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Abstract

Carbon nanotubes hold remarkable optoelectronic properties. Beside their high conductiv-

ity and field-effect mobility, which predetermines their use in future electronic applications,

they feature a direct bandgap that enables luminescence in the near-infrared. Yet, carbon

nanotubes still suffer from heterogeneous source material that commonly consists of various

nanotube species with different metallicity, diameter and emission wavelength. This disser-

tation investigates the selective sorting of carbon nanotubes by polyfluorene-polymers as

well as the application of these polymer/nanotube dispersions in light-emitting field-effect

transistors.

Some polyfluorene-polymers show a striking selectivity for the dispersion of certain nan-

otube species that is not yet completely understood. In this work, the influence of the solvent

type and the polymer molecular weight on the selective dispersion behavior is analyzed, to

produce nanotube/polymer dispersions with tailored composition and yield. It was found

that meta- or non-stable nanotube species are stabilized by a low diffusion constant. There-

fore a low dispersion viscosity leads to high selectiveness, however at at the expense of

overall yield.

Carbon nanotube dispersions can be used with high excess of polymer as semiconducting

polymer layers with improved injection behavior. The application of these films in light-

emitting field-effect transistors reveals an improved charge injection from the metal source

and drain contacts. As shown in electrostatic simulations, the one-dimensionally confined

structure of carbon nanotubes leads to an enhancement of the applied electric field at the

tube-tips. The nanotube doping reduces threshold voltages for both electron and holes and

increases ambipolar currents and light emission. Hence, it represents an easy-to-achieve

performance improvement for polymer transistors where charge injection might be an is-

sue.

A further purification of the dispersion and removal of the excess polymer leads to so-

lution processable nanotube inks with near-monochiral distribution. Their performance

in nanotube-network field-effect transistors with polymer dielectrics and electrolyte-gated

transistors has been evaluated. While monochiral and narrowband excitonic light emission

was obtained from transistors with polymer dielectric, the high charge carrier densities in

ion-gel gated devices revealed electrically stimulated trion emission and low voltage op-

eration with the nanotube network films. The dependence of exciton and trion emission

on charge carrier density has been shown, effectively creating a photoluminescence emit-

ter with voltage-controllable emission wavelength.. Defined emission in the near-infrared

and good electrical performance promotes the use of polymer-selected carbon nanotubes as

a bridge between electric and optical signal transmission, especially for upcoming genera-

tions of printable and flexible electronics.
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Kurzzusammenfassung

Kohlenstoffnanoröhren besitzen bemerkenswerte optoelektronische Eigenschaften.

Neben hoher Leitfähigkeit und Feldeffekt-Mobilität ermöglicht eine direkte Bandlücke Lu-

mineszenz im nahen infraroten Spektrum. Das heterogene Ausgangsmaterial der Kohlen-

stoffnanoröhrenherstellung erweist sich allerdings als Nachteil für optoelektronische An-

wendungen, da es in der Regel verschiedene Spezies mit leitenden oder halbleitenden Eigen-

schaften sowie unterschiedlichen Durchmessern und Emissionwellenlängen enthält. Diese

Dissertation behandelt das selektive Dispergieren von Nanoröhren mit Polyfluoren-Polyme-

ren und die Anwendung dieser Dispersionen in lichtemittierenden Feldeffekttransistoren.

Bestimmte Polyfluorene zeigen eine noch nicht eindeutig verstandene Selektivität für spe-

zifische Nanoröhren-Arten. Diese Arbeit analysiert hierbei den Einfluss des Lösungsmittels

und des Polymer-Molekulargewichts auf das selektive Dispergierverhalten, mit dem Ziel,

maßgeschneiderte Nanoröhren-Zusammensetzungen herzustellen. Die Ergebnisse zeigen

eine Stabilisierung von halb- und instabilen Röhren durch niedrige Diffusionskonstanten.

Niedrigviskose Dispersionen zeigen deshalb eine höhere Selektivität, allerdings verbunden

mit einer niedrigeren Gesamtausbeute.

Erzeugte Nanoröhren-Dispersionen können mit hohem Polymerüberschuss als hal-

bleitende Polymerfilme benutzt werden. Die Anwendung dieser Schichten zeigt ein verbes-

sertes Injektionsverhalten der Ladungsträger. Elektrostatische Simulationen deuten auf eine

Erhöhung der angelegten elektrischen Felder um die Röhrenspitzen, verursacht durch die

eindimensionale Struktur der Kohlenstoffnanoröhren, hin. Dies erleichtert das Tunneln von

Ladungsträgern durch die Schottkybarrieren an Source- und Drain-Kontakten, was zu einer

Verringerung der Schwellspannung und erhöhten ambipolaren Strömen führt.

Mit einem weiteren Zentrifugierschritt kann die selektive Dispersion von überschüs-

sigem Polymer gereinigt werden. Dies erzeugt lösungsprozessierbare Nanoröhren-Formu-

lierungen mit fast monochiralen Zusammensetzungen. Diese wurden in Nanoröhrennetzw-

erken als Halbleiter für Feldeffekttransistoren getestet. Während mit Polymerdielektrikas

eine exzitonische und schmalbandige Emission erreicht werden kann, zeigen Elektrolyt-

kontaktierte Transitoren weitere Emmisionsbänder bei niedrigerer Energie, die der Emis-

sion von Trionen zugeordent werden kann. Es wird die Abhängigkeit bei Exzitonen- und

Trionenbildung von der Ladungsträgerdichte aufgezeigt, was effektiv zu einem spannungs-

gesteuerten Photolumineszenzemitter mit wechselbarer Wellenlänge führt. Die schmal-

bandige Infrarotlumineszenz und die guten elektrischen Eigenschaften ermöglichen den

Einsatz der Polymer-selektierten Nanoröhren als Brücke zwischen elektrischer und optis-

cher Signalübermittlung, insbesondere in neuen Anwendungsfeldern wie druckbarer und

flexibler Elektronik.
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Chapter 1

Introduction

1.1 Motivation

Carbon is a versatile element. Its fourfold valency enables a multitude of different al-

lotropes that often exhibit extraordinary macroscopic properties. The arrangement of car-

bon in a three-dimensional diamond lattice, for example, makes it the hardest natural ma-

terial, whereas the formation in two dimensional honeycomb arrays results in unsurpassed

strength so far.1 In the last decades, new forms of low-dimensional carbon allotropes emerg-

ed that exhibit outstanding electronic properties. They fuel the vision of high-performance

carbon based electronics that, on one hand, might extend Moore´s law beyond the limita-

tions of silicon based chip technology,2,3 and on the other hand, contribute to the emerging

class of solution processed electronics with alternative manufacturing techniques like reel-

to-reel or ink-jet printing.4–8

Single-walled carbon nanotubes (SWNTs) are such a new allotrope. Due to their one-

dimensionally confined structure, they feature ballistic charge transport along their main

axis with theoretical maximum field-effect mobilities that are multiple times higher than

in traditional silicon. SWNTs can be solution-processed and - for that matter - directly

compete with emerging electronic materials like polymers or small molecules, that are like-

wise carbon based molecules. But even though solution-processed and printed networks of

carbon nanotubes start to excel the performance of organic polymers in transistor applica-

tions9, SWNT suffer a significant drawback due to their heterogeneous properties, defined

by their varying molecular structure. Approaches for the synthesis of SWNTs with identi-

cal morphology exist,10,11 but in general, elaborate sorting and cleaning steps are necessary

to achieve a defined set of properties in the nanotube source material. Easy-to-implement

1
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selection routines are therefore an important goal in the manufacturing of nanotube-based

semiconductor electronics.

Beside their potential in electronic circuits, carbon nanotubes further show near-infra-

red light emission with a very narrow line-width, which makes them interesting for appli-

cations in the field of optical communication. However, to access the selected emission of

specific carbon nanotubes and additionally prevent the non-radiative quenching of lumines-

cent states, even higher demands on the purity and separation of the SWNTs are required.

Several methods for the purification of nanotube raw material exist, that have to be evalu-

ated according to their complexity, cost and throughput.

In this work, carbon nanotubes are dispersed by aromatic fluorene-type polymers in

organic solvents. This method was introduced by Adrian Nish et al. in 200712 and has been

of increasing interest since.13–22 Several aspects of the SWNT dispersion with polyfluorenes

have been approached: First, the dispersion process itself and especially the striking degree

of selectivity towards certain nanotube species. It is still far from clear, why some combina-

tions of polymers, SWNT sources and solvent preferably wrap individual tube-species, and

further, how this behavior can be manipulated and tailored towards subsequent application

purposes. This dissertation sheds light on the influence of polymer and solvent parameters

on the selective dispersion with carbon nanotubes, with the aim to achieve a desired set of

features regarding the composition and yield of the dispersed SWNTs.

Furthermore, the application of this polymer selected tube-material was used in elec-

tronic and optoelectronic devices. The nanotube doping of semiconducting polymer layers

revealed a change in electrical performance during transistor operation. Ambipolar op-

eration in field-effect transistors (FETs) with single polymer and single electrode material

generally lead to high injection barriers for at least one type of charge carriers, due to the

workfunction mismatch of the metal electrodes with the polymer energy levels. It is shown

that doping of the polymer by small amounts of nanotubes leads to improved injection be-

havior. Thus, a simple and broadband method is introduced that can be applied to a variety

of semiconducting polymers and enhance the overall performance of solution processed

polymer electronics.

Finally, the main objective of this thesis is the creation of carbon nanotube optoelec-

tronic devices which show near-infrared (nIR) light emission. The wavelength range above

0.7 µm is interesting for telecommunication purposes, and SWNTs might be a suitable emit-

ter material, especially in the emerging field of solution processed and printable electronics.
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Concerning this matter, light-emitting field effect transistors (LEFETs) have been chosen as

an analytical and operative tool. Beside their general function as electrical switches, LEFETs

offer an easy-to-observe ob emission zone and the ability to position the light emission be-

tween the source and drain electrodes. The dispersion of the SWNT source material with

polyfluorenes offers several advantages in this case: The dispersion process is relatively easy

to achieve with common lab equipment, the absence of metallic tubes and the good sepa-

ration of individually wrapped nanotubes is beneficial for the achieved quantum efficiency,

and the ability of polyfluorenes to selectively disperse certain tube-species can be exploited

to achieve near mono-chiral distributions with very narrow emission line-width. This would

provide a narrow-band emission, that is essential for applications in optical communication,

where wavelength dispersion and the interference with other optical transmitters should be

avoided.

1.2 Outline and Scope of this Work

This work approaches aspects of polymer-selected carbon nanotubes and their application

in light emitting field effect transistors.

An overview about the theoretical fundamentals is given in Chapter 2. First, car-

bon nanotubes, and their structural, electrical and optical properties are introduced be-

fore briefly discussing organic polymers as a semiconducting material and dispersant for

SWNTs. The field-effect transistor is introduced as a concept with particular focus on am-

bipolar, light-emitting and carbon nanotube FETs.

Chapter 3 presents the experimental methods, which include the used materials as

well as procedural and analytical techniques.

Chapter 4 discusses new insights regarding the selective dispersion behavior of single-

walled carbon nanotubes with different solvents and polyfluorene molecular weights. While

physical and experimental parameters were taken into account, the dispersion viscosity -

influenced by solvent type and polymer molar weight - was found to exert significant influ-

ence on the specific selectivity towards individual SWNT species.

Chapter 5 shows results of SWNT-doping in layers of semiconducting polymers. Im-

proved electrical performance and optical output was found for LEFET devices. This can be

attributed to enhanced charge carrier injection from the metal contacts into the semiconduc-

tor. Electrostatic simulations of the transistor channel revealed, that the change in contact
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resistance most likely originates from the one dimensional structure of the nanotubes, lead-

ing to an increase of the electric field around the SWNT-tips. Combined with lowered bulk

resistance by the high intrinsic conductance of carbon nanotubes, the threshold voltages and

overall ambipolar currents of polymer transistors significantly increased, while retaining the

original field effect-mobilities of the semiconductor-materials.

Chapter 6 investigates performance and features of polymer-selected carbon nanotubes

in LEFET applications. Results from Chapter 4 were used to create several nanotube inks

with either near-monochiral SWNT distribution or a high-yield mix containing several tube

types. Spin- and dropcast random layers were compared to electrophoretically deposited

and aligned networks of SWNT in terms of density and homogeneity, as well as electrical

performance in transistor-setups. The used dielectric material was found to significantly

influence the perceived electrical and luminescent features of the LEFETs. Unlike with poly-

mer dielectrics, ion gel gating enables low voltage operation of the transistors with new

spectral features beside the classic excitonic emission. These additional emission bands can

be attributed to trion emission, which can be stimulated purely electrically, depending on

the charge carrier density in the transistor channel.

Finally, Chapter 7 summarizes the results of this work and puts them into perspective

for future pursuit.



Chapter 2

Background

2.1 Carbon Nanotubes

2.1.1 Brief History of Novel Carbon Materials

At the beginning of the 1980s, only three different carbon allotropes were known: diamond,

graphite and amorphous carbon. These materials can be described as conventional molecu-

lar 3-D structures, each of them with very different macroscopic properties. However, new

technical advancements emerged, that aimed to access matter on the molecular and atomic

level: the invention of the Scanning Tunneling Microscopy (STM) in 1981 and the Atomic

Force Microscopy (AFM) in 1986 as well as advances in cluster and colloidal science paved

the way to a strongly increased focus of materials and structures in the nm-range. This

included the discovery and creation of new kinds of carbon based matter: Starting with

the C60 molecule in 1985,23 new classes of carbon allotropes appeared that are perceived as

two-dimensional, one-dimensional or even zero-dimensional materials due to their confined

molecular structure, preventing their extent into all spacial directions. These restrictions in

macroscopic dimensions enable interesting and outstanding features in terms of mechani-

cal toughness and electrical as well as optical properties. The following paragraphs briefly

describe these newly discovered classes of low-dimensional carbon.

Buckminster Fullerenes (0-D carbon) Buckyballs (or fullerenes) are spherical carbon

based objects, that were first discovered in 1985 in form of the C60 molecule at Rice Uni-

versity (USA).23 C60, which consists of 60 carbon atoms, remains the most prominent repre-

sentative of fullerenes (see Figure 2.1), although buckyballs starting with C20 as the small-

5
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Figure 2.1: Illustrations of a single-walled carbon nanotube, a fullerene-buckyball and a single layer
graphene sheet. Used with permission from [24]

est stable structure up to clusters with over 100 carbon atoms are common. The modifica-

tion and functionalisation of these 0D-structures with different molecules and side-groups

is quite advanced25–27 and allows for a very broad application field: The fullerene´s strong

electron affinity enables usage in organic electronics and organic solar cells,28–31 while the

cage-like structure and relative non-toxicity32 makes them interesting as molecular vessels

and tracing material in medical applications.26,33

Carbon Nanotubes (1-D carbon) Carbon nanotubes (CNT) are known to be first dis-

covered by Sumio Iijima in 199134 although transmission electron microscope images from

Radushlevich et al. as early as 1952 show tube shaped cavities inside a carbon filament.35

Nanotubes can be categorized into single-walled carbon nanotubes (SWNT) and multi-

walled carbon nanotubes (MWNT), the latter being concentric arrays of SWNTs interleaved

in a russian doll fashion. In general, they are considered as ideal 1D-objects because of

their very high length to diameter ratios reaching 100,000,000:1 or higher.36,37 In detail, nan-

otubes can be visualized as one-dimensionally elongated buckyball clusters that are cut in

half, forming the nanotube-endcaps and filled with additional carbon rings in between.

The one dimensional structure of SWNTs enables extraordinary properties along their

main-axis: ballistic-like charge transport leads to very high charge carrier mobilities and

maximum current densitys as well as extraordinary mechanical resilience in terms of tensile

strength and elasticity.38 This makes single- and multi-walled carbon nanotubes interest-

ing in a variety of different application fields, from electrical and optoelectronic applica-

tions5,39–41 over the use in medicine as a transport vessel42–44 to the mechanical enforcement

of conventional materials like polymers, metals and ceramics.45–47 The scope of this work is
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mainly on single walled carbon nanotubes, their structure and properties will be discussed

in more detail in the following chapters 2.1.2 to 2.1.6.

Graphene (2-D carbon) Graphene can be seen as a single layers of graphite and was suc-

cessfully isolated for the first time by Geim and Novoselov in 2004.48 The 2D-crystal exhibits

a hexagonal honeycomb structure of sp2-hybridized carbon atoms and a thickness of one-

atomic layer (see Figure 2.1 for visualization). Like in buckyballs and carbon nanotubes,

the confined molecular structure creates interesting combinations of electrical, mechani-

cal, optical and thermal properties. For example, one possible applications for graphene

could be transparent electrodes, exploiting the very high conductance with room tempera-

ture ambipolar mobilities of over 15.000 cm2V-1s-1 and the very low optical absorbance of

only 2.3 % for mono-layers.49,50 Next to its application in electronic and optoelectronic de-

vices,51–54 graphene exhibits a Young´s Modulus of 1 TPa, making it the strongest material

measured to date,1 hence leading to reinforcement applications in macroscopic composite

materials.55–57

2.1.2 Structure of Carbon Nanotubes

Carbon nanotubes can be described as long, seamless cylinders of rolled up graphene sheets,

forming tubular shapes with diameters of 0.4 nm to about 3 nm (for SWNTs) or 100 nm (for

MWNTs), respectively, and a tube-length ranging from several hundred nm (typical) up to

about 50 cm for the longest nanotubes achieved up to date.37 As a result of the very high

aspect ratios, the influence of the cylinder ends, consisting of buckyball-like end-caps (or

dangling bonds for damaged tubes), usually can be neglected.

The nanotube/graphene lattice solely consists of carbon atoms, each of which has

six electrons: two in the strongly bound 1s²-orbital, and two in each of the more loosely

bound 2s²- and 2p²-orbitals. Since the energy difference between 2s- and 2p-orbitals is small,

intermixed states with four degenerate electrons are possible. This process is called hy-

bridization, with three possible formations: sp, sp² and sp³ hybridization. Determined by

the degree of hybridization are the number of covalent bonds extending from each carbon

atom, consequently influencing the possible configurational structures, the electronic struc-

ture of the material as well as its chemical and physical properties. Atoms in graphene and

carbon nanotubes are sp²-hybridized, resulting in the typical hexagonal honeycomb lattice

structure, with three sp²-orbitals forming planar σ−bonds in 120 ° angles to the neighboring
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Sumio Iijima in 1991.34 Depending on the usage of catalyst precursors in the electrodes and

reaction atmosphere, MWNTs (no catalysts, helium atmosphere) or SWNTs (Co, Fe, Ni, etc...

catalysts, hydrogen or argon atmosphere) are produced. The positive electrode is consumed

in the discharge process while CNTs deposit on the negative electrode. Compared to mod-

ern CVD based synthesis methods, nanotube growth by arc discharge produces tubes of

higher quality with fewer structural defects but lower yield58, although improvements in

operational parameters and catalyst composition lead to improvements in output quanti-

ties.60,61

Plasma Torch

The plasma torch method provides a comparable synthesis environment like the arc-dis-

charge method with high processing temperatures in the range of 1000-12.000 °C62, result-

ing in high quality SWNTs with few defects. But unlike the arc-discharge method, which

is neither continuous nor scalable due to the consumption of the graphite electrodes, the

plasma torch process uses gaseous carbon sources or “carbon black” powder which allow

for a more efficient and continuous SWNT production.63 The high temperatures are in most

cases created by a direct current (DC)-driven thermal plasma63,64, but also from radio fre-

quency induced thermal plasma.62 Carbon containing precursor gases like C2H4, C2Cl4 or

CO are used in a continuous flow fashion together with metal catalysts like Fe, Co or Ni or

organometallic compounds like Fe(C5H5)2 or Fe(CO)5. The plasma torch process developed

to a highly economical process with large scale systems reaching outputs in the range of

kg/day and high quality SWNTs with diameters in the range of 1.2-1.6 nm.65

Chemical Vapor Deposition (CVD)

The synthesis of MWNTs by CVD process has first been accomplished by José-Yacamán et.

al in 1992 by the catalytic decomposition of acetylene on iron particles,66 while the first syn-

thesised SWNTs at all were achieved by a vaporous reaction of methane with iron droplets

in 1993 by Iijima and Ichihashi.67 CVD processes can be considered the standard method

for the production of CNTs nowadays,58 and usually involve the flow of a gaseous hy-

drocarbon source over metal catalyst particles like Fe, Co, Ni, etc. under the influence of

either heat (thermal CVD) or plasma irradiation (plasma-enhanced CVD). Catalyst free pro-

cesses involving fullerenes or nanotube fragments as nucleation centers have been intro-

duced.10,68 Process-variations like water-assisted CVD, oxygen-assisted CVD, hot-filament-
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CVD or radio-frequency-CVD further broaden the application field over a wide range of dif-

ferent usage conditions, ranging from small-scale nanotube growth on substrates with high

orientation and alignment factors to large-scale continuous-flow reactors for high through-

put, creating the basis of the global CNT production of over 6 tons/day.5 The following

two paragraphs further describe the SWNT-source materials used in this study: commer-

cially produced HiPco and CoMoCAT SWNTs with sample distributions displayed in Figure

3.1.

High Pressure CO Synthesis (HiPco) In 1999 a new gas phase CVD process was intro-

duced by the research group of Smalley, involving a continuous flow of carbon monoxide

(CO) with the volatile organometallic precursor Fe(CO)5 in a high pressure atmosphere (up

to 10 bar) and temperatures of 800-1200 °C.69 Following the Boudouard equilibrium, with

2 CO ⇋ CO2 + C (SWNT), the high CO pressure and temperature are necessary to shift

the equilibrium to the product side. The iron based precursor material decomposes at high

temperatures and metal clusters are formed that act as a catalyst for the Boudouard reac-

tion and nucleation center for the SWNT growth. SWNT diameters as low as 0.7 nm can

be achieved by tuning the process parameters, and a diameter range of 0.8 nm - 1.2 nm is

common for commercially available HiPco SWNTs.70 While maintaining good tube quality

and purity, the biggest advantage of the HiPco process is its high throughput with a product

yield up to 97 % and a purification yield of 90 %.71 Nowadays, efforts in up-scaling resulted

in a production output in the range of kg/day72 for industrial HiPco CVD systems.

Cobalt-Molybdenum Catalyst Synthesis (CoMoCAT) In the year 2000 Resasco´s research

group published the development of another CVD-process based on the decomposition of

carbon monoxide.73 Unlike the HiPco-process , which uses iron as a nucleation center for

the formation of nanotubes, the CoMoCAT process makes use of cobalt nitrate and am-

monium heptamolybdate precursors on a solid MgO substrate. Apart from the nucleation

material with the fixed support, the processing of CoMoCAT SWNTs is similar to the HiPco

process, with a continuous-flow CO feed, reaction temperatures of around 700 °C to 950 °C

and pressure of 1 to 10 bar. By varying the Co:Mo ratio or the process temperature, the final

nanotube composition can be tuned, resulting in a final diameter distribution of CoMoCAT

SWNTs that is much narrower compared to the HiPco process, with a smaller overall di-

ameter.74 Nowadays, CoMoCAT materials are available with only one or two predominant

SWNT species and diameter distributions as small as 0.7 nm - 0.9 nm.75
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Figure 2.4: (a) π and π* band structure energy level distribution of graphene in reciprocal k-space;
(b) graphene Brillouin zone π-bands and electronic dispersion relations under the tight
binding approximation with Fermi surface (black dots).

2.1.4 Electronic Properties of Carbon Nanotubes

Band Structure of Graphene

The electronic properties of carbon nanotubes can be best derived from the band structure

of graphene. As already mentioned in chapter 2.1.2, graphene forms two types of bonds:

σ-bonds to the neighboring in-plane atoms and delocalized π-bonds, above and below the

graphene surface. While the in-plane σ-bonds should be predestined for charge transport

along the graphene plane, they are quite far away from the Fermi-level and comprise a large

energy gap, resulting in a negligible influence on charge transport or optical absorption in

the visible spectrum for that matter.76 Figure 2.4 illustrates the band structure of graphene

along the symmetric Γ-K-M and Γ-M directions for the π-bands and π∗-bands. They cross

at the Fermi level, closing the energy gap between valence and conduction band. This gives

graphene and one thirds of CNTs their metallic character, but with a very small bandwidth

at the Fermi level. The Fermi surface of graphene, separating the occupied and unoccupied

electronic states within the reciprocal space is depicted in Figure 2.4 (b) showing that it

is reduced to only six points at the K and K′ vectors in the corners of the Brillouin-zone

which correspond to the in plane-direction. In all other lattice directions, graphene acts

as a semiconductor. For this reason graphene is generally described as a semi-metal, or a

zero-bandgap semiconductor.
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Figure 2.5: Allowed wave-vectors (red) for a metallic (5,5) armchair SWNT ((a), wave vectors overlap
with K and K´points) and semiconducting (7,3) chiral nanotube ((b), wave vectors do not
intersect the K and K´ points) within the SWNT Brillouin-zone.

Metallic and Semiconducting SWNTs: Zone Folding Approximation

A carbon nanotube can be seen as a rolled-up graphene sheet, hence a one-dimensional point

of view has to be exerted on the discussed band structure of graphene. The wave vectors

along the nanotube axis are continuous and follow Bloch-functions as in 3D crystals, while

the allowed wave vectors around the nanotube circumference are quantized, with discrete

values. The zone-folding approximation now uses the Bloch wave-like energy band struc-

ture of graphene by taking into account the periodic limitations in a CNTs circumferential

direction. Following these boundary conditions, a given wave vector k is allowed in the

nanotubes´s band structure that satisfies the following equation:

k · Ch = 2πq, q ∈ Z (2.4)

This results in an array of lines, different in direction and number for every (n,m)-

nanotube species and visualized in Figure 2.5, which represents the allowed states in the

Brillouin-zone of graphene.

A nanotube is metallic when the K (or identical K′) vector fulfills equation 2.4, other-

wise it is semiconducting. The metallic or semiconducting nature of a SWNT can be further

broken down to its specific set of (n,m)-indices. Using an exemplary reciprocal vector (for

best clarity) for K with kx = 0 and ky = (2π/a)·(2/3
√

3) and the SWNT chiral vector Ch with
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the real space lattice vectors a1 and a2, we come to the following equation:

K · Ch =

(

0,
2π

a
· 2

3
√

3

)

· (n · a1, m · a2) = 2πq (2.5)

2π

3
· (n − m) = 2πq

(n − m)

3
= q (2.6)

Consequently, a nanotube is metallic (m-SWNT), if condition 2.6 is satisfied.77,78 This

is the case for any armchair-SWNT (n − m = 0), every third zigzag-SWNT (n = 3 · l , with

l being a positive integer), and for all chiral SWNTs that fulfill the condition n − m = 3 · l.

Semiconducting tubes (s-SWNT) can be classified into “+1” and “−1” domain, depending

on the applied condition of n − m = 3 · l ± 1 or similar into a “mod=1” and “mod=2” do-

main, depending on the modulo function (n − m)mod 3.

The energy bandgap ∆Eg of a semiconducting SWNT can be expressed by its chiral

vector Ch and the C-C tight binding overlap integral γ0 with experimental values of γ0

around 2.7 eV.79,80

∆Eg =
2πaγ0

|Ch|
=

2aγ0

dt
(2.7)

In this Mintmire and White-Approximation81 it becomes obvious, that ∆Eg is inversely pro-

portional to the tube diameter dt, with an infinitely large nanotube having a zero-bandgap

since effectively the properties of graphene are recovered. However, more precise diameter-

independent calculations have been introduced by Saito et al. that take into account trigonal

warping effects, and introduces a (n,m)-dependence of the energy gap ∆Eg.82

Density of States - Van Hove Singularities

The density of states (DOS) describes the number of available states ∆N in a given energy

interval ∆E: ∆N
∆E (∆E → 0) with characteristics that depend mainly on the spatial configu-

ration of the semiconductor. A regular 3D semiconductor´s DOS scales with the square root

of the energy, while 2D-solids show a step-like function of the DOS and zero-dimensional

quantum dots reveal discrete δ-functions. SWNTs, being one dimensional objects, show a
1√
E

-DOS distribution that diverge as the inverse of a square root.76 An example for DOS

distributions of a metallic (7,7) and semiconducting (7,5) SWNT is plotted in Figure 2.6. The

distinctive “spikes” in the DOS are called Van Hove singularities that emerge due to the
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Figure 2.6: DOS distribution with characteristic Van Hove spikes of a metallic (7,7) armchair-SWNT
((a), finite DOS at E = 0 eV) and the semiconducting chiral (7,5) tube ((b), zero DOS at E =
0 eV) .

structural confinement in directions perpendicular to the tube axis. The band-structure for

nanotubes and their specific positions of the Van Hove singularities can be derived from the

dispersion relations E(k)83 and has been confirmed experimentally through STM, resonant

Raman scattering and optical absorption and emission measurements.79,80,84–86 Further dis-

cussion about the DOS of single-walled carbon nanotubes and Van Hove singularities can

be found in chapter 2.1.6.

Curvature Effects

Until now the electronic structure has been discussed without any significant deviation from

the planar graphene structure. There are, however, geometrical aspects of the rolled-up

CNT-geometry, that induce modifications to the graphene model. Two geometrical aspects

of the nanotube curvature have to be considered: First, the unit vectors a1 and a2 are of

slightly different length, because the carbon-carbon bonds in direction parallel and perpen-

dicular to the SWNT axis is altered., effectively reducing the C-C distance of atoms with

different azimuthal angles ϑ. Second, the angles of the carbon-hexagons also change due

to curvature, rendering one assumption of the applied tight-binding models invalid. These

changes can result in alterations of the band structure of CNTs at both the Fermi level, chang-

ing the metallic/semiconducting character, as well as on deeper energy levels, modifying

the optical transitions of the nanotube.

Secondary Bandgaps in Metallic SWNTs The arrangement of the unit vectors in a tubu-

lar shape leads to a slightly deformed Brillouin-zone zone with shifted K-points. For some
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metallic CNTs, the formerly included K-points now do not satisfy condition 2.6 anymore.

This introduces a small bandgap called “secondary bandgap” scaling with 1
d2 . The opening

of the secondary gap applies to metallic zigzag and chiral tubes, while metallic armchair

SWNTs are unaffected by this modification. However, the size of the secondary gap with

around 20 meV87 is smaller or similar to kBT at room-temperature with 25.6 meV. Hence,

metallic zigzag tubes as well as metallic large-diameter chiral tubes where the zone folding

approximation is still valid are still considered as metallic, or quasi-metallic nanotubes.79

Intermixing of σ and π states Since the sp2 and pz-orbitals of SWNTs are not ideally

perpendicular to each other, an intermixing of those states, so called “hybridization”, may

occur. Especially for nanotubes with small diameters this becomes important, and the zone

folding approach may fail, due to significantly strong shifts of the σ* and π* band. It is

assumed that zone folding is still valid for nanotubes with a diameter larger than around

1 nm,81 while it has been shown for smaller tubes that energy levels for optical transitions

can be reduced due to hybridization effects.88

SWNT Bundles

Nanotubes produced by the methods introduced in chapter 2.1.3 usually occur in bundles

or ropes of 20-100 tubes with varying chirality, diameter and metallicity. The SWNTs stick

together due to strong Van der Waals forces and their electronic structure in bundles might

deviate slightly from individual tubes: In metallic armchair tubes the opening of a bandgap

in the range of 10-20 meV can be observed due to symmetry breaking of the band struc-

ture, while the bandgap of quasi-metallic tubes might decrease or vanish in bundles due to

changes in the intratube dispersion. Furthermore, a broadening of the absorption bands and

reduction of the bandgap up to 20 % can be observed in bundles of chiral semiconducting

tubes.87

2.1.5 Electronic Transport

The electron transport properties for single-walled carbon nanotubes differ for operation at

low or high temperature as well as for semiconducting and metallic tubes. Since the focus

of this work is on semiconducting species, metallic SWNT will be discussed only briefly.

The so-called ballistic transport occurs when the electronic mean free path is larger than the

nanotube length. In this ideal case, within a defect-free SWNT no inelastic scattering by
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electron-phonon interaction or defects is present. The mean free path for metallic SWNTs

can be up to several µm, while for semiconducting tubes, a shorter path length in the order

of 100 nm has been found, resulting from optical phonon backscattering.89 The theoretically

possible peak mobilities of a nanotube depend quadratically on the diameter dt, because

effective mass and scattering rate decrease with nanotube size.90,91 While for room temper-

ature, single-nanotube FETs show peak mobilities of over 10,000 cm2V-1s-1, these can surpass

100,000 cm2V-1s-1 at low temperatures of 50 K.92

Nanotube Contact- and Intratube-Resistance

The ballistic properties of individual SWNTs are only revealed when the connecting elec-

trodes form a transparent, ohmic contact with negligible contact resistance. Metal contacts

with disadvantageous workfunctions create Schottky-type contacts to the nanotubes, which

lowers the transmission across the interface by inducing thermionic emission and Bragg-

type backscattering due to interface symmetry mismatches.79 Consequently, in an externally

measured SWNT-system, the contact resistance RC of the nanotube to the metal contacts has

to be taken into account (see section 2.4.4 for details on Schottky-Barriers). The resistance

presented by a semiconducting SWNT itself, Rnt can be split into two terms: The intrin-

sic nanotube resistance Rint, also arising from the mismatch of the one-dimensional tube

and a higher-dimensional contact material, and the ohmic resistance ROhm, associated with

phononic or acoustic scattering. When taking into account two-fold spin and band degen-

eracy, Rint calculates to h
4e² · 1

T(EF)
, around 6.5 kΩ, which is length independent and always

present in a SWNT.93 Outside of the ballistic regime, the ohmic contribution to resistivity

becomes important. ROhm scales with the nanotube length and depends on a variety of pa-

rameters such as nanotube diameter and electronic mean free path.

The resistance of SWNTs has been determined experimentally and independent from

RC with a minimum of Rnt of around 6-7 kΩ for SWNTs smaller than 500 nm (ballistic

regime) and a scaling factor of 3-16 kΩ/µm up to a total of several MΩ for longer tubes.94,95

In consequence, this means that for nanotube-FETs with longer channels, the performance

mainly depends on the ohmic contribution ROhm of the nanotube, while for short-channel

FETs (within the ballistic regime), the electrical performance is dominated by the nanotube-

contact interplay with contribution from RC and Rint.
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CNT Networks

Carbon nanotube networks form when the percolation threshold for a given nanotube length

and electrode spacing is reached. This means that at least one conduction path is established

between the electrodes.

Since in general, individual nanotubes in networks are unlikely to bridge the com-

plete distance between electrodes, the nanotube-nanotube junction resistance Rjunc becomes

important and can become the limiting factor for network conductance. The conduction at

s-SWNT junctions works by a tunneling mechanism with experimentally determined Rjunc-

values for across-junctions ranging from several tens of kΩ to several tens of MΩ, depending

on the nanotube diameter, chirality, metallicity and orientation. The junction resistance of

nanotubes within bundles was found to be 3-4 times lower than for nanotubes in across-

junctions, while Rjunc for rigid SWNT bundles is in the same range than for individual nan-

otubes.95,96

In a 2D network of semiconducting carbon nanotubes, the resulting sheet conductiv-

ity σsh depends on the average nanotube length Lnt, the number of junctions and the de-

gree of debundeling. σsh is directly connected to Lnt and expected to follow a power law

dependence σsh ∼ Lα
nt with the exponent between the boundaries of 0 and 2.5, giving a

minimum of 0 for very long SWNTs and negligible junction resistance and the maximum

for short SWNTs length, where film properties are governed by junction resistance, respec-

tively.97–99 Furthermore, the spatial extension of the network and the distance of the con-

necting electrodes Lch has to be taken into account. If the mean-free path of the electrons

in carbon nanotubes is larger than the electrode spacing, predominantly ballistic transport

occurs, while for nanotubes which are much shorter than the channel large portions of Rjunc

has to be taken into account. A scaling of the achieved field-effect mobilities with channel

length is usually observed. This scaling can be either proportional to the channel length

(for Lnt ≈ Lch) due to contact related effects100,101 or inversely proportional to the channel

length (for Lnt < Lch) since the number of nanotube-nanotube junctions for a given density

shrinks with shorter electrode spacing. The nanotube density of a given network influences

both conductivity and the field-effect mobility which were found to scale proportional to

the number uninterrupted percolation paths102 and hence SWNT density.100

The orientation of the nanotubes further influences the sheet properties. In stick per-

colation models of the long-channel case (Lnt < Lch) an optimal alignment factor somewhere

between ideal random and ideal aligned distribution has been found.103 When introducing
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gradual alignment to a perfectly random SWNT distribution, sheet conductivity increases

first, since the number of nanotube-nanotube crossings for a given percolation path is mini-

mized. For increased alignment however, conductivity decreases again since the probability

for such percolation paths decreases. The final point is reached for perfectly aligned nan-

otube arrays, where the probability for SWNT-crossings is zero.

