercalate solvent molecules between the graphene

planes and to exfoliate them mechanically. Alternatively, exfoliation can also

be achieved after chemical modification of graphite via extensive oxidation

to separate the graphene sheets [86, 72]. The formation of oxygen functional

groups on the graphene lattice increases drastically the affinity of the flakes

for polar solvents such as water. Liquid-phase exfoliated (LPE) graphene

and graphene oxide (GO) are characterized by flakes with sizes up to several

microns [63, 86].

Crucially, and differently from CVD graphene, LPE and GO dispersions

can be obtained in large quantities (easily up to kilograms) via scalable pro-

cesses and relatively low costs. This is of enormous technological significance,

because the liquid dispersions can be used as conductive inks with already

existing ink-jet and roll-to-roll printing technology for printable electronics

[87, 88]. Nevertheless, although technologically very appealing, films ob-

tained by deposition of either LPE or GO are constituted by a number of

overlapping flakes. The charge transport in such films occurs via hopping

between consecutive flakes and constitutes one of the main limits to the con-

ductivity. In addition, oxidation of graphite typically introduces a number

of lattice defects, leading to a lower quality graphene in terms of charge mo-

bility and thus conductivity, also in relation to the need of charge to hop
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between conjugated domains [63, 83, 84, 85, 65, 66, 86, 72, 87, 88, 70].

Several methods have been proposed to reduce the amount of such defects

and restore the properties of graphene, at least partially. They generally

involve either high temperatures annealing (typically > 1000 ◦C for few

hours), lower temperatures but extremely long times (e.g. several days at

80 ◦C), electrochemical treatments or even chemical reduction of GO with

hydrazine [70, 68, 89, 90, 91, 92].

Figure 2.1: (A) Molecular formula of

bis(trifluoromethanesulfonyl)amide (TFSA) used as p dop-

ing agent. (B) Molecular formula of the sulphonated perylene

diimmide derivative (PDI) used as surfactant for the exfoliation

of graphite in ethanol.

In this work, the tuning of the work function of thin transparent films

of LPE and GO is reported after thermal treatments at relatively mild tem-

perature (350/400 ◦C) for only few hours, which also significantly increase

their conductivity. The ability to control the work function of thin films is of

paramount importance for applications as components of electronics devices

[93, 34].
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The effect of chemical p-type doping on LPE and reduced GO films

was studied for the tuning of the electrical properties. In particular, the

electron-withdrawing molecule 1,1,1 trifluoro-N-(trifluoromethyl)sulfonylme-

thanesulfonamide (TFSA, see Fig.2.1 panel A) was used as a p doping agent

on graphene [94, 95, 96]. By decreasing the electron density of graphene,

TFSA shifts the Fermi level towards lower energies where the density of

states (DOS) is higher, thereby increasing the conductivity of the material.

Interestingly, via the deposition of TFSA an increase in the work function of

the films by 0.5 eV was achieved to a final value of about 5.3 eV .

2.2 Experimental details

2.2.1 Preparation of the dispersions

A GO water dispersion was prepared via a modified Hummers method [86]

obtaining a final concentration of about 1 g L−1. Two LPE graphene disper-

sions were prepared via low power (∼ 50 W ) bath sonication of graphite

flakes (Sigma Aldrich 332461) in low boiling point organic solvents such

as isopropanol and ethanol. For the preparation of the dispersion LPE(1),

graphite was added to isopropanol at a concentration of 3 g L−1.

A second dispersion, LPE(2), was prepared with the same concentration

of graphite in ethanol and with the addition of 0.1 g L−1 of a sulphonated

perylene diimide derivative (PDI, see Fig.2.1 panel B) as a surfactant and

exfoliation agent provided by BASF SE. The molecules of PDI interact with

the surface of graphene thanks to their polyaromatic molecular structure. For

this type of surfactants, lateral functionalisation with electron withdrawing
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or electron accepting groups are used to increase their solubility in more polar

organic solvents or even in water [85, 97]. Both imide and sulfonic lateral

groups are present and the exfoliation of graphite is carried out in ethanol,

a rather polar organic solvent.

For both dispersions the mixture was sonicated for 4.5 h and then cen-

trifuged at 2200 rpm for 20 minutes to precipitate and remove the bigger

aggregates and the non-exfoliated grains. The absorption spectra of the final

dispersions are reported in Fig.2.2. The concentration of LPE graphene was

estimated using the absorption coefficient ε = 2460 L g−1 m−1 at 660 nm

[63] obtaining values of ∼ 2 × 102 g L−1 for LPE(1) and ∼ 2 × 101 g L−1

for LPE(2). Since ethanol and isopropanol have similar surface tension, the

hugely different concentration of the dispersions (over 10 times) suggests

that PDI is an effective surfactant at increasing the exfoliation of graphite

and the stabilization of the suspended graphene flakes, in agreement with

corroborating literature [63, 65, 66].

2.2.2 Preparation of the thin films

Thin transparent films of LPE graphene were deposited on fused silica sub-

strates. LPE(1) and LPE(2) films were obtained with a vacuum filtration

and transfer method [98] of the two corresponding dispersions. A defined

volume of the dispersion was vacuum filtrated through a mixed cellulose es-

ters filter (Millipore) with a pore size of 0.025 µm. Before the filtration the

cellulose filter was immersed in deionized water for few minutes for hydration

and then was placed on a glass fibre funnel for the filtration. A volume of

3 mL of the lower concentration LPE(1) dispersion and 1 mL of the higher
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Figure 2.2: UV-vis absorption spectra of liquid phase exfoliated

graphene (LPE) and graphene oxide (GO) dispersions. The spec-

tra are reported as −log of the optical transmittance assuming

reflectance and scattering to be negligible. The concentration of

LPE dispersions was estimated using the absorption coefficient at

660 nm, a guide to the eye is reported to show that the absorption

contribution of the surfactant is negligible at that wavelength.

concentration LPE(2) dispersion were vacuum-filtrated. During the filtra-

tion the pump was left on for approximately two hours until the filter-cake is

fully dry. In the case of LPE(2), after the solvent passed through the filter,

2 mL of deionized water were gently added to help dissolve and remove the

remaining surfactant molecules from the graphene layer.
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For the transfer step, the filter was cut in smaller pieces with the desired

size and shape (∼ 1 cm2). The filter was wet with a drop (∼ 5 µL) of

dichlorobenzene (DCB), positioned it (graphene side down) on the fused

quartz substrate (Spectrosil, UQG) substrate and pressed gently to remove

any air bubbles and to make it adhere. Just before the DCB is completely

evaporated, the sample was immersed in acetone gently and left it overnight

to let the cellulose dissolve. The sample was washed again in fresh acetone

and in isopropanol to remove filter residues. In the case of LPE(2) the sample

was also washed in deionized water to help removing the remaining surfactant

molecules and dried in a vacuum chamber at 102 mbar at room temperature

for one hour.

Thanks to a stronger interaction of the oxidized graphene flakes with

the silica substrates, the GO films were prepared by repeated spin coated

depositions of the dispersion on the Spectrosil substrates (1800 rpm for 60

seconds). Three different samples GO(1), GO(2) and GO(3) were prepared

with increasing thickness by repeating the spin-coating procedure 1, 2 and 4

times respectively.

2.2.3 Treatments and characterization of the thin films

The surface morphology of the as cast films was characterised by using an

atomic force microscope (AFM) Veeco Dimension 3100. The sheet resistance

was measured using a collinear four-point probe with contacts spaced 2 mm

from each other and controlled with a Keithley 2400 multimeter. The full

scale sheet resistance is ∼ 109 Ω/�. An error of 10% associated to the sheet

resistance measurements was estimated based on their variability.
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For the thermal treatment of the films the samples were divided in two

groups and two different conditions with different pressure, temperature and

time duration were tested. The samples LPE(1) and GO(1) were annealed at

an air pressure of∼ 10−4 mbar and a temperature of 350 ◦C for 3 hours (ramp

of 10 ◦C min−1 starting from room temperature). For the samples LPE(2),

GO(2) and GO(3), a lower pressure of ∼ 10−6 mbar and a temperature of

400 ◦C for 18 hours (ramp of 1 ◦C min−1 starting from room temperature)

were set.

The annealed thin films were chemically doped via spin-coating deposi-

tion of the molecule TFSA (Sigma-Aldrich 464635) from a solution in ni-

tromethane (1500 rpm for 60 s). Two solutions of TFSA were prepared with

concentrations of 20 mM and 90 mM . For the samples LPE(1) and GO(1)

(thermally treated at higher pressure 10−4 mbar) two consecutive depositions

of TFSA were done with increasing concentration: 20 mM and 90 mM . For

the second set of annealed samples LPE(2), GO(2) and GO(3) (lower pres-

sure 10−6 mbar thermal treatment) the TFSA was deposited three times

consecutively: 20 mM , 20 mM and 90 mM . The solutions were prepared,

kept and deposited under nitrogen atmosphere to preserve TFSA from any

contact with oxygen and water. The work function was measured using a

macroscopic environmental Kelvin probe with a gold probe with a diameter

of 2 mm.
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Figure 2.3: Tapping mode AFM height images of graphene oxide

(GO) and liquid phase exfoliated graphene (LPE) thin films after

the deposition on fused silica substrates (Spectrosil UQG): (A)

GO(1), (B) GO(2), (C) GO(3), (D)(E) LPE(1), (F) LPE(2). The

false-colour scale bars are relative to the images (D-F) only.
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2.3 Results and discussion

2.3.1 Thin films preparation

In Fig.2.3 the AFM morphology of the films are reported. Panel A of Fig.2.3

shows the morphology of GO(1) where a large number of monolayer flakes

(thickness ∼ 1 nm [86], see the height profile in the inset) are present with a

lateral size up to several microns and a surface coverage of about 85%. Larger

flakes reduce the number of charge carrier hopping steps and are crucial to

achieve higher conductivity [99] which is essential for the application of thin

films as charge injection and extraction from the active layer of flexible and

stretchable devices.

The GO(2) and GO(3) films have a 100% surface coverage with a rough-

ness very similar to that of the substrate, as shown in Fig.2.3 panels B and

C respectively. The thickness of the layers increases with the number of

spin-coating depositions: from 3 nm for two depositions to 6 nm for four

depositions. The thickness of the GO films was successfully controlled while

still maintaining a relatively low root-mean-square (rms) roughness of 0.8 nm

for GO(2) and of 1.8 nm for GO(3). The LPE films shown in panels D-F

of Fig.2.3 are formed by multi layer flakes and larger aggregates of different

sizes. Aggregation is likely to take place during the vacuum filtration when

the dispersed graphene is concentrated and compacted onto the filter.

