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ABSTRACT

combination of photonic properties, such as a light mass, with those of excitons, for example

strong nonlinearities and fast relaxation. Strong light-matter coupling enables a rich set
of polaritonic quantum phenomena as well as applications. While originally observed in inorganic
materials, organic semiconductors have recently attracted tremendous attention since their large
oscillator strength facilitates particularly strong light-matter coupling and enabled polariton
formation at room temperature. In particular, electrical excitation is pursued to apply these
quantum-mechanical effects in practical polariton devices. However, a lack of organic materials
with sufficiently high charge-carrier mobility and suitable device architectures impede their full
utilization.

Nanomaterials, in particular low-dimensional materials, present a novel material class that
combines the excitonic properties of organic and electric characteristics of inorganic materials.
In this thesis, single-walled carbon nanotubes (SWCNTs) were employed to demonstrate, for
the first time, exciton-polariton formation in the near infrared (nIR) at room temperature.
SWCNTs are identified as an ideal material facilitating strong light-matter coupling due to
their high oscillator strength. Moreover, by implementing a strongly coupled microcavity into
a light-emitting field effect transistor (LEFET), electrically pumped polariton emission at high
current density was observed. These practical polariton devices emit in ranges relevant for
telecommunication and support high currents due to the excellent optoelectronic properties of
SWCNTs. Pumping polaritons at high rates presents a major step towards electrical lasing with
carbon-based materials.

For the realization of these experiments it was crucial to overcome current limitations in
post-growth sorting of SWCNTs, which are intrinsically restricted to low-volume and damage
the nanotubes. For this purpose, selective polymer wrapping by high-speed shear-force mixing,
which can be easily scaled up, was developed. By using shear forces, the SWCNT-yield was
drastically increased while, at the same time, the SWCNT-quality could be improved. In addition
to strong light-matter coupling and polariton emission, the selected SWCNTs were employed in
organic light-emitting diodes. These devices showed pure nIR emission with narrow linewidth at
efficient electrical performance. This work paves the way for fundamental investigations as well
as advanced applications of SWCNT-based optoelectronic devices.

E xciton-polaritons are quasiparticles with hybrid light-matter character, offering a unique






ZUSAMMENFASSUNG

von Licht und Materie vereinen. Dadurch kénnen z.B. die geringe Masse von Photonen
(Licht) mit den Nicht-Linearitaten und der schnellen Relaxierung der Exzitonen (Materie)
kombiniert werden. Die Polaritonen, welche durch die starke Licht-Materie-Wechselwirkung
entstehen, ermoglichen die Erforschung neuartiger, quantenmechanischer Phanoméne sowie
vielfaltiger Anwendungen. Wihrend zunéchst anorganische Materialien verwendet wurden,
werden nun zunehmend organische Halbleiter untersucht. Letztere erméglichen, durch ihre
grofBe Oszillatorstirke und Exzitonenbindungsenergie, das Auftreten von besonders grof3en
Wechselwirkungen bei Raumtemperatur. Um elektrische Bauelemente auf Grundlage von Po-
laritonen herzustellen, ist die elektrische Anregung der Quantenteilchen erforderlich. Deren
weitere Entwicklung wird durch das Fehlen von organischer Materialien mit ausreichend hohen
Ladungstragertransport sowie einem geeingeten Aufbau eines solchen Bauelemente verzogert.
Nanomaterialien mit verringerter Dimensionalitit konnen exzitonische Eigenschaften von
organischen mit den elektronischen Charakteristika von anorganischen Materialien kombinieren.
Im Rahmen dieser Dissertation wurden einwandige Kohlenstoffnanoréhrchen (Single-Walled
Carbon Nanotubes - SWCNTSs) fiir die erstmalige Erzeugung von Exziton-Polaritonen im nahen
Infratrotbereich bei Raumtemperatur eingesetzt. SWCNTs wurden dabei, durch ihre besonders
grofle Oszillatorstéirke, als ideales Material fiir starke Licht-Materie Wechselwirkung identi-
fiziert. Desweiteren wurden diese Exziton-Polaritonen elektrisch erzeugt, wobei besonders hohe
Stromdichten erreicht wurden. Dies wurde durch eine erfolgreiche Integration der stark gekop-
peleten Kavitaten in lichtemittierende Feldeffekttransistoren erreicht. Die aullergewohnlichen
optoelektronischen Eigenschaften von SWCNTs ermoglichen, neben dem Betrieb unter sehr
hohen Ladungstragerdichten, die Emission in anwendungsrelevanten Welllenldngenbereichen
fiir optische Telekommunikation. Das Erzeugen von hohen Dichten an Polaritonen stellt dabei
einen Meilenstein auf dem Weg zu elektrisch gepumpten Lasern mittels Kohlenstoff-basierten
Materialien dar.

E xziton-Polaritonen sind quantenmechanische Quasiteilchen, die hybride Eigenschaften

Fur die erfolgreiche Umsetzung dieser Experimente war es essentiell einige Limitierungen,
wie z.B. die geringen Ausbeuten/Volumina und die Schiden der SWNCTs wihrend der Selek-
tion, zu tiberwinden. Durch die Adaption der skalierbaren Methode des Scherkraftmixens fiir
die Selektion mittels Polymerumwickelung konnten grofle Mengen an qualitativ hochwertigen
SWCNTs selektiert werden. Die Benutzung von Scherkriften fiihrte gleichzeitig zu einer deutlich
gesteigerten Ausbeute im Vergleich zu herkommlichen Methoden. Neben deren Verwendung
fiir starke Licht-Materie Kopplung wurden diese SWCNT's auch erstmals als Emittermaterial
in organischen Leuchtdioden verwendet. Diese elektrisch effizienten Leuchtdioden weisen eine
schamlbandige Emission im nahen Infrarot auf. Die vorliegende Dissertation erdffnet neue
Wege fiir die Erforschung grundlegender wissenschaftlicher Phdnomene sowie weiterfithrenden
Anwendungen von SWCNT-basierten optoelektronischen Bauteilen.
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CHAPTER

INTRODUCTION

he progress of humankind has always been linked to the control and understanding of

light. Alongside the evolution of light sources from fire, to light bulbs and light-emitting

diodes (LEDs), the principle of light generation evolved from burning to glowing and
atomic transition. This evolution was accompanied by technological and scientific progress as
well as the utilization of new materials. Nowadays, the control of light on an atomic scale is at
the core of a broad application portfolio ranging from illumination and displays, through laser
welding and micro structuring, to data storage and communication. In these practical devices,
different materials are used for the generation, conversion, guidance and absorbance of light.
Recently, a novel field has been unlocked for the application of light (photons) by mixing photonic
properties with those of matter (excitons). Strong coupling between photons (light mass) and
excitons (strong interactions) has led to the observation of quantum-mechanical phenomena,
for example Bose-Einstein condensation (BEC), long-range coherence, superfluidity, and many
more. The formed hybrid light-matter particles, called exciton-polaritons, pave the way to all-
optical transistors and low-threshold lasers as well as tailoring chemical reactions and biological
processes.

Exciton-polaritons were initially observed in inorganic materials. As these experiments are
often restricted to low temperatures, require complex manufacturing or advanced optical exci-
tation, their practical applications are limited. As an alternative, organic materials offer room
temperature stability of polaritons as well as an ease of fabrication. Organic materials, however,
come along with issues including their stability against heat, air and light; only moderate electri-
cal conductivity; and the lack of efficient near-infrared emitters. Low-dimensional nanomaterials
promise to bridge the gap between inorganic and organic materials. In particular, single-walled

carbon nanotubes (SWCNTSs) combine desirable properties of organic (carbon-based, room tem-



CHAPTER 1. INTRODUCTION

perature stability of excitons and solution processing) and inorganic materials (high electrical
conductivity, high photo and thermal stability).

In this thesis, strong light-matter coupling of SWCNTs and surrounding metal-clad mi-
crocavities is shown for the first time. The required large amounts of purely semiconducting
SWCNTs are selected by polymer wrapping using shear-force mixed dispersions. The suitability
for electrical generation of light is verified by OLEDs based on SWCNT emitters resulting in
pure near infrared electroluminescence. Electrical pumping and tuning of exciton-polaritons
is achieved in cavity-integrated light-emitting field-effect transistor (LEFET). The excellent
electrical performance of these LEFET-cavities enables pumping of exciton-polaritons at high
rates — a major step towards practical polariton devices.

This thesis is organized as follows. In Chapter 2 the underlying theoretical principles and an
overview of the current state of research are presented. These include the optoelectronic properties
of SWCNTs, devices for electrical light generation based on solution-processed materials, and
strong light-matter coupling and the formation of cavity exciton-polaritons. Next, Chapter 3
summarizes the utilized experimental methods used throughout this thesis including materials,
experimental techniques and computational models.

As the base of the experimental work, Chapter 4 introduces the selective dispersion of high-
quality SWCNT's by shear force mixing (SFM).[1] Compared to previous methods, SFM offers
an effective and scalable technique to harvest large amounts of monochiral (6,5) SWCNTSs in
dispersion, which can be further processed into thin films by a range of deposition techniques. In
Chapter 5, these SWCNTs are employed for the first demonstration of an OLED based on carbon
nanotube emitters.[2] The OLEDs generate pure nIR emission at low voltages and exceptionally
high outcoupling efficiency due to the in-plane orientation of the SWCNTSs in the film.

Chapter 6 reports on strong light-matter coupling and the formation of optically excited
exciton-polaritons in SWCNT-based microcavities.[3] SWCNTSs are found to be an unique material
for creating exciton-polaritons at room temperature and in the nIR due to the high binding energy
of excitons in carbon nanotubes. Finally, Chapter 7 presents the results on strongly coupled
LEFET-cavities using SWCNTSs. In these devices, electrical pumping of exciton-polaritons is
achieved at high densities.[4] At the same time, the LEFET-cavities can be utilized to tune the
light-matter coupling and reversibly switch from strong to weak coupling.

This thesis concludes with an interpretation of the results in a broader context and an
outlook on future research in Chapter 8. The advances, presented in this thesis, serve as proof-of-
concept for further investigations. Among various future research paths, technological advances
of strongly coupled LEFET-cavities needed for electrically pumped polariton lasers are discussed.

A comprehensive overview and review of the field of strong light-matter coupling in organic
materials was published by the author of this thesis et al. in chapter nine of the Handbook of
Organic Materials for Electronic and Photonic Devices (Ref. [5]).



CHAPTER

BACKGROUND

This chapter introduces the reader to the theoretical concepts and state-of-the-art in the research
covered in this thesis. First, the optoelectronic properties of single-walled carbon nanotubes
are derived from those of graphene and the experimental results in their excitonic structure
review. Second, the principles of light-generating devices based on organic materials and their
characterization are described. Last, the concept of strong light-matter coupling and exciton-

polaritons is presented.

2.1 Single-walled carbon nanotubes (SWCNTSs)

Low-dimensional materials gain increasing interest from the scientific community as well as
from industry. The reduced dimensionality of nanomaterials leads to intriguing properties due
to quantum confinement effects that promise to revolutionize fields from functional composites
to electronic circuits. In particular, the low-dimensional carbon-based allotropes (Figure 2.1)
spark interest for studying fundamental physics and enabling practical applications.[6, 7] The
properties of the two-dimensional graphene, a single layer of graphite, are intriguing and led
to the 2010 Nobel Prize in Physics being awarded to Andre Geim and Konstantin Novoselov.
In graphene, all carbon atoms are sp? hybridized forming a honeycomb lattice. Graphene is
generally known for its mechanical stability and electron conductivity, but exhibits many more
fascinating properties.[8, 9] As will be shown in the following sections, the one-dimensional
carbon nanotubes exhibit both similar properties, e.g. excellent electron transport, as well as
different properties than graphene, for example, an electronic bandgap. Finally, yet importantly,
zero-dimensional fullerenes are studied in a variety of application areas ranging from acceptor
materials in solar cells[10] to drug delivery vehicles[11]. The research in this thesis focuses

on studying the optoelectronic properties of SWCNTs and exploring their applications in light-
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Fullerenes Carbon nanotubes Graphene

FIGURE 2.1. Carbon-based low-dimensional materials.
Molecular structures of low-dimensional carbon allotropes. From left to right,
hollow carbon sphere (fullerene, 0-D), hollow carbon cylinders (single-walled carbon
nanotube, 1-D), and monolayer of graphitic carbon (graphene, 2-D).

emitting devices. Therefore, the relevant characteristics of this low-dimensional carbon allotrope

are presented in detail.

2.1.1 Structural properties

Single-walled carbon nanotubes (SWCNTSs) are a carbon-allotrope in the form of a hollow cylinder.
The wall of a carbon nanotube consists of hexagonal graphene lattice — triggering the vivid picture
of SWCNTs as rolled-up graphene sheets. In this picture, there are innumerable ways to roll up
graphene leading to a variety of different SWCNTs.[6, 12] Typical nanotube diameters range
from less than one nanometer up to several nanometer while lengths of several pym up to mm can
be observed.[13] The high aspect ratio (>1,000) results in the pronounced one-dimensionality that
governs the exciting optoelectronic properties of SWCNTs. Perhaps surprisingly, both electronic
and optical properties depend decisively on the exact tube diameter and rolling angle with respect
to the graphene lattice.
Each SWCNT is completely described by the chiral vector

2.1) Ch=nai+mas,

which denotes the vector around the circumference of the tube, and the tube vector T along the
tube axis, describing the length |T'| of the nanotube (Figure 2.2a). Here, @1 and ag denote the
graphene lattice vectors with length @ = v3ac.c of 2.46 A. The integer pair (n,m), which span
the chiral vector, is termed chirality and used to uniquely distinguish different types of SWCNTs.

Using the circumference of the nanotube[12]
(2.2) Ch=IChl=aVn2+nm+m?2,
the diameter can be calculated for each chirality (n,m)

C
(2.3) dt:—h:g\/n2+nm+m2.

T T



2.1. SINGLE-WALLED CARBON NANOTUBES (SWCNTS)

a Graphene b (6,5) SWCNT

d=0.75nm
Semiconducting

d=0.68 nm
Metallic

FIGURE 2.2. Structural properties of SWCNTs.

a, Molecular structure of the honeycomb graphene lattice (background). The chiral
vector Cy, = 6a1 + 5ag (red) forms the circumference of (6,5) SWCNTs. The tube
vector T (yellow) points in direction of the tube axis and defines the length of
the nanotube. The chiral vector of (5,5) SWCNT is shown in gray. b, Molecular
structure of (6,5) SWCNTSs (top) and (5,5) SWCNTs (bottom). While they have
similar diameter, their electronic type is fundamentally different (semiconducting
vs. metallic).

Furthermore, the chiral angle a for the rolling direction with respect to a1 is given by

2n+m
2VnZ+nm+m?
This universal description of SWCNTs is exemplary illustrated in (Figure 2.2b) showing the
atomic structure of a (6,5) and (5,5) SWCNT. While the diameter and chiral angle of these
SWCNTs are almost identical (0.75 nm and 0.68 nm, 27° and 30° for (6,5) and (5,5) SWCNTSs), the

electronic structure is found to be fundamentally different — (6,5) SWCNT's are semiconducting

(2.4) cos(a) =

whereas (5,5) SWCNTs are metallic. The reason for these elementary different electronic types

among SWCNTs is elaborated in the following.

2.1.2 Electronic properties

In analogy to the molecular structure, the electronic structure of SWCNTSs is derived from that
of graphene. The electronic structure of graphene is governed by the delocalized n—electron
system across the entire lattice.[14] This governs the materials’ properties. As an example, these
conjugated systems give rise to the ballistic charge transport in both graphene and SWCNTs.[15,
16] For the remainder of this section, only electrons (holes) within the 7—orbitals are considered
in the frame of the tight-binding model.[14]

Just like the structure in real space, the reciprocal lattice of graphene is a hexagonal

lattice.[12] In this honeycomb lattice there are three main centers of symmetry denoted I'-,

5
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M- and K-point (Figure 2 3a). For SWCNTS, the periodic boundary condition along the nanotube-
circumference results in a set of allowed wavevectors k that electrons can exhibit. This condition

can be expressed as[12]
(2.5) expli (ka+k) (Ch+T)]=1.

with &, and k. being the reciprocal lattice vector along the tube axis and circumference, respec-

tively. The condition along the circumference
L2 .
(2.6) kel =j —, with j=0,1,..., Jmax,
Ch

leads to discreetly spaced wavevectors in direction of k.. In contrast, along the nanotube axis the
allowed wavevectors are quasi-continuous for long SWCNTs, i.e. |T'| > C},. Hence, the allowed
wavevectors for the free electron wavefunction in SWCNTSs are a series of lines crossing the
graphene band-structure, referred to as zone folding.[12] In Figure 2 3a the allowed wavevectors
for (6,5) and (5,5) SWCNTSs are plotted.[12] As will be shown in the following, if the K-point is
crossed by such a line, the SWCNT is metallic; if the K-point is not crossed, it is semiconducting.

Following the idea of zone folding, the band structure of SWCNTSs is composed of all cross-
sections through the graphene band structure.[7, 12] In first approximation, the band structure
E(R) of graphene can be calculated using the nearest-neighbor tight binding model.[7, 12] The
band structure of graphene shows characteristic cone-like structures with the valence and
conduction band meeting at the K-points. This structure gives rise to the semi-metal character of
graphene.[7, 12] By applying the boundary conditions for SWCNTSs to the wavevector k, all cross
sections can be determined and added to derive the band structure of each chirality. Consequently,
those SWCNTs that do not include a cross section with a K-point in their band structure exhibit
a band gap and are thus semiconducting. Following Ref. [7], the band structure of (6,5) and (5,5)
SWCNTs were calculated (Figure 2 3b). For (6,5) SWCNTs a direct bandgap is found, while (5,5)
SWCNTSs exhibit touching valence and conduction bands leading to its metallic character. In this
model, a bandgap energy of 1.171 eV is calculated for (6,5) SWCNTs.

In order to understand the details of the electronic and optical properties of SWCNTSs, the
density of states (DOS), i.e. is the number of states, which can be occupied at a given energy, needs
to be considered. Using an approximated linear and rotational-symmetric dispersion around the
K-points, the analytic formula for the dispersion relation of a particular subband m is given by:

(Ref.[71)

O0E 5 E2 —¢,,2

ok YT E

with m = 1,2,... N, the interaction energy y=2.9eV (Ref. [6]) and e, = |3(m — 1) + 1| ‘2—7: for semicon-

2.7

ducting and €, = [3(m —1)| % for metallic nanotubes. This leads to the simple expression for the
DOS of SWCNTs

2a V3 Z |E|
2diy G /Ez_emz'
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FIGURE 2.3. Electronic structure of SWCNTs.

Calculations are shown for (6,5) SWCNTs (top) and (5,5) SWCNT's (bottom). a, First
Brillouin zone of graphene with high symmetry points of the hexagonal reciprocal
lattice. The cutting lines represent the allowed wavevectors for the SWCNTSs. In
contrast to (5,5) SWCNTSs, these cross-sections do not intersect with the K-points
in case of (6,5) SWCNTs. b, Energy band structure calculated for both SWCNTs. A
direct bandgap is formed in case of (6,5) SWCNTs. ¢, DOS for semiconducting (6,5)
SWCNTs (DOS = 0 at 0 eV) and metallic (5,5) SWCNTs (DOS > 0 at 0 eV).

The DOS, calculated for (6,5) and (5,5) SWCNTS, is plotted in Figure 2 3c. Characteristic for a
one-dimensional quantum system, van Hove singularities are found at |E| = ¢y, for electrons and
holes. In addition, for (5,5) SWCNT the DOS is >0 for all energies indicating the metallic character.
In contrast, for (6,5) SWCNTSs, a bandgap opening between the first van Hove singularity of
electrons and holes is observed. The absolute value of the bandgap energy (2.08 eV) clearly
deviates from that calculated above using the tight binding model. Here, the simplification of
linear and rotational-symmetric dispersion around the K-point,[7] does not include the trigonal
warping which is found to be the dominant source of the deviation from the previous model.[17]
Nevertheless, a rule-of-thumb relation between bandgap energy E, and the tube diameter is
found to be

2a v
(2.9) E,=——.
g dt

In first approximation, the bandgap of semiconducting SWCNTSs thus scales inversely with the
tube diameter. In addition, the model predicts the Fermi level of SWCNTs to be in the center of
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the bandgap, which is a result of the band structure of graphene.[7]

Experiments on individual SWCNT's confirmed the electronic structure introduced above,
such as the electronic types, bandgap dependence on tube diameter and van Hove singularities in
the DOS.[18] Hence, despite the approximation, for example neglecting the curvature effect in
the nanotube wall, the presented model is a handy tool to describe the structural and electronic
features of SWCNTs. In spectroscopic experiments, however, significant deviations from these
models have been observed.[19] A more precise formalism — considering many-body effects — for

describing the optical response of semiconducting SWCNTs is thus introduced in the next section.

2.1.3 Excitons in SWCNT's

In the previous section, the DOS of SWCNTSs was derived using the tight-binding model to
simulate the behavior of the delocalized electrons and holes. Further, the band structure of
semiconducting SWCNTSs revealed a direct bandgap. Thus, electrons can be optically excited into
the conduction band, leaving a hole in the valence band. Optically allowed transitions are those
between the i-th van Hove singularity in valence and conduction band and are associated with
an energy E;; (Figure 2.4a).[20] The bandgap energy is then given by the transition from the first
van Hove singularity in the valence and conduction band E 1. In this picture, a direct bandgap
of energy 1.171 eV was derived from the band structure for (6,5) SWCNTs. In contrast to these
predictions, a significantly higher transition energy of 1.274 eV was found for (6,5) SWCNTSs in
experiments. Similar results were observed for more than 100 other chiralities.[21]

Precise description of the optical properties requires taking the low-dimensionality of SWCNT
into account. The reduced dielectric screening, arising from the one-dimensional confinement of
charges, leads to strong many-body interactions.[6] In sharp contrast to generating free-particles
upon excitation, substantial Coulomb attraction results in the formation of bound electron-hole
pairs, called excitons.[22]

Interestingly, these many-body interactions have two major components on shifting the
transition energy (Figure 2.4b).[6] On the one hand, attractive electron-hole interaction leads to
an exciton binding energy E}, — defined to be positive. This binding energy lowers the effective
bandgap energy. At the same time, repulsion of the excited electron (hole) with the electrons
(holes) in the valence (conduction) band, known as self-energy E s, effectively increases the

bandgap energy. Thus, the transition energy for the lowest optical excitation is described by:
(2.10) S11 = E11 + Eserr — Ep,.

In case of SWCNTS, the self-energy is larger than the binding energy of the excitons, leading to
an overall increase of the bandgap energy.[6, 22] Nevertheless, ab initio calculations predicted[22]
and experimental work verified[23] a substantial exciton binding energy of several hundred meV
for small diameter SWCNTSs. In particular, the binding energy of excitons in (6,5) SWCNTs

was found to be 285 meV. Hence, excitons in SWCNTSs are stable at room temperature. Thus,
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FIGURE 2.4. From single particle to exciton picture.
a, DOS of a semiconducting (6,5) SWCNT in the free-particle picture. Common
optically allowed transitions, E11 and E 99, are labeled. b, Illustration of many-body
effects due to Coulomb interactions for excitations in SWCNTSs. Binding and self
energy lead to an overall increase of the bandgap energy as compared to the free
particle picture. ¢, Illustration of the excitonic states in SWCNTSs for S11- and
Sog-exciton.

to describe the optical properties of SWCNTSs, bound electron-hole pairs (excitons) must be
considered. Figure 2.4c illustrates the excitonic transitions for the S11- and S9z-exciton. Here,
the excitons are considered as Hydrogen-like states with a corresponding Rydberg series for each
excitonic transition.[24] A more precise description of excitons in SWCNTSs is presented in the
following.