2.1.6 Optical Properties of Carbon Nanotubes

Semiconducting single-walled carbon nanotubes feature a direct bandgap between the π

and π∗ bands that, in addition to absorption spectroscopy, enables a variety of lumines-

cence based characterization methods. However, it took 10 years from the discovery of

carbon nanotubes to the first measured photoluminescence (PL) spectra, when debundeling

of individual SWNTs finally had been achieved.85 The presence of SWNT-bundles strongly

quenches and broadens PL-emission from semiconducting tubes, due to non-radiative de-

cay following energy transfer to especially metallic SWNTs .104

As a result of the one-dimensional structure of SWNTs, the so called “antenna-effect”

has to be considered: For an externally applied electric field E in parallel to the nanotube

axis, the total electric field E‖ equals E, because no polarization is induced. For an external

field E perpendicular to the SWNT axis though, a polarization P is induced on the SWNT-

cylinder walls, opposing E and decreasing E⊥. The antenna effect is diameter-dependent,105,106

with small diameter tubes, as used in this study, being screened almost completely in direc-

tions perpendicular to the tube axis. As a result, optical transitions in absorption measure-

ments as well as photoluminescence emission are linearly polarized along tube-orientation,

and have to be considered for individual or aligned SWNTs. The following paragraphs give

a brief introduction into optical characterization methods for CNT and arising effects.

UV/Vis/nIR - Absorption Spectroscopy

Absorption spectroscopy of SWNTs makes use of the rather sharp peaks called Van Hove

singularities in the distribution of the nanotube´s density of states. Figure 2.7 (a) illustrates

the so called Eii excitation energies between sub-bands with the same angular momentum

(S11, S22 and S33 for semiconducting species, M11, M22, etc. for metallic species) leading to

distinctive maxima of a typical absorbance sample from the ultraviolet (UV) to the near-

infrared (nIR) range (see Figure 2.7 (b)). Absorbance spectra can be used to identify individ-

ual types of SWNTs by means of their specific E11 and E22 transitions as well as the overall
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Figure 2.7: (a) (7,5) semiconducting SWNT density of states and Van Hove singularities with optical
transitions, (b) absorbance plot of (7,5) SWNTs showing the semiconducting S11, S22 and
S33 transitions (c) Kataura plot with separated bands for S11, S22, M11and S33 transitions.

quantity of each species in accordance with the Beer-Lambert law and experimentally deter-

mined absorption cross-sections.107,108 The well known Kataura plot in Figure 2.7 (c) takes

this approach and shows a clear diameter-dependence of the transition energies in semicon-

ducting and metallic tubes, based on the nearest neighbor tight-binding approximation.109

However, the ideal Eii(dt) dependence starts to deviate for small diameter tubes and higher

energy transitions depending on individual (n,m)-indices due to the trigonal warping ef-

fect.82

Photoluminescence Excitation (PLE) Spectroscopy

The mapping of CNT photoluminescence spectra depending on the excitation wavelength

was firstly applied by O´Connell et al.85 and Bachilo et al.86 for single CVD-grown nan-

otubes and raw HiPco dispersion in solution, respectively. It made use of the specific E11

and E22 transitions for emission and excitation of a sample and developed into a powerful

tool to further deepen the understanding of optical transitions and the band structure of

SWNTs. For example, the ratio of the specific E11/E22 transition energies was expected to

approach 2 for larger nanotubes, but was found to converge at 1.75 instead.86 This so-called

“ratio problem”110 implied a more complex model of optical transitions in CNTs, involv-

ing excitons as quasi-particle systems, which will be specifically discussed in the following
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paragraph.

An example for PLE mappings is shown for solution dispersed HiPco SWNTS in Fig-

ure 3.1 (a) and (b) as well as for CoMoCAT SWNTs in subset (c). At the specific peak maxima

for each SWNT, several properties of the dispersion can be investigated:

• Specific SWNT species and their quantity can be identified according to their n,m-

indices

• Energy transfer or quenching in bundles can be visualized

• The influence of surfactants, dispersants or functionalisation attached to the nanotube

can be investigated in terms of spectral red-shifting or energy transfer mechanisms.

Bright Singlet Excitons

Excitons are two-particle bound states between an electron and a hole and connected via

Coulomb interaction of the oppositely charged particles. Depending on the wave vectors

in reciprocal space kc and kv for electrons and holes, respectively, the wave vector for the

center of mass K can be defined as K = (kc − kv)/2. Only transitions with K = 0 for

electrons and holes with kc = kv can recombine by emitting a photon (bright excitons), while

excitons with K 6= 0 cannot recombine radiatively and are called dark excitons. Another

requirement for excitonic radiative decay are the spin orientations of the generated hole and

electron. Only pairs with a total spin of S = 0 show radiative emission. The Pauli-principle

prevents photon emission from so-called triplet excitons with S = 1, hence they are also dark

excitons. Figure 2.8 visualizes the difference between dark and bright excitons depending

on the k-vectors (a) and also spin states of the generated electron-hole pair (b).

The exciton binding energy Eb for different Eii-transitions can be defined as the differ-

ence of the SWNT-bandgap with and without the presence of a quasi-particle bound state.

While inorganic crystalline semiconductors like Si or Ge exhibit exciton binding energies

in the range of 10 meV, carbon nanotubes, because of their 1-D structure, show typical Eb

values of several hundred meV, making them observable also at room temperature. SWNT

excitonic binding energies have been determined experimentally, mainly by two-photon

absorption measurements where a diameter dependent correlation was found. Eb can be

approximated to Eb[eV] = 0.3/dt[nm] giving exemplary and experimentally confirmed 0.38

eV for a (8,3)-SWNT.111,112 However, Eb also varies with the environment of the nanotube,

where different substrates, solutions and wrapping agents as well as electrochemical dop-
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Figure 2.8: (a) direct (KK & K´K´, solid lines, optically allowed, K = 0) and indirect (KK´ & K´K,
dashed lines, optically not allowed, K 6= 0 ) electron hole configurations (reproduced from
[114]); (b) generation of electron-hole pairs by photoexcitation with splitting into singlet-
states (S = 0) and triplet-states (S = 1, flipped spin during electron excitation). Reproduced
from [115].

ing can alter the exciton binding energy. The radiative recombination time of bright singlet

excitons can range from hundreds of fs to tens of ps.113

Dark Excitons

Dark excitons are non-radiative excitonic states in form of dark singlet excitons or dark

triplet excitons, which are lower in energy than their bright counterparts. Of the four possi-

ble singlet states, only one can recombine radiatively. Two singlet states are doubly degen-

erate with finite linear and angular momentum (“indirect excitons”, illustrated as dashed

arrows in Figure 2.8 (a)) and are therefore optically inactive. The exciton states with zero

angular momentum (KK and K´K´, solid arrows) split into a bonding odd-parity state and

a anti-bonding even-parity state due to short range coulomb interaction.116 Only the odd-

parity combination is dipole-allowed and therefore considered a bright excitons, while even-

parity combination is dipole-forbidden and considered a dark exciton. The dark 1D11 states

are energetically separated from the bright 1E11-levels by the bright/dark splitting energy

∆BD (see Figure 2.9 (a)).114 The transition from bright to dark states for singlet excitons can

occur by phonon absorption and emission. The splitting energy ∆BD depends on the nan-

otube diameter and chirality and has been determined from 1 meV to around 6 meV with a

radiative lifetime for dark singlets of around 1 µs.114,117,118

Furthermore, excitonic states can be distinguished between singlet and triplet states,

depending on the degree of band degeneracy and electron-hole spin configuration. In triplets,

the electron spin is flipped during photoexcitation with weak spin-orbit coupling.119,120 This
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makes them optically inactive and hence they are considered “dark” as well. For each of the

four singlet states (Spin S = 0) with varying angular momentum and parity, three triplet

states with a total spin of S = 1 exist, resulting in 12 triplet states and a total of 16 different

excitonic states.

Triplets reveal the lowest excitonic states 3E11 compared to bright and dark singlets.

Their splitting energy ∆ST is in the range of tens of meV and scales inversely with the square

of the diameter.113,118,120 Dark excitonic states are considered to be a cause for the over-

all low quantum efficiency of carbon nanotubes121, and their conversion to emissive states

by, for example, applying magnetic fields114,122, adsorbed hydrogen atoms123, oxygen dop-

ing124,125, induced sp³-defects41,126 or trion formation127 has been of recent interest.

Trions

Trions are three-particle bound-states of an excitonic electron-hole pair and an additional

positive or negative charge. They have been studied in a variety of materials, and have re-

cently been found in electrochemically or chemically doped as well as optically stimulated

single walled carbon nanotubes.128–130 The energy separation for positive (∆E+) and neg-

ative trions (∆E−) depends on the effective masses me of holes and electrons, respectively.

They have been found to be very alike in CNTs though, because the effective masses in

CNTs are quite similar, with an me-ratio of 1.06 in favor of holes, resulting in an experimen-

tal difference of few percents.130 A tube diameter dependence of the trion energy shift ∆E

in relation to excitonic emission has been found, where ∆E+(∆E−) = A/dt + B/d2
t .131 The

constants A and B correspond to the trion binding energy BT, with a inverse diameter de-

pendence, and the singlet/triplet splitting energy ∆ST, exhibiting an inverse dependence to

the square of the tube-diameter, respectively. Their value has been determined as A = 49± 5

meV·nm² and B = 65 ± 5 meV·nm, respectively.130 This results in binding energies in the

range of 100-200 meV for nanotube diameters between 0.7-1.2 nm.

Watanabe and Asano proposed a model in which the bright trion - with the lowest

energy state in the nanotube - could be interpreted as a bound state between a dark exciton

and an additional charge.127 This theory was pursued by Nishihara et al., who found that

a fast decay path in SWNTs from excitonic stimulation to trionic emission through dark

excitons opened up with increased doping of the carbon nanotubes.132 The trion lifetime

in this study was determined to 1.5 ps, and Figure 2.9 (b) visualizes the energy states and

decay paths from excitonic to trionic emission.
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Figure 2.9: (a) Schematic energy level diagram of bright (1E11) and dark singlet excitonic states (1D11)
as well as triplet states (3E11) within the SWNT bandgap. Reproduced from [120] (b) Decay
paths for bright (1E) and dark singlets (1D) and triplets (3E) to trion states. Reproduced
from [128,132].

Electroluminescence

The generation of excitons and their radiative decay as discussed in the previous paragraphs

is usually stimulated by photoexcitation, involving the absorption of a photon which cre-

ates the excitonic electron/hole pair. Radiative electron/hole pairs in SWNTs also can be

formed by electrical stimulation and the recombination of electron and hole currents in the

semiconducting nanotubes, firstly shown by Misewich et al.133 in 2003. This so-called Elec-

troluminescence (EL) is usually achieved in devices with FET-architecture or two terminal

resistive arrangements134–136 and shows similar spectral responses as with optical excitation.

While non-excitonic electroluminescence from metallic CNTs is possible137,138, semiconduct-

ing, ambipolar SWNT-FETs can act as both as n- or p-type semiconductor. This enables the

separation of the recombination zone from the metal electrodes and its repositioning within

the transistor channel, where quenching effect of the metal contacts can be avoided.139,140

Beside the ambipolar regime, electroluminescence can as well be stimulated in a unipolar

FET mode, in which case high electric fields are necessary in order to show luminescence.141

The predominant mechanism for electroluminescence here is impact excitation, meaning ex-

citon formation by the inelastic scattering of charge carriers.142 A further discussion about

light-emitting carbon nanotube FET devices is provided in chapter 2.6.2.

Next to carbon nanotubes, the material class of conjugated polymers features simi-

lar emissive and charge transport properties with excitonic light emission and their ability

to transport both holes and electrons along their π-conjugated backbone. Semiconducting

polymers - as well es single-walled carbon nanotubes - can be processed from solution and

compete in several application-fields for next-generation printable electronics with compat-
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ibility to flexible substrates.143–145 Furthermore, recent advances in the purification and har-

nessing of semiconducting carbon nanotubes depend on the use of conjugated polymers in

the form of polyfluorenes as a dispersing agent.12,19 The next section 2.2 introduces the elec-

tronic and luminescent fundamentals of conjugated polymers to present a brief comparison

of these two material classes, and prepare the fundamentals for polymer-sorting of SWNTs

in section 2.3.3.

2.2 Conjugated Polymers

Conjugated polymers did not draw significant research interest until 1977, when Heger,

MacDiarmid and Shirakawa published their findings about halogen-doped polyacetylene,

where they enabled conductive properties in the formerly insulating molecule.146 Since

then, the group around Alan J. Heger has been granted the Nobel Prize for their invention

in the year 2000 and the focus on conductive and semiconducting conjugated polymers has

increased considerably, with new utilizations of the organic molecules in light-emitting,147

electronic148 and photovoltaic149 applications. Unlike most conventional inorganic solid

state semiconductors, conjugated polymers are solution processable, which enables cheap

and large-area manufacturing by for example reel-to-reel methods and on flexible polymer

substrates. The following chapters give a brief overview over the electronic and optical

properties of this promising class of materials. The molecular structure of polyacetylene is

shown in Figure 2.11 (a), while examples of polyfluorene polymers can be found in Figure

2.14.

2.2.1 Electronic Structure

The outline of the electronic structure of conjugated polymers can be explained on the basis

of polyacetylene, with the most simple (-CH=CH-)-monomer. Its backbone consists entirely

of carbon atoms, and to a certain extent, all other conjugated polymer systems can be treated

as a more complex variation. The Hückel energy levels, determined by the linear combina-

tion of atomic orbitals (LCAO), show the distribution of energies of molecular orbitals in

conjugated hydrocarbon systems. Originally applied to simple molecules like Ethylene, Bu-

tadiene or Benzene, it identifies the number of energy levels given, by taking into account

the π-electron molecular orbitals, that define the electrical properties of a system while ne-

glecting the σ-orbitals. Figure 2.10 (a) shows molecular orbital diagrams determined by
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Figure 2.10: (a) Schematic Hückel energy levels of ethylene, benzene and naphthalene; (b) Molecu-
lar and band-structure of polyacetylene without (top) and with (bottom) Peierls distor-
tion.150

the Hückel method, starting from ethylene over benzene to the aromatic naphthalene. The

molecular orbitals are filled with electrons according to the Pauli exclusion principle and

the more carbon atoms contribute to the conjugated π-system, the more energy levels arise.

Finally, for an infinite number of carbon atoms, a continuous distribution of energy levels

can be assumed. The so-called HOMO (highest occupied molecular orbital) denotes the

molecular orbital with the highest energy that is still occupied by an electron. Separated by

the HOMO through the bandgap Eg, the LUMO (lowest unoccupied molecular orbital) is an

orbital higher in energy and by default not occupied with an electron. The bonding states

below the HOMO and the anti-bonding states above the LUMO can be seen as analogies to

the valence band (VB) and conduction band (CB), respectively, in solid state physics.

Bandgap and Chromophores in Conjugated Polymers

The opening of the bandgap in conjugated polymers has its origin in the system of alternat-

ing double and single bonds, but the exact mechanisms differ for polyenic molecules with

degenerate ground state like polyacetylene and aromatic polymers with non-degenerate

ground state, like polyfluorenes (PFO), poly (p-phenylene vinylene) (PPV) or polythiophenes

(PT). See Figure 2.11 (a) for example molecular structures.

In conjugated polymers - like in graphene - all carbon atoms of the conjugated back-

bone are sp²-hybridized, with three equivalent orbitals extending to neighboring atoms and

a fourth 2pz-orbital with a free electron. For N carbon atoms, the first electronic band can

carry 2N electrons, filling the band half with expected metallic electronic properties. As

such, the polyenic polyacetylene can be seen as a one dimensional graphene ribbon with
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hydrogen saturated dangling bonds. There is, however, a significant difference between the

two materials. Where in graphene, with semi-metallic properties, the distance between two

neighboring C-atoms is always the same, around 0.142 nm, the bond length in polyacety-

lene is unstable and oscillates due to Peierls distortion. Peierls distortion is found in one

dimensional crystals that exhibit a lattice distortion - a consequence of the alternating dou-

ble and single C-C bonds - with twice the periodicity a of the C-C lattice itself (see Figure

2.10 (b)). As a result, it is energetically favorable to open a bandgap between HOMO and

LUMO, with around 1.5 eV in the case of simple polyenic systems like polyacetylene. This

introduces insulating (or semiconducting) properties to the molecule, because the HOMO

itself is only able to carry N electrons for N carbon atoms with the same number of free

electrons, which are now trapped inside this band.

Modern semiconducting polymers usually are of aromatic nature with one or more

conjugated hydrocarbon rings per monomer and non-degenerate ground state. Unlike poly-

enic molecules with degenerate ground states, the two mesomeric forms of these aromatic

molecules are not energetically equivalent, with a more stable aromatic form and a less

stable quinoid form. Bond length alteration (BLA) leads to the major contribution EBLA to

the HOMO-LUMO gap Eg.151 However, beside EBLA other factors influence the size of Eg,

involving electron confining effects that prevent the delocalization of π-electrons along the

polymer chain as an important element. These confinement mechanisms shift the size of

Eg and can be attributed to the aromatic stabilization resonance energy on one hand, and

the rotational disorder originating from the dihedral angle at the single bonds between the

respective aromatic rings on the other hand. Furthermore, the addition of electron-pushing

or electron-drawing groups can be used to extend the conjugated π-system of the monomers

and directly modulate HOMO and LUMO levels.151

The optically relevant properties of an aromatic conjugated polymer, like absorption

and emission wavelength, are dependent on the size of the energy gap Eg between HOMO

and LUMO. In this matter, an important concept is the formation of chromophores, which

can be described as locally confined conjugated systems with a certain conjugation length

Lcon. (see Figure 2.11 (b)) Similar to an infinite potential well, the extent of a chromophore

unit defines intrinsic characteristics like the separation of adjacent energy levels, and con-

sequently the bandgap Eg with absorptive and emissive energies of the polymer. A chro-

mophore behaves like an electron resonator, and a larger conjugated π-system leads to a

lowering of the necessary resonance energy (Eg) and hence to a redshift in emission and
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Figure 2.11: (a) Chemical structure of poly(p-phenylene vinylene) (PPV), polyacetylene (PA), poly-
thiophene (PT) and poly(9,9-di-n-hexylfluorenyl-2,7-diyl) (PFO); (b) schematic draw-
ing of a thiophene polymer chain with chromophoric units of different length Lcon (6
monomers (blue), 8 monomers (green) and 10 monomers (red)).

absorption.152 In real polymers, Lcon is limited by lattice defects, substituents and chain

length. Furthermore, the twisting of the polymer backbone due to steric interactions of

side-chains or structural limitations of the environment and deposition technique reduces

the coplanarity of the π-system and hence limits the chromophore-size. Typical conjuga-

tion lengths are in the range of six to ten monomeric units152 and variations in the individ-

ual chromophore-size throughout a polymer film give rise to the typical Gaussian shapes

of absorbance and emission spectra of conjugated polymers. For the PFO polymer, which

is frequently used in this study, the effective conjugation length for excitonic emission in

tetrahydrofuran has been found to converge at an emission wavelength of 445 nm with six

repeat units or larger, while absorption maxima further red-shifted up to 10 repetition units

and above, indicating a difference in backbone geometry for the vibronically relaxed excited

state compared to the ground state.153

Polarons

The additional negative or positive charges in the conjugated polymer cause a local de-

formation of the polymer chain, accompanied by a local narrowing of the bandgap by an

upwards shift of the HOMO and a downwards shift of the LUMO. If the energy for the

lattice deformation Ede f is smaller than the difference in ionization energy ∆ǫ obtained by

narrowing of the HOMO-LUMO gap, this state is stable and called a polaron. The polaron

binding energy Epb = ∆ǫ − Ede f is in the range of 50 meV for polyacetylene and can reach
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over hundred meV for other polymers.154

Polarons can also be formed electrically, by the injection of charge carriers from elec-

trodes with applied potential difference (anode and cathode). The localized charges now

move in the direction of the laid out electric field preferably along the polymer chain. The

specific route of charge transport within a polymer film depends strongly on the type of

conjugated polymer used, and its order and orientation of the backbones.155 The electric

transport in polymers is still under investigation these days,156 with record charge carrier

mobilities reaching over 10 cm2V-1s-1.157

Excitons

Similar to single-walled carbon nanotubes, polymers form excitons as quasi-particle bound

states of an electron-hole pair. Excitons can be stimulated optically by the absorbance of pho-

tons with the appropriate wavelength, defined by the extent of the chromophore and thus

the size of the bandgap. This elevates a negatively charged electron into an excited state

within the LUMO level, leaving a positively charged hole in the HOMO. As with polarons,

a deformation of the polymer backbone occurs, lowering the HOMO-LUMO gap. The pos-

itive and negative charge are coupled to each other by exciton binding energies ranging

from several tens of meV up to around 400 meV (with calculations and estimates up to

900 meV)158, where the more strongly bound Frenkel exciton is confined in one molecule

and the loosely bound Wannier-Mott exciton can extend to chromophores of different poly-

mer chains, depending on their orientation and packing structure.159,160

2.2.2 Electroluminescence of Conjugated Polymers

The charge injection into a conjugated polymer by forming positive and negative polarons

at the anode and cathode can be another way to form excitonic quasi-particles. Since in

general the mobility in conjugated molecules is several orders of magnitudes lower than in

inorganic semiconductors and the formation of self-trapped states in 1-D structures is more

common, the injected polarons of opposite charge have a high probability to meet and com-

bine.161Therefore an exciton can be formed that, similar to SWNTs (see chapter 2.1.6), can

recombine radiatively in the case of singlet-excitons or non-radiatively in the case of triplet-

excitons depending on its spin configuration. Electron-hole pairs with anti-parallel spins

form singlet-excitons with a probability of 25 %, while pairs with parallel spin configura-

tion form the non-emitting triplet-excitons in 75 %, reducing the quantum efficiency to 0.25
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by the ratio of exciton types alone. However, mechanisms for triplet-harvesting, which is

the conversion of triplets into luminescent species, exist and are approached by the scien-

tific community for years, especially to increase quantum efficiency in organic light emitting

devices.162,163

2.3 Nanotube Sorting

Since their discovery in 1991, the heterogeneous structural properties of single-walled car-

bon nanotubes have been an issue. It is the mix of metallic and semiconducting tubes with

a theoretical ratio of 1:2, which ultimately limits their direct and larger-scale application in

electronic devices like transistors and solar cells. Depending on the intended purpose, ge-

ometrical characteristics like diameter and length also become important. While the tube

length strongly influences the conductivity in SWNT-sheets or the mechanical resilience of

nanotube-composite materials, the diameter directly influences the optical properties like

absorption and emission spectral range, or the compatibility as transport vessel in medi-

cal applications. The selectivity can be broken down further into nanotubes with specific

(n,m)-indices to get defined and homogeneous electrical properties like bandgap size, mo-

bility, and conductivity as well as optically uniform and narrow emission and absorption

characteristics.

The following paragraphs give an overview of the published non-covalent SWNT pu-

rification and sorting techniques, starting with the growth process itself and detailing sev-

eral dispersion and sorting methods that aim at different distinctions in the nanotube source

material.

2.3.1 Selective Nanotube Growth and Purification

The growth of single walled carbon nanotubes is the first step to get a desired set of features

in the final nanotube distribution. As already laid out in chapter 2.1.3, the manufacturing

process determines whether multi-, double- or single-walled CNTs are produced and which

size and metallicity distribution they exhibit. Hence, process parameters have to be chosen

accordingly, which, of course, can be achieved more easily on non-commercial prototype

systems. However, there are also several commercially SWNT sources on the market, where

the process allows for an economical exploitation with satisfying output quantities. The

achieved diameter distribution can be of great importance and there are several different
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approaches. The commercially very successful CoMoCAT SWNTs contain very small semi-

conducting SWNTs in the range of typically 0.7-0.9 nm and - compared to other sources -

only small amounts of metallic tubes. They are available with predominantly (6,5)- or (7,6)-

SWNTs.164 HiPco SWNTs show a larger spread of the tube-distribution with more (n,m)-

species present, but also present larger overall diameters in the range of typically 0.8-1.2

nm.70,165 For even larger tubes, arc-discharged SWNTs can be obtained, that show diam-

eters of 1.2-1.7 nm.166 The length can vary between several hundred nm up to around 1

µm.

There are significant amounts of metallic tubes present in these commercial raw sour-

ces, and for electronic semiconducting applications further sorting steps have to be applied

in order to get state of the art performance with negligible content of metallic tubes. Small-

scale CVD systems can achieve semiconducting species with over 95 % purity,167–169 that

allow for the direct usage in electrical components, however with very limited through-

put.

The amount of impurities of metal catalyst particles, amorphous carbon and graphite

particles in the raw source can now be reduced by several cleaning techniques. Although

each CNT source demands slight alterations from the standard protocol, a series of steps for

the purification of SWNTs has been proven successful:170,171

1. Dispersion by ultrasonication, to access impurities enclosed by bundles

2. Dry oxidation, to remove carbon and graphite residues and crack the carbon encapsu-

lation of metal particles

3. Wet/chemical oxidation, to dissolve and remove metal particles

4. Filtration or decanting, to remove reaction products

5. Annealing in inert atmosphere, to remove solvent and heal CNT defects

2.3.2 Sorting Techniques

To access specific sets of features in CNT source materials, there exist several methods that

differ in their selectivity for more broad characteristics, like diameter, length and metallicity

on one hand, and the selectivity towards specific (n,m)-species on the other hand. The pro-

cess of selective sorting of nanotubes usually involves two main steps: First, the nanotubes

have to be dispersed in solution via ultrasonic-treatment, to disintegrate the bundles and in-

dividualize the SWNTs. Since most solvents do not dissolve nanotubes on their own, this is
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usually done with the help of an dispersing agent of various forms. Tenside detergents, like

sodium dodecylbenzene sulfonate (SDBS), sodium dodecyl sulfate (SDS) or sodium cholate

(SC) are the oldest and simplest dispersant for carbon nanotubes, but also strands of DNA,

amine-molecules, diazonium salts and polymers can be used for the individualization of

nanotubes. Second, after dispersion physical or chemical lab techniques have to be used,

in order to separate and enrich the individual SWNT-groups with desired characteristics.

The selection itself may happen either during the dispersion process with the harvesting

of SWNTs later, or, in the case of unselective dispersion, it is achieved by the subsequent

processing of the dispersion.

The following paragraphs will give an overview of typical sorting mechanisms, sepa-

rated into processing-techniques with examples for different dispersion agents and achieved

selectivities for each section. The focus here lies exclusively on non-covalent functionalisa-

tion, because it leaves the charge carrier and luminescent properties of the SWNTs as intact

as possible.

Centrifugation

Sorting of single-walled carbon nanotubes by centrifugation is a very large and versatile

field and can be roughly divided into two divisions, which are density gradient ultracen-

trifugation and the selective separation of precipitate and supernatant. In the first category,

the SWNT dispersion is usually unselective, and the separation of different tube species oc-

curs later by differences in the specific density or buoyancy of the SWNT/dispersant com-

plexes. The separation of precipitate and supernatant on the other hand, requires the pre-

ceding selective dispersion of the desired or undesired species in solvent. Non-dispersed

CNTs still bundle together and collect in the precipitate together with dirt particles (amor-

phous carbon, metal precursors, etc.) due to the higher density of bundles compared to

individualized tubes.

Density Gradient Ultracentrifugation (DGU) DGU utilizes a medium with density gra-

dient as bottom-phase with the SWNT stock solution layered either on top or within the

density graded layer. During ultracentrifugation the different tube categories travel trough

the density gradient medium to different isopycnic points (areas of similar density) accord-

ing to their buoyancy until they settle and can be collected in different fractions of the cen-

trifugal tube (see Figure 2.12 (a) for a schematic working principle). Arnold et al. showed
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Selective Separation of Precipitate and Supernatant The work of O´Connel, who first

applied the selective separation of precipitate and supernatant, renders the basic working

mechanism of this sorting technique.85 Here, nearly unselective SDS was used as the dis-

persion agent for SWNTs in aqueous solution, resulting in sorting between bundled and

individualized tubes, which was necessary to obtain photoluminescence from the latter.

Nanotube bundles have a higher density and tend to precipitate faster than individualized

nanotubes. In case of a dispersant that is selective towards certain kinds of tubes (metallicity,

diameter, (n,m)-indice, etc.), these nanotubes will show a larger degree of debundeling and

individualization after ultrasonic treatment, because of the steric hindrance and repulsion

between the preferred nanotube species. If centrifugation parameters are chosen correctly,

within a window that allows the remaining and unwanted bundles to sediment, while the

selectively dispersed tubes stay afloat, the supernatant gets selectively enriched. At the

same time a purification takes place, because residual carbon and metal particles also sedi-

ment due to their higher density. (see illustration in 2.12 (b))

For the selective dispersion of SWNTs a variety of different dispersion agents have

been used. Detergents like SDS, SDBS and SC are very common detergents in aqueous so-

lutions for non-covalent solubilization, with different outcomes in dispersion efficiency and

quality,182 but nearly unselective and with little difference in the resulting nanotube distri-

bution. It has been shown however, that cationic surfactants can enrich certain nanotube

species due to charge transfer between molecule and tube.183

The possibility to disperse CNTs with sequences of single- and double-stranded DNA,

as well as RNA molecules has been shown by Zheng et al. in 2003.184 Usually aqueous me-

dia is used for the individualization of SWNTs by DNA, making the method very versatile

and easily bio-compatible.185,186. While in general, dispersion with DNA shows poor selec-

tivity towards certain subgroups of nanotubes, and the weak stability of the DNA/SWNT-

complex may prevent repeated centrifugation for higher enrichment factors, it has been

shown that by adjusting the pH-value of the nanotube dispersion, separation between metal-

lic and semiconducting tubes as well as repeated dispersion and precipitation is possi-

ble.187 Next to DNA, other bio-polymers like Heparin - a sulfated polysaccharid - as well

as polypeptides188,189 and proteins190 selectively disperses SWNTs with up to near mono-

chiral distribution.191

A large and evolving field is the selective nanotube dispersion by synthetic, conju-

gated polymers. Next to Polythiophenes, especially Polyfluorenes and derived co-polymers
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show very high selectivity towards semiconducting SWNTs with up to near monochiral

nanotube distributions. This topic will be discussed in more detail in chapter 2.3.3.

Chromatography

The chromatographic sorting of single-walled carbon nanotubes has been realized mostly

with ion exchange (IEC) or size exclusion (SEC) techniques. The SWNT sources were usu-

ally solubilized with DNA or soaps, in order to separate them according to their coulombic

or spatial interactions with the stationary medium. The chromatographic method is pre-

dominantly used to length- or diameter-separate nanotubes,192–196 but was also applied to

sort according to metallicity184 and even (n,m) indices.197–199 Outstanding results were pre-

sented by Tu et al. in 2009, were customized DNA strands with defined repetition units

showed selectivity towards numerous individual (n,m)-species.200 A simple variation of the

chromatographic method was introduced by Tanaka et al. in 2009 with very good scalabil-

ity. Here, Agarose gel was saturated with SDS-solubilized SWNTs, undergoing a freeze and

thaw cycle before being mechanically pressed, in order to squeeze out metallic nanotubes.

Since semiconducting tubes adhere to the agarose gel, they become enriched in the squeezed

gel, with up to 95 % purity after one cycle.201

Exotic Techniques

Next to those methods rendered in the previous paragraphs, which have been extensively

investigated and fine-tuned, there exist more unconventional approaches to nanotube sort-

ing with very basic requirements in lab techniques and very good scalability. Dielectrophore-

sis is such an example, where sorting is achieved by exposing nanotubes to an alternating

electric field. The tubes first have to be dispersed in a solvent or gel using detergents like

SDS or SDBS. Then, the difference in dielectric constant between metallic and semiconduct-

ing tubes lead to an enrichment of metallic tubes at the electrodes, while semiconducting

tubes remain in the medium. Dielectrophoresis is mostly used to sort SWNTs by their

metallicity,202, however, methods for the separation of length and diameter have been in-

troduced.203,204

Another technique, introduced by Khripin et al. in 2013, is able to separates nanotubes

according to metallicity (for tubes > 1.2 nm) and diameter (for tubes < 1 nm) by sponta-

neous separation in aqueous two-phase polymer systems. By making use of the different
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hydrophobicity of different nanotube species, simple shaking of the polymer/nanotube so-

lution is needed to get intermixing of the two polymers with selective polymer wrapping.

After reformation, the two phases - now each enriched with different species - can be ex-

tracted separately. This process allows for an easy repeatability (for higher purity) as well

as scalability in the range of liters per run or more.205

2.3.3 Selective Dispersion with Conjugated Polymers

The first attempts to solubilize single-walled carbon nanotubes with polymers were re-

ported by the group of Adam Strevens from both Curran et al. and Coleman et al. in 1999

and carried out by simple decanting of an ultrasonicated and settled nanotube/polymer

dispersion in toluene. The solubilization of CNTs with poly(m-phenylenevinylene-co-2,5-

dioctoxy-p-phenylenevinylene) (PmPV) showed very good dispersion efficiency and stabil-

ity.206,207 Dalton et al. found the first signs of a selectivity towards a certain range of diameter

for PmPV as a dispersant.208

In the following years, a great number of SWNT-dispersing polymers have been iden-

tified, among them poly(p-phenyleneethynylene),209 polystyrene sulfonate, polyvinyl pyr-

rolidone, polyvinyl sulfate, poly(1-vinyl pyrrolidone-coacrylic acid), dextran and poly(so-

dium styrenesulfonic acid-co-maleic acid).210 However, it took until 2007, when Adrian

Nish presented a major breakthrough in (n,m)-selective polymer dispersion of carbon nan-

otubes by using polyfluorene-based homo- and co-polymers in organic solvents.12 Espe-

cially poly(9,9-di-n-octylfluorenyl-2,7-diyl) (PFO) and its copolymer poly[(9,9-di-n-octylflu-

orenyl-2,7-diyl)-alt-(benzo[2,1,3]thiadiazol-4,8-diyl)] (F8BT) showed strong selectivity towa-

rds semiconducting tubes with either high chiral angle (> 25°) or a strong diameter sensitiv-

ity (around 1.0-1.1 nm).

Since then, polyfluorene-type polymers and their interplay with carbon nanotubes

have been extensively researched. Only a few other polymer groups that also show selectiv-

ity towards certain nanotube features, additionally emerged next to PFO and its many vari-

ations and copolymers. Among them are polycarbazoles, which mainly disperses semicon-

ducting tubes with medium chiral angle,211–213 and aryleneethynylene polymers from the

group around Therien that show a preferential selection according to handedness.214,215 The

group around Zhenan Bao experimented with dithiafulvalene/thiophene copolymers216

and especially regioregular poly(3-alkylthiophene)s217 which show a reasonable selectivity

towards semiconducting SWNTs, but, unlike well adjusted polyfluorenes, still have signifi-
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cant traces of metallic tubes.218

The reason for this very selective dispersion behavior of conjugated polymers has been

investigated from different angles in the last years. The following paragraphs give a brief

summary of the different approaches that have been used and their results.

Wrapping Mechanism

Tang and Xu first showed helical wrapping - the presumably predominant interaction mech-

anism of long chained polymers around nanotubes - by means of in-situ polymerized pheny-

lacetylene in CNT solution.219 It is generally assumed, that helical coverage of the nanotube

by the polymer is favored over parallel alignment along the SWNT axis. The flexibility of the

polymer backbone plays an important role in this case, with flexible chains preferring helical

wrapping209,214,215 and few stiff polymers favoring the parallel configuration.220 This was

confirmed by numerous experiments209,219 as well as molecular dynamic simulations, that

take into account π − π and coulombic interactions, the side chain configuration and the in-

fluence of the solvent, all of which allow for the calculation of the SWNT/polymer binding

energy for different configurations.13,209,215 Here, the magnitude of the π − π interactions

between the SWNT and the polymeric chain determines the preference for certain nanotube

species and the stability of the dispersion. The rotational pitch of the PFO molecules was

found to depend on the CNT diameter and chiral angle,13 while for other polymers it was

experimentally measured with around 10 nm and 12-14 nm for aryleneethynylene poly-

mers and poly[p-{2,5-bis(3-propoxysulfonicacidsodiumsalt)}phenylene]ethynylene, respec-

tively.209,214

Figure 2.13: Schematic illustration of a double-helically wrapped SWNT.
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Geometrical Matching and Side Chain Length

The first reported selectivity with CNT/polymer dispersions as well as several observations

in later years show a diameter dependence of the wrapped nanotubes.208,217 For both helical

and parallel wrapping schemes, this indicates limitations in the spatial arrangement of the

polymer chain and its side-groups around the carbon nanotube. First, the backbone stiffness

mainly determines the orientation of the polymer towards the tube body and hence the

preferable wrapping angle. Second, the polymer side-chains can be oriented circumferential

or away-facing and in different angles around the tube, depending on their length, repetition

order and bond angles. This determines the appropriate interleaving - or zipping - of the

side chains with a preferably large contact area and small uncovered SWNT surface.