The UV-vis absorption spectra of the films are reported in Fig.2.4. The

spectra are reported as −log of the optical transmittance, uncorrected for

reflectance (note that the reflectance of graphene is 0.001% of the transmit-

tance [52]). The spectra of LPE graphene films show the typical structure
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due to graphene’s electronic transitions between the π and the π∗ molecular

orbitals [54]. The broad and nearly constant absorption tail in the long wave-

length range (> 50 nm) derives from the linear energy dispersion around

the Dirac point in the electronic structure of graphene [51], whereas the main

peak at 267 nm is due to a Van Hove singularity in graphene’s density of

states [55]. In the case of LPE(2), the absorption features of PDI are visi-

ble at ∼ 500 nm, thus indicating that surfactant molecules are still present

within the film even after the thermal annealing. Note that the relatively

roughness of the LPE films (10 nm or so) prevents a meaningful analysis of

the correlation between absorption and AFM-measured thickness.

Figure 2.4: UV-vis absorption spectra (as −log of the optical

transmittance) of graphene oxide (GO) and liquid-phase exfoli-

ated graphene (LPE) thin films as deposited.
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The optical transmittance spectra of the GO thin films show a main peak

at 228 nm with a shoulder at 300 nm. These features can be assigned to

a C=C (π → π∗) transition and a C=O (n → π∗) transition, respectively

[100, 71]. Graphene oxide is composed of pristine graphene domains spatially

confined by lattice defects and oxidized regions [101]. The confinement of

the pristine domains increases the energy of the π∗ transition with respect

to larger conjugated domains in LPE graphene [29]. The sheet resistance of

the as-deposited films and after every treatment step is reported in Fig.2.5.

The values measured for LPE films as cast are 90.7 MΩ/� for LPE(1) and

4.4 MΩ/� for LPE(2). The as cast GO films have a sheet resistance which

is higher than the full scale limit of the system (109 Ω/�), in agreement with

the literature [68].

2.3.2 Thermal treatment

To improve the conductivity of the films all the samples were thermally an-

nealed at low pressure. In the case of GO the annealing induces a partial

chemical reduction consisting in the removal of oxygen functional groups

[102]. The enhancement of the electrical conductivity via annealing of LPE

films is instead mainly due to the removal of the solvent residues and to

the desorption of the surfactant molecules which improve the electric contact

between the flakes [63].

The samples were divided in two sets to test different annealing condi-

tions in terms of pressure, temperature and time duration. The samples

LPE(1) and GO(1) were annealed at an air pressure of ∼ 10−4 mbar and

a temperature of 350 ◦C for 3 hours (ramp of 10 ◦C min−1 starting from
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Figure 2.5: Comparison of the sheet resistance values measured

before and after the annealing and upon every deposition of TFSA

of the films. The sheet resistance of the GO films before the

annealing treatment was higher than 109 Ω/� and over the full-

scale of the set-up used. A significant decrease is shown in the

case of monolayer graphene oxide GO(1) upon deposition of TFSA

suggesting the doping of the material.

room temperature). Instead, the samples LPE(2), GO(2) and GO(3) were

annealed at an air pressure of ∼ 10−6 mbar and a temperature of 400 ◦C for

18 hours (ramp of 1 ◦C min−1 starting from room temperature). Simulations

by Acik and collaborators show that by annealing above 350 ◦C at low pres-

sure (∼ 10−3/10−4 mbar) almost all of the oxygen functional groups in GO

should be removed, except for hydroxyl groups and cyclic-edge-ethers (ether

groups located at the edge of defective areas) [102]. In Fig.2.6 the UV-vis

absorption spectra of samples before and after the annealing are compared.
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Figure 2.6: UV-vis absorption spectra (as −log of the optical

transmittance) of the films as deposited, after annealing and af-

ter the deposition of TFSA. The inset (A) depicts the difference

between the spectra after annealing and after TFSA with respect

to the wavelength for the film GO(1).

The annealing of LPE(1) at 350 ◦C and 10−4 mbar causes the formation

of a peak at about 300 nm (see inset in Fig.2.6 for LPE(1)) which could
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be attributed to the n → π∗ transition of C=O groups indicating a partial

oxidation of the film. The oxidation peak is absent in LPE(2) where a much

lower pressure (10−6 mbar) was used for annealing, even if at a higher tem-

perature (400 ◦C). The inset in Fig.2.6 for LPE(2) shows that the thermal

treatment causes a drastic decrease of the absorption features around 500 nm

as an evidence of the desorption or degradation of the low-molecular weight

surfactant molecules [103]. The annealing results in the chemical reduction

of graphene oxide. The removal of oxygen groups leads to larger domains

with restored conjugation and a consequent bathochromic shift of λmax from

228 nm to 270 nm as for pristine graphene [54, 71]. Also the increase of

absorption across a wide range of wavelengths (> 300 nm) indicates the re-

duction of graphene oxide with the formation of a linear dispersion of energy

characteristic of the electronics structure at the Dirac point in graphene. The

thermal treatment causes a drastic decrease (> 2 orders of magnitude) in

the sheet resistance of both LPE and GO films as shown in Fig.2.5.

2.3.3 Chemical doping

The annealed thin films were chemically doped via repeated spin-coating

depositions of TFSA in nitromethane with increasing concentrations. Fig.2.5

shows the variation of the sheet resistance after every deposition of TFSA.

As expected for the doping of graphene, a significant decrease of the sheet

resistance for GO(1) by more than 80% was measured. This is even more

than what previously reported for CVD graphene [94]. On the contrary, all

the other films show a very little change in the sheet resistance, generally

within the error bar. This indicates that the effect of chemical doping with
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TFSA is limited to the first graphene layer and that the molecules do not

diffuse into the films.

In Fig.2.6 the UV-vis absorption spectra of the films before and after the

depositions of TFSA are compared. The spectra of LPE(1) differ for the

decrease of the oxidation peak at ∼ 300 nm (see inset in Fig.2.6 for LPE(1))

suggesting an interaction between TFSA and oxygen electron rich defects

on graphene. On the other hand, the spectrum of LPE(2) (annealed at low

pressure 10−6 mbar) is unchanged after the deposition of TFSA.

As for GO films, only the spectrum of GO(1) presents a variation upon

chemical doping confirming that the effect is limited to the first layer of

graphene. Even in this case the decrease of the peak’s intensity in GO(1)

could be explained as due the interaction of TFSA with the oxygen groups on

the surface of the film. Nevertheless, differently from LPE(1), the spectrum

of GO(1) decreases across a range of wavelengths which is larger than the

width expected for the n→ π∗ transition of C=O. To explain this it must be

considered that graphene oxide is constituted by a wide range of conjugated

domains with different sizes [101].

For each conjugated domain the energy of the absorption peak depends on

the band gap which in turns decreases with the width of the domain, similarly

to what reported for ad-hoc synthesized nanographenes [104]. Only domains

that are “large enough ”(at least > 3.4 nm based on ref. [104]) show a Dirac

point with a zero band gap. Since the spectra are given by the sum of the

contributions from every different conjugated domain, the absorption peak

of reduced GO is somewhat broader than that of the LPE films as shown in

Fig.2.6. In other words, the absorption peak is given by both the Van Hove
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singularity of the larger (graphene like) domains and the band gap peaks

of the smaller ones. To explain the effect of TFSA it must be considered

that the smaller the domain the more it will be affected by the surrounding

oxygen atoms. Since TFSA withdraws electron density from oxygen groups

at the boundaries of conjugated domains, the smaller domains will be more

impoverished of electrons, resulting in a stronger reduction of the absorption

contributions at lower wavelengths as shown in inset (A) of Fig.2.6 for GO(1).

The absence of any significant variation in the GO(2) and GO(3) spectra

suggests that TFSA involves only the free oxygen groups at the very surface

of the film so that the UV-vis absorption is determined by the bulk. It is

interesting to note that this also indicates the absence of percolation of the

doping agent between the GO layers. A very low affinity between the highly

polar TFSA and the graphene flakes is probably the reason for it.

Next, the evolution of the work function (reported in Fig.2.7) was dis-

cussed for the highest conductive samples of each type: LPE(2) and GO(3).

The work function was measured after every step of the film preparation. The

work function obtained for the LPE(2) film after the deposition (5.1 eV ) is

higher than expected for pristine graphene or graphite (4.4/4.6 eV ) based on

previous literature and on the calibration of the Kelvin probe that use such

references [105, 106]. This was interpreted as caused by the presence of PDI

residues in the as deposited film [107] To confirm this it can be considered

that both the work function and the UV vis feature of the surfactant (see

Fig.2.6 for LPE(2)) decrease drastically after the annealing. The high sheet

resistance of the GO films as cast makes it impossible to carry out Kelvin

probe measurements before the thermal annealing.
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Figure 2.7: Work function values measured after every prepara-

tion step of the samples that showed the highest conductivity.

After the annealing, the two samples show a similar work function around

4.8 eV , slightly higher than the usual range for pristine graphene or graphite

[96, 108]. The presence of oxygen groups in GO and of surfactant residues

in LPE(2) can account for this difference. It is noteworthy that the first

deposition of the less concentrated solution of TFSA (20 mM) raises the

work function of GO(3) film to about 5.1 eV while the value for LPE(2)

remains virtually unchanged. This suggests that the interaction of TFSA

with electron rich oxygen atoms could lead to the deposition of a larger

amount of doping agent. A second deposition (20 mM) brings the work

function of both the samples to a level of ∼ 5.2 eV . Then a third deposition

of TFSA (80 mM) increases the work function further to approximately

5.3 eV . The ageing of the doping treatment is reported in Fig.2.8.
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Figure 2.8: Ageing of the doping treatment effect over a period

of 4 days after the deposition on samples of reduced graphene

oxide with different amounts of TFSA. The samples were kept

in nitrogen atmosphere and the work function measurement was

carried out in air. Some fluctuations are present in the work

function probably due also to the contact with air. However,

surprisingly, the general doping effect persists after days even after

the samples were exposed to air.

This shows that the work function variation is less than 2 meV over

several days of exposure to air. This is extremely encouraging as only a few

minutes are required to allow the films to be coated with active layers, in a

typical device fabrication process (for either light-emitting diodes (LEDs) or

99



photovoltaic diodes (PVDs)) since it can be expected that the work function

will then be frozen in, to a large extent, after depositing the active layer on

top of these films [34].

The obtained values are very interesting as they make the tested films

good candidates as ITO modifiers possibly replacing PEDOT:PSS for hole

injection in organic optoelectronic devices. They also compare well with other

promising materials for thin transparent hole-transport films. In particular

the values of work function obtained here are higher than those reported for

carbon nanotubes both multi-walled and single-walled [109, 110]. The work

function of PEDOT:PSS is generally reported to be ∼ 5.2 eV which is also

slightly lower than what measured here. Thin films made of silver nanowires

(Ag NW) are recently attracting much interest as a promising material for

transparent conductive layers as they usually show a sheet resistance of ∼

7 Ω/�, comparable with that of ITO. Nevertheless, not only they show a

characteristic roughness of several tens of nanometers (rms), but also the

work function of silver is ∼ 4.7 eV significantly lower than what obtained

here. Ag NW are can be covered with a layer of PEDOT:PSS or graphene

to tune the work function [111].

