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Chapter 1

Introduction

1.1 Semiconductors: the past, present and future of all
electronics

A
s Moore once stated: ”The future of integrated electronics is the future of electronics
itself”. [1, 2] He predicted that the number of transistors on a chip would double

every two years, as it has been the case ever since. Costs have gone down, and per-
formances increased almost exponentially. Electronic technology surrounds us every
day and everywhere, usually even without us noticing it. However, several notable
challenges lie ahead. The transistor size decrease leads to an insurmountable leak-
age of electrons via tunnelling effects as the transistor dimension approaches the De
Broglie wavelength. [3] Additionally, the increase in the number of transistors leads
to increased power consumption. Combined with the previously mentioned leak-
age of charge carriers, this results in an increased heat dissipation which ultimately
can damage the chip. [4] Currently, the smallest commercial chips are being com-
posed using the EUV platform. [5] The smallest elements on these chips are ≈ 7 nm.
However, the transistor itself is significantly larger (≥ 2× ≈ 7 nm). [6] Therefore, al-
ternative materials are being studied continuously. One such material is carbon nan-
otubes (CNT). There exist two types of CNT: single-walled carbon nanotubes (SWCNT)
and multi-walled carbon nanotubes (MWCNT). From an electrical point of view, only
the SWCNT are interesting, as they can be semiconductive. Instead, MWCNT always
behave metallic and can be interesting for electrode engineering or as a composite
material. SWCNT are great candidates for replacing silicon semiconductors and fu-
ture downscaling of integrated electronics, as their smallest scales approximates the
≈ 1 nm range.

Crucial for potential application of SWCNT in electronic and optoelectronic de-
vices is obtaining a high purity of semi-conductive single-walled carbon nanotubes (s-
SWCNT). Due to the existence of a bandgap in s-SWCNT, they are highly attractive
compared to competing carbon materials (e.g. the semimetal graphene) for electronic
and opto-electronic applications. [7]

A strong advantage of s-SWCNT comes from their solution-processable proper-
ties. This implies a significant impact on a wide variety of applications requiring
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large-area coverage, mechanical flexibility, low-temperature processing, and low-
cost manufacturing. [8]

1.2 Carbon nanotubes and their exciting properties

1.2.1 Discovery of carbon nanotubes

The discovery of carbon nanotubes happened by accident, as it often has been the
case with great inventions in human history.
In a joint project of Sir Harold W. Kroto, Bob Curl, and Rick Smalley, they aimed to
study the formation of carbon molecules by simulating a red giant’s environment,
an extremely stable carbon allotrope was discovered. This allotrope consisted of 60
carbon atoms and had a structure similar to a soccer ball; and so, the buckminster-
fullerene was born. [9] Needless to say, this sparked scientific interests around the
world. This C60 molecule showed interesting properties and could potentially be
of particular importance for the implementation in optoelectronic devices. In 1991,
Sumio Iijima performed experiments with a setup similar to that of Kroto et. al. ,
but with some slight modifications. The cathode and anode were now separated by
some distance instead of staying in contact, resulting in a spark. During the reac-
tion, carbon needle-like structures were growing on the cathode. [10] These became
known as carbon nanotubes. However, this was possibly not the first reported case.
It would only be fair to mention the sighting of nanosize carbon tubular filaments
by Radushkevich and Lukyanovich in 1952. [11] Unfortunately, these findings were
shielded from the world for a long time by the Iron Curtain.

1.2.2 Dive into the basics: graphene

SWCNT can be visually constructed by rolling up a sheet of graphene. The electrical
properties of SWCNT find their origin in the properties of graphene. Therefore, to
fully understand the electrical characteristics of SWCNT, it is imperative to describe
those of graphene first.

Graphene is an arrangement of sp2 hybridized carbon atoms in a honeycomb
lattice, as displayed in Figure 1.1. The spacing between the carbon bonds are aC−C ≈
1.42 Å. [12] The Bravais lattice can be constructed as shown by the dashed lines in
Figure 1.1a.

Based on this, the primitive unit cell is easily defined as an equilateral parallelo-
gram with sides equal to the graphene lattice constant a0 =

√
3aC−C ≈ 2.46 Å. [12]

Primitive lattice vectors can then be defined as:
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Figure 1.1: (a) Real-space graphene lattice in stick(σ-bond) ball (carbon atom) notation.
Within the red dashed lines (Bravais lattice representation) lies the primitive unit cell with
unique atom sites A and B. (b) Reciprocal lattice of graphene, with grey shaded the Brillouin
zone. Depicted are the high-symmetry points Γ, K and M .
In some cases, a distinction is made between the K-point and K′-point. For simplicity, we
will only refer to both of them using K. Figure adapted from [12].

~a1 =

(√
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2
,
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2

)
and ~a2 =

(√
3a

2
,−a

2

)
(1.1)

where | ~a1| = | ~a2| = a0.
As the reciprocal lattice, shown in Figure 1.1b, is also hexagonal, the reciprocal

lattice vectors can be easily found by applying a 90◦ rotation from the real space
lattice:

~b1 =

(
2π√
3a
,

2π

a

)
and ~b2 =

(
2π√
3a
,−2π

a

)
(1.2)

where
∣∣∣~b1∣∣∣ =

∣∣∣~b2∣∣∣ = 4π√
3a

.
In order to describe electronic bands, the Brillouin zone can be examined. As de-

picted in Figure 1.1b, the Brillouin zone is also hexagonal. The sides have a length

of bBZ =
|~b1|√

3
= 4π

3a and the total area is equal to 8π2
√

3a2
. There are 3 points of sym-

metry, specifically Γ, K and M . [13] These points play a crucial role in describing the
energetic structure of graphene.

Based on its chemical nature, graphene can be considered one single very large
carbon molecule. Therefore, when linearly combining atomic orbitals, a standard
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technique, can be applied to describe the electronic structure: the tight-binding
model. Around the Fermi energy level (EF ) the electronic states show a linear
dispersion. Only in case of a parabolic dispersion, the (nearly-)free electron
model would present the superior choice. For simplicity, two assumptions are
incorporated. First, the wave-function of an electron only overlaps with its nearest
neighbour (i.e. nearest-neighbour tight-binding model). Secondly, close to EF
electron-hole symmetry applies: πe− and πh+ energies are approximately mirroring
each other. Therefore, the energy of the π-orbitals of graphene can be analytically
described by equation 1.3. [12]

E(~k)± = ±γ

√
1 + 4 cos

√
3a

2
kx cos

a

2
ky + 4 cos2

a

2
ky (1.3)

where a = a0 and γ ≈ 3.1 eV.
The dispersion relation is numerically calculated in ~k-space and plotted in Fig-

ure 1.2. The six Dirac-points depicted there correspond to the high-symmetry K-
points, as mentioned earlier. Since these points coincide with the place where the va-
lence band touches the conduction band, no bandgap exists (EG = 0 eV). Graphene
is therefore to be considered a semi-metal, from an electrical perspective.

Now that the basics were discussed, the system can be transformed. Suppose
graphene is like a pancake, baked in an evenly-spaced indented grill. While rolling
up this pancake, the indentations in the graphene either line up or mismatch, de-
pending on the rolling angle, causing chirality. The SWCNT can be a left-handed or
right-handed enantiomer, even though this has not known to have significant impli-
cations for charge transport due to symmetry reasons. This similarity is also valid
for the electronic structure. SWCNT are often described as a single graphene sheet
(which is a 2D system) which is rolled up to form a cylinder (a 1D system) with a
diameter between 0.3 nm to 4.5 nm. [13–15] It is difficult to define the shortest single-
walled carbon nanotube. Still, as a ’building block’, one could consider the carbon
nano-hoop structure as synthesised by Jasti et. al. [16] However, this is obviously
not a conventional 1D system with charge transport along the tube axis, as there is
no tube but a ring instead. Today, the longest single-walled carbon nanotube has a
length of 550 mm. The length to diameter ratio can reach values above 1.8× 109. [17–
19] Therefore, dangling bonds and end caps at the extremes of the carbon nanotube
can often be ignored in order to simplify the electronic description of the SWCNT.
In SWCNT, electrons are quantum confined in two directions, induced by the 1D na-
ture of the system. This gives SWCNT their interesting and unique properties. [20]

Depending on the rolling direction from graphene to nanotube, or chirality, key
physical properties are changed. An important parameter to describe these physical
properties is the chiral vector, or ~Ch (equation 1.4). All SWCNT can be described
using this vector.
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b)a)

Figure 1.2: 2-Dimensional Energy dispersion relation of graphene numerically calculated
and plotted using a nearest-neighbour tight-binding model in Python. The top half (positive
ε values) represents the πh+-band energies and the bottom half (negative ε values) the πe−-
band energies. Six Dirac points are depicted in the centre, where the valence- and conduction
bands meet.