Molecular dynamic simulations showed clear preferential arrangements for different

polymers. In the case of PFO, Gao et al. reported the highest binding energies for heli-

cal conformations with one octyl chain per monomer facing away and the second one at-

tached to the tube surface.13 A higher flexibility in diameter is achieved this way, explaining

the observed chiral angle dependence over a range of diameters. For regioregular poly(3-

alkylthiophene)s Lee et al. showed that the chain length and side-chain zipping influences

the size of the polymer shell around the nanotube and hence the dispersed CNT diame-

ters.217

Detailed studies on the side-group length of polyfluorenes and poly(3-alkylthiophene)s

by Gomulya et al. and Wang et al., respectively, revealed a maximum diameter that can be

dispersed with a given chain length.20,218 In the case of polyfluorenes, the PFO-molecule

with octyl-side-chain was the smallest molecule to show selectivity for HiPco source ma-

terial (diameter 0.8 to 1.2 nm) at all, while side-groups with 6 C-atoms did not disperse

nanotubes anymore. Results for longer side-chains with up to 18 C-atoms showed that an

increase in side chain length increases the overall dispersion yield while simultaneously

decreasing the selectivity for individual (n,m) species. The increase in binding energy for

longer side-groups is attributed to the larger area on the nanotube that can be covered.

PFO Copolymers

Since the discovery of their usability for SWNT-dispersion in 2007, alternating polyfluo-

rene copolymers in (-A-B-A-B-)-configuration have been used side by side with the single-

monomer PFO macro-molecule. They can enable interesting variations to the already very
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Figure 2.14: Structural formulas of poly(9,9-di-n-octylfluorenyl-2,7-diyl) (PFO), poly[(9,9-di-n-
octylfluorenyl-2,7-diyl)-alt-(benzo[2,1,3]thiadiazol-4,8-diyl)] (F8BT) and poly[(9,9-
dioctylfluorenyl-2,7-diyl)-alt-co-(6,6’-{2,2’-bipyridine})] (PFO-BPy).

specific selectivity towards few semiconducting nanotubes. For example, variations with

azomethinyl and 1,2,3-triazolyl groups can enhance selectivity to only three predominant

species,21 while dispersions with PFO-copolymers like F8BT, PFO-Py or PFO-BPy (see Fig-

ure 2.14) can result in a striking near-monochiral distribution of semiconducting tubes, if

used with the right SWNT-source material.12,16–18 Furthermore, the alterations in the poly-

mer backbone with different copolymers next to the PFO monomer shed new light on the

polymer/nanotube interdependence. Pure fluorene polymers show a chiral angle selectiv-

ity independent of the side tail length.20 This can be changed to a selectivity towards cer-

tain diameters or diameter/chiral angle combinations by the addition of different copoly-

mers.12,14,15 One possible explanation for this behavior is the change of polymer backbone

stiffness that allows different dihedral angles of the monomers and consequently different

helical formations around the polymer.22 Tange et al. assume that an increase in backbone

stiffness to some extent is beneficial for selective nanotube wrapping, because a stronger

fixated, long-pitch helical formation is engaged.221

Luminescence in Polymer-Selected CNTs

The luminescence of SWNTs depends strongly on their direct environment, the degree of in-

dividualization and the present nanotube species. Reported fluorescence quantum yields
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ηPL for SDBS-dispersed SWNTs are in the range of 0.1 %,12,85 while quantum yields for

polyfluorene dispersed SWNTs have been measured from 0.3 % to 2.2 %, about one order of

magnitude higher on average.12,222,223 The higher quantum efficiency for the polyfluorene

dispersed species can be attributed to a significantly lowered amount of metallic species

which act as exciton quenching centers and a higher degree of debundeling, that reduces

lossy intertube energy transfer to neighboring carbon nanotubes. A dependence of the di-

ameter in PFO-wrapped tubes was found for both the fluorescence quantum yield and the

radiative lifetimes τr. Smaller diameters exhibit higher values for ηPL, while radiative life-

times vary between 3-10 ps with longer τr values for tubes with larger diameter.222,223. It

has been found that longer ultrasonication time - a necessary step in the dispersion process -

can significantly lower the quantum yield. Since the density of defects was still low also for

longer sonication times, the reason for this degradation effect was attributed to the short-

ening of the CNTs by vigorous sonication, and hence a length-dependence of ηPL can be

assumed.223

The energy transfer in PFO-selected CNT networks has been recently illuminated via

PL and femtosecond spectroscopy. A clear exciton energy transfer can be observed from

large bandgap/small diameter nanotubes to small bandgap/large diameter nanotubes with

a transfer rate of 2.7 x 1011 s-1 even with polymer wrapping around the adjacent tubes.

Mehlenbacher et al. determined two regimes for the energy transfer in the time domain.224

An ultra-fast and possible Förster energy transfer process (< 300 fs) on one hand, and a

second, relatively slower decay path over the complete lifetime of excitons (< 10 ps) on the

other hand. However, it was found that around 50 % of the photoexcitation is transferred

to neighboring CNT within the first 1.1 ps, with an average of 2 nanotube/nanotube hops

during an exciton´s lifetime, which is important for the spectral response and charge carrier

pathways of excited nanotube films in light emitting or photovoltaic applications.

The previous section show that SWNTs are a promising semiconducting material that

can show a variety of properties for conducting, semiconducting and luminescent applica-

tions. A key component for nanotube logic as well as nanotube lighting purposes is the

field-effect transistor. SWNTs can be used either CVD-grown or solution-processed in FET

devices, which makes them an interesting platform for both high performance and high

throughput manufacturing approaches. The following chapter will lay out the fundamen-

tals of the FET working principle and the usage of FETs with polymers and especially single-

walled carbon nanotubes.
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2.4 Field-Effect Transistor Architecture and Physics

Transistors are electrical switches, that have been first introduced by Shockley, Bardeen and

Brattain in 1947 in the form of a point-contact transistor. Point-contact transistors can be

described as two pn-diodes in series within a semiconductor. In the first devices this prin-

ciple was realized by two gold point contacts (collector and emitter contact) that were only

several tens of µm apart, creating two locally confined p-n junctions in n-doped germanium

(common base contact). These two p-type regions effectively formed a pnp-structure in

the semiconductor between the collector and emitter contact. The pn-diode between base

and collector was then biased in reverse direction, hereby creating the driving force for sig-

nal amplification. This way, smaller currents through the base-emitter diode in forward

direction were now enhanced by the variations in the space charge region within the n-

type doped base-contact. The realization of the point contact transistor marked a significant

breakthrough in the functional adaptation of vacuum tubes in a more economical, space-

saving and energy-efficient package. However, it was quickly succeeded by the bipolar

junction transistor, another type of current controlled transistor which proved more reliable

to manufacture.

Because of their high quiescence current, relatively high operational voltages and low

input impedance,the current controlled bipolar transistors in logic circuits were step by step

replaced by another type of transistor, the field-effect transistor (FET). The field-effect tran-

sistor is ideally purely voltage controlled with negligible quiescent current. Its concept was

introduced and patented by Julius Edgar Lilienfeld in 1925, though it took several years af-

ter the invention of bipolar types until first FETs were realized as junction gate field-effect

transistors (JFETs). In 1960 Dawon Kahng and Martin Atalla presented the MOSFET (metal-

oxide-semiconductor FET), a new type of transistor utilizing an insulated gate electrode

with high current gain and and high input impedance. Since then, the MOSFET architec-

ture has developed into the fundamental building block of silicon based integrated circuits,

which - on their part - are responsible for the large technological leap in computing power

that could be experienced since the 1960s.

2.4.1 Field-Effect Transistor Working Principle

A field-effect transistor in its basic form is a three terminal device with a semiconducting

material as its core component. The semiconductor is electrically connected by the source
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Figure 2.15: (a) Schematic three terminal MISFET structure with grounded source electrode, and bi-
ased gate and drain electrode in bottom-contact/top-gate configuration. (b) Illustration
of gate-field (E) assisted injection from source electrode in bottom-contact/top-gate con-
figurations.

and drain terminals on two opposing sides, creating a resistive load between the two con-

tacts. When the drain electrode is biased with respect to the source electrode, the flow of

holes or electrons through the semiconductor can be controlled by a voltage applied to a

third terminal, the gate electrode. In the so-called MISFET-configuration (metal-insulator-

semiconductor field-effect transistor), the gate electrode is capacitively coupled to the semi-

conductor by an insulating dielectric material, and therefore only controls the electrostatic

potential at the semiconductor/dielectric interface, while ideally no current should flow

from the gate to source or drain.

Figure 2.15 (a) shows a schematic illustration of a MISFET with the metal gate elec-

trode on top and the source and drain contacts below the semiconducting layer, making it

a bottom-contact/top-gate configuration. While other configurations (bottom-c./bottom-g.,

top-c./top-g., top-c./bottom-g.) exist, this work solely uses the shown arrangement. Here,

the semiconductor is sandwiched between source/drain electrodes and gate electrode, or

dielectric material, respectively. Since the contact area between the injecting electrode and

the semiconductor is large and parallel to the gate electrode, the gate field assists charge

carrier injection from the electrode to the accumulation layer (see Figure 2.15 (b)). The semi-

conducting channel region between source and drain can be of varying geometry with a

defined channel length L and a channel width W. Usually, the source electrode is associated

with the reference ground potential (Vs = GND), while the applied voltage to the drain (Vd)

and gate electrode (Vg) can be denoted Vds and Vgs with respect to the source.
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FETs can be categorized by the type of charge carriers being transferred from source

to drain electrode. Transistors with semiconductors that carry predominantly electrons are

called n-type, while materials that are hole conductors are called p-type. Those single-charge

carrier types are referred to as unipolar transistors, and their physical properties are covered

in chapter 2.4.3. However, materials exist that are able to transport both n- and p-type charge

carriers, even at the same time, which is called ambipolar transport. Ambipolar transistor

devices are described in chapter 2.4.5.

The following sections will discuss the MIS capacitor and FET transistor structures

for the case of single-walled carbon nanotubes or polymer semiconducting materials, with

deviations to traditional inorganic FETs like silicon MOSFETs. But even though details may

vary for different materials, the theoretical formalisms based on the gradual channel ap-

proximation can universally be applied to FET structures.225–227

2.4.2 MIS Capacitor

A field-effect transistor with source and drain on the same potential can be treated like a

MIS-capacitor, referring to the metal-insulator-semiconductor combination, as seen from

the gate electrode. The capacitance CMIS of such a structure is given by the following equa-

tion:

CMIS = ǫ0 · ǫr ·
A

di
(2.8)

Here ǫ0 is the permittivity of vacuum, ǫr the dielectrics relative permittivity, A is the capac-

itor area, defined by the transistor active area, and the dielectric thickness di, resulting in a

higher capacitance for thinner dielectrics. Equation 2.8 is based on the parallel plate capaci-

tor model and provides a good approximation of the SWNT-device capacitance and derived

performance parameters, as long as the dielectric thickness is large compared to the average

SWNT-distance.228 However, for low SWNT densities or thin dielectric thickness, the in-

trinsic quantum capacitance of the nanotubes can be considered, which depends inversely

on the inter-tube distance and takes into account the nanotube-diameter and the thickness

of the dielectric.99 The quantum capacitance for individual SWNTs has been measured in

the range of tens of aF/µm, depending on the tube diameter. The measured quantum ca-

pacitance was found to be significantly lower as calculated by DOS-based zone folded tight

binding simulations due to strong electron-electron interactions.229

Figure 2.16 shows the ideal band structure of a MIS capacitor with a SWNT as semi-
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conductor in several operational modes. EV and EC denote the SWNT valence and con-

duction band edges, respectively, of an undoped SWNT with the Fermi-level EF,S in the

middle of the bandgap.230 The contact with oxygen in ambient conditions usually leads to

a p-doping of the semiconducting tubes with negative charges. However these can be re-

moved or omitted by processing and annealing in inert atmosphere. The Fermi-level EF,M

of the metal-gate was chosen to correspond to a high workfunction metal like gold or sil-

ver, with the potential barrier of φB from the metal to the dielectric. It is assumed that for

zero gate voltage applied, the Fermi levels of the metal gate EF,M and the SWNT EF,S are on

equal level and no band bending due to adjustment of the Fermi levels or trap states at the

semiconductor/dielectric interface occurs. (see Figure 2.16 (a)) For a positive or negative

voltage Vg applied to the metal (gate) contact, a voltage-drop across the insulator (Vi) and

the semiconductor (Vs) occurs due to an upwards (negative Vg, Figure 2.16 (b)) or down-

wards shift (positive Vg, Figure 2.16 (c)) of the metal-gate Fermi-level EF,M. In case of a large

enough negative gate bias, the voltage drop across the dielectric and semiconductor lead to

a shift of EF,S in the SWNT below the valence band edge, enabling the accumulation of holes

that are now available for conduction. Similar to hole accumulation, sufficient positive gate

bias leads to upward-shift of the Fermi-level EF,S above the conduction band edge, hence

accumulating electrons at the dielectric interface. The amount of accumulated charges is

proportional to CMIS and equals the density of opposite charges at the gate electrode.

Figure 2.16 illustrates the semiconductor with a thickness of only a single nanotube

and hence a one-dimensional spatial prolongation. For thicker nanotube films, the accu-

mulation of charges on nanotubes at the SWNT/dielectric interface leads to a screening of

SWNTs that are further away from the interface layer, resulting in a decreasing accumula-

tion of charges at nanotubes with an increasing distance from the dielectric. A similar effect

is found in polymer MIS-capacitors or polymer FET-devices. Since the polymer dielectric

layer usually is a three-dimensional bulk material with a certain thickness, the accumula-

tion of charges at the interface leads to a band bending of the HOMO and LUMO levels,

with an exponential decay of the local potential perpendicular to the dielectric interface,

leading to an exponential decrease of charge carrier density with increasing distance to the

dielectric.225,226

In real MIS structures the equilibrium case for zero Vg usually deviates from the flat

band case depicted in Figure 2.16 (a). The reason for this can be differences in the work-

functions (or Fermi levels) of semiconductor and metal. Since the Fermi levels of two con-
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Figure 2.16: MIS capacitor band structure with a single undoped SWNT as semiconductor in (a) flat
band condition, with equal Fermi levels EF,M and EF,S for metal and semiconductor and
no gate voltage applied. The semiconductor is not conductive, because EF,S is centered
within the bandgap and no charges are accumulated. In the case of sufficient negative
gate voltage, hole accumulation occurs (b) due to a shift of EF,S below the valence band
edge EV , while a sufficient positive gate voltage leads to electron accumulation (c) be-
cause of a shift of EF,S above the conduction band edge.

nected materials need to be coincident, an interfacial dipole will form, resulting in a new

equilibrium state. Due to the high electron density in the metal, the band alignment will

mainly take place in the semiconductor. Interfacial traps and fixed charges in the insula-

tor can further modify the behavior of the MIS interface. While interface traps have to be

filled first during charge accumulation, these lost charges have to be subtracted from the

total amount of charges in the channel. Fixed charges in the insulating layer can lead to

a fixed bias condition at the interface, independent of Vg and resulting in additional band

bending, depending on the polarity of the charges. Thus, when deviating from an ideal to a

real MIS capacitor, a certain threshold voltage Vth has to be exceeded, in order to get charge

carrier accumulation with mobile charges in the semiconductor. The effective voltage seen

at the insulator-semiconductor interface is consequently Vg −Vth, and the amount of mobile

charges Qmob can be calculated with the capacitance per unit area Ci = CMIS/A:

Qmob = Ci · (Vg − Vth) (2.9)

In a field-effect transistor, source and drain are usually not at uniform potential. This
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will be discussed in the following sections.

2.4.3 Unipolar Field-Effect Transistor

When coming from a classical MIS-capacitor to a field-effect transistor, the bias difference of

source and drain electrode has to be considered. Here, the gradual channel approximation

is applied, where a progressive change in the channel bias within one-dimensional models

is assumed. Since the lateral potential V(x) along the channel length L will change in this

case, equation 2.9 can be expanded to:

Qmob = Ci · (Vg − Vth − V(x)) (2.10)

The current from source to drain Id can be given by the following equation, with W being

the channel width, the field-effect mobility µ, and the electric field between source and drain

F(x):225

Id = W · µ · Qmob · F(x) (2.11)

We can now substitute Qmob with equation 2.10 and F(x) with dV/dx:

Iddx = W · µ · Ci · (Vg − Vth − V(x))dV (2.12)

By integrating over x along the channel from 0 (source) to L (drain) with the respective

voltages V(x) from 0 to Vd and considering current continuity for Id through the channel,

we get

Id =
W

L
· µ · Ci · ((Vg − Vth) · Vd − 0.5 · V2

d ) (2.13)

Equation 2.13 determines the drain current depending on the used transistor architec-

ture, applied voltages, semiconductor mobility and used gate capacitance.

Output Characteristics

We can distinguish between three different operational areas for a given gate voltage Vg >

Vth and varying drain voltage Vd, which are illustrated in Figure 2.17. For a small drain

voltage (Vd ≪ Vg − Vth) we get a regime of linear dependence of Ids vs. Vd, as well as

a linear voltage drop of Vds from source to drain. Unsurprisingly, this is called the linear
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regime. Since Vd is very small with respect to Vg, equation 2.13 simplifies to:

Id =
W

L
· µ · Ci · (Vg − Vth) · Vd (2.14)

When Vd is further increased to the point where Vd = Vg − Vth = Vd,sat, the so-called pinch-

off point is reached (see Figure 2.17 (b)), where the difference between V(L) - the channel

potential with respect to Vd at the drain electrode - and Vg reaches the threshold voltage. A

further increase of Vd above Vd,sat, with an incremental part of the local channel potential

falling below Vth, leads to a constriction of the accumulation zone by a space charge region,

which is depleted from majority carriers. This depletion zone will extend for increasing Vd,

with the pinch-off point moving from the drain in direction of the source electrode and thus

limiting the current between source and drain. In this saturation regime the drain current

will stay at a constant value Ids = Ids,sat and equation 2.13 is rendered invalid. Since the

voltage drop between the source and the pinch-off point stays the same, we can substitute

Vd with Vd,sat = Vg − Vth

Ids,sat =
W

2 · L
· µ · Ci · (Vg − Vth)

2 =
W

2 · L
· µ · Ci · V2

d,sat (2.15)

The current onset behavior in output curves can further be used to estimate the contact

resistance, which originates from the Schottky-barrier at the semiconductor/metal interface

at the source and drain contacts. While a linear current onset points to ohmic injection be-

havior with negligible contact resistance, larger energy barriers between the injecting elec-

trode and the semiconductor result in a delayed and non-linear current onset.

Charge Carrier Mobilities

In the linear regime, Id is defined by equation 2.14 and the charge carrier mobility for this

regime µlin can be derived from the slope of an experimentally determined Id vs. Vd transfer

characteristic, using:

µlin =
dId

dVg
· L

W · Ci · Vd
(2.16)

For the saturation regime, the field-effect mobility can be derived from equation 2.15 and can

also be extracted from the Id vs. Vd transfer characteristic by using the slope of the
√

Id vs. Vg
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Figure 2.17: Schematic illustration of FET output regimes with channel potential distribution be-
tween source (S) and drain (D) electrodes, in the linear regime (a), at the pinch-off point
(b) and in the saturation regime (c).

plot, giving:

µsat =

(

d
√

Id

dVg

)2

· 2L

WCi
(2.17)

Depending on the used gate voltage and transport regime, linear or saturation mobil-

ities can be extracted from the transfer characteristics.

2.4.4 Schottky Contacts

Schottky contacts are potential energy barriers that form at metal/semiconductor interfaces

if the Fermi-level of metal (EF,M) and semiconductor (EF,S) are of different height. When

the two materials are joined, electrons from the semiconductor move into the metal, creat-

ing a space-charged depletion zone in the semiconductor, until the Fermi levels of the two

components equilibrate. Figure 2.18 (a) and (b) illustrates the schematic energy levels in the

metal and a slightly p-doped semiconducting SWNT before and after joining the two ma-

terials with adjustment of the Fermi-levels. In this example, a carbon nanotube was chosen

as a semiconducting material, but the applied theoretical assumptions are also valid for or-
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ganic polymer and inorganic semiconductors. The alignment of the energy levels and the

depletion of the semiconductors interfacial region leads to the formation of a potential bar-

rier for holes or electrons - depending on the specific height of EF,S and EF,M. The p-type

semiconductor from Figure 2.18 (a) and (b) creates a hole barrier of the height φB due to a

higher EF,S compared to EF,M. The specific Schottky barrier heights for holes (φB,h) and and

electrons (φB,e) can be estimated as follows:

φB,e = φM − χ (2.18)

φB,h = χ + Eg − φM = IS − φM (2.19)

Here, φM is the metal workfunction, χ is the electron affinity and IS the ionization

potential of the semiconductor, with the bandgap Eg being the difference between valence

and conduction band edge: Eg = EV − EC, or - in case of organic polymers - the difference

between HOMO and LUMO, respectively. However, it has been found that in real metal-

semiconductor contacts, the height of φB may depend only marginally on the metal work-

function due to the Fermi-level pinning effect.231 Furthermore, the influence of trap-states at

the metal/semiconductor junction can modify the height of the Schottky barrier by forming

interfacial dipole layers.231,232 For example, in the case of carbon nanotubes, this has been

attributed to adsorbed oxygen molecules at the gold metal electrodes233 and was found to

be difficult to predict theoretically due to procedural variations in device fabrication and the

bond-strength from the tube to the metal.231,234

Charge carrier conduction from the metal to the semiconductor across the Schottky

barrier is mainly possible by thermionic emission over or tunneling through the Schottky

barrier.236 Consequently, the Schottky contact can be treated as a series resistance in the con-

duction path that has to be overcome. Electrons can tunnel through the energy barrier if the

width of the space charge region xD is sufficiently small. Tunneling can further be assisted

by higher applied electric fields, leading to increased band-bending, thus lowering xD and

increasing charge carrier velocity. The width of xD can be decreased by higher doping lev-

els in the semiconductor, which create higher local electric fields as well as the geometrical

optimizations of the diode or FET-design.237 In the case of single-walled carbon nanotubes,

xD was found to be few nm thin, and the tube structure with very thin diameters shows a

pronounced field effect that enables significant tunneling currents.231
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Figure 2.18: Schematic energy levels of the metal electrodes (workfunction φM and Fermi-level EF,M)
and p-doped semiconducting SWNT (electron affinity χ, with valence (EV) and con-
duction band edges (EC) and Fermi-level (EF,S) before (a) and after contact (b). When
in contact, the respective Fermi-levels equilibrate, leading to a charge carrier depleted
area with width xD and the formation of a Schottky barrier with height φB. (c) For a
given electrode workfunction, different SWNT bandgaps (Eg,1 > Eg,2 > Eg,3) lead to
different heights of φB with larger barriers for low-diameter/large bandgap SWNTs.. (d)
Different electrode materials with different workfunctions lead to different heights of φB

for a given nanotube bandgap-size. For hole injection, high workfunction metals like
palladium (EF,Pd) create smaller Schottky barriers as medium (titan, EF,Ti) or low work-
function metals (aluminium, EF,Al). Subset (c) and (d) adapted from [235].
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For Schottky barriers with a given metal contact and SWNT semiconductor, the mag-

nitude of φB is dependent on the specific nanotube (n,m) indice, which determines the tubes

bandgap size. In case of semiconducting polymers, the specific HOMO and LUMO levels

and their displacement from the metal workfunction have to be considered. Figure 2.18 (c) il-

lustrates the case of a fixed metal workfunction and three nanotube with different bandgaps

(Eg,1 > Eg,2 > Eg,3) For undoped nanotubes, the Fermi-level is centered between the va-

lence and conduction band edge at around 4.45 to 4.55 eV.230 Larger nanotubes with smaller

bandgaps create a smaller Schottky barrier to the metal Fermi-level EF,M, while small nan-

otubes usually feature larger bandgaps that lead to higher φB.

Figure 2.18 (d) shows the influence of metals with different workfunctions on the

height of the injection barrier φB. For a given nanotube with fixed diameter and bandgap,

high workfunctions metals like palladium (φM,Pd =5.1 eV, EF,Pd) result in a smaller Schottky-

barrier, while lower workfunction metals like titanium (φM,Ti =4.3 eV, EF,Ti) and aluminium

(φM,Al =4.1 eV, EF,Al) exhibit higher energy barriers with SWNTs.235,236

Heinze et al. proposed the concept, that - unless good ohmic contact can be realized

at both the source and drain electrode - carbon nanotube FETs actually operate as “Schottky

barrier transistors”, where the applied gate voltage mainly changes the contact resistance

from the SWNT to the electrodes by modulating the width of xD rather than the channel con-

ductance itself.238 Unlike in inorganic semiconductors, where ohmic contacts to the metal

contacts can be fabricated by local doping of the interface region, organic semiconductors

like SWNT or polymers usually are dependent on different electrode materials, to enable

ohmic transport for either holes or electrons.89,232,235,236,239–242

2.4.5 Ambipolar Field-Effect Transistor

Ambipolar charge transport can be achieved with semiconductors that are able to accu-

mulate both types of majority charge carriers. Thus they are able to function as n-type or

p-type semiconductors, for electron accumulation at positive gate bias or hole accumulation

at negative gate bias, respectively. Alongside these two unipolar operational modes, a third

- ambipolar - regime can be realized, where electrons and holes are injected from oppos-

ing electrodes at the same time, and the charges annihilate themselves within the transistor

channel.

Figure 2.19 (a) gives an overview over the three regimes and the applied voltages for

each case by means of their typically V-shaped transfer characteristics. Since both electrons
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and holes can be accumulated in the semiconductor, it depends on the applied gate voltage

with respect to source and drain, which type of charge carrier is injected into the channel.

For positive Vd, electrons are injected from the source contact and holes are injected from the

drain contact, effectively making the drain electrode a source for hole injection. Assuming

a constant and adequate source-drain voltage Vsd, one gets unipolar hole accumulation for

Vg < Vth,e and Vg − Vd ≤ Vth,h as well as unipolar electron accumulation for Vg ≥ Vth,e and

Vg −Vd > Vth,h. Ambipolar charge transport is the case for Vg ≥ Vth,e and Vg −Vd ≤ Vth,h.227

An increase in Vds leads to higher ambipolar currents and a shift of the V-shaped curves

towards higher absolute values of Vg (see Figure 2.19 (b)). It has to be noted, that ambipolar

transistors do not have an off-state, unless Vd is chosen sufficiently low to comply with

Vg − Vd > Vth,h and Vg < Vth,e in n-type unipolar transport or Vg − Vd < Vth,e and Vg > Vth,h

in p-type unipolar transport.

Following the gradual channel approximation243, the width of the recombination zone

of holes and electrons in the ambipolar regime can be assumed with zero extent. Thus, the

part of the channel filled with holes Lholes and the part filled with electrons Lelectrons add up

to the total channel length L = Lholes + Lelectrons with hole and electron currents annihilating

themselves: Ielectron = Ihole = Id. Since saturation behavior can be expected for both electron

and hole current, with the pinch-off point being the recombination zone, equation 2.15 can

be extended for the ambipolar regime

| Ids |=
W

2 · L
· Ci ·

{

µe · (Vg − Vth,e)² + µh(Vds − [Vg − Vth,h])²
}

(2.20)

Output characteristics for ambipolar devices as Vd vs. Id plots with constant Vg behave simi-

lar to unipolar devices for higher absolute gate voltages, but differently for low | Vg |, where

quadratic current increase is observed for rising | Vd |.

The length of the partially electron- or hole filled accumulation zones within the tran-

sistor channel- and consequently the position of the recombination zone between them - can

be calculated with help of

x0 =
L · (Vg − Vth,e)²

(Vg − Vth,e)² +
µh

µe
· (Vds − (Vg − Vth,h))²

(2.21)

with x0 referring to Lelectrons and Lholes = 1 − Lelectrons and µe and µh being the respec-

tive electron and hole mobilities.

Following equation 2.21, Figure 2.20 (a) and (b) show calculated positions of the re-
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Figure 2.19: (a) Transport regimes in ambipolar transfer curve (violet) with partial unipolar currents
for holes (red) and electrons (blue). (b) Increasing drain voltage Vd leads to higher am-
bipolar currents in a SWNT-FET and a shift of the ambipolar region to higher gate volt-
ages.

combination zone, the meeting point of Lelectrons and Lholes for a gate voltage sweep to pos-

itive gate voltages for different ratios of hole mobility /electron mobility and for different

necessary threshold voltages Vth,h and Vth,e. This leads to a narrowing of the emission zone

movement within the gate voltage range. x0 can be used to calculate the potential distribu-

tion V(x) within the channel:

V(x) = Vg
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(2.22)

In this simplified case, the threshold voltages are assumed to be zero. Figure 2.20 (c)

shows an example V(x) distribution for varying Vds in an ideal transistor with µh/µe = 1.

2.4.6 Electrolyte Gating

Electrolytes are materials or material-compounds with individualized and mobile ions (pos-

itively charged cations and negatively charged anions) that orientate and move with respect

to applied electrical fields. They can exist in several forms: Salts in liquid medium (elec-

trolyte solutions), molten salts with melting points below 100 °C (ionic liquids), macroscop-

ically immobilized ionic liquids by suitable gellation- or network-building polymers (ion

gels) or ions in polymer matrix (polyelectrolytes and polymer electrolytes).

Electrolytes can be used to capacitively couple a gate electrode in a FET structure to
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Figure 2.20: Calculated distance of the recombination zone from the source electrode depending on
the applied gate voltage/drain voltage ratio in an ideal transistor with (a) different ratio
of hole mobility/electron mobility and zero Vth,e and Vth,h and (b) different necessary
threshold voltages for hole and electron accumulation with µh/µe = 1. The introduction
of threshold voltages (as well as voltage drops contributing to contact resistance effects
) in the calculation lead to a narrowing of the emission zone movement within the gate
voltage range. (c) The voltage distribution V(x) within the transistor channel for differ-
ent Vds with Vg = 5 V and and a µh/µe-ratio of 1.

a semiconducting layer. With no voltage across the electrolyte, cations and anions are ran-

domly distributed within the bulk. By applying a bias between gate and source electrode,

the ions orient and form an electric double layer (EDL) at the respective electrodes, which

consists of cations or anions of the electrolyte and the respective countercharges in the metal

contact or semiconductor (see Figure 2.21). The two EDLs on both electrodes are only a few

nm thick and the applied voltage drops nearly completely within the double layers, hence

high local electric fields are created, while the bulk electrolyte is nearly charge neutral with

negligible electric field. Following equation 2.8, the quite thin electric double layers feature

very high intrinsic capacitance Ci in the range of 1-10 µF/cm² for modern ionic liquid based

ion-systems.244 This is around an order of magnitude higher than state-of-the-art high-ε

dielectrics like Ta2O5 with around 100 nm thickness245 and enables very high currents in

transistor applications (see Equation 2.13).

Ionic liquids (ILs), which are salts of different inorganic and organic ions that are pre-

dominantly liquid at room temperature, experience increasing popularity.246,247 By using ILs

together with gellation or network-building polymer additives, they can easily be solution-

processed and applied to flexible polymer or paper substrates.248 This is unlike other high-ε

dielectrics like Ta2O5 ZrO2 or HfO2 which require more costly and elaborate techniques like,

for example, atomic layer deposition. The high intrinsic capacitance of ILs and ion-gels en-

ables low voltage operation of FET devices, however with limited switching speed due to
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Figure 2.21: Ion-distribution in electrolytes without (a) and with (b) applied voltage across the bulk.
No voltage leads to a random distribution of cations and anions. Subset (b) shows
the formation of an electric double layer (EDL) at the interfaces with neutral bulk ion-
distribution.

the required diffusion of ions within the bulk electrolyte.

2.5 Carbon Nanotube Field-Effect Transistors

SWNTs have the potential to outperform conventional silicon FET architectures due to their

ability to function as n-type as well as p-type semiconductor, their ballistic transport and

chemical robustness. While many different CNT-FET architectures are under investigation

these days, the first nanotube transistor was realized as a unipolar single-nanotube FET in

bottom-contact/bottom gate configuration by Tans et al.249 and shortly after by Martel et al.

in 1998.250

Several drawbacks of these first CNT-switches have been identified and improved

upon since. One issue is the formation of a Schottky barrier at the metal-contact/SWNT

interfaces, because of interface dipoles created by a mismatch of the metal workfunction

and the SWNT Fermi levels. The height and thickness of the Schottky barrier determines

whether hole or electron transport dominates in the FET. While high workfunction metals

like Pd favor hole injection, low workfunction contacts of Al or Ca would benefit electron

injection.239,240 Depending on the thickness of the created contact barrier, quantum mechan-

ical tunneling is the dominant transport mechanism, and it has been shown that ambipolar

transport with simultaneous hole and electron injection is possible by modifying the con-

tact/SWNT interface properties.238,251 Ballistic charge transport was first realized by Javey

et al. with Pd-electrodes and improved sticking behavior of the nanotubes.89 Next to the
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electrode workfunction, other interface properties influencing the charge injection have been

identified, among them contact doping252, the dielectric thickness253, gate bias238,251, ther-

mal treatment254 and contact geometry.251

Similar improvements to the channel/gate region of the CNT-FET have been intro-

duced. The gate geometry significantly influences the leakage and noise behavior, as well as

the voltage efficiency and can be improved by top-gate configuration254 or wrap-around di-

electrics and gate electrodes.255 Gains in performance can also be achieved by different gate

insulators, where high-k dielectrics256 or air suspended CNTs257,258 lead to higher mobili-

ties as well as improved noise and hysteresis behavior by reducing trapped charges at the

SWNT/dielectric interface. Alternative gating methods involve the use of electrolytes259or

ionic liquids140,260,261 as dielectric, which exhibit very high intrinsic capacitance and thus

enable low voltage operation of the CNT-FETs.

2.5.1 Random Network Nanotube FETs

SWNT field-effect transistors can be realized not only as single nanotube 1D molecular de-

vices, as discussed in the previous paragraph, but also in a randomly distributed network

configuration, by spreading CNTs over a larger area in 2D thin films. In single nanotube

devices occur large device-to-device performance discrepancies, stemming from differences

in chirality, diameter and metallicity between the contacted tubes. These discrepancies are

more or less eliminated in CNT network FETs, because the properties of individual tubes are

averaged over the entire film. However, the field-effect mobility, exceeding 10.000 cm2V-1s-1

in single nanotube FETs92,262, is not as high in random network devices, where record mo-

bilities of over 100 cm2V-1s-1 have been reported so far.263,264 This loss in performance is

easily explained by the structure of the CNT networks, where charge transport, depend-

ing on the length and number of nanotubes, is more governed by the junctions between

individual tubes than the transport in the tubes themselves (see chapter 2.1.5 for reference).

