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ABSTRACT

Semiconducting, single-walled carbon nanotubes (SWCNTS) have mechanical and electronic
properties that render them a promising material for solution-processable, stretchable
and flexible electronics. However, their strong tendency to form aggregates in dispersion
constitutes a large obstacle to realize the film uniformity necessary for the transition
of devices from laboratory to commercial scale. The resulting inhomogeneities in film
morphology lead to an undesired spread in device performance.

Based on the tailored formulation of colloidal inks wvia suitable solvents and additives the
first part of this thesis presents a simple yet effective method to slow down aggregation
of polymer-wrapped SWCNTs in organic solvents. This effect on aggregation by 1,10-
phenanthroline as a stabilizing additive can be monitored with time-dependent absorption
spectroscopy. The improved homogeneity of the SWCNT networks deposited from stabilized
dispersions after several days of ink storage lead to higher charge carrier mobilities with
strongly reduced device-to-device variations compared to inks without additive.

The intrinsic ambipolarity of SWCNTs is a great disadvantage for their use in electronic
circuits as it leads to large power dissipation. While pure hole conduction can be achieved
relatively easily by doping with, for example, ambient oxygen, facilitating exclusive electron
conduction represents a large challenge. A solution-processable n-dopant from the family of
guanidino-functionalized aromatics (GFAs) is introduced to overcome this limitation. The
resulting SWCNT network field-effect transistors (FETs) exhibit pure electron transport
with high mobility while hole transport is fully suppressed, excellent switching behavior
and good operational stability. Their application potential (combined with a doped p-type
FET) is highlighted by complementary inverters with very low power dissipation.

This modification of the charge transport behavior is applied to another promising solution-
processable semiconductor, i.e., donor-acceptor-polymers. Doping of these polymers with
two GFA compounds under various processing conditions improves electron injection
and transport while hole transport is suppressed. Again, these transistors display good
environmental stability under operating conditions. The extended applicability of the
newly introduced GFA dopants to different semiconductors emphasizes their potential for

transistors based on solution-processable semiconductors.
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KURZFASSUNG

Halbleitende, einwandige Kohlenstoffnanoréhren (engl. single-walled carbon nanotubes,
SWCNTs) zeichnen sich durch ihre aufergewthnlichen mechanischen und elektronischen
Eigenschaften aus, was sie zu einem aussichtsreichen Material fiir 16sungsprozessierte,
dehnbare und flexible Elektronik macht. Fiir den Transfer vom Labor in die kommerzielle
Nutzung von SWCNTs stellt deren Neigung zur Aggregation in Dispersion jedoch ein
grofses Hindernis fiir die notwendige Gleichméfigkeit der benotigten Filme dar. Die resul-
tierenden Inhomogenitéiten in den Filmen fithren dabei zu ungewollten Variationen der
Bauteileigenschaften.

Basierend auf der maftgeschneiderten Formulierung kolloidaler Tinten durch geeignete
Losungsmittel und Additive wird eine einfache und effiziente Methode eingefiihrt, die
Aggregation von polymerselektierten SWCNTs in organischen Lésungsmitteln signifikant
zu verlangsamen. Dies wird durch die Verwendung von 1,10-Phenanthrolin als Stabi-
lisatorzusatz erreicht, was mittels zeitabhéngier Absorptionsspektroskopie bestétigt werden
kann. Die deutlich verbesserte Netzwerkhomogenitét, auch nach mehrtégiger Lagerung der
Tinten, flihrt zu reproduzierbar hoheren Ladungstrédgermobilititen bei stark verringerter
Bauteil-zu-Bauteil-Variation im Vergleich zu Filmen aus Tinten ohne Stabilisatorzusatz.
Die intrinsische Ambipolaritidt der SWCNTs ist ein schwerwiegender Nachteil bei der
Verwendung in elektronischen Schaltkreisen, da sie mit hohen Verlustleistungen ein-
hergeht. Wéahrend die Uberfithrung des Materials zum reinen Lochleiter relativ ein-
fach durch Dotieren z.B. mittels Luftsauerstoff erfolgen kann, stellt die Umwandlung
zum reinen Elektronenleiter eine grofse Herausforderung dar. Die Substanzklasse der
Guanidino-funktionalisierten Aromaten (GFA) wird als neuartiges, lésungsprozessierbares
n-Dotandenmaterial eingefiihrt. Die resultierenden SWCNT-Netzwerk-Feldeffekttransisto-
ren (FETs) weisen reinen Elektronentransport mit hoher Ladungstragerbeweglichkeit,
ausgezeichnetes Schaltverhalten und exzellente Stabilitat im Betriebszustand auf, wobei
der Lochtransport vollstdndig unterdriickt wird. Das Anwendungspotenzial (durch Kombi-
nation mit einem entsprechend dotierten p-Typ FET) wird in komplementéeren Inverter-
schaltkreisen mit sehr niedrigen Verlustleistungen verdeutlicht.

Diese Modifizierung der Ladungstransporteigenschaften wird noch auf eine weitere vielver-
sprechende l6sungsprozessierbare Halbleitermaterialklasse, die Donor-Akzeptor-Polymere,

iibertragen. Durch Dotieren mit zwei unterschiedlichen GFA unter verschiedenen Be-



dingungen kann fiir zwei halbleitendende Polymere die Injektion von Elektronen sowie
deren Transport verbessert werden, wahrend der Transport von Léchern unterdriickt wird.
Auch hier zeichnen sich die Transistoren durch gute Stabilitédt im Betriebszustand unter
Umgebungsbedingungen aus. Diese Erweiterung der Anwendbarkeit des neu vorgestellten
Dotandensystems auf unterschiedliche Halbleiter unterstreicht deren Potenzial fiir die

organische Elektronik.
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Chapter 1 INTRODUCTION

Single-crystalline silicon has served as the established semiconductor in electronics for
decades, however, novel applications such as flexible, foldable or transparent electronics
require alternative semiconductors that can be processed from solution at low temper-
atures. Examples of such materials include metal oxides,! small molecules,? polymers®
and nanomaterials like carbon nanotubes.* While some of these materials have been
successfully introduced to the market in organic light-emitting diodes (OLEDs) for smart
phone displays or organic solar cells, the market value of organic field-effect transistors

(OFETs) remains restricted to niche products such as electronic papers.

One of these materials that are promising for application in solution-processed elec-
tronics are single-walled carbon nanotubes (SWCNTs). SWCNTs are a carbon allotrope
in the shape of hollow cylinders with large aspect ratios (length/diameter > 1000). They
excel by virtue of their exceptional mechanical properties such as high tensile strength,
their chemical stability and their electronic properties such as an intrinsic mobility of
several tens of thousands of cm? V~!'s™1. The long-standing limitation preventing the full
exploitation of nanotubes, i.e., the mix of metallic and semiconducting species in as-grown
nanotube bulk samples, has been resolved in recent years by the development of effective
and scalable purification protocols.®

Networks of SWCNTs that reach somewhat lower mobilities in field-effect transistors
(FETs, up to 100 cm? V~!s71)6 can be deposited with processing techniques compatible
with large-area fabrication such as roll-to-roll printing. Such networks have even been
used to build a 16-bit microprocessor, highlighting their potential.”

An issue that has contributed to the slow transfer from the scientific laboratory to suc-
cessful commercialization is the tendency of SWCNTs to form aggregates in dispersion.
This complicates device processing, leads to film inhomogeneities detrimental to charge
transport and, ultimately, device performance variations incompatible with commercial
use.

Another drawback of solution-processable semiconductors that also applies to, e.g., semi-
conducting polymers is their generally inferior performance in n-type compared to p-type
transistors. This is due to higher electron injection barriers with common electrode materi-
als, a higher susceptibility of electrons to trapping by polar adsorbates® commonly present
at relevant interfaces and poor operational stability of the devices in ambient conditions.”
However, for the realization of energy-efficient complementary circuits, that serve as the
basic building block of large-scale integration, equal performance of both p- and n-type
transistors is mandatory.

An approach to remedy these drawbacks is the targeted introduction of impurities referred
to as doping. While this concept has been widely applied to inorganic semiconductors

to create integrated circuits and modern OLED technology heavily relies on it,'° doping




of carbon-based semiconductors for transistor applications has thus far only been imple-
mented relatively scarcely, particularly for n-type transistors. Ideally, doping improves
charge carrier injection and transport as well as device stability.!"'? However, degenerate
doping, i.e., the introduction of excess charge carriers must be avoided as the resulting
elevated off-currents limit the degree of switching in the transistor. The ideally localized
deposition of dopants, undesired diffusion of dopant species and compatibility to the
processing of the semiconductor impose limitations on available materials and processing
techniques. Unfortunately, the intrinsically poor environmental stability of n-dopants as
well as the formed reaction products, i.e., the doped semiconductor and oxidized dopant

species, represent additional complications.

This thesis addresses both of the issues outlined above. Aggregation in SWCNT dis-
persions is slowed down for more reliable and reproducible device fabrication and a novel
class of n-dopants is introduced to alleviate the disparity of p- and n-type transistor
performance in solution-processable semiconductors.

This dissertation is structured in the following way: Chapter 2 outlines the theoretical basis
and the state of the art in relation to this thesis. The structural, electronic and charge
transport properties of the employed semiconductors, i.e., SWCNTs and semiconducting
polymers, are described. The general working principles of uni- and ambipolar FETs are
explained and linked to the current state of research for transistors using these materials.
Finally, the topic of controlling charge injection, which is crucial to improving device
performance, is introduced with a strong emphasis on molecular doping.

Chapter 3 summarizes the experimental techniques employed in this work, specifically ink
preparation as well as device fabrication and characterization.

Chapter 4 focuses on an investigation of aggregation in polymer-wrapped SWCNT disper-
sions commonly employed for film deposition. Time-dependent UV-vis-NIR spectroscopy
is established as a simple yet effective method to monitor aggregation. The impact of the
small-molecule additive 1,10-phenanthroline on the stability of these dispersions is corre-
lated with improved SWCNT thin-film homogeneity, particularly for networks deposited
from aged dispersions (up to on week). These SWCNT networks are then incorporated into
FETs, which are electrically characterized with a focus on their performance homogeneity.
Chapter 5 introduces guanidino-functionalized aromatic (GFA) compounds as n-dopants to
transform SWCNT networks with originally ambipolar to purely n-type charge transport
and the possible mechanisms of this conversion are investigated and discussed. Further-
more, the application potential of these n-type devices is demonstrated in complementary
inverters and their environmental stability under operating conditions is tested.

In Chapter 6, two representatives of GFA dopants are applied to different polymer transis-

tors. A variety of processing conditions is compared to maximize the dopants’ impact on




Chapter 1 INTRODUCTION

improving device performance. A discussion of their effect on the efficiency of charge carrier
injection is supported by contact resistance measurements. Furthermore, the operational
stability of the devices is compared to the findings for the SWCNT network transistors.

In Chapter 7, the key insights gathered in this work are summarized and a perspective on

potential further research is offered.




Chapter 2

BACKGROUND

This chapter provides an overview on relevant
fundamental properties of the carbon-based
semiconductors employed in this study. It fur-
ther describes the working principles of field-
effect transistors and how to control charge

injection from electrode to semiconductor.



Chapter 2 BACKGROUND

2.1 Carbon Nanotubes

The low-dimensional carbon allotropes discovered over the last four decades, i.e., the

3 one-dimensional (1D) carbon nanotubes'* and two-

zero-dimensional (0D) fullerenes,’
dimensional (2D) graphene,'® attracted continuous research interest. All of these nano-
materials consist of exclusively sp?-hybridized carbon atoms although in different spatial
arrangements. Single-walled carbon nanotubes (SWCNTs) have the shape of hollow cylin-
ders — as opposed to multiwalled carbon nanotubes with at least two shells of carbon
nested into one another. SWCN'Ts exhibit well-defined optical and electronic properties,
which render them suitable for a variety of (opto-)electronic applications. The subsequent
section describes the structural, electronic and optical properties of SWCNTs and the
selective dispersion of semiconducting SWCNTSs by polymer wrapping in organic solvents

as the method of choice to obtain a single species of SWCNTs.

2.1.1 Structural Properties

The electronic and optical properties of SWCNTs are governed by the precise arrangement
of the sp2-hybridized carbon atoms. As illustrated in Figure 2.1, SWCNTSs can be considered
as rolled-up sheets of graphene along the circumferential roll-up vector dh, which leads to

coinciding edge carbon atoms. This vector is defined as
C7h = naj + mas (2.1)

with @, d5 being the two basic unit vectors with a length of @ =v/3bcc= 246 pm in
relation to the length of the carbon-carbon bond boe = 142 pm and n, m being integers
(0 < m < n) termed chiral indices. SWCNTs are unequivocally defined by this pair
of integers (n,m) commonly denoted as chirality. If m = 0, they are called zigzag (e.g.
(8,0) SWCNT, see Figure 2.1b). If m = n, they are called armchair SWCNTs (e.g. (7,7)
SWCNT, see Figure 2.1b). Both species are achiral as opposed to all other SWCNTs,
e.g., the (6,5) SWCNT predominantly used in this thesis, which are chiral (see Figure 2.1b).




2.1 Carbon Nanotubes

Figure 2.1: (a) SWCNT structure definition referenced to the honeycomb of a graphene
sheet. (b) Structural examples of a zigzag (8,0), a chiral (6,5) and an armchair (7,7) SWCNT.

The chiral indices (n,m) directly enable the assessment of the electronic character of a given
nanotube. For (m — n)mod(3) = 0, the SWCNT is metallic, for (m — n)mod(3) = {1, 2}
the SWCNT is semiconducting with a typical bandgap of 0.5 — 1.5 €V, which is inversely
proportional to their diameter.!® Based on Equ. 2.1, the diameter d; as well as the chiral

angle ¢ of any SWCNT species can be calculated according to

C
dt:M:g\/nz%—nm%—m? (2.2)
T T
and 5
cos(p) = ntm (2.3)

B 2/n2 + nm +m?2
Only chiral angles of 0 < ¢ < 30 ° lead to non-duplicate nanotube species due to the
hexagonal symmetry of the graphene lattice.
Given their much larger length (typically hundreds of nm to several microns) than diameter
(=~ 1 nm), nanotubes are assumed to be of infinite length and their ends are disregarded

for the calculation of their electronic properties.

2.1.2 Electronic and Optical Properties

Analogous to the structure of SWCNTS, their electronic properties can also be understood
by deriving them from those of graphene. By rolling up the 2D sheet of graphene along
Ch (see above), the graphene wavefunction is subject to new periodic boundary condi-
tions (zone-folding model).'®'® This determines the 1D band structure of each individual
SWCNT and consequently leads to characteristic sharp peaks in its density of states
(DOS) called van Hove singularities (see Figure 2.2). In contrast to the bandgap in the
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semiconducting (6,5) SWCNT, i.e., the DOS is zero at the Fermi level, there is a small yet
continuous DOS between the highest occupied and lowest unoccupied van Hove singularity

of metallic nanotubes. This band structure defines both the optical and the electronic
properties of SWCNTs.

—
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Figure 2.2: Electronic DOS of (a) a semiconducting (6,5) SWCNT and (b) a metallic (7,7)
SWCNT with sharp van Hove singularities. Allowed optical transitions are labeled Eq; and
Egy. DOS calculated according to reference.

Nanotubes typically absorb light corresponding to different E;; transitions while emission
occurs upon relaxation to their lowest excitonic state Eq;. They exhibit a strong polariza-
tion anisotropy, i.e., polarizability in parallel (longitudinal) direction is much larger than
that perpendicular (transversal) to the tube axis.?® Absorption of the latter would result
in absorption of light at energy E;5 but is hardly detectable under standard conditions.
For diameters up to 2 nm, the absorption features span the range from ultraviolet (UV),
visible (vis) to near infrared (NIR), which is equivalent to wavelengths of 300 — 3000 nm.
A UV-vis-NIR spectrum of (6,5) SWCNTs that exhibits the characteristically narrow
absorption peaks (full width at half maximum ~ 40 — 50 meV) corresponding to the Ej;
and Eg transitions serves as an example (see Figure 2.3).

2122 summarizes the various possible transition energies as a

The well known Kataura plo
function of SWCNT diameter (inverse proportionality). It thus provides a general basis to
distinguish between metallic and semiconducting nanotube species if their diameter range

is established.
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Figure 2.3: Characteristic UV-vis-NIR absorption spectrum of (6,5) SWCNTs dispersed by
polymer wrapping in toluene with narrow peaks corresponding to the E1; and Eq9 transitions.

A more sensitive assessment of potential metallic impurities in a SWCNT sample is en-
abled via resonant Raman spectroscopy based on the excitation of vibrational modes. If
the excitation energy matches one of the E;; transitions, signal intensities are enhanced
by several orders of magnitude compared to non-resonant excitation, which makes even
single-nanotube detection possible.?> The diameter-dependent radial breathing modes
(RBM) (100 — 350 cm™?) are related to radially directed in-phase vibrations. The D-mode
(1250 — 1450 cm™) is related to defects in the t-conjugated walls of the nanotube while
the G-modes G*,G™ and E, correspond to tangential vibrations in the range of 1500 —
1600 cm~!.2* Tt is important to point out that Raman spectroscopy is a very powerful
method for the assessment of SWCNT properties beyond simple composition analysis

2425 or alignment?% in a nanotube sample.

including the degree of doping
Aside from their spectroscopic properties, the electronic structure (see above) of SWCNTs
are the foundation of their extraordinary charge transport properties.

Carrier mobilities of individual nanotubes scale inversely with temperature indicating
that they display band transport and they are proportional to the square of the SWCNT
diameter.?”?® Their charge carrier mobilities SWCNTs extend to the order of several
thousand cm? V~1s™! at room temperature for both holes and electrons. As the valence
and conduction bands are nearly symmetric, the effective mass of both carriers are also
nearly equal. Given that the bandgaps of SWCNTs are small (typically 0.5 — 1.5 eV),
injection barriers for both carriers with common electrode metals such as gold are low.
SWCNTs hence exhibit ambipolar transport (see section 2.3.2), which is important for
applications such as the light-emitting field-effect transistor.?3° For applications in cir-
cuits, this ambipolarity can be modified to obtain unipolar transport and meet low power

consumption demands, e.g., by doping (see sections 2.3.1 and 2.4.3 — 2.4.6).
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The carrier mobility in semiconducting SWCNTs is strongly dependent on carrier density,
which is a result of the shape of their DOS. With increasing gate voltage in a field-effect
transistor the carrier mobility increases until the first subband is fully occupied. It then
decreases until the states in the next subband can be filled.?®

Furthermore, the 1D structure of nanotubes necessitates that the coupling of an individual
SWCNT to the planar biased gate electrode as well as their quantum capacitance have
to be taken into account.?! In contrast to 3D semiconductors, this quantum capacitance
(= 4-10° Fm™') has to be considered for the correct determination of carrier density at a
given gate voltage as it can be smaller than or similar to the dielectric capacitance.’

For networks rather than individual tubes, inter-nanotube electrostatic coupling has to be
considered as well. Particularly for sparse networks assumptions based on the plate-plate
capacitor model significantly overestimate the correct capacitance.?*33 While calculations
considering the network density can reduce this discrepancy,®® a direct capacitance mea-

surement on the device is often most reliable.?®

In comparison to the detailed understanding of charge transport in individual nanotubes,
which is well-established,'® charge transport in random SWCNT networks is still relatively
poorly understood. Historically, modeling approaches focused on percolation theory.3¢
As networks free of metallic impurities were unavailable,” the off-current was governed
by the presence of metallic SWCNTs, dense networks exhibited high mobilities with
high off-currents while sparser networks suffered from low on-currents. Given the much
improved purity of state-of-the-art semiconducting nanotube networks this once considered
inevitable trade-off was successfully overcome.%38 40

Typical carrier mobilities in SWCNT network transistors are orders of magnitude lower than
in individual nanotubes (0.1 — 100 cm? V~!s™!, examples are presented in section 2.3.3).°
Inter-nanotube junctions are considered to be the key limiting factor for charge transport
in these networks due to their high junction resistances.**? These junction resistances
depend on the diameter (and chirality) of the two involved SWCNTs**44 and their angular

4546 or surfactant®?

overlap.*! The effect of the presence of wrapping polymer on the junc-
tion resistance is still subject to scientific discussion. The electrostatic coupling between
nanotubes is negatively affected by the presence of even small SWCNT bundles, which leads
to carrier scattering and ultimately limits charge transport and device performance.*>48 It
is hence of great importance to minimize the bundle content in SWCNT networks (see
also next two sections).

Overall, the higher the number of junctions a charge has to hop across, the lower is the
effective carrier mobility in the network. Hence, longer nanotubes lead to more efficient
transport as the number of hopping steps decreases. This aspect of the charge transport

mechanism in nanotube networks resembles charge transport in disordered semiconducting
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polymers (see section 2.2.2). In addition, dipolar disorder in nanotube networks may be
caused due to its high porosity that provides adsorbation sites, e.g., for water molecules,
as well as at the dielectric or the substrate interface.® Such adsorbates act as electron traps
due to the unfavorable energetic alignment of the oxygen/water redox couple in relation to
the electron affinity of organic semiconductors.®® A common strategy to partially remove
adsorbed water is annealing the networks at high temperatures in vacuum, which has
only a temporary (and reversible) effect on SWCNT networks that are exposed to air.
Trapping of electrons represents one of the reasons for the overall inferior performance of
solution-processed semiconductors in n-type FETSs (see section 2.4).

Experimental studies have further revealed the influence of the network density on charge
transport. Increasing the network density leads to higher mobilities for low densities.*?
In addition to a larger number of possible current pathways from source to drain, less
exposure to polar on-substrate adsorbates (see above) results in more efficient transport in
top-gate transistors. At higher densities this effect saturates as only the top layer of a 3D
nanotube network is gated due to screening of the electric field.

Temperature-dependent mobility measurements on networks of different nanotube com-

50-52 The universally found drop in

positions were conducted by several research groups.
mobility with decreasing temperature confirmed thermally activated hopping. However, the
conventional transport model (e.g. variable-range hopping) for disordered semiconductors
did not give a satisfactory fit over a wide temperature range. In contrast to that, the
fluctuation-induced tunneling model, which was originally developed for large conducting
segments separated by insulating barriers,”® does provide a good fit even though this model
does not take into account nanotube-specific parameters (different diameters, DOS, energy
levels etc.). This leads to unreliable fit parameter extraction and complicates comparisons
between networks of different nanotube compositions.*

A relatively recent approach to model the charge transport behavior in semiconducting
SWOCNT networks was brought forward by SchieRl et al.*® The transport across nanotube
junctions was modeled by solving the master equation for a network of random resistors.?*5
This approach was adapted specifically for SWCNTs by taking into account their DOS
distribution as a function of network composition from previous models used for simula-
tions of charge transport in typical disordered systems such as organic semiconductors.*?
Unfortunately, this model does not accurately describe certain aspects of charge transport
in these networks such as the temperature dependence of charge carrier mobility. Consider-
ation of the intrinsic mobility of specific nanotube chiralities® as well as the variations in
contact resistance at inter-tube junctions might help improve the fit to experimental data.
In summary, while there has been significant progress in understanding some of the aspects

that govern charge transport in random networks of semiconducting SWCNT, a holistic
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model remains to be found.

2.1.3 Dispersion of Single-Walled Carbon Nanotube by Polymer
Wrapping

Large-diameter (1 — 3 nm) carbon nanotubes can be synthesized by carbon vaporiza-
tion techniques at temperatures above 1,000 °C using laser ablation,? arc discharge,*57
or plasma-based processes.’®% Smaller diameters are commonly achieved by methods
based on chemical vapor deposition using gaseous carbon precursors. An example is the
CoMoCAT® process that uses a cobalt-molybdenum catalyst and carbon monoxide as
precursor. It produces SWCNTs with a diameter distribution of 0.7 — 1.0 nm.5°

61763 a]l synthesis ap-

Despite extensive research for selective growth of carbon nanotubes
proaches of commercial relevance produce mixtures of metallic and semiconducting species.
Additional impurities that have to be removed include catalyst particles, amorphous carbon
and other carbon allotropes. To ensure full access to their exciting properties, for most
applications (e.g., metallic SWCNTs for electrodes, semiconducting SWCNTs as material
for transistors) sorting of metallic and semiconducting nanotubes is mandatory.

In general, this separation process is conducted in liquid medium, i.e., organic solvent or
water. Strong inter-tube van der Waals forces due to the n-n-interactions of the nanotube
sidewalls result in a high tendency to form aggregates and bundles, which can be broken up
using ultrasonication® or shear forces.%® To prevent re-aggregation, colloidal stabilization is
required. Note that only a very small number of solvents (e.g., N-cyclohexyl-2-pyrrolidone)
disperse any appreciable amount of SWCNTs.%¢

Large quantities of individualized SWCNTs were first demonstrated in aqueous dispersions
prepared by sonication with stabilizers such as sodium dodecyl sulfate or sodium cholate.
Subsequent centrifugation of the mixture allows for a separation of SWCN'Ts in the super-
natant from unwanted impurities that are sedimented. These dispersions generally contain
mixtures of metallic and semiconducting SWCNTs and require further sorting protocols.

Those include density gradient ultracentrifugation,®” gel permeation chromatography,®®%°

dielectrophoresis™ and aqueous two-phase extraction.”""?

In contrast to these methods, the chosen approach in this thesis, i.e., selective dispersion
by polymer wrapping first employed by Nish et al.,” is carried out in organic solvents such
as toluene or xylenes.”™ Here, the selectivity is achieved during the preparation of the
dispersion (sonication or shear-force mixing and centrifugation) by colloidal stabilization
of specific nanotube species rather than by an elaborate post-processing protocol. This
leads to better scalability and, most importantly, semiconducting SWCN'T samples with

purity levels suitable for, e.g., transistor fabrication.?’
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The synthesis method of the SWCNTs (see above) defines the range of diameters and
specific SWCNT chiralities that can be dispersed, e.g., diameters < 1 nm for samples grown
by chemical vapor deposition. However, the key component that affects the selectivity and
yield of the purification process is the polymer. A large choice of conjugated polymers that
include polyfluorenes™ such as PFO and a variety of copolymers such as PFO-BPy (bipyri-
dine unit),”® PFO-BT™ (benzothiadiazole unit) or PFO-PBAB (phenylamino-bridged
phenyl units),”” polycarbazoles (e.g., poly-N-decylcarbazole)™ and polyalkylthiophenes

(e.g., poly-3-dodecylthiophene).”™ Their molecular structures are shown in Figure 2.4.
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PF12R = nC12H25

X=
"Dec N
~ T T
S !
n wan PFO-PBAB
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Figure 2.4: Molecular structures of polymers that have been used for the selective dispersion
of SWCNTs in organic solvents.

The structure of the polymer backbone governs the wrapping process around specific
(semiconducting) SWCNT chiralities enabled by n-n-interactions that compete with inter-
nanotube attractive forces.8? The solubility of the polymer-wrapped SWCNTs are facilitated
by the alkyl side chains as they provide colloidal stabilization by steric contributions.
Molecular dynamics simulations and transmission electron microscopy have been used to
investigate potential wrapping geometries, i.e., linear or helical alignment of the polymer
backbone with the SWCNT sidewalls.” 882 Both the nanotube species and the polymer
structure have an impact on the wrapping configuration. Polyfluorenes preferentially form
a helical structure when wrapped around near-armchair SWCNTs while SWCNTs with a
smaller chiral angle lead to a linear alignment of polymer alkyl side chains and nanotube
axis. 8!

A multitude of factors that affect the selectivity and yield have been investigated in
numerous studies. For example, longer alkyl side chains tend to favor the dispersion of
SWCNTs with larger diameters compared to analogs with shorter solubilizing side chains

for both polythiophenes™ and polyfluorenes.” Relatively small changes in the polymer
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backbone structure have a drastic impact on selectivity. For example, PFO-BPy displays a
high selectivity towards (6,5) SWCNTs while PFO preferentially disperses (7,5) SWCNTs
using the same CoMoCAT® starting material. Still, in either case, the selectivity toward
semiconducting SWCNTs is very high.

Other aspects include the temperature during sonication®® and the viscosity of the disper-
sion, which is affected by choice of solvent and the molecular weight of the polymer. In
general, higher viscosity has been shown to lead to better yields but lower selectivity.™
Further, the potential impact of ambient p-doping during the selection process rather
than differences in affinity of the polymer to specific chiralities were discussed by the
Malenfant group.®*®® Despite these efforts a comprehensive understanding of the origin of
the selectivity still appears to be out of immediate reach.

