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Martin Statz

Abstract:

Charge and Thermoelectric Transport in Semicrystalline Conjugated

Polymers and Single-Walled Carbon Nanotube Networks

Due to their flexibility, solution-processability and continuously improving electronic
performance, conjugated polymer semiconductors and single-walled carbon nanotube
(SWCNT) networks are promising candidates for wearable electronics, flexible optoelec-
tronic devices and thermoelectric generators. In the past two decades the development
of high-mobility donor-acceptor copolymers outperforming amorphous silicon, employed
in commercial display technologies, and the ability to tune the diameter distribution in
SWCNT networks via selective dispersion with conjugated polymers and other sorting
methods have been major breakthroughs for these material systems.

This thesis provides an improved understanding of their charge and thermoelectric trans-
port. In particular, the charge density and temperature dependence of their field-effect
mobility and gated Seebeck coefficient are investigated. When a temperature difference
is applied to a conducting system, a thermal voltage builds up as a response. The
Seebeck coefficient is the ratio of the thermal voltage to the temperature difference and
characterizes the entropy transported by a carrier divided by its charge. Consequently,
it offers insights into the transport energetics and the density of states (DoS). It can be
used to identify the prevailing transport mechanisms, such as phonon-assisted hopping
between localized states or scattering-limited transport through delocalized states, scat-
tering mechanisms and carrier-carrier interactions as well as the extent of charge carrier
trapping.

Firstly, it is demonstrated that charge transport in semicrystalline high-mobility co-
polymers is incompatible with disorder-based transport models that were developed

for preceding, more disordered polymers. Instead the charge density and temperature
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dependence of the field-effect mobility and gated Seebeck coefficient of the semicrys-
talline n-type polymer P(NDI20D-T2) with varying degrees of crystallinity provides
direct evidence for low-disorder, narrow-band conduction. The inclusion of short-range
electron-electron interactions and the consideration of a spatially inhomogeneous DoS
allow to explain both the measured mobility and Seebeck coefficient. These findings
outline the extension of crystalline domains as a mean for improved thermoelectric
conversion efficiencies.

Subsequently, the charge density and temperature-dependent field-effect mobility and
gated Seebeck coefficient of polymer-sorted monochiral small diameter (6,5) (0.76 nm)
and mixed large diameter SWCNT (1.17-1.55 nm) networks with different network den-
sities and length distributions are reported. It is shown that charge and thermoelectric
transport in SWCNT networks can be modelled by the Boltzmann transport formalism
incorporating transport in heterogeneous media and fluctuation-induced tunneling. The
charge density and temperature dependence of the Seebeck coefficient can be simulated
via the consideration of the diameter-dependent one-dimensional DoS of the SWCNTs
composing the network. Due to the carrier relaxation time being anti-proportional to
energy, the simulations further point towards a more two-dimensional character of scat-
tering, as opposed to one-dimensional acoustic and optical phonon scattering in single
SWCNTs, as well as the potential necessity to consider scattering at SWCNT junctions.
Trap-free, narrow DoS distribution, large diameter SWCNT networks, allowing low
tunnel barriers and a large thermally accessible DoS, are proposed for both electronic
and thermoelectric applications.

Finally, the thermoelectric performance of the molecularly doped semicrystalline polymer
PBTTT is presented in the high charge density limit, which is relevant for applications
in thermoelectric generators. Using the recently reported ion-exchange doping routine
charge densities on the order of one carrier per monomer repeat unit can be obtained,
allowing to attain a highly conductive system. Ongoing investigations of the impact of

polymer alignment on charge and thermoelectric transport in this regime are presented.
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Chapter 1

Introduction

1.1 Electronic and thermoelectric applications

Since the pioneering works by Hideki Shirakawa, Alan MacDiarmid and Alan Heeger on
halogen and arsenic pentafluoride-doped polyacetylene,! awarded with the Nobel Prize
in Chemistry in 2000, a wide range of research branches and technological applications
in the field of organic electronics have emerged. The most prominent examples include
organic field-effect transistors (OFETs), organic light-emitting diodes (OLEDs), organic
solar cells and more recently organic sensing applications, organic thermoelectrics
and organic spintronics. Amongst those, OLEDs currently display by far the most
commercially impactful technology. Following the eminent contributions by Ching Wan
Tang and Steven Van Slyke on OLEDs based on organic small molecules at Eastman
Kodak in the 1980s and those by Jeremy Burroughes, Richard Friend and coworkers on
OLEDs based on conjugated polymers at the Cavendish Laboratory in the 1990s,%3
OLEDs have been established as a key component of a competitive display technology.
Nowadays, they are employed by essentially all leading electronic companies for TV,
smartphone, camera and further electronic device displays.

Similarly, broad are the potential application areas of single-walled carbon nanotube
(SWCNT) electronics that evolved since the seminal works by Sumio Iijima, Mildred
Dresselhaus and coworkers on SWCNTs and their electronic structure in the 1990s.4°6
With respect to the focus of this thesis on the charge and thermoelectric transport in
semicrystalline conjugated polymers and SWCNT networks, further background should
particularly be provided on field-effect transistor (FET) and thermoelectric applications
of these systems.

Over the past decades the performance of conjugated polymer and SWCNT-based
FETs has improved more than six orders of magnitude.” ! For organic semiconductors
this development has facilitated the evolution from proof-of-concept devices to simple
flexible electronic circuits such as complementary (CMOS) inverters, ring oscillators

or control circuitry for active-matrix LED displays (Fig. 1.1a).'2"'* While conjugated
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2 Chapter 1. Introduction

Figure 1.1. Organic semiconductor and SWCNT network FET applications. A photograph
of an organic CMOS logic circuit on a flexible, 1 pm thick substrate (a) as well as the circuit diagram (b)
and micrograph (c) of a SWCNT network CMOS 1-bit full adder are shown. The figures have been
adapted from refs. [13] and [15].

polymers have greater potential for scalable uniform film fabrication processes, their
performance tends to be lower than their small molecule semiconductor competitors.® In
terms of the carrier mobility, which is one of the key performance parameters governing
the switching speed of FETs, both conjugated polymers as well as SWCNT networks
have outperformed their commercial competitor amorphous silicon, which is commonly
employed in active-matrix LED displays. Nevertheless, further improvement of their
operational and environmental stability is necessary to allow widespread commercial
application.3'1:16 For SWCNT-based FETSs, single SWCNT FETs respectively SWCNT
array-based FETs and SWCNT network-based FETs need to be distinguished. Single
and array-based SWCNT FETs have essentially outperformed state-of-the-art silicon
devices,'% widely employed in any kind of consumer electronics (such as PCs), due
to their ballistic and quasi-ballistic transport properties in the low and high-field
regime.!” ' Even small SWCNT FET-based computers have been developed, but
commercial breakthrough relies on improvements of both stability and reliability as
well as routes for easier mass production.'%?® SWCNT network FETs cannot reach
the performance limits of single SWCNT transistors due to the existence of SWCNT
junctions and enhanced electron scattering, but they still display the SWCNT technology
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that to date allows for the fastest SWCNT-based integrated circuits (ICs) with GHz
switching frequencies (Fig. 1.1b, c).!>2! SWCNT networks offer easier uniform and
scalable fabrication and are therefore also strong candidates for active-matrix LED
display backplanes and a broad range of flexible sensing applications such as wearable
sensor-based health monitoring.'!22

More recently conjugated polymers and SWCNT networks have emerged as promising
materials for thermoelectric applications.?®?* Thermoelectric generators (TEGs) are
solid state heat engines without any mechanically moving parts, designed to convert
waste heat to electricity. Considering that approximately two thirds of the energy
consumed in the United States is wasted primarily as heat, TEGs, Rankine, Stirling and
other heat engines have an immense potential to improve global energy management.?*
The underlying mechanism of the operation principle of TEGs is the Seebeck effect. If
a temperature difference (AT) is applied to a conducting system, carriers thermally
diffuse from the hot to the cold side, where they accumulate and establish an opposing
electric field. Eventually a new steady state with zero current flow is reached if the
system is kept in open-circuit condition. The Seebeck coefficient is defined as the ratio
of the electric voltage (Vi) that has built up to the applied temperature difference
(S = %) The material performance in converting heat to electricity based on this

operation principle is characterized by the dimensionless figure of merit (27'):

.82,
:E.T:ﬂ (1.1)

2T ,
K K1+ Ke

with the temperature 7', the power factor PF = o - S2, o the electrical conductivity, S
the Seebeck coefficient and x = k] + ke the thermal conductivity which has contributions
from both lattice (k1) and charge carrier (k) thermal conductivity.?® Since a single
material has very small power outputs, TEGs consisting of both a p-type and n-type
leg, are typically connected electrically in series and thermally in parallel to form a
thermoelectric module with sufficient power output for practical applications (Fig. 1.2).
As a heat engine the conversion efficiency of a TEG (n) is limited by the Carnot efficiency

(nc = M) and can be expressed as:

Thot
B VIF ZTh — 1
1T 2T + geald”

U (1.2)

— Thot+7T
2

with the average temperature T, od and the device figure of merit ZT,, =

. 2
%. Here S, and S, are the Seebeck coefficients of the p-type and n-type
leg respectively, R = Lfl—’;p + L{g—i’“ is the electrical resistance of the two legs in series

and K = '{‘}J—’:P + % is the thermal conductance of the two legs in parallel.?527 In
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Figure 1.2. Thermoelectric modules and material parameters. An illustration of a thermo-
electric module consisting of many TEGs (a), an illustration of the temperature profile across one of
the generator legs consisting of a specific material (b) and an illustration of the microscopic transport
processes (c) are shown. While on a module and device level (a) the conversion efficiency () and the
costs per power output are the governing metrics of thermoelectric modules, they in turn depend on
the transport coefficients of the material ((b), electrical conductivity (o), Seebeck coefficient (S) and
thermal conductivity (k)), which are dictated by the density of states (DoS, g(E)) and microscopic
transport processes (such as point defect and boundary scattering, (c)) that govern the mean free path
of electrons (Aciectron) and phonons (Aphonon). The figure has been adapted from ref. [26].

order to maximize the conversion efficiency, the geometry of the two legs and their

1
temperature-dependent transport coefficients need to be matched (é;ﬁi = (%) 2).25,27

Nevertheless, for simplicity in materials research the optimization of the figure of merit

according to Eq. 1.1 is considered. Due to their low conversion efficiencies and com-
paratively high costs (Fig. 1.3a), the application of TEGs has so far been restricted to
niche applications, such as radioisotope TEGs in the Mars rover or NASA’s deep space
missions (e.g. in the Voyager), where costs and efficiency are less important and weight
as well as reliability are the decisive factors.?4?® Since other sources of energy are not
available in these space applications, the power supply of their electronics relies on the
conversion of heat generated from the nuclear fission of a radioisotope via a TEG. In
order to enable more widespread application of TEGs, e.g. for the conversion of waste
heat of power stations to boost their generation efficiencies or to power car electronics
via a thermoelectric module located at the exhaust pipe, their efficiency (Eq. 1.2) has
to be increased via optimization of the figure of merit 27 (Eq. 1.1 and Fig. 1.3b).%*
State-of-the-art materials employed in TEGs typically have zT-values close to 2T = 1.25
As evident from Eq. 1.1, a high Seebeck coefficient (5), high electrical conductivity

(o) and low thermal conductivity (k) are required for efficient thermoelectric materials.



1.1. Electronic and thermoelectric applications 5

[V
(=2

0.8 1
Geothermal/organic Rankine

0.7 - .
> Geothermal/Kalina Carnot cycle
9
= z Cement/organic =
2 06 Rankine ~ 7 e r=20 ~
L= Coal/Rankine ..oeess™"" Nuclear/ _ - — = =—| Ahlbor
© 0.5F @ . - Brayton + Rankine i
s Solayf o — = Solar/Brayt © ~
2 irli o olar/Brayton
= 04} /Stmmg - Y ZT=4— N 05
[} .. Nuclear/Rankine //
& 03} / < _Z @ solar/Rankine
g Aikine, -~ NRRbenkine = e s ielS r=2-
5 / Iz metV __________
=02 e S T
g e

7 = B
0.1 2T=05
0 & . 0 I |
400 600 800 1000 1200 1400 1018 1010 1020 1021
Heat source temperature (K) Carrier concentration (cm™)

Figure 1.3. TEG conversion efficiencies and zT optimization. A comparison of the conversion
efficiency of TEGs for different values of ZT with other heat conversion technologies is shown in panel
(a). Here the heat sink temperature has been set to 300 K and the ZT values were assumed to be
temperature independent. Panel (b) shows the modelled dependence of 2T, the Seebeck coefficient (S5,
0-500 %) as well as the electrical and thermal conductivity (o, 0-5000 S cm™*, and &, 0-10 Wm™! K1,
respectively) of BisTes on charge density. The figures have been adapted from refs. [25] and [28].

However, these transport coefficients are interdependent and show opposite trends
with varying charge density (Fig. 1.3b). Typically the Seebeck coefficient decreases
with increasing charge density due to entropic considerations (further discussion in
section 2.3), while both electrical as well as thermal conductivity increase with increasing
charge density. For instance, the Wiedemann-Franz law directly relates the electronic
contribution of the thermal conductivity (ke) to the electrical conductivity in metals
(L=2%= %2 (%B)z = Lo, with kg the Boltzmann constant, e the electron charge and
L the Lorenz ratio) and dictates such concomitant increase of both transport coefficients
with increasing charge density.?>?? Nevertheless, metals are usually not employed for
TEGs due to their very small Seebeck coefficients on the order of a few % (originating
from their wide bands and the proximity of transport- and Fermi-level, see section 2.3).
Instead narrow-bandgap degenerate semiconductors such as BisTes, SboTes and their
alloys are employed, because they offer high Seebeck coefficients while displaying high
electrical conductivities. As shown representatively in Fig. 1.3b for BisTes, the zT of
these degenerate semiconductors typically peaks for charge densities between 10!? cm™3
and 10! cm™3 (2T ~ 1).?° In the attempt of achieving zT-values in excess of 3, great
efforts towards decoupling of the transport coefficients via nanostructuring and defect
engineering have been undertaken in the past three decades and zT-values on the order

of 2 have been obtained.3032

The conceptual idea behind these approaches is to imple-
ment an electron-crystal phonon-glass system, where the transport of charge carriers

is not significantly impeded by the nanostructure, while heat-transporting phonons
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(lattice vibrations) are scattered in order to reduce the lattice thermal conductivity (s,
illustrated in Fig. 1.2¢). Further promising approaches have been the implementation
of band convergence to increase band degeneracies as well as the reduction of the
material dimensionality to introduce sharp peaks in the density of states (DoS), in
order to at least maintain electrical and thermal conductivity while enhancing the
Seebeck coefficient.?33° The highest reported 27T of approximately 2.6 4 0.3 at 923 K,
corresponding to 20-25 % conversion efficiency (Fig. 1.3a), has been obtained for bulk
inorganic SnSe crystals and further enhancements employing novel concepts such as
topological states and using the spin degree of freedom seem feasible.?8:36

Beyond waste heat recovery at high temperatures (>400 K), cost-effective low-grade
(300-400 K) heat conversion and cooling applications are of significant interest particu-
larly for wearable electronics and health monitoring applications. Due to their flexibility,
solution-processability and low-cost fabrication routines, the investigated conjugated
polymers and SWCNT networks in this thesis are very promising candidates for these
applications.?>?* The van der Waals bonded nature of conjugated polymers not only fa-
cilitates flexibility, but also leads to intrinsically low thermal conductivities on the order
of 0.2-0.3 W m~! K~1.37 Considering these low thermal conductivities and the fact that
conjugated polymers usually have wide bandgaps around 1-3 eV leading to low intrinsic
carrier concentrations, the optimization of their 27 is typically more focused on tuning
the charge density via doping in order to maximize their power factor (¢.5?).2338% This
optimization has been particularly successful in conducting polymers such as poly(3,4-
ethylenedioxythiophene) (PEDOT) doped by poly(styrenesulphonate) (PSS) and mixed

with dimethyl-sulphoxide (DMSO), which is the highest performing organic thermo-

uWwW
m-K?2

approximately 0.42 at room temperature.?® Further notable p-type conjugated polymer

electric material system to date, reaching power factors close to 470 and a 2T of
thermoelectric materials are oxidation level controlled PEDOT-Tosylate achieving a
2T of approximately 0.25 at room temperature as well as [2,3,5,6- tetrafluoro-7,7,8,8-
tetracyanoquinodimethane (F4TCNQ)- respectively bis(trifluoromethanesulfonyl)imide
(TFSI)-doped poly(2,5-bis(3-tetradecylthiophen-2-yl)thieno[3,2-b]thiophene) (PBTTT)
displaying power factors around 100 %.40’43 Efficient n-type conjugated polymer
semiconductors are scarce instead, with the most efficient one being the recently reported
fluorinated benzodifurandione-based poly(p-phenylene vinylene) (FBDPPV) doped with

a triaminomethane-based dopant (TAM) reaching a power factor of approximately

uW 38 44
51 m'K2 .

solution-processed TEG with a power output of 77 nW (with air as a heat sink and Tj,ot
at 150 °C) based on FBDPPV-TAM n-type and PEDOT-PSS p-type legs.**

In the same study Yang et al. presented the first flexible all-polymer
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SWCNT networks cannot offer as low thermal conductivities as conjugated polymers.

Nevertheless, considering that individual SWCN'Ts display thermal conductivities on

the order of several thousand W m~! K~ %% it is remarkable that values as low

as 1.3 W m~! K~! have been reported for doped polymer-sorted semiconducting

SWCNT networks.*® These low thermal conductivities combined with both p- and

n-type power factors in excess of 500 I:VIEIQ facilitated a 2T of approximately 0.12 at

uWwW
m-K2

polymer-sorted semiconducting SWCNT networks as strong candidates for thermoelec-
46,47

room temperature.*® Such high ambipolar power factors (up to ~700 ) render
tric applications, particularly in wearable electronics.
The objective of this thesis is to study the charge and thermoelectric transport of
these conjugated polymers and polymer-sorted semiconducting SWCNT networks, in
order to get insights into their electronic structure as well as the microscopic transport
mechanisms and the interaction of carriers with their environment (as e.g. illustrated
in Fig. 1.2b, ¢). This understanding is then employed to propose new design guidelines
for further improvements of their electronic and thermoelectric performance. For this
purpose firstly some fundamental properties of these systems as well as some back-
ground on their charge and thermoelectric transport properties is provided in chapters 1
and 2. Chapter 3 outlines the employed materials, fabrication as well as characterization
routines. The most important outcomes of this work on charge and thermoelectric trans-
port in semicrystalline conjugated polymers, polymer-sorted semiconducting SWCNT
networks as well as molecularly doped, aligned conjugated polymers is subsequently
presented in chapters 4-6. Finally, chapter 7 provides the concluding remarks of the

presented work.

1.2 Organic semiconductors

1.2.1 Electronic structure

Organic semiconductors are predominantly carbon and hydrogen-based materials ex-
hibiting semiconducting properties due to their m-conjugation originating from their
alternating single and double bonded carbon atoms. In its ground state carbon has only
two unpaired electrons in the 2p orbitals. Nevertheless, upon proximity to any binding
partners, it is energetically favourable to compensate for the energy difference between
the 2s and three 2p orbitals, rendering them as degenerate and leading to their hybrid-
ization. In case of organic semiconductors, three sp? orbitals are formed equally spaced
in the molecular plane as a linear combination of the 2s and two 2p orbitals, leaving

one unpaired out-of-plane p, orbital. While the three sp? orbitals are involved in the



8 Chapter 1. Introduction

formation of strong covalent ¢ bonds with the electron density localized along the axis
between the two bonding atoms, the p, orbital hybridizes with the p, orbitals of neigh-
bouring carbon atoms to form covalent 7 bonds with a delocalized out-of-plane charge
density. If the orbitals are combined with opposite phases as opposed to the bonding
case, the corresponding unoccupied anti-bonding 7* and ¢* orbitals are obtained from
the p, and sp? orbitals respectively. Since the orbital energy splitting is proportional
to the exchange integral (8 = [ ¢;H¢;dr, with H the Hamiltonian of the system and
¢; as well as ¢; the overlapping electron wavefunctions), which is antiproportional to
the distance between nuclei and orbital interaction, the energy splitting between the
o and o* orbitals formed by the strongly in-plane overlapping 2sp? orbitals is larger
than the m-7* splitting. Consequently, the 7w and 7* orbitals are also referred to as the
highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO).?® The resulting energy diagram and the bond formation process is illustrated

for the simple case of ethene in Fig. 1.4a, b. When these considerations are extended

A Ethene Butadiene Octatetraene Polyacetylene
O* pr— LRI
— A VO Y O S N
Lumo . ' \ 2 "
2p 3 2p
5. + -+
5 |2sp? ’ 2sp? 4+
g |=%P 'y .-
wo[HOMO —m T e
S L L
—zzill T
o) « . TETEmeaal —_—
1s_, .-~ . 1s m :
s e

Energy

Figure 1.4. Formation of electronic structure in organic semiconductors. The energy diagram
considering only carbon-carbon interactions as well as the bond formation process for ethene are shown
in panel (a) and (b). Panel (c) shows the extension of these considerations from ethene to polyacetylene,
illustrating the electronic structure formation in organic semiconductors.

to a polymer chain with N > 1 monomer units, the number of linear combinations of
p, orbitals increases and the spacing between the m and 7* orbitals decreases (Fig. 1.4c).

These simple considerations would suggest a half-filled quasi-continuous band of bonding
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and anti-bonding states and therefore a conducting system. However, the conjugated
system is still semiconducting, due to the following two reasons: On the one hand, the
polymer chain is subject to a Peierls distortion, an energetically favourable configuration
in which the lengths of the single and double bonds are not equal. This dimerization
causes an additional energy splitting around the Fermi-level between the bonding and
anti-bonding states.*>0 On the other hand, amongst others Kohler has shown that the
additional incorporation of electron-electron correlation (that has been neglected in the
previous arguments) within Hiickel theory through the consideration of configurational
interaction leads to a more accurate description of the electronic structure.*8°152 Due to
the fact that organic small molecules and conjugated polymers in deposited films interact
via weak van der Waals forces with each other, resulting in weak electronic coupling, the
band widths of their energy bands are typically narrow and on the order of 100 meV.%?
Furthermore, both positional disorder e.g. due to torsions along the polymer backbone
or paracrystalline disorder (absence of long range order despite short and medium
range order), as well as energetic disorder e.g. due to different dipolar environments,
leads to a Gaussian broadening of the described energy levels (further discussion in
section 2.1).545% While organic molecular semiconductors such as pentacene and rubrene
are an important class of organic semiconductors which offer the highest performance
(with field-effect saturation mobilities (usat) in excess of 15 cm? V=1 s71), this thesis
focuses on conjugated polymers that offer better large-area film uniformity and are

easier employable for scalable fabrication techniques such as roll-to-roll printing.?®57

1.2.2 Conjugated polymers

Compared to oligomeric small molecule semiconductors, conjugated polymers are sub-
stantially longer (~100 nm) as they typically have on the order of 100 monomer repeat
units (depending on their molecular weight). Considering that their persistence length
(length over which the polymer bends on average 90°) is on the order of 3-30 nm,
many of them behave as semiflexible chains, instead of rod-like systems.?® The polymer
backbone constitutes the core of the polymer chain and mostly consists of heteroatom-
substituted aromatic rings (e.g. thiophene or selenophene rings). Furthermore, alkyl
side chains flank the polymer backbone in order to enable solubility as well as to
tune aggregation and molecular packing.®® Due to their semiflexible nature, struc-
tural and energetic disorder are often a direct consequence of their microstructural
and morphological properties and many conjugated polymers adopt semicrystalline
structures with coexisting amorphous and crystalline domains.®?>%% While the first

conjugated semiconductors employed in FETs formed amorphous films and displayed
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,761 substantial progress

very low carrier mobilities (~ 1076 — 1073 ¢cm? V=1 s71)
towards higher performance conjugated polymer semiconductors has been made in
the 1990s and 2000s, using highly ordered polythiophene-based conjugated polymers
such as poly(3-hexylthiophene) (P3HT) and PBTTT (Fig. 1.5a, b), with field-effect

mobilities up to 1 cm? V1 g—1 62764

In the past decade a new class of high-mobility
donor-acceptor copolymers has been developed, of which many consistently show car-
rier mobilities greater than 1 cm? V—! s71.65°68 Widely employed building blocks are
the electron-deficient diketopyrrolopyrrole (DPP), indacenodithiophene (IDT), cyclo-
pentadithiophene (CDT), isoindigo (II) and naphtalenediimide (NDI) units as well as
the electron-rich thiophene (T), benzothiadiazole (BT) and benzotriazole (BTz) units
(Fig. 1.5¢-g).5°%% In contrast to the polythiophene-based conjugated polymers, these
donor-acceptor copolymers frequently display ambipolar transport properties due to
their relatively small bandgaps of approximately 1.2-1.8 eV.95:66 Notably, high-mobility
n-type polymers such as the NDI-based poly[N,N’-bis(2-octyldodecyl)-naphthalene-
1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,5’-(2,2’-bithiophene) (P(NDI20D-T2)) with
comparable mobilities of approximately 1 cm? V=1 s~! have also been realized.%® Some
of these copolymers display less order than polythiophene-based conjugated polymers,
yet they achieve significantly higher mobilities due to their highly planar torsion-free
backbone configurations enabled by extended fused aromatic units.”®"! Additionally,
further performance improvements have been realized via tuning of the polymer crys-
tallinity and polymer stacking by the choice of solvent controlling pre-aggregation
in solution and thermal annealing processes affecting the morphological phase of the
polymer films.”>™ The interconnectivity of crystalline domains via tie chains through
increased polymer molecular weight and backbone planarity has also been a key design
guideline.?® The implications of these molecular design guidelines on charge transport
in conjugated polymers will be discussed in section 2.1. Uniaxial alignment routines
have been employed to achieve the highest mobilities in conjugated polymers, up to
5-10 cm? V~! 571 in the case of DPP-BTz and cyclopentadithiophene-benzothiadiazole
(CDT-BTZ).™76
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Figure 1.5. Molecular structures of conjugated polymers. The molecular structures of the
highly ordered polythiophene-based P3HT (a) and PBTTT as well as the more recently developed
high-mobility donor-acceptor copolymers IDT-BT (c), CDT-BTZ (d), IIDDT (e), DPP-BTz (f) and
P(NDI20D-T2) (g) are shown. The electron-deficient units of the donor-acceptor copolymers are
highlighted by red-dashed surrounding lines and the electron-rich units by blue-dashed lines respectively.
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1.3 Single-walled carbon nanotubes

1.3.1 Structural properties and electronic structure

The structural properties of single-walled carbon nanotubes (SWCNTs) are very closely
related to those of the carbon allotropes graphene and closed fullerenes (such as Cg),
whose discoveries were awarded with the Nobel prize in 2010 and 1996 respectively.””"®
Graphene consists of a single layer of carbon atoms arranged in a hexagonal lattice
and stacking of such layers results in the well-known carbon allotrope graphite. Closed
fullerenes instead are closed structures assembled from carbon penta-, hexa- and hep-
tagons. SWCNTs are hollow cylindrical tubes of carbon atoms, whose structure can
be conceptually obtained by virtually rolling up a graphene sheet to form a cylinder,
with some of them capped by a hemisphere of a closed fullerene.” Nevertheless, due
to their exceptionally large aspect ratios based on their diameters in the range of ap-
proximately 0.5-5 nm and lengths of several hundred nanometers to several centimeters,
their potential end-caps are usually ignored when characterizing their structural and
electronic properties. Multi-walled carbon nanotubes which consist of multiple nested
SWCNTs and are typically more defective will not be further discussed in this thesis.
The chiral vector C, along which the graphene sheet is virtually rolled up to obtain a
SWCNT, defines the structure of a SWCNT (Fig. 1.6a).” It is a linear combination of
the graphene primitive lattice vectors a1 = § - (v/3,1) and @y = 2. (v/3, —1), with the
graphene Bravais lattice constant a = v/3ac_c = 2.46 A and ac_c the carbon-carbon
bond length (~ 1.42 A):

éh = nd; + mc_ig, (1.3)

with n and m being positive integers and satisfying the condition 0 < m < n. The
integer pair (n, m) is referred to as the chirality of a SWCNT and based on their chirality
three classes of SWCNTs are distinguished: (n,n) and (n,0) SWCNTs are armchair
and zigzag SWCNTs respectively, considering the shape of the bonding carbon atoms
seen from the cross-section along the chiral vector (Fig. 1.6), while all other SWCNTs
are termed chiral SWCNTs. The structure of such (6,6) armchair, (6,0) zigzag and (6,5)
chiral SWCNTs is illustrated in Fig. 1.6b-d. The structure of a SWCNT is equivalently
defined by its diameter dy = Hcﬂ—hH = %\/m (with the length of the chiral

vector (||Cy|| = Ch) being the circumference of the tube) and its chiral angle:

Cy-a 2
0 = arccos | —2""L | = arccos nrm , (1.4)
|Chl| - 1@ ]| 2v/n? 4+ nm + m?
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Figure 1.6. Structural relation between graphene and SWCNTs. The conceptual rolling up
process from a 2D graphene sheet to a (6,6) armchair SWCNT (a) and its resulting molecular structure
(b) as well as the molecular structure of a (6,0) zigzag (c) and a (6,5) chiral (d) SWCNT are shown.
Furthermore, the most relevant structural parameters, the primitive lattice vectors of graphene (d1,
d@») and the chiral vector (Ch, Eq. 1.3), the chiral angle (6, Eq. 1.4) as well as the translation vector
(T, Eq. 1.5) of the (6,6) SWCNT are highlighted (a). The molecular structures were created with the
visual molecular dynamics (VMD) software.

with unique values restricted to 0° < 6 < 30°. For zigzag SWCNTs with the chiral vector
along d1, the chiral angle is 0° and for armchair SWCNTs it is 30°. Another less frequently
considered property distinguishing the structure of SWCNTs is their handedness. The
mirror image of the right-handed (n,m) SWCNT (n > m) is the left-handed (m,n)
tube (m > n). SWCNT samples with only one enantiomer (non-superimposable mirror
image form) show optical activity.®! Further important parameters commonly used to
characterize the structure of SWCNTs are the translation vector of the SWCNT unit
cell:
= 2m+4n 2n+m

T= aj] — 62, (1.5)
9d 9d

with the greatest common divisor gq = ged(2m + n,2n + m), the translation vector
length | T|| =T = % as well as the number of carbon hexagons per SWCNT unit
cell:

= - 2
1Ch x TN _ 2||Chl

N= XAl
lay x dl  a*ga

(1.6)
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Due to the structural relation between SWCN'Ts and graphene, the electronic structure of
SWCNTs can be derived from that of graphene as well.>#? Following the considerations
in section 1.2.1, every carbon atom in the 2D hexagonal lattice of graphene forms three
o bonds to its nearest neighbours, based on the three hybridized 2sp? orbitals of each
carbon atom. The remaining p, orbitals form the 7 and 7* bands which are also the
valence and conduction band for energies less than 3 eV away from the Fermi-energy (Er),
which is the case for many transport as well as low-excitation energy optical and Raman
spectroscopy measurements.”>® While for higher energy excitations more than 3 eV
away from the Fermi-level numerical ab initio calculations of the band structure of
graphene and hence SWCNTs become inevitable, for low energy excitations less than
3 eV away from the Fermi-level, nearest neighbour tight-binding (TB) calculations give
very good approximations in agreement with experiments.” 8 Considering only the

wavefunction overlap of nearest neighbours to be significant, the following dispersion

relation is obtained for graphene:”%:84
- eap £ yow(k)
ngm(k) == = (1.7)
1 F sw(k)

Here e, = [¢*(F — R;)Ho(7 — Ej)df (R; is the position of a carbon atom in the
hexagonal lattice) is approximately the energy of a 2p orbital (¢) in isolated carbon
(except from the fact that the Hamiltonian H of graphene contains a periodic Coulombic
potential and not that of a single atom), vy = [ ¢* (7 — ]%—)qu(?— ]:fj — R’nn% i=1-3)dr"
is the nearest neighbour overlap energy (ﬁnn, j,i=1—3 are the vectors connecting atom
Jj to its three nearest neighbours), s = [ ¢*(7 — Rﬂqb(?— ﬁj - R’nnyj,izl_g)df' is the
tight-binding overlap integral and w(k) is given by:

B} ka K k
w(k):\/l—i—cos\/g acosia—kélcosQ &He (1.8)

While v9 = 3.033 €V and s = 0.129 have been found to fit the first-principles ab initio
calculations particularly well, it is common practice to approximate s = 0, since for low
energies E < 3 eV the differences are negligible.®* Considering non-zero values of the
overlap integral s introduces an asymmetry of the valence and conduction bands, which
is non-negligible for energies F > 3 eV. The hexagonal Brillouin zone of graphene and
its high symmetry points (I": (0, 0), K: (%, %), K’: (%, —%—g) and M: (%, O))
as well as the 2D dispersion relation (Eq. 1.7) for 79 = 2.9 eV and s = 0 are shown in
Fig. 1.7a, ¢, e. The K and K’ points which are called Dirac points are the only points in

the Brillouin zone for which graphene does not have a bandgap. Instead at these points
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Figure 1.7. Tight-binding energy dispersion of graphene and SWCNTs. The 2D tight-
binding nearest neighbour conduction band dispersion of graphene (Eq. 1.7, 70 = 2.9 eV, s = 0, (a),
(¢), (e)) as well as the energy dispersions of the (6,6), (6,0) and (6,5) SWCNTs based on the zone
folding approximation (Eq. 1.11, (b), (d), (f)) are shown. The corresponding cutting lines due to the
quantization of the wavevector in circumferential direction (¢) are shown in panels (a), (c¢) and (e).
Most of the 182 cutting lines for the (6,5) SWCNTs are not shown since they exceed the plot range and
the increasing complexity for chiral SWCNTs is further evident from the energy dispersions shown in
panel (f). The Brillouin zone, reciprocal lattice vectors (51 and 52) as well as high-symmetry points of
graphene are also presented ((a), (c), (e)).
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the valence and conduction band touch each other and in the vicinity of the Fermi-level
(approximately £0.6 eV) the dispersion relation is linear and hence carriers behave as

massless Dirac fermions:
- 3 . -
B ~ £ Y2 50lFla = £l (1.9)

with vp being the Fermi velocity.”® Consequently graphene is typically considered as
a semi-metal, since despite having no bandgap the DoS at the Fermi-level is zero in
contrast to regular metals.

The electronic structure of SWCNTs can be derived from the graphene dispersion
within the zone folding approximation. From the reciprocal lattice vectors of graphene
51 = %’r . (%, 1) and 52 = %” . (%, —1), the reciprocal lzittice vectors along the
nanotube axis (K,) and along the circumferential direction (K.) are determined from
the reciprocity condition (expli(K, 4+ K¢)(Cp + T)] = 1):

—

1 - -
Ka = N(mbl — nb2)

- - 1.1
L (@t m)By + (n+ 2m)Bs (1.10)
K. = )
2(n% + nm + m?2)
with || K| = %—: and | K,| = 2. Considering the periodic boundary conditions

¥(0) = (L) = exp(ikNy.T) (with the length of the tube Ly = Ny T given by T
times the number of unit cells Ny and k the wavevector along the nanotube axis) and
¥(0) = ¥(Ch) = exp(igCh) (and hence for the wavevectors along the circumferential

direction ¢ = %—7}: j), the 1D SWCNT dispersion relations follow from that of graphene
79,84
as:’

. K, -
E;(k) = E;QD (kﬁ + jKC) ,
|| Kl (1.11)

™ ™
j=0,..., N—land — =< k< =).
(j o, ..., an T< <T>

Since Ly > T and hence Ny > 1 it is evident that k is quasi-continuous, while due
to Ly > CY,, q is quantized and much more widely spaced. The N pairs (valence and
conduction band) of 1D dispersion relations of SWCNTs can be visualized as N cutting
lines of the 2D graphene band structure with a width of 2%, that are orthogonal to K,
and parallel to K, as well as é—i—spaeed. This process is illustrated for (6,6), (6,0) and
(6,5) SWCNTs in Fig. 1.7a, ¢, e and the corresponding 1D dispersion relations are shown
in Fig. 1.7b, d, f. Since the K point (%, %—Z) is the point in the Brillouin zone of

graphene where valence and conduction band touch, it immediately follows that if one
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of the N cutting lines respectively one of the N pairs of 1D dispersions of a SWCNT
crosses this K point it is metallic and otherwise it is semiconducting. This condition
can be written as K - Cp, = 27j and it follows that all SWCNTs for which (n — m) is
zero or an integer multiple of 3 are metallic and all others are semiconducting. Another
consequence is that based on a random chirality distribution two thirds of all SWCNTs
are semiconducting and one third is metallic.”™ Using the N pairs of 1D dispersion
relations of SWCNTs (Eq. 1.11) their 1D DoS in units of states per carbon atom per eV

can be calculated as:8*

N—-1
D(E) = % ]2;) /V%})’&(Ej(k) — E)dE. (1.12)

The correspondingly calculated DoS of the (6,6), (6,0) and (6,5) SWCNTs is shown in
Fig. 1.8. The SWCNT DoS based on this zone folding approximation has been found to

a (6.6) b (6.0) c (6.5)
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Figure 1.8. SWCNT density of states. The DoS of the (6,6) (a), (6,0) (b) and (6,5) (c) SWCNTs
based on the zone folding approximation using Eqgs. 1.7, 1.8 and 1.10-1.12 with v = 2.9 eV, s =0 and
ac—c = 1.44 A are shown. The data was obtained from ref. [85].

be in good agreement with scanning tunneling, optical and Raman spectroscopy.®6 89 Of
particular importance are the spikes in the DoS which are typical for 1D semiconductors
and referred to as van Hove singularities. SWCNTs display a direct bandgap between
the energies of these singularities and optical transitions between these energies are
possible. When the dispersion relation of graphene is linearised around the Fermi-level
(Eq. 1.9), the energy difference between the highest energy valence band singularity and
lowest energy conduction band singularity for metallic (E}M) and semiconducting (EY))
SWCNTs can be expressed as:84

Eivll (dt) ~ bac_c %
t

Y0

) (1.13)
E11 (dt) ~ 2(]/0_07.
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It has also been shown that for semiconducting SWCN'Ts of moderately large diameter

(dy > 1 nm) the DoS per unit length of the lowest subband can be universally (for all

chiralities) expressed as:”%%

. 8 |
E,j) = , 1.14
9s(E, j) VBB B2 B (1.14)

with Fyni(y) = i’yo‘l + 2cos (%) and Eyno(j) = iq/o‘l — 2cos (Jd‘:)'
The linearisation of the graphene dispersion underlying Eq. 1.13 is only applicable for

low energies (approximately +0.6 eV) and therefore the effect of trigonal warping has to
be considered. This refers to the fact that with increasing energy seen from the K (and
K’) points of the Brillouin zone of graphene, the equi-energy contours deviate more and
more from circles and eventually become triangles that connect the three neighbouring
M points (e.g. Fig. 1.7a). As a consequence the DoS peaks of metallic SWCNTSs split
into two peaks. The energy splitting increases monotonically with decreasing chiral
angle and diameter. Hence, the splitting is most pronounced for small diameter metallic
zigzag SWCNTs (0 = 0°) and there is no splitting for armchair SWCNTs (6 = 30°).
Despite the fact that the trigonal warping effect does not induce a DoS peak splitting
for semiconducting SWCNTS, it still leads to a broadening (compared to Eq. 1.13) of the
EiSi(dt) dependence. The broadening of this relation for the smallest energy differences

for metallic and semiconducting SWCNTs can be expressed as:34

) a
AEM(dy) = 8o sin® (th)

‘ a
AEP (dy) = 87 sin” (M)

(1.15)

and the resulting seminal Kataura plot of EM(d;) and E£(d;) based on Eqgs. 1.7, 1.8
and 1.11 is shown in Fig. 1.9.8%91 Despite the agreement with many spectroscopic and
transport measurements, the limitations of this approach should be outlined in more
detail. Apart from the already discussed restricted energy range (E < 3 e¢V) due to
deviations from ab initio calculations and the significance of o bands for higher energies,
curvature effects particularly in small diameter SWCNTs (~ d¢ < 1 nm) and the impact
of bundling of SWCNTs on the electronic structure need to be considered. Prominent
curvature effects are asymmetries of the carbon-carbon bond length (ac_c) and the
hybridization of 7 (/7*) and o (/o*) orbitals due to the fact that the 2sp? and p,
orbitals are not strictly orthogonal any more.?>93 The effect of stretched carbon-carbon
bond lengths can however usually be neglected, since even for small SWCNTs such as

the (5,5) tube, the nearest neighbour overlap energy 7o is only modified about 2 %.%*
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Figure 1.9. Kataura plot of the SWCNT gap energies. Based on the zone folding approximation
of the DoS of SWCNTs (Fig. 1.8 and Eqgs. 1.7, 1.8 and 1.10-1.12 with 79 = 2.9 ¢V, s = 0 and
ac_c = 1.44 A), the gap energies for semiconducting (ES (d;), blue squares) and metallic (EX (dy), red
circles) SWCNTs in dependence of their diameter (d;) are shown. The data was obtained from ref. [91]
and is based on the work by Kataura et al..

Hybridization effects can instead have more significant corrections to the zone folding
approximation. For energies (E > 1 €V) corrections to the conduction band on the order
of 200 meV have been found. Furthermore, hybridization effects can cause the opening
of a secondary bandgap on the order of 20 meV in small diameter metallic tubes (such as
the (9,3) tube).”® Similarly bundling of SWCNTSs due to van der Waals interactions can
further modify the electronic structure. It can induce a bandgap opening in armchair
SWCNT5, e.g. on the order of 50 meV in (6,6) tubes, and can cause bandgap variations
(e.g. a reduction of around 20 % for (8,4) tubes).%

Absorption, photoluminescence excitation and Raman spectroscopy are widely employed
measurement techniques to characterize the composition of SWCNT networks.?* 96 In
particular a Sivarajan Chart that relates the E7; and Es; resonance peaks to the radial
breathing mode (RBM) of the SWCNTs is of significant applicability.”® Further details

on these characterization techniques will be given where relevant in chapters 3 and 5.

