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ABSTRACT

Thanks to their extremely high mobilities, semiconducting carbon nanotubes (CNTs) are a
promising material for high speed electronics. Beyond that, CNT networks are inherently flexible
and stretchable and can be processed from dispersions resulting in devices with still remarkable
electronic properties. They can fulfill many of the various requirements for novel applications
including fast switching speeds and high currents at low drive voltages. Depending on the
intended use, one or another device property might be more important. CNT networks, processes,
and architectures can be tailored to yield devices that can serve the respective purpose. Highly
purified semiconducting CNTs are, however, still rather expensive and direct-write techniques are

thus preferred to enable variable designs and reduce manufacturing costs.

In this work, aerosol-jet printing is investigated as a deposition technique for CNTs that works
with small ink volumes but can also be upscaled by parallelization and integrated into high-
throughput roll-to-roll printing processes. After the development of printable inks, it is shown that
the printing process itself has no influence on the quality of the CNTs although sonication is used
to transfer the ink into an aerosol. The electronic properties of CNT networks incorporated in an
established transistor structure exhibit reproducibility comparable to other deposition techniques.
Moreover, additive manufacturing enables the deposition of several layers on top of each other to
increase the overall film thickness up to optically dense films visible to the naked eye. Field-effect
mobilities and on-conductances increase and the hysteresis decreases for thicker films compared

to dense but thin networks.

Based on these findings, CNT films are printed with a thickness of 50—600 nm and vertical charge
transport is demonstrated. These films are subsequently sandwiched between electrodes and
electrolyte-gating results in doping of CNT films throughout electrode overlap areas of several
hundred um?. The vertical device architecture decouples the printing accuracy from the critical
device dimensions while supporting high currents for a small footprint. A comparison of different
printed electrode materials reveals the superior properties of printed metals over mixed (metallic
and semiconducting) CNTs. Electrodes based on inkjet-printed gold nanoparticles are additionally
used on flexible substrates and stable device performance even after several hundred bending
cycles is demonstrated for vertical and lateral CNT network transistors. These all-printed devices
are promising for further development of electronic circuits that do not require high operating

frequencies but rather flexibility, high-currents, and small footprints.
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KURZFASSUNG

Dank ihrer extrem hohen Ladungstragermobilitit sind halbleitende Kohlenstoff-Nanorohrchen
(engl. carbon nanotubes, CNTs) ein vielversprechendes Material fiir Anwendungen in der
Hochgeschwindigkeitselektronik. Dariiber hinaus sind Netzwerke aus CNTs flexibel, dehnbar und
konnen aus Dispersionen abgeschieden werden. Transistoren basierend auf CNT-Netzwerken
weisen noch immer bemerkenswerte elektronische Eigenschaften auf. Sie sind daher fiir diverse
neue Anwendungen geeignet, welche nicht nur hohe Schaltgeschwindigkeiten und Stréme — bei
gleichzeitig niedrigen Spannungen — bendtigen. Je nach gewiinschter Anwendung ist hierbei die
eine oder andere Eigenschaft maBgebend. CNT-Netzwerke, Prozesse und Bauteil-Architekturen
konnen entsprechend angepasst werden, um Transistoren zu fertigen, welche die jeweiligen
Anforderungen optimal erfiillen. Da das aufgereinigte Material jedoch noch immer relativ teuer
ist, wird die Abscheidung mittels direkt strukturierender Prozesse bevorzugt, um variable Designs

zu ermdglichen und die Herstellungskosten zu senken.

In dieser Arbeit wird das Aerosol-Jet-Drucken als eine Moglichkeit zur Abscheidung betrachtet,
welche auch mit kleinen Tintenvolumina arbeiten und gleichzeitig durch Parallelisierung
hochskaliert und in Rolle-zu-Rolle-Prozesse mit hohem Durchsatz integriert werden kann.
Zunichst werden druckbare Tinten entwickelt, bevor gezeigt wird, dass der Druckprozess selbst
keinen Einfluss auf die Qualitit der CNTs hat, obwohl Ultraschall zur Aerosol-Bildung eingesetzt
wird. Die Reproduzierbarkeit der Transistoreigenschaften, welche in einem dhnlichen Bereich wie
jene anderer Abscheidungstechniken liegt, wird mittels einer etablierten Transistor-Architektur,
in welche die gedruckten CNT-Netzwerke eingebaut werden, untersucht. Durch das Drucken von
mehreren Schichten iibereinander ist es weiterhin moglich, dicke Filme zu erhalten, welche mit
bloBem Auge sichtbar sind. Verglichen mit dichten aber diinnen Netzwerken, weisen Transistoren
mit dickeren Filmen hohere Feld-Effekt-Mobilititen und Strome bei gleichzeitig niedrigerer

Hysterese auf.

Anhand von Schichten mit einer Dicke von 50-600 nm wird anschlieBend der Ladungstransport
in vertikaler Richtung durch den CNT-Film demonstriert. Der Ladungstransport durch Filme,
welche zwischen Goldelektroden eingebettet sind, kann mittels einer an einer dritten Elektrode
angelegten Spannung und eines Elektrolyten als Dielektrikum, selbst bei einem Uberlapp der
Elektroden von mehreren hundert Quadratmikrometern, ein- und ausgeschaltet werden. Diese

vertikale Transistor-Architektur entkoppelt die kritischen Transistor-Dimensionen von der
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Genauigkeit des Druckprozesses, wihrend hohe Strome bei einer kleinen Grundfliche realisierbar
sind. Ein Vergleich verschiedener gedruckter Elektrodenmaterialien zeigt sich die Uberlegenheit
von metallischen Materialien gegeniiber gemischten (metallischen und halbleitenden) CNT-
Netzwerken. Mittels Inkjet-gedruckten Elektroden aus Gold-Nanopartikeln kann ein stabiles
Transistor-Verhalten auch nach mehreren hundert Biegezyklen auf flexiblen Substraten gezeigt
werden. Diese vollstindig gedruckten Transistoren sind vielversprechend fiir die weitere
Entwicklung von elektronischen Schaltkreisen, welche mechanische Flexibilitidt und hohe Strome

bei niedrigem Fldchenbedarf anstelle hoher Schaltfrequenzen benotigen.
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CHAPTER 1

INTRODUCTION




Introduction

For more than 70 years transistors have been the fundamental components of virtually all modern
electronic products and ensure the operation of a wide range of electronic devices from simple
circuits, sensors, and controllers, to telecommunication and data processing in combination with
computers and mobile phones. Over the last decades, the improvement of transistors and their

applications has been mostly driven by cost reduction and miniaturization.

More recently, the restrictions of traditional rigid silicon and other inorganic semiconductors were
sought to be overcome to achieve freedom of design and shape as well as overall flexibility of the
final products. Existing prototypes, design drafts, and already available products include rollable
or foldable displays, light-sources, and solar cells, stretchable sensors, intelligent clothing, and
more. The realization of unlimited flexibility and stretchability, requires new materials and/or

device architectures that are compatible with mechanical deformation.

Moving towards flexible devices simultaneously introduces the necessity to develop new
fabrication methods. Batch production — often requiring vacuum and/or high temperature
processing — is traditionally used in silicon electronics with areal material deposition that requires
subsequent high-resolution patterning (top-down). Flexible substrates on the other hand enable
roll-to-roll processing technologies known from newspaper printing with direct and additive
patterning of the deposited material (bottom-up). Printing technologies could reduce the
manufacturing costs of electronic devices, due to high throughput, fast and simple variation of the
printing patterns and low processing temperatures. However, the achievable resolution and

registration are limited.

Networks of single-walled carbon nanotubes (CNTs) are one of the promising material candidates
for printed electronics on flexible or stretchable substrates. While a mixture of 5 metallic and %
semiconducting nanotubes is produced during synthesis, recent advances in sorting techniques
enable the dispersion of almost purely semiconducting species.!!! Printed nanotube networks can
thus not only be used as electrodes but also as the semiconductor in light-emitting diodes,
photovoltaics, and transistors. Although nanotube networks cannot reach the charge carrier
mobilities of individual CNTs (up to several thousand cm? V~!'s7!) due to limitations by
nanotube—nanotube junctions, current CNT network field-effect transistors were able to achieve
charge carrier mobilities of more than 100 cm? V~! s71.[2! Utilized as conductors, sheet resistances

of less than 100 Q o~! were reported even for semi-transparent CNT layers. 4!




Introduction

Besides their favorable mechanical and electronic properties, CNTs can be readily dispersed in
organic solvents or water, which makes them ideal candidates for printing processes at low
temperatures.!! Although various printed electronic devices have been demonstrated, it remains
to be evaluated, which deposition method is most suitable for the different layers of a transistor.
Depending on the application, transistors based on printed CNTs have to fulfill a number of
requirements, e.g. reproducibility, high on/off-ratios, fast switching speeds, long-term stability,
high current densities, small footprint, flexibility, and stretchability. Moreover, compared to
photolithographic structuring methods, the achievable resolution and layer-to-layer registration is
lower by several orders of magnitude. Hence, the printing parameters have to be carefully

optimized and device architectures have to be adapted or specifically developed.

Especially for transistors with variable designs, prototypes, or proof-of-concept studies, direct-
write technologies that do not waste a large amount of material and can work with small ink
volumes are desired, as purified nanotube material containing almost only semiconducting CNTs
is still rather precious. The inks should also be free of additives as far as possible to avoid any
negative impact on the charge transport through the deposited networks. These requirements are
fulfilled by aerosol-jet printing,’®! a relatively new printing method that is used in this work for
the deposition of networks of semiconducting (6,5) CNTs. After analyzing the reproducibility of
device performance in a conventional transistor architecture, this technique was also used to
deposit rather thick films for vertical charge transport in all-printed devices that overcome
resolution limitations. Finally, lateral and vertical devices were fabricated on flexible polymer

substrates and evaluated with respect to bending.

Chapter 2 gives an overview about carbon nanotubes including their band structure, electronic
properties, and synthesis methods. Furthermore, methods to separate metallic and semiconducting
CNTs and to determine the chirality of a CNT are introduced. The theoretical framework to
understand unipolar and ambipolar transistors is provided and device architectures and patterning
processes are explained. After an overview of materials and techniques used for printed
electronics and the previously demonstrated devices, aerosol-jet printing as the main method used

and evaluated in this work is presented.

Chapter 3 details the experimental procedures employed for device fabrication and

characterization followed by the exact descriptions of materials and devices in chapter 4.
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The results of the experimental work are presented in the subsequent sections. Chapter 5 starts
with the formulation of carbon nanotube inks suitable for aerosol-jet printing of the
semiconducting layer in transistors. After evaluating the stability of these inks, the reproducibility
of transistors printed from this material is examined with an established device structure. The
initially rather high hysteresis is decreased by different techniques and applications of the printed
CNT films, e.g. in electrochromic devices and transistors for different studies, based on the
findings made before, are presented. This section ends with the description of limitations

encountered during the preparation of CNT films via aerosol-jet printing.

While the focus of chapter 5 was mainly on the semiconducting nanotube network and thus
photolithographically structured electrodes were used, chapter 6 utilizes a recently developed
vertical device architecture to avoid device dimensions that are incompatible with printing
resolution and alignment accuracy. The necessary demonstration of three-dimensional charge
transport and efficient electrolyte-gating of the whole nanotube network is followed by the
resulting device characteristics and the comparison with lateral transistors fabricated from the
same materials. Different electrode materials are subsequently evaluated with regard to the final

device performance.

In Chapter 7 the established procedures for lateral and vertical transistors based on aerosol-jet

printed semiconducting CNTs are utilized to fabricate bendable devices on plastic substrates.

Chapter 8 summarizes the insights gained in this thesis and gives suggestions for future

experiments and potential applications.




CHAPTER 2

BACKGROUND

This chapter provides the theoretical background on carbon
nanotubes and transistors followed by an overview about
methods and materials for printed electronics including

aerosol-jet printing.




Background

2.1. Carbon Nanotubes

2.1.1. Overview

For a long time, only amorphous carbon and two ordered carbon modifications have been known
— diamond and graphite. Both modifications are well-studied and exhibit unique properties:
Diamond is the hardest naturally occurring material and graphite shows — due to its planar crystal
structure — strong anisotropy in its physical properties.[®! The discovery of new nano-scale carbon
modifications started in 1985 with zero-dimensional fullerenes,!”! followed by one-dimensional
carbon nanotubes (CNTs) which were first synthesized in 1991.8! The two-dimensional graphene,
essentially a single layer of graphite, was eventually found in 2004 and completed the range of
low-dimensional carbon allotropes.!! Further modifications of these structures were synthesized
later, e.g. graphene nanoribbons (laterally confined graphene),!'® ! carbon nano-onions (multi-
walled fullerenes),!'> 13! or carbon nano-horns.'¥! While multi-walled carbon nanotubes were
synthesized and investigated as well, single-walled CNTs are particularly interesting because of
their unique electronic properties. In this work, only single-walled CNTs were used and thus the

term carbon nanotube refers to them only in this context.

Defect-free graphene consists of sp>-hybridized carbon atoms arranged in hexagons within a two-
dimensional plane. CNTs can be described as rolled-up graphene sheets forming one-dimensional
hollow tubes. Depending on the direction and circumference of this rolled-up graphene sheet,
different nanotubes are possible. The (n,m) notation commonly used to distinguish different CNT
chiralities describes the vector along the nanotube circumference which is derived from the linear
combination of the unit vectors a1 and a2 of the graphene unit cell, where a = 0.246 nm is the

lattice constant (compare Figure 2.1):!!)
a a
c=n-a1+m-a2=n-§-(\/§,1)+m-§-(\/§,—1) 2.1
The alternative description of a CNT with the nanotube diameter d and the chiral angle @ can be

directly derived from this vector ¢. Note that the chiral angle is defined as the angle between the

chiral vector and the chiral vector of a zigzag nanotube, i.e. a nanotube with m = 0.

d="=2 V752 0 mtm? 2.2)
V3-m

@ = arctan (—) 2.3)
2'n+m
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Nanotubes with a chiral angle of 30°, i.e. n = m, are called armchair nanotubes relating to the C—C
bond structure following the hexagon outlines along the circumference of the CNT. Both zig-zag
and armchair nanotubes are achiral. All other nanotubes with 0° < @ < 30° are chiral nanotubes.
Larger chiral angles do not define new nanotubes but rather duplicates of the already mentioned
possibilities. While nanotubes enantiomers, i.e. (n,m) and (m,n), were examined and even
separated,' 31! they are usually not distinguished especially for applications in electronics and for

the chiral indices (n,m) with n > m is used.

zigzag (n,0) M

unit cell unit vectors

Figure 2.1: Depiction of CNT chiralities with chiral angle © and chiral vector c. as well as the unit
cell, and the unit vectors a; and a; leading to the (n,m) notation. Additionally, zigzag and armchair
CNTs are illustrated with the direction of their chiral vectors and the structure of the C-C bonds along

the circumference.

2.1.2. Band structure

This section provides a very brief overview on the band structure of graphene and how to derive
the band structure of carbon nanotubes therefrom. Detailed calculations and explanations can be

[18-26] Dye to the sp?-hybridization in defect free graphene and CNTs, the

found in literature.
o-bonds lie along the C—C axis and the delocalized m-electrons are found above and below the
plane of carbon hexagons. As mentioned above, CNTs can be described as rolled-up graphene
and the electronic structure of nanotubes can thus be derived from graphene. Using the tight-
binding approximation as described in literature, the electronic structure of graphene is given

by:“g]
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€2p T ¥o w(k)

EgiZD(k) T 1Fs- w(k)

2.4

where

w(k) = \/1 + 4 - cos <%) © oS <ky2- a) + 4 - cos? <ky2- a> (2.5)

with the wave vector k, the energy of the 2p atomic orbital €;,, the carbon—carbon interaction
energy of nearest neighbors yo, and the tight-binding overlap integral s. Figure 2.2 shows the band
structure of graphene and the contour plot of the Brillouin zone for yo = -3.033 eV and s =0.129
including the high symmetry points I, K, and K’.['! The n and 7* bands cross at the Fermi level

and form a Dirac cone at the K-point, which is crucial for the electronic properties of graphene.!?"!
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Figure 2.2: Band structure of graphene along K—I'—M—K’ (left) and contour plot of the valence band
energy in the Brillouin zone with the high symmetry points I', K, K’, and M (right).

For one of the two atoms in the graphene unit cell, three different phases of the K-point wave
function are possible: 0, %/3m, and */3n corresponding to 0°, 120°, and 240°. When rolling-up the
graphene sheet into a CNT, carbon atoms with either a matching or mismatching phase are rolled
on top of each other. In case of a phase match, the wave function can remain unchanged, i.e. the
nanotube does not exhibit a bandgap and is thus metallic. If a phase mismatch occurs, the resulting
wave function cannot go through the K point as it needs an additional enveloping wave function

that compensates the phase by modulating it along the circumference of the CNT. This opens a
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band gap E, which is inversely proportional to the diameter d and the resulting nanotube is

semiconducting:?!!

0.7 nm

~

gx——ev (2.6)

With three different possible phases, one third of the nanotubes are thus metallic. The chiral
indices of metallic nanotubes have a difference of zero or a multiple of 3, i.e. (n—m) mod 3 =0,
hence all armchair nanotubes are metallic. While the metallic CNTs theoretically show no band
gap, mechanical deformation such as stress, torsion, or the inherent bending along the CNT
circumference, can induce a small band gap, especially in small diameter tubes.'?* 3! Band gap
changes of up to 100 meV at 1 % strain were found, thus exceeding the thermal energy at room

temperature and presumably hindering charge transport through metallic CNTs.[?*!

The one-dimensional band structure and hence the density of states (DOS) of CNTs can be derived
using so-called parallel cutting lines in the reciprocal space.[**! In real space, the nanotube unit
cell is defined by the chiral vector ¢ along the circumference and a translation vector T along the

CNT axis with

T=vV3-Z2xc=02m+n)-a; — 2n+m)-a, (2.7)

where £ is the orthogonal base vector in z-direction and T is thus orthogonal to ¢ in the graphene
plane. For cases of a common divisor of (2m+2) and (2n+m) the translational vector can be

reduced:

T=t1'a1+t2'a2 (2.8)

Transforming T and c¢ into the reciprocal space leads to two orthogonal vectors K. and K7:

K.=(t;"by—t;-by)-N7* (2.9)
KT=(m'b1—n'b2)'N_1 (2]0)

where N is the number of hexagons in the CNT unit cell, and b7 and b; are the unit vectors of
graphene in the reciprocal space. The cutting lines have the length and direction of the axial vector
Kr and propagate along with the circumferential vector K. with a distance of K| (see

Figure 2.3). The middle of the central cutting line is always at the /" point and N/2 lines are
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possible along +K.. If one cutting line (or its elongation) is passing through the K point, the

respective nanotube is metallic, otherwise it is semiconducting.!>¥

o Y ot
KT\/ \1 KTL.K
(4,2) (5 5) (6,3) (6,5)

S M M S

Figure 2.3: Cutting lines for four different CNT chiralities: semiconducting (4,2) and (6,5) as well as
metallic (5,5) and (6,3). The reciprocal vectors K. and Kr are given next to each depiction. The edges
of the grey hexagon are the K and K’ points, while the I point is in the center of the hexagon. The
dashed lines elongate the cutting lines for (6,3) and (6,5) CNTs for better visibility of the cutting
through the K point.

With the zone-folding model, the band structure along the one-dimensional Brillouin zone (from
the edge X via I” to the second edge X’ = —X) of the carbon nanotube can be derived.[** %! By
using this model, the energy bands are extracted from the graphene band landscape at the cutting
lines. The energy bands are then superimposed (“folded”) into the CNT Brillouin zone yielding
the band structure. It should be noted, that this model uses the band structure of flat graphene to
derive the CNT band structure. This is however only true for large diameter nanotubes, as
curvature effects distort the perfect hexagons and thus influence the actual situation. As a
consequence, this concept can only represent an approximation of the band structure for small
diameter CNTs. The density of states of carbon nanotubes exhibits sharp van Hove singularities
(see Figure 2.4) where the cutting lines are tangential to the contours of the energy in the
reciprocal space, i.e. at the local extrema of the one-dimensional energy bands.**! This can also

be seen in the calculation of the DOS where dE,(k)/dk = 0 at the local extrema:!%%!

DOS(E) —NZ”

S(Eu(k) — E)dE (2.11)

The possible optical transitions can be directly deduced from the DOS diagram (see Figure 2.4).
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Only transitions with an energy Ej; between corresponding occupied (below the band gap) and

unoccupied (above the band gap) state are possible, all other transitions are dipole-forbidden.
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Figure 2.4: Density of states for a metallic (5,5) CNT (left) and a semiconducting (6,5) CNT (right).
Note that DOS # 0 between the first van Hove singularities for the (5,5) CNT but equals O for the (6,5)
CNT. The optical transitions of emission (E;;) and absorption (E;;, E2, Es33) are depicted for the (6,5)
CNT (right). A dataset supplied by Maruyama was used for plotting the DOS."*”!

2.1.3. CNT Chirality determination

The van Hove singularities in the DOS lead to defined absorption and emission spectra of carbon
nanotubes with sharp peaks. This can be utilized for assigning chiralities present in liquid
dispersions or solid films with different methods, e.g. absorption, Raman, or excitation—emission
spectroscopy. The calculated possible transition energies of metallic and semiconducting CNTs
and their relation to the nanotube diameter were summarized in the so-called Kataura plot.!*®!
Additional studies revealed differences between empirically derived values and calculated data
that hint towards additional influences, e.g. of the solvent and dispersing agents,* 3% and the data
were extrapolated to create an empirical Kataura plot.P"! The detailed plot allows chirality

assignment as implied for (6,5) CNTs in Figure 2.5.
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Figure 2.5: Kataura plot for calculated (solid symbols) and experimentally determined (open symbols)
optical transitions for semiconducting (E;; and E»;) and metallic (E;; only) CNTs. The position of the

E11 and E»; transitions of (6,5) CNTs is highlighted as an example. A dataset supplied by Maruyama

was used for plotting the calculated transitions.*”!

Absorbance spectroscopy is the easiest experimental method to gain a rough idea about the
present CNT chiralities and can be used in dispersion as well as on solid films with a sufficient
thickness to reach a reasonable signal-to-noise ratio. The absorbance of CNTs is strongest at the
E;; transition. For small diameter (d < 2 nm) nanotubes this absorption falls in the near- to mid-
infrared spectrum (4;; = 800-3000 nm, E;; = 1.6-0.4 eV) while the weaker E; transitions are
often in the visible regime (422 = 400—750 nm, E>; = 3.1-1.6 eV). Further transitions, e.g. E33, can
be found at even higher energies (lower wavelengths) but show even further decreased intensities.
As shown in Figure 2.6, sharp peaks with a linewidth of less than 25 meV are observed. Direct
chirality assignment based on absorbance spectroscopy alone is not possible and spectra of two
dispersions might exhibit peaks at the same position which originate from different chiralities, i.e.
the E;; transition of (8,7) and (10,5) CNTs are barely distinguishable. The assignment is further
hindered by the red-shift of the spectrum due to the influence of the polymer used to select only
few CNT chiralities (compare section 2.1.6). The combination with emission-excitation or Raman

spectra albeit enables the assignment of individual absorption peaks to certain chiralities.
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Figure 2.6: Absorbance spectra of two different CNT dispersions containing different CNT chiralities
measured in toluene dispersion. Chiralities are labelled in the E;; transition area (10001500 nm).

The E»; transitions are in the visible range (600-800 nm).

Excitation—emission spectroscopy uses photoluminescence (PL) and the combination of Ej;
(emission) and E»2 (excitation) for unambiguous chirality assignment.*”! Emission spectra of a
dispersion or film are measured depending on the excitation wavelength and yield a map with
peaks at the respective combinations of E;; and E2; (see Figure 2.7). For the case of individual
nanotubes, the peaks visible in the photoluminescence maps are unique for a distinct CNT
chirality, as no different chiralities with identical £;; and E»; exist. The line-shapes visible in the
maps result from non-specific excitation of the wrapping-polymer and energy transfer to the
nanotubes with smaller bandgaps. This feature can also occur if bundles are present or the

nanotubes form a dense network in a deposited film.**!
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Figure 2.7: Excitation—emission map of a dispersion of polymer-wrapped CNTs in toluene.

Reproduced with permission from ACS Appl. Mater. Interfaces 2016, 8, 5571-5579.13

Raman spectroscopy can be used to determine the diameter of a CNT by analyzing the so-called
radial breathing modes (RBM) which are found in the Raman spectrum at wavenumbers of 100—
350 cm™'. The RBM describes the stretching and compression (the “breathing”) of a nanotube
around its circumference, i.e. the dynamic change of the nanotube diameter. The Raman shift

associated with this breathing is inversely proportional to the nanotube diameter

C
WRrpM = 71 + C; (2.12)

where C;=220-260cm™ and C>=0-20cm™ are constants depending on substrate,
environment, and degree of nanotube individualization.®* The intensity of the RBM is
significantly larger when the excitation is performed in resonance with the optical transitions of
the CNT, i.e. when the laser wavelength is close to the absorption wavelength. The CNT type
(metallic/semiconducting) and even the chirality can thus be determined by combining the
calculated diameter based on the RBM frequency with the energy of the laser in reference to the

Kataura plot.

CNT Raman spectra exhibit further modes for 0 > 350 cm™". The G-modes (~ 1590 cm™) display
in-plane vibrations of sp>-hybridized carbon, where the G*-mode reflects displacement along the
nanotube axis and the G™-mode those along the CNT circumference. The D-mode (~ 1350 cm™)
is related to defects in the carbon lattice and amorphous carbon and thus a measure of the quality

of the analyzed CNTs.!%> 3! All Raman modes can be attenuated by chemical, electrochemical, or
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electrostatic doping.*”- 38! The environmental conditions and temperature as well as mechanical

stress can also shift the peak position and alter the peak width.[3-40]

2.1.4. Electronic properties

The outstanding capability of charge transport within a carbon nanotube is illustrated by the
extremely high mobility values measured in field-effect transistors with one individual CNT. At
room temperature, mobilities of up to 10* cm? V~! s! were reported.[*!! In general, the mobility
is largely dependent on the nanotube diameter and temperature. The transport within short
(<1 um) CNTs is largely unaffected by scattering and can thus be seen as ballistic.!*?! The intra-
tube resistance of one individual nanotube was theoretically predicted and measured at very long
(4 mm) semiconducting CNTs with around 6-8 kQ um™' at room temperature.'*>**! For practical
applications in combination with printed electronics, transistors based on a single CNT are
however not feasible due to the short channel lengths, printing resolution, and alignment accuracy
that would be necessary. Instead, nanotube networks can be utilized even in larger channels and

do not require the alignment of contacts on an individual CNT.

Although the intra-tube resistance is not negligible within nanotube networks,*"! the inter-tube
resistance at the junctions of the CNTs probably has the highest influence on the device properties.
Experimentally determined values for the junction resistance vary by several orders of magnitude
(10>-10° kQ).[**7! Temperature-dependent measurements of CNT networks show thermally
activated transport, i.e. a decreasing resistance with increasing temperature. This suggests a
hopping transport mechanism at the nanotube—nanotube junctions whose details are yet to be
revealed.[*® 41 The overall network resistance depends on the diameter and range of carbon
nanotube chiralities, i.e. the distribution of energy levels, the channel and nanotube length as well
as the orientation, i.e. the number of junctions that have to be overcome to cross the channel, and
the density of deposited CNTs, i.e. the number of available percolation paths through the
network."%! The charge transport through the network might be further hindered by traces of small
bandgap nanotubes that constitute a shallow trap for charge transport in mixed networks.!*3 As a
result of the resistances within the network, the achievable charge carrier mobilities are reduced
to several 10 cm? V™! s7! for random CNT networks and a few 100 cm? V™'s™! for aligned
arrays.!' 313! Large bandgap nanotubes exhibit lower mobilities, as the phonon backscattering is
increasing with the diameter./*!! On the other hand, they might be advantageous to achieve a high

ratio between on- and off-currents in eventual devices (on/off-ratio), as the off-currents are mainly
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determined by the bandgap.'>¥ When using nanotube networks it is thus always important to find

the optimum balance between the different aspects influencing the final device properties.

2.1.5. Synthesis

Carbon nanotubes can be synthesized by different methods that vary widely in terms of
quantitative and qualitative output. Established methods are arc-discharge and laser ablation
processes that basically rely on the same principle: Transition metal particles are added to graphite
and the resulting composite target is evaporated either with a laser or via the arc-discharge. The
evaporated carbon particles are able to form carbon nanotubes supported by the likewise
evaporated metal nanoparticles serving as a catalyst.!® > The variations in catalyst particle size
and local evaporation conditions produce a rather large diameter range and mixture of various
nanotube chiralities.!>®! In contrast to the two batch processes, the plasma torch method produces
a continuous output. Usually, an argon plasma is used to atomize a gas mixture of catalyst and
carbon source that is inserted with continuous flow."”! Over the last few years a new manufacturer
specialized on the continuous production of CNTs with a diameter of around 2 nm entered the
market. The product is sold under the trademark TUBALL and is produced at low cost with a
yearly output of more than 60 tons. The production process involves an iron and/or other transition
metal catalyst evaporated in-situ by plasma-assisted arc-discharge and a hydrocarbon source, e.g.
alkanes or alkenes with less than 10 carbon atoms, in a continuously operating reactor with
permanent CNT extraction.!®® > Besides their low prize and long length, the latter nanotubes are
relatively large and have their main applications in conductive and antistatic coatings, battery

electrodes, and composites with increased mechanical stability.

Chemical vapor deposition (CVD) methods for the synthesis of CNTs are able to use precisely
controlled metal nanoparticles as catalysts. The carbon precursor is delivered via the gas phase
and the catalyst particles are either deposited on a substrate (heterogeneous CVD, “grow-in-
place”) or added to the gas phase together with the carbon source (homogenous CVD, “grow-
then-place™).!’! While the grow-in-place process can be advantageous as direct control of
deposition area can be realized, it has special substrate requirements due to the high synthesis
temperatures that are not compatible with all substrate materials. The direct growth of CNTs on a
substrate can also be combined with alignment techniques to achieve oriented networks, e.g. with
an electric field controlling the dipole orientation of the nanotubes,®'®% or directed growth along

steps or trenches of the substrate and a resulting high nanotube—substrate interaction along those
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features.[®*%! Homogeneous CVD methods on the other hand can be used with a continuous flow,

are more easily scalable, and already reached a high level of product quality and productivity.

The two commercial manufacturing techniques yielding small diameter (~1 nm) CNTs widely
used for research on carbon nanotube electronics both utilize carbon monoxide as a precursor.
The HiPCO-process (high pressure carbon monoxide) works at high pressures (30-50 bar) and
temperatures (900-1100 °C) with iron pentacarbonyl as the precursor for the iron catalyst
particles.'®”- % The output consists of up to 97 % single-walled CNTs with a narrow diameter
distribution of around 0.8—1.2 nm. The CoMoCAT-process (cobalt molybdenum catalyst) uses
lower pressures (1-10 bar) and temperatures (700-950 °C) in a fluidized bed reactor with CoMo
catalyst particles on a support. It allows to narrow down the diameter range to 0.7-0.9 nm with a

favored production of (7,5) and (6,5) CNTs.[%!

2.1.6. Chirality separation

Despite continuous progress on tailoring synthesis methods and parameters in order to yield single
chiralities, these methods are either not yet commercially available or still produce a mixture of
different metallic and semiconducting nanotubes.!”*73 Applications in electronic devices ideally
would be based on single to few chiralities.’* ** 7! However, transistors require purely
semiconducting CNTs to enable switching from the on- to off-state with a difference in current of
several orders of magnitude. In addition to different chiralities, the nanotube raw material also
contains amorphous carbon and catalyst residuals. Purification of the nanotubes and separation of
different chiralities can be achieved by various techniques based on selective interaction of CNTs
with surfactants and solvents. As the nanotubes are present in dense bundles after synthesis,
sonication or application of high shear forces is necessary to individualize the CNTs and enable

access of the surfactant.

Deoxyribonucleic acid (DNA) was shown to effectively disperse and stabilize carbon nanotubes
in water.!”! It is furthermore even possible to separate individual chiralities with tailored DNA
sequences in combination with subsequent ion exchange chromatography.’® "' Another
separating technique uses DNA or sodium cholate (SC) as dispersing agent and separates the
different chiralities by density gradient ultracentrifugation.’® 7! During centrifugation the
nanotubes are here separated by their buoyant density (including the surfactant) which depends

on the tube diameter and type. SC-dispersed CNTs can be also sorted by aqueous two-phase
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extraction. For that two water-soluble polymers poly(ethylene glycol) (PEG) and dextran are
mixed with the nanotube dispersion and sodium dodecyl sulfate (SDS). After mixing, two phases
are formed, one rich in PEG and s-CNTs and one rich in dextran and m-CNTs.3% The extraction
of individual CNT chiralities can be achieved in a multi-step process with carefully adjusted SDS

concentrations and was shown for small and large diameter CNTs.[8!-32!