Comparing the performance potential of different materials, the achieved mobilities in CNT

network FETs easily exceed those of high mobility polymers or amorphous silicon up to

date, where field-effect mobilities of 1-10 cm2V-1s-1 are common157 and slowly approach the

level of crystalline silicon with hole mobilities of 450 cm2V-1s-1. SWNT networks can tolerate

a certain amount of metallic CNTs, as long as the percolation threshold for mSWNTs is not

reached.102 The conductivity, as well as the field-effect mobility of the networks depend on

the density and thickness of the films. A higher density gives higher values for conductivity
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and mobility, however the on/off ratio of transistors tends to degrade in this case since more

metallic species are present in the film.263

The deposition of nanotube networks can be achieved in different ways. While the

first CNT-films where CVD-grown directly on the substrate263, transfer techniques quickly

emerged and allowed for the deposition of these CVD grown films onto different sub-

strates.143 The possibility to use polymer substrates in this case is especially intriguing, since

it allows the use of CNTs in the emerging field of flexible electronics, which would otherwise

be prevented by the high growth temperatures during a CVD process.143–145

Solution processing is another way to create CNT-network films on a variety of sub-

strates19,20,217,265,266 with low processing temperatures. The deposition from solution opens

up the possibillity of cheap and printable SWNT functional layers, where up-scaling tech-

niques like ink-jet printing267–270 and reel-to-reel coating99,271 would enable the commercial

application of carbon nanotube electronics. Furthermore, highly purified carbon nanotube

inks can be used, that exhibit nearly no traces of metallic SWNTs, which would deteriorate

the transistor on/off ratio. Compared to other bulk nanotube deposition techniques, so-

lution processed network-CNT-FET exhibit state-of-the-art performance, when taking into

account both the achieved mobilities and the on/off ratio of the devices.19,20,217 Network

FETs have so far been used in integrated circuits, including ring oscillators145,272 and active

matrix displays.273

2.5.2 Aligned Network Nanotube FETs

The alignment of CNTs in network films necessitates different techniques and is possible

for both CVD- and solution-processing. While random network SWNT films exhibit uni-

form electrical performance independent of their lateral orientation, the tube alignment in

on preferential direction can introduce anisotropic characteristics to the CNT film in terms

of electrical, optical and structural properties.105,106,274–276 Furthermore, the placement of

the nanotubes with proper orientation is rather difficult when using methods for random

CNT distribution, while it would be desirable to structure and distribute nanotubes with

respect to their application purpose. For the application in thin-film transistors, especially

the defined spatial arrangement of electrodes and nanotubes can prove difficult, when a pre-

alignment of the contacts or deposited nanotubes is given. Effective field-effect mobilities

should benefit from the alignment of nanotube networks over randomly oriented CNT-films

in the range of about an order of magnitude.99 The reason for this is the increased transport
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in the preferred tube orientation, a decreased number of junctions from contact to contact,

and increased tube-tube contact area, resulting in lower sheet resistivity.

Methods for vertical and horizontal alignment exist, and while both methods have

been used for FET-devices, horizontal alignment between source and drain is beneficial. Due

to their one-dimensional structure, the charges in carbon nanotube films are preferentially

transported along the nanotube axis and thus a CNT alignment in the electric field direction

is preferential for charge transport. However, it was found that semiconducting tubes are

conductive also perpendicular to the tube axis.274 The first one to use aligned SWNT in a

FET architecture was Xiao in 2003, using CVD grown vertical tubes on silicon substrate and

reaching field-effect mobilities as high as 61 cm2V-1s-1.277 Here, good electrical performance

was found with alignment perpendicular to the field direction, due to dense assembly of the

nanotubes, effectively lowering the sheet resistance by uniform orientation with numerous

nanotube-nanotube junctions (see chapter 2.1.5).

While exotic alignment techniques for CNT-networks exist,278 common processes have

been established. An overview is given in the following paragraphs.

CVD Nanotube Alignment

The aligned growth of carbon nanotubes by CVD processes can be achieved in several ways.

It has to be noted that horizontally aligned CVD film do not qualify as SWNT-networks

per se, because the achieved densities can be quite low, resulting in highly aligned indi-

vidual carbon nanotubes without any physical contact to each other. Dense films with a

large nanotube/nanotube overlapping area and the formation of SWNT bundles or ropes

qualify as aligned CNT networks, while individualized and aligned SWNTs can be seen as

arrays of parallel single-nanotube FETs, generally with a heterogeneous distribution of nan-

otube properties regarding their (n,m)-chirality and metallicity. One way to achieve align-

ment in CVD growth is to use pre-patterned precursor material,279 or pre-structured sub-

strates by etched heterostructures280 as well as X-, Y-, Z- and ST-cut crystalline quartz sub-

strates.281 Other methods to align CVD grown nanotubes involve the use of electric fields,

with the nanotubes growing in field direction282 or the use of the precursor gas-stream,

with SWNTs growing in the direction of the gas flow without physical interaction with the

substrate.283,284
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Dielectrophoresis

The alignment of CNTs (and nano-particles in general) dispersed in solution can be achieved

by dielectrophoresis (DEP), meaning the positioning of particles between two electrodes

within a nonuniform AC field with frequencies of 1kHz or above285. DEP relies on the

induction of multipolar moments under the influence of alternating electric fields, caused by

the movement of bound charges within the particles. Due to the one-dimensional antenna-

like structure of carbon nanotubes, this leads to an alignment of tubes within the direction of

the AC field with well defined nanotube bundles extending from one electrode to the other.

The density of the film can simply be adjusted by the CNT concentration in solution as well

as the exposure time and magnitude of the electric field.

Krupke et al. pioneered the DEP technique with carbon nanotubes and presented

the first FET with dielectrophoresis deposition285,286, quickly followed by the introduction

of DEP-based metallic/semiconducting separation mentioned earlier (see chapter 2.3.2).202

Since then, up-scaling efforts have been introduced, with for example, large scale integration

and batch processing of aligned nanotubes287,288 as well as improved FET performance with

high density SWNT-deposition and refined processing parameters.289–291 Stokes and Khon-

daker achieved FET mobilities in the range of 1380 cm2V-1s-1 with solution processed and

DEP-deposited nanotubes, however these were no network films, but individually aligned

tubes between Pd-contacts.292

Electrophoresis

Electrophoresis (EP) is a solution based deposition method, like dielectrophoresis, but mak-

ing use of uniform DC electric fields instead. It can be applied to a variety of different mate-

rials.293 The underlying mechanisms are different for EP than for DEP. In an EP-deposition

the electric surface charge of suspended particles is affected, which is usually accompanied

by a layer of counter-polarized ions in solution, forming a double layer structure. Under

the influence of a constant DC field, the charged particles move in one direction, while the

counter ions in solution drift in the opposite direction. Compact and closed EP-CNT films ,

with nanotubes oriented in a random fashion and perpendicular to the electric field , can be

made with very high homogeneity and uniformity of thickness on many kinds of substrates

and differently formed structures.294,295

Electrophoresis with SWNTs appears to have been first used by Choi et al. in 2000,
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where nanotubes were deposited out of solution as field emitters onto ITO (indium tin ox-

ide) electrodes, forming randomly organized and thick CNT layers which were oriented per-

pendicular to the electric field direction.296 With similar results larger CNT films have been

made and characterized by Du et al. shortly after.297 Next to CNT field emitters296,298 and

coatings, electrophoretically created nanotube layers can be used in structural composites,

biomedical scaffolds and large area electrodes, catalysts, capacitors and gas sensors.294

The vertical alignment of CNTs for field emission applications has been first shown by

Nakayama and Akita using polysilane films as supporting structure.299 In contrast to this,

Kamat et al. reported the horizontal and parallel alignment of EP-deposited CNTs from

solution between transparent electrodes.300 While in this study, lower electric fields (< 10

V/mm) showed the typical SWNT deposition at one electrode, higher electric fields (> 20

V/mm) resulted in aligned CNT-fibers between the electrodes. These nanotube fibers were

anchored at the electrode where deposition typically would take place and extended further

towards the opposite electrode for increasing fields. The authors assumed charging of the

nanotube end-caps according to their orientation in the electric field. Thus, a simultane-

ous compensation and stabilization of the nanotube polarity by the dispersing ammonium

cations occurs, which leads to an alignment of the carbon nanotube in field direction. Elec-

trostatic and coulombic attraction between the CNTs now lead to a formation of bundles and

ropes between the asymmetrically charged tubes. The higher electric fields are necessary in

this case to stabilize the SWNT alignment, whereas lower electric fields show randomly ar-

ranged CNT-films. However, no bridging of the electrodes was reported in this study, since

the charged nanotube ropes seemed to be repelled from the other electrode when completely

extending through the channel.

2.6 Light-Emitting Field Effect Transistors

Light-emitting field-effect transistors (LEFETs) are an interesting concept, that combines

the light emitting properties of direct-bandgap semiconductors normally found in (organic)

light-emitting diodes (LEDs and OLEDs, respectively) with the switching properties of clas-

sic FET-architectures. The concept of a light-emitting FET has been introduced by Hack

et al. in 1986301, when their group realized double-injecting (ambipolar) transistors with

amorphous silicon as semiconductor. But since bulk silicon inhibits light emission by its

indirect bandgap, it took until 2003 when Misewich et al. as well as Hepp et al. reported

the first light-emitting field-effect transistors based on carbon nanotubes and the organic
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Figure 2.22: Schematic illustration of hole- and electron-charge carrier density in LEFET transistor
channel with recombination (emission-) zone (red arrow).

small molecule semiconductor tetracene, respectively.133,302 Since then, traditional solid-

state semiconductors only played a minor role in the advancement and development of

light-emitting transistors303–305, while many different operational concepts, materials, and

fabrication methods emerged for LEFETs based on organic molecules, conjugated polymers

and carbon nanotubes. The advantages that these semiconductors can offer are simple and

cheap solution-based processing methods on one hand, combined with good electrical per-

formance and tailorable luminescent properties over a wide spectral range on the other

hand.

The lateral LEFET device architecture itself (schematic illustration shown in Figure

2.22) enables a new perspective on the electrically stimulated emission zone, which is ob-

servable from the top or bottom of the device and can be realized with electrode spacings of

several tens or hundreds µm. This enables the easy use of optical characterization and imag-

ing methods, unlike the classic OLED architectures with planar functional layers, which are

practically not observable and sandwiched between anode and cathode within several tens

or hundreds of nanometers.

Furthermore, the built-in combination of switching and light emission could combine

the current providing drive-FET and the emitting (O)LED in a active matrix display setup,

thus saving space in an commercial integrated setup, where down-scaling of size and an

increase in integration density are a permanent agenda.306 LEFETs can be easily equipped

with feedback structures, as shown by Gwinner et al., which enable wave-guiding and the

controlled out-coupling of light-emission, marking on step towards the creation of an elec-

trically pumped polymer laser. Though, for lasing purposes the overall exciton density in

polymer emitters is still orders of magnitudes too low.307

The following chapters give a brief overview over the different operational modes and
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concepts introduced for LEFET devices.

2.6.1 Ambipolar Organic LEFETs

Light emission in field-effect transistors requires the presence of both electrons and holes to

enable exciton formation and their radiative decay. Thus, ambipolar semiconductors and

device architectures, with possible simultaneous hole and electron injection would be ex-

pected to be the necessary basis for light-emitting transistors. The first polymer-LEFETs

though, were realized as unipolar devices, with only one polarity of charge carriers present

in the transistor channel.302,308,309 Electrons were unlikely to be injected in this case from

high workfunction gold electrodes into the low workfunction LUMO of the semiconductor.

But still, light emission was observed with the emission locally fixed at the edges of the

drain electrodes. The formation of an emission zone - requiring the presence of electrons - is

assumed to be caused by deformation of the HOMO and LUMO levels under large electric

fields, in order to enable the tunneling of electrons from the electrodes into the channel.310

Attempts to move the emission zone of light-emitting field-effect transistors away from the

electrodes and into the channel have been tried by the application of two different semicon-

ducting materials for hole and electron conduction, respectively, in order to establish fully

ambipolar transport characteristics.311,312

Single-material ambipolar transport with a spatially movable emission zone was achie-

ved first by Zaumseil et al. and Swensen et al., using the OC1C10-PPV and “Superyellow”

polymers as well as asymmetric gold-calcium electrodes for separate hole and electron injec-

tion.313,314 These results revealed a very narrow emission zone inside the channel, showing

complete charge annihilation in the ambipolar regime and that control of the emission zone

by properly applied voltages at drain and gate is possible. Polymer-modified composite

gate dielectrics were used in both cases to reduce the selective trapping of n-type charge

carriers at the semiconductor/dielectric interface. The preferred trapping of either electrons

or holes at impurities or interface trap-states has been identified as one of the mayor causes

preventing ambipolar transport in organic semiconductors.227

In 2006 Zaumseil et al. further presented ambipolar transport and light emission from

a single material semiconductor (F8BT) and gold electrodes.315 Here, the used device ar-

chitecture was a bottom-contact/top-gate structure, in contrast to the commonly used SiO2

bottom-gate structure. This leads to improved injection behavior from the source and drain

electrodes into the channel area, because of the large overlap area of semiconductor and gate
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electrode, with the semiconductor sandwiched between them (see chapter 2.4.1 and Figure

2.15 for reference). Unlike in bottom-contact/bottom gate structures, where injection only

occurs at the edges of source and drain, here the gate field affects a much larger area. This

can be beneficial for semiconductors with a large energy barrier between the gold electrodes

and the semiconductor´s HOMO and LUMO, respectively. The employed F8BT polymer fea-

tures a HOMO-LUMO difference of around 2.6 eV, with the Au-workfunction centered right

in the middle of the energy gap with 4.8 eV, thus creating similar injection barriers of around

1.2-1.4 eV for both holes and electrons. Together with a PMMA gate dielectric, which, unlike

SiO2, is characterized by a nearly complete absence of electron trapping hydroxyl-groups,

efficient ambipolar charge transport with balanced hole and electron mobilities has been

realized despite the high injection barriers.

The luminescent fluorene polymers used in this study (PFO and F8BT) exhibit an ex-

ternal quantum efficiency (EQE) of up to 0.75 % in LEFET devices315, whereas Gwinner et

al. show an F8BT EQE of up to 8 %.316 This is several times higher than the EQE found

in light emitting diode (LED) devices, which was found to be around 0.2 % in case of PFO

emitters.317,318

2.6.2 Carbon Nanotube LEFETs

The ambipolar nature of carbon nanotubes makes them not the ideal candidate for switching

operations in logic circuits, because eventually, they cannot turn off completely (see chapter

2.4.5). On the other hand, due to the potential to conduct both holes and electrons, they are

perfectly suited for the emission of electrically induced light. After the first demonstrated

SWNT-FET in 1998249, and ambipolar transport in 2001251, Misewitch et al. presented the

first optical emission from a single carbon nanotube FET in 2003, making it the first elec-

trically excited single-molecule light source.133 The observed light emission was polarized

along the tube axis and showed peak emission in the range of 1650 nm, corresponding to

the nanotube diameter of around 1.4 nm. The emission zone could not be locally resolved in

this CNT-FET due to a very short channel length of around 300 nm. Freitag et al. presented

a FET architecture with longer carbon nanotubes, where light emission could be moved

through the channel during a gate voltage sweep.139 The recombination length that shows

light emission was determined to be around 1 µm in extent, with adjacent purely n- and p-

type channel sections elongating to the drain and source electrode, respectively.

Hot carrier luminescence, where impact excitation is the predominant light emitting
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mechanism, is another way to create photoluminescence in FET structures.141 Here, only one

type of charge carriers, electrons or holes, are accelerated within an electric field until they

loose this energy at inhomogeneities in the FET setup. Those inhomogeneities can present

themselves in any form of defects, nanotube-nanotube junctions or Schottky-barriers to the

metal contacts.319 When the charge carriers are accelerated over an energy threshold Eth,

electron-hole pairs are created through impact excitation, which gives an overall higher ef-

ficiency in luminescence by a practically unipolar FET topology, though with a significantly

broadened emission spectrum.320

Beside single-nanotube LEFETs, electroluminescence has been shown also in FET de-

vices with CVD-made arrays of carbon nanotubes exhibiting a moveable emission zone140,

as well as solution processed transistors with small tube-bundles and dense random net-

work321 and aligned network films.278 These devices exhibited relatively broad emission

spectra, due to the diameter-heterogeneity of the SWNT source, with peak emissions rang-

ing from wavelengths around 1400 nm to over 2000 nm, depending on the fabrication type

of CNTs. A relatively narrow but weak emission spectra was achieved by Mueller et al., by

the use of individual nanotube FETs with double gate architecture. The two inversely biased

gates were used in order to create a p-n junction within the transistor channel, resulting in

efficient light emission with an EQE in the range of 10-4photons/injected electron.322 SWNT

network FETs show lower overall efficiencies with around 10-6to 10-5 photons/injected elec-

trons.141,321

2.7 Summary

The individual sections in Chapter 2 gave a brief overview about the theoretical funda-

mentals and the preliminary work done by the scientific community, that are necessary to

understand and assess the context of this work. Carbon nanotubes are the central material

of this thesis and their extraordinary electrical and optical properties originating from their

confined one-dimensional structure were detailed in section 2.1. The second major material

group in this work are organic conjugated polymers, and their fundamental properties were

introduced in the subsequent section 2.2 as well. The conjunction between these two nano-

scale material groups was made in section 2.3, where the state-of-the-art of SWNT-sorting

methods - for accessing the different geometrical, electrical and optical properties in indi-

vidual SWNT species - were presented. Polymer and especially polyfluorene based SWNT-

sorting methods were emphasized. These present the basis for the nanotube/polymer com-
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pound semiconductors for light emitting field-effect transistor devices, which will be in-

troduced later in this work. Sections 2.4 to 2.6 gave an introduction in several aspects of

field-effect transistors, starting from basic architecture and operating mechanisms and over

FETs with different SWNT semiconducting layers to light-emitting FETs with polymer or

nanotube emitter layers.



Chapter 3

Methods

3.1 Materials

3.1.1 Single-Walled Carbon Nanotubes

The single-walled carbon nanotubes used in this work were purchased from Unidym (HiPco,

diameter 0.8 nm - 1.2 nm , Batch 0261 (< 13 wt% iron) and Batch 2176 (< 11 wt% iron))

and Sigma-Aldrich (CoMoCAT, diameter 0.7 nm - 0.9 nm, Batch MKBJ6336V). To obtain

reference solutions, the different SWNTs materials were individually dispersed with SDS

(Sodium Dodecyl Sulfate, [CH3(CH2)11OSO3Na]) in D2O (both purchased from Sigma Al-

drich) with a concentration of 1 mg/mL for the SWNTs and 10 mg/mL of SDS, followed by

1 h of bath-sonication (Branson 2510) and 10 min of vigorous sonication using a tip-sonicator

(Sonics Vibra Cell, 5 sec pulses / 10 sec breaks / total pulse time: 3 min 20 sec). After cen-

trifuging at 74.000 g for 2 h to remove impurities and undispersed SWNTs, the supernatant

was collected and used for further analysis. Photoluminescence-excitation-emission (PLE)

spectra of each SWNT source in Figure 3.1 give a quantitative overview of the present semi-

conducting SWNTs.

3.1.2 Conjugated Polymers

In this study, three polymers were used: PFO (poly(9,9-di-n-octylfluorenyl-2,7-diyl)), F8BT

(poly[(9,9-di-n-octylfluorenyl-2,7-diyl)-alt-(benzo[2,1,3]thiadiazol-4,8-diyl)]) and PFO-BPy-

(poly[(9,9-dioctylfluorenyl-2,7-diyl)-alt-co-(6,6’-{2,2’-bipyridine})]). The conjugated polymers

served two main purposes: First, they functioned as semiconducting layers in transistor

structures (only PFO and F8BT), usually spincast from solution of o-xylene or toluene (Sigma

66
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Figure 3.1: PLE spectra of the used SWNT for HiPco Batch 0261 (a), HiPco Batch 2176 (b) and CoMo-
CAT Batch MKBJ6336V (c). Identified species are labeled.

Aldrich). Secondly, they were used as dispersants for SWNTs, exploiting the ability of cer-

tain conjugated polyfluorene polymers to disperse SWNTs selectively, with only few, mostly

semiconducting SWNT species. Polymers were supplied by Cambridge Display Technology

Ltd. (F8BT with high, medium and low MW; PFO with high MW), American Dye Source

(F8BT with medium MW, medium-low MW and medium-high MW; low MW PFO; PFO-BPy)

and Sigma-Aldrich (medium MW PFO). Table 3.1 as well as Figures 2.14 and 3.2 give an

overview of the used polymer types, their structure and molecular weight distributions.

Table 3.1: Used polymers before and after US treatment with GPC-determined molecular weights
MW (kg/mol), polydispersity (PD) and HOMO/LUMO (eV) levels from literature. Dis-
crepancies in the reported LUMO values of PFO stem from different measuring methods
of the ionization potential and electron affinity.323

Polymer MW PD HOMO LUMO
F8BT high MW 189 3.01

-5.9324,325 -3.3324,325

F8BT medium MW 64.5 1.78
F8BT low MW 27 3.66

F8BT medium-low MW 85 3.89
F8BT medium-high MW 153 3.97
F8BT high MW(after US) 169 2.29

PFO high MW 257 2.62
-5.7325

-5.8326

-5.8323

-2.4325

-2.6326

-2.1323

PFO medium MW 90.3 6.25
PFO low MW 15.4 2.29

PFO high MW(after US) 191 1.98
PFO-BPy 76 2.8 - -

The molecular weight distribution changes slightly during the ultrasonic-procedure

that is necessary to disperse and de-bundle the SWNTs in the polymer solution (see sec-

tion 3.2.1 for details). While the weight average MW decreases for the measured polymers,

the number average MN stays around the same level. This indicates, that predominantly
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Figure 3.2: Molecular weight distributions of the used F8BT (a) + (b) and PFO (c) polymers. Ultra-
sonication leads to a decrease in MW and PD by preferred shortening of longer polymer
chains for F8BT (d) and PFO (e).

longer chains are shorted, while shorter macromolecules are less affected. Consequently,

the polydispersity PD = MW/MN of the polymers, an indicator for the broadness of the

distribution, decreases during ultrasonic treatment. Effectively, this leads to an narrowing

of the polymer distribution at the cost of longer polymer chains.

GPC Analysis

For GPC measurements of the molecular weight distributions, the polymers were dissolved

in tetrahydrofuran or toluene at 1 mg/ml. A refraction index detector (Shodex, RI-101)

recorded the size distribution in relation to the applied polystyrene standard (EasiCal, PS-1

polystyrene standards, MW = 580 – 7,500,000 g·mol-1).

3.1.3 Solvents

All solvents used in this study were supplied by Sigma Aldrich and used without further

purification. Table 3.2 gives an overview of the used solvents and their relevant physical or
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Table 3.2: Solvent overview with ρ = density (g/cm³), ν = kinematic viscosity (mm²/s), η = dy-
namic viscosity (mPa·s)327, TB = boiling point (°C), δ = Hildebrand parameter (MPa)1/2and
Hansen parameter for dispersive δD, polar δP and hydrogen bonding parts δH (MPa)1/2.328

ρ ν η TB δ δD δP δH

Benzene 0.88 0.686 0.604 80.1 18.7 18.4 0.0 2.0
Toluene 0.86 0.657 0.568 111 18.2 18.0 1.4 2.0
o-Xylene 0.87 0.886 0.760 144 18.1 17.8 1.0 3.1
p-Xylene 0.86 0.715 0.600 138 17.9 17.6 1.0 3.1
m-Xylene 0.86 0.692 0.616 139 18.0 17.7 1.0 3.1

Mesitylene 0.86 0.779 0.673 165 18.5 18.0 0.0 0.6
Styrene 0.91 0.764 0.695 145 19.1 18.6 1.0 4.1

Ethylbenzene 0.87 0.847 0.737 136 17.9 17.8 0.6 1.4

experimental properties.

3.1.4 Dielectric Materials

Two different dielectric systems have been applied in this work: Polymer dielectrics made

from PMMA [poly(methylmethacrylate)] as well as ion gel-dielectrics based on ionic liquids

and network-building polymers.

Polymer Gate Dielectric

PMMA for gate dielectrics was supplied by Polymer Source Inc. (high purity, electronic

grade, MW= 300 kg/mol, PD = 1.05).

Ion gels

[EMIM][FAP] ([1-Ethyl-3-methylimidazolium][tris(pentafluoroethyl)trifluorophosphate])

(Merck KGaA) served as a basis for ion gel electrolyte gating with the gelation polymer

PVDF-HFP [Poly(Vinylidenefluoride-Hexafluoropropylene)] (Sigma Aldrich) with a molec-

ular weight of MW = 400 kg/mol (PD = 3.1) in side-gate configuration (see Figure 3.6 (a))

3.2 Dispersion of Carbon Nanotubes

3.2.1 Selective Dispersion in Polymer

To obtain selective dispersions of semiconducting SWNTs in polymer, the nanotube source

material was added at 1.5 mg/mL or 2 mg/mL to a polymer solution of 3 mg/mL or 2



Device Fabrication 70

mg/mL, respectively. Mild sonication was applied for 60 min or 90 min by bath sonicator

(Branson 2510) to homogenize and disperse the solution, followed by 10 min of vigorous

sonication using a tip sonicator (Sonics Vibra Cell, 5 sec pulses / 10 sec breaks / total pulse

time: 3 min 20 sec) to further break up SWNT bundles and increase the yield. The resulting

dispersion was centrifuged at 60.000 g or 74.000 g for 30 min or 45 min (Beckman Coulter

Avanti J26XP with JA25.15 fixed-angle rotor), separating remaining bundles and impuri-

ties from the well dispersed SWNTs (sketched in Figure 3.3 (a)). For further analysis and

processing the supernatant of individualized SWNTs in polymer solution was collected.

3.2.2 Enrichment of Nanotubes and Removal of Free Polymer

In order to obtain SWNT inks without the excess polymer, ultra-centrifugation steps have

been applied to the collected supernatant from section 3.2.1. First, short ultracentrifugation

at 268.000 g for 30 to 60 minutes (Beckman Coulter OptimaMax XP with MLS-50 swing-

ing bucket rotor and thick walled polyallomer tubes) and collection of the supernatant (top

80 %) further reduces the amount of impurities. Secondly, a longer ultra-centrifuging step

at 268.000 g for 8 h up to 20 h sediments the remaining individualized SWNTs, forming a

pellet at the tube-bottom which allows the step-by-step substitution of the remaining poly-

mer solution with clean solvent in multiple (3 to 5) washing iterations (see Figure 3.3 (b)).

Depending on the amount of sedimented SWNTs, the pellets have been re-dispersed in 0.3

mL to 1 mL of clean solvent by 30 min of bath sonication.

3.3 Device Fabrication

3.3.1 Photolithography

Source-drain gold electrodes were structured by a two-layer photo-resist lift-off process with

a structurable positive resist (MicroPosit S1813) as top-layer and a UV-insensitive bottom-

layer (MicroChem LOR 5B), creating an undercut during development to prevent spiking in

the following evaporation steps (see Figure 3.4 for illustration).

Schott AF 32 ECO with a thickness of 0.3 mm or 0.7 mm served as glass substrate and

was cleaned by Acetone, IPA and oxygen-plasma (each step for 10 min) prior to use. After

depositing 1.1 µm LOR 5B bottom-layer by spincasting, the samples were baked at 185 °C

for 4 minutes, followed by spincasting a 1.35 µm thick layer of S1813 and another curing

step at 115 °C for 1 minute to remove solvent residue. The substrates were finally UV-light
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Figure 3.3: Schematic of SWNT sorting process by selective separation of supernatant and precipitate
with subsequent removal of the free polymer. (a) Sonication leads to debundeling and the
selectively dispersion of nanotubes and polymer in solvent. Centrifugation at 60.000 to
74.000 g sediments the non-dispersed species and impurities. The supernatant is collected
for further processing. (b) Subsequent ultra-centrifugation of the supernatant at 268.000g
for up to 20 hours leads to the sedimentation of the dispersed species and allows for the
exchange of the polymer-solution with clean solvent. Re-dispersion of the SWNTs by
bath-ultrasonication yields selected SWNT-species in pure solvent.

exposed through a photo-mask in contact mode (mask aligner MA 6 from Süss Microtec),

and developed in Microposit MF-319 developer (18-26 sec).

3.3.2 Lift-Off and Evaporation of Source-Drain Electrodes

The source-drain electrodes were deposited by electron-beam evaporation (Winter Vacu-

umtechnik AVB130) of 1-2 nm (0.2 Å/sec) of chromium as adhesion layer and 30 nm of gold

(0.5 Å/sec) as conductive layer. NMP (N-Methyl-2-pyrrolidone) was used for the lift-off

process to dissolve the layers of photo-resist and chromium/gold in undesired areas (see

Figure 3.4 (d) and (e)). This was followed by additional cleaning steps in fresh NMP, Ace-

tone and IPA. Figure 3.5 shows a schematic picture of a FET structure and a finished LEFET

substrate with evaporated source and drain electrodes before semiconductor and gate de-

position. Visible are three transistors as well as two gold pads for capacitance measurement

and side-gate contacting. While multiple transistor dimensions with W/L ratios from 125 to
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Figure 3.4: Illustration of photolithography and lift-off process with (a) two layer photo-resist on
glass substrate, (b) selective UV-exposure through photomask, (c) developing with
undercut-formation in the bottom layer, (d) e-beam evaporation of the metal layer, (e)
lift-off-process in NMP and removal of undesired metal areas.

4000 were used, the typical LEFET structure with interdigitated electrodes had a transistor

width W of 20 mm and a channel length L of 20 µm, giving a standard W/L ratio of 1000.

3.3.3 Top Gate Polymer Transistors

From the deposition of the semiconducting layer onwards, the fabrication of FETs with

polymer semiconductor (or SWNT-doped semiconductor) was carried out in nitrogen at-

mosphere.

Semiconducting layers with pristine polymers were spincast from filtered (0.45 µm

PTFE-filters) solutions with 7 mg/mL polymer content, giving thin layers of 30-50 nm thick-

ness (if not otherwise noted). Afterward, the layers were annealed for 30 min at 290 °C or

for 60 minutes at 120° C and quenched on a metal surface for cooling. Filtering was omitted

for SWNT-doped polymer solutions to not decrease the SWNT content. The annealing step

not only removes solvent residue from the semiconducting layer but also may lead to the

formation of crystalline domains in the polymer, depending on the applied temperature and

cooling rate.

The subsequent dielectric materials were spincast at 60 mg/mL from n-butylacetat so-

lution, which usually does not dissolve the semiconducting layer and allows the deposition

of a second layer from solution. Prior to use the solutions were heated and stirred for 2

hours at 80 °C and filtered with a 0.45 µm PTFE filter. The dielectric layers were evacuated

overnight (pressure < 10-6 bar) or annealed for 2 hours at 80 °C before evaporation of the

metal top-gate electrode.
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Figure 3.5: (a) Schematic illustration of FET structure with interdigitated source and drain electrodes
(S + D) of channel length L and channel width W. The total W accumulates from the num-
ber of source drain intersections (8 in example). The contour of the top-gate electrode (G)
is denoted (gray dashed line). (b) Picture of LEFET substrate with evaporated gold source
and drain electrodes with L = 20 µm on glass. One substrate holds 3 LEFET structures
with two intermittent gold pads for capacitance measurements or side-gate contacting.

3.3.4 Top Gate Nanotube Transistors

Transistors with SWNT networks as semiconducting layer were processed in nitrogen atmo-

sphere for the dielectric and metal top-gate, whereas the SWNTs themselves were deposited

in ambient air, with a subsequent vacuum (1·10-3 bar, 15 min) and annealing step (300 °C,

30 min) to remove adhered water and oxygen molecules for further processing inside the

glovebox. The SWNT-films exhibited traces of the centrifuge-tube material in form of a very

thin polyallomer-film (few nm thickness). This film can be removed from the sample by

curing at temperatures of 300 °C or washing with THF. Several SWNT deposition methods

have been used:

Spincasting For spincasting SWNTs several tens of µL of SWNT solution were applied

to the transistor area until all transistors were covered. Spincoating was performed at 1000

rpm and repeated as required. To remove polymer and impurity remainings, pure THF

(tetrahydrofuran) was poured over the sample rotating at 1000 rpm in a further spincoating

step.

Dropcasting SWNT were applied in drops of 10 µL on the transistor area with the sub-

strate being heated on a hotplate at 100 °C. Dropcasting was repeated as required in intervals

of about 30 seconds, giving the drops time to dry. To remove polymer and impurity remain-

ings, pure THF (tetrahydrofuran) was poured over the sample rotating at 1000 rpm in a

following spincoating step.
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Electric Field Alignment (DC) To align the deposited SWNTs, a bias of 20 to 120 V (de-

pending on the SWNT concentration) was applied between the source and drain electrodes

of substrates with 20 µm channel length (Electric field E = 1-6 V/µm) while 10 µL of SWNT

ink was dropped on the transistor area. For shorter channel lengths the voltage was reduced

to keep the electric field constant. The substrate temperature was found to be important for

the formation of the droplet on the transistor during alignment. While at room temperature,

the applied liquid exhibited a broad spread over a larger substrate area, elevated temper-

atures lead to changes in surface energies and produced a spatial more confined droplet

directly over the transistor structure. A temperature of 100 °C proved to be a good compro-

mise between drying time and drop-shape.

As required, a second drop was applied in reverse voltage to give a less asymmetric

SWNT distribution within the channel, caused by uniformly charged nanotubes traveling

to one preferred electrode. The compliance current was set to 1 mA to prevent excessive

burning of SWNT clusters during deposition.

3.3.5 Gate Electrodes

Thermal evaporation (Univex 350G) through polyimide or metal shadow masks was used

to apply top-gate electrodes of semi-transparent 15 nm gold-layers or non-transparent 30

nm silver-layers to the devices.

3.3.6 Side-Gate Nanotube Transistors

The SWNT semiconducting layers were applied as described in the previous section 3.3.4.

The ion gel in sidegate-configuration was spincoated with 2000 rpm from solution in a 4

: 1 : 14 mass ratio ( [EMIM][FAP] : PVDF-HFP : acetone ) and dried at 80 °C in nitrogen

atmosphere for several hours to remove residual solvent. Excess ion gel around the desired

areas was removed with acetone.

3.3.7 Encapsulation

Two-Component Adhesive After testing the devices in nitrogen atmosphere, the transis-

tors with PMMA dielectric were encapsulated with an epoxy resin (Rubnor, PX681C/NC) to

make the samples air stable. Prior to mixing the two components, both resin and hardener

were heated to around 90 °C to reduce their viscosity. One drop of glue was placed onto the
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Figure 3.6: (a) Schematic illustration of a side-gate FET structure with side gate contact pad (G) with
the dimensions 1 mm x 1 mm (A) at a distance D = 600 µm from the interdigitated source
and drain electrodes. The ion gel was dropcast on top (straight gray line). (b) Finished
top-gate SWNT-LEFET device with PMMA dielectric and evaporated silver gate electrode
(30 nm). The transistor structures were encapsulated by epoxy resin and a 8 mm x 13 mm
glass slide. Silver conductive paste was applied to the external gate contact to increase
reliability.

center of the transistor area and covered with a thin glass slide (8 mm x 13 mm x 0.5 mm)

before letting the samples harden for 24 hours. Figure 3.6 (b) shows a finished LEFET device

with evaporated gate electrode and encapsulation.

UV-Adhesive Ion gel gated devices were encapsulated by covering the transistor and

sidegate-area with a thin glass slide (8 mm x 13 mm x 0.5 mm) and sealing the glass edges

with UV-hardening adhesive (Delo Katiobond LP655). A UVA-Cube 100 (Hönle) was used

for hardening the glue with exposure times of 4 minutes.

3.4 Electrical Characterization

3.4.1 Current-Voltage Characteristics

I/V characteristic measurements of the transistors were carried out either with an Agi-

lent 4155C semiconductor parameter analyzer (3 SMUs for source, drain and gate; source

grounded) or a Keithley 2612A dual source-meter unit (2 SMUs for gate and drain; combined

ground as source) and controlled via Labview routine. Measurements were conducted in ni-

trogen atmosphere (Agilent 4155C) with amplifiers for fA-currents and triaxial cabeling or in

air with encapsulated devices (Agilent 4155C and Keithley 2612A) and conventional coaxial

cabeling. For both transfer and output characteristics always forward- and reverse-curves

were recorded.



Electrical Characterization 76

Figure 3.7: (a) Schematic overview of the four-point-probing structure with the probes VP1 and VP2
between parallel source and drain electrodes. The probe positions divide the channel
length in three equally long segments (length ratio 1 : 1: 1) (b) Exemplary probe voltage
during transfer sweep at Vd = 10 V, inset shows source-drain currents.

3.4.2 Capacitance Measurements

Measurements for dielectric capacitance were carried out with an Agilent LCR parameter

analyzer 4980A in nitrogen atmosphere. The AC modulation was set to 1 V, DC-bias range

was recorded from -40 V to 40 V and the frequency range between 10 Hz and 100 kHz. DC-

bias voltage sweeps were set to the lowest possible frequency (usually between 50 and 500

Hz), depending on the perceived noise spectrum of each sample.