1.3.2 Synthesis and sorting techniques

Over the past three decades a multitude of synthesis methods for the preparation of

SWCNTs have been developed.?”?® Amongst those are chemical vapour deposition
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(CVD),? 101 arc discharge,'?? laser ablation,'?® arc plasma jet'%* as well as plasma
torch growth.!'05:196 The produced SWCNTs typically display a broad range of diameters
on the order of 1-3 nm with the statistical distribution of approximately two third
semiconducting and one third metallic SWCNTs discussed in the previous section.”®
Due to its large scalability and the high purity of the prepared SWCNTs, CVD is the

97,98 The process relies on the decom-

most commonly employed synthesis technique.
position of carbon sources such as alkenes, alcohols or carbon monoxide (CO) and
their deposition at moderate temperatures (< 1000 °C) onto metal catalysts (e.g. iron
(Fe) or cobalt/molybdenum (CoMo)) in the gaseous phase or on substrates (e.g. SiOs
or Mg0).?"? The produced SWCNTs of the widely employed commercial processes
HipCO® and CoMoCat® have small diameters around 0.7-1.2 nm.% 101 Notably, the
CoMoCat® process allows to produce highly preferential growth of (6,5) and (7,5)
SWCNTs, highly relevant for the transport studies presented in chapter 5.1%7 While
arc discharge, laser ablation and arc plasma jet processes, relying on the vaporiza-
tion of carbon in an inert atmosphere at high temperatures (> 1000 °C), display
high quality SWCNTs, their diameter range is often wider (1-3 nm) and they are less
scalable.?”98 Instead the plasma torch process, which utilizes a direct current-driven or
radio frequency-induced thermal plasma of very high temperatures (1000-15000 K) that
evaporates carbon sources such as carbon black together with metallic catalysts, is highly
scalable and produces SWCNTs with diameters on the order of 1.2-1.6 nm.%8105,106
This is the underlying synthesis process of the mixed chirality, large diameter SWCNT
networks discussed in chapter 5.107

Considering that most scalable SWCNT growth processes produce mixtures of semi-
conducting and metallic SWCN'Ts as well as amorphous carbon and potentially other
carbonaceous particles or catalyst residues, further purification and sorting is necessary
before they can be employed as metallic electrodes or semiconducting layers in electronic
applications.?"98:108-110 While methods of purification after the deposition of SWCNTs

have been reported, 09111

scalable fabrication methods such as ink-jet printing, require
to dissolve or disperse SWCNTs in common solvents. However, SWCNTs are poorly
soluble in most solvents and display bundling and aggregation due to their strong
inter-nanotube van der Waals interactions.''? Consequently, they need to be dispersed
and debundled via ultrasonciation or shear-force mixing, while further stabilization is
necessary to prevent re-aggregation.''® Such stabilization as well as the basis for the
subsequent purification can be achieved via covalent or non-covalent selective chem-
ical functionalization.!® Non-covalent funcionalization is preferential since it does not

modify the electronic structure of the SWCNTs. While the first sorting methods via
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non-covalent DNA wrapping of SWCNTs are selective and have more recently also
demonstrated selectivity to the handedness of many SWCNTs, 117 their scalability is
still limited.”® Scalable and highly selective separation methods include dispersion of
SWCNTs with surfactants such as sodium dodecyl sulphate (SDS) and cholates and

108,118 o6] chromatography of

subsequent density gradient ultracentrifugation (DGU),
SWCNTs dispersed in SDS (relying on the different interaction strength of semiconduct-
ing and metallic SWCNTs with the gel)!! as well as wrapping of the SWCNTs with
conjugated polymers by mixing them in organic solvents such as toluene or xylene and
subsequent centrifugation steps.!09:120:121

The diameter-selected SWCNT networks presented in this thesis were obtained via
polymer wrapping (see section 3.1.2 and chapter 5). This process relies on the non-
covalent 7-m interactions of the conjugated polymers and the SWCN'Ts, while its yield
and selectivity depend on the SWCNT raw material, the choice of solvent as well as
the employed polymer.?®1% The most widely used conjugated polymers, which are
all selective to semiconducting SWCNTS, are polyfluorenes, polyfluorene copolymers
and regio-regular polythiophenes, while other NDI and DPP-based conjugated poly-
mers have also been employed successfully.?®109:120:121 There is currently no complete
understanding of the polymer wrapping process, although it is e.g. proposed that the se-
lectivity to semiconducting SWCNTs originates from the difference in polarity between
these and the metallic SWCNTs.'% It is suggested that the stronger polarizability
of metallic SWCNTs leads to the formation of stronger dipoles in polymer-wrapped
metallic SWCNTs which then lead to a higher likelihood of bundling and sediment-
ation during the subsequent centrifugation steps.'%® Despite the lack of a complete
understanding a broad range of parameters such as the polarity of the solvent, the
polymer to SWCNT ratio, the ultrasonication temperature as well as the side chain
length and molecular weight of the conjugated polymers have been found to influence
the yield and selectivity.?®1%9 The solvent should be a good solvent for the conjugated
polymer, but simultaneously a poor one for the SWCNTs, leading to the dispersion of
only polymer-wrapped SWCNTs. The density of the solvent should be lower than that
of SWCNTS5, allowing the sedimentation of SWCNT bundles during the centrifugation
step. It is suggested that highly polar solvents such as tetrahydrofuran (THF) prevent
the interaction of stronger dipoles of polymer-wrapped metallic SWCNTs and thereby
impede their aggregation as well as sedimentation and hence the selectivity of the
process.'% With respect to the conjugated polymers, it has been found that lower
molecular weight increases the yield but decreases the selectivity of the dispersion,

which has been ascribed to the increased viscosity of the high molecular weight polymer
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solution.?? Furthermore, longer alkyl side chains lead to the dispersion of larger dia-
meter SWCNTs, but also lower selectivity.!?!123 Before using the dispersions for device
fabrication, further filtration and solvent washing is necessary to remove the detrimental
unbound polymer (see section 3.1.2). Another synthetically more challenging but elegant
route is to employ removable and recyclable conjugated polymers such as poly[(9,9-di-
n-dodecyl-2,7-fluorendiyl-dimethine)-(1,4-phenylene-dinitrilomethine)] (PF-PD), which
can be depolymerized after SWCNT separation under mild acidic conditions.!?*

With the application of these sorting techniques it has been possible to achieve more than
40 kinds of enriched (n, m) SWCNTs and their enantiomers (non-superimposable mirror
image and hence selectivity of their handedness) in the diameter range of 0.6-1.5 nm,

which are summarized in Fig. 1.10.'° While purities of > 96 % for polymer-wrapping
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Figure 1.10. Overview of separated enriched SWCNT species. More than 40 different (n,m)
SWCNT chiralities and some of their enantiomers have been successfully enriched with high purity
using the discussed sorting techniques. The figure has been adopted from ref. [110].

and > 99 % for other techniques such as gel chromatography have been realized,!?%126

further improvements of selectivity and yield are necessary for widespread commercial
application of SWCNTs. 110

1.4 Thin-film transistors

Thin-film transistors (TFTs) are a class of metal-oxide-semiconductor field-effect tran-
sistors (MOSFETs), which are widely employed for active-matrix addressing in LED

displays (section 1.1) as well as frequently used to study charge transport in thin-film
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semiconductors.'?98127 TFTs are composed of an active thin-film semiconducting layer,
which is in contact with two metallic source and drain electrodes of width W, separated
by the channel length L and used for charge carrier injection and extraction, as well
as an insulating dielectric separating the semiconducting layer from the metallic gate

electrode (Fig. 1.11a). Consequently, TFTs are usually three terminal devices in which

a b
v, V> Vo, I, a Linear regime
Gate __channel
Dielectric -
I__ Semiconductor v, 2
- Substrate L V<<V - Vo R
d Vds
le a Saturation onset
Gate pinch off
Dielectric -~ point :
Semiconductor v, :
= Vgs- vTh : >
e f vds= Vgs_ vTh Vds
Vg Vgs> Vi lis a Saturation regime
Gate :
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e ~ Semiconductor Vv,
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»

V.=V -V vV
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Figure 1.11. TFT structure and operation principle. Schematics of a TFT structure including
the charge accumulation channel (light green) as well as the corresponding output characteristics in
the linear regime (a, c), at the onset of saturation (b, d) and the saturation regime (e, f) are shown.
The source (S) and drain (D) electrodes are shown in golden colour. It is worth to note that the
dimensions of the schematics are chosen for clarity of illustration. In practise, the substrate is typically
hundreds of um thick, while all other layers are only tens to hundreds of nanometer thick. The charge
accumulation channel is only a few nm in height and a larger channel height in the schematic represents
a higher charge density.

the charge density and thereby conductivity in the semiconducting layer is tuned via
the applied gate voltage (Vgs), controlling the current flow between source and drain
electrode (I4s). The most widely applied TFT structures are the coplanar bottom-
contact, bottom-gate (BC/BG) architecture as well as the staggered configurations
top-contact, bottom-gate (TC/BG) and bottom-contact, top-gate (BC/TG), which is
employed throughout this thesis.'?” In contrast to enhancement-mode MOSFETs, which
operate in the inversion mode, TFTs based on undoped organic semiconductors and

semiconducting SWCNT networks, discussed in this thesis, operate in the accumulation
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mode, since these active layers display low intrinsic carrier concentrations. The source
electrode is typically grounded and the drain as well as gate voltage (Vs and Vi
respectively) are applied with respect to this grounded source potential. In order to
deduce the general operation principle of accumulation-mode TFTs, unipolar charge
accumulation is considered. Depending on the polarity of the applied gate voltage
either holes for negative gate voltages or electrons for positive gate voltages are injected
from the source electrode and accumulated at the semiconductor-dielectric interface.
The following considerations are explained for electron accumulation (Vgs, Vis > 0),
while the argumentation for hole accumulation (Vgs, Vgs < 0) is obtained analogously.
Once the applied gate voltage exceeds the threshold voltage (Vy), which marks the
onset of mobile carrier accumulation and is usually non-zero due to built-in dipoles,
interface states, impurities and particularly the existence of trap states, the uniformly
distributed mobile charge density per unit area is given by Qmob = Ci(Ves — Vrn), with
C; being the areal capacitance (Fig. 1.11a).'2” It should be noted that the concept
of a threshold voltage in accumulation-mode TFTs can be misleading and that this
voltage is not related to the onset of any inversion layer as it was introduced originally
for MOSFETs.'2® Upon further application of a drain voltage, the potential along the
channel (V(x)) becomes dependent on its position (z € (0,L)). Within the gradual
channel approximation,'?® which assumes that the vertical electric field due to the gate
voltage is much larger than the lateral field due to the source-drain voltage and ensures
that the charge distribution along the channel is determined by the gate voltage, the

charge density along the channel is expressed as:
Qmob = Ci(vgs - VTh - V(l‘)) (1'16)

Neglecting any diffusion contribution to the drain-source current, it is given by:

dV(x)
dx '’

Ids = WﬂQmobEx = W:UJCi(Vgs — Vrn — V(l‘)) (1-17)

with p the field-effect carrier mobility and E the lateral electric field at position x.
Furthermore, neglecting any contact resistance effects as well as the charge density
dependence of the field-effect mobility (further discussion below), the variables can be

separated and integration from 0 to L respectively 0 to Vgs, leads to:
w 1
Ios = 7-nCi | (Ves — Vin)Vas — Evdzs : (1.18)

Based on this relation both output (Igs versus Vg for fixed Vg, Fig. 1.11) as well

as transfer (I4s versus Vg for fixed Vgs) curves are the characterizing current-voltage
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relations of an FET. Two regimes of operation, the linear regime with Vgs < Vs — Vn
as well as the saturation regime with Vgg > Vg — Vipy, are distinguished. For small

drain-source voltages (Vis < Vs — Vi) Eq. 1.18 simplifies to:

w
Iys = fﬂnnci(vgs — Vi) Vas. (1.19)

Hence, in this linear regime the source-drain current increases linearly with the source-
drain voltage (Vqs) for a fixed gate voltage (Fig. 1.11b). Neglecting contact resistance

effects the linear field-effect mobility is found as:

L 0lgs
WCiVas OVgs

Mlin = (120)

When the drain voltage is further increased to Vs = Vs — V1, the channel is pinched off
(Fig. 1.11¢c, d) and a depletion region forms near the drain electrode since the difference
between the local potential V(z) and the gate voltage is smaller than the threshold
voltage. Upon further increase of the source-drain voltage, the depletion region extends,
which slightly narrows the length of the channel, while the potential at the pinch off
point remains Vg — Vi, and hence the source-drain current /4 saturates (Fig. 1.11e, f).
Consequently, Vys = Vg — Vi, marks the onset of the saturation regime, for which the

source-drain current is obtained from Eq. 1.18 via substitution of Vs = Vs — Vn:

w
@zi%@%fwﬁ. (1.21)

Therefore, when neglecting contact resistance and the gate voltage dependence of the

mobility, the saturation mobility reads as:

& ()

Hsat = We, a‘/gs

(1.22)

While the presented analysis is instructive for an understanding of the operation principle
of TFTs and Egs. 1.20 and 1.22 are frequently employed in literature to study charge
transport in organic semiconductors and SWCNT networks, their underlying assump-
tions of negligible contact resistance and a gate voltage independent field-effect mobility

are usually not satisfied.!3%-131

Particularly in the field of organic semiconductors, the
application of these simplified equations for the extraction of mobilities from non-ideal
current-voltage characteristics has lead to significant overestimations of the field-effect
mobilities in the past decade.!3' In order to ensure a more accurate extraction of the
field-effect mobilities both contact resistance and the gate-voltage dependence of the

mobilities should be considered. Due to the energy differences between the metal work
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functions of the electrodes and the HOMO (respectively valence band) as well as LUMO
(respectively conduction band), and surface states that cause Fermi-level pinning, the
injecting contacts are usually not ohmic but Schottky contacts. Contact engineering
via the treatment of the contacts with self-assembled monolayers to induce surface
dipoles that modify the injection barrier or insertion layers that tune the work function
of the metal electrodes has established as a viable route to reduce contact resistance
and obtain more ideal FET characteristics.'?133 Furthermore, careful investigation of
the potential overestimation and underestimation of the field-effect mobilities due to
contact resistance as well as refined measurement routines such as the transfer length
method or less prone to device variations, gated four-point-probe (4pp) measurements

130,132-134

have been devised. For gated 4pp measurements, the 4pp linear mobility can

be expressed as:

D 8 [ I
_ 1.23
Haee = ¢y oV, <V4pp> ’ (1.23)

with D the centre-to-centre spacing and Vi, the potential difference between the
4pp voltage probes.'3? The broad Gaussian state distribution in strongly disordered
organic semiconductors, Coulomb interactions between charge carriers in narrow-band
semicrystalline polymer semiconductors as well as the one dimensional nature of the DoS
in SWCNTs, can for instance further lead to an intrinsic dependence of the field-effect
mobility on charge density (further discussion in chapter 2).61:135137 Equation 1.23
is used for the extraction of linear field-effect mobilities in this thesis since it can be
used even if the mobility is intrinsically charge density dependent.'3? In addition to
gated 4pp measurements, another approach based on ref. [138], considering both gate
voltage dependence of the mobility and contact resistance is used for the extraction

of saturation mobilities in chapter 4. In this approach the source-drain current in the

gradual channel approximation is expressed as:!3®
W Vor [ Ves—Von—V ()
Iys = fCi y /0 p(v)dv | dV (zx), (1.24)
S*

with p(v) the charge density dependent mobility, Vg« and Vp« the effective source and
drain potentials (which are different from 0 and Vg due to the contact resistance related
voltage drops across the semiconductor-electrode interfaces) and Vy,, the onset voltage
of charge accumulation in the channel. Assuming the increase of the voltage drop across

the source resistance with applied gate voltage to be limited (CCIX/S; < 1), the saturation

mobility is obtained analogously to Eq. 1.22 with an additional gate voltage dependent
correction factor k(Vgs) arising from the gate voltage dependence of the mobility. 38

In case of organic semiconductors for which the mobility often follows a power law
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relation pigar o< (Vs — Von)ﬁ , with 8 > 0 characterizing the steepness of the gate voltage

dependence, the correction factor becomes gate-voltage independent and the saturation

mobility is obtained as:!3®

(1.25)

oL <a\/uds!)2 2(8+1)

From this gate voltage dependent saturation mobility of the charges that are added in

the interval dVs, the effective gate voltage dependent saturation mobility of the total
. . . Vs

charge density at gate voltage Vg is obtained as psat, eff = VgsiVon e usat(Vg's)dVg’S.138

The temperature and charge density dependence of the field-effect mobility provides

insights into the charge transport of the active semiconducting layer, which will be
further discussed in chapter 2 for conjugated polymers and semiconducting SWCNT

networks.






Chapter 2

Background and theory

2.1 Charge transport in organic semiconductors

In conventional crystalline, covalently bound inorganic semiconductors charge trans-
port is characterized by Bloch-Boltzmann theory which considers a perfect lattice in
which electrons are described by fully delocalized Bloch waves with well-defined wave
vectors (E) Interactions of electrons with lattice vibrations and ionized impurities are
much weaker than the electronic interactions (transfer integrals J;;) and can therefore
be treated perturbatively.'??140 However, such band transport treatment is only ap-
propriate as long as the mean-free-path of carriers (distance between two subsequent
scattering events) is greater than the atomic spacing (I 2 a, Mott-Ioffe-Regel limit)
or equivalently when the semiclassical scattering rate 1/7 is much smaller than the
electronic transfer rate J/h between lattice sites.®139 In van der Waals bonded molecular
semiconductors as well as conjugated polymer semiconductors positional and energetic
disorder due to e.g. torsions along the polymer backbone, paracrystalline disorder,
variations in the conjugation length as well as molecular packing distances or different
local dipolar environments of the molecules or repeat units, as well as strong electron-
phonon interactions, have prompted the development of new transport theories. Charge
carriers in these materials are able to lower their energy with respect to the HOMO and
LUMO energies (see section 1.2.1) through these strong electron-phonon interactions,
thereby forming polarons, which are quasiparticles that consist of the charge carrier
and a surrounding region of molecular distortions.'4%142 The polaronic nature of charge
carriers has been demonstrated for both molecular semiconductors as well as conjugated
polymer semiconductors via the observations of new optical transitions in charge mod-
ulation spectroscopy (CMS) which measures the change in transmission upon charge
accumulation in an FET.145143 However, energetic disorder typically dominates over
polaron relaxation effects in the electrical characteristics of organic FETSs respectively
the temperature activation of the field-effect mobility.'41:144:145 Neglecting Coulombic

electron-electron interactions (see further discussion in section 2.3.2) and considering

29
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the linear electron-phonon coupling approximation, the outlined electron-phonon in-

teractions and energetic considerations can be expressed by the Holstein-Peierls model

Hamiltonian:40-143
0 local non—local
H = Hy 1+ Hpn + Valion + Volon s
HY = Zeja aj + ZJUa aj,
Z#J

1
h—Zﬁqu( +2)’ (2.1)
elloch = Z Z hwg, s9jj,q.s (
erllorllahlocal Z Z hwg, s9ij,q,s (

@s 0]
i#j

s Tb_gs ) a}aj,

b,(j’s) a;-raj.

The Holstein-Peierls Hamiltonian consists of the pure electronic Hamiltonian (HY),
the Hamiltonian of the phonon subsystem (th ), as well as the local electron-phonon
interactions (Vellocglh) modifying the site energies €¢; and the non-local electron-phonon

interactions (Vuon local

coph ) modulating the transfer integrals J;; between sites. Further-

more, a; and a; denote the creation and annihilation operators of an electron at site j
respectively, b};} s and by , are the creation and annihilation operators of a phonon of
branch s with energy hwg ; and wave vector ¢ respectively and g;; ¢ s as well as g;; 4,
are the local and non-local electron-phonon coupling constants respectively. Static
on-site diagonal disorder (o) in the distribution of site energies €; and off-diagonal
disorder (X) in the transfer integrals J;; can be considered in their distribution.!43

The formulation of the Hamiltonian in Eq. 2.1 is very general and in the appropriate lim-
its different transport regimes such as polaron band transport, disorder-based transport,
small polaron based hopping transport or transient localization can emerge.' In order
to distinguish these vastly different regimes the relative energy scales of the electronic
coupling (transfer integrals J;;), the vibrational energies (hwg 5), the electron-phonon
couplings (g;j, 7.s and g;; ¢ s) and the thermal energy (kg1') need to be evaluated.139-146
The breakdown of semiclassical transport theory due to estimated mean-free paths
on the order of the intermolecular spacing (I ~ a) based on the typical magnitude of
transfer integrals, phonon frequencies and electron-lattice coupling strengths for organic
molecular crystals (e.g. Ji; = J = 143 meV, wp = 6.2 meV and \ = o? 21\;% fiog = 0 17
for rubrene, where « defines the coupling strength in real space modulating the transfer

integrals Jij moa = J[1 — a(u; — u;)], u; — u; the relative molecular displacements), has

been traditionally interpreted as a manifestation of polaronic localization of carriers.3?
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Consequently, following the first studies in the 1950s of such small polaron transport

by Holstein for molecular crystals,!47:148

many further studies of such Holstein-type
Hamiltonians considering only local electron phonon coupling (g;;, 4 s = 0) and their
extensions to non-local electron phonon coupling (such as the Su-Schrieffer-Heeger
Hamiltonian®®) have been investigated.!4*150 These theories are based on a polaron
transformation of the Holstein-Peierls Hamiltonian (Eq.2.1) to effectively cancel the
electron-phonon interaction terms by changing the electron operators into "dressed"
polaron operators. The kinetic energy terms still contain phonon operators which
cannot be treated exactly and therefore the crucial band-narrowing approximation,
treating the polaron kinetic energy by averaging the phonons over their thermal state,
is applied.'3%:150 This approximation is only valid when the phonon cloud can instantan-
eously follow the motion of the carrier, which is when the phonon frequencies are much
larger than the transfer integrals (J < hwp, non-adiabatic limit). However, as outlined
for rubrene above, this condition is usually not fulfilled in organic semiconductors, which
are typically in the adiabatic limit (J > hwy) where the electron can follow the slow
motion of the molecular vibrations instantaneously.!3? Due to the insufficient description
of charge transport by both semiclassical as well as small polaron transport theories,
the transient localization transport regime has been proposed for organic molecular
semiconductors. The fundamental mechanism of this transport regime is that large
amplitude thermal molecular vibrations lead to dynamic disorder which in turn leads
to localization of the wavefunction on timescales shorter than the molecular vibrations,
which strongly limits carrier diffusion.!3%151:152 This description is in agreement with
the bandlike field-effect mobility in molecular crystals decreasing as a power law with
increasing temperature at higher temperatures (approx. > 200 K) due to a decreased
localization length caused by increased thermal disorder. For lower temperatures ex-
trinsic disorder is dominant leading to a temperature-activated field-effect mobility.® 152
Not only molecular organic semiconductors but also conjugated polymer semiconductors,
have been studied in the Holstein-type polaron model (g;; 7 s = 0) in the non-adiabatic
limit (J < hwy), particularly in the case of weak electronic coupling (J ~ 0). In this
regime the electron wavefunction localizes on a single site and the Hamiltonian can be
exactly diagonalized, with the site energies €; being stabilized by the polaron binding

2
. The polaron binding energy is equal to half the

energy F, = %qushwqjs

955,4.
reorganization energy associated with an intermolecular electron transfer reaction and
can be further simplified when a single optical dispersionless phonon mode (wgz s = wo,

9jjq.s = 9) is considered (E, = % = hwpg?).14%13 Further considering the classical
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limit of high temperatures (fiwy < kgT'), the electron transfer rate respectively the
hopping rate for phonon-assisted incoherent hopping between localized states from

one site to another, obeys an Arrhenius-type law and equals the Marcus equation for
140,141,153

1/2
J? ™ B,
beT =% <2EpkBT> P <2kBT> ' (22)

Consequently, the mobility in this non-adiabatic, high-temperature limit can be expressed
140,141
as:

ea’® J? T 12 o E, ea? Ve E, (2.3)
= — xp [ — = xp [ — .
M= %sT 1 \2E kT P\ 2%pT ) = k7" P\ 2kpT )

where v is the attempt frequency. However, as discussed above the non-adiabatic limit

electron transfer:

is usually not justified and additionally effects of static disorder (in the on-site energies
(o) and transfer integrals (X)) typically outweigh such polaronic effects.!!:146 Therefore,
the next section discusses such disorder-based transport models which have been and

are still widely employed to explain charge transport in conjugated polymers.61:154-162

2.1.1 Disorder-based transport models for conjugated polymers

The origin of localization in disorder-based transport models is the presence of strong
disorder leading to Anderson localization of carriers.'®® This is in contrast to small
polaron theories, which consider the formation of "self-trapped" charges in the non-
adiabatic limit (J < hwyg) via localized polaron formation even in the absence of disorder.
Phonon-assisted hopping motion between such localized states was originally discussed
by Mott for strongly disordered inorganic semiconductors such as amorphous silicon
as well as impurity conduction in weakly doped and compensated crystalline inorganic
semiconductors.!5%164 Depending on the degree of disorder of the conjugated polymers,
solely hopping between localized states or for less disordered systems trapped charges
below and delocalized transport above a mobility edge (ME models) as well as hybrid
models of these two have been considered (Fig. 2.1).61:144:156:165 Thege disorder-based
transport models are originally based on phenomenological assumptions of specific hop-
ping rates and energetic site distributions, rather than (molecular dynamics) simulations
of the polymer morphology and first-principle calculations of site energies and transfer
integrals that are further discussed in the following section. The distribution of on-site
energies due to the variation of polymer conjugation lengths and different local dielectric

environments is represented by an exponential, Gaussian or more complex density of
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Figure 2.1. Simplistic illustration of disorder-based transport models. Simplified illustrations
of the DoS (logarithmic axis) and characteristic energies of the most widely employed disorder-based
transport models, the variable range hopping model (a), the mobility edge (ME) model (b) and their
hybrid models (c) are shown. The hopping of electrons (with either Miller-Abrahams or extended
Marcus rate, Egs. 2.4 and 2.5) upon application of an electric field Fis illustrated, with predominant
hopping to the transport level E1 ((a), further discussion in section 2.3, Eq. 2.26), the accumulated
charge density is shown in dark blue, delocalized states in the band are shown in light blue and in
this region the DoS is not explicitly shown. The band edge Ec and Fermi level Ex are indicated. For
the ME model (b) the localized states below the band edge are not illustrated. These states are all
considered to be trap states in the original model.

states (DoS).61:144:156 The shape of this DoS has been reasoned by the Gaussian shape of
absorption spectra of disordered conjugated polymers and both uncorrelated and correl-
ated site distributions due to long range permanent electric dipole moments have been
considered.®%166 The most widely employed hopping rates are the Miller-Abrahams
rate as well as extensions of the Marcus hopping rate (Eq. 2.2) when considering both
polaronic and energetic disorder effects.!40

The Miller-Abrahams rate was computed for weakly doped and compensated crystalline
inorganic semiconductors in the low (liquid helium) temperature limit and under these

conditions in the weak electron-phonon coupling limit the hopping rate W;; from site i

to site j can be expressed as:!40:167
6'_€i_€§i'ﬁ - —
W: = —9vR:: exXp (_]kBTJ> ) €5 > €+ BRi]’F o4
U_Vexp( 71]) R ()
L, € < €+ el F

with v being the attempt hopping frequency, R;; the hopping distance between sites 7 and
4, the inverse localization length of the localized wavefunction and F the applied electric
field. The first term takes into account that with increasing distance between the localized
states (R;;), the electronic overlap and therefore the tunnel probability decreases. The

second factor accounts for the fact that upward hopping between sites of large energetic
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difference (e; — ¢€;) is unlikely as it requires the absorption and emission of high-energy

phonons or multi-phonon processes which are however not considered in Eq. 2.4.140:168

Application of an electric field (}3) can further reduce the energetic difference between
sites and increase the upward hopping rate. Downward hops are instead assumed
to be independent of the site energies and therefore also independent of the electric
field. The formulation of the hopping rate in Eq. 2.4 assumes that site i is occupied
and site j is unoccupied, the corresponding occupation probabilities p; and p; need to
be considered separately in the calculation of the macroscopic transport coefficients.
Although Emin has been pointed out that the applicability of the Miller-Abrahams rate
is limited to the very low temperature limit and that multi-phonon processes need to
be considered at higher temperatures, Eq. 2.4 has been employed frequently outside
its range of validity to explain charge transport in disordered conjugated polymers at
room temperature.!49:156,159,162,168 Hwever potentially supported by the multitude of
fitting (parameterization) parameters, good agreement with transport in low-mobility
disordered conjugated polymers has been found.!>”

The other widely employed hopping rate, an extension of the Marcus rate to non-uniform
site distributions, which is valid in the weak electronic coupling and strong electron-

phonon coupling regime at high temperatures (J < hwy < kgT') can be expressed
140,162
as:

72 1/2
Wi = <2Epk T) exp(—2vR;j) exp [

(2Ep + ¢ — 61‘)2] (2.5)

S8E kT
The underlying assumptions as well as the fact that the rate does not keep increasing
for €; — ¢; < —2E,, in contrast to the constant factor in the Miller-Abrahams rate
independent of the energetic difference for downward hops, render the extended Marcus
rate likely more applicable to disordered conjugated polymers. 40-162
The most common approaches to calculate the macroscopic transport coefficients, most
notably the electrical conductivity as well as field-effect mobility, from the introduced
hopping rates, are Monte Carlo simulations, numerical solution of the Master equation
and the development of analytic approximations using percolation and effective medium
theory.61:154,156,159,162,169,170 The frequently employed approaches by Pasveer et al. as
well as Vissenberg and Matters are representatively briefly outlined. Pasveer et al.
considered a Gaussian DoS and iteratively solved the steady-state Master equation:
> Wijpi(1 = ps) — Wyip;(1 — pi)] =0, (2.6)
i#]
using the Miller-Abrahams hopping rate (Eq. 2.4) for W;; as well as the Fermi-Dirac

distribution as an initialization of the occupancy probability p; in the absence an
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electric field, for the site occupancy probabilities p; in the presence of an electric field
in x-direction (F).1%9 The factors p;(1 — p;) ensure that the initial sites are occupied
and the final sites unoccupied. They further considered a cubic lattice, allowed for
variable range hopping (generally referring to the dependence of Wj; on R;; and €; — ¢;
in Egs. 2.4 and 2.5) and consequently obtained the mobility according to Ohm’s law:
>oi i eWiipi(1 — pj) Rij o
pFV ’

= (2.7)

with R;; , the hopping distance in x-direction, the charge density p = ﬁ%, a the

lattice constant and a system volume up to V = (150 a)3.1%?

Vissenberg and Matters instead consider an exponential DoS (g(e) = kgﬁ) exp( a7y )

—o0 < € < 0, Ny the total DoS and Ty characterizing the width of the DoS) as an
approximation of the Gaussian DoS since they further consider low carrier densities
(—Er > kpTp).%" In the low field regime they represent the system as a resistor network
with conductances G;; = Goexp(—si;) between site ¢ and j, considering variable range

i—E i—E i—€j .
hopping as in Eqgs. 2.4 and 2.5 via s;; = 2yR;; + : F|+’52]kBTF|+|E &l SLIS4IT0 ging

percolation theory they write the conductivity of the system as:
o = opexp(—se), (2.8)

where o is a fitting parameter and s. is the exponent of the critical percolation
conductance G. = Gpexp(—s.). It is determined by the critical bond number B, ~ 2.8
for three dimensional amorphous systems. For this average bond number per site, the
resistor network, with only those connections present for which G;; > G, forms the
first infinite cluster.®! From there they can easily derive the field-effect mobility for

temperatures T < Tj:

i)

o0 m(%)?

e \@pBra-Tra+ o

lu’:

Doy
2kpTyes ’ '

with the Gamma function I', C; the areal capacitance, V, the gate voltage and €5 the
dielectric constant of the semiconductor.%!

For the further discussion (see chapter 4) it is important to note the common features
of these disorder-based transport models with respect to the macroscopic transport

coefficients. The field-effect mobility mostly shows an Arrhenius-type temperature

E,
kT

as an increasingly strong temperature and charge density dependence with increasing

dependence (u ~ poexp(—+=2)) with a characteristic activation energy E,, as well

2T
disorder (e.g. in Eq. 2.9: u ~ nTO_Q). Furthermore, the dimensionality d of the
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system influences the temperature dependence of the transport coeflicients, e.g. the
temperature dependence of the conductivity for variable-range hopping introduced by

1
Mott has been shown to follow o ~ o¢exp (—(?)ﬂlﬂ) 195,171

2.1.2 Narrow-band transport in high-mobility conjugated

copolymers

As outlined in section 1.2.2 tremendous progress in the performance of conjugated
polymers has been made over the past decades, particularly with the development
of high-mobility (¢ > 1 cm? V~! s7!) donor-acceptor copolymers in the past decade
(Fig. 1.5¢-g).%7%9 While the presented disorder-based transport models in the previ-
ous section have provided an acceptable framework for strongly disordered polymers
(0 > kg -300 K ~ 26 meV, o the standard deviation of the Gaussian DoS) with
mobilities around g < 1072 ¢cm? V! s7!, they have been shown to be inappropri-
ate for low-disorder conjugated copolymers.5413%172 This will be discussed in detail
from a perspective of both charge and thermoelectric transport in chapter 4.1 While
static diagonal and off-diagonal disorder are still the transport limiting factors, one
of the most striking features that all these high-mobility donor-acceptor conjugated
copolymers have in common is their narrow bandwidth and low energetic disorder
on the order of o ~ kg -300 K ~ 26 meV.513%172°175 1t has been suggested from
the study of a one-dimensional model Hamiltonian that the narrower bandwidth com-
pared to homopolymers, originating from the copolymeric nature, results in higher
resilience to disorder and that it promotes the electronic transitions between more
localized states in the tail of the DoS to more delocalized states higher in the state
distribution simply because they are energetically closer due to the narrowness of the
band (Fig. 2.2a).14%:173:176 Furthermore, the origin of the low energetic disorder (o)
has been attributed to the extended rigid, fused-ring conjugated units that minimize
variations of the dihedral angles in the polymer backbone and thereby allow for nearly
planar, low-disorder conformations.®** However to further qualitatively understand the
transport in these systems, the transport processes at molecular, meso (10-100 nm) and
large (0.1-1 um) length scales need to be considered. Quantitatively these could be
derived from multiscale theoretical simulations involving molecular dynamics simulation
of a realistic morphology, partitioning into conjugation units (e;, Eq. 2.1, which might
be extended over several monomers and 7-7 stacks), the calculation of transfer integrals
(Jij, Eq. 2.1) as well as transition rates (W;;, e.g. Eq. 2.5) and the simulation of the

transport dynamics via numerical solution of the Master equation (Eq. 2.6) or Monte
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Figure 2.2. Electronic transitions, semicrystalline microstructure and electron-electron
interactions. Panel (a) shows the eigenstates (¢ = Zj ¢j,1|7)) and eigenenergies (E;) computed
from the diagonalization of a one-dimensional electronic Hamiltonian (H3, Eq. 2.1) for a disordered
polymer chain with 1000 monomers with €; set to 0 eV, electronic couplings J = 1 €V, diagonal disorder
o = 100 meV and off-diagonal disorder ¥ = 100 meV. The eigenstates are represented by horizontal
lines, centered on the sites where c?, ; is maximum and with lengths according to the localization length
defined as 2((j%) — (j)2)"/2. The states at higher energy show larger delocalization and as evident from
the most significant electronic transitions for the mobility (red lines) are of particular importance for
charge transport and long range hops.!#>'7® Panel (b) shows the semicrystalline microstructure with
coexisting crystalline (light red) and amorphous (light yellow) domains. The top left inset highlights the
transport in the crystalline domains showing conjugation units of different lengths (white ellipses) as well
as wavefunctions (eigenstates) with different degrees of localization (red ellipses). Tie chains connecting
the crystalline domains are highlighted in the top right inset. Panel (c) illustrates the electron-electron
interactions in the crystalline domains of low-disorder, high-mobility semicrystalline conjugated polymers
that have been proposed by Di Pietro et al. as a mechanism to overcome the barriers to the amorphous
domains leading to Coulomb enhanced charge transport.'®® Detailed discussion of these is provided in
chapter 4.'" Panels (a) and (b) have been adapted from refs. [145] and [8] respectively.

Carlo simulations.'”17® While on a molecular scale charge carrier mobilities of several
hundred cm? V~! s~ have been measured,® the mesoscale arrangement and transport is

particularly crucial in determining the performance of these conjugated polymers. With
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typical device scales on the order of several to tens of pm, polymer chain lengths on the
order of 100 nm and persistence lengths on the order of 10 nm, limiting inter-chain trans-
port processes are inevitable. Furthermore, using grazing incidence wide-angle X-ray
scattering (GIWAXS), optical absorption as well as electroluminescence measurements,
it has been established that the mesoscale arrangement of most of these copolymers is
characterized by a semicrystalline microstructure with the coexistence of crystalline and
amorphous domains (Fig. 2.2b).5® Due to the increased conjugation, energy levels are
stabilized in the crystalline domains, leading to charge accumulation almost exclusively

55,135 For efficient transport on the mesoscale, charge carriers need to be

in these regions.
able to efficiently traverse the amorphous domains between these crystalline domains,
which are on the order of 5-50 nm long.®%° Consequently, the importance of long
bridging tie chains has been established and provides an explanation for the observed
increasing field-effect mobilities with increasing molecular weight (Myy), saturating at
around 100 kg mol~!.85%17 These insights further underline the importance of rigid
backbones and high densities of crystalline domains enabling their efficient bridging via
kink-free tie chains. On the large scale of carrier transport further long range order via
aligned orientations of these crystalline domains and tie chains further improves charge
transport.72’75

Considering the narrow bands and low energetic disorder on the order of ~ kg - 300 K
in these conjugated copolymers as well as the spatial confinement of accumulated
charge carriers to the crystalline domains, it is worth to investigate whether the un-
derlying assumption of negligible electron-electron interactions commonly assumed in
charge transport modelling of these systems, e.g. on a basis of the Holstein-Peierls
Hamiltonian (Eq. 2.1), is still justified. When Coulombic interactions (U) become
comparable to kgT and the electronic transfer integrals (J), such assumption breaks
down. The simplest models that account for such electron-electron interactions are
based on the Hubbard (only on-site Coulombic interactions) and extended Hubbard

180,181 which have e.g.

(also nearest-neighbour Coulombic interactions) Hamiltonians,
been employed to explain Mott metal-insulator transitions and will be further discussed
in the context of thermoelectric transport in section 2.3.2. Di Pietro et al. have proposed
that charge transport in semicrystalline conjugated polymers is enhanced by Coulombic

135 They have tuned the crystalline domain size in semicrystalline films

interactions.
of P(NDI20D-T2) (Fig. 1.5g) via the choice of different solvents and the annealing
temperature. Both vacuum dried as-cast and 200 °C annealed films displayed Urbach
energies (Ey), characterizing the energetic width of the sub-bandgap absorption tail,

in photothermal deflection spectroscopy (PDS) measurements on the order of 30 meV,
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54174 1p contrast to disorder-based transport models

indicating low energetic disorder.
the more crystalline films with larger crystalline domains (from GIWAXS measure-
ments), showed a higher and more strongly charge density dependent field-effect mobility.
Furthermore, charge accumulation spectroscopy (CAS), measuring the change in trans-
mission (AT /T) upon charge accumulation in an FET, revealed a direct correlation
between the conjugation length and crystalline domain size (at comparable levels of
paracrystallinity). For a given crystalline domain size the bleaching signal changes
linearly with gate-voltage indicating essentially complete accumulation of charge carriers
in the crystalline domains. Yet, the bleaching signal does not change its shape between
gate voltages of 20-80 V, indicating that the average conjugation length explored by
charge carriers with increasing charge density does not change significantly. This in
turn suggests that the strong charge density dependence of the mobility in films of
P(NDI20D-T2) with large crystalline domains does not originate from a change in the
extent of delocalization of electronic states with increasing energy, which is likely of
significance for other, particularly more disordered systems.'”176 Considering that the
number of crystalline domains is comparable to the number of accumulated carriers in
an FET (~ 10'8-10' ¢cm~—3), multiple occupancy of crystalline domains is statistically
likely. Therefore, Coulombic interactions of carriers in these domains, which scale with
the crystalline domain size, is proposed as a mechanism for enhanced transport across
the energetic barrier to the amorphous domains as well as the stronger charge density
dependence of the mobility of films with larger crystalline domains (Fig. 2.2c).!3®> These
findings provide the basis for the further investigations of both charge and thermoelectric

transport in these systems in chapter 4.

2.2 Charge transport in SWCNT networks

Similarly to the discussion of charge transport in conjugated polymer films, it is
important to distinguish the transport processes at different length scales in SWCNT
networks. For this purpose intra-SWCN'T transport respectively transport in single
SWCNTs as well as the disorder-based and heterogenous transport models reported for
SWCNT networks focusing on the inter-SWCNT transport component are discussed.

