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Abstract

Modern-day computing has irreversibly impacted our way of living. Nowadays, we are
surrounded by computers that become smarter and more connected every day. The de-
mand for more powerful hardware increases, while physical limitations already come into
play. Pushing the boundaries of hardware development requires a new strategy, especially
for (visual) pattern recognition. For this, a novel material candidate is semiconductive
single-walled carbon nanotubes (s-SWCNTs). They promise inexpensive and scalable
production methods for electronics. This thesis focuses on experimental research for the
preparation and utilisation of these s-SWCNTs.

We optimised s-SWCNT ink preparation by substituting the applicator-solvent in a col-
loidal dispersion of polymer-wrapped s-SWCNT. This resulted in improved shelf-life,
field-effect transistor (FET) performances and device reproducibility. Also, we success-
fully demonstrated three newly designed low-bandgap polymers that wrap and select s-
SWCNT. This resulted in FETs with improved energy-band alignment, potentially low-
ering energy consumption. More insight is provided into the relationship between the
polymer structure and the dispersion capability for s-SWCNT, subsequently, the final
inks’ physical properties. Finally, we demonstrated that sufficient plasticity arises to ob-
tain a functional artificial synapse using simple pulse-shapes by utilising the hysteresis
commonly found in bottom-gate structure SWCNT FETs. As synapses are the functional
connection between neurons and are believed to be the units enabling learning and com-
puting, our finding enables usage in more energy-efficient computing architecture.

We conclude that our improved inks can be easily industrially applied. The artificial
synapse can potentially be used by neuromorphic computing for everyday pattern recog-
nition tasks, enabling more powerful hardware.





Contents

1 Introduction 1
1.1 Semiconductors: the past, present and future of all electronics . . . . . 1
1.2 Carbon nanotubes and their exciting properties . . . . . . . . . . . . . . 2

1.2.1 Discovery of carbon nanotubes . . . . . . . . . . . . . . . . . . . 2
1.2.2 Dive into the basics: graphene . . . . . . . . . . . . . . . . . . . 2
1.2.3 Carbon nanotube synthesis methods . . . . . . . . . . . . . . . . 7
1.2.4 Sorting semiconducting from metallic single-walled carbon

nanotubes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
1.2.5 Primary optical characterisation of the semiconductive single-

walled carbon nanotubes ink . . . . . . . . . . . . . . . . . . . . 14
1.3 The fundamentals of hybrid perovskites . . . . . . . . . . . . . . . . . . 15
1.4 Field-effect transistors and their characterisation . . . . . . . . . . . . . 18

1.4.1 Ambipolar transport . . . . . . . . . . . . . . . . . . . . . . . . . 20
1.4.2 Characterisation of field-effect transistors . . . . . . . . . . . . . 21

1.5 Deposition techniques . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
1.6 Applications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
1.7 Beyond conventional computing technologies . . . . . . . . . . . . . . 31
1.8 Outline of the thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

2 Remarkably Stable, High-Quality Semiconducting Single-Walled Carbon
Nanotube Inks for Highly Reproducible Field-Effect Transistors 55
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
2.2 Procedure of obtaining stable inks . . . . . . . . . . . . . . . . . . . . . 57
2.3 Optical characterization . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
2.4 Electrical characterization using Field Effect Transistors . . . . . . . . . 61

ix



Contents

2.5 Surface effects and morphologies . . . . . . . . . . . . . . . . . . . . . . 63
2.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66
2.7 Experimental . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66
Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

3 Efficient Selective Sorting of Semiconducting Carbon Nanotubes Using
Ultranarrow-Bandgap Polymers 75
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76
3.2 Synthesis and Characterization . . . . . . . . . . . . . . . . . . . . . . . 79
3.3 Optical and Electrochemical Properties . . . . . . . . . . . . . . . . . . . 81
3.4 s-SWCNT ink characterization . . . . . . . . . . . . . . . . . . . . . . . 84
3.5 Thin-film transistor performance . . . . . . . . . . . . . . . . . . . . . . 88
3.6 Energy level alignment and FET hysteresis . . . . . . . . . . . . . . . . 90
3.7 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92
3.8 Experimental . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93
Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

4 Field effect transistors based on formamidinium tin triiodide perovskite 101
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102
4.2 Perovskite film characterization . . . . . . . . . . . . . . . . . . . . . . . 104
4.3 Perovskite field-effect transistors . . . . . . . . . . . . . . . . . . . . . . 108
4.4 Tuning the perovskite film composition . . . . . . . . . . . . . . . . . . 113
4.5 Field effect transistors in staggered configuration . . . . . . . . . . . . . 115
4.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118
4.7 Experimental . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118
Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121

5 Synaptic plasticity in semiconducting single-walled carbon nanotubes
transistors 125
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126
5.2 Working principle . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128
5.3 Fabrication principle . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129
5.4 Achieving electrical plasticity . . . . . . . . . . . . . . . . . . . . . . . . 130
5.5 Signs of learning capability: STDP rules . . . . . . . . . . . . . . . . . . 135
5.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139
5.7 Experimental . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139
Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140

Summary 145

Samenvatting 149

x



Contents

Curriculum Vitae 153

Publications 155

Acknowledgements 158

xi





1

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:

2
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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 =

(√
3a

2
,
a

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.

4
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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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a) b)

c) d)

E11 E22 M11

M11
E11 E55

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.

13



1

1. Introduction

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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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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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

22



1

1.4. Field-effect transistors and their characterisation

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)

a)

c)

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-
ness. The technique consists of two distinct pulse steps and two purge steps, sometimes
denoted as 4 half-steps. It is a self-limiting con-formal technique which allows for various
surface shapes to be precisely covered by the desired oxide material. For growing Al2O3 at a
reaction temperature of 100 ◦C to 120 ◦C, a growth rate of 0.8 Å cycle−1 is commonly found.
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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]

30



1

1.7. Beyond conventional computing technologies

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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Chapter 2

Remarkably Stable, High-
Quality Semiconducting Single-Walled Carbon
Nanotube Inks for Highly Reproducible Field-
Effect Transistors

This chapter is based on an article published as:
W. Talsma∗, A. A. Sengrian, J. M. Salazar-Rios, H. Duim, M. Abdu-Aguye, S. Jung,

S. Allard, U. Scherf, M. A. Loi,
Adv. Electron. Mater. 5(8), 1900288 (2019)

[doi: 10.1002/aelm.201900288]

Abstract

In the past years, high-quality semiconducting single-walled carbon nanotube (s-
SWCNT) inks obtained by conjugated polymer wrapping using toluene as solvent have
been used for the fabrication of highl-performance field-effect transistors. Charge-carrier
mobilities up to 50 cm2 V−1 s−1 and Ion/off ratios above 108 have been reported for
devices based on networks of s-SWCNT. However, devices fabricated from inks that are
only a few weeks old generally show a marked decrease in performance, indicating the
limited shelf life of toluene-based inks. In this work, the use of o-xylene as an applicator
solvent to obtain high-quality and very stable s-SWCNT inks is reported. The charge
carrier mobilities of field-effect transistors fabricated with this new ink show a twofold
increase in magnitude compared with the devices prepared from a toluene solution. More
importantly, the device-to-device performance shows improved reproducibility, which is
ascribed to the higher degree of homogeneity of the s-SWCNT network deposited from
o-xylene with respect to the one from toluene. Finally, the o-xylene inks maintain their
initial properties for longer than one year. This very long shelf life is an important
pre-condition for the industrial use of s-SWCNT inks.

∗Contributions to the experimental work: preparation of the semiconducting SWCNT dispersion, opti-
cal characterization of the semiconducting SWCNT dispersion by recording absorption, device fabrication
(using commercially available substrates) and electrical characterization, surface morphology characteri-
zation
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2. Remarkably Stable, High-Quality Semiconducting Single-Walled Carbon Nanotube Inks
for Highly Reproducible Field-Effect Transistors

2.1 Introduction

I
n recent years, solution processable polymer-wrapped semi-conductive single-walled
carbon nanotubess (s-SWCNTs) have been intensively investigated due to their suit-

ability for mass production of low-cost network field-effect transistors (FETs) [1], logic
circuits [2, 3], and other electronic devices. [4–8] The polymer-wrapping selection of
semiconducting SWCNT was introduced by Nish et. al. in 2007 [9], and improved
and expanded by many authors in the last years. [10–20] Polyfluorene [19, 21, 22],
polythiophene [23–26] derivatives and many other polymers [27–32], are used to in-
teract with the SWCNT walls. [33–36] However, the interaction of the polymer chains
with the SWCNT is rather weak, resulting in the main advantage of this sorting
method, namely the polymer wrapping does not greatly alter the electronic prop-
erties of the nanotubes. [37–39] In the last years, this technique has become very
popular as compared with other solution-based selection processes such as den-
sity gradient ultracentrifugation and gel chromatography, in particular because of
its simplicity, scalability and high dispersion yield. [25, 36, 40]

The mechanism of the selection process of s-SWCNT, even if still under debate,
can be described as following. First, the π−π interaction is driving the polymer back-
bone to the SWCNT walls, and the alkyl side chains wrap around the tube, limiting
its interaction with the solvent. Second, the selection mechanism, as it has been spec-
ulated, arises from the screening of the s-SWCNT polarizability by wrapped poly-
mers. [13] The metallic SWCNT (m-SWCNT) species have roughly three orders of
magnitude larger polarizability compared with the s-SWCNT. [41, 42] It is, therefore,
the large polarizability and the insufficient screening that leads to the rebundling of
the m-SWCNT. [23] The significant weight difference between bundles and individ-
ualized tubes is the last ingredient, which allows for the separation of the two species
by means of ultracentrifugation.

Not only the polymer structure but also the chain conformation in the solvent is
an important factor to obtain high selectivity and high dispersion yield. Wang et.
al. investigated different organic solvents for the selection process bringing forward
the idea that a poor solvent for the polymer is necessary to reduce the polymer-
solvent interaction and favor the interaction with the SWCNT walls. [12] Toluene
has been the most used solvent as it allows to obtain a good selection yield for semi-
conducting tubes with many different polymers. [11, 14, 19, 24, 43, 44] Unfortunately,
though, the shelf lifetime of s-SWCNT inks in toluene is severely limited by nano-
tube aggregation and twinning. [36] This is a big disadvantage for manufacturing
of SWCNT-based devices on an industrial scale, using techniques such as inkjet-
printing. [34, 45, 46]

In this work, we demonstrate the larger advantages of o-xylene over toluene as
solvent for polymer-wrapped SWCNT. O-xylene is introduced as a solvent in the last
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2.2. Procedure of obtaining stable inks

step of the selection process, leaving the rest of the process unaffected. While the inks
based on toluene strongly degrade after few months from their preparation, those in
o-xylene maintain colloidal stability for longer than one year. This better colloidal
stability has a big influence on the performance of fabricated devices. s-SWCNT
FETs fabricated from o-xylene-based inks show an improvement in both charge car-
rier mobility and on/off ratio, and, most importantly, offer a much-enhanced device
reproducibility.

We therefore demonstrate a massive enhancement of the ink shelf lifetime and of
the overall FET performance by merely substituting the applicator solvent, indicat-
ing the suitability of these inks for mass production.

2.2 Procedure of obtaining stable inks

Figure 2.1a describes the procedure used for the semiconducting SWCNT selection
and enrichment process using the polymer P3DDT. [35] The HiPCO SWCNT and
the polymer are first sonicated together, allowing the s-SWCNT to be individualized
and wrapped by the polymer. During the first centrifugation step, bundles of m-
SWCNT together with other carbon contaminants precipitate due to their weight.
Upon completion of the centrifugation step, the supernatant, which contains the
desired s-SWCNT wrapped by the polymer as well as the excess of free polymer,
is extracted. In order to remove the excess polymer, a second centrifugation step
is performed, which we refer to as the enrichment. At this point, the precipitated
pellet contains the polymer-wrapped s-SWCNT while the excess polymer is in the
supernatant. The pellet is therefore removed and re-dispersed either in toluene or in
o-xylene, which we refer to in the following as applicator solvents.

Toluene is the most common applicator solvent for polymer-wrapped SWCNT
inks and has been used with success in the last 10 years of research in the field. [12,
14, 20, 35, 44, 47–49] Here we aim to investigate the stability of inks based on toluene
and to compare their performance with inks using o-xylene as applicator solvent.

Figure 2.1b shows the s-SWCNT inks in both solvents freshly prepared and after
one year aging. For the one-year-old toluene-based ink, small aggregates are vis-
ible as suspensions in the solution; this results in an overall lower optical density.
Instead, the one-year-old o-xylene solution has the same appearance as the freshly
made ink.
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Figure 2.1: (a) Schematic illustration showing the different steps in the selection process as initially
described by Bisri et. al. . [50] First, the polymer is solubilized by stirring and sonication in toluene,
then the pristine carbon nanotubes are added. After sonication, the mixture goes through two different
centrifugation steps. Finally, the pellet is redispersed. In this study, pellets are redispersed into either
toluene or o-xylene. (b) The toluene- and o-xylene-based s-SWCNT inks when freshly prepared, and after
aging for a period of one year. Agglomeration is clearly visible for the ink in toluene.
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2.3 Optical characterization

The variation that occurred in the solutions is quantified by absorption spectroscopy.
Figure 2.2a shows the absorption spectra of the s-SWCNT ink in toluene as prepared
and after one year from its preparation, almost half of the optical absorption is lost in
one year. The overall intensity of the absorption is reduced because of the formation
of aggregates, as the bundled SWCNTs do not contribute significantly (vide infra) to
the S11 transition. The aggregate formation could be attributed to the poor solubility
of the polymer-wrapped s-SWCNT in toluene and to the tendency of the P3DDT
polymer side chains to intertwine between themselves. [12] We have reported earlier
that the intertwining of the P3DDT side chains is responsible for the formation of s-
SWCNT twins in P3DDT-wrapped s-SWCNT. [36]

Besides the overall difference in intensity, the two absorption spectra in
Figure 2.2a show another important difference. To highlight the difference in
Figure 2.2b, the absorption spectra are reproduced normalized with respect to the
peak at 450 nm. This peak is determined by the free polymer chain absorption (see
also the reference spectra in orange in Figure 2.2b), and shows a blueshift with
respect to the two features at 564 nm and 604 nm , which are typical of the P3DDT
aggregation around the carbon nanotube walls. [36] The relative increase of free
polymer absorption in the one-year-old solution indicates unwrapping of a portion
of the s-SWCNT, which in turn explains the loss of individualization. Therefore, we
can conclude that in the case of the toluene solution two main effects determine the
limited shelf lifetime, namely, the unwrapping of the polymer and the formation of
aggregates driven by the polymer alkyl chains.

As observed above, there is no variation in the appearance of the SWCNT disper-
sion in o-xylene even after storage for one year. By measuring the absorption spectra
of the two s-SWCNT inks in o-xylene (Figure 2.2c) we evidence an increase of the
overall sample absorption intensity in the aged sample, verisimilarly determined by
the increase in concentration due to the slow solvent evaporation from the ink in
the storage unit. We can therefore state that the s-SWCNT ink in o-xylene features a
shelf life of at least one year, which is the time we have been monitoring its stability,
which does not exclude a much longer shelf life.

To further investigate the quality of inks based on o-xylene steady-state and time-
resolved photoluminescence (PL) spectroscopy are used. In Figure 2.3a, the steady-
state PL spectra of the two freshly prepared samples are reported. The PL intensity
of the four highest energy bandgap SWCNTs is substantially higher (50 %), in the
o-xylene based samples with respect to the toluene one, at parity of concentration.
As aggregation of SWCNT is generally responsible for energy transfer and nonradia-
tive recombination, the increase of the PL intensity indicates a better individualiza-
tion of the s-SWCNT in the o-xylene based sample. It is interesting to note that the
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Figure 2.2: Absorption spectra of (a) toluene-based s-SWCNT inks fresh and one-year-old,
black and red curves, respectively. (b) Absorption spectra of s-SWCNT inks in toluene as in
(a), in orange the spectra of the pristine P3DDT polymer solution. All spectra are normalized
to the 450 nm peak. c) Absorption spectra of the s-SWCNT inks in o-xylene fresh and one-
year-old, black and red curves, respectively.

two lower bandgap tubes, namely, at 1373 nm and 1440 nm show instead identical
PL intensity for the two samples. In other words, the relative intensity between the
higher energy peaks and the lower energy ones is smaller for the toluene-based solu-
tions. This is an indication of the fact that energy transfer is occurring between larger
bandgap SWCNT and smaller band gap one in the case of toluene-based solutions,
while in the case of o-xylene based one this transfer is either less efficient or totally
suppressed. In agreement with this observation, there is an improvement of the life-
time for both the short (τ1) and long (τ2) components of the PL decay of the SWCNT
S11 transition at 1080 nm, as reported in Figure 2.3b. The components τ1 and τ2 are
3 ps and 19 ps for the toluene-based sample and, 12 ps and 44 ps respectively for the
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Figure 2.3: (a) Steady-state photoluminescence of the s-SWCNT inks in o-xylene (red) and
toluene (black); (b) time-resolved photoluminescence of the s-SWCNT peak at 1080 nm. The
white dashed lines are the bi-exponential fit.

o-xylene one. This is a further strong evidence of the better individualization of the
s-SWCNT in o-xylene with respect to toluene.

2.4 Electrical characterization using Field Effect Tran-
sistors

The ultimate proof of the quality of the inks is obtained by using them for the fab-
rication of field-effect transistors (FETs). To this purpose, FETs were fabricated from
both toluene-based and o-xylene-based inks that were freshly prepared or had been
in storage for one year. It is important to note that inks were not sonicated prior to
deposition. In fact, s-SWCNT aggregations can be partially removed by mild soni-
cation. In Figure 2.4a are reported the typical output characteristics obtained from
FETs fabricated with freshly prepared P3DDT-wrapped s-SWCNT inks in o-xylene
(top) and toluene (bottom) with identical initial concentrations as determined from
absorption. The devices show a pronounced p-type behavior, with the sample de-
posited from o-xylene showing a factor two higher current with respect to the one
from toluene. In this type of s-SWCNT network based transistors the current mag-
nitude depends on the number of tubes crossing the transistor channel, we argue
that in the case of aged o-xylene-based inks a better distribution of s-SWCNT is ob-
tained, forming a more extended percolation network. In Figure 2.5 are shown the
typical transfer characteristics obtained from FETs fabricated with the two inks, the
red curve for the o-xylene- and the black curve for the toluene-based one. The fresh
solutions show very similar performances for the hole current and a small difference
in the electron current. The toluene solution shows a higher off-current.
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Figure 2.4: (a) Output characteristics of FETs fabricated using toluene and o-xylene s-SWCNT
inks of freshly prepared solutions. (b) Characteristics of devices fabricated with one-year aged
toluene and o-xylene solutions.