The exact excitonic structure in SWCNTs is strongly governed by the band structure arising
from graphene and the additional one-dimensional confinement. Generally, a two-fold valence
and conduction band degeneracy arises from the symmetry of the zone-folding leading to four-fold
degenerate optical transitions.[24] In analogy, an excitonic energy level is associated with four
different excitons as the electron and hole can both be either in the K or K’-valley. These excitons
(electron, hole) are described as (K,K), (K,K’), (K’,K) and (K’,K’). In real space the K and K’
valley correspond to neighboring carbon atoms.[6] As the wavefunctions of the four combinations
vary (and thus the many-body interaction), the degeneracy of these excitons is lifted.[25] Both
excitons in which electron and hole are not in the same valley carry momentum. Thus they
cannot be excited by a photon and are consequently called dark excitons.[25] The two excitons,
(K,K) and (K’,K’), have a bonding and anti-bonding wavefunction and are found at generally
lower energy.[26] Both carry no momentum perpendicular to the tube axis. However, the even
parity of the lower energy bonding (K,K) exciton results in an optically forbidden excitation.[24]
Additionally, due to spin considerations, each excitonic state splits into one singlet and three
triplet excitons with the latter being optically forbidden. All in all, 16 different excitons are

formed, at each transition in the band structure, of which only one, the antibonding (K,K) singlet
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Exciton wavevector

FI1GURE 2.5. Excitonic structure in SWCNTs.
Schematic excitation energy dispersion of the S11-exciton in SWCNTs. The differ-
ences in exciton wavevector and parity give rise to three different dark excitons
and one bright exciton.

exciton, is an optically allowed transition.

The different excitons of the energetically lowest S1; transition are illustrated in Figure 2.5.
In case of (6,5) SWCNTSs, a characteristic energy splitting between the bright exciton and
the energetically higher momentum-carrying dark excitons A, of ~25 meV was found[27] — in
agreement with theoretical predictions[28]. Using the same model, the lower dark exciton in
(6,5) SWCNT's was calculated to be about 55 meV below the bright exciton (A_). The lower dark
excitons are thus not accessible at room temperature since the thermal energy is not sufficient to
enable efficient transitions to the bright exciton. Interestingly, these excitons can be brightened
by symmetry breaking as observed in magnetic fields[28] or by introducing sp3-defects in the
SWCNT-1attice.[29] The triplet-singlet exchange energy (Agr) of the bright exciton was found to
be ~125meV in (6,5) SWCNT.[30] Likewise, triplets are not thermally accessible. Brightening
of these triplets can be achieved by enhancing the spin-orbit coupling, for example, by defects
or molecular adsorption on the SWCNT-wall.[31] In first approximation, the exciton energy
S11, the energy splitting of the bright and dark momentum-exciton as well as low-energy dark
exciton scale inversely with the nanotube diameter; the singlet-triplet exchange energy inversely
to square of the diameter. In the remainder of this thesis, the bright excitons will be referred
to as Sjj-excitons if not stated differently. These optically allowed transitions open the door to
spectroscopically studying the fundamental properties of SWCNTSs as well as to applications in

optoelectronic devices.

2.1.4 Optical spectroscopy

As introduced in the previous section, strongly bound excitons are formed upon excitation in

SWCNTs. Bright excitons can be optically excited, by the absorption of a photon. In experiments,
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FIGURE 2.6. Absorption and PL of (6,5) SWCNTs.
Absorption and PL spectrum of (6,5) SWCNTs. A FWHM of the PL of 23.7 and
21.9meV for absorption are observed. A minimal Stokes shift of 3.5 meV is present.

the exciton was found to be 13 nm in size along the (6,5) SWCNT.[32] Typically, in a excitonic
transition 500 carbon atoms are involved which contribute to the overall S;;-exciton oscillator
strength of ~5 (Ref. [33]). Similarly, the bright excitons can decay radiatively by emitting a
photon. An experimentally measured absorption and emission spectrum of (6,5) SWCNTSs in a
polymer coating and dispersed in an organic solvent are shown in Figure 2.6. In absorption, two
main peaks can be identified: the bright S11- and Ses-excitons. Their energetic positions are in
agreement with simulation in the framework of the exciton picture.[21] In this experimental data,
the S1; absorption and emission peaks have a linewidth of 21.9 meV and 23.7 meV, respectively.
Upon excitation of the Sg9-exciton, emission is exclusively observed from radiatively decaying
S11-excitons. A Stokes shift, energetic shift of the PL with respect to the absorption of the S11-
exciton, of 3.5 meV is observed. In addition, all peaks show a pronounced phonon sideband (PS).
The origin of these spectral characteristics and features are explored in the following.

In general, once generated excitons relax towards the lowest energetic state — in case of
SWCNTs this is the S11-exciton. This initial relaxation was found to be ultrafast (~40 fs from
Sog to S11) due to efficient coupling of excitons to lattice vibrations.[34] The Sii-exciton has
a much longer lifetime which can vary between 10 and 100 ps depending on the environment,
exciton diffusion and SWCNT quality as well as temperature.[26, 35] The S11-exciton lifetime 7x

depends on radiative and non-radiative decay and is given by
(2.11) TX 1 =Trad 1+ Tnrad -

Here, 7,44 is the radiative lifetime, an intrinsic property of SWCNT's, and 7,54 is the non-radiative
lifetime. A radiative lifetime of ~5 ns (Ref. [36]) was experimentally verified for (6,5) SWCNTs
corresponding to an homogenously broadened linewidth (A7yaq 1) of ~0.1peV. In addition to a

very narrow linewidth, a small Stokes shift is expected to be present. The reason for this is the
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very low molecular rearrangement between the ground and excited state in SWCNTSs. These
intrinsic properties were indeed observed for air-suspended pristine SWCNTs with reduced
exciton diffusion and at low temperature.[35] Excitons in these SWCNTs exhibit lifetimes of
few ns and extremely narrow linewidths on the order of neV. Hence, non-radiative processes
are strongly suppressed in this system. Starting from this ideal case, various parameters were
identified to cause non-radiative decay and/or spectral broadening.

Most importantly, the inhomogeneities along the SWCNT were found to be a crucial parameter.
These include defects in the carbon lattice and changes in the dielectric environment.[35, 37]
As an example, for SWCNTs in contact with substrates and surfactants, spectral wandering
was observed.[35, 38] This effect on inhomogeneous broadening is attributed to exciton diffusion
along the nanotube leading to emission from parts of the SWCNTSs that are in different dielectric
environment. Exciton diffusion is highly enhanced in SWCNTSs and typically up to 4 orders higher
than in organic materials.[39] The exploration of the environment by diffusion of excitons and the
resulting spectral fluctuations can be thought of as inhomogeneous broadening within a single
SWNCT. A strongly reduced exciton lifetime for these SWCNT's also suggests non-radiative decay
at quenching sites at the nanotube wall. In case of polymer-wrapped SWCNTSs on a substrate,
these effects can lead to typical exciton lifetime of ~30 ps and linewidths of few meV even at low
temperature.[38]

Second, at room temperature, the linewidth of excitons in suspended SWCNT's increases to
~10meV.[35] The thermal broadening is typically slightly lower than the thermal energy k5T at
room temperature.[40] A combination of environmental and temperature effects results in typical
linewidths of >20 meV as observed above.

Other parameters can impact the exciton dynamics, for example, inter-tube interactions in
high density samples,[26] dielectric screening,[41] length-dependent quenching at the ends of the
nanotubes[39] and exciton annihilation processes[38]. All these processes strongly influence the
emission efficiency. The probability of radiative recombination — also called PL quantum yield

(PLQY) — is given by the ratio of the radiative decay rate 7,59 ! to the sum of all decay rates

-1
(2.12) PLQY= — ™
Trad ~ T Tnrad

Knowing the intrinsic radiative lifetime, the impact of non-radiative processes and thus the
quality of SWCNTSs can be compared by measuring the PLQY.

In addition, phonon sidebands are observed for absorption and PL. These phonon sidebands
are associated with optical brightening of the dark (K,K’) excitons.[27] Momentum is conserved
for these transitions since a phonon (vibrational D-mode) is involved in the absorption and
emission process.

In summary, SWCNTs comprise unique optical behavior, e.g., a narrow linewidth, tunable
nIR-emission, high photostability and a complex exciton fine structure. These properties make

SWCNTs attractive nanomaterials for studying fundamental photophysics in one dimension
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as well as for applications at single-photon light sources,[42, 43] telecommunications,[44] and
bioimaging.[45] The experimental challenges in synthesizing in and separating different SWCNT's
are discussed in the next section. These will focus on techniques suitable for optically emissive
SWCNTs.

2.1.5 Synthesis and purification

As shown previously, the impact of minor structural variations on electrical and optical prop-
erties puts a high demand on the purity of SWCNTSs for applications. Carbon nanotubes can
be synthesized by various techniques, for example, laser ablation, arc discharge, plasma torch
and chemical vapor deposition (CVD).[24] Generally, there are two strategies in synthesizing
SWCNTs for optoelectronic devices. On the one hand, the nanotubes can be directly fabricated on
the substrate by controlled growth form pre-patterned catalyst nanoparticles.[14] This approach
has the advantage of avoiding any post-growth processing, as long as the nanotubes can be
directly implemented on the same substrate. The downside is the missing electronic purity of the
SWCNT, the high temperatures required limit the choice of substrate. Another approach is to
generate a bulk amount of SWCNTSs, e.g. as a powder, which are then processed and sorted to
obtain, for example, nanotubes of different, but defined electronic nature. The main advantage
is the high purity of semiconducting SWCNTSs that can be achieved by appropriate post-growth
processing as well as the solution processing of nanotube inks.[46—48] Here, the focus will be
on the latter strategy with emphasis on the so-called CoMoCAT® (using cobalt molybdenum
catalyst)[49] process in combination with post-growth selection by polymer wrapping as it was
used throughout the work.

Despite strong efforts in tailoring the SWCNT-growth towards an exclusive chirality, i.e.
monochiral growth,[50] state-of-the-art synthesis on an industrial scale still yields a mixture
of semiconducting and metallic nanotubes.[51] Predominantly, CVD-based processes are used
nowadays — owing to the narrow nanotube-diameter range that can be achieved.[52, 53] In
particular, the CoMoCAT® process offers a narrow diameter distribution (0.7-0.9 nm), which
can be optimized to yield dominant growth of (6,5) and (7,5) SWCNTSs.[54] In this synthesis, a
carbon source (carbon monoxide) is decomposed at metal, in this case a mixture of Co and Mo, at
temperatures around 750 °C. The catalyst particle act as nucleation centers at which a carbon
nanotube grow. Hence, the size and shape of the catalyst particle defines the diameter of the
resulting SWCNT. Adjusting the synthesis conditions, for example, the temperature, the gaseous
feed and the substrate, can be used to tailor the yielded chirality distribution. For the CoMoCAT®
process these parameters have been optimized to reliably produce macroscopic amounts (few
grams) of SWCNTSs.[49]

The resulting mixture of SWCNTSs require post-growth selection techniques to purify and sort
the material by electronic grade and ultimately by single chiralities. Here, the focus will be on

how semiconducting species can be extracted on a monochiral level. In general, all approaches
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FIGURE 2.7. Molecular structure of PFO and PFO-BPy.

first disperse the SWCNT source material and then selectively solubilize the separated SWCNT's
by, e.g., a surfactant or conjugated polymer.[47, 55-57]

Aqueous dispersions of SWCNTSs can be obtained by using surfactants, such as sodium
dodecyl sulphate (SDS) or sodium cholate, having a hydrophobic part pointing to the nanotube
and hydrophilic part away from the nanotube.[568] This method creates an non-selective dispersion
of all SWCNTSs present in the sample. Selectivity towards electronic type and single chiralities
can be achieved by, for example, gel chromatography[55], aqueous two-phase separation[59]
or repetitive density gradient ultracentrifugation (DGU).[60] Here, DGU is described in more
detailed as it is used throughout this thesis for benchmarking monochiral SWCNT dispersions
prepared by polymer wrapping. In this method, due to differences in buoyant density of the
nanotube with its surfactant shell, each chirality can separated in the density medium.[61] Thus,
it is a universal approach and can be applied to different SWCNT sources and optimized for
any chirality. As a result of the unselective dispersion, however, cross-contamination between
semiconducting species and a remaining metallic content in these samples cannot be completely
avoided.[62] Consequently, the PLQY of these samples is typically limited to well below 1% owing
to remaining SWCNT-bundles and the metallic content.[62] In addition, this method is limited by
the throughput of the DGU and is not easily scalable as it requires overnight centrifugation at
>250,000g. It should further be noted that a density gradient medium (typically sugars such as
Todixanol or sucrose) is required at high concentration (10-20 wt%) to achieve the separation in
the density gradient. Removal of the sugar (for example by extensive dialysis) as an additional
processing step is often required, in particular for device applications.

More recently, it became clear that polymer-wrapping is a highly selective, high-throughput
purification method for semiconducting SWCNTs.[63, 64] Depending on the combination of
SWCNT and n-conjugated polymer (backbone and side-groups) structure, the polymer can wrap
selectively around certain nanotube species forming densely packed supramolecular arrange-
ments. If this is the case, this SWCNT chirality is preferentially “solubilized” (i.e. dispersed). If
this is not the case, the polymer can still be adsorbed in an unordered aggregated way resulting
in only weakly solubilized aggregates. These can be conveniently removed by centrifugation with
relatively short and slow centrifugation thus leading to highly enriched supernatants. Among the

many polymers identified for this purpose,[65] the polyfluorene (poly(9,9-dioctylfluorene), PFO)
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and its copolymers exhibit the highest selectivity.[64] In these systems, n-7 stacking of the back-
bone of the polymer along the SWCNT wall was found to be the dominant binding process.[64]
The actual wrapping is found to be in helices around the SWCNT.[66] Interestingly, polymer
wrapping can lead to almost monochiral dispersions. For example, PFO and PFO-BPy (Figure 2.7)
as dispersants for CoMoCAT® material were found to be highly selective toward single chirality
(7,5) and (6,5) SWCNTs, respectively.[47, 64] The selectivity and yield not only depend on the
type of polymer but also on solvent[64] and molecular weight of the chains[67]. While the yield
of the dispersion is increased for solvents with high viscosity and high molecular weight of the
polymer, the selectivity is generally reduced. Interestingly, the polymer-wrapped SWCNT show
good separation and much higher PLQY than surfactant based dispersion potentially due to
efficient shielding form the environment. In ensemble measurements, typical PLQY range from
0.5 to 1.5% depending on the processing steps.[39, 64, 68] Optoelectronic applications will directly
gain in performance by using the higher grade of SWCNT quality.

2.2 Devices for light generation

The following section reviews light-emitting devices based on organic materials. The emergence
of organic electronics led to a tremendous development of devices and methodologies to generate
light using carbon-based emitters. Primarily, two device architectures have been explored: organic
light-emitting diodes (OLEDs, Figure 2.8a) and light-emitting field-effect transistors (LEFETS,
Figure 2.8b). In both cases, a multilayer stack of materials is employed to efficiently inject and
transport charge-carriers to generate light in the emissive material. One of the main differences
between the two devices arises from the control of the injected charges. In contrast to the direct
forward bias driving LEDs, an electric field generated by an additional electrode (gate) is used in
FETs to control the charge injection and transport. Furthermore, as illustrated in Figure 2.8, the
current flows perpendicular (parallel) to the top electrode in OLEDs (LEFETSs). Consequently,
the emission area is defined by the overlap of anode and cathode in case of OLEDs, whereas
in LEFETSs an emission line parallel to the source/drain electrodes is observed. The working

principle and the device characteristics of both device types are introduced in the following.

2.2.1 Organic light-emitting diodes (OLED)

In 1965, W. Helfrich and W.G. Schneider reported on the first OLED using an anthracene crystal
sandwiched between two electrodes.[69] In the experiments, electroluminescence was observed in
the emission layer (EML) by applying more than 1,000V to the 5 mm thick crystal. The crystal
was directly contacted by an electron-injection electrode (cathode) and a hole-injection electrode
(anode). Since then the development of new fabrication techniques as well as development of ma-
terials has led to more efficient and complex devices operating at low voltages.[70-72] Nowadays,

OLEDs comprise a stack of thin layers (few nanometers to hundreds of nanometers).[73, 74] By
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FI1GURE 2.8. Illustration of devices for electrical generation of light.
a, OLED and b, LEFET schematics from side view (top) and bottom view (bottom).
Electrons (red) and holes (blue) are injected and transported perpendicular to the
cathode in case of OLEDs and parallel in LEFETs.

applying a forward bias, electrons and holes are injected into the stack and transported through
multiple layers toward the EML. The injected charges form excitons in the EML, which in turn
can decay radiatively. The emitted light is then outcoupled by using one or two transparent
electrodes. In case of bottom-emitting OLEDs, a transparent bottom electrode on the substrate
(here, anode) and a reflective top electrode (here, cathode) are used. The emission zone in an
OLED is defined by the overlapping area of the electrodes. Hence, large-area homogeneous light
emission can be achieved.[75]

Figure 2.9a depicts the energy levels of a pin-type OLED under forward bias. In this device
p-(n-)doped layers are employed for efficient charge carrier injection and enhanced hole (electron)
transport.[71, 74, 76] These layers are thus called hole and electron transport layers (HTL and
ETL). Band bending at the interfaces of the doped transport layers to the electrodes enables the
efficient injection of charges leading to almost Ohmic contacts.[76] For efficient electrolumines-
cence, electron (hole) blocking layers are added between the transport layers and the EML.[76]
The EBL and HBL prevent quenching at the interfaces to the doped layers and block the electrons
and holes from passing through the EML. Often the emitter molecules are embedded in a host
material with larger bandgap to prevent concentration quenching at the emitter molecules.[77]

Optimized OLEDs exhibit diode-like current-voltage characteristics. Generally, the current I
can be described by the diode equation[78]

(2.13) =1, [exp(n(z:T)—l].

16



2.2. DEVICES FOR LIGHT GENERATION

&) °f\°

'EBL EML HBL ETL

b
e

Cathode

o
[6,]
|

Current |1] (a.u.)

o
o

o 5 10
Voltage V (a.u.)

'
[¢,]

FIGURE 2.9. Energy diagram of an advanced OLED stack.
Highly efficient OLEDs comprise a pin-type structure. Doped injection layers and
charge transport layer are used (ETL and HTL). Additional blocking layers (EBL
and HBL) prevent charge diffusion and capture charge recombination in the EML.

Here, I is the saturation current, ¢ the elemental charge, V the applied voltage across the
OLED, n the ideality factor, kg the Boltzmann constant and 7' the temperature. This relation
describes the Schottky diode behavior as well as the pn-junction in OLEDs.[78] Figure 2.9b shows
the typical I-V characteristics for an OLED in forward (>0V) and backward (<0 V) operation.
Electroluminescence is typically only observed in forward direction and above a device-specific
threshold voltage.[79]

2.2.2 Light-emitting field-effect transistor (LEFET)

In contrast to OLEDs, in LEFETSs charge carriers are transported in the plane of the EML. A
schematic device architecture of a top-gate/bottom emission LEFET is depicted in Figure 2.10a.
In a LEFET, the charge-carrier accumulation and transport can be controlled by the applied
gate voltage V. The gate electrode is electrically separated from the conductive channel by an
insulating material (dielectric). The applied potential leads to charge carrier accumulation at the
dielectric/semiconductor interface. By applying an additional bias between source and drain Vg,
these charges can be transported through the semiconductor material in the channel region.[80]
In case of LEFETS, both electrons and holes can be injected and accumulated simultaneously
under appropriate biases (ambipolar regime). In this regime, excitons are formed within the
channel (recombination zone) that lead to light emission from the LEFET.[81-83]
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In the following, the electrical behavior of a LEFET, with position x in the channel of length
L, is derived (Figure 2.10a). The main characteristics of FETs can be described in the gradual
channel approximation which assumes linearly varying field V(x) in the channel:[80]

QoVx) Va

2.14
( ) Ox L

Considering only electron injection, the aerial charge carrier density @ as a function of position

in the channel is given by
(2.15) Q(x)=C (Vg—Vipe — V).

Here, the threshold voltage for electron injection Vi, ¢~ is introduced. The current flowing between

source and drain I is given by

dv
(2.16) Iq=W pe @ —,
dx
with W being the width of the channel and p.- the charge carrier mobility of electrons in the

semiconductor. Thus, the average current flowing in the channel is given by

fOL C (Vg=Vine —Vx)) dx

(2.17) Ta=Whe T

d-

It turns out that the current is solely determined by the applied gate and drain voltages. In the
case of Vz — Vg > Vi, ¢, electrons are accumulated in the entire channel and the source-drain

current can be derived as

wcC Va®
(2.18) Tatin = —— He- (V= Vine) Va- =5 ).

Since for small drain bias, the current depends linearly on Vj, this regime is called the linear
regime.[84] For biases of Vy; — V3 < Vi ¢ and Vg > Vi, o, a pinch-off of accumulated electrons
occurs within the channel at the position for which Vg —V(x) = Vi, ¢~ is fullfilled.[80, 84] In this
regime, called the saturation regime, the source-drain current is given by

w
(2.19) Tasat = 57 He C(Vg = Vine ).

So far, only electron injection was considered. In an ambipolar semiconductor, however, both
electrons and holes can be injected simultaneously.[81, 84] Holes will be injected if Vg — Vg < Vi, p,+
and Vy — Vg < Vi, ¢ are fulfilled — a regime called the ambipolar regime. The source-drain current
then consists of a contribution from electrons and holes in the channel. By assuming balanced
electron and hole current, i.e. Ithe = Iy, n+ = I4, the current in the saturation regime is then
given by

w w
(2.20) Id,amb = ﬁue—C(Vg - Vth,e’)2 + iy}p C(Vg - Vd - Vth,h* )2.
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FIGURE 2.10. LEFET device in the true ambipolar regime.
Illustration of a LEFET device architecture and charge concentration along the
channel. Parameters: Vin e = Vi nt = 1, tlthe' = Heh b

In analogy to the linear and saturation regime for electron transport, these regimes exist as well
for pure hole transport.

As an example, the transfer-characteristics (I vs. V) are plotted in Figure 2.10b for varying
V4. For these calculations, a threshold voltage of +1V (-1V) for electrons (holes) and an identical
charge carrier mobility for electrons and holes was used. The calculated transfer-curves show
the typical V-shaped transfer curve for ambipolar transistors. It can be seen that the absolute
current in the true ambipolar regime is increased for higher drain biases. In case of LEFETS,
the higher current correspond to an increased exciton-pumping rate in the device. In addition,
charge carrier mobilities can be extracted from the transistor characteristics.[85]

In the presence of high drain bias and charge recombination in the channel, the gradual
channel approximation does not precisely describe the potential within the device.[86] Instead
a steep potential drop at the pinch-off points is observed. This leads to the shape of the charge
carrier accumulation as depicted schematically in Figure2.10a. The general considerations
and trends derived with the presented gradual channel approximation still provide a good
approximation. From the model, demands on material and LEFET structure can be deduced
for generating maximum amount of light. First, it is desirable to have low thresholds for both
charge-carrier injections. Second, high charge-carrier mobilities of both electrons and holes are

desirable to achieve high currents in the transistors.
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2.2.3 External quantum efficiency

An important measure to compare different light-emitting devices is the external quantum
efficiency (EQE). The EQE, ultimately, describes the number of generated outcoupled photons per
injected charges.[87] The EQE can be split into four different components describing separate
processes within the device:[87, 88] First, the charge carrier balance, 1pajance, accounts for a
possible imbalance of electrons and holes injected into the EML. An excess of one type of charge
will lead to quenching and thus reduce the charge-carrier balance. Second, electrical generation
of excitons leads to a randomized spin of injected electrons and holes and thus singlet and triplet
excitons are generated. Due to spin statistics, 75% of the excitons are triplets and 25% singlets.
The spin-factor 7g,in accounts for the material-specific ratio of how many of these excitons can
decay radiatively during their lifetime. In fluorescent materials, all triplets will decay non-
radiatively and the spin-factor is 0.25 reducing the overall efficiency.[73] Third, the emission
efficiency 7,54 of the material must be taken into account. This factor accounts for how many of
the bright excitons will decay radiatively and is often equal to the PL quantum yield (PLQY).[89]
Last, outcoupling of the generated light is an additional loss channel. Typical organic material
have a refractive index of ~1.7 leading to total internal reflection at the interfaces towards the
surrounding air.[90] Therefore, the outcoupling efficiency 7,y accounts for optical losses in the

multilayer stack. Hence, the overall EQE of light-emitting devices is described by

(2.21) EQE = npalance Mrad Mspin Tout-

The efficiency of light generation, called the internal quantum efficiency, comprises the
charge-carrier balance, spin factor and the radiative efficiency. In state-of-the-art OLEDs, the
internal efficiency can readily be close to unity. As described above, the advanced multilayer stack
including doped transport layers ensure balanced charge carriers in the EML.[76, 88] Typically,
efficient phosphorescent or thermally activated delayed fluorescence (TADF) emitters are used
that ensure light generation at 100% efficeincy.[72, 88] For LEFETS, the charge-carrier balance is
inherently obtained during operation in the ambipolar regime. The maximum internal quantum
efficiency of ~30% was observed within LEFETSs — mainly limited by the availability of efficient
emitter materials that show ambipolar charge transport.[91] LEFETSs, however, maintain these
efficiencies even at very high current densities, which are typically multiple orders above those
observed in OLEDs.

