
 

 

 University of Groningen

Polymer-wrapped carbon nanotubes for high performance field effect transistors
Derenskyi, Volodymyr

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2017

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Derenskyi, V. (2017). Polymer-wrapped carbon nanotubes for high performance field effect transistors.
[Thesis fully internal (DIV), University of Groningen]. University of Groningen.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 24-05-2023

https://research.rug.nl/en/publications/c73841b4-a80a-4899-9e34-871cdc8eb707


 

 

Polymer-wrapped carbon  

nanotubes for high performance  

field effect transistors 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Volodymyr Derenskyi 



 2 
 

Polymer-wrapped carbon nanotubes for high performance 

field effect transistors 

 
Volodymyr Y. Derenskyi 

 

PhD Thesis 

 

University of Groningen 

 

 

 

 

Cover design: Volodymyr Derenskyi, Vadim Prohorenko 

 

Printing:  GVO printers & designers B.V. 

 

 

 

 

 

Zernike Institute PhD thesis series 2017-14 

ISSN: 1570-1530 

ISBN: 978-90-367-9887-7 (printed version) 

ISBN: 978-90-367-9886-0 (electronic version) 

 

    
 
The research was carried out in the Photophysics and Optoelectronics 

research group of the Zernike Institute for Advanced Materials, University 

of Groningen. The project was financially supported by De Stichting voor 

de Technische Wetenschappen (STW), which is part of the Netherlands 

Organisation for Scientific Research (NWO). 



 3 
 

 

 
 
 

Polymer-wrapped carbon 
nanotubes for high performance 

field effect transistors 
 
 
 

PhD thesis  
 

to obtain the degree of PhD at the 
University of Groningen 
on the authority of the 

Rector Magnificus Prof. E. Sterken 
and in accordance with 

the decision by the College of Deans. 
 

This thesis will be defended in public on  
 

Tuesday 11 July 2017 at 09.00 hours 
 
 

by  
 
 

Volodymyr Y. Derenskyi  

born on 5 September 1988 
in Kaniv, Oekraïne 



 4 
 

Supervisor 

Prof. M.A. Loi  

 

 

Assessment Committee 

Prof. Y.Y. Noh  

Prof. E. Menna  

Prof. P. Rudolf 

  



 5 
 

Contents 

Chapter 1    

Introduction ..................................................................................................... 9 

1.1 Single-walled carbon nanotubes (SWNT) ............................................... 10 

1.2 Electronic and optical properties of carbon nanotubes ......................... 13 

1.3 Synthesis of SWNTs ................................................................................. 16 

1.4 SWNTs sorting techniques ...................................................................... 18 

1.5 SWNT-based electronic devices .............................................................. 24 

1.5.1 Field-effect transistor ...................................................................... 24 

1.5.2 Ambipolar FET ................................................................................. 27 

1.6 SWNT field-effect transistor (FET) architectures .................................... 29 

1.7 Outline of the thesis ................................................................................ 31 

1.8 References .............................................................................................. 34 

Chapter 2 

Carbon nanotubes network ambipolar field effect transistors with 108 on/off 

ratio .............................................................................................................. 39 

2.1 Introduction ............................................................................................ 40 

2.2 Semi-aligned SWNTs network by blade coating ..................................... 41 

2.3 PF12 and P3DDT-wrapped SWNTs for FETs fabrication ......................... 44 

2.4 The origin of the charge transport difference ........................................ 49 

2.5 Conclusion ............................................................................................... 53 

2.6 Experimental section .............................................................................. 53 

2.7 References .............................................................................................. 55 

Chapter 3 



 6 
 

Anomalous Carrier Transport in Ambipolar Field-Effect Transistor of Large 

Diameter Single-Walled Carbon Nanotube Network ........................................ 59 

3.1 Introduction ............................................................................................ 60 

3.2 Study of the temperature-dependent carrier transport in large-diameter 

sSWNT networks ................................................................................................. 61 

3.3 Conclusion ............................................................................................... 71 

3.4 Experimental Section .............................................................................. 71 

3.5 References .............................................................................................. 72 

Chapter 4 

Estimation of the purity of polymer-wrapped semiconducting SWNTs by single 

nanotube transistors fabrication..................................................................... 75 

4.1 Introduction ............................................................................................ 76 

4.2 Single-SWNT FETs characterization ........................................................ 77 

4.3 Conclusions ............................................................................................. 85 

4.4 Experimental section .............................................................................. 85 

4.5 References .............................................................................................. 87 

Chapter 5 

On-chip chemical self-assembly of semiconducting Single-Walled Carbon 

Nanotubes (SWNTs): towards robust and scale invariant SWNTs transistors .... 89 

5.1 Introduction ............................................................................................ 90 

5.2 SWNTs selection by thiol-modified polymers ......................................... 92 

5.3 Nanotube network FET by SWNT self-assembly ..................................... 98 

5.4 Highly reproducible single SWNT FET fabrication ................................. 108 

5.5 Conclusion ............................................................................................. 111 

5.6 Experimental section ............................................................................ 112 

5.7 References ............................................................................................ 115 

Summary ..................................................................................................... 119 



 7 
 

Samenvatting ............................................................................................... 121 

Acknowledgements ...................................................................................... 124 

List of Publications ....................................................................................... 127 

 

 

  



 8 
 

  



 9 
 

Chapter 1 

Introduction 

 

 

 

 

 

 

  



 10 
 

1.1 Single-walled carbon nanotubes (SWNT) 

In 1991, the electron microscopist, Sumio Iijima (a researcher at the NEC 

laboratory in Tsukuba, Japan) discovered, while he was studying the carbon material 

deposited on cathodes during the arc-evaporation synthesis of fullerenes, that carbon could 

form tubular structures
[1]

. By using transmission electron microscopy (TEM), he found 

small cylinders made of carbon atoms with diameter of the order of nanometers and called 

them nanotubes.
[2]

 The single graphite layer (graphene), making the tube walls is a 

continuous hexagonal mesh having carbon atoms at the apexes of the hexagons. As 

mentioned carbon nanotubes have radii of few nanometers, while their length can be 

million times larger. Depending on the number of layers composing the tube walls, two 

types of carbon nanotubes can be distinguished, namely single-walled and the multi-walled 

carbon nanotubes
[1]

. 

A single-walled carbon nanotube can be constructed starting from the honeycomb 

structure of a single graphene sheet. Figure 1.1 shows the unit cell and the Brillouin zone 

of graphene. The unit cell can be described using the primitive lattice vectors  ⃗  and  ⃗  

with | ⃗ |=| ⃗ |=  =0.246 nm. The graphene lattice constant    is related to the distance 

between neighboring carbon sites      by    √        nm. The vectors  ⃗⃗  and  ⃗⃗  are 

the reciprocal lattice vectors
[1]

. 
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Figure 1.1 Graphene in real (left) and reciprocal space (right). The vectors  ⃗⃗⃗ ,  ⃗⃗⃗  and 

 ⃗⃗⃗ ,  ⃗⃗⃗  are the primitive vectors and reciprocal vectors. The unit cell contains two carbon 

atoms on sites A and B. The high symmetry points       within the Brillouin zone are 

indicated.
[3]

 

As depicted in Figure 1.2, a single walled carbon nanotube (SWNT) can be 

obtained by taking a rectangular graphene sheet and rolling it into a hollow cylinder. The 

unit cell of the nanotube is spanned by the chiral vector  ⃗ , connecting two equivalent 

atomic points on the circumference perpendicular to the cylinder axis, and the translational 

vector  ⃗⃗, which shows the translational period along the axis. As far as there are infinite 

number of possibilities to roll the graphene sheet into a cylinder, each individual nanotube 

can be uniquely specified by its chiral indices (   ), which define the chiral vector in 

terms of the graphene primitive lattice vectors  ⃗  and  ⃗ :  ⃗    ⃗    ⃗ . Therefore, the 

diameter of a nanotube can be derived from the length of the chiral vector: 

  
| ⃗ |

 
 
  
 
√         
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The typical diameter of single-walled carbon nanotubes is around 1 nm. The angle   

between  ⃗  and  ⃗  is called the chiral angle and can be calculated using the following 

equation: 

     
 ⃗   ⃗ 

| ⃗ || ⃗ |
 

Due to the 6-fold rotational symmetry of the graphene lattice, the value of the chiral angle 

is restricted to        , corresponding to a limitation in the chiral indices      . 

Nanotubes with     (    ) are called zig-zag tubes, because the atoms form a zig-zag 

pattern along the circumference (Figure 1.2). Nanotubes with both equal indices (   ) 

(     ) are called armchair tubes. While zig-zag tubes display carbon-carbon bond 

parallel to the nanotube axis, armchair tubes display bonds perpendicular to the tube axis. A 

third type of nanotubes is called chiral and includes species with indices      .  

 

Figure 1.2   The honeycomb graphene lattice with lattice vectors  ⃗⃗⃗  and  ⃗⃗⃗  and the chiral 

vector  ⃗⃗⃗ , that defines the unit cell of a (4,2) nanotube. The pattern along the circumference 

of zig-zag and armchair nanotubes are shown in red and blue. 
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1.2 Electronic and optical properties of carbon nanotubes 

The unique electronic properties of carbon nanotubes arises from the quantum 

confinement of electrons in the monolayer thickness of the graphene sheet in the direction 

normal to the nanotube axis.
[3]

 Because the quantum confined electrons can only propagate 

along the nanotube axis, the wave vector   ⃗⃗⃗⃗⃗, which is parallel to the nanotube axis, is 

continuous.  However, the wave vector   ⃗⃗ ⃗⃗ ⃗ should satisfy a periodic boundary condition 

along the circumference, leading to quantized values of the allowed   ⃗⃗ ⃗⃗ ⃗. The band structure 

of SWNT then can be obtained by cross-sections of allowed   ⃗⃗ ⃗⃗ ⃗ with the energy dispersion 

of graphene (Figure 3a), and is defined by the diameter and chirality of the nanotube. 

When   ⃗⃗ ⃗⃗ ⃗ crosses the K points, the energy dispersion passes through the Fermi level 

without forming a bandgap (metallic SWNT) (Figure 3bc). Otherwise, an energy bandgap 

is formed by the two parabolic bands resulting in semiconducting SWNT (Figure 3d).
[4]

  

The left part of the graphs on Figure 1.3b-d show the density functional-based 

tight binding (DFTB) modeling of the 1D energy dispersion relations for the (6,6), (9,0) 

and (7,5) nanotubes. There is no energy gap for the (6,6) armchair  and (9,0) zig-zag 

metallic nanotubes, whereas the (7,5) chiral nanotube shows a real energy gap. For a 

general (   ) zigzag nanotube, the energy gap becomes zero when   is a multiple of 3; 

however, when   is not a multiple of 3, an energy gap opens. Armchair nanotubes always 

demonstrate metallic properties. The number of branches in the dispersion relation of 

nanotubes depends on the unit cell size. Since chiral SWNTs usually have larger cell size, 

the number of branches is higher compared to zig-zag and armchair species.  
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Figure 1.3 (a) 2D energy dispersion relation of graphene (b) 1D energy dispersion relation 

and Density of States (DOS) obtained using density functional-based tight binding (DFTB) 

method for (b) armchair (6,6), (c) zigzag (9,0), and (d) chiral (7,5) carbon nanotubes. 

Right side of the plots in Figure 1.3b-d represent the density of states (DOS), 

which is the number of available electronic states per energy interval for the three nanotube 

species.
[5]

 The shape of the DOS depends critically on the dimensionality of the material 

under investigation. In case of one dimensional system as SWNTs, the density of states 

consists of a set of sharp peaks called van Hove singularities. The position of the van Hove 

singularities depends only on the electronic type of the carbon nanotube and goes with  ⁄ , 

independent of the chirality. The Kataura plot (Figure 1.4a) shows the position of the van 

Hove singularities with respect to the Fermi energy as a function of the nanotube 

diameter.
[6]
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Figure 1.4 (a) Kataura plot showing the position of the van Hove singularities in the 

density of states of carbon nanotubes as a function of nanotube diameter. Red circles 

correspond to metallic and black circles correspond to semiconducting nanotubes. (b) 

Photoluminescence map for SWNTs. Each peak in the intensity corresponds to a     

transition of a (   ) nanotube specie.
[7]

 

The accumulation of electronic states at the van Hove singularities implies that the 

absorption of a single-walled carbon nanotube will be dominated by the transition between 

these peaks (Figure 1.3b-d). As far as the position of the van Hove singularities is defined 

by the chirality of the nanotube, chiral indices can be identified from the absorption spectra 

by comparing the position of the absorption peaks using the Kataura plot. This approach 

makes possible to identify metallic nanotubes from absorption spectra. However, for 

samples containing a wide selection of different nanotubes chiralities, a detailed analysis of 

the indices becomes more complicated, because sharp absorption peaks of specific (   ) 

nanotubes with similar transition energy     values form broad absorption features in the 

spectrum. However, if the diameter range and chiralities present in the sample are known, 

the absorption spectra can be easily calculated.
[8]

 

Transitions in metallic and semiconducting nanotubes are usually denoted as    , 

   ,     and    ,        , respectively. Transitions as the     and     are dipole-forbidden 

and very weak thus can be observed only using cross-polarized light. These measurements 

can be used to probe the asymmetry between valence and conduction bands. 

Samples containing isolated SWNTs allow for the detection of photoluminescence 

in semiconducting nanotubes. Photoluminescence maps as the one reported in Figure 1.4b, 
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can be measured by exciting a sample with monochromatic light in a broad energy range, 

covering    , i=1-4, and detecting the emitted light (    transition).
[9]

 The intensity of the 

observed features can be related to the relative abundance of specific (   ) 

semiconducting nanotubes, if the nanotubes are well individualized. In fact, this method is 

limited to isolated semiconducting nanotube, since non-radiative electron-hole 

recombination inhibits the     emission in metallic nanotubes and bundling opens many 

non-radiative channels.
[10]

 Light emission from isolated metallic SWNTs or bundles 

containing both semiconducting and metallic nanotubes is strongly suppressed.
[11]

  

Interest in utilizing SWNTs as semiconducting material in electronic devices 

strongly increased during the last 15 years since semiconducting carbon nanotubes are one 

of the best candidates to achieve ballistic transport through the valence and conducting 

bands owing to the light mass of the C atoms. In transistors charge transport is defined as 

ballistic when the FET channel is shorter than the electron mean free path length of the 

carriers in the material bridging the electrodes.
[12]

 Calculations have shown that the mean 

free path for carriers in SWNTs, taking into account the elastic scattering with acoustic 

phonons, is in the range of 300 nm,
[13]

 while the mean free path for scattering due to defect 

is in the 1    range. A few reports have already demonstrated ballistic transport in SWNT-

based devices
[13–16]

  

1.3 Synthesis of SWNTs 

The method of preparation is essential for the maintenance of the nanotube 

physical characteristics, such as length, chirality, and diameter. Current challenges for the 

different synthesis methods are the development of large-scale and low-cost technique 

yielding high-quality single-walled carbon nanotubes, and on the other hand, obtaining 

control over the structural and electronic properties. Today the most commonly used 

methods are laser ablation,
[17]

 arc discharge,
[18]

 chemical vapor deposition
[19,20]

 and gas-

phase catalytic growth from carbon monoxide
[21]

. During nanotube synthesis, impurities in 

the form of amorphous carbon, catalyst particles, and non-tubular fullerenes are also 

produced. That is why subsequent purification steps are required to separate these 

impurities from the tubes. Moreover, the as-synthesized raw material, even in absence of 

impurities, contains both metallic and semiconducting species, so direct commercial 

application of this material is limited to the use of their mechanical properties.
[22,23]

 In the 
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following the major synthetics roots will be briefly described with special attention for the 

one that will be mentioned in the following of this thesis. 

Chemical vapor deposition. CVD synthesis is achieved by thermal decomposition of a 

hydrocarbon source in an inert gas atmosphere using an energy source, such as plasma or a 

resistively heated coil, to transfer energy to the carbon-based molecules.
[19,20,24]

 Methane or 

carbon monoxide are commonly used as gaseous carbon sources. The process occurs in the 

presence of a metal catalyst (transition metals such as Fe, Co, Ni are commonly used). 

Diameter and wall number (SWNT or MWNT) of carbon nanotubes are usually determined 

by the temperature, the catalyst and the atmosphere. The CVD technique allows excellent 

control of the diameter and growth rate. 

In the CoMoCAT method,
[25]

 SWNTs are grown by CO disproportionation at 

          using a supported catalyst. The technique is based on a unique Co-Mo 

catalyst formulation that inhibits the formation of undesired forms of carbon. During the 

SWNT reaction, cobalt is progressively reduced from the oxide state to the metallic form. 

Simultaneously, molybdenum is converted to the carbidic form (Mo2C). Co acts as the 

active species in the activation of CO. The role of the Mo is to stabilize Co avoiding its 

reduction and acting as carbon reservoir to moderate the growth of carbon inhibiting the 

formation of undesirable forms of carbon. This method can be scaled-up without losses in 

SWNT quality. By varying the operation conditions, SWNTs can be produced with 

different diameter ranges.  

 The HiPco process is a method for production of SWNTs in a continuous-flow 

gas-phase using an iron pentacarbonyl catalyst, Fe(CO)5, and CO as the carbon sources
[21]

 

under high-pressure (30–50 atmosphere) and high-temperature (900–1100 °C). Upon 

heating, the Fe(CO)5 decomposes and the iron atoms condense into clusters. These clusters 

serve as catalytic particles upon which SWNT nucleate and grow via CO 

disproportionation:      
 
⇒     (    ).  

Electric Arc Discharge. Typical synthesis condition for the carbon arc discharge method 

employ a direct current of 50-100 A and a voltage of 20-25 V operating in an inert 

atmosphere. The magnitude of the required current is proportional to the diameter of the 

electrode. Direct current creates a high-temperature discharge between electrodes, which 

results in the vaporization of one of the carbon electrodes. The electric arc deposit typically 
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consists of a hard, gray outer shell made of pyrolytic graphite, and a soft, fibrous dark core 

containing about two-thirds columnar growth of carbon nanotubes, and one-third closed 

graphite nanoparticles.
[26]

 The electric arc discharge synthesis results in a mixture of 

components, so it requires the separation/purification of the carbon nanotubes post 

synthesis. In order to increase yield of the semiconducting nanotubes, the graphite anode is 

usually mixed with transition metals such as Fe, Co, Ni, Y. The resultant nanotubes, called 

SO nanotubes, have typical diameter of around 1.5 nm and length in the range between 1 

and 5   . 