SDS itself is also a dispersion agent for CNTs in water but does not offer any initial type or size
selection. The SDS-dispersions can however be separated by type using gel chromatography (GC)
columns with agarose gel. The degree of interaction of a nanotube with the gel is determined by
its electronic nature and diameter. Eluting a GC column — saturated with CNT dispersion — with
pure aqueous SDS, first yields a fraction rich in metallic CNTs as their interaction is weakest. The
succeeding fractions contain s-CNTs sorted by diameter. This method can thus be used to
individualize single nanotube chiralities.!®3-8 The chirality purification of this method is to date
the best achievable and even enantiomer separation was demonstrated for several CNT

chiralities.!3% %0

All of the above mentioned methods rely on non-selective dispersion of nanotubes and subsequent
separation while a centrifugation step to remove undispersed material is implemented in-between.
Nish et al. introduced an alternative concept, i.e. directly dispersing only certain chiralities in
organic solvents.®!! They used different conjugated polyfluorenes and aromatic solvents and
found the highest selectivity for CNTs from various CNT sources (e.g. HIPCO and CoMoCAT)
with poly(9,9-dioctylfluorenyl-2,7-diyl) (PFO) and poly[(9,9-dioctylfluorenyl-2,7-diyl)-alt-co-
(1,4-benzo-2,1',3-thiadiazole)] (PFO-BT) in toluene. A largely reduced selectivity was observed
in other organic solvents such as tetrahydrofuran (THF) and chloroform. From this starting point
a vast amount of conjugated polymers was tested for dispersion selectivity including
polyfluorenes with different side chains,®? and polyfluorene copolymers,®**! but also
polythiophenes, 1% 1011 polycarbazoles, ® 1921 and others.l'1%! While a large number of
conjugated polymers is able to disperse CNTs, the selectivity and yield vary widely. In various
studies, the influence of solvents,®!: 93 9% 106. 107 molecular weight,[°> 1061981 and sidechains was
studied and guidelines for polymer and solvent selection were provided.> %! An experimentally
simple one-pot method yielding nearly monochiral (6,5) dispersions was established with a
polyfluorene-bipyridine copolymer (PFO-BPy) in toluene from CoMoCAT raw material.l!%!

Similar to other dispersion methods, sonication was used to debundle the raw material and support

efficient wrapping of the polymer around the nanotubes. The non-dispersed material, i.e. other
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unwrapped CNTs, amorphous carbon, catalyst, and remaining bundles were removed by
subsequent centrifugation. Recently, a method to scale up this process was introduced that relies
on shear-force mixing instead of sonication to individualize the CNTs during the wrapping

step.!!10]

Conjugated polymers exhibit much lower carrier mobilities than CNTs and usually have a much
larger bandgap. Thus they do not contribute to the transport in a polymer-CNT composite but
rather impede fast hopping of charges between nanotubes. It is therefore necessary to minimize
the amount of polymer by ultracentrifugation at high centrifugal forces (> 200000 g) in
combination with washing steps and redispersion in pure solvent of the sediment containing the
chirality selected CNTs. Alternatively, vacuum filtration can be used to reduce the amount of free
polymer.'!: 2] Further removal even of the polymer directly wrapped around the CNTs can be
realized by employing designed copolymers that decompose under certain conditions
(temperature, acid treatment) or by complexation and stripping with a Rhenium salt.[!!3-115]
However, even if the polymer wrapped around the CNTs is not completely removed, the coverage
should be less than 20 % and thus leave sufficient space for direct nanotube—nanotube

junctions. 4

2.2. Carbon Nanotube Transistors

2.2.1. Overview

Transistors are three-terminal devices that control the charge transport between the source and
drain electrodes with a voltage applied at the gate electrode V,. They require several components
deposited and structured on a suitable substrate: A semiconductor, source and drain electrodes for
charge injection and extraction into and out of the semiconductor, a gate electrode to control the
current flow through the semiconductor and a dielectric insulating the gate from the

semiconductor to prevent current flow between source/drain electrode and gate electrode.

The general performance of a field-effect transistor also depends on the device dimensions
illustrated in Figure 2.8. The distance between source and drain electrodes defines the channel
length L and the length of the electrodes defines the channel width W. The schematic figure also
shows the applied voltages V,, V4, and V;. The currents at the respective electrodes are I,, 14, and
I;. Usually, the source electrode is grounded, i.e. Vs = 0 V, and in this work the terms source—drain

voltage Vs and source—drain current I will be used. As the gate current /; originates from charge
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carriers leaking through the gate dielectric, it is often also called gate leakage. The thickness of
the dielectric determines the dielectric capacitance C as well as the electric field across the
insulator. In unipolar FETs only one charge carrier type, i.e. holes or electrons, can be transported
through the channel, while ambipolar semiconductors such as carbon nanotubes are able to

conduct both charge carriers.

dielectric

source semiconductor drain
substrate

channel length L
Vs Vd

Figure 2.8: Important notations illustrated in a staggered top-gate transistor.

2.2.2. Device architectures

Different device architectures to realize the required order of layers are possible and each exhibit
certain advantages and disadvantages (see Figure 2.9). The two different possible stacks are
named staggered (gate—dielectric—semiconductor—source/drain) and coplanar (gate—dielectric—
source/drain—semiconductor). Depending on the position of the substrate (in contact with the gate
or not), they are further divided into bottom-gate and top-gate. In all cases, the applied gate voltage
causes a charge carrier accumulation in the semiconductor at the interface to the dielectric. While
in coplanar structures charges can only be injected into the semiconductor at the edge of the source
and drain electrodes, the staggered configuration enables charge injection also at the surface of
these electrodes thus leading to current crowding and a reduced injection barrier. During
fabrication, often rather harsh processing conditions are used: elevated temperatures during
deposition and annealing, as well as solvents and corrosive solutions for structuring, e.g. when
using photolithography. These techniques may affect the final device, especially the properties of

the semiconducting layer. The decision for top-gate or bottom-gate structures thus mainly depends
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on the processing conditions best fitting the used materials, i.e. the thermal and chemical stability,
the possibility to use orthogonal solvents, and the sensitivity of individual layers. For very
sensitive semiconductors the coplanar bottom-gate structure is most suitable as all structuring and
deposition steps are completed before the final deposition of the active material. On the other
hand, the staggered top-gate architecture improves the charge carrier injection and permits a
precise patterning of all layers including the gate and thus enables high performance transistors

when resistant dielectrics and semiconductors are used.

Figure 2.9: Device architectures for thin-film transistors: Staggered (left) and coplanar (right) stacks

with top and bottom gate.

2.2.3. Layer Deposition and Structuring

While the dielectric is usually non-structured and deposited over the whole sample, other layers
need to be structured during or after their deposition. Especially the source and drain electrodes
usually require very precise patterning as they define the final device dimensions (see Figure 2.8).
Depending on the application or planned measurements, a structured semiconductor is useful to
define the channel area more exactly, i.e. limit edge effects and reduce leakage currents through
the gate dielectric as well as cross-talk between neighboring devices. Conventional device
fabrication mainly relies on top—down processes, i.e. large-area deposition of materials and

subsequent structuring.

The deposition of conductive materials for electrodes is usually performed by evaporation or
sputtering. The material is transferred to the gas phase in both techniques and hence processing
in vacuum is required. Thermal evaporation is also used for the deposition of semiconductors,

although casting from solution ideally at ambient conditions is preferred. A wide range of
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techniques is used here, e.g. spin-coating, dip-coating, immersion, and drop-casting, depending
on the amount of material available, the required homogeneity and film thickness, and the ease of
processing. Concerning the unpatterned dielectric, a completely closed layer is essential to avoid
shorts to the gate electrode in the final devices. Often used deposition methods are spin- and dip-
coating, physical or chemical vapor deposition (PVD and CVD), or atomic layer deposition

(ALD).

Structuring of individual layers can be done by shadow masks, photolithography and subsequent
etching and/or lift-off. While shadow masks are simply placed between the sample and deposition
source, e.g. evaporation crucible, sputter target, or airbrush gun, and thus have no impact on the
layers beneath, their resolution and alignment accuracy are usually limited. In contrast to that,
very precise alignment and high resolutions (< 1 pm) can be achieved via photolithography. A
photoresist is spin- or dip-coated on the sample surface and exposed to ultraviolet light through a
chrome-on-glass mask. The exposed areas either become soluble to the subsequently used
developer due to degradation (positive resist) or they cross-link and thus become insoluble
(negative resist). The prepared structure is then used as a mask for material deposition. With the
subsequent resist removal (lift-off) the material deposited on the resist is stripped off and the
desired structures, e.g. the source and drain electrodes, are created. The resist can also be used for
patterned etching where it is protecting the covered areas. This can be used to pattern a previously
deposited (e.g. via spin- or dip-coating) semiconductor with oxygen plasma or use corrosive

materials for wet-etching of metals.

The most important disadvantages of top—down processes is the large amount of material wasted
during structuring or deposition and the necessity of structuring processes potentially harmful to
the afore deposited material. In contrast to that, printing processes inherently produce patterned

layers and hence additionally reduce the number of required processing steps (see section 2.3).

2.2.4. Unipolar Thin-Film Field-Effect Transistors — Basic Principles

In this section, an n-type transistor, i.e. electrons as charge carriers, will be described, while the
same principles apply to hole transport with the corresponding positive charge carriers.!!!6-118] For
calculations of the current flow in FETs, edge effects are generally ignored and the gradual
channel approximation is used as a simplification, i.e. the electric field between source and drain

(distance of several micrometers) is assumed to be significantly smaller than the electric field
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across the dielectric (thickness of usually less than 1 um). An applied gate voltage leads to an
accumulation of mobile charges at the interface of dielectric and semiconductor. The gate voltage
has to be larger than the so-called threshold voltage Vi.. This threshold voltage depends on charge
traps, impurities, dipoles, and the charge carrier density achieved for the applied gate voltages
which can be increased by increasing the areal dielectric capacitance C.[''%! The number of mobile

charge carriers per unit area Qmo» Without any applied source—drain voltage is

Qmop = C - (V; = Vin) 2.13)

For V45 # 0V the local potential along the channel (along x) has to be taken into account, i.e.

Qmob = C - (Vg = Ver — V() (2.14)

The resulting current ;s depending on the charge carrier mobility u, the channel width W, the

local electric field F(x) and the number of mobile charge carriers is

lys =Wl Qmop - F(x) (2.15)

The local electric field is defined as

av
F)=— (2.16)

Integrating over the whole channel length from x = 0 to x = L with V(x) from 0 to Vi, results in

w-cC V2
las =T-u-((vg—vth)-vds—75) (2.17)

For V4 < Vg — Vi the quadratic term of equation (2.717) can be neglected and a simplified linear

correlation results
wW-C

Iy = - '.u'(Vg_Vth)'Vds (2.18)

For V4 = V, — Vi, the channel is pinched off as the local potential is smaller than the threshold
voltage and a depletion zone is formed next to the drain electrode. A current flow through the

depletion zone is still possible, the current is however space-charge-limited and a further increase
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of Vs does not increase the saturation current /s. In the saturation regime, Vg can thus be
substituted by V, — Vi, and equation (2.17) can be transformed to
w-C 2
IdS:T'#'(Vg_Vth) (219)

The resulting overall dependence of the source-drain current on the drain voltage for a constant

gate voltage give the so-called output characteristics and is plotted in Figure 2.10.

pinch-off

1 [ |

Source-drain current

Source-drain voltage

Figure 2.10: Output characteristics for a constant gate voltage with linear and saturation regime
(left). Schematic illustrations of charge carrier accumulation in the linear regime (right, bottom) and

pinch-off point in the saturation regime (right, top).

Below the threshold voltage an exponential dependence of the current on V, is observed until the
current reaches a minimum for V, smaller than the turn-on voltage Vo, (see Figure 2.11). The
occurrence of this subthreshold-region is a consequence of interfacial traps and in an ideal
transistor Vo, and Vi, would be identical. The threshold voltage can be determined from the x-

intercept of a linear fit of V1 as evident from equation (2.19).

The turn-on voltage is extracted at the point where /s gets larger than I, as depicted in the semi-

logarithmic plot of the transfer characteristics (Ius vs V) in Figure 2.11.
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Figure 2.11: Determination of turn-on and threshold voltage from the transfer characteristics in semi-

logarithmic (left axis, blue curves) and linear (right axis, yellow and red curves) current scales.

2.2.5. Extraction of Device Parameters

From the measured device characteristics the main figures of merit for thin-film transistors can be
extracted from equations (2.7/8) and (2.19). The charge carrier mobilities u;» and ug. for the

linear and saturation regime, respectively, can be calculated as follows:

dl L
Wi [cm? V™1 s71] = - 2.20)
lin d% W . C . Vds (
A2l L
Hsat [cm? Vs = dngs WoC (2.21)

As the mobility is an often used metric to compare different semiconductors and devices, special
care should be taken with the extraction of this value.[!'® 1! The apparent value of the mobility
of a semiconductor may depend on contact resistances at the electrode—semiconductor interface
as well as the exact and correct determination of the dielectric capacitance and channel length.
Contact resistance usually leads to an underestimation of the mobility value due to the decreased
effective Vg5, but high contact resistances that are reduced with increasing V, can also result in an
overestimation if the wrong part of the non-ideal device characteristics is chosen for mobility

extraction.!'?" Ideally the contact resistance of a device should be accounted for by 4-point-probe

measurements to extract the intrinsic semiconductor mobility.
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The dielectric capacitance can be measured in a quasi-metal-insulator-semiconductor structure
between the gate electrode and the combined source, semiconductor, and drain electrode. Care
has to be taken that the device is turned on completely, i.e. that the semiconductor contributes to
the capacitor electrode, and a measuring frequency as low as possible is applied to obtain the static
capacitance value. While increased noise and scattering limits the low boundary of the
frequencies, the capacitance is lower at high frequencies and too high mobility values would thus
be calculated. Typical measurement frequencies are around 1 kHz, while slightly lower
frequencies would be preferable.!!!® The measured dielectric capacitance has to be divided by the
respective area A, as the areal capacitance is necessary for the current equations and mobility
calculations introduced above. The capacitance can also be calculated from the plate—plate
capacitor model with the relative permittivity of the used dielectric material ¢, the vacuum

permittivity €, and the layer thickness d:

c
C [F em™?] = 225 = Zmeas (2.22)

However, the electrostatic coupling and quantum capacitance of the CNT network has to be
considered for the correct determination of the areal capacitance. Using the plate—plate capacitor
model hence leads to larger deviations from the actual capacitance and the direct measurement at

the device in the on-state is preferable.[!?!!

Regarding contact resistances, a reliable extraction of the intrinsic mobility of the semiconductor
is only possible with knowledge of the exact potential applied at the channel. This can be extracted
via 4-point-probe measurements where the potential is measured additionally within the
channel.**  Alternatively, the transmission-line-method allows the extraction of contact
resistances through measurements of the same homogeneous semiconductor in devices with
different channel lengths.®% 22/ In case of crystalline materials or carbon nanotubes, the effective
channel width can be significantly lower than the geometric dimension W. For CNT networks,
additionally nanotube—nanotube resistances further reduce the mobility and the extracted values

are thus not comparable to the intrinsic mobility of single CNTs.

Considering all points mentioned above, in case of carbon nanotubes, it is more appropriate to
talk about an apparent device mobility that is not an intrinsic parameter of the semiconductor
but also includes the device architecture, dimensions and semiconductor structure, i.e. the network

composition and orientation (aligned or random) as well as the CNT density. Mobilities reported
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in this work are thus always apparent device mobilities and were extracted with capacitances

measured at the channel and without taking into account contact resistances.

Besides the mobility as an important property of a transistor, the achievable channel conductance
and current densities should be considered for the evaluation of the device performance. The
on-current depends on the applied source—drain voltage and can be easily extracted from the
device characteristics. The channel-width corrected on-conductance G,/W reported in S mm™

can be compared more easily for devices with different geometries:

IOTL

VdS.W

G""s 1= 2.23
W[mm]— (2.23)

The current density is defined as the current flowing through a cross-section of the
semiconductor with a certain area. For the usually present lateral transport between source and
drain electrode, a realistic assumption of the channel thickness (in z-direction) is therefore
necessary. For vertical charge transport (see chapter 6), the current density is defined by the

overlap area of the electrodes between which the current is flowing in z-direction.

The subthreshold swing SS is a measure for the concentration of shallow charge carrier traps
which are limiting fast switching speeds. A small subthreshold swing is thus essential for high
frequency applications. The subthreshold swing is the inverse of the slope of the transfer
characteristic for Vy < Vy, i.e. a fast turn-on with quickly increasing currents results in a small

1

subthreshold swing. The subthreshold swing is given in V dec™, i.e. the change in gate voltage

necessary to increase the current by a factor of 10.11”!

d(log(lds))>_1 log(A) (2.24)

SS[Vdec 1] = < av, Toc
A large on/off-ratio, i.e. a high difference of on-current /,, and off-current I, is crucial. The value
is extracted from the maximum /,, for holes or electrons and the current in the off-state. I,y is
often limited by residual metallic nanotubes or the gate leakage I,. Typical on/off-ratios for CNT
transistors range from 10? to more than 10%, depending on the quality, i.e. semiconducting purity,
device architecture, especially regarding I, and CNT alignment, and the bandgap of the utilized

CNTs which determines the minimum I, in this ambipolar semiconductor.>%!
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2.2.6. Ambipolar Field-Effect Transistors

Carbon nanotubes are one representative of ambipolar semiconductors, but also a number of
polymers,!'23 124 single crystals,!!?> 12! fullerenes,!'?’-1?°! and other materials are able to transport
both charge carriers, i.e. electrons and holes.!!!® 13% 131l Fyrthermore mixed or stacked layers of n-
and p-type semiconductors can be used to achieve ambipolar charge transport through the
transistor channel.['*> 1331 Ambipolar transport is only possible, if the electrode material exhibits
a suitable work function Wr to inject both charge carrier types, which is true for carbon nanotubes

due to their narrow bandgap.

In an ambipolar transistor, the electron and the hole current, both contribute to the total current
through the device.!'*¥ The device characteristics can thus be seen as a superposition of a unipolar
n-type and a unipolar p-type transistor. In the following, the threshold voltages / mobilities for
holes and electrons are named Vi, / un and Ve / e, respectively. The given conditions for Vg
and V, assume that V=0V, Vi >0V, and Vi, < Vie. Depending on the applied voltages, the

transistor characteristics can be divided into three different regimes.

(1) Unipolar electron transport: V, > Vi, .
Only electron transport occurs in the semiconductor and contributes to the current, i.e. the
equations for unipolar behaviour (see chapter 2.2.4) remain valid:

w-cC

Vi
Igs = L "He ((Vg - Vth,e) Vas — TS> 2.17)

(1a) For Vg5 <V, — Vi electron transport occurs in the linear regime.

(1b) For V43>V, — Vi electron transport occurs in the saturation regime.

(2) Unipolar hole transport: V, — Vs < Vi,

Here, only hole transport contributes to the current through the channel

w-C V2,
Iys = T Mo (Vg —Venn) * Vas — - (2.25)

(2a) For V45 < Vg — Vi, hole transport occurs in the linear regime
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(2b)  For Vgs >V, — Vi, hole transport occurs in the saturation regime, hence (2.25) has
to be altered with Vas — Vg — Vi — Vs and results in

w-C 2
Iys = oL Hp * (Vds =Vt Vth,h) (2.26)

(3) Ambipolar transport: V, > Vi, and Vg — Vg < Vi,
In the ambipolar regime both charge carriers contribute to the overall current. With holes and
electrons injected at the drain and source, respectively. This results in a series of a hole and
an electron channel and both saturation currents have to be summed up to obtain /4:

W-C
=" (Me : (Vg - Vth,e)z +up - (Vas — Vy + Vth,h)z) (2.27)

l,.=

ds 2 . L
The different operation regimes of an ambipolar transistor are illustrated in the output and transfer
characteristics in Figure 2.12. The device parameters are usually derived from the unipolar

operating regimes.
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Figure 2.12: Transfer characteristics (left) and output characteristics for positive voltages (right) of

ambipolar transistors.
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2.2.7. Networks and Arrays of CNTs as Thin-Film Semiconductors

Originating from the one-dimensional structure, the charge transport properties in carbon
nanotubes exhibit a strong anisotropy. Additionally, barriers at the junctions of different CNT
chiralities but also hopping between nanotubes of the same kind further hinder the charge
transport. It is therefore important for the overall transistor performance, how many nanotube—
nanotube junctions of which barrier height have to be overcome to cross the channel, i.e. the
nanotube orientation, length, and mixture of species in the network are important. In general, four
different patterns of nanotubes constituting the semiconductor can be distinguished: individual

nanotubes, arrays of parallel CNTs, aligned networks, and random networks (see Figure 2.13).

Drain Drain _Drain Drain

Source Source Source Source

Figure 2.13: Schematic of different CNT film structures: individual tubes, parallel arrays, aligned

networks, and random networks (left to right).

Incorporating individual CNTs into transistors requires high precision, alignment, and structuring
and is therefore limited due to the high fabrication costs involved. However, individual CNT
properties can be studied, and sub-10 nm channel lengths with very high switching speeds and

mobilities were realized.!!3%137]

Directly growing aligned CNT arrays simplifies device fabrication while maintaining the
advantage of direct connections between the source and drain electrode without any junctions.
Furthermore, the arrays exhibit overall larger currents and templated growth from deposited
catalyst along surface features or external electric fields result in predictable CNT patterns that
enable fast alignment of subsequent layers to complete the devices.!®!: % 5 1381 However, as
monochiral growth was still not achieved for a wide range of CNT species, metallic CNTs are
usually present in these devices and perturb the device performance. Additionally, high
temperatures are usually necessary and thus only a limited choice of substrates is suitable and all

other transistor layers have to be deposited afterwards.
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Solution processing of CNT dispersions is the most favorable method to deposit nanotubes for
electronics, as it opens the perspective for rather low cost fabrication methods and the possible
integration into roll-to-roll processes. However, deposition from solution results into nanotube
networks that exhibit a number of junctions along the charge transport path through the transistor
channel and do usually not show any alignment. The variety of used deposition methods ranges
from simple immersion,!>% 190 39141 dip_coating,['*?! spin-coating,[** 21- 143. 1441 and drop

casting,!'* 14! to printed films that exhibit the advantage of direct patterning.[*- 147-153!

Certain methods can produce aligned networks of carbon nanotubes from solution. The alignment
between pre-patterned electrodes with an applied electric field during drop-casting or immersion
is called dielectrophoresis and simultaneously achieves a structured deposition at the electrode
area.[’> 1341591 pylling a substrate out of a water reservoir with a thin layer of nanotubes deposited
on top of the liquid surface, so-called floating evaporative self-assembly (FESA) results in ribbons
of aligned CNT films.[!- 1601611 tilizing the coffee stain effect, nanotubes can also be aligned by
completely evaporating the solvent around a vertically oriented substrate that was initially

immersed in the CNT dispersion.!!6?!

Carbon nanotube transistors fabricated or annealed in inert atmosphere show balanced hole and
electron transport with comparable on-currents and mobilities within the same order of magnitude.
These properties can be preserved by encapsulation, e.g. by oxide dielectrics,** 19! epoxy
resin,'>"! or glued class covers,!'>”> 11, Without encapsulation, the CNT transistors show hole

doping due to water and oxygen adsorption when exposed to air.!16% 167!

Depending on the structure of the CNT layer, the deposition and fabrication methods, the degree
of alignment, the channel length, and the semiconducting purity of the CNT network, the range
of reported mobility values and on/off-ratios varied by several orders of magnitude. Figure 2.14
gives an overview about some of the published values and illustrates that the sole comparison of
achieved numbers is not expedient. It is instead rather important to compare the devices in the
context of their fabrication method, device architecture, and desired application. The application
is also decisive for the choice of crucial parameters: While fast switching speeds are important
for integrated circuits, display backplanes need a high stability, and large on/off-ratios are
favorable for detectors to achieve high signal-to-noise ratios. Especially printed devices often
cannot achieve outstanding numbers for all device parameters simultaneously and individual
layers as well as the complete architecture have to be optimized in the context of possible or

wanted applications.
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Figure 2.14: Mobility vs on/off-ratio for various published CNT transistors depending on alignment,

d [2, 50, 52, 100, 140, 144-147, 150, 162, 166-176] “This work”

channel length and deposition metho indicates the

performance of aerosol-jet printed (6,5) CNTs in a staggered top-gate transistor.

2.2.8. Electrolyte-Gated Transistors

In field-effect transistors with a conventional dielectric between semiconductor and gate
electrode, charge transport can only occur within a few nanometers of the semiconductor—
dielectric interface.!'””! Furthermore, the dielectric capacitance and the gate leakage scale
inversely with the thickness of the dielectric, but the breakdown strength, i.e. the applicable
potential difference, are directly proportional to the thickness. In case of non-flat semiconductor
surfaces, such as carbon nanotube films, the subsequently deposited dielectric is subject to locally
concentrated electric fields and thus increased gate leakage and possible breakdown of the device
at potential differences remaining well below the breakdown of an ideal, flat layer. The achievable
charge carrier density is hence limited to usually less than 10'* e cm™'. While very thin (few nm)
dielectrics can be used for low voltage transistors, printable dielectrics require a minimum

thickness and thus higher voltages to enable sufficiently high drain currents.

Instead of conventional dielectrics, electrolytes can be used for gating.!'”®! The electrolyte covers
the semiconductor surface and the mobile ions are even able to penetrate into porous
semiconductors such as carbon nanotube films.!''?! When a positive (negative) bias is applied to

the gate electrode, the anions (cations) and cations (anions) move within the electric field and
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accumulate at the gate and the semiconductor, respectively. An electric double-layer (Helmholtz
layer) is formed and compensating opposite charge carriers are injected and accumulated within
the semiconductor. Due to the nm-thickness of the electric double-layer, an effective capacitance
of several uF cm™, i.e. orders of magnitude higher than those of conventional dielectrics, can be

achieved (see device schematics in Figure 2.15).1!7!

electrolyte
Tt EE
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source drain +- GQate -
substrate
V, Vy4 Vg

Figure 2.15: Cross-sectional view of an electrolyte-gated transistor with semiconducting CNTs and a
side-gate. The accumulation of cations and anions (red and blue, respectively) is depicted for negative
gate voltages. The electric double-layer is depicted at the gate electrode only. Holes are accumulated

in the CNT film.

A model for electrolyte-gating was described in detail by Bernards et al.,!'8" 811 agsuming an
electronic and an ionic circuit as shown in Figure 2.16. The electronic circuit includes current
transport through a tunable resistor R, between the source and drain electrodes. The ionic circuit
involves capacitors at the semiconductor—electrolyte (channel capacitor Cc;) and the electrolyte—
gate (gate capacitor C,) interfaces that are connected via the electrolyte as a resistor Rgr. The
resistor in the electronic circuit is tuned by charging the channel capacitor as a result of the applied
gate voltage. This channel capacitor exhibits a high capacity for impermeable semiconductors and
can be described similar to FETs.['®? For porous or permeable semiconductors, the capacitance
can no longer be described by a parallel plate model but rather a volumetric capacitance has to be
used. The nm-thickness of the double-layer and even more the three-dimensional gating results in
a significantly larger charge carrier density in the semiconductor at low voltages. The source—
drain currents are hence significantly higher at comparably gate voltages of usually less than 3 V,
which was demonstrated for various semiconductors.[!43 183-1861 Tt should be noted that
nomenclature is not consistent in literature and this type of devices is found with different names,

e.g. organic electrolyte-gated transistor (OEGT), organic electrochemical transistor (OECT),

33



Background

electric double-layer transistor (EDLT), and ion-sensitive field-effect transistor (ISFET).[!82]
Often, devices with permeable or impermeable semiconductors are referred to as OECT and
OEGT, respectively.!'8!! The electrolyte-gated transistors described in this thesis consist of porous
CNT networks and hence enable three-dimensional gating but the ions are not expected to
penetrate inside the individual nanotubes. The electric double-layer is thus formed around the
nanotubes and the devices will be referred to as EGTs. They operate in accumulation mode, i.e.
the channel is in the off-state when no voltage is applied and charges are accumulated for transport
upon application of a gate voltage. On the other hand, devices working in the depletion mode, i.e.
ion penetration into the semiconductor leads to the compensation of fixed dopant ions and thus
reduces the channel conductivity, are also possible, e.g. with PEDOT:PSS as the

semiconductor.!'3!]

gate
] .

electrolyte
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Rch

Figure 2.16: lllustration of electronic (bottom) and ionic (right) circuits in an electrolyte gated

transistor as adopted from literature.'’®"

The high currents that can be reached in EGTs at low voltages come with the disadvantage of
rather slow response times, especially for volumetric gating. The polarization time of an
electrolyte is described by R-C, i.e. the ionic resistance of the electrolyte R and the double-layer
capacitance C. A smaller value for R-C corresponds to a faster formation of the double-layer and
hence higher switching speeds. For an electrolyte, R-C is given by

!
_tg "0 tp €6

R-C (2.28)

o tEDL e

where 7 1s the thickness of the electrolyte, C’ the specific capacitance of the double-layer, o the
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ionic conductivity, and tepr. the thickness of the electric double-layer.'8?! In most cases, the
limiting factor for the switching speed of the device is the ionic conductivity ¢, which is on the
order of 107 to 1072 S cm™'. While theoretically operation frequencies in the kHz (OECTs) to
MHz (non-porous OEGTSs) regime are possible, the device geometry, semiconductor thickness,
and charge carrier mobility influence the switching speed as well and often lead to longer response
times.!'82 However, devices with response times fast enough for various applications, e.g. OLED

drivers and biosensors, have been reported frequently.[!8 187-1921

Electrolyte-gating has a long history going back to the first transistors by Bardeen and
Brattein.!'3! The recent renaissance of practical electrolyte-gated transistors, especially in organic
electronics, started with transistors containing solid polymer electrolytes, e.g. LiClO4-doped
poly(ethylene oxide), and polyelectrolytes that exhibited rather low switching speeds due to the
strongly limited mobility of the ions within the polymer.!!”8 181 1821 A replacement with ionic
liquids, i.e. salts that are liquid around room temperature, improved the switching speeds but
required a frame for containment which prevents practical applications beyond sensors.!!”!
Mixing the ionic liquid with certain polymers results in ion gels that may exhibit slightly reduced
ionic mobility (with respect to the pure ionic liquids) but can be spin-coated or even printed onto
devices and form a quasi-solid layer.!'”*1%®! The jonic liquids and gels are stable within an
electrochemical window of about +2.5 V, depending on the utilized ions and exclusion of oxygen
and water.['” 1821 In case of mechanically stable ion-gels, the gate electrode can be placed on top
of the channels, however the ion mobility also allows to use a side-gate laterally removed from
the channel that can be structured with the source and drain electrodes which reduces the number

of processing steps.!!!> 157 197 For liquid electrolytes, a gate electrode, e.g. a platinum wire, can

also be directly inserted into the liquid.

In addition to low-voltage operation and large currents, electrolyte-gating provides further
advantages: Ion-gels can be processed from solution, the gel is inherently flexibility, and the
coverage of non-flat semiconductors and surfaces such as paper is possible without negatively
influencing the device performance.!'” 18! The thickness of the ion gel is not limiting the current
and can be large. Ion-gels are hence compatible with printing techniques and printable inks were
already demonstrated (see section 2.3). Electrolyte-gating is furthermore especially interesting for
sensing applications. Even pure water is a good electrolyte for EGTs due to its self-ionization.
Analyte molecules present in aqueous solutions can change the device characteristics, i.e. they

can alter the double-layer capacitance, the threshold voltage, the on/off-ratio, or the charge carrier

35



Background

mobility.['®*! The sensing mechanism can be based on different effects. While a response of the
unmodified semiconductor to the analyte is possible, it is usually non-selective, which is
especially adverse for sensing in biological samples. Modifying the semiconductor or the gate
electrode with a receptor, e.g. an antibody for proteins or complexes for ion detection, results in
high selectivity and extremely low detection limits with a dynamic range, i.e. detectable
concentration of the analyte, of more than 5 orders of magnitude.!'>% %! Further applications of
EGTs that exceed the scope of this work include sensing of neural activity, mimicry of biological

neural networks (neuromorphic devices), and memories.!'8!)

2.3. Printed Electronics

2.3.1. Overview

The term printed electronics includes a wide range of materials, additive deposition techniques,
and possible applications on brittle, flexible, and eventually even stretchable substrates. The
resulting devices vary in terms of complexity, feature sizes, integration density, and requirements
concerning long-term stability, conformity, tolerances, and environmental compatibility. In
contrast to the established and market-dominating circuits based on silicon technology, flexible
and stretchable substrates require low-temperatures but could eventually enable fast and low-cost
fabrication with roll-to-roll processes, ideally in ambient environment. For transistor-based
applications, the cost-reduction of silicon devices has so far been achieved via increasing the
packing density of integrated circuits. Printed electronics on the other hand aim to combine
materials that are generally processable from solution or dispersion with rather low-cost substrates
and high-throughput fabrication methods that are not compatible with silicon technologies.
Moreover, varying designs can be realized efficiently even for small batch sizes as no fabrication

of masks is necessary.

The possible and partly already demonstrated applications cover antennas, light-emitting diodes
(LEDs), photovoltaics, individual transistors as well as integrated circuits, chemical, optical,
mechanical, and biological sensors, extending to complete RFID tags,!'*! displays,!2*-2%! and
neuromorphic networks.?%! The following sections will give an overview about different printing
techniques and materials. In the context of this work, the main focus will be on transistors,

nevertheless including further applications.
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2.3.2. Materials for Printed Transistors

All materials used for printed transistors and circuits have to meet one common requirement, i.e.
the processability from a solution, dispersion, or paste, depending on the printing method (see
section 2.3.3). In case of flexible or stretchable substrates, the allowed (post-)processing

temperatures are additionally limited.