3.4.3 Four-Point-Probe Measurements

Contact resistance measurements were performed using the gated four-point-probe tech-

nique (gFPP) in staggered configuration329. Here, two voltage probes (VP1 and VP2, see

schematic drawing in Figure 3.7 (a)) extend slightly into the transistor channel (L = 50 µm,

W/L = 20) and underneath the metal gate contact, dividing the channel into three equal

parts. The channel potential is assumed to be linear for high gate voltages and low source-

drain voltages and hence can be extrapolated from the probes to the source and drain elec-

trodes. See Figure 3.7 (b) for example voltage probe characteristics. The contact resistance

at both electrodes can be estimated using Ohm´s law with the measured voltage drop and

the applied source-drain current. Contact resistances were determined at the maximum

gate voltage of 100 V and source-drain voltages of 10 V and 20 V. The probes VP1 and VP2

have a width of about 4 µm and extend 50 µm into the channel. The gate overlap beyond

the source and drain electrodes should be kept small to reduce parasitic effects and varied

between 20-80 µm.
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Figure 3.8: Schematic overview of the PLE setup (a) with example map of PFO-dispersed HiPco
SWNTs with 5 identifiable species (b).

3.5 Optical Characterization

3.5.1 Absorption Spectroscopy

UV/Vis/nIR Absorbance Spectra Absorbance spectra were measured with a Cary 6000i

UV/Vis/nIR absorption spectrometer (Varian) with silicon and InGaAs detector. If not oth-

erwise stated all measurements were performed in solution and under ambient conditions.

Suprasil quartz cuvettes from Hellma Analytics with an optical path length of 10 mm were

used for solution based measurements.

3.5.2 Photoluminescence and Electroluminescence Spectroscopy

Photoluminescence Excitation-Emission Mappings A Horiba Jobin-Yvon Fluorolog 3

spectrometer with a nitrogen cooled Symphony II InGaAs diode array detector was used

for photoluminescence excitation-emission (PLE) mappings. This method allows for de-

termining a samples PL-response depending on the excitation wavelength. Especially for

semiconducting single-walled nanotubes PLE mappings provide an easy way to determine

individual chiralities depending on their E22 (excitation) and E11 (emission) transitions. Fig-

ure 3.8 (a) gives an schematic overview of the used setup, while Figure 3.8 (b) gives an

example of a SWNT sample with five different species. For SWNT analysis, a long-pass

filter (830 nm) before the detector has been used to to exclude scattered excitation in the

collected signal.

Photoluminescence of LEFET Devices Photoluminescence measurements of encapsu-

lated LEFETs were carried out on a custom made setup with the possibillity for both PL
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Figure 3.9: Schematic illustration of the PL and EL setup for LEFETs with switchable laser excitation
(640 nm, 785 nm) and flip mirror to allow for 2-D imaging or 1-D imaging and spectro-
scopic analysis.

and EL measurements. Figure 3.9 gives an overview of the excitation and detection-path

used for photoluminescence experiments: A near-IR objective focused on the LEFET de-

vices to pass incoming (for excitation) and out-coming light (for detection). The objectives

used were Olympus LCPLN50x IR with NA 0.65 and correction for glass thickness, Olym-

pus LMPL100xIR with NA 0.80 and Olympus LMPL20xIR with NA 0.4. OBIS laser diodes

with wavelengths of 640 nm (1-40 mW) and 785 nm (1-50 mW) (OBIS, Coherent Inc.) ex-

cited the samples through an optional short-pass filter (850 nm) , optional de-focusing lens

and a dichroic mirror with a cutoff wavelength of 750 nm or 875 nm. Emitted light above

the cutoff wavelength passed through the dichroic mirror, to be detected by either a ther-

moelectrically cooled 2D InGaAs camera (Xenics XEVA-CL-TE3, resolution 256 x 320 pixels,

range 800 - 1600 nm) or a liquid-nitrogen cooled 1D InGaAs line camera (PI-Acton OMA

V:1024 1.7) with preceding spectrometer (Acton SpectraPro SP2358 with mirror or grating:

150 lines/mm, blaze 1200 nm). Between dichroic mirror and detectors a further lens for fo-

cusing as well as optional long-pass filters (750 nm and 850 nm) were used to prevent the

passing of scattered laserlight in the collected signal.

For spectral calibration of the spectrometer positions, specific peaks of a Newport

Oriel 6032 neon lamp were used, while spectral correction of the beam path intensity was

achieved by correcting with an ideal spectrum of a Ocean Optics HL-2000 halogen white

light lamp.
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Figure 3.10: Screen shot of graphic Labview front-end of “Electroluminous” software, allowing to
simultaneously perform electrical and spectroscopic/imaging measurements.

Electroluminescence of LEFET Devices For electroluminescence measurements, the set-

up described in the previous paragraph and sketched in Figure 3.9 has been used. Transistor

contacts were contacted by XYZ300 micropositioners (Quarter Research) with wolfram nee-

dles. A Keithley 2612A dual SMU served as voltage or current source and was synchronized

to the PI-Acton OMA V 1024 line camera via Labview routine. (Screen-shot of graphical

front-end shown in Figure 3.10) This allowed for voltage- or current-dependent spectro-

scopic analysis (grating) or 1-D-imaging of the transistor emission zone (mirror). Imaging

could be toggled via flip mirror between the 1D OMA V line array and a 2-D Xenics Xeva-

CL-TE3 InGaAs camera, which allowed for a resolution of 256 x 320 pixels.

Accumulated Images of the Emission Zone False-color composite images of electro-

luminescence within the transistor channel during a gate voltage sweep were generated

via Labview routine. 2-D images of the emission zone were recorded by a Xenics XEVA-

CL-TE3 InGaAs camera (resolution 256 x 320 pixels). The brightness for each pixel of 121

individual images was compared and assigned to the final illustration with the maximum

brightness-level of each pixel. This resulted in a map of the photo-active spots within the

SWNT-network. The integration time for each image was 1 second.
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3.5.3 Efficiency Measurements

To measure the light output and calculate the LEFET-efficiencies, a photo-diode was placed

either directly on top of the transistor area of non-encapsulated F8BT and PFO emitters

(visible spectrum) or - for encapsulated devices with nIR-emitters - under the transistor

area, directly below the glass-substrate. In both cases of diode placement, losses in light

output occur: Shading of the emission zone by the semitransparent gate-electrode as well as

outcoupling losses in the photodiode-on-top arrangement or outcoupling losses by the glass

substrate between emitter and detector in the transistor-on top arrangement. This leads

to rather conservative estimations of light output and hence calculated external quantum

efficiency (EQE).

The used photodetector for measurements in the visible range between 400 nm and

1000 nm wavelength was a Hamamatsu S1133-01 silicon photodiode, with the wavelength

dependent sensitivity extracted from the datasheet. For measurements in the nIR range be-

tween 800 nm and 1800 nm a Thorlabs FGA21-CAL, factory-calibrated InGaAs photodiode

was used. For light output measurements, the silicon diode was biased with 3 volts in re-

verse direction, whereas the InGaAs photodiode was used in short-circuit condition (0 V

across cathode and anode).

The external quantum efficiency was derived from the measured photocurrent Iph as

follows: The output power P is proportional to Iph with the photo-diode´s sensitivity S

[A/W] as a translation factor. Since a photo-diodes sensitivity usually varys across a mea-

sured wavelength range, an adapted sensitivity Save was used, where the diodes sensitivity

is averaged by weighing with the perceived normalized EL-spectrum ELnorm(λ) :

Save =

´

S(λ) · ELnorm(λ)dλ
´

ELnorm(λ)dλ
(3.1)

This results in: P = Iph/Save. The energy E of a photon with the wavelength λ can

be described by E = hc/λ, with c being the speed of light and h the Planck Constant. The

number of emitted photons N per second is given by the ratio P/E, but since the EL spec-

trum is continuous, P/E must be weighted with ELnorm(λ) as well, and integrated over the

wavelength range to calculate the total number N of emitted photons per second:

N =
P

hc
·
´

λ · ELnorm(λ)dλ
´

ELnorm(λ)dλ
(3.2)
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The EQE can be described as the number of emitted photons per injected charge carrier

and calculated with the help of the ratio Id/e, with the applied drain current Id and the

elementary charge e, giving the number of electrons per second:

EQE =
N

Id/e
(3.3)

With the help of equation 3.1 and 3.2 the EQE calculation can be arranged to:

EQE =
Iph

Id
· 1

Save
· 8.066 · 10−4 ·

´

λ · ELnorm(λ)dλ
´

ELnorm(λ)dλ
(3.4)

This enables the determination of the external quantum efficiency for any given photo-

diode and spectral response of the sample.

3.5.4 Raman Microscopy

Raman spectra and maps were recorded with a Renishaw InVia Reflex confocal Raman mi-

croscope in back scattering configuration, using a x100 objective (NA 0.85). For sample

excitation, lasers with 532nm, 633nm and 785nm emission wavelength were used.

3.6 Solution and Film Properties

3.6.1 Viscosimetry

Kinematic viscosity measurements of all solutions were performed with a Micro-Ostwald

viscometer (AVS-470, Schott Instruments, capillary diameter 0.43 mm, length 290 mm) at

23 °C. Polymer concentrations in solution were set to 2 mg/ml, if not stated otherwise.

3.6.2 Atomic Force Microscopy

SWNT-films on Schott glass substrates were analyzed by tapping-mode atomic force mi-

croscopy with an AFM Veeco diDimension 5000 with Bruker OTESPA-R3 silicon tips.

3.6.3 Profilometry

Thickness measurements of polymer dielectric and semiconducting layers as well as evap-

orated metal electrodes were performed with an KLA-Tencor D100 profilometer. Closed
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layers were scratched by a metal tip down to the substrate in order to produce a measurable

height difference.

3.7 Electrostatic Simulations

Electrostatic simulations with COMSOL Multiphysics were carried out in order to determine

the magnitude of the three dimensional electric field distribution around a SWNT between

a grounded source/drain- and gate-electrode of a FET. A bulk F8BT polymer film was mod-

eled as an adequate sized cuboid of 500 nm × 500 nm side length with a height of 50 nm,

corresponding to the achieved F8BT layers of about 40 – 50 nm, with a dielectric constant

of 2.6 and a conductivity of 1·10-10 S·cm-1. Top and bottom surfaces of the modeled space

served as electrodes and were set to 20 V (relative gate voltage at the dielectric layer) and

0 V (source metal contact). The nanotube was placed inside the F8BT cuboid as a straight

cylinder with a diameter of 1 nm and a length of 200 nm. Hemispherical ends were omit-

ted in the simulation; the nanotubes are expected to be fractured and open after several

ultrasonication steps.

The conductivity of the nanotube was assumed to be about 1 S·cm-1, several orders

of magnitude higher than the surrounding bulk. Because of the large difference between

the conductivity of the bulk polymer and SWNTs, the nanotube can be set to a uniform

potential. The level of the nanotube potential depends on its position within the channel.

When in contact with the gate or ground electrode, the nanotube potential can be expected

to be 20 V or 0 V, respectively. A floating nanotube within the channels experiences a certain

amount of resistance toward both electrodes (RTOP, RGND), which is proportional to the

distance to each electrode and over which the associated voltage drops. When tilted, the

distance to each electrode can be averaged and equals the distance from the midpoint of the

nanotube. Consequently, the low conductivity bulk can be seen as a voltage divider, and the

potential of a floating nanotube within the channel VN can be determined by the ratio of the

midpoint distances, and the resulting resistance: VN = RGND
RTOP

· 20 V.



Chapter 4

Impact of Solvent and Polymer Parameters on Selective

Nanotube Dispersion

4.1 Introduction

Nearly all CNT synthesis methods these days produce a heterogeneous mixture of different

tube types, in terms of diameter, chirality and metallicity (see chapter 2.1.3 for reference).

However, specific nanotube properties are desired for their integration in electronic devices.

For example, SWNT thin-film transistors require predominantly semiconducting tubes in

order to establish high on/off ratios with low off-current, whereas optoelectronic devices

for light-emission or photovoltaic purposes necessitate narrow diameter distributions to

get defined absorption- or emission bands from semiconducting tubes. For this purpose,

different purification and sorting techniques of carbon nanotubes have been intensively in-

vestigated in recent years with a brief overview given in chapter 2.3. As pointed out, the

selective sorting of SWNTs can be easily achieved by the dispersion with certain conjugated

polymers. Especially polyfluorene types like PFO or F8BT, as presented by Nish et al., can

show an impressive selectivity towards few semiconducting nanotubes, with up to near

monochiral distributions.12 The reason for this peculiar selectivity of some polyfluorenes,

with a general preference for semiconducting tubes, has been investigated from different

angles: The influence of the side chain alkyl-groups length20,330, the backbone stiffness22 as

well as the influence of copolymerisation12,15,330 were found to vary the dispersion behavior

of the polymer/nanotube combinations.

Until now, little attention has been directed to the role of solvent type and polymer

molecular weight for the selective dispersion of carbon nanotubes. Some organic solvents

83
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like n-methyl-2-pyrrolidone (NMP), chloroform or 1,2-dichlorobenzene can be used to dis-

perse nanotubes directly and in large quantities, but with a low degree of individualization

and naturally in a complete non-selective manner.331,332 For the dispersion with polyfluo-

renes, Hwang et al. compared Toluene and Xylenes to Chloroform and THF and found dif-

ferences in dispersion efficiency and composition by varying polymer and solvent type.330

In general, to achieve high dispersion selectivity with polymers, a solvent is required that

dissolves the polymer well, but not the nanotubes. In this chapter, we compare the effi-

ciency and especially the selectivity of a broad variety of organic solvents for the nanotube

dispersion with polyfluorenes, by taking into account solvent characteristics like Hansen-

and Hildebrand parameters, as well as the relative permittivity, density and viscosity.

Usually the influence of the molecular weight is neglected, and only polymers with

low333 or medium molecular weight are used. Berton et al. compared the dispersion behav-

ior of oligo- and poly(9,9-didodecylfluorene-2,7-diyl) (PDDF) with up to eight polymer rep-

etition units. However, only the two largest PDDF chains (MW < 30 kg/mol) showed disper-

sion behavior at all, while the smaller oligomers did not give a stable nanotube dispersion.

Here, we compare the influence of the polymer molecular weight of the two polyfluorenes

PFO and F8BT by using different batches with low (MW < 30 kg/mol), medium (60 kg/mol

< MW < 90 kg/mol) and high molar mass (MW >180 kg/mol).

This multitude of different solvents and polymer molecular weights gives an new

analytical approach to the question how to increase the selectivity and the yield of polyflu-

orene/nanotube complexes. It can be shown that by choosing different solvents and poly-

mer types, it is possible to switch between preferred nanotube (n,m)-species, as shown in

Figure 4.1 (b) and (c), where PLE-mappings of HiPco dispersions with F8BT show two dif-

ferent dominant nanotube species, depending on the used solvent type and molar mass. An

explanation for this behavior can be found in the formation of stable and metastable poly-

mer/nanotube complexes that are exhibit a varying stability in a given solution viscosity.

4.2 Effect of Solvent-Parameters on Selective Nanotube Dispersion

The used solvent greatly influences the achieved properties, like stability and yield of any

dispersion. For binary SWNT/Polymer systems, two different factors have to be consid-

ered: First, the polymer has to dissolve reasonably well in the used solvent, to uncoil the

individual polymer chains and enable the wrapping and coverage of the nanotube surface.
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Figure 4.1: PLE maps of HiPco SWNTs dispersed with (a) SDS in D2O, (b) F8BT (medium MW) in
toluene with (10,5)-SWNTs as predominant species and (c) F8BT (high MW) in o-xylene
with (9,4)-SWNTs as predominant species. Other identified species are labeled.

A poor solvent for the polymer would result in coiled-up macromolecules, that would be un-

likely to disperse any nanotubes. Second, the solubility for carbon nanotubes in the solvent

should determine the degree of selectivity with a given polymer/CNT-source combination.

Good organic solvents for SWNTs, like NMP or chloroform are likely to show poor selec-

tivity towards individual species, because the mechanism of selective polymer wrapping

pales in comparison to the direct nanotube dispersion. On the other hand, the solvent has

to show some degree of solubility for CNTs, in order to create a window for the wrapping

of the polymer after breaking up the nanotube bundles through ultrasonication and before

re-agglomeration.

To study the selectivity behavior of solvent/polyfluorene/SWNT combinations, HiPco

single-walled nanotubes with F8BT (MW = 85 kg/mol) as a dispersant was chosen. F8BT/-

HiPco dispersions show a strong selectivity towards (9,4) and especially (10,5) carbon nan-

otubes and in most cases only these two (n,m)-species occur. This makes it a clearly laid

out model system, with only very few variables, that can be easily analyzed with respect to

selectivity towards the one or the other nanotube chirality.

4.2.1 Molecular Structure

Figure 4.2 (a) shows the normalized absorbance spectra of HiPco/F8BT dispersions. All dis-

played solvents predominately disperse (9,4) and (10,5) SWNTs, which can be identified by

means of their distinctive E11 (marked) and E22 peaks. The shown solvent/polymer combi-

nations are considered “selective”, because the bulk of the originally present nanotubes (see

absorbance spectrum in Figure 4.2 or PLE mappings in Figure 4.1 for SDS-reference plots) is
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Figure 4.2: (a) Absorbance spectra of HiPco/F8BT dispersions with different organic solvents. (b)
Corresponding absorbance ratios of (10,5) to (9,4) SWNTs decreases with increasing num-
ber of benzene-sidegroups. (c) Schematic illustration of interfaces for polymer-wrapped
SWNTs in organic solvent.

cut out and only few identifiable species remain.

While a very large variety of organic solvents has been investigated towards their se-

lectivity (see Appendix, Figure .1 and .2), only few of them showed selectivity to individual

species in the F8BT/HiPco system. When looking at the molecular structure of the selective

solvents it becomes obvious, that only non-halogenated and aromatic organic solvents do

disperse nanotubes in a selective manner. Other solvents, like THF, dibromobenzene and

cyclohexane show no or very poor selectivity. Moreover, a trend in the complexity of the

molecular structure with regards to the specific (n,m)-selectivity can be identified. To quan-

tify the occurrence of the two main species - the (10,5) and the (9,4) nanotubes - we look at

the ratio of the background corrected absorbance spectra peaks. By taking into account the

slightly different absorbance cross-sections of the two species334, we get an estimate of the



Effect of Solvent-Parameters on Selective Nanotube Dispersion 87

abundance of the two species. The absorbance ratio RA of the (10,5) and (9,4) peak maxima,

P10,5 and P9,4, respectively, now is defined as RA = P10,5/(P10,5 + P9,4), giving values of 0.5

to 1.0 for (10,5) majorities and values between 0.5 and 0.0 for (9,4) majorities. Figure 4.1 (b)

shows the absorbance ratios of the selected solvents. While benzene, a hexagonal hydrocar-

bon without any side-groups, exhibits the highest peak ratio of 0.83, solvent molecules with

one side-group, like toluene and styrene show a slightly decreased peak ratio of 0.79 and

0.81, respectively. These molecules exhibit a clear majority of (10,5) SWNTs. Xylenes, which

have two methyl-groups in 3 different configurations, reveal intermediate RA-values of 0.56

to 0.65, with a relatively increasing amount of (9,4) tubes. And mesitylene, a benzene ring

with three methyl groups shows the lowest absorbance ratio of 0.44, indicating the 9,4 tubes

as predominate species.

This behavior indicates an interplay between molecular structure and selectivity, where

benzene as the smallest aromatic molecules shows the clearest selecting properties towards

(10,5) tubes. However, the exact role of the spatial influence of the solvent molecules is

unclear at this stage. As shown in Figure 4.2 (c), the overlap area between solvent and

SWNT/polymer complex is presumably only at the polymer/solvent interface. Spectro-

scopic data suggests that no solvent is present between SWNT and polymer, hence a small

vacuum gap is assumed in between them.335 This might lead to the conclusion, that the size

of the solvent-molecules further influences the spatial arrangement of the polymer wrap-

ping around the nanotube. A difference in the orientation of the side-chains, leading to

differences in the binding energy of the CNT/polymer complex is likely to occur. This may

lead to different preferred orientations of the polymer and a change in the formations of sta-

ble polymer shells. In general, non-halogenated aromatic molecules provide good boundary

conditions for selective dispersions in terms of solubility for both SWNTs and polyfluo-

renes.

To further break down the influence of the solvent with selective carbon nanotube

dispersions, the next sections will discuss the influence of experimental and physical solvent

parameters.

4.2.2 Hansen- and Hildebrand-Parameters

Hildebrand and Hansen solubility parameters are widely used to estimate the solubility and

interaction of different molecules and solvents with each other. The three Hansen-solubility

parameters are experimentally determined energy values for dispersion forces δD, polar



Effect of Solvent-Parameters on Selective Nanotube Dispersion 88

Table 4.1: Solvent parameters for organic solvents: density ρ (g/mL), kinematic viscosity ν (mm²/s),
relative permittivityǫr, Hildebrand parameter δ (MPa)1/2, Hansen Parameters: dispersive
δD, polar δP and h-bonding δH all in (MPa)1/2 327,328

Solvent ρ ν ǫr δ δD δP δH

Benzene 0.877 0.689 2.283 18.7 18.4 0.0 2.0
Styrene 0.901 0.771 2.474 19.1 18.6 1.0 4.1
Toluene 0.867 0.657 2.379 18.2 18.0 1.4 2.0
o-Xylene 0.872 0.886 2.562 18.1 17.8 1.0 3.1
m-Xylene 0.860 0.692 2.359 18.0 17.7 1.0 3.1
p-Xylene 0.856 0.715 2.274 17.9 17.6 1.0 3.1

Ethylbenzene 0.86 0.734 2.446 17.9 17.8 0.6 1.4
Mesitylene 0.862 0.779 2.279 18.5 18.0 0.0 0.6

intermolecular forces δP and intermolecular hydrogen bonds δH. The Hildebrand parameter

δ on the other hand, is the square root of the (total) cohesive energy density (EC/V) of the

material: δ =
√

EC/V. The difference between the Hildebrand parameters of a solute (A)

and a solvent (B) determines the enthalpy of mixing: ∆Hmix ≈ (δA − δB)²φ(1 − φ) with φ

being the volume fraction. The correlation between Hildebrand and Hansen parameters is

given by: δ² = δD² + δP² + δH².328 Table 4.1 gives an overview of both parameter sets for the

investigated aromatic solvents.

To determine the influence of Hildebrand and Hansen parameters on the chirality

distribution of SWNT dispersions in F8BT solutions, we analyze the nanotube content via

PL spectroscopy. We define a dispersion selectivity S of (10,5) versus (9,4) nanotubes, given

as:

S =
I(10,5)F8BT/I(10,5)SDS

(I(9,4)F8BT/I(9,4)SDS) + (I(10,5F8BT/I(10,5)SDS)
(4.1)

The inhomogeneous distribution of nanotube species in the source material as well as

their different PL efficiencies is taken into account by combining the background corrected

PL intensities in F8BT dispersions with essentially non-selective SDS reference solutions

of the used HiPco tube material. Compared to the absorbance ratio used in the previous

section, S gives a nanotube selectivity of the two dominant dispersed species that is inde-

pendent of the source material. A value of S within the range of 0 ≤ S < 0.5 refers to a

selectivity towards (9,4) nanotubes with maximum selectiveness for S = 0 , whereas for

0.5 < S ≤ 1 a (10,5)-preference is found with a maximum selectivity for (10,5)-tubes for

S = 1. Due to health and safety considerations, PLE measurements of benzene have been

omitted.

Figure 4.3 gives an overview over the different Hansen as well as the Hildebrand
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Figure 4.3: (a)-(c) Hansen- and (d) Hildebrand Parameters of organic solvents versus the selectivity S
of SWNT/polymer solutions with different non-halogenated organic solvents. The Pear-
son coefficient r shows the degree of linear interdependence between the two variables.

parameters of the used solvents, plotted against the selectivity ratio S for the individual dis-

persions. To estimate the linear interdependence of the two plotted variables, the Pearson

correlation coefficient r has been determined. The Pearson coefficient for n samples calcu-

lates to:

r =
1

n − 1

n

∑
i=1

(
Xi − X̄

sX
) · (Yi − Ȳ

sY
)

where X̄, Ȳ are the sample mean and sX, sY are the standard deviation for X and Y val-

ues respectively. r gives out values between +1 and -1, marking the maxima for positive and

negative correlations, whereas the correlation is weak for values close to 0. The plotted data

reveals a very weak correlation for the Hildebrand parameter δ with rδ = 0.041 and weak

correlations for the h-bonding and dispersion coefficient with rδH
= 0.370 and rδD

= 0.277.

Only the polar Hansen coefficient δP shows a strong correlation with rδP
= 0.805, which
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Figure 4.4: Corrected PL-intensities of (9,4) and (10,5) nanotubes in F8BT (MW = 85 kg/mol) vs. kine-
matic viscosity of solutions with different solvents.

indicates, that for increasing δP around 1.5 MPa1/2 or higher, the quality of the selectiveness

increases, as long as other boundary conditions are met. In general, all solvents, that add

to a selective polymer/SWNT/solvent combinations exhibit δD values around 17.5 to 18.6

MPa1/2and δH values around 0.5 to 5 MPa1/2.

4.2.3 Solvent Viscosity

The dependence of the solution viscosity on the selective dispersion of carbon nanotubes has

been investigated by means of five aromatic solvents. F8BT (MW = 85 kg/mol, 2 mg/ml)

has been used as a dispersant for HiPco SWNTs (2 mg/ml). The used solvents include

toluene, an aromatic polymer with one methyl-sidegroup, xylene isomers with two methyl-

sidegroups and mesitylene with three methyl-sidegroups. For an overview of the properties

of the pure solvents, see table

The measured solution viscosities are plotted in Figure 4.4 against the yield of (9,4)

and (10,5) tubes, which was independently determined by their background- and action-

crosssection (Φ)-corrected photoluminescence peak intensities.336 The shown kinematic vis-

cosities ν can be derived from the solution density ρ and the dynamic viscosity η, giving:

ν = η/ρ. The pure solvent´s kinematic viscosities are quite different, ranging from 0.657

mm²/s for toluene to 0.886 mm²/s for o-xylene. An influence of the solution viscosity of

pure solvents on the dispersion behavior of SWNTs was reported by Cheng et al.337 In this

chapter, the scope is extended to solvent/F8BT/CNT solutions. (See table 4.3)

In plot 4.4, a clear trend becomes obvious, showing that the yield of (9,4) SWNTs rises

with increasing viscosity. While toluene, the dispersion with the lowest kinematic viscosity
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(0.816 mm²/s) shows an intensity of 270 counts/Φ, the yield for (9,4) tubes in o-xylene, the

dispersion with the highest viscosity (1.057 mm²/s) is over 20 times higher, with an intensity

of around 6071 counts/Φ. The yield of (10,5) SWNTs on the other hand, does not show a

similar behavior: All measured intensities are between 1795 (p-xylene) counts/Φ and 4142

(toluene) counts/Φ, giving a variance with a factor of 2.3 from the lowest to the highest

intensity. The selectivity S drops with increasing kinematic viscosity from toluene with a

near monochiral selectivity ratio of S = 0.97 to around 0.64 in the case of o-xylene.

While it has been reported, that the solution viscosity can have an effect on the stabi-

lization of carbon nanotube dispersions337, this behavior indicates that we see a more stable

nanotube chirality (10,5) and a meta-stable species (9,4) in F8BT dispersions. While (10,5)

nanotubes are nearly the only present species in the low viscosity toluene dispersions, sol-

vents with increasing viscosity seem to stabilize (9,4) nanotubes as a meta-stable species.

This stabilizing-effect seems to increase the number of (10,5) nanotubes with higher viscosi-

ties as well. Toluene dispersions, which show the largest number of (10,5) nanotubes at low

viscosity, make an exception in this case. Here, other effects like the structural arrangement

of the molecule or the relatively high polarity of the solvent, as discussed in the previous

two sections, could be responsible for the high amount of (10,5) tubes.

4.3 Influence of Polymer-Parameters and Viscosity

To further dissect the interplay of the solution viscosity with the selective nanotube dis-

persion, the following chapter will report the influence of polymer parameters like weight

average molecular weight MW and overall polymer content on the selective dispersion of

CNTs. The dispersion behavior of the polymers F8BT and PFO has been analyzed with

HiPco SWNT source material.

4.3.1 Polymer Molecular Weight

Following the Mark-Houwink equation, the weight average polymer molecular weight MW

strongly influences the resulting overall solution viscosity according to: [η] = K · Ma
W , where

[η] is the intrinsic viscosity, K and a are system dependent constants.338 The kinematic and

dynamic viscosities of F8BT and PFO solution with low (MW < 30 kg/mol), medium (60

kg/mol < MW < 90 kg/mol) and high molecular weight (MW > 180 kg/mol) are listed in

table 4.2. Toluene and o-xylene were chosen as solvents with relatively low (0.657 mm²/s)
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Table 4.2: Polymer and solution (2 mg/mL) parameters with the polymer molar weight average MW ,
the polydispersity PD, solution density ρ, kinematic viscosity ν and dynamic viscosity η.

Polymer MW PD Solvent ρ ν η

F8BT low MW 27 3.66
Toluene 0.83 0.705 0.590
o-Xylene 0.86 0.956 0.828

F8BT med. MW 64.5 1.78
Toluene 0.82 0.775 0.639
o-Xylene 0.87 1.061 0.923

F8BT high MW 189 3.01
Toluene 0.82 0.979 0.805
o-Xylene 0.86 1.333 1.149

PFO low MW 15.4 2.29
Toluene 0.82 0.684 0.564
o-Xylene 0.88 0.923 0.818

PFO med. MW 90.3 6.25
Toluene 0.83 0.760 0.638
o-Xylene 0.87 1.057 0.921

PFO high MW 257 2.62
Toluene 0.80 0.969 0.777
o-Xylene 0.86 1.389 1.195

and high (0.886 mm²/s) initial kinetic viscosity, giving a relatively large spread from 0.705

mm²/s to 1.333 mm²/s for F8BT solutions and 0.684 mm²/s to 1.389 mm²/s in case of PFO

solutions.

The selectivity ratio S for all solvent/polymer combinations was determined by means

of PLE mappings as described in the previous section 4.2.2 and plotted in Figure 4.5 against

the kinematic viscosity ν of the solutions. When we take a look at Figure 4.1 (b) and (c) as

examples with low (0.78 mm²/s) and high (1.33 mm²/s) viscosities, Figure 4.5 (a) shows the

gradual transition between the two most abundant nanotube species. This is following the

trend already briefly touched upon in chapter 4.2.3: Dispersions with high viscosities, as a

result of the combination of high molecular weight polymer with o-xylene, seem to become

more selective toward (9,4) nanotubes. The almost seamless transistion of the selectivity

S from toluene to o-xylene is particularly interesting. Furthermore, the yield of dispersed

carbon nanotubes rises with increasing viscosity: While F8BT with low MW in toluene shows

background-corrected peak PL intensities of around 1390 counts for (10,5) SWNTs with no

visible (9,4) tubes, high-MW F8BT exhibits PL peaks of 3711 counts for (10,5) and 28515

counts for (9,4) species.

The dispersion yield for PFO dispersions was found to be much higher in general

than for F8BT as a dispersant (see Appendix Figure .3, .4 and .5 for overview of PLE maps of

PFO and F8BT dispersions). PFO/HiPco dispersions usually contain four to five dominant

species. Molecular dynamic simulations of Gao et al. identified (8,6) and (8,7) SWNTs as

the most stable species in PFO dispersions.13 To visualize changes in selectivity for these
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Figure 4.5: Selectivity S of (a) (10,5) vs. (9,4) nanotubes dispersed in F8BT solutions and (b) (8,7)
vs. (8,6) nanotubes dispersed in PFO solution depending on their kinematic viscosity,
varied by using different solvents (toluene and o-xylene) and different polymer molecular
weights.

two chiralities, the selectivity ratio S, has been applied to (8,6) and (8,7) tubes as well. The

results are plotted in graph 4.5 (b), where a coherent change of selectivity from an (8,7) tube

majority at lower viscosities to an (8,6) dominance at higher viscosities becomes obvious.

In general, changes in the dispersion selectivity from lower viscosity toluene solutions

to higher viscosity o-xylene solutions can be observed. This suggests that the selectivity for

specific nanotube types depends, among other factors, on the solution viscosity.

4.3.2 Polymer Concentration

An alternative approach to investigate the influence of the solution viscosity without chang-

ing the polymer type or solvent, is the variation of the polymer concentration. For F8BT with

an molecular weight of MW = 153 kg/mol the dispersion behavior with concentrations of

2 mg/ml, 5mg/ml and 10 mg/ml has been analyzed. The achieved kinematic viscosities

spread from 0.92 mm²/s to 3.31 mm²/s in this case (see table 4.3).

Figure 4.6 visualizes the interdependence of the polymer concentration with the se-

lectivity towards certain nanotubes. The subsets 4.6(a) to (d) show PLE maps and the cor-

responding absorbance spectra of the resulting HiPco SWNT dispersions. While samples

with 2 mg/ml of polymer content show only two dominant nanotube species, the num-

ber of identifiable nanotube chiralities, as well as the overall nanotube quantity, rises with

increasing polymer concentration. As expected, the selectivity ratio S of (10,5) vs. (9,4) nan-

otubes decreases with higher kinematic viscosity (see subset (e)) from 0.91 for 2 mg/ml to
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0.66 for 10 mg/ml.

The increasing number of different (n,m)-species, accompanied with an increase in

overall content of the individual chiralities, indicates a higher degree of wrapping stabi-

lization of the polymer around the nanotube. The (10,5)-nanotube, as the predominantly

dispersed species at low viscosities with near mono-chiral selectivity, seems to be favored

by the F8BT polymer wrapping. This preference for (10,5) as well as (9,4) SWNTs is likely

to stem from energetic preference with a low relative potential energy13 and geometri-

cal matching with an appropriate SWNT-diameter and helical angle.12,217 However, where

(10,5) nanotubes can occur in near-monochiral distribution, given the right solvent type and

polymer parameters, the abundance of (9,4)-tubes benefits of higher solution viscosities and

near-monochiral purities like for (10,5) SWNTs cannot be achieved. This indicates that (10,5)

nanotubes can be considered a “stable” chirality, whereas (9,4) tubes can be interpreted as

a “meta-stable” species. When speaking of the selectivity of F8BT as a dispersant and us-

ing HiPco-source material, most other species seem not to be stabilized, unless high solution

viscosities are applied. In this case however, due to the abundance of different (n,m)-species,

the resulting nanotube distribution cannot be described as “selective” anymore.

4.3.3 Re-Aggregation Behavior

The long-term stability of SWNT/polymer dispersions further corroborates the influence of

viscosity on the selective dispersion of carbon nanotubes. Samples of HiPco carbon nan-

otubes were dispersed with F8BT polymers of different molecular weight. Like in section

4.3.1, low, medium and high molecular weight F8BT was used, resulting in a range of kine-

matic viscosity from 0.71 mm²/s to 0.98 mm²/s in toluene. The different samples were dis-

persed and measured as usual, within two hours, by using the supernatant after ultrasonic

treatment and centrifugation. This was followed by a storage period in dark and undis-

turbed conditions. After 32 days the dispersions were further processed by applying a sec-

Table 4.3: Measured solution viscosities (kinematic viscosity ν (mm²/s) and dynamic viscosity η
(mPa·s))and densities ρ (g/cm³) of different F8BT concentrations (mg/ml) in toluene. Poly-
mer molar weight MW : 153,860 g/mol, PD = 3.79

Concen-
tration

ρ ν η

2 0.86 0.924 0.795
5 0.88 1.591 1.400
10 0.90 3.310 2.979
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Figure 4.6: PLE maps of HiPco/F8BT dispersions in toluene with 2 mg/mL (a), 5 mg/mL (b) and 10
mg/mL (c). Corresponding absorbance plots (d) and selectivity ratio S for (10,5) vs. (9,4)
tubes (e).

ond and identical centrifugation step. This step should sediment re-aggregated SWNTs due

to their higher density, and hence remove them from the still individualized nanotubes in

the supernatant. Absorbance spectra were again measured to compare them to their freshly

made analogs. The absorbance ratio RA, introduced in chapter 4.2.1, served as a quantitative

measure for the selectivity towards (10,5) and (9,4) tubes by using the background corrected

spectra but neglecting the HiPco source distribution.

Figure 4.7 gives an overview of the absorbance spectra obtained from the different

samples after around two hours as well as 32 days after fabrication. For all samples the

absorbance background decreases significantly after storage and re-centrifugation. As ex-

pected, the fraction of (10,5) nanotubes compared to the (9,4) nanotubes increases in all cases.