1.4 SWNTs sorting techniques 

From the description of the synthetic techniques, as-synthesized carbon nanotubes 

contain both metallic and semiconducting species. Therefore for any application of SWNTs 

in electronics the separation of the metallic and the semiconducting species is essential. To 

date, separation techniques such as Electrophoresis, Density Gradient Ultracentrifugation, 

Gel Chromatography, and Polymer wrapping are the most widely used. In the following 

these techniques will be briefly described. Effective SWNT sorting methods must meet the 

semiconducting electronics requirements: high purity (>99.99% of semiconducting species 

in resulting dispersion),
[27]

 scalability for manufacturing (in order to utilize it in mass 

production), compatibility with wide range of SWNT lengths and diameters.
[28]

  

Density Gradient Ultracentrifugation (DGU) utilizes differences in the buoyant density 

of the nanotubes which have been separated by the use of surfactants.
[29,30]

 The sample to be 

separated is mixed with a surfactant and loaded into a medium with a known density 

gradient. Materials such as iodixanol or sucrose are usually used as a density gradient 

medium. After applying a centrifugal force, nanotubes move towards their isopycnic point, 

which is the position, where their density is equal to that of the surrounding medium. 

Colored layers that appear in solution after DGU, correspond to the different densities, thus 

tubes with different band gap. In general, large diameter nanotubes have smaller density 

than smaller diameter species. However, surfactant coating alters the buoyant density. If 

surfactant coats all nanotubes uniformly, the difference in the buoyant density directly 

related to the diameter of species. In addition, sorting by electronic structure may be 

achieved if a combination of surfactants that exhibit preferences for some (n,m) species is 

used. 
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Figure 1.5 (a) A schematic of surfactant encapsulation and sorting (b) absorption spectra of 

the dispersion after DGU.
[30]

 (Figure modified from
[30]

) 

Sorting by diameter can be achieved by utilizing for example sodium cholate (SC) 

surfactant.
[30]

 Nanotubes distribution after DGU with the mentioned surfactant is shown on 

the Figure 1.5. Electronic type separation has been achieved by using mixture of sodium 

dodecyl sulfate (SDS) and sodium cholate (SC).
[30]

 In this case the position of the metallic 

and semiconducting layers in the centrifugation tube can be controlled by changing ratio of 

the surfactants.
[30,31]

 The sorting of SWNTs according to electronic type has been attributed 

to the unequal binding of surfactants to nanotubes due to difference in polarizability of their 

walls.  

Gel Chromatography.
[32,33]

 Chromatographic techniques are widely used in chemistry and 

biology for materials separation and also found their application for nanotubes sorting. 

First, SWNTs are isolated with a surfactant (sodium dodecyl sulfate (SDS), sodium 

cholate(SC)) and embedded in an allyl dextran/based gel.
[33]

 The surfactant coverage will 

vary depending on the type and structure of SWNTs, thus exhibiting different magnitude of 

van der Waals force interaction
[32]

 between SWNTs and the gel in the chromatography 

column. During the sorting process only the nanotubes with exact (the highest) interaction 

strength (thus identical structure) remains in the column. Size exclusion chromatography 

has shown to be effective in diameter, electronic type and length sorting of SWNTs and can 

be applied for large-scale SWNTs separation.
[32,34]

 However most of the research was 

performed with small diameters SWNTs, while selection of big diameter nanotubes (>1.2 

nm) still remains challenging.   
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Electrophoresis.
[33]

 Electrophoresis separation approaches can be classified into (i) direct 

current electrophoresis (d.c.), which is based on different nanotubes mobilities through a 

gel upon applying external electrical field
[33]

; and (ii) alternating current (a.c.) 

dielectrophoresis, which utilizes the different polarizabilities of metallic and 

semiconducting SWNTs under applied a.c. electric field
[35]

.  

DC electrophoresis exploits the mobility of nanotubes in the electrical field as 

main driving force for separation. However, charge-density difference between the 

nanotubes of different geometry is also expected to influence the movement in the external 

field. As far as the total charge on the nanotube is defined by the surface area, the charge 

density differences are diameter dependent so d.c. electrophoresis theoretically is capable of 

sorting SWNTs by diameter. However, although length separation and purification of 

nanotubes dispersed in an aqueous solution has been achieved using this method, to date 

the separation of nanotubes by diameter has not been realized
[36]

. 

AC dielectrophoresis is the most promising among both electrophoresis techniques
 

[35]
. Upon subjecting nanotube to an external electric field, a dipole moment is induced 

resulting in a translational motion along the field gradient, which depends on both dielectric 

constant of the nanotube    and solvent medium  . Due to the difference in dielectric 

constant of metallic and semiconducting nanotubes, sorting by electronic type can be easily 

achieved. Even though dielectrophoresis separation is promising in sorting SWNTs by 

electronic properties, the method suffers from the disadvantage of limited throughput, and 

low selectivity for SWNTs of different sizes.   

Polymer wrapping.
[37]

 One of the most promising techniques today is polymer-assisted 

SWNT selection. First attempts to disperse and select nanotubes by wrapping were 

performed using single-strand DNA (ssDNA).
[38,39]

 It was reported, that aromatic nucleotide 

basis of ssDNA can bind to nanotube walls via     stacking, thus forming helical 

structures around SWNT. Additionally, the possibility of easily tuning the structure and the 

sequence of ssDNA allows for the efficient isolation and selection of a broad range SWNTs 

species.
[40]
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Figure 1.6 Molecular dynamics simulation of the different wrapping geometries.
[41]

 

Polymer backbones (a) is aligned with SWNT walls (b) forming helical structures around 

SWNT 

In 2007 Nish, et al. extended the concept of nanotube wrapping to the application 

of π-conjugated polymers.
[37]

 Similarly to ssDNA wrapping, the approach is based on 

interaction between the  -conjugated polymer chains and the side walls of nanotubes. 

Molecular dynamics simulations performed by Gao, et al.
[41]

 demonstrated that upon 

mixing of SWNT and polymer in organic solvent,  polymer chains acquire an helical 

conformation around SWNTs (Figure 1.6b). This configuration is more energetically 

favorable due to lower potential energy of the system, compared to the case of polymer 

backbone parallel to SWNT (Figure 1.6a).
[41]

 Polyfluorene derivatives and particularly 

(Poly{9,9-dioctylfluorene-2,7-diyl}, PFO) (Figure 1.7a) have been the first class of 

conjugated polymers which have been demonstrated to select semiconducting SWNTs due 

to their capacity to interact preferentially with nearly armchair carbon nanotubes. But the 

range of selected species was limited only to small diameter HiPCO and CoMoCAT 

nanotubes (0.8 - 1.2 nm).  
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Following this discovery, several approaches, such as the modification of alkyl 

side-chains
[42,43]

 or the polymer backbones,
[44–47]

 have been used to obtain higher or better s-

SWNTs selection. Hence Lee, et al.
[44]

 demonstrated new type of polymer, poly(3-

dodecylthiophene-2,5-diyl) (P3DDT) (Figure 7b), which contains sulfur atoms in a 

backbone and is capable to effectively select s-SWNTs with small diameters. Another type 

of polymers with N heteroatoms in the polymer backbone was reported by Gomulya, et 

al.
[45]

 This polymer, polyazomethine (PAMDD), has shown impressively high effectiveness 

in nanotubes selection allowing of >99.9% pure sSWNT solution. However, the selection 

of the large-diameter nanotubes (>1.4 nm) was not reported before 2013, when Gomulya, et 

al.
[42]

 studied the length modification of PFO alkyl side chains in order to select big 

diameter SWNTs. Modified polymers, such as poly(didodecylfluorene-2,7-diyl) (PF12) 

(Figure 7c) and other polyfluorene derivatives with alkyl chains containing 15 and 18 

carbon atoms (PF15, PF18) demonstrated high selectivity for a wide range of SWNTs 

diameters (0.8 – 1.5 nm). Figure 7d shows absorption spectra of HiPco and SO SWNTs 

dispersed with different polyfluorene derivatives, containing from 6 to 18 carbon atoms in 

their side chains. Nowadays, a number of diverse conjugated polymers are used to select 

semiconducting SWNTs of varying diameter and chiralities.
[46,48]
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Figure 1.7 Chemical structures of the typical polymers used for s-SWNTs selection. (a) 

Poly{9,9-dioctylfluorene-2,7-diyl}, small diameter SWNTs only (0.8 - 1.2 nm) (b) Poly{3-

dodecylthiophene-2,5-diyl} and (c) Poly{didodecylfluorene-2,7-diyl} both small and large 

diameter SWNTs (0.8 – 1.5 nm). (d) Absorption spectra of HiPco (top) and SO (bottom) 

SWNTs dispersed with polyfluorene derivatives in toluene. Black dashed line demonstrates 

absorption of as-synthesized SWNTs dispersed with SDBS in water.
[42] 
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1.5 SWNT-based electronic devices 

1.5.1 Field-effect transistor 

A field-effect transistor is a three terminal device (Source, Drain and Gate) 

(Figure 1.8) that utilizes an electric field applied to the Gate electrode to control the density 

of induced charge carriers in the channel, formed by the two other electrodes (Source and 

Drain). All the components of a typical transistor structure are denoted in Figure 1.8: a 

substrate (in this study the substrate is n++ doped Si that acts as gate electrode), source, 

drain electrodes, and a layer of semiconducting material, separated from the gate electrode 

by a dielectric. As mentioned, the source and drain electrodes define the FETs channel, 

which is characterized by its width W and length L (source-drain electrodes separation).  

  

 

Figure 1.8 Schematic structure of a FET. W and L are the channel width and length, 

respectively. VG is the gate voltage, and VD is the drain voltage. The source electrode is 

grounded. 

To effectively inject holes (electrons) into a SWNT-based channel, the energy 

difference between nanotube HOMO (LUMO) and the work function of the metal must be 

as low as possible. Substantial energy difference leads to Schottky barrier formation and 
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limits the On-state conductance of the FET. If the Fermi level of the electrode is positioned 

in the middle of nanotube bandgap, injection of both, holes and electrons will be hampered 

by Schottky barriers. Thus, efficient electron and hole injection can be achieved only by 

precise choice of appropriate metal work function. Energy barriers are also influenced by 

interfacial electric dipole layers.    

To operate the transistor a voltage VG is applied to the gate electrode, the source is 

usually grounded and the potential difference between the source and the drain is the 

source-drain voltage (VD). When a voltage is applied to the gate electrode, the transistor 

channel will behave as capacitor. If a negative voltage is applied to the gate (VG < 0) there 

will be an accumulation of negative charges in the gate electrode and this will induce an 

accumulation of positive charges at the interface between the active layer and the insulator 

(Figure 1.9a). If subsequently voltage VD is applied between the source and the drain 

electrodes, the induced positive charges will create a current ID flowing from drain to 

source (Figure 1.9b). If VG is turned off, the induced charge disappears and the current ID 

switches off. This is called a p-channel operation of a FET. 

The I-V characteristics in the different operation regimes can be described 

analytically assuming the FET operation follows a gradual channel approximation 

model
[49]

. Gradual channel approximation means that the field perpendicular to the current 

flow generated by the gate voltage is much larger than the electric field parallel to the 

current flow created by the source-drain voltage. This approximation is only valid for long 

channel transistors since it does not take into account the contact resistance, appearing due 

to imperfect alignment of active material HOMO and LUMO with EF of electrode material. 

The model also does not include possible electron and hole recombination that might occur 

when both type of carriers simultaneously are injected into the channel.  

In the case of n-channel operation of a FET, the opposite will occur. When a VG > 

0 is applied, there will be an accumulation of positive charges in the gate and therefore 

negative charges will be induced at the interface. 
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Figure 1.9 Operation of p-type FET: (a) accumulation of induced positive charges on the 

dielectric-semiconductor interface under applied gate voltage (VG < 0) (b) current flow 

from drain to source electrode. Typical current-voltage characteristics of p-type FET (c) 

output and (d) transfer. 

The output characteristic for a p-type transistor (Figure 1.9c) shows that ID 

increases with VD for all applied gate voltages. For high drain voltages, ID saturates and 

becomes almost independent of the VD values. At this point VD = VG and a depletion region 

forms next to the drain electrode, since the difference between the local potential and the 

gate voltage is below the threshold voltage. This is called “pinch-off” point and at this stage 

ID does not increase anymore. The flat part of the output curve is called the saturated 

region. The part of the plot where VD < VG is called the linear region and indicated by linear 

increase of current with VD increase. An illustration of these regions in a FET can be seen in 

Fig. 1.9c. 

The transfer characteristics (ID - VG) (Figure 1.9d) for a FET can be determined 

keeping source-drain voltage    constant and measuring drain current    for various values 

of gate voltage   . Figure 1.9d shows typical transfer curve of unipolar transistor. 

Important device figures of merit, such as on/off ratio and threshold voltage, can be 
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calculated from transfer curve. The on/off ratio is the ratio between the highest drain 

current in the transistor on-state to the lowest drain current of the device in off-state. The 

threshold voltage corresponds to the voltage at which the device switches to on-state. It can 

be extrapolated from the tangential of   
 
 ⁄        curve at     .  

The charge carrier mobility in linear regime      can be obtained from the gradient 

of    versus    at constant    using the expression: 

     
       
   

 

     
 

where   is the transistor channel length,   is the channel width,    is capacitance of the 

dielectric layer,        – is the drain current in linear regime,    – is the source-drain 

voltage. In the saturation regime the charge carrier mobility can be calculated using the 

expression: 

    (  )  
       
   

 

   

 

(      )
 

where        is the drain current in saturation regime and     is threshold voltage of the 

transistor. 

1.5.2 Ambipolar FET 

An ambipolar transistor is the one in which both electrons and holes can be 

accumulated depending on the applied voltage (Figure 1.10a).
[50,51]

 The transfer and output 

curves can be understood easily, considering the potentials applied to the source, drain and 

gate electrodes relative to each other. Let us assume that we are applying to the transistor a 

positive drain voltage    and a positive gate voltage      . Just as in a unipolar 

transistor, the gate is more positive than the source electrode, and thus electrons are injected 

from the source into the accumulation layer and drift towards the drain, given that    

      (     - threshold for electron accumulation). Only one polarity of charge carriers is 

present in the channel; this regime is called unipolar. When    is smaller than   , the gate 

potential is more negative than the drain potential by      . While, for         , the 
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source will not inject electrons, but the drain electrode will start injecting holes into the 

channel if             (      - threshold for hole accumulation). Thus, the drain 

electrode will act as a source of holes. The measured drain current will be high, not like in a 

unipolar, n-channel transistor, which would be in this condition in the off-state. If the gate 

potential is in the range   |  |  |  | so that it is higher than       but also       

     , both the source and drain electrodes will inject the respective charge carriers and thus 

both, electron and holes will be present in the transistor channel (Figure 1.10b. This regime 

is called ambipolar regime. The transfer curves of ambipolar transistor exhibit a 

characteristic V-shape with one arm indicating electron transport and other indicating hole 

transport.  

 

 

Figure 1.10 (a) The structure of the ambipolar field-effect transistor (b) transfer 

characteristic of  FET in ambipolar operation regime. 

One of the challenges in ambipolar transistor fabrication is the efficient injection of both 

charge carriers. Optimal charge injection takes place when the work function of the metal 

electrode coincides with the valence band of the semiconductor for hole injection and with 

the conduction band for electron injection. Another challenge is trapping of one or both 

carrier types at the dielectric/semiconductor interface.  
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Here it is also import to underline that the on-off ratio of ambipolar transistors can suffer 

from the simultaneous presence in the channel of both electrons and holes. 

 Semiconducting carbon nanotubes are considered to be good material for FET 

application due to their unique electronic properties. As they are intrinsic semiconductors 

with a band gap around 1 eV, SWNT FETs are able to show ambipolar behavior, in 

particular when the dielectric/SWNT interface is free of water and oxygen contamination. 

As mentioned before, the ambipolar behavior has some undesirable features; nevertheless, 

the ability to control device polarity can presents new opportunities. One of this 

opportunities is the fabrication of light emitting FET.
[52–54]

 Ambipolar transistors were also 

seen as an opportunity for a simpler fabrication of CMOS-like inverter
[4,55]

, however, the 

low off current remains detrimental for this applications.  

Generally, under ambient condition electron conduction in SWNTs is suppressed 

and hole conduction is improved
[56]

. Absorption of moisture on the SWNT surface induce a 

redox reaction, giving rise to p-type behavior.
[57]

 Ambipolarity can be recovered after 

annealing in inert atmosphere. Ambipolarity also suffers from the Schottky barrier at 

metal/SWNTs interface,
[58–60]

 which can eventually suppress electron injection. 

1.6 SWNT field-effect transistor (FET) architectures 

Carbon nanotube field-effect transistors are devices, which incorporate s-SWNTs 

as active channel material
[61]

. To date they are generally divided into single-strand SWNT 

FETs (or parallel array)
[61–66]

 and SWNT-network transistors.
[43,45,47,67,68]

  

Single-strand nanotube FETs have demonstrated excellent performance – sub-1 V 

operating voltages, microscopic size (less than 20 nm)
[65,76]

 and a high potential in 

achievable carrier mobility. Durkop et. al demonstrated extraordinary high field effect 

mobility of 79 000 cm
2
V

-1
s

-1
 measured in ultralong

[77]
 CVD-grown SWNT and estimated 

intrinsic mobility at room temperature to be more than 100 000 cm
2
V

-1
s

-1
.
[63]

 The process of 

single-strand nanotube FET fabrication usually includes either growth of nanotubes directly 

onto a substrate via CVD or solution-processed deposition. FETs fabricated via CVD 

methods demonstrate excellent mobility values,
[14,15]

 however, suffer from the lack of 

control over the metallic SWNT content. Thus Jin et. al
[66]

 exploited thermocapillary effects 

in the purification of CVD-grown SWNTs arrays, achieving mobility of 1 000 cm
2
V

-1
s

-1
, 
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however on/off ratio was limited to 10
4
. The necessity to define electrodes by electron-

beam lithography (EBL) together with inherent statistical approach in this process (i.e. 

uncertainty on the nature and the position of SWNT), does not allow employing single-

strand SWNT architecture for large-scale device fabrication. Furthermore, high on-current 

levels are not easily accessible with a single tube, and an array of oriented tubes will be 

desirable.
[76,78,79]

  

The range of available methods to fabricate SWNT-network FETs is much 

broader, and can be divided into direct nanotubes CVD growth (followed by EBL 

patterning to define electrodes), and SWNTs deposition from solution. Figure 1.11 

summarizes performances of the FETs reported in a literature. Transistors with CVD grown 

nanotubes usually demonstrate high on-currents and high mobilities, however, suffer from 

low on/off-ratios due to high metallic content and difficulties to selective remove m-

SWNTs on a large scale.
[80,81]

 Solution processed networks can be deposited by drop-

casting,
[67,75]

 ink-jet and roll-to-roll printing,
[82–87]

 blade coating
[68]

, dielectrophoresis-

assisted
[78,88–90]

 and deposition via self-assembly.
[91]

  Some of the mentioned techniques 

allows also to align SWNTs in a FETs channel, thus improving the device 

performance.
[68,69]

 Solution-based techniques today attract more and more attention due to 

their applicability for large-area, low-cost, and flexible electronics fabrication.  
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Figure 1.11 Performance map of SWNT FETs fabricated by CVD and solution-based 

processes. The FETs with aligned and random SWNT networks fabricated from solution 

are depicted with red and black symbols, respectively. The devices are categorized also 

according to their channel length.
[30,44,45,66–75]

 Orange circles indicate works performed in 

Loi´s group and presented in this thesis. 