Conductors represent the fundamental material class of all printed electronics. The contacts of
devices, interconnects, and leads have to be free of disruptions as those would result in fatal device
damage. Depending on the application, high conductivities and suitable work functions are
necessary for charge transport and injection.!!”®! The utilized materials were typically either
metals, polymers, or based on carbon allotropes. The highest conductivities were exhibited by
structures printed from metallic inks which were usually based on nanoparticles, nanowires, or
metal-organic precursors.?°”! An annealing step was necessary here to either remove surfactants
and dispersing agents from colloidal inks or ensure the decomposition of precursor-based inks.
Additionally, it was often necessary to sinter the deposited metal to further reduce the resistance.
Annealing and sintering were most often performed via simple heating, but other techniques based
on lasers, 2% 2%! microwave or UV radiation,?!%2!2 and electric currents to selectively heat only
the metallic material were developed.!?!®! The choice of metal depends on the electrical suitability
and processing conformity, but also on the price and availability of printable inks. Currently, most
commercially available ink formulations are based on silver nanoparticles, but also gold
nanoparticles are available.['! Transistors based on printed silver nanoparticle electrodes were
hence found most frequently,!!1% 147- 151.153. 214-2281 1y, 3150 examples for silver nanowires or gold
nanoparticles were demonstrated.!!>% 217- 229232 Although graphene and carbon nanotubes were
both used as electrode materials and dispersions could be prepared easily, there are only few
reports on printed transistor electrodes from these materials, probably due to the rather high sheet
resistances when compared to printed metals.!!> 2332361 Concerning polymer conductors, the
blend of poly(3,4-ethylenedioxythiophene) and poly(styrene sulfonic acid) (PEDOT:PSS) was
used most often, 4% 219 2372401 byt demonstrations of conducting polyaniline were published as
well.1% 2411 Composite materials with PEDOT:PSS and reduced graphene oxide or silver
nanowires also showed reasonable stretchability.[**> 2431 Although the majority of reports used
metallic electrodes, other materials are of special interest for flexible and stretchable applications.
Polymers, nanowires, and carbon nanotubes might be used where brittle metals hit their limits and
several reports about the fabrication of stretchable electrodes — although not all of them were

printed — were published. [244-2>2]
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Semiconductors used in printing processes cover a wide range of especially synthesized but also
commercially available polymers, small molecules,?** 2! metal oxides,!*>* 2> and carbon
nanotubes. As most polymers can be processed from solution, they are ideal candidates for
deposition via printing and were thus widely used. Printed semiconducting layers for transistors
were shown for poly(3-hexylthiophene) (P3HT) and several other thiophenes, 223 232 233, 238, 239,
2552381 byt also polyarylamines and other commercial polymers were utilized.[?2* 225 237- 2591 Tp
contrast to oxides that are usually brittle, polymers also exhibit flexibility and stretchability at
least to a certain degree and were used in stretchable transistors. % 2602621 The high number of
publications about printable polymers possibly originates from easier preparation of inks as most
polymers can be dissolved in suitable solvents without the necessity of additional surfactants.
Carbon nanotubes on the other hand need dispersing agents that might be detrimental to printing.
However, dispersions containing mainly semiconducting species could already be deposited by
gravure,126% 204 aerosol-jet, 131! 149- 2651 and inkjet printing.!15% 22! 266-268] The main advantage of a
semiconductor constituted of a nanotube network is the high carrier mobility while maintaining
the inherent flexibility and stretchability.!! 2! Stretchable devices utilizing carbon nanotubes

were also presented with CNT layers created by film transfer, spin coating, drop-casting, or

immersion.[W’ 227,236, 270-276]

Dielectrics should exhibit a high permittivity as well as breakdown strength to ensure high
capacities and low leakage currents. However, the oxides widely used to fulfill these requirements
are usually not printable and hence other materials have to be utilized here. As already mentioned
with respect to semiconducting materials, polymers are most often printable and thus
polyvinylphenol (PVP), [217-222.223. 2251 polyimide, [??%! and other commercial polymers were used
in printed dielectric layers for transistors.?** 3¢/ Furthermore, the usually spin-coated
fluoropolymer Cytop™ was deposited via inkjet and flexo printing.*** 2>°! In stretchable
applications, ionic liquids and ion-gels were used widely and printing of these materials was
previously demonstrated.[!43: 149, 151, 152,233, 234,239, 255, 2771 Composites of barium titanate
nanoparticles with different polymers such as poly(methyl methacrylate) (PMMA) and
poly(dimethylsiloxane) (PDMS) were used in flexible and stretchable transistors. These materials
result in high dielectric constants of up to 17 and are commercially available.[!47: 221 227, 236. 237]
The wide range of solution-processable materials that were usually applied via spin-coating but
have the potential to be printed was subject of a current review that lists a large number of ion-
gels, polymers, polymer blends, organic/inorganic blends and bi-layers, including cross-linkable

species to prevent dissolution in subsequent fabrication steps.[*’8!
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State-of-the-art devices with carefully chosen materials and deposition processes already
enabled completely printed, stretchable devices. Transistors based on CNTs as electrode and
semiconductor material combined with a BaTiO3/PDMS composite dielectric were able to
withstand more than 50 % strain.[**®! Although post-deposition patterning was required due to
drop casting involved in the process, the necessary masks were also printed. However, the
majority of stretchable devices still relied on additional non-printing steps. Photolithographic

(270. 2731 or top-down patterning of the

patterning and metal evaporation for electrodes,
semiconductor are often necessary.[236- 268, 272.273. 275. 2771 Additionally, devices or individual layers
are often fabricated on rigid substrates and later transferred to elastomers to ensure
stretchability.26% 273 27°1 An often utilized technique for increasing the stretchability is the so-
called buckling that can be achieved when pre-stretching the substrates.!?7% 274 280. 2811 ] ayers
transferred on pre-stretched substrates buckle upon stress-release and the tolerable range of
deformation could be increased. All-printed flexible transistors were demonstrated based on
printed silver electrodes, semiconducting carbon nanotubes or small molecules, and a barium
titanate / polymer composite dielectric. For these devices, bending radii of a few millimeters down
to 140 um when fabricated on ultra-thin substrates were reported.!'*”> 227- 2821 However, the
majority of reports still relied on non-printing techniques for some of the deposited layers.[!”* 271
283-285] Additionally, flexible substrates were used for some completely printed devices but without

quantification of the performance stability with respect to bending.!!43- 263-265. 267 286, 287]

Although a wide range of materials that can be printed and/or stretched was demonstrated, the
majority of reports did not combine these favorable properties for all layers of the devices and
publications about all-printed, stretchable or flexible transistors are still rare. However, the
availability of materials and demonstrations of devices withstanding intensive stress, strain,

bending, or other environmental impact is promising for future applications.

2.3.3. Printing methods

One possibility to categorize printing techniques is to distinguish between contact and non-contact
methods, but also other categories such as direct-write vs using a physical mask, or batch vs roll-
to-roll processing are possible. Gravure, offset, and flexographic printing all require structured or
pretreated cylinders that come in contact with the substrate and thereby transfer the ink. Further
examples of contact printing techniques are screen printing and microcontact printing. Systems

that use masks for patterned deposition, e.g. airbrush spraying, can also be added to this category.
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The main non-contact printing methods are inkjet and aerosol-jet printing that are both capable of

directly writing the desired patterns without any masks or contact to the substrate [!9%- 288-291]

High-throughput roll-to-roll printing techniques require pre-structured printing cylinders
increasing the initial costs of manufacturing. A graphical overview about some methods is given
in Figure 2.17. Flexography is a relief printing technique that uses a soft, structured roll with
elevated features to transfer the ink to the substrate. Conducting features were successfully printed
with flexography for organic photovoltaics with failure-free deposition over several 100 m.***
2% The main disadvantages are non-uniform heights of printed structures, swelling and elasticity
changes of the printing cylinder due to organic solvents used in the process and wear of the rather
soft material. While features are elevated in flexography, gravure printing uses pre-patterned
grooves in a hard cylinder for ink transfer. The printing results in a pixelated image on the
substrate and the individual pixels have to connect by ink flow after deposition.”** As the solid
engraved cylinders are not deformable, a uniform contact with the substrate requires a flat surface
and this technique is hence most suitable for patterning the first layer of a device. Material
deposited before a gravure printing step can be damaged due to high mechanical pressure or lower
spots might be not in contact with the printing roll and thus hinder material transfer. Offset
printing cylinders are not three-dimensionally patterned but exhibit a difference in surface energy
of individual areas on one of the printing cylinders.!'*®-2°°! While this technique is used frequently
in classical printing, especially the required viscoelastic properties of the ink, i.e. a very high
viscosity and a pronounced shear thinning, which can only be reached with additives, prevent a
widespread use in printed electronics. A modification of this printing process is called reverse
offset printing. The completely coated flat cylinder is here rolled over an engraved glass plate to
partially transfer the ink to elevated glass areas. The ink remaining on the cylinder is then

transferred to the substrate and enables sub-micron resolution.
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Figure 2.17: Schematic illustration of different printing methods: flexography (top left), gravure
printing (top right), offset printing (bottom left), and rotary screen printing (bottom right).

In contrast to the above mentioned methods that rely on ink transfer, other techniques use masked
deposition. Spray deposition through shadow masks can be used for various materials but results
in a high material loss due to the large areas coated during the process. Nevertheless, it was used
for various materials on the lab scale for electrodes and semiconductors in field-effect transistors,
sensors, photovoltaics and other devices.!!!!:17%-293-30 The material is deposited from a dispersion
with a commercial airbrush gun and the resolution mainly depends on the used shadow masks. In
case of heated substrate stages, metal-organic precursors can form an oxide due to pyrolysis
occurring at the substrate. In the screen printing process, the ink is squeezed through a mesh that
is partially closed to form a mask. This enables the realization of unconnected patterns that are
not possible with shadow masks.!"*% 29! While flatbed screen printing is a batch process, rotary
screen printing, i.e. using a patterned mesh on a cylinder, can be incorporated in roll-to-roll
processes. The current state regarding throughput, and resolution as well as examples of printed

layers for transistors are summarized in Table 2.1.
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Table 2.1: Overview of different printing techniques

Examples
Printing Max. speed | Resolution
. . 1 Conductors Semi- Dielectrics
technique [m min™] [um]
conductors
Flexography 500 [198] 30 [198] (219,226,292, 293] | [253, 254, 257] [219, 226]
Gravure 1000 2% 7 1302] [147, 224,240, 303, | [219, 224, 257, 259, (147,219, 224, 257,
304] 303, 304] 303, 304]
Offset 1000 1981 20 [198] 219, 237]
Reverse offset | 3 305! < 1 1238] [258, 305, 306]
Screen 35 [307) 50 [198] [227, 233,259, 308] | [259, 308] [227, 259, 308]
Rotary Screen | 100 307! 100 B%! [309]
Spray N/A 10-100 [111,297] [179, 298-301, 310]
Inkjet 100 11981 10 2941 [222,238,266, 311- | [222, 238, 256, 257, [227, 259, 308, 325]
319] 266, 312, 320-324]
Aerosol-jet N/A 10 [326] [152, 239, 265, 327- | [148, 149, 153, 187, | [149, 187, 192,239,
330] 192, 233,239, 255, 265, | 255, 329, 330]
327-334]

Inkjet printing is a technique that works in the non-contact mode and does not require physical
masters for pattern creation.**>! Additionally, the required ink volumes are rather small. While
the throughput is rather low, it can be easily upscaled by parallelization, i.e. the simultaneous use

' The ink viscosities are

of several print nozzles, and reach printing speeds of up to 100 m min™
comparably low with 1-40 mPa-s and depend on the nozzle diameter.!'”® The low viscosities
enable the use of highly purified materials even in low concentration without the need of
additional binders in the ink. In a typical inkjet printer, the printer head and nozzle consist of an
ink reservoir with a piezoelectric constrictor and a fine opening towards the printing substrate.
The constrictor is deflected by an applied voltage and thus generates a pressure wave that pushes
ink through the nozzle opening. The constrictor then straightens again which causes another
pressure change in the ink and a droplet is formed of the material previously pushed through the

nozzle.”* The ejected material is hence deposited in small droplets that define the printing

resolution of down to less than 10 um. For the creation of closed layers, the droplet spacing has
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to be small enough to result in continuous paths. Smaller droplets thus enable a higher resolution
but also decrease the throughput as the number of droplets that have to be deposited to generate a
continuous line increases. The optimum drop spacing has to be determined for each ink and nozzle
size to avoid discontinuities as well as bulges that result from too low spacing und thus too much

ink.

[222, 311-313]

Conductive paths of metals, polymers, 238 266: 314. 3151 anq carbon nanotubes were

prepared with inkjet printing that can serve as electrodes in transistors and photovoltaics.!3!6-31%
Carbon nanotubes, 1266 312 320-3241 nentacene precursor, 2> 324 oxides,*?! 323 and polymers were
printed as semiconductors for transistor applications.[>*® 236! Moreover, inkjet printing of
electrodes was used in combination with dewetting structures to enable submicron channel lengths

or completely inkjet printed devices.!??* 313

Fully inkjet-printed transistors with silver electrodes, a commercial p-type polymer
semiconductor, and PVP dielectric were demonstrated and thoroughly analyzed for device failure
causes originating from the printing process. Besides particles or material impurities, the main
failure reasons were discontinuities in electrodes or dielectrics due to nozzle clogging, and source-
drain shorts due to droplets deposited aside of the printing pattern.!*?>! These issues can also easily
occur in transistors utilizing printed CNTs. Carbon nanotube transistors were presented using
CNTs as electrode and semiconductor material. Specifically functionalized nanotubes were used
with a PEG dielectric in a process that does not rely on previous sorting of CNTs.**¢! By tuning
the CNT coverage of unsorted CNTs, the conductivity and eventually the switching behaviour
could be tailored in an electrolyte-gated transistor with a channel length of several millimeters
with a mobility of 1-4 cm? V! s7! and an on/off-ratio of up to 10°, although at very low overall

currents.?37]

In combination with other patterning or deposition techniques, inkjet printed CNTs were also
successfully used in transistors and even complimentary logic circuits. The individual transistors

exhibited mobilities of around 10 cm? V! s and on/off-ratios of up to 107 [22!- 266l

Aerosol-jet printing is a further non-contact method successfully used for printing of various
materials, including conductors and carbon nanotubes. As this method was mainly used within

this work, it will be explained in more detail in the next section.

In the last years, various methods, materials, and devices were also the subject of several review
articles 182 198.289-291, 294, 307, 326, 335, 338-343]
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24. Aerosol-Jet Printing

2.4.1. Working principle

Aerosol-jet printing relies on the aerosolization of a liquid ink, i.e. transferring the ink into a
nebular phase of small droplets with a size of 1-5 um. This process can be either realized with a
pneumatic atomizer or — as utilized in this work — with an ultrasonic atomizer. The printing
process is illustrated in Figure 2.18. For ultrasonic atomization, the ink is placed into a glass vial
with a thinned bottom. The vial is closed while a gas inlet and an aerosol outlet remain open. In a
temperature controlled water bath a transducer generates ultrasonic waves with a frequency of
around 13 MHz. Through the water bath and the thin vial bottom, the ultrasonic power can be
transferred to the ink. An aerosol can be formed in the vial, if the ink has a suitable viscosity of
1-10 mPa-s. A suitable viscosity is not only important for the aerosolization process but also
influences the flow of deposited material on the substrate. Most solvents of active materials, such
as toluene for carbon nanotubes, exhibit rather low viscosities and need a highly viscous co-
solvent to reach the desired viscosity range. The aerosol is then transported with a carrier gas
through a tube attached at the aerosol outlet. The aerosol enters the printer head centrally and a
focusing gas (also called sheath gas) is added. For both, the carrier and the sheath gas, usually dry
nitrogen is used. Due to the printer head geometry, the focusing gas completely surrounds the
aerosol, so that with ideal printing conditions, no contact of the material to be deposited to the
printer nozzle occurs. Within the printer head and the nozzle, the stream is further focused to the

inner nozzle diameter which is 100-300 um at the outlet.
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Figure 2.18: lllustration of aerosol-jet printing setup with an ultrasonic atomizer. Adopted with

permission from Adv. Electron. Mater. 2017, 3, 1700080.""!

The aerosol stream exiting the nozzle remains focused over a distance of several millimeters and
thus enables printing on flat as well as uneven substrates without a loss of spatial resolution in
contrast to inkjet printing.*** Because the output is continuous and not just on demand, a spoon
shaped shutter below the printer nozzle is used to control the deposition of material. In the
benchtop version of the printer used in this work, the substrate is placed on a heated stage that can
be moved automatically in the x- and y-direction. Other machines of the so-far only supplier
Optomec Inc. are equipped with a 5-axial stage or can be incorporated into roll-to-roll printing

systems.

The output volume as well as the line width, thickness, and shape are mainly controlled by the
gas flows, the nozzle size, and the stage speed. Additionally, also the stage temperature and the
ink composition influence the final printing pattern as they control the evaporation of solvents and
interaction with the substrate, and thereby the flow of deposited material on the substrate. While
too little interaction between substrate and ink can result in discontinuities of printed lines,
excessive wetting leads to a significant loss of spatial resolution. The influences of nozzle size,
stage speed, and flow rates were previously examined in detail for a silver nanoparticle ink.>*!

The line width decreased — and thereby the line thickness increased — with decreasing nozzle size
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and increasing ratio of sheath and carrier gas. This ratio was named focusing ratio and shown to
have significant importance on the printing process. An increased carrier gas flow rate at constant
focusing ratio did not lead to increased line width but only increased thickness. Additionally, the
stage speed only influenced the line width when below a certain velocity. At higher stage velocity,
when ink spreading was less important, the line width was independent of the stage speed but only
depended on the focusing ratio. The thickness of the deposited material line was however again
dependent on the stage speed. Four different line shapes were explained by this observations:
discontinuous lines (at too low carrier gas flow or too high stage speed), ill-defined edges, i.e.
flow of material out of the line shape (at too high carrier gas flow or too low stage speed),
unfocused lines (at too low focusing ratios), and optimized lines with the focusing ratio, stage
speed, and carrier gas flow adapted to each other. The printing parameters for each possible ink

must hence be optimized.

2.4.2. (Partially) Aerosol-Jet Printed Devices

One main focus of aerosol-jet printing was the creation of conducting pathways, especially

utilizing silver nanoparticle based inks. Besides simple conductive paths and electrodes, > 1% 265

327, 328, 346-3491 grid-shaped and thus semi-transparent electrodes as indium tin oxide substitutes in
photovoltaics and LEDs were reported.!*%352! With fast-drying inks, even the creation of three-
dimensional structures and interconnects is possible. Additional conductive structures as
electrodes were fabricated using PEDOT:PSS [187:239.327.329.330.3531 Wwith regard to semiconducting
materials, devices with carbon nanotubes, 143 149: 153,265, 328 331-334] papy [187. 192,233,239, 255, 327, 330)
and oxides were demonstrated. *2”32°! Aerosol-jet printed ion-gels were presented as dielectrics

that also support flexibility and stretchability of the resulting devices. 4% 187 192,239,255, 329, 3301

The so far demonstrated completely aerosol-jet printed transistors relied on established materials,
i.e. silver, PEDOT:PSS, CNTs, and ion-gels.[%!: 3343541 Usually aqueous CNT inks were used that
were not previously enriched in semiconducting species. In contrast to that, Zhao et al. dispersed
the nanotubes with 2,2-azobisisobutyronitrile in dimethylformamide.!***! Due to the presence of
predominantly semiconducting species, they were able to achieve on/off-ratios of up to more than
10° for a majority of their devices. Further publications on aerosol-jet printed transistors used
photolithographically patterned source and drain electrodes and were hence not all-printed but
resulted in improved device characteristics with on/off-ratios of up to 10’ and mobilities of around

10 cm? V-1 71 148191 Iy 3 study comparing different aerosol-jet printed electrodes (gold, silver,
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and carbon nanotubes) with aerosol-jet printed semiconducting CNTs, an oxide-covered silicon
substrate was used as a common bottom-gate.!'33! Although the number of reports is still low, it
was already demonstrated that aerosol-jet printing can be a suitable fabrication techniques for all

layers of a transistor.

Besides transistors, aerosol-jet printing was also used as the sole manufacturing technique for

5,131 photodetectors,!*3®! sensors,*3”! as well as band-pass and polarization filters.[*>®!

photodiode
Additionally, active layers in solar cells were printed.*>”! The range of printable materials exceeds

electronic components and reaches up to photoresist and biomolecules.?60-362]

In conclusion, aerosol-jet printing was proven to be a versatile tool for the deposition of numerous
materials on a wide range of substrates that do not necessarily have to be completely flat. With
respect to carbon nanotubes, printing was successfully used for the fabrication of semiconducting
layers in transistors. As a wide range of materials was already printed, (area selective) doping and
the addition of analyte materials can probably be realized via aerosol-jet printing. The flexible
pattern design of the additive manufacturing process further allows a fast evaluation of new
architectures and the combination of materials that is not possible with conventional fabrication

techniques.
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CHAPTER 3

EXPERIMENTAL

This chapter details the experimental procedures performed

to obtain the results presented in this work.
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3.1. Alterations to the Optomec Aerosol-Jet System

In this work, aerosol-jet printing was widely used to deposit CNTs as well as metallic electrodes.
Aerosol-jet printing systems are manufactured by Optomec Inc., Albuquerque, NM, United
States. Within this work, their benchtop Aerosol Jet 200 system equipped with an ultrasonic
atomizer was used. The delivered version of this system came with a sophisticated atomizer unit
that was developed by Optomec. As shown in Figure 3.1, the ink vial is placed in a small water
bath with continuous water flow and cooling via a heat exchanger. The position of the vial is fixed
within the water bath enabling reproducible sonication strength for a defined flow, water level,

and current through the ultrasonic transducer.

customized holder
aerosol outlet

N, inlet

water bath

ultrasonic transducer
ink vial with aerosol
aerosol pickup-tube

N o ok WON -

Figure 3.1: Aerosol Jet 200 atomizer unit.

In the original system, the ink vial is screwed into a holder consisting of several parts that also
contain the carrier gas inlet, a stainless steel pickup-tube for the aerosol outlet, and sealing rings
(see Figure 3.2). The disadvantage of this system is the labor intensive cleaning that is necessary
when switching between different inks, especially when changing from conductive to
semiconducting materials where contamination has to be avoided. The holder system was hence
customized to reduce the number of fixed parts that are used with every ink. The adapted holder
could be equipped with single-use components, i.e. modified glass pipettes for the gas inlet and
outlet that were punched through the sealing membrane of the ink vial cap. These alterations were
based on earlier systems manufactured by Optomec. With this configuration, only the printer head

and nozzles are contaminated with ink and have to be cleaned after each printing process. This

50



Experimental

modification also enabled a quick change of materials and consecutive printing of different inks

for electrodes and semiconductors with reduced down-time for cleaning.

../

| 5B

Figure 3.2: Photographs of the original (top) and customized (bottom) vial holders depicting all
individual parts (left) and the completely assembled holders (right). The customized holder enables the

use of disposable parts directly in contact with the ink.

During the process, the created aerosol is transported from the atomizer unit to the printer head
that is mounted with the process camera and the alignment camera on a joint unit that can be
moved in z-direction. Both cameras can be focussed individually and enable the observation of
the printing process as well as alignment of the printer head to previously created patterns on the
substrate. For the realization of versatile patterns, the system was equipped with a heated stage
(maximum temperature 100 °C) that could be moved in x- and y-direction with a precision in the

micrometer range and a shutter below the printing nozzle (see Figure 3.3).
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Figure 3.3: Close-up photograph of the stage area of the aerosol-jet printer. A substrate is placed on
the movable stage; the distance to the printer nozzle is several millimeters. The shutter can be seen

below the printer head and nozzle. The alignment camera is visible in the right part of the image.

3.2. Device Fabrication

3.2.1. Carbon Nanotube Dispersions

Dispersions of semiconducting (6,5) carbon nanotubes were prepared with the polymer-wrapping
method."¥ First, 0.5 g L™! of poly[(9,9-dioctylfluorenyl-2,7-diyl)-alt-co-(6,6"-(2,2"-bipyridine))]
(PFO-BPy) were dissolved in anhydrous toluene. The CoOMoCAT carbon nanotube raw material
(diameter range 0.6—1.1 nm) was added at a concentration of 0.38 g L™!. Instead of the more
widely used sonication to debundle the nanotubes to facilitate efficient polymer-wrapping of
individual CNTs, a shear force mixer was used for 72 hours at 10 230 rpm.!'!%! Undispersed
material, i.e. amorphous carbon, left-over catalyst and other CNT chiralities, was removed by
centrifugation at 60 000 g for 45 min. The collected supernatant contained wrapped nanotubes as
well as excess polymer. This polymer was removed either by pelletizing the CNTs via
centrifugation at 268 400 g for 20 hours or vacuum filtration through a poly(tetrafluoroethylene)
(PTFE) filter (pore size 0.1 um) and subsequent washing with tetrahydrofuran (THF). The filter
cake or centrifugation pellet were redispersed in fresh toluene by 30-60 min bath sonication

immediately prior to further use.

During a repair-related down-time of the shear force mixer, the dispersion process had to be

altered. The polymer was dissolved in toluene at 80 °C at a concentration of 2 mg mL~!. After
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cooling down, 1.5 mg mL™! of nanotube raw material were added and the dispersion was bath
sonicated for 90 min. The dispersion was then centrifuged at 60 000 g for 45 min to remove
undispersed material and CNT bundles. The supernatant was collected and again centrifuged with
the same parameters. Removal of excess material was realized by pelletizing the polymer-
wrapped nanotubes at 284 600 g for 20 hours. The pellet was then washed and redispersed in fresh
toluene as described for the filter cakes above. Note that sonicated nanotubes are generally shorter

than shear-force mixed CNTs.!'10]

Dispersions of mixed semiconducting and metallic carbon nanotubes as electrode material were
produced in a different way. The raw material used was TUBALL CNTs with a diameter range
of 1.2-2.0 nm. They are produced on a large scale and at low cost. Non-selective dispersion of
CNTs can be achieved by sodium cholate in water. 1 g L' TUBALL CNTs were added to an
aqueous solution of sodium cholate (6 g L™!). The debundling and dispersion of the CNTs was
induced by bath (1 h), tip (15 min, taper tip, 20 % power, 1 s on/off cycles) and further bath (1 h)
sonication. The removal of undispersed material was realized by centrifugation at 2970 g for
90 min. The resulting dispersion was diluted 1:224 with 2 g L™! sodium cholate in DI water,
filtered (PTFE, 5 um pore size) and further diluted (1:1 in DI water). This dispersion was directly

used for spray-coating as is.

3.2.2. Electrode Patterning

Four different types of electrodes were used for this work: evaporated metal, aerosol-jet-printed
silver nanoparticles, airbrush-sprayed TUBALL nanotubes, and inkjet-printed gold nanoparticles.
While the printed electrodes were already patterned, evaporated or sprayed electrodes required

additional structuring by photolithography or shadow masks.

The easiest patterning method is the use of stainless steel shadow masks. However, these masks
are usually limited to feature sizes of several tens of micrometers. They were used for airbrush-
spraying of TUBALL electrodes as well as thermal evaporation of silver gate electrodes and gold

source, drain and side-gate electrodes.

Photolithography was used as a precise and reliable patterning technique with high resolution
(£ 1 um) and accuracy especially for interdigitated source and drain electrodes. Each layer of the
double layer resist (LORS5B and S1813) was spin-coated at 3000 rpm for 30 s and annealed at

185 °C for 4 min or 115 °C for 1 min, respectively. Chromium-coated soda lime masks were used
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for patterned UV exposure with a mask aligner at a dose of 182 mJ cm™2. The samples were then
developed in MF319 Developer for 20-25 s, rinsed with deionized water and blown dry. During
exposure, the positive photoresist S1813 became soluble at the exposed areas and could be
removed in the developing step. LORS5B is not photoactive and was removed when exposed to
the developer, i.e. after selective S1813 removal, LOR5SB was removed in the same areas and
additionally an undercut was realized. The undercut was beneficial to improve the lift-off of the
subsequently evaporated metals at the structure edges. The process was completed by dissolving
the unexposed photoresist (and lift-off of the metal layer on top of it) in N-Methyl-2-pyrrolidone
(NMP) leaving metal only in the areas defined by the UV exposure.

Metal evaporation was performed in an electron-beam or thermal evaporator at pressures lower
than 1-10° mbar and deposition rates of 0.1 to 1.0 As!. The typical electrode thickness was
30 nm. When gold was used as a bottom electrode, a 2 nm chromium adhesion layer was

evaporated first. Top electrodes were evaporated directly onto the device.

Gold nanoparticles were inkjet printed by Martin Held at the InnovationLab, Heidelberg,
Germany, from a commercial ink based on a mixture of water and ethylene glycol. The PEN
substrate was rubbed with isopropanol for homogenization immediately before printing and
placed on the printer stage heated to 60 °C. The side of the substrate that was not pre-treated by
the manufacturer was facing upwards. The ink was printed as received from 1 or 10 pL cartridges
with a drop spacing of 10-20 um. The jetting frequency and the tickle control (used to prevent
nozzle clogging while not jetting) were both set to 1 kHz while the distance between substrate and
printer nozzle was 750 um. The printing pattern was optimized to reach an optimal trade-off
between deposition time, resolution, ink consumption, and resistivity. Hence, the wider leads
(325 um) and the contact pads were printed as a single layer with a drop spacing of 10 um. The
ends of the leads were triangular in shape to improve the connection to the narrower contacts. The
actual top and bottom contacts were printed with only 5 adjacent lines but 10 layers on top of each
other to reduce the overall resistance, resulting in a total width of 70—100 um. The contact pads,
leads, and contacts of the bottom electrode were printed before deposition of CNTs in vertical
transistors, while the leads and contacts of the top electrode were printed afterwards. Refer to
Figure 7.1 for the printing pattern used with inkjet printed gold. After each inkjet printing process,
an annealing step at 155 °C in ambient air for several hours was performed to reduce the resistance

of the printed gold nanoparticles.
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For aerosol-jet printing of silver nanoparticles, a commercial ink was used as purchased. In
principle, the same process as described for CNTs (see chapter 3.2.3) was used while some
parameters had to be adjusted. The maximum sonication power (~ 550 mA transducer current)
was used and the temperatures of ink and stage were set to 20 °C and 100 °C, respectively. A
150 pm inner diameter nozzle was chosen and the sheath and carrier gas flow rates were set to 50
and 40 sccm, respectively. The stage speed was set to 5 mm s™! and single lines were printed with
2 passes to form the electrodes. The contact pad was formed by parallel lines with a pitch of 50 um
and had an approximate size of 1 x 1 mm?. The gate electrode was printed likewise and had a total
size of 15 x 1.5 mm?. Figure 3.4 illustrates the printing pattern used for VEGTs with silver ink.

The ink was annealed at 130 °C overnight in air after each printing step before further processing.

Figure 3.4: Electrode structure used for aerosol-jet printing of silver nanoparticles as electrodes in

vertical electrolyte-gated transistors including the depiction of printed CNTs (purple).

3.2.3. Aerosol-Jet Printing of CNTs

Inks of polymer-wrapped CNTs were prepared from pellets or filter cakes redispersed in fresh
toluene. The concentration of the dispersion was determined via UV-VIS-NIR absorbance
spectroscopy. The final ink usually contained 5 % v/v terpineol and the concentration was

adjusted to the desired level of 1.8 to 6.6 mg L™! by addition of toluene.

Details of the commercial aerosol-jet printing system and alterations for a more convenient usage
in the lab with different materials are described in section 3.1. The ink vial was filled with 1 mL
of ink and the gas inlet and outlet were connected tightly. All O-rings at the printer head were
freshly greased directly before the assembly. The printing head was equipped with a 200 um inner

diameter ceramic nozzle. The ink and stage temperatures were set to 20 and 100 °C, respectively.
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The ink was aerosolized at maximum sonication power, i.e. the displayed transducer current was
around 550 mA. Sheath and carrier gas flow rates (both nitrogen) were set to 30 and
(15 + 1) sccm, respectively. The stage speed was set to 0.5 mm s~!. The lateral position and focus
of the process camera were adjusted to the output position of the aerosol stream on a silicon
substrate. The silicon substrate was chosen due to better visibility and higher contrast of the
printed lines and thus easier alignment. After focus adjustment of the alignment camera, its
position was aligned to the printing output point with the respective software tool by printing a

cross. The AJ printer was then ready to use.

The printing pattern was defined via Autodesk AutoCAD and the VMTOOLS-Plugin provided
by Optomec. The desired printing lines were drawn and the resulting toolpath was exported. Note
that the printing sequence directly depends on the drawing or insertion sequence in the AutoCAD
file. Thus the order of printing could be manually controlled. The positions of alignment markers,
so-called fiducials, had to be manually inserted into the output file before loading this file in the

printer software and enabled the alignment to previously deposited layers.