~Ch = n ~a1 +m ~a2 (1.4)

~a1 and ~a2 are the real-space graphene lattice unit vectors, and (n,m) the transla-
tion indices under the hexagonal lattice. The endpoints of ~Ch are superimposed on
each other, giving it a length of

∣∣∣ ~Ch

∣∣∣. This length scales with the carbon nanotube
diameter d using the relation given in equation 1.5.

d =

∣∣∣ ~Ch

∣∣∣
π

=
a0

π

√
n2 + n ∗m+m2 (1.5)

More importantly, the angle (θ) of the chiral vector yields fundamental implica-
tions for the electronic landscape of the SWCNT. The angle is described by equa-
tion 1.6.

cos(θ) =
~Ch ∗ ~a1∣∣∣ ~Ch

∣∣∣| ~a1|
(1.6)

Here, chiral indices (n,m) need to be 0 ≤ n ≤ m. In fact, n can be larger than
m, but this only mirrors the electric properties over the rolling sheet, resulting in
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Figure 1.3: Illustration of the honeycomb structure of the graphene sheet. ~a1 and ~a2 are the
lattice vectors. The chiral vector and angle for an (8, 7) s-SWCNT is displayed as ~Ch(8, 7) and
θ. Illustrated in blue are the zigzag and armchair SWCNT. Potential chiral vector endpoints
are encircled in red for metallic species, and green for semiconducting species.

an enantiomer of the SWCNT. For simplicity, the (n,m) indices are considered as
described above, since there is no consequence for the density of states (DOS). Addi-
tionally, the chiral angle θ is constrained by 0◦ < θ < 30◦ due to hexagonal symme-
try. [21]

s-SWCNT can be divided into three groups, based on the chiral angle θ. First,
when θ = 0◦, as a consequence, m = 0 holds true. These SWCNT are zigzag tubes
(always semi-conductive). Around their circumference they have a zigzag structure
(see Figure 1.3). When θ = 30◦, it follows that as a direct consequence n = m holds
true. Those SWCNT are known as armchair tubes (always metallic). Lastly, there
remains chiral SWCNT when n! = m! = 0. As a rule-of-thumb, when |n − m| =

3q, q ∈ N holds true, then the chiral SWCNT is metallic, otherwise it behaves semi-
conductive. [22, 23]

Crucial for an in-depth understanding of the electronic behaviour of SWCNT is
knowing the DOS. The DOS is directly related to the band structure. For SWCNTs,
the band structure can be defined by considering the cross-section of the energy
dispersion of graphene (Figure 1.2a) combined with the allowed ~k⊥ for SWCNT.
Figure 1.4 displays the band structures for a selection of SWCNTs. When the Dirac
points (K-points, Figure 1.2b) of graphene cross this ~k⊥, the anti-bonding π∗-orbitals
(conduction states) and π orbitals (valence states) touch or cross at the Fermi level.
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In this case, no energy gap exists between the two bands, i.e. EG = 0 eV. There-
fore, this SWCNT behaves metallic. In all other cases, there does, in fact, exist an
energy gapEG > 0 eV originating from the two parabolic bands in the dispersion re-
lation. [24] This results in s-SWCNT. Using the tight-binding model approximation,
in agreement with confinement arguments, the bandgap EG for these species scales
inversely proportional to the diameter of the SWCNT. [20]

As charge can only propagate along the carbon nanotube axis, the wave vector
~k‖ is continuous. The perpendicular vector ~k⊥, however, has to obey certain periodic
boundary conditions along the circumference. Therefore, ~k⊥ is quantized. [25] This
is the case for all 1D systems. As direct consequence, sharp peaks, called van Hove
singularities, appear in the DOS of the SWCNT (Figure 1.4). [26] The position of these
van Hove singularities depends on chirality by scaling directly with 1/d.

1.2.3 Carbon nanotube synthesis methods

Physical properties of carbon nanotubes are susceptible to the synthesis method
used. It remains challenging to obtain carbon nanotubes on a low-cost and large-
scale basis while guaranteeing high product quality. In light of various techniques
which became available, it is possible to produce large quantities of product with a
low density of structural defects. However, control over the chirality and following
electronic properties remains challenging. Semiconducting species are preferred, but
one often obtains a mixture with metallic species and carbon contaminants. Depend-
ing on the method used, chirality and diameter distribution can somewhat be con-
trolled. However, the outcome varies in quality, quantity, size distribution, and pu-
rity. Contaminants are often presented in the form of amorphous carbon, fullerenes,
and catalyst; and as a consequence, further purification is required. Additionally,
as-synthesised carbon nanotubes contain both semiconducting and metallic species;
therefore, a separation step is required. Otherwise, commercial applications will re-
main limited to their mechanical properties only. [27, 28]

The first synthesis method ever to be developed is electric arc-discharge (AD),
also known as spark-orbit (SO). [29–32] Typically, a direct current of 50 A to 100 A
at a bias of 20 V to 25 V is applied in inert atmosphere to two electrodes. Due to the
resulting high current, one of the electrodes (the anode) vaporises. This anode con-
sists of a carbon precursor, often along with a catalyst. Usually, the cathode consists
of pure graphite. The required amount of current to vaporise the anode scales with
the thickness of the electrode. The resulting carbon nanotubes show few structural
defects, but the yield is low. [33] In order to increase yields, the process was opti-
mised over time. [34, 35] To increase the yield for s-SWCNT even further, often the
anode electrode is mixed with metals functioning as catalyst (i.e. Fe, Co, Ni, and Y).
A mixture is obtained consisting of a variety of side-products as well as, e.g. , cat-
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Figure 1.4: At the left-hand side of each panel, the dispersion relation showing several en-
ergy bands in k-space as obtained using the tight-binding model is plotted On the right-hand
side, the density of states is plotted. The sharp peaks correspond to van Hove singularities.
(a) Zigzag (semiconducting) SWCNT (5,0), (b) Armchair (always metallic) SWCNT (6,6), (c)
Chiral semiconducting SWCNT (8,7) and (d) Chiral metallic SWCNT (8,8)

alyst, pyrolytic graphite, and closed graphite nanoparticles. [36] Therefore, further
processing is required to purify the product. The resulting carbon nanotubes are
often labelled SO-nanotubes and have a diameter of ≈ 1.5 nm. Their length ranges
from 1 µm to 5 µm.

Another, somewhat similar, method is the use of laser ablation to vaporise a solid
source of graphite. [37–40] Intense localised heating of the target surface, caused by
an intense laser beam, results in the high-velocity ejection and evaporation of mate-
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rial, forming carbon vapours. Depending on the composition and condition of the
target, as well as laser parameters, the rate and extent of ablation can be controlled.
Under optimal vacuum conditions, the material reaches velocities of several km s−1.
By varying gas pressures, the carbon vapour slows down and condensates on the
walls, forming the SWCNTs by self-assembly. When mixing catalysts such as the
ones used in the arc-discharge method within the graphite target, the final product
contains a large amount of SWCNT. [41] Other compounds are produced as well,
i.e. diamond, fullerenes, amorphous carbon and MWCNT. [9, 42] Interestingly, for
fullerene production, a very strong temperature dependence is observed.