2.2.1 Transport in single SWCNTs

As expected from the electronic structure of SWCNTs discussed in section 1.3.1, charge
transport in single SWCN'Ts is dependent on their chirality respectively diameter
(d), their length (L) as well as on the temperature, charge density and applied field
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strength (|F|). In the low field-regime (less than several volts per pum), for Ly on the
order of several hundred nanometers and even at room temperature, transport in pure
SWCNTs has been found to be ballistic.!™!®7 In this scattering-free regime, with the
mean free path of carriers much larger than the tube length (I, > L) and in the

absence of contact resistance, their conductance approaches the quantum conductance

dl  2€?
=—=—N = GoN, 2.1
Gq v h ch GO ch ( 0)
with A being Planck’s constant and Ng, the number of propagating modes. For metallic
SWCNTs Ng, = 2 due to the double degeneracy of the lowest subband and therefore the

quantum resistance is given by Ry = h ~ 6.45 kQ.1"™ However, when the electronic

@ ~~
mean free path becomes shorter than the tube length (I, < Lt), transport becomes
diffusive and the SWCNT resistance can be written as:™
— Lt Lt
R(Li, T, |F|) = Rres + Ry |1+ ———=— | = Rc + Ry———=—, (2.11)
Intp (T | F)) b (T, | F)

with R. = Ryes + I7q being the total contact resistance and Ryes a parasitic resistance
for not fully (mode) transparent contacts to the SWCNT. For low fields and moderate
temperature (< 300 K), the dominant source of electron scattering is from acoustic
phonons with mean free paths on the order of 0.3-1 pum.'®1827184 Consequently, res-
istances per unit length for SWCNTs (l,}n%) around 6-8 kQ pm~! have been found
in this regime.'®21% Considering the well-defined lattice structure in SWCNTs (sec-
tion 1.3.1), their large transfer integrals and low disorder, Bloch-Boltzmann theory
is well suited for the description of their macroscopic transport coefficients. Con-
sequently, electron-phonon scattering is treated perturbatively and the transition rates
(WE, E—Hi')
based on e.g. a Su-Schrieffer-Heeger Hamiltonian with non-local dispersive electron-

are obtained from Fermi’s golden rule via the electron-phonon matrix elements

phonon couplings.??-183:185,186 Quhsequently, the steady-state multi-band Boltzmann
transport equation (further discussion of the BTE in section 2.3.1) in the presence
of an electric field is solved to calculate the mobility.'83186 Both these theoretical
considerations as well as experimental findings have shown that the field-effect mobility
for low fields scales with the diameter squared and is anti-proportional to temperature
(o ~ #).183’184 Room temperature mobilities are on the order of 103 —10* cm? V—1s71,
exceeding the mobilities of conjugated polymers discussed in the previous section even
on the molecular scale by orders of magnitude.'® For higher fields of several volts
per um (or in general higher energies, populated due to higher temperatures or charge

densities), optical phonon scattering becomes the dominant scattering mechanism,
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with significantly stronger electron-phonon coupling, reducing the mean free path to
~ 10 — 100 nm.'®183:185%187 Ag 5 consequence only for very short devices (~ 10 nm)
quasi-ballistic transport can be observed, while for longer tubes as well as high fields
and also for low fields and high temperatures (> 300 K) transport is diffusive with
strong optical phonon scattering of carriers.'®!®3 In this regime the carrier velocity
saturates and the mobility decreases with increasing electric field (u=' = pg ! +v;! |F|,
vs the saturation velocity).'®3 Furthermore, the strongly peaked DoS with several van
Hove singularities (Fig. 1.8) inevitably leads to a strong charge density dependence of

the mobility upon subband filling.!36:137,184

2.2.2 Disorder-based and heterogeneous transport models for
SWCNT networks

Compared to the well-established understanding of microscopic transport mechanisms
and the dependence of macroscopic transport on charge density, temperature, electric
field strength as well as SWCNT diameter and length in single SWCNTs, the respective
understanding in SWCNT networks of controlled diameter composition is still in
its infancy.!! Before the development of SWCNT sorting techniques (discussed in
section 1.3.2), modelling of transport in SWCNT networks was based on percolation
theory (see also section 2.1.1), focusing on taking the metallic to semiconducting
SWCNT ratio into account as well as to consider geometrical parameters of the network
such as network density, SWCNT average length and distribution as well as their
188-192 Qych approaches mostly employ the generation of random, typically
2D stacked networks composed of 1D sticks that represent the SWCNTs. 190191 These

random networks are subsequently translated into random resistor networks by assigning

orientation.

each SWCNT a length dependent resistance (Eq. 2.11) as well as each junction a constant
resistance. From I-V and conductive atomic force microscopy (AFM) measurements
junction resistances have been found to be larger for metallic-semiconducting SWCNT
junctions than for metallic-metallic or semiconducting-semiconducting SWCNT junctions
due to the formation of Schottky barriers, while the junction resistance has been found
to decrease with increasing tube respectively bundle diameter and is on the order
of 10s to 100s of k.193194 Based on these resistor networks Kirchhoff’s circuit laws
are numerically solved and the network resistance has been found to decrease with
increasing network density, partial alignment and increased SWCNT length due to
the resulting fewer junctions that carriers experience along the transport paths.!89-191
However, these models offer little insight into the microscopic transport mechanisms

and ignore the diameters of the SWCNTs composing the networks and the resulting
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energetic landscape.!! Already for mixed metallic and semiconducting SWCNT networks
the temperature dependence of the conductivity was investigated and considering the
much higher resistances of junctions compared to the SWCNTs, variable range hopping
(VRH, see section 2.1.1) or fluctuation induced tunneling (FIT) between tubes have
been proposed for the intertube transport process. 197 FIT describes the tunneling of
charges across tunnel junctions between two large conducting regions due to voltage
fluctuations across these junctions caused by the random thermal motion of carriers
(Johnson noise). In a heterogeneous model proposed by Kaiser et al. for conducting
conjugated polymers and SWCNT ropes and mats, the resistance consequently consists
of a metallic intratube component to the resistivity as well as an intertube component
of the form p ~ pg exp(%BTO), with Ty characterizing the temperature for which
significant thermal excitation above the tunneling barrier is likely to occur and Ty being
the temperature above which thermal voltage fluctuations due to Johnson noise are
relevant.?%196:198 This model will be further discussed in extended form in chapter 5. In
these early studies the lack of control over the metallic to semiconducting SWCNT ratio
as well as the tube diameters prohibited more detailed insights into the microscopic
transport mechanisms.

Subsequently, Yanagi et al. tuned the ratio of metallic to semiconducting SWCN'Ts in
SWCNT buckypaper using density gradient ultracentrifugation and reported strong
changes in the temperature dependence of the conductivity with changing metallic to
semiconducting SWCNT ratio.'? Purely metallic networks showed quantum transport
phenomena such as weak localization, while with increasing ratio of semiconducting
tubes, crossovers to Mott VRH (see section 2.1.1) with d = 3, then to d = 2 and for pure
semiconducting SWCNT networks to Coulomb-gap-type conduction due to Coulomb
interactions between localized electrons with d = 1 were reported. The origin for the
strong disorder was hypothesized to be due to Schottky barriers between metallic and
semiconducting tubes, and variations in the tube diameter and resulting bandgaps for
pure semiconducting tubes.'?? However, the impact of the diameter composition and
resulting energetic landscape on charge transport in SWCNT networks was only recently
explored.!1200-205 Uging gate voltage dependent electroluminescence measurements it
has been shown that in mixed diameter (0.8-1.1 nm) polymer-sorted semiconducting
SWCNT networks the diameter composition has a strong impact on charge transport.20%
For low gate voltages (and hence charge densities) large diameter, small bandgap
SWCNTs dominate the transport paths even if their relative ratio in the network is low.
With increasing gate voltage smaller diameter, large bandgap SWCNTs start contributing

to conduction, suggesting that narrow diameter distributions are beneficial for transport
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and high on-currents in FETs. To understand the resulting charge density dependence
of the mobility more quantitatively a random resistor model taking into account the
diameter and length distribution of the SWCN'Ts as well as the diameter-dependent DoS
of the individual SWCNTs composing the networks has been illustrative.2? The model
is based on a Master equation approach as discussed in section 2.1.1 and a resulting
resistor network for low electric fields, in which the nodes represent the individual
SWCNTs, while the bonds are the junction resistances (Fig. 2.3). However, these

SWCNT networks SWCNT junctions Random resistor network

— — —
e W

Junctions Rv
SWCNTs i, j

Figure 2.3. Illustration of random resistor networks for modelling of charge transport in
SWCNT networks. The basic steps of random network generation ((a), different colours for different
chiralities), SWCNT junction identification (b) and creation of the random resistor network with the
SWCNTs representing the nodes and the junctions being the bonds with resistances R;; between
SWCNTs ¢ and j (c) are shown. The figures have been adapted from ref. [11].

junction resistances are not taken as constants as in the percolation models discussed
in the previous paragraph, but are instead calculated based on the Fermi level position
(and hence charge density) via a Miller-Abrahams hopping rate between energy levels
within the first subband DoS of the individual SWCNTs constituting the junction.20?
The resistances of the SWCNTs themselves are neglected since they have been shown to
be much smaller than the junction resistances. 93194206 The predicted charge density
dependence of the mobility of mixed diameter networks is in good agreement with
experimental data and particularly the turnover from increasing to decreasing mobility
with increasing charge density due to subband filling is found.?’? Nevertheless, recent
measurements have shown a stronger charge density and temperature dependence of the
mobility of polymer-sorted monochiral (6,5) SWCNT networks compared to mixed large
diameter SWCN'T networks, which cannot be explained within this random resistor
model for which a narrower DoS distribution should lead to a weaker temperature

203,204

dependence as in all disorder-based transport models. This raises the question

whether the intra-nanotube transport (1 ~ T~!) needs to be considered or whether
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other scattering mechanisms and geometrical factors of the junctions are at play.
Therefore, the charge density and temperature dependence of the field-effect mobility
and field-effect-modulated Seebeck coefficient, which will be discussed in the next
sections, of polymer-sorted semiconducting SWCNT networks with controlled diameter
composition will be discussed in detail in chapter 5. Evidently, extrinsic factors to
transport such as charge carrier trapping through the presence of residual oxygen and
water or strong dipolar disorder due to an interface with a high-x dielectric will be
minimized to get insights into the intrinsic charge and thermoelectric transport of
SWCNT networks.207 209

2.3 The Seebeck coefficient

As outlined in section 1.1, the Seebeck coefficient is defined as the ratio of the built-up
thermal voltage to a temperature difference across a conducting system (S = %)
Thermoelectric effects such as the Seebeck, the Peltier as well as the Thomson effect
are described by irreversible thermodynamics, which is based on the postulates of
thermostatics and time reversal symmetry, meaning that the physical laws do not
change upon replacing the time ¢ with —¢ and the magnetic field B with —B.210.211
While there are statistical-mechanical treatments of these irreversible thermodynamic

212,213 \which are particularly useful for the

processes such as the Kubo formalism,
treatment of interacting many-body systems and will be briefly discussed in section 2.3.2,
an introduction of the Seebeck coefficient based on the Onsager theorem should be
given.?!421 From a thermodynamic point of view the Seebeck coefficient is the entropy
transported by a charge carrier divided by its charge, which will become more evident
from the following considerations.?!0:211

For a system with electric and heat current flow in z-direction (considered without loss

of generality) and in the absence of a magnetic field the linear dynamical equations can

be written as:219
I = Dis Vi + LipVa (2.12)
N = 11T M 12 T .
1 1
Jo = L1s=V LooV — 2.13
Q 127 W=+ Lo ik ( )

where Jy is the number of electrons current density, Jq is the heat current density, p is
the electrochemical potential (per particle) of the electrons, T" is the temperature and
L;; are the kinetic coefficients. Here the Onsager theorem L;;(B) = Lj;(—B), stating
that the kinetic coefficient L;; measured in an external magnetic field B is identical

to Lj; measured in the reverse magnetic field, has already been employed by equating
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Loy = L1 in the absence of a magnetic field.?'% From Eqs. 2.12 and 2.13 the electrical
conductivity (o), thermal conductivity in the absence of particle flow (k1) and Seebeck
coefficient () can be easily written in terms of the kinetic coefficients. The electrical
conductivity is defined as the electric current density (eJy) per unit potential gradient
%V,u in an isothermal system. Note that %Vu =E+ éVuC, with E the electric field and

%Vuc an electric driving force due to a concentration gradient. Hence, the conductivity

reads as: 5
= —le N for VI' =0 (2.14)

Y

and using Eq. 2.12 it follows that:
2
e“L11

= ) 2.15
—— (215)

The thermal conductivity in the absence of particle flow (kr) is defined as the heat

current density per unit temperature gradient for zero electric current:

RT = < foreJy =0 (2.16)
and using Eqgs. 2.12 and 2.13 it follows that:
_ LijLyy — L,

_ 2.1
T T°Ly; (2.17)

Finally, the Seebeck coefficient is defined as the electromotive force per unit temperature

gradient for zero electric current:

_Vu
S = V% , foreJn =0 (2.18)
and using Eq. 2.12 it follows that:
Ly
S=- . 2.19
GTLH ( )

Rewriting Eqs. 2.12 and 2.13 in terms of o, k7 and S and employing Jg = JTQ for the
current density of entropy: )
Jg = SeJy + TKTVT, (2.20)

the thermodynamic understanding of the Seebeck coefficient as the entropy tranported
by a carrier divided by its charge is evident.?'2!! Subsequently, the central task of
different formalisms is to compute the kinetic coefficients L;; to obtain the transport
coefficients. Amongst these are the solution of the widely employed Boltzmann trans-

port equation for systems where the carriers obey the semiclassical transport equations
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between collisions, which will be discussed in the following section, or the Kubo form-
alism which is particularly useful for strongly interacting systems and when a good
approximation of the Hamiltonian of the system is known.2!2:213:216

Before presenting the Seebeck coefficient based on the solution of Boltzmann transport
equation, a very versatile and illustrative approach based on thermodynamic consid-
erations by Fritzsche, who developed a general expression for the conductivity and
(electronic contribution to the) Seebeck coefficient in the absence of electron correlation
effects, but without any assumptions concerning a specific conduction process, should be
outlined.?!” Consequently, the conductivity is written as an integral over single electron

states (while neglecting electron correlations):

o= [o(BME = [ gEWENE)L - F(E)E. (2.21)

with o(E) the energy dependent conductivity, g(E) the DoS, u(E) the energy dependent
mobility and f(F) the Fermi-Dirac distribution.?!” It is worth noting that Cohen et
al. have derived the expressions for the electrical conductivity and Seebeck coefficient
more rigorously using the Kubo formalism and outlined that u(E) as defined by
Fritzsche is not strictly the microscopic mobility for electron states of energy E (ug(E),
v(E) = pp(F) - F, where v(E) is the average velocity induced in electrons at energy
E by the electric field F).2!® Comparing the definition of u(E) by Fritzsche to the
rigorous derivation from the Kubo formalism, the microscopic mobility and energy
dependent mobility are related via ug(E) = —pu(E)[1 — f(E)] (see further discussion
in chapter 6).217218 Another consequence of the Onsager theorem is the relation of
the Seebeck coefficient (S) and the Peltier coefficient (II), which is defined as the heat

current density per unit electric current density in an isothermal system:

JQ
= — f T=0 2.22
2L oV (2.22)
and using Egs. 2.12 and 2.13 it follows that:
Lo
I=— =S.T. 2.23
6L11 ( )

Therefore, the Peltier coefficient describes the heat energy transported by a carrier
divided by its charge.?!” Considering that the transported energy is measured relative
to the Fermi level Er and that each carrier contributes to II in proportion to its relative

contribution to the total conduction, the (electronic contribution to the) Peltier and

Seebeck coefficient can generally be expressed as:2!”
1 E
) /(E RGN (2.24)
e o
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and

ks E—Ep)\ o(F)
S=-— / dE, 2.25

e ( kT ) o ( )
with kp the Boltzmann constant and o(F) as well as o given by Eq. 2.21. The Seebeck
coefficient is S < 0 for predominant electron conduction and S > 0 for majority hole
conduction. Defining the transport energy Et = % [E @dE , the Seebeck coefficient

can be written as:
Er — Er

eT
further emphasizing its thermodynamic interpretation as the entropy transported by

S =— (2.26)

a carrier divided by its charge. From Eq. 2.25 the established expressions for the
Seebeck coefficient for single band conduction in semiconductors and metals can be
derived. If charge carriers are only mobile above (below) a conduction (valence) band or

mobility edge (see e.g. Fig. 2.1b), the Seebeck coefficient of semiconductors for electron

conduction can be written as:217
kg | Ec — Ep
=-—=|—=—4+A for E > FE 2.2
S . [ kol + Ac|, or £ > E, (2.27)
as well as for hole conduction respectively:
kg | Er — F
§="B | ZE 2V Ay, for E < Ev, (2.28)
e kgT

with E¢ the conduction band edge, Fv the valence band edge and Ag as well as Ay
given by:

y _fooo k}g%a(e)de
c- JoSo(e)de
0 €

S kBTU(E)dE

f_ooo o(€)de

Ac and Ay account for the fact that conduction does not take place at a single

with e = F — E,
(2.29)

Ay = , with e = By — E.

energy and therefore incorporate the energetic landscape and interaction of carriers
with their environment (scattering processes). However, in conventional inorganic
crystalline semiconductors, for which the motion of carriers is well described by the
semiclassical transport equations between collisions, these coefficients are typically found
to be constants on the order of 2-4 and therefore also referred to as heat-of-transport
constants.?'217:219 For instance if g(E) and u(E) increase linearly in E for E > Eg,
then A = 3, while if they are constant, then A = 1.217 For field-effect gated Seebeck

coefficients of rubrene and pentacene single crystals A has been found to be on the order
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of 2-3 and interpreted as a manifestation of band-like transport.?!® From the solution of
Boltzmann transport equation under the relaxation time approximation, which will be
discussed in the following section, a direct relationship between the scattering physics
(t ~ E", 7 the relaxation time and r characterizing the scattering mechanism) and
A= % + r can be established in the non-degenerate regime, where the Fermi level is far
away from the band edge (% > 1).220.221

Similarly for conventional metals with wide bands, where the Fermi level Fr is deep
inside the band and transport is dominated by carriers with energies £ = Fr &+ kT,
0'(E) = eg(E)u(E)kpT can be expanded by a Taylor series around E = Ep in Eq. 2.25

and from the first non-vanishing term Mott’s formula for metals is obtained:!64:217:222

S = —W—Qk—BkBT [CHH(J/(E))} . (2.30)
e dE E—Eq

Considering that %B ~ 86 %, it is evident from Eqs. 2.27, 2.28 and 2.30 that semicon-
ductors (particularly in the non-degenerate regime) typically show Seebeck coefficients
on the order of several hundred %, while metals display Seebeck coefficients only
on the order of a few % since transport takes place very close to the Fermi level.
Furthermore, the linear temperature dependence of the Seebeck coefficient of metals as
well as the decrease of the Seebeck coefficient of crystalline inorganic semiconductors
with increasing temperature for sufficiently high temperatures (S ~ T1) is evident.?!!
This introduction has revealed that the Seebeck coefficient is an effective tool to study
the DoS as well as transport and scattering physics of systems and provides additional

insights beyond those solely obtained from a study of the field-effect mobility.

2.3.1 The Seebeck coefficient from Boltzmann transport equation

Carriers in a perfect periodic (lattice) potential can be described as Bloch waves
(wnE(F) = unE(F) exp(ik7), with n the band index, k the wave vector and unE(ﬂ =

u, g (7+ R)) with energies €, (k) and mean velocity @, (k) = %8657%@. In the semiclassical
transport model their motion in the presence of electric (E(7,t)) and magnetic (H (7, t))

fields follows the semiclassical equations of motion between collisions:?

7= _’n(E) = laeng{:)’
h ok (2.31)

. 1. - - L
—e |E(7,t) + —tp(k) x H(7,t)| = F(7, k, 1),
C

Sl
]
I
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with ¢ being the speed of light. In thermal equilibrium the occupation probability of

the energy en(/z) is given by the Fermi-Dirac distribution function:

1
1+wp0%gw)

with p being the electrochemical potential. However, in the presence of applied fields or

h(7, k,t) = f(en(k)) = (2.32)

temperature gradients the non-equilibrium probability distribution function h(7, E, t) of
finding a carrier in the phase space volume d7 dk at time ¢ deviates from the Fermi-Dirac
distribution function due to diffusion, collisions and the motion of carriers due to the
external forces. The non-equilibrium distribution function h(7, k,t) is described by

Boltzmann transport equation (BTE) which describes the non-equilibrium statistical

behaviour of thermodynamic systems (not restricted to electron gases):2!6

0 - -~ 0 - e 10 - 0 -

—h(7 k,t)+un (k) ==h(7 k, t)+ F (7 k,t)- ——h(r, k,t) = | =h(" k,t , (2.33
PR (F) 2R (F R t) + B R A)- (7 <8t (7 )>wn (2:33)

where the term on the right hand side is the change of the distribution function due to
collisions. In order to derive a closed form of the transport coefficients introduced in
the previous section, the relaxation time approximation (RTA) is frequently made. It
assumes that the distribution of electrons emerging from collisions at any time does not
depend on the non-equilibrium distribution before the collision and that the collisions
are responsible for restoring thermodynamic equilibrium. Under the RTA the collision

term can be approximated as:

9, h(k) — f (k)
= h(k GG At A7 2.34
<6t ( )>c011 ) ( )

-,

with the relaxation time 7(k). Further considering weak, spatially uniform and static
electric fields and temperature gradients as well as the relaxation time to be independent

of 7 and only energy dependent, the non-equilibrium distribution function in the absence

of magnetic fields can be expressed as:?!0
- . . . - (k) —
h(E) = F(F) — 7(e(R)) (-2{) 30 - |ed 4+ < )T Evr|, (2.35)

with € = E + % and p the electrochemical potential. Similar to Eqgs. 2.12 and 2.13,
omitting the summation over several bands, the electric current density j = — a3 [ U (E) .
h(k)g(k)dk (g(k) the DoS for wavevector k, for metals g(k) = 1) and thermal current
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density jq = = [le(k) — p@(k)h(k)g(k)dk can be written as:

j =LY+ L*(-VT), (2.36)
jo = L&+ L?(-VT), (2.37)

where the matrices LY are expressed in terms of:

2

e = [ (-50) DR - a3

" ag

and consequently read as:

Ll — 0
1
L' =TL" = —ELI, (2.39)
1
L2— _— _pr2
e2T

It is further common to define the energy dependent conductivity tensor as:

S / 5(e — e(R))g(R)5(R)5(R)dF, (2.40)
leading to:

co = / (-Z{) (e(F) = )0 (€)de. (2.41)

Consequently, following the definition of the electrical conductivity (Eq. 2.14) and
Seebeck coefficient (Eq. 2.18) these can be written as:

e? T
o= L' = / o (e) (g{) de= 1 / (g{:) (e(R))g(R)5(R)5(R)dF, (2.42)

S— (L' L2 = —é (/0'(6) (-Z{) de) /a(e)(e(E) — ) (-2{) de. (2.43)

When restricting these expressions to one dimension, the agreement with the general
expressions for the conductivity and Seebeck coefficient by Fritzsche purely from ther-
modynamic considerations (Egs. 2.21 and 2.25) are evident. In contrast to the general
expressions by Fritzsche, the solution of BTE under the RTA provides an explicit form
to calculate the transport coefficients since g(k), v(k) and 7(e(k)) are governed by
the bandstructure of the conventional metal or crystalline inorganic semiconductor.
This approach will be useful for the discussion of thermoelectric transport in SWCNTs
in chapter 5. However, due to positional and energetic disorder in organic semicon-

ductors the applicability of the derived expressions from BTE for these systems is
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questionable.??3 Therefore, the limiting case of narrow-band conduction relevant for
high-mobility conjugated polymers starting from the general expressions by Fritzsche

will be discussed in the following section.

2.3.2 The Seebeck coefficient in organic semiconductors

In contrast to the comparatively well-established formalism for the description of
thermoelectric transport coefficients in conventional metals and crystalline inorganic
semiconductors, there is currently no corresponding unified description of thermoelectric
transport coefficients in organic semiconductors.??3 Controlled and systematic meas-
urements of the Seebeck coefficient in dependence of temperature and charge density

54,172,219,224-227 The most common approach to

in organic semiconductors are scarce.
tune the charge density and thereby the Seebeck coefficient in organic semiconductors
is via molecular doping. While this approach allows to modify the charge density
and conductivity over orders of magnitude, it is less suitable for the study of intrinsic
charge transport in organic semiconductors, considering that the presence of molecular
dopants typically introduces additional positional disorder as well as an additional
electrostatic background potential due to anions or cations in the organic semiconductor
thin film.41221:228.229 For molecularly doped conjugated polymers phenomenological
relationships between the Seebeck coefficient and the electrical conductivity of S ~ o1

or in terms of a phenomenological transport function have been reported:

i) (555) (252, £

0, E < E,

o(E,T) = (2.44)

with the transport edge Ei, a temperature-dependent transport coefficient oo(7") and a
constant transport parameter s, which is found to be s = 3 for many polythiophene-based
conjugated polymers and s = 1 for PEDOT-based polymers.??1229 The latter transport
model will be discussed in more detail in chapter 4. However, the majority of this thesis
has focused on the characterization of the intrinsic charge and thermoelectric transport of
conjugated polymer semiconductors as well as SWCNT networks and therefore field-effect
modulated Seebeck coefficients have been investigated. Thermoelectric transport models
of disordered organic semiconductors are mostly based on the disorder-based charge
transport models introduced in section 2.1.1 (illustrated in Fig. 2.1). Typically electron
correlations are neglected and the general expressions for the conductivity and Seebeck
coefficient by Fritzsche (Egs. 2.21 and 2.25) are assumed for further derivations.??3

Subsequently, the transport function o(FE) = —eg(E)ug(E)f(F) is found, typically by
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assuming a Gaussian DoS (¢g(F)) and calculating pug(F) from a differential form of a

generalized Einstein relation:223.230-232
e
e (B) = 1 R(E) vesc ()1 = () (2.45)

with 7 a dimensionless fit parameter, R(E) the mean jump distance of a carrier located
in a state of energy F and vege(E) the total escape rate. Similar to the charge transport
models presented in section 2.1.1 there are many variants for the calculations of veg.(F)
and R(F). However, the Miller-Abrahams rate (Eq. 2.4) or extended Marcus rate

(Eq. 2.5) are typically used to calculate ves.(F),?23?3! while a percolation argument of
the form:16!
A s (7 ~
5 REP [ g1 - fleer)de=1, (2.46)
C —0o0

with the critical bond number B, & 2.7 — 2.8 defined by percolation criteria,61:161:223 ig

made to determine R(E) as:!61,223

E
/_Oo 91 = fle, ep))de| . (2.47)

W=

47
3B.

R(E) = l

Further percolation theory and Monte Carlo simulation-based approaches to describe the
Seebeck coefficient in disordered organic semiconductors are reviewed in ref. [223].223,233,234
Similar to the disorder-based charge transport models, these disorder-based thermo-
electric transport models have the commonality that the predicted charge density and
temperature dependence of the Seebeck coefficient increases with increasing disorder
(width of the Gaussian DoS (0)).172233:234 Yet, as already outlined in section 2.1.2, high-
mobility conjugated copolymer semiconductors have been shown to display disorders
on the order of o ~ kg -300 K ~ 26 meV.5*17 For such low-disorder systems these
disorder-based models have been shown to be inappropriate and at least within a tem-
perature range of approx. 180-300 K the narrow-band approximation has been found to
provide an adequate description of the thermoelectric transport (see chapter 4).54:135:172
In the limit of zero energetic disorder, respectively in the high-temperature narrow-band
limit when the bandwidth (/') and transfer integrals (J) are much smaller than kg7
(J, W < kgT), the DoS can be approximated by N = 2 - Nges iSO-energetic states

(accounting for spin degeneracy) with energy Ec:

g(E) = N§(E — Ec). (2.48)

Consequently, in this regime the charge density is given by:2!!

N

1+ exp (E%;;JF) (2.49)

n= [ 9(E)f(E)E = Nf(Ec) =
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and the fraction of occupied sites can be expressed as ¢ = ;7'— = 2 f(Ec) (site

occupancy ratio). Furthermore, inserting the DoS (Eq. 2.48) into the general expressions

for the conductivity and Seebeck coefficient by Fritzsche (Egs. 2.21 and 2.25, neglecting
electron correlations) as well as employing Eq. 2.49, the conductivity and Seebeck

coefficient in the narrow-band limit can be expressed as:

7 = encf (Bc) [L - f(Bo)] = ency - [1 - 3] = ency - [1- 5] (2.50)
Ec — Ep kg N —n kg 2—c
S:_eT:_eln< - >:—eln( - ) (2.51)

The expression for the Seebeck coefficient in Eq. 2.51 is Heikes formula for fermions with
spin, 81,235 henceforth simply referred to as Heikes formula in this thesis. It predicts a
temperature independent Seebeck coefficient in this high temperature regime (with all

states in the band being thermally accessible) as well as a decreasing Seebeck coefficient

K}‘l(\l/ec <813§n) = _k?Bln(lo))'

Furthermore, it is worth to note that all expressions given for the Seebeck coefficients so

with increasing charge density of approximately 198

far have referred to the electronic contribution (change of the entropy of mixing due to
the addition of a charge carrier) as well as the spin degree of freedom to the transported
entropy.?!! In principle in the presence of strong electron-phonon interactions and
localized states, the addition of a charge carrier can further lead to changes in the stiffness
constants that govern the vibrations of the surrounding atoms of the carrier, which in
turn causes two further contributions to the Seebeck coefficient. The first additional
contribution is a carrier-induced increase of the vibrational entropy of the atoms leading
to Syip, which is temperature independent in the high temperature regime, while the
second additional contribution is the vibrational energy transport that accompanies the
hop of a carrier, which vanishes for high temperatures.'4%:211:236 In contrast to the entropy
of mixing respectively the electronic contribution to transported entropy, Sy, is charge
density independent. While these vibrational entropy contributions have been found to

237

be on the order of 200 % in pentacene thin films,*’ a surprisingly low gate-voltage

dependence of the Seebeck coefficient was reported in these measurements. Considering

144 55 well as

the small polaron binding energies of high-mobility conjugated polymers,
the recently reported field-effect-modulated Seebeck coefficient measurements of IDTBT
and DPP-based copolymers,’*?27 these vibrational entropy contributions to the Seebeck
coeflicient of high-mobility conjugated copolymers are presumed to be negligibly small
and are therefore not further considered in this thesis.??” Venkateshvaran et al. have
extended Heikes formula via the consideration of a certain fraction of trapped carriers

(f = ™22 due to shallow traps), consequently replacing n with n - (1 — f) in Eq. 2.51.
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Considering that N is on the order of the monomer density (N ~ 10%° — 102! cm~3) and

the charge density n ~ 10'® — 10" cm™3 in field-effect transistors, they assumed n < N

e

Seebeck coefficients of IDTBT and PBTTT in the temperature range of 200-300 K.5*

For the further discussion in chapter 4, the inclusion of electron-electron interactions in

and found S = —%B In (%), in good agreement with their temperature-independent

the narrow-band limit as discussed for a Hubbard model Hamiltonian by Chaikin and
Beni should be briefly discussed.!®%8! As discussed, both the general expressions for
the electrical conductivity and Seebeck coefficient by Fritzsche (Egs. 2.21 and 2.25), as
well as those obtained from the solution of BTE under the RTA (Eqs. 2.42 and 2.43)
are concerned with one electron states in the absence of electron correlations. A basic

model system to take such electron-electron interactions into account is to consider the

Hubbard Hamiltonian with on-site Coulomb repulsion U:180:181
H = JZ(C‘ZJGHLU + aLLJai’J) + UZniﬁni’i, (2.52)
i,0 i
where J is the transfer integral, az » and a; , denote the creation and annihilation

operators of an electron at site ¢ with spin o respectively and n; = GI,T%T as well as
ng | = a} @i, | are the number operators for spin-up and spin-down electrons at site 4

respectively. Using the Kubo formalism to compute the Seebeck coefficients of systems

with large many-body interactions, they express the Seebeck coefficient as:180:181,213
5(2) %
2 _.I_ Yl
S = 75“% c (2.53)
with the chemical potential p and the correlation functions:
1 1 62 00
M) = 25T Jo (vo(T) + v(T)v)dT, (2.54)
(2) 1l e o0
S = 2% Jo (Qu(T) +v(1)Q)dr, (2.55)

with v(7) = exp(TH)vexp(—7H), (---) denoting thermal averaging, v is the velocity
operator and @ the energy flux operator.'® The important outcome for the further
discussion in chapter 4, is that in the limiting case of kgT > U (non-interacting regime)
Heikes formula in Eq. 2.51 is recovered and in the opposite regime U > kT (regime of

strong Coulomb interactions) the Seebeck coefficient is given by:

S:—]%Bha <2(1_6)> :—]%Bln (N_2”>, (2.56)

C n

with ¢ the site occupancy ratio.!8%18! This is essentially a modified Heikes formula

forbidding double occupancy of a site ¢ due to the strong on-site Coulomb interaction.



2.3. The Seebeck coefficient 55

The relevance of electron-electron interactions for charge and thermoelectric transport
in semicrystalline conjugated copolymers with low energetic disorder will be further

discussed in chapter 4.

2.3.3 The Seebeck coefficient in SWCNT networks

The fundamental understanding of the intrinsic thermoelectric transport of single SW-
CNTs as well as diameter-selected SWCNT networks is comparatively (if not more)
limited compared to that of organic semiconductors.?**7 This is partly due to the fact
that control over specific diameters of SWCN'Ts via the sorting methods discussed in
section 1.3.2 have only recently emerged.!'®129:125 Before the broad accessibility of
SWCNT purification techniques, studies have focused on SWCNT ropes and mats with
statistically distributed mixtures of metallic (approx. one third) and semiconducting
(approx. two thirds) SWCNTs.19%:238.239 These have mainly focused on phenomeno-
logically explaining the temperature dependence of the Seebeck coefficient based on
linear or quasi-1D metallic contributions from the metallic SWCNTs, phonon-drag
contributions at low temperatures, as well as temperature-activated contributions from
the semiconducting SWCNTs.195:238:239 Yot ~ these studies are still of relevance for
diameter-selected SWCNT networks, e.g. in terms of the development of heterogeneous
transport models.!?%198:239 Tt is typically considered that the SWCNT themselves rather
than the SWCNT junctions dominate the thermoelectric transport due to their much
longer extensions (factor > 10) and presumed larger thermal resistance over which
most of the temperature difference drops (see further discussion in chapter 5).47:198:239
Charge density and temperature-dependent measurements of the Seebeck coefficient of
both single SWCNTs as well as diameter-selected SWCNT networks are scarce.24240,241
For single metallic SWCNTs Mott’s formula (Eq. 2.30) has been found to provide an
adequate description of the Seebeck coefficient below 100 K.?** However, it has been
pointed out that for short channel devices with 1D mesoscopic conduction channels, the
Landauer expression for the electrical conductance G = %t, with ¢ the electron trans-
mission coefficient, should be incorporated in Mott’s formula.?4%:242 Landauer theory for
electronic transport in combination with the non-equilibrium Green’s function formalism
and extended Hiickel theory has recently also been considered for the calculation of
the intrinsic contribution of SWCNTs in SWCNT networks, based on the assumption
that the ballistic contribution to transport dominates.?43244 It is important to point
out that such treatment implicitly assumes no inelastic scattering in the SWCNTs (no
Joule heating) and that each tube is connected to two electron and heat reservoirs.?42

Instead Hung et al. proposed to employ Boltzmann transport formalism under the
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relaxation time approximation to describe the Seebeck coefficient of single SWCNTs
(Eq. 2.43 reduced to one dimension).?*> Considering that SWCNTs in networks are often
longer than the mean-free path of carriers as well as that overlapping SWCNTs could
lead to additional scattering,8194:206
formalism to describe the intrinsic contribution of SWCNTs in SWCNT networks to

the Seebeck coefficient as an adequate approach (further discussion in chapter 5). In

renders the application of Boltzmann transport

case of the presence of strong disorder potentials, e.g. when the charge density is not
field-effect-modulated but rather tuned through substitution of carbon atoms with
nitrogen impurities, Yamamoto and Fukuyama have recently proposed to describe
the Seebeck coefficient based on the Kubo formalism (see previous section) as well as
the non-equilibrium Green’s function formalism to compute the spectral conductivity
function.?*6247 However, the most widely employed routine to tune the charge density
in SWCNT thermoelectrics is via molecular doping through the interactions of dopant
molecules with the SWCNT 7-electron system.2446:47:241 Based on both field-effect mod-
ulated and molecularly doped studies of the Seebeck coefficient as well as the theoretical
description based on Boltzmann transport formalism, the Seebeck coefficient of SW-
CNTs is expected to be strongly dependent on diameter and charge density.2447:137,245
It has been found to be decreasing with increasing diameter respectively decreasing
bandgap.?447245 While in the low charge density regime, Seebeck coefficients of several
hundred % have been reported, it strongly reduces with increasing charge density
due to subband filling.2447:136:137 Qubstantial amount of studies have focused on the
optimization of the thermoelectric power factor o - S? of SWCNT networks.?446:47 These
have established that it is beneficial to remove extrinsic factors to transport such as the
excess wrapping polymer in the SWCNT network and that minimizing the SWCNT
bundle diameter strongly promotes high power factors.24:46:241

In order to improve the fundamental understanding of the charge and thermoelec-
tric transport in polymer-sorted SWCNT networks, charge density and temperature-
dependent field-effect mobility and gated Seebeck coefficient measurements of monochiral
small diameter (6,5) (0.76 nm) and mixed large diameter SWCNT (1.17-1.55 nm) net-

works with different network densities and length distributions are discussed in chapter 5.



Chapter 3

Experimental methods

This chapter provides an overview of the materials and dispersions, thermoelectric
device fabrication as well as electric, thermoelectric, structural and optical charac-
terization employed for the investigations of the charge and thermoelectric transport
in semicrystalline conjugated polymers (chapter 4), polymer-sorted semiconducting
SWCNT networks (chapter 5) and aligned, molecularly doped conjugated polymers
(chapter 6).

3.1 Materials and dispersions

3.1.1 Conjuated polymers, small molecules and SWCNTs

For the study of charge and thermoelectric transport in low-disorder, semicrystalline
conjugated polymers in chapter 4, the widely investigated n-type copolymer poly([N,N’-
bis(2-octyldodecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,5’-(2,2’-bithi-
ophene)) (P(NDI20D-T2), molecular structure shown in Figs. 1.5g and 4.1a)%" has been
employed as a model system. P(NDI20D-T2) was purchased from Polyera (Polyera
N2200, number average molecular weight My = 29.3 kg mol~!, weight average molecular
weight My = 101.7 kg mol~! and polydispersity index PDI = %—‘g ~ 3.5). From cyclic
voltammetry and optical absorption spectroscopy the HOMO (Ey) and LUMO (Ey)
energies have been reported to be approximately Fyg ~ —5.36 €V and Ep, ~ —3.91 eV
with an optical bandgap of E, ~ 1.45 eV.248 Field-effect mobilities of P(NDI20D-T2)
are typically on the order of 0.1 cm? V~! s71 its crystallinity can be easily tuned via
the choice of solvent as well as post-deposition annealing treatments without affecting
positional and energetic disorder and its energetic disorder is low, with an Urbach
energy from photothermal deflection spectroscopy around E, ~ 30 meV.6%73:135 Fyr-
ther relevant reported considerations on its charge transport have been outlined in
section 2.1.2 and further structural characterization is provided together with the charge

and thermoelectric transport studies in chapter 4.

o7
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For the investigations of charge and thermoelectric transport in polymer-sorted SWCNT
networks in chapter 5, semiconducting SWCNTs were selected from CoMoCAT (CHASM
Advanced Materials Inc., SG65i-L58, diameter 0.7-1.0 nm) and plasma torch (Raymor
Industries Inc., RN-220, diameter 0.9-1.6 nm, batch RNB739-220-A329) raw material
by polymer wrapping in toluene (analytical grade, VWR Chemicals) using poly[(9,9-
dioctylfluorenyl-2,7-diyl)-alt-(6,6)-(2,2’-bipyridine)] (PFO-BPy, American Dye Source
Inc., ADS153UV, My = 40 kgmol !, molecular structure shown in Fig. 5.1a), as de-
scribed previously in detail and outlined briefly in the next section.''®2%4 As emphasized
at the beginning of chapter 5 the SWCNT network device fabrication as well as optical
and structural characterization was performed by the PhD students Severin Schneider
and Felix Berger from Prof. Zaumseil’s group at the University of Heidelberg. For the
same study 1,2,4,5-tetrakis(tetramethylguanidino)benzene (ttmgb, molecular structure
shown in inset of Fig. 5.6a) was synthesized and purified as described previously and the
colourless crystals were subsequently stored in dry nitrogen.?4%259 Solutions of ttmgb
in anhydrous toluene were prepared directly prior to use. As outlined at the beginning
of chapter 5, Simone Leingang, technical employee in Prof. Hans-Jérg Himmel’s group
at the University of Heidelberg and Prof. Hans-J6rg Himmel synthesized the ttmghb
molecules.

The study of the impact of polymer chain alignment on the temperature-dependent
charge and thermoelectric transport in the high charge density limit in chapter 6 has
focused on the semicrystalline polymer poly(2,5-bis(3-tetradecylthiophen-2-yl)thieno[3,2-
bthiophene) (PBTTT) with Cio (n-dodecyl) alkyl side chains for solubility.® PBTTT-
Ci2 (batch FZP852; My = 45 kg mol~!, My = 67 kg mol~!, PDI = 1.49, molecular
structure shown in Fig. 1.5b) was synthesized by the Heeney group as described
previously.?”! The crystallinity of PBTTT can be easily tuned via post-deposition
annealing treatments, it displays field-effect mobilities of up to 1 cm? V~! s™! and the
HOMO and LUMO energies are Ey ~ —5.1 eV and Ep, ~ —3.2 €V respectively.64:251,252
Furthermore, PBTTT-Cy2 has recently attracted interest considering its ability to host
high densities of dopant molecules in its lamellar stacks as well as its remarkably high
reported electrical conductivities on the order of 10° S cm ™!, which is almost comparable
to conventional metals such as copper, when aligned via high-temperature rubbing (see
further discussion in chapter 6).2°32%4 As emphasized at the beginning of chapter 6, the
thermoelectric device fabrication and optical characterization for this study was per-
formed by Yuxuan Huang and Dr. Tan Jacobs, PhD student and postdoctoral researcher
in Prof. Henning Sirringhaus’s group at the University of Cambridge respectively. For
the ion-exchange doping of PBTTT-C;9, BMP-TFSI (1-Butyl-1-methylpyrrolidinium
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bis(trifluoromethanesulfonyl)imide, 99.9 %, < 20 ppm water, < 1 ppm total halides)
was purchased from Solvionic, while FeCls (anhydrous, > 99.99 % trace metals basis)
was purchased from Sigma Aldrich. Anhydrous acetonitrile (Romil Hi-Dry, < 20 ppm
water) was used to prepare all doping solutions, while anhydrous dichlorobenzene (DCB,
Romil Hi-Dry, < 20 ppm water) was used for the polymer solution preparation (further

details in section 3.2.3 and chapter 6).