1.7 Outline of the thesis  

The work described in this thesis mainly focuses on fabrication and optimization 

of SWNT field effect transistors, aiming to improve performance and develop highly 

scalable and reproducible fabrication technique. The outline of the thesis is given below. 

 Chapter 2 discusses performance comparison of FETs based on SWNTs selected 

with poly-9,9-di-n-dodecyl-fluorenyl-2,7-diyl (PF12) and poly(3-dodecylthiophene-2,5-

diyl) (P3DDT) polymers. First we introduce Blade Coating deposition technique for SWNT 

alignment along one of the directions. Using this deposition method we fabricated highly 
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performing ambipolar FETs with a record high on/off ratio of 10
8
. Later we demonstrated 

the importance of the wrapping polymer on the device performance. FETs based on PF12-

wrapped SWNTs show almost symmetric ambipolar characteristics, while the devices 

fabricated with P3DDT-wrapped SWNTs show significantly higher hole current. 

 Chapter 3 shows a study of the carrier transport mechanism in ambipolar FETs of 

semialigned networks of polymer-wrapped carbon nanotubes. The demonstration of 

ambipolar FETs with high on/off ratio provides the opportunity to investigate the transport 

mechanism of both electron and holes in sSWNTs. The ambipolar characteristics persist 

with much improved on/off ratio values (10
6
) when the FET is cooled down to liquid 

N2 temperature. We observe that the mobility values of both holes and electrons decrease 

by cooling, but with some anomalies as a slight increase below 150 K. By scrutinizing the 

gate voltage dependent transport of both holes and electrons, we conclude that the increase 

of the charge carrier mobility is not due to any residual of metallic carbon nanotube species. 

The origin of the observed anomalous temperature-dependent carrier transport is due to the 

transition from a transport regime dominated by intertube interactions, which are influenced 

by the wrapping polymer, to a regime dominated by the intratube carrier transport that is 

determined by the 1D transport properties of the SWNTs. 

 Chapter 4 shows short-channel ambipolar single-SWNT FETs prepared from a 

polymer-wrapped s-SWNT solution obtained with poly(2,5-dimethylidynenitrilo-3,4-

didodecylthienylene) (PAMDD) polymer. No traces of metallic tubes were found in any of 

the prepared field effect transistors (646), implying an estimated purity of our 

semiconducting SWNT solution to be higher than 99.9%. These findings confirm the 

effectiveness of the polymer-wrapping technique in selecting semiconducting SWNTs, as 

well as the high quality of sorted nanotubes for the fabrication of not only nanotube 

network FETs, but also of short channel FETs using single or few nanotubes as active 

material.  

Chapter 5 is devoted to fabrication of carbon nanotubes field effect transistors by 

chemical self-assembly of semiconducting single walled carbon nanotubes on pre-patterned 

substrates. Polyfluorenes derivatives have been demonstrated to be effective in selecting s-

SWNTs from raw mixtures. Here we functionalized the polymer with side chains 

containing thiols, to obtain chemical self-assembly of the selected s-SWNTs on gold 

electrodes. We determine that the selectivity can be tuned by changing the number of thiol 
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groups in the polymer, or by modulating the polymer/SWNTs proportions. Field-effect 

transistors with various channel lengths, using networks of SWNTs and individual tubes 

were fabricated by direct chemical self-assembly of the SWNTs/thiolated-polyfluorenes on 

substrates with lithographically defined electrodes. The network devices show superior 

performance (mobility up to 24 cm
2
V

-1
s

-1
), while SWNTs devices based on individual tubes 

show an unprecedented (100%) yield for working devices. The SWNTs assembled by mean 

of the thiol groups are stably anchored to the substrate and are resistant to external 

perturbation as sonication in organic solvents. 
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Chapter 2 

Carbon nanotubes network ambipolar 

field effect transistors with 10
8
 on/off ratio 

 

 

In this chapter we introduce blade coating technique for fabrication of 

FETs with semi-aligned polymer wrapped SWNTs in the channel. We demonstrate 

highly performing ambipolar FETs with carrier mobilities ranging from 0.42 

cm
2
/V·s to 3.71 cm

2
/V·s and recordly high on/off ratio of 10

8
. Semiconducting 

SWNTs were selected by polymer wrapping method using poly-9,9-di-n-dodecyl-

fluorenyl-2,7-diyl (PF12) and poly(3-dodecylthiophene-2,5-diyl) (P3DDT). 

Furthermore, we found out that the wrapping polymer has influence not only on the 

quality of SWNTs dispersion, but also on the device performance. The FETs based 

on PF12-wrapped SWNT shows almost symmetric ambipolar characteristic, while 

the devices fabricated with P3DDT-wrapped SWNTs demonstrate significantly 

lower electron current. Additionally, we discuss importance of the control of 

wrapping polymer concentration as it has significant influence on transport 

characteristics of FETs.  
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2.1 Introduction 

Owing to their unique one-dimensional structure, single walled carbon nanotubes 

(SWNTs) possess outstanding near-ballistic transport properties which make them one of 

the leading candidates to replace silicon in the fabrication of high-speed and low-voltage 

field-effect transistors (FET). In fact, SWNTs, unlike graphene, have a substantial bandgap 

and display semiconducting properties. SWNTs can be classified as intrinsic 

semiconductors, which allow full control of the state (on or off) of the FETs by applying a 

gate voltage. Interestingly, these transistors are equally able to accumulate electrons and 

holes, thus allowing the fabrication of FETs that can change polarity depending on the 

applied gate voltage (ambipolar).  

Complementary metal-oxide-semiconductor (CMOS) devices are fundamental 

components of integrated circuits. In the standard configuration n- and p-type FETs are 

used to obtain different functions. CMOS-like devices fabricated using two ambipolar FETs 

would allow the reduction of the number of fabrication steps, thus reducing the effort 

necessary for the fabrication of logic circuits.
[1]

 Besides the need for CMOS-like devices, a 

high on/off ratio is required by many different FET applications, including driving 

electronics for displays (on/off >10
7
) and resistance-based memories (>10

8
).

[2]
 

However, achieving the required high on/off ratio and mobility necessary for these 

applications with SWNTs FET is still a great challenge. In principle, state-of-the-art single-

strand SWNT FETs can meet these requirements of high mobility and high on/off ratio.
[3,4] 

However, their fabrication procedure is not suitable for large scale production, and does not 

show the high reproducibility required for high throughput device fabrication.
[4]

 An 

alternative strategy is to use solution-processed SWNTs networks, which so far have not 

demonstrated their full potential due to the random distribution of nanotubes of different 

species in the transistor channel.  

The alignment of SWNTs in the transistor channel can significantly improve the 

device performance.
[5]

 Several efforts to align SWNTs have been made utilizing techniques 

such as Langmuir-Schaefer deposition,
[6]

 chemical self-assembly,
[7]

 and dielectrophoresis 

(DEP).
[8]

 In general, aligned SWNT networks demonstrated higher charge carrier mobility 

than random networks. However, the state-of-the-art on/off ratio for FETs made using these 
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methods still remains low (10
5
), which hampers practical applications. One of the causes is 

the low purity of the semiconducting SWNT solutions. Exposure to oxygen and water also 

has a detrimental effect on the off current and transforms the transistors into p-type.
[9]

  

Among the many techniques
[10-12]

 developed in the past several years to select 

semiconducting single-walled carbon nanotubes (sSWNT) from a mixture, one of the most 

interesting is the polymer-assisted separation method, because of its high effectiveness and 

scalability.
[13]

 Recently, we reported highly enriched selection of small diameter 

semiconducting nanotubes using polyfluorene derivative (PF8).
[14-16]

 Later, we 

demonstrated that nanotubes with various diameters, including large diameter ones (ca. 1.5 

nm), can be selected by exploiting polyfluorene derivatives bearing side chains of different 

lengths.
[17]

 Nevertheless, polyfluorenes are not the only conjugated polymers able to select 

sSWNTs. Recently, it was demonstrated that poly(3-dodecylthiophene-2,5-diyl) is very 

efficient in sorting semiconducting carbon nanotubes.
[18]

  

2.2 Semi-aligned SWNTs network by blade coating 

Here we report the fabrication of high-performance FETs showing a record on/off 

ratio of 10
8
 in simple device geometry with bottom contact and bottom gate with channel 

length of 10 µm. The devices were obtained with semi-aligned polymer wrapped SWNT 

networks deposited on SiO2 dielectric by blade coating from solutions using different types 

of polymers, namely, poly-9,9-di-n-dodecyl-fluorenyl-2,7-diyl (PF12) and poly(3-

dodecylthiophene-2,5-diyl) (P3DDT). The blade coating technique (Figure 1a) allows the 

alignment of SWNTs in the transistor channel and achieves an enhancement of the device 

parameters to record values. Interestingly, several device parameters appear to be 

influenced by the nature of the polymer used for the selection of the semiconducting tubes. 

We rationalize this effect in terms of the relative position of the energy levels of the 

polymer and the SWNTs. 
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Figure 1. (a) Schematic illustration showing the process of blade coating. (b) Chemical 

structures of poly-9,9-di-n-dodecyl-fluorenyl-2,7-diyl (PF12) and Poly(3-

dodecylthiophene-2,5-diyl). (c) Absorption spectra of the pristine (dashed line) and 

enriched (solid line) P3DDT-wrapped HiPCO SWNT solution. (d) Absorption spectra of 

the pristine (dashed line) and enriched (solid line) PF12-wrapped HiPCO SWNT solution. 
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To select the semiconducting species from the starting mixture of nanotubes 

produced by high-pressure carbon monoxide conversion (HiPCO), we utilized two different 

polymer backbones, PF12 and P3DDT (Figure 1b), which both have alkyl side chains with 

12 carbon atoms. The preparation of the solution comprises two major steps, sonication and 

ultracentrifugation.
[14,17]

 Through sonication, we are able to de-bundle and disperse 

nanotubes in the organic solvent polymer solution. By ultracentrifugation, contaminants, 

bundles and undispersed metallic species are removed. In this way, a rather diluted 

dispersion of sSWNTs (ca. 6.5 µg/ml for PF12-wrapped and ca. 54 µg/ml for P3DDT-

wrapped) containing a large amount of excess polymer was obtained. Therefore, to obtain a 

higher concentration of SWNTs and to reduce the amount of excess polymer, a further 

enrichment step was necessary. The enrichment, as we have reported previously, requires a 

precipitation of the sSWNTs initially selected as the supernatant, a washing step to 

eliminate the excess polymer, and a re-dispersion.
[17]

  

The absorption spectra of PF12-wrapped HiPCO (PF12-SWNT) and P3DDT-

wrapped HiPCO (P3DDT-SWNT) solutions before and after the enrichment are shown in 

Figures 1c and d, respectively. We can clearly observe the reduction of the polymer peaks 

below 400 nm (PF12) and 600 nm (P3DDT) in the spectra of the enriched solution obtained 

with both polymers. At the same time, the intensity of the peaks corresponding to sSWNT 

increases in the range between 1000 nm and 1500 nm. From the absorption of the solution 

and using cross sections for absorption reported in the literature,
[19]

 we estimated the 

enrichment process to give rise to concentrations of sSWNTs of approximately 23 µg/ml 

for PF12-SWNTs and ca. 210 µg/ml for dispersions made with P3DDT.  

The ink obtained in this way can be used with every solution processing technique. 

In this chapter we compare the blade coating method (Figure 1a) with simple drop-casting 

technique, which we have previously exploited successfully for device fabrication.
[14]

 

Blade coating is a very attractive technique for large volume and large area device 

fabrication, being highly scalable and reproducible. In terms of technical challenges, 

deposition by blade coating of the sSWNTs ink is far easier and faster than DEP and 

Langmuir-Schaefer assembly. Moreover, in blade coating, SWNTs are aligned during the 

deposition process. 
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2.3 PF12 and P3DDT-wrapped SWNTs for FETs 

fabrication 

Two batches of SWNT FETs were fabricated from PF12-SWNT and P3DDT-

SWNT enriched solutions by using both drop-casting and blade coating. The drop-casting 

samples were fabricated following the same procedure as previously reported for small 

diameter nanotubes wrapped with PF8.
[14]

  

Figure 2a shows an atomic force microscopy (AFM) image of carbon nanotubes 

(CNTs) randomly distributed in the channel for drop-cast films, while Figure 2b shows the 

SWNT network deposited by blade coating. Blade coating results in a partial alignment of 

the nanotubes along the direction of the blade movement. An alignment ratio of up to 52% 

is obtained by this method. This value is the result of counting the number of tubes aligned 

within ± 30° of the preferred orientation in the AFM pictures of the transistor channel. 

Because of the high aspect ratio of the nanotubes, we expect there to be a larger number of 

connections between the source-drain electrodes and the nanotubes in this semi-aligned 

sample, thus increasing the maximum current of the transistor in the on-state and leading to 

higher charge carrier mobility. 
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Figure 2. AFM image in tapping mode of the FET channel area showing (a) Random SWNT network 

deposited by drop-casting and (b) Semi-aligned SWNT network deposited by Blade coating. The 

heights in the image are indicated with the color barcodes on the right. ID-VG transfer 

characteristics of FETs measured at VD = -5 V corresponding to (c) Random PF12-SWNT 

network; (d) Semi-aligned PF12-SWNT network; (e) Random P3DDT-SWNT network; (f) 

Semi-aligned P3DDT-SWNT network. 

ID-VG transfer characteristics of the random and semi-aligned PF12-SWNT 

network FETs are reported in Figure 2c and d, respectively. The random-network FET 

fabricated with PF12-SWNT shows an on/off ratio of only 10
4
 for the hole current. The 

sample deposited by blade coating displays an on/off ratio as high as 3 × 10
6
 at VD = -5 V 

(Figure 2d). The on-current in the semi-aligned network increases from 30 µA to 0.2 mA 
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and the hole mobility improves from 9.00 × 10
-3

 cm
2
/V·s to 2.17 cm

2
/V·s. Such a drastic 

improvement in the on/off ratio and carrier mobility arises from the reduction of the 

number of nanotube-nanotube intersections in the transistor channel on going from the 

random to the aligned network. Cross junctions are known to be one of the main causes of 

carrier trapping and mobility losses, especially because the polymer wrapped around the 

nanotubes can act as an additional barrier (or trap) to charge transport through the network. 

Figure 2e and f show a comparison between the transfer characteristics in the 

linear regime of P3DDT-SWNT FETs fabricated by drop casting and blade coating, 

respectively. The devices fabricated with P3DDT-SWNT are strongly dominated by hole 

transport. Moreover, the transfer characteristics of both the drop-cast and semi-aligned 

FETs display a considerable shift (20 V) of the threshold towards positive gate voltages. 

Similarly to what was obtained with PF12-SWNT FETs, the aligned P3DDT-SWNT 

nanotube devices demonstrated higher on/off ratio, up to 7 × 10
7
, compared with 4 × 10

5
 in 

the random network device. The FETs fabricated with semi-aligned P3DDT-SWNTs also 

exhibited higher mobility (3.71 cm
2
/V·s) than the random network (0.03 cm

2
/V·s). It is 

important to underline that the hole on/off ratio of 7 × 10
7
 is the highest ever reported for 

any solution-processed SWNT network FETs and for any solution processed 

semiconductor, especially on SiO2 dielectric.  
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Figure 3. ID-VG transfer and ID-VD output characteristics of FETs fabricated with P3DDT-

wrapped- sSWNT (a and c) and with PF12-wrapped- sSWNT (b and d). 

Figure 3 depicts the full characterization of the FETs fabricated with the P3DDT- 

and PF12-wrapped SWNT aligned network (The transfer characteristics measured in 

saturation regime (±25 V) and the gate current of all devices are demonstrated on Figure 

4). From the output characteristics shown in Figure 3c,d it is evident that the devices 

fabricated with P3DDT wrapped SWNTs have a much lower electron contribution than the 

devices fabricated with PF12-wrapped SWNT. An estimate of the electron current 

difference between the two samples can be obtained from the transfer characteristics 

measured at VD= +5 V (Figure 3a,b). About one order of magnitude difference in current 

can be seen between P3DDT-SWNTs and PF12-SWNTs. For a given gate voltage, the 

PF12–based FET shows quite symmetric electron and hole contributions, while in the case 

of P3DDT we observe predominantly p-type characteristics.  
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Figure 4. IG-VG characteristics (red line) and ID-VG characteristics showing hysteresis 

(black line) of FETs fabricated with P3DDT-wrapped-sSWNT (Fig.3a) and PF12-wrapped 

sSWNT (Fig.3b). VG was swept from -50 V to 50 V. 
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As mentioned previously, the threshold voltage of the devices fabricated with 

PF12-SWNTs and P3DDT-SWNTs show a difference of about 10V. Since the solution 

preparation and device fabrication were identical for both polymer-wrapped SWNT 

samples, we can attribute the differences observed in the device characteristics to the nature 

of the nanotube-polymer interaction or to the properties of the polymers themselves.  

2.4 The origin of the charge transport difference 

To understand the origin of the different ratios between the electron and hole 

currents and of the difference in the threshold voltage shift, we compare the transport 

characteristics of FETs fabricated from SWNTs enriched solutions and those fabricated 

from pristine (without enrichment) solutions produced with both polymers. The dashed and 

solid lines in Figure 5a show the ID-VG transfer characteristics of FETs prepared using 

pristine and enriched PF12-SWNT solutions, respectively. Both devices exhibit ambipolar 

behavior with maximum hole mobility of 2.17 cm
2
/V·s and maximum electron mobility of 

0.86 cm
2
/V·s measured for enriched solutions. The on/off ratio for hole accumulation 

increases from 5 × 10
4
,
 
in FETs fabricated from pristine solutions, to 3 × 10

6 
in devices 

made with the enriched solution. Figure 5b shows a detail of the device transfer 

characteristics from which the threshold voltage values are extracted. The threshold voltage 

for hole accumulation is found to be -17.5 V (dashed line) for the device fabricated with the 

pristine solution and -7.5 V (solid line) for the one fabricated with the enriched dispersion. 

This difference can be explained by the excess polymer in the pristine solution that might 

act as a barrier hindering the transport between tubes, but also might function as a trap, 

decreasing the number of carriers in the transistor channel. Consequently, the removal of 

the excess polymer in the enrichment process improves the hole accumulation and shifts the 

threshold by about 10V towards VG = 0 V.  