The conductivity of the films under test is still significantly lower com-

pared to ITO. This makes it impossible, at this stage, to produce working

devices using these graphene films as transparent electrodes as they give rise

to a very high series resistance to the diode. In the case of LPE the inves-

tigation of different surfactants could lead to a better exfoliation and more

uniform deposition with a lower sheet resistance [98]. As for GO instead a

thicker (less transparent) film is needed to increase the conductivity.
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2.4 Conclusion

In this work liquid-phase exfoliated (LPE) graphene and graphene oxide

(GO) dispersions were prepared using facile and scalable processes. Starting

from the liquid dispersions thin transparent films were depostied on fused sil-

ica substrates using different methods. The films were characterised in terms

of morphology, optical transmission, electrical conductivity and work func-

tion. Uniform and continuous layers of GO were obtained with low roughness

(rms) of approximately 1 nm by repeated spin-coating depositions from a wa-

ter dispersion. The thickness of GO films was tuned by few nanometers by

varying the number of depositions. Large area (∼ 1 cm2) thin LPE films

were obtained with a continuous network of flakes that allows electrical con-

ductivity via charge percolation.

A relatively low temperature thermal annealing (350/400 ◦C) at low pres-

sure (10−4/10−6 mbar) was proposed is an effective method to increase the

conductivity of both GO and LPE films by several orders of magnitude. The

sheet resistance in this work was decreased down to ∼ 105 Ω/� which is

comparable to GO reduced with hydrazine vapour and thermal annealing

but without using such toxic reactants [70, 67]. The values of sheet resis-

tance are also comparable with values reported in the literature for graphite

exfoliated in water to give dispersions of mono- and few-layer graphene sta-

bilized by surfactant [98].The conductivity of the LPE films could be further

increased by investigating different surfactants. In the case of GO, the effect

of the annealing is a partial restore of the conjugation corresponding to a

red shift in the UV-vis spectra. Graphene films were chemically p-doped via

the spin-coating deposition of the electron withdrawing molecule TFSA. The
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effects of this treatment on the optical transmittance, electrical conductivity

and the work function of the films were determined. A significant increase of

conductivity is obtained only for the single-layer GO film indicating that the

effect of the dopant is limited to the first layer of graphene in direct contact

with it.

Surprisingly, the data suggest that the presence of oxygen groups on gra-

phene improves the deposition of TFSA on the films without preventing the

doping of the graphene lattice. The work function of both GO and LPE

films was measured after every step of preparation. Interestingly, the work

function of the films were increased by 0.5 eV via the deposition of TFSA,

to up to about 5.3 eV which is higher than what reported in the literature

for graphene and also for graphene doped with TFSA [105, 96]. This is very

interesting also in the context of the use of graphene films as ITO modifier for

a better hole-injection in optoelectronic devices. These results are published

in the Organic Electronics journal[112].1

1This chapter is reprinted with permission from ref. [112]. Copyright 2015 Elsevier

B.V. All rights reserved. Graphene dispersions were produced by Andrea Schlierf and

Vincenzo Palermo from Istituto per la Sintesi Organica e la Fotoreattività CNR Bologna

and Matthias Georg Schwab from BASF SE Carbon Materials Innovation Center Lud-

wigshafen.
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Chapter 3

Work function of graphene and

single-walled carbon nanotubes

films on indium tin oxide

In this chapter graphene layers and carbon nanotubes layers deposited from

aqueous dispersions were characterised for applications in PLED devices as

surface modifiers on top of indium tin oxide (ITO) as an alternative to

PEDOT:PSS. The work function of the layers deposited on ITO substrates

was measured in air with the Kelvin probe method. The values were than com-

pared with the work function measured using electroabsorption spectroscopy

when the layers are in contact with a film of luminescent polymer F8BT in-

side a working PLED device. The data show a clear difference between the

two methods suggesting a reorganisation of the charge distribution at the in-

terface. The results describe an important factor that must be taken into

account in the design of opto-electronic devices.
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3.1 Introduction

Poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) is

commonly used as a thin layer on top of ITO in PLEDs. The transparency

and the processability from aqueous solution make PEDOT:PSS an excellent

hole-injection layer [113]. Nevertheless, the presence of the acidic sulfonate

groups in PSS is also responsible for the progressive degradation of ITO

which revels to be detrimental for the life-time of the devices [114].

New materials such as graphene or carbon nanotubes can be processed

to form thin layers that could be employed as a substitute of PEDOT:PSS

layers thanks to their relatively high transmission of light in a wide range of

the visible spectrum, ease of production and relative low reactivity.

The work presented in this chapter studies the electronic properties of

such films and how they are affected by the formation of an interface with

a conjugated polymer layer in a polymer LED. To this purpose, films of

liquid-exfoliated graphene and films of sorted single-walled carbon nanotubes

(SWNTs) were deposited on a thin layer of ITO on a glass substrate. In

particular two different and complementary methods to measure the work

function of the films have been used to compare the electronic properties of

the films in different conditions. Both metallic and semiconductor nanotubes

sorted via a density gradient ultracentrifugation method have been tested.

Even if metallic nanotubes are a more intuitive solution for the production

of conductive layers, we also tested semiconductor SWNTs as they can be a

good hole transport layer via their valence band.

The work function is the energy of extraction of electrons from a material

and it is a surface property. The measurement of this parameter is paramount
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during the design of an electronic device as it determines the ability to trans-

fer charge carriers at the interface between two different materials. The work

function of the two materials at the interface should be ideally the same to

reduce energy barriers.

The work function of the films was measured using both the Kelvin probe

method and the electroabsorption spectroscopy. With the Kelvin probe the

film is exposed to air whereas the electroabsorption technique measures the

work function of the films when they are inside a PLED. The comparison

of the two measurements allowed to study the effect of the formation of an

interface between the buffer films and the active layer inside a polymer LED.

3.2 Experimental details

3.2.1 Preparation of the thin films

Liquid phase exfoliated graphene was prepared by sonicating graphite powder

in water (12 g L−1) after the addition of the surfactant sodium deoxycholate

(SDC) at a concentration of 5 g L−1 for approximately 3 hours. The dis-

persion is decanted for 10 minunte after the sonication and the precipitate,

composed of bigger aggregates, is removed. The dispersion is then centrifuged

for an hour at 10, 000 rpm (17, 000 g) and the top 70% is used as the final

dispersion.

Single-walled CNTs were sorted based on their size and chirality with den-

sity gradient ultracentrifugation (DGU) from water solutions of metallic and

semiconducting single-walled carbon nanotubes using SDC as a surfactant

[115, 116]. CoMoCAT SWNTs were added (0.2 g L−1) to a water solution of
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SDC (20 g L−1). The mixture is treated in a 200 W , 20 kHz sonicator bath

at 15 ◦C for 90 minutes. Large insoluble nanotubes bundles were removed via

ultracentrifugation at 50, 000 rpm (173, 000 g) for 2 hours. The supernatant

is then extracted and used for DGU.

The separation between metallic and semiconductor nanotubes is ob-

tained using a mixture of two surfactants that adsorb differently on the two

types of SWNTs. For this purpose, the dispersion obtained with the ultracen-

trifugation is diluted with a solution containing 0.4% w/w of sodium cholate

and and 1.6% w/w of sodium dodecyl sufate. A linear density gradient was

obtained using the density gradient medium Otiprep: a solution of iodix-

anol in water (60% w/w). Subsequent layers of progressively more diluted

Otiprep were stacked to form a step gradient. The nanotubes dispersion is

place in between two of the layers. Via diffusion of the different density layer

and the dispersion of nanotubes to be sorted, a linear gradient is formed.

The ultracentrifugation is carried out fo 12 hours at 40, 000 rpm (250, 000 g)

at a temperature of 15 ◦C using a swinging rotor centrifuge. The aliquotes

containing the different fractions are extracted using a syringe pump.

Both graphene and SWNTs water dispersions are deposited as thin layers

on top of ITO covered glass substrates using the vacuum filtration and trans-

fer method described in chapter 2 section 2.2.2. The dispersions are vacuum

filtrated through cellulose filters to form a layer only few tens of nanometres

thick. The surfactants are washed away with deionised water washes. After

the filter and the film are dry, pieces of the desired shape are cut and trans-

ferred on top of the target substrate with the thin film facing on the substrate

surface. The adhesion of between the two surfaces is improved using a drop
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of dichlorobenzene. The samples are the immersed in acetone overnight to

dissolve the cellulose filters followed by further washes in isopropanol and

dionised water.

Four samples constituted of a graphene films deposited on ITO were pre-

pared following an identical procedure. These samples are identified with the

letters G1, G2, G3 and G4. Two identical films made of metallic SWNTs (m-

CNT1 and m-CNT2) and two identical films made of semiconductor SWNTs

(sc-CNT1 and sc-CNT2) were prepared. The carbon-based materials and the

films were prepared by the Nanomaterials and Spectroscopy (NMS) group at

the Department of Engineering, University of Cambridge [116].

3.2.2 Kelvin Probe

The Kelvin probe method measures the contact potential difference (c.p.d.)

between the surfaces of two conductive materials. It is based on the measure-

ment of the capacitive current generated by periodically varying the distance

between the two surfaces with a certain frequency. An external voltage equal

and opposite to the c.p.d. is then needed to set the capacitive current to zero.

Fig. 3.1 shows the schematic of the Kelvin probe measurement apparatus.

By subtracting the work function of one of the two electrodes to the c.p.d.

is possible to obtain the work function of the other electrode. The Kelvin

Probe (KP) is an indirect measurement of the work function of the surface of

a conducting material with respect to a reference material. Freshly cleaved

HOPG was used as reference in air with a work function of 4.475± 0.005 eV

[106]. All measurements were performed in air.
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Figure 3.1: On the right the geometry of the two possible locations

of the probe on the sample are illustrated. The picture on the left

show the electrical schematic of the Kelvin probe measurement

apparatus: the capacitive current generated by the vibration of

the probe at close distance on the sample is set to zero by the

variable voltage bias. The DC bias is then equal to the contact

potential difference between the probe and the sample surfaces.

3.2.3 Electroabsorption spectroscopy

The electroabsorption signal (∆T/T ) is the ratio of the intensity of the light

transmitted through the sample (T ) and the modulation of that intensity

(∆T ) due to an applied alternating electric field. The typical electric fields

applied in EA experiments (∼ 105 V cm−1) are such that the ∆T signal is of

the order of ∼ 10−4/10−5 times the transmitted intensity and hence a lock-in

technique is required for the detection of ∆T . All measurements were carried

out at room temperature by irradiating the sample with a monochromated

beam from a Xe-lamp while applying a sinusoidal voltage VAC = 1 V at a

frequency f = 2 kHz. A schematic of the electroabsorption (EA) setup is
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shown in Fig. 3.2.

Figure 3.2: Schematic of the electroabsorption set-up used in this

study (a) and scheme of a device for electroabsorption and how

it is driven (b).