The outcoupling efficiency, in a standard device, is limited to ~25% for both OLEDs and
LEFETSs.[87, 91] The main loss channels are coupling of the generated light to substrate modes,
wave-guided modes in the organic materials and coupling to lossy surface plasmons. Several
approaches have been proposed and experimentally demonstrated to enhance the outcoupling
form the device.[87, 90, 92, 93] Most methods, however, come along with significant complications
in the device manufacturing and/or increased manufacturing costs. A promising alternative

to these methods is the orientation of the emissive dipole moments parallel to the sample
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FIGURE 2.11. Light-matter interaction in classical and quantum-mechanical picture.
Illustration of exciton-photon hybridization in the classical picture (left). Repetitive
reabsorption of emitted photons leads to an energy exchange. In the quantum-
mechanical picture (right), hybrid particles are formed which have a probability to
be a photon and exciton simultaneously.

surface.[79, 93] Horizontally aligned emissive dipoles favor outcoupling by directed emission
within the EML.

2.3 Cavity exciton-polaritons

Implicitly, the previous introduction to light-emitting devices is based on excitons that are weakly
coupled to the surrounding optical fields. Hence, the transition probability is governed by Fermi’s
golden rule.[94] In multi-layer stacks, it was further shown that the device architecture leads to
a cavity effect altering the emission spectrum and efficiency of the free emitter by the presence of
the electromagnetic field. These effects can be readily explained with preferred emission into the
increasing density of states in the final state, called the Purcell effect.[95] In the previous case,
the energy landscape and transition energies are fundamentally identical — a regime associated
with weak light-matter interaction owing to the low cavity quality (only one reflective electrode).

By using a second reflective mirror/electrode, optical cavities can be formed that support
multiple back-reflection of the photons inside the cavity. If these cavities are tuned to overlap with
the absorption of the excitonic emitter itself, strong exciton-photon interaction can lead to hybrid
light-matter states. In a classical picture, this effect can be explained by repetitive reabsorption of
the photons by the excitonic material and reemission leading to an energy exchange (Figure 2.11,
left). Strong light-matter coupling is reached if the exchange between the light (photons) and
matter (excitons) is faster than their dissipation. In the strong coupling regime, it is no longer
valid to treat the system as a series of excitation and emission nor as a superposition of excitons
and photons (Figure 2.11, right).[96] Instead, hybrid light-matter particles are formed — so-called
exciton-polaritons. Interestingly, these quasiparticles combine properties of photons, for instance
the low mass, with those of excitons, for example nonlinear interactions.[97, 98] The dynamic and

emissive behavior of exciton-polaritons is governed by their hybrid character as will be described
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in the following.

A comprehensive overview and review of the field of strong light-matter coupling in organic
materials was published by the author of this thesis et al. in chapter nine of the Handbook of
Organic Materials for Electronic and Photonic Devices (Ref. [5]).

2.3.1 Planar cavities

Photonic cavities can have various shapes and forms.[99-101] Here, planar Fabry-Pérot micro-
cavities are considered (called cavities in the following). In such a cavity, a flat layer of refractive
index n and thickness d is sandwiched between two planar reflective mirrors (Figure 2.12a). Light
inside the cavity is reflected between the two mirrors leading to interference of the incident and
reflected waves. Waves, which replicate during one roundtrip, will constructively interfere and
experience an enhanced electric field inside the cavity. The wavevector k of a wave is described by
a linear combination of its component parallel 2| and perpendicular % to the surface. Thus, the
first order cavity resonance is present if

(2.22) K=
Note, also multiples of £'7® fulfill the standing wave condition but are not further considered. The

dispersion of the cavity resonance can thus be expressed by

(2.23) Ec(k)= %k = % [(g)z k2

Using k| = Ecsin(0)/hc , leads to an expression of the cavity resonance as a function of viewing

]0.5

angle 6 with respect to the normal of the cavity

(2.24) Ec(0)=Eo[1- (Sm(e))Q] o
Neff

Here, the effective refractive index no¢ and the resonant energy at 0 =0°, E( , was introduced.

The effective refractive index might account for any penetration of the fields into the mirrors and

for varying refractive indices within multilayer stacks inside the cavity.

If light of energy E¢(0) is incident on a cavity under an angle 8 will be effectively trapped
inside the cavity. Transfer-matrix simulations of the reflectivity of a planar metal-clad microcavity
(n=1.5 and d =210 nm) is shown in Figure 2.12b. The typical parabolic cavity mode is observed
as a minimum in reflectivity. By decreasing the thickness of the layer to 200 nm (Figure 2.12c),
the cavity mode is shifted towards higher energy. At the same time, the parabolic shape of the
dispersion is almost identical due to the same refractive index. In a Fabry-Pérot resonator, the
cavity resonance can hence be easily tuned by adjusting the mirror spacing.

Due to the finite reflectivity of mirrors, photons inside the cavity will eventually leak out one
of the mirrors. The lifetime of the photons inside the cavity 7¢ is directly linked to the FWHM of
the cavity resonance AE by[102]

(2.25) 7c AE =h.
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FIGURE 2.12. Planar optical cavities.
a, Schematic structure of a planar optical microcavity. The wavevector % is described
by its perpendicular and parallel component. The viewing angle 6 with respect to
the normal of the cavity is used during angle-resolved characterization. b and c,
Angle-resolved reflectivity spectra for a 210 and 200 nm thick cavity.

In case of the cavity depicted in Figure 2.12b, a FWHM of 48 meV and thus a photon lifetime
of 14fs is present. In general, for two identical mirrors with reflectivity R and neglecting any
optical losses inside the cavity, the photon lifetime is given by

B dn
¢ In(R)’

(2.26) o=

It follows that, in order to increase the photon lifetime, highly reflective mirrors must be used.
For universal comparison, cavities are characterized by their dimensionless quality factor, which
is defined as[102]

_E 1cE

" AE R

(2.27) Q

For high-reflectivity dielectric mirrors, quality factors of >1,000 can be readily achieved.[101]
The metal-clad cavity, presented in Figure 2.12b, has quality factor of 28 representing the short
photon lifetime inside the cavity. Nevertheless, metal mirrors are often used for fundamental
investigation due to the ease of fabrication and broad-band reflectivity.[103, 104] Even inside the
investigated metal-clad cavity, photons pass on average seven times through the cavity during

their lifetime before leaking out.

2.3.2 Strong light-matter coupling

As briefly described above, light-matter interaction results from repetitive reabsorption of the

emitted light. Thus, a material with sufficient excitonic absorption at energy Ex close to photon
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mode Ec(0) must be placed inside the microcavity to enhance interactions. Note, owing to their
comparatively larger mass, the dispersion of the exciton is much lower and thus neglected in the
following.[105] This approximation is valid for excitons in SWCNTs as their mass is orders higher
than those of photons.[106, 107] To describe light-matter coupling, the coupled oscillator model is
introduced. In this model, the interaction between excitons |X)= ((1)) and the photons |C>=(?) is
described by the coupling potential V5. The system can be fully characterized by introducing the
Hamiltonian, /, which is given by:[96, 108]

Ex—-ihl'x/2 Va

(2.28) S = _
Va Ec(0)—ihl'c/2

Here, I'x (I'c) is the homogeneous decay rates of the exciton (photon) given by the inverse of their

lifetime 7x ! (7¢1). The new eigenstates E are described by

Ex—ihl'x/2 Va
Va Ec0)—ihI'c/2

a a

e

(2.29) =
p

The variables a () denote the Hopefield coefficients and are related to the exciton (photon)
components of the new eigenmodes. Note, the losses of the oscillators are included in the imaginary

parts of the respective matrix elements since in a time-dependent wavefunction |W(¢)) of the form
(2.30) 1P (2)) = e Y w(0))

imaginary terms account for the damping of the modes.[96]
By diagonalizing the Hamiltonian, the eigenvalues of the coupled system, called upper
polariton (UP) and lower polariton (LP), are derived:
(2.31) |
Euyprp(0)=0.5(Ex +Ec(0)—ihl'x/2—ihT'c/2) + \/VA2 +0.25(Ex —Ec(0)— ihT'x/2 +ihlc/2)2.

The new eigenstates |[UP) and |LP) are given by the linear combination of exciton and photon
(2.32) |UP) =ayp|C)+pPyup|X) and |LP)=arp|C)+frp|X).

The photon and exciton fraction of the polariton mode, | & |2 and | B |2, are given by the projection
of the corresponding polariton state onto the uncoupled (exciton or photon) state.[96] The photonic

fraction is thus given by

Va2

(2.33) | aupLp(0) 2= 5 5
Va®+ (Euprp(0) —Ec(0))

and excitonic fraction by

Va2
Va2 + (Eupp(0) - Ex(6))”

(2.34) | BupLp(®) 1=
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FIGURE 2.13. Coupled oscillator model for varying coupling strength.
From left to right, the dispersion the UP and LP (top) and the exciton and photon
fraction (bottom) as calculated with the coupled oscillator model for increasing
coupling strength.

As these fractions are a function of the viewing angle, the particular mixing of the exciton and
photons thus depend on the direction of the wavevector.

A representative polariton dispersion depending on the coupling strength Vj is plotted in
Figure 2.13. While in the absence of coupling the uncoupled exciton and photon dispersion are
derived, an UP and LP are formed for increasing coupling strengths. As evident in the plots,
avoided crossing of the exciton and cavity mode is observed if sufficient coupling is present. In
this simulation the cavity detuning A, defined as Ex — E(0), is kept constant. At the angle 6.,
at which exciton and cavity are in resonance, the minimum energy difference between upper and

lower polariton is reached. This energy splitting is called Rabi energy and is given by[96]

(2.35) hQ = 21/ Va2 +0.25(hTx/2 — hTc/2)?.

The Rabi frequency Q similarly describes the rate of energy exchange.[96] For strong coupling to
be present, the energy exchange must be faster than the median dissipation rate of excitons and
photons in the system[96, 105] [97,107]

I'x+T
--X7°C

(2.36) Q 5

Hence, the Rabi splitting must be larger than the linewidths of the uncoupled oscillators resulting
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in the condition

S hrx+ ﬁrc'

2. Q
(2.37) h 5

All values can be experimentally determined and are thus often used for experimental determina-
tion of strong light-matter coupling. The Rabi splitting scales with the square root of the oscillator
of the emitter molecules and number of coupled oscillators, for example, molecules or quantum
wells.[104] The condition for strong light-matter coupling leads to the following condition for the
coupling potential required for strong light-matter coupling:[101, 108, 109]

hl'x? + hlc?

(2.38) Va2 > 2

Figure 2.13 visualizes the increasing mode splitting of the UP and LP for increasing coupling
strength. By measuring the dispersion of the modes inside the cavity, the light-matter coupling
can thus be directly investigated. For this purpose, typically angle-resolved spectroscopy is
performed.[110-112] The hybrid light-matter character can be quantized by calculating the
exciton and photon fraction in the polariton branches (Figure 2.13, bottom). In addition to the
mode splitting, the light-matter hybridization across all angles increases for higher coupling
strengths.

Further, the cavity detuning can be employed to tune light-matter content in these systems.
Figure 2.14 shows the polariton branches and the exciton and photon fractions in the LP for
different cavity detunings. In all cases, the Rabi splitting is identical at the angle of resonance.
At these points, the LP consist of 50% exciton and photon. For increased negative detuning, this
resonance is observed at larger angles and the LP becomes predominantly photonic at small
angles. The specific strength of the light-matter hybridization and the cavity detuning strongly

influence the exciton-polariton dynamics as shown in the next section.

2.3.3 Exciton-polaritons

The LP and UP that form in the strong light-matter coupling regime were shown to have a
mixed exciton and photon fraction. The exciton-polaritons occupying these modes are thus hybrid
light-matter quasiparticles.[105] Upon excitation, the polariton branches will be populated,
which might be observed by polariton emission leaking from the cavity.[108] This behavior can be
investigated by optically pumping the polariton branches either resonantly, i.e. Epymp = ELp,[113]
or non-resonantly at higher energies.[114] In the latter case, incoherent excitons are created
which rapidly relax within the excitonic structure of the material forming an exciton reservoir
at the lowest excitonic state.[115] This exciton reservoir in turn is pumping the polaritons by
radiative or non-radiative processes as illustrated in Figure 2.15. Since the polaritons carry
excitonic properties, further relaxation along the LP towards the energetic minimum occurs

before the polaritons will decay. The lifetime of the polaritons 71p is given by linear superposition
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FIGURE 2.14. Coupled oscillator model for varying cavity detuning.
From left to right, the dispersion the UP and LP (top) and the exciton and photon
fraction (bottom) as calculated with the coupled oscillator model for increasing
negative detuning.

of the excitonic and photonic decays and is given by
(2.39) TLp_1 = az Tc_l + ,32 TX_l.

Due to their finite lifetime, the polaritons typically decay via their photonic component.[116] The
emitted intensity from the cavity I can be directly correlate to the population of the polariton

branch N by its photonic component:
(2.40) I=a®N.

The observation of PL from the polariton modes is thus a powerful tool to investigate the polariton
dynamics as well as absolute population.[108, 116, 117]

Generally, polaritons relax towards the lowest energetic state (ground state), which is found at
k = 0 in the LP. Since exciton-polaritons are bosons, they can all occupy the same state.[108, 118]
For relaxation much faster than the polariton lifetime, the polaritons in the LP can be thought of
as an interacting boson gas at the ground state.[119] The interactions, arising from the excitonic
component, lead to population of energetically higher states. If thermalization of the polaritons
is observed, efficient scattering towards the ground state is present.[109] The population of
polaritons Nip is then described by Boltzmann exponential distribution[109]
Evo-FE ) .

(2.41) Nico(Ereo — E) o exp( e
B
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Here, Ey_¢ is the energy of the ground state, kg is Boltzmann constant and 7' denotes the effective
temperature of the polariton gas. Note, despite thermalization of the polariton cloud, the polariton
system is not in thermal equilibrium owing to the constant leakage and generation (in case of
continuous pumping) of polaritons.[109]

If instead the relaxation towards the ground state is not sufficient, a relaxation bottleneck
will occur and thus their distribution along the LP deviates from that of thermalized polaritons.
Characteristically for a relaxation bottle neck, energetically higher states are more populated
than in an ideal Boltzmann distribution.[114, 120-122] Overcoming the relaxation bottleneck
can be accomplished by, for example, increasing the excitonic fraction of the LP, adjusting the
cavity detuning, and increasing the polariton density.

Inherent to bosons, the scattering rate towards a given bosonic state depends on the occupation
of this energy state. As an example, the scattering rate towards the ground state Ry-g in the LP

depends on the mean ground state occupation (ny-go) itself:[123]
(2.42) Ry o (1+(nk=0)) Rx=o-

If the mean occupation is larger than unity, the relaxation rate towards this state itself increases
resulting in a higher population, which increases the scattering rate further — a process called
stimulated scattering. Due to this macroscopic ground state occupation, the wave functions of the
polaritons start to overlap and a polariton condensate is formed.[124] The emission from these
polariton condensates has many similarities to those of photon lasers: threshold-like behavior,
coherence, linewidth-narrowing, and reduction in excited state lifetime.[97, 108, 117, 125, 126]
In contrast to photon lasing that requires population inversion, the polariton lasing threshold
is reached for a ground state occupation larger than unity. This results in lasing threshold that
can be orders of magnitude below those observed for photon lasing.[117] In polariton lasers, the
coherence arises from the collective wave function of the polariton condensate rather than from
stimulated emission. In addition, the macroscopic wave function of polariton lasers enabled the

observation intriguing physical phenomena, for example, superfluidity at room-temperature.[127]

2.3.4 Materials for strong coupling and polariton condensation

Various materials have been employed for strong light-matter coupling ranging from epitaxially
grown quantum wells in inorganic materials[110] to perovskites[128] and 2D materials;[111]
organic molecules[126] and polymers[125]; proteins[117] and bacteria[129]. Initially, the hybrid
light-matter states were observed in GaAs quantum wells at cryogenic temperatures.[130] The
observation of polariton condensation in these systems[131, 132] led to a rapid evolution in
the field of cavity quantum electrodynamics.[109, 133—-135] These early experiments typically
involved complex device manufacturing and required cryogenic temperatures due to the low
binding energy of the Wannier-Mott excitons (<25 meV) in inorganic materials.[135] Additionally,

the relatively small oscillator strength in these materials limits the observed Rabi splitting to a
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FIGURE 2.15. Lower polariton pumping scheme.
The dispersion of the UP and LP were calculate with the coupled oscillator model.

few meV.[132, 135] To bring these experiments closer to elevated temperatures, materials with
higher exciton binding energies have been employed, such as GaN and Zn0.[136, 137]

Room temperature stability of exciton-polaritons and related phenomena was observed for
organic materials in 1998 by Lidzey et al..[138] This pioneering work revealed many advantages
of the employed organic material. All experiments were performed in a metal-clad cavity at room
temperature with Rabi splittings of more than 100 meV. Polariton lasing was first observed in
organic materials by Kéna-Cohen et al. in 2010 using crystalline anthracene.[108] Characteristic
fingerprints associated with polariton condensation were shown in this work, for example,
stimulated relaxation, polariton lasing threshold, and a sharp decrease in lifetime. Subsequently,
non-linear interaction and polariton lasing was shown using the polymer MeLPPP[125] and the
oligomer TDAF[97, 124, 139]. This work revealed the long-range coherence that can be observed
in polariton condensates (across ~100 um) even though most organic material are inherently
disordered. Recently, enhanced green fluorescent protein was employed to achieve polariton
lasing with ns pulsed pump laser.[117] The spectral shift and the reduced threshold, with respect
to photon lasing, emphasize the unique properties of polariton lasers.

In general, the disordered environment and fabrication of organic materials leads to a limited
quality factor of the surrounding cavity and thus polariton lifetime. While for epitaxially grown
inorganic materials quality factors of few thousands were achieved,[110] for organic materials
quality factors are typically only a few hundreds.[125] For the hybrid exciton polaritons, these
disorder effects can be overcome by the delocalization of the light field. Hence, macroscopic

coherence[125] and superfluidity[127] were observed in polariton condensates. Challenges that
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occur by using organic materials are associated with the limited stability of these molecular
materials due to the reduced heat conductivity in organic materials as well as photobleaching.
These limitations are particularly challenging with respect to electrical pumping as described in

the next section.

2.3.5 Electrical pumping of polaritons

Polariton lasers might offer a path for lasing with materials that lack high PLQY but offer efficient
relaxation paths and high electrical conductivity. As a result, exciton-polaritons may eventually
enable electrically pumped lasing with carbon-based materials. Moreover, electrical generation
of polaritons in organic devices presents a platform to study fundamental quantum-physical
phenomena at room temperature and with simple fabrication.

Organic materials inherently offer room-temperature stability of exciton-polaritons due to
their large exciton binding energy. Electrically pumped exciton-polaritons in organic materials
were first observed by Tischler et al. in an OLED-cavity using J-aggregates.[140] The cavity
was formed between two reflective metallic electrodes resulting in strong coupling with a Rabi
splitting of 265 meV. Angle-resolved spectroscopy was used to confirm that the EL originates
from the polariton branches with substantial signal originating from the UP. To date this work
reported the highest pump rate, with a current density of 0.1 A cm™2, for organic cavities in the
strong coupling regime.[141-146] Subsequent studies, however, improved on other aspects of the
devices and investigated polariton behavior upon electrical excitation.

As an example, in TPP-filled cavities, no difference in the relaxation of the polaritons was
observed for EL and PL.[141] Generally, electrical excitation might exhibit superior relaxation due
to an increased electron-polariton and electron-exciton scattering. For other materials, this effect
might improve the polariton relaxation significantly. Improvements of the cavity quality factor
were achieved by the group of Lidzey using an OLED-cavity with a transparent ITO electrode and
a DBR mirror.[143] In this work, a quality factor of ~60 was achieved in the strongly coupled cavity.
Nevertheless, these polariton devices suffered from a significantly reduced EQE compared to an
uncoupled reference OLED. An EQE of 0.1% was achieved in ultrastrongly coupled TADF-filled
OLED-cavities at low current density and quality factor.[144] Electrical pumping of ultrastrongly
coupled polaritons results in almost dispersionless emission with high color purity.[144—-146]
These devices might prove useful in information displays that require high color purity and
viewing angle stability.

In conclusion, electrical excitation of polaritons at room temperature and high current
densities remains an open challenge. From previous work, three main challenges can be defined:
First, the relaxation of electrically injected polaritons must be studied and increased. In analogy
to optical pumping, the relaxation bottleneck might be overcome at higher pumping rates or by
employing materials with intrinsically efficient relaxation mechanisms. Second, the pumping rate

must be increased in order to increase the ground state occupancy of the polariton states. Hence,
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for electrical pumping, the current density in the devices must be increased. Third, the polariton
lifetime must be increased to accumulate more polaritons within a lifetime cycle. Therefore, the

quality factor of the cavity needs to be increased by employing highly reflecting mirrors.
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CHAPTER

EXPERIMENTAL METHODS

This chapter lists the materials and describes the various experimental techniques and simulation

software used in this thesis.

3.1 SWCNT selection

Polymer wrapped SWCNT dispersions by shear force mixing (SFM). Monodisperse (6,5)
SWCNT dispersions were prepared by selective polymer-wrapping from CoMoCAT® raw material
(Sigma Aldrich 773735, Lot #14J017A1). According to the supplier, this CoOMoCAT® material has
an overall SWCNT-content of 88%, of which 40% are (6,5) chirality. Hence, ~35 wt% of the raw
material are (6,5) SWCNTSs.

For selective polymer-wrapping with SFM, 0.5 g L~! PFO-BPy (poly[(9,9-dioctylfluorenyl-2,7-
diyl)-alt-co-(6,6™-{2,2-bipyridine})], American Dye Source, My = 34 kg mol™!) were dissolved in
140 mL toluene and then 0.38 gL -1 CoMoCAT® raw material were added. Hence, approximately
17mg (6,5) SWCNTSs were used initially. High-speed SFM (Silverson L5M-A) was then applied at
maximum speed (10,230 rpm) for up to 96 h. During mixing, the temperature of the dispersion
was kept constant at 20°C. After mixing, the dispersion was centrifuged at 50,000 to 60,000 g
(Beckman Coulter Avanti J26XP centrifuge) for 45 to 60 min with an intermediate supernatant
extraction and centrifuge tube exchange after 15 to 30 min. After the centrifugation step, the
supernatant contained high purity (6,5) SWCNTSs. By reusing the pellet, formed during this
centrifugation, instead of adding raw CoMoCAT® material, SWCNTs were recycled up to eight
times. Fresh PFO-BPy (0.5 gL 1) and fresh toluene (140 mL) were added and previous SFM steps
were repeated with the pelletized nanotubes.

To obtain further enriched dispersions, (6,5) SWCNTs were pelleted via ultracentrifugation at

284,600 g (Beckman Coulter Optima XP ultracentrifuge). Depending on the desired concentration,
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these pellets were then redispersed in a small volume of toluene or washed with toluene to remove
excess polymer. Polymer wrapped SWCNT dispersions by sonication. Bath (tip) sonication was
applied to 10 mL (20 mL) of toluene with 2gL™! (0.5gL"!) PFO-BPy and 1.5gL ! (0.38gL1)
CoMoCAT® raw material for 6 h (5.5h). The temperature of the dispersion was kept constant
at 20°C for sonication either in the ultrasonic bath (Bandelin Sonorex Digitec DT 102 H) or in
using the tip sonicator (Sonics Vibra Cell, pulsed mode at 20% power output). The dispersion was
followed by centrifugation of the mixture at 60,000 g for 45 min with an intermediate supernatant

extraction and centrifuge tube exchange after 15 min.