3.1.2 SWCNT dispersions

(6,5) SWCNT dispersions were prepared by adding CoMoCAT (0.38 mgmL~1!) raw
material to a solution of PFO-BPy (0.5 mgmL™!) in toluene, and shear-force-mixing
(Silverson L2/Air, 10230 rpm) for 72 h at 20 °C with two subsequent centrifugation steps
at 60000 g (Beckman Coulter Avanti J-26XP) for 45 min. The supernatant containing
the wrapped (6,5) SWCNTs was collected after each step. Mixed SWCNTs were selected
by adding plasma torch raw material (1.5 mgmL~!) to a PFO-BPy/toluene solution
(0.5 mgmL~1!) and bath sonication for 60 min at 20 °C followed by centrifugation as
described above. All dispersions were passed through PTFE membrane filters (Merck
Millipore, JVWP, 0.1 um pore size) and the resulting (6,5) and mixed SWCNT filter
cakes were washed with toluene (80 °C, three times). The filter cake was redispersed in
pure toluene (1 mL) by bath sonication for 30 min at 20 °C, leading to the (6,5) and
mixed large diameter plasma torch (RN) SWCNT dispersions employed for the device
fabrication. The charge transport of (6,5) SWCNT (diameter 1.27 nm and optical
bandgap Ey; = 1.27 eV) as well as RN (diameters of 1.17-1.55 nm and optical bandgaps
of By = 0.7 — 0.88 eV) networks has been previously investigated and their high purity
(absence of metallic SWCNTs) as well as different diameter range provided ideal model
systems to gain further insights into the charge and thermoelectric transport of polymer-

sorted semiconducting SWCNT networks (further discussion in chapter 5).203:204

3.1.3 Dielectrics

For the thermoelectric devices employed for the measurements of the field-effect mobility
and gated Seebeck coefficient in chapter 4 and 5 poly(methyl methacrylate) (PMMA)
and hybrid PMMA /HfOy dielectric layers have been applied (further details in the
following sections). PMMA was purchased from Polymer Source (syndiotactic, My =
318 kg mol~! in chapter 4 and My = 315 kg mol~! with PDI = 1.05 in chapter 5).
Tetrakis(dimethylamino)hafnium (Strem Chemicals Inc.) has been used as a precursor

for the atomic layer deposition of HfOy (further details in section 3.2.2). Cytop (Asahi
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Glass) has been employed in the patterning process of P(NDI20D-T2) and PBTTT (and
subsequently removed as outlined in ref. [255], see sections 3.2.1 and 3.2.3). PMMA has
been shown to provide a smooth interface with low trap density and low dipolar disorder,
while the hybrid PMMA /HfOy dielectric further allows for low voltage operation and
encapsulation for the SWCNT networks, 209,256

3.2 Fabrication of thermoelectric devices

3.2.1 Conjugated polymer-based gated Seebeck devices

The device structure, a bottom-contact top-gate field-effect transistor structure with an
on-chip heater, used to measure the charge carrier density and temperature-dependent
saturation mobility and Seebeck coefficient of the semicrystalline polymer P(NDI20D-
T2)%9:248 is shown in Fig. 3.1 (a 3D illustration of the device architecture is shown in
Fig. 4.1a) and was adopted from refs. [54] and [257]. The eight contact pads (h1-h4 and
cl-c4) used for the four-point-probe (4pp) sensor resistance calibrations as well as the
two pads for the on-chip heater (pads 1 and 2) are shown in golden colour, the patterned
semiconductor in green and the gate electrode in dark grey. The dimensions of the active
layer of the device are a width of one millimetre (/W = 1 mm), a channel length of fifty
micrometre (L = 50 um) and a spacing between the heater stripe (width of 20 um close
to the active area) and the hot sensor of twenty micrometre (15 pm spacing to the organic
layer). Chromium/Gold (3 nm/12 nm) contacts are used for the sensors and heater (plus
a second double layer of 3 nm/50 nm of chromium/gold for the contact pads to improve
contact), while the active layer is an approx. 35 nm thick film of the semiconducting
polymer P(NDI20D-T2). A layer of approx. 300 nm of PMMA is used as the dielectric
layer and a 25 nm thick layer of Aluminium is employed for the gate contact. The
devices were fabricated as follows: glass slides (Corning 1737, 700 pm thick) have been
cut to approx. 1.7 cm times 1.7 cm substrates, which subsequently were cleaned in four
ultrasonication steps in Decon 90 diluted in deionized (DI) water, DI water, acetone
and 2-propanol for ten minutes each, followed by microwave plasma cleaning (250 W for
ten minutes). The bottom contacts were fabricated via photolithography (double-layer
photoresist LOR5B/S1813) and thermal evaporation of chromium/gold. P(NDI20D-
T2) (Polyera N2200, My = 29.3 kg mol~!, My = 101.7 kg mol~!, PDI = 3.5) was
dissolved in toluene with 5 mg mL~! concentration, heated for six hours at 90 °C and
spin-coated at 2000 rpm for 60 s. Depending on the desired condition the device was
either annealed at 200 °C for 15 min (ann.) and slowly cooled to room temperature
or dried in vacuum (as-cast). After the patterning of P(NDI20D-T2) according to
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Figure 3.1. Device architecture of conjugated polymer-based gated Seebeck devices. The
top view (a) as well as close-up of the active area (b, vertical dimensions of the electrodes outside the
active area adjusted and PMMA as well as gate electrode shown behind the active layer and electrode
structure for visual clarity) of the thermoelectric device architecture employed for the measurements of
the field-effect mobility and gated Seebeck coefficient of conjugated polymers is shown. The electrode
structure is shown in golden, the patterned semicrystalline polymer P(NDI20D-T2) in green, the gate
electrode in grey and the PMMA dielectric (not shown in (a)) in blue colour respectively. Pads 1
and 2 are connected to the on-chip heater, pads h1-h4 are connected to the source of the transistor
structure and simultaneously the four-point-probe (4pp) hot resistance sensor for the Seebeck coefficient
measurements, while pads cl-c4 are connected to the drain of the transistor structure and concurrently
to the 4pp cold resistance sensor respectively. The gate voltage (V) is applied with respect to the
grounded source and the thermal voltage (Vin) is measured from the cold to the hot resistance sensor
(positive for p-type conduction). This device design was adopted from refs. [54] and [257].

ref. [255], PMMA (My = 318 kg mol™!) from Polymer Source was dissolved in n-butyl
acetate with 45 mg mL~! concentration and spin-coated at 1000 rpm for 120 s. Finally,

a 25 nm thick Aluminium gate electrode was evaporated using a shadow mask.

3.2.2 SWCNT network-based gated Seebeck devices

For the field-effect mobility and gated Seebeck coefficient measurements of the polymer-
sorted SWCNT networks (chapter 5), the device architecture introduced in the previous
section has been further improved (further discussion in section 3.3.1). A bottom-contact
top-gate field-effect transistor structure with 4pp voltage probes and two on-chip heaters
has been employed and is shown in Fig. 3.2 (a 3D illustration of the device architecture

is shown in Fig. 5.5a). The active area dimensions were the same as for the structure
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X

Figure 3.2. Device architecture of polymer-sorted SWCNT network-based gated Seebeck
devices. The top view (a) as well as close-up of the active area (b) of the thermoelectric device
architecture employed for the measurements of the field-effect mobility and gated Seebeck coefficient
of the polymer-sorted SWCNT networks is shown. The electrode structure is shown in golden, the
patterned SWCNT network in brown, the hybrid PMMA /HfO, dielectric in light blue (only in (b) and
for visual clarity behind the other layers) and the gate electrode in light grey colour (only in (a) and for
visual clarity behind the other layers). Pads 1 and 2 are connected to the left on-chip heater, pads h1-h4
are connected to the source of the transistor structure and simultaneously the four-point-probe (4pp)
hot resistance sensor for the Seebeck coefficient measurements, while pads cl-c4 are connected to the
drain of the transistor structure and concurrently to the 4pp cold resistance sensor respectively. Pads
3-6 are connected to 4pp voltage probes that allow for 4pp linear mobility measurements. The gate
voltage (V) is applied with respect to the grounded source and the thermal voltage (Vin) is measured
from the cold to the hot resistance sensor (positive for p-type conduction).

introduced in the previous section (channel width W = 1000 um and length L = 50 pm,
as well as 20 wm spacing between heater and hot sensor). The spacing between heater
and SWCNT networks was 10 um and the 5 pm wide 4pp voltage probes were centred at
positions Lp; = 12.5 um and Lpy = 37.5 wm in the channel. The electrode design was
patterned on AF 32 eco glass (Schott AG, 300 wm thick, 6 devices on 2 cm times 3 cm
substrates) by standard photolithography (see previous section) in combination with
electron-beam evaporation of titanium (3 nm) and gold (12 nm) with subsequent lift-off
in N-methyl-2-pyrrolidone (HPLC grade, Sigma). SWCNT dispersions were spin-coated
at 2000 rpm for 30 s and annealed at 100 °C for 20 min (this process was repeated
three times). The network density was controlled via correlation with the absorbance
peaks Eqq (65) and Ega RN, max of the (6,5) and RN SWCNT dispersions respectively
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(see Fig. 5.1b).25% After thorough rinsing with tetrahydrofuran and isopropyl alcohol to
remove residual excess polymer, the films were patterned with standard photolithography
(double-layer photoresist LOR5B/S1813) and oxygen plasma etching. The substrates
were annealed at 300 °C for 30 min in dry nitrogen to remove any residual solvent and
water in the SWCNT networks. Ttmgb (2.5 mgmL~!) was applied to selected samples
by dip-coating in a solution in anhydrous toluene for 20 min and subsequent annealing
at 150 °C for 30 min. Spin-coating of PMMA (Polymer Source, My = 315 kg mol 1)
in n-butyl acetate (6 mgmL~!) at 4000 rpm for 60 s and atomic layer deposition of
HfOy (Ultratech Savannah S100) at 100 °C with water as the oxygen source and
tetrakis(dimethylamino)hafnium (Strem Chemicals Inc.) as the precursor formed the
hybrid dielectric (PMMA (11 nm), HfOy (60 nm)).2% The devices were completed by

thermal evaporation of silver gate electrodes (30 nm).

3.2.3 Multifunctional devices for conducting material systems

For the temperature-dependent conductivity and Seebeck coefficient measurements of
molecularly doped PBTTT another device architecture with a similar bottom electrode
pattern to the one introduced in the previous section was designed. The device archi-
tecture is essentially a Hall bar architecture with two on-chip heaters, where source
and drain electrodes are simultaneously 4pp resistance thermometers for the Seebeck
coefficient measurements (Fig. 3.3, see further discussion in section 3.3.1). The active
layer has a channel width of W = 105 um and channel length of 420 um, with 5 pm
wide 4pp voltage probes centred at Lp; = 140 um and Lps = 280 um in the channel.
Close to the active area the heater is 20 um wide and is 20 um and 40 um separated
from the organic layer as well as the hot sensor respectively. The electrode design was
patterned onto 1.5 cm times 1.5 cm glass substrates (Schott Eagle XG, 700 pwm thick)
via double-resist LOR5B/S1813 photolithography as discussed in section 3.2.1. The
chromium/gold (5 nm/25 nm) electrodes were thermally evaporated. The solutions
of 10 mg/ml PBTTT-Ci2 (My = 67 kg mol~!, synthesized by the Heeney group) in
DCB, glass pipettes and the substrates were preheated to 80 °C. Subsequently, the
solutions were spin-coated using the preheated glass pipettes onto the substrates at
1000 rpm for 60 s, followed by 5000 rpm for 5 s to remove any excess solution from the
substrates. Consequently, the PBTTT film was patterned according to ref. [255]. For
the unaligned PBTTT-based thermoelectric devices, the substrates were subsequently
annealed at 180 °C for 20 min and slowly cooled to room temperature. For the aligned
PBTTT-based thermoelectric devices, the patterned PBTTT active layer was rubbed at

155 °C (as all other spin coating and annealing steps in an Ny glovebox) using an RM-50
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Figure 3.3. Device architecture for thermoelectric measurements of molecularly doped
PBTTT. The top view (a) as well as close-up of the active area (b) of the thermoelectric device
architecture employed for the measurements of the temperature-dependent conductivity and Seebeck
coefficient of molecularly doped PBTTT is shown. The electrode structure is shown in golden, the
patterned molecularly doped PBTTT in red and the Cytop encapsulation layer in light blue colour (only
in (b), for visual clarity the electrode structure is shown on top of PBTTT and the encapsulation layer).
Pads 1 and 2 are connected to the left on-chip heater, pads h1-h4 are connected to the source of the
Hall bar structure and simultaneously the four-point-probe (4pp) hot resistance sensor for the Seebeck
coefficient measurements, while pads cl-c4 are connected to the drain of the Hall bar and concurrently
to the 4pp cold resistance sensor respectively. Pads 3-6 are connected to 4pp voltage probes that allow
for 4pp conductivity and Hall voltage measurements. The thermal voltage (Vin) is measured from the
cold to the hot resistance sensor (positive for p-type conduction).

rubbing machine (EHC Co.) to align the polymer chains of PBTTT. The rubbing
roller was covered with a microfiber cloth and while it was rotating at 1400 rpm, the
sample stage transfer speed during rubbing was set to 1 cm s~'. After rubbing the
samples were annealed at 190 °C for 20 min and slowly cooled to room temperature.
The ion-exchange doping solutions were prepared just prior to use, considering the
low stability of the oxidizing agents in the presence of dilute water impurities. The
100:1 mM electrolyte:oxidizer doping solution was obtained by mixing 1 M BMP-TFSI
in acetonitrile electrolyte stock solution with 10 mM FeCls in acetonitrile oxidizing
agent stock solution and acetonitrile at 1:1:8 volume ratio respectively. The active
PBTTT layer was sequentially doped by covering the substrate with 150 ul. doping

solution, waiting for 100 s and subsequently spinning off the excess solution at 8000 rpm,
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while washing the devices with 1 mL acetonitrile to remove any excess oxidizing agent
and electrolyte from the surface. For the multifunctional devices the conductivity could
be varied by the concentration of the doping solution (the doping process of the small
Hall bar pattern was already complete after a few seconds of waiting time). Finally, a
500 nm Cytop encapsulation layer was employed via spin-coating of 3:1 Cytop:solvent

at 2000 rpm for 90 s on top of all films and devices.

3.3 Electric and thermoelectric characterization

3.3.1 Measurement routines
Conjugated polymer-based gated Seebeck devices

The transistor transfer curves, the sensor resistance measurements as well as the
thermal voltage measurements were performed within a cryogenic testing chamber
BCT-43 MDC Nagase & Co., LTD. with six probes controlled by an Agilent 4156B
Semiconductor Parameter Analyser (SPA). The transfer curves (Fig. 3.4) were measured
in a condition Vg = Vgs + Von (Von the onset voltage) at each gate voltage in order
to ensure that the transistor is operated in the saturation regime during the entire

measurement. Vo, was determined by taking several transfer measurements with
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Figure 3.4. Transistor transfer curves of P(NDI20OD-T2)-based devices. Transistor transfer
curves of the 200 °C annealed (200 °C ann., (a)) and as-cast P(NDI20D-T2)-based device (b) at various
temperatures are shown. Due to the patterning of P(NDI20D-T2) the gate leakage current is very low
and on the order of 10 pA. It is evident that both preparation conditions show temperature-activated
transport, while the charge density dependence of the saturation mobility differs strongly between the
two conditions.
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different values for V,, and choosing the value which lead to a clear onset in the
transfer measurement and a drain current on the order of the noise level for voltages
Ves < Von (at 300 K V5, = —8 V for the annealed sample and V,, = —1 V for the as-cast
sample). Consequently, the saturation mobilities were extracted according to ref. [138]
(see section 1.4, Eq. 1.25). The gate voltages were used to calculate the accumulated
charge density via the relationship: n = 5= - (Vgs — Vo), where ¢, = 3.6 for PMMA,
d = 300 nm for the dielectric layer thickness and the height of the accumulation layer
174

was assumed to be h = 2 nm. In principle the thermal voltages as well as the
temperature differences between the sensors and hence the Seebeck coefficients were
measured according to refs. [54] and [257]. 4-point-probe (4pp) resistance measurements
were used for the calibration of the sensors in order to get accurate values for the
temperature coefficients of the sensor resistances. It is evident from the device structure
shown in Fig. 3.1 that these 4pp measurements of the resistance sensors are crucial to
get accurate values of the temperatures of the hot and cold sensor in the active area
region. For two-point-probe measurements the temperature coefficients of the sensor
resistances would be significantly overestimated, leading to an underestimation of the
temperature difference and an overestimation of the Seebeck coefficient (see further
discussion of the measurement routine below).

In the following the procedure of the Seebeck coefficient measurements shall be presented
for the 200 °C annealed preparation condition (the procedure was exactly the same
for the as-cast condition). The temperature difference (AT') between the hot and cold
sensor at a given temperature (7) and heater power (W) has been measured indirectly
via the change of the sensor resistances with temperature (and therefore with heater

power) and is determined according to:2%°

dRyot dRco1q

_ aw dw
AT - W ' dRyot o dRco1d ’ (31)
drT aTr

The sensor resistances were measured at a given temperature (Fig. 3.5a: 300 K, Fig. 3.5b:
260 K, Fig. 3.5¢: 200 K, Fig. 3.5d: 180 K, hot sensor (solid circles) and cold sensor
(open circles)) by applying a current of 10~* A through two of the four sensor contact
pads and simultaneously measuring the voltage across the other two contact pads during
the application of a heater power corresponding to an applied heater voltage of 0 — 10 V
in steps of 2 V to the two heater contact pads. After applying the heater voltage,
before measuring the sensor resistances at each heater power, a 5 s hold time was
used to allow the chip to get to a thermal steady state. Such short hold times were
enabled by the large thermal mass of the sample stage of the BCT-43 MDC Nagase
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Figure 3.5. Sensor calibration of 200 °C annealed P(NDI20D-T2)-based device. Sweep
of the heater power at a given temperature ((a): 300 K, (b): 260 K, (c¢): 200 K, (d): 180 K) and
corresponding change of the hot (solid circles) and cold (open circles) sensor resistances are shown. The
applied heater powers correspond to an applied heater voltage of 0 — 10 V in steps of 2 V. Three sweeps
in the heater power with ten data points at each heater power were taken in order to improve the level
of confidence of the measurement. The first 60 data points of each panel correspond to the first heater
power sweep, the next 60 to the second sweep and the last 60 to the third sweep.

& Co., LTD. testing chamber (as well as good thermal contact between sample stage
and substrate enabled by the thermal grease Apiezon N). However, as discussed in
the next section the large thermal mass of the sample stage of this cryogenic chamber
concomitantly lead to very long stabilization times to reach thermal equilibrium of the

sample stage of at least 6 hours upon changing the temperature of the stage. Three
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sweeps in the heater power with ten data points at each heater power were taken in
order to improve the level of confidence of the measurement. Based on these raw data
(Fig. 3.5) the average heater powers and the corresponding average sensor resistances
(averaged over the 30 data points taken) at each temperature were calculated and from
linear regression fits to these data the coefficients 'm};’% (Fig. 3.6) as well as th(;%
(Fig. 3.7) were determined. For the th;% coefficients the resistances at zero applied
heater power were used. Further to these calibration measurements, the thermal voltage
was measured at different temperatures, heater powers and gate voltages (Fig. 3.8).
The heater power during the thermal voltage measurement was measured and used in
Eq. 3.1 to calculate the corresponding temperature difference AT'. As for the calibration
measurements, 5 s hold time were used to allow the chip to get to a thermal steady state
before measuring the thermal voltage at each heater power and each gate voltage. After
each gate voltage step, 20 s hold time were employed before measuring the thermal
voltage to allow for the charge carriers to accumulate at the semiconductor-dielectric
interface. At each temperature as for the calibration measurements, the heater power
was swept by sweeping the heater voltage from 0 — 10 V in steps of 2 V. This sweep
was repeated for each gate voltage, which was swept from 0 — 50 V in steps of 2.5 V in
order to vary the accumulated charge density. The thermal voltage was correspondingly
measured at each heater power and gate voltage via a current devoid measurement,
grounding one of the sensors and leaving the other floating (measuring the potential
and forcing the current to zero with the corresponding SMU). Long integration times of
200 ms (respectively 10 power line cycles) have been employed for the thermal voltage
measurements throughout this thesis. It is worth to note that the patterning process of
the semiconducting layer not only avoids any stray current contributions for an accurate
determination of the field-effect mobility, but also ensures the absence of current leakage
from the heater as well as low gate leakage currents on the order of 10 pA. If either
leakage currents from the heater due to insufficient alignment of the active layer or
gate leakage currents due to an insufficiently homogeneous dielectric layer, exceed
approximately 1 nA (also dependent on the resistances of the pathways), the thermal
voltage measurement cannot be performed reliably any more, since the current devoid
condition of the measurement would not be ensured in this case. In order to improve the
level of confidence of the measurement two ramps in the gate voltage were performed:
for the ramp-up the hot sensor was grounded and the cold one was left floating, hence
the polarity of the measured thermal voltage for the n-type semicrystalline polymer
semiconductor P(NDI20D-T2) was negative, while for the ramp-down the hot sensor

was left floating and the cold one was grounded, which results in a positive polarity
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Figure 3.6. Average sensor resistance versus average heater power of 200 °C annealed
P(NDI20OD-T2)-based device. Average sensor resistance (hot sensor: solid circles, cold sensor: open
circles) at a given temperature ((a): 300 K, (b): 260 K, (c): 200 K, (d): 180 K) versus the corresponding
average heater powers as well as the linear regression fits (hot sensor: solid lines, cold sensor: dashed

. dR,
lines) to extract % are shown.

of the thermal voltage. This procedure is illustrated for each temperature in Fig. 3.8.
At each gate voltage the measured thermal voltage follows the parabolic sweep of the
heater power. In order to obtain the Seebeck coefficient at each temperature and
gate voltage, the thermal voltage average Vi, = w of the two sweeps at each
temperature, gate voltage and heater power was calculated. Here V;n; denotes the

thermal voltage that is measured during the ramp-up and Vs is the corresponding
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Figure 3.7. Average sensor resistance versus temperature of 200 °C annealed P(NDI20D-
T2)-based device. Average sensor resistance at zero applied heater power at each temperature as well

hot /cold
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as the linear regression fits used to extract i are shown.

(same temperature, heater power and gate voltage) thermal voltage of the ramp-down

in gate voltage. These thermal voltages were plotted against the corresponding average

temperature difference AT = %

and consequently the Seebeck coefficient was
obtained from the slope of the linear regression fit at each gate voltage and temperature.
This procedure is illustrated in Fig. 3.9 for the 300 K measurements. In order to
obtain Fig. 4.4, the charge densities were obtained according to n = <G5t - (Vs — Von).
In addition to the great advantage of easily and accurately tuning the charge density

during the measurement, the on-chip measurement of the Seebeck coefficient further
offers very high measurement accuracy and precision with relative errors in the Seebeck
coefficient discussed in chapter 4 of around 7 % (as analysed in section 3.3.2). Further
improvements of the measurement accuracy and precision of the Seebeck coefficient in

this thesis with relative errors down to 2 % will be discussed in the following sections.

SWCNT network-based gated Seebeck devices

Transistor transfer and output, sensor resistance calibration and thermal voltage meas-
urements were performed under vacuum (< 1075 mbar) in a six-probe closed-cycle
cryogenic probe station (Lake Shore Cryotronics Inc., CRX-4K) with two Keithley 2612B
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Figure 3.8. Temperature and gate voltage dependent thermal voltage measurement of
200 °C annealed P(NDI20D-T2)-based device. The bottom panel shows the measured thermal
voltages at each temperature, gate voltage (swept according to the center panel) and heater power
(swept according to the top panel). Six data points correspond to one heater power sweep (heater
voltage swept from 0 — 10 V in steps of 2 V) at a specific gate voltage. For the first 126 data points
(21 gate voltages) the hot sensor is grounded for the thermal voltage measurement, while the cold one is
left floating. For the last 126 data points the polarity is swapped to improve the level of confidence of

the measurement.

Dual Channel SourceMeters and one Keithley 6430 Sub-Femtoamp Remote SourceMeter
including Remote PreAmp. While the principle of the sensor resistance calibration
and thermal voltage measurements is the same as in the previous section,’*7? the

range of feasible charge densities and temperatures has been further extended and the
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Figure 3.9. Average thermal voltage versus temperature difference at 300 K of 200 °C
annealed P(NDI20D-T2)-based device. Average thermal voltage (Vin = w) from the two
sweeps measured at 300 K and each gate voltage (0 — 50 V in steps of 2.5 V) versus the corresponding
averaged temperature differences (AT = %) are shown. Furthermore, the linear regression fits
to extract the Seebeck coefficient from the slope of the fit at each gate voltage are presented.

unidirectionality of the temperature gradient as well as the accuracy of the on-chip
resistive thermometers have been further improved. Significant effort has been devoted
to the setup of the newly installed six-probe closed-cycle cryogenic probe station (Lake
Shore Cryotronics Inc., CRX-4K) for these measurements. The details of the new
measurement configuration are presented below.

Firstly, details concerning the electrical characterization of the SWCNT networks presen-
ted in chapter 5 are provided. The device capacitance (Fig. 5.7 and Table 5.2) of the
SWCNT network-based gated Seebeck devices was determined using an impedance
spectrometer (ModuLab XM MTS System, Solartron Analytical). Measurements were
conducted at 1.0 kHz, and the maximum capacitance Cy, was extracted in the on-state
(Ves = £5 V, for electron and hole transport respectively). Consequently, the areal
capacitance Cj = % (Lpattern = 90 pm being the entire length of the SWCNT
patterned area) was obtained. Both four-point-probe (4pp) linear (p4pp) as well as
saturation mobilities (ugat) were determined. The 4pp linear mobilities and contact
resistances were obtained at Vgg = —0.1 V (apart from Vs = +0.1 V for the n-type
(6,5)-s-ttmgb device) using two 5 pm wide voltage probes located at Lp; = 12.5 pm and
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Lpy = 37.5 um in the 50 pm long channel (Eq. 1.23, Fig. 3.2).13%:134:203 The saturation
transfer curves were measured in the condition Vgs = Vs — Von (with Vi, being the
onset voltage) to ensure a unipolar saturation regime throughout the entire gate voltage
range.138 The onset voltages (Von,h and Vo, e) were extracted from the linear transfer
curves as the voltages for which the source-drain current rises above the background noise
and gate-leakage current level for hole and electron transport respectively (Figs. 5.7a
and 5.10). The charge densities were obtained as n = % - (Vgs — Von), assuming the
height of the accumulation layer to be h = 2 nm.'™

In order to measure the charge density and temperature dependence of the Seebeck
coefficient (S = X%) of the SWCNT networks, both the thermal voltage (Vin (T, Vgs, W))

as a function of temperature (7"), gate voltage (V) and heater power (W) as well as the

temperature difference (AT (T, W)) between the hot and cold four-point-probe (4pp)
resistance sensor (Figs. 3.2 and 5.5) as a function of temperature and heater power were
measured. At each temperature of interest (typically 50 K to 300 K in steps of 50 K), the
thermal voltage was measured via the following procedure: the source respectively hot
sensor was grounded and a gate-source potential was established with a source measure
unit (SMU) of a Keithley 2612B Dual Channel SourceMeter. A hold time of 20 s was
employed to allow for carrier accumulation at the SWCNT network/dielectric interface
and the applied gate voltages were typically varied from -7 Vto 0 Vand 7 V to 0 V (in
steps of £0.5 V) for electron and hole transport respectively. Subsequently, a second
SMU of a Keithley 2612B Dual Channel SourceMeter was used to set the heater voltage
(Vheater and hence heater power (W = Vieater * Theater) ), typically from 0 V to 5 V in steps
of 0.5 V across the left on-chip heater of the device. After a hold time of 60 s (100 K
to 300 K) respectively 120 s at lower temperatures (< 100 K) to establish a steady
temperature profile across the device, the thermal voltage was measured with the SMU
of a Keithley 6430 Sub-Femtoamp Remote SourceMeter including its Remote PreAmp,
from the cold to the grounded hot sensor (lowest voltage measurement range (200 mV),
forcing zero current flow, with a current output range of 10 pA). This measurement
unit allowed for a very high input impedance (Rj, > 10'6 Q), enabling reliable thermal
voltage measurements of highly resistive samples and hence enabling measurements
down to low temperatures and small overdrive voltages (Voy = Vgs — Von < 1V, with
Von the onset voltage).

It is worth to note that the hold time of the heater voltage was chosen to be substantially
longer than for the devices presented in the previous section that were measured in the
BCT-43 MDC Nagase & Co., LTD. testing chamber. It is presumed that the significantly

longer thermalization time of the substrate for a given heater power in the Lake Shore
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Cryotronics Inc., CRX-4K probe station is due to the much smaller thermal mass of
the sample stage. However, the advantage of the smaller thermal mass of the CRX-4K
sample stage is a much faster stabilization time upon resetting the stage temperature of
around 20— 30 min. To further improve thermal contact particularly at low temperatures
VGE-7031 varnish instead of Apiezon N has been employed as a thin thermal contact
layer between the sample holder and the substrates. VGE-7031 varnish offers much
higher thermal conductivities (k) at low temperatures compared to Apiezon N (e.g.
at 4.2 K k = 0.062 W m~! K~! for VGE-7031 varnish versus x = 0.005 W m~! K~!
for Apiezon N), which in turn improves out-of-plane heat conduction, leading to more
efficient cooling. This allows for larger temperature differences at a given heater power
and thereby reduces the relative errors in the Seebeck coefficient measurement (as will
be further discussed in section 3.3.2). Furthermore, VGE-7031 varnish did not undergo
any phase transitions within the investigated range of temperatures (50 — 300 K), while
Apiezon N has typically been found to crystallize at temperatures < 180 K and in this
phase the out-of-plane heat conduction was significantly hampered.

The sequence of gate and heater voltage application and subsequent thermal voltage
measurement was repeated at each temperature for 11 heater powers and 15 gate
voltages in the range given above. Representative thermal voltage measurements of
the RN dense short-tube (RN-d-st) networks between 50 K and 300 K as well as the
corresponding gate voltages and heater powers are shown in Fig. 3.10. At each temper-
ature, after measuring the thermal voltages, the hot and cold 4pp sensor resistances
(Rnot and Rcoq) were measured in dependence of heater power (same range as for
the thermal voltage measurements and three sweeps of ten data points per heater
power) using both SMUs of a Keithley 2612B Dual Channel SourceMeter, in order to
establish the temperature differences during the thermal voltage measurement according
to Eq. 3.1. For the temperature coefficient of resistance of the hot and cold sensor
(% respectively d]fl%ld), the averaged 4pp resistances at zero heater power at each
temperature were considered. For the analysis of the Seebeck coefficient only those
heater powers were considered that caused a maximum rise in temperature of the hot
sensor of approximately 15 K, in order to keep the average sample temperature close
to the set sample stage temperature. Representative measurements of the hot and
cold 4pp sensor resistances of the RN-d-st devices for different temperatures at zero
heater power and in dependence of heater power (representatively at 300 K and 200 K)
are shown in Fig. 3.11. Finally, the Seebeck coeflicients were obtained as the slopes
of the linear regression fits of the thermal voltage versus the temperature difference.
Representative fits to obtain the Seebeck coeflicients of the RN-d-st networks at 300 K
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Figure 3.10. Thermal voltage measurements of SWCNT networks
voltage measurements of the RN dense short-tube networks (RN-d-st) in dependence of temperature

(50 K to 300 K), gate voltage (a) and heater power (b) are shown (c). A strong modulation of the thermal
voltage with carrier density is evident. In order to obtain the charge density and temperature-dependent

Seebeck coefficients, a calibration of the temperature difference between the resistance sensors for a

specific heater power and temperature based on Eq. 3.1 is necessary.

for hole (Vgs = —7 V to —1 V in steps of 0.5 V) and electron (Vg =7 V to 1 V in steps

of —0.5 V) transport are shown in Fig. 3.12.
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Figure 3.11. Sensor resistance measurements of SWCNT network-based thermoelectric
devices. Representative 4pp resistance measurements of the hot and cold sensor (Rhot respectively
Reola) of the RN dense short-tube (RN-d-st) network device versus temperature at zero heater power
(a) as well as versus heater power at 300 K (b) and 200 K (c) are shown. For lower temperatures the
heater power had to be restricted more strongly (to keep the maximum rise in temperature of the hot
sensor less than approximately 15 K), as the reduced out-of-plane heat extraction lead to strong heating
effects even for small heater powers.
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Figure 3.12. Seebeck coefficient extraction of SWCNT networks. Representatively, the
thermal voltages of the RN dense short-tube networks at 300 K for hole (Vgs = —7 V to —1 V in steps
of 0.5 V, (a)) and electron (Vgs =7 V to 1 V in steps of —0.5 V, (b)) transport versus the temperature
difference between the resistance sensors are shown. The Seebeck coefficient was obtained as the slope
of the linear regression fit at each gate voltage. The Seebeck coefficient extraction was limited to those
data points that maintained the rise in temperature of the hot sensor to less than approximately 15 K.
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Multifunctional devices for conducting material systems

The multifunctional devices shown in Fig. 3.3 have been designed to measure the 4pp
conductivity, Hall and Seebeck coefficient of conducting respectively molecularly doped
material systems on the same chip. Similar to the further improved gated Seebeck
devices (Fig. 3.2) the branching points of the 4pp resistance thermometers have been
moved close to the active area. This allows for more accurate measurements of the
temperature at the hot and cold resistance sensor within the active area region of
interest and therefore more accurate measurements of the Seebeck coefficient. COMSOL
simulations of the temperature profile across the devices by William Wood, PhD student
in Prof. Sirringhaus’s group, have further confirmed that a single strip line heater as
employed in all devices presented in this thesis, causes negligibly small temperature
gradients along the vertical (y-) direction of the resistance sensors (seen from the centre
position of the resistance sensors), particularly when the branching points are close to the
active area. Serpentine heaters instead can cause significant temperature distributions
along the y-direction, which can lead to inaccurate measurements of the temperature
at the resistance sensors in the active area region of interest. Compared to the gated
Seebeck devices (Fig. 3.2), as discussed in sections 3.2.2 and 3.2.3, substantially different
dimensions for the active area have been chosen, due to the following two considerations:
for reliable Hall voltage measurements the device length L should be much longer than
the device width W (L > W) to avoid field-line distortions along the y-axis within
the active area at the Hall probe positions due to the fixed potential of the source
and drain electrodes.?’’ L should be at least four times as long as W (L > 4- W) and
therefore L = 4 - W has been employed for the presented devices (see section 3.2.3).260
Both AC and DC Hall measurements have been performed with the designed devices
in Prof. Sirringhaus’s group, but will not be further discussed here. Further devices,
with L=6-W, L =8 -W and L = 10- W have been designed but not employed for
the thermoelectric transport measurements to minimize the effect of inhomogeneous
weighing of contributions to the thermal voltage from different regions along the x-axis
of the active area (due to non-linear temperature gradients along the z-axis), which
is inevitable when moving the resistance sensors further apart. Whether devices with
such long channels are in fact detrimental to measurements of the Seebeck coefficient
needs to be established in future experiments. As long as the thermal voltage is a
linear function of the temperature difference, meaning that it is a linear response to this
temperature difference (AT < T'), even such non-linear temperature profiles should be
acceptable for Seebeck coefficient measurements of homogeneous samples. The second

reason for the chosen device dimensions, is related to the fact that the relative error in
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the Seebeck coefficient measurement (see further discussion in the following section)
can be reduced by increasing the spacing between the resistance sensors. Considering
that molecularly doped material systems are highly conducting, with device resistances
on the order of k) to M) depending on doping level and temperature, they are much
less restrictive on the W/L ratio. For gated thermoelectric devices this ratio needs
to be high in order to keep the device resistance low, allowing to extend the range of
temperatures and charge densities before the load resistance becomes considerably large
compared to the input impedance of the thermal voltage measurement unit (SMU).
Since the resistance of conducting material systems is inherently low, ratios as low as
W/L = 0.1 can be employed without concern, reducing the relative error in the Seebeck
coefficient measurements.

Temperature-dependent 4pp electrical conductivity and Seebeck coefficient measure-
ments of ion-exchange doped PBTTT were performed under vacuum (< 10~% mbar) in
a six-probe closed-cycle cryogenic probe station (Lake Shore Cryotronics Inc., CRX-4K)
with a Keithley 2612B Dual Channel SourceMeter and a Keithley 6430 Sub-Femtoamp
Remote SourceMeter including Remote PreAmp. The principle measurement routine
was identical to the one introduced for the field-effect-modulated Seebeck coefficient
measurements of the polymer-sorted SWCNT networks (apart from the loop over the
gate voltage). For the 4pp conductivity measurements one SMU of the Keithley 2612B
was used to sweep the source-drain voltage (Vgs) from —0.1 V to 0.1 V. The other SMU
of the Keithley 2612B was used to measure the potential between the upper right Hall
probe (closer to the drain) and the source (Vp1, between pads 4 and h2), while the
SMU of the Keithley K6430 including pre-amplifier was used to measure the potential
between the upper left Hall probe and the source (Vpa, between pads 3 and h2). Hence,

the 4pp conductivity was obtained according to:

__.D Ol
P R 9V — Viea)

: (3.2)

with D = 140 um the distance between the Hall voltage probes, W = 105 wm the
channel width, A ~ 60-100 nm the PBTTT film thickness determined by atomic force
microscopy (AFM) and Igs the source-drain current. Once again one SMU of the
Keithley 2612B has been employed to vary the heater power by changing the heater
voltage from 0 — 3 V in steps of 0.3 V for the sensor resistance and thermal voltage
measurements, while the thermal voltage was measured again with the SMU and pre-
amplifier of the Keithley K6430 from the cold to the grounded hot sensor. Further

details are discussed in chapter 6.
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3.3.2 Error analysis and accurate Seebeck coefficient measurements

In the following the relative errors of the Seebeck coefficient measurements shall be
analysed. The analysis is presented for the field-effect-modulated Seebeck coefficient
measurements of the semicrystalline polymer P(NDI20D-T2). The respective modific-
ations in the analysis due to the modified device designs and employed measurement
units for the SWCNT network-based gated Seebeck as well as multifunctional devices

are outlined at the end of this section. Recalling the definition of the Seebeck coefficient:

Vin
S=— 3.3
AT (3.3)
and substituting AT with Eq. 3.1, the Seebeck coefficient can be expressed as:
Vi
S = th . (3.4)
ARyt dRcold
w- (di‘%ﬁt - df%ZZld>
dT dT
Defining the "bracket value’ B as
dRhot dRcold
_ dw aw
B = dRyot o dRco1d ’ (35)
dr dT

and x = S - B, the relative error in the Seebeck coefficient can be expressed as:

() () - (%)

These two contributions originate from the fact that x is first obtained from a linear fit

of the thermal voltage versus heater power (times B), which causes a fitting error Az
and then z is divided by B, which has an error AB itself, to obtain S.
The measurement errors in the thermal voltage and the heater power are negligible as
explained in the following, but are also contained in the fitting error Az. The relative
fitting error Az is usually <1 %.
Since the measured thermal voltages are in a range of 0 to 2 V, the resolution in the
thermal voltage measurement AV, according to the data sheet of the Agilent SPA
41568 is around 2 uV. In principle the relative error in the measured thermal voltage
could be quite large, however since the extracted Seebeck coefficient does not change
when only the three data points with the highest heater powers are considered for the
linear fit of the (AT, Vi) data points (compared to all data points), it is justified to
consider the measured thermal voltages to be on the order of 0.2 to 2 mV. Therefore,
the relative error in the thermal voltage measurement is in the worst case around 1 %:
AVy  2-1076V
Ve 2104V "~

0.01. (3.7)
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The error in the heater power W = Vieater * Theater Can be written as:

aVvheater
= \/ Iheater : AVheaﬂ:er)2 + (Vheater : AIheater)2-

According to the data sheet of the SPA, the resolution in the output voltage in a voltage

ow
AW = \/ Vheater)2 + (m : AIhea‘ce]r)2 (3.8)

range of 0 to 20 V is AVyeater = 100 mV. The resolution in the current measurement in
a current range from 0 to 10 mA, is Alneater = 10 nA. The highest error occurs when
the heater current lheater and heater voltage Vieater are the highest, which means for
the highest applied heater powers. In that case the heater current is around 7 mA and
the heater voltage around 10 V, which means that the error in the heater power in the

worst case scenario reads as:

AW =/(7-103 A~ 10-1V)2 + (10V - 10- 10-9 A)?

(3.9)
~T7-1074W.
Therefore, the relative error in the worst case scenario is around 1 %:
AW  7-107*W
~ 0.01. 3.10
W 70-103W ( )
The relative error in the bracket value B can be significantly larger. Defining o = %R—v*{;’“,
8= dg%ot, v = df}%}ld, 0= d@gﬁld, a= and b= % and considering that:
AB 1
o Aa)2 -+ (AD)2

A\ (Ag)
A“:a‘J a) +<BB> (3.11)
2
AJ ) (2
0% 0

the relative error in the bracket value (%) can be written as:

() -5y () - () [+ |(2) ()

The relative errors in the measured resistances are smaller than 1 % as explained below,
but are contained in the fitting error AB. With Rgens = % and

2 2
A1%sens AVvsens Al sens
= —_— —_ 3.13
Rsens \J ( Viens * Isens ’ ( )

+ b2 (3.12)
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where Isens = 1074 A, Alns = 1078 A according to the Agilent SPA handbook for the
current output range from 0 to 100 A, Viens = 0.1 V and AViens = 2 1V according to
the voltage measurement resolution of the SPA for the voltage range from 0 to 2 V, the

relative error in the resistance measurement is approximately:

ARgms | (2-1076V 2+ 1084\
Rems |\ 1071V 10-TA (3.14)

~ 1074

Considering this analysis, the total relative error in the Seebeck measurement is domin-
ated by the relative error in the bracket value A?B, which is caused by the several fitting
errors during the linear regression fits to extract the change of the sensor resistances
with heater power and temperature. A—BB has been reduced to approx. 6 % (compared
to previous > 10 %) using 4pp resistance calibration measurements (for the device
structure in Fig. 3.1).

With respect to the modification of the measurement unit to the Keithley K2612B
and K6430, the presented analysis is still valid, meaning that Av‘t/;h, AWW an
still < 1 % and negligible compared to %, considering that the resolution of these
units is generally higher than that of the Agilent SPA 4156B. For instance the voltage
measurement resolution in the relevant lowest voltage range is 0.1 uV and 1 nV for the
Keithley K2612B and K6340 respectively (compared to 2 uV for the SPA).