Depending on the actual substrate thickness, which varied from the silicon chip thickness used
for alignment, the vertical position of the printer head and camera unit was adjusted. This was
achieved by bringing the substrate into the focus of the alignment camera with the z-axis
micrometer screw of this unit and not with the focus screw of the microscope. With the built-in
fiducial manager, the positions of alignment markers or structure edges to the fiducials defined in

the toolpath were set and the software performed an angle correction of the printing path.

The printing itself was then performed automatically while droplet formation in the aerosol-tube
was observed and avoided. When droplets reach the printer head, a large splash on the substrate
occurs, which is especially detrimental for precise structures such as electrodes. For CNT films,
those splashes usually did not influence the devices as only little nanotube material was deposited

outside the desired printing areas.

After printing, the CNT film was allowed to settle for at least 30 min on the stage to avoid
accidental removal during subsequent rinsing with THF and IPA as well as drying with nitrogen.
Note that the terpineol did not evaporate and had to be washed off. If further processing was
carried out in inert atmosphere, the samples were annealed in nitrogen at 300 °C for at least 30 min

to remove residual water and solvents.
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3.2.4. Airbrush Spraying of TUBALL Nanotubes

Airbrush spraying was performed for TUBALL nanotube dispersions as electrode material. A
commercial airbrush system equipped with a 150 um inner diameter nozzle was used. The carrier
pressure, and needle displacement were set to 1 bar and 300 um, respectively. At a throwing
distance of 100 mm, 2 mL of the dispersion were sprayed through stainless steel shadow masks.
The masks were attached to the home-built substrate stage that was heated to 140 °C. A
homogeneous material deposition was ensured by shuttling the stage over the whole substrate
length of 25 mm. Removal of the sodium cholate surfactant was realized by soaking in deionized

water overnight. Finally, the sprayed electrodes were annealed in air at 100 °C for 30 min.

3.2.5. Fabrication of Transistors

Different transistor structures were fabricated in the framework of this thesis. For lateral field-
effect transistors as utilized in chapter 5, a staggered top-gate structure was used. Bottom
electrodes, i.e. interdigitated source and drain, were photolithographically patterned on glass
substrates. Subsequently, the semiconductor was deposited via spin-coating or aerosol-jet
printing. The hybrid dielectric consisted of a bilayer of spin-coated poly(methyl methacrylate)
(PMMA) and hafnium oxide. An 11 nm thick PMMA layer was created by spin-coating from an
n-butylacetate solution (6 g L™!) at 3000 rpm s~! for 30 s in nitrogen atmosphere. After annealing
at 80 °C for 30 min, the samples were directly transferred into the atomic layer deposition (ALD)
chamber. After a 60 min annealing step at 100 °C in the chamber under 20 sccm nitrogen flow,
alternating pulses of tetrakis(dimethylamino)hafnium (TDMAH) and deionized water formed the
oxide layer. A thickness of 61 nm was reached after 500 deposition cycles. The transistors were

completed by thermal evaporation of the silver gate (30 nm thickness).

For vertical transistors, the bottom (source) electrode together with the side gate were patterned
via photolithography or shadow masks and consisted of 2 nm chromium and 30 nm gold. A thick
CNT film was aerosol-jet printed on the electrodes. The pattern was chosen in a way that
deposition took place with an additional margin of 100 pm around the electrode overlap area. The
top (drain) electrode was then thermally evaporated through a shadow mask (gold, 20 nm
thickness). Alternatively, all electrodes were directly aerosol-jet or inkjet printed from silver or
gold nanoparticle inks, respectively. As a third electrode fabrication method, airbrush spraying

through shadow masks was used. After deposition of the top electrode, the ion-gel was spin-coated
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at 100 rpm s~! for 60 s. on top of the device. The ion-gel was prepared from [EMIM][FAP] as the
electrolyte, P(VDF-HFP) as the polymer binder, and acetone in a mass ratio of 4:1:14.

3.3. Characterization

3.3.1. Absorption Spectroscopy

Absorbance measurements were usually performed on dispersions in cuvettes with an optical path
length of 1 cm. The silicon and InGaAs detector of the spectrometer enabled acquisition in the
ultraviolet, visible, and near-infrared range and spectra were acquired in the range of 1600—
300 nm. All recorded spectra were background corrected by the measurement of a baseline with
pure solvent in the same cuvette. Optically dense films were measured with a solid sample holder.

The baseline correction was performed with a cleaned substrate.

3.3.2. Profilometry

Profilometer data was recorded to determine the thickness of printed films of carbon nanotubes,
silver nanoparticles, and gold nanoparticles. A line scan across the whole feature was acquired
and the feature height was averaged in the plateau region. Moreover, the thickness of evaporated

metals and atomic layer deposited oxides was determined by scans at the edge of sharp features.

3.3.3. (Conductive) Atomic Force Microscopy

Topography images were recorded with an atomic force microscope (AFM) in tapping or
ScanAsyst mode (Bruker) with suitable AFM tips. The resulting images were corrected with
Gwyddeon 2.41 to level backgrounds, line errors, offset and z-range. The PeakForce TUNA mode
(Bruker) was used for conductive AFM measurements. A sample bias of 1 V was applied to the
conductive tip. The resulting contact current images were normalized to the absolute current

maxima to account for varying tip conditions, peakforce setpoint, and amplitude.

3.3.4. Scanning Electron Microscopy

When possible, electrodes of the partially completed devices were grounded to the sample holder
in the scanning electron microscope (SEM) to reduce sample charging. Images were recorded
with the inLens-detector in secondary electron mode at a low acceleration voltage of 1 kV to avoid

film damage.
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3.3.5. Raman Spectroscopy

Raman spectra and maps of CNT films were collected with resonant laser excitation at 532 nm
with a confocal Raman microscope in back scattering configuration with a high-speed encoded
sample stage and using different objectives. Additional spectra (RBM region of CNTs) were
recorded under 633 nm excitation at various spots to reveal further CNT chiralities. Doping of
electrolyte-gated CNT films was investigated by mapping the G*-band in the whole channel using
the Renishaw Streamline mode with a step size of 1.3-2.0 um while the source and drain
electrodes were grounded and a bias was applied to the gate electrode with a semiconductor

parameter analyzer.

3.3.6. Electrical Characterization

Device capacitances were measured with an impedance spectrometer directly on the respective
field-effect transistor. The short-circuited source and drain electrodes as well as the CNTs
constituted the bottom electrode of a capacitor, and the gate the top electrode. The measurements
were performed in the on-state of the transistor, i.e. at sufficiently high bias of £8 V, and at a

frequency of 1 kHz.

Current-voltage characteristics with applied gate voltage (output and transfer characteristics)
were measured with a semiconductor parameter analyzer or a source-meter unit in different
voltages ranges with different sweep rates as given in the respective representations of acquired
data. Measurements without a gate were performed for the determination of the channel resistance

with a source-meter unit in a voltage range of + 1 V.

The response to deformation of flexible transistors was determined by manually bending the
samples around metal rods of different diameters (see Figure 3.5) and contacting the devices in
the bent state. For repeated bending, the samples were attached to a home-built and automated
machine. The original purpose of this machine was isotropic stretching of samples and the design
was adapted from a formerly available commercial setup.*®*' The samples were glued to
laminated paper to enable attachment to the stretching setup and ensure bending of the transistor
area. A software programme written by Peter Jeschka enabled repeated deformation between pre-

set positions (see Figure 3.5).
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Figure 3.5: Measurement of flexible transistors: Bending around metal rods with different diameters

(left) and automated repeated bending cycles (right).
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CHAPTER 4

MATERIALS AND DEVICES

This chapter describes the materials and devices that were

used in this work.
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4.1. Materials

The following tables give an overview about the materials used for this work:

- Table 4.1: Carbon nanotube dispersions
- Table 4.2: Photolithography

- Table 4.3: Metals

- Table 4.4: Dielectrics

- Table 4.5: Substrates

- Table 4.6: Other materials

Table 4.1: Carbon nanotube dispersions

Material Supplier Item / Specifications
CoMoCAT carbon nanotubes, CHASM Advanced SG651-1L.58
final devices Materials Inc., Canton, MA, | diameter 0.7-1.0 nm
US
CoMoCAT carbon nanotubes, Sigma-Aldrich GmbH, Item no. 704148
initial tests Steinheim, Germany
TUBALL carbon nanotubes OCSIAL, black powder

Leudelange, Luxembourg supplied free-of-charge
Poly[(9,9-dioctylfluorenyl-2,7- | American Dye Source, ADS153U0V,
diyl)-alt-co-(6,6"-(2,2'- Baie d’Urfé, QC, Canada Mw =34 kg mol™!
bipyridine))] (PFO-BPy)
Sodium dodecyl sulfate (SDS) Sigma-Aldrich GmbH, BioReagent grade, > 98.5 %

Steinheim, Germany

Centrifuge tubes Beckman Coulter GmbH, Polypropylene tubes 50 ml,
Krefeld, Germany Polyallomer tubes 15 ml

PTFE filters Merck KGaA, Omnipore JVWP, pore size
Darmstadt, Germany 0.1 um, hydrophilic
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Table 4.2: Photolithography

Material Supplier Item / Specifications
LOR 5B micro resist technology MicroChem LORSB used as
GmbH, Berlin, Germany undercut layer
S1813 micro resist technology Microposit S1813 G2
GmbH, Berlin, Germany Positive Photoresist
MEF-319 micro resist technology Microposit MF-319
GmbH, Berlin, Germany Developer, active ingredient:
Tetramethylammonium
hydroxide
Photomasks Compugraphics Jena Chrome on soda lime masks,
GmbH, Jena, Germany 5“x 5% x 0.09° mask size,
feature tolerance 0.1 pm,
<0.2 defects cm™!
Table 4.3: Metals
Material Supplier Item / Specifications

Chromium for evaporation

Kurt J. Lesker Company
Ltd., Hastings, England

granules, 99.6 % purity

Gold for evaporation

Gold nanoparticle ink

Silver for evaporation

Silver nanoparticle ink

ESG Edelmetall-Handel
GmbH & Co. KG,
Rheinstetten, Germany
C-Ink Co., Ltd.,
Akahama, Japan
Umicore AG & Co. KG,

Hanau, Germany

Clariant AG,

Muttenz, Switzerland

granules, 99.99 % purity

Dry Cure Au-J 1010B

pellets, 99.99 % purity

EXPT Prelect TPS 50
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Table 4.4: Dielectrics

Material

Supplier

Item / Specifications

Poly(methyl methacrylate)
(PMMA)

Tetrakis(dimethylamino)hafnium
(TDMAH) — HfOx precursor
1-Ethyl-3-methyl-imidazolium-
tris(pentafluoroethyl)-trifluoro-

phosphate ([EMIM][FAP])

Poly(vinylidene fluoride-co-
hexafluoropropylene) (P(VDEF-
HFP))

Polymer Source Inc.,

Dorval, QC, Canada

Strem Chemicals Inc.,

Bischheim, France

Merck KGaA,

Darmstadt, Germany

Sigma-Aldrich GmbH,

Steinheim, Germany

Syndiotactic

My =350 kg mol™
Item no. 72-8000,
>98 %

high purity grade

Mw = 400 kg mol™!
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Table 4.5: Substrates

Material

Supplier

Item / Specifications

Glass substrates

Shadow masks

Silicon wafers

Polyethylene naphthalate (PEN)
foil

Advanced Optics SCHOTT
AG, Mainz, Germany

Becktronic GmbH,
Weitefeld, Germany

or

CADIiILAC Laser GmbH,
Hilpoltstein, Germany

Siegert Wafer GmbH,

Aachen, Germany

Piitz GmbH + Co. Folien
KG, Taunusstein, Germany
Originally: Teijin Film
Solutions Ltd., Tokyo,

Japan

AF 32® eco Thin Glass,
width 20 mm, length 25 mm,

thickness 0.3 mm

Stainless steel,
laser-cut patterns,

thickness 0.2 mm

thickness 525 + 25 um,
100 mm diameter, Si(100),
single-side polished, p-
doped with Boron

Teonex Q65HA,

thickness 125 um
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Table 4.6: Other materials

Material

Supplier

Item / Specifications

Terpineol,

CAS Number 8000-41-7

Other solvents

Deionized water

Sigma-Aldrich GmbH,
Steinheim, Germany
Merck KGaA,
Darmstadt, Germany, or
Sigma-Aldrich GmbH,
Steinheim, Germany
In-house, directly from

water purification system

Mixture of isomers,

anhydrous

Analytical grade

Ultra-pure water,

R>18 MQ cm

4.2. Devices

The following tables give an overview about the materials used for this work:

- Table 4.7: Carbon Nanotube dispersions

- Table 4.8: Device Fabrication

- Table 4.9: Characterization
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Table 4.7: Carbon Nanotube dispersions

Device

Manufacturer

Type

Centrifuge, > 60000 g

Centrifuge, < 60000 g

Glovebox for chemicals

Shear-Force Mixer

Tip Sonicator

Ultrasonication Bath

Ultrasonication Bath

Vacuum Filtration

Beckman-Coulter GmbH,
Krefeld, Germany

Beckman-Coulter GmbH,
Krefeld, Germany

MBraun Inertgas-Systeme
GmbH, Garching, Germany

Silverson Machines Ltd.,

Chesham, UK

Sonics & Materials Inc.,

Newtown, CT, US

Branson Ultrasonics,

Danbury, CT, US

Bandelin electronic GmbH

& Co. KG, Berlin, Germany
Merck KGaA,

Darmstadt, Germany

Optima XPN-80
ultracentrifuge with swing-

bucket rotor

Avanti J-26XP

ultracentrifuge

LabStar

L5M-A or L2/Air equipped
with screw-on general
purpose disintegrating head
and square hole high shear

screen

Vibra-Cell VCX-500

Ultrasonic Cleaner 2510

Sonorex Digitec DT 102 H

Merck Millipore glass filter
holders (XX1004730 or
XX1002530), vacuum
filtering flask (XX1004705
or XX1002505), and
chemical duty membrane

pump (WP6122050)
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Table 4.8: Device Fabrication

Device Manufacturer Type

Aerosol-jet printer Optomec Inc., AJ 200
Albuquerque, NM, US

Atomic layer deposition Ultratech / Cambridge Savannah S100

(ALD) NanoTech, Waltham, MA,
US

Evaporator, e-beam Winter Vakuumtechnik HVB-130
GbR, Steinheim, Germany

Evaporator, thermal MBraun Inertgas-Systeme MB-ProVap-3
GmbH, Garching, Germany

Glovebox for processing MBraun Inertgas-Systeme MB200G

Inkjet printer

Mask aligner

Spin-coater (for CNTs)

Spin-coater (for dielectrics)

Spin-coater (for photoresist)

GmbH, Garching, Germany
Fujifilm Holdings K.K.,
Tokyo, Japan

SUSS MicroTec AG,

Garching, Germany

Laurell Technologies,

North Wales, PA, US

MBraun Inertgas-Systeme
GmbH, Garching, Germany
Obducat Europe GmbH,

Lund, Sweden

Dimatix Materials Printer

DMP-2889

MA/BA6 Gen4 or
MA/BAG6 Gen2
each with Hg lamp (350 W)

and i-line bandpass filter

WS-400BZ-6NPP-Lite

MB-SC-210

EL S 200 BM

(Former solar-semi GmbH)
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Table 4.9: Characterization

Device

Manufacturer

Type

Atomic-force microscope

(AFM)
AFM tips for c-AFM

AFM tips for tapping and

ScanAsyst mode

Impedance Spectrometer

Optical microscope

Glovebox for electrical

measurements

Profilometer

Raman spectrometer

Scanning-electron microscope

(SEM)

Semiconductor Parameter

Analyzer

Semiconductor Parameter
Analyzer
Source-Meter Unit

Source-Meter Unit

UV-vis-NIR spectrometer

Bruker Corporation,

Billerica, MA, US

Bruker Corporation,

Billerica, MA, US

Bruker Corporation,

Billerica, MA, US

Solartron Analytical,
Farnborough, UK

Olympus Corporation,
Tokyo, Japan
Inter Corporation,

Amesbury, MA, US

Bruker Corporation,

Billerica, MA, US

Renishaw plc,

Wotton-under-Edge, UK

Jeol Ltd.,

Akishima, Japan

Keysight Technologies Inc.,
Santa Rosa, CA, US

Keysight Technologies Inc.,
Santa Rosa, CA, US
Keysight Technologies Inc.,
Santa Rosa, CA, US
Tektronix Inc.,

Beaverton, OR, US

Agilent Technologies Inc.,
Santa Clara, CA, US

Dimension Icon

SCM-PIT

ScanAsyst-Air, TESPA-V2,

OTESPA-R3

ModuLab XM MTS

BX51, polarizers, bright

field and dark field available

IL-3GB

DektakXT Stylus Profiler

inVia Reflex confocal

Raman microscope

JSM-7610F

Agilent 4156 C

B1500A

Agilent B2902A

Keithley 2400

Cary 60001 (Varian Inc.)
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CHAPTER 5

AEROSOL-JET PRINTING OF

CARBON NANOTUBES

This chapter investigates the stability of (6,5) CNT inks
during aerosol-jet printing as well as the reproducibility of
field-effect transistors fabricated with aerosol-jet printed

(6,5) CNTs.
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The results presented in this chapter were published in part in Advanced Electronic Materials
(WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, Germany) at DOI
10.1002/aelm.201700080.1"3%" All figures and data previously published were reprinted with
permission. Parts of the measurements resulting in the data presented in chapters 5.2 and 5.3 were

performed by Shuyi Yang, the Bachelor student I supervised during this project.

5.1. Introduction

Solution-processing is essential for the success of applications in organic photovoltaics, lighting,
and field-effect transistors. The implementation of printing processes at ambient conditions in
contrast to vacuum deposition or large area coating can reduce the overall cost of materials and
fabrication process. Ongoing research thus further investigates and improves material and
deposition methods.*?7- 33! This is especially important for devices with structured layers such as
transistors or displays. For large area applications like lighting and photovoltaics non-patterning
techniques, e.g. slot-die or blade-coating, can be used for fast, reproducible and effective material
deposition.’**3671 While the application of semiconductors in FETs via spin-coating, blade-
coating, or immersion techniques were shown successfully and reproducibly,! 14 173! often post-
deposition patterning is necessary for material structuring. Unpatterned semiconductors can cause
device cross-talk and increased leakage currents and masking and etching is thus necessary. These
additional processing steps increase the fabrication costs and can introduce defects, e.g.
photoresist residues and damages by plasma etching. Furthermore, the semiconducting materials
are still rather expensive and the majority of material deposited is wasted when relying on those
top-down approaches. Depending on the final application, only 1 to 10 % of the substrate area is
ultimately covered with active materials, as evident in display and sensor backplanes or small
integrated circuits such as a 4-bit adder.*%%37%1 A more effective deposition of active layers and

electrodes ideally involves a direct-write approach to avoid those disadvantages.

Different printing techniques were adapted for organic electronics, e.g. screen,*”1-"3! gravure,?**
303, 3041 or offset printing.!?!7- 22437 However, not all materials can be patterned and deposited
utilizing these methods. Other techniques for high-resolution printing especially of active layers
might thus be necessary. One of the approaches to solve this problem is the well-studied and
widely used inkjet printing, but the limited variation of ink parameters such as viscosity may

hinder potential applications.[23# 31%-348]
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A more recently emerging method and possible challenger is aerosol-jet (AJ) printing
commercialized by Optomec Inc. in 2004, facilitating a higher ink variability and printing on
uneven, three-dimensionally structured, and even curved substrates.”> *”*! In contrast to the more
established printing methods, the amount of studies about suitable ink formulations, printing
parameters, and reproducibility of fabricated devices is still limited.[22!:225-266. 313, 316, 318, 348, 376, 377]
On top of the direct-write approach, AJ printing has the capability to work with low material
volumes when using an ultrasonic atomizer. It is thus especially interesting for materials that are
either expensive or not (yet) available in large amounts and, besides the possibility to be integrated
in roll-to-roll fabrication processes, an interesting tool to process and evaluate materials on the

lab scale.

Carbon nanotubes were previously printed via AJ printing from aqueous and organic
dispersion, 4% 153 however, in all cases a mixture of different CNT chiralities with a limited
semiconducting purity was used and thus a channel length of several tens of micrometers to
achieve reasonable off-currents was required. For this project, (6,5) nanotubes with a high purity
were dispersed utilizing selective polymer-wrapping in toluene by shear-force mixing, which also
enables rather large output quantities.!!'” First the optimized ink composition and printing
parameters had to be determined. As the ink is aerosolized via ultrasonication, which can shorten
nanotubes and introduce structural defects,'!% 378 the stability of the ink was examined next
before evaluating the reproducibility of devices printed consecutively while also considering
batch-to-batch variations. The unwanted hysteresis exhibited by the devices was reduced by
increasing the film thickness and other approaches. Finally, a brief overview of further
applications and experiments based on the presented optimized AJ printing of carbon nanotubes

will be given and the limits of CNT deposition with this method will be discussed.

5.2. Ink Formulation

Within this work, the commercial aerosol-jet printing system AJ 200 by Optomec Inc. was utilized
with some changes to the standard configuration as described in chapter 3.1. The system is
equipped with an ultrasonic atomizer that creates the aerosol in the ink vial. The most important
property of the ink therefore is the ability to form a dense aerosol that can then be transported by
nitrogen as a carrier gas into the printer head. The appropriate viscosity of the ink is in the range

of 1 to 5 mPa s for the available setup. A larger range (1 to 1000 mPa s) could be covered if the
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pneumatic atomizer, that is commercially available as an alternative aerosolization source, was
used.*” This atomizer however would need larger ink volumes and would thus be less suitable
for materials only available on the lab scale. Before starting this work, aerosol-jet printing of
carbon nanotubes was reported based on aqueous dispersions only,!!*% 1% whereas here
dispersions of polymer-wrapped (6,5) carbon nanotubes in toluene were employed. This system
was chosen because the polymer-wrapping method can produce almost purely semiconducting
CNT dispersions with very low metallic residues with a suitable wrapping-polymer in a one pot
method.? *4 Furthermore, the output of purified material can be upscaled by using a shear-force
mixing process instead of ultrasonication and thus should also allow the eventual use in processes
at a larger scale.'!”! The detailed procedure to gain almost purely (6,5) CNTs with poly[(9,9-
dioctylfluorenyl-2,7-diyl)-alt-co-(6,6'-(2,2"-bipyridine))] (PFO-BPy) in toluene is described in the

experimental section (chapter 3).

The chirality-selected dispersion can be easily characterized by absorbance spectroscopy in the
ultraviolet, visible and near-infrared range. The absorbance spectra (see Figure 5.1) show the
characteristic E11 (at A = 995 nm) and E2; (at A = 573 nm) peaks of the (6,5) CNTs as well as the
polymer absorption below 400 nm. The less intense but broader peaks at 542 and 855 nm
correspond to the respective phonon sidebands of the CNT transitions. While the polymer signal
is rather high in the initial dispersion, i.e. after removing undispersed material via centrifugation
at 60 000 g, the amount of residual polymer can be significantly reduced by either pelletization at
284 600 g or vacuum filtration onto a PTFE filter (pore size 0.1 um). In either case, the pellet or
filter cake is subsequently washed and finally redispersed in pure toluene. The Ei1 peak appeared
slightly broader in the redispersed material than in the fresh dispersion before the removal of
excess polymer. This could be a hint towards slight bundling due to the increased CNT
concentration and/or the reduced polymer content in the redispersed material.[*3* 381 However, as
PFO-BPy is an insulator, excess polymer in the final devices would hinder efficient charge

transport and is therefore unwanted.
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Figure 5.1: Absorbance spectra of polymer-wrapped (6,5) CNTs in toluene as dispersed (blue) and
after washing and redispersion (yellow). Both spectra are normalized to the Ell peak at 995 nm and
were background corrected to achieve a linear baseline. The polymer absorbance (< 400 nm) for the

as dispersed material is about 6 times larger than the E11 transition of the CNTs.

As demonstrated before, aqueous dispersions can be AJ printed as produced,'*® 4! although it
might be necessary to reduce the surfactant concentration via dialysis to prevent excessive
foaming during sonication.!"*! In contrast to that, pure toluene dispersions do not form a dense
aerosol due to the low viscosity of the solvent which is around 0.5 mPa's and thus out of the
specified range.’®?! The viscosity of the ink can be increased by adding a highly viscous co-
solvent. Terpineol was used for this purpose with a concentration of 10 % v/v in an aerosol-jet
printing process of poly(3-hexylthiophen) in chloroform before.[***! Chloroform has a similar
viscosity as toluene,***! and thus these parameters were used as a starting point. The high boiling
point of terpineol (above 200 °C) prevents its evaporation even on the heated substrate stage of
the printer which is limited to a maximum temperature of 100 °C. The amount of liquid on the
substrate should however be minimized to avoid excessive flow when printing larger areas with
overlapping lines or eventually even multiple layers. Different concentrations from 1 to 10 % v/v
terpineol in toluene were tested for a dense aerosol formation and continuous printing output. It
should be noted here, that continuous printing does not automatically yield a connected line. At
low carrier gas flow rates, the amount of aerosol droplets transported to the substrate surface is
not sufficient to cover the surface with a continuous ink film (see Figure 5.2). The optical images
shown here were taken during initial printing tests at a comparable AJP system installed at the

University of Minnesota. The terpineol concentration was set to 10 % v/v while the CNT
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concentration could not be reliably determined at the time. The total flow, i.e. sheath plus carrier

gas, was held constant at 90 sccm.

For actual device manufacturing later, the sheath gas flow was reduced to 30 sccm independent
of the carrier gas flow. The resulting increase in the linewidth from around 25 pm to around 60 um
is favorable for printing larger areas as it reduces the number of lines necessary to cover a certain
area. During printing, the stage was heated to 100 °C and thus the toluene evaporated rather
quickly. The alignment camera images shown in Figure 5.2 are a result of the terpineol remaining
on the substrate. As evident from the images, already slight variations significantly alter the
appearance of the printing output. While there were still only slightly connected droplets at a
carrier flow of 13 sccm, a continuous line with an approximate linewidth of 25 um was found at
14 sccm (and a corresponding sheath gas flow of 76 sccm). This line became thicker and wider
for further increased carrier flow which resulted in more liquid remaining on the substrate. The

carrier flow was thus set to the minimum value resulting in continuous film.

Depending on the exact setup, e.g. the position of the pickup tube within the vial, the ink vial
shape and size, and the material, the carrier flow necessary to print a continuous film had to be
determined at the beginning of each printing session, before starting deposition on the actual
samples. While this seems difficult at first, it was observed that the adjustment of only the carrier
gas flow towards a continuous output was sufficient. This process was best done on the reference
silicon chip that was also used for the alignment of nozzle and camera, because of the good
contrast of printed material and substrate visible in both — the alignment and the process —
cameras. Additionally, the range of necessary variation was relatively small and a good output for
toluene/terpineol based CNT inks was usually attained at (14 + 1) sccm. For some configurations
however, the flow had to be increased to up to 20 sccm to achieve the desired dense deposition

on the substrate.
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Figure 5.2: Optical images of printing output at different carrier gas flows (left to right: 12 — 13 — 14
— 15 sccm) showing the shift from individual droplets to a complete film filling the printed line. All

micrographs were adjusted for contrast and brightness for better visibility. Scale bars are 20 um.

While continuous lines could be easily observed and might even be quantified with respect to
thickness and width, the formation of a dense aerosol could only be evaluated by the naked eye
and was thus not completely objective. However, a measurement of the aerosol density, i.e. by
absorbance measurements, was impossible due to reflections at the ink vial and the surrounding
water cooling system whose continuous flow introduced air bubbles and turbulences into the water
stream. It was found, that concentrations from 5 to 10 % v/v terpineol resulted in a seemingly
dense aerosol. A concentration of 5 % v/v was chosen as a good tradeoff between maximized
aerosol density and minimized liquid remaining on the sample surface for all future ink

formulations.

Special attention towards the ink vial should be paid during the evaluation of different solvents
and solvent mixtures or final inks. The bottom of the used ink vials was blown out into a
hemisphere to reduce the glass thickness and remove sharp edges. Differences in the handling by
the glassblower performing this task might lead to slightly different shapes or glass thicknesses
that are not visible to the naked eye. The suitability of all ink vials was thus first validated with
pure deionized water. Almost identical looking vials sometimes gave a very strong aerosol and
other times no aerosol at all. Comparing different solvents or material concentrations should thus
always be performed using a single ink vial. Additionally, the reproducibility of one printing
process with set parameters also relied on an unchanged setup, i.e. also the use of the same ink
vial. If the utilized vial gave a strong aerosol, only slight carrier flow changes had to be performed,

if at all.
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The second variable parameter is the concentration of the active material, i.e. for this study the
carbon nanotubes. Although the volumes of the dispersions significantly improved by shifting
from bath sonication in small vials (~ 10 mL of dispersion in one batch) towards shear-force
mixing (up to 500 mL), the material availability was still limited. On the other hand, high
concentrations increase the probability of re-aggregation especially due to the low polymer-
content remaining after washing the CNT pellet or filter cake as discussed before (see Figure 5.1).
While excess polymer was used to initially disperse the nanotubes, the insulating polymer should
be removed as much as possible while avoiding aggregates and bundles as they have a negative
influence on the charge transport properties of the CNT network.[*> Ideally only polymer wrapped
around the nanotubes should remain after the redispersion of the washed pellet in fresh toluene.
Therefore, a relatively low CNT concentration is preferred during the material deposition process.
However, if the active material content in the ink is too low, the stage speed has to be decreased
or several layers have to be printed to form percolating networks of carbon nanotubes. Both
options resulted in an increased deposition of terpineol on the substrate (as the toluene is
evaporating almost immediately on the stage heated to 100 °C) which led to a higher flow of
material, thus a larger spread around the desired printing area and a loss in resolution.
Additionally, the processing times were longer especially for the thicker CNT films described
later. While this is not a serious issue on the lab-scale, it would be problematic in roll-to-roll
fabrication processes. One possible solution to tackle the problem of extended printing times
without altering the ink composition would be to multiplex the printing process, i.e. use several

printing heads in series.

For the fabrication of transistors, a homogeneous network density is desired, i.e. the network
should not exhibit any holes or areas with increased bundling. At very low CNT concentrations,
both effects could be observed simultaneously — holes due to the low amount of material deposited
as well as bundling most probably due to drying effects. The morphology of the nanotube network
was determined by AFM imaging. Representative AFM images showing the range of unwanted
printing results, i.e. coverage below the percolation threshold, bundling, and sparse networks,

together with a CNT film printed with improved printing parameters are presented in Figure 5.3.
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Figure 5.3: AFM images of printed (6,5) CNTs showing very low density, bundling, a sparse network
and a reasonably homogeneous CNT film (left to right). Scale bars are 500 nm.

While sparse networks are not completely unwanted and might be even helpful for some studies,
they tend to be less reproducible and often exhibit completely uncovered areas (see section 5.7).
Continuous and dense networks from a single printing layer could be obtained for an initial CNT
concentration of at least 1.8 mg L™ in 1 mL initial ink volume placed in the printer vial. This
value corresponds to an optical density of 1.0 at the E1; peak (A = 995 nm) for a 1 cm long cuvette
and was used for all further experiments if not noted otherwise. Adjustment of concentrations
from the dispersion to the final ink were always based on absorbance measurements to enable a

quick and reliable determination of the CNT concentration.

5.3. Stability of Carbon Nanotube Inks

The desired properties of carbon nanotubes, in particular large length and low defect-density, are
generally reduced by strong sonication as the energy input introduces more defects and breaks the
nanotubes thus reducing the average length.[!!%- 3783341 The aerosol-jet process however relies, at
least when not utilizing the more gentle pneumatic atomizer, on sonicating of the ink to push small
droplets from the liquid into the aerosol phase. This raises questions about the suitability of this

process for carbon nanotubes and was hence investigated.

All material used in the following were prepared by applying ultrasonication to debundle the
nanotubes and enable efficient polymer-wrapping during the dispersion process. The mean length
of the nanotubes in the starting material was thus slightly longer than 1 pm after redispersion in
fresh toluene.!!'% 3851 Both possible effects, shortening and increase of defect density, were
simultaneously studied by printing two different patterns from the same ink after different times

of sonication at maximum power. A dense network was used for Raman analysis to provide
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sufficient signal for reliable peak fits and sparse individualized nanotubes were necessary for
length determination. Printing individualized CNTs was realized by a pattern of dots instead of
continuous lines, i.e. only depositing very small amounts of material during the short opening
period of the shutter. The CNT lengths were determined from atomic force microscopy images
using a JAVA program written by Andreas Malhofer. Several points along the nanotube were
manually selected and the length of the connecting spline was calculated and saved by the
program. A typical AFM image with only few CNTs is shown in Figure 5.4. The blue lines mark
the manually traced nanotubes chosen for length determination because they were undoubtedly
individual nanotubes and not overlapping or bundled. For each sonication time, more than 50
CNTs were measured and incorporated into the statistical evaluation. The patterns were printed
right after setting up the printer and after 15, 30, and 46 hours of continuous sonication at the
maximum possible atomizer power. The nanotube length obtained from the first sample was in

the expected range of around 1 um.!1%

For the first 30 h of constant sonication by the atomizer of the AJ printer no significant decrease
in the nanotube length was observed. Other sonication methods frequently used during nanotube
dispersion such as tip sonicating show a significantly larger impact on the nanotube length,
shortening the same material to around 0.6 um within several hours.[''” Experimental studies
showed a strong influence of the nanotube length on photoluminescence yield an device
performance, especially for rather short (<1 um) nanotubes.l**®! Simulations support these
observations also for longer nanotubes however with a less pronounced impact.l” In composites
of nanotubes and insulating polymers with a CNT concentration close to the percolation limit,
small changes of around 15 % of the average length can already have a strong influence on the
device performance, i.e. effective mobility or on-current, even for CNTs longer than 1 um. 183
The shortening of printed nanotubes observed here, after almost 2 days of constant sonication was
rather small (less than 10 %) and most tubes still exhibited a length of around 1 um or above. The
influence on the device performance of nanotube network transistors should thus be rather small,
especially as the tested sonication times exceeded the usual processing times by at least one order

of magnitude.
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Figure 5.4: Left: Typical AFM image for length determination of printed nanotubes showing manually
inserted measurement splines (blue). The scale bar is 500 nm. The statistical evaluation of CNT length

versus sonication time (right) shows almost no decrease in length.