A different method of CNT synthesis is based on chemical vapor deposition
(CVD). [43–48] Thermal decomposition of a gaseous hydrocarbon is performed
under inert atmosphere using a plasma (plasma-enhanced CVD) or resistance coil
(thermal CVD) in presence of a catalyst. [49] The hydrocarbon flows over a metal
catalyst similar as to the arc-discharge method. [45, 46] Due to high amounts of semi-
conducting SWCNT over metallic species (≈ 2/3 s-SWCNT/metallic single-walled
carbon nanotubes (m-SWCNT)), CVD is the most popular synthesis method. [49–51]
Various catalytic chemical vapor deposition (CCVD) exist, using different catalyst for
the large-scale production of different diameter SWCNT. Two major CVD methods
are CoMoCAT and HiPCO.

During the CoMoCAT method, Co and Mo are used as catalysts. [52] CO is dis-
proportionated at a temperature of 750 ◦C to 900 ◦C. Undesired carbon forms are
inhibited from forming by the Co – Mo formulation. As the reaction progresses, Co
is reduced from oxide to metallic state, while Mo is converted to Mo2C. While Co
activates CO, Mo stabilises the reduction of Co acting as carbon reservoir. This mod-
erates the carbon growth that would result in the formation of undesirable prod-
ucts. This technique gives rise to SWCNT with a diameter range of 0.7 nm to 0.9 nm,
but this range can be fine-tuned by merely varying operation conditions. Advan-
tages of this method lie in the fact that it can be easily scaled up while maintaining
the SWCNT quality constant.

Another CVD method is the high-pressure carbon monoxide disproportionation,
or HiPCO. [53, 54] Here, CO in gas phase is flowing continuously over the catalyst
Fe(CO)5 under a pressure of 30 bar to 50 bar and temperature ranging from 900 ◦C
to 1100 ◦C. The catalyst decomposes thermally, after which the Fe atoms condense
into clusters. These clusters then form the nucleation spots for s-SWCNT to grow
through CO disproportionation, forming CO2 and SWCNT with a diameter range
of 0.8 nm to 1.2 nm. Also, over the course of several years, novel commercial meth-
ods have been developed. Among them is the Tuball process. SWCNT produced by
this method are the cheapest on the market, and their diameters are in the range of
1.4 nm to 2.2 nm. [55] Alternatively, Plasma-torched discharge (PD) SWCNT have a
low defect density and long lengths as compared with other sources. [34, 56, 57] The
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Figure 1.5: (a) Schematic representation of gel chromatography. Reprinted with permission
from [70]. Copyright c© (2009), American Chemical Society. (b) Resulting SWCNT dispersion
and absorption spectra after density gradient ultracentrifugation (DGU). Reprinted with permis-
sion from [71]. Copyright c© (2006), Springer Nature. (c) Simulated polymer wrapping of
a SWCNT. Copyright c© (2020), Arjen F. Kamp.

diameters lie in the range of 1.2 nm to 1.6 nm and the output can reach a volume in
the range of kg per day. [58] Finally, the novel e-DIPS is a CVD-based method only
recently commercialised. Unique in this method is the use of two different carbon
sources.[59] It uses typically gaseous toluene as a primary carbon source. In order
to control the nanotube diameter, gaseous ethylene is used as a secondary carbon
source and is mixed with the first. When combined with a catalyst, this mixture
is fed into a reactor, where the carbon sources thermally decompose and react at a
temperature of 1200 ◦C.

As mentioned earlier, carbon-nanotubes as-synthesised are not directly suitable
for implementation in electronics. The obtained material consists of a mixture of
semiconducting and metallic species, as well as (carbon)contaminants and catalyst
remains. [60–64] Small-scale CVD growth can already yield a purity of ≥ 95 %. [65–
67] For electronic applications, however, a high density of s-SWCNT with a purity
of ≥ 99.999 % is required. [68, 69] In light of this, it is imperative to further sort the
semiconducting species from the mixture with the metallic tubes. The next section
gives an overview of the available sorting methods.

1.2.4 Sorting semiconducting from metallic single-walled carbon
nanotubes

Various techniques are available for post-growth processing of SWCNT. They can be
categorised into two main categories based on two functionalisation mechanisms;
covalent or non-covalent. [72] For covalent functionalisation, the side-walls of the
tubes are modified, or their ends are opened or capped. [73, 74] Studies are showing
selective reactions discriminating based on the electronic structure. [74, 75] How-
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ever, apart from changing properties like solubility, covalent functionalisation is
also changing the electronic properties of the SWCNT. The induced defects follow-
ing from these processes can inhibit ballistic transport. Alternatively, non-covalent
methods are available. The earliest and most successful strategies make use of sur-
factants to disperse the SWCNT into a medium. Examples are sodium dodecylben-
zene sulphonate (SDBS) [76], sodium cholate (SC) [71], and sodium dodecyl sulphate
(SDS) [77] in water. These surfactants act as a traditional detergent. The molecules
have a hydrophilic head that interacts with the water, and a hydrophobic tail which
interacts with the carbon nanotube wall, creating a suspension. This technique al-
lows for isolating and solubilising individual nanotubes, as the SWCNT have a natu-
ral tendency to form bundles and aggregate due to van der Waals interaction. How-
ever, a major drawback of this method lies in the lack of differentiation between
semiconducting and metallic species. Nevertheless, a first barrier is broken as for a
proper understanding of the physical properties of a SWCNT, these nanotubes first
need to be individualised. An advantage of solution-processed SWCNT lies in the
fact that they can be deposited directly into networked forms over large area on (de-
formable) substrates, maintaining high uniformity. In time, many techniques have
been developed for sorting and separating s-SWCNT from m-SWCNT [70, 71, 78–
87] and they have been extensively compared. [62, 83, 88, 89] The following section
briefly introduces four methods of non-covalent solution-based s-SWCNT selection
techniques.

Once SWCNT have been dispersed using surfactants, they need to be sorted
to separate semiconducting from the metallic species. One method to do so is
electrophoresis. This technique makes use of different electrical polarisabilities
of SWCNT species since these differences between the semiconducting and metal-
lic SWCNT are the largest in most cases. As an alternating electric field is applied,
the metallic SWCNT migrate towards the electrodes while in solution. The semicon-
ducting species remain stationary. [90] The throughput and therefore scalability of
this method remain limited.

Another method of sorting SWCNT on electronic structure is based on density
gradient ultracentrifugation (DGU) (Figure 1.5b). [71, 83] This technique makes use of
different densities between SWCNT species. After a surfactant is added, the SWCNT
mixture is loaded into a medium with a known density gradient. As large diameter
nanotubes generally have a lower density than smaller species, a multicolored so-
lution is obtained. Different colours indicate the representing bandgaps of different
carbon nanotube diameters. There have been reports of achieving successful sepa-
ration based on electronic properties using a mixture of SDS and SC as surfactants.
The interactions of these two surfactants are different for nanotubes with different
polarizability. [71] The position of the different layers in the medium can be tuned
by variation of the surfactant ratio. [91] This method can yield solutions containing
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≈ 99 % purity of s-SWCNT. [92]
Yet another method, which was invented in the last two decades, is gel chro-

matography (Figure 1.5a). [70, 81, 82] As part of this technique, a gel is used as a
medium, while several different columns are vertically connected in series. After be-
ing dispersed by a surfactant, SWCNTs are inserted on top of the first column com-
bined with an allyl dextran based gel. [93] Two effects are important here: i) The sur-
factant coverage varies with the curvature of the SWCNT; ii) Additionally, the mag-
nitude of the van der Waals force between the SWCNT and the gel influences their
interaction. Therefore, the nanotubes are absorbed into different columns to control
for the variation in interaction between each carbon nanotube species and the gel;
that is, essentially for separating SWCNT over their different curvatures. The car-
bon nanotubes with the largest interaction strength thus remain in the column. [82]
The purity of the obtained solutions varies per chromatography cycle. After one
cycle this process can yield ≈ 95 % purity. [70] This has proven to be an effective
size exclusion method for length, diameter, and electronic type sorting as large-scale
separation for small diameter SWCNT (≤ 1.2 nm) can be performed. [82, 94]