Devices fabricated from one-year-old solutions show the largest difference in per-
formances. The toluene-based inks show a significant deterioration in performance
for both hole- and electron-transport, as compared with devices fabricated from fresh
inks (see output characteristics in Figure 2.4b). The hole Ion shows a reduction of
one-and-a-half order of magnitude (see Figure 2.5). This also affects the hole mo-
bility, which is reduced from 1.8 cm2 V−1 s−1 to 4.4× 10−2 cm2 V−1 s−1. Additionally,
the electron mobility decreases from 0.4 cm2 V−1 s−1 to 3.5× 10−3 cm2 V−1 s−1. More-
over, the higher subthreshold swing (SS) (especially in the electron-side) indicates
an increase in trap density, leading to non-comparable extracted threshold voltages
Vth. [51] This increase of the SS may be explained by a higher interaction of the s-
SWCNT network with the SiO2 surface due to the previously discussed unwrapping
of the polymer chains.

In contrast, devices prepared using one-year-old o-xylene-based inks show a sim-
ilar Ion for both fresh and aged solutions (Figures 2.4b and 2.5). Moreover, mobil-
ities obtained from these devices show, surprisingly, that while the electron mobil-
ity decreases from 0.5 cm2 V−1 s−1 to 0.4 cm2 V−1 s−1, the hole mobility increases from
1.7 cm2 V−1 s−1 to 1.9 cm2 V−1 s−1 going from the fresh to the one-year-old solution.

A summary of the FET performance distribution of devices fabricated with
freshly prepared o-xylene and toluene inks is reported in Figure 2.6. It is evident
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Figure 2.5: Transfer characteristics at VD =5 V of FETs fabricated using toluene (black) and
o-xylene (red) s-SWCNT inks; top panels: devices fabricated from freshly prepared solutions,
bottom panels: devices fabricated from one-year-old solutions. The reverse curves are dis-
played as dashed lines.

from figures 2.6a and b that the variation in device characteristics for o-xylene-based
inks is significantly lower than for toluene-based inks. The o-xylene inks show an
average higher mobility (117 % higher hole mobility than for toluene inks) and a
peak on-off ratio of 1010, even if on average the on-off ratio does not show significant
differences.

2.5 Surface effects and morphologies

At this point, it is important to understand why FET devices deposited from o-
xylene-based solutions are on average better performing than the ones based on
toluene.

A direct effect of the improved individualization is a higher number of SWCNT-
SWCNT junctions, which will increase the density of tubes on the surface and con-
sequently improves the percolation pathway. The AFM micrographs reported in
Figure 2.7 seem to support this idea. In fact, the comparison between Figure 2.7a
and Figure 2.7b, which show the SWCNT network deposited on a SiO2 surface from
the toluene- and o-xylene-based inks, respectively, show a lower degree of large bun-
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Figure 2.6: s-SWCNT FET performance distribution. (a) Hole (circle) and electron (triangle)
mobilities versus on-off ratio of devices fabricated with s-SWCNT inks in toluene (black) and
o-xylene (red). (b) Statistical representation of the same data as in (a), with on the left side the
distribution for holes and the right side for electrons.

dles and crossing points for the last. From Figures 2.7c and d it is evident that the
tendency to aggregate increases with time and that the network deposited from 12-
months-old toluene ink results in large aggregates of SWCNT, while the SWCNT
in o-xylene maintains a large degree of individualization even after a long time in
solution.

Apart from the improved individualization of s-SWCNT, also the better wetting
of the SiO2 surface obtained with the o-xylene-based inks can be the reason of a
higher homogeneity and densities of the networks obtained. This could, in turn, ex-
plain the device reproducibility. This hypothesis is supported by contact angle mea-
surements (Figure 2.8), showing a lower contact angle (9.5◦) for o-xylene based inks
compared to the toluene one (12.4◦). Alternatively, the difference in contact angle
being so small, one could argue that the difference in boiling point and evaporation
kinetics between the two solvents can also contribute to determine the difference
between our s-SWCNT networks.

The main quality of the o-xylene based inks is, therefore, the higher device re-
producibility and the extremely long shelf lifetime. This has an enormous impor-
tance for commercial applications. Not only when considering large surface deposi-
tion techniques such as blade coating, but also for techniques such as inkjet printing
where solvents with a high boiling point as well as lower toxicity are required.
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a) b)

c) d)

Figure 2.7: AFM micrographs of the active channel of devices fabricated using freshly pre-
pared s-SWCNT inks in (a) toluene and (b) o-xylene. The largest clusters of aggregated s-
SWCNT are marked by red circles. Using peak interpolation, linear densities are obtained
with values (14.3± 1.2) µm−1 and (13.5± 0.9) µm−1 for toluene and o-xylene, respectively. Ac-
tive channels of devices fabricated with one-year-old toluene-based inks (c) and one-year-old
o-xylene-based inks (d). The inset scale bar is 2 µm.
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Figure 2.8: (a) Contact angle measurements right after surface contact. (b) Contact angle of
the s-SWCNT toluene ink and o-xylene-ink as function of time, expressed in frame number.

2.6 Conclusion

We demonstrated that merely substituting the applicator solvent in a colloidal dis-
persion of polymer-wrapped semiconducting SWCNT results in an improvement in
both shelf lifetime (longer than one year) and FET performance and reproducibility.

By substituting toluene with o-xylene, the chirality distribution in the dispersion
remains unaffected. Moreover, a similar distribution of SWCNT is obtained when
depositing the two inks. However, the better wetting allows for a more homoge-
neous distribution of SWCNT cast from o-xylene, which improves the percolation
network for charge carriers. Consequently, the average FET mobilities are improved
over twofold for inks using o-xylene and the overall reproducibility is enhanced.

These results represent an important step toward the large-scale technological
utilization of s-SWCNT inks for electronic and optoelectronic applications.

2.7 Experimental

Polymer Synthesis:
The homopolymer P3DDT was synthesized via the GRIM method and the molecular
weight was measured using gel permeation chromatography (GPC). [52] The
polymer was obtained after Soxhlet extraction with methanol, acetone, ethyl acetate,
and hexane. For the herein reported experiments, the narrowly distributed hexane
fraction with Mn/Mw 19.200/22.300 g mol−1 (polydispersity index PDI: 1.16) was
used.
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Preparation of the semiconducting SWCNT dispersion:
HiPCO SWCNT (0.8 nm to 1.2 nm) were purchased from Unidym Inc. First the
polymer was solubilized in toluene, subsequently SWCNT was added to form
the SWCNT:polymer dispersion at a weight ratio of 1 : 2 (3 mg of SWCNT, 6 mg
of polymer, 15 ml of toluene), the solution was then sonicated in a cup-horn for
2 h at 78 W. After ultrasonication, the dispersion was centrifuged at 30 000 rpm
(109 000 g) for 1 h in an ultracentrifuge (Beckman Coulter Optima XE-90; rotor:
SW55Ti). After the centrifugation, the highest density components precipitated at
the bottom of the centrifugation tube, while the low-density components, including
small bundles and individualized SWCNTs wrapped by the polymer, and free
polymer chains, remained in the upper part as supernatant. One extra step of
ultracentrifugation was implemented to decrease the amount of excess polymer
in solution (enrichment). [50] In this step, the supernatant obtained after the first
ultracentrifugation was centrifuged for 5 h at 55 000 rpm (367 000 g). At this point,
the individualized s-SWCNTs precipitated to form a pellet, and the free polymer
remained in the supernatant. Finally, the pellet is taken away and re-dispersed by
sonication in o-xylene or in toluene.

Optical characterization of the semiconducting SWCNT dispersion:
Optical measurements were performed to check the concentration of semicon-
ducting carbon nanotubes selected by the polymer and to monitor the colloidal
stability of the ink over time. Absorption spectra were recorded with a UV–Vis–NIR
spectrophotometer (Shimadzu UV-3600).
For the PL measurements, the samples were excited at ≈800 nm by the fundamental
mode of a mode-locked Ti:Sapphire laser (Mira 900, Coherent). A variable neutral
density filter was used to adjust the laser excitation power on the sample. The PL
decays were recorded with an NIR sensitive Hamamatsu streak camera working
in synchroscan mode (time resolution ≈2 ps). The steady-state PL spectra were
measured with an InGaAs Andor inline detector, and corrected for the spectral
response of the setup using a calibrated light source.

Fitting and Data Analysis for Optical Measurements:
Steady-state spectra were fitted with Gaussian functions (the average goodness-
of-fit was determined by the chi-squared (χ2) test). Lifetimes were fitted using
exponential functions such as I =

∑
iAi exp −tτi . When only one lifetime was re-

ported, the best fit could be achieved with a mono-exponential function; otherwise
a bi-exponential function was used.
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FET fabrication and electrical characterization:
Field-effect transistors were fabricated on silicon substrates with on top a thermally
grown SiO2 dielectric layer (230 nm thickness). Source and drain bottom electrodes
(10 nm ITO/30 nm Au) were lithographically patterned, forming an interdigitated
channel. The different s-SWCNT dispersions tested were deposited in a nitrogen-
filled glovebox by blade coating (Zehntner ZAA 2300 Automatic film applicator
coater). The deposition procedure was repeated two times to achieve a sufficiently
high s-SWCNT coverage density. After deposition, the samples were annealed at
160 ◦C for 60 min to evaporate the remaining solvent.
Electrical measurements were performed using a probe station placed in a nitrogen-
filled glovebox at room temperature under dark conditions, unless otherwise
specified. The probe station is connected to an Agilent E5270B Semiconductor
Parameter Analyzer. The reported charge carrier mobilities were extracted from
the IDS − VG transfer characteristics in the linear regime at VD = ±5 V. The gate
capacitance was corrected from the parallel plate capacitance taking into account the
linear density of the s-SWCNT network and quantum capacitance of the s-SWCNT
as described by Cao et al.[53]

Surface morphology characterization:
The contact angle measurements were conducted at room temperature. The evap-
oration rate of the toluene-based ink is higher than for o-xylene-based inks. This
results in an underestimation of the acquired angles for toluene. The contact angles
during deposition, where the actual temperatures are higher, are expected to show
a higher contrast favoring the o-xylene-based ink.
Surface morphologies of the films were imaged by an AFM running in ScanAsyst
mode, using a Bruker Dimension Icon. The AFM images were analyzed using the
software Gwyddion with minimal procedures (i.e. only surface leveling, removal of
broken lines, setting the scale).
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Michael Vosgueritchian, Ya Fang, Steve Park, Kendall N. Houk, and Zhenan Bao. High-
yield sorting of small-diameter carbon nanotubes for solar cells and transistors. ACS
Nano, 8(3):2609–2617, 2014. ISSN 1936086X. doi:10.1021/nn406256y.

[25] Hang Woo Lee, Yeohoon Yoon, Steve Park, Joon Hak Oh, Sanghyun Hong, Luckshitha S.
Liyanage, Huiliang Wang, Satoshi Morishita, Nishant Patil, Young Jun Park, Jong Jin
Park, Andrew Spakowitz, Giulia Galli, Francois Gygi, Philip H.S. Wong, Jeffrey B.H.
Tok, Jong Min Kim, and Zhenan Bao. Selective dispersion of high purity semiconduct-
ing single-walled carbon nanotubes with regioregular poly(3-alkylthiophene)s. Nature
Communications, 2(1):541, 2011. ISSN 20411723. doi:10.1038/ncomms1545.

[26] Dongseob Ji, Seung Hoon Lee, and Yong Young Noh. Selective dispersion of high-purity
semiconducting carbon nanotubes using indacenodithiophene-based conjugated poly-
mer. Applied Physics Letters, 112(3):2–6, 2018. ISSN 00036951. doi:10.1063/1.5001237.

[27] Tsuyohiko Fujigaya and Naotoshi Nakashima. Non-covalent polymer wrapping of car-
bon nanotubes and the role of wrapped polymers as functional dispersants. Science
and Technology of Advanced Materials, 16(2), 2015. ISSN 14686996. doi:10.1088/1468-
6996/16/2/024802.

[28] Masahiro Shigeta, Masaharu Komatsu, and Naotoshi Nakashima. Individual solubi-
lization of single-walled carbon nanotubes using totally aromatic polyimide. Chemical
Physics Letters, 418(1-3):115–118, 2006. ISSN 00092614. doi:10.1016/j.cplett.2005.10.088.

71

https://doi.org/10.1021/nn305336x
https://doi.org/10.1021/nn203874a
https://doi.org/10.1021/acsnano.7b01076
https://doi.org/10.1002/smtd.201700335
https://doi.org/10.1021/nn406256y
https://doi.org/10.1038/ncomms1545
https://doi.org/10.1063/1.5001237
https://doi.org/10.1088/1468-6996/16/2/024802
https://doi.org/10.1088/1468-6996/16/2/024802
https://doi.org/10.1016/j.cplett.2005.10.088


2

2. Remarkably Stable, High-Quality Semiconducting Single-Walled Carbon Nanotube Inks
for Highly Reproducible Field-Effect Transistors

[29] Takahiro Fukumaru, Tsuyohiko Fujigaya, and Naotoshi Nakashima. Mechanical rein-
forcement of polybenzoxazole by carbon nanotubes through noncovalent functionaliza-
tion. Macromolecules, 46(10):4034–4040, 2013. ISSN 00249297. doi:10.1021/ma4004117.

[30] Jongtae Yoo, Tsuyohiko Fujigaya, and Naotoshi Nakashima. Molecular recognition at the
nanoscale interface within carbon nanotube bundles. Nanoscale, 5(16):7419–7424, 2013.
ISSN 20403364. doi:10.1039/c3nr01828h.

[31] Jongtae Yoo, Hiroaki Ozawa, Tsuyohiko Fujigaya, and Naotoshi Nakashima. Evaluation
of affinity of molecules for carbon nanotubes. Nanoscale, 3(6):2517–2522, 2011. ISSN
20403372. doi:10.1039/c1nr10079c.

[32] A. B. Dalton, C. Stephan, J. N. Coleman, B. McCarthy, P. M. Ajayan, S. Lefrant, P. Bernier,
W. J. Blau, and H. J. Byrne. Selective Interaction of a Semiconjugated Organic Polymer
with Single-Wall Nanotubes. The Journal of Physical Chemistry B, 104(43):10012–10016,
2000. ISSN 1520-6106. doi:10.1021/jp002857o.

[33] Vladimir Derenskyi, Widianta Gomulya, Jia Gao, Satria Zulkarnaen Bisri, Mariacecilia
Pasini, Yueh Lin Loo, and Maria Antonietta Loi. Semiconducting SWNTs sorted by poly-
mer wrapping: How pure are they? Applied Physics Letters, 112(7), 2018. ISSN 00036951.
doi:10.1063/1.5011388.

[34] Jana Zaumseil. Single-walled carbon nanotube networks for flexible and printed elec-
tronics. Semiconductor Science and Technology, 30(7):074001, 2015. ISSN 13616641.
doi:10.1088/0268-1242/30/7/074001.

[35] Vladimir Derenskyi, Widianta Gomulya, Jorge Mario Salazar Rios, Martin Fritsch, Nils
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Chapter 3

Efficient Selective
Sorting of Semiconducting Carbon Nanotubes
Using Ultranarrow-Bandgap Polymers

This chapter is based on a recently submitted article.
W. Talsma∗, G. Ye, Y. Liu, H. Duim, S. Dijkstra, K. Tran, J. Qu, J. Song, R. C. Chiechi,

M. A. Loi,

Abstract

For sorting and discriminating semiconducting single-walled carbon nanotubes (s-
SWCNT), the use of narrow bandgap conjugated polymers is desired due to the low
injection energy barrier for charge carrier transport. In this chapter, we report three
newly synthesized narrow bandgap conjugated polymers (PNDITEG-AH, PNDITEG-
TVT and PNDIC8TEG-TVT) based on naphthalene diimide (NDI) and head to head
bithiophene or thienylennevinylene (TVT) building blocks, decorated with different
polar side chains that can be used for dispersing and discriminating s-SWCNT. The
vinylene linker minimizes the intrinsic steric congestion of head to head bithiophene
and prompts the backbone planarity. Therefore, the π-conjugation length is extended
and results in a smaller bandgap. Cyclic voltammetry (CV) measurements and density
functional theory (DFT) calculations suggest that inserting a vinylene group in a head
to head bithiophene efficiently lifts the highest occupied molecular orbital (HOMO) level.
All three polymers show a good ability to select s-SWCNT, as evidenced by the sharp
transitions in the absorption spectra. Field-effect transistors (FETs) fabricated with the
polymer:SWCNT inks display p-dominant properties, with higher hole mobilities when
using the NDI-TVT polymers as compared with PNDITEG-AH. This is due to improved
alignment of the HOMO level of PNDITEG-TVT and PNDIC8TEG-TVT with that of
the dominant SWCNT species.

∗Contributions to the experimental work: preparation of the semiconducting SWCNT dispersion, opti-
cal characterization of the semiconducting SWCNT dispersion by recording absorption, device fabrication
and electrical characterization, surface morphology characterization
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3. Efficient Selective Sorting of Semiconducting Carbon Nanotubes Using
Ultranarrow-Bandgap Polymers

3.1 Introduction

Single-walled-walled carbon nanotubes (SWCNT) are, due to their excellent semi-
conductive properties, one of the most promising next-generation electronic ma-

terials candidate for field-effect transistors (FETs) [1–5], logic circuits [6–10], sen-
sors [11, 12], flexible electronics [13–15], microprocessors [16, 17] and other appli-
cations [18–21].