The second question regarding negative influences of sonication concerns the defect density along
the CNTs. After the same sonication times as for the AFM length analysis, squares of dense
networks were printed as well. Theses squares were mapped via Raman spectroscopy to evaluate
the amount of defects in the CNTs after printing. The representative Raman spectrum in
Figure 5.5 shows the barely visible radial breathing mode (RBM), the peak of the silicon
substrate, small D and G~ bands, as well as large signals for the G* and 2D bands. According to
literature, the ratio of the G* band and the 2D band increases with defect density and is thus a
good figure-of-merit.*®”! For quantification of the G* to 2D ratio, the Raman spectra of the printed
dense films were mapped under resonant excitation with a 532 nm laser and both relevant peaks
were fitted using the Renishaw Raman software Wire 3.4. The statistical analysis shows almost
no change within the first 15 hours of continuous sonication. Only after this already long
sonication period, a significant increase of the G*/2D-ratio and thus a decrease in nanotube quality
was observed. It should be noted that the long sonication times of the same ink were realized by
overnight sonication without any output, i.e. carrier and sheath gas flow rates were set to zero.
The gas flows were increased only during deposition for sample preparation. In contrast to that,
the usual processing times of 1 mL ink volume were less than 5 hours when printing multiple
samples with interruptions — thus no output — for the alignment of the samples and maybe

additional processing steps. If an uninterrupted aerosol output is used for continuous device
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fabrication, the ink is consumed completely even faster. It can thus be concluded from the length
and defect analysis that within the timeframe of typical printing processes no negative influence

of the continuous sonication necessary to create the aerosol occurs.

+ Average [_]25% - 75%
—Median T 5% - 95%

1.0 ' T " T . T 5
1 G l

0.8 1 g
3 1 i ©
S 064 Si 4 % 4-
z | 2
2 0.4- 2D - o
L q 1 | \
= ‘ 1 & ]

0.2 - . 4 O 317

00 _-RBM- _‘T MM T T ] T T T T

1000 2000 3000 0 15 30 46
Raman Shift [cm™] Time [h]

Figure 5.5: Raman spectrum of (6,5) CNTs and statistical evaluation of the G*/2D-ratio versus

sonication time.

Another important factor is the composition of the aerosol for reproducible output results over
extended periods. The first hint is the concentration of nanotubes of the ink remaining in the vial.
While literature often reports an increase in the concentration of solid components in the
remaining liquid, the opposite trend was observed for aerosol-jet printing of carbon nanotubes.
The increasing concentration reported in literature is mostly attributed to the evaporation of
solvent.!’883%1 However, these studies on aerosol processes focused on medical applications
where different aerosolizers were used and to the best of my knowledge, there has been no study
on aerosol-jet printing processes dealing with the ink composition over time. Here, the absorbance
of the ink in the vial was measured after consecutive 150 mm of printed path length and showed
a decrease of around 80 % over a total of 600 mm long path (see Figure 5.6). During this process
around 300 pL of ink were consumed from an initial starting volume of 1 mL at an initial
concentration of 1.8 mg L™'. While maintaining all other process parameters constant, reducing
the concentration to 0.3 mg L™! resulted in an increase of the ink volume consumed for the same

printing path by a factor of 1.5 to 2.

82



Aerosol-Jet Printing of Carbon Nanotubes

o4 0 T
i 1 printed path
§ 0.8 9 ] 0 mm
g 0.6 7]
: ] ]
§ 0.4 ] B 450 mm
02 ] u 4 600 mm
0.0 +————pr—7— '

| ' | ' |
400 600 800
Wavelength [nm]

I
1000

Figure 5.6: Absorbance spectra of CNT ink remaining in the ink vial measured after printing different

CNT path lengths.

The aerosolization process strongly depends on the density, surface tension, and viscosity of the
ink as well as the input of ultrasonic power.**!! This means, that the (local) ink composition and
the filling level of the vial can have a strong influence on the aerosol droplet formation. As the
viscosity of CNT dispersions increases with CNT concentration and length,??%4 CNT-rich
droplets might be aerosolized preferentially and thereby reduce the CNT concentration in the
remaining ink. A simpler reason for the reduction of CNT concentration was the observed
deposition of CNTs on the upper parts of the ink vial where the aerosol was still present in the
vial but well above the liquid filling level. While the solvent ran down the side of the vial, CNTs
remained on the vial wall. This deposition was almost impossible to observe after just a few
printing runs even over extended times as the CNTs are not visible for the naked eye unless they
form relatively thick films of more than 30 nm. Ink vials re-used for the same CNT material and
thus not thoroughly cleaned after each ink were showing the typical blue-purple color of (6,5)
nanotubes after a large amount of sample sets produced for different projects as shown in

Figure 5.7.
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Figure 5.7: Photograph of ink vials fresh (left) and after printing (6,5) nanotubes for several projects
(right) illustrating the material deposition in the upper part of the vial. The photographs were adjusted

for brightness and contrast to increase visibility.

Even more important than the composition of the ink remaining in the vial was the actual output
printed on the substrate. One indicator for constant or varying output were the device
characteristics of the final FET that will be discussed in section 5.4. Additionally, the output could
be quantified by Raman mapping at least to some degree using the G* band intensity. Squares of
500x500 pum? were printed for that purpose from inks with different CNT concentrations of 0.2 to
1.8 mg L™! and two different initial ink volumes (1.0 and 0.4 mL). As shown in Figure 5.8, the
output indeed varied significantly and decreased with both, CNT concentration and initial ink
volume. At half of the usually used concentration, i.e. 0.9 mg L', the output decreased to 46 %
and 40 % of the initial value for V= 1.0 mL and V = 0.4 mL, respectively. As expected, the output
was further reduced for lower CNT concentrations, however, at very low concentrations of 0.2
and 0.4 mg L', the obtained values were very similar. It was not thus possible to extract a linear

relation between output and ink composition within the measured range.
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Figure 5.8: G*-band intensity normalized to the silicon peak intensity at 520 cm™" of squares printed

on silicon substrates from inks with different initial ink volumes (top: 1.0 mL, bottom: 0.4 mL) and

CNT concentration (left to right: 1.8, 0.9, 0.4, and 0.2 mg L™') acquired by Raman mapping. The

average values including the standard deviation are given next to the individual images.

The hot spots with high signals might be explained by drying effects while at higher

concentrations slight bundling might play an additional role. The 5x5 pm? AFM images, recorded

in the middle of the printed area, however do not show increased bundling but a CNT film with

variations in the local density for inks with higher concentrations (see Figure 5.9). The images at

lower concentrations show large areas completely uncovered and only small spots with nanotubes.

It should be noted that squares with a line pitch of 25 um were printed on silicon chips to enable

a better Raman evaluation by facilitating the normalization to the silicon peak at 520 cm™'. Since

the transistors were eventually fabricated on glass substrates with pre-patterned gold electrodes,

the situation may be different within the actual FET channels due to the substrate profile with

steep steps at the electrode edges and different surface properties.
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Figure 5.9: AFM images taken in the middle of the printed squares printed on silicon from inks with
different initial ink volumes (top: 1.0 mL, bottom: 0.4 mL) and CNT concentrations (left to right: 1.8,
0.9, 0.4, and 0.2 mg L™"). Scale bars are 1 um.

The Raman intensity was thus mapped directly on the 1** and last, i.e. 128", transistor printed
from the same ink (see Figure 5.10). Here, a decrease by only around 33 % was observed in the
Raman intensity while the CNT concentration in the ink vial decreased by about 80 % while
printing these transistors. As visible in the AFM images, a percolating network was still observed
at a CNT concentration decreased by 50 % and the reduced output may not have a high impact on
the FETs. The influence of the variable output on device parameters such as on-current and on/off-

ratio will be discussed in the next chapter.
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Figure 5.10: Decrease of Raman intensity, i.e. amount of CNTs deposited, from the I* FET (left) and
last, i.e. 128" FET, all printed consecutively from one ink. The total Raman intensity count of the

displayed area is given above the Raman maps.
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54. Reproducibility of Transistor Characteristics

The possibility to move from lab scale device fabrication of a few FETs towards application of
these devices in circuits that require more than one working transistor crucially depends on the
reproducibility of the device characteristics. This reproducibility not only refers to the similarity
of devices produced from one ink but also batch-to-batch variations given that the same process
parameters are used. Although the ultimate goal of printed electronics is all-printed devices, the
focus here is on the semiconducting layer, i.e. the CNTs, and therefore a well-established device
architecture was utilized (see Figure 5.11). Interdigitated source and drain electrodes were
patterned by standard photolithography on glass substrates. A positive double-layer resist was
exposed to the i-line of a mercury lamp through a chrome-on-glass mask followed by development
in a static bath. After electron-beam evaporation of chromium (2 nm) as adhesion layer and gold
(30 nm), the subsequent lift-off in NMP finalized the electrode structure. Each substrate
compromised the source and drain electrodes of 4 transistors of each channel length L, i.e. 5, 10,
20, and 40 um, with a channel width of 10 mm for all L but 40 um, where the channel width was
5 mm. Aerosol-jet printing was performed from a CNT ink with a concentration of 1.8 mg L™! by
printing a single line in the middle of each 5 and 40 um channel. The 10 and 20 um channels were
only partially printed for the sake of material conservation. For evaluating the reproducibility of
the FETSs thus the two extremes, rather short (5 um) and rather long (40 um) channels, were used.
Printing in the middle of each channel resulted in different network densities for the different
channel lengths as the pitch, resulting from electrode width plus channel length, was 25 um for
L =5 pm and 60 pm for L =40 um. A direct comparison between the different channel lengths
was thus not possible for these devices. The linewidth for the employed stage speed (0.5 mm s™),
sheath (30 sccm) and carrier (14 £ 1 sccm) flows, was around 60 um and resulted in a continuous
film across the whole device area for both pitches. The stage temperature of 100 °C promoted fast
toluene evaporation and thereby reduced flow on the substrate. The remaining terpineol and
potentially present excess polymer were removed by a rinsing step with THF and de-ionized water

followed by drying with a nitrogen gun.
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Figure 5.11: Schematic device structure: Interdigitated source and drain gold electrodes on glass,

printed CNTs, a hybrid dielectric of PMMA and HfO., and a silver top gate.

After printing, the devices were annealed in a dry nitrogen atmosphere at 300 °C for at least
30 min to remove residual solvent and moisture. The chosen device architecture enabled operation
at low voltages (< 5 V) due to the hybrid dielectric and its high capacitance.!'®3 The oxide layer
simultaneously served as an encapsulation layer and the devices showed almost balanced hole and
electron transport and were air-stable. Averaging over at least 40 transistors of each channel length
give the transfer characteristics displayed in Figure 5.12. The standard deviation is shown as a
shaded area and inks prepared from three different dispersions were included in the statistics
which hence also contain batch-to-batch variations. At low source—drain bias (Vg =—0.1 V) the
averaged and width-normalized on-currents for holes were 1.8 times higher in devices with
L =5 um (Is/ W =290 nA mm™") than in those with L = 40 um (I,»/W = 170 nA mm™"). This ratio
of on-currents is further increased to 2.3 for V4= -5 V. For the generally lower electron on-
currents the differences were even larger and a ratio of 3.2 was calculated for Vg =—0.1 V from
Lw/W =26 nA mm~" and I,,/W = 8 nA mm™! for channel lengths of 5 and 40 um, respectively. The
channel-length and width normalized on-conductances I,./(V-W-L) are thus always higher for
longer channels which hints towards non-negligible contact resistance at the electrode—nanotube

interface.
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Figure 5.12: Averaged transfer characteristics for FETs with printed (6,5) CNTs with channel lengths
of 5 um (left, 44 FETs) and 40 um (right, 48 FETs) including the standard deviation (shaded areas)
for three different source—drain voltages: —0.1 V (black), —1.0 V (blue), and —5 V (red). Note that the

standard deviation was determined from the logarithmized current values.

A closer evaluation of the individual device metrics, i.e. on-current I,,, on-voltage V., on/oft-
ratio, and mobility u, for the individual FETs is useful to compare the device-to-device variations
better to literature values published for different deposition methods. Additionally, as discussed
above, the CNT concentration within the ink varied over the printing time and the influence of
this variation should be investigated. Figure 5.13 illustrates the width-normalized on- and offt-
conductances for consecutively printed devices from three different inks. For short channels
(L =5 pm), no significant change was observed for more than 80 consecutively printed FETs.
Only for longer channels (L =40 um) a decrease in the electron conductance was visible after
more than 60 printed transistors. As the network was less dense from the start for these devices,
the reduced CNT concentration of the ink and thus reduced CNT output produced a higher impact
here. Although some influence was seen here, this issue could be easily resolved for large scale
printing by continuously adding fresh dispersion into the ink vial and thereby maintaining a
constant ink concentration. The characteristic device parameters, however, also varied from

device to device independent of the printing time.
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Figure 5.13: On- (at V, = =5 V) and off-conductances for Vas = —1 V versus total number of
transistors with printed (6,5) CNTs. Three separately prepared inks are shown for two channel lengths

(left: 5 um and right: 40 um). The total printed path length of 100 samples is more than 900 mm.

The turn-on voltages for a source—drain bias of —0.1 V were between —1.5 V to +1.5 V for more
than 90 % of the measured transistors. The distribution of device parameters is shown in the bar
graphs in Figure 5.14. On average, FETs with a channel length of 40 um turned on at a gate
voltage of (1.0 £0.8) V and (—0.5 £0.7) V for electrons and holes, respectively. Even smaller
average values for V,, — although with a similar spread — could be extracted for the devices with
a denser network of CNTs at a channel length of 5 um with (0.7 £1.1) V and (-0.4 + 1.0) V for
electrons and holes, respectively. These and the following average values include all outliers. The
turn-on voltage was determined from the transfer characteristics at the point where — coming from

the off-state — the source—drain current consistently became larger than the gate leakage.

As already seen in the averaged transfer characteristics and as expected for a random carbon
nanotube network, the width-normalized on-conductances extracted at V4 = —1 V were higher for
the shorter channel length with higher CNT density: (4.4 + 3.6) vs (2.0 + 1.6) uS mm™" for holes
and (1.5 £2.2) vs (0.4 + 0.4) uS mm™"' for electrons. The different channel widths (W = 5 mm for
L =40 pm and W=10 mm for L =5 um) lead to even larger differences in the on-currents. In
short channels the on-currents reached (44 +36) uA for holes and (15 +22) uA for electrons
while in long channels /,, was about 4 to 8 times lower: (10 + 8) uA for holes and (2 + 2) uA for

electrons.
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Table 5.1: Overview of device parameters extracted from FETs with AJ printed (6,5) CNTs.

L=5um L =40 um

Parameter h* e h* e

Turn-on voltage [V] -04+10 | 07+1.1 -0.5+0.7 1.0+0.8
On-conductance [uS mm™'] 44 +3.6 1.5+2.2 20+1.6 04+04

On-current [pA] 44 + 36 15+22 10+8 2+2
Log (on/off-ratio) 64+1.2 60+1.2 6.6 £0.6 58+0.6
Mobility [cm? V7! s7!] 0.34+0.11 | 0.03+0.03]190+1.17|0.11+0.11
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Figure 5.14: Statistical evaluation of device characteristics for L = 5 um (left column) and L = 40 um
(right column): Turn-on-voltage (top) extracted at Vg =—0.1 V, on-current (middle) and on/off-ratio,

both extracted at Vgs = —1.0'V.
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The variations in currents, turn-on voltage and on-off ratio might raise the question if this
variability is sufficient for applications. However, most publications showing more than a few
FETs and reporting device-to-device variations for CNT transistors state similar distributions for
printed nanotube layers.[?2!: 2951 Alternative deposition methods such as spin-coating,!'%®! dip-
coating,*%®! or simple immersion,[!47- 369 393. 3961 4150 do not show a much higher uniformity. With
such FETs and their associated spread of device characteristics presented in literature it was still
possible to fabricate simple logic gates.[**® Furthermore, even integrated circuits,’®®! static
random access memories,**”! and active matrix backplanes for tactile sensors,!**®! were reported.
The here obtained device variations should thus be sufficiently small to enable the use of FETSs in

circuitry and more complex applications.

The high purity of the polymer-wrapped large bandgap (6,5) nanotubes and especially the absence
of metallic species resulted in very low off-currents which were basically only limited by the gate
leakage. As the hybrid dielectric also enabled low gate leakages (<1 nA) as demonstrated
before,!** 163! high on/off-ratios of 10°~107 could be reached for low source—drain voltages
(Vas=-1 V). Due to the lower on-currents of the 40 um long channels, these devices exhibit
slightly lower on/off-ratios. As the probability of percolating paths by residual metallic CNTs
decreases with the channel length, lower on/off-ratios (in the order of 10*) due to increased off-
currents were found less often among those devices as well. For the best FETs with L =5 um
on/off-ratios of up to 1.8:10% for holes and 6.1-10 for electrons were reached at a source—drain
bias of + 3 V (see Figure 5.15), thus exceeding values reported in the existing literature.!!: 146!
Further reduction of the gate leakage was achieved by measuring with triaxial instead of the
usually used coaxial cables and thus reduced noise levels of the measurement setup. The off-
current was thus limited by the drain current minimum point of the transfer curve, which was
slightly above the gate leakage. The V-shape of the transfer characteristic results from the
ambipolar behavior, i.e. the simultaneous transport of holes and electrons (compare chapter 2.2.6),
that becomes apparent at elevated V. For larger Vys, the off-currents of the devices increase and
thus reduce the on/off-ratio again as evident from the averaged transfer characteristics shown in
Figure 5.12. For smaller bandgap nanotubes the increase of the off-current already starts at much
lower source—drain bias due to the lower turn-on voltages.!>?! The large bandgap and comparably
large turn-on voltages of (6,5) CNTs thus support reaching higher on/off-ratios. Ambipolar
transport is often unfavorable in applications not only because of the limitations concerning
on/off-ratios but also in integrated, complimentary circuits where it results in increased power

dissipation. This problem could be addressed by p- or n-doping of the nanotube network and thus
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unipolar transport. A successful attempt of completely suppressing hole transport was recently
demonstrated by doping (6,5) CNTs with a guanidino-functionalized aromatic compound. With
the same device architecture as used here, Schneider et al. demonstrated the complete absence of
hole transport even at high Vys of up to —=5 V and reached on/off-ratios for electrons of up to
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Figure 5.15: Best on/off-ratios achieved with an FET with of AJ printed (6,5) CNTs with L = 5 um:
1.8:10°% for holes at Vs = =3 V and 6.1-10’ for electrons at Vas = +3 V.

For the AJ printed FETs, higher channel length normalized currents for longer channels and thus
also higher apparent device mobilities were extracted. The linear field-effect mobilities for holes
were (0.34 +0.21) and (1.90 + 1.17) cm? V- s7! for 5 and 40 um long channels, respectively.
They were calculated using standard transistor equations within the gradual channel
approximation and with the capacitance measured directly at the channel. The electron mobilities
were about one order of magnitude lower with (0.03 +0.03) and (0.11 £0.11) cm® V™' 57!,
Figure 5.16 shows that there is no systematic decrease of the hole mobility with the number of
printed transistors from one ink but rather a device-to-device variation. It further demonstrates a
large dependence of the mobilities on the channel length that can be mainly explained by contact
resistance. A decrease of the apparent device mobility by a factor of 3 to 4 was even demonstrated
for large diameter (and thus small bandgap) nanotubes and different channel lengths.[*?! For the

here employed large bandgap CNTs, this effect is expected to be even more pronounced.!*!: 38!
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The already rather low electron mobility showed a further decrease with the number of printed

transistors besides the also evident device-to-device variations.
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Figure 5.16: Calculated device mobilities for one set of consecutively printed transistors from one
(6,5) CNT ink for L = 5 um (left) and L = 40 um (right). While the hole mobilities (red, top) show
device-to-device variations, the electron mobility (blue, bottom) decreases with the number of printed

FETs. Note the different mobility scales for the long and short channels.

As a reference, spin-coated samples were prepared from the same dispersion. They showed
slightly lower mobilities (L =40 um) for thin nanotube networks with (0.14 £0.14) and
(1.25 £0.05) cm® V™' s7! for electrons and holes, respectively. In contrast to the inherently
patterned printed films, the unpatterned spin-coated films exhibited high gate leakage currents
especially at elevated V, as shown in Figure 5.17. Furthermore, the devices showed a large current

hysteresis. For an increased film thickness (about 25 nm) however, the hysteresis of the spin-
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coated film decreased to almost zero but the gate leakage remained rather high. The hysteresis
present in the AJ printed devices and possible ways to tackle it are examined in the following

section based on these observations for spin-coated CNTs.
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Figure 5.17: Comparison of AJ printed (yellow) and spin-coated FETs with a thin (red) and thick
(green) CNT film for a channel length of 40 um.

5.5. Decreasing the Hysteresis of Aerosol-Jet-Printed CNTs

The printed networks examined so far were well above the percolation threshold and were not
sensitive to changes of the ink composition or vial filling level. However, they showed some
device-to-device variation and especially a rather large hysteresis. While the variations are
comparable to other reports on carbon nanotube FETSs, other solution-processable materials
outperformed aerosol-jet printed transistors with respect to uniformity. Some of those materials,
e.g. small molecules with polymer binder or conjugated polymers, are also printable and thus CNT
devices require further improvement.°%3%! As seen for spin-coated samples, hysteresis could be
significantly decreased by depositing a thicker film. Additionally, a thicker nanotube layer could

lead to a higher network uniformity and thus less variation in the characteristic device metrics.

The aerosol-jet process provides several adjustable parameters to control the material deposition

per area and thereby the resulting film thickness: Stage speed, flow rates, ink composition,

96



Aerosol-Jet Printing of Carbon Nanotubes

printing pattern, and printing of multiple layers. The least labor-intensive change would be the
decrease of the stage speed or increase of the carrier flow rate. For both cases, only one parameter
would have to be altered before the material deposition. However, both lead to more aerosol
droplet deposition per area and thus also more solvent deposition. While the main solvent toluene
evaporates rather quickly, the high boiling point co-solvent terpineol (7 =213-218 °C) that is
necessary for proper aerosol formation would accumulate on the substrate. As the stage heating
is limited to a temperature of 100 °C, also toluene remains for some time on the substrate before
evaporating, especially when changing the deposition location only very slowly. This would lead
to a solvent film on the sample surface and thus an increased flow of material on the substrate.
This might lead to less uniformity and a larger overall deposition area of the CNTs. The resulting
lower spatial resolution would eventually reduce the packing density of the FETs on the substrate
and lead to severe device cross-talk. The increased material consumption, limited controllability,
and loss in patterning accuracy exclude these simple approaches for increasing the thickness of

the deposited film.

When changing the ink composition all other parameters could in principle remain constant, only
the carrier gas flow may have to be adjusted. Increasing the CNT content is only possible up to a
certain limit, as for too high concentrations two negative effects can occur. The dispersion can
become less stable and thus more bundling takes place which is unfavorable for efficient charge
transport.[** 41 Additionally, a high solids content in the aerosol leads to faster clogging of the

200 pm inner diameter nozzle of the printer.

A change of the printing pattern, e.g. reducing the pitch between adjacent lines, might induce
similar problems as reducing the stage speed or increasing the flow. However, the pattern can be
designed so that adjacent lines are not directly printed one after the other. Instead, every second
line could be printed in the first cycle and the remaining lines in a second cycle. Thereby, the
deposited material has some time to dry before more material is deposited next to it. Printing
several layers on top of each other relies on the premise that nanotubes are not washed away by
the next printed layer. This has already been shown for spin-coating where consecutive spin steps
are used to increase the density of CNT films.!'2!- 4991 Likewise, no removal of previously
deposited nanotubes was observed for printing of several layers. A reduction of the amount of
solvent remaining on the sample from the previous printing step can be realized by rinsing with

THF and IPA or deionized water and subsequent drying with a nitrogen gun. The rinsing step also
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reduces the amount of excess wrapping-polymer in each layer and not only at the surface of the

film which would be the case if performed only at the end of printing.

The effect of the described techniques on the device characteristics and hysteresis in particular
was tested by printing on pre-patterned electrodes with a 40 um channel. The lowest CNT
coverage was realized with a CNT concentration of 2.2 mg L™ and a printing pitch of 60 pm
between adjacent lines, i.e. one line in the center of each channel. As the lines were 60 um wide
this led to a complete coverage of the printing area. For a second set of samples, the pitch between
two lines was then decreased by a factor of 2.4 to 25 um while keeping the ink concentration
constant. A third sample set was fabricated by printing with a 60 um pitch and a 3 times increased
ink concentration (6.6 mg L™!). Figure 5.18 shows representative transfer characteristics for
devices with all three printing parameter sets. The hysteresis was quantified by the difference
between the turn-on voltage of the forward and reverse sweep 4V,, and depicted in the bar graph.
The mean values with standard deviations as error bars clearly indicate the positive effect of a
thicker nanotube layer as the hysteresis was decreased by a factor of 2 to 3 for both methods. As
expected, the 3-fold increased ink concentration gave slightly better results than the 2.4-fold
decreased pitch as more material was deposited per area.[*°!! Besides the decreased hysteresis, a
significant increase in apparent device mobilities could be observed. Mobility values of 0.58 and

6.43 cm? V! s7! were obtained for electrons and holes, respectively.
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Figure 5.18: Reduction of hysteresis by increased material deposition (statistical quantification on the
left and representative transfer characteristics on the right) by printing from a higher CNT
concentration (light green) or reducing the pitch between adjacent lines (dark green) compared to the

original material deposition (red).

As a second method for increasing the film thickness, printing of several layers from an ink with
ananotube concentration of 1.8 mg L™! was performed. Each layer consisted of the printing pattern
used before, i.e. lines in the channel center with a pitch of 60 um between adjacent lines. The
hysteresis decreased significantly with the number of layers as shown in Figure 5.19. This result
was further improved by implementing a washing step with THF and deionized water followed
by drying with a nitrogen gun after each layer and not only at the end of the complete printing
process. The hysteresis present in the fabricated FETs can be mostly attributed to the impact of
water adsorbed on the polar glass substrate as well as in the film.[*°!l While moisture on top of the
CNT film could be removed by annealing in ideal, i.e. completely dry, conditions, water trapped
on the surface of the substrate may still remain. Although the devices were annealed at high
temperatures in a nitrogen-filled glovebox, increased humidity values within the glovebox might
be additionally accountable for a larger hysteresis in the samples presented in section 5.4.
Nevertheless, the increase of the film thickness had a positive effect as it reduced the influence of
trapped water as charge transport in a top-gate FET only takes place at the upper part of the
nanotube layer.!*%?! Repeated rinsing steps might further remove more of the wrapping-polymer.
Voids present in the polymer can also store water molecules and hence increase charge trapping

and thus hysteresis is further reduced by removing as much of the polymer as possible.***!
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Figure 5.19: Reduction of hysteresis by depositing multiple layers of CNTs: Quantification via the
reduction in the difference between the turn-on voltages in forward and reverse sweep AV, (left) for
both, holes (red) and electrons (blue). Rinsing after each deposited layer (open symbols) instead of

rinsing only after printing all layers (solid symbols) further reduces the hysteresis. Representative

transfer characteristics for 1 to 4 printed layers are shown on the right.

Even thicker and eventually optically dense nanotube films could be created by aerosol-jet
printing of multiple layers from inks with higher concentration or by increasing the total number
of layers. Printing 4 consecutive layers from an ink with a concentration of 6.3 mg L™! resulted in
about 30 nm thick films that are easily visible to the naked eye (see photograph in Figure 5.20).
Absorbance spectra show an optical density of 0.5 of the film at the E1; peak of the (6,5) CNTs.
According to the ink absorbance, the absorption cross section,!*** and the ink consumption, the
transistors presented in section 5.4 required around 40 ng mm~ of nanotubes. Here, the thick
films required still less than 600 ng mm™2. Alternative deposition methods for thick films are at a
disadvantage here. Spin-coating of films with a thickness of several tens of nanometers is possible
by multiple steps only, and a very high material consumption is inevitable.!**! A large fraction of
the material consumed during spin-coating flies off the spinning substrate. Vacuum filtration or
drop-casting of highly concentrated dispersions on the other hand either need subsequent transfer
steps or lead to very inhomogeneous films.!**-*®1 While direct patterning is possible by printing,
the deposited material has to be patterned in further processing steps such as photolithography-

assisted plasma etching for other methods to create thick CNT film. This may lead to the

100



Aerosol-Jet Printing of Carbon Nanotubes

introduction of further impurities, e.g. by residual photoresist, and defects especially at the edges

of the patterned area.

Transistors fabricated from aerosol-jet printed thick films showed a negligible hysteresis and
on/off-ratios of more than 10° for L =5 um at V4 =—0.1 mV. For a channel length of 40 um, an
on-conductance of 17 uS mm~' was observed while the mobilities were 0.7 and 2.8 cm? V™! 57!
for electrons and holes, respectively. Channels with L = 5 pm and doubled width exhibited an on-
current increase by one order of magnitude while the off-current was slightly elevated above the
gate leakage. The on/off-ratio was however still larger than 10°. Compared to the FETs with only
slightly increased layer thickness presented before, the hole mobility decreased by a factor of 2.3
while the electron mobility was almost constant. This reduction can be attributed to the necessary
vertical charge transport through the semiconducting layer, requiring hopping over many
nanotube junctions. For optimized charge transport the thickness has to be chosen in an optimized
range where trapping by adsorbed water is reduced but vertical transport through the
semiconductor is minimized. In addition, a high density of the network and repeated rinsing steps

to maximize the removal of polymer are favorable.
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Figure 5.20: Photograph of a printed CNT films visible to the naked eye (left) and transfer
characteristics of FETs fabricated from such thick films for two channel lengths. Scale bar in the left

image is 5 mm, the film is surrounded by alignment markers printed with Ag ink.
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5.6. Applications of Printed CNT Films

In this section, some examples of applications of aerosol-jet printed (6,5) CNTs based on the

introduced and optimized procedures described here will be very briefly presented.

Berger et al. used very thick, optically dense (6,5) CNTs for electrochromic notch filters.!!'!! Film
thicknesses of 10 to 360 nm were prepared by printing multiple layers of an orthogonal grid (line
pitch 25 pm) onto glass with spray-deposited mixed CNT electrodes. In combination with an ion-
gel the CNT layer could be tuned from an optical density of 4.5 at the E; peak (997 nm) to 0.2

by electrochemical doping.

Held et al. used printed (6,5) nanotubes in combination with dense films of mixed CNTs and an
ion-gel for low-voltage all-carbon semi-transparent transistors.®’ These devices might be
applicable for flexible or even stretchable electronics. Although the device characteristics of
reference samples with gold electrodes were superior due to the high sheet resistance of the

nanotube contacts, the device performance was still good.

Zakharko et al. used a 40-50 nm thick layer of AJ-printed (6,5) CNTs for the investigation of
plexciton propagation in plasmonic crystals.[*'% Choosing printing as the deposition method
enabled homogeneous layers with a rather controlled thickness. Furthermore, the nanotubes could
be directly printed onto the pre-patterned array of plasmonic particles without the need of post-

structuring.

Brohmann et al. expanded the printing process from solely (6,5) nanotubes to mixtures of different
CNT chiralities prepared by polymer-wrapping of different CNT sources with different wrapping-
polymers.[*¥ With the printed networks of nanotubes they then studied temperature-dependent

charge transport to further investigate the transport mechanism.

The range of different successful applications of aerosol-jet printed CNT networks shows the
potential of this method to fabricate reproducible devices with a low material consumption for
electronic and optical applications. Although the patterning accuracy was not optimized, it was
already sufficient for most applications where simply continuous areas of CNTs were needed and
only some precise measurements such as the temperature-dependence study required more
detailed structuring performed on the printed films via photolithography.*¥ However, there are

also limitations that will be discussed in the next section.
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5.7. Limitations of Aerosol-Jet Printing for CNTs

After printing thin but dense networks, the creation of a CNT film with a controlled low density
was attempted. For this, the established ink with polymer-wrapped (6,5) nanotubes was used at a
concentration of 1.8 mg L™! in toluene with 5 % terpineol. As discussed before, the thickness of
printed CNT films can be controlled by the printing speed. While decreasing the speed to achieve
thicker layers is problematic because of the increased solvent deposition, this problem does not
occur when increasing the stage speed. At constant sheath and carrier flows of 30 and 18 sccm,
respectively, the stage speed v was varied from 0.5 to 2.0 mms~'. The rather low CNT
concentration led to a full coverage but thin CNT film as shown above. Accordingly, in

combination with a higher speed, this process should lead to a change in network density.