Figure 5c shows the ID-VG transfer characteristics of FETs fabricated from 

P3DDT-SWNT solution with and without enrichment treatment. The highest hole mobility 

values are 0.42 cm
2
/V·s for non-enriched and 3.71 cm

2
/V·s for enriched solutions, 

respectively. Removing the excess of polymer in the case of P3DDT-SWNT gives rise to 

higher on/off ratio which reaches values of 7 × 10
7
. The off current decreases from ca. 100 

pA to ca. 10 pA in devices fabricated with enriched dispersion, while the on-current 

increases slightly, 0.5 mA (pristine) and 0.7 mA (enriched). In contrast to our findings for 

PF12-SWNT-based devices, we observe only very small threshold voltage difference 
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between devices fabricated with the pristine P3DDT-SWNT (-20.5 V) and enriched 

solutions (-18.5 V). Moreover, while the enrichment of PF12-SWNT solution resulted in an 

improvement of the device ambipolarity, this is not the case for P3DDT-SWNT. 

 

Figure 5. Comparison of ID-VG transfer characteristics of the FETs based on (a) Pristine and 

enriched PF12-wrapped-HiPCO sSWNT solution; (c) Pristine and enriched P3DDT-

wrapped-HiPCO sSWNT solution. Comparison of the threshold voltages for pristine 

(dashed line) and enriched (solid line) solutions of sSWNTs wrapped by (b) PF12 polymer; 

and (d) P3DDT polymers. 

Polymer chains wrapped around the carbon nanotubes could in principle have a 

beneficial role, in particular when using SiO2 as the gate dielectric, screening charges from 

trapping sites in the dielectric. However, an excess of polymer between the SWNTs 
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suppresses the charge transport between the tubes because of the high energetic barrier 

between the nanotubes and the polymer.
[14]

  

Both P3DDT and PF12 exhibit a bandgap wider than that of HiPCO sSWNTs. As 

a consequence, charge carrier transport can be hindered by the barrier between the energy 

levels of sSWNT and the polymer. In the case of polythiophene, the difference between the 

HOMO (highest occupied molecular orbital) and LUMO (lowest unoccupied molecular 

orbital) levels of the polymer and (6,5) sSWNT is approximately 0.3 eV and 0.5 eV, 

respectively. Polyfluorene has a wider bandgap, thus forming a higher energy barrier (about 

1 eV) for electron and hole transport through the polymer. Further investigations are under 

way to validate the above model. 

To place our results in the context of state-of-the-art of CNT-network electronics, 

we compared the performance of our devices with that reported by other researchers.
[5,6,18,20-

28]
 Figure 6 summarizes all SWNT network FETs fabricated on SiO2/Si gates worldwide. 

The devices based on PF12-SWNT solution with semi-aligned networks are superior with 

respect to the effective mobility and on/off ratio, for both electrons and holes, in relation to 

PF8-SWNT FETs that were previously reported by our group.
[14]

 Certainly, PF12 wrapping 

provides HiPCO solution with much higher nanotube concentrations than PF8,
[17]

 but also 

the alignment of the nanotubes significantly contributes to the high mobility and high 

on/off ratio. The achieved on/off ratio values are comparable with results obtained in 

single-strand SWNT ambipolar FET.
[3]
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Figure 6. Performance map of SWNTs FET fabricated with CVD and solution-processes. 

The FETs with aligned and random SWNTs networks fabricated from solution are depicted 

with red and black symbols, respectively. The devices are categorized also according to 

their channel length. 

The hole branch of P3DDT-SWNT FETs demonstrates a record average on/off 

ratio of 7 × 10
7
 with channel lengths shorter than 10 µm. This value is the highest ever 

reported for both solution-processed and chemical vapor deposition (CVD)-grown SWNT. 

The achievement of very high on/off ratio in these devices derives from various 

factors: i) the precise control of the polymer wrapping mechanism, which guarantee 

samples of high purity in terms of semiconducting species; ii) the high concentration of the 

semiconducting tubes in the starting solution and the reduction of the polymer content 

achieved with the enrichment procedure; iii) the alignment of the SWNTs through the blade 

coating technique.  
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2.5 Conclusion 

In conclusion, we have reported the fabrication of FETs with semi-aligned 

polymer-wrapped carbon nanotube networks with effective carrier mobilities ranging from 

0.42 cm
2
/V·s to 3.71 cm

2
/V·s and a record on/off ratio of 10

8
. Interestingly, the wrapping 

polymer is found not only to influence the SWNT dispersion in terms of quantity of 

semiconducting tubes but also to tune the FET performance. While PF12-wrapped 

networks show almost symmetric ambipolar characteristics, samples fabricated with 

P3DDT-wrapped-SWNTs show much lower electron current. The polymer concentration 

reduction through the enrichment process is found to be an important factor in modifying 

the transport characteristics of the PF12-SWNT-FETs, especially by influencing the 

electron threshold voltage. The effectiveness and scalability of the nanotube network 

deposition and alignment as well as the ability to control ambipolarity by polymer 

wrapping are expected to broaden the range of SWNT-FET applications in both high-

performance and large-area electronics. The high on/off ratio obtained for these devices is 

compatible with the highest demand applications for field effect transistors.  

2.6 Experimental section 

Preparation and characterization of the semiconducting SWNT dispersion: The 

P3DDT (Mn = 43800, MW = 47500) and PF12 (Mn = 162000, MW = 373000) polymers were 

solubilized in toluene, with concentration 3 mg per 10 ml of solvent. Subsequently, single-

walled HiPCO (High Pressure Carbon Monoxide) carbon nanotubes (3 mg; Unidym, 

Sunnyvale, CA) were added. The solution was then sonicated with an ultrasonic liquid 

processor (Sonicator 3000, QSonica, Newtown, CT) for 2 hours at 69 W and 16°C. Two-

step centrifugation was performed to remove bundles, carbon contaminants, and metallic 

nanotubes, as well as to enrich the SWNT solution. During the first ultracentrifugation with 

an Optima XE-90 instrument (Beckman Coulter, Brea, CA; rotor: SW55Ti) (1 h, 40 000 

rpm, 190000 g), the high density components precipitated, forming a pellet at the bottom of 

the centrifugation tube, while the low density components, containing individualized 

sSWNTS wrapped with polymer, stayed in the upper part as the supernatant. The second 

step (5 h, 55000 rpm, 367000 g) was used in order to enrich SWNTs and to remove excess 

polymer.
[14]

 Here, individualized sSWNTs are precipitated to form a pellet. Finally, the 

pellet was re-dispersed in 2 mL toluene. The purity of the nanotube solution was examined 
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by absorption spectroscopy using a UV/vis/NIR spectrophotometer (Shimadzu UV 3600). 

The spectra of the HiPCO nanotube solution were recorded in the range between 300 nm 

and 1600 nm. From the absorption measurements the concentration of the sSWNTs in 

different samples was estimated using the calculated cross section for absorption of 

carbon.
[19]

 

Fabrication of SWNT transistors: Nanotubes were deposited on a highly doped 

silicon wafer with 230 nm thick SiO2 dielectric. The source and drain electrodes were 

defined by a bilayer of ITO (10 nm) and Au (30 nm), forming a transistor channel of 10 µm 

length and 10 mm width. Two techniques, drop-casting
[14]

 and blade coating, were used for 

nanotube deposition. The equipment (Zehntner ZAA 2300 automatic film applicator coater, 

Zehntner, Sissach, Switzerland) used for SWNT deposition is shown schematically on 

Figure 1a. The setup consists of a heating plate and an aluminum blade, which can move 

with variable speed above the plate. The distance between the blade and the substrate can 

be adjusted with two micrometer-sized screws. Silicon chips were placed on top of hot 

glass and heated up to 55°C. SWNT solution (20 µl) was dropped on the chip and the 

excess solution was removed by the flat blade moving above the substrate. The process of 

deposition was repeated 10 times to increase the density of nanotube network. The substrate 

was subsequently annealed in nitrogen atmosphere at 140°C for 3 h to remove the residual 

organic solvent.  

Characterization of the SWNT transistor: Electrical measurements were 

performed using a probe station placed in a nitrogen-filled glovebox at room temperature 

under dark conditions. The probe station was connected to an Agilent E5270B 

Semiconductor Parameter Analyzer with resolution of 10 fA. All devices were measured 

without being exposed to air from the beginning of the SWNT deposition process until the 

electrical characterization. The effective mobility values were extracted from the linear 

regime of the ID-VG transfer characteristics at VDS = ±5 V for both p- and n-channels. Since 

the density of the nanotube network (51/µm
2
) in all devices was above the percolation limit 

(6/µm
2
), the parallel plate model was used to calculate the capacitance of the gate dielectric. 

The quantum capacitance of the nanotube was not taken into account, so the total 

capacitance values were overestimated; thus the effective mobility values are 

underestimated. The threshold voltages were extracted using extrapolation of drain current 

intercept, which is a standard textbook method as describe by Sze and Ng.
[29]
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Characterization of SWNT networks by AFM: The SWNT networks within the 

channel of the FETs were imaged by AFM in tapping mode. The scanning region was the 

channel area, exhibiting a size of 20 µm
2
. The images were recorded using a Bruker 

MultiMode 8 Microscope with TESP probes (spring constant k = 42 N·m
−1

, resonance 

frequency f in the range 320–410 kHz, and tip radius less than 10 nm). The scan rate and 

resolution of the measurements were selected to be 1 Hz and 1024 lines per sample, 

respectively. For each image a new probe was employed to avoid AFM tip broadening as a 

result of wear or contaminations from the conjugated polymer. The AFM images were 

analysed with Bruker NanoScope Analysis software. 
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Chapter 3 

Anomalous Carrier Transport in 

Ambipolar Field-Effect Transistor of 

Large Diameter Single-Walled Carbon 

Nanotube Network 

 

 

In this chapter we perform a study of the carrier transport mechanism in 

ambipolar FET of semi-aligned network of polymer-wrapped carbon nanotubes. 

The ambipolar characteristics persist with much improved on/off ratio values (10
6
) 

when the FET is cooled down to liquid N2 temperature. We observe that the 

mobility value of both holes and electrons decrease by cooling, but with some 

anomalies as a slight increase below 150 K. We conclude that the origin of the 

observed anomalous temperature-dependent carrier transport is due to the 

transition from a transport regime dominated by intertube interactions, which are 

influenced by the wrapping polymer, to a regime dominated by the intratube 

carrier transport that is determined by the 1D transport properties of the SWNTs. 

 

 

 

 

S. Z. Bisri, V. Derenskyi, W. Gomulya, J. M. Salazar Rios, M. Fritsch, N. Fröhlich, 

S. Jung, S. Allard, U. Scherf, M. A. Loi, Adv. El. Mat. 2016 
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3.1 Introduction 

Despite the great progress that has been made in reproducible fabrication of 

SWNTs-based FETs, to date, the nature of the charge carrier transport in nanotube 

networks are still rarely being discussed. The reported low mobility in most nanotube 

networks (<10 cm
2
/V.s),

[1,2]
 in comparison with the one that can be attained by individual 

SWNTs (ca. 10
5
 cm

2
/V.s),

[3,4]
 makes researchers believe that charge transport in this system 

is limited by the network arrangement and by other components fractions (polymers, 

surfactants, impurities, and other moieties) which are present in the network, instead of 

being the property of the individual tubes. These factors undermine the prospects for 

utilization of SWNTs in both high performance electronic devices as well as in niche 

applications as flexible electronics.  

Different authors have attempted to explain the transport mechanism in the 

network. Some reports proposed that the transport in SWNT networks, prepared by 

covalent functionalization, obeys the variable-range hopping (VRH) model with 

dimensionality that depends on the fraction of metallic tube species present in the 

network,
[5]

 or alternatively, the length of the carbon nanotubes.
[6]

 Other authors include the 

possibility of Tomonaga-Luttinger-liquid behavior,
[7]

 which arise from the 1D nature of the 

transport. Recently, Gao and Loo proposed that the charge carrier transport behavior in 

sSWNT networks is thermally activated, but it is non-Arrhenius and can be better fitted 

using a fluctuation-induced tunneling (FIT) model.
[8]

 While this proposal is very intriguing, 

the experiments were conducted using unipolar (p-type) FETs made with a network of 

sSWNT wrapped by poly[(9,9-dioctylfluorenyl-2,7-diyl)-alt-co(6,6‟-{2,2‟-bipyridine})] 

block copolymer(PFO-BPy) that demonstrated modest mobility and on/off ratio. Therefore, 

these experiments give only a partial view of the SWNT network transport. Carbon 

nanotubes are intrinsic semiconductors and therefore ambipolar. However, several 

problems in the sample preparation and measurements can suppress the transport of 

electrons preventing gaining a complete picture of the charge carrier transport. Only with a 

well-controlled device fabrication process and measurement protocol,
[1,2]

 ambipolar FET of 

SWNTs with high carrier mobility and on/off ratio can be obtained.  
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3.2 Study of the temperature-dependent carrier transport in 

large-diameter sSWNT networks 

Single walled carbon nanotubes network field-effect transistors (FETs) were 

fabricated on 230 nm SiO2 dielectric with Au interdigitated bottom contact electrodes 

(Figure 1a). The whole device fabrication was performed inside a N2 glovebox. Large 

diameter arc-discharge-synthesized (SO) semiconducting nanotubes were deposited from 

toluene-based solution onto the transistor channel using the blade coating technique to 

obtain a semialigned sSWNT network (see atomic force micrograph in Figure 1b). These 

large diameter nanotubes were selectively dispersed using the polymer-assisted separation 

method with poly(9,9-di-n-dodecylfluorenyl-2,7-diyl) (PF12) to obtain highly pure 

semiconducting nanotube solution.
[9]

 The nanotube solution was enriched to remove the 

residual polymer chains, so that only those chains wrapped around the sSWNT remain.
[1]

 

The absorbance spectra of the sSWNT solution after separation and after the subsequent 

enrichment are shown in Figure 1c.  
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Figure 1. a) Structure of the field-effect transistor using semialigned polymer-wrapped 

single-walled carbon nanotubes (SWNT). b) Atomic force microscopy (AFM) image of the 

semialigned SWNT network deposited on the device structure. The image scan is 8 µm × 8 

µm. c) Comparison of ID-VD output characteristics of the ambipolar FET (L = 20 µm; W = 

10 mm) measured at room temperature (black line) and at 77 K (red line). The left part (-20 

V < VD < 0 V) shows the hole accumulation by increasing gate voltage from 0 V to -50 V 

with 10 V increment; the right part (0 V < VD <20 V) shows the electron accumulation by 
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increasing gate voltage from 0 V to 50 V with 10 V increment. d) Absorption spectra of 

PF12-wrapped SO-nanotubes before (black line) and after (red line) enrichment. 

The FETs were measured in a cryostat probe station with liquid N2 cooling. 

Subsequent to their insertion into the cryostat, the samples were annealed at 105
o 

C for 24 h 

in ultrahigh vacuum to remove any possible adsorption of oxygen or moisture occurred 

during sample transfer.  

The ID-VD output characteristics of the FET measured at room temperature (300 K) 

and at 77 K are compared in Figure 1d. The device demonstrates ambipolar transistor 

behavior. At room temperature, clear saturation regimes were observed for both holes and 

electron accumulations at VG = +10 V. At higher VG values, the ID-VD trends of both holes 

and electrons enhancements approached their respective pinch-off points. At 77 K, the 

device still shows ambipolar transport with distinguishable linear and saturation regimes for 

both holes and electrons, in particular at low VG values. At low drain voltage value (VD < 5 

V), the linearity of the ID demonstrates the nearly Ohmic injection of both holes and 

electrons, which remains unchanged by decreasing the temperature. The contact resistance 

values for both holes and electron injections at room temperature and low temperature 

condition were extracted using the Y-function method.
[10]

 The increase of contact resistance 

by decreasing the temperature is lower than a factor of two. At 300 K, the contact resistance 

of holes and electrons are 114.50 Ω∙mm and 34.19 Ω∙mm, respectively. At 77 K, the values 

became 269.80 Ω∙mm for holes injection and 96.35 Ω∙mm for electrons injection. The 

maxima of the contact resistance values are 148.94 Ω∙mm (at 125 K) and 447.04 Ω∙mm (at 

150 K), for electrons and holes, respectively. The obtained contact resistance values are 

relatively low, indicating only a small influence from the mismatch between the Fermi level 

of the Au metal electrodes and both valence and conduction bands of the large diameter 

sSWNTs. This also indicates that the presence of the polymer wrapping does not seriously 

affect the charge carrier injection. The extracted contact resistance values are used to obtain 

the intrinsic (contact-resistance-free) channel mobility values.  
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Figure 2. a) Temperature dependent evolution of the p- and n-channel ID-VG transfer 

characteristics of the ambipolar FET. b) The temperature dependence of the current 

modulation ratio (on/off ratio) of the FET for both hole and electron enhancement regimes. 

In the displayed ID-VG transfer characteristics (Figure 2a), the room temperature 

on/off ratio values for hole and electron accumulation in this large diameter SWNT FETs is 

in the order of 10
4
. This value confirmed the results obtained in ambipolar FET of similar 

polymer-wrapped large diameter SWNT gated using ionic liquid based gel.
[9]

 However, this 

on/off is lower than the state-of-the-art SWNT network FET, which was demonstrated 

using semialigned small diameter HiPCO nanotube wrapped by P3DDT polymer that 

exhibited less pronounced ambipolar transport and more holes dominated characteristics.
[2]
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Cooling down the ambipolar FET to 77 K only a slight decrease of the on-current 

for both holes and electron is observed. On the other hand, the off-current values decrease 

at low temperature of more than 2 orders of magnitudes. At 77 K, the on/off ratio of the 

ambipolar FET reaches 10
6
 for both holes and electron accumulations (Figure 2b). The off-

current can originate either from carrier trap states or from mobile charged impurities.
[11,12]

 

The increase of the on/off ratio, predominantly caused by the decrease of the off-current, by 

lowering the temperature indicates that the trap states become inaccessible from either the 

valence and conduction bands. Furthermore, the mobile charge impurities (if any) would 

not be able to contribute to charge carrier transport at low temperature. The high on/off 

ratio through off-current lowering also confirms that the SWNT network does not contain 

metallic species. If the source of the high off-current at room temperature would have been 

the large number of metallic SWNTs, the current would not decrease at low temperature. It 

is also important to underline that all measured FETs have a relative short channel length 
6
 is the highest ever reported for ambipolar FET 

using large diameter (> 1.2 nm) sSWNTs.    

The effective mobility values of holes and electrons were extracted from the 

simplified Y-function of the ID-VG transfer characteristics in the linear regime (VD << VG). 

A simplified Y-function can be expressed as
[10]

  

  
  

√  
 √       

  
  
(      ) 

where LC and WC are the channel length (LC = 20 µm) and width (WC = 1 cm), respectively, 

and gm is the transconductance (dID/dVG). We use the parallel plate model for the 

capacitance where           ⁄          ⁄  with ε is the dielectric constant and tox is 

the thickness of the SiO2, since the density of the carbon nanotubes on the channel is well 

above the percolation limit.
[1,2]

 Moreover, the network of SWNTs is only partially aligned. 