The final and most promising technique entails polymer wrapping (Fig-
ure 1.5c). [84, 85] This technique is praised for its scalability, chirality-selectivity,
simplicity, and efficiency. Selective solubilisation of semiconducting SWCNTs is
achieved easily by this method, thus obtaining very stable inks. [95] This is the
method used to obtain s-SWCNT inks throughout the course of this research.
As early as 1998, Curran et. al. reported the first attempt to solubilize SWCNT
using polymers. [96] In 2003 Zheng et. al. tried utilizing single-stranded DNA
(ss-DNA). [78, 97] It was reported that π − π stacking could bind the aromatic
nucleotide of the ssDNA to the carbon nanotube walls, forming helical structures
wrapping the SWCNT. [79, 80] A broad range of SWCNT could be selected with
great efficiently and could after that be isolated by varying the sequence of the
ssDNA. [98] It was not until 2003, however, that Nish et. al. reported for the first time
a successful separation of s-SWCNT from m-SWCNT using π-conjugated polymers
in an organic solvent. [99] Additionally, it has been shown that both SWCNT
enantiomers can be separable by polymer wrapping in an isolated manner. [100] All
these techniques have matured over the past two decades and, as a consequence,
99.99 % pure semiconducting SWCNT dispersions based on the polymer wrapping
technique are now commercially available. [101]

As chapter 2 describes the full experimental procedure in detail, a schematic de-
scription of the procedural steps is presented in Figure 2.1a. First, the π-conjugated
polymer is to be fully dissolved in an organic solvent. After this, the solution is
mixed with raw SWCNT as obtained from the manufacturer. The SWCNT will
initially form bundles due to the van der Waals interactions originating from their
walls. To counter this, an ultrasonication of the mixture is performed. During this
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process, SWCNT are individualised and wrapped by polymer chains. A stable hy-
brid can only be formed if the interaction of the SWCNT:polymer is higher than the
interaction of the individual components with the solvent.

This complex process is still not fully understood and remains to date a topic of
discussion. Nish et. al. proposed that the polymer backbone is a major contribu-
tor since the interaction of π-electrons between the two systems is dominating. [84]
Gao et. al. showed that the conjugated polymer wraps in a helical conformation
around the carbon nanotube. [102] Additionally, it was demonstrated by Gomulya et.
al. that the alkyl chains of the polymer play a significant role as well. They stabilise
the complex and allow for selection on the diameter of the SWCNT. [103]

Also, it has been proposed by Shea et. al. that the polarizability of the SWCNT is
shielded by the coverage of the carbon nanotube wall by the polymer. This screen-
ing is reported to be proportional to the coverage. [104] Partially covered s-SWCNT
can still be individualized, in contrast to m-SWCNT of similar coverage. Metal-
lic SWCNT re-aggregate into bundles as they have a higher polarizability. [105, 106]
To date, s-SWCNT have successfully been dispersed and selected by many different
π-conjugated systems. Chiralities and dispersion yields can be selectively tuned as a
function of the backbone structure, the length of alkyl chains, and other groups. [85,
107–112]

After successful individualisation of the s-SWCNT, the solution still contains a
mixture of s-SWCNT, m-SWCNT, free polymer chains, and possible heavy contami-
nants (such as catalysts used for CNT synthesis). A centrifugation step is required to
extract the s-SWCNT dispersion from this mixture. Individual s-SWCNT, together
with a relatively large amount of free polymer, remain in the supernatant as the more
weighted elements including the m-SWCNT bundles and contaminants form a pel-
let. [102, 113] At this point, a crucial step takes place: entailing a maximum extraction
of the supernatant while at the meantime being conservative in order to avoid any
pollution from the pellet. By now, the selection process is completed.

A major step towards the industrial application of s-SWCNT inks was taken by
discovering the as-selected s-SWCNT ink can be enriched. An additional enrich-
ment step was included, consisting of centrifugation for a longer period of time at
greater speed. Wrapped s-SWCNT are forced to precipitate while the excess poly-
mer remains in the supernatant. [114] The pellet containing highly-pure s-SWCNT
can be re-dispersed into a new solvent, obtaining a high-quality ink. Recently, we
found that using a different solvent, the quality of the ink improved. [95] Chapter 2
describes this finding in detail. After primary characterisation of the ink, small ad-
justments can be made to the concentration of s-SWCNT. The ink is now ready to be
used in the fabrication of electronic components.
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1.2.5 Primary optical characterisation of the semiconductive single-
walled carbon nanotubes ink

The optical characterisation is one of the most effective methods to obtain informa-
tion about s-SWCNT inks. Semiconducting and metallic SWCNTs exhibit different
electronic features due to their variation in quantum confinement. As part of the
preparation and fabrication process, a first step after obtaining the ink is sampling
the UV-Vis absorption spectrum. Absorption spectroscopy yields a great amount
of information regarding ink quality and the presence of SWCNT species. In fact,
each carbon nanotube species exhibits a unique absorption peak at a specific wave-
length due to their van Hove singularities. This allows for fingerprinting their elec-
tronic nature. Both the chirality and the diameter play a role in the absorption tran-
sition visible in the spectrum. The environment, mainly comprised of the solvent
and the polymer used to wrap the SWCNTs, can cause a shift in the absorption en-
ergies. [115] An example is shown in Figure 1.6, where differences between HiPCO
(diameter≈0.8 nm to 1.2 nm) and SO (diameter≈1.2 nm to 2.0 nm) carbon nanotubes
are clearly visible. In both cases, first-order (E11) and second-order (E22) semicon-
ducting transitions are visible. Metallic species should give transitions in the M11

range, but are in both cases absent or overlap with the polymer absorption. Well-
individualised SWCNTs yield a sharp absorption peak, representing its distinct chi-
rality. In contrast, bundled SWCNT show a broadening of electronic transition due
to their enhanced interactions. In this case, it is more challenging to differentiate
between the various species. Also, information about the interaction between the
carbon nanotubes and the polymer, i.e. the SWCNT:polymer hybrid, can be found in
the absorption spectra. Upon planarisation of the polymer and as result of its interac-
tion with the SWCNT, a double peak appears at ≈ 500 nm in case for polythiophene
derivatives (Figure 1.6). [116]

An extra important characterisation for the SWCNT inks, is the photolumines-
cence (PL) spectroscopy. As bundling of SWCNT and interactions with the polymer
and the solvent highly influence their electronic state, the PL intensity is heavily in-
fluenced by the nature of the SWCNT. Steady-state (SS) PL can, similar to absorption
spectroscopy, yield information about the availability of carbon nanotube species
and their concentration within the ink. Additionally, time-resolved (TR) PL can be
performed to gather information about decay pathways, interaction of the SWCNT
with polymer and other SWCNTs, and the purity of the ink. For inks that contain m-
SWCNT or bundled, not well individualised, s-SWCNT the number of available
pathways increase. Therefore, the TR-PL lifetime decreases. [117]

Due to their superior charge carrier transport, high stability, and solution-
processable nature, s-SWCNT are a suitable material candidate for the next
generation of (opto)electronic devices. Therefore, the actual fabrication of these
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E33

M22

Figure 1.6: Absorption spectra from SWCNT:polymer hybrids for both HiPCO:P3DDT (top,
red) and SO:P3DDT (bottom, black) inks as dispersed in o-xylene. Indicated by circles are the
double-peaks resulting from the P3DDT polymer backbone planarization due to its interac-
tion with the SWCNT walls. The M11 and M22 highlighted regions denote the range where
respectably the first and second metal transitions occur. Similarly, the E11, E22 and E33 re-
gions indicate the range for the first, second, and third energetic transitions.

devices demonstrates the ultimate characterisation method. The purity of the inks
can be probed by, for example, the fabrication and characterisation of field-effect
transistors (FETs). The next section describes the working principle of the FET, as
well as its primary characterisation methods.