Surfactant-suspended SWCNT dispersions by sonication. (6,5) SWCNTs were prepared
from 15 mg of the same CoMoCAT® raw material and suspended in 2wt% aqueous sodium
dodecyl sulfate (SDS, Merck KGaA) solution. Initial dispersion was performed by tip sonication
(Weber Ultrasonics, 35 kHz, and 500 W, in continuous mode at 20% power output) for 1 h at 15°C.
Next, the dispersion was centrifuged at 100,000 g for 1 h and decanted. Owing to the high affinity
of (6,5) SWCNTs to the Sephacryl-S200 gel (Amersham Biosciences at 1.6 wt% SDS, water was
added before application to a gel column. Here, 1 wt% sodium cholate (Sigma Aldrich) was used
as the eluent. Density gradient ultracentrifugation was carried out in a 1 wt% sodium cholate
solution with a stepped density gradient of iodixanol (from bottom to top of the centrifuge tube)
40 wt% /30 wt% + (6,5) SWCNTs /20 wt%. Surfactant-suspended SWCNT dispersions were carried
out by Benjamin Flavel (Karlsruhe Institute of Technology).

3.2 Device fabrication

3.2.1 OLEDs

OLEDs were fabricated on pre-patterned ITO (indium tin oxide, 90 nm thick) on a 1.1 mm
thick glass-substrates. After cleaning with acetone and isopropanol in a sonication bath and
ozone treatment for 3 min, a 40 nm thick layer of PEDOT:PSS (poly(3,4-ethylenedioxythiophene)
polystyrene sulfonate) was spin-coated onto the substrate. The samples were then annealed at
120°C for 20 min. Next, SWCNT dispersions were spin-coated at 2000 rpm and annealed for
30 min at 120°C in nitrogen environment. The HBL, ETL and cathode were then deposited on
top by thermal evaporation at a base pressure of 2-10~7 mbar (Angstrom EvoVac). Subsequently,
BAlq (bis-(2-methyl-8-chinolinolato)—(4-phenyl-phenolato)-aluminum(III)) as HBL (10 nm thick)
and BPhen (4,7-diphenyl-1,10-phenanthroline) doped with cesium as ETL (130 nm thick) were
thermally evaporated. Finally, a 100 nm thick aluminum electrode was deposited. The OLEDs
were then encapsulated under nitrogen atmosphere with a glass lid and getter material. The
active device area, defined by the overlap of cathode and anode, was 16.1 mm? for all OLEDs. All
thermally evaporated layers in the OLEDs were processed by Caroline Murawski (St Andrews

University).
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3.2.2 Metal-clad microcavities

Metal-clad microcavities were fabricated by sandwiching a layer of SWCNTs embedded in a
polymer host (PFO-BPy) between two gold mirrors. First, a 60 nm thick gold bottom mirror was
deposited onto a polished silicon wafer covered with 2nm chromium for adhesion by thermal
evaporation (Univex 350G). Next, polymer films (PFO-BPy) containing SWCNT's were spin-coated
onto the bottom mirror at moderate speeds, ranging from 800 to 1500 rpm. For achieving the
desired film thicknesses of ~250 nm, pellets of (6,5) SWCNTs were redispersed in PFO-BPy
(25gL~! in toluene) by bath sonication for 5 min. Different amounts of SWCNT-pellets were used
to adjust the concentration in the resulting layer. In this work, three different dispersions were
spin-coated with peak absorbances of up to 240 cm™! of the (6,5) SWCNTS, which corresponds to
0.43gL7! of (6,5) SWCNTSs. A thermally evaporated gold top mirror completed the cavities. For
the pure PFO-BPy reference cavity and for cavities with 1.71 wt% SWCNTs a 30 nm thick top
mirror and for all other cavities a 20 nm thick top mirror was used.

A thickness gradient across the samples was formed owing to the intentionally low speeds
during film fabrication. These long-range thickness variations enabled the study of thickness-
dependent effects in cavities with identical concentration of SWCNTSs. Thickness variations of the
cavity across the spot under investigation during angle-resolved spectroscopy (diameter, ~3 nm)
were negligible. Hence, all measurements for a given concentration were performed on the same

sample.

3.2.3 LEFET-cavities

Cavity-LEFETSs were fabricated by integration of a top-gate/bottom-contact LEFET on top of
an electrically isolated bottom mirror resulting in an optical cavity with the gate electrode. The
bottom mirror (2nm Cr and 30 nm Au) was evaporated through a shadow mask onto a glass
substrate (Schott AF32 Eco). Next, an aluminum oxide spacer layer was grown on top by atomic
layer deposition (Ultratech Savannah S100) at 200°C using trimethylaluminium as precursor
and water as the oxygen source. By varying the thickness of this spacer layer between 130 nm
and 310 nm, the cavity detuning was adjusted. Subsequently, a LEFET was built onto this stack.
First, interdigitated gold source/drain electrodes (2nm Cr/ 30 nm Au), deposited by electron-beam
evaporation, were structured by photolithography and lift-off. Channel lengths of 5, 10, 20 and
40 nm and widths of 10 and 5 mm were used. After the electrode deposition, highly concentrated
(6,5) SWCNT dispersions were deposited via spin-coating at 1000 rpm on top of the source-drain
electrodes. The nanotube concentration and layer thickness was adjusted by dispersing different
amounts of (6,5) SWCNT pellets in small volumes of toluene. Before dispersion, the pellets were
repeatedly washed to remove any residual PFO-BPy. After spin-coating, the SWCNT films were
annealed at 300°C in a nitrogen atmosphere for 45 min to remove residual organic solvent and

water.
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Next, a hybrid dielectric of PMMA (poly(methyl methacrylate)) and HfOx (hafnium oxide) was
applied. The devices were coated with an 11 nm thick PMMA layer (Polymer Source, syndiotactic,
My = 300 kgmol™1). PMMA (6 mg mL~!) was dissolved in anhydrous n-butylacetate and spin-
coated at 6000 rpm. After annealing at 80°C, a 61 nm HfOx layer was deposited by atomic layer
deposition at 100°C using tetrakis(dimethylamino)hafnium as a precursor and water as the
oxygen source. The cavity-LEFET was finalized by 60 nm of thermally evaporated silver which
formed the top mirror of the cavity and the gate electrode of the transistor. All LEFETSs were
fabricated by Martin Held (Heidelberg University).

3.3 Characterization techniques

3.3.1 Structural and optical properties

Atomic force microscopy (AFM). Topography scans were carried out with an AFM (Bruker
Dimension Icon) in tapping mode. On the one hand, the surface roughness and SWCNT distri-
bution in dense networks were measured by AFM. In addition, samples with well-separated
SWCNTSs on a polished silicon wafer were scanned to measure the length of the nanotubes. For
this purpose, dilute dispersions were spin-coated onto the cleaned wafer and rinsed with THF to

remove residual polymer or surfactant.

Absorption and PL spectroscopy. Absorption spectra of dispersions and films were recorded
with a Cary 6000i UV/Vis/NIR absorption spectrometer (Varian). PL spectra and PL excitation-
emission map acquisition of SWCNT dispersions and films were recorded with an Acton Spec-
traPro SP2358 (grating 150linesmm™!) spectrometer with an OMA-V InGaAs line camera
(Princeton Instruments). For excitation, the spectrally separated output of a WhiteLase SC400
supercontinuum laser source (Fianium Ltd.) was used. All spectra were corrected for background

signal and wavelength-dependent detection efficiency and excitation power.

EL spectroscopy of OLEDs. The EL spectrum of OLED pixels was measured by placing the
device 15 cm away from the entrance of an optical fiber. The collected nIR signal was then coupled
into an Acton SpectraPro SP2358 spectrometer equipped with a liquid-nitrogen-cooled InGaAs
line camera (Princeton Instruments OMAYV). Alternatively, the emission in the visible part of
the spectrum was detected by a fiber spectrometer with a silicon CCD detector (Ocean Optics
USB4000-UV-VIS). The spectrum in the visible and the nIR were stitched by normalizing to the
signal between 850 to 1050 nm.

Angle-resolved EL from OLEDs (goniometer). For angle-dependent EL spectra of OLEDs, a
goniometer was used. For this purpose, the OLED was mounted on a rotational stage and EL
spectra were taken in 5° steps. A polarization filter was used to block the transverse electric polar-
ized light. The degradation of the OLEDs that occurred during the measurement was monitored

by taking a reference spectrum before and after the angular scan. Significant degradation during
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FIGURE 3.1. Angle-resolved spectroscopy by Fourier imaging.
Angle-resolved spectroscopy on a planar cavity by Fourier imaging.

detection of the angular EL spectra was absent as the peak intensity was found stay within 95%

of the original intensity.

Imaging. Micrographs and hyperspectral images of nIR emission (PL and EL) were acquired
with a home-build microscope setup equipped with a dichroic long-pass filter (cut-off wave-
length, 850 nm), a spectrograph (Princeton Instruments IsoPlane) and a thermoelectrically cooled
640x512 InGaAs array camera (Princeton Instruments, NIRvana:640ST). Depending on the

magnification, either a nIR-corrected lenses or objectives were used.

Fourier imaging.(Figure 3.1) For angular reflectivity spectra, the emission of a calibrated lamp
was focused onto the sample by a nIR corrected objective with 0.8 NA (Olympus LMPL100xIR).
The resulting spot diameter of 3 um defined the investigated area on the sample. For angle-
resolved PL measurements, the white light source was replaced by a laser diode (OBIS, Coherent
Inc., 640 nm, continuous wave, 1 to 40 mW). The light reflected/emitted by the cavity was imaged
onto the entrance slit of a spectrometer (Princeton Instruments IsoPlane) using a 4f Fourier
imaging system and was recorded by a 640x512 InGaAs camera (Princeton Instruments, NIR-
vana:640ST). Additionally, a long-pass filter (cut-off wavelength, 850 nm) and a linear polarizer
were placed in front of the spectrometer. Initial angle calibration of the system was done by fitting
the measured cavity mode of a reference sample of known refractive index. For LEFET-cavities,
the reflectivity of the cavity was then normalized to a spot on the same sample, which only

comprised the top mirror (gate).

3.3.2 Electrical properties

For OLEDs. Current—voltage characteristics of OLEDs were recorded with a source-

measurement unit (Keithley, SMU2400) under ambient conditions.
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For LEFET-cavities. Current-voltage characteristics were recorded with an Agilent 4156C
Semiconductor Parameter Analyzer or a Keithley 2612A source meter. Gate dielectric capacitances
were measured with an Agilent E4980A Precision LCR Meter. The linear charge carrier mobilities
were calculated from the transfer characteristics at a drain voltage 0.5V assuming the gradual
channel approximation for field-effect transistors and using a measured areal capacitance of
100-150 nF cm 2. The current density in these devices was calculated from the measured drain
current by using the known width of the channel and assuming a 5 nm thick accumulation layer.
All LEFETSs were characterized by Martin Held (Heidelberg University).

3.3.3 Measures of efficiency

Photoluminescence quantum yield (PLQY). The efficiency of an emitter is characterized by
its efficiency of radiative emission, called PLQY. It provides the probability of radiative decay
and is given by[147]

Number of emitted photons
(3.1) PLQY = 7)yaq = P

Number of absorbed photons

An absolute experimental determination of the PLQY was carried out in an integration
sphere (LabSphere, Spectralon Coating). For this purpose, an appropriate reference (used solvent,
blank substrate etc.) was placed inside the sphere (Figure 3.2a). Firstly, the intensity of the
excitation source (575 nm, spectrally separated output of a WhiteLase SC400 supercontinuum
laser source from Fianium Ltd.) was recorded accounting for any substrate or host material
absorption. All spectra from the sphere were transmitted via an optical fiber and coupled into
an Acton SpectraPro SP2358 spectrometer with an OMA-V InGaAs line camera (Princeton
Instruments). In addition, any background or substrate emission was recorded as well. Next,
the sample under investigation was positioned in the sphere (Figure 3.2a). Again, the excitation
source intensity was measured and the PL signal recorded. By multiplying the detected intensity
with the corresponding wavelength, a quantity proportional to the number of photons was gained
for all spectra. The difference in excitation source (PL signal) corresponded to absorbed (emitted)
photons. Finally, the ratio of the two measures was taken yielding the absolute PLQY. Note,
special care had to be taken to correct for the detector sensitivity and any wavelength dependent
losses in the setup. Especially, for (6,5) SWCNTSs, for which the excitation at 575 nm was in
the visible spectrum whereas emission was observed in the nIR at 1000 nm. Further, for highly

concentrated samples a self-absorption correction was applied (Figure 3.2¢).[148]

External quantum efficiency (EQE). The EQE of a device takes into account all possible loss
mechanisms that might occur from current injection, charge recombination, exciton formation
and decay to outcoupling of the generated photons. In experiment, the injected charges can be
often directly monitored by measuring the current flowing in the device. For determining the

outcoupled photons, two approaches are applied. One way is to use a detector of much larger area
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FIGURE 3.2. Photoluminescence quantum yield measurement in an integration sphere.
a, [llustration of the absolute PLQY measurement used throughout this work. b,
Exemplary excitation spectra without (black) any nanotubes and with (red) (6,5)
SWCNTs in the integration sphere. ¢, Recorded emission spectrum for a highly
concentrated dispersion in the integration sphere (red, dotted) and through an
objective (grey). The self-absorption corrected spectrum is obtained by matching
the two spectra in the shaded wavelength range (red, solid).

in close proximity to the device. Hence, it can be assumed that all photons are being detected.
In a different approach, the detector can be placed at a known distance from the light-emitting
device. The angular emission pattern is then used to reconstruct the overall outcoupled photons.

For OLEDs, a calibrated Ge photodetector (Thorlabs, PDA50B-EC) was employed to measure
the EQE. To block emission in the visible part of the spectrum a dichroic 900 nm long-pass filter
was placed in front of the sensor. The EQE was calculated from the forward emission intensity
and spectrum assuming a Lambertian emission pattern.[87]

For LEFETS, total light output was measured with calibrated InGaAs photodiode (Thorlabs
FGA21-CAL, active area 3.1 mm?) directly at the glass substrate of the devices collecting most
of the outcoupled light. The EQE was then calculated from the maximum photocurrent I g,de
measured at the photodiode during a sweep of the gate voltage for a constant drain current (I4).
Taking into account the wavelength-dependent sensitivity of the photodiode S(1), the EQE is
given by

Idiode . I)L ELnorm(/D da ) i
Iq  [S(A) ELporm(A) dA he’

(3.2) NEQE =

with ELjorm(A) being the normalized EL spectrum emitted by the respective LEFET.
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3.4 Computational techniques

3.4.1 Complex refractive index

Optical simulations require the knowledge of the complex refractive index of the employed
material. For widely used materials, these data were taken from the scientific database refractive
index.info. In case of SWCNTs and PFO-BPy, ellipsometry experiments were conducted to
determine their complex refractive index. In these measurements, homogeneous layers of the
material under investigation were deposited onto a substrate of known refractive index. Here,
thin layers of pure PFO-BPy and (6,5) SWCNTs embedded in PFO-BPy were spin-coated on a
Si-wafer. Each material or composite combination was based on at least three different layer
thicknesses. Ellipsometer measurements were carried out by Laura Tropf at the University of
St Andrews using an ellipsometer from J.A. Woollam Co. (model M-2000DI). In this experiment,
reflectivity spectra were taken at different angles of incidence for the different layer thicknesses
for both TE and TM polarized light. All the data were then simultaneously fed into a fitting
routine, which reconstructed a complex refractive index. In addition, the polarization data allowed

determining the anisotropy of the refractive index.

3.4.2 Transfer-matrix simulation

The transfer-matrix algorithm is a tool for simulating the optical properties of multilayer stacks.
It can be used for simulating both reflectivity and transmission spectra as well as the emitted
light from within the stack. Here, a script written in Python and MATLAB was utilized. The
algorithm calculates the propagation of planar waves across interfaces and the propagation
through each material considering multiple reflections. The input for the program are the layer
thicknesses, their complex refractive index and emitter characteristics for simulation of emission

patterns.

3.4.3 Analysis of data from Fourier imaging

Acquisitions of angle-resolved spectra by Fourier imaging yields images that are rich with
information. For fast and unbiased analysis of these data, an automated MATLAB script for
conversion and fitting of key parameters was written.

First, the detected angle range was assigned. For this purpose, a reference cavity with PFO-
BPy of known refractive index was measured by Fourier imaging and compared to transfer-matrix
simulations. The measured dispersion was then compared to the simulation allowing to fit the
cavity thickness and the range of viewing angles. This result was in agreement with the NA of
the objective. To identify any present modes, each spectra was fitted by one or two Lorentzian
peaks. The energetic peak position for all angles was then used for further analysis, for example,

the coupled oscillator model or cavity dispersion.
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SELECTIVE DISPERSION OF SWCNTS BY SHEAR-FORCE MIXING

The following chapter reports on selective polymer-wrapping of monochiral (6,5) SWCNTs by high-
speed shear-force mixing. In contrast to previously used techniques, involving harsh sonication,
shear-force mixing is identified to be a highly efficient, scalable and at the same time gentle
dispersion method.

Part of this chapter was published in Graf et al., Carbon 105, 593 (2017) under the creative
common license (CC BY-NC-ND 4.0).[1] Modified reprints are presented with permission of
Elsevier Ltd.

4.1 Introduction

Arising from their one-dimensional structure, SWCNTs offer highly desirable properties for
advanced optoelectronic devices (c¢f Chapter 2.1). Among these desired characteristics are nar-
row emission linewidths and diameter-dependent bandgaps that enable spectral tunability
across the entire nIR (900—-2000 nm). Applications in the field of bio-imaging[149] or optical
communication[150, 151] require large amounts of electronically pure SWCNTs. Here, the partic-
ular focus is on semiconducting nanotubes as needed in the active components of optoelectronic
devices, such as LEFETs or OLEDs. The growth of SWCNTSs on an industrial scale, however,
results in a mixture of semiconducting and metallic nanotubes.[152] Therefore, post-growth
sorting is applied to select one particular electronic type[55] or even specific chiralities[61]
(cf- Chapter 2.1.5).

Among the various selection methods, selective polymer wrapping is particularly promising
due to its exceptional selectivity towards semiconducting SWCNTSs.[42, 65, 153] As an example,
selective polymer-wrapping can achieve almost monochiral (6,5) SWCNT dispersions by utilizing

the polyfluorene derivative PFO-BPy (cf. Figure 4.1a for molecular structure).[47, 65] For this
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thesis, the sorting of (6,5) SWCNTs with the aid of PFO-BPy was chosen because previous studies
revealed multiple advantages compared to other sorting techniques.[64, 68] First, the low metallic
content in the obtained SWCNTs enables their used in electronic devices without shorts. Second,
monochiral samples simplify any interpretation of optical as well as electronic properties in
the bulk. Last, the reduced inter-tube interactions of polymer-wrapped nanotubes also lead to
relatively high PLQYs in ensembles.

Polymer-wrapping, as well as other selection methods, require an initial separation of the
unsorted and bundled nanotube material. The SWCNT-bundles are usually separated by harsh
sonication methods.[154, 155] While ultrasonic treatment is a well-established dispersion tech-
nique, various fundamental limitations and drawbacks are coming along with using it during
SWCNT selection. On the one hand, the cavitation effects during sonication were found to not only
separate the nanotubes but harm the carbon lattice and cause scission of the SWCNTs.[37, 156]
Damaging and shortening the SWCNTSs, in turn, detrimentally affect the optical and electronic
properties. For example, length-dependent studies of the optical properties of SWCNT dispersions
showed a substantial reduction in PL brightness for shorter tubes.[157] Experiments on indi-
vidual nanotubes revealed that this effect is related to exciton quenching at the open ends and
defects along the imperfect SWCNT.[37] With regard to electronic properties, the charge carrier
mobility across SWCNT-networks increases with the length of the individual tubes because of a
reduction in intertube barriers.[158] From a practical standpoint, sonication lacks reproducibility
as its effectiveness critically depends on the exact experimental conditions. For instance, the
position of the dispersion to the source of ultrasound, the filling level and the material of the
vial strongly affect experimental results. Finally, dispersion by ultrasound is accompanied by
significant challenges for up-scaling to industrially relevant quantities and is therefore typically
employed for volumes well below 100 mL.

Alternative dispersion methods, including ball milling and high shear batch disperser, have
been used for exfoliation of SWCNT for advanced composites.[159] For selective dispersions of
SWCNTSs, the methods are limited to the use of micro-fluidizers in aqueous dispersions.[156] In
the related field of dispersing two-dimensional nanomaterials, direct shearing was identified
to enable exfoliation of large amounts of monolayers with low defect densities.[160, 161] For
graphene, shear-force mixing (SFM) was shown to be efficient even at large volumes of up to
several liters.[160]

In the remainder of this chapter, the experimental results of high-speed SFM for selective
dispersion of carbon nanotubes by polymer-wrapping are studied. Interestingly, SFM enables
the selection of high-quality (6,5) SWCNTs in large volumes and with high yield. The excellent
quality of the SWCNTSs, dispersed by shearing, manifests in exceptionally long nanotubes with
considerably brighter PL than previously reported. A direct comparison to SWCNTSs dispersed by

sonication confirms the superior properties of shear-force mixed SWCNT dispersions.
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FIGURE 4.1. SFM for selective polymer-wrapping of (6,5) SWCNTs.
a, Molecular structure of (6,5) SWCNT's and the copolymer PFO-BPy. b, High-speed
shear-force mixer used for dispersing SWCNTSs. ¢, Evolution of the dispersion
during the first second after starting the mixer. The black color arises from the
unsorted SWCNT source (CoMoCAT®) while the dissolved polymer PFO-BPy is
colorless at these concentrations.

4.2 Dispersion by SFM

For the dispersion of SWCNTSs, a commercially available, high-speed shear force mixer (Silverson
L5M-A) was employed (Figure 4.1b). The mixer comprises a stator with perforations enclosing
a rotor that spins at up to 10,230 rpm. Based on previous work,[47] (6,5) SWCNTs can be
selected from CoMoCAT® starting material by adding PFO-BPy dissolved in toluene. Both, the
nanotubes and the polymer, were added to 140 mL of toluene at concentrations of 0.38 and
0.5g L1, respectively. The relative ratio of SWCNTs to polymer was adopted from previous work
on selective polymer-wrapping.[162] The absolute concentration was adjusted to increase the
circulation during SFM resulting in more homogeneous mixing. While the dissolved polymer at
these concentrations resulted in a colorless mixture, the solution quickly (within one second)
turned black after starting the mixer (Figure 4.1c). The quick distribution of the black carbon
nanotube powder in the flask indicated active SFM across the sample. During mixing, the
dispersion is pulled into the stator by the movement of the rotor. At the same time, the dispersion
within the stator is milled between the gap of the rotor and stator, before being spun out of the
perforation in the stator. By carefully positioning the mixer, the circulation of the dispersion is
maintained. Also, the temperature of the dispersion was constantly kept at 20°C because the
continuous shearing produced heat and elevated temperatures are known to reduce the wrapping
efficiency.[163]
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4.3 Optical characterization of (6,5) SWCNT's from SFM

After 96 hours (4 days) of mixing, the black dispersion was subsequently centrifuged to separate
the unwrapped material (sediment) and the wrapped SWCNTs (supernatant). Figure 4.2a shows
the absorption (black line) of the collected supernatant. The spectrum primarily shows features
associated with (6,5) SWCNTSs, such as the S1; and S99 transitions, which are observed at
996 and 575nm, and their phonon sidebands. (For a detailed analysis of the sample purity,
the reader is referred to the end of the section.) Using the molar peak extinction coefficient of
6,700M 1 cm™1, allows to estimate the concentration of (6,5) SWCNTs in this dispersion.[164]
The absolute concentration in the supernatant (more than 100 mL) was ~2.3 mgmL~!. As both,
the concentration and volume, exceed by far the results achieved for sonication-based methods,
they are an indication of the effectiveness of the shear forces in separating SWCNTs.

Interestingly, reusing the sediment remaining after the initial process in another SFM cycle
drastically increased the yield of (6,5) SWCNTs. In this recycling process, the sediment was added
to a fresh polymer solution instead of new CoMoCAT® material. After the first recycling, the
dispersion showed a purple color (Figure 4.2b), originating from strongly enriched (6,5) SWCNTs
with an absorption band of the Sgg transitions in the green-to-yellow part of the spectrum. The
concentration of (6,5) SWCNTs in the recycled sample was found to be almost three times larger
than in the initial dispersion (Figure 4.2a). In this case, the absorbance at the Si;-transition
was more than 3cm™!. Further repetition of recycling gave even more (6,5) SWCNTs with a
concentration remaining as high as in the initial round for up to three recycling steps. Overall,
1.8 mg of (6,5) SWCNTSs were extracted during these experiments. Considering that the starting
material contained around 35 wt% of (6,5) SWCNTSs, more than 10% of these nanotubes were
separated from the rest of the material. These results on recycling of the undispersed nanotubes
are in agreement with previous experiments with large-diameter SWCNTs.[165] While recycling
generally increases the SWCNT yield, the quality of the dispersion must be carefully evaluated
because the longer processing time might have an impact. For SFM, possible effects are discussed
in the following section.