Figure 3a shows the temperature dependent mobility values for both holes and electrons of 

the sSWNT FET extracted from the transfer characteristics at |VD| = 5 V (linear regime). In 

comparison with standard FET mobility deduction,
[13]

 the usage of Y-function allow us to 

obtain the mobility values which are free from the influence of contact resistance.
[10]

 At 

room temperature, the mobility values for holes and electrons are as high as 5.68 cm
2
/V∙s 

and 10.39 cm
2
/V∙s, respectively. Between 300 K and 175 K, both hole and electron 

mobility monotonously decreases with decreasing temperature. At 150 K, the electron 



 66 
 

mobility became 2.16 cm
2
/V∙s. On the other hand, the minima of the holes mobility 

occurred at 200 K with a value of 2.14 cm
2
/V∙s. The decrease of the charge carrier mobility 

values of both holes and electrons is consistent with an Arrhenius-like trend. However, 

below 150 K, the mobility values deviate from these linear trends. Both hole and electron 

mobility increase anomalously when the temperature is further lowered below 125 K down 

to 77 K reaching 3.96 cm
2
/V∙s and 3.29 cm

2
/V∙s, respectively. These anomalies in the 

mobility variation were only observed in FETs with preferred alignment of the tubes 

parallel to the channel. The FETs with random network and orthogonal alignment to the 

channel length did not demonstrate such occurrence.  

The behavior of the threshold voltage (VTh) for holes and electron accumulations in 

the ambipolar FET is shown in Figure 3b. The displayed threshold voltage values were 

extracted using the linear extrapolation of the transconductance (GMLE) method,
[14,15]

 

which are consistent with those obtained from Y-function method. At room temperature, 

the VTh values are -4.5 V and 4.9 V for holes and electron, respectively. The threshold 

voltage shifted towards negative values, the hole VTh became -17.8 V at 225 K, and the 

electron VTh to -3.4 V at 250 K. Lowering the temperature, further shifts back the threshold 

voltage values closer to the room temperature voltage. From 150 K down to 77 K, the hole 

VTh remains at around -10.3 V and the electron VTh at 7.5 V. The trend of the threshold 

voltage indicates that the density of electrons and holes do not significantly change with the 

temperature. Furthermore, the shift of the threshold voltage in the mid-temperature range 

happens simultaneously for holes and electrons. This might be attributed to the shift of the 

SWNT network Fermi level, instead of the variation of charge carrier trapping behavior 

either for holes or electrons. The shift of the Fermi level could be triggered by 

conformational changes and/or bonds shrinking of the polymer chains, which in the mid-

temperature range may be substantial. Interestingly, from this mid temperature deep and 

going towards lower temperatures, a constant shift of the VTh values toward the initial room 

temperature values is observed. Therefore, the anomalous behavior of the charge carrier 

mobilities is not the result of the change of accumulated carrier density. 
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Figure. 3.  a) Temperature-dependent intrinsic (contact resistance free) mobility values of 

holes (green squares) and electrons (red circles). (Inset) Logarithmic plot of the temperature 

dependent carrier mobility, which fits an Arrhenius trend above 175 K b) Temperature 

dependence of the threshold voltage values for hole and electron accumulation. 
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Arrhenius plots of conductivity versus temperature (log σ vs T
-1

) of holes and 

electrons at different applied VG are shown in Figure 4a,b, respectively. In general, a linear 

relation of log σ vs T
-1

 suggests that the transport follows the nearest-neighbor-hopping 

(NNH) mechanism within the given temperature range. This appears to be valid only within 

the temperature range of 200 K – 300 K. The hopping activation energy of holes decrease 

from 122.4 meV at VG = -20 V to become 27.3 meV at VG = -50 V. For electrons, the 

activation energy values are much smaller than for holes, 67.5 meV at VG =10 V which 

monotonously decrease to 27.5 meV at VG = 50 V.  

 

Figure 4.  a) Temperature dependence of the holes, and b) electrons conductivity at fixed 

VD = -5 V (for holes) and 5 V (for electrons) at different applied VG. The conductivity 

values were extracted by assuming the thickness of the accumulation layer to be 5 nm, i.e. 

equivalent to the whole thickness of the nanotube network film. c) Temperature dependence 

conductivity of holes and d) electrons at fixed VG = 50 V and different VD. 

The obtained activation energy values are much smaller than what have been 

reported previously for the other semiconducting single-walled carbon nanotube networks. 

In particular, the holes activation energy is half of what has been reported by Gao and 

Loo
[8]

 and it can be further reduced by the application of higher gate voltage. This indicates 
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the high purity of our sample, which contains a high amount of semiconducting SWNT 

species and a minimum amount of residual polymer chains. It is also important to underline 

that this is the first report of the electron activation energy of SWNT networks, owing to 

the strong ambipolar behavior of our FETs.      

At much lower temperature (<225 K, in Figure 4a,b), the conductivity trend 

deviated from the simple linear relation mentioned above. At low VG, both hole and 

electron conductivity values reach a minimum and stabilize in a plateau. At VG = -20 V, 

holes conductivity reaches the minimum value at around 225 K. At VG = 10 V, the 

minimum of the electron conductivity is reached at 125 K. At higher VG values (|VG| ≥ 30 

V), both holes and electrons demonstrated anomalous increase of conductivity after passing 

the respective minima by further lowering the temperature. The holes conductivity 

increases then reaches a plateau at temperature lower than 100 K. The increase of the 

conductivity is much more pronounced for holes than for electrons, and the increase 

persists until the temperature reached the lowest measurable temperature with our 

experimental apparatus (77 K). These conductivity anomalies strongly suggest that in 

semialigned nanotube network, the transport mechanism cannot be simply explained by 

hopping; either it is a simple thermally activated Arrhenius-type hopping, or a variable-

range hopping. 

The origin of this anomalous behavior of electron and hole conductivity can be 

explained by the interplay between the percolation-type charge carrier transport in the 

nanotube network and the intrinsic charge carrier transport of the individual SWNTs. In this 

SWNT network, which was fabricated using enriched semiconducting nanotube solution, 

the only remaining polymer chains are those wrapping the individual nanotubes.
[1,9]

 In order 

to have charge carrier transported from one nanotube to another, holes or electrons should 

tunnel through the polymer chains that wrap the tubes. The intertube distance can be as 

small as 1 nm, but it is also determined by the conformation of the alkyl arms of the 

polymer acting as steric hindrance. While some of the alkyl arms are wrapping the 

nanotubes, some others, are perpendicular to the nanotube plane.
[9]

 At low temperature, 

these standing alkyl arms could be prone to retract towards a hugging conformation
[16,17]

 or 

to interlock with the alkyl chains from neighboring polymer wrapped nanotube. Therefore, 

the inter-tube distance can become shorter. While the potential barrier for charge carrier 

hopping may remain unchanged, the intertube distance would make easier for the charge 

carrier to tunnel through the reduced barrier width. This is completely different from the 
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fluctuation induced tunneling (FIT) model used for other nanotube networks,
[8]

 in which the 

barrier width and height (due to polymer) are considered to be constant in form of a 

parabolic energy barrier representation; thus cannot explain the increase of conductivity in 

the lower temperature regimes.  

It is known that a ballistic transport regime can be detected in carbon nanotubes. In 

this regime, the conductivity will increase by the decrease of temperature.
[18]

 In our PF12-

wrapped SWNT, the length of the nanotubes can be as long as 2.5 µm;
[9]

 thus, it is possible 

that there are percolation path with a limited number of nanotube-nanotube junctions (less 

than 10). Therefore, in semi-aligned pure sSWNT networks, the charge carrier transport at 

low temperature can be dominated by the intrinsic nature of few of the individual carbon 

nanotubes, masking the collective behavior that is dominant at higher temperature. FETs 

with shorter channel length show much earlier onset of mobility increase at low 

temperature. Nevertheless, we cannot completely ignore the possibility that the residual 

metallic species of the SWNTs may also become the origin of the conductivity increase. 

However, the optical absorption spectra (Figure 1d) of the SWNT solution indicates 

minimum signature of metallic species. Moreover, the FET devices exhibit high on-off ratio 

both at room temperature (Figure 2a), and importantly, at low temperature. The high on/off 

ratio at low temperature is also mainly contributed by the low off-current of both holes and 

electrons, which is a strong proof that metallic tubes do not influence the transport 

properties of these devices.  

The above observations make clear that polymer-wrapped semiconducting SWNT 

networks are complex hybrid material system. The properties of the network films are 

strongly determined not only the properties of the sSWNTs and the polymer used, but also 

the interaction between them. One of the non-trivial behaviors is, for example, the 

structural change of the polymer by temperature, due to the constriction of the nanotube as 

the consequence of wrapping. The peculiar feature observed here increase the interest 

toward the investigation of the temperature dependent transport behavior in the other 

ambipolar FETs based on polymer-wrapped SWNTs with different backbones, different 

SWNT diameters, as well as different type of networks (random or aligned), including 

devices with record high on/off ratio of 10
8
.
[2]

 It would signify our understanding regarding 

the interweaving electronic properties between the SWNTs and the polymer species that 

wrapped them. 
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3.3 Conclusion 

In conclusion, we reported temperature dependent transport measurement of 

ambipolar FETs using semialigned network of large diameter SWNT as active material. 

Anomalous temperature dependent nonlinear transport was observed for both holes and 

electrons. The nonlinear behavior deviates from both hopping transport and fluctuation 

induced tunneling mechanism. Furthermore, conductivity enhancement was observed at 

temperatures below 150 K. This behavior appears as determined by the intrinsic transport 

properties of the single tubes averaged by the network properties. The increase of the on/off 

ratio at low temperature makes us exclude for an effect determined by the few metallic 

tubes eventually present in the channel.  

3.4 Experimental Section  

Preparation of polymer-wrapped semiconducting SWNT dispersion: Some 

details of the purification and separation of the semiconducting SWNT using poly(9,9-di-n-

dodecylfluorene-2,-diyl) (PF12) has been explained in our previous reports.
[9]

 PF12 was 

solubilized in toluene with concentration of 0.3 mg/mL. Similar weight of single-walled 

HiPCO nanotubes (Unidym, Sunnyvale, Ca) was added into the polymer solution. The 

solution was then sonicated using high power cup-horn sonicator, before it underwent a 

two-step ultracentrifugation to remove bundles, carbon contaminants and metallic 

nanotubes. The first step was done at 40000 rpm (190000g) for 1 h. The formed pellet 

contained precipitated bundles was then removed. The upper part of supernatant containing 

the polymer-wrapped SWNT was again centrifuged at 55000 rpm (367000g) for 5 h. The 

individualized SWNTs, which are pelletized by this process, were then re-dispersed in 

toluene. The purity of the SWNT solution was confirmed by the solution absorption 

spectra, which was acquired using UV/Vis/NIR spectrophotometer (Shimadzu UV-3600). 

Fabrication of field-effect transistors of semi-aligned SWNTs: The FET 

structures were fabricated on top of highly-doped Si wafer substrate with 230 nm thick 

thermally grown SiO2, which is used as the gate dielectric of the device. To form a semi-

aligned nanotube network, blade coating technique was performed using an automatic film 

applicator (Zehntner ZAA 2300, Switzerland). The deposition was performed with the 

substrate heated up to 55 
o
C. 20 µL of SWNT solution was dropped on the substrate and the 
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flat blade move above the substrate to spread the solution and remove its excess. To 

increase the nanotube density in the film, the process was repeated 10 times. Finally, the 

fabricated devices were heated at 140
o
C for 3 h in the same glovebox where they were 

fabricated. The atomic force microscope (AFM, Bruker MultiMode 8), operated in tapping 

mode, was used to image the semi-aligned network.  

Low temperature measurements of the ambipolar FET: The FETs were 

measured using a low temperature probe station cryostat (Janis-ST500) equipped with 4 

probe arms and a biased sample chuck, which are connected to Agilent E5270B Precision 

Measurement Mainframe. The ambipolar FETs were shortly exposed (< 5 min) to the 

ambient conditions when they were transferred from the inert glovebox into the cryostat. 

The devices were pumped down in the cryostat, and annealed at 105
o
C for 24 h in order to 

remove any adsorbates. After annealing, all FETs tested have restored their ambipolar 

characteristics. The samples were then cooled down by using liquid nitrogen, reaching the 

bottom (stable) temperature of 77 K. In addition to the drain current (  ) and source current 

(  ), the gate current (  ) was also measured. The measured    values are always much 

lower than    and   , in general at least 1-order of magnitude lower of the off-current state. 

Some experiments were also repeated in a cryogen-free refrigeration system 

(Pascal-OP101DE-12). These experiments were performed only down to 77 K to be 

consistent with the other measurements. The FET parameters were measured also using 

Agilent E5270B Precision Measurement Mainframe. 
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Chapter 4 

Estimation of the purity of polymer-

wrapped semiconducting SWNTs by single 

nanotube transistors fabrication 

 

 

 

 

 

 

 

In this chapter we demonstrate short-channel ambipolar single-SWNT FETs 

prepared from a polymer-wrapped s-SWNT solution obtained with poly(2,5-

dimethylidynenitrilo-3,4-didodecylthienylene) (PAMDD) polymer. No traces of 

metallic tubes were found in any of the prepared field effect transistors (646), 

implying an estimated purity of our semiconducting SWNT solution to be higher 

than 99.9%. These findings confirm the effectiveness of the polymer-wrapping 

technique in selecting semiconducting SWNTs, as well as the high quality of sorted 

nanotubes for the fabrication of not only nanotube network FETs, but also of short 

channel FETs using single or few nanotubes as active material.  
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4.1 Introduction 

Following the discovery of the polymer-assisted SWNT selection method, 

polyfluorene-
[1]

 and polythiophene-based
[2]

 conjugated polymers with different side-

chains
[3]

 have demonstrated excellent ability to select semiconducting SWNTs based on 

their helicity and/or diameters. Indeed, s-SWNTs solutions prepared in this way have 

enabled the fabrication of high-performance SWNT network-based FETs exhibiting high 

on/off current ratio modulation (up to 10
8
)

[4]
, and charge mobility above 30 cm

2
/ V·s.

[3,5]
 

However, the reported experimental results indicate that the high on/off ratio in network 

FETs is accompanied to relatively low mobilities (in the range of 5 cm
2
/Vs),

[4]
 while high 

mobilities are generally accompanied by on/off ratios equal or smaller than 10
6
.
[5–7]

 

Generally, the decrease of the on/off ratio, or better, the measurement in FETs employing 

networks of SWNTs of off currents higher than the gate leakage current, has been attributed 

to the presence of metallic tubes in the channel. However, the use of transistor channel 

length often larger than the average length of the nanotubes and the relatively small 

differences in the off current, due to the high purity of the solutions, makes unreliable an 

evaluation of the purity based on the off current. 

An estimation of the purity of semiconducting SWNTs solutions obtained by 

polymer wrapping using polyfluorene derivatives has been provided by evaluation of the 

on/off ratio of transistors of channel length of 240 nm using arrays of SWNTs.
[8]

 In this 

work the authors estimate that on/off current of transistors above 10
3
 are an indication that 

no metallic tubes are present in the channel. In another recent report, the purity of 

semiconducting arc-discharge nanotubes selected by using a polyfluorene derivative is 

estimated to be 98.3%, and is increased to above 99.9% by introducing an extra purification 

step.
[9]

  

Recently we reported a very high semiconducting SWNT extraction yield by using 

the polymer poly(2,5-dimethylidynenitrilo-3,4-didodecylthienylene) (PAMDD),
[5]

 which 

gave rise to network field effect transistors with mobility above 30 cm
2
/Vs and on/off ratio 

of 10
6
. 

In this article, we aim at estimating the purity of semiconducting single-walled 

HiPCO carbon nanotubes obtained by polymer wrapping with PAMDD. Field effect 

transistors with channel length of 300 nm, i.e., smaller than the average length of the 
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SWNTs, were fabricated defining the electrodes by electron-beam lithography after 

deposition of the nanotubes sparsely on the gate dielectric. On/off current ratios as high as 

10
5
 for electron enhancement and 10

4
 for hole enhancement regimes were obtained. In none 

of the measured devices short-circuits were observed. Such short-circuits would occur in 

short-channel SWNT-based FETs only if metallic SWNT species would be present in the 

channel. Given the absence of short-circuited devices, we estimate that the purity of the 

polymer-sorted s-SWNTs is higher than 99.9%. 

4.2 Single-SWNT FETs characterization 

s-SWNTs were selected with a polyazomethine (PAMDD)
[10]

 polymer
[5]

. The 

chemical structure of PAMDD is shown in Figure 1(a). The selection process consists of 

two main steps, ultrasonication and ultracentrifugation
[11]

. Briefly, the ultrasonication 

process destroys nanotube bundles, allowing the polymer to interact with the walls of 

SWNTs (Figure 1(b)) and to disperse individual nanotubes in organic solvents. During 

ultracentrifugation, the undispersed metallic nanotubes, bundles and other forms of carbon 

present in the as-synthesized material are removed. The excellent s-SWNT extraction yield 

obtained with PAMDD is attributed to the presence in the polymeric backbone of nitrogen 

(N) atoms, which display a very high affinity for the polarizable walls of SWNTs
14

. 

Moreover, the effect of the nitrogen atoms is combined with the presence of long alkyl side 

chains and the mechanical flexibility of the polymer backbone, all characteristics which 

together are favoring the selectivity for SWNTs and the high yield
[5]

.  

The absorption spectrum of the HiPCO-PAMDD solution is shown in Fig. 1(c). 

Two sets of sharp peaks in the ranges between 600 nm – 900 nm and 1000 nm – 1600 nm 

corresponding to the second (S22) and the first (S11) electronic transitions of s-SWNTs, 

respectively, are observed. The first electronic transitions of metallic nanotubes, M11, 

usually appear in the range between 400 nm and 600 nm. However, in this case the broad 

absorption peak of PAMDD masks the relevant spectral region. This spectral overlap 

precludes the quantification of the purity of s-SWNTs by absorption spectroscopy. 

Therefore, an alternative method of evaluating the purity of s-SWNTs in the HiPCO-

PAMDD solution is by analyzing the charge transport characteristics of the short-channel 

FETs, i.e., of devices with source-drain distance shorter than the average length of s-

SWNTs (approx. 1 um)
[11]

.  
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Figure 1. (a) Chemical structure of the PAMDD polymer used for the selection of the 

semiconducting SWNTs (b) schematic structure of a SWNT wrapped by a polymer chains 

(c) absorption spectra of the enriched HiPCO-PAMDD nanotube solution. 

Figure 2(a) shows the optical micrograph of the fabricated devices with the 

central source electrode and 12 drain electrodes around it. The device structure schematic is 

illustrated in Fig. 2(b). The distance between the electrodes is as short as 300 nm, as 

mentioned already a length chosen to avoid the formation of a SWNT network with 

nanotube-nanotube junctions within the transistor channel. In addition, the 300-nm channel 

width minimizes the probability of multiple SWNTs assembled in the channel region. 
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Using this configuration, we were able to study the performance of devices based on single 

or few s-SWNT bridging the source and drain electrodes.  