The monochromated and collimated beam coming out from the mono-

chromator is focused on the pixel of interest, it passes through the anode

and the active layer, is then reflected on the metallic cathode and emerging

from the active layer and the anode is eventually detected by a photodetec-

tor. The alignment of the system is done in two steps: the different parts of

the instrument were arranged first in order to maximize the average intensity

of the transmitted light measured by the photodetector. In a second step the

beam on the pixel of interest was focussed by maximizing the amplitude of
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the alternate signal that is modulated at the same frequency f of the applied

alternate voltage VAC . This also allowed to set to zero the phase difference

between the signal and the lock-in amplifier’s reference frequency.

The charge density ρ in the polymeric active layer can be assumed low

enough that the electric field across the bulk of the film can be considered

uniform and thus [117]

F = V

d
(3.1)

F0 + FAC sin(ωt) = V0 + VAC sin(ωt)
d

. (3.2)

In these hypothesis, given that the EA signal is proportional to the

squared electric field, the first harmonic of the EA signal, EA(1ω), can be

written as [118]

∆T/T (hν, 1ω) ∝ χ(hν)V0VAC sin(ωt) (3.3)

where ω and VAC are the angular frequency and the amplitude, respectively,

of the AC voltage. V0 is the electrostatic potential across the absorbing layer

and it is the sum of the applied DC voltage VDC and the built-in potential

VBI

∆T/T (hν, 1ω) ∝ χ(hν)(VDC − VBI)VAC sin(ωt) (3.4)

it is therefore possible to deduce VBI by extracting the applied DC voltage

(Vnull) needed to set ∆T/T (hν, 1ω) equal to 0.

3.2.4 Devices preparation for the electroabsorption mea-

surement

The devices are prepared by spin coating (1800 rpm for 120 sec under N2

atmosphere) a solution 2% w/w in toluene of the polymer F8BT (poly[(9,9-di-
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n-octylfluorenyl-2,7-diyl)-alt-(benzo[2,1,3]thiadiazol-4,8-diyl)]) (see Fig. 3.3)

with a MW of 73000 g mol−1 obtaining a film approximately 100 nm thick.

Figure 3.3: Molecular structure of the photoluminescent polymer

F8BT.

A metallic calcium cathode 30 nm thick is evaporated on the active

layer and is subsequently covered with a layer of 150 nm of aluminium.

A schematic of the devices is described in Fig. 3.4.

Figure 3.4: Schematic of a device for electroabsorption spec-

troscopy.
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3.3 Results and discussion

In Fig. 3.5 the work function values of the thin layers as measured with the

Kelvin probe method are reported. Since the golden probe does not probe

exactly the middle of the substrate, the average between the two sides is

reported for each sample. The uncertainty associated with the measured

values was estimated as the standard deviation of 5 repeated measurements

on both side. The uncertainty cannot be lower than the instrumental error

of 0.02 eV . Fig. 3.5 reports the work functions measured with KP. The

deposition of the films was carried out in air at room temperature.

For every sample the EA(1ω) spectrum was acquired in the wavelength

range from 650 nm to 320 nm (1.91 eV to 3.87 eV ) where the active layer

F8BT has its main absorption peak. The scan was always done from high to

low wavelength. In all the spectra the scan step is 2 nm. An example of an

electroabsorption spectrum is reported in Fig. 3.6.

Then the EA(1ω) was measured as a function of VDC at a wavelength

10 nm higher than that of the most intense peak in the EA spectrum. This

is done in order to avoid the absorption peak of the polymer and to find the

best compromise between high sensitivity and low absorbance of light. In

fact, a high absorption condition may generate significant PL and may also

increase the charge density in the active layer. The VDC was scanned between

−2.0 V and +1.5 V with scan steps of 0.1 V . Each point was obtained by

the average of 4 measured values. Then the data was fitted in the range of

reverse bias (VDC < 0) between −1.5 V and 0.0 V in order to avoid any

deviation from the linearity due to dark currents across the polymer layer or

to the emission of light at the turning on of the pixel.
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Figure 3.5: Work functions values of Graphene (A) and of metallic

and semiconducting SWNTs (B) deposited with the filtration and

transfer method on a layer of ITO (150 nm thick) on a glass slide.

The VBI is obtained as

VBI = −m
q

(3.5)

where m and q are the parameters of the linear fitting function

EA(1ω) = mVDC + q. (3.6)

The VBI values are obtained as the average between three repeated voltage

scans and the errors are estimated as the standard deviation of the three
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Figure 3.6: Electroabsorption spectrum of a sample of metallic

SWNTs deposited on ITO by means of filtration and transfer

method (in particular this is m-CNT2). The spectrum is acquired

with a scan step of 2 nm. Each point is the average of 6 measured

values.

values.
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Figure 3.7: Voltage scan of a sample of metallic SWNTs deposited

on ITO by means of a filtration and transfer method (in particular

this is m-CNT1). The scan is acquired with a scan step of 0.1 V ,

each point is the average of 4 measured values.

The work functions of the electrodes can be obtained from the measured

built-in voltages values. The Schottky model has been demonstrated to pro-

vide a good description of the energy line up between a metal and a con-

jugated polymer semiconductor [93, 36, 38]. In the case of reverse to weak

forward bias regime the space charge inside the polymer layer is small enough

that the electric field can be considered uniform and hence the built-in po-

tential VBI in the metal-polymer-metal structure can be considered equal to

the difference in the work functions of the two metal contacts

VBI = ∆φ
e

= φ(anode)− φ(cathode)
e

(3.7)

for this reason is possible to obtain the work function value of one of the

electrodes when that of the other one is already known.

The work function of the cathode (calcium) is pinned by the LUMO of
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the polymer layer for it has lower energy with respect to the work function

of calcium [36, 37, 39, 40]. Therefore the VBI is determined by the difference

between the LUMO and the work function of the anode under test. The

energy of the LUMO level was determined to be −3.3 eV for the batch of

F8BT polymer used (Dr. Charlotte Fléchon unpublished data). This value

has been obtained as the difference between the energy of the HOMO, cal-

culated from the oxidation peak energy of a cyclic voltammetry experiment,

and the band gap energy defined as the lowest energy peak of UV-visible

absorption spectra of the polymer [119].

The work functions obtained using this method are reported in Fig. 3.8.

The error bar associated with the work functions measured via EA is given

by the linear fitting of the voltage scan.
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Figure 3.8: Work function values of the samples with the graphene

film (A) and carbon nanotubes film (B) deposited on ITO mea-

sured with the electroabsorption method and with Kelvin probe.

In Fig. 3.9 the work function values measured for all the samples are

compared. The values measured for reference samples with only ITO are

also reported.

The work function values of the metallic and of the semiconductor SWNTs

are very close to each other, both with Kelvin probe and with EA. A sim-

ilar work function value for metallic and semiconductor SWNTs has been
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Figure 3.9: In this figure all the work function values measured

both with kelvin probe and electroabsorption are compared. Re-

ference values measured on ITO substrates are also reported.

reported in the literature for diameters above ∼ 1 nm [120, 121]. In the case

of smaller diameters these results could be explained as due to unwanted dop-

ing of the semiconductor SWNTs via charge transfer form the ITO surface to

some localised inter-bandgap states [122]. This effect needs to be investigated

further and a possible experiment could involve the deposition of the semi-

conductor SWNTs layers on an insulating substrate to avoid charge transfer

doping.

The work function of the reference samples of ITO covered with F8BT

measured via electroabsorption is equal or lower than that measured in air

with the Kelvin probe method. This result is consistent with the previous

literature [34]. It is very interesting to note, instead, that for all samples

containing graphene or carbon nanotubes films the values of work function

measured with electroabsorption are always higher than those measured with

Kelvin probe.

The data suggests a possible reorganization of the charge distribution
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during the formation of an interface between the carbon-based films and

the polymer. The fact that this difference disappears on samples without

graphene and CNTs (see reference ITO samples) suggest this effect is genuine.

3.4 Conclusions

In this chapter the work function values of graphene and of SWNT semitrans-

parent layers deposited on top of ITO as surface modifiers were determined.

In particular an increase of the work function was reported after the depo-

sition of a layer of conjugated polymer F8BT. This increase was determined

comparing the work function of the bare films in air measured using the

Kelvin probe method and the work function of the same films inside a PLED

device obtained from the built-in voltage measured via electroabsorption.

As a reference, the same comparison was reported for the case of two ITO

surfaces without graphene and CNT films showing no increase of the work

function between Kelvin probe and electroabsorption. The results suggest a

reorganisation of the charge at the interface between the graphene or SWNTs

layer and the conjugated polymer. The formation of an interface dipole can

be also taken into account.

The results reported in this chapter are very interesting for the develop-

ment of carbon-based films as buffer layers in opto-electronic devices. The

modulation of the work function can have a crucial impact on the correct

functioning of the devices. These first results suggest that the electronic ef-

fects during to the formation of an interface between conjugated polymers

and graphene or CNTs films need to be further investigated to use such

promising materials in working optoelectronic devices.
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Chapter 4

Molecular packing effects on

the speed of polymer light

emitting diodes

In recent years, for the first time, polymer light-emitting diodes (PLEDs)

have been applied as signal transmission devices in visible light communica-

tions (VLC). The response speed of the devices is one of the most important

characteristics of LED for their use in communications. In this work, a de-

tailed analysis of the parameters that affect the response speed of PLEDs is

proposed showing that the low pass filter generated by the relatively large ca-

pacitance of the planar electrodes in thin film devices is not always the limiting

factor in the on-off switching speed. In particular, using an emissive layer

of poly[2-methoxy-5(3’,7’-dimethyloctylocy)-1,4-phenilenevinylene] (MDMO-

PPV), a processing treatment for the production of PLEDs was demonstrated

to increase their response speed by more than two times, from ∼ 116 kHz up
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to ∼ 260kHz. The treatment is based on the thermal annealing of the de-

vices before the evaporation of the metallic cathode. The mechanism under-

lying this process was investigated via a structural, electrical and photophysi-

cal characterization of the polymer layer at different annealing temperatures:

80◦C, 100◦C and 150 ◦C. Surprisingly, even if the thermal treatment in-

creases the crystallinity of the polymer layer, the mobility drops significantly.

However, the thin film transistor threshold voltage follows the same trend as

the device bandwidth, and they can be explained with the presence of lower

band gap crystalline domains. The increase in the speed of the devices can

be explained taking into account a trap-assisted injection model. The varia-

tion in the energy distribution is also seen in the absorption spectra. The PL

spectra show the comparison of an excimer emission after annealing due to

the more interacting molecules in the crystalline domains. An interpretation

to the variation of the PL peaks intensity based on the increase in the crys-

tallinity of MDMO-PPV is described also showing a clear analogy in the PL

variation between the thin films upon annealing and the polymer solution at

increasing concentration.