1.3 The fundamentals of hybrid perovskites

Another emerging class of semiconducting materials, which is very promising for
optoelectronic applications, is the one of metal halide perovskites. [118] Among the
advantages of this class of materials should be mentioned the easy synthesis from so-
lution, the bandgap tunability and the elevated charge carrier diffusion length. [119,
120]

Generally, these crystal structures can be described by the formula ABX3; where
A is a monovalent cation, B is a bivalent metal cation, and X is the halide anion.
They form octahedrons of composition BX6, which are arranged in a corner sharing-
position with A enclosed by eight octahedra (Figure 1.7). When the ions composing
the structure are of adequate dimensions (vice versa), a 3D structure is formed.

By tuning the chemical and structural composition of the metal halide per-
ovskites, the bandgap can be tailored over a large portion of the visible spectrum.
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Figure 1.7: Schematic representation of an ABX3 metal halide perovskite crystal. The A-
site (green) is often occupied by MA+ (methylammonium, CH3NH3

+), FA+ (formamidinium,
NH2CH –– NH2

+) or Cs+. On the B-site (white) resides a metal compound (either Pb2
+ or Sn2

+).
Finally, on the X-site (red) sits a halide (Cl– , Br– or I– ).

Two are the strategies mostly used to tune the bandgap of these systems: 1) Variation
of the halides; and 2) reducing the dimensionality of the electron delocalization by
tuning the crystal structure. Generally, the use of smaller halides (I > Br > Cl)
yields a widening of the bandgap of the overall material. [121] Alternatively, the
quantum confinement can be changed by restricting the crystal size in one or more
dimensions. [122–124] This can be achieved by synthesizing nanocrystals or by
incorporating larger cations (at site A), resulting in a geometric separation of the
layers of octahedrons, giving rise to a layered structure (2D). One-dimensional and
zero-dimensional structures have also been demonstrated. [125] Nowadays, layered
perovskites using two large monoammonium cations are often used as synonyms
for Ruddlesden-Popper (R-P) phase perovskites, while perovskites using one large
diammonium cation are associated with Dion-Jacobson (D-J) phase perovskites.

Besides the pure 2D materials, by mixing longer and shorter organic cations,
quasi-2D systems can be obtained, tuning the number of inorganic planes over which
electrons are delocalized, the general formula for these structures in case of the R-
P phases is An−1A′2BnX3n+1 Here n represents the number of octahedra within a
single layer, and A′ represents the longer cation acting as a spacer between layers
(Figure 1.8). In the particular case of n = 1, there are no shorter cations present in
the system. When n→∞, one ends up with the 3D (only with shorter cations A) as
described previously.
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b)a)

c)

d)

Figure 1.8: Ruddlesden-Popper (R-P) phases (a) for n = 1; the quasi-2D R-P phases (b) n = 2

and (c) n = 3, and (d) when n→∞ the 3D crystal structure.
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b)a)

Figure 1.9: Illustration of two basic device geometries often seen in FET architecture. (a) A
bottom-gated, or planar, structure. Here, the active material is deposited on top of a substrate
containing the gate and electrodes. (b) Example of a top-gated, or staggered, structure. The
active material is encapsulated in a dielectric material, with on top a gate electrode. [126]

1.4 Field-effect transistors and their characterisation

All modern electronics requiring any form of computing find their origin in the in-
vention of a single elementary component; the field-effect transistor (FET). The FET
is a three-terminal device which can be switched between a conductive and insulat-
ing state, effectively functioning as a switch.

The mentioned three terminals are; the gate, the source, and the drain
(Figure 1.10b). More electrodes are present in some cases, for example, for a double-
gated structure (a top gate and bottom gate can then be used simultaneously; that
is, one for shifting the threshold, the other for main device operation). The area
between the source and drain electrodes is the channel. The lateral separation of
these electrodes is defined by the channel length (L). The overlap between the
electrodes and the channel is the channel width (W ). Here, the active material, or
semiconductor, resides (in our case a network of s-SWCNT:polymer hybrid). The
channel, source, and drain electrodes are separated from the gate electrode by an
insulator (dielectric). In this thesis, SIO2 of thickness dox = 230 nm is often used as
dielectric and doped (n+ +) Si as the gate electrode.

Among the many device geometries available today, two specific types, in
particular, are most commonly used for research due to their simplicity. They are
illustrated in Figure 1.9. A bottom gated or planar geometry presents the most
straightforward option. Alternatively, a top-gated or staggered configuration is
available. The latter has the prominent advantage which follows from its property
to fully encapsulate the active material and therefore often yields higher device
performances. [127]
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Figure 1.10: (a) Energy levels indicating the work function ψm for various metals with respect
to the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO)
levels of an (8,7) s-SWCNT. The values for ψm are extracted from [128] and for the carbon
nanotube from [129]. (b) Scheme indicating the channel dimensions, electrode functions and
structure for a planar geometry FET (c) Upon application of a negative gate bias (VG), positive
charges are accumulated in the channel region (p-type semiconductor), once a source drain
bias is applied (VD) a current ID flows through the channel. (d) In case of an ambipolar
semiconductor, charge carriers of an opposite sign can recombine, emitting a photon γ with
an energy equal to the bandgap (EG) of the material. (e) Example of the output characteristics
from an ambipolar FET, showing predominantly p-type behaviour. The linear and saturation
regimes, as well as the inversion points, are clearly visible and annotated. (f) Example of
the transfer characteristics of the same FET, in both logarithmic and the linear scale. The
threshold voltage VTH can be extracted from taking the zero intersection and correcting it by
adding VD/2.

19



1

1. Introduction

Charge carriers flow between a source and a drain electrode, i.e. in the channel.
The density of these charge carriers can be modulated by applying a bias on the gate
electrode. In many cases, the drain is fixed at ground potential (0 V). By applying
this bias, the elements surrounding the dielectric (gate electrode, dielectric itself, and
the channel together) will act as a capacitor. [130] This is the basis on which all mod-
ern logic and computing technology operates. For p-type channel operation of FETs,
the mobile charge carriers are holes (positive). When the bias VG < 0 V is applied,
negative charge carriers are induced in the gate electrode, which in turn will cause
accumulation of positive charges at the dielectric-channel interface. Subsequently,
if a bias VD is applied between the drain and source electrodes, these charges cre-
ate a current flow ID from the drain to the source. This principle is schematically
illustrated in Figure 1.10c. Once the bias VG is switched off, all induced charges dis-
appear, and no more current ID will flow. For n-type operation, the major charge
carriers are electrons (negative). In this case, the opposite happens. Upon applica-
tion of VG > 0 V, positive charges are accumulated in the gate electrode, and conse-
quently, negative charges are induced at the channel interface. Therefore, ID flows
from source to drain (or in negative sign vice versa).

1.4.1 Ambipolar transport

As s-SWCNT are intrinsic semiconductors, FET fabricated from them exhibit
ambipolar behaviour. Both electrons and holes can be transported. However, some
issues require scrutiny while engineering such a device. Often, hole transport
dominates, which yields to a more favourable uni-polar characteristic. [85, 114, 131]
This is partially caused by modification of the DOS of the s-SWCNT, as now
a hybrid s-SWCNT:polymer is formed. [116, 132] However, besides a change
in the nature of the material, also device engineering plays a major role. First
of all, charge injection requires detailed attention. At the semiconductor-metal
interface, a Schottky-barrier is formed, creating an injection barrier which may
reduce ambipolarity. [133–136] The exact injection barrier (ψSB) is complex to
determine. Due to various chemicals involved, there is an interplay of the metal
work function (ψm) with both the s-SWCNT:polymer hybrid ionisation potential
and the interface-dipoles. In some cases, there can even be absorption of a noble
gas on the metal electrode, which modifies the work function by pushing back the
surface electrons. [137] Overall, ψSB is mainly predefined by the material choice,
and the width can be tuned by applying gate and drain biases. A good method to
determine the injection barrier is by measuring the contact resistance (RC). [138] A
worst-case scenario entails a full suppression of electron injection. Therefore, the
metals used for fabricating electrodes need to be carefully considered as their energy
levels should align well with those of the s-SWCNT. Figure 1.10a shows various
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energy levels with respect to the (8, 7) s-SWCNT. The valence band, or HOMO for
the SWCNT:polymer hybrid, should energetically match the work function of the
metal used for hole injection. Similarly, the conduction band, or LUMO, should
match the metal work function used for injecting electrons. However, often in
transistors the same metal is used, and a compromise has to be reached.