While for the high MW F8BT, only a slight increase can be determined - the absorbance ratio

increases from 0.33 to 0.37 - the medium MW-sample shows a change in selectivity, from a

(9,4) predominance with RA = 0.42 to a (10,5) dominance with RA = 0.52. Finally, for the low

MW-sample, the (10,5) species is the only clearly distinguishable species after 32 days of stor-

age. The different re-aggregation kinetics over longer periods of time support the hypoth-
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Figure 4.7: Absorbance spectra of freshly prepared and centrifuged F8BT/nanotube dispersions
(black), and after 32 days of storage at room temperature and re-centrifugation (red).

esis that higher viscosities lead to a kinetic stabilization of less favorable SWNT−polymer

complexes.

The same experiments were conducted with PFO solutions and HiPco SWNTs. PFO

disperses different nanotube species than F8BT, but at much higher concentrations. The

long term experiments with PFO showed quite stable dispersion behavior with very little

re-aggregation after 32 days. This indicates that the PFO-polymer in general forms very

stable interactions with the dispersed nanotubes.

4.3.4 Discussion

In case of F8BT dispersions an apparent interdependence of selectivity towards certain nan-

otubes, total amount of dispersed nanotubes and solution viscosity could be explained by

the relation between diffusion and rate of (re-)aggregation. The rate constant for the diffu-

sion limited aggregation of colloidal particles is directly proportional to the diffusion con-

stant.339 For the interaction-limited aggregation in case of polymer/SWNT systems, this is

also valid, although multiplied with an exponential term for the aggregation activation en-

ergy, accounting for the steric stabilization of SWNT by the polymer wrapping. This factor

is expected to depend on the polymer/SWNT interaction. The diffusion constants become

important again, when the activation energies for re-aggregation for two types of nanotubes

are roughly similar.
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Furthermore, Tsyboulski et al. showed that for carbon nanotubes the translational dif-

fusion constant D is inversely proportional to the dynamic viscosity η of the solution:340

D =
kBT

6πη
· 2 · ln(L/d)− γ

L
(4.2)

Here, L is the nanotube length, d the nanotube diameter and γ a correction parameter.

While the average tube length should be similar for all samples, the diameter is expected

to have negligible influence due to the logarithmic dependence. It is assumed, that all nan-

otubes are equally wrapped and covered by the polymer during ultrasonication. Thus, the

rate of re-aggregation for unstable and meta-stable carbon nanotubes will depend on the

solution viscosity and hence inversely on the viscosity. While (10,5) nanotubes can be iden-

tified as the most stable nanotube species, less stable tubes like the (9,4)-type could be ki-

netically stabilized in high viscosity solutions. The fact that higher viscosity solutions can

disperse far more nanotubes types with higher abundance further supports this hypothe-

sis.

However, an alternative cause for the influence of the molecular weight could be ex-

plained by the different surface coverage of the polymer macromolecules. Assuming a com-

plete wrapping of the nanotube, without dangling parts of the polymer, a long polymer

chain with higher molecular weight can cover a certain length or area of a nanotube. For

low-MW polymers, more chains are required to cover the same extent of the nanotube. First,

this leaves the potential for more uncovered area by shorter polymer chains. And second,

it exposes more polymer chain end-groups which are expected to be the starting points for

the unwrapping of the molecules.

Another possibillity is the formation of different wrapping geometries for polymers

with different molecular weight. This could lead to a preference for different nanotube chi-

ralities. Nevertheless, the influence of solution viscosity is consistently observable not only

by varying the molecular weight, but also through changes in the polymer concentration

and solvent type, and cannot be fully explained by these alternative concepts alone. Also,

these assertions assume perfectly equilibrated states of wrapping, which is unlikely to be

completed right after vigorous ultrasonication, when the centrifugation step is applied.
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4.4 Conclusion

In conclusion, it was found that both solvent type as well as the polymer molecular weight

influence the selective dispersion of carbon nanotubes and the resulting nanotube yield,

mainly through their influence on solution viscosity. Beside its influence on viscosity, the

solvents molecular structure exhibits most selective results, when benzene-based organic

solvents were used. The highest selectivity was achieved with aromatic molecules with

none or only few side-groups, indicating structural or spatial limitations in the formations of

the nanotube/polymer/solvent complex. Common solvent parameters such as introduced

by Hildebrand and Hansen only showed weak correlations with the achieved dispersion

selectivity, limiting their application for the defined use of solvents with selective nanotube

dispersion.

It is proposed that kinetic stabilization of less favorable polymer/SWNT hybrids can

be achieved by reducing the diffusion constant of SWNTs in dispersion by increasing the

solution viscosity. Tuning the viscosity can be achieved by variations of the polymer molec-

ular weight, the polymer concentration and the type of solvent. When screening for suit-

able conjugated polymers for nanotube dispersion, these factors should always be taken

into account, since selectivity and yield are strongly influenced. For high selectivity, low to

medium molecular weights and low concentrations are preferable. The resulting high diffu-

sion constant D prevents the stabilization of unstable or metastable nanotube species. High

molecular weight polymers and more concentrated solutions are better suited for achiev-

ing high SWNT concentrations and long-term dispersion stability, however at the cost of

selectivity.



Chapter 5

Enhanced Charge Injection with Nanotube-Doped Polymer

Semiconductors

5.1 Introduction

Organic field-effect transistors (OFETs) and organic light emitting diodes (OLEDs) are fast

developing research fields, which aim at a cheap and large-scale integration of electronic

devices in new and traditional environments like display and lighting as well as printable,

flexible and disposable electronics. For the effective use of organic semiconductors, several

key-aspects like environmental stability, processing limitations and electrical performance

have to be considered. The efficient injection of charge carriers from metal electrodes into the

semiconductor is one crucial factor, influencing the necessary operational voltages, parasitic

losses and thus device efficiency. With traditional inorganic electronics, ohmic contacts at the

semiconductor/metal interface can be easily achieved by local doping of the semiconductor.

For organic molecules on the other hand, the injection barrier and thus the contact resistance

to metal contacts is determined by the offset of the metal workfunction and the semiconduc-

tor´s HOMO and LUMO level. Usually, materials with different workfunctions for efficient

hole and electron injection are required, necessitating the usage of multiple contact- as well

as semiconducting materials.

Ambipolar organic semiconductors for complementary-like circuits and light emitting

field-effect transistors can simplify the engineering of organic electronic devices with their

efficient transport of both polarities of charge carriers. This makes it necessary to properly

match the semiconductor/metal combination for efficient charge injection. However, the

large bandgap of around 2 to 3 eV of most organic molecules prevents low Schottky bar-

99
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Figure 5.1: (a) Transistor architecture of used LEFET devices with chrome/gold source- and drain
electrodes on glass substrates, spincoated polymer/(SWNT) semiconductor (typical
around 40 nm thickness), PMMA dielectric layer 8500 nm) and evaporated semitranspar-
ent gold top-gate electrode. (b) Energy level distribution of (7,5) SWNT with conduction
and valence band,230 and the F8BT and PFO polymers with respective HOMO and LUMO
distribution.324–326

riers for both holes and electrons. Several options for improvement and reduction of the

contact resistance with ambipolar field-effect transistors exist. First, the application of dif-

ferent metals for source and drain electrode: While high workfunction metals like Au or

Pd are favorable for hole injection, low workfunction metals like Ca or Al are most suitable

for electron injection. The drawback of this method is the additional effort for structuring

the two different metal contacts. For example, the use of photo-lithography steps adds se-

vere complexity to the manufacturing, while the use of shadow masks additionally limits

the achievable smallest dimensions. Low workfunction metals usually are not stable in am-

bient conditions, which can further complicate their application. Additional injection lay-

ers like ZnO for electrons341 or self-assembled monolayers (SAMs) for electrons or holes342

have been introduced. They can show a distinct reduction of contact resistance, but also

require additional processing effort for alignment and structuring. In general, only one po-

larity of charge carriers is improved. Additionally, the often necessary high-temperature an-

nealing of the semiconductor which introduces morphological changes in the organic thin

films for higher performance, is hardly applicable to thiol-SAMs due to desorption of the

molecules.

The device configuration can further influence the injection behavior. Unlike copla-

nar OFET structures, staggered transistor architectures in bottom-contact/top-gate structure

show lower contact resistance due to their large spatial overlap of source/drain and gate

electrodes with semiconducting inter-layer.315 Unfortunately, this device structure presents

an additional factor for the total injection resistance which has to be accounted for: The
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Figure 5.2: Structural formula of the used polymers F8BT (a) and PFO (b) with absorbance (b)+(e)
and PLE plots (c)+(f) of the respective SWNT/polymer dispersions for both polymers.
Identified species are labeled in the PLE plots.

charge carriers have to travel from the injecting electrode to the accumulation layer at the

dielectric through the usually undoped and low conductivity bulk semiconductor.

5.2 Concept

In this work, a simple method for significant improvements of the injection behavior of

organic field-effect transistors is reported. It is shown that the “doping” of organic semicon-

ductors with small amounts of carbon nanotubes can significantly lower the overall contact

resistance of both holes and electrons, by improving charge injection from the metal elec-

trodes on one hand, and lowering the semiconducting bulk resistance on the other hand.

It is proposed that the one-dimensional, antenna-like structure of the added SWNTs leads

to enhanced electric fields, which can be beneficial for charge carrier injection. At the same

time the nanotube´s low intrinsic resistance should increase the bulk conductivity in the

polymer matrix.

Light-emitting field-effect transistors in this work have a bottom-contact/top-gate

structure as depicted in Figure 5.1 (a), with the green emitting polyfluorene F8BT (bandgap:

2.6 eV) and the blue emitting PFO (bandgap: 3.1 eV). Gold is used as the injecting material
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Figure 5.3: Sketch of total injection resistance of charge carriers from the injecting electrode to the ac-
cumulation layer at the dielectric in staggered bottom-contact/top-gate devices. Rinter f ace

denotes the injection resistance from the metal electrode into the polymer, resulting from
Schottky-barriers due to energy level mismatch of the polymer HOMO/LUMO and the
metal workfunction. Rbulk results from the Ohmic contribution of the low-conductivity
semiconductor bulk between electrode and accumulation layer.

for source and drain electrodes, with a work function of around 4.7 to 5 eV, thus creating

symmetrical injection barriers of around 1.2 to 1.4 eV for holes and electrons in the case of

F8BT. PFO has a lower lying LUMO of 2.6 eV, which leads to rather disproportionate injec-

tions barriers, of over 2.1 eV for electrons and 0.7 eV for holes. (see Figure 5.1 b) PMMA,

which is known to allow for efficient hole and electron transport due to the absence of hy-

droxyl groups, was spincast as a gate dielectric with a thickness of around 500 nm in all

devices.

The “doping” of the semiconducting polymer with carbon nanotubes was achieved

by the dispersion of HiPco nanotube powder in o-xylene solutions of the two polymers.

A subsequent centrifugation step at 60,000g led to selective enrichment and individualiza-

tion of certain nanotube species in the polymer solution, while impurities and undispersed

nanotube bundles were deposited in the precipitate. This procedure is explained in detail

in section 3.2.1 and 2.3.3 with recent findings on the influence of solvent type and poly-

mer molecular weight in chapter 4. O-xylene, as a relatively high boiling aromatic solvent

and the highest available polymer molecular weight were chosen in order to achieve the best

FET-performance.343,344 The ultrasonication procedure, necessary to disperse and de-bundle

the CNTs in solution, only slightly modified the molecular weight distribution of the used

polymers by marginally lowering the number weight average MW as well as the polydis-

persity. (see section 3.1.2 and Figure 3.2 for details) Figure 5.2 shows absorbance and PLE

spectra of the obtained solutions. While F8BT mainly disperses (9,4) and (10,5) SWNTs, PFO
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Figure 5.4: Transfer curves of F8BT FETs with pristine polymer (a)+(b) and with added SWNTs
(c)+(d).

shows a selectivity for (7,5), (7,6), (8,6) and (8,7) SWNTs in this case. No traces of metallic

tubes in the solutions were found. Additional polymer was added to the dispersions, to give

final spincast layer thicknesses of around 50-70 nm. The concentration of the nanotubes was

derived from the measured absorbance spectra via their absorption cross section of 1.7x1017

cm² for the E11 absorptionn peaks.107 The nanotube content in F8BT solutions was estimated

to around 0.2 µg/mL, while PFO solutions showed slightly higher concentrations of around

1 µg/mL. On the used substrates, with a channel length of 20 µm between the Au source

and drain electrodes the nanotube concentration was low enough to prevent the formation

of percolation pathways. This would otherwise be indicated by significantly increased off-

currents or apparent semiconductor mobility.
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5.3 Electrical Transport and Light Emission

5.3.1 Transfer Characteristic

Field-effect transistors with added carbon nanotubes showed significantly improved device

characteristics compared to their identically processed counterparts with pristine semicon-

ductor. The transfer curves of SWNT-doped F8BT devices in Figure 5.4 (c) and (d) show

lower onset voltages for both polarities of charge carriers. The average onset voltage drops

from -22 V to -12 V for holes and from 28 V to 12 V for electrons (see table 5.1 for a list of

field-effect mobilities and onset voltages). At the same time, the observable current onset,

which is measured at low source drain voltages, becomes much steeper. The reduction in

onset voltages for both charge carrier polarities can at least partially be attributed to lower

contact resistance. Overall, the measured source-drain currents increase clearly for devices

with added carbon nanotubes. Especially in the ambipolar regime, where electrons and

holes are injected simultaneously, a current increase of around two orders of magnitude can

be observed.

The achieved saturation mobilities for both types of charge carriers are slightly re-

duced from 1.8·10-3 cm2V-1s-1 to 1.1·10-3 cm2V-1s-1 on average for holes and from 0.7·10-3

cm2V-1s-1 to 0.5·10-3 cm2V-1s-1 for electrons. This indicates on the one hand that the nan-

otubes do not form percolation pathways but suggests the possibillity, that they can act as

shallow traps in the annealed polymer matrix due to their DOS distribution (see Figure 5.1

b).

The effect of nanotube “doping” becomes more pronounced for the PFO polymer,

where a high LUMO of -2.6 eV hinders efficient injection of electrons. As can be seen in

Table 5.1: Average device parameters for saturation mobility (cm2V-1s-1) and onset voltages (V) for
holes and electrons of F8BT and PFO FETs with and without added SWNTs.

semiconductor
saturation hole

mobility
saturation

electron mobility

onset
voltage
holes

onset
voltage

electrons
F8BT pristine (1.8±0.3) · 10-3 (0.7±0.04) · 10-3 -22±5 28±7
F8BT/SWNT (1.1±0.2) · 10-3 (0.5±0.08) · 10-3 -12±5 12±5

F8BT pristine /
SWNT on
electrodes

(1.3±0.2) · 10-3 (0.7±0.1) · 10-3 -16±4 20±4

PFO pristine (0.18±0.03) · 10-3 (0.03±0.02) · 10-3 -21±6 52±58
PFO/SWNT (0.3±0.05) · 10-3 (0.86±0.3) · 10-3 0±8 26±5
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Figure 5.5: Transfer curves of PFO FETs with pristine polymer (a)+(b) and added nanotubes (c)+(d).

Figure 5.4 (a) and (b), electron current is strongly suppressed, with high onset voltages and

large hysteresis. Addition of small amounts of carbon nanotubes again leads to a large drop

of the average onset voltage, from -21 V to 0 V and from 52 V to 26 V for holes and electrons,

respectively. The improved injection of electrons leads to an large increase of source-drain

currents in the ambipolar regime by over two orders of magnitude.

As for the F8BT devices, the measured saturation mobilities show no strong variations.

In general, slightly higher mobilities were found for electrons than holes.

5.3.2 Output Characteristic

Compared to transistors without nanotubes, the output characteristics of both F8BT and

PFO devices with added nanotubes show an increased source-drain current especially at low

source drain voltages. Here, the current onset starts much earlier, indicating a significantly

lowered, yet still non-ohmic contact resistance. For F8BT devices in Figure 5.6 with quite

symmetric injection barriers, this behavior is observable for both polarities of charge carri-

ers. PFO devices show a significantly improved electron injection behavior at low source
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Figure 5.6: (a) Energy level distribution of F8BT with Au-electrode.324 Output characteristics of F8BT
devices with pristine polymer (b)+(c) and with added nanotubes (d)+(e).

drain voltages, while the hole injection seems less affected. This reflects the HOMO/LUMO

levels of PFO with respect to the injecting gold electrode (see Figure 5.7 a) which show much

higher injection barriers for electrons than for holes.

The achieved overall source-drain currents at higher source-drain voltages increase for

both semiconductors. The effect is however more pronounced in the case of PFO, where the

measured hole and electron currents for devices with carbon nanotube loading are several

times higher than for devices without SWNTs. PFO devices with carbon nanotubes still

exhibit hysteresis in the unipolar-electron injecting regime, however much smaller than their

counterparts with pristine semiconductor.

Clearly, the addition of SWNT to the semiconducting polymers shows an improve-

ment in case of unfavorable contact resistance due to high injection barriers. This becomes

apparent especially in the case of PFO where even a balancing effect between hole and elec-

tron currents can be observed. The addition of CNTs enables higher and more symmetrical

ambipolar currents, which has not yet been achieved by using pure Au for source and drain
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Figure 5.7: (a) Energy level distribution of PFO with Au-electrode.325,326 Output characteristics of
PFO devices with pristine polymer (b)+(c) and with added nanotubes (d)+(e).

electrodes.

5.3.3 Light Emission and Efficiency

Light emission from these LEFET devices with F8BT and PFO polymer is shown in Figure

5.8 with bright and continuous emission zones, which can be moved through the transistor

channel by sweeping the gate voltage for a given source drain voltage. The external quan-

tum efficiencies were measured by a silicon photo-diode, resulting in EQE values of around

0.45 % for both materials. EQE values of reference devices were difficult to obtain, since

the source-drain currents of pristine devices were about two orders of magnitude lower and

resulted in very noisy light output measurements. However, the EQE is similar to measure-

ments of pristine F8BT devices obtained by the same method.345 Note that the determined

EQE provides only a very conservative estimate of the EQE since losses in outcoupling and

through destructive interference between the source/drain and gate electrode have not been
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Figure 5.8: LEFET emission zone during transfer sweep and calculated EQE with source-drain cur-
rent (at Vds = 100 V) for F8BT (a)+(b) and PFO-devices (c)+(d).

accounted for.316 Also, light emission was measured through the semi-transparent gold elec-

trode, which further reduces the amount of collected light.

Energy transfer from the polymer to the SWNT dopant is expected.346,347 This should

further reduce the measurable EQE of SWNT-doped devices, since carbon nanotubes with

diameters of around 0.8-1.2 mm emit at wavelengths above 900 nm, which is not measur-

able for common Si-photodiodes. However, the similar EQE values for pristine and doped

devices indicate no significant quenching of the emission.

5.3.4 Amorphous F8BT Layers

The manufacturing of F8BT-FETs involves the annealing of the semiconducting layer to

290°C, above the liquid crystalline melt temperature, which is around 185°C to 280°C de-

pending on the polymer molecular weight.348 This high-temperature annealing step with

successive quenching of the device at high cooling rate leads to the formation of crystalline
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Figure 5.9: Transfer plots of amorphous F8BT layers (a)+(b); corresponding light emission during
transfer sweep with EQE plot and source-drain current (at Vds = 100 V) (c) and emission
zone (d).

domains in the polymer with improved hysteresis behavior and reduced threshold voltages,

though at the cost of slightly reduced field-effect mobilities compared to amorphous layers

where annealing temperatures are kept below the glass-transition temperature. Previously,

it was relatively difficult to obtain good injection behavior for F8BT devices at lower an-

nealing temperatures. However, for certain implementations lower annealing temperatures

might be beneficial. This could be the case, for example when used with polymer substrates

like PET or if amorphous layers are necessary, like in wave-guiding applications.307 Addi-

tionally, the introduction of polycrystallinity by annealing above the crystalline melt tem-

perature potentially decreases the charge carrier mobilities, because the individual domain

boundaries with different polymer orientations have to be overcome.349

The addition of carbon nanotubes to LEFET devices leads to similar device character-

istics with annealing temperatures of only 120°C. Figure 5.9 shows transfer plots with high

ambipolar currents and low onset voltages similar to devices after annealing at 290°C. The
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Figure 5.10: Schematic channel potential gradient during four-point-probe measurements with volt-
age drops at the source and drain electrodes.350

image of the emission zone in Figure 5.9 (d) reveals a very straight and smooth emission

zone of these amorphous devices. This is unlike their crystalline counterparts, that exhibit

a more rippled emission line with brightness variations along the transistor channel. (see

Figure 5.8 for reference). The measured external quantum efficiency with around 0.76 % is

higher for the low temperature annealed FETs. This might be attributed to improved light

outcoupling from the amorphous layers.

5.4 Contact Resistance

As shown in section 5.3, the addition of carbon nanotubes significantly increases ambipo-

lar currents for holes and electrons, which can at least partially be attributed to a lowered

injection barrier. This can be derived from the transfer characteristics with strongly de-

creased onset voltages and steeper onset-slope as well as the reduced onset delay in output

characteristics, which indicates a lower, yet still non-ohmic injection barrier. Specific mea-

surements of F8BT devices by the gated four-point-probe technique (gFPP) in staggered

configuration were performed. Here, the channel potential is assumed to be linear, which

is a valid approximation for low source-drain voltages and high gate-voltages.329 The po-

tential gradient in the channel is measured by small probes, that extent slightly under the

gate electrode and into the channel. For a given current, the voltage drop and the associated

contact resistance can be calculated by Ohm´s law for both source and drain contacts.

Table 5.2 shows the extracted contact resistance at source and drain for F8BT tran-

sistors at high gate voltages above 80 V (see section 3.4.3 for details). Samples without

nanotubes exhibit an average source contact resistance for holes of about 44.7 MΩ·cm and

a drain contact resistance of 5.4 MΩ·cm. This asymmetric contact resistance distribution

does not change when switching the electrodes and is in accordance with literature, where
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significantly larger barriers for the injecting source electrode than for the extracting drain

electrode have been found.329 On the other hand, transistors with added nanotubes showed

a strongly reduced hole source contact resistance of 4.3 MΩ·cm and a slightly reduced drain

contact resistance at 4.9 MΩ·cm, giving nearly equally distributed voltage drops at source

and drain. The electron contact resistance for pristine devices could not be extracted from

these measurements, owing to the generally lower electron currents without nanotube dop-

ing and the gFPP-transistor´s W/L ratio of only 20.

The gFPP-measurements reveal, that the addition of carbon nanotubes reduces the

overall contact resistance of F8BT LEFETs, especially at the injecting source electrode, where

a decrease of over one order of magnitude is found, compared to pristine F8BT devices.

The following paragraphs try to shed light on the mechanisms that improve the injection

behavior with nanotube-doped polymers.

5.4.1 Nanotube Deposition on Gold Electrodes

For staggered bottom-contact/top-gate devices, the total resistance for charge carrier injec-

tion into the accumulation layer is comprised of two main parts: The Schottky barrier at the

metal/semiconductor interface and the semiconductor bulk resistance from the electrode

to the channel (see Figure 5.11). Accordingly, a separation of the role of the SWNTs di-

rectly at the electrode on one hand, and the SWNT present in the bulk semiconductor on the

other hand would be beneficial to further dissect the nanotubes influence on the injection

behavior. Also, to push the limit of the SWNT-effect, a simple increase of the nanotube con-

centration would lead to the increased formation of percolation pathways, thus modifying

the transport properties and reducing the transistors on/off-ratio.

Spincast SWTNs from 1,2-dichlorobenzene solution were used to to create a dense

nanotube layer on-top of the pre-patterned gold electrodes (see Figure 5.11 a). A photo-

lithographically structured resist mask was created by backside illumination of the gold

Table 5.2: Contact resistance measurements (MΩ·cm) for source and drain electrode of F8BT FETs
with and without added nanotubes.

semiconductor polarity Rsource Rdrain

without
nanotubes

electrons - -
holes 44.7 5.40

with nanotubes
electrons 48.2 15.5

holes 4.27 4.87



Contact Resistance 112

Figure 5.11: (a) SEM picture of CoMoCAT SWNTs spread over the Au-electrode. (b) Transfer plots
of F8BT devices with SWNT-covered electrodes, showing little hysteresis and high am-
bipolar currents.

structures, leaving only the channel area exposed. Subsequent treatment with oxygen plasma

removed the nanotubes from the channel region, hence creating substrates with SWNT-

covered Au-electrodes. These modified substrates served as a basis for polymer transistors

with pristine F8BT and PMMA dielectric, as used before.

The transfer characteristics of these devices are shown in Figure 5.11 (b) and (c) and

behave similar to those devices with bulk nanotubes, showing low hysteresis and slightly

higher onset voltages of around -16 and 20 V, respectively. As a result, currents are high

compared to pristine F8BT devices with pristine Au electrodes and bright light emission

can be detected. The measured field-effect mobilities (see table 5.1) and off-currents are

comparable to other measured F8BT transistors, indicating an unaffected charge transport

through the polymer bulk and no remaining CNTs in the channel region.

The output characteristics of the LEFETs with Au/SWNT electrodes, shown in Figure

5.12 (e) and (f) reveal a significant improvement of the injection behavior. The current onset

now exhibits a nearly ideal and linear behavior, normally associated with ohmic contacts

and low contact resistance that are seen for well matched combinations of metal workfunc-

tion and polymer HOMO and LUMO levels. Compared to F8BT devices with bulk nan-

otubes, plotted in Figure 5.12 (b) and (c) - which already improve on the injection behavior

of pristine polymer - the output current for a given gate voltage are nearly doubled. In fact,

to achieve similarly good injection behavior for F8BT until now, low workfunction metals

like Ca had to be used.313 However, due to oxidation, these materials have the drawback of

low stability in ambient conditions. Carbon nanotubes on the other hand, are extraordinar-

ily stable when exposed to oxygen and humidity.
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Figure 5.12: Schematic drawings of nanotube content in the bulk (a) and at the electrodes (d); Output
characteristics for F8BT devices with bulk-nanotube doping (b)+(c) and with pristine
polymer and SWNT-covered electrodes (e)+(f). Nearly Ohmic and linear onset behavior
as well as higher maximum output can be identified at SWNT-covered electrodes.

The remarkable improvements with Au/SWNT electrodes and pristine polymer lead

to the question, how the nanotubes in SWNT/polymer-blends are spatially distributed within

the polymer matrix. Vertical phase separation of nanotubes and polymer during spincast-

ing is conceivable. This would lead to an enrichment of the nanotubes at the metal interface,

thus improving charge carrier injection upon pristine F8BT transistors. To look further into

this, inverted polymer/nanotube films were deposited on the patterned glass substrates.

This was achieved by spincasting the polymer blend onto mica substrates. The resulting

film was subsequently floated off in DI water to be transferred to the transistor substrates

by adhesive bonding. This can either be done upside down - resulting in “flipped” inverted

polymer films, or with regular orientation - giving “non-flipped”, floated off reference sam-

ples (see Figure 5.13). The transistors with flipped semiconductor showed nearly identical

performance in terms of high currents and low onset voltage and field-effect mobility as

the non-flipped references. These results strongly suggest, that the nanotubes are evenly

distributed within the polymer matrix and no segregation takes place.
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Figure 5.13: Schematic principle of flipping the semiconducting layer by spincoating on mica sub-
strates and floating of in DI-water. The floating polymer layer can be attached to a tran-
sistor substrate by adhesive bonding from the top or from below, creating a “flipped” or
a “not-flipped” sample.

5.4.2 Semiconductor Film Thickness

To investigate the influence of the bulk resistance Rbulk (see Figure 5.3) on the injection pro-

cess more closely, FETs with different semiconducting film thicknesses were prepared. Burgi

et al. as well as Richards and Sirringhaus reported the strong influence of the layer thick-

ness in staggered devices: With increasing layer thickness, an increasing resistance has to be

overcome by charge carriers.329,351 This was found to be especially significant at the drain

electrode, where the overall contact resistance rises much faster with increasing thickness

than at the source electrode. The reason for this asymmetric behavior is the diffusion lim-

ited transport at the drain contact. Unlike at the source contact, the transport through the

bulk at the drain is not supported by the applied electric field by the gate.

The results in section 5.4.1 indicate a homogeneous and random distribution of SWNTs

within the polymer film. The length of the dispersed nanotubes after ultracentrifugation

was determined to around 50 nm to 1 µm, as confirmed by AFM analysis. Due to cen-

trifugal and shear forces during spincoating, the nanotube orientation is presumably nearly

parallel to the substrate, with tilt angles up to around 10 °. Larger tilt angles would at some

point lead to nanotube bridges and hence short-circuits from gate to the source and drain

electrode. The absence of steep-angled tubes was also confirmed by AFM analysis of the

film surfaces, where no traces of nanotubes poking out the surface were found.

When disregarding the effect of better charge injection through nanotubes at the me-

tal/semiconductor interface, the presence of bulk tubes still can significantly influence the

transport through the bulk polymer. Polyfluorenes like F8BT and PFO exhibit a rather low
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Figure 5.14: Output plots with semiconducting layers of varying thickness for pristine (a) and SWNT-
doped F8BT devices (c); respective magnifications are shown in subset (b) and (d).

intrinsic conductivity of around 1·10-10 S/cm352, whereas carbon nanotubes can carry ex-

tremely high currents with conductivities of around 1 S/cm, which is around 10 orders of

magnitude higher than with the used polymers. Even though it is rather unlikely, that nan-

otubes bridge the entire distance from the injecting electrodes to the channel, the small tilt

can still result in a significant reduction of Rbulk, which can especially be important at the

diffusion limited drain contact.

The film thickness of our sample sets was varied by changing the polymer concen-

tration, resulting in layers of 115 nm (13.5 mg/ml), 75 nm (11 mg/ml) and 39 nm (7 mg/ml).

All solutions were made from the same stock solution. Here, careful attention has been paid

to tune the nanotube content in a way to give a constant nanotube/volume ratio in the

resulting films. The spincoating speed was kept at 1000 rpm during layer preparation, to

ensure a similar degree of shear forces exerted on the nanotubes.

Figure 5.14 gives an overview of F8BT-FET output curves at Vg= -100 V without (sub-

set (a), and magnification in (b)) and with (subset (c), magnification in (d)) nanotube addi-

tion for different layer thicknesses. Only hole accumulation is shown in this case, measure-

ments for electron accumulation, as shown before in this study, behave nearly identical. The
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current onset at low voltages serves as a measure for the overall non-ohmic contact resis-

tance in these measurements, and was defined as the drain voltage, at which current starts

to rise. LEFETs without nanotubes behave as expected.329,351 The devices with the thinnest

polymer layer of 39 nm exhibit the best performance in terms of maximum current and,

more importantly, with low source-drain voltages for current onset at about -8 V for holes

and 12 V for electrons. For increasing layer thickness, the onset voltages rise from about

-14/18 V at 75 nm to -20/24 V at 115 nm for holes and electrons, respectively. At the same

time, the maximum current output in the 115 nm layer drops to less than 50 % of the current

in the 39 nm film.

Nanotube-doped transistors exhibit a different behavior. While the 39 nm layer shows

a quite low onset voltage of -10 V for holes and 14 V for electrons, the onset voltage for

thicker layers does not increase. In fact, for thicker layers it decreases to about -4 to -6 V for

holes and 6 to 8 V for electrons for the samples with thick polymer layers. Moreover, the

output current increases consistently with film thickness, which to some point reverses the

observations made for the undoped polymer.

Assuming a constant injection barrier at the metal contacts for all samples of the same

set, this behavior indicates that nanotubes indeed have an influence on the bulk resistance.

Rbulk stays constant or is even reduced in the thicker polymer layers. Since the specific

resistance of the polymer is proportional to the number of F8BT molecules which an injected

hole or electron has to overcome by hopping, it is likely that carbon nanotubes possibly act

as low resistance current paths from the electrode to the dielectric interface even at small

tilt angles. Increased layer thicknesses further allows steeper tilt angles of the nanotubes,

which can be more easily stabilized through the higher viscosities by the increased polymer

content. This could reduce the number of SWNT/polymer crossings for a given thickness,

thus preventing a linear scaling of the resistance with thickness.

The constant contact resistance might be explained by another mechanism, that in-

volves the improved charge injection into the polymer by elevated electric-field conditions

at the nanotube tips. This topic shall be discussed in detail in the following section 5.5.
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5.5 Electric-Field Enhancement at Carbon Nanotubes

5.5.1 Concept

In the case of non-ohmic contact resistance at a polymer/metal interface, charge carriers

have to overcome a Schottky barrier of certain height and width. For staggered bottom-

contact/top gate polymer transistors, the gate-field assisted tunneling from the metal elec-

trodes into the polymer was found to have significant influence on the injection process,

while thermionic injection was found to be a less important factor.329 However, both of these

mechanisms follow a power law or even exponential dependencies of the applied electric

field.353? This behavior justifies large parts of the improvements seen in staggered FETs,

where the electric field of the overlapping gate electrode benefits the charge injection from

the source electrodes.

Carbon nanotubes are long one-dimensional objects. Their antenna-like structure has

been shown to locally enhance surrounding electric fields in general along their whole

length, but especially at the nanotube tips. This effect has been exploited in several ways,

including x-ray field emission arrays354 and vertical-FETs.355 Planar bottom-gate transistors

with nanotubes arrays in a “hairy electrode”-fashion for organic and inorganic semiconduc-

tors have been reported by Aguirre et al. and Cicoira et al..356–358 However, these devices

require elaborate assembly protocols, involving the transfer of SWNT films to hexamethyld-

isilazane coated Si-wafers with subsequent controlled electric breakdown of the nanotubes

between the electrodes.

In contrast to that, the method shown in this work only requires the additional dis-

persion of nanotubes together with the polymer, and a centrifugation step for purification

of the solution. The results from the previous sections explicitly show their beneficial in-

fluence on the charge injection into organic semiconductors. With current lab techniques

the exact orientation of the carbon nanotubes in the polymer matrix is not measurable, be-

cause it is hardly possible to determine differences between the used sp²-carbon materials

by, for example TEM analysis. To investigate the possible influence of electric field enhance-

ments around the dispersed carbon nanotubes in the polymer, the following paragraph will

present electrostatic simulations of the electric field around the nanotubes, that further cor-

roborate the results shown before.
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Figure 5.15: Electrostatic simulations with electric-field distributions around the nanotube for float-
ing (a) and grounded nanotubes (c) with a bulk field of -0.4 V/nm and tilt angles of 4 °.
Subsets (b) and (d) show the respective electric fields along the nanotube upper body
with strongly elevated fields at the tips.

5.5.2 Electrostatic Simulations

The vertical electric field around a single carbon nanotube can be simulated using the soft-

ware Comsol Multiphysics. Several different spatial arrangements were modeled: The nan-

otube can be either in contact with the injecting electrode (grounded), or be positioned in

the center of the polymer matrix, right between source and dielectric (floating), herewith

defining the two positions with largest and smallest effect on the local electric field (see Fig-

ure 5.15 (a) and (c)). Furthermore, several tilt angles α have been examined, from α = 0 ° to

α = 10 °, with a tube length lt of 200 nm, tube diameter dt = 1 nm and a polymer thickness

tp = 50 nm. This reflects the expected dimensions for ultrasonicated HiPco nanotubes and

the achieved polymer layer thicknesses of around 40 to 50 nm. Screening effects by charge

accumulation have been neglected and a bulk electrical field of 0.4 V/nm is present in all

cases, with an assumed potential at the dielectric of 20 V.

The maximum field at the SWNT tip was extracted in both cases and is plotted in

Figure 5.15 (a)/(b) for the floating and Figure (c)/(d) for the grounded configuration. In

both cases, strong enhancements of the local electric field environment of one to two or-
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ders of magnitude were found. While small tilt angles of 2 ° show maximum electric fields

of around 4.2 V/nm at the nanotube tip - giving more than a tenfold increase of the sur-

rounding bulk field, higher tilt angles of up to 10 ° resulted in a field enhancement of over

twenty times the bulk field for floating tubes, and an increase of over 100 times in case of

the grounded configuration. Even when the nanotube is completely horizontal, with α = 0 °

a field enhancement with a factor of 2 is measurable.

5.6 Discussion

The results presented in the preceding sections show a clear benefit of the added carbon

nanotubes to the semiconducting polyfluorene polymers. Their influence on the overall in-

jection resistance presumably can be divided into two main effects, which will be discussed

in the following paragraph: A lower bulk resistance Rbulk on one hand and an improved

charge injection from the metal electrodes on the other hand.

The reduction of the injection resistance has been observed in several experiments.