4.1 Introduction

The main strengths of polymer light-emitting diodes (PLEDs) include re-

duced production costs, large photoactive areas, increased colour contrast

and lightweight, robust and flexible devices. The most promising applica-

tions are (i) new displays technology, thanks to higher colour contrast, lower

power consumption and larger viewing angle with respect to LCDs or (ii) as

innovative solid-state lighting devices in the form of large photoactive area
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light-emitting tiles, wearable flexible lightings or printable LEDs, to give

several examples.

In recent years, the first reports on the use of PLEDs as transmission

devices in visible light communication (VLC) technology have emerged in

[123, 124, 12, 15, 13]. VLC is a new access network developed over the last

decade [125, 126, 127, 10] and is based on the intensity modulation of visible

light at high speeds that are imperceptible to the human eye. The most com-

mon modulation format used in VLC is on-off keying (OOK) modulation for

signal transmission while the device is being simultaneously driven as a nor-

mal light source with a DC bias. VLC was developed as an alternative wire-

less communications method to traditional radio frequency methods such as

Wi-Fi also motivated by the problems due to the highly congested radio fre-

quency spectrum with premium license fees [128]. The use of the visible part

of the electromagnetic spectrum presents a good integration with existing

infrastructures for a new range of possibilities including indoor localization

systems, underwater communications, and vehicle to vehicle communications

for intelligent transport systems (ITS). VLC can be used for wireless com-

munications in situations where RF interferences are a serious problem such

as on commercial flights or in hospitals where radio wave links can disrupt

life support equipment [129].

Interestingly, the use of organic semiconductor based light sources for

VLC poses a number of significant challenges that must be addressed in

order to compete with the more established inorganic semiconductor tech-

nologies. The key challenge is related to (i) the relatively low charge carrier

mobility in organic semiconductors and (ii) the increased number of charge
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carrier traps in comparison with the more crystalline inorganic semiconduc-

tors. The combination of these two effects causes a significant decrease in the

response speed of PLED devices which in turn reduces the available transmis-

sion speed [124]. A further fundamental limit present in the on-off switching

speed of PLEDs is caused by the common geometry of the devices where

a thin film (generally ∼ 100 nm) of polymeric active layer is enclosed be-

tween two metallic electrodes with lateral dimensions in the order of several

millimetres squared or larger (in any case much higher than the thickness).

This geometry results in a significant capacitance, which, together with the

intrinsic series resistance, gives rise to a low pass filter (LPF) characteristic

transfer function. The cut off frequency of such a LPF is lower for large area

devices due to a higher capacitance, thus, limiting the speed of light intensity

modulation [123].

This work, however, demonstrates, for the first time that, even for rela-

tively large area devices of ∼ 3 mm2 the response speed is actually limited by

the charge transport processes involved in the electroluminescent emission.

Most importantly, also a low cost and easily scalable thermal treatment to

increase the speed of PLEDs by more than two times is demonstrated for

the first time. The underlying mechanism in this process was investigated

confirming a strong relation between the molecular organization in the active

layer and the response speed of the devices. In particular, the data show that

the charge injection constitute a more determinant step to the device speed

than the charge carrier mobility.

Unexpectedly, however, this work demonstrates that the increase in crys-

tallinity of the polymer layer upon annealing results in the formation of
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localized trap states that enhance the charge injection from the electrode by

a trap assisted injection mechanism described in the literature [130, 131].

The peak fitting of the photoluminescence emission spectra of the polymer,

both in film and in solution, confirmed the results and revealed an interest-

ing vibronic structure evolution upon thermal annealing. The data shows

that the polymer molecules deposited in the film ’freeze’ in an amorphous

state with very little electronic interaction between contiguous chromophore

groups that behave as in a diluted solution. The annealing process instead

promotes molecular rearrangement of the film with the formation of highly

ordered domains where molecules are affected by a different electronic envi-

ronment.

4.2 Experimental

4.2.1 Device preparation

A series of encapsulated PLEDs were prepared with an annealing treatment

of the polymer active layer at increasing temperatures. For the production

of the devices, a glass substrate covered with a patterned film of indium

tin oxide (ITO) as the transparent anode (Ossila s103) was used. The ITO

was deposited via sputtering to obtain a uniform layer about 110 nm thick.

The anode surface was cleaned by sonication for 10 minutes in acetone and

then for 10 minutes in isopropanol. It was followed by an oxygen plasma

treatment for 10 minutes to remove any organic impurities, modify the sur-

face morphology and improve the charge transport [35]. The treatment also

temporarily increases the work function [34].
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Immediately after the oxygen plasma, a 30 nm thick film of poly(3,4

ethylene dioxythiophene): poly(styrene sulphonate) (PEDOT:PSS) was de-

posited as a hole injection layer via spin coating (100 µL at 4000 rpm for

120 s followed by 5000 rpm for 10 s) from a water solution (Sigma-Aldrich)

after filtration. After the deposition, the samples were immediately annealed

at 180 ◦C under nitrogen atmosphere to remove any water residues that can

be detrimental to the lifetime of the device. All the remaining steps of the

preparation in nitrogen atmosphere were carried out to avoid the presence of

oxygen and water molecules inside the devices.

A layer of the emissive polymer poly[2-methoxy-5(3’,7’-dimethyloctyl-

oxy)-1,4-phenylenevinylene] (MDMO PPV) (Sigma-Aldrich 546461) (Mn ∼

120000) was deposited via spin coating (80 µL at 1500 rpm for 60 s and

4000 rpm for 10 s) from a 0.5% w/w solution in toluene (4.33 mg mL−1). To

remove any large aggregates the polymer solution was filtered with a polyte-

trafluoroethylene syringe filter (0.45 µm pore size). The resulting film has a

thickness of about 50 nm.

The samples were thermally annealed on a hot plate for 10 minutes in

a nitrogen atmosphere and then cooled down to ∼ 30 ◦C at a rate of ap-

proximately 2 ◦C min−1 to let the polymer chain slowly rearrange towards a

more ordered structure. The glass transition temperature of MDMO-PPV is

about 50 ◦C [132]. In order to study the effect of the annealing process three

different annealing temperatures were used: 80 ◦C, 100 ◦C and 150 ◦C. A

reference sample with no annealing treatment was also prepared.

Subsequently, a metallic calcium cathode (30 nm) was deposited on top

of the emissive layer via thermal evaporation in a high vacuum (10−6 mbar)
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before covering it with a protective 120 nm thick aluminium layer.

The devices were encapsulated to protect them from contact with water

and oxygen and to be able to use them in air, as mentioned. For the encap-

sulation, a drop of epoxy glue (Ossila) was deposited before a glass slide was

placed on top to form a thin sealing film to cover the whole device. The glue

was hardened by curing in UV light under nitrogen atmosphere and added

metallic contact pins to the finished device as shown in Fig. 4.1.

The devices are composed of six independent pixels with an active area

of 3 mm2. To protect the calcium cathode from any exposure to air it was

connected with the external pins via an ITO trace (see Fig. 4.1c). The

encapsulation extends the lifetime of the device but, on the other hand, it

increases its internal series resistance because the ITO resistivity (∼ 4 ×

106 Ω m [32]) is higher than the typical resistivity for a metal (∼ 10−8 Ω m).

The J-V characteristics of the LEDs were determined by measuring the

DC current density versus voltage with a Keithley 2400 source measure unit.

The luminance versus voltage (L-V characteristics) was characterised also

by using a calibrated silicon photodetector (with known responsivity) and a

Keithley 2000 multi-meter.

The electroluminescence emission spectra of the devices was measured

by using an Andor spectrophotometer (Shamrock 163 spectrograph with an

Andor Newton EMCCD camera).

4.2.2 Dynamic response of the PLEDs

In this work, the effect of the annealing of the active layer on the on/off

switching speed of the PLEDs was investigated. For this purpose, the band-
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Figure 4.1: The device schematic (a), the device equivalent circuit

(b), the molecular structure of MDMO-PPV (c) and the geometry

of the contacts (d). In the equivalent circuit (b) the RS is the

series resistance, the RP is the parallel resistance and C is the

capacitance. In figure (d) the arrows describe the direction of

electrons and holes along the electrodes to reach the active area.

width was determined by reporting the Bode plots of the devices (thanks to

Dr. Paul Haigh for helping in the measurements).

To avoid clipping and non linear impairments to the transmitted signals,

the PLEDs were driven with a sinusoidal AC current I(t) = Ibias+Ipp ·sin(ωt)

where ω = 2πf . The current amplitude (peak to peak current Ipp) was

increased within the linear range of the L-I characteristics from 0.5 mA to
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4.5 mA (see Fig. 4.2). The current bias (Ibias) were also increased accordingly,

in order to keep the current troughs always above 0.5 mA.

To avoid empting the charge carrier traps inside the polymer layer and

enabling a higher turn on speed of the devices [133, 134]. A Tektronix

AFG2022B arbitrary function generator (AFG), an Agilent MXA N9010A

electrical spectral analyser and a current mirror circuit adopted from [135]

were used to drive the LEDs.

Figure 4.2: Luminance vs Current (L-I) characteristics of the

PLEDs prepared with different annealing temperatures.

4.2.3 XRD characterization

The X-ray diffraction (XRD) spectrum of the polymer layer was measured

in order to characterise the variation of the crystallinity upon each annealing

treatment (thanks to Giuseppe Paternó for helping in the measurements).
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Silicon substrates 1 × 1 cm2 covered with a 230 nm layer of silicon oxide

were used. The substrates were cleaned by sonication in acetone and in

isopropanol for 15 minutes.

Layers of ∼ 45 nm thick were obtained by spin coating 100 µL of a fil-

trated polymer solution (see above) (1500 rpm for 60 s followed by 4000 rpm

for 10 s). The films were annealed for 10 minutes at the temperatures of

80 ◦C, 100 ◦C and 150 ◦C followed by slow cooling as described above. Both

spin coating and annealing were carried out under inert atmosphere. For the

XRD measurement a Rigaku Smartlab was used in a grazing angle configu-

ration with ω = 0.5◦ and θ = 0◦ → 35◦ scans.

4.2.4 Thin film transistors

Thin film transistors (TFT) were prepared to characterize the charge trans-

port properties of MDMO-PPV thin films and how they are affected by the

thermal annealing treatment (thanks to Ludovica Intilla for helping in the

measurements). Bottom gate bottom contact configuration substrates were

used with a size of 1.5 × 1.5 cm2, n-doped silicon as gate electrode, silicon

oxide (230 nm) dielectric and gold/ITO interdigitated source/drain contacts

with a channel length of 5 µm. Polymer layers of ∼ 45 nm thickness were

prepared via spin coating of 80 µL of the 0.5% solution after filtration at

1500 rpm for 60 s and 4000 rpm for 10 s. The samples were annealed at

80 ◦C, 100 ◦C and 150 ◦C followed by slow cooling as described above. Both

spin coating and thermal annealing were carried out under nitrogen atmo-

sphere. The TFTs were characterised using a PM5 probe station (Cascade

Microtech) under a nitrogen atmosphere controlled with a HP 4145B Semi-
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conductor Parameter Analyzer.