As mentioned above, SFM was applied for 96 h in these experiments. In order to investigate
whether shorter mixing times (t) might be sufficient, the (6,5) SWCNT concentration (c) was
measured (Figure 4.2c). While the initial rise in selected (6,5) SWCNTSs is steep, saturation is

observed for longer mixing times. The time evolution can be approximated by a saturation model

t
t1o0+t

(4.1) c(t) = cmax

where cmax is the saturation concentration and #1/9 the time after which 0.5 ¢y« is reached. The
fit of the data reveals a maximum (6,5) SWCNT concentration of 3.3mgmL™! (i.e., absorbance

of 1.9 cm™1) with half of it reached after 38 h. Consequently, a mixing time of three to four days
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FIGURE 4.2. Yield of (6,5) SWCNTSs in shear-force mixed dispersions.
a, Absorption spectra of the supernatant collected after initial SFM and recycling
of the sediment. In the spectra, characteristic absorption peaks of the excitonic
transitions in (6,5) SWCNTs are identified. b, Photograph of the supernatant
collected after one round of recycling. The purple color is associated with a high
concentration of pure (6,5) SWCNT's with narrow absorption in the green-to-yellow
part of the spectrum. c, (6,5)-SWCNT concentration during four days of SFM.

presents a good trade-off between maximum concentration and minimal mixing time. In practice,
this allows around two dispersion to be processed per week and mixer.

The most important criteria for using the selected nanotubes as an active material in opto-
electronic applications is the purity of the SWCNTSs. Concerning the electronic grade, no metallic
SWCNTs were observed in the absorption spectrum. The metallic content was thus (at least)
below the resolution limit of the absorption spectroscopy and hence estimated to be below <0.1%.
At the same time, absorption peaks that are not related to (6,5) SWCNTs could be identified
in the absorption spectrum (Figure 4.2¢). More insight into the specific chirality of these SWC-
NTs was gained by recording a PL-excitation (PLE) map of the dispersion (Figure 4.3a). The
correlation of excitation and emission energy enhances the visibility of SWCNTSs besides the
abundant (6,5) SWCNTSs. The (6,5) SWCNTs dominate the PL signal of the SFM sample across
all excitation wavelengths. To further improve the visibility of other emitters, the normalized
(6,5) SWCNT spectrum (recorded under resonant excitation, i.e., at 575 nm) was subtracted for
each excitation wavelength (Figure 4.3b). This representation of the PLE map reveals several
other SWCNT chiralities, for example, (7,5) and (8,3) as marked in the figure. Quantitatively
analyzing these data is not representative due to different PL efficiency between chiralities and
energy transfer toward low-bandgap tubes, which might unequally alter the emitted intensities.
However, knowing which chiralities are present allows us to precisely fit the absorption spectrum
(Figure 4.3c). In this multi-peak fit a Lorentzian line-shape for each S1;-exciton and Gaussian

line-shape for the phonon sideband of the (6,5) SWCNT S;1-exciton was assumed. The computed
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FIGURE 4.3. Purity of (6,5) SWCNT dispersions by SFM.

a, PLE map of the SWCNT-enriched supernatant obtained by SFM and subsequent
centrifugation. The map is dominated by PL from (6,5) SWCNTs at resonant (ex-
citation at 575 nm) and off-resonant excitation. b, The same PLE map with (6,5)
SWCNT emission being subtracted, enhancing the contribution of other semicon-
ducting nanotubes in the sample. For this purpose, the normalized (6,5) SWCNT
spectrum at resonant excitation was subtracted for all excitation wavelengths.
In this plot, (9,1), (8,3), (7,5) and (9,5) SWCNTs are identified. ¢, NIR-absorption
spectrum of SFM dispersion (black line) superimposed with the multi-peak fit
(green line). For fitting, the species found in the PLE map were used.

best fit reveals an abundance of (6,5) SWCNTs of 84%. The remaining 16% are distributed among
other semiconducting nanotubes. As will be shown in the next section, these impurities are in
agreement with sonication-based dispersion methods but the SWCNTs selected by SFM exhibit

superior structural and optical properties.

4.4 Quality measures of selected SWCNTs

As shown in the previous section, SFM enables the selection of almost monochiral (6,5) SWCNTs
in large volumes. In order to reach the highest concentrations, the polymer-nanotube mixture
was processed for up to 4 days in the SFM. In experiments with sonication-based dispersion
methods, significant scission was observed after only a few minutes of processing.[166] The
impact of SFM on the nanotubes was first investigated by the length of the dispersed SWCNTs.
Therefore, the obtained SWCNTs were sparsely distributed on a Si wafer, and the length was
then determined for a large number of SWCNTSs from an AFM topography scan. Figure 4.4a plots
the length distribution of 340 individual SWCNTSs. On average the SWCNTs were 1.82 um long
(standard deviation of 1.12 um and median length of 1.55 ym) with more than 40% being longer
than 2 pm. In comparison to SWCNT lengths obtained with sonication-based methods in the
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FIGURE 4.4. Impact of dispersion method on SWCNT length and PLQY.
a, Length distribution of (6,5) SWCNT selected by different methods. The average
length is provided for each plot. b, PLQY versus concentration for the dispersion
investigated in (a).

literature,[68, 154, 156] the shear-mixed SWCNTs are substantially longer. The observation of
relatively long SWCNT's suggests that SFM is a mild dispersion method minimizing scission and
possible damage to the SWCNTs.

To benchmark the SWCNTSs obtained from SFM, the properties of the nanotubes were
compared to sonication-based polymer dispersions. For this purpose the same raw material
of CoMoCAT® SWCNTs was dispersed in 2mgmL~! PFO-BPy dissolved in toluene using a
sonication bath (tip) for 6 h (5.5 h). In addition, (6,5) SWCNTSs were sorted by gel chromatography
and DGU in water for which initial sonication of the raw material was applied. The lengths
of more than 200 individual nanotubes per method were measured to compare the impact of
each selection process on the SWCNT-quality (Figure 4.4a). In contrast to SFM (1.82 um average
length), the selection processes that involved sonication led to substantially shortened SWCNTs.
On average, SWCNTs selected by polymer-wrapping using a sonication bath (tip) were found to be
1.12 pm (0.62 um) long. Moreover, an aqueous dispersion in water sorted by gel chromatography
showed a SWCNT-length of 0.61 um.! Note, the generally larger length of nanotubes selected
after four days of SFM might be further increased by shorter mixing times, as observed for the
size of graphene flakes.[160]

As mentioned above, long and pristine SWCNTSs are highly desirable due to their superior

electrical and optical properties. These manifest in an increased network-mobility[158, 167] and

1Surfactant-suspended SWCNT dispersions were prepared by Benjamin Flavel (Karlsruhe Institute of Technology)
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the observation of higher PLQYs[39]. The latter one can be explained by the diffusive character
of excitons in SWCNTSs.[168] In this picture, non-radiative quenching along the carbon lattice
strongly reduce the efficiency of radiative decay. Quenching sites can be of variable nature, such
as, defects in the lattice, open ends of the nanotube, and local environmental interaction. In
ensemble measurements, all effects are measured simultaneously. Hence, the PLQY is a good
measure of the SWCNT-quality as long as environmental conditions are the same, for example,
solvent and inter-tube interactions.

In literature, the PLQY of SWCNTs was measured by relative comparison to the nIR dye
Styryl 13.[29, 39, 62, 169] The results of this experimental technique directly links the PLQY
of SWCNT to that of the dye. This approach is well accepted in the community for well-studied
reference molecules. The PLQY of the dye used for SWCNTSs, however, was in some studies
assumed to be >11% (Ref. [29, 62]) while other, more careful studies, measured a PLQY of 2-3.5%
for Styryl 13 (Ref. [39, 169]). As a result, the published results can vary strongly depending on
the valued that was taken for the calculation. In fact, the author himself found a strong variation
for the emitter depending on solvent, age of solution, concentration and dispersion condition.

To shed more light on the actual PLQY, a direct measurement of the PL efficiency within
an integration sphere was established for SWCNTs.[147] Briefly, the number of absorbed and
emitted photons was recorded simultaneously by detecting the whole excitation and emission
signal across the entire spectrum. Hence, no reference emitter material was used for determining
the PLQY. The adaption of this method for SWCNT's required careful experimental settings as the
emission in the nIR (>1000 nm) and the excitation in the visible (575 nm) must be simultaneously
recorded. The setup was checked by measuring the PLQY of a fresh dispersion of Styryl 13 in
methanol exhibiting a PLQY of (3.5 + 0.2)%, which was in agreement with the literature.[39, 169]

The PLQY of (6,5) SWCNTs, measured by the described method, is plotted in Figure 4.4b. For
each dispersion technique, the PLQY was analyzed for various concentrations. As the PLQY was
found to be almost constant across these concentrations range, any influence from concentration-
dependent quenching due to bundling can be excluded. These results identify SFM as the
dispersion technique yielding the SWCNTs with the highest PLQY for all concentrations. The
average PLQY for SFM was found to be 2.4% for 43 h and 2.3% for 92 h of mixing. Since there is
no significant reduction during 49 h of additional mixing, the SFM can be described as gentle
dispersion method. Additionally, the roll-off at high concentrations for these SWCNT was not
significant confirming the low metallic content and good individualization of polymer-wrapped
SWCNTSs. Otherwise, in the presence of metallic nanotubes or inter-tube interactions, a strong
roll-off would be expected due to increased exciton-quenching.

Unlike SFM, polymer-wrapped SWCNT that were dispersed by sonication exhibited generally
lower PLQY. The reduction is attributed to the reduced length as well as damage of the carbon
lattice introduced by cavitation during sonication. While bath sonication still resulted in a PLQY
of 1.8%, the more harshly tip sonicated SWCNT gave a reduced PLQY of 1.3%. These findings
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FIGURE 4.5. Raman spectra for different dispersion and selection methods.
Raman signal of (6,5) SWCNTSs dispersed by different techniques. Typical features
are labeled for the SFM sample.

are in accordance with shorter SWCNT's after dispersion by tip sonication. SWCNTs dispersed
in aqueous SDS solution exhibited a PLQY of 0.2%. In this case, several factors may limit the
PLQY. First, strong tip sonication was used for initial dispersion that was likely to damage
the nanotubes as discussed above. In addition, the remaining metallic nanotubes and bundling
were typically higher for these samples.[62] While repetitive DGU can improve these limitations,
ensemble PLQYs remain well below 1% (Ref. [62]).

4.5 Further characterization

Recently, the 2D-to-G+ ratio of the Raman signal was identified as a measure of sample quality
as an alternative to the D-band intensity.[170] The G+-band is proportional to the number of
sp2-carbon bonds and thus nanotubes under investigation. The 2D-peak, however, depends on
the extent of the pristine graphene lattice. The Raman signal of all (6,5) nanotube samples,
normalized to the G+-band, is shown in Figure 4.5. The SWCNTs dispersed by SFM exhibit the
highest 2D peak relative to the G+-band. For the investigated polymer-wrapped SWCNTSs, the
highest 2D/G-ratio for SFM confirms the high quality observed in previous characterizations. A
quantitative comparison to gel chromatography is less trivial since the surfactant (SDS), and
thus the structural coverage, is very different. A more detailed discussion of the ratios is limited
by the influence of the environment on the observed Raman signal and possible damage during
the high-intensity laser irradiation.

Interestingly, careful analysis of the absorption and PL spectra, shown in Figure 4.6, revealed
significant differences among the samples. The peak position of the Si; exciton exhibited a
red-shift with decreasing SWCNT-quality in both, absorption and PL spectra (Table 4 1). The
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FIGURE 4.6. Influence of SWCNT-quality on basic optical properties.
Absorption and PL spectrum of (6,5) SWCNT selected by polymer-wrapping using
a, shear-force mixing, b, sonication bath and c, tip sonication. d, (6,5) SWCNTSs in
aqueous dispersion and sorted by gel chromatography.

effect, however, is more pronounced in PL: measurement resulting in an overall increase of the
Stokes shift for shorter and damaged SWCNTSs. This observation is most likely a consequence
of defect states that can form near disordered sites in the carbon lattice forming shallow trap
states. For these states, the exciton-energy landscape is locally reduced. In absorption, their
influence on the overall spectrum is limited because those are only local site. However, due to the
high exciton-mobility of excitons in SWCNTSs, the impact of these trap states is more pronounced
for PL as the diffusion length is sufficiently long to reach the defect states. Since absorption
and PL spectroscopy are part of the standard characterization of each dispersion, the Stokes
shift provides a handy tool for quick quality assessment. Note, for this metric to be applicable,
the SWCNT dispersions must be measured immediately after the selection process. Otherwise,
bundling and aggregation of the nanotube alters the measured spectra. Again, a quantitative
comparison to gel chromatography is less meaningful since the surfactant coverage and refractive
index of the environment (surfactant and solvent) shift and broaden these spectra significantly.

Finally, the overall yields of (6,5) SWCNTs among the techniques used for polymer-wrapping
is compared (Table 4.1). During the first SFM cycle 1.67% of the (6,5) SWCNTs were extracted. In
comparison to the sonication-based methods, SFM does not only lead to high-quality SWCNTs
but is also a more efficient dispersion method. Particularly, the yield in comparison to the widely
used bath sonication is more than 20 times higher. Thus, SFM is an efficient way to disperse
SWCNTs enabling polymer-wrapping of (6,5) SWCNTs.
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TABLE 4.1. Summary and comparison of SWCNT properties obtained with SFM and
sonication-based dispersion techniques.

SFM Bath sonication Tip sonicator  SDS

(92h) (6h) (5.5h) (DGU)
PLQY (%) 2.3 1.8 1.3 0.2
Mean length (um) 1.82 1.12 0.61 0.62
S11-Aaps (nm) 996.1 996.3 996.3 1001.6
S11-Aem (nm) 997.7 998.2 999.6 1006.7
Stokes shift (meV) 2.2 2.5 3.2 5.2
Soo-FWHM,s (meV) 54.3 55.2 55.6 102.1
S11-FWHM,ps (meV)  20.1 21.1 22.4 49.4
S11-FWHMp, (meV) 23.1 24.6 27.7 51.1
(6,5)-yield (%) 1.67 0.07 0.82 -

4.6 Summary & conclusions

Overall, SFM presents a scalable and efficient method to select high-quality (6,5) SWCNTs with
the aid of polymer-wrapping. The resulting dispersions were found to contain negligible amounts
of metallic nanotubes and a majority of 84% (6,5) SWCNTs among the semiconducting species.
Even after four days of mixing, long SWCNTs (1.82 um) with a high PLQY (2.3%) were obtained.
In direct comparison to sonication-based dispersion, SWCNTs selected by SFM exhibit superior
structural (longer and less damaged) and optical properties (higher PLQY). Interestingly, the
overall yield of (6,5) SWCNTs is strongly increased by using SFM compared to the widely used
bath sonication. Moreover, by using repetitive recycling more than 10% of the (6,5) SWCNTs were
extracted from the unsorted starting material. In additional experiments, the selection method
using SFM was scaled up to volumes of more than 500 mL. In conclusion, SFM is a cost-effective
dispersion method that overcomes many limitations of sonication-based selection. This technique
might be extended to other polymer-wrapped SWCNTs or used for initial dispersion of aqueous
selection processes. The availability of large amounts of high-quality (6,5) SWCNTSs, as depicted
in Figure 4.7, is essential for applying SWCNT in novel optoelectronic devices, for example as
emitters in LEDs (Chapter 5), for strong light-matter coupling (Chapter 6) and for electrically

pumping of exciton-polaritons (Chapter 7).
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FIGURE 4.7. Photograph of highly-concentrated (6,5) SWNCT dispersions.
Photograph of a total of ~1 L of (6,5) SWCNT dispersions produced during the
course of this work.



CHAPTER

ORGANIC LIGHT-EMITTING DIODES BASED ON EMISSIVE SWCNTSs

This chapter reports on the first infrared OLED with SWCNT emitters. Narrow-band electro-
luminescence is generated in the nIR by excitons and trions in (6,5) SWCNTs. The in-plane
orientation of the nanotubes enables efficient outcoupling of the electrically generated light from
the multilayer device.

Part of this chapter was published in Graf et al., Advanced Materials 30, 1706711 (2018).[2]
Modified reprints are presented with permission of WILEY-VCH Verlag GmbH & Co. KGaA.

5.1 Introduction

Since their first discovery in 1965 (Ref. [69]), organic light-emitting diodes (OLEDs) have gone
through a tremendous development leading to the commercialization of, for example, curved
OLED-displays (Ref.[171]). This progress mainly focused on OLEDs generating light in the
visible part of the spectrum. Therefore, research and development on materials and devices led to
the discovery of efficient emitters covering the full spectrum from blue to red.[89, 172] In contrast,
only few organic materials exist which exhibit stable and efficient emission at wavelengths
beyond 800nm in the nIR.[173] There are, however, manifold applications for such devices
ranging from nIR light sources for telecommunication and night-vision displays to bio-imaging
and skin treatment. So far, research on OLEDs in the nIR employed either small molecules,[174—
177] polymers,[178] polymer nanocrystals[179] or solution-processed quantum dots[180]. Despite
the successful demonstration of nIR electroluminescence from these materials, these OLEDs
either show residual emission in the visible, contain heavy metals or lack mechanical flexibility.

As introduced in Section 2.1.4, emission of semiconducting SWCNTs can cover the entire nIR.
In particular, their narrow excitonic emission can be tuned by selecting particular chiralities.

At the same time, SWCNTs provide excellent photo and thermal stability. However, it has been
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difficult to provide sufficient amounts of purely semiconducting SWCNTSs, ideally monochiral
samples, as needed for application in OLEDs. As shown in the previous chapter, SFM enables the
processing and selection of high-purity (6,5) SWCNTSs on a large scale. This advancement paves
the way towards novel optoelectronic applications of SWCNTSs, such as, in OLEDs.

In this chapter, the optical simulation and experimental realization of a multilayer OLED
containing (6,5) SWCNTSs as the emissive material is presented. The SWCNTs obtained by
SFM were processed to form a dense layer that was electrically pumped through a pin device
architecture. Optimized OLEDs produced pure nIR emission (>1000 nm) with narrow linewidth.
SWCNTs were found to exhibit advantageous in-plane orientation leading to an increased

outcoupling efficiency of the electrically generated light.

5.2 SWCNTs in solid films & OLED-design

Polymer-wrapped SWCNTs, as produced by SFM, can be solution-processed to form smooth and
continuous films. Unlike dilute dispersions, strong intertube and substrate-tube interaction in
thin films can alter the optical properties and lead to quenching of the PL.[181] In a preliminary
experiment, enriched (6,5) SWCNT dispersion were spin-coated onto a glass substrate forming
a dense nanotube network. Absorption and PL spectra of the layer are plotted in Figure 5.1a.
As compared to the dispersions in toluene (c¢f Figure4.6), the main excitonic features were
preserved in this layer: Excitonic absorption and emission peaks in the nIR (~1000 nm) with
small Stokes shift. Importantly, a narrow emission peak at 1010 nm was observed upon optical
excitation. This peak was slightly broadened and red-shifted with respect to the S1; exciton
of (6,5) SWCNTs in toluene. The broadening and general shift are attributed to the stronger
environmental fluctuations in the dense film and the environmental refractive index.[182] The
SWCNTs in this layer exhibited a PLQY of 0.11%. This reduction, compared to 2.3% in dispersion,
is ascribed to enhanced quenching due to, for instance, stronger dielectric screening,[41, 183]
wrapping inhomogeneities[184], and quenching at tube-tube junctions and kinks in the network.
Next, OLEDs compatible with SWCNT processing and properties were developed in two steps:
First, the appropriate materials for electron/hole injection, transport and blocking were chosen
to form a multilayer stack (Figure5.1b). Second, the thickness of the ETL was optimized by
maximizing the outcoupling efficiency using transfer-matrix calculations.[185]

In terms of material choice, a 50 nm thick hole injection and transport layer (PEDOT:PSS)
was spin-coated onto a pre-patterned anode (ITO, 90 nm) on a transparent glass substrate (1.1
mm). The LUMO of PEDOT:PSS (-5.1 eV) is only slightly below that of (6,5) SWCNTSs (-5.08
eV) and enables efficient hole transport towards the emissive layer (Figure 5.1c). PEDOT:PSS
can be easily annealed to remove any water and become insoluble in other organic solvents,
such that SWCNTs can be spin-coated from toluene on top. For electron injection and transport,

a layer of Cs-doped 4,7-diphenyl-1,10-phenanthroline (BPhen) and an aluminum cathode was
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FIGURE 5.1. Optical properties of SWCNT-films and their use in multilayer OLEDs.
a, Absorption and PL spectrum of a thin film consisting of (6,5) SWCNTs embedded
in residual PFO-BPy host. b, Illustration of OLED based on SWCNTs. The pin-
device architecture enables efficient electron and hole injection and transport
towards the SWCNT layer. ¢, Energy level diagram of the OLED stack comprising
all materials.

chosen. An additional hole-blocking layer (bis(2-methyl-8-quinolinolate)-4(phenylphenolato)-
aluminium(III) (BAlq), 10 nm) was deposited between the SWCNTs and the BPhen:Cs layer. A
100 nm thick aluminum cathode ensures efficient reflection of the generated light resulting in a
bottom-emitting OLED structure.!

Finally, a transfer-matrix simulation was used to predict the optimum ETL thickness. The
algorithm requires the complex refractive indices and the thicknesses of all layers and calculates,
among other parameters, the outcoupling efficiency of the multilayer stack. These predictions
revealed an optimum ETL thickness of 130 nm for most efficient light outcoupling. In these
simulations, a horizontally oriented (in-plane) emissive dipole moment was used emitting the PL
spectrum measured for the (6,5) SWCNT film.

During processing of the OLEDs, the SWCNT dispersions were spin-coated onto the HTL layer
and then annealed in dry nitrogen atmosphere before the other layers were thermally evaporated
on top. To check the influence of this processing on the SWCNTSs properties and possible cross-
excitations from adjacent layers, a PLE map of the SWCNTs within the completed OLED was
measured (Figure 5.2a). The PLE map does not show any significant contribution from a chirality
other than (6,5) SWCNTSs nor any cross-excitations. In addition, the SWCNT homogeneity and
surface roughness across the pixel are important for the final device performance. An AFM

topography scan of the used SWCNT layer is shown in Figure 5.2b. The image reveals a dense

1Thermally evaporated layers in the OLEDs were processed by Caroline Murawski (St Andrews University)
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F1GURE 5.2. SWCNT-properties within OLEDs.
a, PLE map of the (6,5) SWCNT-layer within the completed OLED. No effect of
processing and interaction with adjacent layers was observed and spectral features
of the (6,5) SWCNT's were maintained. b, Topography scan of a thin (6,5) SWCNT-
layer. The layer had a RMS sur-face roughness of 0.97 nm.

and continuous network of nanotubes with strong planar orientation. While the overall surface
roughness was found to be similar to the nanotube diameter (0.97 nm), small aggregates and

SWCNT-bundles were found across the layer.

5.3 Characterization of SWCNT-based OLEDs

Three OLEDs with increasing SWCNT-layer thickness of 5, 16 and 39 nm are compared in the
following. The J-V-characteristics of all devices showed a clear diode-like behavior reaching a
current density of 180-320 mA cm ™2 at 5V (Figure 5.3a). These high currents are a result of the
use of doped charge transport layers enabling and supporting the injection and transport of these
currents. At applied biases larger than 2.5V, all OLEDs showed emission in the nIR (Figure 5.3b).
For higher voltages, the generated nIR-irradiance varied significantly among the devices. Overall,
the thickest SWCNT layer (39 nm, red) gave the highest irradiance. In this device, the aerial
output power exceeded 900 uW cm ™2 at 300 mA cm~2. Accordingly, the same OLED exhibited the
highest EQE as shown in Figure 5.3c. At low current density, a maximum EQE of 0.014% was
reached in the OLED with the 39 nm thick SWCNT-layer. The EQE for thinner SWCNT-layers
(5 nm thick film, green) decreased at these current densities to 0.006%. For all SWCNT-based
OLEDs, the EQE showed a moderate roll-off at high current densities. The reduced EQE at
high currents can be explained by exciton-exciton annihilation.[168] In general, the EQE of all
SWCNT-based OLEDs was limited by the PLQY (0.11%). A detailed discussion of additional loss
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FIGURE 5.3. OLED characterization with nIR emission.
a, J-V-characteristics of SWCNT-based OLEDs fabricated with three different EML
thicknesses. Diode-like behavior is observed with a threshold-voltage of ~2.5V. b,
Outcoupled nIR-irradiance of the OLEDs generated during operation in forward
direction. ¢, EQE versus cur-rent density of the OLEDs.

channels is presented and discussed in section 5.5.