Especially covering the gold electrodes with SWNTs leads to a strong improvement of the

already enhanced injection with the presence of bulk nanotubes. Here, the device´s output

characteristics exhibit nearly linear and hence ohmic charge injection. One possible expla-

nation for this change of behavior could be the different workfunctions of the Au-metal

electrode and the single-walled nanotubes. To follow this hypothesis, the workfunction and

ionization potential, respectively, of the plasma cleaned gold electrode and the films of spin-

cast CoMoCAT SWNTs were determined by photo-emission yield spectroscopy. The results

were a workfunction of 5.3 eV for the plasma treated gold electrode and 4.9 eV for the SWNT

films. For electrons this reduction could explain the improved injection, because the ioniza-

tion potential is moved towards the LUMO of the used polymers and a ladder like injection

process from Au to SWNTs to the polymer is conceivable. (see Figure 5.1) At the same time

hole injection would suffer, since the energy barrier to the polymer HOMO is increased. This

was not the case, because an improvement of both hole and electron currents was always

found. Consequently, the step-like injection over carbon nanotubes is unlikely to be the

reason for the improved charge injection. This assumption is further confirmed by energy

level measurements on HiPco SWNTs by Tanaka et al. were reduction potentials (referring

to the highest occupied Van Hove level) of 3.95 eV to 4.10 eV and oxidation potentials (re-

ferring to the lowest unoccupied Van Hove level) of 4.85 eV to 5.08 were determined.230 In

Figure 5.1 an exemplary level diagram of (7,5) nanotubes is illustrated, which are found in
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Figure 5.16: Schematic path of charge carriers (gray dashed line) across the transistor channel in
unipolar mode. Carbon nanotubes improve the injection behavior through locally en-
hanced electric fields (blue arrows) and reduce the bulk resistance between electrodes
and accumulation layer according to their length and tilt angle from t to te f f .

both HiPco and CoMoCAT nanotube sources. The shown energy levels would indicate a

beneficial effect for electron injection into F8BT and PFO, but again not hole injection.

A much more likely hypothesis is the improved charge injection by electric field enhance-

ments around the nanotube tips as shown in chapter 5.5. This mechanism would explain

improvements for both types of carrier polarities due to the ambipolar nature of carbon

nanotubes. Simulations also showed that the effect is already present at low tilting angles

of the nanotubes, which are likely to occur in the used layers with thicknesses of around

40-50 nm. In real devices also slight bending of the flexible nanotube body is probable, al-

lowing for the possibility of nanotubes lying in parallel to the substrate with bending only

occurring at the tips of the tube. Naturally this could lead to much higher tilt angles and

increased electric fields at the tips, than assumed in the simulation with rigid nanotubes.

The best results were simulated for nanotubes in contact with the electrodes, thus explain-

ing the very good injection behavior of the SWNT-covered gold-electrodes. However the

nanotubes do not necessarily need to be touch the source or drain contact. Even though

the maximum fields are locally confined at the tip, the measured field enhancement extends

several nm into both directions of the nanotube, so even nanotube tips in relatively close

proximity to the electrodes would assist the extraction of charge carriers into the polymer.

The second hypothesis aims at the effective reduction of the Rbulk-contribution to the over-

all injection resistance. The possibility of the SWNTs forming paths of high conductivity,

thus lowering the vertical sheet resistance of the polymer/SWNT blend was corroborated

by thickness dependent measurements in section 5.4.2. Even though it is unlikely, that nan-
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otubes bridge the hole distance from the electrode to the accumulation layer, the results

suggest that the presence of nanotubes lowers the bulk resistance and - within our range of

parameters - makes it independent of the polymer layer thickness. Due to the much higher

intrinsic conductance and current carrying capability of SWNTs, a charge carrier would have

to overcome only a reduced effective thickness te f f with tilted CNTs in the polymer film. In

case of a single present CNT, te f f would calculate to t− (lt · sin α). As with the field enhance-

ment, the obtained results reveal that this effect is valid for both electrons and holes.

An interesting aspect is the difference between injecting and extracting electrode. This is

found only in the unipolar regime, since in the ambipolar regime both contacts act as in-

jecting electrodes for opposite charge carriers. The E-field enhancements should be most

influential at injecting electrodes, because here the electric field assists the path of charge

carriers and the overcoming of injection barriers. The reduction of the bulk resistance on the

other hand affects both injecting and extracting contacts. However, as revealed in studies

by Richards et al., the influence on extraction might be much more important, because the

electric field does not assist in this case and the overall contact resistance strongly scales

with thickness and intrinsic resistance of the semiconductor.351 The extracted values for the

contact resistance at the source and drain electrode in table 5.2 show that the resistance is in

fact lowered by the addition of nanotubes at that drain, but more significantly at the source

electrode.

Additionally, the fact that the electric field gradient of the local enhancements around the

nanotubes is oriented toward their tips might be beneficial for the collection of charge carri-

ers for the direct conduction through the nanotubes. Consequently, these two independent

local effects in form of field enhancements and Rbulk-reduction would synergistically com-

plement each other and are sketched in Figure 5.16. The asymmetric drop of the contact

resistance at source and drain in table 5.2, where the gate-field assisted source electrode

shows significantly larger improvements than the source electrode, indicate that the field

enhancement might be the dominant effect in this case. Nevertheless, both suggested mech-

anisms should be independent of the type of nanotubes, hence semiconducting or metallic

nanotubes can be used, as both types exhibit conductivities that are several orders of mag-

nitudes larger than of the used polymers.
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5.7 Conclusion

In conclusion, an improvement of the injection behavior of polyfluorene thin-film transis-

tors with staggered bottom-contact/top-gate structure by doping with small amounts of

single-walled carbon nanotubes was found. In particular, the SWNT/polymer blends ex-

hibited lower threshold voltages and decreased contact resistance, resulting in significantly

increased ambipolar currents and light emission, with gains of around one to two orders of

magnitude. The proposed underlying effects responsible for these improvements, could be

narrowed down to lowering of the bulk polymer resistance on one hand, which is a criti-

cal factor for the overall injection resistance in staggered device architectures, especially for

increasing layer thickness. On the other hand, the simulation results indicate an improved

injection behavior through the Schottky barriers at the metal/semiconductor interface, by

the enhancement of the local electric field environment around the nanotube tips. Since the

alignment of energy levels at the electrodes by the introduction of carbon nanotubes theo-

retically would only benefit the injection of electrons, but not holes, it is very unlikely to be

a contributing factor to the device improvements.

Both proposed mechanisms are independent of the polarity of charges, and ubiqui-

tously applicable to bottom-contact/top-gate FETs, with a wide variety of polymer semicon-

ductors, as recently shown by Wang et al.:359 Here, the dispersion of SWNTs was achieved

with several polymer types, including polyfluorenes, regio-regular poly(3-hexylthiophene)

(P3HT), poly(phenylene vinylene) (MDMO-PPV), poly[naphthalene bis(dicarboximide)](P-

(NDI2OD-T2)) and a diketopyrrolopyrrole copolymer (DPPT-TT). Improved charge injec-

tion was found for all investigated polymers, including the revelation of ambipolar charge

transport in semiconductors where unipolar behavior was presumed. Since the nanotube

concentrations were below the percolation limit, the inherent polymer characteristics like

field-effect-mobility and emission wavelength remained nearly unaltered. The reported re-

sults further confirm that the addition of small amounts of carbon nanotubes can enhance

device characteristics for a broad spectrum of semiconductors and for both hole and electron

transport.

The demonstrated method of blending polymers with small amounts of single-walled

carbon nanotubes consequently can be applied to improve device characteristics, where effi-

cient charge injection is an issue. This might be the case where HOMO or LUMO alignment

cannot be achieved by the employed electrode material alone, or where thick polymer layers
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are desirable, as for the integration of waveguides in LEFET-structures. Especially intrigu-

ing is the fact, that all kinds of single-walled carbon nanotubes can be used regardless of

metallicity and chirality, since the suggested effects solely rely on the high intrinsic conduc-

tivity and the one-dimensional structure of the nanotubes.



Chapter 6

Near-Infrared Emitting Carbon Nanotube FETs

6.1 Introduction

SWNT are an interesting semiconducting material for the use in thin-film transistors for a

variety of reasons. First, advances in the purification of carbon nanotubes led to highly

sorted and customized SWNT distributions in dispersion. As outlined in chapter 2.3, sev-

eral methods exist to obtain nanotube distributions with preferred metallicity, diameter and

up to near mono-chiral dispersions with defined (n,m)-indices. While the first SWNT FETs

relied on the direct deposition by CVD synthesis on the substrate, these new nanotube-

inks enable low-temperature and low-cost solution processing, for example on flexible and

transparent polymer substrates with batch processing techniques like reel-to-reel and ink-jet

printing.99,271 Due to their high degree of purification, solution-processed nanotubes also do

not suffer from low on/off ratios like on-substrate-processed CVD material, where metallic

SWNTs usually are numerously present. The field-effect mobility of the resulting network-

carbon nanotube FETs depends on different factors, and can compete with other thin film

techniques like organic polymers or small molecules and amorphous silicon. A more de-

tailed analysis with application examples on this topic can be consulted in section 2.5.

Furthermore, carbon nanotubes feature a direct bandgap, thus enabling photo-and

electroluminescent optoelectronic applications with excitonic light emission in the near-

infrared. As shown in chapter 2.6.2, carbon nanotube LEFETs are able to show narrow emis-

sion bands and reasonable quantum efficiencies.278,321 Solution processed SWNT devices,

like FETs and diodes benefit from the effect, that different electrical properties are evened

out and averaged in a network of single-walled nanotubes. This involves a higher repro-

ducibility, a decreased influence of metallic species and allows for an easier macroscopic pat-

124
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terning of the devices. But at the same time, electronic properties degrade through numer-

ous nanotube-nanotube junctions and the heterogeneous nanotube distribution leads to a

broad emission spectrum and lower quantum efficiencies,140,278,321 unlike single-nanotube-

FETs, where narrow emission bands, corresponding to the E11-nanotube transition are re-

vealed.322

Solution-processable IR-emitters like nano-crystalline PbS and other lead chalcogeni-

des pose a health hazard due to the used heavy metals360 and IR-emitting polymers show

very low quantum efficiencies and broad emission spectra. Carbon nanotubes on the other

hand are environmentally stable and relatively nonhazardous. Consequently, a desired set

of features for nanotube network FETs would include the ability to solution-process CNT

layers with with high reproducibility and reasonable electrical performance, and at the same

time enable efficient, bright IR-emission with narrow wavelength distribution.

This work shows that polyfluorene-polymers are able to disperse nanotubes with

near-monochiral composition, resulting in purified nanotube-inks that can be easily used to

create semiconducting and light-emitting layers in electrical devices. Despite the polymer

wrapping, good electrical performance is realized in the resulting SWNT network films,

with varying field-effect mobilities and injection behavior, depending on the deposition

method. Due to the high (n,m)-sorting capabilities of the used polymer/solvent combi-

nations, rather narrow emission bands in the near-IR range are observed.

The produced nanotube films can be used in different device architectures, and are

shown to work in top-gate devices with a PMMA dielectric, as well as in side-gate architec-

tures by electrolyte gating. The latter was found to enable low-voltage operation of the CNT-

FETs due to the high intrinsic capacitance and vast amount of accumulated charge carriers.

At the same time, the high charge carrier density revealed emission patterns from three-

particle bound states called trions. Trion emission from SWNTs was found only recently,

usually induced by strong chemical or electrochemical doping of the nanotubes. Here, the

first purely electrically induced trion-formation and emission is reported which can compete

with excitonic emission, depending on the amount of charges present in the accumulation

zone.

In SWNT-networks with random orientation of the individual tubes, the question fur-

ther arises how the conduction paths across the individual tube bundles develop, especially

in SWNT-mixtures, comprising different tubes with varying diameters and bandgaps. IR-

imaging of the electroluminescent emission zone, where positive and negative charges in
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Figure 6.1: PLE map (a) and absorbance spectra (b) of PFO dispersions with HiPco SWNTs in toluene.
E11-transitions of identified species are labeled.

the channel meet and recombine, gives new insights into this matter, by sweeping the re-

combination zone across the channel.

6.2 Carbon Nanotube Distribution

Selective dispersion of HiPco and CoMoCAT source material with conjugated polyfluo-

rene polymers and subsequent cleaning steps, as outlined in chapter 3.2.1, led to polymer-

wrapped carbon nanotube formulations in clean solvent. The resulting dispersions exhib-

ited no traces of metallic tubes, as confirmed by absorbance and Raman measurements, and

only a defined number of different (n,m)-species. Several different nanotube inks were ob-

tained by combining various CNT sources with PFO or PFO-copolymers. HiPco SWNTs

dispersed by PFO in toluene normally resulted in a nanotube composition of five different

species. To be exact: (7,5)-tubes featuring the lowest diameter, followed by the (7,6), (8,6),

(8,7) and (9,7)-tubes, as shown in Figure 6.1. Due to the plurality of species and the good

dispersion efficiency of PFO, a high yield of dispersed SWNTs can be achieved this way.

On the other hand, nanotube inks with nearly monochiral distributions but lower

overall yield were produced. As outlined in Figure 6.2 HiPco CNTs polymer dispersed

with F8BT resulted in predominantly (10,5) tubes, PFO with CoMoCAT source material

resulted in (7,5) nanotubes and the PFO-BPy copolymer combined with CoMoCAT tubes

gave (6,5) nanotubes. Note that toluene was used as a solvent in all cases. Results from

section 4 indicated the highest selectivity towards individual species for toluene based dis-

persion, due to the low viscosity and compact molecular structure. For example, F8BT and
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o-xylene as solvent exhibited a far larger portion of (9,4) tubes, compared to the desired

(10,5) types, thus decreasing the near-monochiral character of the dispersion. Medium or

medium-high molecular weight was used for PFO (90 kg/mol), PFO-BPy (76 kg/mol) and

F8BT (153 kg/mol), resulting in a good compromise between yield and selectivity.

Depending on the nanotube content of a particular (n,m)-species, the yield differs for

the monochiral dispersions. As illustrated in Figure 3.1, the desired (10,5) for F8BT disper-

sion show low quantities in the used HiPco source material, resulting in a low overall yield.

PFO-BPy dispersions of (6,5)-species with CoMoCAT nanotubes show the highest yield,

followed by PFO/CoMoCAT dispersions of (7,5)-species, following the original CoMoCAT

distribution.

The E11-absorbance peaks of the three different compounds refer to the presumed

emission spectra in case of photo-or electroluminescence and are shown in Figure 6.2. Com-

pared to spectrofluorimetric reference measurements in aqueous solutions,361 the measured

E11-peak positions are slightly red-shifted with about 21 to 24 meV, contributing to the fact

that the dielectric environment is altered due to the polymer wrapping and solvent type.

Figure 6.2(d) plots the absorbance spectra for (6,5) nanotube dispersions before and

after the removal of the free polymer. The visible peaks refer to the E11 (995 nm) and E22 (571

nm) transitions of the SWNT band structure, while the peak at around 350 nm denotes the

polymer absorption. In cleaned nanotube inks, the peak height of the residual polymer was

found to scale with the nanotube content. This allows for the assumption, that the detected

polymer residues are nearly exclusively wrapped around the nanotubes. However, it has

to be considered that due to the removal of the free polymer, a new equilibrium state will

establish in the SWNT/polymer dispersion over time, leading to a release of the tubes and

solution of the polymer in the solvent. Therefore, long storage times of the nanotube inks

should be avoided to prevent re-aggregation of the individualized tubes.

6.3 Carbon Nanotube Layer Deposition

The deposition method of SWNTs onto a substrate determines the properties of the result-

ing network layer. Depending on the density, the average tube length, and the number and

type of nanotube-nanotube junctions, electrical characteristics like sheet resistance and field-

effect mobility are affected. Since the preferred charge carrier transport direction is along

the nanotube axis, also the orientation of the tubes within the networks plays a role. A tube
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Figure 6.2: PLE maps of near-monochiral SWNT dispersions with F8BT and (10,5) SWNTs (a), PFO
and (7,5) SWNTS (b) and PFO-BPy giving (6,5) SWNTs (c). Absorbance plot of (6,5) dis-
persions before and after extraction of the free polymer (d) and absorbance E11-transitions
of the three dispersions (e).

alignment in the direction of the charge transport would benefit the sheet conductivity and

beyond that introduce anisotropic luminescent properties in case of electrical photoexcita-

tion. To orient nanotubes from solution, the alignment by high frequency alternating elec-

tric fields has been reported so far.285–287,289,290 However, since this technique requires costly

high frequency generators, a simple alignment by direct-current voltage would reduce the

necessary effort and cost for nanotube alignment. Until now, the only report of horizontal

and parallel alignment of carbon nanotubes was made by Kamat et al., where high electri-

cal DC-fields led to the formation of nanotube ropes between two electrodes.300 Though,

a complete bridging of the electrodes was not achieved and no functional characterization

was possible. In this work complete functional layers were produced by the application of

high electric DC-fields that enabled their application in FET-devices.

Several deposition methods for the application of SWNT on gold electrodes were in-
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Figure 6.3: AFM images of several SWNT layers from 10 µL of SWNT ink: deposited by dropcasting
(a), spincasting (b) and electric field alignment (c). SWNT overlap between channel area
and electrode with EFA-layers (d). AFM image of the complete channel area for SWNT
inks with high (e) and low (f) concentration.

vestigated, in order to achieve a homogeneous and high nanotube density. First: drop-

casting, the simple deposition of several µL of solution on the substrate, with subsequent

evaporation of the solvent and formation of a dried thin film. Next: spincasting, which

is essentially dropcasting on a rotating substrate. It is commonly used for the deposition

of polymers or nano-particles from solution, giving homogeneous films up to several hun-

dreds of nm in case of polymers with very high accuracy and reliability. And finally, electric

field alignment (EFA), which is also known as “electrophoresis” in the presence of electric

DC fields or “dielectrophoresis” in the case of high frequency AC-fields (see section 2.5.2

for further detail). In the framework of this study, EFA was accomplished by dropcasting

several µL of solution on the pre-structured transistor gold-electrodes, while applying a

constant voltage between source and drain contact, thus creating an electric field across the

transistor channel.

Figure 6.3 gives an overview over exemplary SWNT layers for different deposition

techniques on glass substrates for PFO-wrapped HiPco nanotubes as shown in Figure 6.1.

The AFM image of a dropcast (10 µL) layer in Figure6.3 (a) shows a very dense layer of ran-
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domly distributed carbon nanotubes. Only one drop of nanotube compound in toluene was

applied. Figure 6.3 (b) reveals a very homogeneous but low density film of nanotubes for a

sample which was spincast with 10 µL of solution at 100 rpm. Thin fibers of individual nan-

otubes or small bundles form a loose network between the electrodes, which is electrically

conducting and suitable for FET-devices. In Figure 6.3 (c), an EFA-deposited film exhibits a

dense network of SWNT fibers, likewise cast from 10 µL of nanotube dispersion with 100 V

applied between source and drain electrode. The EFA layer shows an alignment of the tubes

in horizontal direction between the gold electrodes, which corresponds to the direction of

the electric field during layer formation.

These results reveal a major drawback of the spincasting technique: while the film

homogeneity is excellent, the efficiency in terms of the SWNT deposition yield per disper-

sion volume used is very low (around 2.7 SWNT/µm for one layer of 10 µm, spincast at 100

rpm), since most of the dispersion is flushed off the substrate, even at low rotational speeds

of 100 rpm. To form a more dense network of nanotubes, usually multiple (4-5) spin-coating

steps were performed. Dropcasting, on the other hand - where the applied liquid remains

on the substrate - leads to very thick and closed layers from the same amount of stock solu-

tion, covering the wetted area completely. Similar results are exhibited by DC electric-field

aligned nanotubes, where a dense layer of nanotube forms between the electrodes and a

formation of SWNT-bundles is observable that show an overall orientation in direction of

the electric field.

During the EFA-process the majority of nanotubes in solution are drawn between the

electrodes, where the applied electric field is highest. In contrast, only a small coverage

was found ontop of the electrodes or outside the transistor structure. This mechanism of

ordering and guiding the nanotubes into the channel region renders this method rather ef-

fective in terms of material consumption, since the CNTs are placed where they are required

for device operation without the need for any additional patterning. This is unlike simple

dropcasting where the wetted area is found to be covered with nanotubes completely. Fur-

thermore, during dropcasting large irregularities in cover density may be introduced due to

the coffee stain effect, that results from increased evaporation and mass transport at the edge

of the droplet. To quantify the degree of alignment for the EFA deposited SWNT, polariza-

tion measurements of the electroluminescence were performed, that revealed an anisotropy

factor of up to 58 % (see section 6.5.1 for details).

As reported by Kamat et al. the nanotubes attach to one electrode,300 which is the
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cathode in the case of these polymer wrapped CNTs. This behavior probably stems from p-

type doping of the nanotubes by oxygen in air, and a gradient in the nanotube concentration

forms to the opposite anode. Figure 6.3 (d) shows the coverage of the cathode with rather

disordered nanotube fibers, while the channel region exhibits more aligned ropes of thicker

CNT-fibers. The anode on the other hand, usually shows very sparse coverage of the gold

electrodes themselves, even though the CNT-fibers extent all the way through the channel

and an good electric contact is formed (see Figure 6.3 (e)) A repelling-effect at the opposing

electrode, as reported in literature300 was not observed, probably due to the higher mag-

nitude of the used electric fields. To achieve a more homogeneous distribution within the

channel and a nanotube coverage of both electrodes, it was found to be good practice to uti-

lize a second deposition step with reverse voltage, effectively switching anode and cathode.

Subset (f) shows the result of such a double deposition at fields of 2.5 V/µm and -3 V/µm

with low nanotube concentration, where the coverage of both electrodes is visible, while a

density gradient extends from both contacts into the channel center.

The overall nanotube density can be controlled by the dispersion concentration and

the magnitude of the applied electric field, as can be seen in Figures 6.3 (e) and (f). Lower

nanotube concentrations with fields of around 1 to 3 V/µm result in a loosely organized

nanotube network of aligned fibers (subset (f)), whereas higher CNT concentrations and/or

higher applied electric fields up to 6 V/µm yield thick carpet like structures that cover the

entire channel region with a thickness of several nm (subset (e)).

6.4 Electrical Transport

6.4.1 PMMA Dielectric

The transfer and output characteristics of FETs with PFO-dispersed HiPco SWNTs as semi-

conductor (see Figure 6.1 for SWNT distribution) are plotted in Figure 6.4, where balanced

ambipolar currents with little hysteresis are revealed. The shown transfer curves stem from

EFA-deposited nanotubes and are representative for most of the obtained transistors with a

PMMA dielectric in terms of symmetric shape and hysteresis behavior, independent of the

deposition method and type of nanotubes used. An exemplary transfer and output curve

for PFO-dispersed CoMoCAT SWNTs with predominantly (7,5) CNTs is plotted in Figure

6.5. The on/off ratios for tested SWNT FETs are in the range of 106 to 107 for holes and 105

to 106 for electrons, which is similar to current state-of-the art SWNT network transistors
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Table 6.1: Saturation field-effect mobilities (cm2V-1s-1) and on/off ratios for holes and electrons of
dropcast, spincast and EFA deposited SWNTs.

deposition method hole mobility
electron
mobility

on/off ratio
holes

on/off
ratio

electrons
dropcast (1x) 3.2 ± 1.9 3.1 ± 2.2

> 106 > 105spincast (4x) 0.43 ± 0.16 0.28 ± 0.16
E-field aligned (2x) 15.6 ± 10 4.65 ± 1.9

and indicates the near absence of metallic tubes.20

However, the measured field-effect mobilities diverge for SWNT films produced by

different deposition methods and are listed in Table 6.1. While dropcast networks showed

nearly balanced saturation mobilities of around 3.2 cm2V-1s-1 for holes and 3.1 cm2V-1s-1

for electrons, spincast films from the same solution only revealed field-effect mobilities of

around 0.43 cm2V-1s-1 for holes and 0.28 cm2V-1s-1 for electrons on average, a decrease of one

order of magnitude. As detailed in section 2.1.5, the transport properties of SWNT films,

among others, depend on the number of nanotube-nanotube junctions between two elec-

trodes. The nanotube networks used in this work consist of commercially available SWNTs

that have been shorted by ultrasonication to average length of 200 - 500 nm - as confirmed

by AFM analysis, with electrode spacings of 20 µm. A charge carrier thus has to cross over at

least several tens of nanotube-nanotube junctions to bridge from one electrode to the other.

Consequently, the sheet conductivity as well as the mobility should be dominated by junc-

tion resistance and benefit of a higher SWNT density (more junctions in parallel reduce the

overall resistance) and a higher degree of debundeling (more individual tubes give more

junctions).99,100 The degree of individualization is considered to be nearly equal in the mea-

sured samples and the orientation of the tubes is regarded as random, so the main difference

between spincoated and dropcast SWNT films should be the SWNT-density. As shown in

Figure6.3 (a) and (b) the majority of tube-material is swept off the substrate during the spin-

casting process, resulting in a much lower number of SWNTs per area. After 4 subsequent

spincoating steps 10-11 SWNT/µm were found for spincast samples, whereas the thick and

layered structure of typical dropcasting and EFA-films did not allow for a determination of

the SWNT-density.

Another reason for the lower mobility values could be the decreased layer capaci-

tance due to the smaller nanotube density. In all cases, a simple plate capacitor model (see

equation 2.8) has been applied to determine the saturation mobility with a capacitance of
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Figure 6.4: Transfer (a)+(b) and output (c)+(d) curves of EFA CNT-FETs with PMMA dielectric and
PFO-dispersed HiPco nanotubes.

3.7 nF/cm² for a PMMA thickness of around 580 nm. While this model can be easily used

with nanotube films of high surface coverage,228 network films or parallel arrays of lower

density behave slightly different. In SWNT arrays and networks, the actual capacitance be-

tween the metal gate and the semiconducting layer is influenced by the intrinsic quantum

capacitance of the nanotubes, their diameter, the thickness of the dielectric and depends

inversely on the inter-tube distance.99 The lower nanotube coverage might lead to a lower

actual capacitance, in which case the achieved mobility is underestimated. However, even

for low density networks, and very thin dielectric layers, the observed mobility-decrease of

around one order of magnitude by far cannot be explained by lower effective capacitance

alone.228

On the other hand, electric-field aligned SWNT layers show slightly higher field-effect

mobilities than dropcast samples. A stronger increase was found for holes with average mo-

bilities of 15.6 cm2V-1s-1 while electrons mobilities varied around 4.65 cm2V-1s-1. Since the

nanotube densities are very high in both dropcast and EFA-deposited FETs, where closed

layers of nm-thick CNTs are formed that completely filled the channel area, density related
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Figure 6.5: Transfer (a) and output curve (b) of SWNT-FET with near-monochiral (7,5)-SWNTs.

effects should exert only a minor influence on the change of mobility. The increased orien-

tation of the SWNTs in source-drain direction, which effectively reduces the average path

length and thereby the number of nanotube-nanotube crossings from one electrode to the

other, are most likely responsible for the increased mobilities.103 Furthermore, the contact

resistance within the aligned and bundled nanotube ropes should be lower than at large-

angle junctions, which should benefit the charge carrier mobility by reducing the average

nanotube-nanotube hopping resistance.96

The observed difference with a factor of around 3 from electron to hole mobility might

be attributed to in-situ p-type doping during the EFA-deposition process. During the align-

ment of the CNTs, high electric fields develop, especially if a SWNT-bundle is nearly bridg-

ing the two opposing electrodes, hence reducing the electrode/SWNT-gap to a fraction of a

micrometer. Together with the generally observed Joule heating of the channel area, these

increased E-fields have been observed to easily create short electric arc-pulses, indicating

elevated local temperatures of several hundred degrees Celsius. Similar to ultrasonica-

tion, where the formation of O2 in aqueous solutions has been shown to induce p-type

doping by radical formation, the high electric fields could create an environment, where

air-humidity and solvent impurities disintegrate into molecular oxygen, thus lowering the

nanotube Fermi-level towards the valence band.362 However, post-processing of the semi-

conducting layers by annealing at 300 °C in nitrogen-atmosphere is expected to remove

adsorbed molecules and leave nearly undoped SWNT in the semiconducting layer.

The FET output curves give further insights into the differences between nanotube

deposition methods. Figure 6.6 compares output curves at Vg = ± 20 V for dropcast, spin-

cast and electric field aligned SWNT layers. Spincoated layers exhibit the lowest saturation
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Figure 6.6: Comparison of output curves for holes (a) and electrons (b) of FET with dropcast, spin-
coated and EFA-deposited (±100V) semiconducting layer.

currents, reflecting the lower density of SWNTs, since the current through a CNT network

is proportional to the number of uninterrupted percolation paths.103 The non-linear current

onset for electron transport in Figure 6.6 (b) reveals non-ohmic injection for all deposition

methods. The maximum output currents for dropcast and EFA-layers are expectedly similar,

since electron mobilities deviate only slightly and surface coverage is comparable. Differ-

ences in the hole onset currents in Figure 6.6 (a) show still non-ohmic hole injection for spin-

and dropcast samples, but a linear onset for EFA-layers. This indicates that next to the hole

transport, also the hole injection behavior might be improved in electric field aligned sam-

ples, while there is no observable difference for improved electron injection. This behavior is

consistent across all samples and independent of nanotube type: The same nearly-linear cur-

rent onset is exhibited by mono-chiral tubes, with representative transfer and hole-output

plots from (7,5)-SWNT illustrated in Figure 6.5 (a).

One reason for this asymmetrically improved injection behavior could be the removal

of the polymer wrapping at EFA-deposited SWNTs. After re-dispersion of the nanotube

inks, the SWNTs are assumed to be more or less completely wrapped by polymer coils,

which prevents re-bundeling of the individual tubes. As already pointed out, the high volt-

ages present during deposition, create considerable Joule heating, supposedly with local

peaks in the range of of several hounded degrees Celsius. It is not unlikely that tempera-

tures are reached which, on one hand, lead to changes in the spatial arrangement of the poly-

mer which might allow an unwrapping of the CNT, or on the other hand, lead to the direct

decomposition of the polymer. Since the difference in energy levels from the Au-electrode

workfunction into the polymer HOMO and LUMO is relatively large, high injection barriers
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and pronounced non-ohmic injection behavior occurs with PFO and F8BT polymers from

gold electrodes. This has been discussed in detail in chapter 5 with an overview of various

energy levels given in Figure 5.1 (b). For hole injection into the SWNTs over the polymer

HOMO and LUMO, large injection barriers of around 0.9 eV or 1.1 eV for PFO and F8BT,

respectively, have to be overcome. The removal of the polymer wrapping should promote

an improved injection directly into the valence-band of the SWNTs. Depending on the nan-

otube diameter, these are located at around -4.85 eV to -5.08 eV with negligible difference

to the gold workfunction of around -4.8 eV to -5.0 eV.230 This would be in agreement with

results from Burgi et al., where ohmic injection behavior in FETs was found for Schottky

barriers smaller than 0.3 eV.329 A removal of the polymer would benefit electron injection

as well, but still maintain Schottky barrier heights of around 0.8 eV to 1.0 eV so the effect

would be far less pronounced in case of n-type transport.

Varying injection behavior could further arise from different attachment-mechanisms

for EFA- and dropcast layers. While the SWNT density within the channel is high for both

deposition methods, the electrode coverage is more sparse in the case of EFA-aligned films

(see Figure 6.3 (d)). Similar to results presented in chapter 5 for polymer layers, a thinner

nanotube coverage at the electrodes might improve injection behavior since a larger per-

centage of SWNTs in the injection zone are directly affected by the gate field, and hence con-

tribute to the accumulation layer. Thicker layers of SWNT over the injecting electrodes, as

found with dropcasted samples, might induce electrostatic screening of lower lying SWNTs,

which in consequence would increase the bulk resistance that charge carriers have to over-

come (see section 5.2 for details). However, this mechanism should improve both electron

and hole injection for EFA layers, but a clear improvement of injection is only found for hole

currents.

6.4.2 Ion Gel Gating

Figure 6.7 shows transfer plots of SWNT-FETs with near-monochiral nanotube distribution

and ion gel gated nanotubes. Unlike with the PMMA dielectric where a top-gate arrange-

ment is used, these devices were realized in a side-gate configuration, where the gate metal

contact can be conveniently positioned horizontally next to the source and drain electrodes

(see Figure 3.6). This architecture is possible, because the actual capacitive layer for ion gel

or ionic liquid based dielectrics forms right at the interface to gate and semiconductor, as a

few nm-thin electric double layer. Following equation 2.8, where CMIS is inversely propor-
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Figure 6.7: Transfer plots of ion gel-gated FETs with near mono-chiral dispersions of (6,5) (a), (7,5) (b)
and (10,5) nanotubes (c).

tional to the dielectric thickness, these very thin capacitive layers exhibit a very high intrinsic

capacitance in the range of few µF/cm² and thus enable very high charge carrier density in

the semiconductor. Another advantage of the used side-gate structure is an easier device

production, because the gate electrode is lithographically structured and deposited at the

same time as the source and drain contacts. The dielectric in form of an electrolyte gel can

simply be distributed from solution over the three electrodes, with only loose requirements

for accurate thickness and spatial arrangement.

The used SWNT-inks consisted of near-monochiral dispersions with predominantly

(6,5), (7,5) or (10,5) SWNTs (see Figure 6.2) and were deposited by electric-field alignment.

The transfer curves in Figure 6.7 exhibit ambipolar behavior with balanced hole and elec-

tron currents. Hysteresis between forward and reverse sweep is slightly more distinct due

to the relatively slow movement of ions in the electrolyte. Similar to PMMA-gated FETs,

as shown in the previous section, the ion gel-based EFA devices showed saturation field-

effect mobilities in the range of 8-15 cm2V-1s-1 for holes and 3-8 cm2V-1s-1 for electrons. The

high capacitance of the electric double layer Cdl in the ion-gel requires an estimation of the

quantum capacitance Cq of the SWNT-network, since the lower of both terms Cdl and Cq

will dominate the transport behavior. For an estimated density of 20 SWNT/µm, an areal

quantum capacitance of 0.8 µF/cm² was calculated363 and used for mobility measurements.

Theoretical charge carrier mobilities are known to scale with the nanotube diameter, which

varies between 0.757 nm for (6,5)-tubes and 1.05 nm for (10,5) tubes. However, extracted mo-

bilities are similar, regardless of nanotube-type, which corroborates the theory that indeed

the nanotube-nanotube junctions are the limiting factor for positive and negative charge car-
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riers. The on/off ratio for ion gel gated devices at low source drain voltages are as high as

with PMMA dielectric, in the range of 106.

An interesting aspect with ion gel dielectrics are the very low operational voltages.

The electrochemical window of the ionic liquid has to be considered in this matter, and al-

lows for voltage differences up to around 2.5 volts before degradation sets in. Still, due to

the high intrinsic capacitance, which enables a large number of accumulated charges, high

source-drain currents above 1 mA can easily be achieved with the used capacitor geometries

with a channel width W of 20 mm and a W/L-ratio of 1000. A reference electrode to deter-

mine the proper electrochemical potential is lacking in the used FET-setup, hence the onset

voltages are shifted and cannot be extracted precisely. The onset voltage gap between elec-

tron and hole currents of the (6,5)- and (10,5)-nanotubes is 1.94 V and 1.66 V, respectively,

resulting in a difference of 0.28 V. This corresponds very well to the bandgap difference of

0.277 eV between the two species (E11(6,5) = 1.270 eV; E11(10,5) = 0.993 eV).361

6.4.3 Summary

The electrical transport properties in FETs with SWNT-network semiconductor can be influ-

enced by several factors. Results in this work show that the deposition method can have a

considerable effect on the achieved field-effect mobility and current carrying capability with

polymer dispersed carbon nanotube films. Due to the nanotube length of around 200-500

nm, the number of nanotube-nanotube junctions between the source and drain electrodes is

high in the used SWNT-networks. Therefore an increase in SWNT-density, as achieved with

dropcast layers compared to spincast layers, showed significant improvements in charge

carrier mobilities of around one order of magnitude. As shown with EFA-deposited films,

an alignment of the nanotubes in transport direction by electrophoresis further increases the

device mobility, even though a mobility asymmetry is introduced that way, with a mobility

ratio of about 3:1 in favor of hole mobility. Electrolyte gating with an ion gel and side-gate

architecture enables very high charge carrier densities and low voltage operation of the FET

devices.