4.2.5 Photo-physical characterisation

For the photophysical characterization of the MDMO PPV polymer films,

1.2× 1.2 cm2 quartz substrates were used. The films were prepared via spin

coating of 80 µL of a 0.5% w/w solution of MDMO-PPV in toluene after

filtration as described above (1500 rpm for 60 s and 4000 rpm for 10 s). The

absorption spectra were obtained with an Agilent UV vis NIR spectropho-

tometer. The PL spectra were recorded using an Andor spectrophotometer.

To study the time resolved emission in the nanosecond regime a Time Cor-

related Single Photon Counting (TCSPC) spectrometer (Edinburgh Instru-

ments) was used (thanks to Dr. Giulia Tregnago for helping in the measure-

ments). The PL emission was also measured for MDMO-PPV in solution at

different concentrations obtained by increasing dilution of a 0.5% w/w solu-

tion in toluene (4.33 mg mL−1) after filtration with a PTFE filter (0.45 µm

pore size). The concentration of the solution was progressively decreased by

diluting 1 : 2 for 8 times down to a concentration of ∼ 4 µg mL−1.

4.3 Results and discussion

4.3.1 PLEDs electrical characterization

The Fig. 4.3 shows the JLV characteristics for the devices with the 4 dif-

ferent annealing treatments. The devices turn on at ∼ 2 V corresponding

to a current density of about 1 mA cm−2. The dark current of the devices

varies within three orders of magnitude in the four devices prepared with
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different thermal annealing treatments, suggesting a variation in the charge

carrier transport due to a molecular reorganization of the active layer. The

current onset for the annealed devices appears to start at lower voltage than

the non-annealed device, likely indicating an increase in the charge injection.

Furthermore, the luminance of the annealed devices decreases with the an-

nealing temperature, probably due to the formation of excimer that quench

the electroluminescence emission (EL) [136]. The normalised electrolumines-

cence emission spectra are reported in Fig. 4.4. The spectra show a clear red

shift of the peak at lower wavelengths upon annealing, together with the pro-

gressive inversion in the intensity of the two main peaks and the progressive

increase of a broader tail at higher wavelengths.

Figure 4.3: Current density and Luminance vs Voltage (JLV)

characteristics of the PLEDs prepared with different annealing

temperatures.
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Figure 4.4: Electroluminescence (EL) emission spectra (normal-

ized) of the PLEDs prepared with different annealing tempera-

tures. The spectra were acquired at a bias voltage of 4.5 V.

These effects are reported in the literature as due to a structural reorga-

nization of the polymer chains [132]. In particular, the red shift of the PL

onset at low wavelengths indicates a possible bathochromic effect of the in-

creased π-stacking interaction for the formation of crystalline domains, as a

consequence of the annealing process, with a lower HOMO-LUMO gap [137].

4.3.2 Device bandwidth

In this work, PLEDs were studied as transmitter devices for applications in

VLC technology. For this purpose, the investigation focuses particularly on

increasing the dynamic response of the devices thus increasing their response

speed to allow higher transmission rates.
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All PLEDs are characterized by a particular structure where a low elec-

trical permittivity thin film is enclosed between metallic plates as the two

electrodes. The equivalent circuit representation of such devices (reported

in Fig. 4.1b) shows an electronic RC LPF structure that attenuates the AC

input above a −3 dB cut off frequency (fc).

The transfer function H(f) of an LPF, defined as the output to input

ratio of the signal intensity, is generally reported in a Bode plot with dB-

log scale. It is characterised by a flat passband shape low ripple at low

frequencies followed by a fast attenuation (∼ 20 dB/decade) above fc defined

as 20 log(H(fc)) = −3 dB. For a LPF, the cut off frequency is given by fc =

τ−1 = (RsC)−1 where Rs is the series resistance and C is the capacitance.

Organic electronic devices have a relatively large intrinsic capacitance given

by

C = ε0εrA/d (4.1)

where ε0 is the vacuum permittivity, εr is the relative permittivity of the

polymer layer with thickness d and A is the photoactive area of the device.

A capacitance of about 1.6 nF was estimated for the devices considering

a dielectric constant εr of about 3 for the polymer semiconductor [138], a

thickness d of about ∼ 50 nm and an area of about 3 mm2 (the electrical

permittivity in vacuum being ε0 = 8.85× 10−12 F m−1).

The series resistance Rs is given by the contacts and wirings. The main

contribution is due to the ITO connections both at the anode and at the cath-

ode side and the resistance of the metal wirings can be considered negligible

compared to it. A sheet resistance of 20 Ω/� was measured for the 110 nm

thick ITO layer and given the aspect ratio of the two contacts (see Fig. 4.1c)
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an overall resistance of ∼ 100/150Ω was estimated. The resulting LPF cut

off frequency is given by fc = (2πRsC)−1 ≈ 1 MHz, which constitutes an

intrinsic limit in the devices.

The transfer functions were measured at the different annealing tempera-

tures as shown in Fig. 4.5. Bandwidths (−3 dB) of ∼ 116 kHz, ∼ 260 kHz,

∼ 206 kHz and ∼ 232 kHz were measured respectively for no annealing,

80 ◦C, 100 ◦C and 150 ◦C samples. Very interestingly, the bandwidths more

than double upon thermal treatment in particular for the annealing pro-

cess at 80 ◦C. Surprisingly, at higher temperatures, 100 ◦C and 150 ◦C,

the bandwidths decreases again gradually and the transfer functions become

more strongly dependent on the driving current.

The measured bandwidths are all well below the given benchmark value

of ∼ 1 MHz estimated above based solely on the device geometry. This

indicates that other effects come into play, which limit the bandwidth of

the PLEDs. The data shows that the annealing treatment is effective in

increasing the bandwidth of PLEDs bringing it closer to the intrinsic limit

of ∼ 1 MHz and hence improving the performance of the devices for VLC

applications. These results suggest that some other physical processes must

be involved which limit the bandwidth and that are linked to the molecular

organization of the active layer.

To a first approximation, the light emission from an electroluminescent

device can be considered as the result of a sequence of consecutive events in-

cluding the injection of charge carriers at the electrodes, the charge transport

inside the active layer, the electron hole recombination and the decay of the

excited state with the emission of a photon. Each step has a characteristic
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Figure 4.5: Frequency response of the PLEDs prepared with the

different annealing temperatures. For each sample, the transfer

function was recorded at increasing current bias as reported in

the graphs modulating the light intensity with a sinusoidal AC

current from 0.5 A to twice the DC bias. The low pass filter cut

off frequency at −3 dB is highlighted in the diagrams. The curves

reported are smoothed via a LOWESS method. An example of a

row curve is reported for the sample annealed at 80 ◦C.

time constant (τ) and thus the whole system behaves as a sort of non-ideal

LPF with a varying attenuation/decade. It is the step with the largest τ

that determines the speed of the entire process and hence the bandwidth of

a device. Actually, this is a very simplified description as a huge number

of different possible paths are possible for electrons and holes. The result is

that all the different steps mentioned above contribute to some extent to the

overall speed of the EL emission.

One of the steps that limit the speed of the EL process the most, con-
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tributing to the bandwidth of PLEDs, is the charge transport inside the

polymer layer. In particular, the presence of charge carrier traps introduced

at the processing time due to defects and impurities stop a significant portion

of charge carriers as reported in the literature [30]. The first charges injected

inside the active layer have a higher probability to fall into traps. The prob-

ability of being captured in a trap decreases drastically with the increasing

of the trap occupation ratio so electrons and holes can travel across the semi-

conductor layer and, eventually, meet and recombine emitting a photon. For

this reason, the time constant associated with the trap filling is proportional

to the number of traps and inversely proportional to the injection current.

This mechanism (in the reverse direction) has been described in the litera-

ture for organic photodetectors (OPDs) [134] but, to the best of the authors’

collective knowledge, there are no equivalent reports for PLEDs. The de-

pendence of the bandwidths with the current bias in the data (see Fig. 4.5)

suggests the formation of an increasing number of charge carrier traps in-

side the polymer layer in particular upon annealing at higher temperature.

In order to reduce the effect of the charge carrier trapping and increase the

bandwidth of the devices, a DC bias was applied such that traps are always

occupied.

4.3.3 Investigation of the molecular organization

To investigate the molecular mechanism that causes the bandwidth to in-

crease upon thermal annealing the crystalline structure of the polymer layers

was characterised. Fig. 4.6 reports the XRD spectra of thin polymer films

annealed at different temperatures.
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Figure 4.6: The X-ray diffraction (XRD) intensity versus the scat-

tering vector q for the polymer films upon different annealing tem-

peratures. The spectra were acquired at a grazing angle ω = 2θ

configuration with ω = 0.5◦ and θ = 0◦ → 35◦. In the inset, the

peak at large scattering vector for the sample annealed at 100◦C

is fitted qualitatively with two Gaussian curves showing that it is

composed of two different contributions: the most intense peak

is given by the ’amorphous halo’ of the polymer while the high-

lighted peak represents a distance that can be assigned to the

π-stacking of aromatic groups.

As reported in the literature, the main diffraction peak at low q is due

to the crystal distance between different polymer backbones separated by

the side chains [139, 140]. Upon annealing, this peak shifts from 0.4 Å−1 to

0.3 Å−1 corresponding to the expansion of the polymer chains from 1.5 nm
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to 2.1 nm whereas the distance at full-extended side chains is 3.1 nm. Such

expansion is probably driven by the increase in the lateral chain packing that

causes them to elongate in a more straight conformation. The FWHM of the

peaks also corresponds to an increase of the grain size of ∼ 20% from 5.5 nm

to 6.5 nm according to the Debye Sherrer equation.

The increase in the intensity of the peaks after annealing indicates that

not only the size but also the number of crystalline grains increased upon

annealing. Small peaks at ∼ 0.8 Å−1 can be noted in the non-annealed

sample and at ∼ 0.6 Å−1 due to a second order peak of the edge-edge planes

are visible in the diffractogram [141]. The broad peak at about ∼ 1.5 Å−1

is generally referred to as the amorphous halo and it is due to characteristic

distances of a disordered polymeric phase. It is very interesting to note that

the tail of this peak increases slightly upon annealing revealing the presence

of another small peak corresponding to a distance of about ∼ 3.7 Å. This

peak is assigned to the π stacking distance [141] and its increase indicates

the formation of more compact crystalline structures.

4.3.4 TFT mobility and threshold voltage

An increase in the crystallinity is generally expected to result in a higher

charge carrier mobility inside the polymer layer [141, 142] which would ex-

plain the higher bandwidth of the annealed samples. To verify this hypoth-

esis, the polymer’s mobility in thin film transistor (TFT) was characterised

upon the different annealing treatments. Fig. 4.7 reports the transfer char-

acteristic of the TFTs. In Tab. 4.1 the saturation mobility and threshold

voltages are reported as obtained by fitting the curves in the saturation re-
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Table 4.1: Mobility and threshold voltage values obtained from

the thin film transistors in the saturation region at Vsd = −80 V .