However, as evident from the AFM images presented in Figure 5.21, the network density does
not systematically decrease with the increased stage speed. While full coverage is maintained for
v=0.5 mm s~!, for faster printing speeds the CNT density varied. Additionally, there were some
areas with a high nanotube density while neighboring areas were completely free of CNTs, as
seen for the lowest tested speed of 0.3 mm s~'. This might be a drying effect that led to a kind of
coffee ring formation. It is also possible, that partly CNT-rich droplets and almost CNT-free
droplets were deposited and thus resulted in non-uniform deposition. While for dense films this
effect evens out, it may play a significant role when trying to produce nanotube films with a
controlled — but low — CNT density. Films with several layers of printed nanotubes showed a
further increased homogeneity as seen for the thick layers in section 5.5. While further
optimization of different ink concentrations might lead to the desired low-density films, this topic
was not pursued further. For the parameters presented in this work it must be concluded, that AJ
printing is best suitable for the fabrication of dense CNT films of varying thickness. So far, no
limit in film thickness was observed. Thus nanotube films with thicknesses exceeding 50 nm were
created as a next step and investigated. The results and their implementation in transistors are

discussed in the next chapter.
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Figure 5.21: AFM images of CNT networks printed with varying stage speed (0.3 to 2.0 mm s™" as
labelled above the individual images) illustrating the non-linear behavior of CNT density with printing

speed.
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CHAPTER 6

VERTICAL ELECTROLYTE-GATED

TRANSISTORS

In this chapter, electrolyte-gating of a vertical device
architecture for CNT transistors is investigated and different
electrode materials are examined for the fabrication of all-

printed devices.
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The results presented in this chapter were published in part in ACS Applied Nanomaterials (ACS
Publications, Washington, DC, USA) at DOI 10.1021/acsanm.8b00756.1'2! All figures and data
previously published were reprinted with permission based on the ACS AuthorChoice Usage
Agreement. The gold nanoparticle electrodes (chapter 6.6) were inkjet printed by M. Held (group
of Dr. G. Hernandez-Sosa at KIT, Karlsruhe, Germany). Parts of the measurements resulting in
the data presented in chapter 6.2 were performed by Adelaide Kruse, the DAAD RISE intern I

supervised during this project.

6.1. Introduction

The previous chapter showed that aerosol-jet printing is a feasible method to deposit
semiconducting carbon nanotubes with low material consumption and direct patterning different
applications. However, a printed semiconductor is only one step towards all-printed and ideally
roll-to-roll compatible processing of transistors and eventually integrated circuits. Major
challenges are alignment accuracy of consecutive layers and restrictions in feature size.!*”* These
issues are particularly important for transistors with short channel lengths that are desired for high
currents, i.e. in case of CNTs to reduce the number of nanotube—nanotube junctions. Channel
lengths of less than 20 um and even down to 2 um were demonstrated for gravure printed lines
from a silver nanoparticle paste with a linewidth of less than 10 um.??* 24 411 Ajthough no
conductivities were reported, the thin electrodes might be a limiting factor for on-currents
especially when used with a high-mobility semiconductor such as CNTs. Additionally, the
reported fully-printed transistors required annealing temperatures above 200 °C which are not
compatible with all substrate materials, especially when flexibility is desired.[*??! Another issue
concerning a rather coarse layer-to-layer alignment in the range of 20 um still remains. The often
used organic semiconductors with low charge carrier mobilities require rather large channel
widths to reach high on-currents. Long electrodes, however, increase the probability of source—
drain shorts for short channel lengths resulting from small broadenings of the printed electrode
lines. Alternative approaches for lateral short channel transistors use self-alignment techniques
that enable feature sizes of less than 10 pm.[22%230.238.31L 4121 However, additional processing steps
such as a treatment with self-assembled monolayers (SAMs) are often necessary and the scope of

materials is very limited.
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A recently introduced novel concept decouples the alignment accuracy, linewidth, and proximity
of printed electrodes from the channel length. Instead of the common lateral architecture, i.e.
source and drain electrodes side by side and current flow parallel to the substrate surface, a vertical
electrolyte-gated transistor (VEGT) with a porous SnO; nanoparticle semiconductor layer was
introduced by Baby et al.'”" In this architecture, the semiconductor is sandwiched between the
source and drain electrodes and gated via an electrolyte and a side-gate (see Figure 6.1). The
channel and current direction are thus vertical to the substrate and the channel length is directly
determined by the thickness of the semiconductor layer independent from the resolution of the

electrode deposition process.
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Figure 6.1: Schematic 3D (left) and cross-sectional (right) view of the VEGT structure. The CNT
network is colored in purple and the ion-gel consisting of the polymer P(VDF-HFP) and the
[EMIM][FAP] ionic liquid in grey. In the cross-sectional view the state for V, < 0V is depicted with
negative charging of the gate electrode and the resulting accumulation of [FAP]™ ions in the channel

area and thus hole current (red).

Other vertical transistor structures were previously used but exhibited certain disadvantages.
When the source electrode is placed within the semiconductor in a stack of gate—dielectric—
source/semiconductor—drain, the electric field of the gate has to be able to penetrate the source
electrode.[*!3 Otherwise, charge injection, accumulation and conductivity cannot be modulated.
The penetration of the electric field was usually enabled by very thin,*'¥ structured,*!*! or
network electrodes based on nanowires or nanotubes.!??* #!6! The alternative stack of source—
gate/semiconductor—drain with the gate electrode placed triode-like within the semiconductor

results in rather high leakage currents.[*!7- 418!
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Semiconducting materials suitable for the newly proposed vertical electrolyte-gated structure
have to fulfill several requirements: first, the electrolyte has to be able to penetrate the
semiconductor for efficient three-dimensional gating. On the other hand, the porous
semiconductor layer must still be sufficiently stable, dense and thick to allow for the deposition
of the top electrode without creating shorts between the source and drain electrodes. Additionally,
the porous layer has to be well above the percolation threshold and enable unhindered charge
transport perpendicular to the substrate. Semiconducting carbon nanotubes seem to be a good
choice as an active material here as they should form an inherently porous layer upon deposition.
The fulfillment of the introduced requirements as well as the influence of device dimensions and
the occurrence of lateral charge transport paths are investigated in the following. Initially,
evaporated gold electrodes were used to facilitate precise control of dimensions and a smooth

substrate before finally realizing all-printed devices with different electrode materials.

6.2. Three-Dimensional Charge Transport and Efficient Gating

The crucial property of a semiconductor suitable for vertical transistors is the ability to transport
charges perpendicular to the substrate. The main resistance within a CNT network is caused by
charge transfer across nanotube—nanotube junctions, especially in networks with mixed nanotube
species.!? 4 74 Charge transport along an individual nanotube on the other hand is very fast due
to high charge carrier mobilities. For a CNT network that is highly conducting in the on-state of
the transistor it is thus desirable to have an out-of-plane orientation of the nanotubes. If the CNTs
were oriented in completely horizontal layers on top of each other, the whole channel would have
to be bridged by inter-tube hopping instead of exploiting the fast transport within the tubes. The
mere existence of vertical charge transport can be examined most easily by sandwiching a thick
carbon nanotube network between two electrodes, performing a current—voltage measurement,
and extracting the device resistance. Lateral structures with a channel length of 20 um and a width
of 10 mm typically exhibited a resistance of several 100 kQ for thin (<10 nm) CNT Ilayers, as
determined by current-voltage measurements without any applied gate voltage. For vertical
transport, this value depended on the thickness d of the nanotube layer and generally increased
with d. For an electrode overlap area of 0.04 mm? the measured resistances were in the range from
10 kQ (d = 174 nm) to 54 kQ (d = 609 nm) as shown in Figure 6.2. The dependence on d showed

the increased length of the charge transport paths for thicker layers. As the resistance was an order
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of magnitude lower in the vertical device architecture than in lateral structures even for very thick

CNT films, at least some nanotubes must be oriented out of plane.
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Figure 6.2: Representative current—voltage measurements (left) and extracted device resistances for

vertical transport through CNT networks depending on the CNT film thickness (right).

More detailed insight into the vertical transport paths through a thick aerosol-jet printed CNT
network was possible via conductive atomic force microscopy (c-AFM), i.e. a constant voltage
was applied between a bottom electrode and a conductive AFM tip during image acquisition.
Here, the height and the respective current at each acquisition position were recorded
simultaneously to obtain a topography and conductivity image. The bottom electrode was
connected via a microprobe to the AFM chuck and a bias of 1 V was applied. Note that the
measurements were performed after printing the (6,5) CNT film and without any electrolyte or
gate. Hence the observed conductivity originated from p-doping of the CNTs in air. In laterally
oriented CNT films, a correlation of the height image (clearly showing the nanotube network) and
the current map was previously observed with the same setup.’®! In contrast to that, the observed
contact current for thick printed networks (150 to 650 nm) appeared to be distributed randomly
and the resulting map had no correlation with the height. The contact current maps shown in
Figure 6.3 were normalized as the absolute currents strongly depend on tip condition, peakforce
setpoint and amplitude as well as other environmental conditions such as humidity and were thus
not completely reproducible between different measurements. From the random distribution of
the current signal and the conductivity perpendicular to the surface was concluded that the printed
networks exhibited at least a certain degree of three-dimensionality and thus fulfilled the basic

requirement for vertical transistors. After evaporation of the top electrode and spin-coating of the
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ion-gel, the next question to be answered was, whether it was possible to effectively gate the

whole nanotube network when applying a voltage to the side-gate.
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Figure 6.3: Height images (top row) and normalized contact current maps (bottom row) recorded
simultaneously for CNT films with different thicknesses: approx. 150 nm (left), 250 nm (middle), and
650 nm (right). Scale bars are 500 nm.

One major drawback of the semiconductor used by Baby et al. when introducing the VEGT was
the extremely small penetration depth of the electrolyte into the porous SnO: of only around
300 nm.!"*7! This problem was “overcome” by using very narrow electrodes (width < 300 nm)
fabricated by electron-beam lithography. With this approach, they were able to reach high current
densities (with respect to the electrode overlap area), but maximum on-currents were very limited.
Furthermore, an annealing step at 550 °C was required to remove the polymer filler that was
mixed with the printed ink to create a porous network. While the high temperature process is
compatible with certain substrates, there is no possibility for integration in roll-to-roll processes
with plastic foils as flexible substrates. An even more severe drawback of the presented structure
are the feature sizes that require electron-beam lithography and are thus not achievable with

printing processes.

Carbon nanotubes on the other hand inherently form porous networks upon deposition in thick

films. The ability to efficiently gate the nanotubes with an electrolyte can be investigated with
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confocal Raman microscopy. All Raman modes exhibited by CNTs, e.g. radial breathing mode
(RBM), G™-mode, and 2D-mode, are reversibly reduced in intensity by doping, which was
exploited previously to show charge distribution in electrolyte-gated CNT transistors.['>* 4!°! The
completed CNT VEGTSs were resonantly excited with a 532 nm laser and the G*-mode was chosen
for quantitative analysis because it exhibited the highest intensity and thus signal-to-noise ratio of
all modes. Time-dependent single spot measurements in the middle of the electrode overlap area
showed, that the Raman signal responded within seconds to a gate bias change from O Vto -2V
(see Figure 6.4). The confocal Raman microscope equipped with a 50x objective results in a
lateral resolution of 1.3 um. As the Raman measurements were performed in air, the CNTs were
inherently p-doped and no complete turn-off was expected at Vo =0 V. The following Raman
signal intensity maps were thus recorded at —2 V in the doped state and at +2 V in the undoped
state after a 2 min hold time at the beginning of each measurement to allow a static state after

completed ion movement for the measurement.
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Figure 6.4: Temporal response of the Raman signal to an applied gate field change from 0 Vto =2V
and vice versa, recorded in the middle of the electrode overlap area in a VEGT excited by a 532 nm

laser.

Figure 6.5 shows the resulting Raman map of the G* peak area for the whole device area. The
signal intensity in the electrode overlap area was quite homogenous and only reduced at the edges

of the printed CNT film. A higher signal was observed for CNTs on top of the bottom electrode
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acting as a mirror while a decreased intensity for areas below the top electrode was found.
However, the very thin top electrode (20 nm gold) that was still semi-transparent was used and
enabled spectral acquisition and peak fitting even in the doped state as shown in the representative
spectra. Peak fitting only became unreliable for very thin nanotube layers at the edges of the film.

The resulting non-reliable intensity ratios were excluded from the final maps.
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Figure 6.5: Raman map of G*-band peak area (left top), ratio of the G*-band peak area of doped to

undoped state (left bottom) and representative Raman spectra at different positions of the VEGT
(right).

The ratio of the G* peak area in the doped vs the undoped state was very uniform at less than 0.15
throughout the whole device area. Although the electrodes were still slightly visible due to less
efficient doping below the top electrode, i.e. an increased signal ratio, even at positions in the
middle of the electrode overlap and thus around 100 um away from the electrode edges the doping

effect was clearly visible. The same measurements were repeated for a smaller electrode width of
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around 100 um and showed similar results independent from the nanotube film thickness as
depicted in Figure 6.6. The decreased Raman signal below the top electrode was still clearly
visible. For very thick films the mirror effect of the bottom electrode, i.e. the increased signal
observed at low d, was not relevant anymore. The aerosol-jet printed network of CNTs was thus
suitable for electrolyte gating with an ion-gel even for feature sizes of several hundred microns
and a wide range of film thicknesses. It was not necessary to introduce and later remove any filler
as the nanotube network inherently showed a sufficiently high porosity for the electrolyte ions.

The final performance of the produced VEGTs will be discussed in detail in the next section.
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Figure 6.6: Raman maps of normalized G* peak area (top row). The ratio of the G* peak area of
doped to undoped state is shown in the bottom row for CNT layers with a thickness of 602, 307, 116,
and 65 nm (left to right). The average ratios are given in the images and indicate complete doping of

the whole network areas in all samples.

6.3. Device Characteristics of VEGTSs

The main advantage of the presented vertical device architecture is the decoupling of the printing
accuracy from the critical device dimension, i.e. the channel length L. As L depends only on the
thickness of the semiconductor, a geometrical channel length of less than 100 nm is easily

possible. However, the short channels also create a major challenge when using CNTs as
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semiconducting material. It is still almost impossible to grow solely semiconducting nanotubes or
even single nanotube species. Polymer-wrapping can separate metallic (m-CNTs) from
semiconducting nanotubes quite efficiently when using the right materials and processing
conditions. The residual concentration of m-CNTs can be below the detection limit of optical
characterization tools such as Raman and absorbance spectroscopy.[’ %1 110. 146. 4201 However, for
very short channel lengths as in the vertical architecture, even a few metallic CNTs can severely
reduce the transistor modulation. It was shown for sub-micron channel length transistors, that
even 1 metallic out of a total of 7 nanotubes almost completely prohibits the ability to modulate
the source—drain current of the device via the gate voltage.[*?!! Even at a channel length of 4 pm,
a content of 5 % metallic CNTs decreased the on/off-ratio to less than 10.4??! Here, CNT film
thicknesses and thus channel lengths of 50 to 600 nm were studied, i.e. a nanotube with an average
length of 1 um could bridge the top and bottom electrodes at a tilt angle of 3° (for d = 50 nm) or
37° (for d = 600 nm). Given the demonstrated three-dimensionality of the printed network (see
section 6.2), it was thus very likely for a direct connection between the two electrodes to occur
even at very low concentrations of m-CNTs. While the dispersions seemed to consist of solely
(6,5) nanotubes according to absorbance spectroscopy, subsequent Raman analysis in the RBM
region revealed additional semiconducting and also metallic CNT chiralities as depicted in

Figure 6.7.
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Figure 6.7: Absorbance spectrum showing only (6,5) CNTs (left) and Raman spectra of a drop-cast
film from the same CNT dispersion revealing more chiralities (right, solid lines) for excitation at 532
(green) and 633 nm (red). For other samples, Raman spectroscopy also resolved slightly increased m-

CNT content (right, dashed green line, excitation at 532 nm) that were not visible in the absorbance

spectra.

While absorbance and even Raman spectroscopy could not resolve very low m-CNT contents
here, the final transistors sometimes showed a significantly increased off-current. For dispersions
with a slightly increased m-CNT content that was visible in the Raman spectra (see Figure 6.7)
further increased off-currents and thus reduced on/off-ratios of less than 10 were observed. These
devices were not used for any further studies as this was an unmistakable evidence for metallic
paths across the channel. This illustrates that even an m-CNT content below the detection limit of
spectroscopic tools was sufficient to have a severe negative impact on the device performance,
mainly the on/off-ratio. Figure 6.8 shows the transfer characteristics of solely semiconducting
CNT devices as well as of devices with different degrees of m-CNT impurities. The sample with
the highest off-current (red) was exceptionally bad while slightly increased off-currents (yellow)
were observed frequently. Although even the slightly reduced on/off-ratio might prevent possible
applications, it was in general not detrimental for the following studies concerned with the on-
currents of the devices. Only devices with severely increased off-currents were excluded from

further analysis.
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Figure 6.8: Transfer characteristics at Vqs = —100 mV of VEGTs with a negligible m-CNT content
(green) in contrast to devices with CNT layers containing different degrees of m-CNT impurities from

not measurable by Raman spectroscopy (yellow) to a measurable content (red).

The transistor behavior of the VEGT was initially tested with pure ionic liquid instead of an ion-
gel. This should lead to a faster response to the applied gate field in contrast to ions bound in and
thus slowed down by a polymer matrix. The transfer characteristics (see Figure 6.9) showed a
steep subthreshold swing of less than 150 mV/dec as well as high on-currents at low source—drain
bias resulting in an on/off-ratio of more than 10* and on-current densities exceeding 25 A cm™.
The off-current was limited by the gate leakage which was in the range of 108 to 10~7 A, a typical
value for electrolyte gated transistors.!'>” 13 Cyclic switching between the on-state at V, = -2 V
and V, =0V showed a turn-on of the transistor within seconds while the current decreased only
very slowly, i.e. in the timeframe of half an hour, for Vo =0 V. As evident from the current—
voltage characteristics, the transfer curve was shifted towards positive voltages, thus a faster turn-
off might be expected if positive voltages were applied. The on-currents did not decrease over
time and were stable even after 12 hours of measurement. Immediately after turning on the device,
the gate current indicated capacitive charging and remained at a higher level than without applied
gate voltage. Although the ion movement is faster in the pure ionic liquid, practical devices require

a solid electrolyte such as an ion-gel, which was used for the following devices.
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Figure 6.9: Transfer characteristics (left) and switching behavior over several cycles (middle) of an
ionic liquid gated VEGT for V4 = —10 mV. A zoom-in to an on-switching process shows the current

response within seconds to the applied negative gate voltage (right).

The transistor performance with respect to the on-current density should ideally be independent
from the lateral device dimensions but was expected to depend on the CNT film thickness.
Figure 6.10 depicts the different electrode structures used to investigate the geometry-dependent
device characteristics. The bottom electrodes and the side-gate, both consisting of 2 nm chromium
as adhesion layer and 30 nm of gold, were deposited in an electron-beam evaporator and patterned
by photolithography and lift-off. The top electrode (20 nm gold) was always defined using
stainless steel shadow masks in a thermal evaporator. The top electrode masks consisted of two
long electrode stripes with 200 and 100 pm width for the upper and lower set of 7 transistors,
respectively, and were used for all devices. The actual dimensions resulting from shadow mask
deposition were measured individually with an optical microscope due to possible variations
between sample sets. To investigate the influence of the nanotube film thickness, bottom
electrodes with the same widths were used and structured either photolithographically or via
shadow masks. The influence of the device area was examined by varying the bottom electrode
width from 50 to 500 pum, realized by photolithography. The purple regions in the sample layouts
visualize the areas where CNTs were aerosol-jet printed usually exceeding the expected electrode
overlap area by 100 um on all sides. The area, where nanotubes were deposited may also influence

the device performance. A large excess area might lead to longer ion diffusion paths and thus it
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might be necessary to optimize the alignment of the different layers and reduce CNT deposition

to the actual electrode overlap area.
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Figure 6.10: Sample layouts to study their impact on the device characteristics: One complete
substrate with 14 VEGTs (top left) and the standard configuration with 100 x 100 and 200 x 200 um?

electrode overlap (7 VEGTs each, top right) used for determining reproducibility and CNT film
thickness dependence. The variable electrode overlap areas (bottom left) are shown for Wy = 200 um
(a corresponding structure was used for Wy = 100 um). Different CNT printing area sizes at constant
electrode width (bottom right) complete the possible geometric variations. The CNT deposition area is

shaded in purple, bottom electrodes are dark gold and top electrodes light gold.

With an electrode overlap area of 200 x 200 um?, i.e. 0.04 mm?, several samples with printed
square CNT films of edge lengths from 200, 400, 600, and 800 um were fabricated to evaluate
the possible influence of the size of the printing area. The resulting films exhibited a thickness of

78-97 nm. The transfer characteristics shown in Figure 6.11 already reveal some device-to-
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device variations. For a more detailed evaluation, the on-currents were extracted from these curves
and plotted vs the film thickness and the edge length of the printed CNT film. Overall the on-
currents varied from 0.15 to 0.35 mA while 85 % of the samples were within (0.18 + 0.03) mA.
Furthermore, there was no systematic trend, neither within the small thickness range, nor within
the large variation of the printing area. As there was no visible influence of the CNT printing area,
the final size was a trade-off between alignment tolerance and material consumption. For easy
alignment with the naked eye, the printing area was chosen so that around the electrode overlap
an additional margin of 100 um in all directions was covered with CNTs. This alignment tolerance
even exceeds the requirements of other printing methods and enables the fabrication of all-printed

devices later.
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Figure 6.11: Transfer characteristics of VEGTs at Vg = —100 mV with different areas of CNT
deposition defined by the edge length of the printed squares W (left) and evaluation of the respective
on-currents with respect to the edge length of the printed film (middle) and the CNT film thickness
(right). The data point labels given in the middle and on the right refer to the thickness in nm and W in

um, respectively.

Next, devices with different film thicknesses were fabricated with an electrode overlap area of
0.04 mm? and 0.01 mm?. As the channel length should directly depend on the film thickness d, a
decrease of current was expected with increasing d. Devices with CNT films of less than 50 nm
very often resulted in source—drain shorts, most probably due to penetration of the upper gold
electrode through the thin CNT network. This value was thus determined as the minimum film

thickness and films of up to 600 nm were prepared by consecutive printing of several layers. Two
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observations could already be made based on the transfer characteristics depicted in Figure 6.12:
The on-currents decreased with increasing thickness as expected and for layers of more than
300 nm a significant increase in hysteresis was observed. The hysteresis may be attributed to
electron traps created by water molecules that were introduced during the printing process in
ambient conditions.**?! Although the devices were annealed at 300 °C in nitrogen atmosphere
prior to spin-coating of the ion-gel, residual water may still be present especially in thick CNT
films. In contrast to the lateral transistors presented in chapter 5, charge transport takes place
through the whole three-dimensional CNT film as the electric double layer forms around each
nanotube. In the lateral devices, charge transport only occurred at the interface of the CNTs with
the dielectric and thus an increased thickness reduced the influence of water trapped on the
substrate surface. Additionally, the material consumption was directly proportional to d and it was
therefore advisable to reduce the film thickness but keep the film thick enough to prevent source—
drain shorts. Extracting the on-current densities for both electrode overlap areas showed the
expected decrease but also revealed a saturation for films thicker than 200 nm. It was also
observed that the current densities were deviating for the two different electrode widths for thin
films while they were almost the same for thicker ones. This was a first hint that transport might

not only occur completely vertical through the device as will be discussed in section 6.4.

Vg =-100 mV 40.04 mm? ¢ 0.01 mm?
10-3_, ' ! ! t[nm] 8 30 ' ' '
] g 4 >
1041 =< ©ye N
z z 10 W, o |8
€ 1071 S 3 . . ]
GJ T T T
S 10°] = 1e -
O 5 21 1S
1074 3 1] Nt , jn
c - N
10® © 0 ' ' '
. 0 200 400 600

Gate Voltage [V] Thickness [nm]

Figure 6.12: Thickness-dependent transfer characteristics for CNT films of 51 to 609 nm thickness
with an electrode overlap of 0.04 mm?’ (left) and evaluation of respective on-current densities also for

an electrode overlap of 0.014 mm? at source drain biases of —0.1 V and —1 V (right).
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Varying the electrode overlap area from 47 x 50 um? to 140 x 500 um? was used to further
investigate the influence of the lateral device dimensions. For a constant top electrode width Wy,
the on-currents increased with increasing bottom electrode width as expected. The on-current
densities however followed the opposite trend and decreased with an increasing bottom electrode
width W, from more than 70 A cm™ to less than 20 A cm™ at a source—drain bias of —1 V (see
Figure 6.13). Moreover, the current density for samples with a wider top electrode (140 um) was
always smaller when comparing devices with the same bottom electrode width. The CNT
dispersion used for printing these devices contained some metallic CNT species as evident from
the off-current plateau which was above the gate leakage. The off-currents at low source—drain
bias were further increased with increasing electrode width as the probability of percolating
metallic paths or individual tubes bridging the whole channel increased with a larger electrode
overlap area. The large influence of the device dimensions on the on-current densities points
towards the large role of non-vertical charge transport pathways which will be discussed in the

following section.
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Figure 6.13: Influence of lateral device geometry tested for different electrode overlap areas:
Transfer characteristics for different bottom electrode widths W; from 50 to 500 um and constant top
electrode width W, of 140 um (left). Evaluation of on-current densities additionally also for

Wa = 47 um at different source—drain biases of —0.1 V and —1 'V (right).
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6.4. Lateral Charge Transport Pathways

The thin semiconductor layer in the VEGTS is supposed to strongly favor charge transport in the
vertical direction from the source to the drain electrode. However, the transport along CNTs is
much faster than inter-nanotube charge transfer. Here, relatively long tubes of about 1 um were
used. These should also enable charge transport pathways at the edges of the electrodes with only
a small number of nanotube—nanotube junctions involved. Figure 6.14 depicts the possible lateral
pathways for charge carriers that were present in the vertical transistors as a consequence of the
device design. In general, a lateral current /,,; that depended on the width of the bottom electrode

W; could be distinguished from /,,4 that was related to the top electrode width Wj.
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Figure 6.14: Depiction of possible lateral current pathways in top view (top) and cross-sectional

views for I.,s (middle) and I,.a (bottom).

Charge transport occurred at the edge of the top electrode through the CNT film towards the
bottom electrode. The current pathway from the edge of the bottom electrode towards the top
electrode that was directly evaporated on the CNT film was especially short as profilometer data

of the electrodes and the CNT film revealed (see Figure 6.15). At the electrode edge, the CNT
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film followed the gold slope within 2 pm lateral distance and directly created a lateral transistor

with a rather short channel length and a width of W,.
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Figure 6.15: Height profiles of gold electrode and CNT film (left) with a zoom in at the edge (right)

showing the short lateral channel (~2 um) at the edge of the bottom electrode.

Assuming the existence of both lateral current pathways, the total current through the device was
composed of three parts: The area dependent vertical current l.,.. as well as the 2 lateral

Components:
las = Igreqa + Iws + Iyqg

The currents along these 3 channels depended on the device dimensions W; and Wy where c; are

constants:
Iprea = Cq " Wq - Ws
Lya =cq Wy
Lys = cs - W

For a larger dataset, different source—drain bias were taken into account by evaluating the on-

conductance G rather than the on-currents using

G =1l V5!
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and thus resulting into the following equation for the total current:
G=cq Wy W Vit +cg Wy Vit +cs- Ws- Vit

When one of the lateral dimensions (W, or W;) is constant, the equation for the on-conductivity

becomes linear with respect to Wy (or Wy) with a slope of m; (mq) and offset of ¢ (74):
G=(cqg Wytcg) Vit - Wy+cg Vil -Wy,=mg-Wy+t, for  W,=const.
G=(cqg Wytcg) Vit Wetcg Vit Wy=my-W,+t; for  Wai=const

Linear extrapolation of this data towards Wy =0 um (W =0 um) resulted in values of the on-

conductance for the respective W, (Wy) as shown in Figure 6.16.
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Figure 6.16: Linear extrapolation of on-conductance towards zero electrode width: Wq-dependent

(left) and Wi-dependent (right)

The y-intercepts were then plotted vs the width of the other electrode, i.e. Wy or Wy (see
Figure 6.17). Here the origin of the plot was fixed to (0|0) for the linear fit, as at zero electrode
width for both, top and bottom electrode, no current should flow. From the slope of the linear fits,
the on-conductance solely depending on W, (Wy) and thus the lateral conductance per micrometer
electrode width was determined as Gs=3.8 uS um™" and G4 =36 uS um™'. The significantly
higher value determined for the W;—dependent conductance supports the existence of a very short
lateral channel presumed from the profilometer data as explained above. Comparing these to the
overall currents through the VEGTs, the share of lateral currents varied between 10 % for small
electrodes, i.e. 47 x 50 um?, to up to 49 % for the largest measured electrodes of 142 x 500 um?.

Despite these possibly large contributions by the lateral currents, they did not adversely influence
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the device performance. The lateral currents could even be exploited by minimizing the width of
the bottom electrode while utilizing broad top electrodes and thereby taking advantage of lya. As
the circumference of this configuration is larger compared to a square electrode overlap with the
same area, the current density is maximized. Additionally, the off-currents increased with
increasing electrode overlap area due to the increased probability of metallic paths. An increased
on/off-ratio could hence be achieved with smaller active areas as the currents through metallic
CNTs did not significantly contribute to the on-currents. Although a certain degree of three-
dimensionality in the nanotube network was assumed from earlier experiments, the high impact
of lateral currents showed that there still was a high number of CNTs with more or less planar
orientation. Charge transport then favors lateral current pathways with a minimum of necessary

hops to bridge the distance in between source and drain electrode.
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Figure 6.17: On-conductances at Wy = 0 um vs W; (left) and Ws = 0 um vs Wy (right) including linear

fits. The error bars were derived from the error of the y-intercept in Figure 6.16.

6.5. Comparison to Lateral Transistors

The vertical electrolyte-gated transistors showed on/off-ratios exceeding 10* and high on-currents.
Additionally, they exhibited a significantly smaller footprint than lateral electrolyte-gated (6,5)
CNT transistors that showed comparable on-currents (compare Figure 6.18). A typical lateral
transistor with interdigitated electrodes, channel lengths of 2 to 5 um, required an active area of
around 0.9 mm? to reach an on-conductance in the range of 10 mS. The same values were reached
in the vertical architecture with a much smaller area of 0.16 mm? already including a 100 um

alignment margin on all sides of the channel area. The actual active area was only 0.04 mm?. For
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printed electrodes, the lateral structure would need even more space, as the channel length and
electrode width would increase due to limited printing resolution (compare chapter 7).
Furthermore, the channel width would need to be increased to compensate the larger channel
length and thus lower on-currents. The vertical structure was estimated to be smaller by at least a
factor of 10 considering these necessary alterations. The consumed material — estimated from the
film volume — was similar for the devices compared here: Using a CNT film thickness of 5 to
10 nm for lateral FETs, the CNT film volume was 4500 to 9000 um3, compared to around
8000 um3 for a 51 nm thick nanotube film in the VEGT. The necessary CNT volume for the

VEGTS could be further decreased by reducing the alignment margin.

With respect to device performance, subthreshold swings of less than 200 mV dec™' and onset-
voltages of less than 1 V were observed for both device structures. One drawback of the vertical
architecture were the increased gate currents that were mostly attributed to ionic conductance
between the source/drain and gate electrodes and capacitive charging. The gate currents could
probably be further reduced by optimizing the exact device geometry especially with respect to
the gate electrode. While the lateral FETs were driven with a 2.4 mm? large side-gate, the VEGTs
were controlled by a common side-gate pad for all 14 transistors on one substrate that had a total
area of around 19 mm?. Adjustment of the gate size, reduction of the distance between gate and
channel (which was around 1.7 mm) and addressing each transistor with an individual gate are
proposed measures to tackle this effect. Considering the integration density of printed devices, the
vertical architecture is promising even before taking into account the possibility of all-printed

devices that will be discussed in the following section.
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Figure 6.18: Comparison of device characteristics (left) and layouts (to scale) of a VEGT and an
interdigitated lateral FET (right).

6.6. All-Printed VEGTs

So far, only the semiconducting layer, i.e. (6,5) CNTs, was deposited by aerosol-jet printing while
the electrodes were evaporated and the ion-gel was spin-coated. While printed ion-gels with
similar ionic liquids were reported before,!?>>! spin-coating was maintained to avoid the additional
optimization process. Other methods such as blade-coating, dip-coating, or spray-coating are
possible alternative deposition methods for the integration of ion-gels in a roll-to-roll process.
Three different materials were evaluated for printed electrodes: mixed metallic/semiconducting
carbon nanotubes (TUBALL) deposited with an airbrush system through shadow masks, aerosol-
jet printed silver nanoparticles and inkjet printed gold nanoparticles (see optical micrographs in
Figure 6.19). For all architectures, the (6,5) CNTs were AJ printed as described before, while a
film thickness of 150 to 250 nm was used to compensate the potential roughness of the bottom
electrode and avoid shorts with the upper electrode. The electrodes were deposited with the same
parameters before or after deposition of the semiconductor followed by the necessary annealing

steps.

