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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
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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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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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