Sample Mobility Threshold Voltage

(cm2s−1V −1) (V )

no annealing 2.45× 10−4 −42.4

80 ◦C 9.22× 10−5 −24.0

100 ◦C 5.32× 10−5 −29.4

150 ◦C 1.92× 10−5 −28.9

gion.

Unexpectedly, the mobility is highest for the non annealed sample and

decreases drastically upon thermal treatment. The annealing treatment was

carried out in inert atmosphere to prevent oxidative degradation of the poly-

mer and the absence of such degradation is confirmed by the UV-vis absorp-

tion spectra as shown later. In the XRD analysis the crystalline phase in

the polymer matrix is not a continuous phase but is formed of a number of

small crystal domains of ∼ 6.5 nm in size embedded in an amorphous matrix.

These domains are characterised by a more compact packing with a stronger

π-stacking interaction between the molecules.

This change in morphology increases the size of delocalisation and conse-

quently decreases the HOMO-LUMO energy gap of the polymer [143]. For

this reason, the crystalline sites act as traps for both electrons and holes that

travel in the amorphous polymer matrix. The overall effect is to decrease the

mobility of the polymer layer even if the mobility inside the crystalline do-

mains might be higher. The higher the annealing temperature the larger
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the crystals and hence the deeper the trap levels causing a stronger decrease

in the mobility as observed. In addition to this, the number of crystalline

domains increase with annealing as shown in the XRD spectra.

Figure 4.7: Transfer characteristics of the TFTs treated with dif-

ferent annealing temperatures recorded at −80 V −SD (a). Out-

put characteristics for the sample without annealing treatment as

an example (b). The curves in (b) were recorded at VGS from

−80 V to 0 V every 8 V .

It is worth noting that the hypothesis of crystal domains that act as charge

carrier traps can also explain the trend in the threshold voltage (Vth). Sur-

prisingly, the threshold voltage values of the TFTs show a good correlation

with the bandwidth values of the PLEDs. Organic TFTs operate in accumu-

lation regime: an electric field induces the accumulation of charge carriers in

a very thin layer of the semiconductor at the insulator/semiconductor inter-

face while the source and drain consist of simple Ohmic contacts [144]. In

this type of structure, the presence of inter gap states, such as traps states
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due to the crystalline domains, lowers the gate voltage needed for the for-

mation of the conductive channel with respect to a purely amorphous phase

(see Fig. 4.8). This reflects in a lower threshold voltage (absolute value) for

the samples after annealing.

Figure 4.8: In figure (a) the energy diagram of the separated

components (semiconductor and substrate) of a TFT are shown.

In figures (b),(c) and (d) the energy diagram at the metal-

oxide/polymer interface in an annealed TFT are reported at dif-

ferent values of the gate bias (Vgs). The figure (b) shows the band

bending consequent to the equalisation of the Fermi levels. Inter-

band localised states are due to crystalline domains embedded

in an amorphous polymer matrix. According to the mechanism

proposed here, the presence of such states lowers the threshold

voltage of the TFT.
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The mobility degradation cannot explain the devices’ bandwidth increase

and hence other important effects must be considered. One of the key steps

in the electroluminescence process is the injection of charges from the elec-

trodes into the active layer. In particular, the devices prepared here are

characterised by a virtually zero energy barrier for the electron injection at

the cathode. Instead, the injection of holes at the anode interface is lim-

ited by a larger barrier due to the energy mismatch between the HOMO of

MDMO-PPV and the work function of PEDOT:PSS [36, 15].

As reported in the literature, the presence of inter band trap states is

responsible for assisting and promoting the injection of charges inside the

polymer across an energy barrier, when the work function of the electrode

is higher (lower) than the valence (conducting) level of the semiconductor

[130, 131, 145, 146, 72]. According to this mechanism, the energy distribution

of the localized states in the samples after annealing creates a sort of energy

ladder for the charges to reach the bulk energy level by cutting through the

energy barrier. This description is in accordance with the data and it could

explain the increase in the devices’ bandwidth thanks to a faster injection at

the electrode/polymer interface.

4.3.5 The UV-vis absorption

To confirm the presence of traps in the semiconducting layer due to crystal-

lization the photophysics of the polymer was investigated.

The UV-vis absorption of the polymer was measured after the different

annealing treatments. The spectra reported in Fig. 4.9 retain their shape even

at high temperature annealing suggesting that no damage or degradation

145



Figure 4.9: UV-vis absorption spectra (reported as -log of the

transmittance) for the polymer films upon different annealing

temperatures. In the inset the energy of the absorption onset

via linear fitting was calculated.

is caused to the polymer. Interestingly, the onset of the main absorption

peak is red shifted from 2.12 eV of the non annealed sample to 2.09 eV

for annealing at 80 ◦C and to 2.07 eV for high temperature annealing at

100 ◦C and 150 ◦C (see inset of Fig. 4.9). This effect indicates a decreasing

of the average HOMO-LUMO gap in the polymer layer and accounts for the

formation of trap states due to increased electron delocalisation via π-staking

interaction. Since no peaks at higher wavelengths appear upon annealing and

that no significant red-shift of the main peak is visible in the spectra with

increasing annealing temperature, the possibility of the formation of ground

state aggregates was discarded[147, 148, 149].
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4.3.6 PL emission

The photoluminescence emission (PL) of the polymer films was measured

using a laser excitation at 405 nm. As reported in Fig. 4.10, the annealing

treatment causes a significant variation of the PL resulting in an overall red-

shift of the emission spectrum, a variation in the relative intensities of the

vibronic spectrum components and the formation of a longer tail at higher

wavelengths.

Figure 4.10: PL spectra for the polymer films upon different an-

nealing temperatures obtained using a laser excitation source at

405 nm.

These results confirm the literature and suggest a supramolecular struc-

tural reorganization of the polymer [147, 139]. The low energy tail is gener-

ally attributed an increased molecular disorder in the literature [150]. The

data shows that PL emission from excited state dimers (excimer) constitutes
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an important contribution of the low energy tail in the PL. Due to the more

compact packing of the polymer resulting from the increased molecular order,

chromophores have a higher probability of interacting forming excimers.

4.3.7 Excited states lifetimes

To confirm the presence of excimer states the lifetimes of the excited states

were determined via TCSPC spectroscopy. The lifetimes at two different

wavelengths were measured: at 587 nm in correspondence of the main PL

peak and at 672 nm closer to the tail emission.

In Fig. 4.11c the decay curves at the two wavelengths are reported for

the samples annealed at the different temperatures. All the decays can be

fitted with bi exponential curves resulting in two lifetimes t1 ≈ 0.3 ns and

t2 ≈ 1.0 ns for both the wavelengths (see Fig. 4.11a).

In Fig. 4.11b it is interesting to note that, for both wavelengths, the

contribution of the long lived excited state increases with the annealing tem-

perature indicating an increase of the excimer formation upon annealing.

Noteworthy, such a trend is visible also at higher energies (587 nm) sug-

gesting a broadening of the excimer emission peak upon annealing. In other

words, the thermal treatment causes the energy distribution of the trap states

to spread out. It is also interesting to note that the lifetimes are slightly

higher at 672 nm when compared to 587 nm. This is presumably due to the

spectral diffusion effect with the migration of the excitons to longer chro-

mophoric segments at lower energy and to a structural rearrangement of the

more localized excimer states [151, 152].
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Figure 4.11: The photoluminescence decay for all samples mea-

sured at 672 nm and 587 nm. All the decays were fitted with

bi-exponential curves. In A) the 2 lifetimes for each curve are

shown: 2 lifetimes at 587 nm for the short-lived excited state (•)

and for the long-lived excited state (◦) and 2 lifetimes at 672 nm

for the short-lived excited state (�) and for the long-lived excited

state (�). In B) only the percent contribution of the long-lived

excited state was reported (the contributions of the short-lived

excited state can be derived). In C) the two sets of experimental

decay curves (at 587 nm and at 672 nm) are shown.
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4.3.8 PL in solution and fitting of the spectra

To verify that the variation in the PL spectra is a consequence of molecular

interaction, the PL emission of MDMO-PPV solutions was measured across

a wide range of concentrations. As the number of molecules in the solution

decreases, the intermolecular interaction is statistically less likely. The trend

in the PL spectra with increasing concentrations is completely analogous to

what happens in the case of the polymeric film with annealing at increasing

temperatures.

Figure 4.12: PL spectra for the polymer solution at 0.5% w/w

concentrations and at the progressively more diluted concentra-

tions. A laser excitation source at 405 nm was used.

As reported in Fig. 4.12, the spectra of polymer solutions at increasing

concentrations show a red shift of the peak at the shortest wavelength, the

inversion of the relative intensities of the two most intense peaks and the
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Figure 4.13: PL spectra of MDMO-PPV solutions fitted with

Gaussian peaks. In a) the spectrum of the polymer solution at a

concentration of 0.016% w/w is fitted with an exciton decay pro-

gression and a small contribution of excimer emission. In b) the

spectrum of the polymer solution at a concentration of 0.5% w/w

is fitted with 2 different exciton emission progressions due to de-

cays from different excited states and a slightly stronger contri-

bution of excimer emission.

progressive increase of a long and broad tail at longer wavelengths. These

similarities suggest that in the film, during the spin coating deposition, the

quick evaporation of the solvent ’freezes’ the polymer molecules in a highly

disordered morphology [141].

Surrounded by such an isotropic environment, the chromophore groups

behave as if they were isolated due to no specific interaction. When the poly-
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mer film is annealed, the thermal energy allows the molecules to rearrange

towards lower energy conformations characterized by stronger inter and intra

molecular interactions.

The PL spectra in the films are shifted at lower energy compared to the

PL spectra in solution probably due to a higher conformational freedom in

solution that decreases the energy of the fundamental electronic state [153].

The shape evolution of the peaks is shown very clearly in the spectra of the

polymer solution.

The PL peaks of the polymer in solution were fitted using Gaussian peaks

for simplicity as also reported in more detailed Frank-Condon analysis of PPV

films reported in the literature [154]. The curves are shown in Fig. 4.13. At

low concentrations (Fig. 4.13a) a clear progression of vibronic transitions is

visible with the peaks equally spaced of about 0.15 eV . A small and broad

peak is also present at lower energies, which was assigned to excimer emission.

The vibronic structure at high concentrations is more complex. The fitting

(see Fig. 4.13b) suggests the presence of a second emissive species with a

distinct red shifted series of transitions, as is also reported in the literature

[154].