Aside from the added 4pp voltage probes the advantage of the device structure em-
ployed for the SWCNT networks (Fig. 3.2) over the one employed for the gated Seebeck
coefficient measurements of P(NDI20D-T2) (Fig. 3.1) is predominantly an improved

ARSEI’IS
d Ssns are

measurement accuracy. Moving the branching points of the resistance sensors closer to
the active area and establishing a more one-dimensional temperature gradient via the
modified heater design, improves the accuracy of the local temperature and thereby
the Seebeck coefficient measurements (as also discussed in the previous section for the
multifunctional devices). The relative errors in the Seebeck coefficients were comparable
to the previous design and on the order of 5 %.

Concerning the further reduction of the relative errors in the Seebeck coefficient, it is
worth to note that the relative errors of the resistance change with temperature typically
exceed those of the resistance change with heater power (% > % and % > %) and
are typically on the order of 1 %. It is therefore obvious that the relative error in
the Seebeck coeflicient can be further reduced with more temperature calibration data
points. Furthermore, from Eq. 3.12 it is also evident that higher bracket values B lead

to a reduction in the relative error of the Seebeck coefficient. Higher bracket values can
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be achieved by moving the resistance sensors further apart and thereby improving the
cooling of the cold sensor (increasing B). It is presumed that the lower relative errors in
the Seebeck coefficients of ~ 2 % (for only 3-7 temperature data points) measured with
the multifunctional devices is predominantly enabled by this larger spacing between the

resistance sensors.

3.4 Structural characterization

3.4.1 Atomic force microscopy

Atomic force microscopy (AFM) images of the SWCNT networks were collected using a
Bruker corp. Dimension Icon atomic force microscope in ScanAsyst mode. The images

are reported in section 5.2.

3.4.2 Grazing incidence wide-angle X-ray scattering

As emphasized at the beginning of chapter 4 and 6, the grazing incidence wide-angle
X-ray scattering (GIWAXS) measurements were performed by Dr. Xuechen Jiao and
Prof. Chris McNeill from the Monash University in Australia. GIWAXS measurements
of the P(NDI20D-T2) films were performed at the SAXS/WAXS beamline at the

Australian Synchrotron.?6!

15 keV photons were used with 2-dimensional scattering
patterns recorded on a Dectris Pilatus 1M detector. Images shown in section 4.3 were
acquired at an incident angle close to the critical angle. Such images were chosen from
a series of images taken with incident X-ray angle varying from 0.02° to 0.15° in steps
of 0.01° with the chosen image showing the highest scattering intensity. The X-ray
exposure time was 1 s such that no film damage was identified. The sample-to-detector
distance was calibrated using a silver behenate sample. The results were analysed by an
altered version of the NIKA 2D?%2? based in IgorPro. A similar procedure was employed

for the GIWAXS measurements of the PBTTT films in section 6.2.

3.5 Optical characterization

3.5.1 Absorbance measurements

The absorption spectra of the SWCNT dispersions (section 5.2) and PBTTT films
(section 6.2) were obtained with a Cary 6000i absorption spectrometer (Varian Inc.).
An additional Glan-Taylor polarizer was used for the polarized UV-Vis measurements
of aligned PBTTT films in section 6.2.
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3.5.2 Raman spectroscopy

Raman spectra of the deposited SWCNT networks were recorded with a Renishaw plc
inVia Reflex confocal Raman microscope with a 50x objective (Leica, NA = 0.75). Maps
consisting of approximately 1600 spectra over an area of 100 x 100 pm? were collected
in StreamLine mode with three different lasers (532 nm, 633 nm and 785 nm). For each
sample, the spectra were averaged and baseline-corrected. The spectra are reported in

section 5.2.

3.5.3 Photothermal deflection spectroscopy

As emphasized at the beginning of chapter 5, the photothermal deflection spectroscopy
(PDS) measurements were performed by Dr. Mojtaba Abdi-Jalebi, visiting researcher of
the Optoelectronics Group at the University of Cambridge and University Lecturer at the
University College London. PDS measurements of the SWCNT networks were performed
with a custom setup similar to the one presented by Jackson and coworkers.?*263 Apart
from using Heraeus Spectrosil 2000 substrates, the SWCNT networks were prepared
as for the thermoelectric devices. The samples were held in a hermetically sealed
Suprasil quartz cuvette (Hellma GmbH & Co. KG) filled with an inert liquid (3M
Fluorinert Electronic Liquid FC-72), excited with a modulated monochromated light
beam produced by a 100 W Xenon arc lamp (Osram GmbH) and a CVI Digikrom DK240
monochromator and probed with a 670 nm fibre-coupled diode laser (iIFLEX2000,
Qioptiq Ltd.). The beam deflections were measured using a quadrant photodiode and a
lock-in amplifier (Stanford Research Systems SR830). The data and extracted Urbach

energies are presented in section 5.2.
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Charge and thermoelectric transport in
low-disorder, semicrystalline conjugated

polymers
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response of semicrystalline conjugated polymers with low energetic disorder. Commun.
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The device architecture employed for the work presented in this chapter was designed
by Dr. Deepak Venkateshvaran, postdoctoral member of Prof. Henning Sirringhaus’s
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postdoctoral member of Prof. Henning Sirringhaus’s group, were performed by Dr.
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Dr. Riccardo Di Pietro, at the time senior research scientist at the Hitachi Cambridge
Laboratory, and with support from Adj. Prof. David Emin from the University of New
Mezico in the USA.
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86 Chapter 4. Charge and thermoelectric transport in conjugated polymers
4.1 Motivation and outline

As outlined in section 1.2.2, in the past decade semicrystalline donor-acceptor copolymer
semiconductors with field-effect mobilities comparable to or even exceeding those of
amorphous silicon have been developed. While leading to significant advances in
flexible electronic applications, this evolution has exposed limitations of describing
charge transport in these materials with disorder-based models developed originally for
more disordered, lower mobility polymers. Here we show that the charge density and
temperature dependence of the field-effect electron mobility and gated Seebeck coefficient
in the semicrystalline polymer P(NDI20D-T2) with varying degrees of crystallinity
are incompatible with a description of charge transport being limited by energetic
disorder effects. We provide instead direct evidence of low-disorder, narrow-band
conduction. A spatially inhomogeneous density of states (DoS) and the inclusion of
short range electron-electron interactions allow to consistently explain both the measured
mobility and Seebeck coefficient. These results provide a rationale for improving the
thermoelectric efficiency of polymer semiconductors via increasing the extension of

crystalline domains.

The charge transport properties of conjugated polymers have experienced tremendous
progress in the past decade with the development of low-disorder amorphous as well
as semicrystalline polymers with charge carrier mobilities that outperform those of
amorphous silicon and make these materials suitable candidates for a variety of electronic
applications.!?5467 Most theoretical models of charge transport in conjugated polymers
assume transport to be dominated by energetic disorder effects and describe the trans-
port properties in terms of hopping between localized states or delocalized transport
above a mobility edge (ME).61:144159 Thege models were initially developed by Mott for
transport in strongly disordered inorganic semiconductors and provided an accurate
prediction of the temperature and charge density dependence of the conductivity, the
most prominent feature of amorphous inorganic semiconductors.'®* They have been
extensively refined by considering a Gaussian, exponential or more complex DoS in order
to better describe organic semiconductors.'®® Several types of hopping mechanisms have
been considered, most notably those developed by Miller and Abrahams as well as those
for polaron transport.!93161.167 Nevertheless, it has to be stressed that some of these
models have been employed outside their range of validity. Emin showed, for example,
that for both acoustic and optical phonons the Miller-Abrahams hopping rates only

emerge at very low temperatures, yet they are used frequently outside this range.!49:168
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Different approaches were developed to calculate the macroscopic transport coeflicients.
Among those are numerically solving the Master equation or applying a percolation
theory approach.61:154:159

While such energetic disorder-based models describe the transport properties of low-

159 it has recently been shown that they are not

mobility conjugated polymers very well,
applicable to some high-mobility systems: for nearly amorphous polymers with well-
defined near-planar chain conformation the energetic disorder broadening of the DoS can
become so low that nearly all repeat units along the polymer chain become thermally ac-
cessible for transport and that the charge carrier mobility becomes independent of carrier
concentration.’®?% In high-mobility polymers with strong aggregation and semicrys-
talline microstructure the description of transport is even more challenging:®%-67,69:264
one has to consider the heterogeneity of the electronic structure due to the coexistence
of crystalline and amorphous domains. There is clear experimental evidence for such
inhomogeneities in the DoS but these are usually not considered within disorder-based
transport models.?265:266 Tt was shown recently that energetic disorder models are not

135 Tn particu-

consistent with the measured microstructure of semicrystalline polymers.
lar, a common prediction of such models is a stronger charge density dependence of the
mobility with stronger energetic disorder. This is in contradiction with observations
that a stronger charge density dependence of the mobility is unambiguously tied to an
increase in average crystallite size, i.e., a higher degree of structural order.'3?

A better understanding of the transport properties of these polymers is urgently required
in order to make further progress on materials and device performance. For this a
more powerful, experimental methodology is needed as measurements of the charge
carrier mobility and its carrier concentration and temperature dependence alone can
often be fitted well by different transport models and different sets of parameters.!3?
Therefore, we extend such measurements to include simultaneous determination of
the thermoelectric Seebeck coefficient and its carrier concentration and temperature
dependence which allows us to constrain the possible transport models. We investigate
the more complex case of a semicrystalline, high-mobility polymer, in which the DoS
cannot be assumed to be uniform. We show that, although common disorder-based
transport models can reproduce the temperature and charge density dependence of the
mobility correctly, they fail to explain the temperature and charge density dependence
of the Seebeck coefficient simultaneously. We measure a temperature-independent
Seebeck coefficient which exhibits a %B In(10)-slope indicative of narrow-band transport
in a non-degenerate semiconductor. We show that in order to explain the full set of

experimental mobility and Seebeck data on such semicrystalline polymers consistently
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it is necessary to consider a spatially inhomogeneous DoS and include electron-electron

interactions through an explicitly charge density-dependent DoS.

4.2 Thermoelectric transport in the non-degenerate

regime

The Seebeck coefficient represents the entropy transported by a charge carrier divided
by its charge.?!9 It allows to directly probe the DoS as well as the relative contribution
to charge transport of different conduction channels within the DoS.

The general expression for the Seebeck coefficient in an independent-electron model with
a spatially homogeneous DoS can be derived from the Boltzmann transport equation

216,217

(see section 2.3.1) and reads:

1 [J(E- Br)o(E)E
S__eTl fa(FE)dE 1 (4.1)

where o(F) is the energy dependent conductivity function in the expression for the

conductivity:

o= /J(E)dE

(4.2)
= /6M(E)9(E)kBT <a](;(§)> dE,

with f(E) representing the Fermi-Dirac distribution function and ¢g(E) the DoS. In
Eq. 4.1 each charge contributes to the transported energy according to its excess energy
with respect to the chemical potential (F — Ep), weighted by the relative contribution
of the conduction channel @ to the total conductivity.

It can be shown that if the state occupancy is low, i.e. % < 1, where n is the
field-induced charge density and N is the total number of states per unit volume (in
semicrystalline systems, like the one investigated here, this includes states in both the
amorphous as well as the crystalline domains as well as spin degeneracy), the difference
in S between two carrier concentrations n; and ns with no > n; just depends on
the logarithm of the ratio of the two carrier concentrations. In this low-occupancy,
non-degenerate limit (£ < 1,|E — Ep| > kgT)) the Seebeck coefficient S assumes the
characteristic %B In(10)-slope when plotted against the logarithm of the charge density

and can be expressed in terms of N , the effective DoS that is thermally accessible to
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charge carriers contributing to transport:

S(ng) — S(TLl) = k?Bln (Z?)
. (4.3)
= S(n) = —%Bln (Z) .

This can be easily derived from the general expression for the Seebeck coefficient (within
a spatially homogeneous DoS) from Boltzmann transport equation (Eq. 4.1).
In the low-occupancy, non-degenerate regime the Fermi-Dirac distribution function

(f(E)) can be approximated with the Boltzmann distribution function and hence it

holds: ()
of(E)\ _ 1 E — Ey
(— 55 > T exp <— T ) . (4.4)

Therefore, if the Seebeck coefficient for a certain charge density nj respectively Fermi

energy Fp is:

1 | J(E = Er)g(E)u(E) exp (-5 dE
=T JoEyw(Byexp (~55)dE | )

then the Seebeck coefficient for no respectively Ep = Ep + AE is:

. 1| (B~ Er)g(B)u(E) exp (~ 5 7F ) dE

S(Ep) = —— " :
T J 9(E)yu(B)exp (~ 558 ) dE (4.6)
= S(Ef) + %.

AFE can be expressed in terms of the charge densities ny and ne by considering:

ny = n(Ep) = /g(E) exp (- E}f;ﬁ‘“) dE,

(4.7)

AFE

ny = n(Er + AE) = nj exp T )
B
Hence AE = kgT'In (Z—f) holds and therefore we arrive at Eq. 4.3:

N kB ng
S(ng) =SMm1)+ —In—|. (4.8)

e ni

Furthermore, the observation of a %Bln(l())—slope of the Seebeck coefficient when

plotted against the logarithm of the charge density necessitates the low-occupancy,
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non-degenerate regime (’if and only if’- relationship). This can be easily shown as
follows:

If we observe a %Bln(l())—slope of the Seebeck coefficient when plotted against the
logarithm of the charge density, the following holds according to Eq. 4.3:

@ o S(ng) - S(nl)

= A . 4.9
e In(ng) —In(ny) ' 0" (4.9)

n

58

Let us consider an arbitrary ni, with £ = Z—f and an arbitrary n}, with £ = 7, then it
1
follows from Eq. 4.9 that:
S(€n) — S(n) = S(€nt) — S(nh), ¥, . (4.10)

Nevertheless, it is evident that when employing Eqgs. 4.1 and 4.2 to express the Seebeck
coefficients in Eq. 4.10, the equation only holds for all n; and nj if the Fermi-Dirac
distribution function is approximated with the Boltzmann distribution function. Hence,
we can follow: if we observe a %B In(10)-slope of the Seebeck coefficient when plotted
against the logarithm of the charge density, then we are in the low-occupancy, non-
degenerate regime (% < 1, Er outside the band) which is governed by Boltzmann
statistics.

Equation 4.3 describes the entropy-of-mixing contribution to the Seebeck coefficient,
which is the change of the entropy-of-mixing upon adding a charge carrier.?2!1:267 In
this way measurements of the Seebeck coefficient provide direct and powerful insight
into the DoS. It has been reported for several high mobility polymer systems such
as indacenodithiophene-benzothiadiazole (IDTBT), with a very well defined planar
polymer chain conformation that is maintained uniformly despite a nearly amorphous
microstructure, that N is approximately temperature independent via the observation
of a temperature-independent Seebeck coefficient in the low-occupancy regime.?* Fur-
thermore, it has been shown that the slope extracted from a plot of the field-effect gated
Seebeck coefficient against the logarithm of the carrier concentration exhibits a value
close to %B In(10).54

4.3 Structural characterization

We investigate P(NDI20D-T2), a widely studied n-type conjugated polymer with a
relatively high electron mobility on the order of 0.1 cm? V~! s71.69 We have fabricated
top-gate, field-effect transistors with an on-chip heater (Fig. 4.1a, b, see section 3.2.1 for

further details) to characterize both charge carrier mobility and the Seebeck coefficient
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Figure 4.1. Device architecture and model illustration. Schematic of the device structure of
the thin film transistors with an on-chip heater element (a, b: modified dimensions for illustration) as
well as the microstructure of the semicrystalline polymer semiconductors (c) and the molecular structure
of P(NDI20OD-T?2) (d) are shown.

in the same device.?»?” P(NDI20D-T2) was spin-coated from a 5 g L ~! solution in
toluene and the gate dielectric was PMMA (see sections 3.1 and 3.2.1 for further details).
It has already been shown how by controlling the processing conditions it is possible to
selectively tune the size of the crystalline domains in these films while keeping other
properties such as cumulative positional disorder, energetic disorder and polymer chain
orientation in the crystalline domains unaffected (microstructure illustrated in Fig. 4.1c,

135 Here we focus on films annealed at 200 °C

molecular structure shown in Fig. 4.1d).
and films dried in a vacuum oven (as-cast).

We characterised the microstructure of each polymer film by 2D grazing incidence wide-
angle X-ray scattering (GIWAXS) (Fig. 4.2, see section 3.4.2 for further experimental
details). 1D GIWAXS in-plane (IP) and out-of-plane (OOP) intensity profiles are shown
in Fig. 4.3a and Fig. 4.3b. Coherence length and lattice parameters are extracted from
these datasets and summarized in Table 4.1. Upon annealing we observe an increase in

coherence length from 2.1 nm to 3.5 nm along the m-7 stacking direction, from 16.5 nm
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Figure 4.2. 2D grazing incidence scattering patterns of P(NDI20D-T2) polymer films.
The GIWAXS patterns for the 200 °C annealed film (a) and the as-cast film (b) are shown. The peak
assignments are based on previous reports.?%®2% From the diffraction peaks an increase in coherence
length in all directions upon annealing is evident. This indicates an increase in the average volume
of crystalline domains by a factor of 4 and the average lamellar area (relevant for charge transport in
OFETS) by a factor of 2. The measurements have been performed by Dr. Xuechen Jiao and Prof. Chris
McNeEeill.

to 20.7 nm along the backbone direction and from 20.1 nm to 38.1 nm along the lamellar
stacking direction, indicating an increase in the average volume of crystalline domains
by a factor of 4 and the average lamellar area (relevant for charge transport in organic
field-effect transistors (OFETS)) by a factor of 2 (Table 4.1). D-spacings along the three
crystallographic directions are not appreciably altered by the annealing (Table 4.1).

4.4 Electric and thermoelectric characterization

Both charge carrier mobility and Seebeck coefficient have been measured as a function
of temperature and charge density, according to the procedure reported in section 3.3.1.
The temperature calibration of the source and drain contacts was performed with a
4-point-probe calibration (Fig. 4.1b). The temperature-dependent saturation mobilities
for the annealed and as-cast device were extracted from saturation transfer curves
(section 3.3.1, Figure 3.4) according to ref. [138] and are presented in Fig. 4.4a and
Fig. 4.4b respectively. The extracted mobility is thermally activated for both films
with large and small crystalline domains. In contrast to nearly amorphous polymers

like IDTBT the annealed sample, with large crystalline domains shows a pronounced
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Figure 4.3. 1D GIWAXS profiles. In plane (a) and out of plane (b) 1D GIWAXS profiles are
shown. The peak assignments are based on previous reports.?582% From the sharper diffraction peaks,
the (100) lamellar stacking peak, the (010) w-7 stacking peak and the (002) backbone stacking peak, an
increase in coherence length in all directions upon annealing is evident (black line: as-cast condition,
red line: 200 °C annealed condition). The measurements have been performed by Dr. Xuechen Jiao

and Prof. Chris McNeill.

Table 4.1. Lattice parameters and coherence lengths from 2D GIWAXS measurements.

( Afl) P Lamellar FWHM Coherence
1 (100) stacking (A) | (A=1) 1P length (A)
IP (100) (100) IP (100)
P(NDI20D-T2) 200 °C 0.248 25.32 0.0165 380.61
P(NDI20D-T2) as-cast 0.256 24.51 0.0312 201.28
( A‘l) P Backbone FWHM Coherence
1 (002) stacking (A) | (A=1) 1P length (A)
IP (002) (002) IP (002)
P(NDI20D-T2) 200 °C 0.883 14.22 0.0303 207.26
P(NDI20D-T2) as-cast 0.896 14.02 0.0381 164.83
( A-1 ) T FWHM Coherence
O(q)P (010) stacking (A) | (A=) OOP | length (A)
OOP (010) (010) OOP (010)
P(NDI20D-T2) 200 °C 1.644 3.82 0.1799 34.91
P(NDI20D-T?2) as-cast 1.624 3.87 0.2969 21.15
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Figure 4.4. Saturation mobility (1) and Seebeck coefficient (S) versus charge density
(n). Charge density and temperature-dependent saturation mobility as well as Seebeck coefficient
measurements of the 200 °C annealed (a, ¢) and as-cast device (b, d) are shown. The fits of the Coulomb
enhanced charge transport (CET) model'*® (solid lines) and the ME model'** (dashed lines) are presented
as well. The fitting parameters for the CET fits are Fparr = 95 meV, po2c = 20 - % cm? V7! s_l,
N =2-10%° cm™ (a-d) and G ~ 80 meV, po = 0.75 cm? V™ 57! (a, c) respectively G ~ 120 meV,
o = 1.35 ecm? V7 1ls?! (b, d). The fitting parameters for the ME fits are Eqcep = —8 €V, Waeep = 0.01 €V,
Fo= —4¢6V, Ec = 0.037 &V, Nyot = 2-10%° ecm™ (a-d) and o = 0.7 cm? V7' s71 Niain = 5-10' cm ™3,
Wian = 0.042 eV, E, = 0 €V (a, c) respectively puo = 5.2 em? V71 57t Ny = 1.8 -10%° cm ™3,
Wiait = 0.018 eV, E, = 0.04 eV (b, d). The relative error in the Seebeck coefficient is approx. 7 %,
calculated from the intrinsic current and voltage measurement errors of the Agilent SPA 4156B as well
as the linear regression fit errors from the sensor resistance calibration and the thermal voltage versus
temperature difference plots (shown as error bars on the data points).

charge density dependence of the mobility and an overall higher mobility than the
as-cast sample (with small crystalline domains). In the as-cast sample the mobility
is independent of the carrier concentration. This behaviour is fully consistent with
previous mobility measurements on the same system which used normal FET device
architectures without integrated heaters.!3

In addition to these saturation mobility measurements, the charge density and temperature-
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dependent Seebeck coefficient measurements of the annealed and as-cast device are
presented in Fig. 4.4c and Fig. 4.4d respectively. Within the uncertainty of the measure-
ment (approx. 7 %, the full error estimation is reported in section 3.3.2), we measured
a very similar Seebeck coefficient for the two different samples. We observe a slight
increase in the Seebeck coefficient with decreasing temperature, however such increase
is within the precision of our measurement: the variation of the Seebeck is less than
14 % in the range 180 K - 300 K, and can consequently be considered to be constant
in this temperature range. The slope of the Seebeck coefficient versus charge density
of 220 uV K~! decade™! is close to the ideal slope of ]%B In(10) (corresponding to
198 uV K~ decade™!) and a total DoS of N = 2-10% cm™3 is extracted from a fit to
the Seebeck data for both annealed and as-cast films, despite the average crystallite
size increasing by a factor of 2 upon annealing. If the increase in crystallite size was
connected to a reduction of the amorphous states and an increase of the crystalline ones,
it would cause an increase in the Seebeck coefficient of ]%B In(2) =~ 60 nuV, which we
do not observe in our measurements. The fact that N stays constant indicates that a
smaller number of larger crystalline domains are formed upon annealing so that the total
number of electronic states is not changed significantly. This is in agreement with the
results of UV-Vis spectroscopy, which show that the density of aggregates in the films
does not change upon annealing.” The density calculated from the Seebeck coefficient is
lower than the one estimated from UV-Vis (approx. 4-10% cm™3) but there are several
factors that can contribute to such difference. The monomer density is estimated from
the lattice spacing of the crystalline fraction, and might lead to an overestimation of
the total (crystalline + amorphous) monomer density. UV-Vis spectroscopy probes the
bulk of the film, while the transport measurements probe the top surface, and the ratio
between crystalline and amorphous domains can be different among the two. A more
fundamental issue that will require further analysis is that the estimate from UV-Vis
is obtained by probing the neutral molecules and neglects effects related to polaron

formation that are instead captured by the Seebeck coefficient measurements.?64

4.5 Evidence of low-disorder narrow-band conduction

From the experimental results we can draw some important general conclusions that do
not rely on specific modeling. The observation of a %B In(10)-slope and the temperature
independence of S is direct evidence that the band in the DoS that contributes to
transport is narrow with negligible disorder and that we are in the non-degenerate limit
(Er outside the band). The Seebeck coefficient follows a modified Heikes formula?*> in



96 Chapter 4. Charge and thermoelectric transport in conjugated polymers

which N is not equal to the total DoS N = 10?! cm ™2 that can be estimated from the
density of repeat units of the polymer, but is 5 times smaller. This result is consistent
with the semicrystalline microstructure of P(NDI20D-T2). Our interpretation is that in
this system N reflects the DoS in the crystalline domains N¢, which is the band where
most of the charges accumulate.'?® The temperature independence of S indicates that
these states are not significantly disorder-broadened. The contribution to the DoS from
the amorphous domains is expected to be energetically offset by more than 100 meV
from the crystalline states due to the difference in bandgap between crystalline domains
and amorphous regions and does not directly contribute to transport and to §.13?
This raises the question how the strong gate voltage dependence of the mobility in
the films annealed at 200 °C can be explained. It is straightforward to show generally
that in the independent-electron approximation no charge density dependence of the
mobility can be observed for a semiconductor in the non-degenerate limit:

In the low-occupancy, non-degenerate regime the Fermi-Dirac distribution can be

approximated with the Boltzmann distribution function and hence two arbitrary charge

f:nQ:exp<AE>, (4.11)

densities n1 and no obey:

niy kBT
according to Eq. 4.7. Following Eq. 4.2 the corresponding conductivities can be written

as:

71 = [ en(B)g(B)ksT (—W) IE.

3f(E»EF,2)> IE.

(4.12)
oy = /eM(E)g(E)kBT <— 5

By approximating the Fermi-Dirac distribution with the Boltzmann distribution and
consequently considering Eqs. 4.4 and 4.7, Eq. 4.12 can be written as:
AFE > . ng

a8 2 41
kel )~ (4.13)

ngalexp< n.
1

Substituting oo = enous and o1 = enjp into Eq. 4.13 immediately leads to:

Hno = ul,vm,n% (4.14)

in the low-occupancy, non-degenerate regime within the independent-electron approx-
imation.
The observation of a %B In(10)-slope in the plot of the Seebeck coefficient versus the log-

arithm of the charge density is therefore not compatible with a charge density-dependent
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mobility in the independent-electron approximation. We would like to emphasize that
these conclusions are general, are not obtained from a specific charge transport model
and are made possible by the high accuracy with which the Seebeck measurements have
been performed. The results rule out the possibility of describing transport using any
type of model which is based on the effect of disorder on the DoS, since they rely on
the semiconductor being treated as a degenerate system.

This is evident when fitting our results with a mobility edge (ME) model, as we did in
Fig. 4.4.'* We present the shortcomings of a ME model'** in order to exemplify and
emphasize the necessity for the consideration of the inhomogeneity of the DoS as well
as electron-electron interactions.

The key concept of all ME models is a DoS that has trap or strongly localized low-
mobility states at energies below a ME at energy Ej, while high-mobility extended
states are considered above this ME. Within such a model a stronger charge density
dependence of the mobility can be modeled by an increase in disorder and a broadening
of the DoS: with increasing charge density, the chemical potential (Er) moves higher in
the band modifying the trapped (or low mobility) to high mobility charge carrier ratio.
Such change is stronger for more disordered systems. In the ME model considered by
Chang et al.'** two exponentially decaying contributions of localized states (shallow and
deep states) with zero contribution to the total mobility as well as a density of extended
states in the form of a free electron gas (g(E) « v E) above the ME are considered.

These three contributions can be expressed as:

Ntail Edeep E— EO - Edeep
E) = —deep T N7 Rdep ) po R Eo,

gdccp( ) Wtail P Wtail P Wdeep deep TR

Niai E—E
g(E) = gtail(E> = _tail €xXp 0 , Edeep +Ey < E < Ey, (415)

Whail Whail

Jmob(E) = &\/Ec-FE—Eo, Ey < E < Ey + Enax,
Wtail V EC - n

where Ni,j is the concentration of tail states, Wi,y is the width of the exponential
shallow trap distribution, Wgeep is the width of the exponential deep trap distribution,
Ejy is the energy of the mobility edge, which is set to g = —4 eV corresponding to the
LUMO energy of P(NDI20D-T2) and E¢ is a parameter used to tailor the width of
the density of mobile states which is set to Ec = 0.037 eV according to ref. [144]. For
all fits in Fig. 4.4 the energy of the deep traps was chosen as Egcep = —8 €V in order
to avoid the contribution from deep traps because we have no experimental evidence
suggesting that deep traps should be considered in the description of charge transport
in P(NDI20D-T2). In order to obtain a physical meaningful DoS we fix the total
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DoS (Niot) and hence limit the width of the mobile band to Fyax. Fmax is obtained

according to:

Edeep+EO EO EO+Emax
Niot = | Gacep(E)dE + guail(B)E + o (E)E. (4.16)
—o0 Edeep+E0 Ey
Since we did not consider any contribution from deep traps (Eqeep = —8 €V), the choice

of Wieep is irrelevant. The total DoS (Vi) was set to Nyoy = 2- 10%° cm ™3 according to

a fit of the Seebeck coefficient data with Heikes formula for both preparation conditions

235

(see section 4.4).“>° The Fermi-energy (Ey) for each gate voltage respectively charge

density is found according to:

Edeep+E0 FEy
ot = / Gacep(E)F(E, Er)dE + gait(E) f(E, Ey)dE

- Edeep+E0

E0+Emax
+ . 9mob(E) f(E, Ep)dE (4.17)

0

€0 " €r

= (Vg s V;)n >

where ¢, = 3.6 for PMMA, d = 300 nm for the dielectric layer thickness and the
thickness of the accumulation layer was assumed to be h = 2 nm.!™ At 300 K the onset
voltage (Von) is Von = —8 V for the annealed sample and V,, = —1 V for the as-cast
sample. The density of mobile charge carriers (nmop) is obtained using the obtained

Fermi-energy (EF):

EOJFEmax

nmob(VgS7 T) = /E gmob(E)f(Ey EF)dE (4'18)

Consequently, the mobility is calculated from the ratio between the mobile and total

charge density:

E, ) nmob(VgSaT) (4‘19)

K = Ho €xp <—I<:BT

where F, is the polaron activation energy and pg is the mobility of a free carrier with

TNtot

zero polaron activation energy. Since the mobilities of the annealed device are fairly
high (~ 0.1 ecm? V! s71) the polaron activation energy was set to zero (E, = 0 eV),

while for the lower mobilities of the as-cast device the polaron activation energy was
1

Y

Niait = 5 - 101 cm™3 and Wi,y = 42 meV for the annealed condition (Fig. 4.4a, c) as
well as 19 = 5.2 cm? V71 571 Niain = 1.8-10%° cm ™3 and Wiai = 18 meV for the as-cast

condition (Fig. 4.4b, d), nicely illustrate the general feature of disorder-based transport

set to F, = 40 meV.'** The other resulting fitting parameters py = 0.7 cm? V=1 s~

models, showing a more pronounced charge density dependence of the mobility for a more
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strongly disordered DoS (Wi, = 42 meV for the annealed condition with large charge
density dependence versus Wi,y = 18 meV for the as-cast condition with small charge
density dependence). It was already argued earlier that these values of Wy; are not
consistent with microstructure and spectroscopic characterisation, including GIWAXS
and photothermal deflection spectroscopy measurements, in which both samples have
similar energetic and positional disorder.'3> It is worth to note that despite the fact that
the total DoS was set to Nio; = 2 - 1020 cm™3 for both preparation conditions, the ratio
of mobile to trap states was significantly different for the two conditions: 75 % mobile
states, Npob = 1.5 - 10%2° em ™3 and Nirap = 0.5 10%° cm ™3 (Bpax ~ 86.63 meV) for the
annealed and 10 % mobile states, Nyop = 0.2 - 1020 ¢cm—3 and Nirap = 1.8 - 1020 ¢m—3
(Emax =~ 1.97 meV) for the as-cast condition. Such massive change in the ratio of mobile
to trapped carriers upon annealing underlines the inappropriateness of this model.
Furthermore, despite the fact that the tail widths are in contradiction to previous
structural characterization of P(NDI20D-T2),'3% another key shortcoming of the ME
model is the large amount of fitting parameters allowing non-unique fitting parameter
sets. The DoS employed for fitting the charge density and temperature-dependent
mobility and Seebeck coefficient data of the two different fabrication conditions are
shown in Fig. 4.5. Clearly, this illustration underlines the non-physical result that the
microstructurally more disordered as-cast preparation condition has a less disordered
DoS according to the transport coefficient fits. This shortcoming is a general feature
of disorder-based charge transport models that tie the extent of the charge density
dependence of the mobility to the extent of disorder.

We can now show more convincingly that these DoS parameters required to fit the
mobility data are also not consistent with the measured Seebeck coefficient. The
modeled Seebeck coefficient calculated according to Eq. 4.1 has a much higher value
than observed in the experiments, a stronger charge density dependence with a slope
significantly higher than %B In(10) and predicts a temperature dependence of the Seebeck
coefficient which is much stronger than what could be consistent within the error of
our Seebeck measurements (Fig. 4.4c, d). This shows that the agreement observed
between fit and experimental mobility curve is just coincidental. The fit to the Seebeck
data is closer to the %B In(10)-slope for the as-cast sample. Here the measured charge
density dependence of the mobility is much weaker, hence the data can be fit with the
ME model using a tail density of Ny, = 1.8 - 10%° cm™3. But the accuracy of the fit is
still too poor (the model predicts a too large temperature dependence of the Seebeck
coefficient) and the reason is that when the band tails extend in the forbidden energy

gap the system cannot be considered as a non-degenerate semiconductor at the charge
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Figure 4.5. Density of states used for the mobility edge model fits presented in Fig. 4.4.
The solid black and orange curves show the DoS that were used for the ME model fits of the mobility
and Seebeck coefficient of the 200 °C annealed and as-cast preparation condition presented in Fig. 4.4.

The blue dashed and dotted lines are the Fermi factor at 300 K (kg7 (—%)) for the annealed

condition at n &~ 3.32-10'7 cm ™3 and n &~ 1.99 - 10'® cm™3. The dark red dashed and dotted lines are
the Fermi factor for the as-cast condition at n ~ 3.32-10'" cm™2 and n ~ 1.99-10'° ¢cm™3. The vertical
turquoise line represents the ME energy Eo = —4 €V respectively the LUMO energy of P(NDI20D-T2).

densities we are considering here. Hence, it is impossible for the model to predict the
%B In(10)-slope we measure or the lack of temperature dependence, regardless of the
specific choice for the DoS.

To show that this is a general issue and not specific to the model we chose, we have ex-
tended our comparison in Fig. 4.6a to other disorder-based models which are commonly
employed to describe charge transport in semicrystalline polymers including the one
investigated here (P(NDI20D-T2)).13%:155,164.221 Tn particular, we have extended our
analysis to the variable-range hopping (VRH) and mobility edge (ME) model by Mott
as well as to the transport model that was recently developed by Snyder and coworkers
for conducting polymers (Fig. 4.6a).17%:164171,221,229 The oraph in Fig. 4.6 shows the
measured Seebeck coefficient of the 200 °C annealed device versus conductivity at 300 K
and 200 K, as well as the fits with the different transport models. To convert the
mobility into conductivity (o = 7= “/igj M(Vg’s)dvgs) we estimated a channel thickness
of 2 nm.'™ A slightly different value would lead to a small rigid horizontal shift of the
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Figure 4.6. Seebeck coefficient (S) versus conductivity (o) as well as Coulomb enhanced
charge transport (CET) model illustration. The measured Seebeck coefficient versus conductivity
of the 200 °C annealed device at 300 K and 200 K, as well as the fits of different transport models are
shown in panel (a).!3%155:164221 Tor the fits with the VRH Mott model the following parameters were
used: v =1/3 and &4 = 6.15387 nV K2 (pink and green dashed dotted lines). A = 0 has been used for
the ME Mott fits (orange and dark red dashed lines). The fitting parameters for the CET model (solid
black and solid blue line)'3® are the same as in Fig. 4.4. For the fits with Snyder and coworkers’ model
the following conductivity prefactors were used: oo = 0.151 S cm™* (s = 1, 300 K, turquoise dashed
line), oo = 2.2 mS cm ™! (s = 3, 300 K, olive dashed line), oo = 0.051 S cm™" (s = 1, 200 K, purple
dashed line) and 09 = 0.82 mS cm™* (s = 3, 200 K, dark green dashed line). Panel (b) illustrates the
two key processes of the CET model. The first process is exemplified as having single independent
electrons in a crystalline domain and the second process of two charges in a crystalline domain raised in
energy due to their Coulomb interaction.

data which would not affect any of the conclusions obtained from the analysis.

The original ME model by Mott was evaluated following a similar procedure as presen-
ted by Glaudell et al., i.e. fitting the temperature dependence of the conductivity
at each charge density in an Arrhenius plot in order to extract the charge density-
dependent activation energy EFa = Bln(o) + C' (which was assumed to be temperature
independent).1?5:229 The Arrhenius plots (In(o) versus 1/7) for the annealed preparation
condition at eight different charge densities (corresponding to the gate voltages Vo =0V
for nq ~ 2.65 - 10'® ¢cm™3 in steps of 5 V up to Ve = 35V for ng =~ 1.43 - 10" cm—3)
as well as the corresponding charge density-dependent activation energy are shown
in Fig. 4.7. Using these extracted activation energies the Seebeck coefficient data of
the 200 °C annealed preparation condition at 200 K and 300 K was fit according to

S = %B (%) + A, with A > 0 as a free fitting parameter (where the activation en-
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Figure 4.7. Activation energy extraction for the analysis with the mobility edge Mott
model. The natural logarithm of the conductivity of the 200 °C annealed preparation condition for
eight different charge densities (corresponding to the gate voltages Vy = 0 V for n; ~ 2.65 - 10*® cm ™3
in steps of 5 V up to Vi = 35 V for ng ~ 1.43 - 10*® cm™®) is plotted against 1/7" (a) in order to extract
the charge density-dependent activation energy Ea (b) for the ME Mott analysis. The solid lines in
panel (a) represent the linear regression fits used to extract the activation energies from the slopes of
these fits.

ergy for the Seebeck coefficient was estimated to be equal to the activation energy of the
conductivity and assumed to be temperature independent, A = 0 obtained).'?5229 The
fit fails to follow the temperature dependence because of the predicted 1/T-temperature
dependence of the Seebeck coefficient, which is in contrast to the measured values that
are temperature independent.

The VRH model by Mott was evaluated by fixing v = ﬁ = % according to 2D-variable-
range hopping, given our essentially 2D-charge density profile, in ¢ = gg exp {— (?)W]
and the Tg values of the 200 °C annealed preparation condition for eight different charge
densities were extracted (Fig. 4.8).1%517! Using these Ty values the Seebeck coefficient
data of the 200 °C annealed preparation 2Szondition for eight different charge densities at
200 K and 300 K was fit with § = deOdTlT Z%, where &4, a temperature-independent
factor that depends on the dimension of VRH considered and obeys the proportionality
€q x [W , was used as a free fitting parameter (£4 ~ 6.15387 nV K2 was
E=FEp

obtained).!?%171:270 The variable-range hopping model fails to explain our experimental

data as the Seebeck coefficient is predicted to depend on temperature according to
SxT %, while the experimental data show a temperature-independent Seebeck coef-

ficient. Furthermore, the predicted slope of the Seebeck coefficient with respect to
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Figure 4.8. Ty extraction for the analysis with the VRH Mott model. The natural logarithm
of the conductivity of the 200 °C annealed preparation condition for eight different charge densities
(corresponding to the gate voltages Vi = 0 V for n; = 2.65 - 10*® cm ™2 in steps of 5 V up to Vz =35 V
for ng &~ 1.43 - 10'° ecm™?) is plotted against (1/T)1/3 in order to extract the charge density-dependent
To parameter for the VRH Mott model analysis (a). The solid lines represent the linear regression
fits used to extract the Ty values from the slopes of these fits. The obtained Ty values are shown in
panel (b).

conductivity is too high to resemble the data (Fig. 4.6a).
Finally, the data has been fit with the model Snyder and coworkers developed for

doped conducting polymers.??! By inserting their expression for the energy-dependent

conductivity:
(E=E\® (_0f(E)
o(E,T) = (@) (57) (%) £>E (4.20)
0, E < E,
into the expression from the Boltzmann transport equation (Eq. 4.2):
o= /a(E,T)dE, (4.21)

and introducing the reduced chemical potential n(7T) = E{;};ﬁ“ (with E¢ being the

transport energy), they arrive at the simplified expression:

o=00(T) - sFs_1(n), (4.22)

where F;(n) = [5° mde is the non-normalized complete Fermi-Dirac integral.