In addition to the specific choice of electrode materials, the ambipolar semicon-
ductor itself does not clearly define a single polarity or polarities of equal strength.
A partial overlap exists between the conductive states for holes and electrons due
to their simultaneous presence. Therefore, the on/off ratio of a FET can seemingly
be lower during device operation. As one charge carrier diminishes, the other in-
creases. Additionally, various trapping mechanisms are present at the dielectric-
semiconductor interface affecting differently each type of charge carrier. [139, 140]
Under ambient conditions, charge transport of holes is improved as electron trans-
port is suppressed due to H2O and O2 exposure. [99, 141] Absorption of moisture
causes p-type behaviour. [142] This process is simply a redox reaction, and it is re-
versible by mere annealing in a N2 environment. Without a well-defined transistor
polarity, making specific components such as an inverter can be challenging. How-
ever, recently, we reported a new method of tuning the polarity only by a slight mod-
ification of the s-SWCNT ink. [126] By tuning polarity in this manner, it allows for
the fabrication of light-emitting field-effect transistor (LE-FET), in which two different
charge carriers recombine and emit a photon (Figure 1.10d). [143–145] Also, simple
CMOS-like inverters can be fabricated. [146] Regarding these early examples, a large
drawback yet to overcome; that is a relatively bad off-current. Due to the device
polarity is not extremely well-tuned, both charge carriers (holes and electrons) con-
tribute to the channel current at a small overlap in gate bias. While the device should
be in an off-state for one charge carrier, the other carrier is switching it on already,
causing a larger off-current than for a single charge-carrier device. Alternatively,
the weight of the wrapping polymer seems to have an effect on the on/off ratio as
well. [147] Polymers of higher molecular weight have shown to cause a reduction in
on/off ratio, due to an increased amount of residual m-SWCNT. [131]

1.4.2 Characterisation of field-effect transistors

For electrical characterisation of FETs, two types of measurements are performed;
namely, output and transfer characterisation. When combined, various important
parameters of the device can be extracted.

Firstly, output characteristics are recorded (Figure 1.10e). Here, a source-drain
bias VD is swept, while keeping the gate bias VG constant. The source-drain cur-
rent ID is probed. Different sweeps are measured for various steps in VG. From the
resulting data, linear and saturation regimes from the FET can be extracted quite
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Figure 1.11: Procedure of extracting the transfer length LT and the contact resistance RC
using the TLM. Example data points of total resistances Rtot as function of channel length Li
(i ∈ N) are depicted by the red dots. The dashed line (slope) represents their fit to ax + b as
described in the main text.

easily. Additionally, in case of an ambipolar semiconductor, an inversion point can
be found. Also, the level of ambipolarity can be judged; a perfect ambipolar de-
vice shows symmetric features to a large degree, i.e. the hole and electron sides are
mirrored.

Using the transfer line method (TLM), the contact resistance can be extracted as
well. For this method, output characteristics are mapped as a function of different
channel lengths L (Figure 1.11). At fixed points, ensuring equal VG and VD, the cur-
rent ID is considered, recalculated to yield resistance Rtot, and plotted as a function
of L. Then, using the relation in equation 1.7, a linear function of ax+ b can be fitted
using x = L. This yields the total contact resistance RC = b.

Rtot =
VDS
IDS

= RCh(L) +RC (1.7)

where Rtot is the total device resistance, VDS and IDS respectively are the drain-
source bias and the drain-source current as-measured, RCh is the channel resistance,
and RC is the total contact resistance. The total contact resistance RC is the sum
over all contact-related resistances for the source and drain, their interfaces with the
semiconductor and potentially also the cabling. Note that when using resistivities
the term RCh(L) becomes L

WRch (for a channel with width W ).
For more precise calculations, the transfer length LT should be taken into ac-

count. The transfer length is equal to the distance over which most of the current
transfers from the semiconductor into the metal or vice versa. [148] This can be ex-
plained by a non-uniform flow into the contacts, despite a uniform current flow
through the semiconductor. Current does not flow uniformly into or out of the con-
tact. Therefore, the physical dimensions of the electrodes cannot be used to deter-
mine the contact area, and the active channel area is underestimated. At the contact
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edges, a large current is flowing in (or out). However, upon moving away from
the edge, the current drops to zero at the far edge. This is a phenomenon known
as current crowding. Analysis of this phenomenon indicates current drops in an ex-
ponential fashion with a characteristic length of LT (i.e. the effective length of the
contact). This length can be seen as the average distance a charge carrier travels
in the semiconductor beneath or above the contact electrode before it flows into it.
Therefore, the effective area of a contact electrode can be defined as LTW .

LT =

√
ρC
RCh

(1.8)

The transfer length can be described by equation 1.8 where ρC = RCAC with
AC = LTW . So in principle, L as used in equation 1.7 could also be rewritten into
L = LCh + 2LT , where LCh equals the conventional channel length (i.e. in between
the electrodes). Using the same plot used to extractRC by means of equation 1.7, also
LT can be extracted. This is done by extrapolating the slope back to the horizontal
axis, where the intercept represents −2LT . Additionally, combining equations 1.7
and 1.9 results in an expression from where mobility can be extracted using output
characteristics obtained using the transfer line method.

m =
dRtotW

dL
=

L

µCV
′
G

(1.9)

where m is the slope of the linear region in the output characteristics and V
′

G the
threshold-corrected gate bias.

µ =
1

C

dm−1

dVG
(1.10)

Using equation 1.10, the mobility µ can be found when the m is extracted as a func-
tion of VG, similar to the extraction of RC as discussed above. The threshold voltage
Vth indicates the point at which the slope intersects the x-axis (y = 0).

If the strength of the gate is insufficient, not all active material can be modulated.
This causes a shift of δV when measuring Vd for the two different polarities at a
constant VG range. Therefore, the threshold voltage Vth can only be reliably extracted
for electrons using Vd > 0 V, and for holes using Vd < 0 V. Alternatively, an ionic
liquid can be used as a gate dielectric, forming an electric double layer (EDL) of
high-density at the interface with the semiconductor.

Secondly, transfer characteristics can be recorded by sweeping over VG, while
keeping VD constant (Figure 1.10f). This can be repeated for different values of VD.
Using the direct method (DM), various parameters can readily be extracted from
the resulting data. Examples are the linear mobility (µlin) for VD laying entirely
in the linear regime, saturation mobility (µsat) for VD in the saturation regime, the
threshold voltage (Vth), current on/off ratio, and the sub-threshold swing (SS).
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Many methods for finding Vth exist today. [149] Most commonly used methods
utilise the tangential of Ids versus Vg slope, extracted from the transfer characteris-
tics. At the point where the slope crosses the zero intersection (Ids = 0 V, as illus-
trated in Figure 1.10 f), Vth can be extracted by taking this crossing-point voltage and
correct for source-drain bias by adding Vds

2 . [149] From the trans-conductance (gm)
slope, the sub-threshold swing (SS), δVg required for increasing Ids by one decade, is
extracted. By definition, this equals SS = 1/gm. Enclosed in this value lies informa-
tion regarding interface- and bulk-trap densities. [150]

The on/off ratio of a transistor is equal to the maximum source-drain current
Ids obtained when in ’on-state’, divided by the minimum current when in ’off-state’.
This value may contain some information regarding ink purity and quantity of
metallic carbon nanotube species. In light of this, another essential parameter is the
threshold voltage Vth; the voltage at which the transistor switches to the ’on-state’.