Among these applications, FETs based on semiconducting SWCNT (s-SWCNT)
are attractive because of their high charge carrier mobility, their low dimensionality,
and the possibility for high-density integration and low-cost solution processabil-
ity. [22–24] Indeed, pure s-SWCNT FETs have demonstrated performance superior
to that of traditional silicon. [25] However, as-synthesized SWCNT are a mixture of
roughly 2:1 s-SWCNT and m-SWCNT (metallic SWCNT), which is a strong limita-
tion for the development of a reliable technology. [26, 27]

To overcome these issues, several approaches to isolate SWCNT of identical elec-
tronic types have been developed. Among them are density gradient ultracentrifu-
gation (DGU), [28] size-exclusion chromatography methods, [29] and non-covalent
selective sorting of s-SWCNT by conjugated polymers. [22–24] The last technique
has received significant attention because of its high dispersion efficiency, selectivity
and low cost. [27]

Since the pioneering work of Nish et. al. in 2007, where polyfluorene was used to
select semiconducting carbon nanotubes in low concentration, [30] many conjugated
polymers able to selectively disperse and sort s-SWCNT have been developed and
reported. [22, 27] Most of those conjugated polymers are fluorene-[30, 31], carbazole-
[32, 33], and thiophene-based polymers [34, 35], with a highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) level energy dis-
tance of about 2 or 3 eV (see Figure 3.1a). [23, 24, 27] From the perspective of de-
vice fabrication, the advantage of using conjugated polymers to selectively wrap
s-SWCNT is that the non-covalent bound polymer does not deleteriously affect the
intrinsic charge transport of the single tubes.

However, when investigating devices composed of networks of s-SWCNTs, the
presence of mid- or high-bandgap polymers around s-SWCNT often results in an
energetic barrier, limiting inter-tube charge transport in networks, thus lowering the
electrical performance of devices. To reduce the barrier between the polymer and
nanotubes, the HOMO-LUMO level of the wrapping polymer should match the en-
ergy levels of the SWCNTs more closely. While the energy levels of the polymer can
also be used to select one of the carriers to be preferentially transported, when both
carriers should be transported efficiently narrow bandgap conjugated polymers are
desired as wrapping polymers.

Until now only a few narrow-bandgap conjugated polymers have displayed the
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3.1. Introduction
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Figure 3.1: Chemical structures of (a) representative wide- or mid-bandgap conjugated poly-
mers for selecting and sorting SWCNT reported in the literature and (b) narrow-bandgap
conjugated polymers for selecting and sorting SWCNT reported so far. The mentioned mo-
bilities are for s-SWCNT FETs only. (c) naphthalene diimide based low bandgap conjugated
polymers presented in this work.

ability to disperse SWCNT. [36–40] Bao et al. reported a series of diketopyrrolopy-
rrole based random conjugated narrow-bandgap polymers for dispersing and dis-
criminating s-SWCNT (see Figure 3.1b). However, many metallic species are ob-
served in the resulting absorption spectra, indicating insufficient discrimination. [37,
38]
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In our previous work, the naphthalene diimide based low-bandgap conju-
gated polymer N2200 (1.46 eV) and PE-N-73 (1.16 eV) was successfully used for
dispersing HiPCO SWCNT, but the yield was limited, resulting in inks of low-
concentration. [39] Due to their low concentration of the tested solution, the inks
show relatively low performance when used to fabricate field-effect transistors
(FETs) as compared with other polymers (P3DDT, PFO), the HOMO level of PE-N-
73 is better aligned with that of s-SWCNTs, which consequently benefits inter-tube
charge transport resulting in reduced IV hysteresis. [1, 39]

To narrow the bandgap of conjugated polymers, one of the most effective meth-
ods is to promote backbone planarity, which extends π-conjugation. [41–44]. It has
been proposed in the past that higher backbone planarity and higher aromatic sur-
face area of the polymer could also enhance π − π interactions with SWCNT, thus
enhancing the s-SWCNT wrapping capability. [37, 38] However, an overly rigid con-
jugated polymer backbone would make the wrapping process energetically difficult,
pushing the yield for the selection of s-SWCNTs down. [40] Therefore, only narrow
bandgap conjugated polymers with sufficiently flexible backbones are promising for
the selection of s-SWCNT and for the control of their electronic properties.

Based on the above considerations, in this work, we design and synthesize three
naphthalene diimide based conjugated polymers decorated with hydrophilic or
amphiphilic side chain for dispersing and discriminating s-SWCNT. Compared
with PNDITEG-AH, where the backbone consists of naphthalene diimide and a
twist head-to-head bithiophene moiety, PNDITEG-TVT and PNDIC8TEG-TVT
have more planar backbone, where the backbone consist of naphthalene diimide
and planar thienylennevinylene moiety. We introduce a small conjugated vinyl
group into the head-to-head bithiophene units, minimizing the intrinsic steric hin-
drance of head to head bithiophene, prompting backbone planarity, and extending
π-conjugation.

All these polymers demonstrate the capacity of dispersing SWCNT with a prefer-
ence for semiconducting species. Although, the absorption measurement of the inks
reveal that PNDITEG-AH exhibited the highest yield for s-SWCNT dispersion due
to higher twist conformation, the planar structure of PNDITEG-TVT only sacrifices
12 % dispersion ability. Encouragingly, we found that FETs fabricated from these
polymers wrapped s-SWCNT inks all display p-dominated charge transport prop-
erties, with mobilities between 0.8 cm2 V−1 s−1 and 2.3 cm2 V−1 s−1 and on/off ratios
above 106.
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Figure 3.2: Synthetic routes to naphthalene diimide based low bandgap conjugated polymers
PNDITEG-AH, PNDITEG-TVT and PNDIC8TEG-TVT, as used in our work.

3.2 Synthesis and Characterization

Depicted in Figure 3.2 are the synthetic routes and chemical structures of the three
new donor-acceptor (D-A) conjugated polymers that were used to study the disper-
sion and discrimination of semiconducting carbon nanotubes.

The monomers were synthesized and purified according to published proce-
dures with slight modifications. [45–47]. All polymers were synthesized by a typical
palladium-catalyzed Stille polycondensation of symmetrical dibromo naphthalene
diimide and distannyl thienylennevinylene monomers or distannyl head to head
bithiophene monomers. Polymers were obtained by refluxing the degassed poly-
merization mixture for three days. After polymerization, the crude polymers were
collected by precipitation in methanol. Impurities and low-molecular-weight frac-
tion were removed by continuous extraction with methanol followed by hexane,
chloroform in a Soxhlet extractor. Finally, the polymer solution in chloroform was
concentrated to give the target material. The polymer was then dissolved, precipi-
tated into cold methanol, collected, and further dried in vacuum.

The thermal properties of these three polymers were evaluated by thermogravi-
metric analysis (TGA) and differential scanning chromatography (DSC). The tem-
perature of 5 % weight-loss was selected as the onset point of decomposition (Td).
As shown in Figure 3.3 a, all the polymers show excellent stability with a decom-
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b)a)

Figure 3.3: Thermal properties for the polymers PNDITEG-AH (black), PNDITEG-TVT (red)
and PNDIC8TEG-TVT (blue). (a) Thermogravimetric analysis on second heat, measured at a
rate of 20◦C/min. (b) DSC analysis on second heat, measured at a rate of 10◦C/min.
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Figure 3.4: (a) Normalized absorption spectra of pristine PNDITEG-AH (black), PNDITEG-
TVT (red) and PNDIC8TEG-TVT (blue) as drop-cast (from CHCl3) films. (b) Cyclic voltam-
mograms of a thin-film of PNDITEG-AH (black), PNDITEG-TVT (red) and PNDIC8TEG-
TVT (blue) versus Fc/Fc+ on a glassy carbon working electrode immersed in 0.1 mol L−1

n-Bu4NPF6 acetonitrile solution at 100 mV s−1.

position temperature of 361 ◦C for PNDITEG-AH, 373 ◦C for PNDITEG-TVT and
407 ◦C for PNDIC8TEG-TVT, respectively. The DSC curves of PNDITEG-TVT and
PNDIC8TEG-TVT reveal no distinct phase transition observed in the range from
room temperature to 300 ◦C, while PNDITEG-AH shows a melting transition at
239 ◦C in the second heating cycle (Figure 3.3 b).
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3.3 Optical and Electrochemical Properties

Figure 3.4a shows the absorption spectra of PNDITEG-AH, PNDITEG-TVT,
and PNDIC8TEG-TVT in solid thin-film state. All these polymers show two
distinct absorption bands which are assigned to the high energy π − π∗ transition
(300 nm to 400 nm for PNDITEG-AH, 300 nm to 500 nm for PNDITEG-TVT and
PNDIC8TEG-TVT) and the low energy broad intramolecular charge-transfer
transition (400 nm to 700 nm for PNDITEG-AH, 550 nm to 1000 nm for PNDITEG-
TVT and PNDIC8TEG-TVT) originating from its donor-acceptor structure. [45]
PNDITEG-TVT and PNDIC8TEG-TVT have almost identical spectra due to
their shared backbone structure, with only subtle changes in their side chains.
Their spectra are red-shifted about 193 nm with respect to that of PNDITEG-AH,
indicating that inserting a vinylene linker effectively minimizes the intrinsic steric
hindrance of head-to-head bithiophene, prompts backbone planarity and extends
the π-conjugation length. [43, 44, 48–51] The absorption onsets (λ film

onset) in films
of PNDITEG-AH, PNDITEG-TVT and PNDIC8TEG-TVT are 718 nm, 1035 nm
and 1020 nm and their corresponding optical bandgap are calculated to be 1.73 eV,
1.20 eV and 1.21 eV respectively.

Table 3.1: Summary of the photophysical properties, electrochemical properties and energy
levels of PNDITEG-AH, PNDITEG-TVT, and PNDIC8TEG-TVT.

Physical Property PNDITEG-AH PNDITEG-TVT PNDIC8TEG-TVT
λsol.

max (nm) 335, 560 390, 690 390, 690
λfilm

max (nm) 340, 593 411, 783 411, 785
λfilm

onset (nm) 718 1035 1020
Eopt.

g
a (nm) 1.73 1.20 1.21

Ered
onset (V) -0.93 -0.98 -0.92

LUMO (eV)b -3.87 -3.82 -3.88
HOMO (eV)c -5.60 -5.02 -5.09
LUMO (eV)d -3.64 -3.56 -3.48
HOMO (eV)d -6.15 -5.45 -5.41
a Eopt.g = 1240/λfilm

onset.
b Calculated from CV: ELUMO = -(4.80 + Ered

onset) eV.
c Calculated from ELUMO and Eopt.

g : EHOMO = ELUMO + Eopt.
g

d From DFT calculations

To determine the energy level of PNDITEG-AH, PNDITEG-TVT and
PNDIC8TEG-TVT, cyclic voltammetry (CV) was carried out. The results are
shown in Figure 3.4b and summarized in Table 3.1. All polymers exhibit two quasi-
reversible reductions waves, corresponding to n-doping (reduction) of the strong
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electron-deficient nature of the naphthalene diimide moieties. The onset reduction
potentials (ERed.onset) of PNDITEG-AH, PNDITEG-TVT and PNDIC8TEG-TVT are
−0.93 V, −0.98 V and −0.92 V, respectively. The energy levels of polymers were calcu-
lated using the equation ELUMO = −(4.80 +ERed.onset)eV. Therefore, the LUMO levels
of polymers are −3.87 eV, −3.82 eV and −3.88 eV, respectively. Based on the optical
bandgap and LUMO levels, the HOMO level of PNDITEG-AH, PNDITEG-TVT
and PNDIC8TEG-TVT is calculated to be −5.60 eV, −5.02 eV and −5.09 eV. These
results reveal that incorporation of a vinylene linker into the polymer backbone
effectively elevates the HOMO level, which we expect to be beneficial for the hole
transport between the polymer and s-SWCNT.

Density functional theory (DFT) calculations were carried out on model com-
pounds for PNDITEG-AH, PNDITEG-TVT, and PNDIC8TEG-TVT to fully under-
stand the effect of the vinylene linker on the backbone planarity and energy levels of
the frontier orbitals at the B3LYP/6-311G(d) level using Gaussian 16. [52]

In Figure 3.5 the molecular orbital distributions for model compounds of
PNDITEG-AH, PNDITEG-TVT, and PNDIC8TEG-TVT are shown. All of the
LUMO levels are mainly positioned on the central NDI unit. In contrast, the HOMO
levels are located on the TVT moiety in PNDITEG-TVT and PNDIC8TEG-TVT,
or bithiophene in PNDITEG-AH. Figure 3.6 shows that the calculated energy gaps
of PNDITEG-TVT and PNDIC8TEG-TVT are lower than that of PNDITEG-AH,
which is consistent with the optical bandgap results.

Interestingly, the introduction of vinylene linker into the head-to-head bithio-
phene leads to a remarkably increased HOMO energy and little change in the LUMO
energy, resulting in a decreased bandgap. This result is in agreement with our obser-
vations in the CV measurements. The higher HOMO level of PNDITEG-TVT, and
PNDIC8TEG-TVT, as mentioned earlier, would be beneficial for the charge trans-
port between the polymer and SWCNT.

The dihedral angle between thiophene and thiophene in PNDITEG-AH is with
109.0◦ much higher than that of the thiophene adjacent vinyl in PNDITEG-TVT
(4.8◦, 1.7◦) and PNDIC8TEG-TVT (4.7◦, 1.6◦). In addition, the dihedral angles
between NDI unit and adjacent thiophene also reduce from 61.9◦ for PNDITEG-AH,
to 39.5◦ for PNDITEG-TVT, to 40.1◦ for PNDIC8TEG-TVT, respectively (see Ta-
ble 3.2). Therefore, inserting a vinylene linker significantly decreased the dihedral
angles of the head to head bithiophene due to reduced steric hindrance. Thus,
the backbones of PNDITEG-TVT and PNDIC8TEG-TVT are more planar than
PNDITEG-AH. This improved planarity of PNDITEG-TVT and PNDIC8TEG-TVT
results in a longer π conjugation length, which could eventually benefit charge
transport due to improved alignment of the polymer HOMO level with the average
HOMO level of the s-SWCNT selected.
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a) b)

c) d)

e) f )

Figure 3.5: DFT calculated HOMO (left-side panels) and LUMO (right-side panels) for
PNDITEG-AH (a, b), PNDITEG-TVT (c, d), and PNDIC8TEG-TVT (e, f).

Table 3.2: Dihedral angles in PNDITEG-AH, PNDITEG-TVT, and PNDIC8TEG-TVT

Polymer θ 1 θ 2 θ 3

PNDITEG-AH 61.9◦ 109◦

PNDITEG-TVT 39.5◦ 4.8◦ 1.7◦

PNDIC8TEG-TVT 40.1◦ 4.7◦ 1.6◦
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Figure 3.7: Absorption spectra of 3 mg of PNDITEG-AH (black), PNDITEG-TVT (red) and
PNDIC8TEG-TVT (blue) in 10 ml toluene as used for wrapping HiPCO SWCNT

3.4 s-SWCNT ink characterization

Absorption spectroscopy is the most common and facile method to evaluate the
quality of s-SWCNT/polymer dispersion ink. Figure 3.8a shows the absolute
absorbance spectra of the HiPCO SWCNT and polymer dispersion ink after the
first sonication and ultracentrifugation enrichment (see the Experimental Section).
Dashed lines correspond to the spectra as obtained directly after first sorting of the
s-SWCNT. The solid lines are the spectra obtained for the enriched s-SWCNT inks,
namely after two ultracentrifugations. [53]

As discussed previously, the absorption peaks of PNDITEG-TVT and
PNDIC8TEG-TVT are located from 500 nm to 1000 nm and in the broad peak
appears a structure upon aggregation of the polymer chains (see Figure 3.7). The
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narrow absorption peaks in the near-infrared region (1100 nm to 1700 nm) are the
evidence of successfully sorted s-SWCNT, corresponding to the first (S11) electronic
transitions of different species of s-SWCNTs present in the sample. Therefore, the
newly synthesized PNDITEG-AH, PNDITEG-TVT and PNDIC8TEG-TVT are able
to discriminate and disperse s-SWCNT. As expected, the S11 peaks are enhanced
significantly after the enrichment procedure.

From their intensities, we observe that the inks prepared using the PNDIC8TEG-
TVT polymer yield the lowest density of s-SWCNT compared with PNDITEG-TVT
and PNDITEG-AH in both discrimination-only and enriched inks. While the dif-
ference in the optical density of the SWCNTs as-obtained with PNDITEG-TVT and
PNDITEG-AH appears minimal. Important to note is that to be able to compare the
yield of semiconducting SWCNT selected by each polymer directly, we chose to not
dilute the dispersion inks to an equal optical-density.

It is also important to underline that while PNDITEG-TVT and PNDIC8TEG-
TVT are similar in both the number average molar mass (Mn) and the mass average
molar mass (MW ), they are lower than the values obtained for PNDITEG-AH (see
Table 3.3). It has previously been shown that there is a correlation between higher
molecular weight and high dispersion yield. [3, 54] Therefore, in this case, a simple
correlation of the yield with the molecular structure is not simple.

Polymer Mn (kg mol−1) MW (kg mol−1) PDI
PNDITEG-AH 9.9 15 1.51

PNDITEG-TVT 2.9 9.6 3.2
PNDIC8TEG-TVT 3.3 9.3 2.86

Table 3.3: The molecular weight of PNDITEG-AH, PNDITEG-TVT and PNDIC8TEG-TVT.

To highlight the relative differences in yield and the amount of polymer chains,
the absorbance spectra is normalized to the free polymer peak (at 327 nm for
PNDITEG-AH and 392 nm to 410 nm for PNDITEG-TVT and PNDIC8TEG-TVT),
as shown in Figure 3.8b. Relative to the free polymer, PNDITEG-AH yields the
highest amount of s-SWCNT after both selection and enrichment steps. When com-
paring PNDIC8TEG-TVT and PNDITEG-TVT the first produces a smaller amount
of s-SWCNT for first sorted inks, as can be seen in the S11 (1100 nm to 1700 nm)
region. However, interestingly, after the crucial enrichment step, a different trend is
visible. Now, the PNDIC8TEG-TVT sample yields the higher density of s-SWCNT
and PNDITEG-TVT one contains the lower amount of s-SWCNT relative to the free
polymer. This indicates that it is more difficult to remove the excess PNDITEG-TVT
polymer from these inks. Therefore, considering the remaining free polymer, this
results in a lower overall wrapping efficiency. Important to notice is the change
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in the ratio between the two polymer absorption peaks, as the lower energy one is
sensitive to the aggregation on the SWCNT walls. In particular, after the second
centrifugation the low energy peak becomes more prominent, indicating that the
polymer indeed is coiling around the s-SWCNT.