 

Figure 2. (a) Optical image of the fabricated FETs, one substrate includes 12 FETs with 

common source electrode in the center and drain electrodes at the edges. (b) Schematic 

structure of the single SWNT device. (c) AFM image of the source and drain electrodes 

forming the FET channel together with an individual SWNT. The channel width and length 

are 300 nm. 

Two sets of SWNT FETs were fabricated for this experiment. HiPCO-PAMDD 

solutions with different s-SWNT concentrations were spin-coated on top of highly-doped Si 

wafer with thermally grown SiO2. Top Ti/Au source and drain electrodes were 

subsequently defined by electron-beam lithography (Raith e-Line with a spatial resolution 
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of 6 nm). The experiment was repeated three times for each solution concentration for a 

total number of fabricated devices of 150 and 40 for the low and the high concentration 

solutions, respectively. Fig. 2(c) displays the atomic-force microscopy micrograph of a FET 

with an individual PAMDD-wrapped s-SWNT deposited between the electrodes, this 

sample was obtained with the low concentration solution. The white spots on the image are 

most probably due to residual polymer deriving from the polymer wrapping process and/or 

from the lithographic step.  

The drain (VD) and the gate (VG) voltage dependences of the drain current are 

shown on Fig. 3(a) and 3(b), respectively. Out of 150 s-SWNT transistors measured, 46 

exhibited semiconducting behavior and 104 FETs showed no drain current, due to the 

absence of nanotubes between the electrodes. This was verified by performing detailed 

AFM imaging in the channels of these devices. The relatively low yield of functional 

devices (31 %) is primarily due to the low probability of matching the randomly distributed 

SWNTs on the substrate with the top electrodes.  

Because of the bottom-gate structure with conventional SiO2 as gate dielectric, the 

devices were operated up to 60 V. Fig. 3(a) shows the ID-VD output characteristic of a single 

SWNT device; due to the short channel and the contact resistance, the output characteristics 

display a non-saturating behavior. The devices are ambipolar with the maximum hole 

current of about 0.2 µA and electron current around 25 nA. The transconductance curves 

showing values up to 8 nS are reported in the inset Fig. 3(c). These values are comparable 

with previously reported results on FETs made with a few polymer-wrapped SWNTs per 

channel
[12]

, but because of the not-optimal gate dielectric they do not compete with the best 

devices reported recently using polymer wrapped SWNTs.
[13]

 The current in the off-state 

(Fig. 3(b)) was as low as 5 pA and was limited by the resolution of the measurement set-up. 

The measured on- and off-currents in working transistors resulted in an average on/off ratio 

of 10
5
 (Fig. 3(b)). Despite being limited by the applied drain voltage, these on/off ratio 

values are very high and comparable with the highest reported on/off ratios for solution-

processed SWNT FETs with short transistor channel
 [12]

. 
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Figure 3. Electrical measurements of a single SWNT FET. (a) output ID-VD demonstrates 

gate-effect for VG varying between 0 and 50 V (-50 V) with steps of 10 V (-10 V) (b) 

transfer ID-VD characteristics for p- and n-type channels measured in linear operational 

regime at VD = 0.4 V. Drain current (ID, black curve) and Gate current (IG, red curve) (c) 

transfer ID-VG characteristics in linear scale. Insets: Transconductance plot for single 

SWNT FET. 
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Unlike previous reports
[14]

 showing that SWNT FETs with Ti/Au electrodes 

usually display unipolar p-type characteristics when fabricated in ambient conditions due to 

the trapping of electrons by adsorbed oxygen molecules,
[15]

 our devices show ambipolar 

electrical behavior. Even though the device fabrication was also performed in ambient 

conditions, the annealing at 200⁰C in nitrogen atmosphere for 2 h, allows removing the 

adsorbed oxygen
[16–18]

 and to reestablish the intrinsic transport properties. 

To increase the statistic on the nature of the SWNTs, we fabricated devices using 

more concentrated solution. Fig. 4(a) shows an AFM micrograph showing one of these 

transistors with several SWNTs between the electrodes. Fig. 4 (b) and (c) display 

representative ID-VD (output) and ID-VG (transfer) characteristics, respectively, obtained in a 

device comprising 10-15 s-SWNTs. Also in this case, transistors show higher p-type 

current, about 12 µA at (VG=-50V and VD =-2V), while the electron current (for VG = 50 V 

and VD = 2 V) is about 200 nA. The current appear to scale approximately with the number 

of the s-SWNTs bridging the channel. The Fig. 4(c) shows the transfer characteristics in 

linear regime, with measured on/off ratio values >10
5
, demonstrating that all tubes within 

the channels are semiconducting. The inset Fig. 4(c) shows the transconductance of the 

same device. 
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Figure 4. (a) AFM image of the channel region. (b) output characteristics (|VD| = 0.4 V) of 

FETs with few SWNTs crossing the channel. Hole current in this FET demonstrates a 25 

times increase compared to that in a single SWNT FET. (c) Linear scale of the transfer ID-

VD characteristics for p- and n-type channels measured at |VD| = 0.4 V. Insets: Transfer 

characteristic in logarithmic scale (left) and conductance plot for multiple SWNT FET 

(right). 
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Figure 5. Diagram representing the distribution of on/off ratio in 150 FETs measured with 

single SWNT in the channel region. 69% of fabricated devices did not show any current 

due to the absence of SWNTs in channels. Working FETs demonstrated average on/off 

current ratio 10
5
. 

The diagram reported in Fig.5 represents the statistical distribution of the on/off 

ratio of the fabricated transistors. 80% of working devices demonstrate an average on/off 

current ratio of 10
5
 only about 9% show on/off between 10

4
 and 10

3
. Interestingly, of the 

150 devices with single nanotubes and of the 40 devices with multiple tubes (an average of 

15 tubes per device), for a total of 646 SWNTs measured, none of them showed the 

presence of metallic tubes. Therefore from these data we can estimate that the percentage of 

metallic tubes in our samples is lower that 0.1%, resulting in a purity for our 

semiconducting carbon nanotube solution > 99.9%. This value is underestimated; since no 

short-circuits where detected, a much larger number of devices would be required to 

precisely determine the purity of our s-SWNTs. 
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4.3 Conclusions 

 We have demonstrated short-channel ambipolar single-SWNT FET prepared from 

a polymer-wrapped s-SWNT solution. From 46 working single s-SWNT FETs and 40 

multiple tubes (avg. 15 tubes) FETs, an average on/off current ratio of 10
5
 is observed. No 

traces of metallic SWNTs were found in any of the prepared FETs (646 SWNTs tested), 

indicating an estimated purity of our semiconducting SWNT solution higher than 99.9%. 

These findings confirm the effectiveness of the polymer-wrapping technique in selecting 

semiconducting SWNTs, as well as the high quality of the sorted nanotubes for the 

fabrication of not only nanotube network FETs but also those comprising single and 

multiple nanotubes. In particular, the polyazomethine (PAMDD) is proven to be one of the 

best polymers for selecting semiconducting SWNTs with ultra-high purity, thanks to the 

interplay between the affinity for the nitrogen atoms of the highly polarizable walls of 

SWNTs and the mechanical flexibility of the polymeric backbone. 

4.4 Experimental section 

 Preparation and characterization of the semiconducting SWNT dispersion: The 

polymer polyazomethine was dissolved in toluene with a concentration of 0.6 mg/mL, 

subsequently, 3 mg single-walled HiPCO (High Pressure Carbon Monoxide) carbon 

nanotubes (Unidym) were added. The solution was then sonicated with an Ultrasonic 

Liquid Processor (Sonicator 3000) for 2 hours at 65 W power and 16°C bath temperature. 

Two-step centrifugation using an ultracentrifuge (Beckman Coulter Optima XE-90; rotor: 

SW55Ti) was performed to remove bundles, carbon contaminants, and metallic nanotubes, 

as well as to enrich the SWNT solution.
[14]

 During the first ultracentrifugation (1 h, 40000 

rpm, 196000g), the high density components precipitated, forming a pellet at the bottom of 

the centrifugation tube, while the low density components containing individualized s-

SWNTs wrapped by polymer remained in the upper part as supernatant. The second 

ultracentrifugation step (5 h, 55000 rpm, 367000g) was performed in order to enrich s-

SWNTs and to remove any residual excess polymer
[14]

. Here, individualized s-SWNTs 

were precipitated to form a pellet. Finally, the pellet was re-dispersed in 2 mL of toluene to 

form ink for device fabrication.  
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The purity of the nanotube solution was examined by absorption spectroscopy 

using UV/Vis/NIR spectrophotometer (Shimadzu UV 3600). The spectra of the HiPCO 

nanotube solution were recorded in the range between 300 nm and 1800 nm.  

 Fabrication of carbon nanotube transistor: Highly doped silicon substrates with 

300 nm thermally grown SiO2 dielectric were used for FET fabrication. After cleaning the 

substrates
14

, a solution of polymer-wrapped carbon nanotubes was spin-coated on top
13

. 

Spin-coating parameters (rotation speed, acceleration and duration) were chosen in such a 

way to form a SWNT film with the required density. The substrate was subsequently baked 

in a nitrogen atmosphere at      for 1 h to remove the residual organic solvent. The 

density was further analyzed by atomic force microscopy. The pattern was formed by 

electron beam lithography using positive polymer resist (polymethylmethacrylate [PMMA], 

Mw. = 950k), followed by a developing step in MIBK:IPA (methyl isobutyl ketone : 

isopropanol = 1:3) for 45 seconds. We then deposited 5 nm Ti adhesion layer and 25 nm Au 

source and drain electrodes using an electron beam evaporator (Temescal FC 2000). 

Finally, a lift-off procedure was performed in an ultrasonic acetone bath. Transistor 

channels formed in this way have 300 nm widths and 300 nm lengths. A schematic 

description of the transistor structure and fabrication process is shown in Fig. 2(b).  

 Characterization of the SWNT transistor: Electrical measurements were 

performed using a probe station placed in a nitrogen-filled glovebox at room temperature 

under dark conditions. The probe station was connected to Agilent E5262A Semiconductor 

Parameter Analyzer with a resolution of 5 pA. Because the fabrication process was 

performed in ambient conditions, the devices were annealed for 2 h at 200
o
C inside the 

glovebox to remove adsorbed water and oxygen molecules prior to measurements. 

 Characterization of SWNT networks by AFM: The SWNT within the 

channel of the FETs were imaged by AFM in tapping mode. The scanning region was the 

channel area exhibiting a size of 1 µm
2
. The images were recorded with a MultiMode 6 

Microscope and TESP probes (Bruker) with a spring constant k = 40 N·m
−1

, resonance 

frequency f = 40-75 kHz and an 8 nm tip radius. The scan rate and resolution of the 

measurements were selected to be 0.5 Hz and 1024 lines/sample, respectively. For each 

image, a new probe was employed in order to avoid AFM tip broadening due to wear of 

contamination from the conjugated polymer. The AFM images were analyzed using 

NanoScope Analysis software. 
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Chapter 5 

On-chip chemical self-assembly of 

semiconducting Single-Walled Carbon 

Nanotubes (SWNTs): towards robust and 

scale invariant SWNTs transistors 

 

 

In this chapter we demonstrate the fabrication of carbon nanotubes field 

effect transistors by chemical self-assembly of semiconducting single walled 

carbon nanotubes on pre-patterned substrates. Polyfluorenes derivatives have been 

demonstrated to be effective in selecting s-SWNTs from raw mixtures. Here we 

functionalized the polymer with side chains containing thiols, to obtain chemical 

self-assembly of the selected s-SWNTs on gold electrodes. We determine that the 

selectivity can be tuned by changing the number of thiol groups in the polymer, or 

by modulating the polymer/SWNTs proportions. Field-effect transistors with 

various channel lengths, using networks of SWNTs and individual tubes were 

fabricated by direct chemical self-assembly of the SWNTs/thiolated-polyfluorenes 

on substrates with lithographically defined electrodes. The network devices show 

superior performance (mobility up to 24 cm
2
/V∙s), while SWNTs devices based on 

individual tubes show an unprecedented (100%) yield for working devices. The 

SWNTs assembled by mean of the thiol groups are stably anchored to the substrate 

and are resistant to external perturbation as sonication in organic solvents. 
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5.1 Introduction 

 Single-walled carbon nanotubes (SWNT) integrated in electronic devices have the 

potential to overcome the lithographic and economic limits of silicon based electronics. 

Research towards the application of nanotubes as active material for electronic devices 

started in the early 2000s, but the interest in them initially declined due to practical 

challenges in the separation of the semiconducting species from the metallic ones.  

 Recently, the selection of semiconducting SWNTs (s-SWNTs) has shown very 

remarkable progress with the development of several methods, which results in s-SWNT 

inks of high purity.
[1–3]

 Among these methods, especially the polymer wrapping technique, 

has shown great potential owing to the ability to achieve purity above 99.9% without 

damaging the SWNT walls.
[4,5]

 Polyfluorene derivatives have been the first class of 

conjugated polymers which have been demonstrated to select semiconducting SWNTs due 

to their capacity to interact preferentially with nearly armchair carbon nanotubes.
[6]

 

Following this discovery, several approaches, such as the modification of alkyl side-

chains
[7]

 or the polymer backbones,
[8]

 have been used to obtain higher or better s-SWNTs 

selection. Nowadays, a number of different conjugated polymers are effectively used to 

select semiconducting SWNTs of different diameter and chiralities.
[9]

  

 The availability of pure and concentrated solutions of s-SWNT allowed more recently 

the fabrication of highly performing field-effect transistors,
[10,11]

 light-emitting devices,
[12,13]

 

logic gates,
[14]

 sensors,
[15]

 and photovoltaic devices.
[16,17]

  

 The last major challenge to overcome before technological applications of s-SWNTs in 

electronics can be truly realized is the placement of billions of single nanotubes (with target 

125 SWNT per µm) in predetermined positions on a surface with industrial precision and 

reproducibility.
[18,19]

 The simple alignment of the SWNTs has been one of the first 

approaches proposed towards the solution of this challenge. Aligned nanotube networks 

perpendicular to the source-drain electrodes in SWNT-FETs have shown superior 

performance compared to random networks.
[10,20–23]

 Several techniques such as blade 

coating
[10]

 and Langmuir-Blodgett
[20,24]

 have been reported to achieve partially aligned 

SWNT networks. However, the precise placement of carbon nanotubes on a substrate has 

obtained till now little attention. Two techniques are mostly reported: the direct growth of 
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nanotubes on a substrate,
[25]

 or their self-assembly from solution onto a device structure. 

The direct growth is obtained by Chemical Vapor Deposition (CVD), which gives rise to a 

mixture of metallic and semiconducting tubes. Therefore, metallic nanotubes should be 

removed after deposition.
[25]

  

 Solvent evaporation-assisted self-assembly,
[21]

 solution shearing,
[22]

 and 

hydrophilic/hydrophobic self-assembly
[26]

 have allow to obtain dense and aligned carbon 

nanotube networks. However, serious challenges such as the necessity of complex pre-

patterning of the substrate with chemical species to attract or repel SWNTs are present.
[22,26]

 

An alternative strategy for obtaining a controllable deposition of SWNTs is through 

chemical self-assembly.
[27,28]

 The chemical self-assembly has the advantages of being a less 

stringent process and the attachment to the substrate/electrode is by covalent bonding, 

which is therefore highly robust, thermally stable, and can be chemically resistant to a 

variety of reagents. However, some of the examples reported in literature use chemical 

functionalization of the SWNTs walls,
[29]

 which is well known to be detrimental towards 

charge transport.
[30,31]

  

In this work we report the chemical modification of side-chains of polyfluorenes with 

thiol groups with the aim of obtaining chemical self-assembly of semiconducting carbon 

nanotubes onto lithographically defined gold electrodes. We found that the insertion of 

thiol groups in the polymer structure somewhat decreases the selectivity of the conjugated 

polymer towards s-SWNT. Polyfluorene derivatives decorated with 2.5% of thiolated side-

chains give the highest purity and the highest yield of s-SWNT. These high-purity s-

SWNTs were further employed for the chemical self-assembly of the polymer wrapped 

tubes onto silicon substrates with pre-patterned gold electrodes. The chemically self-

assembled network transistors showed ambipolar properties with 3 orders of magnitude 

higher on-current compared to the reference devices fabricated with SWNTs selected with a 

polymer without thiol functionalization (not chemically self-assembled). The robustness of 

the attachment is demonstrated by the substantial amount of SWNTs resisting to sonication 

in organic solvents. Furthermore, single SWNTs devices where fabricated by self-

assembly, showing that the process is 100 % reliable, giving for all the fabricated samples 

working devices. 
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5.2 SWNTs selection by thiol-modified polymers 

 Recently, we have demonstrated that it is possible to use PFO-b-ssDNA block 

copolymer both for selecting semiconducting nanotubes and for their self-assembly by 

using substrates functionalized with self-assembled monolayers containing the 

complementary DNA sequence to the one functionalizing the PFO side-chains.
[32]

 Even 

though this approach demonstrated to be effective (97.6% working FETs), we observed 

some major drawbacks, such as the high cost of DNA with precise sequences and the 

difficulty of the selection process due to the fact that also DNA sequences interacts with the 

SWNT walls.
[33,34]

  

 In order to obtain a less expensive route to perform chemical self-assembly of the 

nanotubes, different functional groups can be considered, between them thiols are very 

interesting, as they exhibit specific interaction with several metals.
[35]

  

 An attempt towards chemical self-assembly of SWNTs was recently reported by using 

SWNTs wrapped with polythiophene derivatives with side chains bearing reactive side 

groups for the attachment to metals or polar substituents for electrostatic interaction.
[36]

 The 

authors obtained in this way deposition of SWNTs with high surface selectivity and 

density. However, in this study polythiophene derivatives with hexyl alkyl chains, which 

display low selectivity and low yield for semiconducting carbon nanotubes were used.
[11]

 It 

is therefore not surprising that this study does not mention any data on the selectivity of the 

polymer, and does not report devices fabricated by chemical self-assembly of SWNTs.
[36]

 

 



 93 
 

 

Figure 1. (a) Schematic of the attachment of the SWNTs wrapped by the thiol side-

functionalized polymer chains to the gold electrodes. In the left-side, network SWNTs FET; 

in the right-side, single s-SWNT FET. (b) Chemical structures of the thiol-functionalized 

conjugated polymers investigated in this work. 

Figure 1(a) shows the schematic of the chemically self-assembled SWNTs on gold 

electrodes in the case of the network devices, i.e., when the transistor channel length is 

longer than the average length of the individual tubes; and in the case of a single SWNT 

FET, i.e, when a single SWNT is able of crossing the channel. Figure 1(b) shows the 

structure of the polyfluorene derivatives functionalized with thiol groups, including an 

alternating copolymer with a 50%-content of thiolated side-chains (PF12-F6Sac), a random 

copolymer with 2.5% thiolated side-chains (PF12-F6Sac2.5%), and for comparison, a 

structurally related non-thiolated polyfluorene (PF12-F6). As mentioned previously we 

chose polymers with alkyl chains of 12 C atoms, which we have been reported to be very 

effective in the selection of s-SWNTs.
[7]
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Figure 2. (a) Absorbance of s-SWNT dispersion with polyfluorene derivatives 

containing 0% (black), 2.5% (red), and 50% (green) of thiol groups at their side-chains. 