6.5 Near-Infrared Light Emission

Polymer-dispersed SWNTs have been analyzed by means of their photoluminescence and

electroluminescence in FET devices. The emission wavelength depends on the specific (n,m)
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Table 6.2: Optical transitions of SWNTs found in this study, sorted by diameter (nm). Measured
values for transition energy E11(eV) and wavelengths λ11 and λ22 (nm) come from elec-
troluminescence measurements of polymer-dispersed SWNT films. Literature values stem
from SDS dispersed SWNTs.361

(n,m) diameter
E11

literature
E11

measured
λ11

literature
λ11

measured
λ22

literature
(6,5) 0.757 1.270 1.217 976 1019 566
(7,5) 0.829 1.211 1.178 1024 1052 645
(7,6) 0.895 1.107 1.080 1120 1148 648
(9,4) 0.914 1.126 1.091 1101 1136 722
(8,6) 0.966 1.057 1.030 1173 1204 718
(8,7) 1.032 0.981 0.960 1265 1291 728
(10,5) 1.050 0.993 0.957 1249 1296 793
(9,7) 1.103 0.938 0.907 1322 1367 788

indices of the SWNTs and is summarized for the relevant tubes in table 6.2. According to

the nanotubes E11 transition energies, characteristic Lorentzian peaks of the used HiPco and

CoMoCAT material can be observed in the near infrared range between 950 nm and 1400

nm, corresponding to diameters of around 0.76 nm for (6,5) nanotubes to around 1.1 nm for

(9,7) tubes. Compared to individual SDS-dispersed and spectrofluorometrically analyzed

SWNTs, a red-shift of the emission between 27 and 53 meV was found that was attributed to

the different dielectric environment given by the polymer shell and the solvent.361 It should

be noted that no significant differences in the peak positions were observed between PMMA

and ion gel dielectrics.

6.5.1 Emission Zone and Polarization

The emission zone in ambipolar FETs can be moved within the transistor channel between

source or drain electrode. As outlined in section 2.4.5, the applied voltages at source, drain

and gate electrode determine the local potential distribution in the channel and the posi-

tion of hole and electron accumulation regions. The source-drain voltage creates the driv-

ing force for holes and electrons to recombine and create excitonic light emission. While

the movement of the emission zone has been shown for single-nanotube FETs139 and and

CVD-aligned nanotube arrays140, this work demonstrates nIR light emission with spatially

resolved and movable emission for SWNT network films with aligned nanotubes.

Figure 6.8 (a) shows the LEFET emission zone between the electrolyte gated source

and drain electrode for EFA-deposited and polymer-selected (6,5) SWNTs in different stages

of a gate voltage sweep. The corresponding current-voltage characteristic is outlined in
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Figure 6.8: (a) False color images of LEFET emission zone with near-IR emission during gate voltage
sweep moving from drain to source electrode. Applied Vds = -2 V in ion gel gated LEFET
with chirality selected and EFA-deposited (6,5) SWNTs. The position of the source and
drain electrode is indicated by the white dashed lines. (b) Corresponding transfer curves
with marked points for snapshots. (c) nIR photoluminescence of SWNTs in the channel
region, excited with 640 nm laser. (d) Accumulated images of the electroluminescence
in the channel, displaying the brightest intensity for each pixel of 121 individual images
during the gate voltage sweep.
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Figure 6.8 (b) with marked positions for the snapshots in subset (a). Starting from the

source electrode, with predominantly electrons accumulated in the channel, the emission

zone moves towards the drain electrode as the gate voltage gets more negative and hole ac-

cumulation gradually increases within the channel. The resolution of the channel imaging

is limited to around 1 µm by the emission wavelength of the SWNT film (1000-1400 nm). A

continuous emission line along the channel width, with only mild fluctuations in intensity

and an absence of emission gaps can be observed. This is attributed to the SWNT deposi-

tion of continuous and thick SWNT layers by twofold electric-field alignment with 80 V and

-100 V. While the emission exhibits a straight line near and at the electrodes with a width of

around 3-6 µm, distinct ripples in the emission zone occur in the channel center due to dif-

ferences in the local intertube resistance and particularly the local contact resistance. These

parasitic effects change the potential distributions in the semiconductor and lead to slight

variations in the extent of hole and electron accumulation regions.

Figure 6.8 (c) shows photoluminescence from the same channel position by photoexci-

tation with a 640 nm laser-diode. A continuous layer of SWNT is shown with clearly visible

electrode edges due to scattering effects. A similar visualization of the complete channel can

be achieved for electroluminescence as well. By rendering a composite image of 121 indi-

vidual EL-signals during a gate voltage sweep (with six examples shown in Figure 6.8 (a)),

where all single frames were compared according to their brightness assigned to the indi-

vidual pixels, a complete mapping of the electroluminescence in the channel can be created.

Since the LEFET recombination zone gradually moves through the channel, a mapping of

the electroluminescence activity in Figure 6.8 (d) is possible, by using the highest intensity

value of the set for each pixel.

Figures 6.9 (a) and (b) compare the linear polarized electroluminescence intensity I

with respect to the non-polarized beam intensity I0 for different polarization angles θ. Un-

like dropcast samples, that show no polarization of the PL or EL emission (constant I/I0-

ratio), EFA-deposited samples exhibit a polarization of the emission with respect to the

alignment direction along the transistor channel length (cos²-dependence of the I/I0-ratio)

due to the dipole nature of the one-dimensional SWNTs. The anisotropy r of the light emis-

sion is defined as r =
I‖−I⊥

I‖+2·I⊥
with I‖ being the intensity of linear polarization along the

FET-channel length (θ = 0 °, θ = 180 °) and I⊥ the intensity of polarization along the chan-

nel width (θ = 90 °). For EFA-aligned samples a maximum anisotropy of r = 0.58 has been

determined, while dropcast samples show no orientation of the emission with r near zero.
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Figure 6.9: Dependence of the measured electroluminescence I/I0 on the polarization angle θ. (a)
Dropcast layers show constant intensity of I/I0 ≈ 0.5 with different polarizations. (b)
EFA-deposited layers exhibit intensity variations depending on the polarization angle. A
maximum of I/I0 around 0.82 can be found at θ = 0 ° and θ = 180 °, which correspond to
the EFA-alignment direction (applied E-field), while θ = 90 ° is perpendicularly oriented.
An ideal cos² - dependence serves as guide for the eye.

6.5.2 Spectral Response from Nanotube Mix

Figure 6.10 compares the chiral distribution of PFO-dispersed HiPco SWNTs , based on their

E11 absorbance spectrum in subset (a) with the photoluminescence spectra of nanotubes

from solution, dropcast films and electroluminescence of CNT-FET in subset (b). PFO dis-

perses predominantly 5 different species, with emission wavelengths from around 1050 nm

to 1300 nm. Each of these nanotubes can be clearly identified in absorbance- and emission-

plots by means of their Lorentzian E11 -peaks. Excitation of the nanotubes in dispersion with

a red 660 nm laser-diode should almost exclusively photo-excited (7,5) and (7,6) SWNTs due

to their λ22- wavelengths of 645 nm and 648 nm, respectively. As can be seen in Figure 6.10

(b), this is indeed the case, with only negligible peaks from the larger (8,6) and (8,7) nan-

otubes. A similar laser with 640 nm wavelength was used to excite the same SWNT material

in a network film FET, deposited on a glass substrate. Here, five well defined peaks from

all present nanotubes emerge, including the (9,7) nanotube and the (8,6)-type exhibiting the

highest overall signal. Since the laser excitation wavelength still essentially only excites (7,5)

and (7,6) nanotubes, this behavior indicates strong exciton transfer within the nanotube net-

work to other species with smaller bandgaps.364 This was confirmed by recent results from

Mehlenbacher et al. where ultra-fast spectroscopy revealed exciton hopping between PFO-

dispersed HiPco films of similar composition.224 It was found that bound electron hole pairs

have a high probability of transfer from one nanotube to another, with an average of 2 hops

during the exciton lifetime.

When exciting the same SWNT film electrically, by injecting holes and electrons from

opposing electrodes in the FET´s ambipolar regime, a similar spectral response can be ob-
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Figure 6.10: (a) Absorbance of HiPco dispersed SWNT in solution. (b) Normalized photolumi-
nescence spectra from solution, film as well as electroluminescence spectra from FET,
showing strong energy transfer in the SWNT films from small diameter/large bandgap
SWNTs to large-diameter/small bandgap SWNTs.

served, however with peak maxima further shifted to low bandgap nanotubes. In this case,

the smallest (7,5) species only gives a marginal signal, compared to the PL and absorbance

measurements discussed above, while the larger (8,7) and (9,7) tubes are more emphasized

and the most abundant (8,6) nanotube again dominates the spectrum. This points to addi-

tional charge transfer from small to large-diameter SWNTs due to the higher charge carrier

mobility of low-bandgap tubes on one hand92, as well as the favorable energy level align-

ment of smaller bandgap tubes on the other hand, which promotes holes and electron trans-

fer to tubes with smaller bandgaps, but presents an additional energy barrier for charge

transfer to SWNTs with larger bandgaps.230

The peak positions found for PL and EL measurements of the SWNT films do not devi-

ate significantly, but a redshift of about 5-11 meV compared to SWNTs suspended in solution

has been found. Furthermore, the PL and EL peaks from the SWNT films exhibit a full width

at half-maximum (FWHM) of 25-45 nm (20-37 meV), which is slightly broader than for PL

measurements in solution with around 19-21 nm (9-11 meV). However, the FWHM is narrow

compared to electroluminescence emission spectra from SWNT-devices found in literature,

where FWHM of 80-150 meV are common for electroluminescent devices.278,321,322

6.5.3 Spectral Response from Near-Monochiral Carbon Nanotubes

To obtain electrical devices with very narrow-band nIR emission, FETs with near-monochiral

SWNT dispersions as described in Figure 6.2 were made. Nanotube inks from CoMoCAT
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Figure 6.11: PL and EL spectra from near-monochiral SWNT films for (7,5)-nanotubes (a) and (10,5)-
nanotubes (b).

source material with PFO-polymer gave dispersions with mostly (7,5) tubes, while HiPco

source material with F8BT yielded predominantly (10,5) tubes with small amounts of (9,4)

nanotubes. Photoluminescence, as well as electroluminescence spectra from FET devices

were nearly identical for a given nanotube species and revealed very narrow-bandwidth

SWNT emission, plotted in Figure 6.11. The peak emission wavelength is centered around

1056 nm for (7,5)-species and 1296 nm for (10,5)-species, which allowed for convenient fit-

ting of Lorentzian peaks with a FWHM of 38-40 nm and 38-42 nm, respectively. Small satel-

lite peaks appear in both plots, especially in the EL spectra. These can be attributed to small

amounts of (7,6) types in the case of (7,5) tubes and small traces of (9,4) and possibly (11,6)

types for the (10,5) inks. (11,6) nanotubes do not appear in PLE maps due to their long λ22-

wavelength of 858 nm.361

6.5.4 Trion Emission

In semiconducting single walled carbon nanotubes, the emission of near infrared light re-

sults from the radiative decay of bound electron-hole pairs, called excitons. A significant

portion of excitons does not emit radiatively due to unfavorable band degeneracy and spin

configurations, as outlined in section 2.1.6. Depending on the specific type, these non-

emissive dark excitons have binding energies in the range of one to several tens of meV,

and consequently are lower in energy than bright excitons. Recently, another emissive state

in carbon nanotubes - called trions - has been found, which is lower in energy than bright or

dark excitons and can be attributed to a three particle bound state of an excitonic electron-

hole pair with an additional electron or hole (see Figure 2.9 (b) in section 2.1.6). Trion emis-
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Figure 6.12: Photo- and electroluminescence spectra of SWNT emission in electrolyte-gated FET de-
vices. Near-monochiral nanotube sources with predominantly (7,5)-types (a), (10,5)-
types (b) and (6,5)-species (c) were used. The electroluminescence spectra show addi-
tional peaks at longer wavelengths than the excitonic emission which can be attributed
to trion luminescence.

sion can by induced by providing additional charge carriers by, for example, chemical or

electrochemical doping.128–130

In this work, a method is presented to enable trion emission by purely electric stimu-

lation in FET devices, with light output comparable to excitonic emission. This was made

possible by using ionic-liquid based gels as electrolytes for the FET-gating. Due to the high

intrinsic capacitance of these ion gels (see section 2.4.6), large amounts of charge carriers can

be accumulated at low voltages, and the presented results indicate that the high number of

free charges leads to an increase of trion emission.

Figure 6.12 shows photoluminescence and electroluminescence spectra of ion gel gated

devices with near mono-chiral SWNT-sources as semiconductor and emitter-layer. Com-

pared to PMMA-gated devices made from the same SWNT source material, with PL and

EL spectra shown in Figure 6.11, the EL signals of ion gel gated devices differ clearly. It

can be observed that additional peaks emerge in the electroluminescence spectra at longer

wavelengths than the excitonic peaks from the photoluminescence plots.

The line width of these red-shifted additional peaks is broader compared to the exci-

tonic emission at shorter wavelengths. Fitted Lorentz-functions show FWHMs of 65 nm or

larger. Similar spectral modifications with red-shifted emission in the range of 0.2 eV and

increased peak line width have been shown to originate from oxygen doping124,125, induced

sp³-defects126 or trion formation.128–130 In this work, the used nanotube network layers have

been processed identically to the PMMA gated devices from Figure 6.11 were only the an-
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Figure 6.13: (a) Electroluminescence spectrum of SWNT emission from ion gel-gated FET with
mainly (7,5)-SWNT semiconductor with a visible fraction of (7,6)-species. Additional
peaks show trion luminescence with marked trion binding energy ∆E for both species.
(b) Plot of trion binding energy ∆E vs. the SWNT diameter d with ∆E = 49

d + 65
d² (adapted

from Park et al.130) with marked positions for four measured SWNT species.

ticipated excitonic emission is observable. Thus the method of electrolyte gating is likely to

exert influence on the perceived nIR emission. All SWNT layers were annealed and encap-

sulated in nitrogen atmosphere prior to optical measurements and Raman analysis showed

only weak D-peaks, consequently effects from oxygen doping and defect related emission

are unlikely to play a significant role here. Instead it is proposed, that trion emission - en-

abled by the high number of free positive or negative charge carriers by the ion gel gating -

is observed.

This theory is initially corroborated by the specific peak position of individual nan-

otube double peaks, which shows a clear SWNT diameter dependence of the trion binding

energy ∆E.130 The chirality selected SWNT distributions allow for an easy distinction of in-

dividual peaks in the nIR range. Figure 6.13 (a) shows an exemplary electroluminescence

spectrum for (7,5)-nanotube material that contains a relatively high number of (7,6) tubes as

well. For both present species a specific energy shift ∆E with respect to the emerging satellite

peaks can be determined. The measured values of ∆E for several nanotube species show an

explicit diameter dependence, following the approximation for trion binding energy from

Park et al.130 plotted in Figure 6.13 (b) (see section 2.1.6 for details).

Further indications that indeed trion emission is the reason for these lower energy

emission is presented in the following section 6.5.5, were the charge carrier density in the

channel region was varied during photoluminescence measurements under constant laser

excitation.
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Figure 6.14: PL-spectra of (6,5) SWNTs with ion gel gating during constant laser excitation (640 nm)
and varying gate voltage. Source and drain electrode are grounded while hole (a) or
electron accumulation (b) in the semiconductor is induced by applying negative or pos-
itive gate voltages, respectively. Increasing of Vg to negative (a) or positive (b) voltages
leads to an extinction of the excitonic peak emission at 1017 nm and the emergence of a
secondary peak at around 1180 to 1190 nm (dark green lines) until further increase of the
gate voltage decreases the secondary peak as well. The emerging signal at longer wave-
lengths is attributed to trion emission, enabled by the increased charge carrier density at
higher Vg.

6.5.5 Photoluminescence Quenching

Auger recombination in SWNTs involves the non-radiative phononic decay of excitonic en-

ergy by the recombination of electron hole pairs with additional electrons.364 The proba-

bility for this Auger-type quenching increases for higher carrier densities in form of exci-

tonic electron-hole pairs365 or single particle charge carriers (electrons or holes).366 Thus,

the luminescence of SWNT is ultimately limited by the presence of high exciton- or charge

carrier-densities.

In a SWNT-FET structure, this effect can be induced by the electrostatic charging of the

gate electrode, and hence the accumulation of charges in the transistor channel. Source and

drain electrode are shorted in this configuration, to prevent current flow and joule heating

in the semiconductor between the two electrodes. During constant laser excitation of the

channel area, changes of the PL-response of the SWNT semiconductor can now be observed

for different applied gate voltages. Next to Auger-type quenching and a decrease in SWNT

absorption (both leading to a decrease in PL intensity) a red-shifting of the emission during

charge accumulation has been reported.366

In this work, PL quenching by charge accumulation was used with electrolyte-gated

FETs with near-mono chiral SWNTs and PMMA-gated devices with multi-chiral SWNT
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Figure 6.15: Normalized photoluminescence spectra of ion-gel gated transistors with (7,5)-species (a),
(10,5)-species (b) and (6,5)-species with excitonic emission at Vg = 0 V (black line) and at
increased Vg with maximum emission for positive trions (red line) and negative trions
(blue line).

distribution. The following sections show the different effects revealed by these SWNT-

network/dielectric combinations.

PL Quenching at Electrolyte-gated SWNT Transistors

Figure 6.14 shows PL spectra for electrolyte gated SWNT-FETs for hole and electron ac-

cumulation under constant laser excitation with 640 nm (in resonance with the used (6,5)

SWNT species shown in Figure 6.12). At low gate voltages the excitonic emission from the

(6,5) tubes is strongest and clearly visible around 1018 nm with small secondary peaks from

traces of (7,5) and (7,6) SWNTs (see Table 6.3). With increasing bias to negative (hole accu-

mulation, Figure 6.14 (a)) or positive voltages (electron accumulation, Figure 6.14 (b)), the

excitonic signal decreases rapidly and disappears completely at voltages of around -1.5 V

and 2.5 V respectively. While the PL-response of excitons decreases, a new peak at longer

wavelengths emerges, showing a maximum at -1.25 V for hole accumulation and at -2 V

for electron accumulation. The occurrence of this secondary peak is only dependent on the

applied gate voltage and is completely reversible, so an influence of covalent defects can be

ruled out. As introduced in section 6.5.4, this peak, found at longer wavelengths compared

to excitonic emission, is attributed to positive and negative trions.

Normalized PL spectra for different gate voltages of three nanotube species are plotted

in Figure 6.15. The spectra were recorded at gate voltages showing the respective maximum

for exciton peaks (Vg = 0 V) as well as positive trions (Vg < 0 V) and negative trions (Vg >

0 V). The determined energy shifts ∆E for positive and negative trions are very similar (see
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Table 6.3: Peak position (excitons, positive and negative trions) and trion binding energy for three
different nanotube species.

SWNT (6,5) (7,5) (10,5)

exciton
λcenter (nm) 1018 1051 1298
Ecenter (eV) 1.218 1.180 0.955

trion+
λcenter (nm) 1181 1222 1475
Ecenter (eV) 1.050 1.015 0.841
∆E+ (meV) 168 165 115

trion-
λcenter (nm) 1191 1222 1472
Ecenter (eV) 1.041 1.015 0.842
∆E− (meV) 176 165 113

Table 6.3), which is expected due to a similar effective mass of electrons and holes in SWNTs

(me f f ,h/me f f ,e = 1.06). When the maximum intensity for trion emission is reached, the exci-

tonic peak is already strongly quenched, whereas the presence of excess charge carriers is

necessary for the formation of trions as three-particle bound states. A further increase of

Vg, and therefore charge carrier density, finally leads to a reduction of the trion emission as

well, most likely due to increased Auger-quenching.

The emergence of trion peaks by charge accumulation under laser excitation was only

observed for electrolyte-gated SWNT FETs, whereas devices with PMMA dielectric only

showed exciton quenching with increasing gate voltage (see the following paragraph). Nat-

urally, the much lower capacitance of 500-600 nm of PMMA (around 3.7 nF/cm²) compared

to the used ion gel (few µF/cm²) would lead to much smaller numbers of charge carriers

within the channel. Thus, the formation of detectable trions is unlikely.

PL Quenching at PMMA-gated FETs with Mixed SWNT Distribution

The method of photoluminescence quenching by charge accumulation has been applied

to PMMA-gated devices with a SWNT network of PFO dispersed HiPco nanotubes. As

shown in Figure 6.1, the semiconducting layer contained five detectable species. Here, an

increase of Vg to positive or negative voltages also leads to charge accumulation of holes

or electrons and the quenching of the detected PL signal. A laser with 640 nm emission

wavelength has been used, in resonance with the (7,5) and (7,6) nanotubes. In the used

SWNT networks this leads to excitonic emission of all present SWNT species due to exciton

transfer between the nanotubes224, as shown in Figure 6.10 (b). The observed PL quenching

does not progress linearly with the applied Vg and is unevenly pronounced for electron and

hole accumulation. (see Figure 6.16 (b)) Moreover, the quenching of the PL signal is much
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Figure 6.16: (a) PL-spectra of SWNT film with PFO-dispersed HiPco nanotubes in PMMA-gated tran-
sistor during constant laser excitation (640 nm) and increasing gate voltage. Higher gate
voltage leads to increased charge accumulation in the SWNT film and a reduction of the
PL signal due to Auger-type quenching mechanism. (b) Larger nanotubes experience
increased PL quenching, which indicates that charges preferably accumulate at small-
bandgap tubes.

stronger for large diameter SWNTs with smaller bandgaps than for the small diameter tubes.

Compared to the original PL at Vg = 0 V, the smallest (7,5)-nanotube is reduced by 36 % at an

applied gate voltage of 60 V, while the signal of the largest (8,6) and (9,7) tubes is reduced

by 78 %.

Similar to ion gel-gated devices, the PL decrease is associated with Auger-type exciton

quenching due to increased charge density.366 This general behavior also explains the varia-

tion of PL decay for different nanotubes: Due to their smaller bandgap, charge accumulation

might preferably take place on large-diameter tubes, where consequently photolumines-

cence is quenched stronger. Furthermore, the electrostatic charging of the nanotubes with

increasing Vg might prevent exciton transfer from the laser-excited (7,5)- and (7,6)-species

to larger nanotubes.364,367 But, since the observed reduction in Figure 6.16 (b) for the (7,6)-

SWNT is still larger than for the equally excited (7,5) tubes, preferred charge accumulation

on smaller bandgaps should be the dominant mechanism. This indicates that large diameter

tubes act as shallow traps for holes and electrons in SWNT networks. However, this should

exert only a minor influence on electrical charge transport: On one hand, small bandgap

tubes exhibit higher field-effect mobilities92 and on the other hand, the transport properties

in the employed networks are dominated by the nanotube-nanotube junctions rather than

the properties of individual tubes (see sections 6.4 and 2.1.5).
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6.5.6 Light Output and Efficiency

Electroluminescence light output and efficiency measurements were performed during gate

voltage sweeps under constant source-drain current. Figure 6.17 (a) and (d) show exemplary

current-voltage characteristics for PMMA-gated and electrolyte-gated devices, respectively.

The corresponding light output, detected by the InGaAs photodiode is shown in Figure 6.17

(b) and (e). Constant Ids in the carried out measurements enforces a constant amount of

charges being injected into the channel from both electrodes. While the emission zone is

moving within the channel-center, complete annihilation of electrons and holes is assumed,

since the width of the recombination zone has been determined to around 3-6 µm. The opti-

cal power strongly decreases at very high or low source-drain voltages - when the emission

zone is positioned right at the electrodes - due to incomplete recombination and quenching

effects at the metal contacts.

A double peak and plateau formation in light output is visible for both device archi-

tectures, which is centered around the maximum drain voltage. The perceived dip in op-

tical power corresponds to a mobile emission zone that is moving between the source and

drain electrode. This behavior is consistent with gate voltage dependent measurements of

LEFET devices with semiconducting polymers345,368 (see Figure 5.8 for corresponding plots

the EQE (proportional to optical power) of F8BT and PFO LEFET devices).

The dip in maximum output power, perceived when the emission zone is far from

from both electrodes, can on one hand be attributed to changes in outcoupling efficiency,

which are dependent on the device geometry. On the other other hand, changes in the local

current density within the transistor channel might be responsible for a lower quantum ef-

ficiency. In a staggered bottom-contact/top-gate structure, the current density in proximity

to the electrodes is presumably lower than in the channel center, since charge carriers are

injected over a large area of the gold electrode. In the middle of the channel, charge trans-

port is confined in the accumulation layer, which might increase the local current density,

leading to Auger-type quenching due to the high number of excitons.365

The efficiency of the SWNT LEFETs is in the range of 2·10-5photons/injected electron

(see Figure 6.17 (c) + (f)), which is similar to other nanotube FETs.141,321 Depending on the

applied source-drain current, positive (PMMA-gated devices) or negative correlations with

the EQE (electrolyte-gated devices) can be observed. The two different trends in EQE behav-

ior can be explained by the magnitude of the applied source-drain currents and hence the

current-density in the device. While semiconducting layers of similar SWNT density and
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Figure 6.17: Current-voltage characteristics for light-output and efficiency measurements. Gate volt-
age sweeps under constant source drain current were performed for PMMA-gated (a)
and electrolyte-gated devices (d) with (7,5)-SWNT semiconductor. Optical power de-
tected by an calibrated InGaAs photodiode with respective EQE plots at different source-
drain currents for PMMA-gated (b) + (c) and electrolyte gated device (e) + (f).

thickness were used in both devices, possible source-drain currents were around an order

of magnitude lower (5-30 µA) in devices with PMMA dielectrics due to the lower intrinsic

capacitance. The rising EQE in the low-current regime (Figure 6.17 (c)) can be attributed

to Shockley-Read-Hall recombination (SRH), the filling of defect- or interface-induced trap

states that are likely to increase non-radiative recombination with opposite charges. Cal-

culations showed that SRH leads to a nonlinear increase of the optical output with applied

current, resulting in an increased EQE for higher currents.369 However, the decreasing steep-

ness of the polynomial fit in Figure 6.17 (c) indicates a saturation of the EQE by competing

mechanisms. This becomes more obvious in Figure 6.17 (f) were a near-linear decrease of

the EQE with source-drain current in the range of 100-500 µA is exhibited. As already dis-

cussed in section 6.5.5, an Auger-type quenching with increased charge and exciton density

is likely to reduce radiative recombination processes.365,366
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6.5.7 Summary

This work shows near-infrared light emission with a spatially resolved and moveable re-

combination zone from network SWNT-LEFETs. Dense layers of solution processed SWNTs

were produced by dropcasting or electrophoresis, yielding a gapless emission zone with a

recombination width of 3-6 µm. Depending on the deposition method, the SWNT orienta-

tion - and therefore the polarization of the emission - can be switched between completely

random (dropcasting; anisotropy r around zero) and aligned in charge transport direction

(EFA-layers; anisotropy r up to 0.58).

For networks of PFO dispersed HiPco SWNTs with a variety of (n,m)-species, signif-

icant exciton transfer from small diameter/large bandgap SWNTs to large diameter/small

bandgap tubes for both photo- as well as electroluminescence has been found. On the other

hand, different nanotube source material - with near mono-chiral SWNT content, and in

combination with PMMA dielectrics - resulted in single-peak nIR emission with very nar-

row line-width. The FWHM of the E11 peak of (7,5) and (10,5) was measured to be around 40

nm, which was not achieved before with solution- or CVD-processed SWNT network FETs.

Especially the (10,5) SWNT with emission around 1300 nm gives a suitable emitter for the

O-band telecommunication window from 1260-1360 nm, where a narrowband emission is

required to reduce wavelength dispersion and jitter.

The use of ion gels as gating material enables trion emission from SWNTs, due to

the very high charge carrier density at the electric double layer interface. This has been

achieved by purely static and therefore reversible doping, and did not require chemical

doping of the SWNTs. A diameter dependence of the trion binding energy has been found

that follows the approximation for trion binding energy by Park et al. for electrochemically

doped SWNT films.130 Further evidence that indeed trions are the origin of the lower energy

emission is presented. A change of the applied gate voltage during photoluminescence

measurements enabled predominantly exciton or predominantly trion emission, depending

on the accumulated density of charges. Effectively, this creates a PL emitter with voltage

controlled emission wavelength.
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Conclusion and Outlook

The method of sorting carbon nanotubes by polyfluorenes is a versatile tool for the applica-

tion of SWNTs in light-emitting field effect transistors. Three main aspects were emphasized

in this work: First, the dispersion process and its dependence on the used solvent and the

polymer molecular weight, followed by two different applications that utilize a completely

different degree of purity of the obtained nanotube dispersions. The nanotube/solvent/po-

lymer-system presents itself as a fine-tuned system with a strong dependence on the used

components and a reciprocal effect between the selectivity for individual (n,m)-species and

the overall yield. A dispersion can be directly used for the fabrication of semiconducting

layers in organic FETs, with a large excess of polymer and a nanotube content below the per-

colation threshold. These nanotube-doped layers exhibit improved electrical performance

compared to pristine materials, while maintaining the transport and emissive properties of

the polymer. Further removal of excess polymer enables the employment of the wrapped

tubes as semiconducting network layers. Electrical transport and light emitting properties

are typical for SWNT FETs in this case, with increased field-effect mobilities compared to

polymer-FETs and emission bands in the near-infrared. In this case, the polyfluorene main-

tains its function as dispersant while simultaneously leading to near-monochiral SWNT dis-

tributions. The narrow nanotube distribution within the network layers enables defined

emission bands and the detection of low-energy emissive states like trions, while the virtual

absence of metallic tubes leads to high on/off ratios in field-effect transistors.

154
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7.1 Selective Nanotube Dispersion with Polyfluorenes

This work demonstrates the importance of solvent-choice and polymer type for selective

dispersions of carbon nanotubes. While the polyfluorene dictates the preferred nanotube

species through energetic and geometric matching12,13,20,217,218, the solvent and polymer

molecular weight were found to exert strong influence on the kinetic stabilization of meta-

stable nanotube species by means of a variation of the diffusion constant. Decreasing dif-

fusion through increasing viscosity leads to the stabilization of meta- or non-stable (n,m)

species. Depending on the used nanotube source material, a complete change in selectivity

can be observed for different dispersion viscosities, which were varied by solvent type and

molecular weight of the polymer. Low-viscosity dispersions, that use benzene or toluene

as solvent, with low or medium polymer molecular weight exhibited the highest selectivity

towards certain nanotubes, but low overall yield. Hence, a compromise between the num-

ber of dispersed tubes and selective dispersion of specific nanotube species is inevitable.

A dependence between selectiveness and molecular structure was found. Benzene exhibits

the most distinct selectivity towards individual tubes, whereas solvent molecules with an

increasing number of side-groups behave less selective. Popular solvent parameters like

Hansen or Hildebrand parameters are only marginally effective in predicting a solvents ef-

fect on selectivity. The polar Hansen parameter δH,p showed a positive correlation with the

selectivity S, as long as the boundary conditions of the other parameters were met.

These results should enable a more adequate choice of solvent and polymer-type, if

high selectivity or high yield are desired in a nanotube dispersion of polyfluorenes and other

polymer.

7.2 Nanotube Doping in Polymer Films

Dispersed nanotubes in polymer matrix with concentrations below the percolation limit re-

veal beneficial effects for the injection of holes and electrons in FETs in case of high Schottky

barriers. An enhancement of local electric fields at the SWNT tips and low intrinsic resis-

tance of SWNTs leads to decreased threshold voltages and contact resistance, with higher

ambipolar currents and light output in the range of one to two orders of magnitude. As

shown in subsequent work by Wang et al.359 this effect is ubiquitously applicable to bottom-

contact/top-gate FETs, with a wide variety of common p-type and n-type semiconductors.

Nanotube doping of polymer semiconductors only marginally changes the inherent poly-
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mer characteristics like field-effect mobility and emission wavelength, if the nanotubes are

used below the percolation limit.

The addition of carbon nanotubes to semiconducting polymer layers could be used as

a tool where high contact resistance, caused by the mismatch of polymer HOMO/LUMO

and electrode workfunction, is an issue. Only basic requirements in lab equipment and time

are set: The dispersion process of carbon nanotubes in polymers requires bath-ultrasonica-

tion, with a subsequent centrifuge step in case of unpurified raw material, hence it is quite

easy and cost effective. Especially intriguing is the fact, that any single-walled carbon nan-

otubes can be used, regardless of metallicity and chirality. The suggested effects solely rely

on the low intrinsic resistance and the one-dimensionally confined structure of the nan-

otubes.

7.3 Nanotube Network LEFETs

Solution processed and polymer wrapped nanotubes were successfully implemented as

semiconductor and emitter layer in light-emitting field-effect transistors with light-emission

in the nIR range. For this purpose, the dispersion of SWNTs by polyfluorenes proved

to be very effective in several ways: First, the ability to use common and non-toxic or-

ganic solvents enables the use of these nanotube inks in a variety of solution-based batch-

process techniques. Furthermore, the resulting network-films showed homogeneous and

reproducible field-effect mobilities and emission spectra, since the properties of individ-

ual tubes are averaged over the area of the film. Finally, the inherent selectivity of certain

polyfluorenes, with specific cooperation of solvent type and nanotube source-material gives

near-monochiral nanotube compositions with negligible content of metallic tubes. This

pre-selection of nanotubes results in superior on/off-ratios compared to unselected CVD-

nanotube material. And - despite the use in network films - the emission of chirality-selected

SWNTs allows for narrow-band emission, which is necessary for both practical and analyti-

cal purposes.

Emissive trion states, that are lower in energy than excitonic states, were observed

for the first time by purely electric stimulation. This was made possible by the use of ion-

gel gated LEFETs with a high charge carrier density in the channel region. Under laser

excitation, devices were able to switch between exciton and trion emission, depending on

the amount of charges accumulated in the channel region, making it a voltage-controlled
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photoluminescence emitter with variable emission spectrum.

Compared to transistors with polymer-dielectric, ion-gel gating of the SWNTs enables

low voltage operation below 2V of the devices. The deposition method of the nanotubes

further influences the achievable field-effect mobilities. Partially aligned nanotubes in thick

network layers - as obtained by electric field alignment - exhibit the highest charge carrier

mobilities due to a reduced number of tube-crossings and decreased intertube resistance.

The results in this thesis contribute to enabling high performance, solution-processable

electronics. Both carbon nanotubes143–145 and ion-gels248 have shown compatibility with

flexible polymer substrates - enabling new kinds of cheap and disposable devices. In this

regards, polymer-dispersed SWNTs can provide multiple functionalities in logic, oscilla-

tor and power circuits on one hand, and as infrared light emitter for fiber optic commu-

nication on the other hand. Electrically excited and narrow-band emission was shown

for example in the range of the technically relevant O-band around 1300 nm from (10,5)-

excitons, or the S-band around 1475 nm from (10,5)-trions. In contrast to inorganic semi-

conductors, where silicon-based logic circuits and light-emitting diodes made of compound

semiconductors are hardly capable of being integrated on the same chip, carbon nanotubes

based LEFETs can easily combine these function in an easy to integrate architecture. Thus,

SWNT network transistors would present a convenient bridge between electric and opti-

cal signal-transmission, that requires only a single type of semiconductor. Combined with

modern large area batch processing techniques like reel-to-reel and inkjet printing, carbon

nanotubes might provide the foundation of the next generation of printable and flexible

electronics.99,271
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Figure .1: Background corrected absorbance spectra of HiPco SWNTs dispersed with F8BT (MW =
85 kg/mol, PD = 3.89) at 2 mg/ml in different solvents. The plots focus on solvents that
show distinct selectivity toward (10,5)-nanotubes (E11 around 1275 nm), (9,4)-nanotubes
(E11 around 1122 nm) and (8,6)-nanotubes (E11 around 1186 nm). An absorption spectrum
of SDS-dispersed HiPco-SWNTs in D2O is shown as reference.
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Figure .2: Background corrected absorbance spectra of HiPco SWNTs dispersed with F8BT (MW = 85
kg/mol, PD = 3.89) at 2 mg/ml in different solvents. The plots focus on solvents that show
no distinct selectivity. An absorption spectrum of SDS-dispersed HiPco-SWNTs in D2O is
shown as reference.
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Figure .3: PLE mappings of HiPco SWNTs dispersed with F8BT at three different molecular weights
in toluene and o-xylene, respectively. All PLE maps are scaled for maximum range.
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Figure .4: PLE mappings of HiPco SWNTs dispersed with F8BT (MW = 85kg/mol, PD = 3.89) in five
different organic solvents. All PLE maps are scaled for maximum range.
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Figure .5: PLE mappings of HiPco SWNTs dispersed with PFO at three different molecular weights
in toluene and o-xylene, respectively. All PLE maps are scaled for maximum range.
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