The absorption data demonstrates that the more planar polymers PNDITEG-
TVT and PNDIC8TEG-TVT have a lower capability of dispersing s-SWCNT than
that of twist polymer PNDITEG-AH. The higher ability of PNDITEG-AH for dis-
persing s-SWCNT is likely a result of the twist head-to-head bithiophene moiety
that make it energetically easier to form a helical conformation for wrapping the
nanotubes. The minor difference between PNDITEG-AH and PNDITEG-TVT in-
dicate that inserting a small conjugation vinylene linker into PNDITEG-AH (thus
forming PNDITEG-TVT) did not sacrifice wrapping capability in a significant way.
Although the planar polymer PNDITEG-TVT is harder to bend into a helical con-
formation to wrap s-SWCNT as compared with PNDITEG-AH, the extended π-
conjugation gives rise to a strong π − π intermolecular interaction. This is consid-
ered by some beneficial for enhanced π − π interaction sites of the polymer with the
s-SWCNT. [24, 37, 38] Therefore, PNDITEG-TVT remains capable of wrapping the
s-SWCNT, but with a lower bandgap than that of PNDITEG-AH, which could in the
end benefit charge transport.

It has been demonstrated that the side chains are also very important. [55] There-
fore, since PNDITEG-TVT and PNDIC8TEG-TVT consist of the same π-conjugated
backbone, the difference in dispersion yield should be a direct result from the varia-
tion in the side chain. Inserting an alkyl chain segment between the glycol side chain
and backbone reduces the polarity of PNDIC8TEG-TVT, which lowers the bonding
energy of PNDIC8TEG-TVT with s-SWCNTs. [23, 24, 27] Thus, PNDIC8TEG-TVT
exhibits the lowest wrapping ability during selection. However, during the enrich-
ment procedure, the excess (free) polymer in the supernatant is easier to be removed
in case of PNDIC8TEG-TVT as compared with PNDITEG-TVT, which is likely due
to the more flexible side chain of PNDIC8TEG-TVT, increasing its solubility. Since
the polymers have a similar molecular weight, and the amount used for preparing
the solutions is kept constant, the number of individual polymer chains within each
solution is comparable.

In Figure 3.8c, the normalized steady-state photoluminescence (PL) spectra of
the inks are shown. Using PNDITEG-AH as a reference, we can see that PNDITEG-
TVT shows a slight preference for emission from high band gap SWCNTs. This is
in contrast with PNDIC8TEG-TVT, which shows slightly more intense emission at
lower energies.

The small difference in intensity of the PL, considering that the absorption spectra
of the three dispersions are almost identical, indicate subtle variation in the degree
of energy transfer among SWCNTs of different chirality.
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b)a)

d)c)

Figure 3.8: (a) Absorption spectra (in O.D.) of HiPCO:PNDITEG-AH (black),
HiPCO:PNDITEG-TVT (red) and HiPCO:PNDIC8TEG-TVT (blue) for inks as ob-
tained directly from discrimination (dotted lines) and after the enrichment procedure
(solid lines). (b) Absorption spectra normalized to the free polymer peak. (c) Normalized
steady-state photoluminescence of the s-SWCNT inks for HiPCO:PNDITEG-AH (black),
HiPCO:PNDITEG-TVT (red) and HiPCO:PNDIC8TEG-TVT (blue) (d) time-resolved photo-
luminescence of the s-SWCNT peak at 1140 nm. No discernible differences in lifetimes were
found between the SWCNT solutions obtained with the two polymers, a concatenated fit to
I =

∑2
i=1 Aiexp(

−t
τi

) yields lifetimes: τ1 = 15ps(43 %) and τ2 = 39 ps(57 %).

This is further confirmed by the time-resolved PL in Figure 3.8d, the 1140 nm
transition shows similar decay for all inks, with extracted lifetimes of τ1 = 15ps

(43 %) and τ2 = 39 ps (57 %). Since the lifetime is typically strongly quenched in
the presence of metallic species and proximity with SWCNTs of different chirality,
this indicates that the inks fabricated from the reported polymers result in a similar
degree of s-SWCNT individualization. [56] It is important to note that this is not
always the case, as we have demonstrated that in case of SWCNTs wrapped with
polythiophenes the formation of twins is favoured. [57]
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b)a)

c) d)

Figure 3.9: Comparison of electrical characteristics for the s-SWCNT:polymer-hybrid inks.
(a-c) FET output characteristics for the examined inks for (a) a device fabricated from
HiPCO:PNDITEG-AH, (b) HiPCO:PNDITEG-TVT and (c) HiPCO:PNDIC8TEG-TVT. The
arrows represent an increase in gate bias from 0 V to ±50 V in steps of 10 V. (d) FET
transfer characteristics for HiPCO:PNDITEG-AH (black), HiPCO:PNDITEG-TVT (red) and
HiPCO:PNDIC8TEG-TVT (blue). The arrows represent the sweep directions.

3.5 Thin-film transistor performance

To evaluate the quality of the s-SWCNT:polymer inks, and probe their charge trans-
port properties, we fabricated bottom-gate and bottom-contact field-effect transis-
tors (FETs). The enriched polymer sorted s-SWCNT inks were blade-cast onto the
substrate with lithographically defined electrodes.

Figure 3.9 displays the electrical characteristics of a representative set of
FET devices which are made from the enriched polymer wrapped HiPCO s-
SWCNT inks. There is a peculiar shift from p-type dominated towards more
ambipolar, n-type dominated transport, going from HiPCO:PNDITEG-AH to
HiPCO:PNDITEG-TVT to HiPCO:PNDIC8TEG-TVT. As shown in Figure 3.9a,
the fabricated PNDITEG-AH sorted s-SWCNT transistors exhibited p-dominated
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Figure 3.10: Figures of merit of the FETs fabricated from the s-SWCNT:polymer-hybrid inks
for HiPCO:PNDITEG-AH (black), HiPCO:PNDITEG-TVT (red) and HiPCO:PNDIC8TEG-
TVT (blue).

output characteristics. While in Figure 3.9b, HiPCO:PNDITEG-TVT based FET still
displayed p-dominated output characteristics, slightly more electrons are present
in the channel. In Figure 3.9c, the HiPCO:PNDIC8TEG-TVT based FET displayed
n-dominated output characteristics.

The p-type charge carrier dominated HiPCO:PNDITEG-AH ink exhibit
the highest hole saturation current. While the HiPCO:PNDITEG-TVT and
HiPCO:PNDIC8TEG-TVT inks exhibits similar hole current saturation. However,
the electron current for the devices made from the enriched PNDIC8TEG-TVT
sorted s-SWCNT inks is 40 times larger in magnitude as compared with enriched
PNDITEG-TVT sorted s-SWCNT inks.

Figure 3.9d shows the ID-VG transfer characteristics of all three devices.
The FETs obtained from PNDITEG-AH-sorted s-SWCNT exhibit a hole mobility of
0.82 cm2 V−1 s−1 (on-off ratio≈ 9× 106) and an electron mobility of 0.02 cm2 V−1 s−1

(on-off ratio ≈ 8× 103). The FETs obtained from PNDITEG-TVT-sorted s-SWCNT
exhibit a hole mobility of 1.52 cm2 V−1 s−1 (on-off ratio 2× 107) and an elec-
tron mobility of 0.05 cm2 V−1 s−1 (on-off ratio 5× 105). The FETs obtained from
PNDIC8TEG-TVT-sorted s-SWCNT exhibit ambipolar characteristics, with a hole
mobility of 2.31 cm2 V−1 s−1 (on-off ratio 2× 106) and an electron mobility of
0.38 cm2 V−1 s−1 (on-off ratio 2× 106).

A summary of the FET performance distribution of devices fabricated with these
enriched polymer-sorted s-SWCNT inks is reported in Figure 3.10. It is clear to see
that HiPCO:PNDITEG-AH based FETs demonstrate the lowest performance as com-
pared with that of HiPCO:PNDITEG-TVT and HiPCO:PNDIC8TEG-TVT based
FETs in both hole and electron mobility. This despite that PNDITEG-AH exhibits
the highest dispersion capability as indicated from absorption spectra. In contrast
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with the absorption spectra, the FET data give a clear indication that there are no
metallic tubes present in the devices. All transistors were functional and for hole
transport all on-off ratios are in the order of 106 or above.

3.6 Energy level alignment and FET hysteresis

The FET performances can be affected by the energy levels and mobility of polymers.
Figure 3.11 shows the energy level alignment of these three conjugated polymers and
the (8,7) s-SWCNT. Compared with PNDITEG-AH, the higher HOMO level of NDI-
TVT based polymers PNDITEG-TVT and PNDIC8TEG-TVT result in an improved
energy alignment with the HOMO levels of the s-SWCNT. Therefore, the energy bar-
rier for inter-tube hole transport in a network of NDI-TVT based polymer-wrapped
s-SWCNT is lower than that of NDI-AH based polymer-wrapped s-SWCNT.

In the case of electron transport, these three polymers show similar energy align-
ment with the (8,7) s-SWCNT. However, as compared with previously reported NDI-
TVT based polymers, the electron mobility of our new NDI-TEG based polymer
PNDITEG-AH is expected to be lower. [43, 44, 58] This can be explained by the twist
structure of the NDI-AH based polymer PNDITEG-AH. This lower electron mobil-
ity within the polymer results in a higher energy barrier for the electron transport
from one s-SWCNT to another, reducing overall FET electron mobilities.

The devices made from the HiPCO:PNDIC8TEG-TVT ink display higher mobil-
ities as compared with PNDITEG-TVT, for both hole and electron properties. Com-
bining these data with the absorption spectra, we suspect this improvement is likely
due to a higher polymer dispersion efficiency, i.e. more s-SWCNT are selected with
respect to the remaining free polymer in the ink after purification. The lower amount
of free polymer significantly reduces the barrier between the s-SWCNT for intra-tube
charge transport, resulting in the higher FET performances as seen for PNDIC8TEG-
TVT as compared with that of PNDITEG-TVT. Other data supporting this hypothe-
sis is that FET devices fabricated from right after selection (before enrichment) using
the PNDITEG-TVT s-SWCNT ink show 100 times higher hole mobility than that of
PNDIC8TEG-TVT.

After enrichment, the excess polymer is removed, and the PNDIC8TEG-TVT so-
lution is still superior over PNDITEG-TVT. Additionally, PNDIC8TEG-TVT based
FET displays more ambipolar electrical characteristics than PNDITEG-TVT based
FETs. The electron mobility of the PNDIC8TEG-TVT based FET is only one order
of magnitude inferior to its hole mobility. Interestingly, the increase of ambipolar-
ity in this sample degrades slightly the hole on-off ratio of the device, leaving it to
values above 105 This is also reflected by statistics over all devices (Figure 3.10 and
Table 3.4). Here, we need to underline that ambipolarity in a field-effect transistor
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Figure 3.11: Energy levels (solid for HOMO, dashed for LUMO) of PNDITEG-AH,
PNDITEG-TVT, and PNDIC8TEG-TVT compared with s-SWCNT (8,7). On the diagram on
the right is displayed the density of states for the (8,7) s-SWCNT schematically represented.
(s-SWCNT data for HOMO and LUMO is taken from literature [59])

for many applications is undesirable. However, to overcome this, a potential so-
lution has previously already been demonstrated; polarity tuning with the use of
dopants. [5]

To further help clarify the role of the wrapping polymer, the FET hysteresis is
examined. The hysteresis has been quantified by taking the difference in threshold
voltage (Vth) between forward and backward sweep, as obtained during the trans-
fer characteristics measurements (summarized in Table 3.4). Interesting to note is
that the hysteresis for holes in HiPCO:PNDITEG-AH is significantly larger than the
value as obtained for HiPCO:PNDITEG-TVT or HiPCO:PNDIC8TEG-TVT. This
can be explained by the higher energetic barrier present for using PNDITEG-AH,
which enhances the possibility of trapping.

In contrast, the hysteresis for electron transport is slightly lower for HiPCO:PNDITEG-
AH, although similar to the one of the other two polymers. Indeed, the LUMO of
this particular polymer lies slightly closer to that of the s-SWCNT, as compared with
PNDITEG-TVT and PNDIC8TEG-TVT (Figure 3.11).

This data supports our hypothesis that the energy levels of PNDITEG-TVT and
PNDIC8TEG-TVT are better aligned with the s-SWCNT, reducing the energy barrier
for holes and improving charge transport.
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Table 3.4: Summary of the FET data averaged over all samples for inks obtained after selection
(1st) and after enrichment (2nd).

PNDIT
EG-A

H
1s

t

PNDIT
EG-A

H
2n

d

PNDIT
EG-T

VT
1s

t

PNDIT
EG-T

VT
2n

d

PNDIC
8T

EG-T
VT

1s
t

PNDIC
8T

EG-T
VT

2n
d

on/off (h+) 2× 107 4× 106 2× 105 8× 106 2× 104 7× 105

on/off (e−) 1× 103 4× 103 1× 104 3× 105 1× 104 7× 105

µ (h+) (cm2 V−1 s−1) 2× 10−2 0.6 2× 10−3 1.0 2× 10−5 1.6
µ (e−) (cm2 V−1 s−1) 1× 10−5 1× 10−2 8× 10−5 2× 10−2 1× 10−4 0.2
Vth (h+) (V) -2.0 -29.7 -40.0 -44.9 -27.1 -43.8
Vth (e−) (V) 35.4 15.0 15.5 1.1 -0.6 -8.9
Hys (e−) (V) - -10.7 - -12.4 - -11.4
Hys (h+) (V) - 13.4 - 3.4 - 3.3

Overall, the HiPCO:SWCNT dispersions (obtained with PNDITEG-AH,
PNDITEG-TVTand PNDIC8TEG-TVT) are of very good quality and demonstrate
that small variations of the chemical structure of the wrapping polymer can have a
large influence on the transport properties of the inks.

3.7 Conclusion

We have successfully demonstrated that three newly synthesized naphthalene di-
imide based low-bandgap conjugated polymers are able to wrap and select semi-
conducting SWCNT.

Compared to the conjugated polymer with naphthalene diimide and head-to-
head bithiophene unit (PNDITEG-AH), we found that inserting a small conjugated
vinyl group into the head-to-head bithiophene substantially increases backbone
planarity and lowers the bandgap of the corresponding conjugated polymers
(PNDITEG-TVT and PNDIC8TEG-TVT) without sacrificing the wrapping ability
significantly. Furthermore, usage of an alkyl chain spacer between the conjugated
backbone and oligomer glycol ether side chain increases the flexibility and solubility
of PNDIC8TEG-TVT, which leads to efficient removal of excess polymer from the
s-SWCNT ink during the enrichment step.

Field-effect transistors fabricated from PNDITEG-AH, PNDITEG-TVT and
PNDIC8TEG-TVT wrapped s-SWCNT have successfully been fabricated and used
as a tool to evaluate the influence of the backbone on the device performance. The
hole transport of devices fabricated with PNDITEG-AH, PNDITEG-TVT, and
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PNDIC8TEG-TVT selected s-SWCNT increase gradually from twisted polymers
PNDITEG-AH to planar polymers PNDITEG-TVT and PNDIC8TEG-TVT. The
higher performance of PNDITEG-TVT and PNDIC8TEG-TVT originate from
their improved HOMO level alignment with nanotubes, as compared with that of
PNDITEG-AH.

Our work provides insight into the fundamental understanding of the relation-
ship between the molecular structure of the polymer and the corresponding disper-
sion capability of SWCNT and the physical properties of the final inks.

3.8 Experimental

Preparation and characterization of s-SWCNT dispersions
HiPCO SWCNT (0.8 nm to 1.2 nm) inks and devices were prepared and character-
ized as described in our previous work. [60] A detailed description is also available
in chapter 2.

DFT calculations
DFT calculations were performed using Gaussian 16 program with B3LYP functional
and 6-311G(d) basis set. We choose one repeat unit of each polymer as the model
molecule in our simulation to reduce the calculation time. These model molecules
were first optimized at gas phase. Then we used the optimized geometry as the
starting point for further single point energy calculations.

Thermogravimetric analysis
Thermal properties of the polymers were determined on a TA Instruments DSC Q20
and a TGA Q50. DSC measurements were executed with two heating-cooling cycles
with a scan rate of 10 ◦C min−1, and from each scan, the second heating cycle was
selected. TGA measurements were done from 20 ◦C to 800 ◦C with a heating rate of
20 ◦C min−1.

Cyclic voltammetry
Cyclic voltammetry (CV) was carried out with an Autolab PGSTAT100 potentiostat
in a three-electrode configuration where the working electrode was a glassy carbon
electrode, the counter electrode was a platinum wire, and the pseudo-reference was
an Ag wire that was calibrated against ferrocene (Fc/Fc+). Cyclic voltammograms
for NDI-Based polymers film deposited on the glass carbon working electrode in
CH3CN solution containing Bu4NPF6 (0.1 mol L−1) electrolyte at a scanning rate of
100 mV s−1.
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[3] Stefan P. Schießl, Nils Fröhlich, Martin Held, Florentina Gannott, Manuel Schweiger,
Michael Forster, Ullrich Scherf, and Jana Zaumseil. Polymer-sorted semiconducting car-
bon nanotube networks for high-performance ambipolar field-effect transistors. ACS Ap-
plied Materials and Interfaces, 7(1):682–689, 2015. ISSN 19448252. doi:10.1021/am506971b.

[4] Vladimir Derenskyi, Widianta Gomulya, Wytse Talsma, Jorge Mario Salazar-Rios, Martin
Fritsch, Peter Nirmalraj, Heike Riel, Sybille Allard, Ullrich Scherf, and Maria A. Loi.
On-Chip Chemical Self-Assembly of Semiconducting Single-Walled Carbon Nanotubes
(SWNTs): Toward Robust and Scale Invariant SWNTs Transistors. Advanced Materials, 29
(23):1606757, jun 2017. ISSN 09359648. doi:10.1002/adma.201606757.