Using the gradual channel approximation model [12, 130] the charge carrier mo-
bility can be extracted using transfer characteristics. Based on this model, it is as-
sumed that the voltage varies gradually along the channel from the drain- to source-
electrode. Mobilities extracted from the linear regime are underestimated but conser-
vative. Here, expression 1.11 is used, in which the gradient of source-drain current
(Ids) versus gate bias (Vg) is obtained using constant Vds.

µlin =
L

W

1

C

1

Vds

(
dIds
dVG

∣∣∣∣
Vds,lin

)
(1.11)

where µlin is the linear charge carrier mobility, L is the channel length in m, W is the
channel width in m, C is the (effective) capacitance in F, and Vds is the source-drain
bias.

Alternatively, a saturation mobility can be extracted using equation 1.12. In this
case, the mobility is over-estimated. The gradient of

√
Ids versus threshold-corrected

gate bias V
′

G = VG − Vth is used.

µsat = 2
L

W

1

C

 dI
1/2
ds

dV
′
G

∣∣∣∣∣
Vds,sat

 (1.12)

The mobility is in units of cm2 V−1 s−1. Since all parameters in the equations
described above are in S.I. units, a final multiplication factor of 104 is required.

As the s-SWCNT film has a limited density, or coverage, on the oxide, the gat-
ing capacitance does not follow the standard parallel-plate model. Instead, both the
density and the internal capacitance of the carbon nanotube itself can be taken into
account. Cao et. al. reported a more accurate description of this effective capaci-
tance. [151]
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Figure 1.12: FET charge transport pathways during high charge-carrier concentration i.e. ’on-
state’ (green arrow lines) and low charge-carrier concentration i.e. ’off state’ (red arrow lines).
(a) Thin layer of active material in co-planar geometry. Also displayed is current crowding
(black arrow lines), causing an additional ’channel length’ of LT on both sides of the channel.
(b) Thin layer of active material in staggered configuration. (c) Thick layer of active material
in co-planar geometry. (d) Thick layer of material in staggered configuration.

Ceff = Λ−1
0

(
C−1
Q +

1

2πε0εox
ln

Λ0

πR
sinh

2πtox
Λ0

)−1

(1.13)

where Λ−1
0 is the linear density of s-SWCNT in the channel in cm−1, CQ is quan-

tum capacitance for s-SWCNT, and has a value of 4× 10−10 F m−1, εox is the permit-
tivity of the oxide material, R the average SWCNT radius in nm, and tox the oxide
thickness in nm.

The effects of current pathways for different configuration and layer thickness is
illustrated in Figure 1.12. In case of a thin layer of active material in co-planar ge-
ometry (Figure 1.12a), the off-current is limited by the electrical properties following
from the thin film. The semiconducting film is entirely in reach of the electric field
generated by the gate. Additionally, the current transport threshold is more easily
achieved since the gate effect on the current pathways is relatively large, thus lower-
ing the threshold voltage Vth. However, when active materials increase in thickness
(Figure 1.12b), the gate can insufficiently or not at all penetrate the film. Therefore,
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current leakage pathways possible could allow for a current to flow while the FET
should be in ’off-state’, potentially increasing the off-current and decreasing on/off
ratio. Vth is usually larger due to the lower effect of the gating on large portions of
the current pathways. For staggered configuration using a thin semiconducting film
(Figure 1.12c), however, this is not always the case. Since the dielectric is often sig-
nificantly thinner than in a co-planar geometry, the effect of the gate on the current
pathways is larger, thus lowering the threshold voltage Vth as compared when solely
using the bottom-gate. Additionally, surface passivisation often plays a major role by
eliminating traps, thus reducing hysteresis. Be that as it may, when film thickness
increases (Figure 1.12d), current pathways outside the reach of the gate are yet again
possible, consequently raising Ioff . In these cases, higher Vth is often seen due to a
lower gating effect deeper into the layer.

1.5 Deposition techniques

Today, s-SWCNT are prime candidates to allow for further miniaturisation after
Moore’s Law ends for silicon as we will still feel the need of more compact electron-
ics. [152–154] Due to their bandgap of ≈1 eV, small physical size, and 1-dimensional
electronic structure, they offer potential breakthrough performances, including bal-
listic transport. This was already demonstrated in theory in 1998. [155] In order
to achieve this type of transport in experiments, a device fabricated from a single
individual s-SWCNT was required. [156] At that time, in the absence of dispersion
techniques, this was a tedious and challenging process. As early examples were only
statistically acquired, mass-production deemed to be impossible with this fabrication
technique. However, significant progress has been made in the last two decades.
It was demonstrated that by self-assembly, a network of s-SWCNT can be grown
with the use of CVD on silicon. [107, 157–159] Tuning the density of this network,
a device consisting of a single s-SWCNT could be obtained. Later, cheaper, more
versatile, and more effortless methods became available as s-SWCNT ink prepara-
tion matured with selective polymer wrapping. Standard solution-based techniques
varying from blade-coating, slot-dye coating, and spray-coating to ink-jet printing
have been applied. [62, 132, 160–164]

One of the major advantages of using s-SWCNT lies in their solution-
processability. Using a carefully prepared ink, it allows for large-area deposition
of (random) s-SWCNT networks with excellent uniformity. Various methods
are available, such as (inkjet) printing, [165–170] spin- or spray- coating, and
soaking. [171–174] Some of these deposition techniques allow for alignment of indi-
vidual s-SWCNT in the film, such as solution shearing, [175, 176] Langmuir–Blodgett
assembly, [177, 178] and AC-dielectrophoresis. [62, 179, 180]
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b)
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Figure 1.13: Example of various deposition techniques. (a) Using blade-coating, a small
volume of ink is sheared across the substrate surface. Large areas of dense s-SWCNT are
achievable, variations in this technique allow for (partial) alignment. (b) Spin-coating allows
for fast and easy prototyping, although a relatively large volume of ink is wasted to ensure
sufficient coverage. (c) Dip-coating (and varieties) allows for self-assembly techniques on
(functionalised) surfaces.

A brief overview is illustrated in Figure 1.13. In most of our works the blade-
coating technique (Figure 1.13a) is used. A small volume of ink, usually a droplet
of ≈ 8 µL, is spread across the far edge of the substrate that lies on a heated sur-
face. Subsequently, the blade is moved forward at a constant speed, thus spreading
the ink. This process can be repeated, allowing for tuning the film thickness and
network density. Advantages of this method lie in the requirement of relatively
low volumes of ink, as well as the possibility of achieving alignment using solu-
tion shearing under optimal circumstances. Another common deposition technique,
as still used in the semiconductor industry, is spin-coating (Figure 1.13b). Here, a
sufficiently large volume of ink is placed on a substrate, after which it is spun at a
preset acceleration and final speed, first covering and then thinning the film using
centrifugal force and solvent evaporation. No alignment can be achieved. An ex-
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ample of a soaking technique, dip-coating, is shown in Figure 1.13c. The substrate is
lowered into a reservoir of ink for a specific amount of time, allowing for the surface
to be covered with s-SWCNT. [127] This technique allows for self-assembly by thiol-
functionalised-polymer wrapped carbon nanotubes on gold surfaces or electrodes.
Alternatively, silane-functionalised polymers can be attached to silicon (oxide) sur-
faces. [181, 182] All parameters, including speed, time, and acceleration, can be tuned
and are often computer-controlled. Similarly, alignment in large area networks can
be achieved by incorporating Langmuir-Blodgett assembly. In many cases, anneal-
ing is recommended after any of the above deposition methods, allowing for full
solvent evaporation.