Dispersions are prepared with the same initial polymer/SWNT ratio. (b) Absorbance of the 

same samples as in (a) after optimization of the processing parameters to remove the 

metallic SWNTs, and after enrichment. The chiralities are assigned following the method 

proposed in ref. [7]. 
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Figure 2(a) shows the absorption spectra of HiPCO SWNTs selected by these 

polyfluorene derivatives (Fig. 1b) containing different percentage of thiol groups. The 

reference polymer containing no thiol group, Poly{(9,9-didodecylfluorene-2,7-diyl)-alt-

(9,9-dihexylfluorene-2,7-diyl)} (PF12-F6), shows the highest concentration of s-SWNTs 

(see experimental). The introduction of the thiol functional groups disrupts the 

SWNT/polymer interaction, resulting in a lower absorbance of the s-SWNTs dispersion. 

Moreover, when a high concentration of thiol groups (50%) is attached to the polymer side-

chains (PF12-F6Sac), the lower selectivity for s-SWNTs is accompanied by an increase of 

the background absorption, which is due to the metallic SWNTs plasmon resonances.
[37]

 

The presence of some metallic SWNTs is also indicated by the presence of several peaks in 

the range between 500 and 650 nm.
[6]

 The electron density of the thiol groups can explain 

the presence of metallic tubes in solutions obtained with polymers bearing high thiol 

concentration. Recently, we have shown that metallic SWNTs are selected by polymers 

containing high concentration of nitrogen atoms, due to the electron rich nature (lone pair) 

of the nitrogen.
[38]

 Similarly, electron lone pairs on the sulfur atom in the thiol group can 

interact with the highly polarizable walls of the metallic SWNT species. 

To reduce the metallic SWNT content in the dispersions, several different approaches 

can be utilized. Considering the above-mentioned reason for the presence of metallic tubes, 

the first strategy is to reduce the number of thiol groups in the polyfluorene side chains. As 

it is shown in Figure 2a, the reduction of the number of thiol groups to 2.5% (PF12-

F6SAc2.5%) re-establishes the selectivity for s-SWNTs.  

Another potential pathway to reduce the metallic content is through fine tuning of the 

polymer:SWNT ratio. It has been reported that by increasing the SWNT to polymer ratio, a 

lower concentration but higher purity s-SWNT dispersion can be obtained.
[39]

 The 

absorption spectra of the SWNT dispersions obtained with the three polymers under study, 

after optimization (see experimental details) and removal of the free polymer chains by 

performing double step ultracentrifugation
[40]

 are displayed in Figure 2b. The assignment of 

the s-SWNT chiralities, according to a modified Kataura equation,
[7]

 is displayed in Figure 

2b. All side chain functionalized polymers select the same species of SWNTs, however, 

while PF12-F6SAc select a very similar population (also as proportions) of SWNTs than 

the reference polymer, the PF12-F6SAc2.5% modifies the distribution of selected s-

SWNTs, by favoring the selection of smaller diameter tubes. We notice that the 
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polydispersity index of the PF12-F6SAc2.5% (Table 1) is more than two times larger than 

the one of the other 2 polymers. 

 

Figure 3. (a) Steady state photoluminescence of the s-SWNT solutions, dispersed by 

polyfluorenes derivatives with different concentration of thiol groups (b) Time-resolved 

measurement of the photoluminescence of the (7,5) tubes (1050 nm) dispersed by 

polyfluorene with different concentration of thiol groups. 
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 Mn Mw PDI 

PF12-F6 28,900 44,600 1,55 

PF12-F6SAc 35,000 55,000 1,58 

PF12-F6SAc2.5% 30,600 114,000 3.74 

Table 1. Molecular weight data of the polymers. 

To verify the quality of our s-SWNT dispersions, photoluminescence measurements 

were performed on the enriched samples where the final concentration was adjusted to be 

similar in value. The steady state PL measurements are reported in the Supplementary 

Information Figure 3a, showing that the reference sample has the highest PL intensity, 

while with the increasing of the number of thiol groups in the polymer chains the PL 

intensity decreases. The lowering of the steady state PL intensity can be attributed to the 

presence of small bundles, which may also contain metallic nanotubes.
[41]

 Time-resolved 

spectroscopy measurements can be used to further elucidate the origin of this phenomenon. 

The exciton decay dynamics of (7,5) tubes are shown in Figure 3b. The long decay 

component of the exciton lifetime of the individualized s-SWNTs is in the range between 

20-30 ps, which is comparable to the lifetimes previously reported for highly individualized 

polyfluorene-wrapped s-SWNTs.
[7,42,43]

 

This demonstrates the individualization of the tubes and especially in small bundles the 

absence of metallic carbon nanotubes. It has been reported that when metallic SWNTs are 

present in bundles, the exciton lifetime of the nanotube reduces by one order of 

magnitude.
[44]

 The nanotubes selected by PF12-F6SAc show the shortest lifetime, in 

agreement with the lowest steady state PL, confirming the highest number of pathways for 

exciton relaxation due to the probable formation of small bundles also with metallic 

species. 

Self-assembled monolayers of molecules bearing thiol functional groups onto metal 

surfaces have been studied for many years because of the high reactivity and strength of the 

bond.
[35,45,46]

 Metals that show specific bonding with thiols are gold, silver, copper, and 

palladium. For real-world applications of self-assembly, palladium and gold are the most 

attractive metal electrodes due to their high chemical stability and low toxicity.
[35]

 We have 

therefore tested the capacity of our SWNTs wrapped with thiol-functionalized polymers to 

assemble on gold surfaces by immersing the substrates in the SWNT solution for about 1 h. 
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For this purpose, we used s-SWNTs selected with PF12-F6SAc2.5%, as the solutions are 

highly dense of semiconducting SWNTs (0.18 mg/ml). 

Atomic Force Microscopy (AFM) based analysis of the SWNT networks, obtained with 

PF12-F6SAc2.5%-SWNTs and PF12-F6-SWNTs dispersions, on gold and silicon 

substrates are reported in the supplementary information Figure 4. On the gold substrate 

we clearly observe a homogenous network of highly individualized carbon nanotubes when 

they are wrapped with PF12-F6SAc2.5%, several nanotubes are resisting to the sonication 

of the substrate for 30 minutes (Fig. 4b), while the reference sample on gold shows an 

higher density of SWNTs (Fig. 4c) and the complete removal of the nanotubes after 

sonication (see Fig. 4d). On the SiO2 substrate little amount of SWNTs wrapped by PF12-

F6SAc2.5% are found after immersion of the substrate for 1 h (Fig. 4e and no trace of 

SWNTs is found after 30 minutes sonication (Fig. 4f). These measurements confirm that 

thiol functionalization is a valid strategy for the fabrication of homogeneous SWNT 

networks and can also aid in efficient contact formation with the gold electrodes. 

 

5.3 Nanotube network FET by SWNT self-assembly  

To further demonstrate that thiol-functionalized conjugated polymers are an industrial 

compatible answer to the long-standing problem of the placeability of s-SWNTs, we 

fabricated SWNT field-effect transistors by chemical self-assembly. The sorted s-SWNTs 

were deposited by soaking the silicon substrate with the pre-patterned gold electrodes in the 

enriched dispersion for 1 hour. Electrodes defining a channel length of 20 µm and channel 

width of 1 mm, were used. As the average length of the SWNTs is around 1 µm, we aim at 

the self-assembly of a network of SWNTs crossing the FET channel. 
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Figure 4. Atomic force microscopy micrographs of the SWNT networks obtained with (a) 

PF12-F6SAc2.5%-SWNTs dispersion on a gold substrate; (b) displays the same sample as 

in (a) after 30 minutes sonication in toluene. (c) Micrograph of the reference sample PF12-

F6-SWNTs on gold and (d) shows the surface of the sample in (c) after sonication for 30 

minutes in toluene. (e) Micrograph of PF12-F6SAc2.5%-SWNTs on SiO2 and the same 

sample after 30 minutes sonication in toluene (f). 
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Figure 5. (a) Output and (b) transfer characteristic of SWNT-FETs dispersed by PF12-

F6 (top) and PF12-F6SAc2.5% (bottom). The channel length is 20 µm and channel width 1 

mm. 

Figure 5a show the comparison of the output curves of the SWNT-FETs fabricated by 

SWNTs selected by the reference polymer (PF12-F6) and by the thiol functionalized 

polymer PF12-F6SAc2.5%. Both devices show ambipolar transport with almost symmetric 

electron and hole current, but devices fabricated from SWNTs wrapped by thiolated 

polymer show 3 orders of magnitude higher on-current compared to that of the reference 

devices, demonstrating a better SWNT attachment to the electrode/substrate during the 

immersion time. Compared to the reference devices, these devices also show better carrier 

injection as evidenced by the shape of the output characteristics at low source-drain 

voltage. The better injection could be ascribed to the effect of the thiol dipole at the gold 

interface but also to the proximity of the SWNT with the electrode due to the chemical 

attachment. A noticeable reduction of currents at high gate and source-drain voltages is 

observed from the output curves of the SWNT-PF12-F6SAc2.5% sample, a similar effect 

has been reported for many ambipolar devices.
[47]

 In such devices, the holes and electrons 
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can be injected simultaneously from both electrodes. At low source-drain voltage, only one 

type of charge carrier is present in the active layers for example holes (electrons) for 

negative (positive) gate bias. The carriers with opposite sign are blocked due to the 

Schottky barrier at the source/drain electrodes. When the source-drain voltage is further 

increased, the opposite carrier starts to be injected into the active layer due to the lowering 

of the barrier. At this high voltage, both carriers exist in the active layer, and can therefore 

recombine, resulting in the reduction of the current. Since carbon nanotubes are 1D- direct 

band gap materials with relatively strong exciton binding energy, the electron and hole 

recombination might result in light emission as has been demonstrated by different 

authors.
[12,13,21]

 

The transfer characteristics of the corresponding SWNT-FETs fabricated by SWNTs 

selected by PF12-F6SAc2.5% and by the reference polymer PF12-F6, are presented in 

Figure 5b. Both devices show on/off ratio of about 10
4
 and 10

5
 at VDS = ± 5 V for electrons 

and holes, respectively. A full device characterization with the gate current is reported in 

Figure 6.  
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Figure 6. Transfer characteristic of SWNT-FETs dispersed by (a) PF12-F6SAc2.5% and 

(b) PF12-F6; black dotted lines show the gate current. 

The increase of the off-current by increasing source-drain voltage is a typical 

characteristic of ambipolar transistors.
[12]

 Since both carriers can be injected into the 

channel simultaneously, the devices cannot be completely turned off at high drain voltages. 

For these transistors the charge carrier mobilities are extracted from the ID-VG 
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characteristics in the linear region at VDS = ± 5 V. For the devices fabricated with PF12-

F6SAc2.5%-SWNTs, we obtained effective mobilities of 9.2 cm
2
/V∙s and 16 cm

2
/V∙s for 

holes and electrons, respectively, while reference devices show mobilities of 0.05 cm
2
/V∙s 

and 0.07 cm
2
/V∙s for holes and electrons, respectively. The mobility values obtained with 

the self-assembled SWNTs are extremely high especially considering their ambipolarity, 

the small diameter carbon nanotubes, the very simple device structure (SiO2 dielectric), and 

the fact that no correction for contact resistance and effective coverage of the SWNTs was 

used. For comparison, these mobilities are close to those obtained by our group (14 and 16 

cm
2
/V∙s) using large diameter nanotubes (1.5 nm diameter) and ion gel as gate dielectric.

[7]
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Figure 7. Comparison of transfer curves before (solid line) and after (dashed line) 

sonication for (a) PF12-F6SAc2.5%-SWNTs and (b) PF12-F6-SWNTs. 
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To prove that SWNTs wrapped with PF12-F6SAc2.5% are chemically attached to the 

substrate, we performed a mild bath sonication as the one generally used to clean 

substrates, of the devices in toluene after electrical characterization. Interestingly, after 

sonication and re-annealing to remove the solvent, the electrical properties of the samples 

fabricated by thiol self-assembly show only a decrease of the on-current of 1 order of 

magnitude (Figure 7a), while the reference sample shows a reduction of the on-current by 

more than 2 orders of magnitude from the already much lower starting value ( Figure 7b). 

The transistors reported in Figure 5 have a channel of 20 µm, which is about 10 times 

longer than the average length of the SWNTs. In this case, as a single SWNT cannot cross 

the channel it is necessary to have a percolation pathway from nanotube to nanotube 

through the channel. The reduction of the current after sonication for the sample fabricated 

with SWNTs wrapped by the thiol-functionalized polymers therefore appears as mostly due 

to the loss of some of the tubes in the middle of the channel, not directly attached to one of 

the electrodes. We therefore fabricated field effect transistors with smaller channels (2.5 

µm), to better exploit the chemical self-assembly possibilities of our thiol-functionalized 

conjugated polymers. 

Figure 8a shows a three-dimensionally represented AFM topographic image of the 

channel of the transistor (2.5 µm) with the SWNTs forming a network between the 

electrodes, here as expected less tubes are necessary to cross the channel. Figure 8b is an 

AFM image of similar SWNTs as depicted in Fig 4a but with higher magnification showing 

the pronounced surface features and interconnected tubes.  

Similarly to the longer channel FETs described previously, the output curve (Figure 8c) 

shows ambipolar transport with comparable currents (3 mA and 1 mA at VGS = ± 50 V) for 

hole and electron accumulation regimes, respectively. The on/off ratio obtained from the ID-

VG transfer characteristic is only 10
3
 (Figure 8d), which is substantially lower than the 10

5
 

obtained with the 20 µm channel transistors. The high off-current is the factor limiting the 

on/off ratio in these devices, which can be either due to the presence of the small amount of 

metallic species in the solution
 [38]

 or to the simultaneous injection of both type of carriers 

into the channel.
[12]

 The effective charge carrier mobilities extracted from the linear regime 

of ID-VG characteristics at VDS = ± 5 V, are 24.2 cm
2
/V∙s and 17.7 cm

2
/V∙s for holes and 

electrons,  
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Figure 8. (a) High-resolution three-dimensional (3D) represented topographic AFM image 

of SWNTs dispersed by PF12-F6SAc2.5% the scan area is 2.4 µm × 1.9 µm. (b) Histogram 

based on statistical analysis of diameter distribution of polymer wrapped individual and 

bundles of nanotubes composing a network. The diameter is measured through section 

analysis across the tubes from AFM images as shown in panel b, which is a spatially 

magnified AFM image over the black box region shown in panel a. The Z scale for the inset 

3D depicted AFM image is 0.1-5nm. The Au metal electrodes (protrusions in the side of 

both the topographic images) are seen in the sides of AFM image in panel a. (c) Output and 

(d) transfer characteristic (for negative VG VD = -2V, -5V, -10V, and for positive VG VD = 

+2V, +5V, +10V) of SWNT-FETs dispersed by PF12-F6SAc2.5%. The channel length is 

2.5 µm and channel width 1 mm. 

respectively. It is important to underline that these mobilities are not corrected for contact 

resistance and are not scaled with the effective size of the SWNTs, therefore are 

underestimated. The summary of the statistics of the figures of merit (mobility and on/off 

ratio) of the network SWNT devices fabricated with the different polymers is reported in 

Figure 9. For the 2.5 µm channel devices only the results obtained with PF12-F6SAc2.5% 
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are reported as the FETs fabricated with PF12-F6Sac wrapped SWNTs were affected by 

excess of metallic species. 

 

Figure 9. Statistics of the On/Off ratio (a) and mobilities (b) for network SWNT-FETs 

dispersed by PF12-F6SAc2.5%, PF12-F6SAc and PF12-F6. The figure of merit of devices 

with 10 µm < Lch < 20 µm are represented by red crosses (hole) and black full squares 

(electron), respectively. Black and red hollow squares (for PF12-F6SAc2.5%) are the 

average electron and hole On/Off ratio (a) and mobilities (b) of transistors with Lch = 

2.5µm. 
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5.4 Highly reproducible single SWNT FET fabrication 

While the AFM of the 2.5 µm channel length device show that the SWNTs are able to 

cross the channel, they still form a complex network because of the large channel width. A 

further reduction of both channel length and width allows for better understanding the 

applicability and the quality of the chemical self-assembly of the SWNTs/thiolated-

polyfluorenes on gold patterned substrates. Electrodes defining a channel length of 300 nm 

and channel width of 300 nm were fabricated by electron beam lithography. The thickness 

of the electrode was kept as low as 15 nm to facilitate the self-assembly of the SWNTs and 

improve the contact with the gate dielectric. In Figure 10(a) is reported the atomic force 

microscopy image of one of the FETs with 300 nm source-drain distance, where a single 

SWNT attached to the gold electrodes can be clearly observed.  
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Figure 10. (a) Three-dimensional representation of a single carbon nanotube connecting a 

source and drain electrode (color coded in blue) on a silicon dioxide surface. The carbon 

nanotube is well adhered between the electrodes. The residue encompassing the carbon 

nanotube stems from the lithographic polymer processing and ambient contaminants. The 

AFM measurements were performed under standard laboratory conditions at room-

temperature under tapping mode operation (scan area 1.45 µm × 1.53 µm). (b) Line section 

analysis highlighting the local differences in the height profiles along the length of the 

carbon nanotube. Inset in panel b is an AFM image with line section profiles and their 

corresponding color-coded profiles. The height of the nanotube is measured between the 

cursor point arrow indicated in each section profile, one on top the nanotube and the other 

on the cleaner region of the underlying surface. The higher height profiles (green line 

section, panel b) reflect the presence of adsorbed contaminants on the carbon nanotube 

sidewall. The sample was rinsed in acetone and isopropyl alcohol to remove excessive 
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polymer residue contamination. (c) Output and (d) transfer characteristic of SWNT-FETs 

dispersed by PF12-F6SAc2.5%. VG varying between 0 and 40 V (-40 V) with steps of 10 V 

(-10 V). The black curve on the transfer plot shows the gate current. 