This new series of peaks could account for the higher probability of

molecules to interact specifically via π-stacking coupling between chromophoric

centres. Their interaction lowers the gap between the fundamental and the

excited electronic states thus lowering the energy of the PL emissions. The

molecules not involved in specific interactions, instead, are only affected by

the higher concentrations, whose main effect is to limit their conformational

degrees of freedom. As a result, they are only subject to a variation in the

152



Figure 4.14: PL spectra of MDMO-PPV spin coated thin films

fitted with Gaussian peaks. In a) the spectrum of the thin film as

deposited is fitted using an exciton decay progression and a small

contribution of excimer emission. In b) the spectrum of the thin

film after thermal annealing at 150 ◦C is fitted with 2 different

exciton emission progressions due to decays from different excited

states and a slightly stronger contribution of excimer emission.

relative intensities of the different vibronic peaks.

It is noteworthy that this interpretation of the PL spectra in solution can

also describe perfectly the PL spectra of the films. Fig. 4.14 shows the fitting

of the PL emission spectra in the film. In the solid state, the PL emission

peaks are broader due to the stronger interaction between the molecules and

the complexity of spectra is higher.

The spectra for the non annealed sample (see Fig. 4.14a) show only one

series of vibronic peaks. The transitions 0−0, 0−1 and 0−2 are spaced by ∼
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0.13 eV . For the film annealed at 150 ◦C a second series of vibronic transition

appears red shifted by 0.06 eV should be due to the molecules involved in

the crystalline domains. This shift is in agreement with the decreasing of

the average band gap that was measured with the UV-vis spectra in Fig. 4.9.

This confirms the hypothesis proposed here that this new series of transitions

is due exciton emission from the highly delocalised states in the crystalline

domains. All the vibronic transitions in both the series are spaced by 0.15 eV .

The evolution of the excimer peak agrees perfectly with the evolution of the

lifetimes measured with the TCSPC.

4.4 Conclusions

In this work the dynamic response of a PLED was investigated determining

the main molecular mechanisms involved in the response speed. It was shown

here that the molecular organization of the polymer in the active layer is

a key factor that to control the dynamic characteristics of a device. The

results demonstrated that a simple thermal annealing treatment during the

preparation of the devices improves significantly the bandwidth of the light

emitting devices. This is of fundamental importance in applications that

require very fast modulation of the light output such as in communications

technologies where high-speed link are necessary.

A thermal treatment was proposed here as a facile and scalable to in-

crease the bandwidth of PLEDs by almost three times with the aim of using

such devices for VLC applications. Very little is present in the literature

regarding the dynamic properties of optoelectronic devices based on organic

semiconductors and, in particular, polymer semiconductors, to the best of
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our knowledge. Here, the morphology, the electronics properties and the

photophysics of our devices were investigated upon thermal treatment to

understand what processes are involved.

A significant increase in the crystallinity of the active layer was confirmed

upon annealing. In particular, both the number and the size of crystal do-

mains increases with the annealing temperature. The crystal domains are

embedded in the amorphous polymer matrix. An increase of π-stacking is

also evident in the polymer films after thermal annealing. The modification

of the molecular organization and of the degree of aggregation is a key factor

that affects the electronic properties of the devices.

Remarkably, the TFT mobility of the polymer films decreases drastically

upon annealing. This can be explained considering that the formation and

the growth of crystalline domain reflects in a rougher energy landscape across

the polymer layer. In particular, even though larger crystalline domains are

generally characterised by a higher charge mobility, nevertheless, they also

have a lower band-gap and act as charge traps hampering the transport

process. The larger the domains the smaller the energy gap as visible by

comparing XRD and UV vis spectra for the different samples. In principle,

the ideal situation would be either a large single crystal or, at the opposite,

a large number of very small crystals, very close to each other inside an

amorphous matrix, separated by an energy barrier smaller than the thermal

energy.

However, the bandwidth of the devices increases upon thermal annealing

although the mobility is drastically reduced. Unexpectedly, the mobility has

such a small effect on the speed of the EL in the devices. Very interestingly,
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the results show a good correlation between the devices’ bandwidth and the

threshold voltage of the TFT that suggests an important role of the energy

level of aggregated states.

To identify the key factors that control the bandwidth the photophysics

of the devices was investigated. The UV-vis absorption spectra showed no

variation upon annealing, except for the red shift of the absorption onset

that proves an average decrease of the HOMO-LUMO gap. By measuring the

PL emission for the samples with the different annealing treatments and by

studying the lifetimes of the excited states during the PL emission experiment

the presence of polymer aggregates and the formation of localized states

was confirmed with the consequent increase of emission from dimeric excited

states (excimers). To explain the increased speed in the EL emission from

the devices (higher bandwidth) resulting from the presence of localized trap

states, a trap assisted injection mechanism was taken into account.

To confirm that the change in the PL emission upon annealing is due to

molecular aggregation the PL of MDMO-PPV from a toluene solution was

measured in a wide range of concentrations. The spectra show a very clear

trend for the relative intensities of the peaks upon dilution. Interestingly,

the trend is totally analogous to that resulting from thermal annealing treat-

ment confirming that the molecular reorganization and aggregation is the key

factor. The PL spectra in solution were fitted qualitatively using Gaussian

distributions.

Very interestingly, the increase in the polymer concentration results in

the comparison of a new Franck-Condon progression, shifted to lower ener-

gies. Such new progression can be explained with the presence of specific
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π-stacking molecular interactions where the band gap of the chromophores

is shifted to lower energies. The increase in concentration causes also a vari-

ation of the relative intensity of the peaks in the pre-existent progression

probably due to a variation in the chain conformation.

Based on this interpretation also the PL spectra of the polymer films can

be fitted, even if the peaks are broader and the vibronic structure is consid-

erably less evident. It is noteworthy that the effects of thermal annealing in

the solid state polymer film are analogous to the increase of concentration

in a polymer solution. As deposited films are characterized by a more amor-

phous structure with little electronic interaction between the chromophore

groups which are in a condition similar to a diluted solution. The thermal

annealing causes the reorganization of the molecules towards a lower energy

conformation with highly packed crystalline domains embedded in an amor-

phous matrix of disordered molecules. This results in a new progression of

peaks in the PL spectrum as chromophores in the crystalline domains are

subject to a different chemical environment.

The increased molecular packing also enhances the excimer emission in

the tail at lower wavelengths. This effect is particularly visible in the EL

spectra as the charges travel across the active layer before recombining and

hence have a higher probability to fall into crystalline traps and form dimeric

excites state (excimer).

In this work, a processing method was proposed to increase the response

speed of PLEDs based on the thermal annealing of the devices during the

preparation. This has important repercussions in the application of such de-

vices as transmitter for wireless communication technologies. In this regard,
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the results show that the capacitive effect is not always the main limit to the

speed of thin film devices.

The effects of the thermal annealing of MDMO-PPV films were investi-

gated for what concern the molecular organization of the polymer and the

electronic and photophysical properties. In particular, the data suggests that

the charge injection is the rate-limiting step in the EL process and that the

thermal treatment enables a trap-assisted injection mechanism that has a

fundamental impact on the dynamics of the PLEDs. A new interpretation

on the variation of MDMO PPV photoluminescence upon thermal anneal-

ing based on the formation of crystalline domains was also proposed in this

work. These results can be of critical importance for the designing of PLED

devices for innovative applications such as VLC where the response speed is

a stringent requirement.
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Conclusions and outlook

The experiments described in this work aim to the optimisation of polymer

light-emitting diodes by the use of innovative materials such as graphene-

based layers or the development of processing methods for the preparation

of devices with increased on/off speed for innovative applications.

In chapter 2 thin films were prepared on transparent substrates starting

from graphene and graphene oxide liquid dispersions using different deposi-

tion methods. The films after the deposited were characterised studying the

effects of a thermal treatment and of chemical doping in terms of morphology,

electrical conductivity, work function and UV-visible light transmission.

The thermal treatment improved drastically the electrical conduction

properties of both graphene oxide and LPE graphene films. The conductiv-

ity of such films was still not comparable with the standard reference of ITO

for a same level of transparency mainly due to the fact that the preparation

of the dispersions, the deposition of the films and the annealing treatment

could be optimised even further.

In particular, for what concerns liquid-phase exfoliated graphene, more

prolonged sonications for the exfoliation of graphite followed by a systematic

centrifugation and filtration for the separation of highly monodisperse few-

layer graphene can be explored. This approach could lead to a films with
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lower surface roughness. An XRD analysis would be useful to determine the

concentration of unexfoliated graphite crystals. A change in morphology after

a thermal annealing process could be also analysed using XRDmeasurements.

A Raman spectrum could confirm the presence of graphite from the shape

of the 2D peak.

Chemical p-type doping has proven to raise the work function of the films

by some electron volts units resulting in an appealing treatment of graphene

surfaces. It would be interesting to explore further the hypothesis presented

here regarding the interaction of TFSA with the C=O and C-OH groups on

rGO. In particular, a systematic investigation using ATR-FTIR could reveal

a shift to lower frequencies of the C=O peak upon interaction with TFSA.

The intensity of TFSA S=O and C-F bands on annealed and not annealed

graphene samples could suggest if oxidation increases the adsorption of TFSA

via specific interactions. Graphene powder instead of a thin film could be

used in order to increase the signal.

Next possible experiments involve the application of reduced GO and LPE

graphene modified with TFSA as ITO surface modifier and hole-injection

layers in polymer light-emitting diodes (PLEDs). Conductive AFM could be

used to determine the deposition of a homogeneous film on top of ITO. Due

to the roughness of ITO (rms ∼ 3 nm) the AFM morphology is not enough

to determine the presence of a film only a few nanometres thick.

Chapter 3 focussed on the characterisation of the work function of LPE

graphene and SWCNTs thin films deposited on ITO. The work function

measured in air was compared with that measured inside a polymer light-

emitting device (PLED) using two different measurement techniques. The
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work function of graphene and CNTs appears to be very similar and this is in

accordance with the values reported in the literature. The data showed that

there is a shift between the mean values of work function of the films inside

the device and the work function in air. Further investigations are needed to

asses the nature of this difference.

A more extended characterisation of the film could also be beneficial to

the analysis of the work function shift. In particular the films could be char-

acterised in terms of sheet resistance, UV-vis light absorption, morphology

(AFM), Raman and crystallinity (XRD). A thermal annealing process can

improve the conductivity of the films for their application in PLEDs.

In chapter 4 a processing method for the emissive layer of PLEDs was

proposed in order to increase the on/off switch speed of the devices. This is

particularly interesting for the application of PLEDs as transmitter devices

in VLC technology. The main speed limiting factors for PLEDs have been

analysed. An emissive layer of poly[2-methoxy-5(3’,7’-dimethyloctylocy)-1,4-

phenilenevinylene] (MDMO-PPV) was used. The response speed of the

PLEDs was increased by more than two times, from ∼ 116 kHz up to

∼ 260kHz with thermal annealing. The process was investigated via a struc-

tural, electrical and photophysical characterisation of the polymer layer.

As a further experiment the PL efficiency of the polymer can be measured

upon thermal annealing to complete the characterisation of the emissive layer.

Another experiment is to design a geometry for devices with a smaller area

to confirm that the speed of the device cannot be increased any further. A

faster heat dissipation of smaller area devices allows the use of pulsed higher

currents to increase the light intensity.
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