Furthermore, they express the Seebeck coefficient from Boltzmann transport equation
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(Eq. 4.1):
1 (kg FE— FEp

kg |(s+1)Fs(n)
§=- [S () n} . (4.24)

Firstly, n(T,n) is obtained from S(T',n) for each fixed value of s (s =1 and s = 3) by

numerically solving Eq. 4.24 for ) at each charge density, temperature and s-value. The

in dependence of 7:

values of n(T') versus S(T') for the 200 °C annealed preparation condition are shown for
eight different charge densities (corresponding to the gate voltages Vo =0V to Vy; =35V
in steps of 5 V) at 300 K and 200 K for s = 1 and s = 3 in Fig. 4.9a. Subsequently,

a b
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Figure 4.9. oo extraction for the analysis with the model by Snyder and coworkers. Panel
(a) shows the values of n(T') versus S(T) for the 200 °C annealed preparation condition for eight different
charge densities (corresponding to the gate voltages Vz = 0 V for n1 in steps of 5 V up to Vy = 35 V for
ng) at 300 K and 200 K for s =1 and s = 3 obtained from numerically solving Eq. 4.24 for n. Panel (b)
shows the corresponding s - Fs_1(n) versus o plots as well as the linear regression fits (solid lines) to
extract the conductivity prefactors oo for each temperature and value of s. The obtained oy values are
00 =0.151 S cm™" (s = 1, 300 K, black solid line), oo = 2.2 mS cm™* (s = 3, 300 K, blue solid line),
oo = 0.051 S em™" (s = 1, 200 K, turquoise solid line) and oo = 0.82 mS cm™' (s = 3, 200 K, green
solid line).

these n(T', n) values were used to calculate s- Fs_1(n) and the conductivity prefactors o
for each value of s and each temperature have been obtained from linear regression fits
of o versus s - Fs_1(n) (Fig. 4.9b). Using the obtained conductivity prefactors oy, the
conductivity o and Seebeck coefficient S have been calculated according to Eqs. 4.22

and 4.24. In this case the slope of the Seebeck coefficient versus conductivity curve
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is far too steep (Fig. 4.6a), regardless of the type of conduction considered (s = 1
for acoustic-phonon scattering, s = 3 for ionized-impurity scattering), particularly
visible for the 200 K data. Although the model has been shown to work for chemically
doped polymer films, we argue that the presence of counterions in molecularly doped
polymer films leads to a strong broadening of the DoS, which is not the case for the
electrostatically doped semiconductors in this study for which no broadening is observed
upon introduction of additional charge carriers (also in consideration of the much lower
charge density achievable in an FET geometry).?2®

Similar limitations and shortcomings appear also when using more complex models:
Lu et al. have developed a thermoelectric transport model using percolation theory in a
disorder-broadened Gaussian DoS which shows that in disordered systems the Seebeck

234 Our Seebeck coefficient

coefficient is strongly enhanced with increasing disorder.
data (Fig. 4.4c, d) would indicate negligible disorder (< 0.5 kgT’) for both annealed
and as-cast films. For such low disorder the model would predict a very low charge
density dependence of the mobility for both preparation conditions, in clear contrast
with our results (Fig. 4.4a).23* A similar treatment which also takes into account the
charge carrier delocalisation fails to describe our results as well, since it is not able to
simultaneously describe the charge density and temperature dependence of Seebeck

159,232 The general issue that becomes evident in all these

coefficient and mobility.
models is that the strong gate voltage dependence of the mobility that is observed
experimentally in the annealed sample can be modelled only in the degenerate limit
for strong disorder. This is incompatible with the (lack of) temperature dependence
and the charge density dependence of the Seebeck coefficient which we experimentally

measure.

4.6 Modelling transport with the inclusion of

electron-electron interactions

Having shown that no disorder-based model can explain our results and having demon-
strated from basic principles that in an independent-electron approximation the non-
degenerate limit and the charge density dependence of the mobility are incompatible,
we need to revisit the main assumptions behind Eqs. 4.1 and 4.2. Two aspects that are
so far neglected in our analysis are (a) the non-homogeneous nature of the DoS and (b)
that electrons confined within nanoscale crystalline domains can experience strong local
electron-electron interactions. In our system the surface density of crystalline domains

is approximately 102 — 10'3 em~2 (from the GIWAXS measurements (section 4.3) with
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spectroscopic estimates of the total volume fraction between crystalline and amorphous
domains (about 1:1)13%). In our transport regime also the surface electron density is
around 10'? cm~2. This suggests indeed that multiple occupancy of crystallites cannot
be neglected.

We have recently introduced a simple transport model that lifts these two assumptions
by incorporating both a non-uniform DoS and taking into account electron-electron
interactions due to multiple occupancy of crystallites, which we have further improved
here. This Coulomb enhanced charge transport (CET) model is able to consistently
explain the mobility data as well as microstructrual and spectroscopic characterisation of
P(NDI20D-T2).!3% It assumes charges to be confined to nanoscale crystalline domains,
separated by amorphous regions (Fig. 4.1c). These regions act as potential barriers
for charges moving from a crystallite to an adjacent one. The value for the potential
barrier will depend on the local configuration of the molecules at the interface, but
is considered as an average value FEj, for our macroscopic electrical measurements.
The local Coulomb repulsion between multiple charge carriers accumulated in the same
crystalline domain provides additional energy to overcome this energy barrier i, and
allows a small fraction of the accumulated charges to be transported with much higher
mobility. The two processes are illustrated in Fig. 4.6b, where we exemplify the process
as having single independent electrons in a crystalline domain for the first process and
two electrons next to each other for the charges experiencing Coulomb interaction. We
ignore energetic disorder within the crystalline domains and assume that there are
in total N¢ isoenergetic states per unit volume within the crystalline domains. Nc¢
can be estimated from the temperature-independent value of N extracted from the
experimental Seebeck data above (section 4.4, Fig. 4.4c, d). We then consider two
populations of charges, one for non-interacting electrons for which Coulomb interaction
can be neglected (nyc) and a second one (nyc) for charges which experience a strong
Coulomb interaction increasing the electron energy by a charging energy Uc > Epayr.
This effect is modelled by mapping non-interacting and electrostatically interacting
electrons into a charge density-dependent single-electron density of states (DoS) where
we assume that each charge that accumulates in the crystalline domains lifts v states in
energy by Uc, which are available to accommodate a second electron which can then
travel with much higher mobility. The total DoS is split into two narrow bands: one
band of states at energy E¢ with density N¢ — vnic for low mobility charges and the
other band of states at EFoc = E¢ + Uc and density Noc = vnic for high mobility
charges. The total number of states N¢ is fixed but the number of states Ny increases

with increasing charge density, and the two populations can be determined according to
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the following equation:
9(E) = [N¢ — vnic] 6(E — Ec) + vnicd(E — Exc)

v (4 vf(EC) B Nevf(Ec) ¢ o,
= N¢ (1 1+uf(Ec)>5(E EC)+71+yf(EC)5(E Esc),

(4.25)

where nic and noc = vnycf(E2c) are the charge densities of low and high mobility
electrons and f(F) is the Fermi-Dirac distribution function. Equation 4.25 leads to the
following occupancy ratio (in the non-degenerate limit):

nac Uc n G

In(v)— ~ —ReT
= f(Ec, Er)e kT = —e kBT 4.26
"2 — F(Ee. Er) e (4.26)

where G = Uc — kgT'In(v) is the free energy associated with the interacting charge pair,
and n = nic + neg. The right-hand side shows the main qualitative features of this
approach. The population ratio increases with increasing charge density, the feature
responsible for the observed charge density dependence of the mobility. An increase in
crystallite size results in a decrease in the free energy by both reducing the Coulomb
repulsion experienced by the two electrons (hence reducing Uc) and increasing the
available states (v) for the formation of such charge pair.

The two populations of charges can be used to obtain the macroscopic electron mobility
from a charge density average considering that high mobility electrons represent the
electron of an interacting charge pair which can overcome the energy barrier and travel

with a higher mobility, following the same approach used by Emin in ref. [271]:

nicpic + nacp2c
ni1c + nac

(4.27)

Here pic = poexp (—Ek‘;;) is the mobility of low mobility electrons (representative

of non-interacting electrons), which is limited by thermal activation across the energy

barrier and poc = pooc - 30:2K is the mobility of high mobility charges (representative of

the electron-electron pairs experiencing sufficient Coulomb repulsion), which is assumed
to be scattering limited and significantly higher than p;c. The mobility pre-factors pg
and pgoc are determined by the microscopic properties of the material. In this model
the spatial inhomogeneity is responsible for the temperature-activated dependence of
the mobility, but the amorphous region is not explicitly included in the DoS as a further
parallel conduction channel for simplicity. It would in fact not change any of the fits
appreciably. As shown previously, the amount of charges in the high energy amorphous
band would always be below 5 % of the total charge density, as confirmed experimentally

through charge accumulation spectroscopy (CAS) measurements, and would therefore
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be well within the uncertainty of the experimentally measured charge density.!?® The
changes due to the different charge densities upon inclusion of the amorphous band
are therefore negligible compared to our experimental sensitivity. Combined with the
much lower mobility charges have in the amorphous phase the contribution such charges
would give to both mobility and Seebeck calculations would be even less relevant.

In order to calculate the Seebeck coefficient it is paramount to take into account that
the two energy bands that form our DoS are not present at the same point in space: if
charges are electrostatically interacting only the high energy band is present, if they do
not interact only the lower band is present. We cannot plug the DoS in Eq. 4.25 directly
into Eq. 4.1 as doing so is equivalent to considering the two bands as present in parallel
everywhere in space and leads to a large overestimation of the Seebeck coefficient (see
further details in the next paragraph). The contribution to the Seebeck coefficient of
the two charge populations can instead be readily calculated by considering the entropy
of such a system and exploiting the definition of the Seebeck coeflicient as entropy
transported per unit charge, an approach already detailed in ref. [271]. Following the

1

reported procedure?’! we consider the entropy of the system of interacting electrons

(which we denote here as Sent to avoid confusion with the Seebeck coefficient S):

Sent = kB [c; ln(c;) + ¢y In(cy) + cf ln(cf) +cp In(ey) + o ln(cv)} , (4.28)

where ci’{ is the concentration of low mobility charges (1) and high mobility charges

(2) with spin up (+) and down (-) and ¢, is the concentration of vacant sites. The

Seebeck coefficient is by definition S = %, where c is the total charge concentration

1
q
c=c+c; +cf +c =cata,¢f =c¢; =% (fori=1,2) and ¢ is the charge carried
by each charge carrier. Taking into account that c3 +c; +c¢f +¢; +¢y = 1, the Seebeck

coefficient reads as:

1dSent kB c2\ dcay 1\ dey dey
Since dd% = —1 and % =1- %, we can rewrite the Seebeck coefficient as:
kg c1 e\ deo
S=—|In|— In{—=|]—|. 4.30
q[n(ch)Jrn(q) dC] (4:30)

By considering that i—f ~ 1072, we can approximate ¢, = 1 — ¢1. Given that ¢; = an -

(for 1 =1, 2), where Ngjtes = % denotes the total number of thermally accessible sites,

we can finally rewrite the Seebeck coefficient as:2"!

kg ny (m) dny
S=—|Inl———+|+In{—)—]. 4.31
q l <2(Nsites - nl)) n1 dn ( )
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Therefore, by identifying n; = nig, ne = noc and N¢ = 2 - Ngijtes, the macroscopic

Seebeck coefficient is given by:

o _kB{ n [(Nc - 2n10)1 B 8;;0 In (”QC) } (4.32)

q nic nic

Considering that the number of doubly occupied crystalline domains is predicted to

be always below 5 % of the total accumulated charge density (8&210 > % ~1072) it
is readily seen that the inclusion of short range electron-electron interactions has a
negligible effect on the Seebeck coefficient. Equation 4.32 is effectively equal to Heikes
formula for a system of fermions with forbidden occupancy of the same site (i.e. no
bipolaron formation), regardless of the extension of the crystalline domains.'®! It is
important to note that the Seebeck coefficient in Eq. 4.32 is not explicitly dependent on
the mobility of the two charge populations, since the mobility enhancement is a local
effect caused by Coulomb interactions rather than due to different channels present
in parallel for charge transport (further details in the following paragraph). The fits
to the data (based on Egs. 4.27 and 4.32) are reported as solid lines in Fig. 4.4 and
Fig. 4.6a and show the agreement of the Seebeck coeflicient with a slightly modified
Heikes formula with a %B In(10)-slope and no temperature dependence. On the other
hand, the impact of sufficiently strong Coulomb interacting electrons on the macroscopic
electron mobility is much stronger due to the much higher mobility of this small charge
population (pec > pic). The close fit of both datasets is summarized in Fig. 4.6a
where it is shown how the presented model finally allows us to accurately fit the data
both in terms of slope and temperature dependence, in agreement with the structural
characterisation. Figure 4.10 displaying the Seebeck coefficient versus conductivity for
both the annealed and as-cast device, provides additional support for the exceptionally
well fit of the CET model compared to disorder-based transport models. It is important
to note that when fitting mobility and Seebeck data at the same time, only 4 parameters
are available to fit the mobility data (Epar, fo2c, po and G), of which only 2, the free
energy associated with an interacting charge pair G and the mobility prefactor g are
different between the different preparation conditions. We did not attempt to determine
v from the fits, as we do not have an independent estimate of Ux. However, the Seebeck
coefficient provides a direct estimation of the total number of states in the conduction
band within the crystalline domains (Ng = 2 - 10%° cm™3). We note that this value is
approx. one order of magnitude higher than the effective DoS at room-temperature for
crystalline silicon (N¢ = 2.86 - 10" cm™3 and Ny = 3.10 - 10! cm™2),%272 highlighting
the suitability of narrow-band polymer semiconductors for thermoelectric applications.

Together with the observation that crystallinity can be used to selectively increase the
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Figure 4.10. Seebeck coefficient versus electrical conductivity. Seebeck coefficient versus
electrical conductivity for the 200 °C annealed (a) as well as the as-cast condition (b) at various
temperatures. The predictions by the CET and ME model'** with the parameters used for the fits in
Fig. 4.4c, d are shown as well.

electrical conductivity without affecting the Seebeck coefficient, increasing crystallinity
provides a method to improve the power factor of organic semiconductor-based thermo-
electric generators.?3 Our theoretical model shows the importance of introducing a more
realistic inhomogeneous DoS and the presence of local electron-electron interactions
which are necessary to fully explain the experimental data.

As outlined in the previous paragraph we have also investigated a simple two-band,
independent-electron model with adjustable energy gap between the two states and
adjustable total number of states in both bands. A few illustrative simulations em-
phasizing the necessity to take both the inhomogeneity of the DoS as well as local
electron-electron interactions into account to simultaneously explain the mobility and
Seebeck coefficient are shown in Fig. 4.11. If the inhomogeneity of the DoS is not
considered and electrons are approximated to be independent, the Boltzmann transport
formalism applies and the mobility and Seebeck coefficient can be calculated according
to Egs. 4.1 and 4.2. Applying this formalism to the CET DoS (Eq. 4.25) however will
result in a large anomalous increase in the Seebeck coefficient at high charge density.
This is evident by comparing mobility and Seebeck coefficient calculated according
to Egs. 4.27 and 4.32 (solid black line in Fig. 4.11) and the black dashed line (CET
parameters, mobility and Seebeck coefficient calculated according to the Boltzmann
transport formalism, Eqs. 4.1 and 4.2). It is apparent that the consideration of two

parallel conduction channels that are homogeneously accessible across the whole sample
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Figure 4.11. Parallel conduction simulations of mobility and Seebeck coefficient versus
charge density. Dotted symbols are the data of the 200 °C annealed device at 300 K. The black
solid line is the calculation of the CET model as presented in Fig. 4.4. The black dashed line is a
calculation with identical parameters as for the CET model but using Eq. 4.1 for the Seebeck coefficient
calculation. The black dotted line is a calculation with the same mobilities as for the CET model but a
fixed DoS of Nic =1.9-10% cm ™3 and Nac = 10'° cm ™2 separated in energy by Uc ~ 80 meV. The
solid blue line is a calculation with the same total DoS as the CET model, but po2c =1 cm? V=gt
as well as Nic = 1.5-10%° cm ™2 and Naoc = 5- 10'° em 2. The solid pink line is a calculation with
discrete levels, with the same parameters as the CET model but poec = 0.5 cm? V™! s71 as well as
Nic=4- 10" ecm™ and Noc=4- 10 ecm™3. The solid red line is a calculation with discrete levels,
with the same parameters as for the CET model but p2c = 0.8 cm? V7! sfl7 o = 0.1 em?2 Vgt
as well as Nig = 3-10" ecm™3 and Noc = 3 - 10" em™3.

(Egs. 4.1 and 4.2), causes the Seebeck coefficient to strongly deviate from Heikes formula
(black dashed line, note that the mobilities of the black dashed and solid lines are exactly
overlapping since they are calculated in exactly the same manner, Eq. 4.27). The origin
of this strong deviation is the assumption of Boltzmann transport formalism that the
high mobility band is present everywhere in our film, even where no charges are present,
contradicting our starting assumption that such levels are formed only when two charges
are sufficiently close together. The other simulations shown in Fig. 4.11 further illustrate
the failure of the Boltzmann transport formalism (Eqs. 4.1 and 4.2) for the description
of charge and thermoelectric transport in P(NDI20D-T2) at charge densities around
10'® cm™3 to 10! cm™3. The black dotted line represents a two narrow-band system
employing the same mobility parameters as the CET model, but a DoS independent of
charge density (Nic = 1.9-10%° cm ™3 and Ny = 10 em ™3 separated in energy by
Uc ~ 80 meV). Neglecting local electron-electron interactions and the inhomogeneity of

the DoS leads to an almost charge density-independent mobility (black dotted line in
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Fig. 4.11a), since the system is in the non-degenerate regime, as proven in Eqs. 4.11-4.14.
Furthermore, as outlined in the previous section, the Seebeck coefficient follows Heikes
formula in this low-occupancy, low-disorder independent-electron regime (black dotted
line in Fig. 4.11b). In order to attempt getting a more reasonable fit to the data within
the Boltzmann transport formalism (Egs. 4.1 and 4.2), the DoS in each band has been
changed to Nic = 1.5-10%° cm™3 and Noc = 5 - 10! ecm ™3 to allow more carriers to
occupy the higher conductivity channel. In line with this increase in occupancy of the
higher conductivity conduction channel, the mobility prefactor of this channel had to

be decreased from pgac = 20 cm? V71 s71 to pgoc =1 ecm? V-1 s71

in order to get a
reasonable fit for low charge densities (n ~ 10'® cm™). Nevertheless, the transport
in this case is still governed by the lower conductivity channel and the mobility is as
proven in Eqgs. 4.11-4.14 essentially charge density independent. Therefore, the DoS
was significantly reduced (Nic = 4 - 10 em ™3 and Noc = 4 - 10! ¢cm™3) in order to
reach the degenerate limit that is more strongly governed by the high conductivity
channel (pink solid line). Once again the mobility prefactor had to be further reduced
to pgec = 0.5 cm? V= s7! in order to fit the data at low charge densities as well.
Nevertheless, it can be seen that in this regime the Seebeck coefficient deviates already
strongly from Heikes formula. The last simulation (red solid line) is performed with an
even lower DoS (Nic = 3-10' em™2 and Noc = 3-10' em™3) and g = 0.1 cm? V-1 57!
in order to fit the data at low charge densities. This provides further evidence of the
shortcomings of the description with the Boltzmann transport formalism: the even
stronger degenerate case does allow a stronger charge density dependence of the mobility
(still not sufficient) but also causes the Seebeck coefficient to deviate even more from
Heikes formula. Furthermore, the assumption of a total DoS within the crystalline
domains as small as N = 6-10' cm™3 has no physical meaning. As proven in section 4.2
and Eqgs. 4.11-4.14 it is impossible to observe a strongly charge density-dependent
mobility in the low-occupancy regime in the independent-electron approximation while
simultaneously observing a %B In(10)-slope of the Seebeck coefficient (black dotted, blue,
pink and red line). The mathematical considerations in section 4.2 and Eqgs. 4.11-4.14 as
well as the considerations and illustrative simulations of this paragraph once again un-
derline that the inhomogeneity of the DoS as well as local electron-electron interactions
need to be taken into account to explain a strongly charge density-dependent mobility
and a Seebeck coefficient following a ’%B In(10)-slope in the low-occupancy, low-disorder
regime as observed in our measurements on P(NDI20D-T2).

Finally, we point out that the concept of the inclusion of electron-electron interactions

in narrow-band transport as in our CET model, was also explored in the limit of infinite
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temperature in the theoretical work by Beni for charge transport in the correlated
electron regime in a narrow-band Hubbard chain at arbitrary electron density.'®? Both
approaches predict a Seebeck coefficient resembling a slightly modified Heikes formula
with the characteristic ]%B In(10)-slope in the low-occupancy limit: the Seebeck coeffi-
cients versus charge density of the 200 °C annealed and as-cast device at 300 K and

180 K are shown in Fig. 4.12. The predictions of our CET model using the same fitting
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Figure 4.12. Comparison of CET and Hubbard chain model. Seebeck coefficient versus charge
density of the 200 °C annealed and as-cast device at 300 K and 180 K. The predicitions of our CET
model as well as the theoretical considerations for charge transport in a narrow-band Hubbard chain by
Beni'®® are shown as well. A densityNOf thermally accessible sites of Ngjtes = 10%° cm—3 respectively
a total thermally accessible DoS of N = 2-10%° cm™2 has been used for all calculations, the fitting
parameters for the CET model are the same as in all other figures. The relative error in the Seebeck
coefficient is approx. 7 %, calculated from the intrinsic current and voltage measurement errors of the
Agilent SPA 4156B as well as the linear regression fit errors from the sensor resistance calibration and
the thermal voltage versus temperature difference plots (shown as error bars on the data points, further
details in section 3.3.2).

parameters as in all other figures (Ngjtes = 10%° cm ™3, solid lines) as well as the theoret-
ical considerations for charge transport in a narrow-band Hubbard chain by Beni'®?
(dashed lines) are shown as well. The Seebeck coefficient in the two limiting cases
U < kT (on-site Coulomb repulsion much smaller than thermal energy, corresponding
to Heikes formula) as well as U > kT is shown. The predictions for charge transport

in the narrow-band Hubbard chain (dashed lines) were obtained by evaluating Beni’s

_ ks BU*
5= e (exp(ﬁU)—HC2 In( )>’ (4.33)

equation 12:
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where 5 = k:E%T and x = exp(BU), using his equation 15:

1/2
—(1=p)+ [(1=p)2 + p(2 = p) exp(—BU)]
- (4.34)
exp(—BU)(2 — p)

and approximating the on-site Coulomb repulsion with the free energy associated with

an interacting charge pair G used for the CET fits (U = G, solid lines). The predictions
of both models for the Seebeck coefficient are remarkably similar and qualitatively
the same. Most importantly both predict a Seebeck coefficient resembling a slightly

modified Heikes formula, approximately:

k 2- (1= w4
Sz _£1 ‘( nNsltes)‘ ,

(4.35)
€ Nsites

since U =~ 3 to 7 kgT' (U > kpT) for all fits. In addition, an important feature of
the Seebeck coefficient in a correlated electron system is a sign change of the Seebeck
coefficient at a charge density n < Ngtes (for the charging energy U > kgT'), which is
also expected in our treatment (Fig. 4.12¢). In order to reach such regime however a
higher charge density regime needs to be attained and further improvements on the

accuracy of the measurement are required.

4.7 Conclusions

In conclusion, we have demonstrated that charge transport within and between crystal-
line domains in high-mobility, semicrystalline polymer semiconductors is not determined
by energetic disorder effects, but involves a relatively narrow DoS, that manifests itself
in a temperature-independent Seebeck coefficient approximately following a modified
Heikes formula. To explain a pronounced carrier concentration dependence of the mobil-
ity in this transport regime we have shown that electron-electron interactions between
the carriers in the small crystalline domains need to be considered. We have constructed
a charge transport model that is able to consistently explain mobility and Seebeck
measurements as a function of carrier concentration and temperature. The model
is simplistic, in particular, in the way that it takes into account the complex energy
spectrum of crystalline domains that are occupied by multiple, Coulomb-interacting
charges but it nevertheless provides important insight into how electron-electron inter-
actions affect the structure-property relationships and provides a foundation for further
improvements in the carrier mobilities and thermoelectric performance of this important

class of conjugated polymers.
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5.1 Motivation and outline

In the previous chapter it has been established that the simultaneous study of both charge
density and temperature-dependent field-effect mobility as well as on-chip gated Seebeck
coefficient is a powerful tool to discern between different transport mechanisms and can
offer insights into the prevailing transport regime as well as the interaction of carriers
with their environment. As introduced in section 1.1, single-walled carbon nanotube
(SWCNT) networks display a very promising material system for both flexible electronics
and flexible thermoelectric generators. Understanding the charge transport mechanisms
in chirality-selected SWCNT networks and the influence of network parameters is
essential for further advances of their optoelectronic and thermoelectric applications.
Here, we report on charge density and temperature-dependent field-effect mobility
and on-chip field-effect-modulated Seebeck coefficient measurements of polymer-sorted
monochiral small diameter (6,5) (0.76 nm) and mixed large diameter SWCNT (1.17-
1.55 nm) networks (plasma torch nanotubes, RN) with different network densities and
length distributions. All untreated networks display balanced ambipolar transport and
electron-hole symmetric Seebeck coefficients. We show that charge and thermoelectric
transport in SWCNT networks can be modelled by the Boltzmann transport formalism,
incorporating transport in heterogeneous media and fluctuation-induced tunneling.
Considering the diameter-dependent one-dimensional density of states (DoS) of the
SWCNTs composing the network, we can simulate the charge density and temperature-
dependent Seebeck coefficients. Our simulations suggest that scattering in these networks
cannot be described as simple one-dimensional acoustic and optical phonon scattering
as for single SWCNTs. Instead the relaxation time is inversely proportional to energy
(1 < (E — Ec)®, s = —1, Ec being the energy of the first van Hove singularity),
presumably pointing towards the more two-dimensional character of scattering events
and the necessity to include scattering at SWCNT junctions. Finally, our observation of
higher power factors in trap-free, 1,2,4,5-tetrakis(tetramethylguanidino)benzene (ttmgb)-
treated (6,5) networks than in the RN networks, emphasizes the importance of chirality
selection to tune the width of the DoS. In order to benefit from both higher intrinsic
mobilities and a large thermally accessible DoS, we propose trap-free, narrow DoS
distribution, large diameter SWCNT networks for both electronic and thermoelectric

applications.
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Semiconducting single-walled carbon nanotube (SWCNT') networks are excellent can-
didates for next generation electronic devices due to their stability, flexibility, solution-
processability as well as high carrier mobilities and Seebeck coefficients.!!24:274,275
Recently, the ability to tune the diameter distribution in these networks using selective
dispersion with conjugated polymers and other separation methods (see section 1.3.2)
has led to significant advances in electronic circuits and other applications.!?-21,118,120
As these highly selective sorting methods have only emerged lately, a complete under-
standing of the charge transport mechanisms in these networks is urgently desired to
further improve device performance.??3241 Most existing transport models for SWCNT
networks were developed before the advent of ultra-pure semiconducting networks
without any metallic nanotubes. Those studies have focused on explaining transport in
terms of fluctuation-induced tunneling, variable-range hopping and percolation theory
(section 2.2.2).196:197,239.276 They mainly consider energetic disorder and sample het-
erogeneity effects, without explicitly considering the diameter distribution composing
the networks.'9723%:239 Nevertheless, studies on chirality-selected SWCNT networks
have shown that the consideration of the relative contribution of different chiralities
to charge transport is essential.200:202,203.245 A random resistor model of SWCNT junc-
tions, considering the density of states (DoS) of individual SWCNTs but ignoring their
resistance, and hence neglecting any intra-nanotube contributions, has been able to
explain many qualitative features of the charge density dependence of the field-effect
mobilities of mixed chirality SWCNT networks. This approach is rooted in percolation
theory with variable-range hopping as a transport process and correctly predicts how
with increasing charge density the filling of the first subband of the SWCNTs leads to a
pronounced charge density dependence of the mobility in SWCNT networks, 36,137,202
Furthermore, it demonstrates how small bandgap, large diameter SWCNTs dominate
transport, particularly in the low charge density regime, in mixed chirality networks

200,202,205 However, we recently established

which has also been shown spectroscopically.
that contrary to the expectation from this random resistor model, the temperature
dependence of the mobility of large diameter mixed SWCNT (1.17-1.55 nm) networks,
with a larger energetic disorder due to the bandgap distribution, is smaller than in
monochiral (6,5) SWCNT (0.76 nm) networks.?%® This raises the question of poten-
tial phonon scattering-limited intra-nanotube transport contributions leading to the
well-established dependence of carrier mobility on diameter (oc d?) and temperature
(ox T71, section 2.2.1).183:184 Hence, these findings necessitate further investigations of
the influence of network parameters on the presumed transport mechanisms.

To establish the transport mechanisms in SWCNT networks with certain diameter
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distributions and to elucidate the influence of network parameters on charge and ther-
moelectric transport, we study the charge density and temperature-dependent field-effect
mobility and on-chip field-effect-modulated Seebeck coefficient of polymer-sorted small
diameter (6,5) SWCNT (0.76 nm) networks as well as large diameter mixed SWCNT
(1.17-1.55 nm) networks with different network densities and length distributions. We
also establish the impact of trap states on transport by studying (6,5) SWCNT networks
that were treated with 1,2,4,5-tetrakis(tetramethylguanidino)benzene (ttmgb), which
leads to pure electron transport.?”” As the Seebeck coefficient is the entropy transported
by a charge carrier divided by its charge, it provides unique insights into the transport
energetics and mechanisms (section 2.3).17217 While the electrical conductivity has
been shown to be predominantly limited by the highly resistive tunneling junctions, the
Seebeck coefficient is expected to be much more sensitive to the energetics within the
SWCNTs in the network, where most of the applied temperature drops. %3239 By using
field-induced charge density-modulated measurements of the Seebeck coefficient we can
eliminate the influence of the Coulombic interaction with counterions that would be
present if carriers were introduced by molecular doping,??® These measurements allow
us to establish a direct relationship between the DoS of the SWCNT networks and their
Seebeck coefficients. Considering the diameter-dependent one-dimensional DoS of the
network-composing SWCNTs from tight-binding nearest-neighbour calculations includ-

84,85 scaled with the network density and

ing trigonal warping effects (see section 1.3.1),
length distribution, as well as dipolar disorder-broadened (dgipole = 5 meV, width of the
Gaussian distribution), we can simulate the measured charge density and temperature-
dependent electron-hole symmetric Seebeck coefficients within the Boltzmann transport
formalism. As the transport energetics are strongly affected by the energy-dependent
relaxation time, the Seebeck coefficient offers further insights into the carrier scattering
mechanisms. Consequently, we can establish whether scattering in these networks can
still be described as simple one-dimensional acoustic and optical phonon scattering as
for single SWCNTs and discern the energy dependence of the relaxation time.!83.278:279
The improved understanding of charge transport and energetics in SWCNT networks
and their dependence on network parameters, allows us to provide design guidelines for

both electronic and thermoelectric applications.

5.2 SWCNT network characterization

In order to study the impact of the chirality distribution on charge and thermoelectric

transport in SWCNT networks, we selectively dispersed semiconducting SWCNTs
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from different growth processes in toluene using polymer wrapping with poly[(9,9-
dioctylfluorenyl-2,7-diyl)-alt-(6,6")-(2,2’-bipyridine)] (PFO-BPy, molecular structure
shown in Fig. 5.1a).197125 While using CoMoCAT raw nanotube material yielded
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Figure 5.1. SWCNT network characterization. The molecular structure of the wrapping polymer
PFO-BPy (a), the normalized absorption spectra of the (6,5) and RN dispersions (b) as well as the
AFM images of the (6,5) sparse (c), (6,5) dense (d), RN sparse (e) and RN dense (f) networks are
shown. The measurements have been performed by Severin Schneider and Felix Berger.

500 nm _]

0

an essentially monochiral dispersion of (6,5) SWCNTs with a diameter of 0.76 nm
and bandgap of 1.27 eV, using plasma torch grown SWCNTs resulted in a dispersion
of a broader chirality distribution of large diameter (1.17-1.55 nm), small bandgap
(0.70-0.88 V) SWCNTs (RN SWCNTs).113:203 The diameter and bandgap range were
determined from the Eq; and Ego transitions in the UV-vis-NIR absorption spectra
(Fig. 5.1b). Via repeated washing of the SWCNT filter cakes with toluene (80 °C,
see section 3.2.2 for further details) the amount of residual wrapping polymer in the
SWCNTs networks became negligible (Fig. 5.1b-f). Furthermore, the SWCNT networks
were free of metallic nanotubes as evident from Raman spectroscopy (see section 3.5.2 for
further experimental details). The Raman spectra of the (6,5) and RN SWCNT networks
in the radial breathing mode (RBM) and G-mode region are shown in Fig. 5.2. The
Raman spectra on the RN SWCNT networks were recorded with incident wavelengths
of 633 nm and 785 nm and similar laser power. Excitation at 785 nm is resonant with
small-diameter semiconducting minority chiralities and near-resonant with some of the
main semiconducting chiralities in the RN networks, thus leading to strong RBM signals.

By contrast, excitation at 633 nm is primarily resonant with metallic SWCNTs and
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a b
’5 I T I T I T I T ;\ T I T I T I T I T I T
s 1.0 [(6,5) networks, N s 10 [(6,5) networks, G T
= I RBM region 1 = I G-mode region 1
% 0.8 —532nm - % 0.8 —532nm -
c c
2 I i 2 [ i
£ 06 | 4 Eos6} .
c L . c L E
£ £
£ 04| - £04 | -
(4 L - (4 S -
T 02 4 3Jo2} e E -
N 3 E AN + D E
®© ®©
00 F = 0.0 =
§ Ly % P R I U R R
z 150 200 250 300 350 £ 1200 1300 1400 1500 1600 1700 1800
c Raman shift (cm™) d Raman shift (cm™)
T r T r T r T r —TTT T T
0.06 | RN networks, . 1.0 ~RN networks, G* ]
RBM region I G-mode region 1
[ — 633 nm A 0.8 ~—633nm -
| _osl -
5 L ]
. 04 | -
i 2 L i
i 202 -
i)
£ [ .
] 00 I I I I I N
g —t
- 10 -
] 3 L ]
-1 N 0.8 - -
] g L ]
- S06 | -
] z L ]
. 04 | -
. 02 | -
- 0.0 =
1 " 1 " 1 " 1 " " 1 " 1 " 1 " 1 " 1 "
150 200 250 300 350 1200 1300 1400 1500 1600 1700 1800
Raman shift (cm™) Raman shift (cm™)

Figure 5.2. Raman spectra of SWCNT networks. The Raman spectra in the radial breathing
mode (RBM) and G-mode region of the deposited (6,5) (panel (a) respectively (b), 532 nm excitation)
as well as RN networks (panel (c) respectively (d), 633 nm and 785 nm excitation) are shown. An
intense RBM mode of the (6,5) networks at 309 cm™' and sharp Lorentzian peaks in the G-mode
region for both networks are observed, indicating purely semiconducting SWCNTs. Furthermore, both
networks show weak defect-related D-mode peaks. The measurements have been performed by Severin
Schneider and Felix Berger.

off-resonant with the majority of semiconducting SWCNTs. Hence, the negligible signal
in the RBM region upon 633 nm excitation supports the very low content of metallic
SWCNTs in the RN networks. Consequently, based on RBM assignments via Sivarajan
chart following the results from Weisman et al. and Maultzsch et al.,’*% as well as
the absence of a broad Breit-Wigner-Fano lineshape of the G~ mode,” all SWCNT
networks show no detectable amount of metallic nanotubes.

Both network density and length distribution of the networks were determined by

atomic force microscopy (AFM) images (Figs. 5.1c-f and 5.3, section 3.4.1). The length
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distribution depends on the raw material, the exfoliation method used for the polymer
wrapping process as well as the re-dispersion method and conditions.!'3280 The length
distribution of the SWCNT networks was determined from AFM images of sparse
SWCNT networks with well-separated tubes on polished silicon wafers. The SWCNT
networks were thoroughly rinsed with tetrahydrofuran and isopropyl alcohol to remove
any residual excess polymer. Representative AFM images used to determine the length
distribution of the (6,5), short-tube RN and long-tube RN networks are presented
in Fig. 5.3a-c. More than 100 SWCNTs per sample were counted and the SWCNT
length was found to follow a log-normal distribution. Remaining bundles were excluded

from the analysis. The length distribution and average length (1) of the (6,5), short-
tube RN and long-tube RN networks are shown in Fig. 5.3d-f. The monochiral (6,5)
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Figure 5.3. SWCNT length determination. Representative atomic force microscopy images used
to determine the length distribution of the (6,5) (a), short-tube RN (b) and long-tube RN (c) networks,

and their corresponding length distribution and average length (I, panels (d)-(f)) are shown. The
measurements have been performed by Severin Schneider and Felix Berger.

SWCNT networks have slightly longer tubes (0.95 + 0.74 um) than the RN networks
(0.57 +0.29 um). For a study of the intrinsic charge and thermoelectric transport
properties of SWCNT networks it is important to consider relatively high network

densities to reduce the impact of water or hydroxyl groups on polar surfaces that cause
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charge carrier trapping and hysteresis in transistor curves.207:208.258 Therefore, the
impact of the network density on thermoelectric transport was investigated well above
the percolation threshold and in the regime of mobility saturation (approx. > 13 um™1)
by choosing a sparse network condition at the threshold of this regime and a dense
network condition with at least twice the density.?®® Representative AFM images used
to extract the network density of the (6,5) and RN networks are shown in Fig. 5.1c-f
and the extracted network parameters are displayed in Table 5.1. To probe the effect

Table 5.1. SWCNT network parameters.

Network Abbreviation Network dfrllSity N Average SWCNT
(pm~1h) length (um)
(6,5) sparse
(Fig. 5.1c) (6,5)-s otas
(6,5) sparse, . .
ttmgb-treated (6,5)-s-ttmgb 0.95+0.74
(6,5) dense
(Fig. 5.1d) (6,5)-d 31.7+3.1
RN sparse, long RN-slt 109495
tubes (Fig. 5.1e) . . N
RN dense, long . .
tubes (Fig. 5.1f) RN-d-It 37.9+3.1
RN dense, short RN-dost. 265138 0562 020
tubes

of small length variations we also investigated dense RN networks with shorter tubes
(RN-d-st, obtained from 60 min of re-dispersion, see section 3.1.2 for further details).
Since the (6,5) networks showed a non-negligible trap density even for high network
densities (evident from their stronger hysteresis in transistor transfer curves, larger
onset voltages and stronger modulation of the Seebeck coefficient with charge density,
see next section for further details), we also studied (6,5) sparse networks treated with
the strongly reducing ttmgb ((6,5)-s-ttmgb), which blocks hole transport and removes
residual water from the SWCNT network via protonation of ttmgh.2"”

To characterize the energetic disorder of the combined DoS and compare it with
the thermoelectric transport energetics, photothermal deflection spectroscopy (PDS)
measurements of the (6,5) and RN networks were performed. PDS is a sensitive
absorption measurement technique that detects heating due to non-radiative relaxation
of the absorbed light (see section 3.5.3 for further details). Due to its high sensitivity
it is suitable for the detection of sub-bandgap tail states and the extraction of the
Urbach energy E,, which is the characteristic energy of the exponential absorption tail
in solid state absorption due to energetic disorder.’*'74281 The PDS measurements
of the (6,5) sparse ((6,5)-s), long-tube RN sparse (RN-s-1t) and long-tube RN dense
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(RN-d-1t) networks are presented in Fig. 5.4. For both the sparse and dense RN
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Figure 5.4. Photothermal deflection spectroscopy measurements of SWCNT networks.
The PDS measurements of the (6,5) sparse, long-tube RN sparse and long-tube RN dense networks
are shown. The solid lines are the exponential fits to the absorption tail to extract the characteristic
Urbach energies (Ey), which are displayed in the inset. The error bar of approximately 10 % represents
the fitting error. The measurements have been performed by Dr. Mojtaba Abdi-Jalebi.

networks the extracted Urbach energy from the exponential absorption tail is F\, rx ~
47 + 5 meV, independent of the network density in the high network density regime
(> 13 um™1). In agreement with the tight-binding nearest-neighbour calculations and
our thermoelectric transport measurements, the Urbach energy of the monochiral (6,5)
networks is substantially smaller (E, (65) ~ 30 & 3 meV). The larger energetic disorder
of the bandtail of the RN networks originates from the close proximity in energy of the
first van Hove singularities of representative chiralities ((16,2), (10,9) and (12,7)).84:8%94

5.3 Electric and thermoelectric characterization at
300 K

Four-point-probe (4pp) linear mobility (japp), contact resistance (R.), saturation mobil-
ity (usat) as well as hole and electron Seebeck coefficient (Sy, and Se) of the six network
conditions ((6,5)-s, (6,5)-d, (6,5)-s-ttmgb, RN-s-1t, RN-d-1t and RN-d-st) were charac-
terized depending on temperature and charge density using a bottom-contact top-gate
field-effect transistor architecture with 4pp voltage probes and two on-chip heaters
(channel width W = 1000 pm and length L = 50 um, Figs. 5.5 and 5.6). The hybrid
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Figure 5.5. Thermoelectric device architecture. The bottom-contact top-gate field-effect tran-
sistor architecture with four-point-probe (4pp) contacts and two on-chip heaters ((a), close-up of the
active area in (b)) for the thermoelectric transport measurements is shown. In panel (a) pads 1-4 denote
the source of the FET structure and the hot resistance sensor, pads 5-8 are 4pp voltage probes and
pads 9-12 are the drain of the FET structure as well as the cold resistance sensor.

dielectric (60 nm high-x HfO4 on top of 11 nm poly(methyl methacrylate) (PMMA),
see section 3.1.3) facilitated reduced dipolar disorder and low-voltage operation with
low gate leakage currents (< 100 pA, Figs. 5.6a, b and 5.7a).2%? Further details on
the fabrication of the thermoelectric devices is reported in section 3.2.2. Source and
drain electrodes were used as on-chip 4pp resistance thermometers for the temperature
calibration of the Seebeck coefficient measurements (pads 1-4 and 9-12 in Fig. 5.5a
respectively, see section 3.3.1 for further details).’*!™ All untreated networks show
balanced ambipolar transport characteristics with low hysteresis (onset voltage (Von)
difference between forward and reverse sweep) and onset voltages |Von| <2 V at 300 K.
The onset voltages are the voltages for which the drain-source current (I4s) rises above
the background noise and gate-leakage current level extracted from the linear transfer
curves. The extraction of the hole and electron onset voltage at 300 K for the long-tube
RN dense networks (Von,n = —0.7 V and Vi, o = 0.4 V) is representatively shown in
Fig. 5.7a. In addition, Fig. 5.7b shows the extraction of the maximum capacitance (Cy,)
in the on-state (Vg5 = £5 V, for electron and hole transport respectively), exemplarily
for the long-tube RN dense networks. The maximum on-state capacitances for hole
and electron transport of the six network conditions are summarized in Table 5.2. The
charge density was consequently obtained using the relationship n = % (Vs = Von),
with G = ——Sm (W = 1000 pm the width and Lpattern = 90 pm the length of

m
W'Lpattern
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Figure 5.6. Charge and thermoelectric transport at 300 K. Saturation transfer curves (with
Vas = Vs — Von) as well as hole and absolute electron Seebeck coefficients (Sn and |Se|) versus charge
density of the (6,5) dense ((6,5)-d), (6,5) sparse ((6,5)-s) and (6,5) sparse ttmgb-treated ((6,5)-s-ttmgb)
networks ((a) respectively (c)) as well as the long-tube RN dense (RN-d-1t), long-tube RN sparse (RN-
s-1t) and short-tube RN dense (RN-d-st) networks ((b) respectively (d) are shown (network parameters
in Table 5.1). The red arrow in (a) indicates the ttmgb treatment (molecular structure shown in inset
of (a)). The red and orange dashed lines in (c) and (d) display Heikes formula with N = 7-10*® ¢cm™>
and N = 5-10' cm™2.2%5 The relative error in the Seebeck coefficient is 5 — 10 % (except 20 % for the
(6,5)-s network), while the error analysis was performed according to ref. [172].

the SWCNT patterned area) being the areal capacitance and h = 2 nm the assumed

174 The saturation transfer curves were measured in

height of the accumulation layer.
the condition Vys = Vg — Vi, to ensure a unipolar saturation regime throughout the
entire gate voltage range (300 K measurements shown in Fig. 5.6a, b).13® 4pp linear

and saturation mobilities have been found to be in good agreement. A representative
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Figure 5.7. Onset voltage and device capacitance extraction. The extraction of the hole and
electron onset voltage (Von,n = —0.7 V and Von,e = 0.4 V, black dotted lines) at 300 K from the
linear transfer measurements (Vgs = —0.1 V, (a)) as well as hole and electron on-state capacitance
(Cm,n = 91 pF and Cm,. = 90 pF, black dotted lines and orange arrows, (b)) for the long-tube RN
dense networks are representatively shown.