In any case, the dispersions of purely semiconducting SWCNTs obtained after centrifuga-
tion still contain a substantial amount of excess polymer (not wrapped around nanotubes).
The notion that the polymer needs to be removed in order to ensure uninhibited access
to the charge transport properties of the SWCN'Ts was recently challenged by Mirka et
al.3® Using highly soluble fluorene copolymers as wrapping polymers, rinsing off the excess
polymer after film deposition was demonstrated to result in similar performance metrics
of SWCNT network transistors regardless of polymer content up to a certain threshold
polymer concentration.®® In most other cases, removal of the conjugated polymers used
for selective dispersion was thus far considered mandatory as they typically exhibit charge
carrier mobilities orders of magnitude lower than the SWCNTs.87# However, a certain
amount of polymer must remain in place to provide sufficient solubilization of the SWCNTs
to prevent re-aggregation of nanotubes that can severely limit processability and negatively
affects device performance (see Chapter 4). The essentials of the well-documented charac-
teristic of nanotube dispersions to aggregate are briefly summarized in the next section.
In practice, a number of approaches have been developed for the polymer removal process,
including vacuum filtration combined with rinsing and re-dispersion (see section 3.2) or
elaborate post-deposition protocols.”®

Regardless of the outlined mechanistic discussions, the wrapping polymer PFO-BPy can be
combined with CoMoCAT® nanotube raw material to yield near-monochiral dispersions
of (6,5) SWCNTs™ and with plasma-torch nanotubes to yield a wide range of purely
semiconducting, large-diameter SWCNTs (1.17 — 1.55 nm).”! The former was used as the
key material for all SWCNT network transistors and spectroscopic studies applied in this
thesis (Chapters 4 and 5). The latter served as an additional reference to demonstrate the

versatility of the additives used to improve dispersion stability (Chapter 4).
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2.1.4 Aggregation in Single-Walled Carbon Nanotube Dispersions

This section provides a brief and simple overview on the processes that govern aggregation
in SWCNT dispersions as well as some methods that have been used to analyze this
behavior. It has to be noted that almost all studies on the aggregation of SWCNTs have
been conducted using aqueous dispersions. The acquired insights can not necessarily be
transferred directly to the dispersions prepared by polymer wrapping in organic solvents
used in this thesis. Nevertheless, they provide a relevant foundation for the discussion of
the results presented in Chapter 4.

In general, colloidal dispersions are stabilized by steric repulsion, i.e., facilitated by side
chains of a polymer or due to entropic considerations, and electrostatic repulsion of charged
particles based on the electric double layer present at the interface of colloid and liquid
environment (and in some cases repulsive solvation forces).” A simplified image of the
aggregation of spherical colloids in a liquid medium is provided by the DLVO model
named after the researchers Derjaguin, Landau, Verwey and Overbeek. Here, attractive
van der Waals forces compete with the aforementioned repulsive electrostatic interactions.
Aggregation of a stable colloidal dispersion can be induced by addition of an electrolyte,
when it reduces the so called Debye length (radius of the ionic cloud) below a critical
threshold as it is proportional to the square root of the ionic strength of the dispersion
(o 1/\/7)‘91,92

Upon geometrical adaption of the involved relations (nanotubes as cylindrical rods),
nanotube aggregation in surfactant-stabilized aqueous dispersions has been found to agree
well with the DLVO model.?*** For SWCNT dispersions prepared by polymer wrapping
in apolar solvents, similar effects on dispersion stability have been found by addition of
polar solvents or altering the surface electrochemistry of the SWCNTs via a change in
pH-value.®*

Aggregation can also be interpreted as a bimolecular reaction between two particles that
requires no activation energy once the particles are in physical contact. This process is
determined by the number of collisions and thus is diffusion-limited. The equation that
describes the translational diffusion coefficient Dy,..,s adapted for rod-shaped particles was

described by Broersma:%

kgT 2In(L,/d,) —

D rans — )
! 67N L,

(2.4)

where kp denotes the Boltzmann constant, 7' the temperature, n the dispersion viscosity,
L, the rod length and d, the rod diameter and 7y is a correction parameter. Translational
diffusion constants in aqueous SWCNT dispersions were determined by Tsyboulski et
al. with a combination of videomicroscopy and spectroscopy using this relation.”® As

lower diffusion rates lead to slower aggregation, solvents with higher viscosities (o-xylene

15



Chapter 2 BACKGROUND

compared to toluene) have been demonstrated to enable kinetic stabilization of polymer-
wrapped SWCNT dispersions.”™ % Another method to determine diffusion coefficients is
dynamic light scattering.®®%* This experimental tool was also employed to demonstrate
that aggregation of SWCNT dispersion can be induced by the addition of electrolytes or
slowed down by the addition of, e.g., humic acid, which is relevant for biocompatibility in
medical applications.?® In addition, static light scattering is a characterization technique
that enables the measurement of particle parameters such as size and shape.”®% For
example, static light scattering was used for the measurement of fractal patterns observed
on nanotube aggregates induced by exposure to, e.g., biological growth media.!?® Further
methods to detect nanotube aggregates include analytical ultracentrifugation'®® and ¢-
potential measurements.!%?

Furthermore, resonant Raman spectroscopy has been employed to compare the degree
of aggregation in a SWCNT sample.'®® Here, the broadening and red-shift of SWCNT
absorption upon aggregation'® is exploited as it changes the relative intensity of RBM peaks
corresponding to different SWCNT species. This method, however, lacks sensitivity and is
only able to identify strongly aggregated dispersions with a broad diameter distribution.
In contrast to that, variance spectroscopy is a very sensitive approach that can even
detect loosely clustered nanotubes.1%%1% This method involves the statistical analysis of
many photoluminescence spectra exploiting small differences in the mean and variance
data of these spectra of dispersions with different degrees of aggregation. It is able
to distinguish between aggregates of different (hetero-) and identical SWCNT species
(homoaggregates).'% Unfortunately, the method based on a custom-built apparatus has
thus far only been applied to aqueous dispersions.

In summary, aggregation behavior in aqueous SWCN'Ts dispersions has been studied
to some extent and delivered results that can be correlated with established models for
colloidal stabilization. Accordingly, aggregation can be induced, e.g., by addition of
electrolytes or slowed down, e.g., by the addition of biomolecules. Characterization of the
diffusive behavior of dispersed nanotubes have allowed for rational guidelines, e.g., with
regard to the impact of solvent viscosity in dispersions using organic solvents. However,
the fact that instead of monodisperse spherical particles, nanotube dispersions contain
nanotube-surfactant complexes, whose exact geometry is unknown and size distribution
is not uniform, predictions for the aggregation behavior of specific nanotube dispersions
based on these findings remain unreliable.

Overall, for the polymer-wrapped dispersions used in this thesis, research studies remain
very scarce. Unfortunately, {-potential measurements, that enable a quantification of the
electrostatic repulsion of the particles and thus provide a suitable metric for the comparison
of the stability of different dispersions, require a polar medium and cannot be used for the

dispersions in toluene used throughout this thesis.
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2.2 Semiconducting Polymers

Semiconducting polymers are another solution-processable semiconductor of high interest
for numerous device applications. This section introduces these macromolecules in regard
to their structural, morphological and electronic properties with an emphasis on charge

transport.

2.2.1 From Polythiophenes to Donor-Acceptor-Polymers

Polymers consist of repeating units based on small-molecule monomers. In semiconducting
polymers, these repetitive units form a linear backbone that contains sp?-hybridized
carbon atoms and often heteroatoms such as sulfur or nitrogen. (Partial) delocalization
of m-electrons along this backbone is enabled by electrons occupying the p, orbitals
of the contributing atoms. This delocalization of electrons, and thus the conjugation
length of the polymer chain, is invariably restricted to a small number of monomer units.
This is caused by torsion, defects, twists or kinks in the polymer backbone between
repetitive units and results in the characteristic energetic disorder.!®” Hence, conjugated
polymers have been interpreted as sequences of variable-length t-conjugated oligomers
called chromophores.!%®19 This spread in conjugation lengths of the chromophores leads
to a characteristic broadening of the relatively sharp highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO) energy of a single chromophore
to a Gaussian distribution of states (for details, see next section).

A vast number of options in chemical design of monomers enables the fine-tuning of the
properties of the conjugated polymer. Synthetic engineering of the polymer side chains is
used to optimize their solubility and has been shown to positively affect the crystallinity
of the polymer in some cases.!!® Chemical modifications, e.g., by the introduction of
electron donating or withdrawing substituents, can be used to adapt their HOMO and
LUMO energies as well as their ionization potential and electron affinity in the bulk.
Commonly, these options are exploited to optimize the electronic properties for a certain

111,112 113,114 115,116 o]ls as

application, such as OLEDs, photovoltaic and electrochromic
well as FETs.!17118 Some examples of semiconducting conjugated polymers are shown in
Figure 2.5. For more than a decade regio-regular poly(3-hexylthiophene) (P3HT) was the
center of research with its rigid backbone that enables the formation of crystalline domains.
Improved n-r-stacking and long-range order were created by extensive efforts to control film
morphology, which led to charge carrier mobilities above 0.1 cm? V=1 s~1.119 Later, the rigid-
rod polymer, poly(2,5-bis(3-tetradecylthiophene-2-yl)thieno[3,2-b|thiophene) (PBTTT)
was developed to yield hole mobilities in the range of 0.2 — 0.6 cm®* V~!'s™! (see also

section 2.3.4).120
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Figure 2.5: Molecular structures of semiconducting polymers that exhibit mainly p-type
(P3HT, PBTTT, IDT-BT), ambipolar (DPPT-TT) and n-type (P(NDI20D-T2)) charge
transport chararcteristics.

Subsequently, the focus shifted to donor-acceptor (D-A) polymers, in which the back-
bone consists of alternating electron-rich and electron-poor motifs with a bandgap of
typically below 1.5 eV. Examples include indacenodithiophene-benzothiadiazole copoly-
mer IDT-BT (p-type), the diketopyrrolopyrrole-based DPPT-TT (ambipolar) and the
naphthalenediimide-based polymer P(NDI20D-T2) (n-type charge transport).

Thin films of these polymers necessary for, e.g., electronic devices, can be cast from solution
using various deposition techniques such as spin-'21122 or blade'?® coating as well as ink-jet
printing.!?* Note that in some cases, e.g., for PSHT in anisole!?® or P(NDI20D-T2) in
toluene,?% there is a significant amount of aggregation in solution. In contrast to SWCNTs
(see section 2.1.4), these aggregates can lead to the desired morphology improvements of
the final film.'?% The molecular structure of the polymer, its molecular weight, the method
of deposition, the solvent properties and annealing protocol all affect the morphology of
the film, which can have amorphous or semicrystalline with variable grain sizes.®!'7 For
example, a higher degree of crystallinity can be achieved by controlled evaporation of

127 while alignment of the backbone chain can be induced

solvents with high boiling points
with shear forces applied during deposition.!?® In contrast to what one might expect, a
maximized degree of crystallinity is not necessarily desired for ideal transport properties

due to large barriers between crystalline domains (see discussion in next section).

2.2.2 Electronic Properties

As briefly outlined above, the distribution of conjugation lengths of different chromophores

as part of a long polymer chain leads to energetic disorder. This is reflected by a broad
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Gaussian distribution of states (see Figure 2.6a). The extent of this broadening is of
great importance for understanding the factors that govern charge transport in different
semiconducting polymers. In addition to the electronic properties, this energetic structure
has a large influence on the optical properties of conjugated polymers, i.e., absorption

and emission, as well as exciton transfer and diffusion. A concise description is given in

literature.®
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Figure 2.6: (a) Schematic illustration of the broadening of the frontier orbitals in a single
chromophore to a Gaussian-shaped DOS in a disordered polymer caused by conjugation
length distribution of chromophores with different size. (b) Visualization of electron hopping
in a disordered polymer between non-equidistantly localized states with different energies.

Charge transport in materials with large disorder can be described with the variable-
range hopping model (see schematic in Figure 2.6b).1%° In this paradigm, the charge
carrier hops from one chromophore to another (along the backbone or to an adjacent
chain) overcoming an inter-site energy barrier. The non-equidistantly localized electronic
states, that overall follow a Gaussian distribution, each have a different energy. Intra-
chain transport of carriers is generally assumed to be faster than inter-chain hopping.b
This is in agreement with the anisotropic carrier mobilities observed for aligned films
of semiconducting polymers!?®130:131 a5 well as the omnipresent higher mobilities with
increasing molecular weight.!3? Vissenberg and Matters proposed a model for disordered
semiconductors, which suitably describes the temperature dependence (u o< exp(—FE,/T)
with F, being the activation energy associated with the hopping process) of charge carrier
mobility in many semiconducting polymers.'33 The larger the energetic disorder in the
film, the more the DOS is broadened. In a FET, dipolar disorder present at the interface

of dielectric and semiconductor (see also section 2.1.2) can further increase the width
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of the DOS. This is associated with an increase in activation energy between hopping
sites and thus decrease in charge carrier mobility. This detrimental effect can be limited

by the use of low-k dielectrics, e.g., the fluorinated polymer CYTOPTM 134

In the early
stages of the development of high-mobility semiconducting polymers, the processing of
P3HT was optimized to yield highly ordered and crystalline thin films. Later, research was
driven by the synthesis of novel rigid-rod conjugated polymers such as PBTTT (molecular
structure, see Figure 2.5), which could be deposited as films with long-range order and
large crystalline domains.'3> Although tie-molecules were introduced to provide pathways
for carriers from one crystalline segment to another,'*? performance could not be improved
further. The intrinsic energetic disorder in semiconducting polymers was revealed to be
a major barrier that had to be overcome for the realization of the desired higher charge
carrier mobilities. 3¢

Experimentally, this energetic disorder can be quantified as activation energy from charge
carrier mobilities extracted at different temperatures by means of a linear fit to the
mobility on a logarithmic scale as a function of inverse temperature.!3 Another approach
is photothermal deflection spectroscopy, which enables direct observation of the energetic
disorder as the so-called Urbach tail — an exponential sub-bandgap absorption tail — with
the corresponding Urbach energy providing a quantitative measure.'37

A common strategy to minimize energetic disorder in semiconducting polymers is to
enhance m-conjugation by implementation of more rigid monomers (e.g., with larger
aromatic systems) and limiting the rotational freedom of bonds between donor and
acceptor units in donor-acceptor-polymers. While this higher rigidity and less torsion in
the polymer backbone led to an increase in conjugation lengths, films of these polymers

138 Examples

no longer necessarily exhibit long-range order or large crystalline domains.
of these molecules include IDT-BT and DPPT-TT (see Figure 2.5) whereas films of
P(NDI20D-T2) benefit from both a narrow torsion angle distribution in its backbone!3%40
and substantial (semi)crystalline order.!41:12 This paradigm shift from rigid-rod polymers
that form largely crystalline films to the donor-acceptor polymers that exhibit the highest
mobilities today has revived the attention to semiconducting polymers as a competitor for
FET applications, e.g., in circuits.!*34 The state of the art of high-performance polymer
transistors is given in section 2.3.4.

Overall, the development of polymers that are as rigid and planar as possible with extended
m-conjugation for minimum energetic disorder, e.g., ladder-type materials,!*®, could be
interpreted as already completed - with SWCNTs being the ultimate target structure.® As
described above (see section 2.1.2), the 1D character of individual nanotubes is reflected
in their band structure, which governs their electronic and charge transport behavior. Yet,
in a random nanotube network, there is a striking similarity in the description of charge

transport in both presented semiconducting materials: fast carrier movement (polymer
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intra~-chain vs. intra-tube) alternates with slow hopping over barriers across different

localized states (polymer inter-chain vs. nanotube junctions).

2.3 Field-Effect Transistors

Field-effect transistors (FETS) serve as amplifiers and digital switches. They are a basic
component of electronic circuits, e.g., inverters, NAND gates etc. Solution-processed
semiconductors are envisioned to supplement the existing inorganic materials for a variety
of interesting applications that require low-temperature processing and flexible substrates
such as plastic, paper or textiles.'® They also act as a platform for fundamental research
on charge injection into and charge transport through organic semiconductors. This section
describes the fundamentals of uni- and ambipolar FETs, the working principle of the most
basic logic element, the inverter, as well as the state of the art of FETs using the two

semiconductors used in this thesis, i.e., SWCNTs and polymers.

2.3.1 Unipolar Field-Effect Transistors

Generally, FETs are considered as three-terminal devices, in which the third electrode
regulates the current flow between the other two. Figure 2.7a displays a schematic of
the required components. The source (S) and drain (D) electrodes are in contact with a
semiconducting layer. Their width (W) and the distance between these electrodes (channel

length L) describe the channel geometry (see Figure 2.7b).

a V b

Gate Top view:
"
""" "Channel’ "~ | S w o
- nductor \ Drain t— V,
(
Substrate T

Figure 2.7: (a) Device stack of a bottom-contact/top-gate n-type FET with source, drain
and gate electrode. (b) Top view of the bottom electrodes to illustrate channel dimensions.

The third electrode, which is separated from the semiconductor by a dielectric, is called
gate electrode (G). In this thesis a bottom-contact/top gate layout is used throughout.
Other configurations, e.g., top-contact/top-gate, top-contact/bottom-gate or bottom-
contact /bottom-gate configuration, are possible depending on processing and application
considerations. For all architectures, a voltage is applied to the drain (V) and gate

electrode (V,) whereas the source is usually grounded. In the following, the working
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principle of an n-type FET will be explained (electron transport; V4, V, > 0). In p-type
FETs, holes are accumulated and they are operated at negative voltages (Vg V, < 0).
Without any gate voltage applied, the transistor is in its off-state if no unintentional
doping is present. Upon application of a sufficiently high gate potential mobile carriers are
accumulated at the semiconductor /dielectric interface and a conductive channel is formed.
When a bias between source and drain is applied, the accumulated charges move from
source to drain leading to the drain current (/;): the FET is switched on. However, before
charges become mobile, trap states commonly originating from impurities, dopants, surface
imperfections and defects in the semiconductor bulk need to be filled. The associated
minimum voltage to create mobile charges is referred to as threshold voltage (Vy).146 The
unwanted leakage current that flows between gate and source is called gate current (1,) —
it is determined by the quality of the dielectric.

The analytical description of a FET is based on the gradual channel approximation
(GCA):17 the vertical electric field caused by the gate voltage by far exceeds the lateral
field between source and drain electrode. In practice, this is realized by restricting the
thickness of the gate dielectric to no more than a tenth of the channel length (dgeiectric < 0.1
L).148

In the above described transistor, the density of mobile charge carriers is expressed as
Qmob<x> = C(‘/g - ‘/th - V(l’)) (25)

with the channel position x € [0, L], the areal capacitance of the dielectric C' and the
channel potential V' (z) € [V(0) = 0,V (L) = V] at channel position z. Using the GCA,

neglecting diffusive currents, i.e., taking into account only drift currents,*4?

and substituting
the electric field at position z (E, = %), the source-drain current across the channel is

given by Equ. 2.6
av

E.

Here, p denotes the charge carrier mobility (unit: cm? V=1s™1) which characterizes the

Lo =W pQumob(z) (2.6)

drift velocity of a charge carrier in an electric field and governs the drain current per
applied voltage and the maximum switching frequency of a transistor.'®®1?! Substitution
of Qmev(z) according to Equ. 2.5 and integration after variable separation results in

w 1
Iy =—FnC (Vg = Vin) Va — 5‘/(12 : (2.7)

This is based on the assumption that the charge carrier mobility is not a function of carrier
density (and thus gate voltage).
For drain voltages smaller than the effective gate voltage (V; <V, — V}3,), electron density

across the channel from source to drain decreases linearly due to the linear increase of the
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2.3 Field-Effect Transistors

channel potential. The charge carrier distribution in this hence termed linear regime is

illustrated in Figure 2.8a. Equ. 2.7 can be simplified to
w
Lajin = f,ulmc (Vg = Vin) Va (2.8)

as the term V,? is neglected.!4?

a

o

Output Transfer
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Drain Current
log(Drain Current)
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Pinch-off [JllD) Drain Voltage Vin Gate Voltage

Figure 2.8: Charge carrier distribution (green) in an n-type FET in (a) the linear (V; <
Vg — Vin) and (b) the saturation regime (Vg > V; — V). (c) Output characteristics for three
constant gate voltages. Line color (linear: turquoise, saturation: orange) corresponds to the
two transport regimes. Exclusively for Vg << V; — Vj,, the increase in drain current with
increasing drain and gate voltage is effectively linear. (d) Transfer characteristics for two
constant drain voltages corresponding to both transport regimes. In the subthreshold region
(Vg < Vi), the transistor is in the off-state. The displayed current-voltage characteristics
represent ideal FET behavior, in-practice device behavior may deviate.

At larger V, the carrier density next to the drain electrode is further reduced until at
Va = V; — Vi, the channel is pinched off. Here, the channel potential falls below the
effective gate voltage V(z) <V, — Vj;, and a depletion zone is formed (see Figure 2.8b).
Upon further increasing the drain voltage, the channel pinch-off point is moved closer
to the source electrode and the drain current saturates as the current flow across the
depletion zone is space-charge-limited. By substituting V; with V, — V4, in Equ. 2.7, the

current in the saturation regime is obtained

W
1ot = E/Lsatc (V, = Vin)*. (2.9)

Output characteristics are commonly used to describe transistor behavior (see Figure 2.8c),
which displays the drain current at various constant gate voltages as a function of drain
voltage. They allow for a concise assessment of both transport regimes outlined above.

A typical deviation from the ideal curves displayed here is a non-linear increase at low
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drain voltages, which is typically associated with poor carrier injection (see section 2.4).
In the other standard current-voltage curves, the transfer characteristics, the drain current
is plotted on a log-scale as a function of gate voltage at constant drain voltage. These
characteristics also serve as the basis for the extraction of critical device parameters to
provide the relevant figures of merit for the evaluation of device performance.

The charge carrier mobility can be extracted using Equ. 2.10 in the linear

L 0l
in = : 2.10
Hin = Wwev, av, (2.10)
and Equ. 2.11
L 9%
O L sat (2.11)

Msat = wo oV

in the saturation regime.
In an ideal FET, the linear and saturation mobilities are equal to one another. In practice,

152 (see section 2.4.2).

contact resistance often reduces the apparent linear mobility
The threshold voltage can be determined in the saturation regime by extrapolating the
linear increase of the square root of the drain current to zero current when plotted as a
function of gate voltage. Precise control of the threshold voltage is critical for efficient
device operation. For electrons, a high threshold voltage corresponds to a high operating
voltage whereas a negative threshold voltage converts the FET from an accumulation
to a depletion mode transistor, which is unfavorable for, e.g., circuit operation.'®® The
threshold voltage can be adapted, for example, by doping (see section 2.4.4). A related
parameter is the onset voltage (V,,), which is the lowest voltage at which the drain current
exceeds the gate leakage. Depending on the degree of ideality of the turn-on behavior, the
onset voltage can be extracted more reliably compared to Vy, and can enable more robust
comparison of different devices.

Another parameter that allows for an assessment of the switching behavior of a transistor
is the subthreshold slope, which reflects the increase in current as a function of gate voltage
when the gate voltage surpasses the threshold voltage. Its inverse, the subthreshold swing
can also be used to calculate the trap density at the semiconductor/dielectric interface.
It is extracted at the transition from the subthreshold region (below V3;,) to the voltage

corresponding to a ten-fold increase in current using the unit Vdec™':

SS = Vs

= Sl (2.12)

Furthermore, the on/off-current ratio is used to evaluate the degree of switching in a
transistor. It can be directly extracted from the transfer characteristics. Values of at least

10 for FETs in active matrix displays are necessary to achieve the desired brightness
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2.3 Field-Effect Transistors

contrast. %%

For applications in electronic circuits, logic elements are necessary that contain mul-
tiple transistors. A simple NOT-gate, also called inverter, is the most basic element of
this type. It transforms a small input signal (digital 0) to a large output signal (digital 1)
and vice versa. While inverters can be realized using two of the same type of unipolar
transistor or two ambipolar transistors, a complementary inverter uses a p- and an n-type
transistor interconnected according to the circuit diagram in Figure 2.9a. The gates of

these two FETS are in contact with another and act as an input node (input voltage Vi,).

a b
\Y/
dd 1k
p-type
V|n Vout 2:
3
>
n-type 0k
p 1 1

0 Vin Vaa) 1

Figure 2.9: (a) Circuit diagram of a complementary inverter using a p- and n-type transistor.
(b) Transfer characteristics of a complementary inverter. Both axes are scaled in units of V4
to illustrate the conversion of the input signal from a logical 1 to logical 0 and wvice versa.

The drains of both transistors are connected as well to form an output node with output
signal V,,, the source of the n-type FET grounded and the source of the p-type FET is
connected to a supply voltage (Vyq). Typical transfer characteristics of such a comple-
mentary inverter are illustrated in Figure 2.9b. Complementary inverters are considered
superior to other inverters due to their much lower power consumption. Except for a very
short period during switching one of the two transistors is always off. Hence, its static
power consumption is determined by the leakage current. Furthermore, complementary
circuits exhibit more reliable operation, allow for better noise margins and can be designed

more easily. 4915

2.3.2 Ambipolar Field-Effect Transistors

As both semiconducting materials employed in this thesis (see previous sections) are
able to accumulate both holes and electrons in the device with fabrication using the
chosen processing conditions, the working principle of an ambipolar FET is outlined here.

Conceptually, an ambipolar transistor can be seen as a superposition of a p- and an n-type
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FET. The accumulated carrier type depends on the applied voltages. While only one
carrier is accumulated in the unipolar linear and saturation regimes, simultaneous injection
of electrons at the source and holes at the drain electrode takes place in the ambipolar

regime. The different transport regimes are visualized in Figure 2.10.
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Figure 2.10: (a) Transfer characteristics displaying linear (red) and saturation (sand-
yellow) regimes of hole transport, ambipolar transport (brown), saturation (orange) and
linear (turquoise) regimes of electron transport. (b) Charge carrier distribution in ambipolar
regime: simultaneous accumulation of electrons (mint green) and holes (red). (c¢) Output
characteristics for positive V, with superlinear drain current increase at high drain voltages
typical for ambipolar FETs.

Figure 2.10a displays the transfer characteristics for an ambipolar transistor at positive
drain voltages. At V, — V; < Vi and V, < Vi, holes are injected from the drain
electrode (the source electrode acts as a hole drain) and accumulated in the channel
corresponding to hole transport in the linear regime (red line). Increasing the gate
voltage to (Vipn < Vy < Vine) leads to a saturation of the hole current (sand-yellow line).
Continuing the sweep of the gate voltage to V, > Vi3, . while V, — V; <V}, , the transistor
approaches the ambipolar regime (brown line). Now, in addition to the holes injected
from the drain electrode, electrons are injected from the source electrode and the pinch-off
points of the two accumulation layers (see Figure 2.10b) meet inside the channel area.
This junction point, at which charges recombine, can be controlled by the applied voltages
and also depends on threshold voltages as well as the charge carrier mobilities of both
holes and electrons. The total drain current of an ambipolar transistor (as shown in the
tranfer curves) can be calculated according to the Equ. 2.13:146
w

Iy = EC (tte (Vg = Vine)? + pin (Vg = Va = Vinn)?) - (2.13)

An increase of the gate voltage to Vi, . >V, — Vi > V), results in pure electron accumu-

lation in the saturation (orange line) and further to V, — V; > Vj;, . in the linear regime
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2.3 Field-Effect Transistors

(turquoise line), respectively.

Assuming equal mobilities for holes and electrons and Vi, . = —Viup, the transfer char-
acteristics are symmetrical to the voltage corresponding to minimum drain current. At
a higher drain voltage, the FET does no longer reach a complete off-state due to the
overlapping branches of hole and electron transport (see Figure 2.10a). In the output
characteristics of an ambipolar transistor, the injection of the opposite charge carrier leads
to a superlinear increase of the drain current at high drain voltages (example for electron
accumulation, see Figure 2.10c).

Prerequisites for ambipolar transport include similar effective carrier masses for both holes
and electrons and a bandgap that is sufficiently small to result in small injection barriers for
both carriers from common electrode metals such as gold. SWCNTs and semiconducting
polymers such as DPPT-TT meet these criteria (see sections 2.1.2 and 2.2.2). Ambipolar
transport is of high interest for light-emitting field-effect transistors due to the possible
radiative recombination of holes and electrons.?%3%149:156.157 Tt can also serve as a platform

90,158,159 59 well as the

for the scientific investigation of fundamentals of charge transpor
physics of emissive particles such as excitons and trions.'®%6! However, for the realization
of low-power complex logic, ambipolar transport is considered disadvantageous and the
injection of the opposite carrier should be suppressed and ideally fully avoided. Strategies
to accomplish this transformation with an emphasis on achieving solely n-type transport

are outlined in section 2.4.