 

Figure 10b displays the line section analysis of the height profile perpendicular to the 

length of the carbon nanotube, proving that an individual polymer-wrapped SWNT is 

crossing the transistor channel. The difference between sections taken at different points of 

the SWNT indicates the presence of the polymer chain around the tube (thicker profile ~0.6 

nm; size of atomic van der Waals radius).
[7] 

Here is important to underline that the polymer 

around the SWNTs has been demonstrated to have a clear effect in the performance of the 

network field effect transistors as it is acting in the worst cases as a trap for charge carriers 

and in the best cases as a barrier.
[10,48]

 In the case of short channel devices Arnold et al., 

have recently demonstrated that the conductance increases after removal of the polymer and 

also the quality of the contact with the electrod increases.
[5]

  

The electrical characterization of a typical single SWNT transistor is shown on Figure 

10c,d. At the opposite of the network devices, these devices exhibit p-type behavior. This 

could is due to the difficulty to fully remove adsorbed water from the electrodes after 

fabrication.
[40]

 Due to short-channel effects, the output currents increase linearly with gate 

voltage and do not show saturation.
[49]

 From the transfer characteristics the on/off ratio is 

10
4
 at VDS = ± 0.4 V, with the Off-current value of about 100 pA limited by the leakage 

through the dielectric and the edges of the substrate. Here, we do not want to underline the 

transistor performance, as they were fabricated with a rather thick oxide dielectric for their 

short channel length, but the reliability of the chemical self-assembly process. More than 50 

of this 300 nm channel length devices were tested and all of them display transistor 

behavior and a relatively limited spread of their behavior. The overview of the on current 

and on/off ratio of all the fabricated devices is reported in Figure 11. From the data is 

evident that the chemical self-assembly is highly reliable and is able to guarantee the high 

reproducibility in the fabrication of nanodevices based on SWNTs, which is the 

fundamental pre-requisite for a future industrialization of carbon nanotubes based 

electronics.  
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Figure 11. On-current versus On/Off ratio for 50 single nanotube devices with Lch = Wch = 

300 nm. The electron and hole contributions are denoted with black and red simbols, 

respectively. 

5.5 Conclusion 

In conclusion, we demonstrated the selection of semiconducting SWNTs by 

polyfluorene derivatives decorated with thiol functional groups, either at the alkyl side-

chains or at the chain ends. Due to their electron lone pairs, the thiol group impairs the 

selection of semiconducting tubes. However, the metallic content can be minimized by 

adjusting the concentration of the thiol functional groups, or by adjusting the process 

parameters. The polymer with 2,5% thiol groups in their side chains and the one with end 

functionalization are found to be the most effective in selecting semiconducting SWNTs. 

The high purity of the individualized s-SWNTs is confirmed by optical measurements and 

by the fabrication of highly performing field effect transistors. Field effect transistors with 

different channel lengths, from 300 nm till 20 µm where fabricated by immersion of the 

substrates in the solution of the semiconducting SWNT wrapped with the thiolated 
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polyfluorene. The chemical self-assembly of SWNTs shows easy fabrication, high 

reliability (100% working 300 nm channel length transistors), and resistance to mechanical 

solicitations. 

5.6 Experimental section 

Polymer synthesis: Poly{(9,9-didodecylfluorene-2,7-diyl)-alt-{9,9-bis[6-(S,S‟-

thioacetate)hexyl]fluorene-2,7-diyl}} (PF12-F6SAc) was prepared by reacting 503 mg 

potassium thioacetate with a diluted solution of 450 mg of poly{(9,9-didodecylfluorene-

2,7-diyl)-alt-[9,9-bis(6-bromohexyl)fluorene-2,7-diyl]} in 40 mL of dry THF by stirring the 

polymer solution at 70 °C for twelve hours. Afterwards, the solvent was removed, and the 

polymer, dissolved in chloroform, was precipitated into cold methanol. The procedure was 

repeated one time. The yellowish polymer was dried under high vacuum, yield 77 % 

(333 mg, 0.34 mmol). 

Poly[{(9,9-didodecylfluorene-2,7-diyl)-stat-{9,9-bis[6-(S,S‟-

thioacetate)hexyl]fluorene-2,7-diyl}} (PF12-F6SAc2.5%) was prepared in the following 

way: 1.0 g (1.51 mmol) 2,7-dibromo-9,9-didodecylfluorene and 68 mg (0.11 mmol) 

2,7-dibromo-9,9-bis(6-(S,S'-thioacetate)hexyl)fluorene to a Schlenk-tube. Under inert 

atmosphere, 615 mg (3.94 mmol) 2,2„-bipyridyl and 1166 mg (4.24 mmol) bis(1,5-

cyclooctadiene)nickel(0) were added and diluted with 15 mL of anhydrous THF. Next, 

0.45 mL (3.94 mmol) 1,5-cyclooctadiene were added and the resulting mixture was heated 

in a microwave reactor at 120 °C for ten minutes. Afterwards, 0.1 mL p-bromobenzene 

(0.95 mmol) were added and the reaction mixture reacted for five more minutes at 120 °C. 

The workup procedure follows the scheme described for PF12-F6Sac, yield 705 mg 

(1.07 mmol, 87 %) of a pale-yellow polymer. The molecular weights of the polymers are 

summarized in Table S1. 

Dispersion of semiconducting SWNT: HiPco SWNTs of diameter ranging between 

0.8 and 1.2 nm were purchased from Unidym Inc. and used as received. The SWNT 

dispersions are prepared following the previously reported methods.
[40]

 Specifically, a 

mixture of SWNT:polymer with 3:12 weight ratio in 10 mL of toluene was sonicated in a 

cup horn bath sonicator (Misonix 3000, output power 65 W) and then ultracentrifugated at 

30,000 rpm / 110,000 g (Beckman Coulter Optima XE-90; rotor: SW55Ti). The supernatant 

is taken and used for absorption measurement. Different SWNT to polymer ratios were 
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adopted to obtain the highest s-SWNTs purity for the 50% thiolated-polyfluorene, with the 

optimal ratio being the 6:6 weight ratio. A second step ultracentrifugation was performed at 

55,000 rpm / 367,000 g to remove the excess (free) polymer chains, and to increase the s-

SWNT concentration. The concentration of the solutions used for the experiments vary 

from 0.22 mg/ml for SWNTs wrapped with the reference polymer, to 0.12 mg/ml for the 

SWNTs wrapped by PF12-F6Sac and 0.18 mg/ml for the nanotubes wrapped by PF12-

F6SAc2.5%. Optical absorption spectroscopy: Absorption spectra were recorded in a 

wavelength range from 300 to 1800 nm in 2 mm path length quartz cuvette using an UV-

Vis-NIR spectrophotometer (Shimadzu UV-3600). 

Photoluminescence measurements: Steady state and time resolved 

photoluminescence spectroscopy was performed by exciting the s-SWNT solutions with a 

mode-lock Ti:Sapphire laser at wavelength of 800 nm. The duration of the pulses is 150 fs 

and the repetition frequency ~76 MHz. Steady state photoluminescence spectra were 

recorded with an InGaAs photodetector array from Andor while the time resolved 

measurements were recorded with a streak camera with an NIR-sensitive photocathode 

from Hamamatsu Photonics working in synchroscan mode. All measurements were 

performed in transmission mode with the sample at room temperature. 

Device fabrication and characterization: Highly doped silicon substrates with 230 

nm and 300 nm thermally grown SiO2 dielectric were used for network and single SWNT 

FETs fabrication, respectively. The network devices where fabricated on lithographically 

defined gold electrodes of channel width equal to 1 mm and different channel length (20 

µm and 2.5 µm). For the single SWNT FETs electrodes were formed by electron beam 

lithography using positive polymer resist (polymethylmethacrylate [PMMA], Mw.= 950k), 

followed by a developing step in MIBK:IPA (methyl isobutyl ketone : isopropanol = 1:3) 

for 45 seconds. Later 3 nm Ti adhesion layer and 15 nm Au source and drain electrodes 

were evaporated using an electron beam evaporator (Temescal FC 2000). Finally, a lift-off 

procedure was performed in an ultrasonic acetone bath. Transistors formed in this way have 

300 nm channel width and 300 nm channel length. After cleaning the substrates, a solution 

of polymer-wrapped carbon nanotubes was deposited by dip coating. Dip-coating 

parameters (speed and duration) were chosen in such a way to allow self-assembly of the 

SWNT on the gold electrodes. The substrate was subsequently baked in a nitrogen 

atmosphere at 120 
o
C for 1 h to remove the residual organic solvent.  
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 Characterization of the SWNT transistors: Electrical measurements were 

performed using a probe station placed in a nitrogen-filled glovebox at room temperature 

under dark conditions. The probe station was connected to Agilent E5262A Semiconductor 

Parameter Analyzer with a resolution of 5 pA. Because part of the fabrication process was 

performed in ambient conditions, the devices were annealed for 2 h at 200
o
C inside the 

glovebox to remove adsorbed water and oxygen molecules prior to measurements. 

Atomic Force microscopy: All AFM measurements were performed under 

ambient temperature and standard laboratory conditions. The AFM measurements in the 

main text where taken using Dimension V Bruker AFM System operated under tapping 

mode and using “Supersharp” tips with <5 nm tip radius, purchased from Nanosensors. The 

AFM images in the supplementary material were taken with a Bruker microscope 

(MultiMode 8 with ScanAsyst) in ScanAsyst Peak Force Tapping mode with 

SCANASYST-AIR probes having elastic constant k = 0.4 N/m, resonance frequency of 70 

kHz, and tip radius less than 12 nm (nominal 2 nm). The images were taken with a scan rate 

of 1 Hz and the resolution of 512 lines/sample. 
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Summary 

The growth of the societal demand for fast and low energy consumption 

electronics in the last few decades demands improvements of the performance of electronic 

devices together with the miniaturization of their dimensions. Nevertheless, the active 

channel material for transistors has remained unchanged by far. And the further 

advancement of conventional Si-technology is hampered by technological limits such as 

quantum tunneling, which reduces device thermal efficiency, and the complicated and 

expensive lithography processes required to further reduce the active channel size. These 

reasons force to explore alternatives, which could allow maintaining or improving the 

actual performances, with larger miniaturization, but with lower power consumption. One 

of the best candidates for these tasks are single-walled carbon nanotubes (SWNTs). 

Semiconducting single-walled carbon nanotubes (s-SWNTs) used as transistor channel 

have demonstrated extraordinary high carrier mobility of up to 100 000 cm
2
V

-1
s

-1
 compared 

to 1400 cm
2
V

-1
s

-1
 for Si. The band gaps of the sSWNTs are inversely proportional to the 

diameter (around 1nm) and are of a typical value around 1 eV, which makes them perfect 

for transistor application. The presence of a real band gap allows to turn-off the device and 

makes high on/off ratio achievable, in comparison with the other nanocarbon candidate, 

graphene. 

In order to be a good alternative for existing technologies, carbon nanotube 

transistors must meet requirements such as high mobility and on/off ratio, cheap and easy 

processability, large-scale and reproducible fabrication. Up to date, high-performance in 

carbon nanotube transistors were achieved by growing nanotubes using chemical vapor 

deposition with subsequent transfer to the substrate and contact metallization by electron 

beam lithography. Here we utilize polymer-assisted nanotubes separation for transistor 

application aiming to fabricate the high-performance device using the prepared nanotubes 

dispersion and develop scalable and reproducible SWNT deposition technique. 

 Chapter 2 explains how a simple deposition technique, such as Blade Coating, 

can significantly improve device performance by SWNT alignment. Another demonstrated 

advantage of this technique over spin-coating and drop-casting methods are better process 

scalability and reproducibility. Here we also demonstrated that the wrapping polymer not 

only influences the SWNT selection process but also the device performance itself. FETs 

based on PF12-wrapped SWNTs show almost symmetric ambipolar characteristics with an 
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equal hole and electron current branches, while the transistors fabricated with P3DDT-

wrapped SWNTs show significantly reduced electron current. 

 Chapter 3 reports a detailed study of the charge carrier transport mechanisms in 

ambipolar FETs of semi-aligned SWNTs. An anomalous temperature-dependent nonlinear 

transport behavior, observed in large-diameter SWNTs, suggests an interplay between the 

intrinsic transport of individual tubes and the percolative network properties, highlighting 

the nature of polymer-wrapped SWNTs as a complex hybrid material. 

 In order to fabricate high-performing transistors, it is very important to obtain 

SWNT inks of very high purity and concentration. Using a novel poly(2,5-

dimethylidynenitrilo-3,4-didodecylthienylene) (PAMDD) polymer we succeeded to obtain 

highly concentrated solutions of sSWNTs. Aiming to investigate the metallic content of the 

inks, we fabricated and analyzed transistors with source-drain separation not exceeding the 

average SWNT length. Chapter 4 presents a statistics over 190 fabricated 300 nm channel 

length devices with the total SWNTs number of 646. Due to the absence of shorts circuits 

during the electrical characterization, we estimate the purity of the solution to be more than 

99.9%.     

In Chapter 5 we demonstrate precise placement of SWNTs in transistor channels. 

This approach became possible due to functionalization of the polymer with side chains 

containing thiols, to obtain chemical self-assembly of the selected s-SWNTs on gold 

electrodes. Network and single SWNT field-effect transistors with various channel lengths 

were fabricated by direct chemical self-assembly of the SWNTs/thiolated-polyfluorenes on 

substrates with lithographically defined electrodes. We show remarkable 100% yield for 

single SWNT devices demonstrating at the same time high performance and reproducibility 

over all devices. Noteworthy, the SWNTs assembled by mean of the thiol groups are stably 

anchored to the substrate and are resistant to external perturbation as sonication in organic 

solvents. 
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Samenvatting 

De groeiende vraag naar snelle, energiezuinige elektronica in de laatste decennia 

vereist verbeterde elektronische apparaten die tevens kleinere afmetingen hebben. 

Desalniettemin is het materiaal voor het actieve kanaal voor transistoren ongewijzigd 

gebleven. De verdere groei van de conventionele Si-technologie wordt belemmerd door 

technologische limieten zoals het kwantum tunneleffect, dat de thermische efficiëntie van 

de apparaten vermindert, en de ingewikkelde en dure lithografische processen die vereist 

zijn om het actieve kanaal verder in grootte te reduceren. Dit heeft geleid tot onderzoek 

naar alternatieven die ervoor zouden kunnen zorgen dat de apparaten minimaal 

gelijkwaardig blijven in prestaties, terwijl hun dimensies en energieverbruik verminderd 

worden. Een van de beste kandidaten hiervoor zijn enkelwandige koolstofnanobuizen 

(SWNTs). Transistorkanalen gemaakt van halfgeleidende enkelwandige 

koolstofnanobuizen (s-SWNTs) hebben ladingsdragers met een buitengewoon hoge 

mobiliteit (tot wel 100 000 cm
2
 V

-1
 s

-1
) vergeleken met Si (1400 cm

2
 V

-1
 s

-1
). De 

bandkloven van de sSWNTs schalen omgekeerd evenredig met de diameter van de buizen 

(ongeveer 1 nanometer). Een typische waarde voor de bandkloof ligt rond 1 eV, wat een 

perfecte waarde is voor het gebruik in transistoren. De aanwezigheid van een echte 

bandkloof maakt het mogelijk om de apparaten uit te schakelen en daardoor is een hogere 

aan-uit-verhouding mogelijk dan voor het andere nanokoolstof-alternatief grafeen. 

Om een goed alternatief te zijn voor bestaande technologieën moeten 

koolstofnanobuizen voldoen aan een aantal vereisten als een hoge mobiliteit en hoge aan-

uit-verhouding, en ze moeten op een goedkope, gemakkelijke en reproduceerbare manier op 

grote schaal verwerkt kunnen worden. Tot op heden werden hoogwaardige 

koolstofnanobuistransistoren gemaakt door het groeien van de nanobuizen met behulp van 

chemische dampdepositie, gevolgd door het aanbrengen op een substraat en het maken van 

de contacten met elektronenstraallithografie. In dit werk maken we gebruik van nanobuizen 

die middels polymeren gescheiden zijn. Het doel was om hoogwaardige transistoren te 

maken met de geprepareerde nanobuizendispersie en om een reproduceerbare en schaalbare 

techniek te ontwikkelen voor het maken van FETs.  

Hoofdstuk 2 beschrijft hoe een simpele techniek voor het aanbrengen van de 

nanobuizen, zoals blade coaten, kan leiden tot een significante verbetering in de prestaties 
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van de apparaten door middel van het ordenen van de SWNTs. Het is aangetoond dat deze 

techniek tot een betere reproduceerbaarheid en opschaling van het proces kan leiden dan 

alternatieven als spincoaten en drop-casten. Later demonstreren we dat het omwikkelen van 

de SWNT met polymeren niet alleen het selectieproces van de SWNTs beïnvloedt, maar 

ook de prestaties van het apparaat. FETs gemaakt van met PF12 omwikkelde SWNTs laten 

bijna symmetrische ambipolaire karakteristieken zien, waarbij de stroomcurves van de 

gaten en elektronen gelijk zijn. Dit is in contrast met de SWNT-transistoren waarbij 

P3DDT als polymeer gebruikt is: deze hebben een significant lagere elektronstroom. 

Hoofdstuk 3 omvat een gedetailleerde studie over het mechanisme achter het 

transport van de ladingsdragers in ambipolaire FETs van SWNTs die semigeordend zijn. 

Het abnormale temperatuursafhankelijke niet-lineaire transport in SWNTs met een grote 

diameter suggereert een wisselwerking tussen het intrinsieke transport van individuele 

buizen en de eigenschappen van het percolerende netwerk. Dit toont aan dat polymeer-

omwikkelde SWNTs een materiaalsoort is met een complexe, hybride aard. 

Voor het fabriceren van hoogwaardige transistoren is het heel belangrijk om pure 

en geconcentreerde SWNT-inkten te kunnen produceren. Met behulp van een nieuw 

polymeer, poly(2,5-dimethylidynenitrilo-3,4-didodecylthienylene) (PAMDD), slaagden we 

erin om sSWNTs-oplossingen met hoge concentratie te maken. Om een schatting te maken 

van het aantal metaalachtige soorten in de inkten fabriceerden en analyseerden we 

transistoren waarbij de afstand tussen de bron- en afvoerelektrode niet groter was dan de 

gemiddelde lengte van een SWNT. In Hoofdstuk 4 staan statistieken van meer dan 190 

apparaten met kanalen van 300 nm lengte, met een totaal aantal SWNTs van 646. Vanwege 

het feit dat er geen kortsluiting optrad tijdens de elektrische karakterisatie schatten we de 

zuiverheid van de oplossing hoger dan 99.9%. 

In Hoofdstuk 5 demonstreren we de precieze plaatsing van SWNTs in het kanaal 

van de transistor. Deze aanpak was mogelijk door de functionalisatie van het polymeer met 

thiolhoudende zijketens, wat in chemische zelfassemblage van de geselecteerde sSWNTs 

op gouden elektrodes resulteerde. Door middel van directe chemische zelfassemblage van 

de SWNTs/thiolhoudende polyfluorenen op substraten met lithografisch gedefinieerde 

elektrodes fabriceerden we veldeffecttransistoren, bestaande uit een netwerk van SWNTs of 

één enkele SWNT, met verscheidene kanaallengtes. We demonstreren een opmerkelijke 

opbrengst van 100% voor apparaten met slechts één SWNT, waarbij alle apparaten 
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gekenmerkt zijn door een hoog vermogen en een hoge reproduceerbaarheid. Het is 

opmerkelijk dat de SWNTs die geassembleerd zijn met thiolgroepen stabiel verankerd zijn 

aan het substraat en dat deze bestand zijn tegen externe perturbatie zoals sonicatie in 

organische oplosmiddelen. 
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