Table 5.2. SWCNT network on-state capacitances.

Hole on-state Electron on-state
Network Abbreviation capacitance (Cp, n) | capacitance (Ch,e)
(pF) (pF)
(6,5) sparse (6,5)-s 75 74
(6,5) sparse,

ttmgb-treated (6,5)-s-ttmgb B 69

(6,5) dense (6,5)-d 81 80

RN sparse, long RN-s.It 77 77
tubes

RN dense, long RN-d-It 91 90
tubes

RN dense, short RN-d-st 78 78
tubes

comparison of the hole and electron saturation (i, sat and fie sat) as well as 4pp linear
(ftn, 4pp and fie, 4pp) mobilities of the short-tube RN dense networks at 300 K is shown
in Fig. 5.8. Since the noise level of the saturation mobilities was generally lower than
that of the 4pp linear mobilities, they have been employed for the presented electrical
analysis.

In the high network density regime (approx. > 13 um™!) both electric and thermo-

electric transport are, within our measurement error of 5-10 %, independent of the
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Figure 5.8. Comparison of 4pp linear and saturation mobilities. The hole and electron
saturation (pn, sat and fie, sat) as well as 4pp linear (un, 4pp and fie, 4pp) mobilities of the short-tube RN
dense networks at 300 K are representatively shown and found to be in good agreement.

network density (compare RN-s-1t and RN-d-1t in Fig. 5.6b, d) and small SWCNT length
variations (compare RN-d-lt and RN-d-st in Fig. 5.6b, d).2® Thermoelectric transport
is electron-hole symmetric (|Se| &= Sy,) as expected from the electron-hole symmetric DoS
for low energies in single SWCNTs (Fig. 5.6¢, d).3* Due to the absence of any metallic
SWCNTs and the only moderately high charge densities, the magnitude of the Seebeck
coefficient of all networks is several hundreds of % and decreases with increasing charge
density. Particularly at high charge densities (n > 10'? cm™3), the Seebeck coefficient
of the monochiral (6,5)-s-ttmgb networks exceeds that of the mixed large diameter
RN networks. The differences in the saturation transfer curves between the (6,5)-d
and (6,5)-s networks originate from different trap state densities. Treatment with
the electron-donating and highly alkaline ttmgb blocks hole transport and neutralizes
electron trap states via protonation of ttmgb (molecular structure shown in inset of
Fig. 5.6a).2"" The reduced trap density manifests itself through reduced hysteresis and
onset voltage (Vop, (6,5)-s,e = 1.2 V t0 Vo, (6,5)-s-ttmgb,e = 0.0 V) as well as a decrease of
the slope of the absolute electron Seebeck coefficient versus charge density (from approx.
251 XY for the (6,5)-s networks to approx. 185 v— for the (6,5)-s-ttmgb networks)

K-.dec K-dec
. . . 172 . _k N—
due to reduced Fermi-level pinning by trap states." " Heikes formula (S = “E In (T”>)

for iso-energetic narrow-band conduction (N being the total thermally accessible DoS,
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3 and

kg the Boltzmann constant and e the electron charge) with N = 7 - 10 cm~
N =5-10" em~3 is shown in Fig. 5.6c, d.23> At low charge densities Heikes formula
describes the data well suggesting that in this regime (n < N) the SWCNT networks
behave as low-disorder systems due to the sharp DoS around the first van Hove sin-
gularity and the low dipolar disorder. As a result configurational entropy governs the
Seebeck coefficient. However, for high charge densities the Seebeck coefficient of the
SWCNT networks deviates from Heikes formula and the dependence of the Seebeck
coefficient on carrier concentration becomes weaker. This also manifests itself in the
slope of the Seebeck coefficient plotted versus the logarithm of carrier concentration and
calculated over the whole range of data being slightly smaller than what is expected from
Heikes formula (198 %) The values are 185 K”(}L : for the (6,5)-s-ttmgb and 188 K”;L z

for the RN networks. The reduced carrier concentration dependence of the Seebeck

coefficient is a manifestation of Boltzmann statistics becoming insufficient due to the
Fermi-level (Ey) approaching the state distribution (n < N does not hold). In this
regime a narrow-band description is inappropriate and the actual DoS of the networks
needs to be considered (further details in section temperature-dependent thermoelectric
transport in SWCNT networks).!"2

5.4 Fluctuation-induced tunneling in SWCNT networks

Electrical transport is thermally activated for all accessible charge densities (approx.
n < 2.2-10Y ecm™3) for both the (6,5)-s-ttmgb-treated and as previously reported for
all untreated networks (Fig. 5.9a, b).203 The temperature-dependent onset voltages
for hole and electron transport (Von n and Vi, o) of the six network conditions, used
to obtain the charge densities (n = % - (Vgs — Von), as outlined in the previous sec-
tion) are shown in Fig. 5.10. Representative saturation electron mobilities (e, sat) Of
the (6,5)-s-ttmgb and saturation hole mobilities (fn, sat) of the RN-d-st networks are
shown in Fig. 5.9a, b. 4pp linear and saturation mobilities are in good agreement
(Fig. 5.8) and all show a distinct maximum at 300 K within the charge density range of
n=1-10"%® cm™3 —2- 10" cm™3 due to progressive filling of the first subband of the
dipolar disorder-broadened one-dimensional DoS of the SWCNT networks with increas-
ing charge density (Fig. 5.9a, b).136:137.202 Dye to the larger SWCNT diameters and the
broader DoS originating from the presence of multiple chiralities in the RN networks, this
filling effect occurs at lower charge densities than for the (6,5) networks. The normalized
saturation mobilities —£=2t— extracted for six (RN-d-st) respectively seven ((6,5)-s-

Hsat, 300 K
ttmgb) different overdrive voltages Voy = Vs — Von (2 V — 4.5 V respectively 2 V —
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Figure 5.9. Fluctuation-induced tunneling (FIT) in SWCNT networks. The temperature
and charge density-dependent electron respectively hole saturation mobility (iie,sat and pin,sat) of the
(6,5)-s-ttmgb (a, ¢) and RN-d-st (b, d) networks are shown. The normalized saturation mobilities

Esat  at several charge densities (line-cuts in (a) and (b)), and the FIT fits using the mobility

HMsat, 300 K
analogue to Eq. 5.1 are shown in (¢) and (d). The extracted characteristic energies Eg and Ey are

presented in (e). Error bars display the standard deviation of the fitting parameters.

5 V in steps of 0.5 V) and hence charge densities (4.8 -10*® cm™3 — 1.2 - 10! em =2 and
5.4-10'% cm™3 —1.2-10' em™3, respectively, line-cuts in Fig. 5.9a, b) are plotted versus
the inverse temperature in Fig. 5.9¢c, d. Despite the smaller energetic disorder experienced
by carriers in the monochiral (6,5) networks (see temperature-dependent thermoelectric

transport data in the following section) the charge density and temperature dependence
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Figure 5.10. Temperature-dependent onset voltages. The temperature-dependent onset voltages
for hole and electron transport (Von,n and Von,e) of the (6,5) sparse ((6,5)-s, (a)), (6,5) sparse ttmgb-
treated ((6,5)-s-ttmgb, (b)), (6,5) dense ((6,5)-d, (c)), long-tube RN sparse (RN-s-1t, (d)), long-tube
RN dense (RN-d-1t, (e)) and short-tube RN dense (RN-d-st, (f)) networks are shown.

of the saturation mobility for a fixed charge density (e.g. ng = 1.2-10'® em~3) and most
notably for comparable DoS filling levels (e.g. ng = 1.2 - 10! cm™3 for (6,5)-s-ttmgb
and hg = 9.5 - 10'8 ecm™3 for RN-d-st) of the (6,5) networks is stronger than that of the
RN networks as previously observed (Fig. 5.9¢c, d).2%* This observation is not expected
within a framework of a homogeneous medium and disorder-based transport rooted in
variable-range or Miller-Abrahams hopping for which a lower disorder inevitably leads to
a smaller charge density and temperature dependence of the field-effect mobility.61:13%:172
We find that charge transport within semiconducting SWCNT networks can be de-
scribed by the notions of transport in heterogeneous media and fluctuation-induced
tunneling.196,198,203,282,283 \Wo extend these general notions and emphasize that the het-
erogeneous medium for SWCNT networks consists of two main segments, the SWCNTs
themselves with a Gaussian disorder-broadened, one-dimensional DoS that depends on
the diameter distribution and the junctions with a distribution of tunnel barrier heights
that depend on both the charge density, i.e. the position of the Fermi-level, as well as
the diameter distribution of the constituting junctions. Transport along the SWCNTs is
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ballistic for short segments and even for long segments (longer than the mean free path
due to acoustic phonon scattering) without SWCNT crossings, mobilities of > 1000 Cvij
can be achieved (further details have been introduced in section 2.2.1).183:184 While
it has been shown that SWCNT crossings can lead to substantial reductions of the
single SWCNT mobility, presumably due to enhanced scattering at these crossings, the
conductivities of SWCNT segments will nevertheless be significantly larger than those of
the tunnel barrier segments (ogwent > og).1942% Within effective-medium theory the
conductivity of each transport path (o;) in the percolating network (with Npatn number
of transport paths) can therefore be approximated with the conductivity of a single
junction along this path for a peaked distribution of tunnel barrier heights.!70:196,285
Transport through these tunnel barriers connecting two large conducting regions occurs
through thermal activation across the tunnel barrier and fluctuation-induced tunneling,
a thermally activated tunneling process due to voltage fluctuations across the junction
capacitance caused by the random thermal motion of carriers (Johnson noise). Within
this framework and the approximations of a parallel plate capacitance for the junction

capacitance, a parabolic barrier approximation and the Wentzel-Kramers-Brillouin

(WKB) approximation, the conductivity of SWCNT networks (o) can be written as:'%
Ts(Ew)

~ N, . =oo(EF) - —_——]. 5.1

o path " OB Uo( F) eXP( T+T0(EF) ( )

Here Ts(Er) = %@;))2 and Ty(Er) = %, while C' is the junction capacitance

within the parallel plate approximation, Vg(EF) is the Fermi-level-dependent barrier

height of the tunnel barrier, kg is the Boltzmann constant, e is the electron charge,

1
X = <%§<EF)) ? is the Fermi-level-dependent tunneling constant, m is the effective
carrier mass, w is the width of the tunneling junction and £(0) = fol (u-(1 —u))%du =g is

a scaling factor that originates from the Taylor expansion of the transmission coefficient
around the Fermi-level within the WKB approximation and depends on the parabolic
shape of the tunnel barrier. oo(EF) is a weakly temperature-dependent conductivity
pre-factor that takes the number of conduction paths Ny, as well as the initial and final
DoS on each side of the junction at the Fermi level (¢;(Er) and gf(Er)) into account.
Tp(Er) characterizes the temperature for which significant thermal excitation across
the tunnel barrier is likely to occur and Ty(EF) is the temperature above which thermal
voltage fluctuations due to Johnson noise are relevant. For temperatures T' < Ty (Er)
the expression becomes temperature-independent (elastic tunneling). The fact that
there has not been any experimental evidence for an attainable charge density regime for

which the conductivity in semiconducting SWCNT networks decreases with increasing
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temperature, further supports the validity of Eq. 5.1.24! The diameter dependence
of the conductivity of the semiconducting SWCNT network within this framework is
crucial. Firstly, the diameter distribution influences the energetic landscape (DoS) and
thereby the position of the Fermi-level for a given charge density and temperature. The
diameter distribution also influences the junction capacitance, since larger diameter
SWCNTs are expected to have larger contact areas and therefore larger capacitances
in the parallel plate approximation. Furthermore, smaller diameter tubes have been
found to exhibit higher contact resistances, which has been attributed to higher tunnel
barriers Vi (Er).1%

Due to the existence of tunnel barriers for all charge densities, the temperature-activated

’

behaviour of the saturation mobilities (o = % ,t ng;s psat (Vgs) dngS) within the framework
of a heterogenous medium and fluctuation-induced tunneling is expected (Eq. 5.1). The
prefactor og(Er) accounts for the DoS filling effect and the existence of a mobility
maximum caused by an eventual decrease of the initial and final DoS at the Fermi-level
on each side of the junction (oo(Er) x ¢i;(Er), gf(Er))), which outweighs the slight
reduction in the tunnel barrier height Vg (FEr) in this charge density regime. Considering
the proportionalities Tg(Er) x C - (Vg(Er))? and Ty(Er) o< C - (VB(EF))% m~2, the
expected proportionality between junction capacitance and diameter as well as the
anti-proportionality between tunnel barrier height and diameter,'®* the stronger charge
density and temperature dependence of the saturation mobility of the (6,5) compared to
the RN networks (Fig. 5.9a-d) may be rationalized, not as a manifestation of different
degrees of disorder, but in terms of the dependence of the tunneling junctions between
tubes on tube diameter: The smaller diameter of the (6,5) SWCNTs is expected to lead
to both higher tunnel barriers at any fixed charge density (ng) in the (6,5) networks
(VB, (6,5)(Er(n0)) > VB, RN (EF(n0))) as well as smaller SWCNT overlap areas resulting
in smaller junction capacitances compared to the RN networks (Cs 5y < Crn).** The
characteristic energies of the saturation mobilities, Fg = kg1 and Ey = kpTy, of the

(6,5)-s-ttmgb and RN-d-st networks at various charge densities were obtained from fits of

Msat
Hsat, 300 K

o with pisat, Fig. 5.9¢). Consistent with expectations we find higher characteristic

the normalized saturation mobilities with an analogue to Eq. 5.1 (substituting
barrier energies for the (6,5) compared to the RN networks (Eg, (6 5)(Er) > EB rN(EF),
Fig. 5.9¢). The characteristic energy of significant voltage fluctuations is larger for the
RN networks (Eo rn(Er) > Ey, (6,5 (EF), Fig. 5.9¢). This may reflect a smaller carrier
effective mass and larger junction capacitance induced by the larger diameter of the
RN tubes. Our experimental findings also confirm the expected slightly weaker charge

density and Fermi-level dependence of Eg(Er) of the (6,5) networks due to its narrower
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DoS (Fig. 5.9¢). We note that our assumption of a weakly temperature-dependent
Fermi-level for the extraction of the characteristic energies can be justified by the
observation of a temperature-independent Seebeck coefficient of the two networks within
the temperature range of 150 K to 300 K and a weak temperature dependence below
150 K (within the measurement error of 5-10 %) due to the sharp DoS distribution of

the networks (see following section).

5.5 Temperature-dependent thermoelectric transport in
SWCNT networks

Based on the established independence of the Seebeck coefficient on network density
and small SWCNT tube length variations in the high network density regime (approx.
> 13 um ™) as well as its electron-hole symmetry (Fig. 5.6¢, d), we focus our temperature-
dependent thermoelectric transport analysis on the absolute electron Seebeck coefficient
(Se|) of the representative (6,5)-s-ttmgb and RN-d-st networks (Fig. 5.11). The full
temperature dependence of the hole and absolute electron Seebeck coefficient (Sy, and
|Se|) of all six network conditions (Table 5.2) is presented in Figure 5.12. The error
analysis was performed as previously reported!”? and the measurement errors were
approximately 5-10 % (except 10-20 % for the (6,5)-s device). The Seebeck coefficients
of the (6,5)-s-ttmgb and dense RN networks are temperature-independent between
150 K and 300 K but show an increasing temperature dependence for lower temperatures
(within the measurement error of 5-10 %, Fig. 5.11b, d). The Seebeck coefficients of all
untreated (6,5) SWCNT networks and the sparse RN networks show a stronger and
more gradual temperature dependence as well as a stronger charge density dependence
due to higher trap densities and the resulting Fermi-level pinning (Figs. 5.6¢, 5.11b, d
and 5.12).172

We find that thermoelectric transport in semiconducting SWCNT networks can be
modelled within the notions of transport in heterogeneous media and Boltzmann
transport formalism.!9%:245 The relative orientation of transport path segments (SWCNTs
and tunnel barriers) with respect to the temperature gradient has to be considered for the
evaluation of the Seebeck coefficient. Kaiser pointed out that the tunnel barriers are likely
to impact the thermal transport less than the electrical transport. %239 Furthermore, in
the percolating dense network density regime considered here, most tunnel barriers will
be orthogonal to the temperature gradient and hence their contribution to the Seebeck
coefficient is negligible. Therefore, the Seebeck coefficient of the SWCNT networks (.5)
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can be approximated as:

ATswonTs ATy
S =" 20WS g —— .S~ S 5.2
AT SWONTs + 7+ 9B & Sswons, (5.2)
with ATswenT and Sswonts being the temperature drop across the SWCNTs and their
Seebeck coefficient, while ATy and Sg are the temperature drop across the tunnel

barriers and their Seebeck coefficient, respectively.
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Figure 5.11. Temperature-dependent thermoelectric transport in SWCNT networks. The
dipolar disorder-broadened (ddipole = 5 meV) DoS of the (6,5) (a) and RN (c) networks from tight-binding
nearest-neighbour calculations including trigonal warping effects,3+5 scaled according to the network
density and length distribution (Table 5.1) as well as the charge density and temperature-dependent
absolute electron Seebeck coefficient (Se|) of the (6,5)-s-ttmgb (b) and RN-d-st (d) networks are shown.
The blue dashed lines in panel (a) and (c) are the DoS parameterizations (Table 5.3) used for the BTE
simulations of the Seebeck coefficients in panel (b) and (d). The vertical dotted blue lines in panel (a)
and (c) indicate the transition energies from the disorder-based to the SWCNT-based parameterization.
The relative error in the Seebeck coefficient is 5 — 10 % (error analysis performed according to ref. [172]).
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Temperature- and charge density-dependent hole and absolute electron
Seebeck coefficient (S, and |Se|) of all six network conditions (Table 5.2).
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For the DoS of the SWCNT network (g(£)) we consider the convolution of the superpos-
ition of the DoS of the individual chiralities of the network (g, i(E)), weighted according
to their relative fraction in the network (w;) and scaled according to the network density
and length distribution (Table 5.1), with a normalized Gaussian dipolar disorder dis-

tribution (gdipole(£) = exp(— )). For gc i(E) we consider reported tight-binding

E2
2'5§ipole
nearest-neighbour (TBNN) calculations including trigonal warping effects.®*%5 Given
our charge density regime (n < 2.2-10' cm™3) and temperature range of 50 K to 300 K
(low energies), it is sufficient to consider the first subband of the TBNN DoS of each
chirality (further supported by the electrical data in Fig. 5.9a, b). Therefore, the DoS

of the SWCNT network can be expressed as:

gdipole(E) ® Zz Wi * Ge, Z(E)
fgdipole(E) ® Zz ws * ge, Z(E)dE7

g(E) = NsweNTs - (5.3)

where NswoNTs = pSWONTs * Nsingle, sweNT is the total first subband DoS of the SW-

CNTs in the network, pswonts = 5 - ™At s the volumetric SWCNT density (inter-

2-1-d
relation assumes uniform random orientation of SWCNTs, see next paragraph),20?

A¢n the linear threshold network density for which the Seebeck coefficient becomes

1 as established in sec-

approximately independent of network density (~ 13 um~
tion 5.3), [ and d are the average SWCNT length and diameter of the SWCNTs in
the network respectively, 3 is a constant factor considering bundling of SWCNTs and
Nsingle, SWONT = [ > wi - ge, i(E)dE is the average total DoS per single SWCNT.

For the expression of the volumetric SWCNT density (pswent) in Eq. 5.3, we assume a
uniform random orientation of SWCNTs. As previously employed,?°? under this assump-
tion the areal network density (o4 swenT) can be obtained as the ratio of the linear
network density (\) to the average length of SWCNTSs in x-direction (ly, respectively
y-direction, for randomly oriented SWCNTs). Consequently, the following relationship,
which we have confirmed by random network simulations, is obtained for randomly

oriented SWCNT networks:

Y >

A 1
- -

7T .
% 7 cos(z)dz 2

| >

04, SWCNT = ; (5.4)

with [ being the average length of SWCNTs in the network. Considering the effect
of bundling, we therefore obtain the employed expression for the volumetric SWCNT

density in the high network density regime relevant for the BTE simulations of the

0d,SWONT __ B W'%tb)
d 2:1d /"
As outlined in section 2.3.1, within the independent electron and relaxation time

Seebeck coefficient (pswenTs = 3 -
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approximation the Seebeck coefficient can be derived from Boltzmann transport equation
(BTE) and expressed as:216:217:245

(E—Br), 1 [f (E - Eﬁo(E)dE]
el €T [o(E)dE ’

S=— (5.5)

where o(F) is the energy-dependent conductivity function in the expression for the

= /a(E)dE _ /a’(E) (ag(g)) dE

= /62U(E)T(E)U(E)Q(E) <—6J(;(é?)> dE,

conductivity:
(5.6)

with f(E) representing the Fermi-Dirac distribution function, g(E) the DoS, v(E) the
carrier velocity and 7(E) the carrier relaxation time. As outlined in sections 2.3.1 and
4.2, Eq. 5.5 emphasizes the physical meaning of the Seebeck coefficient as the entropy
transported by a carrier divided by its charge and illustrates that each charge carrier
contributes to the transported energy according to its excess energy with respect to the
Fermi-level (E — Ey), weighted by the relative contribution of the conduction channel
@ to the total conductivity.!”>2!” With the same reasoning as for the DoS we can
express the conductivity function without the occupancy factors of the SWCNT network
(0/(E)) as

o'(E) = gapael E) ® 3w -, (E). (57)

with of ;(E) = Ve, i(E)*7¢ i(E)ge,i(E). The carrier velocity within each SWCNT is
determined by its dispersion relation v, ;(E) = ¢ (%—E) o ge i(E)~L.™ For the carrier
relaxation time we investigate one-dimensional acoustic and optical phonon scattering
Te,i(E) o ge, i(E)~! which is dominant in single SWCNTS as well as a more general power
law relationship 7. ;(F) o (E — Ec,;)°, with Ec, ; being the first van Hove singularity
of the i-th chirality in the network and s the scattering parameter characterizing the
type of scattering.!83:221,278,279

In order to simulate the Seebeck coefficient of the SWCNT networks using BTE, we
parameterize both the TBNN DoS (Eq. 5.3) shown in Fig. 5.11a, c for the (6,5) and
RN networks as well as the conductivity function without occupancy factors (o/(E),
next paragraph). The absolute energy scale in Fig. 5.11a, ¢ is based on the TBNN
calculations as well as the redox potentials of the SWCNTs (Eg, (65) = —4.55 eV for
the (6,5) networks and we assume Ep, gy ~ —4.45 €V for all chiralities in the RN

network).?*2% For the RN network DoS we estimate a plausible chirality assignment
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based on an analysis of the absorption peaks in the Egz region (Fig. 5.13, w(17,3) = 0.04,
’11}(1672) = 0.28, w(1079) = 0.2, ’11}(1277) = 0.12, w(1375) = 0.22, ’U)(1078) = 0.14). Each EQQ
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Figure 5.13. Estimation of RN network composition. The absorption spectrum of the RN
networks in the E2s region is shown. In order to estimate the network composition each Es2 absorption
band was fitted with a Voigt function and the blue-shifted phonon sidebands were collectively fitted
using three separate Voigt functions. The measurements have been performed by Severin Schneider and
Felix Berger.

absorption band was fitted with a Voigt function and the blue-shifted phonon sidebands
were collectively fitted using three separate Voigt functions.”* For the BTE simulations
the fraction (integral of the Eqy absorption band of a specific chirality divided by the
integral of the network Egy absorption band excluding phonon side bands) of the (10,8)
tubes has been rounded to 14 %. The network DoS is parameterized (Fig. 5.11a, c)
with a disorder-dominated DoS for low energies (E < Eirans, Etrans being the transition

energy, Fig. 5.11a, c)

(E—EC>2> , (5.8)

B = e <_
V2mic 262,
with N¢ being the total DoS, dc the width and E¢ the center of the low energy DoS
parameterization. For high energies (Eians < F < E¢o, with E¢, being the cut-off energy
of the parameterization) the network DoS is parameterized with a one-dimensional
SWCNT DoS

‘E+‘EF0|

guE(E) = Nug -

; (5.9)

)2 - (’ECHE +|Er, | )2

NEHEFO\
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with Nyg characterizing the magnitude of the DoS and E¢ ur the energy of the first
van Hove singularity of the high energy DoS parameterization. The parameters used
for the parameterization of the TBNN network DoS that is employed for the Seebeck
coefficient simulations in Fig. 5.11b, d (solid lines) are summarized in Table 5.3. The

Table 5.3. Tight-binding nearest-neighbour DoS parameterization for simulation of See-
beck coefficients in SWCNT networks.

First
Total van
DoS of Total Width Center Magnitude Hove
the first DoS of of the of the Transition of.the singu— Cut-off
Network subband the low low low energy high larity energy
of the energy energy energy (¢ ) energy of the (Feo)
SWCNT DoS DoS DoS rans DoS high co
network (Ne) (6c) (Ec) (Nug) energy
(NswcNs) DoS
(Eug)
(6,5)-s- 2.94-102° 4'6169' 8.1 —4.003 —3.998 3'0828 ' —4.005 | —3.467
ttmgb 3 10 10
(Fig. 5.11a) cm cm—3 meV eV eV em—3ev—1 eV eV
RN-d-st || 1.50-1020 41'3?9‘ 162 | —4.120 | —4.112 2'1228 © | —4126 | —3.826
(Fig. 5.11c) cm ™3 _3 meV eV eV 3 -1 eV eV
cm cm™ eV

only parameters in the BTE simulations of the Seebeck coefficients of the (6,5)-s-
ttmgb and RN-d-st networks (Fig. 5.11b, d) that are not a direct consequence of the
network parameters and the TBNN DoS of the SWCNTs, are the width of the disorder
distribution (dgipole = 5 meV) and the scattering parameter s = —1, which are identical
for the two networks, as well as the bundling factor 8 that accounts for bundling of
SWCNTs in the network (B(55) ~ 2.9 and Srn ~ 4.3).

The parameterization of the conductivity function without occupancy factors (o/(E),
Eq. 5.7, Fig. 5.14), is performed similarly to the parameterization of the TBNN DoS.
For low energies (E < Firans, Etrans being the transition energy, identical to the DoS

parameterization) a disorder-dominated function is used

oc E — Ec)?
UfJE(E) = m - €xXp <—(252)> )
LE

with o¢ characterizing the magnitude, dp g the width and E¢ (being the same as for

(5.10)

the DoS parameterization) the center of the low energy parameterization. For the high
energy parameterization we consider that the carrier velocity within each SWCNT

is determined by its dispersion relation v ;(E) = 3 (%—E) x ge,i(E)™! (and hence

1
Ve, i(E) o {1 — (%)2} ?, with Ec ; being the first van Hove singularity of the i-th

chirality in the network).”™ Furthermore, for the carrier relaxation time we already
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Figure 5.14. Conductivity function without occupancy factors used for BTE simulations
of the Seebeck coefficient presented in Fig. 5.11. The conductivity function without occupancy
factors (o/(E)) as well as its parameterization (dashed blue lines, parameters shown in Table 5.4) for
the (6,5) sparse ttmgb-treated ((6,5)-s-ttmgb, (a)) and short-tube RN dense (RN-d-st, (b)) networks
used for the BTE simulations of the Seebeck coefficients presented in Fig. 5.11b, d are shown. The blue
dotted lines indicate the transition energies from the low energy disorder-dominated parameterization
to the high energy parameterization.

emphasized that we investigate both one-dimensional acoustic and optical phonon
scattering as well as the more general power law relationship 7. ;(E) « (E — Ec,;)°.
We first refer to the BTE simulations of the absolute electron Seebeck coefficients of the
(6,5) and RN networks in Fig. 5.11b, d, that provide a good fit to our data and for which
we need to consider s to be approximately —1 (and dgipole = 5 meV). The conductivity

function without occupancy factors for each chirality then shows the proportionality
1

0l i(E) = ve,i(E)*7e,i(E)ge,i( E) o [1 — (%)2} *.(E — Ec ;)~!. Therefore, for high

energies (Firans < E < E¢o, with F¢, being the cut-off energy of the parameterization

and the same as for the DoS parameterization) the network conductivity function

without occupancy factors is parameterized by

2
E E
CHE+|F0|> (E— Ec,HE)_l, (5.11)

ois(E) = onp,0- 1_< E +|Ep,|
[0]

with ong,o characterizing the magnitude of network conductivity function without
occupancy factors, Ec ur the energy of the first van Hove singularity of the high
energy parameterization and Ff, the redox potential of the SWCNTs (as for the DoS

parameterization).?*2%6 The parameters used for the parameterization of the network
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conductivity function without occupancy factors (¢/(E)) that is employed for the See-

beck coefficient simulations in Fig. 5.11b, d are summarized in Table 5.4. Both ¢/(E) and

Table 5.4. Parameterization of conductivity function without occupancy factors for sim-

ulation of Seebeck coefficients in SWCNT networks.

First van
Magnitude | Width of Center of Magnitude | Hove sin-
of low low low of high gularity
energy energy energy Transition energy of high Cut-off
Network conduct- conduct- conduct- energy conduct- energy energy
ivity ivity ivity (Ptrans) ivity conduct- (Eco)
function function function function ivity
(oc) (oLE) (Ec) (oHE,0) function
(Ec,uE)
(t?;f’l)g_s_ 3.08 (a.u.) 7.8 meV —4.003eV | —3.998eV | 6.172 (a.u.)| —4.007eV | —3.467 eV
RN-d-st 554 (a.u.) | 16.1 meV | —4.120eV | —4.112eV | 5.997 (a.u.)| —4.126eV | —3.826eV

its parameterization for the electron Seebeck coefficient simulations of the (6,5)-s-ttmgb
and RN-d-st networks in Fig. 5.11b, d are shown in Fig. 5.14.

We now show that one-dimensional acoustic and optical phonon scattering with

Tei(E) o gei(B)! oc [1— (B

perature dependence of the Seebeck coefficient of the SWCNT networks. As presen-
ted in Fig. 5.15 for the (6,5)-s-ttmgb networks (for both no dipolar disorder and

ddipole = 8 meV), this form of scattering would give too much weight to the high energy

1
)2} > cannot explain the charge density and tem-

conduction channels, resulting in a strongly temperature-dependent thermally accessible
DoS which would lead to a much stronger temperature dependence of the Seebeck
coefficient between 100 K and 300 K than observed experimentally.

Our BTE simulations based on the dipolar disorder-broadened TBNN DoS allow insights
into the microscopic transport mechanisms as well as the origins of the charge density
and temperature dependence of the Seebeck coefficients of the SWCNT networks. The
magnitude of the Seebeck coeflicient primarily depends on the magnitude and sharpness
of the DoS within the energy window f(E) - [1 — f(FE)] which determines the states
participating in transport. Since the (6,5) SWCNTSs have more states in the vicinity
of the first van Hove singularity than the large diameter SWCNTSs present in the RN
networks, the low energy DoS of the (6,5) networks, which dominates transport in
our charge density regime, is higher than that of the RN networks (N¢, 6,5 > Nc RN,
see Table 5.3). The latter is the dominant factor for the observed higher Seebeck
coefficients of the (6,5) compared to the RN networks (Fig. 5.11b, d). As expected
from the mono-chirality of the (6,5) network and in agreement with our PDS meas-
urements (Ey, (5 ~ 30+ 3 meV and E, gy ~ 47 £ 5 meV), the low energy (6,5)
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Figure 5.15. BTE simulations of Seebeck coefficient considering one-dimensional acoustic
and optical phonon scattering. The charge density and temperature-dependent absolute electron
Seebeck coefficient of the (6,5)-s-ttmgb network is shown. From the BTE simulations of the Seebeck
coefficient it is evident that one-dimensional acoustic and optical phonon scattering (solid lines for
no dipolar disorder and dashed lines for dqipole = 8 meV) cannot explain the experimentally observed
temperature dependence of the Seebeck coefficient.

DoS is effectively much sharper than that of the RN networks (d¢, (55 ~ 8.1 meV
versus 0c, RN ~ 16.2 meV). This in turn leads to the weaker temperature dependence of
the Seebeck coefficient of the (6,5) compared to the RN networks (Fig. 5.11b, d). In
addition, the sharper DoS in combination with the energy dependence of the relaxation
time (7¢,;(E) o< (E — Ec,i)°), s = —1, leads to a stronger charge density dependence
of the Seebeck coefficient in the (6,5) networks at lower temperatures, because the
dominant transport energies are pinned energetically closer to the van Hove singularity
(Fig. 5.11b, d). The energy dependence of the relaxation time with s = —1 is different
from that of individual SWCNTs. This is likely to reflect energy-dependent relaxation
processes associated with the tube junctions or it might be a manifestation that the
effective dimensionality of the SWCNT networks is not one-, but two-dimensional.
We note that the energy dependence of the relaxation time due to acoustic phonon
scattering in graphene is also characterized by s = —1.287:288 This observation may
warrant a detailed theoretical study that takes into account an appropriate deformation

potential and scattering at the SWCNT junctions.
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5.6 Implications for SWCNT network FETs and
thermoelectrics

Based on our electrical transport data (Fig. 5.9 and inset of Fig. 5.16), two important,

general guidelines for SWCNT network FETs are evident in our measurements. Firstly,
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Figure 5.16. Thermoelectric performance at 300 K. The charge density-dependent electron
power factors (ge - S2) and conductivities (inset) of the (6,5)-s, (6,5)-s-ttmgb and RN-d-st networks are
shown. The monochiral (6,5)-s-ttmgb networks strongly outperform the broad diameter distribution
RN networks due to their higher Seebeck coefficients (Fig. 5.6¢, d), emphasizing both the importance of
trap state minimization as well as chirality selection to narrow and increase the thermally accessible
DosS.

even SWCNT networks with ambipolar transport character and moderate hysteresis can
still exhibit significant amount of trap states ((6,5) networks, Fig. 5.6a). Minimizing this
trap state density by treatments such as the ttmgb-treatment used here is essential for
further performance optimization of FETs based on SWCNT networks.?”” Secondly, large
diameter (1.2-1.6 nm) SWCNT networks show higher carrier mobilites at comparable
trap densities probably due to lower tunnel barriers. Chirality selection towards
monochiral networks enables enhanced mobilities due to reduced energetic disorder

via a narrower thermally accessible DoS.194:204

The upper diameter limit is given by
the on/off current ratio requirements of the electronic application. Consequently, we
suggest trap density-minimized monochiral SWCNTs of large diameter in the range of

1.2-1.6 nm, such as the recently demonstrated (14,6) networks, for high on/off current



144 Chapter 5. Charge and thermoelectric transport in SWCN'T networks

ratio, high-mobility SWCNT network FETs.204,289

As introduced in section 1.1, the conversion efficiency of waste heat to electricity by
thermoelectric materials is governed by the figure of merit 27" = % T = "TS’Q - T, with
the power factor PF = o - 52, o the electrical conductivity, S the Seebeck coefficient and

# the thermal conductivity.?® Furthermore, it has been emphasized that highly doped

uWw
m-K

therefore promising candidates for next generation flexible thermoelectric generators

and are

SWCNT networks have displayed ambipolar power factors in excess of 500

(see section 1.1 for further details).*® For further improvements in device performance
the optimal chirality distribution of the SWCNT networks needs to be established.?447
We therefore present the charge density-dependent electron power factors (o - S2) of
the (6,5)-s, (6,5)-s-ttmgb and RN-d-st networks at 300 K in Fig. 5.16. Despite the
significantly lower conductivities of the (6,5) networks (inset of Fig. 5.16), the power
factors of the (6,5) networks exceed those of the RN networks, particularly for high charge
densities relevant for applications. The power factors of the trap-free ttmgb-treated (6,5)
networks exceed those of the RN networks for almost all investigated charge densities.
As revealed by our BTE simulations, this is caused by the higher Seebeck coefficients
primarily due to the larger DoS of the (6,5) SWCNTSs in the vicinity of the first van Hove
singularity (Nc, 65 > Nc,rN, see Table 5.3). For practical applications the charge

density needs to be tuned to higher levels on the order of several times 10%° cm™3,

allowing the Fermi-level to be in the vicinity of the second van Hove singularity.6:47137
This will be the optimal Fermi-level position, as it allows for both high conductivities
(due to the high charge densities) as well as a large thermally accessible DoS within the
transport window f(F) - [1 — f(E)] leading to high Seebeck coefficients. In terms of
the Seebeck coeflicient multiple chiralities in the network are acceptable if the effective
width of the network DoS around the second van Hove singularities is still narrower
than the transport window (~ 4 kgT'), as it would allow for a comparable thermally
accessible DoS (with only slightly reduced Seebeck coefficient due to the Fermi-level
being closer to the van Hove singularity). Nevertheless, given that the conductivities
of monochiral networks are expected to be higher, as well as the fact that molecular
doping introduces additional energetic disorder, monochiral networks are still preferable.
Our simulations also indicate that the effect of smaller diameter tubes having a larger
thermally accessible DoS in the vicinity of the van Hove singularities will still prevail,
meaning that the optimal diameter for SWCNT network based thermoelectric devices
will likely be smaller than that for FETs, where the reduced Seebeck coefficient of larger
diameter tubes is no constraint. The precise optimal diameter can only be predicted

once more data on trap-free monochiral networks is available. Therefore, in order
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to benefit from both lower tunnel barriers and higher conductivities, as well as high
Seebeck coefficients, we propose to investigate a series of moderately large (1.0-1.4 nm)

monochiral networks, such as the recently demonstrated (14,6) networks.?8?

5.7 Conclusions

In summary, we have shown that charge and thermoelectric transport in polymer-
sorted SWCNT networks with selected diameters and different network densities as
well as length distributions, can be modelled by the Boltzmann transport formalism,
incorporating transport in heterogeneous media and fluctuation-induced tunneling. We
directly relate the charge density and temperature dependence of the Seebeck coefficient
in these networks to their dipolar disorder-broadened and network parameter-scaled
TBNN DoS. Furthermore, our BTE simulations of the Seebeck coefficients point towards
a more two-dimensional character of carrier scattering and the necessity to consider
scattering at SWCNT junctions as the relaxation time is found to be anti-proportional
to the energy in these SWCNT networks, as opposed to simple one-dimensional acoustic
and optical phonon scattering found in single SWCNTs. Based on our fundamental
insights on charge and thermoelectric transport, we propose narrow DoS distribution
(ideally monochiral), large diameter SWCNT networks, that enable a large thermally
accessible DoS leading to high Seebeck coefficients as well as low tunnel barriers and high
conductivities for both electronic and thermoelectric applications. While for electronic
applications the on/off current ratio poses an upper limit for the SWCNT diameter
(1.2-1.6 nm), the additional requirement of high Seebeck coefficients in thermoelectric

devices is likely to be a stronger constraint on the SWCNT diameter (1.0-1.4 nm).






Chapter 6

Charge and thermoelectric transport in
molecularly doped, aligned conducting

polymers

The optical characterization as well as the fabrication of the thermoelectric devices
presented in this chapter was performed by Yuxuan Huang and Dr. Ian Jacobs, PhD
student and postdoctoral researcher in Prof. Henning Sirringhaus’s group respectively.
The presented grazing incidence wide-angle X-ray scattering (GIWAXS) measurements
of samples prepared by Yuzuan Huang and Dr. lan Jacobs, were performed by Dr.
Xuechen Jiao and Prof. Chris McNeill from the Monash University in Australia at the

Australian Synchrotron.