2.3.3 Single-Walled Carbon Nanotube Transistors

Semiconducting SWCNTs are of high interest as active material in (opto-)electronic de-

198,162-164 and integrated circuits!%® 16" due to their favorable chemical,

vices, e.g., FETs
mechanical and electronic properties (see section 2.1). In the past two decades, a large
variety of device architectures using different nanotube species have been employed to
develop high-performance transistors. These transistors can generally be organized into
three main categories: FETs whose channel is bridged by single SWCNTs, FETs using
arrays of SWCNTs and network SWCNT FETs. This section briefly summarizes the
substantial progress in recent years as well as the remaining challenges in the field.
Ultra-short channel devices using single SWCNTs with channel lengths below 10 nm have
been demonstrated to beat silicon transistors with regard to energy efficiency and current
density.'® Unfortunately, the required processing steps, including individual nanotube
selection and electron beam lithography, are time-consuming and expensive. Another issue
is the poor performance reproducibility which complicates scalability.
High-density, aligned arrays of SWCNTs can be grown directly on the substrate,!6917!
which allows for a significantly more cost-effective device fabrication compared to FETs

based on single nanotube species. In this case, however, elaborate treatments to erase
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metallic nanotube species after growth, e.g. by selective etching,'” are required as growth
processes with sufficient selectivity towards semiconducting SWCNTs have not yet been
demonstrated. Otherwise, these metallic nanotubes severely restrict current modulation.
Devices using such nanotube arrays as semiconductor have reached charge carrier mobilities
of thousands of cm? V~! s with on/off current ratios on the order of 10°.17

Another strategy to deposit aligned nanotube arrays is realized by the deposition from
high-purity SWCNT dispersions (see section 2.1.3) using techniques such as self-assembly
driven by the evaporation of solvent!™ or via vacuum filtration.?® Again, these methods
yield transistors with excellent performance metrics and in a recent report have even suc-
cessfully been fabricated on a wafer scale but need to be improved further for a transition
to commercially viable products, particularly with regard to tube-to-tube pitch uniformity
and post-deposition removal of residual polymer.}™

The third type of SWCNT FET, i.e., that based on nanotube networks, typically exhibits
somewhat lower charge carrier mobilities (1-100 cm? V~!s™!, comparable to polycrystalline
silicon) suitable for, e.g., active-matrix OLED backplanes. This renders SWCNT network
FETs a competitor to those based on solution-processable metal oxide semiconductors.!
Deposition of such networks as thin films in either random or semi-aligned orienta-
tion is achieved by a large variety of experimental approaches. Some examples include

16 174176 and immersion of the substrate!™” with sub-

dropcasting,'™ spin-1%* or dip-coating
sequent photolithographic patterning or direct in-place printing, e.g., via aerosol-jet,'™
ink-jet'™ or gravure printing.'®® The latter method enables roll-to-roll processes suitable
for large-scale, commercial applications.®"

In SWCNT networks aligned by a fringing field dielectrophoretic assembly method, on/off
current ratios of up to 10* were achieved for short-channel FETs (L = 1 pm).'®! Given
that charge transport in such nanotube networks is typically governed by percolation,®?
purity demands with regard to metallicity of the nanotubes are less strict for longer than
shorter transistor channels and better on/off current ratios (up to 107) can be achieved.!™
SWCNT networks have also been used in low-voltage devices that operate at high switch-
ing speeds even on flexible substrates.'® 185 Various methods (see section 2.4.4) can be
employed to adapt their intrinsically equal hole and electron mobilities to enable purely p-
or n-type transistors for complementary circuits with minimum power dissipation.!86:187
These complementary nanotube network transistors have even served as the basis for 16-bit
microprocessors, %8 highlighting their potential for meaningful commercial applications.
Despite these advances, particularly exclusive n-type transport in these networks remains
a significant challenge as the resulting devices suffer from a number of drawbacks, most
importantly, poor operational stability. A description of n-dopants that have been used
for SWCNTs is given in section 2.4.5. An approach to address this issue is presented in

Chapter 5.
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Another general issue that currently hinders the transition of SWCNT FETs based on
either SWNCT arrays (see above) or SWCNT networks from the laboratory to commercial
applications is their insufficient device performance homogeneity, e.g., caused by impurities
originating from dispersants or the presence of nanotube aggregates (see section 2.1.4)

negatively affecting charge transport, a challenge tackled in Chapter 4.

2.3.4 Polymer Transistors

Semiconducting polymers are of high interest as active material in FETs as they their
chemical structure can be designed to match the desired main carrier type for charge
transport, i.e., p-type, n-type or ambipolar. (see section 2.2) Their solution-processability
at low temperatures enables compatibility with flexible substrates facilitating a large
number of potential applications. As polymers have started to outperform the FETs
using amorphous silicon, one of the most commercially interesting of these is the use
polymer FETs as drive transistors in display backplanes.'®® However, further performance
improvements (i.e. higher charge carrier mobilities) are necessary, in particular with regard
to operational stability. It has to be noted that widespread erroneous extraction of charge
carrier mobilities over the course of several years has cluttered literature with inflated
values. Detailed instructions on how to reliably extract mobilities were brought forward in

190-192 Thjg section only mentions explicit values when the extraction of

numerous articles.
the carrier mobility was reliably documented.

A number of synthetic approaches have been employed to improve the charge transport
in semiconducting polymers. Side chain engineering, e.g., by adapting the degree of side
chain interdigitation'®® or their regiochemistry!® in PBTTT or IDT-BT!' have been
demonstrated to improve the hole mobility on the order of 1 — 5 cm? V=1s™!. A similar
approach with partial fluorination of the side chain in P(NDI20D-T2) improved electron
transport in FETs by increasing the long-range order in the film.''% Changes of the polymer
backbone were designed to improve planarization of the polymer backbone for extended
conjugation lengths. For example, replacement of thiophene with selenophene units in
IDT-BT! were shown to enhance hole transport while a vinylene linker in employed in
P(NDI20D-T2) lead to an improved electron mobility of 1.8 cm? V=1 571197 The bis-lactom
core of diketopyrrolopyrrole-based polymers serves as a noncovalent conformational lock,
thus enhancing backbone planarization and conjugation, leading to mobilities on the order

of 1 cm? V~1s7! for both holes and electrons.'® Further examples are given in literature.!”

In addition to the outlined synthetic approaches, morphology control for improved crys-
tallization is another strategy to improve charge transport. This has been facilitated by
processing from solvents with high boiling points, in swelling/deswelling protocols for, e.g.,
P3HT! or P(NDI20D-T2) or by deposition from pre-aggregated polymer solutions. In
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the latter case, the aggregates have been interpreted as precursors for ordered domains in
the deposited films.!*! For P(NDI20D-T2), electron transport is still efficient even when
deposited in a matrix of insulating polystyrene due to the high degree of short-range order
present in the typical fibrils.2?® Nikolka et al. demonstrated that voids typically present in
amorphous polymer film phases can be filled by small molecules to prevent the absorption
of species that commonly act as trapping sites for charge carriers. This void-filling also
greatly enhanced the environmental stability of the IDT-BT FETs.2!

Furthermore, a vast number of processing techniques have been explored for unidirectional
alignment aimed to exploit the inherent anisotropy of charge transport in semiconducting
polymers.!4! Examples to achieve this alignment include mechanical stretching for a hole
mobility of 1.7 cm? V=!ts™t in PBTTT? transistors, rubbing!", directional drying of
P3HT films via a temperature gradient?®® and off-center spin-coating for P(NDI20D-T2)
FETs with a mobility of 2.6 cm? V1571131 A scalable method compatible with large-area
processing is bar coating, which has yielded P(NDI20D-T2) devices with average mobili-
ties of 4.1 cm? V1571 128 which is among the highest reported electron mobilities with a
reliable extraction protocol.

Bar-coating has also been employed to maximize the transition frequency of P(NDI20D-
T2) FETs.2°? Although there has been significant progress in that regard up to a frequency
of 160 Mhz?042%  other solution-processable semiconductors such as SWCNTs reach values
above 100 GHz.2% In general, the key upside of semiconducting polymers for circuits
is their cost-efficient processing options (e.g. large-area printability) rather than their
potential for high-frequency applications.®

Another strategy to improve carrier mobility in p-type devices that was introduced by the
Anthopoulos group is the use of binary blends that combine small-molecule and polymer
semiconductors.??” In ternary blends, the addition of dopants was used to further enhance
performance, albeit at the expense of limited on/off ratios.?%®

Overall, however, the application of dopants for the improvement of device performance,
particularly for n-type transistors,2*? 2! has thus far been restricted to very few studies.
In general, similar to SWCNT network FETs, n-type polymer FETs suffer from in-
ferior performance compared to p-type transistors and there are far fewer studies on
n-type transistors. Besides the presented P(NDI20D-T2), there have been reports on

213

diketopyrrolopyrrole-,2'? benzodifurandion-,?'? azaisoindigo-2'4 and indolonaphthyridine-

based?!®

polymers used as active materials in n-type transistors. The performance disparity
is due to higher injection barriers to commonly used electrode materials, higher suscepti-
bility of electrons to trapping by polar adsorbates and an overall poorer environmental
stability of the devices under operational conditions.

The necessary concepts for alleviating these issues by doping are given in a next section;

an experimental study that employs this approach is described in Chapter 6.
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2.4 Controlling Charge Injection

Contact barriers are a key factor that limit the performance of both SWCNT and polymer
FETs. Efficient injection of charge carriers from the metal electrode into the semiconductor
is necessary to reduce resistive voltage drops and enable high-performance FETs. This is
of particular importance for high-frequency applications that demand transistors with sub-

151 This section outlines

micron channel lengths and accordingly low channel resistances.
the fundamentals of metal-semiconductor interfaces, how contact resistance affects the
performance of FETs as well as means to lower the existing barriers for efficient charge
carrier injection. The concept of doping is introduced with a focus on contact doping
in n-type FETs. Finally, an overview of existing and applied n-dopants is given and the

family of guanidino-functionalized aromatics as new n-dopants in this thesis is presented.

2.4.1 Metal-Semiconductor Interfaces

Upon contact of a metal electrode and a semiconductor, electrons move from the material
with the higher Fermi level Er to the one with the lower Er until a thermodynamic
equilibrium is reached. In Figure 2.11 this alignment of the Fermi levels is illustrated with
the metal having the higher work function (WF) than the semiconductor (®,, > ®,.). The

AE

EA

Metal Semiconductor

Figure 2.11: Energetic landscape of a metal-semiconductor junction with band bending
caused by the alignment of the Fermi levels Er of both materials. The energies E,, E.
correspond to valence and conduction band of the semiconductor. In the case of a higher
metal than semiconductor work function (®,, > ®,.), an electron depletion layer with width
wq; and built-in potential Vp; is formed. The barrier height for the injection of electrons
and holes are termed ®¢, and <I>’;b, respectively. These barriers depend on the metal work
function as well as the electron affinity £ A and ionization potential I P of the semiconductor,
respectively, and the interfacial dipole A at the metal-semiconductor junction with respect to
the vacuum level (VL). Adapted with permission. Copyright 1999 John Wiley and Sons.?!¢
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formed depletion (or space-charge) layer of width wy causes a bending of the valence and
conduction band energies in the semiconductor, which can be roughly associated with the
HOMO and LUMO in an organic material. At the junction of metal and semiconductor,
interfacial dipoles A can affect the metal WF, leading to a change of interfacial electronic
structure.?!” The resulting barriers for the injection of electrons (®¢,) and holes (®%,) are

described by the following expressions:
&Y=, —EA+A (2.14)

dh =1P -, — A (2.15)

with FA being the electron affinity and I P the ionization potential of the semiconductor.
Low barriers result in a so-called ohmic contact whereas high barriers lead to a Schottky
contact with undesirably large contact resistance. Injection of charge carriers occurs
by surmounting the Schottky barrier via thermionic emission or by tunneling through
the barrier.?!® While thermionic emission is a temperature-activated process, tunneling
is independent of temperature, proportional to the applied electric field, and increases
exponentially with decreasing width of the depletion layer (o< exp(—wg)).'** The most
straightforward strategy to minimize barriers for injection and thus the contact resistance is
to match the WF of the metal to the relevant band for charge transport in the semiconductor,
1.e., conduction band for electrons and valence band for holes. The WF of metals such
as gold (4.8 — 5.4 V) aligns well with the HOMO of many organic semiconductors while
efficient electron injection is best achieved with metals that align with the LUMO of organic

149,152 Unfortunately, such

semiconductors (typically < 4 eV) such as aluminum or calcium.
low-WF metals suffer from a high sensitivity to even traces of air resulting in unstable
device operation in ambient conditions. Further approaches to adjust the WF include
the implementation of self-assembled monolayers?' and contact doping. The latter is

described in detail in section 2.4.4.

2.4.2 Contact Resistance

Resistances at both the source (R;) and the drain (R,) contacts contribute to the overall
contact resistance R.) in a FET. They originate from the corresponding injection barriers
(see previous section). The total resistance Ry, of a transistor is the sum of contact and

channel resistance R.j,:
Ript = Re + Repn = Rs + Ry + Ren. (2.16)

While R. does not depend on L and is inversely proportional to W, the current in a FET

and therefore Ry, is a direct function of the channel length and width (see Equ. 2.8).152
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Consequently, FETs with short and narrow channels are more susceptible to drawbacks
from high contact resistance. Either contact or channel resistance can be the main bot-
tleneck, depending on the charge carrier mobility of the semiconductor, the height and

152 1f the total resistance

width of the injection barriers as well as the applied gate voltage.
is mainly limited by R, i.e., R, » R., the current-voltage characteristics exhibit a linear
increase of the current with increasing drain voltage. In this case, injection of the charge
carriers is termed ohmic and the contact resistance does not depend on the applied drain
voltage. In the other case, i.e., R, » R.j,, output curves display a characteristic S-shape
stemming from a first suppressed, then superlinear increase in current with applied drain
voltage and contacts are termed non-ohmic (see previous section and 2.3.1). This is
associated with an undesired drop in drain bias, which leads to flawed mobility values.
High contact resistance may also lead to limitations in the on-current of the transistor.
It has to be noted that direct injection (extraction) of the charge carrier from electrode to
semiconductor (and wvice versa) is only possible in coplanar FETs (i.e., with electrodes and
dielectric on the same side of the semiconductor). In the staggered bottom-contact/top-gate
architecture (i.e., electrodes and dielectric on opposite sides of the semiconductor) used in
this thesis, charges need to additionally move across the semiconductor to reach the charge
accumulation layer (see Figure 2.7). This vertical component of the contact resistance
decreases with reduced thickness and increased mobility of the semiconductor.'34220 Fur-
thermore, geometric considerations are taken into account, i.e., in coplanar FETSs injection
only occurs from the edges of the contact while the entire contact area is available in
staggered FETs. The conventional wisdom that FETs in staggered configuration commonly
exhibit lower contact resistance than coplanar FETs was recently challenged by Borchert
ot al 221,222

A number of methods, each with individual benefits and disadvantages have thus far
been demonstrated to determine contact resistance. The most relevant examples in-

223
d,

clude the transmission line metho modeling of current-voltage characteristics (Y-

function method),??* Kelvin probe force microscopy??® and gated four-point probe (gFPP)

d.2?6:22T Detailed comparisons can be found in literature.??® The last-mentioned

metho
method has been employed in this study. The measurement principle is briefly explained

in the following paragraphs.

The gFPP method allows for the direct extraction of the contact resistance as a function
of gate voltage in a single device and separately for source and drain electrode and thus
for a more precise extraction of the charge carrier mobility. A specific electrode layout
(see Figure 2.12a) that features two voltage sensing probes (V1 and V,2) protruding into
the channel at positions L; and Ly. These probes enable the measurement of the local

potential upon connection to a high-resistance voltmeter during operation of the FET. The
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Figure 2.12: (a) Schematic illustration of a FET with gated four-point probe layout:
potential inside the channel area can be measured with voltage probes V; and Vo at
positions L; and Lz with probe distance p. (b) The channel potential (black solid line) is
extrapolated from the voltages V; and V3 to the remainder of the channel. The differences
in voltages to the virtual channel potential at the source and drain electrodes for a transistor
without contact resistance (red dashed line) reflect the respective voltage drops AVy and
AVy.

GCA (see section 2.3.1) serves as the basis for the extrapolation of the voltages measured
by the two probes to positions x = 0 and x = L. The voltage drops that occur at source
(AVj) and drain (AVj,) owing to the corresponding injection barriers are extracted as
described in Equ. 2.17 and illustrated in Figure 2.12b. Evidently, this method relies on the
approximation of a linear channel potential gradient and is only valid for measurements in
the linear regime.
Vo — Wi Vo— Wi
AV,= Vi — 22— . L| = Viand AV, =V — [Vo+ ——21 (L —Ly)| (2.17)
L2 - Ll L2 - Ll
According to Ohm'’s law, the contact resistances at source and drain electrodes can be
obtained using the measured drain current:
AV;

R, = with i = s,d (2.18)
I

The sum of R, and R, yields the total contact resistance (see Equ. 2.16) and the contact
resistance-corrected charge carrier mobility fie in the linear regime can be calculated

according to
p 0l4/Vi
wc ov, ’

with p being the distance between the two voltage probes and V;, the voltage difference

(2.19)

Heorr =

measured between them. To ensure comparability of different studies regardless of the

device geometry, the width-normalized contact resistance R.W (unit 2 cm) is usually the
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reported figure of merit. This contact resistance extraction is crucial to identify the impact

of doping at the electrode-semiconductor interface (see following sections).

2.4.3 Fundamentals of Doping

Doping of a semiconductor (inorganic or organic) describes the (controlled) introduction
of an impurity (dopant) to a semiconducting host material. Electron donors serve as
n-dopants, electron acceptors serve as p-dopants. For inorganic semiconductors such as
crystalline silicon, dopant atoms, e.g., boron as p-dopant or arsenic as n-dopant, are
directly incorporated into the crystal lattice. This gives rise to additional states in close
proximity to the conduction (n-doping) or valence band (p-doping) which results in a
shift of the energy bands with respect to the Fermi level. While at very low doping ratios
of 10 — 10 doping increases the conductivity of the intrinsic semiconductor, higher
concentrations (several %) of the dopants cause degenerate doping of the semiconductor,
which then displays metallic properties.??

7230 can be consid-

The report of metallic properties iodine-doped poly(acetylene) in 197
ered as the origin of the field of organic electronics. Given that halides or alkali metals
readily diffuse through such a polymer matrix, this doped polymer could not be imple-
mented in electronic devices due to insufficient operational stability. Several decades
later, larger molecules that are ideally immobile in the semiconductor matrix are under
investigation. Their chemical structure should be designed such that charges resulting
from electron transfer reactions can be stabilized, e.g., by delocalization to avoid localized
electrostatic charge trapping. Strong acceptor molecules such as 2,3,5,6-tetrafluoro-7,7,8,8-
tetracyanoquinodimethane (F4-TCNQ) serve as p-dopants while molecular donors (see
section 2.4.5) are used as n-dopants.!! A simplified model describes the reaction between
dopant and host material as an integer charge transfer (see Figure 2.13a). An integer
number of electrons is either transferred from the HOMO of the semiconductor host
to the LUMO of the p-dopant or from the HOMO of the n-dopant the LUMO of the
semiconductor. In some cases, substantial activation barriers may prevent a reaction even

231 Tn other reactions, the

if the energetic alignment would allow for a chemical reaction.
formation of a charge-transfer complex is observed upon doping (see Figure 2.13b) with
both ionic and covalent contributions to the bond.?*?> The larger the energy difference
between the two involved frontier orbitals, the more ionic is the character of the bond and
the integer charge transfer model describes the adduct more accurately. The smaller the
difference in orbital energy, the more covalent are the contributions to the bond as hybrid
orbitals are formed and the charge-transfer complex description is more appropriate.?*?

Regardless of the nature of the bond, doping leads to the generation of mobile charge
carriers in the semiconductor. While such doping of the bulk of the semiconductor is

233

highly desired for thermoelectric applications,**® it is often detrimental to the performance
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a Integer charge transfer _b Hybridization
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Figure 2.13: Two extreme models of donor-acceptor interaction. (a) Simplified schematic
energy level diagram for n-doping (blue) and p-doping (red) of an organic semiconductor in the
integer charge transfer model. Activation barriers are omitted for clarity. (b) Hybridization
between donor HOMO and acceptor LUMO to form a charge-transfer complex.

of transistors. For a long time, molecular doping of organic semiconductors had thus
generally been employed relatively scarcely, mostly in organic photovoltaic, thermoelectric
devices and OLEDs, but has received increasing attention for improving the performance of
OFETs.'112 The next section elucidates the details of these doping approaches specifically
designed for FETs.

2.4.4 Channel and Contact Doping

As outlined in the previous section, doping at a suitable concentration leads to the creation
of free charges in the semiconductor, which causes an increase in conductivity. For
transistors this approach is referred to as channel doping. In some cases, this method has

2347236 At very low dopant concentrations,

been demonstrated to improve device stability.
channel doping is employed to passivate trap states.?"23° Depending on the nature of the
trap states, this leads to an increase in charge carrier mobility and can enable control of
the threshold voltage. However, moderately larger dopant concentrations can lead to large
threshold voltage shifts, i.e., the device becomes a depletion mode transistor (in on-state
when V, = 0).!? Additionally, higher dopant concentrations have been demonstrated
to interfere with the molecular packing of the semiconductor and negatively affect film
morphology.?1? Ultimately, high dopant concentrations can cause degenerate doping, which
elevates the off-current level of a transistor, thus lowers current modulation and the
achievable on/off current ratio.

In contrast to that, contact doping is predominantly employed to facilitate more efficient
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injection of charge carriers and reduce the contact resistance (see section 2.4.2) to improve
device performance.!! As only the contact area is doped, the risk of increased off-currents
can be avoided. This doping approach can be used to reduce both the height and the
width of the Schottky barrier present at the metal-organic interface. Such a reduction
in barrier width was found for an indium tin oxide/zinc phthalocyanine interface upon
p-doping with F4~-TCNQ.?%° The thinner barrier enabled tunneling of the charge carriers
through the barrier, which resulted in more efficient hole injection into the semiconductor.
Olthof et al. demonstrated for several electrode materials at a metal-organic interface
that a quasi-ohmic contact can be achieved despite a large mismatch of semiconductor
and metal WFEs.24

Another advantage of this doping approach lies in the removal of interfacial trap states
present at the contact electrode similar to bulk trap passivation by channel doping. This
effect can be even more significant for device performance as the trap density at the
contacts has been shown to exceed that in the channel by a factor of 1,000.242 Such
contact trap passivation was demonstrated to result in a substantial decrease in contact
resistance?*? and subthreshold swing.?*

Furthermore, contact doping can be utilized to suppress the injection of the opposite charge
carrier in ambipolar transistors by increasing the height of the corresponding Schottky
barrier.?*> This offers a particularly large potential for improvement in FETs with narrow-
bandgap semiconductors such as SWCNTs and polymers. Here, off-currents especially
in the saturation regime can be reduced by many orders of magnitude. Implementation
of such devices in complementary circuits leads to much lower power consumption (see
section 2.3.1).

As the relative impact of contact resistance on the total resistance increases with decreasing
channel length (see section 2.4.2), contact doping is especially relevant for short-channel
transistors. In addition to improving the carrier injection, this doping approach has also
been employed to reduce short-channel effects such as increased off-currents and poor
current saturation.?4

Note that either channel or contact doping or a combination of both approaches might
be desirable depending on intended function and available processing conditions of the

involved dopant and semiconductor.

2.4.5 Chemistry of N-Dopants

Due to the much larger number of solution-processed semiconductors suitable for hole
transport, p-dopants have been investigated in larger numbers and more detail than
n-dopants. In-depth descriptions of p-dopants and their chemistry can be found in

11,12,232

literature. This section only describes the chemical properties of n-dopants with a

focus on materials used in FETs, particularly those that have been employed for doping
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SWCNTs and semiconducting polymers.

Due to their high-lying HOMOs n-dopants are intrinsically sensitive to oxygen and moisture,
imposing strong restrictions on processing conditions. In addition, reaction products of
doping often share this disadvantage, which is highly detrimental to stable device operation.
Some alternative approaches to achieve solely n-type injection and charge transport in
SWCNT FETs lie in the use of low WF metals such as Gd, Y or Sc?472*® or electrostatic
doping via HfO,'¥%249 or silicon nitride?® layers. While the performance of the former
suffers from the intrinsically poor environmental stability of the metals (similar to that of
the n-dopants), electrostatic doping often leads to the creation of additional trap states,
e.g., resulting in large current hysteresis.

N-dopants can be categorized into the following groups with certain dopants fitting in
more than one compound family. Alkali metals such as sodium have been employed
in nanotube transistors but exhibited short operational lifetimes owing to diffusion of
the cations through the semiconducting layer.?*! Inorganic salts such as CsF have also
been utilized for n-doping P(NDI20D-T2) FETs.?!Y This led to a reduced threshold
voltage and improved operational stability due to trap state passivation. A wide range
of small-molecule reducing agents with low ionization potentials have been used as n-
dopants in OFETs. Figure 2.14 displays selected examples that have been used for doping
SWCNTs and/or polymers. Among those are NADH,?? tetrabutyl ammonium salts?!! and

Small-Molecule
a Reducing Agents C Metallocenes d

Il?ibose-ADP

/
. - ﬁ ©:N H
Uy R
Rh
Qﬁr”“z oron® N

— — H E R= MeO
Bn—N . — . N—Bn @ th @
Co ,QX
<=

Hydride Donors

b Lewis Bases
H->N
2 \/\OH V”Tn

Figure 2.14: Molecular structures of (a) small-molecule reducing agents NADH,?>? tetrabutyl
ammonium salts?!! and benzyl viologen209253:254 (reduced species), (b) Lewis base dopants
ethanolamine?>® and polyethylene imine,?% (c) metallocene dopants cobaltocene?!® and
rhodocene dimer,?%” (d) hydride donors dimethyldihydrobenzimidazoles.??®

256 55

benzyl viologen.?0%253:254 Compounds such as poly(ethylene imine)?*® and ethanolamine?
function as n-dopants since they provide electron density by virtue of their amine groups

acting as Lewis bases. 19-Electron metallocenes such as (decamethyl)cobaltocene have been
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2.4 Controlling Charge Injection

employed as dopants in polymer?!® and SWCNT FETs,? even though their high reactivity
renders them difficult to handle during processing. Another n-dopant family are the
dimethyldihydrobenzimidazoles (DMBIs),?® that serve as hydride donors. Representatives
of the latter two can also be dimerized to enhance their air stability, e.g., the rhodocene
dimer [Rh(cp*cp)ls displayed in Figure 2.14¢, which was employed as an n-dopant for
SWCNT network FETs.?%7

In general, molecular n-doping remains a challenge as the air stability of the dopants — albeit
recently somewhat improved by various synthetic approaches — complicates processing,
which renders the simultaneous control of all relevant device parameters in FETs particularly
difficult.

2.4.6 Guanidino-Functionalized Aromatic Compounds

Guanidino-functionalized aromatic (GFA) compounds are molecules with (multiple) guani-
dinyl groups attached to the aromatic core, which can further be synthetically modified by

additional functionalization (see Figure 2.15a).

L. L A L
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guanidyl group )
+
aromatic core ttmgb ttmgb

() additional functionalization

Figure 2.15: (a) General structure of guanidino-functionalized aromatic (GFA) compound
comprised of guanidinyl groups (orange; e.g., R! = R? = Me, -CHy-CHs- or R! = H, R? = 'Pr),
an aromatic core (blue) and additional substituents (green; X = H, Br, NO2). (b) Reversible
two-electron oxidation of 1,2,4,5-tetrakis(tetramethylguanidino)benzene (ttmgb) to form
ttmgb? ™.