[5] Jorge Mario Salazar-Rios, Aprizal Akbar Sengrian, Wytse Talsma, Herman Duim,
Mustapha Abdu-Aguye, Stefan Jung, Nils Fröhlich, Sybille Allard, Ullrich Scherf, and
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Chapter 4

Field effect transistors based on
formamidinium tin triiodide perovskite

This chapter is, with modified figures, based on an article published as:
S. Shao, W. Talsma∗, M. Pitaro, J. Dong, S. Kahmann, A. J. Rommens,

G. Portale, M. A. Loi,
Adv. Funct. Mater., 2008478 (2021)

[doi: 10.1002/adfm.202008478]

Abstract

To date, there are no reports of 3D tin perovskite used as a semiconducting channel in
field-effect transistors (FETs). This is probably due to the large amount of trap states and
high p-doping typical of this material. Here, the first top-gate bottom-contact FET using
formamidinium tin triiodide perovskite films is reported as the semiconducting channel.
These FET devices show a hole mobility of up to 0.21 cm2 V−1 s−1, Ion/off ratio of 104 and
a relatively small threshold voltage (VTH ) of 2.8 V. Besides the device geometry, the key
factor explaining this performance is the reduced doping level of the active layer. In fact,
by adding a small amount of the 2D material in the 3D tin perovskite, the crystallinity
of FASnI3 is enhanced, and the trap density and hole carrier density are reduced by one
order of magnitude. Importantly, these transistors show enhanced parameters after 20
months of storage in a N2 atmosphere.

∗Contributions to the experimental work: capacitance measurements, device fabrication (except for
depositing the active material) and electrical characterization, surface morphology characterization for a
subset of samples
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4.1 Introduction

The charge-transport properties of semiconductors are one of the most critical
physical properties for the functioning of optoelectronic devices such as solar

cells, light-emitting diodes and field-effect transistors (FETs). Investigations of charge
transport in field effect transistor configuration are very useful as they can give indi-
cation of the material properties with a relatively simple experiment, which is very
appropriate for comparative studies. [1–8]

In the past several years, organic metal halide perovskites have been emerging
as a class of promising semiconducting materials for optoelectronic devices. [7, 9–21]
However, for quite a long time it had been very difficult to investigate the charge-
transport properties in FETs; reasons for this difficulty have been accounted to ion
migration, structural polarization and phonon scattering, which have negative ef-
fect as they can screen the gate electrical field. Early research works failed to obtain
well-behaving metal halide perovskite FETs at room temperature. Only recently,
researchers have partially overcome the great difficulties in fabricating lead halide
perovskite-based FETs, and not only 3D lead halide perovskites but also the lead
based 2D Ruddlesden-Popper (R-P) homologous (A

′

2An−1PbnX3n+1, n = 1), in the
form of thin film and single crystals, have been investigated as FET active materi-
als. [7, 10, 21, 22]

Among the tin-based halide perovskites, only 2D R-P (n = 1 phase) such as
PEA2SnI4 (PEA is phenylethammonium) have been investigated in FETs. Due to
the quantum and dielectric confinements in R-P perovskite, the charge tunnelling
perpendicular to the inorganic layers is strongly inhibited, and the charge transport
is mostly confined in the 2D corner sharing inorganic octahedral layer. Therefore,
structural defects with the alignment of the inorganic layers not parallel to the sub-
strate are very detrimental to the performance of FETs. In the past, strategies to elim-
inate the grain boundaries such as enlarging the grain size and growing single crys-
tals were developed to improve FET’s performances. In 1999 Kagan et. al. reported a
hole mobility of 0.6 cm2 V−1 s−1 in a transistor with bottom-gate and bottom-contact
geometry, which used as semiconducting channel a spin-coated R-P tin halide of for-
mula, PEA2SnI4. [20] Mitzi et. al. improved the hole mobility to 2.6 cm2 V−1 s−1 with
a superior PEA2SnI4 film morphology, which was obtained with a low-temperature
melt-processing technique. [23]

As traps at the surface of the dielectric layer can capture free charges in the semi-
conducting channel impeding in this way charge transport. Matsushima et. al. suc-
ceeded in enhancing the hole mobility of the transistor by passivating the trap states
at the silicon dioxide surface with a self-assembled monolayer containing NH3I ter-
minal groups.

FETs being interface-based devices, the device geometry and the position of the

102



4

4.1. Introduction

dielectric layer with respect to the active layer is very critical for the FET function-
ing. The energy barrier at active material/source (drain) interface is also extremely
important, as a large Schottky barrier can strongly inhibit the injection in the semi-
conductor channel and limit the device performance. Matsushima et. al. improved
the hole mobility of PEA2SnI4 up to 15 cm2 V−1 s−1 by using a polymer with high
dielectric constant as the dielectric layer and minimizing the hole injection barrier
with MoO3 interfacial layer in FETs with top-gate and top-contact geometry. [24–26]
To summarize, the charge-transport properties of the R-P tin perovskite materials
were found to highly depend on the film morphology, device geometry, surface trap
passivation, and energy barrier at the source/drain contact.

Unlike the 2D R-P, because of the absence of quantum- and dielectric-
confinement effects, the 3D tin perovskite materials potentially enable much
faster charge transport. [27, 28] Moreover, 3D tin perovskite should enable charge
transport in three dimensions. However, it is unclear how the crystallographic
properties and microstructures of these 3D tin perovskite films influence their
transport properties.

However, the investigation of the charge-transport properties of the 3D tin-based
perovskites is impeded by the big difficulties in fabricating a working FET. This is
most probably associated with the notorious high p-doping level of the 3D tin per-
ovskite due to the large amount of trap states, in particular tin vacancies. [29–31]
As a consequence, the quantity of holes in tin perovskites overwhelms the injected
ones, compromising the possibility of controlling the conduction with the gate field.
As a small gate voltage is not enough to deplete these holes in the semiconducting
channel, this poses challenges to switch off the transistor. Therefore, in order to get
good performance for these devices, effective strategies to eliminate the tin vacancies
should be developed.

In one of our recent works, we successfully reduced the p-doping level (hole den-
sity) in 3D formamidinium tin triiodide (FASnI3) perovskite of more than one order
of magnitude by incorporating a small amount of the 2D R-P tin perovskite. [30] The
addition of the R-P phase enhances enormously the crystallinity and the orientation
of the 3D phase. The highly ordered 3D phase is potentially very interesting for
its application as active layer in FETs. This gives us the motivation to investigate
its charge-transport properties. We fabricated reference FETs, which use pure 3D
tin perovskite film as the semiconducting channel, in bottom-gate bottom-electrode
configuration, with SiO2 as dielectric material. These devices, as expected, failed to
show field-modulated charge transport due to high density of holes (5.8× 1017 cm−3)
in the channel. Conversely, the FETs using the 2D/3D perovskite semiconducting
channel show field-induced p-type conduction in the same device geometry due to
the reduced hole carrier density (1016 cm−3). The FET using a 48 nm thick 2D/3D
layer shows a hole mobility extracted from the linear region of 0.12 cm2 V−1 s−1
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a) b)

Figure 4.1: XRD patterns of the (a) 3D and (b) 2D/3D samples.

and a threshold voltage (VTH ) of 28 V. Compared to the FET based on 2D/3D,
the FET based on pure 2D R-P layer shows an inferior hole mobility in the order
of 10−3 cm2 V−1 s−1 due to the combined quantum- and dielectric-confinement
effects and larger injection barrier at the perovskite/bottom-electrode interface. An
improved device structure, using Al2O3 as top-gate dielectric, allows us to reduce
significantly the VTH to 2.8 V as a direct consequence of the oxide high capacitance.
Moreover, in this optimized device geometry, the hole mobility is increased up to
0.21 cm2 V−1 s−1 with an Ion/off ratio of 104 Interestingly, these devices show mostly
improved performances after 20 months of storage in N2 atmosphere.

4.2 Perovskite film characterization

We prepared the 3D and 2D/3D films with a thickness of around 306 nm following
the previously reported procedure for the fabrication of solar cells. [30] Figure 4.1
shows the X-ray diffraction (XRD) patterns of these two films. The 3D film is com-
posed of randomly oriented grains, exhibiting the diffraction peaks of (100), (120),
(122), (200) planes. In contrast, the 2D/3D film is composed of highly oriented
grains, showing dominant diffraction peaks of (100) and (200) planes. It is note-
worthy that the 2D/3D film shows significantly higher crystallinity as compared to
3D film, which is evidenced by the intense and narrower diffraction peaks. Though
we refer to this sample as 2D/3D in order to differentiate it from a pure 3D sample,
the diffraction peak from the 2D phase at lower 2θ angle is negligible due to its small
amount. Therefore, the 2D/3D sample can be treated as highly crystalline and ori-
ented 3D phase. This is further confirmed by the fact that both films show practically
the same absorption spectra (Figure 4.2).
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Figure 4.2: Absorbance spectra of the 3D (black) and 2D/3D (red) film.

In order to gain deeper insight into the orientation and the phase distribution,
Figures 4.3 c and e display the grazing incidence wide-angle x-ray scattering (GI-
WAXS) images of the 3D tin perovskite films detected at X-ray incident angles of
0.25◦ and 2.0◦, respectively. The diffraction rings verify that the entire 3D film is
composed of randomly oriented 3D grains (Figure 4.3a). Figure 4.3 d and f dis-
play the GIWAXS images of the 2D/3D films recorded under the same experimen-
tal conditions, where it is evident that the top part of the film consists of pure 3D
grains, whereas the bottom part consists of 3D grains and of a very small amount
of PEA2FASn2I7 (n = 2 phase) (Figure 4.3 b). The 3D grains of the 2D/3D film are
oriented with h00 planes packing dominantly in the out-of-plane direction over the
in-plane direction, and the n = 2 phase is oriented with the inorganic layers parallel
to the substrate. The high crystallinity and orientational order observed in 2D/3D
film are associated with the changes in crystallization process, in which 2D tin per-
ovskite promotes the surface crystallization of the 3D tin perovskite. [32] Figure 4.4
shows the atomic force microscopy (AFM) micrographs of the two films. The pure
3D film exhibits large grains with sharp grain boundaries, while the 2D/3D film
shows fused grain boundaries.

Figure 4.5a shows the time resolved photoluminescence (PL) spectra of the 3D
and 2D/3D films. The 2D/3D film exhibits much slower (8.15 ns) decay dynam-
ics of the charge carriers than the pure 3D film (1.54 ns), indicating that the highly
crystalline 2D/3D film has a much lower trap density than the 3D counterpart. See-
beck coefficients of the 3D and 2D/3D films demonstrated that holes dominate the
electrical conductivity. [30] Also, the electrical conductivity of the 2D/3D film is con-
siderably lower than the one of the 3D films (Figure 4.5b), which is an indication of
reduced p-doping level. Mott-Schottky analysis (Figure 4.5c) shows that the carrier
density of the 2D/3D sample is about 50 times lower than that of the 3D one. These
results are in agreement with the decrease of the trap states in the 2D/3D film, partic-
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ularly the tin vacancies, which are one of the main factors causing the high p-doping
of the tin perovskite. [30] As we discussed in the previous paragraphs, the enhanced
crystallinity and orientational order are the underlying factors to reduce the trap
density and p-doping level of the 2D/3D film.

a) b)

3D 2D/3D

SubstrateSubstrate

n=2

200

100 120/102
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e) f )

Figure 4.3: Schematic illustration of the phase distribution and orientation of the (a) 3D and
(b) 2D/3D films. GIWAXS images of the (c, e) 3D, (d, f) 2D/3D films detected with incident
x-ray angles of 0.25◦ and 2.0◦, respectively.
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a) b)

Figure 4.4: AFM images of the (a) 3D and (b) 2D/3D tin perovskite films. The inset scale bar
is 2 µm. Note: the film thickness is around 306 nm.

In order to compare the transport properties of these two types of films, we start
the investigation with a simple bottom-gate and bottom-contact geometry as shown
in Figure 4.6a. A 230 nm thick SiO2 layer deposited on highly n-doped commer-
cial silicon substrate was used as the dielectric material, which has a capacitance of
15 nF cm−3. Gold was used to define both source and drain electrodes. The chan-
nel length (L) and width (W ) are 20 µm and 10 mm, respectively. It is noted that
we only did a short UV-ozone treatment to the SiO2 surface before spin-coating the
perovskite layer.

Figure 4.6b shows the energy levels of FASnI3 and Au, which are taken from a
previous report. [33, 34] Apparently, there is an energy barrier for hole injection at the
Au/perovskite interface. In one of our recent works, we found that a small quantity
of lead-based R-P, n = 2 phase does not form a continuous thin layer, but segregates
into small domains embedded in the dominant 3D lead based perovskite matrix at
the bottom of the perovskite film. [35] Since the quantity of the 2D tin perovskite in
2D/3D film in this work is very small, it is most probable that the 2D phase also
forms very small segregated domains. Therefore, 3D tin perovskite dominates the
energy level alignment at the perovskite/Au interface.
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b)a)

c)

Glass
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Figure 4.5: a) Normalized time-resolved PL spectra, b) electrical conductivity, c) C−2 as a
function of bias voltage in the dark condition of the 3D (black) and 2D/3D (red) samples.

4.3 Perovskite field-effect transistors

FETs made with the 3D film show very weak p-type field-modulated conduction. In
Figure 4.6c, the output characteristics, reporting the source drain current (IDS) swept
over source drain voltage (VDS) at specific gate voltages (VG), shows a very narrow
linear region (0V ≥ VDS ≥ −5V) and a broad saturated region, when a negative
VDS is applied to the device (p channel). It is noted that the IDS does not increase
significantly with the gate voltage. Upon a positive VDS (n channel), the device
does show sign of saturation and formation of n-type channel only at 60 V; at lower
voltages, only holes appear to be present. The transfer curves, are almost flat over
the swept gate voltage range in both the p- and n-channel, and do not show either
any subthreshold regime or off state (Figure 4.6d). The channel has a conductivity of
about 1.9× 10−2 S cm−1, calculated from the linear region of the output curves in the
absence of the gate voltage, this value is in good agreement with the one obtained
in a lateral two-terminal device (Figure 4.5a). Such a high electrical conductivity is
due to severe self-doping by the tin vacancies. Therefore, a very large positive gate
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Figure 4.6: (a) Bottom-gate and bottom-contact FET structure. (b) The energy level of FASnI3
and Au. (c) Output and (d) transfer curves of the FET using 3D Sn perovskite as semiconduct-
ing channel. (e) Output and (f) transfer curves of a typical FET using 2D/3D Sn perovskites
as the semiconducting channel. Note: the thickness of the active layer is around 306 nm nm.

voltage is needed to deplete the holes in the channel and turn off the transistor.

Compared to the pure 3D based device, the FETs using 2D/3D film as semicon-
ducting channel show more pronounced gate-modulated conductance (Figure 4.6e),
the IDS current increases significantly with the increased VG. Though the trans-
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a)

c) d)

b)

Figure 4.7: (a), (b) and (c) Output curves, and (d) transfer curves (at VDS=-5 V) of the FET us-
ing 2D/3D Sn perovskite as semiconducting channel with thickness 110 nm, 48 nm and 28 nm,
respectively.

fer curves do not show a clear off state in the p-channel (Figure 4.6f), they show
a sub-threshold region. The threshold voltage is estimated to be 60 V by extrap-
olation of the linear region to the x-axis and correcting for the used VDS . This is
confirmed by transfer curves measured for the n-channel. Such an improvement in
the gate-modulated conduction behavior is associated with the reduction of the trap
states in the 2D/3D film, which by itself is a consequence of the high crystallinity
of the thin film. The channel has a conductivity of about 1.2× 10−4 S cm−1. The
hole carrier density in this 2D/3D film is reduced more than one order of magni-
tude (1.2× 1016 cm−3). The devices fabricated using 300 nm thick 2D/3D films show
a low hole mobility of 9× 10−3 cm2 V−1 s−1 calculated from the linear region of the
transfer curve in forward direction at VDS = −5 V (Table 4.1). In this case, even if
the transistor is still not well performing, the gate electrode is able to perform some
modulation on the current crossing the channel.

Since the 2D/3D tin perovskite film offers superior performance compared to the
3D tin-perovskite also when used as active layer of FETs, hereafter we focus on im-
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proving their performance. Figure 4.7 shows the output and transfer curves of the
FETs with different thin-film thicknesses (110 nm, 48 nm and 28 nm) to compare with
the one obtained with 306 nm film. Importantly, the thinner films maintain the same
crystallographic preferential orientation of the inorganic octahedron as the thick film
(Figure 4.9). The devices fabricated using 110 nm, 48 nm and 28 nm thick 2D/3D
films show hole mobilities of 0.07 cm2 V−1 s−1, 0.09 cm2 V−1 s−1 and 0.03 cm2 V−1 s−1

calculated from the linear region of the transfer curve in forward direction at VDS =

−5 V (Table 4.1). The threshold voltages estimated by extrapolating the linear region
of the transfer curve in forward direction are 55.6 V, 45.8 V and 43.1 V respectively.
These FETs exhibit higher hole mobility and smaller threshold voltage compared to
the one using 306 nm thick films. In case of thick films, a large part of the thickness is
unaffected by the gate electric field, causing leakage paths and high off current due
to carrier diffusion. Instead, thinner films are within the range of the gate electric
field, leading to lower off current in the transistor characteristics. Figure 4.8 shows
AFM images of the films with various thicknesses. When the film thickness de-
creases, more pinholes and open grain boundaries appear in the film. This is caused
by the lower quantity of the ionic species in the diluted precursor solution. At the
contrary of what has been previously reported for R-P based FETs, it seems that the
grain boundaries and pinholes are, to a great extent, less detrimental for the FETs
based on 2D/3D films in the bottom-gate geometry. This is probably due to the
fact that in the absence of quantum and dielectric confinement, the charge trans-
port takes place in the multiple inorganic octahedral layers of the 3D grains near the
substrate. Therefore, these pinholes are not detrimental until the electrical coupling
between the grains is enough to allow charge carrier percolation. For layers thinner
than 28 nm, devices failed to give proper performance because the perovskite grains
become isolated.