The EL spectra of all OLEDs emitted at 62 mA cm ™2 and in forward direction, i.e. at 0° with
respect to the normal of the substrate, are plotted in Figure 5.4. The emission was recorded with
an InGaAs detector (900-1300 nm) and a Si detector (400-900 nm) covering the entire visible
and nIR spectrum. OLEDs with as thick SWCNT-layer emitted purely in the nIR (>1000 nm). In
addition to the exciton peak at 1010 nm with a FWHM of 41 nm (c¢f PL spectrum, Figure 5.1a), a
second intense peak was observed at 1177 nm with a FWHM of 58 nm. This peak is associated
with a charged exciton, called trion, that was observed in literature for (6,5) SWCNTs in LEFETs
and for electrochemical doping.[153, 186, 187] In case of thinner EMLs, the relative intensity of
the trion emission with respect to excitonic signal increased. The origin of the emission spectra
is more closely evaluated in the next section. Additionally, substantial EL in the visible was
detected for these devices with peaks at 430nm and 570 nm. This emission is attributed to
exciplex formation at the interfaces to the adjacent layers as well as charge recombination within
these layers. Since BAlq has by far the lowest charge carrier mobility within the stack, this
effect is expected to take place predominantly at the electron EML-HBL interface and within the
HBL. From these observations, a SWCNT film thickness of 39 nm is recommended to electrically

generate pure nIR light.
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FIGURE 5.4. EL spectra generated by SWCNT-based OLEDs.
Normalized EL spectra of three OLEDs with different SWCNT-layer thickness.
In the nIR the (6,5) exciton (1010 nm) and trion (1177 nm) emission is observed.
Spectra were acquired at 0° with respect to the normal of the substrate. All spectra
were measured at continuous operation at 62 mA cm~2 and normalized to the trion
peak.

5.4 Trion emission

This section aims to corroborate the hypothesis of the previous section: the EL generated by
SWCNT-OLEDs shows the radiative decay of trions in (6,5) nanotubes. The binding energy of
these charged excitons was found to be ~100 meV for small diameter nanotubes.[188] Thus, trions
in (6,5) SWCNTs are stable at room-temperature. Trions form in the presence of excess charges,
which in turn bind to the minority charges in a ratio of 2 to 1. The probability of their formation,
hence, should increase with current densities as the number of excess charges increases.

In order to shed more light on the origin of the spectra emitted by the OLEDs, current-
dependent EL spectra were recorded. The normalized spectra for the OLED containing the
thickest SWCNT layer (39 nm, red) are shown in Figure 5.5a. Being normalized to the exciton,
these spectra visualize the relative increase of the peak at 1177 nm with increasing current
density supporting the assignment of the peak to trions. Furthermore, this trend eliminates the
possibility of electrical excitation of excitons in residual smaller band-gap SWCNT species. In
that case, the minority SWCNTs would become saturated at high currents and emission would
decrease with respect to the excitons in (6,5) SWCNT.

In LEFETSs,[153] trions were electrically generated at a current density of up to tens of A cm™2
whereas in these OLEDs only current densities on the order of mA cm~2 are present. In case of a

homogeneous current distribution, these charge carrier densities are thus not expected to lead to
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FIGURE 5.5. Trion emission from SWCNT-based OLEDs.
a, EL spectra of OLEDs based on SWCNTs for increasing current-densities. All
spectra were recorded at 0° with respect to the normal of the substrate. b, Real-
space image of the nIR emission from the OLED. ¢, Hyper-spectral image of the
area marked in (b).

the formation of trions. This discrepancy is explained by the inhomogeneous spatial distribution
of the current flow resulting in a locally increased current density. As an example, Figure 5.5b
shows a microscope image of the nIR emission of a part of the OLED pixel. While there is a
relatively constant background EL, intense emission is obtained from a hot spot. Hyperspectral
imaging of the area marked in Figure 5.5b reveals that trion emission is predominantly generated
from this hot spot (Figure 5.5¢). At the same time, the data shows that the background signal is
dominated by pure excitonic EL. The intense EL within the hot spot is assigned to a strongly
increased current flowing at this position. These current densities are sufficiently large to cause
the formation of trions.

An IR image of an entire pixel (4x4 mm2) reveals the intense emission from multiple hot
spots (Figure 5.6a). Again, an aerial background emission is observed across the pixel. Hence,
the average current density, measured across the entire pixel, is significantly higher at these
points leading to the mixed contribution of exciton and trion emission. A homogeneously excited
PL image of the same pixel (red box in Figure 5.6b) reveals bright spots at the same positions
as observed for EL. This result suggests the presence of larger SWCNT agglomerates within
the EML that form the basis for the hot spots observed in EL experiments. In summary, these
investigations reveal that aggregates of SWCNT in the EML lead to increased current flowing

through some hot-spots which in turn lead to trion emission.
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FIGURE 5.6. OLED pixel characteristics.
a, EL emitted by an OLED pixel at 62 mA cm™2. Brighter spots are associated
with increased emission from trions whereas the background emission is assigned
to excitons. b, PL recorded under homogeneous excitation of the SWCNTSs in the
same pixel. Brighter spots correspond to an increased density or amount of (6,5)
SWCNTs.

5.5 Emitter orientation & efficiency calculations

Due to their one-dimensional structure, SWCNTSs are inherently anisotropic. When spin-coated
onto a flat substrate, the nanotubes typically show strong planar orientation (cf. Figure 5.2b).
Because the transition dipole is parallel to the nanotube axis for both excitons and trions,[153]
these dipoles are expected to show preferentially horizontal orientation, which are advantageous
for outcoupling of the generated light within the OLED stack.[189] In order to investigate the
orientation of the transition dipoles in SWCNT-based OLEDs, the angle-resolved EL spectra
were recorded (Figure 5.7a). The TE-polarized light was blocked by a linear polarizer, as it does
not carry information from vertically oriented dipoles.[79] During the whole measurement, no
significant degradation was observed during the measurement. Comparison of the experimental
data to a transfer matrix simulation of the same stack allowed fitting of the emissive dipole
orientation. For this purpose, the transition dipole anisotropy a was introduced a fitting parameter.
The anisotropy factor measures the ratio of vertically oriented dipoles to the total number of
dipoles.[79, 190] Isotropic (horizontal) orientation is represented by an anisotropy factor of 1/3
(0). In case of SWCNT-based OLEDs, a least square fitting algorithm gave the best fit for an
anisotropy factor of 0.05, i.e. strong horizontal orientation (Figure 5.7b). The EL spectrum emitted
in forward direction was used in the simulation. In sharp contrast to that, the simulated emission
for isotropic orientation deviates significantly from the experimental results (Figure 5.7c). The

differences are most prominent at large angles at which light from vertically oriented dipoles is
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FIGURE 5.7. Angle-resolved EL spectra to determine the emitter orientation.
a, Experimentally recorded angular EL spectra for a SWCNT-based OLED at
62mA cm 2. b, Simulated angular EL spectra using an anisotropy factor of 0.05.
The inclination angle of 12.9° fits the experimental results best. ¢, Simulated angle-
resolved EL spectra for isotropic and d, horizontal orientation of the transition
dipole moments.

outcoupled. The simulation for perfect horizontal orientation of the transition dipole moments,
on the other hand, only slightly deviates from the experiment (Figure 5.7d). The fitted anisotropy
factor of 0.05 corresponds to an average inclination angle of ~12.9°, which is in agreement with
the flat orientation of the nanotubes in the EML.

The preferential horizontal orientation of the emissive dipoles enhances the outcoupling
efficiency of the generated light. Using transfer-matrix simulations, an outcoupling efficiency
of 49% can be calculated for an anisotropy factor of 0.05. SWCNTs are thus enhancing the
outcoupling by more than 60% compared to isotropic emitters. Besides outcoupled power, light
couples to substrate modes, wave-guided modes in the organic materials or excitation of lossy
surface-plasmons in the aluminum cathode. These components are associated with loss channels
as this energy dissipates within the device. In addition to outcoupling losses, the internal efficiency
reduces the maximum EQE that can be achieved theoretically. Electrically excited excitons are
formed with random spin and thus 75% of these excitons are triplets. Since triplets in SWCNTs
cannot decay radiatively, the maximum EQE is reduced by a factor of 0.25. The singlet emission
efficiency is further given by the PLQY (0.11%). Assuming balanced charge-carrier injection,
the maximum EQE that can be achieved in these OLEDs is 0.014%. At low current density,
the best SWCNT-OLED reached this theoretical limit (c¢f Figure 5.3c). Here, the presence of
trions in these OLEDs might enable brightening of triplets or other dark excitons.[191] At higher
current densities, all OLEDs showed a significant roll-off. Typically, annihilation processes, for

example, exciton-polaron or exciton-exciton quenching are the origin for the reduced efficiency in

61



CHAPTER 5. ORGANIC LIGHT-EMITTING DIODES BASED ON EMISSIVE SWCNTS

OLEDs.[192] In case of SWCNT, Auger quenching might further reduce the EQE at high current
densities.[153] Overall, SWCNT-OLEDs showed good exciton generation and efficient outcoupling
of the generated light.

5.6 Summary & conclusions

In this chapter, the first OLEDs based on SWCNTSs as the emissive material were shown to
generate nIR light. By engineering the SWCNT layer, pure nIR emission was achieved with
maximum EQE of 0.014%. In addition to exciton emission, the formation of trions was observed
within the EL spectrum. Current-dependent spectroscopy and hyper-spectral imaging revealed
that these originated in locally increased current densities. These hot spots were caused by local
inhomogeneities of the SWCNT-layer. The strong horizontal orientation of SWCNTs in the EML
was found to lead to significantly enhanced outcoupling of the generated light.

In conclusion, solution-processed SWCNTs are well-suited for nIR light sources, such as,
OLEDs. These OLEDs do not contain any heavy metal, show pure nIR emission and can be
fabricated on flexible substrates. The employed dispersion are compatible with state-of-the-art
deposition methods, such as, aerosol jet printing.[46] Moreover, advanced processing techniques
promise to result in more homogeneous SWCNT films, which could reduce trion emission in these
OLEDs.

In the presented devices, the achieved EQE (0.014%) was shown to be close to the theoretical
limit. Further improvements of the overall EQE should mainly focus on increasing the PLQY
(0.11%) of the SWCNTs. Recent work on chemically functionalized SWCNTs reported significantly
increased PLQYs that might hold the key for efficient nIR OLEDs based on SWCNTs.[29, 193,
194]

Overall, this first demonstration of SWCNT-based OLEDs provides a basis for future nIR light
sources. As more semiconducting SWCNTs can be efficiently separated, the device architecture
could be easily adopted to fabricate OLEDs with SWCNT as emitters that cover the entire nIR.
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CHAPTER

STRONG LIGHT-MATTER COUPLING IN SWCNT's

This chapter reports on strong light-matter coupling in SWCNT-filled microcavities at room
temperature. In this regime, near-infrared exciton-polaritons are observed by angle-resolved
reflectivity and PL spectroscopy. Upon optical excitation, the radiative decay of polaritons provides
direct insights in the relaxation dynamics governed by mixed light-matter properties.

Part of this chapter was published in Graf et al., Nature Communications 7, 13078 (2016).[3]
Modified reprints are presented with permission of Springer Nature and were licensed under a

Creative Commons Attribution 4.0 International License.

6.1 Introduction

As discussed in the previous chapter, the environment surrounding an emissive dipole can alter
the characteristics of the emitted light. In case of OLEDs, this influence can be described by
the Purcell effect and is utilized to maximize the emitted power.[185] By increasing the optical
DOS at the cavity resonance, the emission at those energies is favored. Further increasing the
interaction strength between the cavity and the emitter leads to strong light-matter coupling.
This regime manifests in the emergence two hybrid light-matter states, the UP and LP.[120] In
this case, the interaction between the excitons and photons is faster than the decay of each.
Strongly coupling of an excitonic transition to a surrounding microcavity offers a unique way
of combing excitonic (e.g., strong interactions) with photonic properties (e.g., light mass). The
created hybrid light-matter quasiparticles, so-called exciton-polaritons, can facilitate intrigu-
ing phenomena including superconductivity[127] and the formation of macroscopic polariton
condensates[125] (¢f: Chapter 2.3). Organic materials enable the observation of these exciting
phenomena at room temperature because of the high binding energy of Frenkel excitons. At the

same time, the high oscillator strength of these materials supports Rabi splitting as large as
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the exciton energy.[103] Despite these advantages, the organic materials investigated so far are
limited to the visible part of the spectrum and typically exhibit poor electrical conductivity. These
properties are, however, required for practical polaritonic devices.[135]

The unique optoelectronic properties of SWCNTs present a novel material class for the
exploration of light-matter coupling. On the one hand, similar to organic materials, SWCNT's
exhibit a high oscillator strength, support excitons stable at room temperature and can be
processed from solution. On the other hand, as typically observed in inorganic materials, SWCNTs
have a high ambipolar charge-carrier mobility and show extreme thermal and photo-stability.
Furthermore, strong interactions with acoustic phonons, absent in most organic materials, might
provide an efficient relaxation channel for exciton-polaritons.[135] Previous work on SWCNT's
in photonic cavities focused on PL efficiency enhancement,[195] integrating with and coupling
to photonic crystals,[99] and single photon emission.[196] These experiments were conducted
with single nanotubes or sparse nanotube networks within the cavity mode. Due to the small
number of nanotubes per mode volume, these SWCN'T-filled microcavities operated in the weak
light-matter coupling regime.

In this chapter, strong light-matter coupling in metal-clad microcavities filled with dense
networks of (6,5) SWCNTSs is demonstrated at room-temperature. The high oscillator strength of
SWCNTSs enabled a Rabi splitting of >110 meV. Exciton-polariton emission was observed upon
optical excitation providing insight into the polariton dynamics of the hybrid quantum system.
These properties were studied by tuning the light-matter coupling inside the cavities. Further,
the narrow (<15 meV) and directed emission was shown to be tunable across a wide range of the
nIR (1,030-1,300 nm).

6.2 Strong light-matter coupling

Strong light matter coupling requires a sufficiently high coupling strength between a cavity
and the emitter. The coupling potential itself scales with the square root of the overall excitonic
oscillator strength per volume of the cavity mode.[120] Hence, for strong light-matter coupling
to a planar microcavity, a highly absorptive layer is sandwiched between two mirrors.[104] To
obtain a dense film of (6,5) SWCNTSs, polymer-wrapped nanotubes were selected by SFM and
strongly enriched by ultracentrifugation resulting in absorbances of more than 200 cm™! at the
S11-transition. A first-order cavity in resonance with the exciton of (6,5) SWCNTSs requires a
mirror spacing of ~250 nm (assuming the refractive index to be ~2). Obtaining such thicknesses
required a host material supporting the nanotubes. For this purpose, the SWCNTs were added to
PFO-BPy dissolved in toluene (20 g L.-1) before spin-casting the dispersions at different speeds
(1,000-2,000 rpm). By utilizing different amounts of nanomaterial, three different concentrations
of (6,5) SWCNTs in the polymer host were obtained (0.20, 0.46 and 1.71 wt%). A representative

absorption and PL spectrum of such a film (1.71 wt%) is shown in Figure 6.1a. In analogy to mea-
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FIGURE 6.1. High-density (6,5) SWCNT film characterization.
a, Absorption and PL spectrum of a high-density film of (6,5) SWCNTs embedded
in a polymer PFO-BPy host. b, PLE map of the same film showing the high purity
of (6,5) SWCNTs. ¢, Topography scan of the layer.

surements in dispersion, the main spectroscopic features of the polymer-embedded (6,5) SWCNTs
can be identified. In particular, the S1; absorption peak was detected at 1.243 eV (997.5nm)
which will be referred to as exciton (X) in the following. The absorption and PL peak of the
exciton had a Lorentzian shape with a FWHM of 41.0 and 43.8 meV, respectively. Both linewidths
and Stokes shift (8.7 meV) are considerably smaller than in most organic materials.[135] These
properties are known to be desirable for an unambiguous observation of strong light-matter
coupling.[197]

As can be seen in the PL-excitation map of the film (Figure 6.1b), the absence of cross-
excitations and energy transfer confirms the quality and isolation of the polymer-wrapped
nanotubes. Both, the wrapping-polymer and additional polymer host surrounding the nanotubes
prevent substantial inter-tube interactions. In addition to the S1;-transition, the Sggo-transition—
observed at 2.149 eV (577 nm) — was assigned to (6,5) SWCNTs.[47] In this map, neither significant
energy transfer towards smaller bandgap SWCNT's nor substantial spectral changes under off-
resonant excitation were observed. Apart from the spectroscopic properties, the material inside an
optical cavity must meet certain morphological properties to support a build-up of the cavity mode.
Besides the desired thickness, a flat and homogeneous layer is desirable. SWCNT-embedded in
PFO-BPy polymer host (~250 nm thick) resulted in a root-mean-square surface roughness of
~3nm (Figure 6.1c). The surface roughness was well below the intended wavelength of cavity
resonances (>1,000 nm). Additionally, the topography scan corroborated the homogeneous blend
of nanotubes and polymer. In the next step, these films were integrated into a microcavity.

As mentioned above, strong light-matter coupling is enhanced by reducing the mode volume

of the cavity resonance. In this regard, metal mirrors offer a strong confinement even though
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their absolute reflectivity is limited. Thus, the SWCNT-polymer blend was spin-coated onto a
thick bottom mirror (gold, 60 nm) and finalized with a semi-transparent top mirror (gold, 30 nm).
The semi-transparency simplified spectroscopic investigation while maintaining the required
cavity effect. Spin coating, on the other hand, resulted in a wedge-like layer thickness across the
sample. Hence, the cavity resonance could be easily tuned by investigating different positions
across the sample.

All cavities were characterized by angle-resolved spectroscopy through the semi-transparent
top mirror. The home-build Fourier-imaging setup resulted in a 2 um spot being investigated. In
a preliminary experiment, a reference cavity was characterized containing solely the polymer
host material (PFO-BPy). Figure 6.2a shows the angular reflectivity spectra for TE-polarized
light displaying a cavity resonance of reduced reflectivity. The dispersion of the cavity mode (CM)
was fitted to the parabolic dispersion derived in Chapter 2.3.1 (Equation 2.24). The fitting routine
yielded an effective refractive index of negrr = 1.67 and a cavity resonance at Eg = 1.1850eV.
The reflectivity spectrum at 2 = 0 shows a FWHM of 52 meV resulting in a quality factor of
23 for this cavity. The width of the cavity mode equals the photon-damping rate iAI'c and is
inversely proportional to the lifetime of the photons between the mirrors. Using transfer-matrix
simulations, the angular reflectivity spectra were calculated taking the anisotropic refractive
index of the polymer into account.! Excellent agreement with the experimental results was
achieved for a cavity thickness of 251 nm (Figure 6.2a).

The observed dispersion drastically changed by integrating highly concentrated (6,5) SWCNT's
(1.71 wt%) in the cavity. Figure 6.2b displays the angular reflectivity spectra of the nanotube-filled
cavity. In contrast to the previous experiment, two modes appeared above and below the exciton:
associated with the UP and LP. Further, the dispersion of these modes clearly deviates from
that of a pure cavity mode. Instead, an avoided crossing, at angles for which exciton and cavity
photons are resonant, is observed. This behavior is evidence of strong light-matter coupling
of (6,5) SWCNTSs excitons to the surrounding cavity photons. From the recorded dispersions a
Rabi splitting, i.e. the minimum energy separation of the LP and UP, of 113 meV was extracted
(Figure 6.2¢). Due to the small negative detuning of the cavity, the Rabi splitting was found at
+11°. At these angles, the cavity and the exciton are in resonance. Using the complex refractive
index of the SWCNT-polymer composite, transfer-matrix simulations were performed. These
calculations gave an excellent agreement with the experimental results (Figure 6.2b). In the
simulations, the SWCNT concentration as well as the cavity thickness (248 nm) were fitted. The
overall similarity of the simulation and experiment corroborate the high quality of the SWCNT

layer and suitability of the experimental setup.

1Complex refractive indices were determined by Laura Tropf (St Andrews University)
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FIGURE 6.2. Strong light-matter coupling in SWCNT-based microcavities.
a, Angle-resolved reflectivity spectra measured in a reference cavity (left) and
simulated by transfer matrix simulation (right). b, Angular reflectivity spectra
for a SWCNT-filled micro-cavity measured (left) and simulated by transfer matrix
simulation (right). ¢, Energy separation of UP and LP showing two minima at £11°.

6.3 Coupled oscillator model & polariton emission

The new eigenstates of the hybrid light-matter system can be fully described with the coupled
oscillator model (c¢f Chapter 2.3.2) by independently adjusting the coupling strength and the
cavity detuning (Figure 6.3a). For this particular cavity, the fit yielded a Rabi splitting AQ of
116 meV and a cavity detuning A of —17 meV. These findings are in agreement with the results
obtained in the previous section.

Both excitons and cavity photons have a finite lifetime in this system. Hence, light-matter
hybridization requires an energy exchange between the exciton and photon that is faster than
decoherence of the individual constituents. This condition translates into a minimum Rabi
splitting AQmin = 0.5(A'x + Al'¢) required for strong light-matter coupling. For the uncoupled
cavity, a damping constant of 52 meV was determined (cf previous section). The decoherence
of the exciton is given by its homogeneous linewidth. Experimentally, this linewidth is found
by measuring the fluorescence lifetime 7q of the excited state which relates to the damping
rate by il'x = itg L. The fluorescence lifetime, in turn, is the product of the PLQY (~0.1%)
and the radiative lifetime (~5 ns, Ref.[36]). Hence, the homogeneous exciton linewidth of the
polymer-embedded SWCNTSs is approximately 0.1 meV. The minimum Rabi splitting AQin, is
thus ~27 meV. As the experiments with (6,5) SWCNTSs revealed a Rabi splitting of 116 meV, these
cavities support sufficiently fast energy exchange and are clearly in the strong coupling regime.

Note, depending on its origin, inhomogeneous broadening can lead to a decrease of the exciton
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FIGURE 6.3. Exciton-polariton emission and coupled oscillator model.
a, Angular reflectivity of a cavity containing 1.71 wt% of (6,5) SWCNTs with a
cavity mode (CM) crossing the exciton (X) shown in black solid lines. The coupled
oscillator model was used to fit the dispersion of the UP and LP (white dashed
lines). b, Angle-resolved PL spectra of the same cavity with emission from the LP. c,
Photonic and excitonic fraction of the upper and lower polariton branch calculated
from the coupled oscillator model.

decoherence time.[198] This effect manifests in additional broadening of the polariton modes as
observed in the reflectivity spectra. From a practical standpoint, using the average decoherence
of the polaritons, Al'rp and Al'yp, is thus the necessary condition for strong light matter coupling.
In that case, the Rabi splitting must be larger than 0.5(AI'p + Al'yp) = 38 meV. This consideration
again confirms that the presented cavities were well in the strong light-matter coupling regime.

PL experiments are a versatile tool to study polariton dynamics and investigate their occupa-
tion behavior. Any emission that is observed from the polariton branches carries the properties
(energy, momentum, phase etc.) of the exciton-polariton. Here, exciton-polaritons were generated
by non-resonant optical excitation at 1.937 eV (640 nm). The angle- and spectrally resolved PL
that was emitted from the cavity is plotted in Figure 6.3b. The PL signal originates predominantly
from the LP and follows its dispersion. Additionally, the significant offset of the emission as
compared to the pure exciton and the cavity mode verifies the origin of the emission to be leaking
polaritons. The polaritons that are generated upon excitation decay radiatively via their photonic
component and are detected by the camera. As no emission from the UP was observed, scattering
from the exciton-reservoir into the LP and potentially from the UP into the LP is expected to be
efficient. For these cavities, the highest intensity, proportional to the polariton occupation, was
detected at the ground state of the LP indicating efficient polariton relaxation.