GFAs are powerful organic reducing agents. Their aromatic core serves as an electron
reservoir while the guanidyl groups provide an extension to the conjugated m-system
and thus stabilize positive charges generated upon oxidation of the GFA.?%° The charges
of these stable di- or tetracations, that form during these reactions, are delocalized
across aromatic core and guanidinyl groups as exemplified in Figure 2.15b for 1,2,4,5-

261

tetrakis(tetramethylguanidino)benzene (ttmgb).*®* This compound has an oxidation po-

tential of -0.76 V ws. Fc/Fc' in acetonitrile and is thus a somewhat weaker reducing
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agent than, e.g., cobaltocene (< -1.3 V ws. Fc/Fc™)*? or DMBI derivatives (~ -1.9 V
vs. Fc/Fc™).2% The two-electron oxidation of most GFA compounds occurs at (almost)

264

identical potentials as measured by cyclic voltammetry.”** GFA compounds also exhibit a

264 Protonation was identified to

high alkalinity comparable to that of alkali hydroxides.
occur at the t-bond of the imino-group enabling a much better delocalization of the positive
charge in aryl guanidines compared to, e.g., aryl amines.?5! The electronic structure of GFA
compounds and thus their reactivity can be readily altered by introducing substituents
at the aromatic core or change of the guanidyl groups®® as well as via complexation or
protonation.?6® Additionally, exchange of the moieties at the guanidyl groups enables the
tuning of solubility in solvents of different polarity.

While the class of GFA compounds was originally introduced as redox-active ligands for
transition metal complexes,?%6267 further applications were explored such as their use as

268 in dehydrogenative coupling reactions, such as for the reduction of

redox catalysts,
thiols to dithiols,2Y as reducing agents in organic synthesis®*™® and photochemical reductive
carbon-carbon coupling reactions.?”! In addition, their potential as high-charge capacity
materials for organic electronics has been proposed.?™ The first molecule of this class of
compounds, ttmgh, was synthesized by Peters et al. in 2008 and has been developed as a
bench mark for GFAs.269:265.27327 Dye to its reducing strength ttmgb was explored as an
n-dopant for both classes of semiconducting materials used in this thesis (see Chapters 5

and 6).
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MATERIALS AND METHODS

This chapter describes the materials, the pro-
cessing techniques and the characterization

methods that were employed in this study.
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3.1 Materials

All solvents were purchased from Sigma-Aldrich (unless otherwise specified) and used
without further purification.

Single-walled carbon nanotube raw materials were purchased from CHASM Advanced Ma-
terials Inc. (CoMoCAT® SWCNTs, diameter range 0.7-1.0 nm, SG65i-L58) and Raymore
Industries Inc. (diameter range 0.9-1.5 nm, batch RNB739-220-A329), respectively. Raw
materials were dried at 110 °C overnight in ambient air prior to use.

The stabilizing additives used in this thesis are listed in Table 3.1 were used without

further purification.

Table 3.1: Stabilizing additives used in this thesis.

Additive Purity M
(%) | (gmol™)
1,10-phenanthroline 99 180.21
4, 7-phenanthroline 98 180.21
1,7-phenanthroline 99 180.21
phenanthrene 99.5 178.23
1,10-phenanthroline monohydrate 99 198.25

Their molecular structures are displayed in Figure 3.1.

CHD 0 GO G0 Gl

\

1,10-phenan- 4,7-phenan- 1,7-phenan- phenanthrene
throline throline throline 1,10- phenanthroline
monohydrate

Figure 3.1: Molecular structures of stabilizing additives.

The guanidino-functionalized aromatic compounds ttmgb, ttmgh(PFg),, ttmg-phen and
tdmegb were synthesized and purified in the laboratory of Prof. Dr. Dr. Hans-Jorg
Himmel’s group as described in literature?”> 2™ (for IUPAC names, see Table 3.2, for
molecular structures, see Figure 3.2). All compounds were stored in dry nitrogen.

hpp was purchased from Sigma-Aldrich and sublimated at 100 °C under vacuum prior to
use. MesG (99 % was purchased from ARCOS and used without further purification (for
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molecular structures, see Figure 3.2).

Table 3.2: N-Dopants used in this thesis.

Compound Abbreviation M
(gmol™1)
1,2,4,5-Tetrakis(tetramethylguanidino)benzene ttmgb 530.77
ttmgb-Bishexafluorophosphate ttmgb(PFg)2 | 820.70
2,3,7,8-Tetrakis(tetramethylguanidino)phenazine ttmg-phen 632.87
1,2,4,5-Tetrakis( N, N’-dimethyl- N, N’-ethylene- tdmegb 522.71
guanidino)benzene
Hexahydropyrimidopyrimidine hpp 139.20
Tetramethylguanidine Me,G 115.18
N/ \N N/

o T F O
—N N— N F"1 F
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Figure 3.2: Molecular structures of n-dopants.

Molybdenum tris(1-(trifluoroacetyl)-2-(trifluoromethyl)ethane-1,2-dithiolene) (Mo(tfd-
COCF3)3, M = 858.46 gmol™!) was purchased from Sigma-Aldrich and used without

further purification (molecular structure, see Figure 3.3).
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Figure 3.3: Molecular structure of p-dopant (Mo(tf{d-COCFj3)s.

The polymers PFO-BPy (as wrapping polymer), P(NDI20D-T2) and DPPT-BT (as

semiconductors) and PMMA (as dielectric) were used without further purification. Their

IUPAC names as well as their molecular weight and supplier data is given in Table 3.3,

their molecular structures are displayed in Figure 3.4.

Table 3.3: Polymers used in this thesis.

Polymer Supplier| Abbreviation M, M,
(kgmol™!) | (kgmol™1)

Poly[(9,9-dioctylfluorenyl-2,7- American PFO-BPy n/a 34
diyl)-alt-(6,6’-2,2’-bipyridine)| Dye

Source
Poly| N, N’-bis(2-octyldodecyl)- Polyera | P(NDI20D-T2) 35.3 63.5
naphthalene-1,4,5,8- Corp.
bis(dicarboximide)-2,6-diyl|-
alt-5,5'-(2,2’-bithiophene)
Poly|[(2,5-bis(2-octyldodecyl)- FlexInk DPPT-BT 33 87
(5—(benzo|2,1,3]thiadiazole- Ltd.
4,7-diyl)-2,5-diyl)-thiophene-
2,5-diyl)—6-(thiophene-2,5-
yl)pyrrolo|[3,4-¢|pyrrole-1,4(2H,
5H)-dione)|
Poly(methyl methacrylate), syn- | Polymer PMMA n/a 350
diotactic Source
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PFO-BPy PMMA

"Dec

A
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R’ p(NDI20D-T2) DPPT-BT S

Figure 3.4: Molecular structures of polymers.

3.2 SWCNT Dispersion Preparation

(6,5) SWCNT dispersions were prepared from CoMoCAT® raw material (0.38 gL ™).
SWCNTs were selectively dispersed by shear-force mixing in toluene with PFO-BPy. For
plasma torch tube dispersions, 1.5 g L=! raw material was dispersed in a PFO-BPy solu-
tion in toluene (0.5 g L™!) using bath sonication (Branson 2510) for 55 min at r.t. The
dispersions were then subjected to centrifugation at 60,000 g (Beckman Coulter Avanti
J26CP centrifuge) for 30 min and the supernatant was collected. This process was repeated
at least once. This supernatant was subsequently filtered through a PTFE membrane
(Merck Milipore, JGWP, 0.1 pm pore size) which yielded SWCNT filter cakes (approx.
100 pg). Washing with toluene (7" = 80 °C, three times) removed excess polymer. Next,
the filter cake was re-dispersed in toluene (1 mL) using bath sonication for 30 min at r.t.
and diluted to the desired concentration.

For the dispersions used in the aggregation experiments, a slightly altered protocol was
used as follows: stock solutions were prepared in dry nitrogen atmosphere by dissolving
20 mg additive (phenanthrene, 1,10-phenanthroline, 1,7-phenanthroline, 4,7-phenanthroline
or 1,10-phenanthroline monohydrate) in anhydrous toluene, o-, m-, p-xylene or mesitylene
(2 mL) and then kept inside a glovebox.

Filter cakes were washed four times with toluene (7" = 80 °C) to remove as much unbound
polymer as possible. Subsequently, they were re-dispersed in the corresponding anhydrous
solvent (see above) by bath sonication for 45 min at r.t., diluted to the desired concen-
tration (see sections 3.3.2) and the additive stock solution was added (50 pL per 950 pL

dispersion). All dispersions were subjected to bath sonication for 4 min at r.t. immediately
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prior to use.

3.3 Device Fabrication

3.3.1 Bottom Electrodes

AF32eco glass substrates (300 pm, SCHOTT AG) were cleaned by bath sonication in ace-
tone and 2-propanol for 10 min, rinsed with de-ionized water and blow-dried. Source-drain
electrodes (geometry, see Figure 3.5a and b, Table 3.4) were fabricated on these pre-cleaned
glass substrates using standard photolithography (LOR5B, S1813 resists) in combination
with e-beam evaporation (HVB-130, Winter Vakuumtechnik GbR) of chromium (2 nm)
and gold (30 nm) with subsequent lift-off in N-methyl-2-pyrrolidone (NMP). Prior to
deposition of the semiconducting layer, the solvent cleaning steps outlined above were
performed again. For the deposition methods of the different semiconductors, see below
(sections 3.3.2, 3.3.3)

For DPPT-BT FETs with injection layers, source-drain electrodes (for layout and dimen-
sions, see Figure 3.5¢, Table 3.4) were fabricated by thermal evaporation (MB-ProVap-3,
M. Braun Inertgas-Systeme GmbH) of chromium (2 nm) and gold (30 nm) through shadow

masks. Cleaning steps were performed as described above.

a b c
S
S D .
S D
D Vo1 Vo2 L

Figure 3.5: Source (S) and drain (D) electrode layouts. (a) Interdigitated electrodes, (b)
four-point probe layout (voltage probe (V,;, V,2), probe-to-probe distance p = 20 pm, probe
width 4 pm, distance to S and D electrode 6 pm) and (c) L-shaped electrodes. Channel
lengths and widths are summarized in Table 3.4.

3.3.2 SWCNT Thin Film Preparation

SWCNT dispersions in toluene with concentrations adjusted to the desired network
densities (sparse networks: 5.6 ngmL™!, dense networks: 14.4 pg mL~!) were spin-coated
at 2000 rpm for 30 s onto the substrates patterned by photolithography (see previous

section) and subsequently annealed at 100 °C. This process was conducted three times.
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Table 3.4: Channel lengths and widths for different FET geometries.

| Electrode layout | L (pm) | W (pm) |

Interdigitated D 10000
Interdigitated 10 10000
Interdigitated 20 10000
Interdigitated 40 5000
Four-point probe 40 1000
L-shaped 42 1500

The re-dispersion for referencing the impact of the stabilizing effect of 1,10-phenanthroline
was prepared in o-xylene with a concentration of 14.4 pgmL~! to create dense networks.
Aged dispersions were subjected to vortexing for 2 seconds immediately before deposition to
allow for removal of loose clusters. After spin-washing with tetrahyrofuran and 2-propanol,
standard photolithography and oxygen plasma etching were used to pattern the films in
order to reduce leakage paths and device cross-talk.

For printed films prepared for ultraviolet photoelectron spectroscopy, an Aerosol Jet 200
printer (Optomec Inc., 200 pm inner diameter nozzle, ultrasonic atomizer, nitrogen carrier
gas 15 scem, sheath gas 30 scem) was used (SWCNT concentration in toluene 3.6 pg mL ™!,
5 vol % terpineol added). Horizontal and vertical lines (line pitch 25 pm) were printed in
rectangular shape (3 x 3 mm size). The stage temperature was set to 100°C. Films were
then rinsed with tetrahydrofuran and 2-propanol and blow-dried. Next, the substrates

were annealed at 300 °C for 30 min in dry nitrogen atmosphere.

3.3.3 Semiconducting Polymer Film Preparation

All processing steps were carried out in dry nitrogen atmosphere. P(NDI20D-T2) was
spin-coated from a solution in toluene (8 gL.™!) at 8000 rpm for 60 s and then annealed
at 110 °C for 30 min. For the samples with a solution-processed ttmgb top layer (see
section 3.3.4), 4,000 rpm for 60 s were chosen as spin-coating parameters to ensure sufficient
film coverage after the next processing step while maintaining relevant film properties.
Solutions of DPPT-BT in chlorobenzene (8 g L.™!) were spin-coated at 1500 rpm for 60 s
and then annealed at 200 °C for 30 min.

3.3.4 Processing of Dopants
Dip-Coating

In dry nitrogen atmosphere, substrates with pre-deposited SWCNT networks were dipped

into solutions of dopants for 20 min and then annealed as summarized in Table 3.5.
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Petry dishes that were carefully cleaned with freshly prepared peroxomonosulfuric acid,

subsequently rinsed with de-ionized water and blow-dried to exclude potential contaminants,

served as reaction vessel.

Table 3.5: Experimental parameters for dip-coating.

Dopant Solvent Concentration | Annealing T | Annealing t
(L™ (°C) (min)

ttmgb toluene 0.1-10 150 30
Me,sG toluene | undiluted, 25 vol % 80 2
hpp toluene 2.0, 8.0 80 30
ttmgb(PFg)s acetonitrile 5.0 100 30
ttmg-phen acetonitrile 3.0 100 30
(Mo(tfd-COCF3)3) |  toluene 2.0 100 30

Spin-Coating

Figure 3.6 provides an overview on the different device architectures and highlights the lo-

calization of the dopant. Injection and solution-processed top layers of ttmgb incorporated

b c

Injection Layer Blend

’_Am__ﬁm’_—l

Glass

Top Layer

| !
T —

— Dopant

Figure 3.6: Bottom-contact/top-gate field-effect transistors using (a) a dopant (red) injection
layer deposited before the semiconducting polymer (purple), (b) a polymer-dopant mixture
deposited as a blend and (c) a dopant top layer deposited after the polymer layer.

in polymer FETs were spin-coated from colorless solutions in toluene and then annealed at
110 °C with parameters as described in Table 3.6. Note that pale green solutions indicating
small amounts of oxidized ttmgb could not be used and had to be discarded.

For P(NDI20D-T2)/ttmgb blend layers, freshly prepared solutions of the individual com-
pounds were mixed to yield mass ratios of 0.1, 0.2, 0.3, 0.4, 0.5, 1.0 and 2.0 w% ttmgb.
Prior to deposition, the combined solution was stirred at 70 °C for 30 min, cooled to r.t.,
spin-coated and annealed with parameters identical to the pristine P(NDI20D-T2) layer
(see section 3.3.3).
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Table 3.6: Experimental paramenters for spin-coating of ttmgb layers.

Polymer Architecture | Layer Label | Spin-Coating ttmgb
in Chapter 6 | Speed (rpm) | Concentration

(L™
P(NDI20DT2) | Injection Layer Thin 4,000 14
P(NDI20DT?2) | Injection Layer Thick 4,000 2.8
P(NDI20DT?2) Top Layer - 1,000 0.5
DPPT-BT Injection Layer Thin 4,000 1.4
DPPT-BT Injection Layer Medium 4,000 2.8
DPPT-BT Injection Layer Thick 4,000 5.6
DPPT-BT Top Layer Thin 1,000 1.0
DPPT-BT Top Layer Medium 1,000 2.0
DPPT-BT Top Layer Thick 1,000 4.0

Evaporation

Vacuum-processed ttmgb layers (thicknesses see Table 3.7) were deposited from aluminum

oxide crucibles (M. Braun Inertgas-Systeme GmbH) by thermal evaporation (MB-ProVap-

3, M. Braun Inertgas-Systeme GmbH) at a base pressure of approximately 5-107 mbar.

The temperature of the crucible was adjusted to approximately 75 °C to achieve a rate of
0.5 As! for ttmgb and to 125 °C to achieve a rate of 0.5 A s~ for tdmegb, respectively,

using approximately 10 mg of starting material. Note that evaporation rates are a function

of filling level. Special care was taken to mount samples in a way that shading of relevant

sample areas from dopant vapor was minimized. Evaporation was performed without

rotation of the substrate holder.

Table 3.7: Experimental paramenters for evaporation of dopant layers.

Polymer Dopant | Architecture | Layer Label Layer
in Chapter 6 | Thickness (nm)
P(NDI20DT2) | tdmegb | Injection Layer Thin 0.8
P(NDI20DT2) | tdmegb | Injection Layer Thick 2.0
P(NDI20DT2) | ttmgb Top Layer - 1.1
DPPT-BT ttmgb Top Layer Thin 2.0
DPPT-BT ttmgb Top Layer Thick 4.0
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3.3.5 Hybrid Dielectric and Top Gate

After deposition of semiconductor and - if applicable - dopant, spin-coating of 6 gL™!
PMMA, in n-butyl acetate at 4000 rpm for 60 s and atomic layer deposition of HfO,
(Ultratech Savannah S100) using tetrakis(dimethylamino)hafnium (Strem Chemicals Inc.)
and water precursors resulted in a hybrid dielectric (layer thicknesses 11 nm PMMA, 61
nm HfO,). Thermal evaporation (MB-ProVap-3, M. Braun Inertgas-Systeme GmbH) of

the gate electrode (silver, 30 nm) finalized the devices.

3.4 Characterization

3.4.1 UV-vis-NIR Absorption Spectroscopy

UV-vis-NIR absorption spectra were recorded under ambient conditions using a Cary 6000i
UV-vis-NIR absorption spectrometer using quartz cuvettes with an optical path length of
1 ecm. Nanotube Dispersions for aggregation monitoring were diluted to concentrations
of approximately 1.0 pg mL™! and 50 pL of additive stock solution per 950 pL dispersion
were added. Aggregation of SWCNT dispersions was monitored by collecting spectra with

a cycle time of 20 min for a total of 13 h at r.t. without a temperature controller.

3.4.2 Photoluminescence Spectroscopy

Photoluminescence spectra were recorded by a Fluorolog 3 spectrometer (Horiba Jobin-
Yvon GmbH). A liquid nitrogen-cooled InGaAs diode array (800-1600 nm) served as the
detector. For the comparison of peak energy of various additives, dispersions were diluted
to a (6,5) SWCNT concentration of 0.02 pgmL~! and to a concentration of 0.5 pg mL ™!
for monitoring aggregation. Aggregation was monitored by collecting spectra with a cycle
time of 5 min for a total of 180 min in ambient conditions at r.t. using a temperature

controller.

3.4.3 Raman Spectroscopy

Raman spectra were collected using a Renishaw InVia Reflex confocal Raman microscope
with a x50 objective (NA = 0.75) and a 532 nm Nd:YAG diode laser (2400 lines/mm
grating), a 633 nm HeNe laser and a 785 nm diode laser, (both 1200 lines/mm grating). The
spectrometer was calibrated to silicon (520.6 cm™). Samples were prepared by repeated
dropcasting of SWCNT dispersions (5 x 10 pLi) on aluminum foil with subsequent annealing
and rinsing with tetrahydrofuran and toluene. All measurements were recorded as maps

using Streamline™ and then averaged (at least 400 spectra).
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3.4.4 Ultraviolet Photoelectron Spectroscopy

All ultraviolet photoelectron spectroscopy measurements were performed in the laboratory
of Prof. Dr. Yana Vaynzof’s group. Chromium (5 nm) and gold (50 nm) were deposited
on solvent-cleaned silicon substrates with native oxide (cleaning, see Device Fabrication).
Films of ttmgb (toluene, 2.0 g L=t 800 rpm, 60 s), ttmgh(PFg), (acetonitrile, 4.0 g L7,
800 rpm, 60 s) were spin-coat in dry nitrogen. (6,5) SWCNTs (3.6 pgmL™" in toluene)
were deposited using an Aerosol Jet 200 printer (Optomec Inc.) Samples were then
transferred to an ultrahigh vacuum chamber (ESCALAB 250Xi) without exposure to
air. Measurements were conducted with a Helium I photon line (hv = 21.22 V) of a

double-differentially pumped Helium discharge lamp (analyzer pass energy of 2 eV).

3.4.5 Kelvin Probe Measurements

All work function (WF) measurements were performed by Dr. Eric Sauter (Prof. Dr.
Zharnikov’s group) with a Kelvin Probe 2001 system (KP technology Ltd., UK) in
ultrahigh vacuum (10® mbar). Freshly sputtered gold and self-assembled monolayers of

1-hexadecanethiol served as references.

3.4.6 Profilometry

Polymer and hafnium oxide film thicknesses were measured by surface profilometry (Dek-
takXT Stylus Profiler, Bruker Corp.). Polymer films were spin-coated on glass substrates
as described (see section 3.3.3) and then scratched several times with a razor blade. Mea-
surements were performed across resulting grooves, thicknesses were averaged from at least
five measurements. Hafnium oxide layer thicknesses were determined after lift-off in NMP

on photolithographically patterned Si/SiO, substrates in analogous fashion.

3.4.7 Atomic Force Microscopy

Atomic force microscopy (AFM) images (5x5 pm? area, 1024 lines) were recorded under
ambient conditions using a Bruker Dimension Icon Atomic Force Microscope and Bruker
Scanasyst® or TESPA-V2 tips (Scanasyst® or tapping mode in air). The collected
AFM images were processed with the open-source software Gwyddion 2.45 (background

correction, z-line leveling, line error correction).
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3.4.8 Electrical Characterization
Output and Transfer Characteristics

All transfer and output characteristics were recorded in dry nitrogen (unless otherwise
indicated) using an Agilent 4155C semiconductor parameter analyzer. Inverters were
measured on interconnected p- and n-type transistors with equal channel length and width
(see circuit diagram, Figure 2.9). All measurements for assessment of bias stress stability

were performed in ambient conditions.

Capacitances

For SWCNT FETs (on-state reached for 0 <V, < 8.0 V), capacitances were measured
with an impedance spectrometer (ModulLab XM MTS System, Solartron Analytical)
directly on the transistor in question by having the shorted source-drain electrodes serve as
one capacitor plate and the gate electrode serve as the other. For polymer FETs (on-state
reached for V, > 8.0 V), capacitance measurements were performed using an Agilent
E4980 Precision LCR meter using rectangular capacitor plates of area sizes (0.06, 0.03
and 0.015 cm?). The measurement frequency employed was 1.0 kHz for both measurement
methods (unless otherwise specified) and the maximum capacitance was determined in the

on-state.

Mobility and Contact Resistance

Field-effect mobilities were calculated according to Equ. 2.10 for the linear regime and
2.11 for the saturation regime (see section 2) using forward sweeps (from off to on). Gated
four-point-probe measurements were employed to determine contact resistances and the
charge carrier mobility corrected for contact resistance (see Equ. 2.16 — 2.19 in section

2.4.2, for geometry, see Figure 3.5).
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Chapter 4

PHENANTHROLINE ADDITIVES
FOR ENHANCED STABILITY OF
POLYMER-WRAPPED SWCNT
DISPERSIONS

This chapter introduces a simple method to
slow down aggregation in SWCNT dispersions
and reproducibly improve device performance
homogeneity in SWCNT network field-effect

transistors.
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Chapter 4 PHENANTHROLINE ADDITIVES FOR ENHANCED STABILITY OF
POLYMER-WRAPPED SWCNT DISPERSIONS

The results described in this chapter were partially published in Schneider et al. ACS Appl.
Nano Mater. 2020, 3, 12314 — 12324.%7 All figures within this chapter were adapted with

permission from the American Chemical Society.

4.1 Introduction

Inks of semiconducting SWCNTs (for details on dispersion and purification methods, see
section 2.1.3) selected by polymer-wrapping in organic solvents such as toluene have been
produced with purity levels sufficient for reproducibly high on/off-current ratios that are
mandatory for electronic applications on a large scale.3*174176 One of the main roadblocks
in their path to commercial success, however, is their high tendency to aggregate in
dispersion over time. For a description of the various optical techniques to monitor this
behavior, the reader is referred to section 2.1.4. These aggregates of varying size lead to
processing problems and device malfunctions, for example, clogged printing nozzles, and
inhomogeneities in thin films even to the extent of device failure induced by, e.g., pin holes
or hot spots. Electrostatic coupling and charge transport are negatively affected even by
the presence of just small SWCNT bundles, which ultimately limits device performance.?:4®
Size and number of nanotube bundles can in fact be managed by elaborate protocols of
repeated sonication and centrifugation, however, always at the cost of introducing defects
into and shortening the SWCNTs. Post-processing methods such as aggregate removal
after deposition can be a valid option but may include additional substrate sonication.”
Furthermore, inhomogeneities in network density can result in non-uniform effective carrier
mobilities and channel resistances in circuits. Whereas it might be possible to control
these issues for small-scale device fabrications in the scientific laboratory by exclusively
employing freshly prepared dispersions, they are a critical challenge for the large-area
processing.

Other commonly used inks, particularly colloid-based ones, for the deposition of, e.g., elec-
trode, dielectric and semiconducting materials are optimized with regard to processability
and long-term stability by specific formulations.2”" 2™ Additives such as small molecules
and mixtures of several solvents are frequently employed to fine-tune the morphology of
the films for better overall device performance. In principle, an adaptation of this concept
to SWCNT inks for large-scale device fabrication with higher reproducibility should be
feasible.

Small-diameter (0.757 nm), large-bandgap (1.27 eV) (6,5) SWCNTs dispersed by polymer
wrapping with PFO-BPy using shear-force mixing® (experimental details, see section 3.2)
in toluene were selected as semiconducting material due to their previously demonstrated

performance in various optoelectronic devices?*?®? as well as FETs; for the latter that is

high charge carrier mobilities and on/off-current ratios.?*1™ Moreover, PFO-BPy also
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selectively disperses semiconducting SWCNTs with larger diameters (1.17 — 1.55 nm)
frequently used in, e.g., high-mobility FETs,?%164281 which enables to test the broader
applicability of this concept.

Dispersions with high polymer content benefit from better stability as the polymer increases
the dispersion viscosity and slows down diffusion and aggregation. However, fluorene-based
wrapping polymers exhibit orders of magnitude lower mobilities than SWCNTs®"# and
are thus a risk for unwanted detrimental effects on charge transport. Hence, the careful
removal of the majority of unbound polymer prior to further processing is considered
mandatory for most polymers even though a recent report suggests that this may not be
necessary for particular wrapping polymers.®¢ These dispersions with low polymer con-
centrations generally exhibit poor stability with high aggregation tendency. A remedy to
somewhat decelerate aggregation in such dispersions can be the use of solvents with higher
viscosity.”%” Other wrapping polymers can be removed by chemical treatment to yield

85,282,283 or by de-wrapping via complex formation with, e.g., ruthenium

soluble monomers
salts.® Yet, none of these approaches for polymer removal have thus far provided a satis-
factory solution for the issue of aggregation in large-scale device fabrication. To sum up,
there is a strong demand for a facile, inexpensive method with high reliability to increase
the stability of SWCNT inks without any detrimental impact on device performance.

In this chapter, the conceptual idea of ink formulation known for other colloids is transferred
to dispersions of (6,5) SWCNTs in toluene with low residual wrapping polymer content
via the application of small-molecule additives, i.e., phenanthrolines. First, the progress
in aggregation is monitored using time-dependent UV-vis-NIR absorption spectroscopy. A
continuous drop in intensity of the E;; transition of the nanotubes over the course of 12 h
is established as a key indicator of aggregation. The validity of this parameter is critically
reviewed by comparison to the well-known impact of solvent viscosity on dispersion stability.
A number of isomers and similar molecules are applied to help elucidate the mechanism
of their impact on dispersion stability. Further, photoluminescence spectroscopy is em-
ployed to support this discussion and the general applicability of this concept to different
nanotube species is tested on SWCNTs with larger diameters. Atomic force microscopy
enables an assessment of the impact of the additive on film morphology of dense nanotube
networks deposited from inks of increasing age on a larger timescale. Lastly, these films are
incorporated into bottom-contact/top-gate FETs. A thorough electrical characterization
of these devices is conducted to link the influence of decelerated aggregation in dispersion

to changes in morphology and, ultimately, their electrical performance homogeneity.
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4.2 Spectroscopic Monitoring of Aggregation

Figure 4.1 provides a general overview of the processing steps involved in this study.
Shear-force mixing is a gentle and reproducible method to obtain long SWCNTs (aver-
age length ~ 1.5 pm), which is beneficial for high charge carrier mobilities in nanotube
networks.?%%28% For purification, dispersions are then subjected to a centrifugation pro-
tocol. The post-centrifugation supernatant rich in PFO-BPy polymer is filtered and
the filter residue is washed to remove excess unbound polymer (for experimental details,
see section 3.2). Dispersions of (6,5) SWCNTs wrapped by PFO-BPy were prepared by
redispersion from filter cakes in toluene or other organic solvents. Employing this process,
concentrations of ~ 15 pgmL~! were obtained, which are necessary for the deposition of
dense networks by spin-coating (for experimental details, see 3.3.2). Dispersions with such
high SWCNT and relatively low PFO-BPy concentrations (< 30 pgmL™!) are typically
prone to display visible signs of aggregation within a few hours of storage time after soni-
cation. It is hence important to keep storage times to a minimum to ensure reproducible

device fabrication.