2D/3D film thickness (nm) µh (cm2 V−1 s−1) VTH (V)
300 0.01 60.1
110 0.05 55.6
48 0.09 45.8
28 0.03 43.1

Table 4.1: Figures-of-merits, which are extracted from the forward sweep, of the FET with a
bottom-gate geometry using 2D/3D tin perovskite as semiconducting channel.
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Figure 4.8: AFM images of the 2D/3D films with thicknesses of 306 nm, 110 nm, 48 nm and
28 nm.
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Figure 4.9: XRD patterns of the 2D/3D films with thicknesses of 306 nm, 110 nm, 48 nm and
28 nm.
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4.4 Tuning the perovskite film composition

The next important question is how the quantity of the 2D perovskite influences
the performance of the transistors. Three tin perovskite films (of thickness around
110 nm) with nominal composition PEA2FA7Sn8I25 (n = 8), PEA2FA3Sn4I13 (n = 4)
and PEA2SnI4 (n = 1, pure 2D) were prepared (see the experimental section). The
polycrystalline PEA2SnI4 film is composed of pure 2D perovskite grains, of which
the h00 planes stack in the out-of-plane direction (Figure 4.10a-c). The Bragg spots
indicate that inorganic octahedral layers of the n = 1 phase are highly oriented, but
not perfectly parallel to the substrate. Some inorganic layers of the n = 1 phase
are slightly tilted. Instead, the PEA2FA7Sn8I25 and PEA2FA3Sn4I13 films are com-
posed of mixed phases including n = 1, 2 and n ≥ 3 phases (Figure 4.10d-i). Like-
wise, the inorganic layers of the n = 1 and n = 2 grains in those films are oriented
preferentially parallel to the substrate, while the n ≥ 3 phases are oriented with
inorganic layers perpendicular to the substrates. Moreover, the n = 1 and n = 2

phases are located throughout the entire PEA2FA7Sn8I25 and PEA2FA3Sn4I13 films.
Obviously, the quantities of the n = 1 and n = 2 phases in these films are much
higher compared to that in 2D/3D film. In this case, the hole injection mainly oc-
curs at the low-dimensional perovskites/Au interface, which is similar to what is
happening in pure 2D perovskite/Au interface. All these devices with higher 2D
content exhibit p-type gate-modulated conduction, but the IDS of these FETs in out-
put and transfer curves are more than one order of magnitude lower than that of
the 2D/3D film (Figure 4.11). The hole mobility values of these FETs are in the
range of 10−3 cm2 V−1 s−1 (Table 4.2), which is one order of magnitude lower than the
FET based on 2D/3D film. This confirms that the charge injection mostly occurs at
the low dimensional tin perovskite/Au interface and subsequent transport of these
charges in the PEA2FA7Sn8I25, PEA2FA3Sn4I13 and PEA2SnI4 phases is disrupted.
The combined quantum- and dielectric-confinement effects cause lower charge car-
rier mobility of the 2D R-P than 2D/3D perovskite. [27, 28] Due to the confined
charge transport of these R-P films, the structural defects such as the pinholes and
grain boundaries (Figure 4.12), and imperfect alignment of the inorganic layers re-
spect to the substrate (Figure 4.11) are very detrimental to the charge transport. In
other words, the R-P based FETs require for optimal performances a more perfect
microstructure, i.e. , smaller quantity of pinholes and grain boundaries, and perfect
parallel orientation of the inorganic layers. Furthermore, the larger inject barrier at
low-dimensional perovskite/Au interface due to the deeper valence band (−5.58 eV)
of these R-P phases is another factor leading to inferior hole mobility than the 2D/3D
film.
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Figure 4.10: GIWAXS images of the nominal (a) and (b) PEA2SnI4, (d) and (e) PEA2FA3Sn4I13

(g) and (h) PEA2FA7Sn8I25 films detected with incident X-ray angles of 0.25◦ and 2.0◦, respec-
tively. Schematic illustration of the phase distribution and orientation of the (c) PEA2SnI4, (f)
PEA2FA3Sn4I13, (i) PEA2FA7Sn8I25 films. Note: PEA2FA3Sn4I13 film were measured using a
mask.

2D/3D film material µh (cm2 V−1 s−1) VTH (V)
PEA2SnI4 0.003 27.3
PEA2FA3Sn4I13 0.002 26.1
PEA2FA7Sn8I25 0.001 29.1

Table 4.2: Figures-of-merits extracted from forward sweep of the transistor with a bottom gate
geometry using low dimensional R-P perovskite as semiconducting channel.
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a)

c) d)

b)

Figure 4.11: (a), (b) and (c) Output and (d) transfer curves of the FET using low dimensional
R-P Sn perovskite as semiconducting channel. Note: the thickness of the active layer is about
110 nm.

4.5 Field effect transistors in staggered configuration

Due to the advantages of the 2D/3D-based FET, we continue to improve their per-
formance with a different device structure. In order to turn off the 2D/3D-based FET
at small gate bias (low VTH ), Al2O3 gate dielectric is used in a bottom-contact and
top-gate geometry (Figure 4.13a). Before the deposition of Al2O3 layer (60 nm) by
atomic layer deposition (ALD), a very thin layer (≈ 10 nm) of polymethyl methacrylate
(PMMA) is spin-coated on top of the perovskite layer to passivate its surface traps
and protect it from any decomposition during the ALD process. The PMMA/Al2O3

double dielectric layers have a capacitance of 78 nF cm−2 (see experimental details
for capacitance measurements). Without the PMMA layer, the device loses its cur-
rent and does not show any FET behavior (Figure 4.14). Figures 4.13b and c show
the output and transfer curves of the fresh FET with a PMMA layer. Compared to
those fabricated with the bottom gate geometry, the top gate FETs exhibit several
important features: 1) the output and transfer curves show much smaller hysteresis;
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b)a)

c)

Figure 4.12: AFM images of the nominal (a) PEA2SnI4, (b) PEA2FA3Sn4I13 and (c)
PEA2FA7Sn8I25 films. Note: the film thickness is around 110 nm.

2) the output characteristics show a clear saturation; the Ion/off ratio is about 104 ;
and 3) the VTH is of only 2.8 V. The hole mobility calculated from the linear region of
the transfer curve in the forward direction is 0.21 cm2 V−1 s−1 (at VDS = −2 V) for a
48 nm thick semiconducting layer. Interestingly, these devices are stable when stored
in a nitrogen-filled glove box. The output and transfer curves of devices stored in a
glove box for more than 20 months exhibit much smaller hysteresis compared to the
fresh devices (Figure 4.13d and e); the mobility is increased (0.32 cm2 V−1 s−1); and
the VTH is superior to that of fresh devices. It is possible that a slight change in
the microstructure of the 2D/3D film or of the interface between 2D/3D film and
PMMA/Al2O3 layers is responsible for the reduction of charge trapping. The only
parameter that shows a degradation is the Ion/off ratio, which decrease slightly with
respect to the one of fresh devices.

This is, to the best of our knowledge, the first report on well-behaving FETs using
3D tin perovskite film as a semiconducting channel. These results were achieved
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n-Si
SiO2

Au AuTin perovskite
PMMA
Al2O3
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b) c)

d) e)

Figure 4.13: (a) Top-gate and bottom-contact FET structure. (b) Output and (c) transfer curves
of the fresh FETs using 2D/3D Sn perovskite as a semiconducting channel (thickness 48 nm).
(d) Output curves and (e) transfer curves of the FET using 2D/3D as the semiconducting
channel (thickness 48 nm) aged in the nitrogen-filled glove box for 21 months.

thanks to our recipe for enhancing the crystallization of the 3D perovskite by adding
a small amount of 2D R-P phase, giving rise to a decrease of the Sn vacancies and
of the hole doping. Research on pure R-P phases shows that the hole mobility of
the FET was significantly improved by optimizing the fabrication process and the
device structure. [21, 25, 34] Therefore, we believe there is great potential, starting
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a) b)

Figure 4.14: (a) Output curves and (b) transfer curves of the FET with top-gate and bottom-
contact structure without PMMA protection layer.

from these results, to further improve the figure of merit of FETs fabricated with
FASnI3.

4.6 Conclusion

In conclusion, we report the first top-gate, bottom-contact FET using 3D tin per-
ovskite film as the semiconducting channel. This device shows a hole mobility of
0.21 cm2 V−1 s−1, Ion/off ratio of 104 and a VTH = 2.8 V. A key factor to achieve this
performance is to reduce the p-doping level of the 3D tin perovskite by adding a
tiny amount of tin 2D R-P phase, which significantly improves the crystallinity and
orientation of the FASnI3. These devices show outstanding stability in a N2 atmo-
sphere, with mostly improved performances after 20 months of storage. Moreover,
we demonstrated that the 2D/3D based FET shows higher hole mobility compared
to those based on low-dimensional R-P perovskites due to their lower sensitivity
to the microstructure (orientation of the inorganic planes) and lower hole injection
barrier at perovskite/source interface.

4.7 Experimental

Materials:
PEAI (>98%) and FAI (>98%) were purchased from TCI EUROPE N.V. SnI2

(99.999%), SnF2 (>99%), N,N-dimethylformamide (DMF) (99.8%) and dimethyl
sulfoxide (DMSO) (99.8%) were purchased from Sigma-Aldrich. All the materials
were used as received without further purification.
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4.7. Experimental

XRD:
XRD patterns of the perovskite films were recorded on a Bruker D8 Advance X-ray
diffractometer with a Cu κα source (λ = 1.54 Å) and a Lynxeye detector.

AFM:
Surface morphologies of the perovskite films were imaged by an AFM running in
ScanAsyst mode, using a Bruker Dimension Icon. The AFM images were analyzed
using the software Gwyddion.

C-V, electrical conductivity and GIWAXS measurements:
C-V, electrical conductivity and GIWAXS measurements were performed following
the previously reported procedure. [30]

Capacitance measurements:
The capacitance of the PMMA/Al2O3 dielectric was measured in a sandwich device
structure indium tin oxide (ITO)/PMMA/Al2O3/Al. The capacitance-frequency
measurements were conducted under dark condition in a frequency range of 1 Hz
to 106 Hz with an AC driving voltage of 20 mV on a Solarton 1260 impedance
gain-phase analyser.

Device fabrication and electrical characterization:
Commercially available silicon substrates (Fraunhofer Institute), consisting of on
top a thermally grown SiO2 dielectric layer (230 nm thickness) and lithographically
defined source and drain bottom electrodes (10 nm ITO/30 nm Au), were cleaned
using an ultrasonication bath in acetone and isopropyl alcohol. The substrates were
subjected to UV-ozone treatment for 20 minutes, and they were then transferred to
a nitrogen-filled glove box. For the bottom gate geometry, the reference FASnI3 film
was spin-coated on the substrates from a precursor solution comprising 1 mol dm−3

FAI, 1 mol dm−3 SnI2 and 0.1 mol dm−3 SnF2 in mixed solvents of DMSO and DMF
(1:4 volume ratio) at 4000 rpm for 60 s. Diethyl ether was used as the anti-solvent
during the spin-coating process. The FASnI3 film was then annealed at 65 ◦C for 20
minutes. The 2D/3D tin perovskite films were obtained under the same conditions
from solutions containing PEAI, FAI, SnI2, and SnF2 with a molar mass ratio of
0.08 : 0.92 : 1 : 0.1 (SnI2 concentration: 1 mol dm−3 for 306 nm, 0.5 mol dm−3 for
110 nm, 0.25 mol dm−3 for 48 nm, and 0.125 mol dm−3 for 28 nm) PEA2FA7Sn8I25 film
was obtained from precursor solution containing PEAI, FAI, SnI2, and SnF2 with a
molar ratio of 0.25 : 0.75 : 1 : 0.1 (SnI2 concentration 0.5 mol dm−3). PEA2FA3Sn4I13

film was obtained from precursor solution containing PEAI, FAI, SnI2, and SnF2

with a molar ratio of 0.5 : 0.75 : 1 : 0.1 (SnI2 concentration 0.5 mol dm−3). PEA2SnI4

film was obtained from a precursor solution containing PEAI, SnI2, and SnF2 with
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a molar ratio of 2 : 1 : 0.1 (SnI2 concentration 0.5 mol dm−3). For the top-gate
geometry, a thin layer of PMMA (10 nm) was spin-coated on top of the perovskite
films and then transferred under nitrogen atmosphere to the atomic layer deposition
(ALD) reactor. There, Al2O3 (≈ 48 nm) was deposited by ALD at 100◦, using H2O
and trimethylaluminium (TMA). Electrical measurements were performed using a
probe station placed in a nitrogen-filled glove box at room temperature under dark
conditions. The probe station is connected to an Agilent E5270B Semiconductor
Parameter Analyzer. The reported charge carrier mobilities were extracted from the
IDS–VG transfer characteristics in the linear regime.
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Chapter 5

Synaptic plasticity in semiconducting
single-walled carbon nanotubes transistors

This chapter is based on an article published as:
W. Talsma∗, H. H. van Loo, S. Shao, S. Jung, S. Allard, U. Scherf, M. A. Loi,

Adv. Intell. Syst., 2, 2000154 (2020)
[doi: 10.1002/aisy.202000154]

Abstract

Recently, a significant amount of attention went towards the development of artificial
neural networks, as these promise efficient computation for specific tasks that are expen-
sive or even impossible for von Neumann architecture-based computers. A considerable
amount of research is conducted to develop materials in which layered neural networks
can be easily implemented. Herein, the use of high-quality semiconducting single-walled
carbon nanotubes (s-SWCNT) inks to fabricate artificial synapses using simple bottom-
gate field-effect transistors (FETs) is reported. The synapse utilizes the otherwise often
dreaded hysteresis, characteristic of the device structure, and the materials used therein.
This hysteresis spans several orders of magnitude. The SWCNT synaptic transistor ex-
hibits a clear Spike-Time Dependent Plasticity (STDP), indicating the ability to achieve
learning, following a mechanism similar to biological systems: asymmetric anti-Hebbian
learning. The very well-defined STDP shape, together with the use of a simple pulse-
shape to obtain it, has not been reported previously for synaptic transistors. This repre-
sents a crucial step for further development of actual hardware implementation of artificial
synapses in a more extensive, layered network. Interestingly, the time-response of our de-
vice is very similar to the one of biological synapse opening opportunities unavailable to
CMOS emulations.

∗Contributions to the experimental work: preparation of the semiconducting SWCNT dispersion, opti-
cal characterization of the semiconducting SWCNT dispersion by recording absorption, device fabrication
and electrical characterization
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5.1 Introduction

O
ne of the most sophisticated and specialized computers nowadays is still of bio-
logical origin: the human brain. It efficiently conducts massive parallel comput-

ing, using only 20 W of power. [1] The brain has a computational power far beyond
anything artificially developed; in particular, it is much more efficient in process-
ing complex and unstructured data than von Neumann computers. [2, 3] Neurons
are the processors in the brain, which can communicate in parallel with each other
through synapses. The average human brain consists of about 1012 neurons and
1015 synapses, these large numbers give a redundancy and therefore the very much
desired fault tolerance. [4]

The realization of artificial computers capable of competing with the brain is of
great interest for a large number of applications of vast complexities such as image
classification and always-on life-long (unsupervised) learning. However, it appears
as a task of enormous difficulties, in particular if the power consumption of the bio-
logical brain should also be achieved. In addition, size and thus portability can also
be an issue, as many AI algorithms are rather heavy and rely on cloud computing.
If an application is required to run on a portable device without internet access, no
solution is available at the moment.

One of the most interesting approaches is to devise hardware components to
fabricate artificial neural networks. As the synapses are the functional connection
between the neurons and are believed to be the units enabling learning and com-
puting, hardware implementations able to emulate biological synaptic functions are
of fundamental importance in the pathway to brain-like computers. One of the
most significant challenges lies within the synaptoplastic nature of these commu-
nication points. [5] The efficiency of the signal transfer between neurons, which is
often referred to as synaptic weights, depends on the history of the activity of the
pre- and postsynaptic neurons. This activity-dependent variation of the synaptic
weights is called, collectively, synaptic plasticity. The synaptic plasticity is classified
in short-term plasticity (STP) and long-term plasticity (LTP). The first occurs in the
millisecond-to-minutes range and is at the basis of critical computations conducted
by the brain, the second includes changes that last several hours or even longer and
are at the foundation of learning and memory.

Earlier attempts to mimic brain-like behavior and spiking neurons were demon-
strated using conventional CMOS technology. [6–10] Different types of synaptic be-
haviours are demonstrated in these works, such as spike-time-dependent-plasticity
(STDP) and Paired Pulse Facilitation (PPF). However, these approaches generally
require a large number of transistors and large capacitors for their operation, in-
creasing power consumption and lowering efficiency and integrability with respect
to the von Neumann approach. [11]
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Often memristors are mentioned as a prime candidate to address these require-
ments. [12] A memristor is a resistor with a built-in memory effect, exhibiting a
history-dependent resistance. This resistance can be varied using a variety of ex-
ternal stimuli in a specific sequence, e.g. , by application of a succession of voltage
pulses. Furthermore, they are made of a large variety of materials and different
underlying working mechanisms have been reported. [13–17] However, next to the
many advantages, memristors also show a large number of limitations. Few exam-
ples are device variability, operational instability and the challenge in downscaling
their size. [18]

Synaptic transistors or memtransistors are exciting alternatives to memris-
tors. [18] Among the several expected advantages are i) the natural pathway to
downscale their size, which is necessary to scale up the dimensions of the overall
neural network; ii) the more extensive range of possible conductance values, which
makes neural networks more robust and reliable; iii) that the control-circuitry,
otherwise required to realize learning-behavior in two-terminal devices, can be
omitted; [12, 18] and iv) that signal transmission and unsupervised learning can be
obtained simultaneously.[19]

Even though synaptic transistors have been much less investigated than memris-
tors, several examples utilizing electrochemical gating and ion diffusion, [2, 20–22]
charge trapping memory, [23, 24] floating gate structures, [25, 26] ferroelectric gate
and optoelectronic actuation, [18] have been reported.

Semiconducting single-walled carbon nanotubes (s-SWCNTs) have recently been
used as active semiconductors of synaptic transistors. Due to their individual sizes
being ≈ 1.0 nm in diameter, devices fabricated from s-SWCNTs can offer the desired
density and compactness. Also, their solution processability allows for the easy and
inexpensive fabrication techniques and the formation of extended nanonetworks.
Furthermore, s-SWCNTs have excellent semiconducting properties, and their use in
specific device structures can provide a memory mechanism. Therefore, in principle
s-SWCNTs would allow for the fabrication of a hybrid hardware type where the
transistor can work as a digital building block, but also as a neuromorphic element.

The combination of SWCNT and conjugated polymers was reported to result in
synaptic behaviour. [27, 28] It has also been shown that SWCNT gated by electrolytes
exhibits both STP and LTP. [22, 29, 30] Furthermore, floating gate structures [25] and
charge trapping [23, 25] mechanisms have proven to perform well in simulated neu-
romorphic circuitry.