127



Vertical Electrolyte-Gated Transistors

S o

vv,; L,"“’—'? Y . " . " " Y - o i t( {
L= 5 A

Figure 6.19: Optical micrographs of VEGTs with different electrode deposition methods and
materials: Evaporated gold, airbrushed TUBALL nanotubes, AJ printed silver nanoparticles, and
inkjet printed gold nanoparticles (left to right). All images were recorded prior to spin-coating the

ion-gel on top of the devices. Scale bars are 200 um.

6.6.1. Airbrush-sprayed Mixed Carbon Nanotube Electrodes

The commercially available TUBALL material is a mixture of rather long (> 5 um) metallic and
semiconducting single-walled carbon nanotubes. It is produced on a large scale at low cost and
thus excess material is not a problem. Hence, large area deposition via airbrush spraying and
structure definition with stainless steel shadow masks was sufficient. The raw material was
dispersed by multiple sonication steps in an aqueous sodium cholate solution (see chapter 3 for
details). Centrifugation and filtration removed undispersed material such as large bundles and
amorphous carbon. The dispersion was diluted and directly used for spraying with a commercial
airbrush system onto the substrates through shadow masks that were fixed to a home-built stage.
The stage was heated to 140 °C for quick drying and moved with respect to the airbrush nozzle to
homogenize material deposition. The final active area was near the center of the substrate and
thus uniformly covered with TUBALL nanotubes. For each sprayed substrate and layer, 2 mL of
the diluted dispersion were used and resulted in an approximately 250 nm thick nanotube film
(see Figure 6.20 for profilometer data). An overnight soaking step in deionized water was used
to remove the sodium cholate after deposition. Although only shadow masks were used to define
the electrode structure, SEM images (see Figure 6.20) revealed a sharp but not straight edge of
the electrode. (6,5) CNTs were aerosol-jet printed onto the bottom electrode resulting in films

with a similar thickness to ensure complete and hole-free coverage of the rough film before the
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top electrode was deposited in similar fashion as the bottom electrode. Shadow masks with
openings of 100 and 200 um were used and the resulting electrodes were about 10-20 % wider
than that. SEM images of the stack of mixed / (6,5) / mixed nanotubes showed a higher charging
of the semiconducting nanotubes during image acquisition. This enabled the discrimination of the
(6,5) CNTs that appeared brighter in the images than the darker mixed nanotubes that contained

metallic species (see Figure 6.20).
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Figure 6.20: Height profiles of the TUBALL electrode (grey) and the (6,5) CNT film (purple)
illustrating a complete coverage (left). SEM images of TUBALL bottom electrode on glass exhibiting a
sharp edge (middle) and TUBALL top electrode on (6,5) CNTs distinguishable by increased charging

of the semiconducting nanotubes (right). Scale bars are I um.

Although the TUBALL nanotubes exhibited sheet resistances of less than 100 Q o', voltage
drops along the leads still influenced the device performance, as shown by the much lower drain
currents. Additionally, as shown in Figure 6.21, the conductivity was also modulated by the gate
voltage which was tested by directly spraying the top and bottom electrode on top of each other
without any semiconducting layer between. This was expected due to the relatively large number
of semiconducting nanotubes in the TUBALL electrodes. Although the TUBALL-VEGTS clearly
showed gate modulation of the drain currents, their performance was far from usable and not at

all comparable to those with evaporated gold electrodes.
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Figure 6.21: Transfer characteristics of TUBALL / (6,5) CNTs / TUBALL VEGTs showing a slight
dependence on the lead length at Vas =—0.1 V (left). Modulation of a TUBALL-TUBALL junction by V,
without any semiconductor (right). The small inset shows a micrograph of this junction with 200 um

wide TUBALL lines.

6.6.2. Aerosol-jet Printed Silver Nanoparticle Electrodes

To overcome especially the low currents in all-nanotube devices, a silver nanoparticle ink was
investigated as an electrode material. The commercial ink (details in section 3.2.2) was aerosol-
jet printed as received and electrodes were formed by several passes over a single line. The
resulting structures were 100 to 200 um wide and had a mean thickness of around 70 to 80 nm.
As the printing process was not completely optimized, large drying edges occurred with a height
of up to 1.5 um (see Figure 6.22). The ink consisted of silver nanoparticles and required an
annealing step to form a completely connected conductive film. In order to stay at low
temperatures to maintain the possibility to fabricate the devices also on flexible substrates, a long
overnight annealing step at only 130 °C was used here. A negative influence of the drying edges
on the device performance was avoided by printing a 150 to 200 nm thick (6,5) CNT layer which
even covered the high edges with a hole-free and dense nanotube network as evident from the
transfer characteristics. Note that the profilometer scans were performed on the completed devices
before spin-coating the ion-gel and at different positions along the electrode. As the electrode
width varied significantly, the depicted scans of bottom electrode and (6,5) CNT film do not match

each other. The electrode edges were still visible in the profilometer data acquired on top of the
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CNT film. Nevertheless, the optical micrographs suggested a complete coverage of the bottom

electrodes.
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Figure 6.22: Height profiles showing the large drying edges of the silver ink (grey) that were
nevertheless covered with (6,5) CNTs (purple). Note, that the electrode drying edges varied in width
and height as seen in the optical micrograph with indicated profilometer scan lines (right). The scale

bar in the optical micrograph is 100 um.

The current—voltage characteristics of these devices again showed an off-current plateau caused
by residual metallic nanotubes even at a very low source—drain bias of —1 mV (see Figure 6.23).
The on/off-ratio was limited by the off-current and values above 10° could only be reached at low
Vis. At increased source—drain bias, the transistor showed on-currents of more than 100 mA, i.e.
on-current densities of up to 570 A cm™, were realized at V, =2V and V;=-1 V. The high
currents were attributed to an increased active area due to the drying edges, better wetting behavior
of the aerosol-jet printed ink compared to the thermally evaporated gold, and a thicker electrode
that was less prone to cracks and discontinuities. The turn-on time of the transistors was relatively
short, but complete de-doping — even at slightly positive gate voltages — again required more than
10 minutes. A possible reason for a slow response are the rather small applied electric fields at a
relatively large distance between gate and active area. Additionally, the sponge-like nanotube film

that is only accessible from the sides can hinder fast ion movement.
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Figure 6.23: Transfer characteristics of printed Ag / (6,5) CNTs / printed Ag VEGTs for source—drain
biases of —1 mV to —1 V (left). On/off switching cycle of a VEGT at V4 = —10 mV showing the fast

response to Vo = =2 V (on) and slow response over 30 min to V, = 0.5 V (off).

6.6.3. Inkjet-printed Gold Nanoparticle Electrodes

Besides good wettability for closed CNT films and good contact between semiconductor and
electrode, the contact resistance significantly affects the device performance. The contact
resistance at the metal-nanotube interface was found to be lower for gold than silver.['*! Gold
was thus examined as a third printed electrode material that exhibits a suitable work function. The
number of printable gold nanoparticle inks is limited and not all inks are suitable for all printing
methods. Inkjet printing of a commercial ink was thus chosen as a direct-write approach to define
both, top and bottom, electrodes of the VEGTs. The gold nanoparticle ink was based on a mixture
of water and ethylene glycol and a stage temperature of 60 °C was chosen to dry the ink on the
substrate before the deposition of the subsequent layer. The complete contact structure was inkjet
printed, i.e. the source and drain electrode with a width of around 100 pum, the leads with a width
of 375 um, the gate electrode, and the contact pads. After printing the bottom electrodes, a
sintering step at 155 °C for several hours was necessary to reduce the overall resistance. The (6,5)
CNT film was printed as described previously before the top electrodes together with the side gate
electrode were printed. The increased width of contact pads and leads as well as the relaxed
resolution needed for these structures enabled a single layer printing process using 5 nozzles in
parallel to deposit a 200-300 nm thick gold film with a low sheet resistance of about 3 Q o™!. For

the electrodes at the active area, i.e. where top and bottom electrode overlapped, a defined width
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of around 100-200 pm was required to fabricate VEGTs comparable to the devices presented
before. Thus only a single nozzle was used and 5 parallel lines were printed resulting in an
electrode width of 80—100 um. Printing of 10 layers reduced the resistance of this fine part of the
electrode but led to a thickness of up to 1.2 um with a rather rough surface (see profilometer data
in Figure 6.24). The subsequently printed (6,5) nanotube film nevertheless completely covered
the sintered gold and prevented any shorts between top and bottom electrode. Although the surface
of the nanotube film reproduced the roughness of the bottom electrode, the equally thick gold
printed on top formed a conductive electrode as evident from current—voltage characteristics. The
CNT film thickness was estimated from the height differences between a scan on the bottom
electrode next to the active area and a scan over the (6,5) CNT film next to the top electrode. The
resulting data gave a rough estimation of the local thickness but nevertheless depicted the variation
of the film thickness and large roughness of the CNT layer (see Figure 6.24). The average film
thickness calculated from this data was approx. 130 nm and mostly exceeded 100 nm on top of

the bottom electrode.
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Figure 6.24: Height profiles of the bottom Au electrode and the (6,5) CNT film on top of it (left) and
the CNT film thickness calculated from the height difference between those two scans (right). Note that

the scans could not be performed at the exact same spot.

The VEGTs completed by ion-gel spin-coating showed no traces of metallic nanotubes as their
off-currents decreased below the gate leakage for source—drain biases of —10 and —100 mV.
Transfer characteristics at higher Vi, revealed electron transport resulting in the typical ambipolar
behavior (see Figure 6.25). Although the data shown here were acquired under dry nitrogen

atmosphere, the ambipolar transport persisted upon exposure to air as shown in section 7.2. The
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hysteresis of the devices was remarkably low, especially when compared to the other printed
electrode materials shown above. The difference between the turn-on voltage of the forward and
reverse sweep was around 200 mV at Vi = —100 mV for all devices measured with an integration
time of 0.1 s and a gate voltage step size of 50 mV. Repeated switching from the on-state
(Ve =—-1.5 V) to the off-state (Vg = +1.5 V) and vice versa illustrated the fast response time within
less than 1 s while maintaining an on/off-ratio of more than 300, mainly limited by the gate-
leakage. The maximum on/off-ratio at Vs =—-100 mV even exceeded 10*. In contrast to the
previously used structures, the distance to the side-gate was slightly increased while its area was
significantly decreased thus it cannot be the cause of the faster response. One of the most likely
reasons for the slow response observed before was the ion movement within the sponge-like
nanotube film. The thick and thus relatively heavy top gold contact might have compressed the
CNT network and thus limited the length of connected pores into the film. It is however almost
impossible to gain any insight into the actual network without high-resolution three-dimensional
imaging such as electron tomography. Due to the non-transparent gold film on top of the device
it was also not possible to perform the Raman measurements as in chapter 6.2. Although truly
three-dimensional gating and thus charge transport might be limited in these all-printed structures,

the device performance was still remarkable especially with respect to the footprint of the active

area.
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Figure 6.25: Transfer characteristics of printed Au / (6,5) CNTs / printed Au VEGTs for source—drain
bias of =10 mV, —100 mV, and —1 V (left). On/off switching cycles of the VEGT at Va4 = —100 mV

show the fast response to on- and off-switching at Vo = £1.5 V.
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6.6.4. Comparison of the Different Electrode Materials

A comparison between printed and evaporated gold electrodes illustrates the superior performance
of the inkjet printed gold nanoparticle films. The different fabrication methods resulted in varying
sizes of the geometric electrode overlap, the lead length and the distance between side-gate and
channel area. The measured device characteristics are hence only comparable to a limited extent.
The current density referring to the electrode overlap could at least exclude the influence of the
size of the active area (see Figure 6.26). However, the lateral current pathways and thus the
electrode edges also influenced the total current as discussed in section 6.4. The measured on-
currents nevertheless reflected the same qualitative trends. The on-current densities of printed
gold electrodes exceeded those of evaporated material by about one order of magnitude. The
evaporated electrodes could be limited by the thin (20-30 nm) top contact. Additionally, the
increased roughness of the printed electrodes results in an underestimation of the actual device
area. Using the bulk resistivity of gold (22 nQ m),[**}! the calculated total electrode resistance for
these samples was around 50-100 €. The thin gold layer on the rough CNT surface possibly
exhibited discontinuities leading to an actual electrode resistance higher than the calculated

values.

The more than 1 um thick printed gold film was however unlikely to suffer from discontinuities
and the thereby increased resistance. Conductivity measurements across the whole length of the
inkjet printed gold electrodes revealed a total resistance on the order of 10-100 Q. In the off-state
of the transistor, this accounted for a comparably low fraction of the overall device resistance.
However, in the on-state, the lead resistance might eventually be limiting the on-currents as the

total resistance of the device in the on-state was around 100 Q.

Devices fabricated with aerosol-jet printed silver electrodes exhibited the highest current-densities
among the tested materials. While the total electrode length for all gold electrodes was around
15 mm, the printing pattern for aerosol-jet printed silver was optimized to minimize the lead
length to about 1.5 mm in total. Although the resistance could not be measured on those samples,
it was expected to be significantly lower based on reported values of aerosol-jet printed silver
lines exhibiting a resistivity of less than 100 nQ m.3*: % Assuming a cross-section of 50—
100 um? based on the profile of the silver electrode the resulting resistance of the silver leads was
in the order of 1-10 Q and thus about one order of magnitude lower than that of the inkjet printed
gold leads. Here, only the complete devices — including the differences in geometric dimensions

— could be compared. It would be necessary to optimize the printing processes of all electrode
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materials to fabricate geometrically identical devices for a comparison of the different CNT—metal

interfaces and their influence on the device performance.

The poorest performance was observed for the nanotube electrodes airbrushed from TUBALL
dispersions. One major drawback of mixed nanotube electrodes might be the limited contact area
between electrode-nanotubes and semiconducting CNTs which was observed before.!*?!
Additionally, the sheet resistances were significantly higher than those of the other materials used
here which led to an overall lead resistance of up to several kQ and a significant voltage drop
across the leads of the device. The resulting current densities were almost two orders of magnitude
lower than for evaporated gold electrodes. The maximum current density achieved in the on-state

was 0.05 A cm™2, compared to 1.7 A cm™ for evaporated gold, each measured at Vs = =100 mV.
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Figure 6.26: Current density (14 divided by electrode overlap area) at V4 = —100 mV of VEGTs with
different electrode materials: Aerosol-jet printed silver, inkjet printed gold, evaporated gold, and

airbrushed TUBALL nanotubes (highest to lowest on-current density).

As the printed films outperformed the vacuum-deposited gold reaching 15.8 A cm™ and
55.6 A cm™ for gold and silver, respectively, they were compared further. The two printed metal
nanoparticle inks showed an almost constant conductivity in the on-state at negative V, for a
source—drain bias of —10 mV to —1 V. The devices with silver electrodes surpassed the VEGTs
with printed gold by a factor of 4-5 (see Figure 6.27). However, they also exhibited an increased
conductivity in the off-state, especially at V4 = —1 V. The highest on-conductivities were reached
at Vo=-2V with 6.9 S mm™ and 1.6 S mm™ for silver and gold electrodes, respectively. As

discussed before, the conductivity in the on-state was most probably limited by the lead resistance
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which was significantly smaller for the silver electrodes due to the device design with very short
contacts. The output characteristics (see Figure 6.27) showed a linear behavior for low source—
drain voltages for both devices. Besides identical lead dimensions, a thorough analysis of contact
resistances would require either different channel lengths with identical three-dimensional
networks, or voltage probes within the channel. As both options are hard to realize with the
vertical device structure, no reliable information about the contact resistance can be given here.
Furthermore, the printed metal films could form a film partly wrapping around nanotubes at the
top electrode. This increased contact area was shown to be beneficial to reduce the contact
resistance.!'>>! Considering the bottom electrode, the increased roughness — compared to the

evaporated metals — might additionally improve charge injection by electric field enhancement.

While short lead lengths (<2 mm) were used for printed silver electrodes, applications in all-
printed devices beyond individual transistors require longer interconnects. The printed gold
electrodes however exhibited lead lengths of more than 15 mm. The so far limiting resistances
along the gold leads could be overcome by increasing the lead width or thickness. The inkjet
printed gold electrodes were hence chosen for flexible, all-printed carbon nanotube transistors that

will be investigated in the next chapter.
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Figure 6.27: Comparison of printed silver (left) and gold (right) electrodes: Area-normalized
conductivity at different source—drain bias (top) and output characteristics (middle, bottom: zoom-in).

Note the different drain voltage scales for silver and gold electrodes.
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CHAPTER 7

FLEXIBLE TRANSISTORS

In this chapter vertical and lateral all-printed CNT
transistors are fabricated on flexible substrates and their

performance is evaluated with respect to bending.
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This chapter contains yet unpublished results. The gold nanoparticle electrodes used here were

inkjet printed by M. Held (group of Dr. G. Herndndez-Sosa at KIT, Karlsruhe, Germany).

7.1. Introduction

Over the past few years it has been shown that carbon nanotubes can be integrated in flexible and
even stretchable devices while still largely maintaining their good charge transport properties (see
section 2.3.2). CNTs were printed with various methods, e.g. inkjet and gravure printing, and
incorporated into devices. In this work, the reproducibility of aerosol-jet printed CNTs in field-
effect transistors was studied (see chapter 5). The vertical device architecture presented in
chapter 6 utilized electrolyte-gating, a method that was also previously used in various flexible
devices.[148: 149, 151, 152,233,234, 239, 255. 2771 Byrthermore, printed electrodes were introduced with this
structure. It should thus be possible to create all-printed, flexible devices by combining these

methods and transferring the manufacturing processes to a flexible substrate.

Flexible vertical device architectures demonstrated previously relied on advanced manufacturing
techniques and are not compatible with printing processes.[*?**?! Additionally, either high
voltages were required or low currents were achieved while no gate leakages were reported. In
this chapter, vertical and lateral electrolyte-gated transistors with inkjet printed gold electrodes,
an aerosol-jet printed CNT semiconductor, and drop-cast ion-gels on flexible plastic substrates
are presented. The two device architectures with identical materials are compared with respect to
their footprint at similar on-conductances, switching behavior in inert and ambient atmosphere as

well as their response to repeated bending.

7.2. Vertical and Lateral CNT Transistors Directly Printed on Plastic Substrates

The all-printed VEGTSs presented in section 6.6 were prepared on polyethylene naphthalate (PEN)
foils (thickness 125 um) cut into 20x25 mm? pieces, i.e. the same substrate size as the glass used
before. The PEN foil is stable at temperatures below 160 °C and resists at least temporary
exposure to solvents such as isopropanol, toluene, and THF. It is thus compatible with the
temperatures required during printing (up to 100 °C) and annealing (155 °C) and can withstand
the chemicals used for cleaning, printing, and subsequent rinsing. In addition to the vertical

devices, lateral electrolyte-gated transistors (LEGTs) were fabricated and analyzed. The sample
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layout for both structures is depicted in Figure 7.1. The gold electrodes were inkjet printed with
a subsequent annealing step while the (6,5) nanotubes were aerosol-jet printed followed by careful
rinsing with THF and IPA in each case. 10 layers of CNTs were printed from an initial ink
concentration of 3.0 mg L™! to reach a thickness of around 150 nm for the VEGTs. The LEGT
electrodes were covered with 2 layers printed from the same CNT dispersion at a concentration
of 1.5 mg L™! The printing pattern in both cases was a rectangular grid with a line-spacing of
25 um thus ensuring a dense network over the whole channel area. The channel length of the
lateral devices was around 50 um as defined by the distance between the gold electrodes. The
relatively large channel length was chosen to prevent source—drain shorts due to ink spills or
uneven edges. For the vertical transistors, the channel length was defined by the CNT film
thickness and thus around 130 nm as discussed in section 6.6. The ion-gel was drop-cast instead
of spin-coated on top of the devices after annealing for at least 1 hour at 150 °C under nitrogen

atmosphere.

i
Y

1

5mm

Figure 7.1: Sample layout for vertical (left) and lateral (right) electrolyte-gated transistors on flexible

PEN substrates. The printed CNTs are colored purple and the drop-casted ion-gel is grey.

For the electrical characterization of the initial transistor properties, the devices were kept within
nitrogen atmosphere, but had to be exposed to air for bending experiments later (see section 7.3).
Both device architectures showed comparable device performances as evident from the transfer
characteristics (see Figure 7.2). The on-currents for holes were within the same order of
magnitude, i.e. (9.6 £0.3) mA and (6.2 + 0.4) mA were obtained at V4 =—-1V for VEGTs and
LEGTs, respectively. The off-currents were on average around 100 nA for VEGTs and twice as
high for the lateral architecture which might be explained by the larger ion-gel and electrode areas

leading to increased ionic and capacitive currents in the device. Although the LEGTs showed a
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lower turn-on voltage (50 to 450 mV) for the sweep from the off- towards the on-state, the
variations between individual transistors and the hysteresis were larger. The VEGTs showed
almost identical transfer characteristics with a turn-on voltage of 550 mV measured at
Vis = =100 mV. It should be noted that the hysteresis decreased after repeated measurement of the
transfer characteristics in inert atmosphere for all devices. Figure 7.2 illustrates this for
representative transistors with the 1*' set of measurements shown together with the 5™ or 3 set of
measurements for the same VEGT or LEGT, respectively. The depicted transfer characteristics
were measured with the same settings, i.e. an integration time of 0.1 s and gate voltage steps of
0.05 V, while different gate voltage steps and integration times were used between these
measurements. The hysteresis was further decreased during subsequent measurements that were

performed in air after storing the devices under nitrogen atmosphere overnight (compare
Figure 7.4).
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Figure 7.2: Representative transfer characteristics of a VEGT (left) and an LEGT (right) at a source—

drain bias of —100 mV and —1000 mV. For both devices, the 1" measurement is shown (red and light

green) together with the 5" (VEGT) or 3" (LEGT) measurement of a transfer characteristics (yellow
and dark green) performed with the same settings, illustrating the decrease of hysteresis after

repeated measurements.

The response of the device to the applied gate voltage in electrolyte-gated devices generally
depends on the sweep rate as the velocity of the ion drift within the ion-gel is limited. The

transistors closest to the gate pad were measured at V4, = —100 mV with different gate voltage
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steps 4V, of 0.01 V to 0.1 V to evaluate the influence of the sweep rate (see Figure 7.3). Both
devices exhibited basically unchanged turn-on voltages for all sweep rates. With larger gate
voltage steps the turn-off of the transistor shifted towards more positive gate voltages and the
hysteresis increased significantly. Remarkably, the hysteresis was generally lower for the vertical
architecture. Even a measurement with a gate voltage step of 0.5 V resulted in clearly visible
switching of the device, although with further increased hysteresis. The on-currents were
reproducible for all gate voltage step widths while the off-currents increased slightly due to higher
gate leakages caused by capacitive charging. Although the smallest used 4V, resulted in the least
hysteresis, the duration of a single measurement was around 10 min for these settings. For further

experiments a step size of 0.05 V was chosen as compromise between hysteresis and duration of

the measurement.
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Figure 7.3: Transfer characteristics depending on the gate voltage step width (0.01 V to 0.5 V, green
to red) acquired for the VEGT (left) and LEGT (right) closest to the gate pad at Vi = —100 mV.

Both types of electrolyte-gated transistors were able to reach on-currents of several mA while
maintaining an off-current level in the p A regime. It should thus be possible to drive light-emitting
diodes (LEDs) with these transistors, as the required currents are in the same range even for large
area display backplanes.[***! For visualization of the switching process the source and drain
contacts were connected in series with a red LED. Due to the voltage drop across the diode, a total
external potential of —2.5 V was applied. Figure 7.4 shows the resulting transfer characteristics

with on-currents around 5 mA. During a gate voltage sweep, the intensity of the LED could be
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tuned from completely on to completely off. The LED was slightly brighter at V, = -2 V when
driven by the VEGT due to the higher on-currents. As the LEGT exhibited higher electron currents
for positive gate voltages, the diode also turned on partly at V, = +2 V. This example demonstrates
that both architectures of printed electrolyte-gated transistors can supply sufficiently high currents

to drive light-emitting diodes.
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Figure 7.4: Printed electrolyte-gated transistors used to drive a red LED: Photographs of the setup
(top) for VEGT (left) and LEGT (right). The transfer characteristics (middle) were recorded during
the measurement with a drive bias of -2.5 V according to the circuit diagram (top middle). The
photographs at the bottom show the status of the LED during a single gate voltage sweep from
Ve==2VitoV,=+2V.
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7.3. Bending Vertical and Lateral EGTs

The response towards deformation of devices printed on PEN substrates was investigated by
bending the samples around metal rods with different diameters. The substrates were fixed with
tape and/or clamps and the electrodes were contacted via needles on micro-positioners. This
ensured a good contact and reliable bending radii which were extracted from the rod diameter.
The given bending radius R of the active transistor does not take into account the negligible
thickness of the PEN substrate (125 um). The transistors were exposed to air for at least 4 days
before starting the measurements. While the transfer characteristics did not show any significant
differences to those measured in dry nitrogen, the gate currents of the LEGTs were increased by
one order of magnitude (compare Figure 7.2 and Figure 7.5). Although the PEN substrate is
mechanically flexible, plastic deformation at bending radii of less than 2 mm was observed and
thus limited the minimal bending radius. While the bending direction does not play a role for
VEGTs, it was chosen to be perpendicular to the channel for the lateral transistors. The electrode

geometry thus prevented complete and uniform bending of the LEGTSs around rods with a radius

of less than 5 mm.
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Figure 7.5: Transfer characteristics at Vas = —100 mV of a VEGT (left) and LEGT (right) at different

bending radii compared to the unbent sample (green, co).

For both architectures, an increase of hysteresis and a decrease of the on-currents were observed
with decreasing bending radius, but the LEGTs seemed to be slightly less affected by the

deformation. Regarding the LEGTs, a shift towards more positive gate voltages of the forward
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sweep (-2 V — +2 V) during bending at R =17.5 mm occurred and remained thereafter. In
contrast to that, the reverse sweep (+2 V — =2 V) shifted continuously with decreasing R towards
more negative V, and thereby increased the hysteresis in VEGTs. However, the on-currents also
decreased (compared to the measurement performed at R=5mm) with a subsequent
measurement in the unbent position while the hysteresis remained unchanged (see Figure 7.6). It
should be noted that the sequence of measurements was from the unbent status towards smaller
bending radii. The measurement of 10 consecutive transfer characteristics at R = oo also resulted
in continuously decreasing on-currents yet constant hysteresis. Hence, the previously observed
changes in on-currents cannot be reliably attributed to the bending of the devices but might also

be a degradation effect of the devices during repeated measurements in air.
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Figure 7.6: The influence of repeated measurements of transfer characteristics at Vs = —100 mV for
a VEGT (left) and an LEGT (right) can be seen when returning to a flat substrate after bending (top)

as well as in consecutive measurements of the same device without bending (bottom).
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In addition to stable device performance at different bending radii, it is also important that the
devices can withstand repeated bending. The VEGTs were thus bent automatically from R = oo to
R =5 mm and measured in the flat position at the beginning and after 100 and 1000 cycles. The
same experiment was repeated for the LEGTs with measurements after 100 and 680 cycles. The
lower cycle number here originates from a detachment of the sample from the machine used for
bending during the experiment. The transfer characteristics exhibited a constant hysteresis for all
devices (see Figure 7.7) and successively decreasing on-currents for the LEGTs. Measurements
at Vys=—1V overall showed a current decrease by a factor of 2 for hole as well as electron
transport. The VEGTs however exhibited increasing on-currents and a slight shift of the entire
transfer curve towards more positive gate voltages. Measurements at higher source-drain bias
reproduced the same trend with additionally increasing electron current at positive gate voltages.
The overall increased currents might originate from a deformation of the CNT film, e.g. decreased
thickness, thus shortening of the effective length of charge-transport paths through the vertical
channel. Additionally, doping by oxygen and water from ambient air might increase during
bending and thus cause these effects.!*3!- 4321 Qverall, the observed changes were relatively small
with an average increase of the on-currents by a factor of 1.3 and a shift of the turn-on voltages
of 150 mV. Especially the vertical architecture seems to be almost unaffected by repeated
bending, however, the issue of decreasing currents with repeated measurements remains to be
solved. As this phenomenon only occurred during measurements in air, encapsulation of the

device might already be sufficient.
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Figure 7.7: Change of transfer characteristics at Vas = —100 mV for repeated bending to a radius of
5 mm for a VEGT (left) and an LEGT (right). The measurements were performed in the unbent
position before (green) and after 100 (yellow) and 1000 (VEGT, red) or 680 (LEGT, red) bending

cycles.

Both device architectures exhibited similar properties with respect to the achievable on-currents,
operation voltages, and persistence to deformation as shown in this chapter. Depending on the
individual measurement, the performance of the lateral or the vertical transistors seemed to be
superior with slight advantages for the VEGTSs. For fabrication on the flexible PEN substrates, the
same materials were used, i.e. inkjet printed gold electrodes, aerosol-jet printed (6,5) CNTs, and
the drop-cast ion-gel containing [EMIM][FAP] and P(VDF-HFP). While the channel length of
the lateral transistors was limited by the inkjet printing process, the relatively thin CNT film
enabled high on-currents and a small footprint for the vertical structure. The active area necessary
for comparable on-currents in the lateral transistors was around 0.5 mm?, in contrast to less than
0.01 mm? for the VEGTs. Including the area of electrodes and — in the case of the vertical
architecture — the increased area of CNTs to ensure a sufficient alignment margin, the total
footprint of the devices was around 0.1 mm? and 3.4 mm? for VEGTs and LEGTs, respectively.
This difference in footprint demonstrates again the potential of the vertical architecture with

semiconducting CNTs for all-printed transistors in applications where electrolyte-gating is

feasible.

The combination of flexibility, printability, and high on-currents for a small device footprint

highlights the advantages of VEGTs compared to earlier reports. Previous lateral transistors with
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similar on-conductances as the vertical transistors either required photolithographic
structuring, 8+ 4% or additional processing steps such as CNT transfer and subsequent etching,!**%
4331 each in combination with higher operation voltages of 5 to 100 V. Another report on a lateral
architecture with a footprint comparable to the printed LEGT relied on transfer of the evaporated
gold electrodes from a PDMS stamp onto the flexible substrate to form the short channel lengths
of 5 um necessary to reach the corresponding on-conductances.[*** All-printed devices used either
a composite of barium titanate and PMMA or ion-gels to ensure the printability and flexibility of
the dielectric layer.['47- 152 221. 2671 While the devices with composite dielectrics showed stable
device performances over extended storing periods and up to 1000 measurement cycles, the area-
normalized on-conductances were several orders of magnitude lower.['*’- 22!l Moreover, although
the devices were fabricated on flexible substrates, there was either no information about bending
experiments at all,[>?!! or data concerning the device performance with respect to repeated bending
was missing.!'*”! Electrolyte-gated devices were suffering from extremely low on/off-ratios of
only 138, 27 or additional nanoimprinting was required to define the electrode printing area more

(1521 yet only low on-conductances could be reached. Unfortunately, many reports do not

exactly,
provide information about the change of device performance with respect to bending, especially
with respect to repeated bending. However, using photolithographically structured electrodes,
inverters that showed an extremely good stability even after bending more than 1000 times to a
bending radius as low as 1.27 mm, were demonstrated.””®* Concerning all-printed devices,
bending to radii as small as 1 mm was presented without significant change of the transistor
characteristics.!'*” In conclusion, the here fabricated all-printed VEGTSs with gold nanoparticle

electrodes, but also the LEGTs, performed extremely well with high on-conductances while being

resistant to bending.
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CHAPTER 8

CONCLUSIONS AND OUTLOOK

In this chapter the insights gained in this thesis are
summarized and an outlook for further experiments and
applications based on aerosol-jet printed transistors with

CNTs is given.
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The goal of this thesis was to establish printed CNT networks as semiconductors in fully printed
and flexible transistors. To achieve this goal, aerosol-jet printing was demonstrated to be a
versatile tool to create directly patterned films of semiconducting (6,5) carbon nanotubes with
variable thickness. These films were successfully incorporated in different field-effect and
electrolyte-gated transistors with lateral or vertical charge transport through the semiconductor.
Eventually, all-printed transistors were fabricated on plastic substrates and stable performance

even after bending stress was observed.

As a first step, the composition of the ink based on polymer-wrapped carbon nanotubes in toluene
for aerosol-jet printing was investigated. The addition of terpineol resulted in good printability.
However, the influence of varying CNT concentration — and hence slightly altered viscosity — on
the aerosolization and deposition process requires further studies. An examination of the stability
of the nanotubes during the printing process over time showed that the sonication strength of the
ultrasonic atomizer was low enough to avoid damage to the dispersed (6,5) CNTs, but still
powerful enough to create a dense aerosol. The observed long-time stability corroborated the
suitability of aerosol-jet printing for large-area and reproducible deposition of CNT for electronic
devices. The ultrasonic atomizer requires relatively small ink volumes and offers the possibility
to test materials that are only available in small quantities and for small sample numbers, it is thus
well-suited for lab-scale experiments. The alternative pneumatic atomizer is even gentler and can
process larger ink volumes, hence aerosol-jet printing of CNTs is also promising with respect to

future upscaling and large area printing.