SWCNT raw material

TR 1.Shear-force 1. Remove excess
; mixing polymer
>
2.Centrifugation 2. Redispersion
3.Filtration
Semiconducting
SWCNTs
Toluene Toluene
PFO-BPy (or other solvents) with
- no additive additive
HfOy
Au il Au ) \
(6,5) SWCNT Network Dispersion N=
Glass (fresh/aged)

SWCNT Network Field-
Effect Transistor

Figure 4.1: Overview of processing steps. Selective dispersion of PFO-BPy-wrapped (6,5)
SWCNTs in toluene by shear-force mixing, followed by centrifugation and filtration. Filter
cakes are redispersed in toluene (or other solvents) with and without additives (molecular
structure: 1,10-phenanthroline). Dispersions are stored for selected amounts of time and then
used in the fabrication of bottom-contact/top-gate (6,5) SWCNT network FETs.
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Figure 4.2: Extinction (absorbance and scattering) spectra of (6,5) SWCNT dispersions in
toluene (a) without and (b) with additive 1,10-phen measured at different times after ink
preparation. (c) Decrease of extinction extracted at the maximum of the Eq; transition as a
function of time after ink preparation; values are normalized to the optical density of the Eqiy
at ¢ = 0. The decrease in extinction reflects increasing aggregation.

UV-vis-NIR absorption spectroscopy is an effective method to examine aggregation as
a function of time in SWCNT dispersions, which was previously shown by Talsma et
al.: the ink aging can be correlated with decreasing optical density.?” This observation
is demonstrated in Figure 4.2a using a dispersion of (6,5) SWCNTs in toluene with
minimized remaining PFO-BPy content. The concentration of the nanotubes is high
enough to enable observation of the aggregation process within a reasonable time frame
and sufficiently low to ensure linearity of the detector response. During a period of 12 h,
the maximum extinction (absorbance and scattering) at the E;; transition of the (6,5)
SWCNT dispersion decreases continuously. For these repeated collections of absorption
spectra without moving the cuvette, the total amount of SWCNTs obviously stays constant.
Despite that, the formation of large aggregates results in a noticeable decline in optical
density instead of an increasing scattering background, which one might expect. When
the cuvette is removed after the experiment, aggregates in the form of a purple cloud
of clustered SWCNTs can be perceived visually. The drop in extinction was ascribed
to the adsorption of SWCNTs aggregates on the sidewalls of the cuvette, which is most
pronounced at the air-liquid interface, and to the sedimentation of larger clusters that
moved out of the path of detection.

In contrast to that, upon addition of the N-heteropolycycle 1,10-phenanthroline (1,10-phen)
to the dispersion before starting the measurement (cy 10.phen ~ 0.4 mg mL™!), the decrease
in extinction is much weaker (see Figure 4.2b) and there are no visible aggregates (video).
The drop in extinction for dispersions without and with 1,10-phen is directly compared in
Figure 4.2c. To ensure easy comparability of the values, the data points were normalized
to the peak value of the E;; optical density at ¢ = 0. Figure 4.3a depicts a plot of

the extinction normalized to the Eq; transition for a dispersion without additive. It is
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noteworthy that the relative concentration of the PFO-BPy (peak at 355 nm) rises with
progressing aggregation time. If one assumes an inhomogeneous coverage of the nanotubes
by the wrapping polymer, this would indicate favored aggregation of those SWCNTs with
more uncovered surface and hence weaker colloidal stabilization. Interestingly, this effect
is also present in the dispersion with 1,10-phen additive (see Figure 4.3b) — although it is
much less pronounced and somewhat less clear due to the overlapping strong absorption
of the small-molecule additive. Overall, it is apparent that the stability of the dispersion
is drastically enhanced by the presence of 1,10-phen.

Next, it was important to establish that the E;; extinction decreasing over time as

toluene - no additive toluene - with 1,10-phen
1.0H{—o0 1.0A|—o
—3h —3h
0.8 {—¢6h 0.8 |—¢6h
5 —o9h 5 —o9h
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Figure 4.3: Extinction (absorbance and scattering) spectra of (6,5) SWCNT dispersions in
toluene (a) without and (b) with additive 1,10-phen measured at different times after ink
preparation normalized to the maximum of the Ej; transition. The inset in (b) displays the
relative increase in extinction of the PFO-BPy shoulder with aggregation time. The strongly
enhanced signal at shorter wavelengths is attributed to the intense absorption in the UV of
the 1,10-phen additive.

determined in the UV-vis-NIR measurements is a valid and reliable metric to quantify
the degree of aggregation. For this, SWCNT dispersions in the chemically similar yet
compared to toluene higher-viscosity solvents o-, m-, p-xylene and mesitylene were selected.
Table 4.1 provides an overview of their viscosities, static dielectric constants and refractive
indices. The minor differences in the latter two can be excluded as a source of positive
impact on stabilization. Given that the aggregation of SWCN'Ts is at the least in part a
process limited by diffusion, solvents with higher viscosities are expected to slow down
aggregation and sedimentation. This is due to the fact that the diffusion constant is
reciprocally proportional to the dispersion viscosity.”*% As expected, the decrease in
maximum extinction at the Eq; transition with time (see Figure 4.4a) is less pronounced

for higher-viscosity solvents.
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Table 4.1: Viscosities, static dielectric constants and refractive indices of the employed
solvents at 25°C.

Solvent | Viscosity?®® | Dielectric Constant?®” | Refractive Index?
(mPas) (static)
toluene 0.556 2.38 1.4944
o-xylene 0.756 2.57 1.5018
m-xylene 0.581 2.35 1.4944
p-xylene 0.611 2.27 1.4929
mesitylene 0.611 2.27 1.4976

The largest impact on stabilization is observed for the solvent with the highest viscosity,
1.e., o-xylene. The here observed apparent growth in extinction lies within the range of
typical experimental error of this method. Note that the not entirely defined dependence
of the extinction on the extent of aggregation complicates direct comparisons of different
experiments. This effect is most pronounced in the early stages and small discrepancies are
not to be misinterpreted. Nonetheless, within the chosen timescales and concentrations,
all xylenes and mesitylene result in nanotube dispersions with higher stability compared
to those in toluene. Talsma et al. made similar observations of such good stabilization
for a dispersion of semiconducting SWCNTs dispersed using polydodecylthiophene in
o-xylene.”"
To allow for a precise evaluation of peak energy and peak width, the second derivative of
the extinction with respect to energy was fitted to the second derivative of a Gaussian
according to a method established by Saakov et al.*®® The extracted parameters are
displayed in Figure 4.4b,c. Most of the small red shift in peak energy that is present for
all solvents takes place in the first hours of the experiment. One may speculate that the
impact of even loosely clustered nanotubes on their absorption energy is largest in the
initial stages of aggregation formation. The red shift caused by the adsorption of the second
SWCNT to the first SWCNT is larger than that of the third etc. Unfortunately, there
are no apparent trends that could be correlated with solvent properties and ultimately
aggregation tendencies. Evidently, there is very little change (tenths of meV) in the peak
width of the investigated Eq; transition of the (6,5) SWCNTs during the 12 h-period of
the experiment.

Even though the difference in dispersion stability can indeed be attributed to the varia-
tion in viscosity of the employed solvents, the low amounts of a small-molecule additive like
phenanthroline (< 1 mgmL™") to toluene are considered too low to impact the dispersion

290

viscosity=” - such an increase in viscosity has only been demonstrated for the addition of

polymers.”™ Hence, a different mechanism is expected here.

29



Chapter 4 PHENANTHROLINE ADDITIVES FOR ENHANCED STABILITY OF
POLYMER-WRAPPED SWCNT DISPERSIONS

a b o
s 1.0 |rapupzsmeesmsame et 1246
2 1.0 [rtagggmme===== <l B <
3] | = B LB Ch T T T %, = OXxylene %) 17.2 - e
£ —~ 1,044 = toluene E L
|L< 0.8}l = 0o-xylene 3 . B = m-xylene z 168 = e
| = toluene o = p-xylene = ' - .
S n B C . -9 _
Q 0.6k m-xylene g 1242 mesitylene =
= Y- = p-xylene ~ Cngy - 16.4
g el mesitylene g 1.240 | " g
504F s o i a 16.0}
zZ
T I T I T I T I T I T I T I T I T I T I T I T I T I T T I T I T I T I T I T I T
0 2 4 6 8 10 12 0 2 4 6 8 10 12 0 2 4 6 8 10 12
Time (h) Time (h) Time (h)

Figure 4.4: (a) Decrease of extinction extracted at the maximum of the Eq; transition for
various solvents as a function of time after ink preparation; values are normalized to the
optical density of the Ej; at ¢ = 0. (b) Peak energy and (c) full-width at half maximum of
(6,5) SWCNT absorption peak corresponding to the E1; transition as a function of time after
ink preparation.

It has been documented that polycyclic aromatic hydrocarbons (PAHs), e.g., anthracene,
phenanthrene or perylene as well as N-heteropolycycles like diazapentacene adsorb onto
bare surfaces of SWCNTs. This adsorption process depends on both the structure of the
polycyclic aromatic compounds and the curvature of the nanotubes.?*! 2% These PAHs
have been shown to serve as dispersants for SWCN'Ts in certain organic solvents, e.g.,
chloroform, tetrahydrofuran or toluene, albeit with rather smaller SWCNT concentrations
than in other dispersions.??*2%7 The assumption that some SWCNT surface remains
uncovered by PFO-BPy in dispersion with direct exposure to the solvent toluene (as much

as 90 percent for SWCNTs wrapped by polyfluorene)?%7

appears reasonable. They can
hence serve as a potential adsorption site for small-molecule additives such as 1,10-phen
facilitated by m-m-interactions. Additionally, thermodynamics favors such adsorption given
the much larger concentration of 1,10-phen (0.4 mgmL™!) in comparison to the available
surface of the SWCNTs (~14.5 ngmL™!). It can be hypothesized that the adsorbed
molecules screen attractive van der Waals forces that occur between nanotubes at small
distances. In this way, aggregation is potentially inhibited.

The affinity of PAHs to nanotubes depends on their molecular structure as has been
demonstrated by previous reports. Tetracene, for example, binds more strongly to the
nanotube than phenanthrene.?3 Unfortunately, such comparative studies for the adsorption
of N-heteropolycycles are unavailable. Therefore, the isosteric nitrogen-free phenanthrene,
1,7- and 4,7-phenanthroline isomers were chosen as further stabilizing additives for (6,5)
SWCNT dispersions in toluene while the monohydrate of 1,10-phen served as a reference
for a potential effect of the hygroscopy of 1,10-phen. Their normalized extinction as a
function of time is depicted in Figure 4.5a; the corresponding molecular structures are

shown in Figure 4.5b. All investigated phenanthroline isomers (including the monohydrate)
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Figure 4.5: (a) Decrease of extinction extracted at the maximum of the E;; transition
for various additives as a function of time after ink preparation; values are normalized to
the optical density of the E1; at ¢ = 0. (c) In anticlockwise order: molecular structures of
1,7-phenanthroline, 4,7-phenanthroline, 1,10-phen monohydrate and phenanthrene.

displayed similar behavior while the phenanthrene exhibited a more limited impact on
dispersion stability. The observed small red shift of E;; peak energy in the first few hours
of the experiment as well as the general lack of a trend in the peak width is in agreement
with the observations made for the different solvents (see Figure 4.6a,b). The overall drop
in the Eq;-to-Egs peak intensity ratio (see Figure 4.6c¢), found for the dispersion with
phenanthrene and even more so for the one without additive, can be interpreted as an
additional sign for aggregation. It is attributed to the larger impact of the change in
dielectric environment on the E;; than Eq transition.??82% In general, dispersion stability
seems to benefit from the presence of nitrogen within the aromatic core of these molecules.
This is also reflected in a frequently occurring structural motif of efficient dispersants for
carbon nanotubes such as flavins and nucleobases.%8-300:301

Interestingly, the strong stabilizing effect caused by the 1,10-phen monohydrate helps
exclude another possible mechanism. It is a well-known, albeit not very carefully recorded
behavior of polymer-wrapped SWCNT dispersions in organic solvents, that humidity
negatively affects their aggregation behavior. In high-humidity conditions this can lead

302 One might hypothesize that an additive could act as a

to problems during processing.
water scavenger and stabilize the dispersion. For that matter, 1,10-phen is hygroscopic and
could thus desiccate the dispersion solvent. This notion is in conflict with the observations
made in the experiments using the non-hygroscopic monohydrate as it displays results
similar to the anhydrous analog. Moreover, Karl-Fischer titration experiments yielded no
evidence for any water scavenging impact by 1,10-phen. It can hence be excluded that

changes in moisture content of the solvent are a significant contributor to the observed
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Figure 4.6: (a) Peak energy and (b) full-width at half maximum of (6,5) SWCNT absorption
peak corresponding to the Ej; transition as a function of time after ink preparation. (c)
E11/E22 absorption peak ratio as a function of time after ink preparation.

stabilizing effect.

Photoluminescence (PL) spectroscopy is another technique that is frequently employed
for quality assessment of SWCNT dispersions. Generally, PL exhibits an even higher
sensitivity to changes in the immediate nanotube environment compared to absorption.
Additionally, nanotubes of varying diameters enable the observation of cross peaks and
inter-tube energy transfer in photoluminescence-excitation maps. Alternatively, variance
spectroscopy allows for quantitative monitoring of the formation of aggregates and clus-
ters (see section 2.1.4).193% Unfortunately, these methods to observe the formation of
aggregates are unsuitable for the polymer-wrapped, monochiral (6,5) SWCNT dispersions
investigated here. Instead, PL intensity as well as the wavelength and the width of the
emission peaks were monitored as potential metrics for the interaction of nanotubes with
the small-molecule additives and their impact on aggregation. Surprisingly, the presence of
the additive did not affect the emission, i.e., both the E;; peak position and the linewidth

remained virtually identical (see Figure 4.7a).

If the stabilizing additive in fact adsorbs onto the surface of the SWCNT, it apparently
has little impact on the emission properties of the nanotube. In analogy to the extinction
in UV-vis-NIR absorption spectroscopy, the PL intensity of the (6,5) SWCNT dispersion
without additive decreased drastically within just 3 h (see Figure 4.7b). In contrast to
that, with 1,10-phen additive the PL intensity of the dispersion stayed almost constant
(Figure 4.7c). The absence of any PL quenching or trion emission, that might have been
caused by the additive, renders doping of the nanotubes unlikely.'! If optically excited
1,10-phen was present close to the SWCNT, one would anticipate energy transfer. How-
ever, PL. quenching of 1,10-phen by adding nanotube dispersion could not be measured
as both the wrapping polymer PFO-BPy and toluene exhibit emission features at similar

wavelengths as 1,10-phen. Unfortunately, demonstrating a potential energy transfer from

62



4.2 Spectroscopic Monitoring of Aggregation

a b c
> 1.0 o toluene - no additive . 0toluene - with 1,10-phen
- 1,7-phen = B —0 - —0
% — 1,10-phen % i —5min % i — 5 min
E 0.8 — phenanthrene § 0.8 __ —10 m?n § 0.8 __ —10 m?n
106+ — toluene, no additive | _, 0.6+ — 30 min ~ 06k — 30 min
o | o L 60 min o L 60 min
ge] §e] | 90 min §e] | 90 min
g 04y g o4r womn| 8 O4[ 120 min
© © | —150min| ® | — 150 min
£ 0-2 £ 0-21 —180min| £ 0.2 — 180 min
200K s | 2 o0k ee—e—med Soo0 T T
1000 1100 1200 1000 1100 1200 1000 1100 1200
Wavelength (nm) Wavelength (nm) Wavelength (nm)

Figure 4.7: (a) PL spectra with baseline correction normalized to the maximum intensity
at the E;; transition of the (6,5) SWCNT dispersions (OD(E;;) = 0.01) with and without
additives 1,7-phen, 1,10-phen and phenanthrene. (b) PL spectra of (6,5) SWCNT dispersions
in toluene (b) without and (c) with additive 1,10-phen measured at different times after ink
preparation normalized to the maximum of the Eq; transition.

the phenanthroline additive to the (6,5) SWCNT is of similar difficulty due to absorption
features in the same spectral range of the wrapping polymer and the (6,5) nanotubes, i.e.,
the E33 transition. Consequently, PL spectroscopy is unable to deliver more evidence that

the molecular additives adsorb onto the exposed surface of the nanotubes.

With the goal to improve the stability of nanotube dispersions for their use as inks in the
fabrication of network FETs, the impact of the 1,10-phen additive on the more commonly
used 64188304 Jaroer-diameter SWCNTs (1.17 — 1.55 nm) was tested. These tubes are
also accessible by polymer wrapping with PFO-BPy and nanotubes from plasma torch
synthesis. Dispersions with longer shelf lives of these nanotubes are of major interest for
commercial applications as they have been shown to display higher charge carrier mobilities
in FETs than the larger-bandgap (6,5) SWCNTs.?%17 Indeed, the addition of 1,10-phen
appears to decelerate the aggregation in dispersions of such large diameter SWCNTs —
albeit to a weaker extent compared to the smaller-diameter (6,5) SWCNTSs (see Figure 4.8).
Unfortunately, most of the PL. wavelengths of these plasma torch nanotubes lie outside of
the window of detection of commonly available InGaAs detectors. PL spectroscopy could
thus not be employed to gain further insight.

As the binding affinity of PAHs is also a function of the relationship between molecular

2917293 it can be assumed that another stabilizer

structure and curvature of the nanotubes,
might be a better fit for larger-diameter SWCNTs. Yet overall, the concept of small
molecular additives appears to be not limited to (6,5) SWCNTs and also easy to apply
to the more popular plasma torch nanotubes. With the help of the demonstrated time-
dependent UV-vis-NIR absorption experiments, a screening for an additive with optimized

stabilizing properties seems to be within immediate reach.
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Figure 4.8: Extinction (absorbance and scattering) spectra of large-diameter SWCNT
dispersions in toluene (a) without and (b) with additive 1,10-phen measured at different
times after ink preparation. (c) Decrease of extinction extracted at the maximum of the Eq;
transition as a function of time after ink preparation; values are normalized to the optical
density of the E1; at ¢ = 0. The decrease in extinction reflects increasing aggregation, more
strongly so for the dispersion without additive.

4.3 Thin-Film Morphology

Although spectroscopic insight is generally advantageous for a quick evaluation of the
quality of a dispersion, the key factor of interest that governs the final performance in the
transistor is the nanotube network morphology. These films are deposited by spin-coating
inks at much higher SWCNT concentrations and longer ink aging times become relevant for
optimizing the ink formulation. In this study, the low-viscosity, commonly used toluene was
selected to demonstrate the stabilizing effect of the additive 1,10-phen. The high-viscosity
o-xylene was chosen as a supplementary reference as its advantageous impact on dispersion
stability and film morphology have been shown in literature and it is more environmentally
friendly.?”

Nanotube networks were spin-coated from (6,5) SWCNT dispersions with relatively high
concentrations (approximately 14.5 pgmL™!) and the outlined solvent/additive combi-
nations. Atomic force microscopy (AFM) served as a tool to assess their density and
morphology. Conveniently, the use of 1,10-phen does not lead to extra processing steps
given that residual additive is rinsed off by good solvents during a routine cleaning step
that follows the SWCNT deposition (see section 3.3.2). Note that trace amounts of additive
might still be adsorbed on the surface of the nanotubes, which cannot be excluded by
AFM analysis.

In this section, two batches of nanotube films produced from extended ink aging times
are compared. Batch A features nanotube networks deposited at ¢4, = 0, 1, 24 and 96 h,
batch B includes films from inks aged tg = 0, 1 and 7 days. Representative atomic
force micrographs from batch A are depicted in Figure 4.9 corresponding to the ink

aging times t4 (increasing from left to right). Networks deposited from dispersions in
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a toluene - no additive

Figure 4.9: AFM images (3.0x3.0 pm?, scale bars 1.0 pm) of (6,5) SWCNT networks
deposited from inks stored for 0, 1, 24 and 96 h (batch A) with the following solvents:
(a) toluene without additive, (b) toluene with 1,10-phen additive and (c¢) o-xylene without
additive.
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toluene without any additive (see Figure 4.9a) result in dense and relatively homogeneous
networks at ¢ = 0. After 1 h of ink aging time, some bundles start to appear, their
number increases drastically for the network deposited from the one-day-old ink. At an
ink age of 96 h, major inhomogeneities in the SWCNT film can be observed with a much
higher density of nanotubes on the left side of the micrograph with some bundles and
very few tubes on the right (Figure 4.9a, right image). In contrast to that, deposition
of networks from the dispersion in toluene with 1,10-phen additive (see Figure 4.9b) not
only yields dense and homogeneous nanotube networks for fresh but also aged inks, even
though a small number of bundles appears in the network deposited after 96 h of ink
aging time. While at ¢ = 0 the network spin-coated from the dispersion in o-xylene
(Figure 4.9¢) displays similarly high density and homogeneity as the two toluene-based
inks, the number of bundles in the network appears to increase with ink age. After 96 h
of ink aging, several thick nanotube bundles are visible. This observation is somewhat
surprising given the high stability of the dispersions in o-xylene determined by absorp-

tion spectroscopy - albeit at much lower SWCNT concentrations and on a shorter timescale.

These general trends are reproduced well in batch B with longer ink aging times. The
network produced from a fresh (at ¢ = 0) ink in toluene without additive displays a high
density and homogeneity (Figure 4.10a) while some inhomogeneities appear after 1 day of
ink aging. After 7 days of dispersion storage, a clearly lower mean network density can
be observed with some thick bundles present (Figure 4.10a, right image, towards right
edge). In stark contrast to that, using the 1,10-phen additive, even after one week of
aging time, leads to highly homogeneous and dense SWCNT networks (see Figure 4.10b).
The samples produced from o-xylene (see Figure 4.10c) in batch B also corroborate the
observations from batch A and a general trend similar to the toluene-based ink without
additive becomes apparent. The undesirable inhomogeneities in network density, while
virtually absent for fresh inks, are clearly visible after one day of ink storage and become

even more distinct for longer aging times (here: 1 week).
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a toluene - no additive
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Figure 4.10: AFM images (5.0x5.0 pm?, scale bars 2.0 pm) of (6,5) SWCNT networks
deposited from inks stored for 0, 1, and 7 days (batch B) with the following solvents: (a)
toluene without additive, (b) toluene with 1,10-phen additive and (c) o-xylene without
additive.
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4.4 Device Performance

Inhomogeneities such as those in the previous section are known to lead to deterioration
of device performance in nanotube FETs,*?*® transistors fabricated from inks with longer
storage times can be anticipated to reflect this negative effect. The (6,5) SWCNT networks
(batch A and B) introduced above were hence incorporated into bottom-contact/top-gate
FETs (device stack, see Figure 4.1) to conduct an in-depth investigation. The chosen
hybrid dielectric of PMMA and HfO, enables low-voltage, air-stable operation of the
transistor while minimizing the number of interfacial trap states by utilizing the benefits of
low- and high-k insulators.The output characteristics extracted for all FETs (L = 40 pm,
W = 5 mm, device fabrication, see section 3.3) at ¢ = 0 (see Figure 4.11) display good
injection with near-ohmic contacts and show decent saturation at high drain voltages for
both carriers. Figure 4.12 depicts transfer characteristics of batch A in the linear regime
(Vg = 0.1V) for several FETs. These transistors exhibit ambipolar charge transport with
well-balanced currents for both carriers. The off-currents are mostly determined by the
gate leakage (~ 10710 A).

Transistors with nanotube networks spin-coated from the fresh, additive-free toluene ink
(blue, Figure 4.12a, left) exhibit large on-currents with small device-to-device variation
and little hysteresis. After one hour of ink storage, there is hardly any perceivable change
in performance (Figure 4.12a, second plot). In contrast to that, using the one-day old
dispersion, the on-currents decreased slightly and exhibited a considerably larger device-
to-device variation (Figure 4.12a, third plot). After four days of ink aging, on-currents
dropped even further while the spread in performance remains approximately constant
(Figure 4.12a, right). This overall decline in device performance is in good agreement with
the increasing number of bundles and inhomogeneities observed in the nanotube network
atomic force micrographs (see Figure 4.9).

Compared to the devices using additive-free dispersions, those made from freshly prepared
dispersions in toluene with 1,10-phen additive displayed similar behavior, even with some
improvements, i.e., less hysteresis, slightly higher on-currents and less device-to-device
variation to the end (red, Figure 4.12b, left). It can be concluded that either the stabilizing
additive is removed entirely during the subsequent rinsing step or that potentially remaining
1,10-phen adsorbed onto the SWCN'T surface does not impact transport of either charge
carrier adversely. Most remarkably, there is hardly any deterioration in performance visible
for devices made from inks stored for up to four days (Figure 4.12b, 3 right plots): the
constant device-to-device performance spread is an obvious improvement compared to the
FETs made from additive-free inks.

Transistors produced with fresh o-xylene dispersions (green, Figure 4.12¢c, left) exhibited

on-currents very similar to those fabricated from toluene inks, even though with somewhat
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Figure 4.11: Representative output characteristics (holes left, electrons right) of (6,5)
SWCNT network FETs (L = 40 pym, W = 5 mm) prepared with fresh dispersions (¢ = 0)
with the following solvents:(a) toluene without additive, (b) toluene with 1,10-phen additive
and (c) o-xylene without additive.
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Figure 4.12: Transfer characteristics of (6,5) SWCNT network FETs (L = 40 pm, W = 5 mm)
measured in the linear regime (V; = 0.1 V). Deposition of the networks was performed
from inks stored for 0, 1, 24 and 96 h (batch A) with the following solvents: (a) toluene
without additive, (b) toluene with 1,10-phen additive and (c) o-xylene without additive.
Drain currents are represented by thick lines; gate leakage currents by thin gray lines.
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larger hysteresis. With longer storage time of the dispersions, the on-currents gradually
decreased for both holes and electrons while the spread in device performance increased.
This is most pronounced at ¢t = 4 d. These observations again are in excellent agreement
with the corresponding AFM images (see Figure 4.9). The larger hysteresis may be
attributed to the smaller nanotube density apparent in these networks. The increased area
that remains uncovered by nanotubes enables the adsorption of polar species that serve as

potential trap sites.3%°

In order to ensure that these results were reliable and reproducible, a second batch (batch
B) of transistors was fabricated incorporating the films described in the previous section.
A longer maximum aging time was chosen to explore the limits of stability provided
by the phenanthroline additive. The moderately larger current hysteresis compared to
batch A as observed in the transfer characteristics for all fresh inks is within the range of
typical batch-to-batch variations (see Figure 4.13, first column). The changes that became
apparent after one day of ink storage corroborated the behavior observed for batch A, even
though the increase of the spread in device performance is somewhat more pronounced for
the networks deposited from the toluene dispersion without any additive (see Figure 4.13
a, second column). The trend of decreasing on-currents and increasing device-to-device
variation continues for all employed inks (see Figure 4.13, third column) although this
effect is most pronounced for the additive-free dispersion in toluene and weakest for the
dispersion with 1,10-phen.

In general, this batch reproduces the observations made for batch A with regard to the
trends of on-currents and device-to-device variation with ink age for all inks employed (see
Figure 4.12). Again, there is an overall good agreement with the atomic force micrographs
of the SWCNT networks used in these FETs.

Next, to allow for an in-depth analysis of the transistor performance, charge carrier
mobilities were calculated according to Equ. 2.10 (see section 2.3.1). Capacitances were
determined by averaging measurements from at least five FETSs per substrate (for details,
see section 3.4.8) as this parameter not only depends on the dielectric but is also a function
of the SWCNT network density.???5 The extracted values are depicted in Figure 4.14 for
both batches. Note that for batch A t = 0 has been adjusted to £ = 0.1 h to enable a
logarithmic display of the timescale. While for batch A the capacitance values measured
on the transistors with the films made from the additive-containing toluene ink remained
virtually constant with age, capacitances of both inks without stabilizer continuously
decreased (see Figure 4.14a). In general, lower capacitances are expected for decreasing
surface coverage and thus network density as well as an increasing number of bundles.3?:34
These values are presumably somewhat more representative of the average nanotube
network density than the relatively small 3 x 3 pm? (5 x 5 pm?) atomic force micrographs.