In this work, we demonstrate an artificial synapse utilizing hysteresis in polymer-
wrapped s-SWCNT transistors with SiO2 as the gate dielectric. Synaptic plasticity is
extensively examined using different pulse shapes (square wave, sinusoidal, saw-
tooth wave), all highly symmetrical with respect to their half-period. These wave-
forms have been selected looking at the simplicity of implementation in an electronic
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Figure 5.1: Schematic representation of (a) neuron composing the neural system. (b) Details
of the relevant area around the synapse, and schematic of the potentiation and depression
mechanism. The time difference between pulses from the neuron A to neuron B is given by
δτ , and synaptic weight varies by ∆W. (c) Schematic representation of the connection between
different layers of neurons in a feedforward neural network.

circuit, such as a neural network composed of our synaptic devices. Avoiding the
requirement for complex signals would considerably reduce the number and com-
plexity of electronic components required for a functional neural processor, therefore
simplifying the design, enhancing robustness, and reducing overall costs.

The unsupervised learning capability of our synapse is verified based on STDP
measurements carried out with the selected pulse shapes, showing the presence of an
asymmetric anti-Hebbian learning rule. Interestingly, our synapses at the opposite of
CMOS emulations show response times very close to the one of biological synapses.
This is a fact that can open opportunities not only for using them for experiments
aimed at a better understanding of the biological brains, but also for the integration
of artificial devices with the brain.

5.2 Working principle

Figure 5.1a shows a schematic representation of a biological neuron. Neurons are in-
terconnected by an interface between their axon terminals and dendrites, where the
axon side is the presynaptic or signal-releasing end and the dendrites are the postsy-
naptic or signal-receiving end. This interconnection is called a synapse and works, in
general, but not exclusively, with a chemical communication protocol, which is also
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the one most often mimicked in artificial synapses. [31] The efficiency of the infor-
mation transfer depends on the synaptic weights; this synaptic weight is established
by the history of transmission between the two terminals. Therefore, there must
be a biological protocol able to potentiate (increase its weight) or depress (reduce
its weight) the connection. One of the protocols that have been proposed and ob-
served in biological systems is STDP, the principle of which is schematically shown
in Figure 5.1b. This protocol is based on the fact that the synaptic weight can be
changed by the temporal relation of the presynaptic and the postsynaptic pulses (see
Figure 5.1b). STDP is one of the learning algorithms, which is also successfully im-
plemented for pattern recognition. [32] The interaction between different neurons
can be represented as that in the example of Figure 5.1c. Axon terminals xn are con-
nected through weighed synapses wn to neuron B. The nucleus of neuron B sums
up all pulses received through the synapses, and, when a threshold (Vth) is reached,
neuron B fires a pulse to the next neuron.

As mentioned earlier, s-SWCNTs are very interesting semiconductors for the de-
velopment of synaptic transistors. Their dimensionality (with a diameter in the
1.0 nm range) allows for manufacturing of very dense networks of synapses, [33,
34] which is a fundamental precondition for the fabrication of a viable brain-like-
computer.

5.3 Fabrication principle

For the fabrication of our synaptic transistors we utilize a dispersion of polymer-
wrapped s-SWCNTs of high purity, [33] deposited on the device structure by a blade-
coating technique. A schematic is shown in Figure 5.2a. The device structure and
the connection for the presynaptic and postsynaptic signals are shown in Figure 5.2b.
The drain terminal is grounded, and the gate is biased in a pulsed mode. In the case
of STDP measurements, the prepulse is sent to the source electrode and the postpulse
to the gate electrode. The current flowing in the channel is measured under differ-
ent bias conditions, representing the current conductance state (synaptic weight). An
example of a traditional transfer characteristic measurement, displaying significant
hysteresis between forward and reverse sweep, is shown in Figure 5.2c. This hystere-
sis is used to achieve different conductive states and synaptic weights by measuring
ISD at given VSD. Here it is important to underline that the high voltages used are
simply a limit of the device geometry, namely of the gate dielectric chosen and its
thickness. The use of a different dielectric can bring the bias to only a few volts and
to a variation of the hysteresis. [35, 36]
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Figure 5.2: (a) Display of the blade-coating procedure. First, the substrate is placed on a
heated surface, after which a droplet of ink is deposited next to the blade. Subsequently, the
blade is mechanically moved in a forward direction, distributing the ink evenly. (b) Schematic
representation of the bottom-gate device geometry used and of the terminal used for the
presynaptic and the postsynaptic signal. (c) Transfer characteristics of the transistor operating
in an inert atmosphere, a pronounced hysteresis is shown depending on the voltage scanning
direction.

5.4 Achieving electrical plasticity

In Figure 5.3, we report measurements to investigate the plasticity of our synaptic
transistor. In Figure 5.3a, a pulse of 25 V is applied to the gate electrode for a dura-
tion of 50 ms. Transient current over this pulse is measured using 1 V source-drain
bias. Due to the p-type characteristics of the polymer-wrapped SWCNTs, the major-
ity charge carriers at this bias are holes. However, during every positive pulse on
the gate electrode, electrons are induced in the channel and various mechanisms are
gradually trapping these electrons. The mechanisms that play a significant role are i)
the presence of hydroxyl groups at the dielectric s-SWCNT interface; ii) the polymer
energy levels; and iii) defects of the SWCNTs. Due to the electron trapping, we ob-
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serve a small current decrease during application of the pulse, as shown in the inset
of Figure 5.3a. Upon ending the pulse, a spike in current is observed, which is caused
by trapped electrons attracting holes to the channel and by the charging/discharging
of the gate dielectric itself (see inset in Figure 5.3a). This (hole) current subsequently
drops quickly, indicating a fast detrapping of the majority of electrons. However, as
shown in Figure 5.3a, after 30 s, the current remains relatively high, compared with
the initial state. This effect indicates that the operation of biasing the gate in a pulsed
mode introduces a memory effect, which can consequently prove to be valuable as
short-term potentiation (STP) of our artificial synapse.

Next, the effect of the applied pulse width on the transient behaviour of the
synaptic weight is examined (see Figure 5.3b). The current drops over a pulse width
of 2 s, which indicates that electron trapping is not saturated in the pulse width
time. This prolonged saturation time is in contrast with observations from Park et
al., which reported saturated trapping after 100 ms. [37]

While the slow reaction time of these devices could appear to be a negative fea-
ture at first glance, it provides a very interesting opportunity to study the dynamics
of the brain processes. Biological time constants are long and difficult to achieve in
CMOS, which is designed to be fast, the integration of our device into an artificial
neural network could be easily accessible and, due to the nature of the material, bear
a close resemblance to biological neural networks.

The essential aspect of our devices is that different trap states are accessed by
mere variation of the pulse width or the number of pulses. These plasticity effects
can be used for achieving STDP, as learning protocol. At this stage, a discussion on
the retention time seems to be premature, also because the necessary retention times
are extremely dependent on the application of the neural network.
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Figure 5.3: Plasticity measurements. (a) Transient behaviour of the source-drain current when a 25 V
pulse of 50 ms width is applied to the gate. The inset shows a close-up of the data in a plot in linear scale,
showing electron trapping during the pulse. (b) The same pulse as in panel ”a” is applied but for 2 s,
showing more pronounced electron trapping during the pulse. (c) Source-drain current measurements for
2000 consecutive positive pulses (potentiation), followed by 2000 negative pulses (depression). One dot
represents a current measurement, directly followed by a pulse and a delay before the next measurement.
(d) Source-drain current after a pulse train of 2000 consecutive positive pulses (potentiation), followed
by 1500 s delay (no pulses, only measurements), followed by a train of 2000 negative pulses (depression).
The red and black dots represent a current measurement directly followed by a pulse and a small delay
before the next current measurement takes place. The turquoise dots are current measurements without
any pulse applied. (e) Current measurements as after a slow delay (1.5 s) between identical voltage pulses.
A single positive pulse is directly followed by a negative pulse, after each pulse the current is measured.
(f) Current measurements after a fast delay (0.001 s) between identical voltage pulses.
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To further investigate the plasticity of our device, a consecutive train of 2000 pos-
itive pulses, followed by 2000 negative ones, was applied. Figure 5.3c shows that the
device can cycle through different conductance states, demonstrating both potentia-
tion and depression over almost six orders of magnitude of current. This behaviour
showing analogue-like memory is not unlike the one showed by memristors of dif-
ferent types [38]; however, the range of conductance states spanned by our devices
is many orders of magnitude larger. When the data are plotted in a linear scale (see
Figure 5.4a), it becomes apparent that the synaptic transistor under inert atmosphere
has a stronger nonlinearity. This could pose difficulties for implementation in neu-
romorphic hardware, as the change in conductance is not, as ideally would be, pro-
portional to the number of input pulses. [39] This non-linearity can most probably be
counteracted by the application of different pulse intensities in the potentiation and
depression task, even if this will severely complicate the driving electronics. At this
point is essential to underline that the choice for 25 V pulses was initially based on
literature reports [23], where the pulse voltage was scaled to our dielectric thickness
of 230 nm. Indeed, the hysteresis shown by the transfer characteristics of the synapse
(Figure 5.2c) is the largest when pulsing at this voltage, while probing at VG = 0 V.

Figure 5.4c reports a measurement performed in inert environment on a differ-
ent sample but still made from the same material (with respect to a and b). Here,
two-hundred 20 V pulses of only 1 ms are applied. In this measurement, we ob-
serve a stronger linearity due to the lower amount of pulses. As this measurement
is performed on a 10 µm channel transistor, the current is significantly larger than
the measurements reported on Figure 5.3c. The increased linearity, with lower pulse
voltage and faster switching time, is a demonstration of the potential that this device
has. However, the dynamic range in this case is much lower, approximately 2.5. The
increase in linearity seems to be inversely proportional to the amount of pulses used.

In Figure 5.3d, the non-volatile characteristics of the device are shown. The pulse
train is applied analogously to the measurements shown in Figure 5.3b. However,
this time between each potentiation and depression, the conductance is measured
for almost half an hour without modulation of the synapse. After stopping with
pulsing, the current gradually falls back, showing the STP nature of the states again.
It is important to note that the current is plotted in absolute scale. During depression
pulsing with −25 V, a sudden increase in current is seen. However, the polarity of
the current has changed, showing that our synapse switched from holes to electrons
as the major charge carriers.

In Figure 5.3e (slow) and 5.3f (fast) the synapse is measured in between being
consecutively modulated between single positive and negative pulses. These results
suggest that after some initial activation, stable on and off states are reached for both
slow (1.5 s delay between the pulses) and fast (0.001 s delay) modulation. After each
modulation pulse, the conductance of our synapse can be reverted to the previous
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b)a)

c)

Figure 5.4: Linear response to pulse-trains on HiPCO:P3DDT FETs (channel length 20 µm).
(a) in inert environment, same as Figure 5.3c but then in linear scale, (b) in ambient environ-
ment; (c) measurement of HiPCO:P3DDT FET in inert environment (channel length 10 µm).
Furthermore, here the pulse voltage is 20 V and the pulse width is 1 ms. Also, the number of
pulses is lower, possibly influencing the linearity.

state. As a modulation delay of 0.001 s corresponds to a frequency higher than 1 Hz,
the synaptic transistor has a retention time useful for some neuromorphic computing
applications. [40] Interestingly, the introduction of oxygen in the measuring chamber
at the level of 3 ppm to 10 ppm, shifts both the on and off states. The on/off ratio is
kept identical (see Figure 5.5).

Here it is essential to underline that the functioning of the synaptic devices de-
pends heavily on sweeping history. Therefore, before proper characterization, a re-
setting sequence should be implemented in an attempt to set the device in a specific
initial state. In addition, the measurement direction should be carefully considered.
Because our device is a transistor, the sequence of applied pulses to (different) elec-
trodes matters. If the gate is modulated before a source-drain current flows, different
results can be expected as charge-trapping mechanisms are varied.
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Figure 5.5: LTP measurements where accidentally 3 ppm to 10 ppm O2 was introduced into
the glovebox.

If the gate bias is applied as first, charge traps at the oxide interface are gradually
filled. After that, the energy levels are better, or better, band bending, is modified.
Alternatively, when a source–drain current is applied first, the charge traps on the
electrode–semiconductor interface are first filled. Therefore, the dynamics of the
overall charge trapping and hysteresis are different. In addition, it is crucial to keep
in mind that the surface traps, originating from hydroxyl groups, are trapping elec-
trons. If a protective layer of PMMA is added, the ester groups would act as hole
trapping sites, again changing the dynamics and potentially reversing the hystere-
sis. [41]

5.5 Signs of learning capability: STDP rules

The demonstration of synaptic plasticity in the form of STDP is often considered
evidence of the relevance of synaptic devices for the fabrication of neural net-
works. [42] In Figure 5.6, the various STDP measurements carried out with different
pulse shapes are summarized. For each measurement, the inset shows the used
pulse shape with the green and blue colour, indicating the pulse applied to the
source electrode and the gate electrode, respectively. The specific frame shown
in the inset is the one obtained for the timing difference between Vpost and Vpre,
being δτ = 0.02 s. The ‘final bias’ over the source and gate electrodes is depicted as
the red dashed curve in the insets. The change in synaptic weight ∆W is defined
by equation 5.1. More detailed information about the pulse shapes is shown in
Figure 5.7.

∆W =
ISD,after − ISD,before

ISD,before
(5.1)
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Figure 5.6a shows the results obtained by a first STDP measurement under pris-
tine ideal conditions. It is apparent that upon approaching δτ = 0 s from δτ = 0.1 s,
the synaptic weight is depressed. While for δτ < 0 s, the synaptic weight gets poten-
tiated. This behavior is known as the asymmetric anti-Hebbian learning rule. Our
synaptic transistor operates with a simple square-shaped, sinusoidal, and symmet-
ric sawtooth pulse, in contrast to what is shown in the report of S. Kim et. al. [23]
The use of these simple shapes significantly improves the ease of implementation in
integrated neural circuitry. Furthermore, in contrast with the approach of Kim et. al.
, where a net bias is given to one electrode, in our measurements the postpulse and
prepulse are applied individually over two different terminals. This method, in turn,
allows for probing the effects of sequentially pulsing the gate or source electrode
first. Interestingly, synaptic behaviour is achieved at low timings of |δτ | < 50 ms,
coinciding with the applied pulse widths. We are confident that by further tuning
the parameters, even faster timings could be achieved, opening up the possibility for
high-frequency, fast-performing neural networks.

It is important to note that the STDP results of a new measurement carried out
at a later stage, after a reset scheme, on the same device utilizing the same pulse
shape are shown in Figure 5.6b. Again, an asymmetric anti-Hebbian behaviour is
visible, illustrating the repeatability of our synaptic operation. Figure 5.6c-f shows
the results of measurements obtained with various pulse shapes. Unfortunately, no
proper reset scheme was found for these pulse shapes, as perhaps the charge trap-
ping became too deep. With every pulsed used, we found evidence of STDP learning
rules. However, all learning rules were of the anti-Hebbian type. Interestingly, Kim
et al. [23] also reported STDP behaviour, but in their case of Hebbian type. This dif-
ference in results could be ascribed to the shape of the pre- and postpulses utilized,
which in their case are bipolar (asymmetric) saw-edge pulses.
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Figure 5.6: STDP measurement results. For every inset, an example is displayed of the actual
pulses generated (at δτ = 0.02 s) as they are applied over the sample (green at the source
and blue at the gate electrode). For all cases, the total pulse width is 100 ms, which is equally
distributed among a negative and positive polarity. The red dashed line shows the sum of the
applied biases, which, by definition, corresponds to the source-gate bias. (a) STDP displaying
an asymmetric anti-Hebbian learning behaviour. (b) STDP remeasured after several weeks
of (other) measurements. (c) STDP showing symmetric anti-Hebbian behavior. (d-f) STDP
showing an asymmetric anti-Hebbian behaviour with different pulse shapes. More detailed
information about the pulse shapes is shown in Figure 5.7.
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Figure 5.7: Examples of the actual pulses generated (at δτ = 0.02 s) during the STDP mea-
surements displayed in Figure 5.6. The panels show the applied biases over the sample source
(prepulse, green) and gate (postpulse, blue). For all cases the total pulse width is 100 ms,
which is equally distributed among a negative and positive polarity. The red dashed line
shows the sum of the applied biases, which, by definition, corresponds to the source-gate
bias. The labels a...f of this figure correspond with those of Figure 5.6.
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5.6 Conclusion

We demonstrated that utilising the hysteresis, which is commonly found in bottom-
gate structure SWCNT field-effect transistors (FETs), sufficient plasticity arises to ob-
tain a working artificial synapse using simple pulse shapes. The mechanism behind
the hysteresis, and therefore the working principle of our synapse, is based on the
charge carrier trapping at the interface between the dielectric and the semiconductor
itself. To our knowledge, our devices show some of the best-defined STDP shapes
reported up untill now for SWCNTs-based synapses. More importantly, the anti-
Hebbian learning is obtained, operating our synaptic devices using simple real-time
square-shaped (sinusoidal and sawtooth) pulses, therefore lowering the technical
barrier for integrated hardware implementation. These results represent a substan-
tial leap forward for implementation of synapses based on s-SWCNTs into artificial
neural networks.

5.7 Experimental

Preparation and characterisation of semiconducting SWCNT dispersion:
HiPCO SWCNT inks were prepared and characterized as described in our previous
work. [43]

FET transistor fabrication and electrical characterisation:
FETs were fabricated on silicon substrates with a thermally grown SiO2 layer of
about 230 nm in thickness. Source and drain bottom electrodes (10 nm ITO/30 nm
Au) were lithographically defined. The s-SWCNT active material was deposited in
a nitrogen-filled glovebox by a blade coating method using a Zehntner ZAA 2300
automatic film applicator coater. The deposition procedure was repeated at least
two times to achieve a good s-SWCNT density. After deposition, samples were
annealed at 160 ◦C for 60 min to evaporate the left-over solvent.
Electrical measurements were carried out using a probe station placed in a nitrogen-
filled glove box at room temperature in the dark unless otherwise specified. The
probe station was connected either to an Agilent E5270B Semiconductor Parameter
Analyzer or a Keysight B2912A SMU, depending on which measurement was
carried out. A specialised software, using Python 3.7, to have reasonable flexibility
and speed in controlling the SMU for the plasticity and STDP measurements, was
made.
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Summary

The elegance of Nanoscience is all around us, from the hydrophobic coating on
windshields that repels water and dust to the electronic components embed-

ded inside smartphones. The 21st century is sometimes referred to as the infor-
mation century and has an increasing demand for ever more powerful computing
hardware. Luckily, scientific research is continuously pushing the boundaries of the
known. As the limits of Moore’s law might seem ahead, new materials and con-
cepts are developed to ensure the ever-continuing evolution of technology. Coming
back to Nanoscience, single-walled carbon nanotubes could solve the challenge of
fabricating increasingly smaller electronics. Also, these carbon nanotubes are a great
material candidate for emerging new fields such as neuromorphic computing. An
added benefit is that they are solution-processable by forming a colloidal dispersion.
This promises inexpensive and scalable production, the capability of being processed
at room temperature benefits the reduction of carbon footprint and the battle against
climate change.