Within the LP, relaxation of the polaritons towards 2 = 0 occurs by their excitonic

component.[121, 122] Further insight into the polariton physics is thus gained by calculat-
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ing the photon and exciton fraction of the mixed polariton branches. The fraction of the uncoupled
constituents, are derived from the Hopfield coefficients within the coupled oscillator model. These
fractions are plotted in Figure 6.4c for the UP and LP. While at large angles the LP is of excitonic
character, its photonic fraction increases towards %2 = 0. At the angle of resonance, i.e. Ex = E¢,
both polariton branches contain 50% exciton and photon fraction. The way the exciton and photon
fraction are distributed along the polariton branches directly influences the polariton dynamics

as demonstrated in the next section.

6.4 Tuning exciton-polariton properties

To gain further insight into the characteristics of SWCNT-based exciton-polaritons, a set of
nanotube-filled microcavities was studied. The light-matter interaction in these cavities varied
in terms of coupling strength (related to SWCNT concentration) and cavity detuning (related
to the cavity thickness). Both, the strong coupling behavior and the polariton emission were
investigated.

For this study, three different concentrations (0.2, 0.46 and 1.71 wt%) of (6,5) SWCNTs were
employed. In addition, for each concentration, different cavity thicknesses (240, 245 and 255 nm)
were studied. The angular reflectivity and PL spectra for these cavities are plotted in Figure 6.4.
While all cavities showed an avoided crossing, the magnitude of the Rabi splitting increased,
as expected, for increasing concentration. The exact Rabi splitting and cavity detuning was
determined by applying the coupled oscillator model to the measured reflectivity spectra. The
model confirms the experimentally measured Rabi splittings of 35, 61 and 112meV for (6,5)
SWCNT concentrations of 0.2, 0.46 and 1.71 wt%, respectively. As the theoretical threshold for
strong coupling was found to be 27 meV, all of the investigated cavities were in the strong coupling
regime. The smaller concentration of SWCNTs and thus reduced effective oscillator strength
resulted in a lower light-matter coupling potential. With regard to the cavity thickness, a red
shift of the LP was observed for thicker layers as the cavity mode shifted to longer wavelengths.

Upon optical, non-resonant excitation, all cavities showed exciton-polariton emission. For
the highest concentration (1.71 wt%) the PL followed the dispersion of the LP at all cavity
thicknesses. Moreover, the highest intensity was observed at k£ = 0 indicating efficient relaxation
of the polaritons. In contrast, the emission, observed from cavities with smaller coupling strength,
significantly deviated from the LP detected in reflectivity. For large negative detuning and low
concentrations, polaritons emitted brightest at angles >20° — a phenomena called polariton
relaxation bottleneck. Depending on the excitonic material and the relaxation mechanism,
polariton bottlenecks were found to be caused by, for example, inefficient polariton scattering
along the LP and energy-dependent radiative pumping of the LP.[121, 122] The origin of polariton
bottleneck in these cavities is discussed below.

In general, the appearance of a relaxation bottleneck indicates the absence of an efficient
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FIGURE 6.4. Concentration- and detuning-dependent polariton properties.
Angle- and spectrally resolved reflectivity (red-green color scale) and PL (black-
red color scale) for increasing cavity thickness (left to right) and (6,5) SWCNT
concentration (top to bottom).

relaxation mechanism for the emissive polaritons. The possible relaxation mechanisms can be
divided into radiative and non-radiative relaxation. Radiative relaxation describes the pumping
of the LP from the exciton reservoir by radiative decay into the LP branch.[199] In this case,
the bottleneck would be most pronounced at peaks of the excitonic PL spectrum. The bottleneck,
however, for the cavity with 0.20 wt% SWCNT and —82 meV detuning, was found at ~35°. At this
angle the emission peak is red-shifted by 24 meV compared to excitonic emission. Therefore, pure

radiative decay from the exciton reservoir can be excluded as a probable cause for the observed
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FIGURE 6.5. Impact of exciton fraction on polariton relaxation.
Exciton fraction for the LP branches observed in the right column of Figure 6.4. The
black dots indicate the angle at which the maximum PL intensity was detected.

emission pattern.

Non-radiative relaxation, on the other hand, includes scattering of polaritons along the
polariton branch. This process requires particle interactions, for example, exciton-exciton, exciton-
polariton or polariton-polariton interaction. The efficiency of these processes rely on the excitonic
fraction of the polaritons, which changes along the branches. Figure 6.5 shows the exciton fraction
of the LP in the cavities with the largest detuning for each concentration (cf. Figure 6.4, right
column). For each case, the angle at which the highest PL signal was detected is marked. While
for 1.71 wt% the exciton fraction stays above 20% even at k = 0, this fraction is significantly
lower for smaller coupling strengths. Thus, the reduced hybridization in microcavities with
smaller Rabi splitting is likely to cause the relaxation bottleneck in these cases. Note, possible
relaxation mechanisms and approaches to overcome the bottleneck even at small Rabi splittings

are discussed in Chapter 7.5.

6.5 Further discussion

In the literature, strong coupling is sometimes demonstrated by tracking the polariton dispersion
against cavity thickness at a given angle.[200, 201] Similar data representation can be obtained
from the measurements presented in the previous section. Figure 6.6a plots the spectral position
of the polariton branches for a viewing angle of 45° with a resolution + 0.8°. By plotting the UP
and LP versus the cavity thickness, avoided crossing and hence strong light-matter coupling
is again observed for the cavity containing 1.71 wt% (6,5) SWCNTSs. The data were fitted with
transfer-matrix simulations (dashed lines in Figure 6.6a) resulting in a Rabi splitting of 124 meV.
These results, based on 13 different cavity thicknesses, are in good agreement with the light-
matter coupling found by angle-resolved reflectivity measurements (113 meV).

Fundamentally, the coupling potential and thus the Rabi splitting increases with the square-
root the oscillator strength inside the cavity.[104, 138, 202] Here, SWCNT concentration is
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FIGURE 6.6. Summary of detuning- and concentration-dependent polariton properties.
a, Polariton branch position plotted against cavity thickness. Green (red) data
points are the positions taken from angular reflectivity (PL) spectra. b, Rabi
splitting plotted against the square root of the (6,5) SWCNT concentration. ¢, PL
spectra emitted in forward direction for different cavity thicknesses (red) and by
the pure exciton (black).

directly linked to the effective oscillator strength in the cavity. Figure 6.6b plots the observed
Rabi splitting versus the square root of the SWCNT concentration. The fundamental relation
between the coupling strength and oscillator strength is confirmed by the experimental data.
Using this relation, a nanotube concentration of 0.11 wt% was identified as the minimum needed
to achieve strong coupling, i.e. for a Rabi splitting larger than AQ i, =27 meV. Note, by increasing
the Q-factor of the cavity, smaller concentrations might be sufficient to maintain strong coupling.
At the other extreme, the data can be used to estimate the maximum Rabi splitting achievable
with polymer-wrapped SWCNTs. For 100 wt% (6,5) SWNCTs, a Rabi splitting of 850 meV is
expected — equal to ~70% of the exciton energy. Further, in-plane alignment of the nanotubes
and thus of the transition dipole moments would lead to an additional increase of the coupling
strength for one polarization by a factor of two. SWCNT's could thus be used to for ultrastrong
light-matter coupling by increasing the nanotube-to-polymer ratio.[103] In this regime, almost
dispersion-less emission is expected while the narrow linewidths of microcavities are maintained.
The high color-purity and angle-independent emission might offer applications of ultrastrongly
coupled SWCNT-cavities for advanced nIR light sources.[145, 203]

The potential application of SWCNTSs for telecommunication requires emission beyond
1,000 nm. As described before, SWCNTSs could cover this wavelength range by using different
chiralities. However, the sorting of the SWCNTSs into monochiral samples is still very challenging.
Interestingly, the PL observed from the strongly coupled microcavities at normal to the sample
surface showed a wide tunability from 1,030-1,300 nm (Figure 6.6¢). A narrow line width, at-

tributed to the photon component, of less than 50 meV was maintained across this part of the
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spectrum. Thus, these cavities could make tedious SWCNT-selection obsolete.

6.6 Summary & conclusions

In summary, strong-light matter coupling of excitons in (6,5) SWCNTSs to planar, metal-clad
microcavities was shown at room temperature and in the nIR. The exceptionally high oscillator
strength of nanotubes led to a Rabi splitting of 113 meV at SWCNT-concentrations of 1.71 wt%
within the cavity. PL experiments revealed efficient polariton relaxation towards the ground
state based on the excitonic fraction across the LP branch. At low coupling strength, however,
a relaxation bottleneck of the polaritons was observed, which was likely caused by insufficient
scattering along the LP. The exciton-polaritons emission was tunable across a wide range of the
nlIR (1030-1300 nm).

To conclude, SWCNT's were found to be an ideal material for strong light-matter coupling in
the nIR and at room temperature. With the techniques, developed over the last decades, SWCNT
can be readily produced, purified and easily processed from solution. Applications, such as,
polariton lasing, require the implementation of the excitonic material into a high-quality cavity.
In this regard, the limitations of the presented cavities might be overcome by replacing the metal
mirrors with highly reflective DBRs. For their fabrication, the already developed processes for
other organic materials can be utilized.[125] These cavities would increase the exciton-polariton
lifetime, which is currently limited by rapid photon decay.

The significant Rabi splitting, achieved at moderate SWCNT concentrations (1.71 wt%), opens
the door to advanced application in polaritonic devices. The presented work inspired some
intriguing studies on increasing the coupling strength to reach the ultrastrong coupling regime,
which was recently accomplished by C. M6hl.[186] The same work demonstrates trion-polariton
formation at room-temperature.[186] Moreover, polaritons in aligned SWCNT films were shown
to exhibit exceptional points.[204] Finally, a thin layer of concentrated SWCNTs proved sufficient
to maintain similar effective oscillator strengths in the cavity and thus supported light-matter
hybridization. The next chapter describes on how SWCNTs can be employed for electrically

pumped exciton-polaritons.
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CHAPTER

ELECTRICAL PUMPING & TUNING OF POLARITONS IN SWCNTSs

This chapter demonstrates electrical pumping and tuning exciton-polaritons in LEFET-cavities
based on SWNCTs. The excellent charge-carrier mobilities of SWCNTs enable the generation
of exciton-polaritons at high pumping rates in the strongly coupled cavities. Further, electrical
tuning of the oscillator strength facilitates switching between the strong and weak coupling of
the SWCNT-based devices.

Part of this chapter was published in Graf et al., Nature Materials 16, 911 (2017).[4] Modi-
fied reprints are presented with permission of Springer Nature. This work was carried out in
collaboration with Martin Held.

7.1 Introduction

The unique combination of light and matter properties in exciton-polaritons enable the obser-
vation of quantum effects, such as Bose-Einstein condensation, at temperatures well above
those needed for atomic gases.[205] With the aid of organic materials, researcher have observed
BEC,[125] polariton lasing,[108, 117, 126] and superfluidity[127] at room temperature. These
results open the door to practical polaritonic devices with electrical generation of polaritons.[135]
Ultimately, the reduced thresholds of polariton lasers offer a promising path for electrically driven
lasing in organic materials — a long-standing goal of the entire organic electronics community.[206]
With respect to practical polaritonic devices, electrical pumping and controlling polaritons in
organic materials is, however, particularly challenging.[135] Reaching the required pumping
rates, needed for both polariton and conventional lasing comes with demanding requirements for
the device architecture and the material properties.

First, the devices must be designed to enable the injection of high current densities without

degrading the optical properties of the surrounding cavity. Typically, an OLED-type architecture
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FIGURE 7.1. Device design of a LEFET-cavity.
Strong coupling was shown with polymer-embedded SWCNT microcavities (left).
Increasing the nanotube density will allow using a partially filled cavity while
maintaining strong coupling (center). Thus additional space inside the cavity can
be filled and optimized with a multilayer structure for electrical charge injection,
for example a LEFET (right).

is employed in which the electrodes simultaneously act as the cavity mirrors.[140, 144] In
these devices, charge carriers are transported in the direction of the cavity mode. Consequently,
optimizing the electrical performance has a strong impact on the optical feedback and vice versa.
LEFETS, instead, provide a platform in which in-plane current flow is perpendicular to any
optical feedback and the charge injecting electrodes and the cavity mirrors are independent from
each other. Second, the generation of high current densities requires materials with high charge
carrier mobilities and stability under these conditions. Most organic semiconductors, however,
have a relatively low charge carrier mobility limiting the current densities that can be achieved.
Additionally, the photo and thermal stability of most organic materials is significantly lower than
that of inorganic materials leading to rapid degradation and device breakdown at high current
densities. Interestingly, SWCNTs exhibit the desirable electronic properties, typically associated
with inorganic materials, while maintaining room temperature stability of exciton-polaritons, as
observed in organic materials. Semiconducting SWCNT's have an intrinsically high charge-carrier
mobility for both electrons and holes even in random networks (up to 100 cm? V-1 s71).[48] The
excellent ambipolar charge transport leads to high current densities in LEFETSs as shown in
previous reports.[153, 162]

In the following, SWCNT-based LEFET-cavities are used to electrically pump and tune
exciton-polaritons at room temperature. The high charge-carrier mobilities of the employed
(6,5) SWCNT networks enable the generation of polaritons at pumping rates ~10* times higher
than in previous reports using organic semiconductors. Even under continuous pumping, strong
light-matter is maintained with minimal efficiency roll-off. Electrically generated polaritons emit
purely form the LP and show thermalization because of efficient relaxation towards the ground
state. Upon unipolar charging of the SWCNTs, light-matter hybridization is tuned from strong to

weak coupling. Finally, the potential of these polaritonic devices for polariton lasing is discussed.
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7.2 Cavity-LEFETSs based on SWCNT

Electrical generation of exciton-polaritons requires implementing an electronic structure for
current injection and transport within an optical cavity. Here, a LEFET structure was integrated
that required source, drain and gate electrodes being electrically separated by a dielectric
material. Figure 7.1 illustrates how the cavities used in Chapter 6 6 were modified to integrate
the necessary structures for current injection while maintaining strong light-matter coupling.
Previous experiments employed a thick layer of polymer-embedded SWCNTSs at a concentration
of 1.71 wt% within the cavity. Similar oscillator strengths across the layer could be achieved
with thinner layers for a highly concentrated SWNCT film. By doing so, part of the cavity was
used to integrate optically inactive materials, for example, the dielectric materials needed for
LEFETSs. Additionally, in-plane structuring of interdigitated source and drain electrodes was
applied without affecting the optical properties of the cavity in the channel area.

In order to obtain a thin (<50 nm) but highly absorptive film of (6,5) SWCNTSs, the excess
polymer in the nanotube dispersion was removed. For this purpose, the SWCNTSs dispersions were
pelletized by ultracentrifugation and the obtained pellets were repeatedly washed with toluene.
Asides from polymer chains that were wrapped around the nanotubes, the resulting material
contained only very little residual PFO-BPy. The redispersed pellets were then spin-coated onto
a low-sodium glass substrate (Schott AF32 Eco). A representative absorption and PL spectra
of a 33 nm thick layer are plotted in Figure 7.2a. The film contained a dense network of (6,5)
SWCNTs (59 wt%) reaching a peak absorbance of 0.24 at the S1;-transition. Likewise, the PL
spectrum exhibited excitonic features of (6,5) SWCNTSs. As in the previous chapters, a phonon
sideband at ~140 meV below the pure exciton emission was observed.[27] In addition to the
spectral properties, the PLQY of 0.17% was comparable to those measured for lower nanotube
densities in polymer-embedded layers.

Next, the SWCNT networks were incorporated into a LEFET-cavity. Figure 7.2b illustrates
the device architecture. The top part of the device comprised a bottom-contact/top-gate LEFET
with a thick silver gate and interdigitated gold electrodes (source and drain). Similar to previous
work showing excellent electrical performance,[48] a hybrid dielectric (11 nm PMMA and 61 nm
HfOx) were used. The optical cavity was completed by processing a LEFET on top of a thin
(30nm) gold mirror (bottom mirror) and an inactive oxide spacer layer.! In these devices, the
gate electrode of the LEFET acts simultaneously as the top mirror forming an optical cavity
with the bottom mirror. Hence, optical confinement was achieved between the gate (top mirror)
and the semitransparent bottom mirror. The thickness of the oxide layer was used to adjust the
spacing between the mirrors and thus tune the cavity resonance. The thickness of the spacing
layer was calculated by a transfer matrix simulation with the aim provide a cavity resonance

that overlaps with the exciton energy of the (6,5) SWCNTSs. As no current is flowing through

1LEFETSs were fabricated by Martin Held (Heidelberg University)
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FIGURE 7.2. SWCNTs for cavity-LEFETs.
a, Absorption and PL spectrum of a high-density film of polymer-wrapped (6,5)-
SWCNTSs. b, Schematic illustration of a cavity-LEFET. The top part is simply a
LEFET with lateral cur-rent injection. By adding an oxide spacer layer and bottom
mirror, the cavity is formed be-tween the former and the gate electrode.

this layer, the optical properties of the cavity can be easily tuned with minimal impact on the
electrical performance of the transistor.

The electrical characterization of such a LEFET-cavity revealed excellent ambipolar charge
transport (Figure 7.3a). From this data, a linear electron and hole mobility of 4.2 and
3.5cm2 V1571, respectively, was determined.? The negligible off current at low source-drain
bias indicates the very low metallic content in the SWCNT network and enabled on-off ratios of
more than 10%. In comparison to the highest mobilities reported for disordered organic materials,
namely conjugated polymers, this relatively thick SWCNT layer exhibited superior transport
properties.[207] When driven at high source-drain bias, for example at -8 V, holes and electrons
could be injected simultaneously. This property resulted in a characteristic V-shaped transfer
curve at these biases. Electron and hole injection and recombination within the channel is ex-
pected at gate voltages around the minimum of the curve (Vi,i,). In comparison to a reference
LEFET without a bottom Au-mirror, no significant difference in electrical performance was
observed.

In the regime of ambipolar charge injection, electrons and holes are injected simultaneously
leading to the formation of excitons within the channel. Emission from the recombination zone was
observed through the semi-transparent bottom mirror. Representative images of the EL emitted
from the cavity-LEFET are shown in Figure 7.3b. The recombination and hence emission zone can
be shifted by changing the applied gate voltage from source to drain electrode. Note, for constant
biases, the position in the channel is fixed. The width of the emission zone, averaged across the
channel, was found to be ~1 um. As introduced in Chapter 2.2.2, even at high current densities

the number of accumulated charges is at its minimum in the recombination zone preventing

21 EFETs were characterized by Martin Held (Heidelberg University)
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FIGURE 7.3. Electrical characteristics of and EL from cavity-LEFETs.
a, Transfer characteristics of cavity-LEFET. b, Real space images of the emission
zone within the channel at constant drain voltage (V) and different gate voltages
(V).

significant quenching. In the next section, the properties of the EL signal are characterized by

angle-resolved spectroscopy.

7.3 Electrically pumped exciton-polaritons

As in the previous chapter, the light-matter coupling within the channel region of the cavity-
LEFETSs was characterized by angle-resolved reflectivity spectroscopy (Figure 7.4a). The mo-
mentum space image revealed the formation of an UP and LP above and below the exciton
energy with a dispersion clearly deviating from both exciton and cavity mode. A minimum energy
separation of the polariton branches, associated to the Rabi splitting, of 125 meV was observed
at 34°. Fitting these modes with the coupled oscillator model yielded a Rabi splitting 2Q2 of
127meV, a cavity detuning A of -62meV and a refractive index n.g g for TE-polarized light
of 1.96. These results were in agreement with the experimentally determined Rabi splitting.
In addition, the effective refractive index was expected to be higher than in the cavities of the
previous chapter as materials with higher refractive index were incorporated in the cavities. The
homogeneous exciton decay rate hl'x of 0.1 meV and the cavity mode Al'c of 44 meV resulted in a
minimum Rabi splitting 7Q i, of 23 meV required for strong coupling (cf. Chapter 2.3.2). Hence,
the LEFET-cavities, exhibiting a Rabi splitting of 127 meV, were clearly in the strong coupling
regime. Upon off-resonant optical excitation at 1.937 eV (640 nm), PL from the LP was observed
(Figure 7.4b). In agreement with the observations in the previous chapter on negatively detuned
cavities with Rabi splittings of >100 meV, no relaxation bottleneck was found for this cavity.
Next, the LEFET-cavities were electrically contacted and operated in the ambipolar regime.
Applying a gate voltage of —5.1V and a source-drain bias of —10V, the angle and spectrally

resolved EL was measured with a Fourier imaging setup (Figure 7.4¢). The EL was found to
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FIGURE 7.4. Exciton-polaritons in SWCNT-based cavity-LEFETS.
a, Angle-resolved reflectivity spectra for a LEFET-cavity containing a dense (6,5)
SWCNT layer (59 wt%). b, Angular PL spectra from the same cavity for off-resonant
excitation at 1.937 eV (640 nm). ¢, Angle- and spectrally resolved EL emitted from
the same device under ambipolar operation. d, Photon and exciton fraction for the
LP and UP branch.

originate solely form the LP following the dispersion observed in reflectivity experiments. In this
experiment, electrical pumping of exciton-polaritons was achieved at a constant current density
Jgs of 600 A cm~2. The brightest emission was observed at the polariton ground state with a steep
decrease of intensity towards larger angles. Overall, 50% of the outcoupled intensity was detected
within a 20° cone.

The light-matter hybridization is visualized by calculating the photon and exciton fraction of
the polariton modes (Figure 7.4d). Significant admixing of excitons and photons was found across
all investigated angles. In particular, the exciton-fraction of the LP stayed above 25% even at
k =0. As observed in the previous chapter, the high exciton fraction favors efficient relaxation
towards the ground state. In more detail, thermalization of the polaritons in the LP was found
for the electrically pumped polaritons (more details on polariton relaxation follow in section 7.5).
In comparison to PL, no linewidth broadening of EL was observed. The impact of emission from
a confined area (~1um for EL) leading to emission into an angular range of ~9° has thus no

significant effect on the measurements.

7.4 Emission efficiency & wavelength tuning

To quantify the scattering efficiency into the LP and estimate the efficiency of polariton generation,
the EQE of the strongly coupled LEFET was determined. In addition to insights into the polariton
physics, the EQE provides a universal measure for benchmarking. In Figure 7.5a, the external

efficiency of the strongly coupled LEFET-cavity and a reference LEFET is plotted. The maximum
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FIGURE 7.5. LEFET-cavity EQE and optimization.
a, EQE of the LEFET-cavities and a reference LEFET. b, Angular reflectivity
spectra in the channel area of a cavity-LEFET with smooth SWCNT layer. ¢, Angle
and spectrally resolved EL emitted from this device. d, EL spectra emitted at 2 =0
for different strongly coupled LEFET-cavities of varying detunings. e, EQE versus
cavity detuning.

EQE of the polariton emission is almost seven times lower than for the reference device. This
reduction is attributed to the substantial surface roughness (RMS, 21.4 nm) and inhomogeneity
(thickness, 33+8 nm) of the SWCNT layer in the cavity. Light scattering at the interfaces and
within the SWCNT layer reduces the quality of the optical cavity and thus the polariton lifetime.

In a second generation of devices, a LEFET-cavity containing a smoother (RMS, 4.1 nm) and
more homogeneous (thickness, 1943 nm) film of (6,5)-SWCNT's was fabricated. Angular reflectivity
spectra and the fit to the coupled oscillator model revealed strong light-matter coupling in these
devices with the less absorptive SWCNT layer (Figure 7.5b). Both experimental data and the
fit to the coupled oscillator model gave a Rabi splitting /Q of 48 meV. Additionally, the coupled
oscillator model yielded a cavity detuning of A of .63 meV for a refractive index neg g of 1.96.
The smaller Rabi splitting, in comparison to the previous device generation, originated in the
thinner and less concentrated SWCNT layer (39 wt%). Electrical excitation of the polaritons
led to EL from the LP with efficient relaxation towards k& = 0 (Figure 7.5¢). While the electrical
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characteristics of the device were similar to those of the first generation, the optimized device
exhibited an improved EQE (Figure 7.5a). Moreover, the strongly coupled cavities were even more
efficient than the reference LEFET. The LP linewidth of the improved LEFET-cavities showed a
smaller linewidth and thus longer lifetime of the LP, which enhances the probability of relaxation
towards small angles. The improvements are thus attributed to an improved scattering into the
LP from the generated exciton-reservoir.