The observations made for batch A are hence in excellent agreement with expectations.
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Figure 4.13: Transfer characteristics of (6,5) SWCNT network FETs (L = 40 pm, W = 5 mm)
measured in the linear regime (Vy; = 0.1 V). Deposition of the networks was performed
from inks stored for 0, 1, and 7 days (batch B) with the following solvents: (a) toluene
without additive, (b) toluene with 1,10-phen additive and (c) o-xylene without additive.
Drain currents are represented by thick lines; gate leakage currents by thin gray lines.
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For batch B, however, this does not appear to be the case. Here, the capacitance values of
the devices produced from both toluene dispersions — with and without additive — remain
constant while there is a drop for the transistors made from the o-xylene ink (see Fig-

ure 4.14b). Given this discrepancy, the incidental correlation should not be over-interpreted.
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Figure 4.14: Areal capacitances measured directly on at least 5 transistors per sample as a
function of ink storage time for (a) batch A and (b) batch B. ¢ = 0 is changed to 0.1 h to
permit the logarithmic scale on the x-axis. Error bars reflect the standard deviation.

Figure 4.15 displays a representative plot of the mobility for both charge carriers as a

function of gate voltage in the linear regime. Values were extracted at the respective

] A
10 A S S %
EI P s
& 84s 5 . -
(\I> - [ ] [ ]
° [ ]
z . .
- 5 . N
=) i . :
= 2 - . o -
[ ] [ J
%
O_I T T L T T
-10 -5 0 5 10

Gate Voltage (V)

Figure 4.15: Representative charge carrier mobility extracted from FETs (L = 40 pm,
W = 5 mm) for both holes and electrons as a function of gate voltage. Mobilities are
obtained at the maximum values. In SWCN'Ts, they are caused by filling of the first van
Hove singularity and are not related to contact resistance.
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maxima for each carrier. The occurrence of these maxima is related to the filling of the
first van Hove singularity that are characteristic for 1D-semiconductors such as SWCNTs
and not related to contact resistance.?®

The extracted mobilities for both charge carriers for batch A are summarized in the box

plot shown in Figure 4.16. In agreement with the observations based on the transfer
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Figure 4.16: Box plots of absolute (a) hole and (b) electron mobilities extracted from (6,5)
SWCNT network FETs (L = 40 pm, W = 5 mm) in the linear regime. Deposition of the
networks was performed from inks stored for 0, 1, 24 and 96 h (batch A) with the following
solvents: (a) toluene without additive, (b) toluene with 1,10-phen additive and (c) o-xylene
without additive.

characteristics, devices produced from freshly prepared toluene ink resulted in balanced
mobility values for both holes (10.4 cm? V=1 s71) and electrons (10.2 cm? V=1 s™1) without
phenanthroline additive. Similarly, those made using the 1,10-phen-containing ink gave
values for holes (10.7 cm? V~!s7!) and electrons (10.7 cm? V! s71) respectively. For the
transistors based on the o-xylene ink at ¢ = 0, slightly higher mobilities were obtained:
13.1 ecm?V=ts7! (holes) and 15.3 cm?V~—!s™! (electrons). Samples prepared from the
pristine solvent dispersions (toluene and o-xylene, no additive) led to somewhat larger
device-to-device variations than for the dispersion with 1,10-phen. While the mobility val-
ues (holes and electrons) for both FETs based on additive-free inks continuously decreased
with increasing age, the values for the FETs based on the dispersion with phenanthroline
remained virtually constant even after four days of ink aging. At the same time, the spread
in device performance remained significantly smaller than for the transistors based on
the inks without additive. Charge carrier mobilities for batch B are given in Figure 4.17.

Again, transistors produced from the fresh toluene-based inks displayed similar charge
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Figure 4.17: Box plots of absolute (a) hole and (b) electron mobilities extracted from (6,5)
SWCNT network FETs (L = 40 pm, W = 5 mm) in the linear regime. Deposition of the
networks was performed from inks stored for 0, 1, and 7 days (batch B) with the following
solvents: (a) toluene without additive, (b) toluene with 1,10-phen additive and (c) o-xylene
without additive.

carrier mobilities: 11.0 ecm? V=1s™! (holes) and 8.3 cm? V~1s™! (electrons) for the devices
made with the ink without and 11.1 em? V-'s™! (holes) and 10.5 cm? V! s™! (electrons).
In analogy to the corresponding transfer characteristics with slightly lower on-currents
(see Figure 4.13), the ink based on o-xylene displayed somewhat lower mobility values,
i.e., 6.3 cm* V-1s7! (holes) and 4.9 cm? V~!'s™! (electrons). Noticeably, for the latter
devices, the spread in performance was significantly larger. After one day of ink aging,
the performance metrics for the ink with stabilizer remained constant (average value and
device-to-device variations), similar to the trends observed for batch A. Concomitantly,
there was a drastic increase in performance spread for the corresponding devices produced
from additive-free ink in toluene. In contrast to batch A, the o-xylene ink-based transistors
exhibited only a small drop in mobility with device-to-device variations similar to the
toluene-based devices (no additive). After 7 d of ink storage, there was still only a minor
decrease in absolute mobility for the samples fabricated from the ink with stabilizer. For
the FETs based on inks without additive, however, device performance declined even
further, more drastically so for the lower-viscosity toluene-based dispersions.

Figure 4.18 depicts the charge carrier mobility normalized to the fresh ink for both batches.
For batch A, there is a clear contrast in the performance trends with ink age between the
additive-free samples and those produced with inks containing 1,10-phen. This trend is

reproduced in batch B, even though the relative decrease for the o-xylene-based transistors
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on the longer timescale of one week is more similar to the toluene-based samples using the
additive. For the devices produced from the toluene ink without additive, after one week,
the decline in average mobility is more than five-fold compared to the corresponding fresh

ink devices.
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Figure 4.18: Hole (a,c) and electron (b,d) mobilities normalized to the values corresponding
to inks deposited at ¢ = 0 for batches A (a,b) and B (c,d). Error bars reflect the standard
deviation.

In addition to these metrics, reproducible performance over many FETs distributed over
large areas is of key importance for large-scale applications in circuits. As demonstrated
above, however, inhomogeneities and bundles in the SWCNT network resulting from
deposition of (partially) aggregated inks lead to a decline in performance reproducibility.
The inhomogeneity parameter is introduced here as a compact metric for the variation in
mobility of the transistors investigated in this study. Equ. 4.1 describes the calculation of

this parameter.

homogencity parameter — ¢ (i)’ (D)
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4.4 Device Performance

Here, the average carrier mobility for FETs fabricated from ink at ¢ = 0 is denoted
w(to), p(t;) the corresponding average carrier mobility for inks aged ¢ = ¢; and o is the
respective standard deviation. This parameter describes the relative deviation of the
mobility normalized to the respective mobility value for the samples produced with fresh
inks. Graphically, it corresponds to the length of the error bar divided by the corresponding
average value in Figure 4.18. Large values represent poor device performance homogeneity
that would impede operation sufficiently reliable for complex circuits while a perfectly
homogeneous sample would have an inhomogeneity parameter of zero. These parameters
are depicted in Figure 4.19. For either batch, the mobility homogeneity of the FETs
produced from the toluene-based ink with 1,10-phen additive is best at all aging stages.
The difference in homogeneity is smallest for the fresh inks and, as a general trend, is
largest for inks with the longest shelf-life. Over the maximum ink aging time of one week in
batch B, the clearly improved performance homogeneity that is found for the devices based
on the ink in toluene with additive is in sharp contrast to the additive-free counterparts.
For these, a strong increase with progressing ink age becomes evident.

In summary, the detailed assessment of the FET performance agrees well with the
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Figure 4.19: Inhomogeneity parameters (see Equ. 4.1) of charge carrier mobilities extracted
in the linear regime from (6,5) SWCNT network FETs (L = 40 pm, W = 5 mm) as a function
of ink storage time for (a) batch A and (b) batch B. For batch B, ¢ = 0 is changed to 0.1 h
to permit the logarithmic scale on the x-axis. Parameters were based on at least 8 devices
(batch A) for all ink ages (batch B, at least 10).

morphological data of the nanotube networks as well as the results of the spectroscopic
analysis. Introducing the additive 1,10-phenanthroline leads to an improved stability
of the (6,5) SWCNT dispersions in toluene, longer shelf-lives and an altogether more
homogeneous transistor performance with better reproducibility. These findings are further
corroborated by the comparison to the higher-viscosity solvent o-xylene, which exhibits

inferior homogeneity metrics for aged inks.
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Chapter 4 PHENANTHROLINE ADDITIVES FOR ENHANCED STABILITY OF
POLYMER-WRAPPED SWCNT DISPERSIONS

4.5 Summary and Conclusions

In this chapter, 1,10-phen was established as a small-molecule stabilizing additive to
decelerate aggregate formation in dispersions of (6,5) SWCNTs dispersed by polymer
wrapping in organic solvents. The addition of 1,10-phen allows for significantly extended
ink shelf-lives (7 d instead of a few hours without additive). The quality of the ink and the
process of aggregation can be quantitatively monitored over time by employing ordinary
UV-vis-NIR spectroscopy. For that, the continuous decrease in the E;; absorption of the
nanotubes serves as an indicator. There is a good correlation between the spectroscopically
observed stabilization of dispersions with 1,10-phen and, compared to dispersions without
additive, the higher uniformity as well as much lower bundle content in nanotube networks
deposited by spin-coating of inks with increasing age. This simple tool might constitute
an option to screen for additives well-suited for dispersions of other, e.g., larger-diameter
nanotubes. The adsorption of the phenanthroline additive onto the bare surface of the
nanotube is expected to lead to an increase in shielding of the attractive inter-nanotube van
der Waals forces. It is therefore assumed to be the key contributor to prevent aggregation
and hence increase dispersion stability.

FETs that were fabricated using the SWCN'T dispersions stabilized by the N-heteropolycycle
additive exhibited substantial improvements in charge carrier mobilities as well as smaller
device-to-device variations in comparison to dispersions without additive or using higher-
viscosity solvents. This effect increases with progressing ink age.

In conclusion, a more reliable device fabrication with higher reproducibility is facilitated
by adding the commercially available, low-cost 1,10-phenanthroline without the need for
additional processing steps that could complicate device fabrication. Ink formulations
with long-lasting stability constitute a key step forward for increasing the reliability in
the processing of nanotube networks, which is mandatory to reach a sufficiently high

uniformity for applications on a commercial scale.
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Chapter 5

PURELY N-TYPE CHARGE
TRANSPORT IN SWCNT
NETWORK FIELD-EFFECT
TRANSISTORS USING TTMGB

This chapter demonstrates the application of
the guanidino-functionalized aromatic compound
ttmgb as a powerful n-dopant for exclusively
n-type transport in SWCNT network field-effect

transistors.
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FIELD-EFFECT TRANSISTORS USING TTMGB

The results described in this chapter were partially published in Schneider et al. ACS Nano
2018, 12, 5859 — 5902.39¢ All figures within this chapter were adapted with permission

from the American Chemical Society.

5.1 Introduction

SWCNT networks have become a competitive semiconductor that can be processed from
solution. Their favorable properties such as high chemical stability, mechanical flexibility,
stretchability and excellent charge carrier mobilities enable their use in, e.g., static random
access memory,?* flexible displays'®® and even microprocessors’.

One of the remaining key issues is their intrinsic ambipolarity since it inevitably leads
to undesiredly high power dissipation in circuits.!%* A common approach to remedy this
drawback is doping the semiconductor (see section 2.4.4). Whereas p-doping of SWCNTs
can be achieved fairly easily, e.g., by exposure to ambient oxygen, n-doping is significantly
more challenging, particularly with regards to stability and reliability. This issue led to the
combination of p-type SWCNT transistors with n-type transistors based on other materi-
als, for example metal oxides,?973% to create complementary circuits, which complicates
processing and inflates cost of fabrication.

Furthermore, efficient n-doping strategies for SWCN'Ts are also of high interest for efficient
thermoelectric devices.?33:309:310

The following approaches to enhance n-type transport (as outlined in section 2.4.5) have
been used for SWCNT FETs. Metals with low WEFs such as Gd, Y or Sc facilitate

250

electron injection,?*"?4® electrostatic doping by HfO, #7249 or silicon nitride®° as well as

251

alkali metals®" all result in n-doping. Chemical doping with polymers or small molecules

)256 %5 are another

containing amine groups, i.e., poly(ethylene imine and ethanolamine?
successful strategy. In recent years, a number of reducing agents have been employed, such
as DMBIs,?® viologen,?5*2%* NADH?%? or metallocenes.?"311

All of these methods, however, are adversely affected by at least one of the following
disadvantages: costly synthesis and purification of the dopant, undesired shifts in onset
voltage, limited on/off current ratios caused by unwanted degenerate doping and insuffi-
cient stability of the involved compounds and reaction products leading to instable device
operation. Additionally, when hole currents are not completely suppressed, the residual
ambipolarity of the nanotubes heavily restricts potential low-power consumption operating
regimes for circuitry similar to effects caused by degenerate doping (see section 2.4.3 and
2.4.4).

As an approach to tackle these outlined challenges that have thus far limited the use of
n-type nanotube transistors in circuitry, guanidino-functionalized aromatic (GFA) com-

pounds are introduced as a suitable class of n-dopants for carbon nanotube networks
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5.2 Conversion from Ambipolar to N-Type Transport

(see section 2.4.6). GFAs are potent reducing agents with high alkalinity that can be
synthesized in a facile, cost-effective and scalable manner,269-261,273:274,312 {Jpon oxidation
stable cations are formed with charges largely delocalized over an ample conjugated r-
system. Chemical adaptation of their aromatic core or the guanidino moieties allows for an
adjustment of their redox potentials, their solubility and crystallization.?%%312 Additionally,
their relatively high air stability renders them more robust for a larger scope of processing
techniques compared to the commonly poor air stability exhibited by known n-dopants.

In this chapter, the conversion of (6,5) SWCNT networks from ambipolar to solely
n-type charge transport behavior is demonstrated using the GFA compound 1,2,4,5-
tetrakis(tetramethylguanidino)benzene (ttmgh).3% Starting with high-quality dispersions
prepared by polymer-wrapping in toluene, this conversion is achieved by a simple dip-
doping approach of the deposited networks of semiconducting SWCNTs. Detailed electrical
characterization of the transformed networks allows for a comprehensive investigation of
the performance metrics. Comparison to devices treated with similar but non-redox-active
guanidine bases, analysis of the contact resistance in a gated four-point probe structure
and an investigation of the energetic alignment of the involved layers using photoelectron
spectroscopy help to elucidate the mechanisms involved in this conversion. The application
potential of this doping approach is explored by fabrication of complementary invert-

ers and further corroborated by bias stress stability measurements conducted in ambient air.

5.2 Conversion from Ambipolar to N-Type Transport

Dispersions of PFO-BPy-wrapped (6,5) SWCNTS in toluene as introduced in the previous
chapter (without the use of phenanthroline stabilizer) served as the starting point to
demonstrate the desired transformation from ambipolar to unipolar n-type transport in
SWCNT network FETs. The UV-vis-NIR absorption spectrum in Figure 5.1a displays
the characteristic features, i.e., sharp E;; and Egy transitions at 996 nm and 575 nm,
respectively, as well as absorption by the wrapping polymer PFO-BPy at 352 nm. Raman
spectra (see Figure 5.1b and c, excitation wavelength 532 nm) confirm excellent chiral
purity given the sharp RBM peak at 311 cm™! with only minor amounts of possibly (9,1)
SWCNTs. The sharp peaks corresponding to G, E; and G- modes indicating the absence
of any metallic nanotubes and the weak defect-related signal corresponding to the D-mode

confirm the high dispersion quality.

These dispersions were used to create sparse networks (linear density 11.5 & 2.5 pm™!, see
representative atomic force micrograph in Figure 5.2a), which were incorporated as the
active layer in top-gate/bottom-contact FETs that included a hybrid dielectric of PMMA
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Figure 5.1: (a) UV-vis-NIR absorption spectrum of a diluted (6,5) SWCNT dispersion
in toluene. (b-c) Raman spectra measured on (6,5) SWCNT filter cake with an excitation
wavelength of 532 nm indicate absence of metallic SWCNTs.

and HfO, as employed in the previous chapter. Figure 5.2b provides an overview of the

device stack.

a 6.0 nm

HfOy
(
o PMMA .9
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Au Au
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Figure 5.2: (a) Representative atomic force micrograph (2.5x2.5 pm?) of a sparse (6,5)
SWCNT network. (b) Schematic layout of bottom-contact/top-gate device architecture of a
(6,5) SWCNT network FET with ttmgb (red).

Processing of the deposited SWCNT networks in dry nitrogen atmosphere ensures in-
trinsically ambipolar transport behavior, which is, however, detrimental to their use in
applications such as circuitry.!%* These FETs can only reach the off-current level at very
low source-drain bias because, at high drain voltages, their ambipolarity severely limits
their on/off current ratios (see section 2.3.1).

Representative transfer characteristics of a FET (L = 40 ym, W = 5 mm) with an
untreated (6,5) SWCNT network are depicted in Figure 5.3a. As expected, it exhibits
quite balanced transport of both holes and electrons. The moderate current hysteresis

can be explained by the occurence of shallow trap states, most likely caused by residual
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5.2 Conversion from Ambipolar to N-Type Transport

amounts of water adsorbed to the highly polar glass substrate.®

The desired transformation to solely electron transport characteristics was achieved by
application of the dopant ttmgb (see section 2.4.6) in a dip-coating process. It involved
submersing the entire substrate with pre-deposited source and drain electrodes as well
as SWCNT networks and subsequent annealing at 150 °C (for a detailed description, see
section 3.3.4) prior to the deposition of the hybrid dielectric. The GFA compound ttmgb
serves as a highly alkaline, strong reducing agent.?” Its first oxidation potential measured
by cyclic voltammetry -0.76 V vs. Fc/Fc™ in acetonitrile implies high reduction strength
for the reversible two-electron donor ttmgb (see Figure 2.15b).2° In addition, the high
alkalinity of ttmgb facilitates the removal of trace amounts of water that act as electron

8,305 (see discussion

traps and are commonly present on polar substrate surfaces, e.g., glass
in section 5.3.2).

A sample treated with ttmgb shows vastly different characteristics (Figure 5.3b). Even
at large positive drain (V,; = 4.0 V) and negative gate voltages (V, = -5.0 V) no hole
currents that exceed the gate leakage level can be measured. The onset voltage for electron
transport is shifted close to 0 V with a very steep increase of the electron drain current
as is evident from a subthreshold swing of only 94 & 6 mV dec™!. The complete off-state
(drain currents similar to gate leakage) at negative gate voltages in combination with the
increased electron currents result in increased maximum on/off current ratios of 107 for
FETs with L = 40 pm and up to 2x10® for FETs with L — 20 pm. Furthermore, there

is virtually no current hysteresis in the ttmgb-treated FETSs (see discussion in section 5.3.2).
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Figure 5.3:  Transfer characteristics of (a) untreated and (b) ttmgb-treated,
Cttmgb = 2.5 gL~1, (6,5) SWCNT network FETs (L = 40 pm, W = 5 mm) in the lin-
ear (Vg = 0.1 V, black) and saturation regime (Vy = 4.0 V, red).
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The respective output characteristics for electron accumulation are displayed in Figure 5.4.
While the untreated reference sample in Figure 5.4a exhibits good charge carrier injection
(indicated by the linear increase of current at low drain voltages), it features the superlinear
increase of current at high drain voltages and low gate voltages that is characteristic
for ambipolar transport and corresponding hole injection. As can be expected from the
transfer characteristics discussed above, this effect is absent for the quasi-ideal unipolar
output curves of the ttmgb-treated sample (see Figure 5.4b). In addition, injection of
electrons is improved, electron currents reach higher values at all drain and gate voltages
compared to the untreated reference and there is no detectable hysteresis while the current

still saturates at high drain voltages.

a =100 b <
3 Vy=0..5V 3600 Vy=0..5V
g 757 1 £ ]
o o
5 50- . 5 400 1
O O
c c
i 25 4 A .§200- i
a) a)
04 04
0O 1 2 3 4 5 0O 1 2 3 4 5
Drain Voltage (V) Drain Voltage (V)

Figure 5.4: Electron output characteristics (forward and reverse sweeps) of (a) untreated and
(b) ttmgb-treated, cttmen = 2.5 gL, (6,5) SWCNT network FETs (L = 40 pm, W = 5 mm).

Electron mobilities were extracted according to Equ. 2.10 in the linear and Equ. 2.11
in the saturation regime for forward sweeps (measured from the off- to the on-state).
Average values from at least eight devices per substrate are shown in Figure 5.5 for
the untreated reference and samples treated with varying concentrations of ttmgb (1.5—
2.5 gL.7!). The electron mobility for the displayed ttmgb concentration range increases by
a factor of 3-5 compared to the untreated reference, resulting in values of approximately
10 £ 2 cm?V~'s7!. The similarity of the calculated electron mobilities in linear and
saturation regime indicate a decrease of contact resistance (see discussion in the next
section). Importantly, the suppression of hole injection is not accompanied by undesired
threshold voltage shifts or increased off-current levels (see Figure 5.3b), which would be
caused by excess charge carriers provided by degenerate n-doping. These outstanding device
parameters exhibited by the (6,5) SWCNT network FETS treated with ttmgb position them
within the range of state-of-the-art n-type FETs with metal oxide semiconductors.!397:308
They additionally highlight their suitability for applications in active-matrix OLED

backplanes as they meet the demanding requirements for high drive currents and current
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Figure 5.5: Electron mobilities determined from FETs (L = 40 pm, W = 5 mm) in linear
(blue squares) and saturation regime (red circles) for untreated reference and ttmgb-treated
samples (three different dopant concentrations). Error bars correspond to standard deviation
based on at least 8 devices.

on/off ratios.3!3

As is evident from Figure 5.6, the effect of ttmgb is highly dependent on its concentration
in the dipping solution. While concentrations below 1.5 g L™! lead to only partial blocking
of hole injection (see Figures 5.6a and b), concentrations above 3.0 gL ™! (see Figure 5.6d)
lead to onset voltage shifts towards negative gate voltages accompanied by increased
off-current levels, very high on-currents and, thus, limited gate modulation. Although this
doping regime is detrimental to the performance in FETs, it is highly desired for and may
be used in thermoelectric applications of SWCNTs,233:310

Given the textbook-like n-type characteristics facilitated by ttmgb-treatment of the (6,5)

Citmgv=0-1g-L™
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Figure 5.6: Transfer characteristics of (6,5) SWCNT network FETs (L = 40 pm, W = 5 mm)
treated with different concentrations of ttmgb solution in toluene, i.e. (a) 0.1, (b) 1.0, (c) 2.0
and (d) 10 gL 7!, in the linear (V4 = 0.1 V, black) and saturation regime (V; = 4.0 V, red).
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SWCNT network FETS, the question of the underlying mechanisms need to be addressed,
which appear to be considerably different to established n-doping methods. This analysis

is presented in the following section.

5.3 Mechanistic Insights

5.3.1 Comparison of ttmgb to Non-GFA Guanidines

As transistors incorporating a ttmgb layer without nanotubes did not exhibit any charge
transport, the improbable hypothesis that ttmgb serves as the semiconductor could be
refuted.

This subsection focuses on the direct comparison to treatment of (6,5) SWCNT networks
with non-redox-active bases structurally similar to ttmgb, i.e., they contain guanidine
units but do not serve as electron donors aside from direct donation of the free electron
pair of the amine groups. Electron transfer through the free electron pair located at the
nitrogen is attributed to be the primary source of n-doping of SWCNT networks treated
with ethanolamine or polyethylenimine.?*>?*® The comparison to the highly alkaline but
non-redox-active Lewis bases hexahydropyrrimidopyrridine (hpp, Figure 5.7a) and tetram-
ethylguanidine (Me4G, Figure 5.7b) may reveal potential similarities and differences.

As is apparent from both transfer characteristics in Figure 5.7, this treatment results in
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Figure 5.7: Transfer characteristics of (6,5) SWCNT network FET (L = 40 pm, W = 5 mm)
treated with (a) MesG and (b) hpp in the linear (V4 = 0.1 V, black) and saturation regime
(Va=4.0V, red).

somewhat decreased hole and higher electron currents compared to the reference networks

that were not treated with dopant. These changes are remarkably similar for both applied
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dopants. For either compound, hysteresis remains relatively large in both linear and
saturation regime.

A detailed analysis of the charge carrier mobilities for different concentrations of the tested
compounds is given in Figure 5.8. For both non-redox-active bases, electron mobilities
exceed the values of the corresponding untreated reference sample although this effect is
slightly more pronounced for the hpp-treated samples. The chosen molar concentrations
of the non-redox active bases (M, (hpp) = 139.2 gmol™!, M,,(Me,G) = 115.8 gmol™!) are
much higher than the devices treated with redox-active ttmgb (M, = 530.7 gmol™!). As
ttmgb-treated devices exhibit a strong dependence on dopant concentration, this permits
to exclude insufficiently high base concentration as a potential reason for the inferior
performance of the transistors treated with non-redox-active bases. In contrast to the
fully suppressed hole transport shown by the ttmgb-treated devices, there is only a partial
(but still substantial) decrease in hole transport (see hole mobilities, Figure 5.8b), which

is also dependent on dopant concentration. Electron threshold voltages (see Figure 5.9a)
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Figure 5.8: (a) Comparison of electron mobilities in the linear (blue squares) and saturation
regime (red circles) for untreated (6,5) SWCNT network reference, sample treated with
non-redox-active bases (hpp, Mes4G) and redox-active ttmgb at varied concentrations. (b)
Corresponding hole mobilities in the linear regime. Error bars correspond to standard
deviation based on at least 8 devices.

appear to be mostly unaffected by the doping achieved wvia the selected base treatment. In
agreement with this, the extracted hole threshold voltages remain at similar values within
the margins of error.

It can be concluded that the increase in electron transport might indeed be promoted by
treatment with non-redox-active bases similar to results presented in literature.2%2%% Note

that weaker GFA reducing agents, such as (2,3,7,8-tetrakis(tetramethylguanidino)phenazine
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Figure 5.9: Comparison of threshold voltages extracted for (a) electrons in the saturation
and (b) holes in the linear regime in untreated (6,5) SWCNT network reference, sample treated
with non-redox-active bases (hpp, MesG) and redox-active ttmgb at varied concentrations.
Error bars correspond to standard deviation based on at least 8 devices.

(ttmg-phen, first oxidation potential measured by cyclic voltammetry -0.12 V vs. Fc/Fc'),2™

show very similar behavior to the non-redox-active bases and were thus of no further
interest for this study. Overall, exclusively by treatment with the strong reducing agent
ttmgb, all desired benefits, i.e., solely n-type transport with steep subthreshold swings and
without hysteresis, can be achieved successfully. One might speculate that the base-water
adduct formed upon the deprotonation of water traces remains an electron trap for both
non-redox-active bases while this is not the case for ttmgb, possibly due to better charge
delocalization. This is reflected in the much larger hysteresis of the hpp- and Me,G-treated
samples.

The absence of a shift in threshold voltage for both charge carriers corroborates the notion
that rather than doping in the sense of transfer of excess charge carriers from dopant to
the semiconductor, the effects caused by treatment with either redox- and non-redox-active
bases might be attributed to contact doping. This is investigated further in subsections
5.3.3 and 5.3.4.

5.3.2 Trap Removal

This subsection focuses on the role of ttmgb as a remover of trap states. The onset voltage
close to 0 V, the steep subthreshold swing of 94 + 6 mV dec™! and the significantly reduced
hysteresis compared to the untreated nanotube network transistors hint at a drastically

lower trap density in the ttmgb-treated devices. Water and hydroxyl groups are commonly
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present on polar surfaces such as SiO, or glass, which are hard to remove only by thermal
annealing, and have been identified as prime causes for electron traps and current hysteresis
in SWCNT FETs.%3% Tt is reasonable to assume that ttmgb would react with both of these
moieties. Due to their high alkalinity, GFA compounds such as ttmgb can act as proton

261,314 and readily remove residual water at all relevant interfaces. Additionally,

sponges
the reducing strength of ttmgb can lead to passivation of remaining electron traps by
donation of electrons. One may speculate that the strong delocalization of charges on the
resulting reaction product ttmgb?" helps to avoid the new formation of charge-induced
traps (for delocalization of charges, see Figure 2.15b).

The suspected decrease in trap density was later investigated in more detail by Gotthardt
et al.3'® and Statz et. al.3!% Trap densities calculated from subthreshold swings®'? were
found to decrease by a factor of 7-8 upon treatment with ttmgb compared to the untreated
reference SWCNT network transistor for (6,5) SWCNTs and to a lesser extent for large-
diameter SWCNTs.3' To summarize, ttmgb drastically reduces the number of trap states

at the involved interfaces, which greatly benefits the transistor performance.