The aerosol-jet printed films of (6,5) carbon nanotubes were used in an established top-gate field-
effect transistor geometry. The achieved reproducibility of dense but thin networks was
comparable to previously published results for CNT films prepared from dispersion, i.e. by spin-
coating, dip-coating, or immersion. An increased thickness of the CNT films resulted in a
significantly decreased hysteresis as well as increased mobilities and on-conductance while
maintaining low off-currents. Thickness control was achieved by altering the printing pattern and
number of layers without changing the ink composition, hence the improved device performance
was achieved at the expense of increased processing times and material consumption.
Nevertheless, the established printing parameters could be kept basically constant. For sparse
CNT networks, aerosol-jet printing resulted in a large variation in local density. With the process
developed in this work, a precise control of low CNT coverage was not possible. However, dense

films could be produced with variable thickness and also for different carbon nanotube types
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dispersed in toluene with respective wrapping polymers. Such printed films have already been
used in various studies, e.g. for electrochromic devices, and are interesting for further applications

in printed circuitry and sensing.

For all-printed transistors the resolution and alignment accuracy was considered as the limiting
factor. In lateral architectures, i.e. with current flow across the channel parallel to the substrate,
the achievable conductances are limited by the channel dimensions. While a large channel width
increases the total current along with device footprint, short channel lengths are restricted by the
printing processes. Based on a recently reported vertical architecture, thick CNT films were
printed between a bottom source and an overlapping top drain electrode, resulting in current flow
perpendicular to the substrate using electrolyte-gating. The CNT network exhibited a sufficient
porosity to enable electrolyte-gating even for overlapping electrode areas with edge lengths of
several hundred micrometers. The sponge-like nanotube film and low electric fields resulted in a
response time of the transistors in the range of seconds to minutes. Three-dimensional charge
transport could be assumed for CNT films with a thickness of up to several hundred nanometers.
Aerosol-jet printed (6,5) CNT films with a thickness of 100-200 nm were free of source—drain
shorts even for printed electrodes with a large roughness. Although most of the current was
transported vertically between source and drain electrode, the electrode edges played an important
role as well. Depending on the electrode dimensions, up to almost 50 % of current were conducted
across quasi-lateral channels at the electrode edges. However, this observation does not invalidate
the usability of the vertical device architecture as the decoupling of critical device dimensions
from the printing accuracy was still achieved. Moreover, the vertical transistors outperformed
comparable electrolyte-gated lateral short-channel transistors with photographically structured

electrodes and printed nanotubes while exhibiting a more than 10-fold smaller footprint.

While the transport within the printed semiconducting layer was fairly reproducible, the measured
on-conductance depended strongly on the electrode material (evaporated or printed, metal or
mixed CNTs). In addition to the lead resistance and contact at the semiconductor—conductor
interface, the actual geometric device dimensions probably had an impact on the overall
performance. Especially variations of the dimensions of the channel area, electrode cross-section,
and lead length caused by different deposition methods made a one-to-one comparison of the
devices difficult or impossible. Moreover, the printing parameters were not entirely optimized for
the electrode materials (mixed CNTs or colloidal silver nanoparticles) and drying edges as well

as ohmic losses due to the total resistance of the conductors occurred. Nevertheless, aerosol-jet
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printing of a porous CNT film for vertical electrolyte-gated transistors was found to be compatible
with different printed electrode materials. With adapted electrode geometries and printing
parameters, fully printed devices should become reproducible and competitive. Optimizing the
device design especially with respect to the side-gate dimensions and individual addressing of
each transistor will further improve transistor performance. The use of printed electrodes here

simplifies the refinement process as pattern changes can be easily implemented and tested.

All-printed vertical and lateral transistors were also manufactured on flexible PEN substrates with
inkjet printed gold electrodes. While both device types showed good transfer characteristics, the
lateral transistors required a 30 times larger footprint to achieve on-currents comparable to those
of vertical transistors. Both architectures were largely resistant to repeated outward bending
(tensile strain) but unfortunately showed degradation during measurement in air. The total on-
currents were sufficiently high to drive a red LED and outperformed previously reported values
for transistors with printed CNTs. However, the devices presented here only showed the proof-
of-concept and further experiments are necessary to reveal their full potential. Future work on
flexible aerosol-jet printed nanotube transistors should also include inward and outward bending.
Furthermore, the device performance should be evaluated after bending along different directions.
While it is expected that a potential performance change does not depend on the bending direction
for the vertical devices, the lateral transistors might show differences upon bending parallel or
perpendicular to the channel. Encapsulation might be helpful to avoid degradation in air and
additionally prevent possible detachment of structures from the substrate. The minimum bending
radius could be further improved with alternative substrate materials such as silicone elastomers
that enable three-dimensional deformation with sub-millimeter bending radii and possibly
stretchability.[?®2! With these substrates, the true limitations especially of VEGTSs could also be
evaluated. So far, it remains unclear, how tolerant the transistors are to wrinkling, folding, and
stretching. The limiting factor for these investigations was the necessity of mechanically stable
and conductive electrodes on ultra-flexible and stretchable substrates while nanotube networks
are expected to be ideal for all kinds of deformations. Although stretchable conductors have been
presented before, the adoption of the respective processes was beyond the scope of this thesis.
Preliminary experiments on aerosol-jet printing of CNTs on stretchable substrates already resulted
in closed and stable films that were visible to the naked eye. With suitable electrodes, stretchable

devices based on aerosol-jet printed nanotubes should thus be feasible.
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Within this thesis, the suitability of carbon nanotubes for vertical electrolyte-gated transistors was
demonstrated. The response time of the electrolyte-gated, three-dimensional CNT networks
presented in this work was too long for high-frequency applications. Optimization of the entire
device geometry could however further improve the device performance and enable integrated
circuits. Additionally, the compatibility of this architecture to printing processes in combination
with electrolyte-gating offers the opportunity for high throughput — and thus low-cost — fabrication
of single-use sensors. The high drain-currents that were achieved would simplify the readout.

(18] and similar

CNTs have already been successfully used for electrostatic biosensing,
functionality should be possible for the vertical transistors. Especially for sensing applications,
the reproducibility of devices is not as critical as calibration experiments are usually performed

prior to the actual measurement.

The already good reproducibility of the performance of aerosol-jet printed CNT transistors could
be further improved by ensuring an optimized and steady ink composition. To achieve that, the
influence of different ink parameters, e.g. material loading, filling level, and viscosity, on the
aerosol formation and composition should be further investigated. Continuous monitoring of the
ink composition may enable tailored addition of nanotube dispersion or solvents to obtain a

constant filling level and ink formulation over extended printing times.

In this work, aerosol-jet printing of semiconducting CNTs for different transistor architectures
was demonstrated with promising results even on flexible substrates. Optimized processing and
device geometries could further improve the transistor performance. In conclusion, this work
represents another step towards the successful utilization of fully printed transistors based on

carbon nanotubes for a variety of applications.
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APPENDIX

A. LIST OF FREQUENTLY USED ABBREVIATIONS

(c-) AFM
Al
ALD
CNT
CVD
DNA
DOS
EDLT
EGT
EMIM
FAP
FET
HfOx
IPA
ISFET
LED
LEGT
m-CNT
NIR
NMP
OECT

(Conductive) atomic force microscope
Aerosol-jet

Atomic layer deposition
Semiconducting carbon nanotube, if not mentioned otherwise
Chemical vapor deposition
Deoxyribonucleic acid

Density of states

Electric double-layer transistor
Electrolyte-gated transistor
1-ethyl-3-methylimidazolium
tris(pentaflouroethyl)trifluorophosphate
Field-effect transistor

Hafnium oxide

Isopropyl alcohole (propan-2-ol)
Ion-sensitive field-effect transistor
Light-emitting diode

Lateral electrolyte-gated transistor
Metallic carbon nanotube
Near-infrared

N-methylpyrrolidone

Organic electrochemical transistor

201



Appendix

OEGT
P(VDF-HFP)
P3HT
PDMS
PEDOT
PEG
PEN
PFO-BPy
PMMA
PSS
PTFE
PVP
RBM
RFID
SC

SDS
SEM
TDMAH
TFT

uv
VEGT

Vis

Organic electrolyte-gated transistor

Poly(vinylidene fluoride-co-hexafluoropropylene)

Poly(3-hexylthiophene)
Poly(dimethylsiloxane)
Poly(3,4-ethylenedioxythiophene)
Poly(ethylene glycol)
Poly(ethylene naphthalate)

Poly[(9,9-dioctylfluorenyl-2,7-diyl)-alt-co-(6,6'-(2,2'-bipyridine))]

Poly(methyl methacrylate)
Poly(styrene sulfonic acid)
Poly(tetrafluoroethylene)
Poly(vynilphenol)

Radial breathing mode
Radiofrequency identification
Sodium cholate

Sodium dodecyl sulfate
Scanning electron microscope
Tetrakis(dimethylamino)hafnium
Thin film transistor

Ultraviolet

Vertical electrolyte-gated transistor

Visible
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B. LIST OF FREQUENTLY USED SYMBOLS

(n,m)

u
A

Vds

V()n
Vin

Wd/x

€o/r

Notation of the CNT chirality
Charge carrier mobility

Area

Capacitance

Concentration

Energy

Electron

Electric field

Conductance

Hole

Current

Source—drain current

Gate current / gate leakage
Channel length

Charge

Bending radius

Subthreshold slope
Thickness

Velocity (of the AJ printer stage)
Volume

Source—drain voltage

Gate voltage

Turn-on voltage

Threshold voltage

Channel width

Width of drain/source electrode
Difference

Vacuum/Relative permittivity
Chiral angle

Wavelength

Raman shift
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C. LIST OF FIGURES

Figure 2.1: Depiction of CNT chiralities with chiral angle ® and chiral vector c. as well as the
unit cell, and the unit vectors a1 and a2 leading to the (n,m) notation. Additionally, zigzag and
armchair CNTs are illustrated with the direction of their chiral vectors and the structure of the C-
C bonds along the CITCUMIEIENCE. ......oovciiiiiiiiiiie e e s aae e saaeeesaee s 7
Figure 2.2: Band structure of graphene along K-I'-M—-K"’ (left) and contour plot of the valence
band energy in the Brillouin zone with the high symmetry points I', K, K’, and M (right)........... 8
Figure 2.3: Cutting lines for four different CNT chiralities: semiconducting (4,2) and (6,5) as well
as metallic (5,5) and (6,3). The reciprocal vectors K¢ and Kr are given next to each depiction. The
edges of the grey hexagon are the K and K’ points, while the I" point is in the center of the hexagon.
The dashed lines elongate the cutting lines for (6,3) and (6,5) CNTs for better visibility of the
cutting through the K POINt. .....ccceiiiiiiiiiiiee e 10
Figure 2.4: Density of states for a metallic (5,5) CNT (left) and a semiconducting (6,5) CNT
(right). Note that DOS # 0 between the first van Hove singularities for the (5,5) CNT but equals
0 for the (6,5) CNT. The optical transitions of emission (Ei1) and absorption (Ei1, E22, E33) are
depicted for the (6,5) CNT (right). A dataset supplied by Maruyama was used for plotting the

Figure 2.5: Kataura plot for calculated (solid symbols) and experimentally determined (open
symbols) optical transitions for semiconducting (Ei1 and E22) and metallic (E11 only) CNTs. The
position of the Ei1 and Ej; transitions of (6,5) CNTs is highlighted as an example. A dataset
supplied by Maruyama was used for plotting the calculated transitions.®? ..............c.cccooevevnee. 12
Figure 2.6: Absorbance spectra of two different CNT dispersions containing different CNT
chiralities measured in toluene dispersion. Chiralities are labelled in the E1; transition area (1000—
1500 nm). The Es» transitions are in the visible range (600—800 nm). ........cccevveeriveeriieennieennnne. 13
Figure 2.7: Excitation—emission map of a dispersion of polymer-wrapped CNTs in toluene.
Reproduced with permission from ACS Appl. Mater. Interfaces 2016, 8, 5571-5579.33 ... 14
Figure 2.8: Important notations illustrated in a staggered top-gate transistor. .........cc.cccceeeueennee. 20
Figure 2.9: Device architectures for thin-film transistors: Staggered (left) and coplanar (right)
stacks with top and DOLtOM GALE. .......cccuiiiiiieeiiie ettt e e e e e e e e e eaeeeenbaeesasee s 21
Figure 2.10: Output characteristics for a constant gate voltage with linear and saturation regime
(left). Schematic illustrations of charge carrier accumulation in the linear regime (right, bottom)

and pinch-off point in the saturation regime (right, tOpP). ......ccoooveeeriieiriieriiiereeeeeeeeeeee e 24
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Figure 2.11: Determination of turn-on and threshold voltage from the transfer characteristics in
semi-logarithmic (left axis, blue curves) and linear (right axis, yellow and red curves) current
SCALES. .ttt h et h e et e b e e et e e bt e e a bt e bt e e abe e bt e sab e e bt e ehbeebeesabeen 25
Figure 2.12: Transfer characteristics (left) and output characteristics for positive voltages (right)
Of AMbBIPOLAT TTANSISTOTS. ¢eeuttiiiiiiieiitee ettt e ettt e et e e st e e sabbeesabteesabeeesabeeesaneeas 29
Figure 2.13: Schematic of different CNT film structures: individual tubes, parallel arrays, aligned
networks, and random networks (1eft t0 TIZht).........ccccuiiiriiiieriiieiiie e 30
Figure 2.14: Mobility vs on/off-ratio for various published CNT transistors depending on
alignment, channel length and deposition method. %30 52 100. 140, 144-147. 150, 162, 166-176] «Thjg work™
indicates the performance of aerosol-jet printed (6,5) CNTs in a staggered top-gate transistor. 32
Figure 2.15: Cross-sectional view of an electrolyte-gated transistor with semiconducting CNTs
and a side-gate. The accumulation of cations and anions (red and blue, respectively) is depicted
for negative gate voltages. The electric double-layer is depicted at the gate electrode only. Holes
are accumulated in the CNT f1lm. ....oouiiiiiiii e 33
Figure 2.16: Illustration of electronic (bottom) and ionic (right) circuits in an electrolyte gated
transistor as adopted from literature. /™1 ..., 34
Figure 2.17: Schematic illustration of different printing methods: flexography (top left), gravure
printing (top right), offset printing (bottom left), and rotary screen printing (bottom right)....... 41
Figure 2.18: Illustration of aerosol-jet printing setup with an ultrasonic atomizer. Adopted with
permission from Adv. Electron. Mater. 2017, 3, 1700080.155% ..o, 45
Figure 3.1: Aerosol Jet 200 atOMIZET UNIt..........cccvuieeiieeeiireeiieeeeiieeeteeeereeeeereeeeereeereeeeaneeenneeas 50
Figure 3.2: Photographs of the original (top) and customized (bottom) vial holders depicting all
individual parts (left) and the completely assembled holders (right). The customized holder
enables the use of disposable parts directly in contact with the inK. ..........cccccceevviieniieenceeennen. 51
Figure 3.3: Close-up photograph of the stage area of the aerosol-jet printer. A substrate is placed
on the movable stage; the distance to the printer nozzle is several millimeters. The shutter can be
seen below the printer head and nozzle. The alignment camera is visible in the right part of the
110 (TSP 52
Figure 3.4: Electrode structure used for aerosol-jet printing of silver nanoparticles as electrodes
in vertical electrolyte-gated transistors including the depiction of printed CNTs (purple). ........ 55
Figure 3.5: Measurement of flexible transistors: Bending around metal rods with different

diameters (left) and automated repeated bending cycles (right). ........cccceevveeeiiieiiiieeniieeeieeeen. 60

206



Appendix

Figure 5.1: Absorbance spectra of polymer-wrapped (6,5) CNTs in toluene as dispersed (blue)
and after washing and redispersion (yellow). Both spectra are normalized to the E11 peak at
995 nm and were background corrected to achieve a linear baseline. The polymer absorbance
(<400 nm) for the as dispersed material is about 6 times larger than the E11 transition of the
CINTTS. ettt et h ettt h et a e bt et e et e e bt e bt e ab e eb e e bt e et e bt e bt eab e bt ettt et e b eates 75
Figure 5.2: Optical images of printing output at different carrier gas flows (left to right:
12 — 13 — 14 — 15 sccm) showing the shift from individual droplets to a complete film filling the
printed line. All micrographs were adjusted for contrast and brightness for better visibility. Scale
DATS AT 20 JUIML. .eeiiiiiiiiieeeit ettt ettt ettt ettt e ettt et e st e et e e ab e e e ab e e e bt e e sbbeesbbeeebteeeabeeea 77
Figure 5.3: AFM images of printed (6,5) CNTs showing very low density, bundling, a sparse
network and a reasonably homogeneous CNT film (left to right). Scale bars are 500 nm. ......... 79
Figure 5.4: Left: Typical AFM image for length determination of printed nanotubes showing
manually inserted measurement splines (blue). The scale bar is 500 nm. The statistical evaluation
of CNT length versus sonication time (right) shows almost no decrease in length. .................... 81
Figure 5.5: Raman spectrum of (6,5) CNTs and statistical evaluation of the G*/2D-ratio versus
SOMICALION TIIMIE. ...eeiutieiiieitiette ettt ettt e et e e e bt e e bt e bt e eab e e bt e e st e e bt e sabeenbeesabeebeesabeenbeesaeeenseas 82
Figure 5.6: Absorbance spectra of CNT ink remaining in the ink vial measured after printing
different CNT path 1enGths. .....ccocuoiiiiiiiiii et 83
Figure 5.7: Photograph of ink vials fresh (left) and after printing (6,5) nanotubes for several
projects (right) illustrating the material deposition in the upper part of the vial. The photographs
were adjusted for brightness and contrast to increase Visibility. ........ccoceeeviieriiiiinniiiniiieeniieene, 84

Figure 5.8: G*-band intensity normalized to the silicon peak intensity at 520 cm™!

of squares
printed on silicon substrates from inks with different initial ink volumes (top: 1.0 mL, bottom:
0.4 mL) and CNT concentration (left to right: 1.8, 0.9, 0.4, and 0.2 mg L") acquired by Raman
mapping. The average values including the standard deviation are given next to the individual
TITEA@ES .. eeuvteeitte et te ettt e ettt e ettt e et e e e abt e e sab e e e e ab e e e ab e e eaat e e eab b e e e abaeeea bt e e eabt e e ab e e e bt e e e hbeesbbeeeabaeeeabeeenanee 85
Figure 5.9: AFM images taken in the middle of the printed squares printed on silicon from inks
with different initial ink volumes (top: 1.0 mL, bottom: 0.4 mL) and CNT concentrations (left to
right: 1.8, 0.9, 0.4, and 0.2 mg L™"). Scale bars are 1 U8 1o USSR 86
Figure 5.10: Decrease of Raman intensity, i.e. amount of CNTs deposited, from the 1* FET (left)

and last, i.e. 128" FET, all printed consecutively from one ink. The total Raman intensity count

of the displayed area is given above the Raman maps. .........ccccccveeriiiieniieeniiieeeieeeeeeee e 86
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Figure 5.11: Schematic device structure: Interdigitated source and drain gold electrodes on glass,
printed CNTs, a hybrid dielectric of PMMA and HfOx, and a silver top gate..........cccccceceeeuneenee. 88
Figure 5.12: Averaged transfer characteristics for FETs with printed (6,5) CNTs with channel
lengths of 5 um (left, 44 FETs) and 40 um (right, 48 FETs) including the standard deviation
(shaded areas) for three different source—drain voltages: —0.1 V (black), —1.0 V (blue), and -5 V
(red). Note that the standard deviation was determined from the logarithmized current values. 89
Figure 5.13: On- (at Vg = =5 V) and off-conductances for V4s = —1 V versus total number of
transistors with printed (6,5) CNTs. Three separately prepared inks are shown for two channel
lengths (left: 5 um and right: 40 um). The total printed path length of 100 samples is more than
000 MM ..ttt ettt ettt et s bttt e s bt e bt e e ettt eeat e e bt e s ae e et esateeneenaaeenees 90
Figure 5.14: Statistical evaluation of device characteristics for L =5 um (left column) and

L =40 um (right column): Turn-on-voltage (top) extracted at Vgs =—0.1 V, on-current (middle)

and on/off-ratio, both extracted at Vas = —1.0 V. oo 92
Figure 5.15: Best on/off-ratios achieved with an FET with of AJ printed (6,5) CNTs with L =5
um: 1.8-10% for holes at Vs =—3 V and 6.1-107 for electrons at Vas=+3 V. .ccovvvvvvvevevevevennnn. 94

Figure 5.16: Calculated device mobilities for one set of consecutively printed transistors from
one (6,5) CNT ink for L =5 um (left) and L = 40 um (right). While the hole mobilities (red, top)
show device-to-device variations, the electron mobility (blue, bottom) decreases with the number
of printed FETs. Note the different mobility scales for the long and short channels. ................. 95
Figure 5.17: Comparison of AJ printed (yellow) and spin-coated FETs with a thin (red) and thick
(green) CNT film for a channel length of 40 Um..........oocciiiiiiiiiiiiiii e 96
Figure 5.18: Reduction of hysteresis by increased material deposition (statistical quantification
on the left and representative transfer characteristics on the right) by printing from a higher CNT
concentration (light green) or reducing the pitch between adjacent lines (dark green) compared to
the original material depOSION (T€A)......ceevireriieeiiieeiiee ettt e e reeeere e e e e saeeesnnee s 99
Figure 5.19: Reduction of hysteresis by depositing multiple layers of CNTs: Quantification via
the reduction in the difference between the turn-on voltages in forward and reverse sweep AVon
(left) for both, holes (red) and electrons (blue). Rinsing after each deposited layer (open symbols)
instead of rinsing only after printing all layers (solid symbols) further reduces the hysteresis.
Representative transfer characteristics for 1 to 4 printed layers are shown on the right. .......... 100
Figure 5.20: Photograph of a printed CNT films visible to the naked eye (left) and transfer
characteristics of FETs fabricated from such thick films for two channel lengths. Scale bar in the

left image is 5 mm, the film is surrounded by alignment markers printed with Ag ink. ........... 101
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Figure 5.21: AFM images of CNT networks printed with varying stage speed (0.3 to 2.0 mm s™!

as labelled above the individual images) illustrating the non-linear behavior of CNT density with
PIINEING SPEEA. ..veeeuriieeiieeeiieeeiee ettt et ee et eeerteeestteestaeesstaeesssaeesssaeenssaeeasseeensseeessseesssseesnseeensseens 104
Figure 6.1: Schematic 3D (left) and cross-sectional (right) view of the VEGT structure. The CNT
network is colored in purple and the ion-gel consisting of the polymer P(VDF-HFP) and the
[EMIM][FAP] ionic liquid in grey. In the cross-sectional view the state for Vo <0 V is depicted
with negative charging of the gate electrode and the resulting accumulation of [FAP] ions in the
channel area and thus hole current (1&d)........ccvuveeeiiiiiiiiiieeieec e 107
Figure 6.2: Representative current—voltage measurements (left) and extracted device resistances
for vertical transport through CNT networks depending on the CNT film thickness (right).....109
Figure 6.3: Height images (top row) and normalized contact current maps (bottom row) recorded
simultaneously for CNT films with different thicknesses: approx. 150 nm (left), 250 nm (middle),
and 650 nm (right). Scale bars are S00 NIML........c.eeeriiiiiiiiiiie e 110
Figure 6.4: Temporal response of the Raman signal to an applied gate field change from 0 V to
—2 V and vice versa, recorded in the middle of the electrode overlap area in a VEGT excited by a
532 NN LASET. ittt et ettt ettt et a bt e bt e et e bt e sabeebeesaeeens 111
Figure 6.5: Raman map of G*-band peak area (left top), ratio of the G*-band peak area of doped
to undoped state (left bottom) and representative Raman spectra at different positions of the VEGT
(TTEIIE). ettt ettt et et e e s e bt e bt e a e e s bt e been e e e he et e en e e bt et e enteeheenbeeneenaeenne 112
Figure 6.6: Raman maps of normalized G* peak area (top row). The ratio of the G* peak area of
doped to undoped state is shown in the bottom row for CNT layers with a thickness of 602, 307,
116, and 65 nm (left to right). The average ratios are given in the images and indicate complete
doping of the whole network areas in all SAMPIES........ccceeeriiieiiieriiieriie e 113
Figure 6.7: Absorbance spectrum showing only (6,5) CNTs (left) and Raman spectra of a drop-
cast film from the same CNT dispersion revealing more chiralities (right, solid lines) for excitation
at 532 (green) and 633 nm (red). For other samples, Raman spectroscopy also resolved slightly
increased m-CNT content (right, dashed green line, excitation at 532 nm) that were not visible in
the ADSOTDANCE SPECITA. ....vviieiiiieeiiieeiie ettt eetee et ee et e ettt eeteeeeteeessteeessaee e sseeessaeensseesnsneenseeenns 115
Figure 6.8: Transfer characteristics at Vgs =—100 mV of VEGTs with a negligible m-CNT
content (green) in contrast to devices with CNT layers containing different degrees of m-CNT

impurities from not measurable by Raman spectroscopy (yellow) to a measurable content (red).
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Figure 6.9: Transfer characteristics (left) and switching behavior over several cycles (middle) of
an ionic liquid gated VEGT for Vgs = —-10 mV. A zoom-in to an on-switching process shows the
current response within seconds to the applied negative gate voltage (right). ........c.cceeevvenneee. 117
Figure 6.10: Sample layouts to study their impact on the device characteristics: One complete
substrate with 14 VEGTs (top left) and the standard configuration with 100 x 100 and
200 x 200 pm? electrode overlap (7 VEGTs each, top right) used for determining reproducibility
and CNT film thickness dependence. The variable electrode overlap areas (bottom left) are shown
for Wq = 200 um (a corresponding structure was used for Wq = 100 um). Different CNT printing
area sizes at constant electrode width (bottom right) complete the possible geometric variations.
The CNT deposition area is shaded in purple, bottom electrodes are dark gold and top electrodes
e oL o) o SRS R R 118
Figure 6.11: Transfer characteristics of VEGTSs at Vgs = —100 mV with different areas of CNT
deposition defined by the edge length of the printed squares W (left) and evaluation of the
respective on-currents with respect to the edge length of the printed film (middle) and the CNT
film thickness (right). The data point labels given in the middle and on the right refer to the
thickness in nm and W in m, reSPeCtiVely. .......ccvuiieiiiieiiieeiieeeiee et 119
Figure 6.12: Thickness-dependent transfer characteristics for CNT films of 51 to 609 nm
thickness with an electrode overlap of 0.04 mm? (left) and evaluation of respective on-current
densities also for an electrode overlap of 0.014 mm? at source drain biases of —0.1 V and -1 V
(TIEIIE). ettt ettt et e bt et e s h et e et e s h e et e eateeh e et e enteehe et e enteene e beentenheebeentens 120
Figure 6.13: Influence of lateral device geometry tested for different electrode overlap areas:
Transfer characteristics for different bottom electrode widths W from 50 to 500 um and constant
top electrode width Wy of 140 um (left). Evaluation of on-current densities additionally also for
Wa =47 um at different source—drain biases of —0.1 V and —1 V (right). .......cceevvvervrrnnnnne. 121
Figure 6.14: Depiction of possible lateral current pathways in top view (top) and cross-sectional
views for Iws (middle) and Ty (DOttOM). ...ceeeeiiiiieieiiiee e e 122
Figure 6.15: Height profiles of gold electrode and CNT film (left) with a zoom in at the edge
(right) showing the short lateral channel (~2 um) at the edge of the bottom electrode............. 123
Figure 6.16: Linear extrapolation of on-conductance towards zero electrode width: Wq-dependent
(left) and Wi-dependent (TIZHt) .......cooeeiiiiiiiiieieee et 124
Figure 6.17: On-conductances at Wq = 0 um vs Wy (left) and W = 0 um vs Wy (right) including

linear fits. The error bars were derived from the error of the y-intercept in Figure 6.16. ......... 125
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Figure 6.18: Comparison of device characteristics (left) and layouts (to scale) of a VEGT and an
interdigitated lateral FET (Fight). .....c.cooiiiiiiiiiieee e 127
Figure 6.19: Optical micrographs of VEGTs with different electrode deposition methods and
materials: Evaporated gold, airbrushed TUBALL nanotubes, AJ printed silver nanoparticles, and
inkjet printed gold nanoparticles (left to right). All images were recorded prior to spin-coating the
ion-gel on top of the devices. Scale bars are 200 M. ......cooviiiriiiiiniiieniieeeeeeeeeeee e 128
Figure 6.20: Height profiles of the TUBALL electrode (grey) and the (6,5) CNT film (purple)
illustrating a complete coverage (left). SEM images of TUBALL bottom electrode on glass
exhibiting a sharp edge (middle) and TUBALL top electrode on (6,5) CNTs distinguishable by
increased charging of the semiconducting nanotubes (right). Scale bars are 1 um. .................. 129
Figure 6.21: Transfer characteristics of TUBALL / (6,5) CNTs / TUBALL VEGTs showing a
slight dependence on the lead length at Vgs =—0.1 V (left). Modulation of a TUBALL-TUBALL
junction by V; without any semiconductor (right). The small inset shows a micrograph of this
junction with 200 pm wide TUBALL HNES. ..ccccveeiiiiiiiiiiiieeiieeite et 130
Figure 6.22: Height profiles showing the large drying edges of the silver ink (grey) that were
nevertheless covered with (6,5) CNTs (purple). Note, that the electrode drying edges varied in
width and height as seen in the optical micrograph with indicated profilometer scan lines (right).
The scale bar in the optical micrograph is 100 M. ...coooiiiiiiiiiiiiiiiieeeeeeeeeee e 131
Figure 6.23: Transfer characteristics of printed Ag / (6,5) CNTs / printed Ag VEGTs for source—
drain biases of —1 mV to —1 V (left). On/off switching cycle of a VEGT at V4s = —10 mV showing
the fast response to Vg = -2 V (on) and slow response over 30 min to Vg = 0.5 V (off)........... 132
Figure 6.24: Height profiles of the bottom Au electrode and the (6,5) CNT film on top of it (left)
and the CNT film thickness calculated from the height difference between those two scans (right).
Note that the scans could not be performed at the exact Same SPOt. ........ceeveeerveeerieerieeerinneens 133
Figure 6.25: Transfer characteristics of printed Au / (6,5) CNTs / printed Au VEGTs for source—
drain bias of —10 mV, —100 mV, and —1 V (left). On/off switching cycles of the VEGT at
Vs = —100 mV show the fast response to on- and off-switching at Vo = 1.5 V... 134
Figure 6.26: Current density (I¢s divided by electrode overlap area) at Vgs = —100 mV of VEGTs
with different electrode materials: Aerosol-jet printed silver, inkjet printed gold, evaporated gold,
and airbrushed TUBALL nanotubes (highest to lowest on-current density). .........ccccecuveerueennee 136
Figure 6.27: Comparison of printed silver (left) and gold (right) electrodes: Area-normalized
conductivity at different source—drain bias (top) and output characteristics (middle, bottom: zoom-

in). Note the different drain voltage scales for silver and gold electrodes. ..........cccveeveveernnnnn. 138
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Figure 7.1: Sample layout for vertical (left) and lateral (right) electrolyte-gated transistors on

flexible PEN substrates. The printed CNTs are colored purple and the drop-casted ion-gel is grey.

Figure 7.2: Representative transfer characteristics of a VEGT (left) and an LEGT (right) at a
source—drain bias of =100 mV and —1000 mV. For both devices, the 1% measurement is shown
(red and light green) together with the 5 (VEGT) or 3 (LEGT) measurement of a transfer
characteristics (yellow and dark green) performed with the same settings, illustrating the decrease
of hysteresis after repeated MEASUTEIMENTS. ........eeeuererrreerieeerieeerreeesreeesireeeareessseeesseeessseeessnes 142
Figure 7.3: Transfer characteristics depending on the gate voltage step width (0.01 V to 0.5V,
green to red) acquired for the VEGT (left) and LEGT (right) closest to the gate pad at
Vs = =100 MV .ottt ettt et ettt et e sttt e st ebeeeae 143
Figure 7.4: Printed electrolyte-gated transistors used to drive a red LED: Photographs of the setup
(top) for VEGT (left) and LEGT (right). The transfer characteristics (middle) were recorded
during the measurement with a drive bias of -2.5 V according to the circuit diagram (top middle).
The photographs at the bottom show the status of the LED during a single gate voltage sweep
from Vg = =2 V10 Vg = 42 V. ettt 144
Figure 7.5: Transfer characteristics at Vgs =—-100 mV of a VEGT (left) and LEGT (right) at
different bending radii compared to the unbent sample (green, ©0).........cccceevveeerveercreeencneeennne 145
Figure 7.6: The influence of repeated measurements of transfer characteristics at Vgs = =100 mV
for a VEGT (left) and an LEGT (right) can be seen when returning to a flat substrate after bending
(top) as well as in consecutive measurements of the same device without bending (bottom). . 146
Figure 7.7: Change of transfer characteristics at Vgs = =100 mV for repeated bending to a radius
of 5 mm for a VEGT (left) and an LEGT (right). The measurements were performed in the unbent
position before (green) and after 100 (yellow) and 1000 (VEGT, red) or 680 (LEGT, red) bending
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