6.1 Motivation and outline

While the previous two chapters have focused on an improved understanding of charge
and thermoelectric transport in semicrystalline conjugated polymers and polymer-sorted
SWCNT networks via charge density and temperature-dependent field-effect mobility
and gated Seebeck coefficient measurements, this chapter is concerned with the study
of the impact of polymer-chain alignment on charge and thermoelectric transport in
the molecularly doped semicrystalline polymer PBTTT. Field-effect modulation of the
charge density in an FET architecture is particularly useful for minimizing extrinsic
contributions to charge and thermoelectric transport, providing an excellent platform
for an understanding of intrinsic transport at moderate charge densities for further
advances of electronic applications. However, charge densities are typically limited to a

3. rendering a direct relation to the transport

range of approximately 10'® — 10! cm™
regime relevant for conjugated polymer and SWCNT network-based thermoelectric

device applications with charge densities on the order of 1020 — 10%! cm ™2 difficult.?>24

147
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Lin van

Considering the low thermal conductivities on the order of 0.2 W m~! K~
der Waals-bonded conjugated polymers, optimization of the figure of merit z7 (see
section 1.1) for their thermoelectric applications typically focuses on the optimization of
the power factor (PF = o-S2, o the electrical conductivity and S the Seebeck coefficient)
via tuning the charge density by molecular doping.?? In the past decade significant
advances in controlling and understanding molecular doping of conjugated polymers have
been made and attaining charge densities in molecularly doped conjugated polymers in
excess of 1020 cm ™3 has become feasible.??*2% Upon molecular doping, the fundamental
processes of ion-pair formation (integer charge transfer) and charge-transfer complex
formation via hybridization of the frontier orbitals of the conjugated polymer and small
molecule are distinguished. The formation of charge transfer complexes has been found
to be detrimental to the doping efficiency, due to higher ionization energies required

291 In contrast to the more conventional solution-mixing

to create free charge carriers.
doping routine (pre-deposition mixing of conjugated polymer and doping solutions),
sequential doping processes with the preparation of the active conjugated polymer layer
and subsequent doping from the solution or vapour phase have recently been found
to be more efficient.*1292:293 Particularly high electrical conductivities on the order of
200 — 700 S cm™! and power factors around 50 — 120 pW m~! K~2 have been obtained
by sequentially doping the semicrystalline polymer PBTTT from the vapour phase
(solid state diffusion doping) with the small molecule 2,3,5,6-tetrafluoro-7,7,8,8-tetra-
cyanoquinodimethane (FATCNQ).41293:296 This high performance has been ascribed to
the non-destructive nature of the doping process that largely retains the microstructure
of the undoped PBTTT films. An increase of the out-of-plane lamellar d-spacing from
approximately 21.5 A to 23.4 A upon doping, combined with a small decrease of the
in-plane 7-7 stacking distance from approximately 3.6 A to 3.47 A (for PBTTT-Cy4) has
been interpreted as the incorporation of the FATCNQ molecules into the free volume of
the PBTTT lamellar stacks.2?3:296:297 Facilitated by this non-disruptive doping routine,
coherent transport phenomena such as a nearly ideal Hall effect as well as a positive
magnetoconductance due to weak localization have been observed in molecularly doped
PBTTT.?"3 More recently, even higher charge densities on the order of 102! cm™3
(extracted from Hall effect measurements) have been realized by FATCNQ and Li-TFSI-

L as well as the

based ion-exchange doping, leading to conductivities of around 600 S cm™
observation of weak localization.*?> Even higher conductivities and power factors have
been achieved via additional polymer chain alignment of PBTTT via high-temperature
rubbing.?*42% Recently, conductivities as high as 2-10°> S cm™! (approaching those

of conventional metals) and power factors of 2 mW m~! K=2 (exceeding those of
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state-of-the-art unaligned, polymer-sorted SWCNT networks by a factor of 2 — 3)46
have been reported for FeCls-doped, aligned PBTTT-C15.2%* Such high power factors,
render molecularly doped, aligned conducting polymers as promising candidates for
flexible thermoelectric device applications, provided that the thermal conductivity is
not significantly higher than in the undoped state.

In order to further improve the material performance an improved understanding of
the charge and thermoelectric transport of these molecularly doped, aligned conducting
polymers in this high charge density limit is of paramount importance. However,
even the fundamental understanding of transport in unaligned molecularly doped
conjugated polymers is still in its infancy. As outlined in section 2.3.2, Glaudell et al.
have reported an empirical relationship between the Seebeck coefficient and electrical
conductivity of molecularly doped polythiophene-based conjugated polymers (S ~ O'_i),
while Snyder and coworkers have proposed a phenomenological transport function
(Eq. 2.44 in section 2.3.2) and found good agreement with the Seebeck coefficient
versus electrical conductivity relationship (see also Eqs. 4.20-4.24 in section 4.5) for
several (mostly polythiophene-based) conjugated polymers, when assuming s = 3 for
the transport parameter, determining the energy dependence of the transport function
o(E).221229 Tt remains to be investigated how this transport parameter relates to
the microstructure, DoS and transport processes within the conjugated polymers. In
addition, further justification needs to be provided for the assumption of a rigid transport
function for describing systems in which the conductivity changes over seven orders of
magnitude upon molecular doping (spanning non-degenerate as well as highly degenerate

296,299 while it has been shown that the DoS of the conjugated polymers is

regimes),
modified in the presence of dopants.?28:290,291,299,300 Careful control of the Fermi-level
and hence charge density via molecular doping and concomitant measurements of both
electrical conductivity and Seebeck coefficient in dependence of charge density and
temperature allows a detailed characterization of the energy dependent conductivity.
Cohen et al. have derived the (macroscopic) conductivity and Seebeck coefficient within

the independent electron approximation via the Kubo formalism:?!'3:218

o= /UE(E) (-32) dE, 6.1)

ks [oR(B)E—Ep [ Of
= o ket \ o8)" (6.2)

with og(E) the microscopic conductivity and f(F) the Fermi-Dirac distribution function.
Equations 6.1 and 6.2 are structurally similar to those presented by Fritzsche (Egs. 2.21

and 2.25 in section 2.3) from thermodynamic arguments, however the microscopic
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conductivity (og(E)) as presented by Cohen et al. excludes the occupancy factors.
From the Kubo formalism Cohen et al. derive a relationship between the microscopic
conductivity (og(F)) and the microscopic mobility for electron states of energy E
(up(E), v(F) = ug(E) - F, where v(FE) is the average velocity induced in electrons at
energy E by the electric field F):2!®

dO‘E(E)
dE

— —eg(E)us(E), (6.3)

with g(FE) the DoS. The charge density and temperature dependence of conductivity and
Seebeck coefficient combined with a detailed structural characterization has therefore the
potential to disentangle the contributions of the DoS (¢(FE)) and microscopic mobility
(ug(E)) and can therefore establish a link between microstructure and transport as well
as scattering mechanisms. This disentanglement is further supported by independent
measurements of the charge density via electron spin resonance measurements or a
Mott-Schottky analysis as well as Hall effect mobility measurements.??6:301-304 Recent
attempts to disentangle the contributions to the microscopic conductivity (og(E)) were
based on Eq. 6.3 and have found a good agreement for the Seebeck coefficient versus
conductivity relationship of molecularly doped PBTTT when considering the transport
function by Snyder and coworkers (Eq. 2.44 in section 2.3.2), with an exponential tail
state distribution below and a constant DoS above the transport edge (E;) as well as a
microscopic mobility with fully localized carriers below and ug(FE) ~ (E — E;)? above
the transport edge.?? However, according to this model the Fermi-level varies over
640 meV upon doping which is large compared to expected bandwidths in conjugated
polymers and further investigation of the changes of the DoS upon molecular doping
are necessary.296:299

Based on a sequential ion-exchange doping protocol developed in our group (Jacobs et
al., manuscript in preparation, see sections 3.1.1 and 3.2.3), an alignment process of
PBTTT via high-temperature rubbing (established by Yuxuan Huang, section 3.2.3)
and the multifunctional thermoelectric devices (section 3.2.3) and measurement routines
(section 3.3.1) established in this thesis, ongoing investigations of the impact of polymer
alignment on charge and thermoelectric transport in molecularly doped PBTTT-Cy5 in

the high charge density limit are presented.
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6.2 Optical and structural characterization

In order to characterize the degree of alignment of the aligned PBTTT-Cy» films that
were obtained via high-temperature rubbing as discussed in section 3.2.3, both polarized
UV-Vis absorption spectroscopy as well as grazing incident wide-angle X-ray scattering
(GIWAXS) measurements have been employed (experimental details in section 3.4).

From the polarized UV-Vis absorption spectra (Fig. 6.1a) the degree of polymer align-
ment has been quantified via the dichroic ratio R = % (Fig. 6.1b), where A and A}
denote the film absorbance for incident light polarized parallel and perpendicular to

the rubbing direction respectively. Considering that for polythiophene-based polymers
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Figure 6.1. Polarized UV-Vis absorption spectra of aligned PBTTT films. The polarized
UV-Vis absorption spectra of aligned PBTTT films with (190 °C ann.) and without (no ann.) an

annealing step after rubbing with the incident light polarized parallel (A|) and perpendicular (A1) to

A
the rubbing alignment direction (a) as well as the correspondingly extracted dichroic ratios (R = Tl’

(b)) are shown. While the films without an annealing step are already highly aligned, recrystallization
upon the annealing step leads to an even higher degree of alignment (R up to 26.9). The measurements
have been performed by Yuxuan Huang and Dr. Ian Jacobs.

the transition dipole moment of the polymer backbone m-7* transition, the most prom-
inent absorption feature of PBTTT in Fig. 6.1a, is oriented parallel to the polymer
backbone long axis,®* the dichroic ratio is a good measure for the alignment of polymer
chains. The maximum dichroic ratio of the aligned PBTTT-Ci5 films without annealing
after rubbing (no ann.) and with a subsequent annealing step at 190 °C for 20 min,
as employed for the thermoelectric devices, is R &~ 12.6 and R ~ 26.9 respectively.

While the films without annealing show dichroic ratios on par with recently reported
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rubbed and annealed PBTTT-Cy films (R ~ 10 without and R ~ 13 with 200 °C
annealing), here the annealed films show substantially higher dichroic ratios.254:298,305
In order to compare the dichroic ratios with the degree of alignment obtained from GI-
WAXS measurements, the dichroic ratio is related to the 2D structural order parameter
S = 2(cos?(¢)) — 1 = g—j&, with ¢ the angle between polymer chain segments and the
direction of alignment and the brackets indicating the average over all chain segments
in the film.”3% The structural order parameter from the polarized UV-Vis absorption
spectra of the aligned and annealed films is approximately S & 0.93, indicating the high
degree of polymer chain alignment (S = 1 for complete uniaxial alignment).

GIWAXS measurements directly probe the structural features within the crystalline
fraction of the polymer film.3%7 2D GIWAXS patterns of the unaligned and annealed
(180 °C for 20 min) reference film (Fig. 6.2a) as well as the aligned PBTTT films
with the incident X-ray beam parallel (without annealing (Fig. 6.2b), with annealing
(Fig. 6.2d)) and perpendicular (without annealing (Fig. 6.2c), with annealing (Fig. 6.2¢))
to the rubbing direction have been recorded (section 3.4). The corresponding horizontal
(in-plane), vertical (out-of-plane) and circularly averaged 1D GIWAXS profiles are
shown in Fig. 6.3. The peak assignment has been done as previously reported.?” The
scattering peaks (¢;) and corresponding d-spacings (d; = ?}—7;) of the reference film agree
well with previously reported values (Table 1 and 2 in ref. [307]). In particular the
strongly edge-on configuration of the PBTTT chains is evident from the in-plane (010)
7-7 stacking peak with an approximate d-spacing of 3.7 A and the out-of-plane (h00)
lamellar stacking peaks.397 As analysed in more detail below, strong in-plane polymer
alignment is evident from the strong in-plane (010) 7-7 stacking and weak in-plane (003)
backbone stacking peaks for the incident X-ray beam parallel to the alignment direction
as well as weak (010) and strong (003) in-plane peaks for the beam perpendicular to the
rubbing direction (Figs. 6.2b-e and 6.3b-e). Alignment further causes the evolution of a
face-on population in addition to the edge-on chains, as indicated by the out-of-plane
(010) m-7 stacking and in-plane (h00) lamellar stacking peaks in the 2D GIWAXS
patterns with an X-ray beam parallel to the alignment direction (Fig. 6.2b, d). Upon
annealing the chains become more edge-on oriented, while a fraction of face-on chains
still remains and the stacking distances are mostly unchanged, with a small reduction
of the lamellar stacking distance from 19.7 A to 19.2 A.

The degree of alignment within the crystalline domains was characterized via the in-
tensities of the (003) backbone stacking peaks in the horizontal 1D line scans (blue
lines in Fig. 6.3) that were obtained from the 2D GIWAXS patterns (Fig. 6.2) with the

incident X-ray beam parallel and perpendicular to the rubbing alignment direction. The



6.2. Optical and structural characterization 153

Unaligned
180 °C

ann.

Momentum Transfer Q, [nm'1]

10 15
omentum Transfer Q,, [nm ]
c

(010)

—_
=
[$,]

(400)

(300)

-
-
o

< » (200)

T a (003) (010)

[$)]

Momentum Transfer Q, [nm‘1]
Momentum Transfer Q, [nm-1]

15 0 5 10 15
Momentum Transfer Q,, [nm ] Momentum Transfer Qxy [nm ]

(010)

=
[¢)]
=

(400)

-
(=]
-

(300)

= & (200)

[¢,]

“F (100)
A

ik | 4
0 5 10 15 0 5 10 15

Momentum Transfer Q,, [nm" ] Momentum Transfer Q,, [nm ]

(003) (010)

Momentum Transfer Q, nm™]
Momentum Transfer Q, [nm'1]

Figure 6.2. 2D grazing incidence wide-angle X-ray scattering patterns of PBTTT films.
The 2D GIWAXS patterns of unaligned and annealed (180 °C ann.) PBTTT (a), aligned PBTTT
without annealing with the incident X-ray beam oriented parallel (b) and perpendicular (c) to the
rubbing direction as well as aligned and subsequently annealed (190 °C ann.) PBTTT with the incident
X-ray beam oriented parallel (d) and perpendicular (e) to the rubbing direction are shown. The peak
assignments are done as previously reported.?°” Rubbing leads to strong polymer chain alignment as well
as a redistribution from pure edge-on (a) to mixed edge-on and face-on stacking (b-e). The annealing
step leads to an even higher degree of alignment (see intensity ratio of (003) backbone peak between
perpendicular and parallel beam orientation to rubbing direction) as well as more edge-on polymer
chain stacking. The white ellipse and arrows indicate features that are only appearing in the specific
conditions. The figures have been adapted from Prof. Chris McNeill.
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Figure 6.3. 1D GIWAXS profiles of PBTTT films. The 1D GIWAXS profiles of unaligned and
annealed (180 °C ann.) PBTTT (a), aligned PBTTT without annealing with the incident X-ray beam
oriented parallel (b) and perpendicular (c) to the rubbing direction as well as aligned and subsequently
annealed (190 °C ann.) PBTTT with the incident X-ray beam oriented parallel (d) and perpendicular
(e) to the rubbing direction along the horizontal axis (Hori, blue lines, in-plane line-cut), the vertical
axis (Vert, yellow lines, out-of-plane line-cut) and circularly averaged (Circ, black lines) are shown. The
peak assignments are done as previously reported.*” Rubbing leads to strong polymer chain alignment
as well as a redistribution from pure edge-on (a) to mixed edge-on and face-on stacking (b-e). The
annealing step leads to an even higher degree of alignment (see intensity ratio of (003) backbone peak
between perpendicular and parallel beam orientation to rubbing direction) as well as more edge-on
polymer chain stacking. The stacking distances are mostly unchanged, with a small reduction of the
lamellar stacking distance from 19.7 A to 19.2 A upon annealing. The figures have been adapted from
Prof. Chris McNeill.
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dichroic ratio R = gr;?;‘, where Inax and I, denote the peak areas of the (003) peaks
(corrected for the intensity contributions from other scattering peaks as well as the
baseline) for the incident beam perpendicular and parallel to the alignment direction
respectively. Based on this analysis the dichroic ratio of the aligned PBTTT films
without and with annealing have been estimated to be R = 58 and R = 85 respectively.
The correspondingly estimated structural order parameter (S = %) for aligned
PBTTT without and with annealing is S ~ 0.97 and S ~ 0.98 respectively. A more
accurate and conservative estimation of the structural parameter can be obtained from
a parameterization of the intensity distribution of orientations along the alignment
direction (I(¢) of the (003) peak from Fig. 6.2¢, e) or ¢-scans, focusing on a particular
scattering peak (e.g. (003)) and subsequently rotating the sample around the surface

normal.”3% The structural order parameter can then be expressed as:74306

q COS2
§=2- (co(e) ~1=2- 401 };ﬁlw) LS

where I(¢) denotes the X-ray scattering intensity at a particular ¢. However, assuming

1, (6.4)

a Gaussian intensity distribution (¢) for the scattering profiles of the (003) backbone
peaks in Fig. 6.2¢, e with a full-width half-maximum of approximately 10° also leads to
a structural order parameter of S &~ 0.97, rendering the above approximations as good
estimates. Evidently, the structural order parameters from the GIWAXS measurements
are slightly higher than those from the polarized UV-Vis absorption spectra, considering
that the former only probe the crystalline domains while the latter probe both crystalline
and amorphous fractions of the aligned PBTTT films.

In conclusion, the optical and structural characterization has revealed very high degrees
of alignment of the rubbed and annealed PBTTT films, rendering them as a suitable
system to investigate the impact of polymer chain alignment on charge and thermoelec-
tric transport in molecularly doped conjugated polymers.

After the PBTTT film preparation both unaligned as well as aligned films were molecu-
larly doped employing a sequential ion-exchange doping process (similar to ref. [42])
based on FeCls (in acetonitrile) as an oxidizing agent and the ionic liquid BMP-TFSI
(in acetonitrile) for the ion-exchange process (see section 3.2.3). The details of this
ion-exchange doping process will be reported elsewhere (Jacobs et al., manuscript in
preparation (2020)). The ion-exchange process allows to increase the doping efficiency
of the binary conjugated polymer-molecular dopant system, which is primarily governed
by the redox potential between the conjugated polymer and the dopant,?”® e.g. as
reported by Yamashita et al.:*?

PBTTT + F4TCNQ = [PBTTT" + FATCNQ ], (6.5)
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with FATCNQ as a molecular dopant, with a LUMO energy of approximately —5.24 eV
below the HOMO energy of PBTTT (—5.1 €V).2% The ion exchange of TFSI~ and
FATCNQ™ to lower the free energy of the system (as presented by Yamashita et al.),
decreases the population [PBTTTT + FATCNQ™] and therefore promotes the forward
reaction in Eq. 6.5, increasing the doping efficiency. Hence, if the ionic liquid ([XTY™])
allows an energy lowering upon ion exchange the doping process is essentially a two
step process with the oxidation of PBTTT and subsequent ion-exchange, e.g. as

demonstrated by Yamashita et al.:*?

PBTTT + FATCNQ + X" 4+ Y~ — [PBTTT' + FATCNQ |+ XT + Y™, 66)
[PBTTT + FATCNQ |+ X* + Y~ — [PBTTT" + Y| + X + FATCNQ™.

For the purpose of the further discussion of the temperature-dependent conductivity
and Seebeck coefficient of the molecularly doped unaligned and aligned PBTTT films,
it should be noted that the amount of residual molecular dopant anions (FeCl, ) in the
PBTTT films has been found to be negligible (< 10!? cm~3 from UV-Vis absorption
and X-ray photoemission spectroscopy) and that the lower bound of the charge density
of the doped films has been found to be approximately 5.4 &+ 0.5 - 10%° cm™3 from
UV-Vis spectroscopy (Jacobs et al., manuscript in preparation (2020)). Furthermore,
the doping process does not perturb the structural order of the PBTTT films, while an
increase of the lamellar stacking distance is observed due to incorporation of the ionic
liquid anions (TFSI™) into the voids of the PBTTT lamellar stacks (based on GIWAXS
measurements, Jacobs et al., manuscript in preparation (2020)).4%2%3 Furthermore, the
charge density in the PBTTT active layer of the multifunctional devices employed for
the characterization of charge and thermoelectric transport (sections 3.2.3 and 3.3.1)
could be tuned via the doping concentration, which will be briefly discussed at the end

of the following section.

6.3 Temperature-dependent charge and thermoelectric

transport

Based on the optical and structural characterization the ion-exchange-doped PBTTT
films display a suitable system to study the impact of polymer chain alignment on charge
and thermoelectric transport in the high charge density limit, with the carrier density on
the order of the monomer density (approximately 8.9 - 1020 em =2 for PBTTT films).>*
Ongoing investigations of the temperature dependence of the electrical conductivity and

Seebeck coefficient of these systems in the temperature range of 200-300 K employing
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the multifunctional device architecture and measurement routines developed in this
thesis (sections 3.2.3 and 3.3.1) are presented. These results are put into context with
measurements based on the established device architecture and measurement routines
performed by Chen Chen, PhD student in Prof. Henning Sirringhaus’s group, in the
temperature range of 10-300 K at different doping densities.

The four-point-probe (4pp) electrical conductivity (o4pp) of the annealed unaligned
and aligned PBTTT films doped via the BMP-TFSI-FeCls-based ion-exchange doping

process to the highest doping level is shown in Fig. 6.4. As outlined in the previous
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Figure 6.4. Temperature-dependent conductivity of molecularly doped unaligned and
aligned PBTTT films. I-V scans of the molecularly doped unaligned and aligned annealed PBTTT
films at 300 K (a) to extract the 4pp conductivity (c4pp) as well as the temperature-dependent 4pp
conductivities (b) are shown. The conductivity increases notably upon alignment (approximately
by a factor of 4.2 at 300 K). Within the temperature range investigated here, the conductivity is
nearly temperature independent, slightly increasing with decreasing temperature as evident from the
normalized conductivities (app/0app, 300k ) corresponding to the right y-axis in panel (b).

section the lower bound of the charge density in these films has been estimated from

029 ¢cm~3 and is therefore

UV-Vis absorption spectroscopy to be approximately 5.4+0.5-1
comparable to the monomer density. The 4pp conductivity has been obtained from
I-V scans according to Eq. 3.2 (section 3.3.1), with » = 60 nm and h = 100 nm for
the film thickness of the aligned and unaligned films from atomic force microscopy
respectively and AV = Vp; — Vpy the measured potential between the two longitudinal
Hall bar voltage probes. A notable increase of the conductivity at 300 K from around
842 S cm™! to 3531 S cm™! by a factor of ~ 4.2 is observed upon alignment. While

the conductivity for the unaligned PBTTT film is high compared to a conductivity
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of 620 S cm™! presented by Yamashita et al. for a Li-TFSI-FATCNQ-based ion-
exchange doping process,*? the obtained conductivities are orders of magnitude lower
than those reported by Vijayakumar et al. for FeCls-doped aligned PBTTT-Cj5 films
with conductivities of approximately 2-10° S cm~! and 2.1-10% S cm™! parallel and

254 Since the dichroic ratio from

perpendicular to the alignment direction respectively.
polarized UV-Vis absorption measurements of the annealed and aligned PBTTT films
reported here is almost twice as large as those reported by Vijayakumar et al. (26.9
versus approx. 13), the origin of this substantial performance difference is currently
under investigation. Polarized UV-Vis absorption as well as GIWAXS measurements
of the aligned and molecularly doped films are necessary. However, considering that
the microstructure of unaligned PBTTT films doped via the ion-exchange doping
process has not been perturbed (apart from the commonly observed increased lamellar
stacking distance, Jacobs et al., manuscript in preparation (2020)), a substantial
change of the structural order parameter from both polarized UV-Vis and GIWAXS
measurements is not expected. Within the temperature range investigated here (200-
300 K), the conductivity of both molecularly doped aligned and unaligned PBTTT films
is nearly temperature independent, slightly increasing with decreasing temperature as
evident from the normalized conductivities (04pp/0app, 300k, Fig. 6.4b). This qualitative
temperature dependence of the conductivity has been observed for several highly
doped conducting polymers such as polyacetylene, polyaniline and recently Li-TFSI-
FATCNQ ion-exchange doped PBTTT.42:308:309 Tt has typically been found that the
local conductivity maximum shifts to lower temperatures and eventually diminishes as
the conductivity of the films increases, in line with the presented conductivities.308:309
This is further supported by the observation that while an absolute maximum in the
conductivity within 200 K and 300 K is found for all ion-exchange doped films presented
by Yamashita et al. (maximum conductivity of 620 S em~!),%? particularly the aligned
and doped PBTTT films presented here do not show a distinguishable local conductivity
maximum in this temperature range.

The Seebeck coefficient (S = %) of the annealed unaligned and aligned, molecularly
doped PBTTT films has been measured as discussed in sections 3.2.3 and 3.3.1. The
improved device design allowed for high measurement accuracy and precision with
relative errors in the Seebeck coefficient as low as 2 % (see also section 3.3.2). Employing
the calibration of the sensor resistance thermometers, the Seebeck coefficients have been
obtained from linear regression fits of the thermal voltage versus temperature difference,
representatively shown for the PBTTT films at 300 K in Fig. 6.5a. The temperature

dependence of the Seebeck coefficients and power factors (PF = S-0?) of the molecularly
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doped PBTTT films are presented in Fig. 6.5b, c. The Seebeck coefficient increases upon
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Figure 6.5. Temperature-dependent Seebeck coefficient and power factor of molecularly
doped unaligned and aligned PBTTT films. The extraction of the Seebeck coefficient from the
slope of the measured thermal voltages (Vin) versus temperature differences AT of the molecularly
doped unaligned and aligned annealed PBTTT films at 300 K (a) as well as their temperature-dependent
Seebeck coefficients (b) and power factors (PF = o - S, (c)) are shown. The voltage offset of the remote
pre-amplifier of the Keithley K6430 has been subtracted in panel (a). The error bars shown in panel (b)
are the relative errors in the Seebeck coefficient (~ 2 %) as determined in section 3.3.2. The Seebeck
coefficient increases approximately by a factor of 1.1 at 300 K upon alignment. The Seebeck coefficient
increases with increasing temperature and dominates the temperature dependence of the power factor,
which increases substantially upon alignment (approximately by a factor of 5.5 at 300 K).

alignment (approximately by a factor of 1.1 at 300 K) and due to the high charge density
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with the Fermi-level (Er) deep inside the DoS distribution, it shows small magnitudes on
the order of 20 uV K~!, much smaller than %B ~ 86 wV K~!. While in non-degenerate
semiconductors Seebeck coefficients are usually several times %B in magnitude, such low
Seebeck coefficients observed here are characteristic for degenerate semiconductors.?!!
The Seebeck coefficient increases with increasing temperature, while based on the
temperature range investigated here (further measurements are necessary), it does
not linearly extrapolate to zero for zero temperature. This is in contrast to recently
reported temperature-dependent Seebeck coefficients of ion-exchange-doped unaligned
PBTTT films which have been described by Mott’s formula (Eq. 2.30 in section 2.3).302
However, further measurements down to at least 50 K are necessary to establish
its precise temperature dependence. The power factor increases substantially upon
alignment (approximately by a factor of 5.5 at 300 K) and its temperature dependence
is dominated by that of the Seebeck coefficient and therefore it also increases with
increasing temperature. With a power factor of nearly 150 pW m~! K2 at 300 K
for the aligned PBTTT films, the presented thermoelectric performance is amongst
the highest reported for PBTTT (except the recently presented 2 mW m~! K2 for
FeClz-doped aligned PBTTT by Vijayakumar et al.).4!:42:254,:293,296

In order to contextualize the presented conductivities and Seebeck coefficients, Fig. 6.6
shows measurements by Chen Chen, PhD student in Prof. Sirrringhaus’s group, of
the temperature-dependent conductivity and Seebeck coefficient of unaligned PBTTT
films molecularly doped via the presented BMP-TFSI-FeCls-based ion-exchange doping
process, with varied doping levels (d1-d7) respectively charge densities by tuning the
doping solution concentrations, using the device design and measurement routines
developed in this thesis. The seven doping levels (d1-d7) lead to conductivities at
300 K in the range from 0.7 — 779.2 S cm ™!, with significantly different temperature
dependences, while transitioning from a non-degenerate to a degenerate transport
regime.*> The unaligned PBTTT film with the highest doping level (d7, Fig. 6.6)
is comparable to the unaligned PBTTT film presented in Figs. 6.4 and 6.5. The
trends in the temperature dependence of the conductivity and Seebeck coefficient of
molecularly doped conducting polymers have been phenomenologically described by
heterogeneous transport models.'9%3% As emphasized in several sections of this thesis
(e.g. sections 2.1.2 and 4.3), most conjugated polymers and in particular semicrystalline
polymers display a coexistence of crystalline and amorphous domains, providing the
intuition for the necessity of a heterogeneous transport model. In this model, conductive
crystalline regions (subscript c) are envisioned to be in series with amorphous barrier

regions in which both non-metallic (subscript n) and disordered metallic (subscript d)
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Figure 6.6. Temperature-dependent conductivity and Seebeck coefficient of molecu-
larly doped unaligned PBTTT films. Temperature-dependent normalized 4pp conductivity
(04pp/Tapp, 300K, (a)) and Seebeck coefficient (b) of unaligned PBTTT films molecularly doped via
the presented BMP-TFSI-FeCls-based ion-exchange doping process, with varied doping levels (d1-d7)
by tuning the doping solution concentrations, measured by Chen Chen using the device design and
measurement routines developed in this thesis are shown. The data are presented to contextualize the
presented conductivities and Seebeck coefficients in Figs. 6.4 and 6.5. The doping levels (d1-d7) corres-
pond to the following conductivities at 300 K: 01 ~ 0.7 S cm™*, 6o ~ 82 S em™!, 03 ~49.7S cm ™1,
04~ 144.6 Sem™, 05 ~ 405.6 Scem ™', 06 ~ 630.8 Scm ™!, o7 = 779.2 S cm~'. The unaligned PBTTT
film with the highest doping level (d7) is comparable to the unaligned PBTTT film shown in Figs. 6.4
and 6.5.

portions are present in parallel and the total conductivity is therefore expressed as:3%

J_l =p= fcpc + [(fnpn)_l + (fdpd)_l} o ) (67)

with p; the resistivity and f; = ﬁf the geometric factor of portion i. Here A and

L denote the cross-sectional area and effective total length of the sample, while A;
and L; are the cross-sectional area and length of portion i. The geometric factors
have been assumed to be temperature independent based on the assumption that
fibrillar conjugated polymers have fibers with similar properties in which the nature
of the electronic states does not change with temperature.?®® For highly conducting
polymers, such as those presented in Figs. 6.4 and 6.5 and the unaligned films with high
doping level (d5-d7) in Fig. 6.6, it has been proposed to express the conductivity in the
crystalline regions as that of a quasi-one-dimensional metal as well as the conductivity
of the non-metallic disordered barrier regions by a fluctuation-induced tunneling term

(see also section 5.4) and the disordered metallic portion as a constant term due to
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elastic disorder scattering:30%
1 -1

) +[fapa | (6.8)

_ Th
0" = fopmexp (—T) + | | faptexp (

B
T+ 1Ty
Here kT, characterizes the energy of phonons that can backscatter electrons, Ty is
the temperature for which significant thermal excitation above the tunnel barriers can
occur and Tj is the temperature for which voltage fluctuations across the tunnel barriers
due to Johnson noise become relevant.'96:3%8 For moderately conductive polymers, such
as the unaligned PBTTT films with lower doping levels (d1-d4) and conductivities, the
contribution of the disordered non-metallic regions to the conductivity has instead been
proposed to be modelled by a variable-range hopping term and the disordered metallic

contribution has been considered to be absent, considering that the conductivity tends

to zero as the temperature tends to zero:308
_ Tm TO !
o7t = fepmexp <_T> + faupoexp <T> . (6.9)

Here pg, Ty and v are constants that describe the temperature-activated behaviour of
the conductivity. The parameter ~y is typically found to be in the range from i to %,
while % corresponds to 3D Mott variable-range hopping (see section 2.1.1). Similarly to

the conductivity, the Seebeck coefficient has been phenomenologically described as:!%8

S=X-T+C- Tz, (6.10)

with X and C being constant fitting parameters due to a metallic contribution to the
Seebeck coefficient characterized by Mott’s formula (Eq. 2.30 in section 2.3)'64217 and
a 3D variable-range hopping contribution to the Seebeck coefficient S = %(TOT )% .
[MHTW]E—EF’ with N (E) the DoS, as also discussed in section 4.5.155:171,198,270

While the phenomenological heterogeneous transport model appears to describe the
temperature dependence of the presented conductivities of unaligned and aligned
molecularly doped PBTTT films (also for varying doping levels), a more detailed analysis
in terms of the DoS (g(E)) and microscopic mobility (ug(F)) as introduced in Eq. 6.3
is necessary to gain further insights into the microscopic transport mechanisms.?%
However, for this more detailed analysis further measurements of the temperature-
dependent conductivity and Seebeck coefficient of the aligned PBTTT films both along
and perpendicular to the rubbing direction as well as with varying doping levels (similar

to those presented for unaligned films in Fig. 6.6) need to be performed. Furthermore,
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the charge density needs to be determined by a separate set of measurements such as
electron spin resonance (ESR) measurements, a Mott-Schottky analysis or ultraviolet
photoelectron spectroscopy (UPS).296:301-304 For closed-shell anions such as TFSI~ the
determination of the charge density, particularly in the high charge density limit, is not
trivial, since they are ESR silent.#? While a Mott-Schottky analysis can be employed for
low to moderate doping levels, for very high charge densities there will be no capacitive

response and UPS measurements have been shown to be more suitable.303:304

6.4 Conclusions

In this chapter the foundation for detailed insights into the microscopic transport
mechanisms of ion-exchange-doped, aligned PBTTT films has been presented. Both
polarized UV-Vis absorption as well as GIWAXS measurements have confirmed the very
high degree of alignment in the rubbed PBTTT films with structural order parameters
near unity. High charge densities on the order of one carrier per monomer repeat unit
have been obtained via ion-exchange doping, which is reflected by the high thermoelec-
tric performance of the aligned PBTTT films. Conductivity, Seebeck coefficient and
power factor increase significantly upon polymer chain alignment leading to a power
factor of molecularly doped, aligned PBTTT of nearly 150 uW m~! K=2 at 300 K.
A multifunctional device architecture suitable for 4pp conductivity, Hall and Seebeck
coefficient measurements on the same chip has been designed. In combination with the
presented measurement routine, this architecture allows highly accurate and precise
measurements of the Seebeck coefficient with relative errors of approximately 2 %. The
temperature dependence of the electrical conductivity and Seebeck coefficient of both
unaligned and aligned, molecularly doped PBTTT films can be phenomenologically
explained by a heterogeneous transport model. In order to improve upon this phe-
nomenological description of charge and thermoelectric transport, measurements of the
temperature-dependent conductivity and Seebeck coefficient of the aligned PBTTT
films both along and perpendicular to the rubbing direction with varying degrees of
doping are required. Furthermore, in order to disentangle the DoS and microscopic
mobility function, separate measurements of the charge density induced by molecular
doping are necessary. These further investigations have the potential to provide a more
detailed understanding of the scattering physics and microscopic transport mechanisms
in molecularly doped conjugated polymers, which can trigger further improvement of

their thermoelectric performance for applications in flexible thermoelectric generators.






Chapter 7

Conclusions and outlook

The high-mobility donor-acceptor copolymers with low energetic disorder, the polymer-
sorted semiconducting SWCNT networks as well as the semicrystalline molecularly
doped, aligned conjugated polymers, investigated in this thesis, all have significant
potential for applications in flexible electronics and thermoelectric generators for clean
energy harvesting. Considering that these material systems have only recently emerged,
this thesis has focused on providing an improved understanding of their charge and
thermoelectric transport via studies of their charge density and temperature-dependent
field-effect mobility respectively electrical conductivity as well as their Seebeck coeffi-
cient, with particular emphasis on field-effect-modulated on-chip measurements. For
the purpose of these investigations several device architectures have been designed
and through both the choice of electronic measurement units as well as device designs
the accuracy and precision of the on-chip Seebeck coefficient measurements have been
further improved, leading to relative errors as low as 2 %. Overall it has been un-
ambiguously demonstrated that the simultaneous study of the charge density and
temperature dependence of the field-effect mobility and on-chip field-effect-modulated
Seebeck coefficient offers insights into the transport energetics, density of states (DoS)
and transport mechanisms including the scattering physics, which cannot be obtained
by a restriction to electrical and structural characterizations.

First of all this thesis has established that charge and thermoelectric transport in
semicrystalline high-mobility copolymers is incompatible with disorder-based transport
models. A common prediction of these models, which typically consider charge car-
rier hopping between localized states in a broad Gaussian DoS or thermal activation
above a mobility edge, is a stronger charge density and temperature dependence of
both field-effect mobility and Seebeck coefficient with increasing disorder. However,
measurements of the charge density and temperature dependence of the field-effect
mobility and gated Seebeck coefficient of the semicrystalline n-type polymer P(NDI20D-
T2) with varying degrees of crystallinity, show a significantly stronger charge density

dependence of the mobility for the more crystalline polymer morphology as well as a
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temperature-independent Seebeck coefficient between 180 K and 300 K for different
degrees of crystallinity. These findings provide instead direct evidence for low-disorder,
narrow-band conduction. Furthermore, both mobility and Seebeck coefficient have
been explained by the inclusion of short-range electron-electron interactions as well
as the consideration of a spatially inhomogeneous DoS. Within this framework the
Seebeck coefficient essentially follows a modified Heikes formula for fermions (with
spin) and strong on-site Coulomb interaction. The extracted thermally accessible DoS
has been interpreted as the thermally accessible DoS within the crystalline domains.
Considering that the mobility has been substantially increased via enhanced crystallinity
while maintaining the magnitude of the Seebeck coefficient, the extension of crystalline
domains provides further potential for enhancing thermoelectric conversion efficiencies.
Based on these findings it would be very interesting to investigate the influence of
the monomer density on the Seebeck coefficient, while ideally maintaining the poly-
mer stacking and electronic transfer integrals. Such study could provide an improved
quantitative understanding of the interrelationship between Seebeck coefficient and
monomer density in conjugated polymers and should allow for enhanced thermoelectric
performance via higher monomer densities. Furthermore, the impact of the extent of
polaron delocalization on the change of the entropy of mixing and hence the Seebeck
coefficient should be investigated. The magnitude of the Coulomb repulsion of interact-
ing carriers in semicrystalline conjugated polymers could potentially be quantified from
the temperature and charge density dependence of the Seebeck coefficient by extending
the presented measurements down to at least 50 K, employing the measurement routines
presented in this thesis.

The second part of this thesis has been concerned with the charge and thermoelectric
transport in polymer-sorted SWCNT networks. Measurements of the charge density and
temperature-dependent field-effect mobility and gated Seebeck coefficient of polymer-
sorted monochiral small diameter (6,5) (0.76 nm) and mixed large diameter SWCNT
(1.17-1.55 nm) networks with different network densities and length distributions have
been reported. By employing Boltzmann transport formalism and incorporating trans-
port in heterogeneous media as well as fluctuation-induced tunneling, both charge and
thermoelectric transport in these SWCNT networks has been modelled. Considering the
diameter-dependent one-dimensional DoS of the SWCNTs composing the network, the
charge density and temperature dependence of the Seebeck coefficient can be simulated
and therefore provides direct insights into the transport energetics. As opposed to
one-dimensional acoustic and optical phonon scattering in single SWCNTs, the best

agreement with the experimental data has been found when considering a carrier relax-
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ation time that is anti-proportional to energy, pointing towards a more two-dimensional
character of scattering and the potential necessity to consider scattering at SWCNT
junctions. It has been presented that trap-free, narrow DoS distribution, large dia-
meter SWCNT networks, which simultaneously display low tunnel barriers and a large
thermally accessible DoS, are highly desirable for both electronic and thermoelectric
applications.

Further field-effect mobility and gated Seebeck coefficient measurements of monochiral
SWCNT networks with large diameters (1.0-1.6 nm) should allow discerning the optimal
SWCNT diameters for both electronic and thermoelectric applications. In addition,
it is inevitable to investigate the electrical conductivity and Seebeck coefficient of mo-
lecularly doped monochiral SWCNT networks with the Fermi-level close to the second
van-Hove singularity to maximize their thermoelectric performance. Furthermore, it
would be interesting to characterize the thermoelectric performance of large diameter
(1.0-1.6 nm) monochiral armchair (n,n) SWCNT networks. Based on the presented
findings, the magnitude of the Seebeck coefficient of SWCNT networks is directly related
to the 1D DoS of the composing SWCNTs. Since armchair SWCNTs have particularly
high peaks (van Hove singularities) in their DoS, their Seebeck coefficient and power
factor should be particularly high when the Fermi-level is in the vicinity of these DoS
peaks. Evidently, further measurements are necessary to scrutinize this speculation.
Concomitantly further advances of the SWCNT sorting yield are necessary for the
investigation of the transport coefficients of monochiral armchair as well as monochiral
semiconducting SWCNT networks of different diameters.

Finally, ongoing investigations of the impact of polymer chain alignment on charge and
thermoelectric transport of the molecularly doped semicrystalline polymer PBTTT have
been discussed. Both polarized UV-Vis absorption as well as GIWAXS measurements
have corroborated the very high degree of alignment in rubbed PBTTT films, displaying
structural order parameters near unity. This effective alignment process leads to a
substantial increase of conductivity, Seebeck coefficient and power factor upon polymer
chain alignment. Consequently, in combination with the high charge densities on the
order of one carrier per monomer repeat unit obtained by ion-exchange doping, a power
factor of molecularly doped, aligned PBTTT of nearly 150 uW m~! K~2 at 300 K has
been observed. While this performance is high compared to most reports on the ther-
moelectric power factor of conjugated polymers, it is lower than the recently reported
2 mW m~! K2 at 300 K for FeCls-doped and aligned PBTTT films. This reported per-
formance exceeds even those of unaligned polymer-sorted SWCNT networks by a factor

of 2-3, urging for further polarized UV-Vis absorption and GIWAXS measurements of
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the molecularly doped and aligned PBTTT films as well as conductive AFM measure-
ments in order to investigate the origin of these performance discrepancies. However, it
is worth noting that FeCls is highly unstable as a dopant, while the presented stable
ion-exchange doped PBTTT films allow more accurate measurements of the electrical
conductivity and Seebeck coefficient. For a thorough investigation of the potential of
conjugated polymers for thermoelectric applications, doping level respectively charge
density dependent measurements of the on-chip thermal conductivity are critical. If the
thermal conductivity would not be significantly higher than those typically reported
in a range of 0.2 W m~' K~! to 0.7 W m~! K~! for conducting polymers, a power
factor of 2 mW m~ K2 at 300 K would correspond to a material figure of merit 27" in
the range from 0.9 to 3 at 300 K. Since 271" ~ 1 is considered to be approximately the
threshold for feasible practical applications, these conducting polymer systems could
potentially be very promising candidates for wearable electronics and low temperature
waste heat to electricity conversion.

Further improvement of the thermoelectric performance of these material systems ne-
cessitates a microscopic understanding of their charge and thermoelectric transport.
While the temperature dependence of the electrical conductivity and Seebeck coefficient
of both unaligned and aligned, molecularly doped PBTTT films reported here can be
phenomenologically explained by a heterogeneous transport model, this description does
not allow detailed insights into the microscopic transport mechanisms. Measurements of
the temperature-dependent conductivity and Seebeck coefficient of the aligned PBTTT
films both along and perpendicular to the alignment direction with varying degrees of
doping are needed for a more detailed understanding. In addition, separate measure-
ments of the charge density induced by molecular doping are necessary to disentangle
the DoS and microscopic mobility function, allowing to gain insights into the scattering

physics and microscopic transport mechanisms.
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