5.3.3 Contact Resistance

In this subsection, the impact of the ttmgb-treatment on contact resistance and charge
carrier injection is elucidated.

The (6,5) SWCNTs used within this study have a bandgap of ~1.27 eV, which results in
similar injection barriers from gold for both holes and electrons. Ultimately, this leads to
an ohmic contact resistance that can be measured, for example, by the gated four-point
probe method (see section 2.4.2).

Figure 5.10 displays the width-normalized contact resistance for electrons as a function
of gate voltage. As is expected, the values decrease with increasing gate voltage. The
untreated reference sample features a much higher value (3.6x10? Q cm) than the ttmgh-
treated (4.0x10% Qcm) (6,5) SWCNT network transistor (values extracted in the on-state
(Vg = 5.0 V)). This represents a reduction of the contact resistance by two orders of
magnitude. It is safe to conclude that this effect is caused by a clearly enhanced electron
injection via a diminished injection barrier. This is in agreement with expectations for
contact doping and hints at a significantly lowered WF of the gold electrodes (see section
5.3.4). Gotthardt et al. could successfully reproduce these contact resistance values and
show similar effects on electrodes of various metals and, albeit to a lesser extent, for
large-diameter nanotubes.?' At the same time, this change in WF may also partially
explain the hampered hole injection. The next section is thus dedicated to shine light on

the energetic alignment of electrodes, dopant and semiconductors involved in this study.
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Figure 5.10: Comparision of the gate voltage-dependent, width-normalized electron contact
resistance of untreated reference (6,5) SWCNT network (black) and ttmgb-treated (blue)
FET extracted using the gated four-point probe method.

5.3.4 Energetic Alighment

The WF of metal electrodes can be determined by ultraviolet photoelectron spectroscopy
and Kelvin probe measurements. Here, samples were prepared to determine the energetic
alignment of gold, SWCN'Ts and ttmgb.

The secondary photoemission onset (see Figure 5.11a) served as source for the calculations
of the WF of all samples while the HOMO of the materials were extracted from the low

d3'® shown in Figure 5.11b. LUMO energies were

binding energy edge of the valence ban
calculated from the HOMO and the optical bandgap measured by UV-vis-NIR spectra.
The analysis for the solvent-cleaned gold electrodes revealed typical WF values of 4.7 eV.
In agreement with the ambipolar device characteristics of the untreated reference nanotube
networks, SWCNTs on gold yielded injection barriers of 0.5 eV for holes and 0.7 eV for
electrons respectively. Treatment of the gold surface with ttmgb led to a substantial
decrease in WF of 1.2 eV to 3.5 €V. Kelvin probe measurements, conducted by Dr. Eric
Sauter in the laboratory of Prof. Dr. Zharnikov’s group, of analogously prepared samples
exhibited a lowering of the WF by 0.6 eV. In a recent study,*!® reductions of the WF by
ttmgb treatment on gold, palladium and platinum were all determined to be on the order
of 1.0 eV. This reduction in WF can be attributed to an interfacial dipole that points away
from the ttmgb molecules located at the metal interface. It is expected to originate from

the electron transfer of from ttmgb molecule to the gold substrate in agreement with the

expected contact doping.
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Surprisingly, the ionization potential of 5.0 eV extracted for ttmgb is a contradiction
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Figure 5.11: (a) Secondary photoemission onset and (b) valence band spectra of gold, CNTs
on gold, ttmgb on gold (labeled ttmgb, already oxidized after electron transfer to gold) and
ttmgb?" on gold. (c) Summarized energy level diagrams as obtained from UPS measurements.

UPS measurements were provided by Prof. Dr. Yana Vaynzof.

to the notion of the dopant acting as a powerful electron donor. The most plausible

explanation for this discrepancy to the known donor strengt

h of ttmgb as well as the

determined interfacial dipole appears to be that the measured value corresponds to the
HOMO-1 of ttmgb, i.e., the HOMO of ttmgb?". The assumption that the electron transfer

to the metal has already occured is in agreement with cyclic voltammograms of ttmgh?®

and is further corroborated by further UPS data on ttmgb-bishexafluorophosphate, a salt

that contains the oxidized species ttmgb?*, as it yields a virtually identical ionization

potential value of 5.05 eV.

As is highlighted in the corresponding energy level diagrams in Figure 5.11c, these findings

also provide insight on the origin of the lack of hole injection and transport in the
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corresponding ttmgb-treated transistors. Given the very large difference in energy of
1.5 eV between the gold electrode Fermi level and the HOMO of the oxidized dopant
species ttmgb?", the latter suppresses any injection of holes into the nanotube network,
functioning as a hole blocking agent of great efficiency.

Overall, the treatment of gold electrodes with ttmgb not only significantly reduces their
WF to facilitate electron injection, which leads to lower contact resistance, the oxidized
species ttmgb? " present at the electrode also efficiently blocks hole injection and suppresses

hole transport.

5.4 Complementary Inverters

In this section, the application of the described doping wvia ttmgb treatment for the
creation of basic circuits based on SWCNT networks is explored. For the most basic
complementary circuit, i.e., an inverter, a p- (for transfer characteristics, see Figure 5.12)
and an n-type SWCNT were connected according to the circuit diagram displayed in the
inset of Figure 5.13a).

The p-type FET based on (6,5) SWCNT networks was fabricated in analogous fash-
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Figure 5.12: Transfer characteristics of a (Mo(tfd-COCF3)3)-treated (6,5) SWCNT network
FET (L = 40 pm, W = 5 mm) displaying p-type behavior in the linear (V; = -0.1 V, black)
and saturation regime (V; = -4.0 V, red). Inset: molecular structure of Mo(tf{d-COCFj3)s.

ion to the ttmgb-treated devices by using the dopant Mo(tfd-COCF3);) (for molecu-

lar structure, see inset Figure 5.12)3'9

. This sample displays exclusive hole transport
(ftsar = 3.5 cm? V1 s71) without any undesired shift in onset voltage. Compared to the

analogous n-type transistor, on-currents are smaller, the off-current is elevated by more
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than one order of magnitude and there is also moderate current hysteresis.

Figure 5.13a depicts inverter characteristics with full rail-to-rail operation with maximum
gains of 52 (Figure 5.13b) for three different supply voltages (Vpp). The maximum
power consumption during switching for a supply voltage of 1.0 V (gain = 18) is just
45 nW, which is an excellent value compared to previous reports.'® Note, however, that
this value was obtained without optimizing the p-type transistor as this just served
as a proof-of-concept. Given the elevated off-current level even at low drain voltages in

the simple transistor, one can assume a significant potential for performance improvements.

C
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Figure 5.13: (a) Single-sweep voltage transfer characteristics of a complementary inverter
based on n-type (ttmgb-treated) and p-type ((Mo(tfd-COCF3)3)-treated) SWCNT network
FET transistors (L = 40 pm, W = 5 mm). Inset: Circuit diagram for inverter. (b) Gains
corresponding to (a) and (c) power dissipation corresponding to (a,b) at varied supply voltages

(Vpp).-

It may thus be concluded that the here employed wet chemical p- and n-doping of SWCNT
networks serves as a suitable method for the fabrication of low-power complementary

circuits.

5.5 Environmental Stability

As has been highlighted in section 2.4.5 and the introduction to this chapter, one major
challenge for carbon-based n-type FETs is their environmental stability. As has been
shown before,3? the hybrid dielectric of PMMA and HfO, layers incorporated into the

bottom-contact /top-gate device stack serves as a good self-encapsulant.

In order to test the environmental stability for operation conditions, ttmgb-treated FETs
were subjected to continuous bias stress (V4 = 1.0 V, V, = 4.0 V) for ten hours in
ambient air. Transfer characteristics for measurements in the saturation regime collected

immediately before and after bias stress are shown in Figure 5.14a. There is virtually no
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Figure 5.14: (a) Transfer characteristics of ttmgb-treated, cttmgn = 2.5 gL}, (6,5) SWCNT
network FET (L = 40 pm, W = 5 mm) in the saturation regime (V4 = 4.0 V) before (red)
and after (orange) operation under continuous bias stress in ambient air. (b) On-state drain
current as a function of time during continuous operation (10 h) under bias stress (V4 = 1.0 V,
Vy = 4.0 V). (c) Transfer characteristics as described in (a) of sample with largest shift in
onset voltage. Measurement after a resting period (12 h, no bias) in air demonstrates full
reversibility of onset voltage shift.

difference between the two curves except for a small shift in onset voltage by ~0.4 V that
results in a gradual increase of the on-current over time (factor ~ 1.6, see Figure 5.14b).
Interestingly, this shift is reversible when the sample is rested in air without bias stress
even in the case of the largest on-voltage shift detected (approximately 1.0 V) among all
samples tested (see Figure 5.14c).

This outstanding stability under bias stress conditions for the nanotube network FETs
treated with ttmgb excludes any unwanted dopant degradation or migration. It thus
underlines the applicability of the introduced n-type SWCNT network transistors for

longterm device operation in practice and applications in circuitry.

5.6 Summary and Conclusions

To sum up, in this chapter the guanidino-functionalized aromatic compound ttmgb was
established as a suitable contact dopant to convert intrinsically ambipolar SWCNT network
FETs to unipolar n-type transistors with excellent performance metrics. The ttmgb-treated
devices feature high electron mobility, outstanding on/off current ratios, remarkably steep
subthreshold slopes while hole injection and transport are entirely suppressed. The injec-
tion barrier for electrons is significantly reduced by contact doping of the gold electrodes

upon electron donation by ttmgb while the newly formed ttmgbh?" serves as an efficient
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hole blocking agent. A comparison to chemically similar non-redox-active bases reveal
that only with the particular combination of redox chemistry and high alkalinity of ttmgb,
the density of electron traps within the channel area is drastically lowered, which results
in current-voltage characteristics free of hysteresis even in ambient air. Note that ttmgb
does not significantly increase the maximum carrier mobility in the SWCNT network but
the reduced contact resistance drastically decreases the carrier density (correponding to a
lower gate voltage) at which this maximum is reached.3!?

Complementary inverters fabricated from p- and n-doped SWCNT network FETs exhibit
full rail-to-rail operation with high gains and small power dissipation, which highlights the
application potential of the demonstrated method. This is furthermore underlined by the
excellent device stability under bias stress conditions in ambient air.

A comparison with known stronger dopants with lower redox potentials such as decamethyl-
cobaltocene®?! or DMBI derivatives?® reveal undesired threshold voltage shifts or limited
current modulation caused by unwanted introduction of excess charge carriers while elec-
trostatic doping approaches usually result in devices with large current hysteresis'®” due
to additional trap states. While certain desired aspects of n-doping have been successfully
achieved in literature, a purely n-type SWCNT network FET with high electron mobility,
excellent switching behavior, low electron trap densities, no hysteresis and high opera-
tional stability had thus far not been realized. The excellent performance metrics of the
ttmgb-doped FETs render them a competition to state-of-the-art n-type FETs based on
solution-processable metal oxides.!307:308

This investigation already sparked further fundamental research with regards to compati-
bility to other electrode metals, large-diameter SWCNTs and was used to draft guidelines
for doping of SWCNT networks for electric and thermoelectric devices.3'%3'6 One of the
questions that remain to be answered is the potential applicability of GFA compounds to

other materials such as semiconducting polymers.
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Chapter 6

IMPROVED ELECTRON
INJECTION AND TRANSPORT IN
SEMICONDUCTING POLYMERS
USING GFA DOPANTS

This chapter explores the application of guanidino-
functionalized aromatic (GFA) dopants for per-
formance improvements in polymer field-effect

transistors.
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The results described in this chapter were partially published in the article Schneider et al.
J. Mater. Chem. C 2021, 9, 7485-7493.3%2 All figures within this chapter were adapted

from this reference with permission from the Royal Society of Chemistry.

6.1 Introduction

Due to their mechanical flexibility, their solution processability and the sheer limitless
options in chemical design, semiconducting polymers have received considerable attention
for their use in OFETs. Application of OFETs in flexible displays, sensors, wearables and
organic circuitry have been successfully demonstrated.?4323732> However, some crucial
limitations have yet to be overcome. Similar to the FETs based on SWCNT networks,
a particularly important one is the realization of purely n-type polymer FETs with high
electron mobilities, low contact resistance while maintaining stable operation. Although
there has been significant progress in the past two decades, n-type OFETs still lag behind
the p-type counterparts.!'” As outlined in the previous chapter, for efficient, low-power
complementary circuits, both transistor types are mandatory and should, in ideal cir-
cumstances, feature well-balanced charge carrier mobilities as well as high on/off current
ratios. Concomitantly, suppression of the opposite carrier injection and transport to avoid
ambipolarity is key to minimize power consumption.!?*

While the application of high WF metals (such as gold) is beneficial for stable device
operation compared to low WF metals (such as calcium), it hampers efficient electron
injection and thus increases contact resistance. High contact resistance results in unwanted

152,228

large voltage drops at the contacts and severely restricts the maximum switching

frequency of a transistor.!®1,221,326

In general, the use of molecular dopants is an established strategy to lead to sig-
nificant performance improvements for both p- and n-type transistors (see also sec-
tion 2.4.5).1112:327 Specifically, they can improve charge carrier injection by contact
doping,236:237:328-331 1 odify the threshold voltage,23° 237329330 Jower the trap state density
inside the channel?%2% and suppress ambipolarity by limiting injection of the opposite
carrier (see section 2.4.4).236:245,306

The most widely used of these methods is contact doping which enables a reduction of the
injection barrier for charges and thus leads to lower contact resistance.152328:329331 [n this
case, tunneling of the charge carriers is facilitated by reducing the height of the Schottky
barrier as well as its width (see corresponding background sections 2.4.1 to 2.4.4). In
contrast to this, bulk or channel doping, commonly achieved by mixing dopant and semi-
conductor, aims to improve the threshold voltage control, reduce the number of trap states
and enhance operational stability of the devices.?34:235:332 Another established method,

called transfer or remote doping, includes the targeted diffusion of dopant molecules into
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or through the semiconductor which has been shown to be beneficial for retaining the
morphology of the semiconductor in some cases.?36-333,334

Unlike in the field of thermoelectrics,?*? doping for OFETs is not meant to permanently en-
hance the number of mobile charge carriers (see section 2.4.4,).1112 The large conductivity
of the active layer resulting from degenerate doping would be accompanied by an enhanced
off-current level, limited carrier concentration modulation and thus poor on/off-current
ratios. To avoid this, dopant redox potentials, their concentration and localization in the
device warrant a careful optimization.

Compared to the substantial progress that has been made for p-type FETs, efficient
n-doping has proven to be a major challenge due to the inherent high sensitivity to oxygen
and moisture of the strongly reducing n-dopants. This is an issue both during processing
and for operational device stability (see sections 2.3.4 and 2.4.5).%!? Of the n-dopants
commonly used in OFETSs (see section 2.4.5), examples that have been employed in polymer
FETs include tetrabutylammonium salts,?!! benzyl viologen?*® and cobaltocene.?!? So far,
n-dopants that enable accurate control over all important parameters and, at the same
time, do not suffer from at least one of the outlined drawbacks, have remained elusive.
In chapter 5, the GFA compound ttmgb was presented as an efficient contact dopant
in SWCNT network FETs. This reducing agent lowers the WF of different metals by
approximately 1 V3 while improving electron injection and reducing contact resistance.
Furthermore, the oxidized compound (ttmgh?"), which forms at the electrode surface, was
identified as an efficient blocker of hole injection and transport. Additionally, the highly
alkaline ttmgb is able to passivate electron traps commonly caused by water adsorbates
present in the device.

In this chapter, the influence of the GFA dopants ttmgb and 1,2,4,5-tetrakis(/N,N’-
dimethyl- N, N’-ethylene-guanidino)benzene (tdmegb) on the two semiconducting polymers
P(NDI20D-T2) and DPPT-BT in bottom-contact/top-gate FETs is investigated.*?* These
two n-dopants feature similar redox potentials but vary drastically with regard to their
solubility in organic solvents. Here, their impact on device performance is thoroughly
examined depending on the chosen dopant processing, i.e., localization of the dopant.
Contact resistance measurements using a gFPP electrode structure help clarify the role
of the change in injection behavior upon doping. Lastly, the application potential of this

doping approach is explored by bias stress stability measurements conducted in ambient air.

6.2 P(NDI2OD-T2) Field-Effect Transistors

Similar to the architecture using SWCNT networks presented in the previous chapter,

bottom-contact/top-gate FETs were fabricated with the predominantly electron transport-
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ing yet still slightly ambipolar P(NDI20D-T2) as semiconductor (molecular structure, see
Figure 6.1).
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-
' Oct
R" p(NDI20D-T2)

Figure 6.1: Molecular structure of semiconducting polymer P(NDI20D-T2).

As shown in Chapters 4 and 5, the hybrid dielectric of PMMA and HfO, helps to minimize
the trap density at the interface to the semiconductor and facilitates low-voltage, air-stable
operation. Three different options to implement the use of the two GFA dopants ttmgb
and tdmegb, i.e., deposition as injection, bulk and top layer, are explored (see Figure 3.6).
Brief descriptions of the deposition process are given in the corresponding subsections. For
a detailed description of the experimental procedure, the reader is referred to section 3.3.4.
The chosen n-dopants ttmgb and tdmegb (molecular structures in Figure 6.2) were

deposited by physical vapor deposition in vacuum (both dopants) and by spin-coating
(ttmgb).
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Figure 6.2: Molecular structures of ttmgb and tdmegb.

These two GFA compounds are two-electron donors with similar redox potentials (ttmgb:
-0.76 V, tdmegb: -0.79 V vs. Fc/Fc™, respectively), share a high alkalinity and are able to
passivate water-induced trap states. Their solubility behavior, however, differs noticeably.
While ttmgb is soluble in a number of organic solvents including the unpolar toluene
(solvent used for P(NDI20D-T2)), tdmegb is only soluble in very polar solvents such as

NMP and hardly soluble in toluene, which allows for additional orthogonal processing
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options.

Figure 6.3 provides a comprehensive overview over the obtained morphology of representa-
tive P(NDI20D-T?2) films treated with all processing methods explored in this study. As
expected, the films feature the ribbon-like structures characteristic for P(NDI20D-T2),2
which appear mostly unaffected by the dopant molecules, regardless of the processing
technique. The only exception to this rule are the samples with spin-coated ttmgb top

layers, which is discussed in the corresponding section 6.2.3.

Injection Layers
44nm b ttmghb 44nm ¢ tdmegb 4.4 nm

0 Blends 0 0

d 05w%ttmgb 4.4 nm e 1.0w%ttmgb 4.4nm

Top Layers
4.4 nm i 8.3 nm

0 0

Figure 6.3: AFM images (2.5x2.5 pm?, scale bars 500 nm) of P(NDI20D-T?2) films. (a)
Untreated reference sample, P(NDI20D-T2) films spin-coated on top of (b) ttmgb and (c)
tdmegb injection layers. P(NDI20D-T2)/ttmgb blend layers with (d) 0.5 w% and (e) 1.0 w%
ttmgb. P(NDI20D-T2) films with (f) evaporated and (g) spin-coated ttmgb top layers.
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6.2.1 Injection Layers

As displayed in Figure 3.6a, the GFA dopants were deposited on top of the electrodes
as injection layers prior to spin-coating the P(NDI20D-T2) film. Layers of ttmgb were
spin-coated from toluene solution while tdmegb was deposited by vapor-processing in
high vacuum (experimental details, see section 3.3.4). Figure 6.4 depicts the output
characteristics of FETs with ttmgb (see Figure 6.4b,c) and tdmegb (see Figure 6.4e,f)
injection layers compared to those of the respective untreated reference sample. The films
with thin ttmgb layer reveal a distinctly enhanced electron injection (note the difference
in scaling of the y-axis) as illustrated by the corresponding insets (identical y-axis scaling).
While, at low drain voltages, the drain currents increase is steeper and more linear, current
saturation at high drain voltages remains. For the thicker ttmgb injection layer, a similar
behavior is observed.

For the tdmegb injection layers, the injection improvement is even more pronounced for

ttmgb
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Figure 6.4: Output characteristics (forward and reverse sweeps for positive gate and drain
voltages, electron transport) of P(NDI20D-T2) FETs (L = 40 pm, W = 5 mm) with V, =0 -
10 V (steps of 2.0 V) for (a) untreated reference, a sample treated with (b) a thin and (c)
a thick injection layer of ttmgb. (d-f) Corresponding data sets for tdmegb injection layers.
Insets display zoom-ins on the linear regime (low drain voltage region) to highlight injection
properties.

the thin layer in comparison to the corresponding ttmgb layer. The insets demonstrate a
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larger increase of the current in the low drain voltage regime. Interestingly, the saturation
current remains lower for the thick tdmegb injection layer sample.

In agreement with the increased on-currents observed above, transfer characteristics of
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Figure 6.5: Transfer characteristics of P(NDI20D-T2) FETs (L = 40 pm, W = 5 mm)
with dopant injection layers measured in (a) the linear and (b) the saturation regime. Data
correspond to an untreated reference (black) and devices with solution-processed ttmgh (red)
as well as evaporated tdmegb thin (dotted lines) and thick layers (solid lines). (c¢) Electron
mobilities corresponding to (a,b) in linear (black squares) and saturation regime (red circles).
Error bars denote standard deviation based on at least 8 measured devices.

the samples with injection layers generally exhibit higher electron currents compared to
the untreated P(NDI20D-T2) reference samples in the linear (Figure 6.5a) and saturation
regime (Figure 6.5b). While this applies to both dopants, hole currents are more efficiently
suppressed by ttmgb as is evidenced by the much lower hole currents at negative gate
voltages in the saturation regime. The limited influence of tdmegb on hole injection
can most likely be attributed to the poor electrode surface coverage by this dopant as
uncovered electrode surface permits injection of positive charge carriers. The impact of

ttmgb on hole injection grows with increasing ttmgb film thickness.

The extracted electron mobilities of the reference samples in both transport regimes lie
within the usual range of spin-coated, commercially obtainable P(NDI20D-T2).130:335
Upon ttmgb treatment, mobility values increase to 0.18 — 0.32 cm? V~!s™!. Crucially,
hysteresis remains quite small and onset voltages stay close to 0 V. In contrast to that,
treatment with tdmegb leads to a more drastic enhancement of the electron mobilities
for the thin injection layer. Unfortunately, this is accompanied by a large increase of the

device-to-device variation, which can be attributed to the lack of uniformity in surface
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coverage of the gold electrodes even on one substrate. A variety of surface treatments to
remedy the non-uniformity of the dopant film, including UV /ozone, polar seeding layers
and oxygen plasma treatment, did not lead to the desired improvement in morphology.

Altogether, even at incomplete coverage of the injecting gold electrode, treatment with
both dopants resulted in the desired drastic enhancement of electron injection from gold
into the semiconducting P(NDI20D-T2). Contrary to that, suppression of the hole current
occurred only at higher surface coverage of the electrodes and only efficiently so with
ttmgb. Evidently, as demonstrated in previous studies on carbon nanotube network
transistors®°®:315:316 this effect can be attributed to contact doping as well as a reduction

306:315 (see discussion in

of the gold WF as determined by Kelvin probe experiments
section 5.3.4). It can be assumed that the presence of the respective GFA compound at
this interface has little effect on charge transport given that transport inside the transistor
channel takes place at the other interface of the polymer layer (interface to the dielectric).
The lack of a shift in onset voltage and the absence of a noticeably increased off-current
level, either of which would indicate doping of the semiconductor, are in agreement with
this conclusion. The impact of this doping approach on contact resistance and its influence

on the electron mobility will be further reviewed in section 6.3.

6.2.2 Blends

An alternative approach to doping semiconducting polymers is to blend a solution of
the dopant with the P(NDI20D-T2) ink prior to deposition. Ideally, this leads to a
neutralization of trap states in the bulk of the polymer film.?32:336 Predicated on the
absence of phase separation during processing, this may also improve the uniformity of the
doping profile. P(NDI20D-T2) features a characteristic ribbon-like morphology which is
not altered by small amounts of hetero-additives.?’° Consequently, direct molecular doping
could be a feasible approach. Solutions of the GFA dopant ttmgb and P(NDI20D-T2)
in toluene were intermixed prior to spin-coating (details, see section 3.3.4). The spin-
coated films did indeed not display any significant differences to the reference sample (see
Figure 6.3d,e). Then, the impact of ttmgb concentration on charge injection and transport
was examined. Even at very low concentrations of ttmgb (0.1 w%), electron injection
improved drastically. This effect is illustrated in Figure 6.6. Similar to the observations for
the injection layers, there is a significantly steeper increase of the drain current in the low
drain voltage regime in comparison to the untreated reference sample. Interestingly, this
effect does not scale with dopant concentration as evident from the output characteristics

of a sample with 2.0 w% ttmgb (see Figure 6.6c¢).

As shown in Figure 6.7, electron on-currents increase for concentrations up to 0.5 w%

(linear regime, see Figure 6.7a) and decrease again for concentrations of 1 w% and 2 w%.
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Figure 6.6: Electron output characteristics (forward and reverse sweeps) of P(NDI20D-T2)
FETs (L = 40 pm, W = 5 mm) obtained from V, = 0 — 10 V with steps of 2.0 V for (a)
untreated reference, a blend layer with (b) 0.1 w% and (c) 2.0 w% ttmgb. Insets display
zoom-ins on the linear regime (low drain voltage region) to highlight injection properties.

Yet, the latter still exceed the corresponding values of the untreated P(NDI20D-T2)
reference. The increase in off-currents unmodulated by the gate voltage observed for
concentrations starting from 0.5 w% implies an unwanted transfer of electrons from ttmgb
to P(NDI20D-T2). Noticeably, the ionization potential of the dopant depends on its
dielectric environment (3.7 — 4.2 €V).?%° Hence, it is conceivable that electrons may transfer
to P(NDI20D-T2) (LUMO of -4.0 €V).33" The minor shift in onset voltage (-0.7 V) and
the significantly decreased subthreshold slope observed for the sample with the highest
ttmgb concentration (2.0 w%) in comparison with the untreated reference corroborate this
hypothesis.?3® Contrary to the injection layers, it is reasonable to deduce a potential direct
impact on charge transport caused by the presence of ttmgb at the semiconductor-dielectric
interface. In the saturation regime, on-currents display a trend identical to the linear
regime as is shown in Figure 6.7b. In contrast to that, the suppression of hole current at
negative gate voltages increases with ttmgb concentration. This is in agreement with the
above mentioned notion that the suppression of the hole current becomes more efficient

with increasing surface coverage of the injecting electrode by the dopant.

Electron mobilities were extracted for all dopant concentrations investigated. They are
displayed in Figure 6.7c as relative mobilities referenced to the untreated P(NDI20D-T2)
sample. The highest relative mobility is obtained for the sample with a concentration
of 0.4 w% (respective absolute values are in the range of 0.20 — 0.33 cm? V~'s™!). For
larger concentrations, however, the mobility increase is not as strong. The increase in the
saturation mobilities is less pronounced compared to the linear mobilities; most likely due
to the smaller impact of contact resistance on the saturation currents. Despite the absence
of any significant differences in film morphology (see Figure 6.3d,e), the lower performance
improvements for higher ttmgb concentrations may be attributed to a disturbance of the

stacking of the P(NDI20D-T2) polymer backbone.

105



Chapter 6 IMPROVED ELECTRON INJECTION AND TRANSPORT IN
SEMICONDUCTING POLYMERS USING GFA DOPANTS

Q
(o2
o

3.5
Vg=1.0V ® linear
10 ] 10 o saturation
z | < >0
~ - >
= 10°F = 10° R, =
5 o ' 525} {
= - = =
jun } =}
O 48 —reference { © 108 --reference { 2
-% ttmgb w% -% ttmgb W% 5 20 %
5 —0.1 15 - —0.1 . E I {
107008, gl 33 1 107F % 1715
uv]\(\,:fj T —10 . X 1.0 : {
—20 —20
102 Y+ ————— 102 Y ————— 1.04 | T T
-4 0 4 8 -4 0 4 8 0.1 0.2 05 10 20
Gate Voltage (V) Gate Voltage (V) ttmgb w%

Figure 6.7: Transfer characteristics of P(NDI20D-T2)/ttmgb blend FETs (L = 40 pm,
W = 5 mm) measured in (a) the linear and (b) the saturation regime corresponding to an
untreated reference sample and blends with concentrations of ttmgb in the range of 0.1 —
2.0 w%. (c) Relative electron mobilities of the P(NDI20D-T2)/ttmgb blends in comparison
to the untreated reference sample extracted for linear (black squares) and saturation regime
(red circles). Note: log-scale for ttmgb concentration. Error bars denote standard deviation
based on at least 8 measured devices.