This thesis focuses primarily on the optimisation of the preparation and the applica-
tion of inks based on polymer-wrapped semiconductive single-walled carbon nano-
tube inks in field-effect transistors and the fabrication and characterisation of artifi-
cial synapses.
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In the past years, high-quality semiconducting
single-walled carbon nanotube (s-SWCNT) inks ob-
tained by conjugated polymer wrapping using toluene
as solvent have been used to fabricate highly perform-
ing field-effect transistors. Charge carrier mobilities up
to 50 cm2 V−1 s−1 and Ion/off ratios above 108 have been
reported for devices based on networks of s-SWCNT.
However, devices fabricated from inks that are only a
few weeks old generally show a marked decrease in per-

formance, indicating the limited shelf life of the toluene-based inks. For industrial
applications, a prerequisite is to have a stable and consistent source material to work
with. In the case of carbon nanotube-based electronics, a reliable ink is required that
can be used in various solution-based coating processes. Therefore, in chapter 2, the
use of o-xylene as an applicator solvent to obtain high quality and very stable s-
SWCNT inks is reported. The charge carrier mobilities of FETs obtained by our new
o-xylene-based s-SWCNT ink show an averaged increase over two-fold in magni-
tude compared with the devices prepared from toluene-based inks. By substituting
toluene with o-xylene, the chirality distribution in the dispersion remains unaffected.
Moreover, a similar distribution of SWCNT is obtained when depositing the two
inks. More importantly, the device-to-device performance showed improved repro-
ducibility, which is ascribed to the higher degree of homogeneity of the s-SWCNT
percolation network for charge carriers deposited from o-xylene with respect to the
one from toluene due to improved wetting. Finally, the o-xylene inks maintain their
initial properties for longer than one year, opening up possibilities for the industrial
use of these inks. These results represent an important step toward the large-scale
technological utilization of s-SWCNT inks for electronic and optoelectronic applica-
tions.
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For sorting and discriminating semiconducting
single-walled carbon nanotubes (s-SWCNT), the use of
narrow bandgap conjugated polymers is desired due
to the low injection energy barrier for charge carrier
transport. However, the use of ultranarrow bandgap
polymers has often resulted in relatively low yields.
In chapter 3, we report the design and usage of three
new low-bandgap conjugated polymers (PNDITEG-
AH, PNDITEG-TVT and PNDIC8TEG-TVT) based on
naphthalene diimide (NDI) and head to head bithio-
phene or thienylennevinylene (TVT) building blocks, decorated with different polar
side chains that can be used for dispersing and discriminating s-SWCNT. The viny-
lene linker minimizes the intrinsic steric congestion of head to head bithiophene and

146



Summary

prompts the backbone planarity. Therefore, the π-conjugation length is extended
and results in a smaller bandgap. Cyclic voltammetry (CV) measurements and den-
sity functional theory (DFT) calculations suggest that inserting a vinylene group in
a head to head bithiophene efficiently lifts the highest occupied molecular orbital
(HOMO) level. Furthermore, usage of an alkyl chain spacer between the conjugated
backbone and oligomer glycol ether side chain increases the flexibility and solubility
of PNDIC8TEG-TVT, which leads to efficient removal of excess polymer from the
s-SWCNT ink during the enrichment step. Absorption spectra show an excellent
ability to disperse and select s-SWCNT for all three polymers. Field-effect transis-
tors from the inks display increasingly p-dominant properties in the case of inks
based on PNDITEG-TVT and PNDIC8TEG-TVT with respect to the more twisted
polymer PNDITEG-AH, and a considerably reduced injection barrier and a lower
hysteresis. This is due to improved alignment of the HOMO level of PNDITEG-
TVT and PNDIC8TEG-TVT with that of the dominant SWCNT species. Our work
in this chapter provides insight into the fundamental understanding of the relation-
ship between the polymer’s molecular structure, and the corresponding dispersion
capability of SWCNT and the physical properties of the final inks.

Substrate
μh=0.21cm2V-1s-1

In chapter 4, we combine our common knowledge
and skill sets to develop the first reported functional
top-gate bottom-contact FET using 3D formamidinium
tin triiodide perovskite films as the semiconducting
channel. This is a significant leap forward, as the tin-
based perovskites are relatively non-toxic and promise
to be an excellent candidate to replace their lead-
based counterparts. The lack of reports using three-
dimensional tin perovskite used in this context is prob-

ably due to a large number of trap states and high p-doping typical of this material.
Our FET show promising figures of merit with hole mobilities of fresh devices up to
0.21 cm2 V−1 s−1, Ion/off ratio of 104 and a relatively small threshold voltage (VTH ) of
2.8 V. Besides the device geometry, the key factor in achieving these device perfor-
mances is a reduced p-doping level of the 3D tin perovskite active layer, achieved by
embedding a small amount of 2D R-P phase, improving the crystallinity and orien-
tation of FASnI3. This also reduces the trap density and hole carrier density by one
order of magnitude. Importantly, these transistors show outstanding stability, dis-
playing mostly enhanced parameters after 20 months of storage in a N2 atmosphere.
Moreover, we demonstrated that the 2D/3D based FET shows higher hole mobility
than those based on low dimensional R-P perovskites due to their lower sensitivity
to the microstructure (orientation of the inorganic planes) and lower hole injection
barrier at perovskite/source interface.
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Summary

Recently, a significant amount of attention went to-
wards developing artificial neural networks, as these
promise efficient computation for specific tasks that are
expensive or even impossible for conventional comput-
ers based on von Neumann architecture. Much research
is conducted to develop materials in which layered neu-
ral networks can be easily implemented. Finally, in chap-
ter 5, we demonstrate the use of solution-processable
high-quality semiconducting single-walled carbon nanotubes (s-SWCNT) inks to
fabricate artificial synapses using simple bottom-gate field-effect transistors (FET).
Our artificial synapse utilises the otherwise often dreaded hysteresis, characteristic
of device structure and materials used therein. This hysteresis spans several orders
of magnitude. When stimulated by simple pre- and post- pulse-shapes, our SWCNT
synaptic transistor exhibits a clear and very well-defined Spike-Time Dependent
Plasticity (STDP), indicating the ability to achieve asymmetric anti-Hebbian learn-
ing, following the similar mechanism in biological systems. Our very well-defined
STDP shape, together with the use of a simple pulse-shape to obtain it, has not been
reported previously for synaptic transistors and represents a crucial step for further
development of actual hardware implementation of artificial synapses in a more ex-
tensive, layered network. Interestingly, the time-response of our device is very sim-
ilar to the one of biological synapsis opening opportunities unavailable to CMOS
emulations.

∗Every illustration enclosed in this summary is protected under Copyright law, in correspondence to
the license of its respective chapter publication. All rights reserved.
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Nanowetenschap kunnen we in verscheidene facetten van ons leven herkennen:
van de hydrofobe coating op windschermen tot de elektronische componenten

in onze smartphones. De 21e eeuw wordt, mede door de toenemende applicatie van
nanowetenschappelijke inzichten, ook wel de informatie-eeuw genoemd en kent een
toenemende vraag naar steeds krachtigere computerhardware. Om aan deze vraag
te kunnen blijven voldoen worden grenzen in ons kunnen, denken en doen voort-
durend verlegd door wetenschappelijk onderzoek. Terwijl de wet van Moore minder
onwrikbaar blijkt dan ooit, worden nieuwe materialen en concepten ontwikkeld om
de voortdurende evolutie van de technologie te waarborgen. En ook hier doet de
nanowetenschap opnieuw haar intrede: middels enkelwandige koolstofnanobuis-
jes kunnen steeds kleinere en complexere elektronische componenten worden on-
twikkeld. Deze koolstofnanobuizen zijn bovendien een potentiele materiaalkandi-
daat voor de doorontwikkeling van neuromorfische informatica. De mogelijkheid
om ze te verwerken in een colloı̈dale dispersie vergroot hun toepasbaarheid verder.
Dit belooft een goedkope en schaalbare productie, waarbij de mogelijkheid om ze bij
kamertemperatuur te verwerken bovendien ten goede komt aan de vermindering
van de koolstofvoetafdruk en de strijd tegen klimaatverandering.

Dit proefschrift richt zich primair op de optimalisatie van de bereiding en toepass-
ing van inkten op basis van polymeeromhulde halfgeleidende enkelwandige kool-
stofnanobuisjes in veldeffecttransistors en de fabricage en karakterisering van kun-
stmatige synapsen.
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In de afgelopen jaren werden hoogwaardige
halfgeleidende enkelwandige koolstofnanobuisjes
(s-SWCNT) inkten, verkregen uit de omwikkeling
van s-SWCNTs door in tolueen opgeloste gecon-
jugeerde polymeren, gebruikt om veldeffecttransistoren
te ontwikkelen. Ladingsdragersmobiliteiten tot
50 cm2 V−1 s−1 en Ion/off verhoudingen boven 108 zijn
gerapporteerd voor apparaten met netwerken op basis

van s-SWCNT inkten. Componenten die op deze manier werden vervaardigd
vertonen na enkele weken echter al een duidelijke afname in prestaties, wijzend
op de beperkte houdbaarheid van deze inkten. Voor grootschalige industriële
toepassingen moet men kunnen vertrouwen op een stabiel en consistent bronmate-
riaal. Hieruit volgt tevens dat, voor elektronica op basis van koolstofnanobuizen,
een betrouwbare inkt die kan worden gebruikt in diverse op oplossing gebaseerde
coatingprocessen een absolute vereiste is. Derhalve wordt in hoofdstuk 2 het gebruik
van o-xyleen als oplosmiddel voor hoogwaardige en stabiele s-SWCNT inkten
beschreven. De mobiliteiten van de ladingsdragers van bottom-gate veld-effect
transistors (FETs) verkregen met onze nieuwe op o-xyleen gebaseerde s-SWCNT
inkt worden verdubbeld in vergelijking met de componenten bereid met op
tolueen gebaseerde inkten. Door tolueen te vervangen door o-xyleen blijft de chi-
raliteitsverdeling in de dispersie onaangetast, en wordt een vergelijkbare verdeling
van de s-SWCNTs verkregen bij het opbrengen. Bovendien liet een onderlinge
vergelijking een betere reproduceerbaarheid zien voor de op o-xyleen gebaseerde
s-SWCNT inkt, die kan worden toegeschreven aan de hogere mate van homogen-
iteit van het s-SWCNT percolatienetwerk voor ladingdragers door een verbeterde
bevochtiging. Tenslotte blijken deze inkten hun oorspronkelijke eigenschappen te
behouden over een tijdsbestek van in ieder geval een jaar, waarmee industrieel
gebruik tot de mogelijkheden lijkt te behoren. Met deze resultaten wordt een
belangrijke stap gezet in de richting van grootschalige toepassing van s-SWCNT
inkten in elektronische en opto-elektronische componenten.
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Voor het sorteren en onderscheiden van s-SWCNTs
is het gebruik van geconjugeerde polymeren met een
nauwe bandkloof gewenst vanwege de lage injectie-
energiebarrière voor het ladingsdragertransport. Het
gebruik van dergelijke polymeren met een (ultra-
)nauwe bandkloof heeft echter vaak geleid tot een
relatief laag rendement. In hoofdstuk 3 beschrijven
we daarom het ontwerp en gebruik van drie nieuwe
geconjugeerde polymeren (PNDITEG-AH, PNDITEG-
TVT en PNDIC8TEG-TVT), gebaseerd op naftaleendi-
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imide (NDI) en head-to-head bithiofeen of thienylennevinyleen (TVT) bouwstenen
en aangevuld met verschillende polaire zijketens. Zij beschrijven allen een nauwe
bandkloof en kunnen bovendien gebruikt worden voor het dispergeren en onder-
scheiden van s-SWCNT. De vinylene bouwsteen minimaliseert de intrinsieke ster-
ische congestie van head-to-head bithiofeen en bevordert de backbone planariteit.
Dit leidt tot een verlenging van de π-conjugatielengte, waaruit een kleinere band-
kloof volgt. Cyclische voltammetrie (CV) metingen en density functional theory
(DFT) berekeningen suggereren dat het invoegen van een vinylene groep in een
head-to-head bithiofeen het hoogste bezette moleculaire orbitaal (HOMO) niveau
op een efficiënte manier verbetert. Bovendien verhoogt het gebruik van een op
alkyl gebaseerde koppeling van de geconjugeerde backbone en de oligomeer gly-
col ether zijketen de flexibiliteit en oplosbaarheid van PNDIC8TEG-TVT, leidend
tot een efficiënte verwijdering van overtollig polymeer uit de s-SWCNT inkt tij-
dens de verrijkingsstap. Absorptiespectra tonen voor elk van deze drie polymeren
een uitstekend vermogen om s-SWCNT te dispergeren en te onderscheiden. De
veld-effect transistors van de op PNDITEG-TVT en PNDIC8TEG-TVT gebaseerde
inkten vertonen bovendien sterkere p-dominante eigenschap en een aanzienlijk
lagere injectiebarrière met lagere hysterese in vergelijking met het meer gedraaide
PNDITEG-AH polymeer. Dit volgt uit een betere uitlijning van het HOMO niveau
van PNDITEG-TVT en PNDIC8TEG-TVT. Hetgeen in hoofdstuk 3 wordt beschreven
verschaft inzicht in de fundamentele relatie tussen de moleculaire structuur van het
polymeer, het overeenkomstige dispersievermogen van s-SWCNTs en de fysische
eigenschappen van de hierop gebaseerde inkten.

Substrate
μh=0.21cm2V-1s-1

In hoofdstuk 4 wordt op basis van onze gemeenschap-
pelijke kennis en kunde de eerste functionele top-gate
bottom contact FET beschreven. Hierbij worden 3D for-
mamidiniumtinttriiodide perovskietfilms als halfgelei-
dend kanaal gebruikt, waarmee een belangrijke stap
voorwaarts wordt gezet. Deze perovskieten op tinba-
sis zijn immers relatief atoxisch en beloven derhalve een
uitstekende kandidaat te zijn om hun loodhoudende
tegenhangers te vervangen. Het gebrek aan literatuur

inzake het gebruik van driedimensionaal tinperovskiet in deze context is waarschi-
jnlijk te wijten aan een groot aantal valtoestanden en de hoge p-dotering passend
bij dit type materiaal. Onze FETs zijn veelbelovend en vertonen gatmobiliteiten
in verse staat tot 0.21 cm2 V−1 s−1, een Ion/off verhouding van 104 en een relatief
kleine drempelspanning (VTH ) van 2.8 V. Naast de geometrie van dit component
blijkt een sleutelfactor bovendien een verlaagd p-doteringsniveau van de 3D tin per-
ovskiet actieve laag, gerealiseerd door het inbedden van een kleine hoeveelheid 2D
R-P fase waarmee de kristalliniteit en oriëntatie van FASnI3 wordt verbeterd. Dit
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vermindert tevens de val- en gatdichtheid. Voorts vertonen dergelijke transistors
een uitstekende stabiliteit, wat in veel gevallen verder verbeterd kan worden door
ze ongeveer 20 maanden op te slaan in een atmosfeer van N2. Tenslotte konden
we aantonen dat de op 2D/3D-gebaseerde FETs een hogere gatmobiliteit vertonen
dan de FETs gebaseerd op laagdimensionale R-P perovskieten. Dit is te danken
aan de lagere gevoeligheid van de 2D/3D-gebaseerde FETs voor de microstructuur
(oriëntatie van de anorganische vlakken) en de lagere gatinjectiebarrière aan de per-
ovskiet/broninterface.

Recentelijk gaat veel aandacht uit naar de ontwikke-
ling van kunstmatige neurale netwerken, omdat zij ef-
ficiënte berekeningen beloven voor specifieke taken die
hoogstwaarschijnlijk financieel niet haalbaar of zelfs
geheel onmogelijk blijken voor conventionele comput-
ers gebaseerd op de von Neumann-architectuur. Er
wordt veel onderzoek verricht naar de ontwikkeling
van materialen waarmee gelaagde neurale netwerken
gemakkelijk kunnen worden geı̈mplementeerd. Der-
halve demonstreren wij in hoofdstuk 5 het gebruik van in oplossing verwerkbare s-
SWCNT inkten om kunstmatige synapsen te ontwikkelingen middels eenvoudige
FETs. Onze kunstmatige synaps maakt gebruik van hysterese, kenmerkend voor
de structuur van het component en de daarin gebruikte materialen. Deze hysterese
wordt bovendien gekenmerkt door een meervoudige orde van grootte. Bij stim-
ulatie door eenvoudige pre- en postsynaptische puls vertoont onze op SWCNTs
gebaseerde synaptische transistor een duidelijke en kwalitatief goede Spike-Time
Dependent Plasticity (STDP), wijzend op de mogelijkheid om het asymmetrische
anti-Hebbiaanse leerproces te realiseren. Onze gedefinieerde STDP vorm, samen
met het gebruik van een eenvoudige puls om dit te verkrijgen, werd nog niet eerder
beschreven voor synaptische transistoren. Dit vertegenwoordigt derhalve een cru-
ciale stap in de verdere ontwikkeling van kunstmatige synapsen en uitgebreidere
gelaagde netwerken voor hardware-implementatie. Tenslotte is het interessant om
hierbij op te merken dat de tijd-respons van dit component zeer vergelijkbaar is met
die van biologische synapsen, waaruit mogelijkheden voor CMOS-emulaties kun-
nen worden afgeleid die anders die niet beschikbaar zouden zijn.

∗Onder de wet op het Auteursrecht en het Copyright vallen alle illustraties in deze samenvatting onder
licentie van de publicatie van het bijbehorende hoofdstuk.
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