A technique commonly used for deposition of dielectric material in industry
is atomic layer deposition (ALD). This self-limiting form of CVD growth allows for
the production of uniform films of precisely controlled thickness, as layers grow in
cycles. This process is illustrated in Figure 1.14. A hydroxide functionalised surface
is placed in the heated reaction chamber under a slight vacuum, after which pulses
of at least two precursors are applied in a specific order. In case of growing Al2O3,
first a precursor such as trimethylaluminum (TMA) is pulsed into the chamber us-
ing a N2 carrier gas. During a short delay period, the TMA reacts with the surface,
releasing CH4 while binding to the surface. A purge step using N2 is required to
remove excess precursor and reaction products in gas-form. Secondly, a pulse of car-
rier gas containing the oxygen-source precursor is applied, in many cases comprised
of either H2O or O3. After reacting with the now methyl-functionalised surface, ex-
cess material again is purged, thus completing a full cycle. Since this deposition
technique is intrinsically conformal, various shapes including trenches, spheres or
even (meso)porous material can be coated.
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Figure 1.14: Atomic layer deposition (ALD) allows for precise control of uniform layer thick-
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surface shapes to be precisely covered by the desired oxide material. For growing Al2O3 at a
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1.6 Applications

Despite promising results and extensive efforts in studying SWCNT devices, these
nanotubes are not yet implemented in commercial applications. The production of
complex integrated circuits still presents a challenge. [183, 184] There have been is-
sues regarding non-uniformity in performance, resulting in misalignment of logic
timings, increase in power costs, and non-ideal outputs. [185] An important require-
ment for high-performance devices is a high on-current, while minimising the sup-
ply voltage and off-current. [180] It is thus essential to ensure a uniform, high-density
deposition of s-SWCNT over a large area, while channel dimensions are still being
reduced. In order to achieve optimal electrical performance, both s-SWCNT film
density and channel dimensions should be considered carefully. The off-current di-
rectly relates to both factors. Extension of these channels often averages out remain-
ing metallic SWCNT impurities, resulting in higher on/off current ratios; however,
variations in device-to-device remain. [62] In order to create an in-place substitute
for silicon, a s-SWCNT purity of 99.999 999 % is required. [186] Unfortunately, this is
still far out of reach. The best purity commercial production today can yield, how-
ever, is a mixture of merely 99.99 % semiconducting with 0.01 % metallic species.
Nevertheless, researchers have been working diligently on producing proof of con-
cept devices. [187, 188] In 2012, an experimental FET was demonstrated by IBM with
a < 10 nm channel length. [189] By 2017 the total footprint of the transistor has been
scaled down to 40 nm. [154] Having said that, only recently a fully operational 16-
bit microprocessor (appellate RV16X-Nano) using RISC-V instruction set has been
developed using solely s-SWCNT as the semiconductor material, presenting a mile-
stone in the next-generation beyond-silicon electronic applications. [127, 176, 184,
190] This was largely achieved using a robust design and fail-over logic, allowing for
use of only 99.99 % s-SWCNT purity. [191] This microprocessor consist of ≈ 15000

transistors and was fabricated using proven technologies in the CMOS industry.
These breakthroughs bring us significantly closer to the practical application

of solution-processed s-SWCNT in a wide range of electronic devices. Novel and
sometimes unusual applications can include stretchable/wearable circuits and
systems, [192–194] implantable/wearable biosensors with conformal contacts, [195–
198] deformable displays [192, 198–201], and user-interactive electronic skins
(e-skins). [202]
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1.7 Beyond conventional computing technologies

Current day computers, utilising binary logic on silicon chips, present a very power-
ful tool for performing discrete numerical calculations and linear, serial logic. With
every year, they gain more and more raw calculation power per energy unit. How-
ever, pattern recognition remains flawed, especially compared to a human brain,
which can recognise almost any sensory input in a split second when trained cor-
rectly. Several core differences are revealed when comparing the two. The human
brain contains co-location of computation with memory, a very high amount of par-
allelism, and has very low power consumption. [203] In contrast, artificial pattern
recognition runs on conventional hardware that lacks parallelism, has computing
logic separated from memory, and requires a significant amount of power to run.
The first difference stems from the methodology of calculation. As the human brain
can perform logic operations while retaining a memory within the same element
(collocated), the CPU and memory are separated in conventional computers. This
is a limitation known as the Von-Neumann bottleneck, which fundamentally increases
power consumption while limiting computation speed. [204, 205] The second dif-
ference is maybe even the most crucial one, which already entails one of the main
reasons a brain shows such an efficient learning capability. The key to neuromorphic
computing is the ability to perform a massive amount of parallel operations. [206]
This difference can, in theory, be overcome by utilising conventional supercomput-
ers in which many processing cores are clustered in parallel. This brings us to the
final difference. A modern supercomputer consumes about 1000 kW h for training
a state-of-the-art natural language processing model. [207] Obviously, this is several
orders of magnitude less energy efficient than the human brain, which consumes a
mere 20 W. In fact, with that amount of energy available, a brain can perform all its
tasks for over six years.

Future technical developments, (e.g. self-driving cars, autonomous farming
equipment, off-grid off-line voice-assistant) require robust and mobile (low-power
and small-scale) pattern recognition hardware. In order to achieve this, a new
architecture comprised of hardware, materials, and software is yet to be developed.
In chapter 5, the use of solution-processed s-SWCNTs is proposed for these types of
devices.
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1.8 Outline of the thesis

New materials and technologies are being developed continuously to satisfy the ever
more demanding hunger for more powerful electronic applications. We address the
design of some of these materials and technologies in an attempt to lay a foundation
for further development into industrial applications. This thesis is consisting of the
following chapters, of which a brief overview is given below.

• Chapter 2 introduces an improved method to obtain a more stable s-SWCNT
ink. In the last years, carbon nanotube inks have been used to fabricate highly
performing field-effect transistors. However, inks that already have aged by
just a few weeks yield significantly deteriorated device performances. In this
chapter, we engineer a way out of this predicament, allowing for better shelf
lifetime and therefore opening the way to the commercial application of these
inks.

• Chapter 3 introduces a first set of novel designer polymers for usage as a build-
ing block in next-generation polymer sorting method. These polymers have
a small bandgap, which should result in a better energy level alignment with
the s-SWCNTs and therefore an improved charge transport within FETs. We
study the effect of changes in the molecular structure of the polymer on its
ability to disperse efficiently s-SWCNTs.

• In Chapter 4 we take an excursion, deviating from CNTs, into the novel field of
perovskite semiconductors. Utilizing a combined set of skills and knowledge,
we introduce the first functional 3D FASnI3 perovskite FET. Besides studying
the device performances, the stability is monitored over an extended period of
time.

• Finally, in Chapter 5 we report on the utilisation of s-SWCNT inks as artifi-
cial synapses using a simple bottom-gate field-effect transistor. Our synapse is
making use of the otherwise often dreaded hysteresis, which is characteristic
of the device structure and the materials used therein. The synaptic plasticity
is studied, and subsequently, we verified the unsupervised learning capability
of the synapse.
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Pavlo Gordiichuk, Andreas Herrmann, Siewert Jan Marrink, Maria Cristina dos Santos,
Ulrich Scherf, and Maria Antonietta Loi. Semiconducting Single-Walled Carbon Nan-
otubes on Demand by Polymer Wrapping. Advanced Materials, 25(21):2948–2956, jun
2013. ISSN 09359648. doi:10.1002/adma.201300267.

[104] Matthew J. Shea, Randy D. Mehlenbacher, Martin T. Zanni, and Michael S. Arnold. Ex-
perimental measurement of the binding configuration and coverage of chirality-sorting

42

https://doi.org/10.1002/(SICI)1521-4095(199810)10:14%3C1091::AID-ADMA1091%3E3.3.CO;2-C
https://doi.org/10.1126/science.1091911
https://doi.org/10.1038/nature08116
https://doi.org/10.1109/DAC.2002.1012601
https://doi.org/10.1021/ja304244g
https://doi.org/10.1063/1.5011388
https://doi.org/10.1021/nn200564n
https://doi.org/10.1002/adma.201300267


1

Bibliography

polyfluorenes on carbon nanotubes. Journal of Physical Chemistry Letters, 5(21):3742–
3749, 2014. ISSN 19487185. doi:10.1021/jz5017813.

[105] Huiliang Wang, Bing Hsieh, Gonzalo Jiménez-Osés, Peng Liu, Christopher J. Tassone,
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