Overall, the P(NDI20D-T2) /ttmgb blend layers at optimized concentrations indeed result
in the desired improvements of device performance. Unfortunately, the sought low off-
current levels are not reached. The causes are probably incomplete blocking of hole
injection and transport at low dopant loading and undesired electron transfer from ttmgb
to P(NDI20D-T2) at high dopant concentrations.

6.2.3 Top Layers

The deposition of a dopant (solution- or vapor-processed) on top of the semiconductor
with subsequent diffusion into the semiconducting layer is another option to achieve
doping. For the selected device architecture, i.e., bottom-contact /top-gate, this results in a
positioning of the dopant at the semiconductor-dielectric interface — the location of charge
accumulation. It might hence affect the charge transport within the transistor channel.
An impact on charge injection, however, appears less likely. Deposition of ttmgb on top
of the P(NDI20D-T2) layer was conducted either by vapor processing in high vacuum
or by spin-coating a solution in toluene. Due to the high solubility of P(NDI20D-T?2) in
all possible solvents for ttmgb, intermixing and thus partly dissolving the pre-deposited
polymer layer are likely detrimental effects. It would likely lead to severely diminished
polymer film thicknesses and disruption of the polymer film morphology.

The output characteristics of devices prepared as described in section 3.3.4 are depicted in
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Figure 6.8. They reveal that the evaporated ttmgb top layer results in enhanced electron
injection with high similarity to the doping approaches outlined above — albeit to a lesser
extent. Interestingly, this applies mostly to the low drain voltage regime.

The respective transfer characteristics in the linear (Figure 6.9a) and saturation regime

a Reference b Evaporated top layer c Spin-coated top layer
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Figure 6.8: Electron output characteristics (forward and reverse sweeps) of P(NDI20D-T2)
FETs (L = 40 pm, W = 5 mm) obtained from V, = 0 — 10 V with steps of 2.0 V for (a)
untreated reference, a sample treated with (b) an evaporated and (c) a spin-coated top layer
of ttmgb. Insets display zoom-ins on the linear regime (low drain voltage region) to highlight
injection properties.

(Figure 6.9b) support this observation. Contrary to expectations, this indicates presence
of the dopant at the electrode-semiconductor interface. Diffusion of ttmgb across the
P(NDI20D-T?2) film to the gold electrodes — potentially facilitated by the solvent n-butyl
acetate during deposition of the PMMA dielectric layer — might be a possible explanation.
Concomitantly, the off-current level increases in the linear regime. Unfortunately, in the
saturation regime hole injection is only partially suppressed. While the linear electron
mobility is enhanced, the corresponding values in the saturation regime lie within the
range of the untreated reference sample (see Figure 6.9¢). Again, this larger impact on the
linear regime hints at a potential decrease in contact resistance (see discussion in section
6.3).

The spin-coated ttmgb layer on top of P(NDI20D-T2) led to rather different observations.
Despite careful attention to optimizing the fabrication conditions, these transistors still
featured somewhat smaller electron on-currents in comparison to the untreated reference
(see Figure 6.9b, ¢). Furthermore, it is noteworthy that they exhibit a flatter subthreshold
slope hinting at an increase in trap state density.?2:33° This reduced performance might be
explained by the diminished semiconductor film thickness. Indeed, the morphology of the
P(NDI20D-T?2) exhibits drastic changes as demonstrated by AFM analysis (see Figure
6.3g). The layer thickness decreased to 7 nm (corresponding reference 30 nm) while the
roughness increased significantly. Various optimization experiments were carried out (e.g.,
spin-coating parameter screening, change of ttmgb solvent) but remained unsuccessful.

Doping of the semiconductor appears unlikely given the lack of shift in onset voltage. One
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Figure 6.9: Transfer characteristics of P(NDI20D-T2) FETs (L = 40 pm, W = 5 mm)
with dopant top layers measured in (a) the linear and (b) the saturation regime. Data
correspond to an untreated reference sample (black), devices with evaporated (red) and
solution-processed ttmgb (blue) top layers. (c) Electron mobilities corresponding to (a,b)
in linear (black squares) and saturation regime (red circles). Error bars denote standard
deviation based on at least 10 measured devices.

can assume that partial dissolution of P(NDI20D-T2) during the spin-coating of ttmgb
leads to this degradation which is also reflected in the lower electron mobility (see Figure
6.9¢).

In summary, depositing ttmgb on top of P(NDI20D-T2) resulted in only very moderate
performance improvements for the vapor-processed ttmgb sample. While, somewhat
surprisingly, hole blocking was most efficient in the spin-coated ttmgb top layer (among
all processing options including injection and blend layers), it also led to a detrimental
reduction of the semiconductor film thickness and, ultimately, lower electron currents

compared to untreated reference transistors.

6.3 Contact Resistance

Determination of the contact resistance enables an in-depth analysis of the effect of the
used GFA dopants on electron injection in P(NDI20D-T2) transistors. A gFPP device
layout (background, see section 2.4.2; dimensions and layout, see section 3.3.1) served
as the basis for the extraction of the gate voltage-dependent, width-normalized contact
resistance and electron mobilities in the linear regime corrected for contact resistance. For

this, a method established by Pesavento et al. was employed.?26:227
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While the unpatterned P(NDI20D-T2) films (patterning of the semiconducting layer was

227 an overall

not performed) can potentially lead to an overestimation of contact resistance,
comparison of the obtained values is still reasonable as the layout applied for all samples
was the same and the precision in alignment of gate electrode and channel area was high.
The width-normalized contact resistance values are displayed in Figure 6.10 as as function

of gate voltage.
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Figure 6.10: (a) Width-normalized contact resistances of P(NDI20D-T2) FETs (L = 40 pm,
W =1 mm) as a function of gate voltage. Data was extracted using the gFPP method in
the linear regime for an untreated reference device and samples with dopant ttmgb deposited
before (thin, thick injection layer) or after the semiconducting polymer (evaporated or
solution-processed top layer). (b) Gate voltage-dependent apparent (i, dotted lines) and
contact resistance-corrected (peorr, solid lines) electron mobilities for devices corresponding

to (a).

All contact resistance values lie within the range of values previously reported for top-gated
P(NDI20D-T2) FETs*® and, in agreement with expectations, drop with increasing gate
voltage. In general, injection layers of ttmgb resulted in a distinct drop of the contact
resistance by roughly one order of magnitude in comparison to the untreated reference
transistors. In contrast to that, the evaporated ttmgb top layer produced only a very modest
decrease in contact resistance, which is in agreement with the only moderate performance
improvements (see section 6.2.3) evident from output and transfer characteristics. Even
more so, the spin-coated ttmgb top layer led to an increased contact resistance. This can
most likely be attributed to the reduced P(NDI20D-T2) film thickness resulting from the
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dissolution of the polymer in the dopant solvent. A lower injection efficiency might be
caused by imperfect coverage of the electrodes in accordance with previous findings.?%

The apparent (not corrected for contact resistance) and the contact resistance-corrected
electron mobilities extracted in the linear regime for the various doping techniques exhibit
only minor differences, particularly for high gate voltages. This indicates a limited impact
of the dopant on charge transport across the channel corroborating the classification of

the used doping scheme as contact doping.

6.4 Environmental Stability

The environmental stability of OFETs has been identified as a key factor in literature,
particularly with regard to application and commercialization.?°1:33 This relates to the
chemical stability of both materials and the operational stability of the device, for example
dopant diffusion. Although ttmgb is sufficiently stable to permit handling in air for brief
amounts of time, all relevant device fabrication steps were conducted in dry nitrogen
atmosphere. As has been shown in Chapter 5, the PMMA /HfO, hybrid dielectric can

serve as a self-encapsulant for the FETs.
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Figure 6.11: (a) Transfer characteristics of a P(NDI20D-T2) FET (L = 40 pm, W = 1 mm)
with a thin ttmgb injection layer measured in ambient air prior to (dotted lines) and after
(solid lines) subjecting the device to continuous bias stress for 10 h (V4 =2.0V, V, =8.0 V).
Black lines correspond to measurements in the linear regime, red lines to the saturation
regime. (b) Drain current in the on-state during operation under continuous bias stress.
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In order to put the stability of P(NDI20D-T2) transistors with ttmgb injection layers
to the test, they were measured in ambient atmosphere under continuous bias stress
(Vai=20V, V,=280YV) for 10 h. Figure 6.11a displays transfer curves collected di-
rectly prior to and after the bias stress period in both linear and saturation regime. A
direct comparison of these characteristics reveals outstanding stability, almost without any
changes in hysteresis as well as in on- and off-currents. There is only a minor shift in onset
voltage (approximately -0.7 V). As demonstrated in Figure 6.11, the on-current remains
at over 90 % of its initial value after 10 h of continuous stress. These observations exclude
any undesired diffusion or degradation of ttmgb under bias stress conditions. These data

emphasize the suitability of ttmgb for use as a contact dopant in polymer FET applications.

6.5 DPPT-BT Field-Effect Transistors

To fully explore the potential of GFA dopants for application with other polymeric semi-
conductors in addition to the established P(NDI20D-T2), an investigation of DPPT-BT, a
narrow bandgap polymer with a diketopyrrolopyrrole acceptor unit, was conducted (molec-
ular structure, see Figure 6.12).2'2 DPPT-BT exhibits ambipolar transport but with higher

DPPT-BT 'sN

Figure 6.12: Molecular structure of semiconducting polymer DPPT-BT.

electron than hole mobility — normally approx. one order of magnitude difference.!?2:340

Brief descriptions of the dopant processing conditions are outlined in the subsections while
the corresponding experimental details are given in sections 3.3.3 and 3.3.4. As a general
observation, DPPT-BT film morphology remained largely unaffected. This is illustrated
in the AFM images in Figure 6.13 by ttmgb — regardless of the chosen dopant deposition
method.
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Figure 6.13: AFM images (2.5x2.5 pm?, scale bars 500 nm) of DPPT-BT films. (a)
Untreated reference sample, (b) DPPT-BT film with ttmgb injection layer, (c) spin-coated
and (d) evaporated ttmgb top layers.

6.5.1 Injection Layers

Given the successful application of GFA dopants as injection layers for P(NDI20D-T?2),
this approach served as the starting point for DPPT-BT. However, the solvent of choice for
DPPT-BT, chlorobenzene, results in partial dissolution of the pre-deposited ttmgb layer.
This ttmgb film degradation is reflected in only modest performance improvements in
general. Firstly, note that the overall lower currents in comparison with the P(NDI20D-T2)
samples are due to an altered electrode layout (experimental details see section 3.3.1). The
untreated reference displays non-ohmic electron injection (see Figure 6.14a) as evident
from the characteristic S-shape in the output curve at low drain voltages. While the
injection of electrons is enhanced, even for a thick ttmgb injection layer there is only a
moderate increase in electron on-current (see Figure 6.14b,c). These observations are
corroborated by the transfer characteristics in the linear (Figure 6.15a) and saturation
regime (Figure 6.15b). The apparently lower effect of the ttmgb treatment in the saturation
regime is in agreement with ttmgb acting as a contact dopant. The lack of suppression of
hole injection and transport, particularly at high drain voltages can also be attributed to
the poor coverage of the bottom electrodes by ttmgb stemming from the partial removal

of the dopant layer during processing.

112



6.5 DPPT-BT Field-Effect Transistors

o)}
O
o

in Current (uA)
= N w
o o o
o
o
o I
S ||
Drain Current (uA)
o
—=
o (@)
Drain Current (uA)
'_\
o (@)

Reference
10

Thin Injection Layer Thick Injection Layer

60

4041 0 1 2 .

0- 1 520- -
oA; o~% p——

0 2 4 6 8 10 0 2 4 6 8 10 0 2 4 6 8 10
Drain Voltage (V) Drain Voltage (V) Drain Voltage (V)

Drai

Figure 6.14: Electron output characteristics (forward and reverse sweeps) of DPPT-BT
FETs (L = 42 pm, W = 1.5 mm) obtained from V, = 0 — 10 V with steps of 2.0 V for (a)
untreated reference, a sample treated with (b) a thin and (c) a thick injection layer of ttmgb.

Insets display zoom-ins on the linear regime (low drain voltage region) to highlight injection
properties.
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Figure 6.15: Transfer characteristics of DPPT-BT FETs (L = 40 pm, W = 5 mm) with
ttmgb injection layers measured in (a) the linear and (b) the saturation regime. Data
correspond to an untreated reference sample (black), devices with solution-processed thin
(red), medium (blue) and thick (organge) ttmgb injection layers. (c) Electron mobilities
corresponding to (a,b) in linear (black squares) and saturation regime (red circles). Error
bars denote standard deviation based on at least 8 measured devices.

Electron mobilities (see Figure 6.15) were determined to be within the range of reported
literature values.'??2!2 Due to the large non-ohmic contact resistance at low drain voltages
the corresponding values in the linear regime could not be extracted. Lastly, the slight
decrease in electron mobility with higher dopant film thickness (1 — 4 nm, see section 3.3.4)
makes further experiments with increased dopant film thickness obsolete. One may

speculate that the intermixing of ttmgb with DPPT-BT interferes with the stacking of
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the polymer and thus negatively affects charge transport.
In conclusion, ttmgb injection layers lead to only limited improvements in DPPT-BT

FETs.

6.5.2 Top Layers

Given the very low solubility of DPPT-BT in toluene, the solvent for ttmgbh, the dopant
was also applied on top of DPPT-BT using both thermal evaporation and spin-coating
as deposition techniques. As illustrated above (Figure 6.13c,d), there was no significant
impact by the dopant on polymer morphology or thickness (30 nm) for either deposition
method.

The output characteristics (Figure 6.16) reveal that the dopant top layer does indeed
improve the poor injection behavior (S-shape of electron current at low drain voltages) of
the untreated reference to a linear increase for the same voltage regime while saturation
at high drain voltages remains. This enhancement is accomplished with both deposition
techniques, although only the vapor processing of the dopant leads to a strong increase in

on-currents.
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Figure 6.16: Electron output characteristics (forward and reverse sweeps) of DPPT-BT
FETs (L = 40 pm, W = 5 mm) obtained from V, = 0 — 10 V with steps of 2.0 V for (a)
untreated reference, a sample treated with (b) an evaporated and (c) a spin-coated top layer
of ttmgb. Insets display zoom-ins on the linear regime (low drain voltage region) to highlight
injection properties.

The transfer characteristics (Figure 6.17a, b) indicate a significant decrease of hole injection
and transport for both dopant deposition methods, however, to a larger extent for the
solution-processed sample. As expected, the degree of hole blocking increases with dopant
layer thickness (see Figure 6.17b).

The on-currents peak at slightly higher values compared to the untreated reference, which
can be attributed to a small shift in onset voltage (approximately -0.4 V). As depicted in

Figure 6.17c, the electron mobilities mostly stayed within the range of 0.3 — 0.5 cm? V157!
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Figure 6.17: Transfer characteristics of DPPT-BT FETs (L = 40 pm, W = 5 mm) with
ttmgb top layers measured in (a) the linear and (b) the saturation regime. Data correspond to
an untreated reference sample (black), devices with solution-processed (blue) and evaporated
(red) ttmgb top layers. (c) Electron mobilities corresponding to thick ttmgb layers (a,b)
in linear (black squares) and saturation regime (red circles). Error bars denote standard
deviation based on at least 10 measured devices.

comparable to values reported in literature.!?2:340

Similar to the discussion for the P(NDI20D-T2) FETs, it is reasonable to assume that
ttmgb might diffuse through the polymer film. This is in agreement with the enhanced
electron injection and suppression of hole injection even though the dopant was deposited
on top of the polymer — on the opposite side of the interface to the gold electrodes. Such
diffusion could lead to the observed effects, i.e., contact doping at the injecting electrodes
and potentially a reduction of the bulk resistance of the DPPT-BT film above the contacts
and hence a decrease of the overall contact resistance in such staggered FETs.22° It is not
yet clear if degenerate doping of DPPT-BT by ttmgb is indeed a possible pathway. The
DPPT-BT LUMO lies marginally higher (-3.8 €V)34? than the value of P(NDI20D-T2).
Concomitantly, DPPT-BT supplies an environment with higher polarity resulting in a
diminished ionization potential of the dopant.?%°

A reliable extraction of the electron mobility in the linear regime was not possible given
the non-linear increase of electron current at low drain voltages. Whereas the spin-coating
of ttmgb resulted in a moderate decrease in mobility in the saturation regime compared
to the reference sample without dopant, the thick ttmgb layer deposited by evaporation

produced an increase of electron mobility with peak values exceeding 0.6 cm? V—1s™1,
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Figure 6.18: Electron mobilities as a function of gate voltage determined for DPPT-BT
FETs (L = 40 pm, W = 5 mm) corresponding to untreated reference (black) and a device with
a thick solution-processed ttmgb top layer (red). Filled squares correspond to measurements
in the linear regime, empty circles to the saturation regime.

Figure 6.18 displays the electron mobility in both transport regimes as a function of gate

voltage.

In conclusion, the GFA compound ttmgb can indeed be employed (top layer architecture)
to change the commonly ambipolar behavior of DPPT-BT FETs to solely n-type transistors
with significant improvements in electron injection. In contrast to P(NDI20D-T2), for
which the solution-processed dopant top layer led to undesired effects, most importantly a
decrease in electron mobility, the deposition of ttmgb on top of the polymer resulted in
the best performance of DPPT-BT FETs. While the best performance for P(NDI20D-T2)
was achieved with injection layers, this processing approach did not result in significant
improvements for DPPT-BT. This highlights that the incorporation of the dopant into a
device not only depends on the energetic alignment of dopant and semiconductor but also
on a parameters that include, e.g, solubility, processing technique, morphology of either

component. Careful optimization for either material combination is thus mandatory.

6.6 Summary and Conclusions

In this chapter, the impact of the GFA compounds ttmgb and tdmegb as n-dopants in

polymer FETs on charge injection and transport has been investigated. As a new addition
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6.6 Summary and Conclusions

to the previously demonstrated use in FETs with single-walled carbon nanotube networks
as active material,3°6319316 these dopants lead to more efficient electron injection and
transport in the semiconducting polymers P(NDI20D-T2) and DPPT-BT. Significant
improvements in electron injection as well as blocking of hole injection and transport was
achieved upon treatment with these two dopants.

Depending on the doping method (injection, blend or top layer), processing conditions were
carefully optimized. In the best cases, they yielded solely n-type FETs with significantly
decreased contact resistance and improved electron mobilities compared to the undoped
reference transistors. At the same time, by focussing on contact rather than channel doping,
high on/off current ratios were accomplished, hysteresis remained low and undesired onset
voltage shifts were prevented. Measurements in air under continuous bias stress revealed
excellent device stability. These findings underline the versatility of GFA compounds as
dopants in organic field-effect transistors. They illustrate the significance of investigating
various feasible processing options for both molecular dopants and the semiconducting
polymer in a device rather than an exclusive focus on the redox potential of the compounds

involved.
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Chapter 7

CONCLUSION AND OUTLOOK

This chapter recapitulates on the findings of
this thesis and discusses potential future re-
search for n-doping of carbon-based semicon-

ductors.
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Prior to the start of this thesis SWCNTs had already undergone a long development from
a laboratory curiosity to a candidate for numerous electronics applications with realistic
commercial potential. Dispersions of semiconducting SWCNTs had finally reached purity
levels sufficient to overcome the previously assumed inevitable trade-off between high
charge carrier mobilities and high on/off current ratios. Concomitantly, SWCNT ink
production was successfully scaled up for solution-processed devices. However, significant
challenges remained that included inhomogeneity in device performance caused by the
tendency of the nanotubes to form aggregates as well as the overall inferior device perfor-
mance of n-type transistors compared to their p-type counterparts. The poor stability
of n-type semiconductors led to inferior device stability. In addition, high barriers for
electron injection with high contact resistances hinder efficient charge injection and result
in lower on-currents. These limitations must be overcome to harness the full potential
of SWCNT network FETs in large-scale circuit applications. The latter limitation of
inferior n-type transistor performance is also highly relevant for other solution-processable
semiconductors such as semiconducting polymers. This thesis provides approaches that

represent a substantial step forward to overcome these issues.

The small-molecule additive 1,10-phen was introduced as a stabilizer for dispersions
of (6,5) SWCNTSs prepared by polymer wrapping in organic solvents. Time-dependent
UV-vis-NIR spectroscopy served as a simple yet effective tool to monitor the aggregation
process and assess SWCNT ink quality. The decrease in the E;; absorption intensity over
time was established as a reliable metric to quantify the progress of aggregation. SWCNT
networks deposited from inks with and without 1,10-phen stabilizer resulted in a good
agreement between the spectroscopic assessment and the observed film homogeneity. With
advancing ink age (up to one week), the number of aggregates and nanotube bundles
increased. This successful correlation facilitates screening for other additives suitable for,
e.g., SWCNTs with larger diameters or adaptations of the processing conditions such as a
different solvent or wrapping polymer. Due to the high nephrotoxicity of 1,10-phen scaling
up the dispersion volume for large-area processing may require a more environmentally
compatible additive with similar stabilization properties.

The nanotube networks deposited from inks with and without stabilizer were incorporated
as active material into FETs. The comparison of the inks with 1,10-phen to those without
additive as well as dispersions with higher-viscosity solvents revealed a significant decrease
of device-to-device variation for samples prepared with the 1,10-phen stabilized SWCNT
dispersions. This trend became more pronounced with increasing ink age. The presented
ink formulation approach is cost-efficient and does not require any additional processing
steps. It thus constitutes a substantial step forward toward more reliable device fabrica-

tion, which is mandatory to realize the desired transition of SWCNTs from the scientific
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laboratory to commercialization.

Preliminary tests with phenanthroline additives in dispersions with larger-diameter SWC-
NTs displayed a similar albeit somewhat weaker stabilization effect. These nanotubes
are preferred for maximum performance in FETs as they exhibit higher charge carrier
mobilities and have been used to demonstrate applications such as a nanotube computer,
large-scale integrated circuits or microprocessors.”188:304

In addition to the improvements for more reliable device fabrication, the demonstrated
method might be of wide-spread interest for working with SWCNT dispersions. The
current conventional strategy of breaking up aggregates, i.e., repeated sonication, has its
limitations as extended sonication periods inevitably entail damage to the nanotubes. In
a recent project, 1,10-phen was demonstrated to stabilize SWCNT dispersions in a very
polar environment (solution of 1,3,5-trichlorobenzene in chloroform) to enable deposition
of aligned SWCNT networks by zone-casting.?*! Given that aggregation strongly affects
electronic as well as optical properties, dispersions with long-lasting stability also extend
the time frame of spectroscopic experiments, which are otherwise limited due to pertur-
bations caused by aggregation. For example, transient absorption measurements require

high SWCNT concentrations and often long measurement times.34?

The GFA compound ttmgb was introduced to address the prevailing limitations of carbon-
based n-type transistors. The strongly reducing ttmgb served as a contact dopant for
the conversion of (6,5) SWCNT network transistors from ambipolar to unipolar n-type
charge transport behavior. An electron transfer from ttmgb to the gold electrodes leads to
a substantial decrease of the gold WF, thus improves electron injection by lowering the
injection barrier with reduced contact resistance. The oxidized ttmgb?", that forms at the
electrode-semiconductor interface, serves as an efficient hole blocking agent. The ttmgb
treatment hence leads to high apparent electron mobility, excellent switching behavior with
high on/off current ratios and low subthreshold swings. At the same time, hole injection
and transport are fully suppressed.

The noteworthy absence of hysteresis even in ambient conditions in the I-V-characteristics
of these devices can be attributed to trap passivation caused by ttmgh. Polar adsorbates
such as water, that act as electron traps, are neutralized by virtue of the high alkalinity of
ttmgb. In a subsequent study,®'® trap densities in such networks were found to decrease
approximately seven- to eight-fold upon treatment with ttmgb.

The proof-of-concept complementary inverters using p- and n-doped nanotube network
transistors display rail-to-rail operation with high gains and low power consumption.
Importantly, the good stability of the devices during bias stress operation in air highlights
the application potential of doping with ttmgb.

The applicability of doping with ttmgb to large-diameter SWCNTs as well as high WF
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Chapter 7 CONCLUSION AND OUTLOOK

electrode metals further underline the versatility of this dopant.?!® (6,5) SWCNT networks
treated with ttmgb also served as a trap-free reference in temperature-dependent, gated
Seebeck measurements. This helped to establish fundamental guidelines for the optimiza-
tion of charge and thermoelectric transport in SWCNT networks.3!6 Further studies on
fundamental properties that need networks free of electron traps might become feasible,
such as investigations on the trion formation in SWCNT network FETs.

An important limitation of the presented ttmgb doping approach lies in the processing
of the dopant. The employed dip-coating process leads to inhomogeneities in the film as
crystallites of different size form during the annealing process. This inevitably leads to
device-to-device variations that are not an issue for laboratory-scale investigations but
would likely be an obstacle relying on near-unity device yield in large-area processing.
More defined layers and homogeneous layers could in principle be achieved by evaporation
of the dopant in high vacuum but the unfavorable film formation properties and high
solubility of ttmgb in most solvents impose strong restrictions on the processing options. A
possible strategy to overcome this limitation is the synthetic modification of the dopant.?6!
Different side chains in GFAs can be used to alter their solubility to allow for orthogonal
processing. Ideally, simultaneous optimization of the crystallization properties could result
in more homogeneous films and lower device-to-device performance variation in large
arrays of FETs.

Another synthetic approach could be changes to the aromatic core of the GFA for n-
dopants with altered donor strength.?”?> While weaker dopants might be beneficial for
larger-diameter SWCN'Ts with a smaller bandgap, stronger dopants could be employed
to reach the degenerate doping regime necessary for thermoelectric applications. As
indicated by the transfer characteristics for (6,5) SWCNT devices doped with very large
concentrations of ttmgb, this introduction of excess carriers using GFAs is possible in

principle.

Given that purely n-type transport in nanotube network transistors was successfully
realized with GFAs, the approach was adapted for semiconducting polymers. Due to the
different properties of semiconducting polymers compared to SWCNT networks, e.g., the
much lower porosity, the processing of the dopants had to be adapted. Dopants ttmgb
and tdmegb with similar redox but different solubility behavior were used in several device
architectures (as injection, blend and top layer). Facilitated by a careful optimization of
the processing of these dopants, the performance in transistors based on the predominantly
n-type yet slightly ambipolar polymers P(NDI20D-T2) and DPPT-BT was improved. The
dopants lead to an improved electron injection and suppression of hole injection.

In the best cases, FETs exhibited purely n-type charge transport behavior, substantially

lower contact resistance and higher electron mobilities in comparison to the untreated

122



reference transistors. With an emphasis on contact doping instead of channel doping,
high on/off current ratios were achieved while maintaining low hysteresis and preventing
undesired shifts in onset voltage. Similar to the SWCNT network FETs, the doped
transistors exhibited robust stability under bias stress in ambient conditions.

However, the unfavorable film formation properties of both employed GFA dopants imposed
some limitations on the achieved performance improvements in semiconducting polymer
FETs. The lowest contact resistance, highest electron mobilities and best hole blocking
properties were all achieved in different device architectures for the P(NDI20D-T2) tran-
sistors. The outlined synthetic approaches might provide a possibility to overcome this
limitation to facilitate even better performance in polymer FETs doped by GFAs.
Nevertheless, the successful transfer of the GFA-doping approach to another solution-
processable semiconductor highlights the versatility of this newly presented class of dopants.
In general, the findings in this study underline the importance of considering dopant and
semiconductor processing compatibility rather than a selection of dopants based exclusively

on the alignment of energy levels.

Overall, n-type FETs that simultaneously exhibit high electron mobility, fully suppressed
hole transport, excellent switching behavior, no hysteresis and good environmental sta-
bility were successfully demonstrated using SWCNT networks, which renders them a
competition to state-of-the-art n-type FETs based on metal oxides. The limitations of the
stronger literature-known dopants such as metallocenes®?! or DMBI derviatives,?*® that
commonly lead to inferior switching behavior, hysteresis or undesired threshold voltage
shifts, were overcome. For polymer FETs, however, despite significant performance im-
provements upon GFA treatment, not all desired features were realized in the same device

configuration as GFA compound with more suitable processability remains to be developed.

High device reproducibility, reduced contact resistance and stable operation are important
for high-performance devices. Improved ink stability and the new n-dopants introduced in
this thesis represent a step forward in the development of solution-processed FETs with

aforementioned properties.
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