Further insight into the involved relaxation mechanisms was gained by varying the cavity
thickness in these devices and hence altering the detuning of the cavity resonance with respect
to the exciton energy. Multiple devices with detunings ranging from +65 meV to —430 meV were
fabricated. All LEFET-cavities showed strong light-matter coupling and ambipolar electrical
performance. The EL spectrum, emitted in forward direction, is shown in Figure 7.5d. These data
indicate the wide spectral tunability that is achievable for exciton-polaritons. Polariton-relaxation
in the devices enabled emission to up to 1,530 nm. The device efficiency (EQE), however, strongly
depends on the detuning (Figure 7.5¢). The highest EQE is observed for a LEFET-cavity in which
the minimum of the LP overlaps with the phonon-sideband of the S1;-exciton. As observed for
other organic materials,[208] the dependence on the detuning suggest the presence of direct
scattering from the exciton-reservoir into the LP with the aid of a D-phonon. This process
appears to be efficient in SWCNT-based exciton-polaritons. Additional relaxation mechanisms

are discussed and experimentally investigated in the following section.

7.5 Polariton relaxation

The formation of a polariton condensate requires the accumulation of large numbers of polaritons
at £ = 0 (¢f Chapter 2.3.3). In addition to higher pumping rates, a faster relaxation increases
the ground state occupancy. The polariton population within the LP is a direct measure of the
relaxation efficiency. As the emitted photons carry the properties of the polaritons inside the
cavity, the leaked intensity is proportional to the polariton density multiplied by the photon
fraction at a given wavevector.[116] The polariton population along the LP in the LEFET-cavity,
for electrical pumping, is plotted in Figure 7.6 on a logarithmic scale. The polaritons show a
Boltzmann-like distribution in the LP (thermalization of the polaritons in the ground state)
indicating efficient relaxation towards the ground state and excluding any form of relaxation
bottleneck.[117]

As shown in the previous section, the detuning-dependent EQE suggests a phonon-assisted
scattering from the exciton reservoir into the LP. To gain further insights into the relaxation
mechanisms of SWCNT-based polaritons within the LP, the results of LEFET-cavities are com-
pared to those of polymer-embedded SWCNTs investigated in Chapter 6. While the LEFET-cavity
employs a thin (19nm) and dense layer of SWCNTSs (59 wt%), the cavity investigate in the
previous chapter consists of a thicker (250 nm) and sparse SWCNT network (0.46 wt%). The
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FIGURE 7.6. Polariton population of the LP in LEFET-cavities.
Normalized polariton-population along the LP upon electrical excitation. The
normalized in-tensity is plotted on a logarithmic scale.

polariton dispersions of both cavities are almost identical (Figure 7.7a) due to the similar cou-
pling strength and refractive index. Hence, the exciton and photon fraction in the polariton
branches are almost identical as well. In contrast to the similarities in light-matter coupling,
the angle-resolved PL spectra and thus polariton distribution reveal significant differences (Fig-
ure 7.7b). While the LEFET-cavity supports excellent relaxation towards the ground state, the
cavity filled with polymer-embedded SWCNT's exhibits a relaxation bottleneck. The improved
relaxation for polaritons based on a dense SWCNT-network might be attributed to increased
non-radiative intertube relaxation.[162] Intertube interactions are strongly dependent on the
distance between the nanotubes and are thus enhanced in these layers. These interactions might
enhance intraband relaxation via the excitonic part leading to polariton interactions, such as
polariton-polariton, polariton-exciton or polariton-electron interaction.[127, 209, 210] Further
studies on, for example, temperature-dependent relaxation efficiency will be necessary to proof

this hypothesis.

7.6 High current densities

In addition to efficient relaxation, the polariton density can be increased by higher pumping
rates. The angle-resolved EL spectra recorded for low and high current densities are plotted
in Figure 7.8a. For the investigated currents, the EL emitted by the strongly coupled cavities
originates solely from the LP and follows its dispersion. In this device up to 18,600 A cm~2 were
applied for continuous pumping. The high current densities are a result of the excellent charge-

carrier mobilities of SWCNTSs. At the same time, even at continuous operation, the SWCNT's
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FIGURE 7.7. Polariton relaxation in SWCNT-based microcavities.
a, Comparison of angle-resolved reflectivity spectra and b, PL spectra for a high
density but thin film of SWCNTs (left) and a thick but less dense film of SWCNT's

in a metal-clad microcavity.

can withstand these currents owing to their excellent thermal conductivity of ~3,000 Wm ™! K1
reported in literature.[8]

At such high pumping rates, the strong coupling could be lost due to bleaching of the absorp-
tion by free charges accumulating in the excitonic material. While this can be used to tune the
light-matter coupling (cf. Chapter 7.8), it is unwanted for generating high densities of polaritons.
In case of the investigated device, the Rabi splitting was recorded during the measurements. The
reflectivity at resonance, i.e. the angle at which Ex = E, is shown in Figure 7.8b. A reduction
from 49 meV to 42 meV was found between low and high current densities. Hence, the strong
coupling (minimum Rabi splitting 23 meV) was maintained even at these extreme current densi-
ties. Again, this is attributed to the high charge-carrier mobilities of SWNCTs minimizing the
accumulated free charges at a given current density. Additionally, the carrier density is at its
minimum in the recombination and emission zone thus minimizing any ground state bleaching.

In contrast to previous reports on polariton condensates,[108, 109, 211] no non-linearity
in the output versus pumping rate occurred and no spectral narrowing was observed. Thus,
the generated polariton density in these devices did not exceed the threshold for polariton
condensation. It is important to benchmark these results to other polaritonic devices. While the
current density is an appropriate quantity to compare different LEFETS, it cannot be used for
comparison to other device architectures, such as LED-cavities. A generally applicable method
to evaluate and compare the pumping rates in different system is to consider the volumetric
exciton-pumping rate, i.e. the number of generated excitons per volume per time.

The exciton pump rate is calculated by considering the injected current (charges per second)
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FIGURE 7.8. LEFET-cavities at high pumping rates.
a, comparison of angular EL spectra for low (left) and high current density (right).
b, Reflectivity spectra at k for which exciton and cavity are resonant (29°) for low
(top) and high (bot-tom) current density.

and the recombination volume in which these charges recombine. For the presented LEFET-
cavities, electrically pumped exciton-polaritons were measured at a maximum source-drain
current of 9.3 mA. Note, within the resolution limit, no gate leakage current was detected and
thus all injected charges will eventually recombine and pump the exciton reservoir. The size
of the recombination volume can be estimated from different observations. First, the emission
zone width was measured to be ~1 um (c¢f Figure 7.3b). This result is in agreement with previous
reports on light generation within LEFETs.[212] Second, the length of the emission zone, i.e.
parallel to the source/drain-electrodes, is given by the 10 mm long electrodes. Lastly, the depth
of the recombination zone can be estimated from the reduced Rabi splitting at high current
densities. As shown in the previous section the Rabi splitting reduced from 49 meV to 42 meV.
The Rabi splitting in turn has a square root dependence on the number of coupled oscillators in
the layer. Thus around 5 nm of the layer were charged at high pumping rates determining the
volume for initial exciton formation. These observations lead to an estimated exciton pumping
rate of ~1027 cm ™3 s71 in the presented LEFET-cavities based on (6,5) SWCNTs. In comparison to
previous work on electrically pumped polaritons in OLEDs,[140, 143, 144] these pumping rates
are ~10% times higher. In the next section, the polariton density achieved at these pumping rates
is calculated. Further, the ground state occupation of the polaritons is estimated and necessary

steps towards polariton lasing are analyzed.
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FIGURE 7.9. Illustration of polariton pumping scheme.
An external source — here electrical — pumps at rate Px an exciton reservoir in
which nx excitons accumulate. The reservoir is depleted by either exciton decay at
7x ! or scatters into the LP with a rate rx_p ! pumping the LP. Of all polaritons
in the LP nyp will be ngg in the ground state at 2 = 0 which decay at tgg ™!

7.7 Polariton density & ground state occupation

In order to evaluate how close the presented LEFET-cavities based on SWCNT's were to electri-
cally driven polariton lasing, the polariton density and the ground state occupation is calculated.
As shown in the previous section, the exciton reservoir in this system was pumped at a rate Px of

~1027 cm ™3 57!, The pumping resulted in a number of excitons within the reservoir nx, which in

1

turn was depleted by exciton decay 7x ! or scattering into the LP at a scattering rate tx_p '

(Figure 7.9). The number of excitons in the reservoir is then described by the rate equation

dnx nx nx
=nPx—

7.1 —
@D dt TX-LP TX

Here, 1 accounts for the efficiency of exciton emission for electrical pumping with respect to
reference sample (PLQY, 0.3%). For the LEFET-cavities, n equals 0.01 describing the ratio of
EQE to PLQY at high current densities.

At the same time, the LP branch was pumped by scattering from the exciton reservoir into

the LP. The number of polaritons in the LP npp is then given by

dnpp  nx  nrp

(7.2) _
dt TX-LP TLP

b

86



7.7. POLARITON DENSITY & GROUND STATE OCCUPATION

where the lifetime of the LP, 71p, is introduced. The polariton is composed of its photonic

component a and excitonic fraction . The lifetime of the polariton is then calculated as:

1 a
(7.3) 1.2, F
TP TCc TX
with 7¢ being the cavity lifetime.
Assuming quasi-steady state allows us to derive the polariton density from Equation (7.1)

and (7.2):

¢ TX

e N

(7.4) nyp = + —
TX-LP

TX-LP TX
In case of the LEFET-cavities presented here, a maximum polariton density of ~3.610 cm™2 was
achieved.

Polariton lasing is associated with a ground state occupancy larger than one in which case the
scattering into the ground state becomes a stimulated process. The mean ground state occupancy
(np-o) is thus a measure to evaluate how close a system is to polariton condensation. In order
to calculate the ground state occupancy the total number of ground state polaritons within an
emission site N,_¢ and the number of states M is needed. Next, a single emission site with a
1um diameter D and a 5 nm depth w is considered. The number of polaritons N1 p present in this

area can be calculated by
(7.5) NLP =npwnmn D2/4.

Next, the fraction of these polaritons, which are in the ground state, is calculated from the
population along the LP. The total number of polaritons is proportional to the integrated photon-
fraction-corrected intensity of the LP. The fraction in the ground state, which is emitted into +1°
(angular resolution limit), is calculated to be 0.03 of the total detected signal in Fourier imaging.

This leads to the number of polaritons within the ground state to be
(7.6) Ni=0=0.032 Nyp,

which is equivalent to the fraction of polaritons within an angular cone of £1°. The number of
states that is present in the observed spot is given by:

1 nD?%/4
T2 4x2
with kg being the wave number of the emitted light and A8 = 0.0175 the detection half angle.

Finally, the mean ground state occupancy is calculated by:

(7.7)

7(koAO)

Ni=o
TR
In the presented metal-clad LEFET-cavities, a ground state occupancy of 0.004 was reached at

(7.8) (np=0) =

maximum current density, which was 250 times below threshold for polariton condensation. Pos-
sible strategies for increasing the polariton density as well as physical boundaries are discussed

in the following subsection.
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7.7.1 Toward polariton lasing & non-linear interactions

The polariton density of ~3.6-10! cm ™2 was shown to correspond to a ground state occupancy of
0.004. In previous reports on organic materials, polariton densities on the order of ~10'3 cm™3
were needed to reach polariton lasing in the thermodynamic limit.[108] These cavities comprised
a 120 nm thick layer that was optically pumped across the entire layer. In cavity-LEFETS, in
which a 5 nm thick layer is electrically pumped, polariton lasing would be present at a polariton

0 ¢cm~3. In terms of polariton density, the presented LEFET-cavities were thus ~270

density of ~1
times below the densities needed for optical pumping of polariton condensates. This estimate is
in agreement with the calculations of the ground state occupancy (~250 times below the polariton
lasing threshold).

In the investigated LEFET-cavities, the accumulated polariton density was mainly limited
by the short polariton lifetime of 31 fs, which was limited by the photon lifetime of 16 fs. The
fast decay of the photons is a direct result of the cavity’s low quality factor of 28. Replacing the
metal mirrors by highly reflective DBR mirrors would significantly increase the photon lifetime
within the cavity. In general, replacing the metal mirrors in a LEFET-cavity is less challenging
than in an OLED-cavity as the optical feedback is decoupled from the electrical current injection.
In case of LEFET-cavities, the bottom mirror can be easily replaced by a DBR reflector, as it is
electrically inactive. Exchanging the top metal-mirror and gate electrode could be achieved, for
example, by a split-gate device structure resulting in an emission zone that can be tuned towards
a metal-free area. In this configuration, typical quality factors of DBR-clad cavities of 1,000 are
readily achievable. The enhanced photon lifetime in such a high quality cavity would boost the
polariton density in the LEFET-cavities to ~1.3-10'3 cm™3 for identical pumping rates. In this
case, the ground state occupancy would increase significantly to 0.15. Further, the electrical
performance of the LEFET can be optimized to increase the pumping rate. Among possible
strategies are aligned SWCNTs,[213] double-gated device structures,[214] and patterning of the
SWCNT network for current focusing within the channel area. With the aid of these concepts,
the exciton pump rate could be readily increased by two orders of magnitude. Thus, achieving a

polariton density above ~1014 cm™3

, as required for polariton lasing, is feasible in LEFET-cavities.

Nonlinear interaction in polariton condensates result in a rich set of phenomena, for example,
superfluidity.[97, 127] These interactions originate from the excitonic nature of the polaritons
occurring between spatially overlapping polaritons. At the same time, high densities of excitons
in the material can lead to ground state bleaching and transparency of the material. In the
following, these aspects are evaluated for SWCNTs. Excitons in SWCNTs were shown to exhibit
a Bohr radius ag of ~10nm leading to a Mott density of ~10'8 cm™3 at which the oscillator
strength of the nanotubes would be bleached.[32] Exciton-exciton interaction in SWCNTs was,
however, shown to be present at densities of ~10'% cm™ — well below the Mott-density.[215]
The increased interactions in SWCNTSs are explained by the long exciton diffusion length. Since

such densities were not reached in the devices, nonlinear interactions were not observed in the
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FIGURE 7.10. Electrically tuning light-matter coupling.

a, [llustration of the oscillator strength tuning by charge accumulation in cavity-
LEFETSs. At low applied voltage the full oscillator strength of SWCNTSs leads
to strong light-matter coupling while at high voltages the oscillator strength is
reduced resulting in weak coupling. b, Angular reflectivity spectra (bottom row) for
different applied gate voltages in the channel region of a cavity-LEFET. Reflectivity
spectra at k for which exciton and cavity are resonant (top) for the same gate
voltages. ¢, experimentally observed Rabi splitting plotted against gate voltage.

presented LEFET-cavities. As shown above, in more advanced devices densities of >10'4 cm™
could be achieved for which nonlinear interactions are likely to occur. All these densities are
well below the Mott density highlighting the suitability of SWCNT-based exciton-polaritons for

polariton lasing and nonlinear interactions.

7.8 Electrically tuned light-matter interaction

So far, the LEFET-cavities were operated in the ambipolar regime for electrical excitation, i.e.,
gate and source-drain voltages were chosen to inject electrons and holes into the SWCNT layer.

In this operation mode, relatively high source-drain biases are used. In the ambipolar regime, the
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light-matter interaction was almost unaffected even at high current densities (¢f Figure 7.8). In
this section, the LEFET-cavities are investigated in the unipolar regime — at very low source-drain
bias and variable gate voltage and thus carrier density in the channel — and can be used to tune
the light-matter coupling from the strong to the weak regime as illustrated in Figure 7.10a.

Accumulation of free charges in the SWCNTs bleaches the ground state and consequently
reduces the oscillator strength of the S;1-tranistion.[153] Consequently, significant charge ac-
cumulation should result in a change of the coupling strength within the LEFET-cavities. Fig-
ure 7.10b shows the angle-resolved reflectivity spectra for increasing gate voltage and thus charge
accumulation at low source-drain bias. While for low gate voltages (—4.2V) the Rabi splitting
remained constant at 49 meV, the energy separation was reduced by further charge accumulation.
At larger gate bias (-17 V) no avoided crossing of the cavity and exciton was observed anymore. In
this case, the reduced oscillator strength of the excitonic transition resulted in a weakly coupled
cavity. The reduction in Rabi splitting can be further visualized in the reflectivity spectrum at
resonant angle (29°) in the top part of Figure 7.10b. Again, the energetic separation of the UP
and LP shrank with increasing gate voltage until only a single mode was observed for large gate
voltages.

In Figure 7.10c, the measured Rabi splitting is plotted against the applied gate voltage. The
data indicates that below a certain threshold, the charge density scales linearly with the gate
voltages. In that regime, the Rabi splitting is proportional to the square root of the gate voltage
(dashed line in Figure 7.10c). Overall, the coupling strength was continuously tuned by up to
15meV. At a certain voltage (-10.6V), no splitting could be observed anymore and the weak
coupling regime was entered. After turning off the gate voltage, the coupling strength of 49 meV
was recovered. The LEFET-cavities could thus be repetitively switched between the strong and

weak coupling regime and could be tuned to any light-matter coupling in between.

7.9 Summary & conclusions

In this chapter, LEFET-cavities based on SWCNTs were used for electrical pumping of exciton
polaritons at room temperature and in the nIR. The devices supported high current densities
of >10kA cm~2 leading to exciton-polariton pumping rates ~10% times higher than previously
reported for organic materials. At these pumping rates, strong coupling and efficient polariton-
relaxation towards the ground state was maintained. Calculations of the polariton density in
the channel area revealed that in these devices the ground state occupancy reached 0.004.
Furthermore, in the unipolar regime, the LEFET-cavities were shown to facilitate controlled
tuning of the light-matter interaction and reversibly switching between strong and weak coupling.

These results present a promising step towards electrically pumped polariton lasing at
room temperature. Following the ideas described in Chapter 7.7.11, technologically feasible

steps are presented to accomplish polariton condensation. In particular, increasing the polariton
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lifetime and the pumping rate promise to increase the polariton density significantly in next
generation of LEFET-cavities. Further, the experiments on different cavity thicknesses highlight
the fundamental advantages of a LEFET-cavity — the decoupling of the charge injection and the
cavity mirrors. In addition, the spatial confinement of the recombination zone in LEFETSs might
be advantageous to accumulate larger densities of polaritons. Due to the charges present in the
vicinity of the recombination zone, polariton diffusion might be prevented supporting higher
polariton densities.[216] In these devices, no significant difference on charge carrier mobility
between the strongly coupled LEFET-cavity and a reference LEFET was observed. Whether these
results contradict the results observed in the group of Ebbesen, which demonstrated an enhanced
charge-carrier mobility in plasmonic polaritons, needs to be elaborated in further studies.[217]
In analogy to optically pumped SWCNT-based polaritons, the emission wavelength of the
cavities was widely tuned from 1,030 nm up to 1,530 nm. Embedding SWCNT in strongly coupled
cavities might thus make the tedious selection process of other chiralities obsolete. Additionally,
the wide tunability suggest efficient relaxation mechanisms for polaritons based on SWCNTs.
Overall, strongly coupled LEFET-cavities present a new platform for practical polariton devices

that can be employed for various materials as well as electrically pumped polariton lasing.
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CHAPTER

CONCLUSIONS & OUTLOOK

This chapter draws conclusions from the results and insights presented in this thesis. Finally, an
outlook on potential future research, based on these findings and related work, is given.

In this thesis, the intriguing properties of SWCNTs were employed for studying fundamental
physics and for developing advanced optoelectronic devices. At the outset of this thesis in 2014,
selecting monochiral SWCNTSs at large scale was a time-consuming task and the behavior of
nanotubes in microcavities was largely unexplored. This thesis demonstrated a method to obtain
large amounts of monochiral (6,5) nanotubes and used those to shed light on the underlying
physics and presented a proof-of-concept of various optoelectronic applications of SWCNTs. The
characteristics of the developed devices highlight the advantageous properties of SWCNTs but
reveal, at the same time, major limitations that need to be tackled in future research. These

obstacles, and strategies to overcome them, are elaborated in the following.

Large-scale dispersion of monochiral SWCNTs for optoelectronics. To date, post-growth
separation of SWCNTs is needed to provide monodisperse nanotubes for applications. Polymer
wrapping of SWCNTSs proved to provide the highest quality but is, so far, limited to few chiralities
that can be efficiently selected. Testing further combination of SWCNT sources and polymers
is necessary to supplement the spectrum of nanotubes. Concerning the initial dispersion, SFM
solves some of the major problems in post-growth selection and separation of SWCNTs, such
as, scalability and damage to the carbon lattice. The amount and quality of SWCNTs yielded by
SFM drastically expands and simplifies their application in macroscopic optoelectronic devices.

To date, shear-force mixed SWCNTs were employed
¢ in OLEDs as nlIR light sources,[2]

* in optical microcavities for strong light-matter coupling,[3] and trion-polaritons,[186]
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¢ in LEFET-cavities for electrically pumped exciton-polaritons,[4]
¢ for coupling to plasmonic crystals,[218-220]
¢ in electrochromic notch filters,[221]

¢ in LEFET for studying electronic properties,[46, 222-225]

in solar cells as absorbing material (in collaboration with Prof. C. Brabec, FAU Erlangen).

Nevertheless, the obtained SWCNTSs exhibit a still rather moderate PLQY of 2% impeding the
performance of light-emitting devices. The PL efficiency is intrinsically limited by the formation
of dark excitons and additionally suffers from imperfections of the carbon nanotubes.[37] The
introduction of radiative sp® defects was shown to increase radiative recombination.[29, 193, 194,
226] As an example, aryl functional groups were attached to the carbon lattice resulting in the
formation of a radiative trap state. Owing to the efficient harvesting of radiative excitons by
localization and simultaneously brightening of dark excitons, the overall PLQY is increased. So
far, these experiments are limited to aqueous dispersions and small volumes. Incorporation of
sp® defects in high quality polymer-wrapped SWCNTSs on a large scale might provide efficient
nanotube emitters for optoelectronic devices. In addition to intrinsic non-radiative processes,
the PLQY is decreased by an order of magnitude in thin films compared to that in dispersion.
This effect is associated with environmental fluctuations of the surrounding host material and
the resulting interactions.[35] Reducing these inhomogeneities and interactions by, for example,
exciton-localization or novel host materials is an important step towards efficient nIR-emission
from SWCNT-based devices. The separation of monochiral SWCNT's on large scale paves the way
for applications of carbon nanotubes as nIR-emitters beyond the scope of previous reports that

focused on individual nanotubes or sparse networks.

Near-infrared light sources: SWCNT-based OLEDs. The lack of suitable organic materials
impedes the use of OLED in the nIR, beyond 800 nm. Such OLEDs, however, hold great promise
for providing controlled illumination in biomedical applications, optical data communication
and night vision. In this thesis, the first OLED based on SWCNT emitters was presented.
Narrow linewidth and pure nlIR electroluminescence (>1,000 nm) was obtained from these devices.
In contrast to other low-bandgap carbon-based materials, SWCNTs provide superior stability
against bleaching and high currents as well as tunable emission by varying the employed chirality.
Further, SWCNTs are processed from solution, highly flexible and do not contain heavy metals —
limitations of previous nIR-OLEDs.

The first generation of OLEDs based on SWCNT emitters exhibited an EQE that was limited
by the efficiency of radiative decay. The overall EQE of the light-emitting devices would thus
significantly gain from an improved PLQY of the SWCNTs. With respect to the electrical perfor-

mance, the OLEDs showed efficient charge-carrier injection and balanced recombination. The
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used device architecture will be suitable for OLEDs comprising other chiralities than (6,5) and
hence can cover the entire nIR. For this purpose, the selection of different chiralities must be
optimized, e.g., by polymer-wrapping.[57] The devices will also benefit from improved deposition
techniques leading to more evenly distributed nanotube thin films. Recently developed methods,
including aerosol jet printing[46] and aligned deposition by filtration[213], would improve device
characteristics and result in pure excitonic emission. In the field of OLEDs, SWCNT will ulti-
mately need to compete with more efficient emitter materials, such as quantum dots[180] and

small molecules[89].

SWCNT-filled optical cavities: Strong light-matter coupling in the nIR. The formation of
hybrid light-matter particles, called exciton-polaritons, promise to make quantum-mechanical
phenomena, e.g. BEC and superfluidity, easily accessible. The high oscillator strength and
binding energy of excitons in SWCNTs favor the observation of strong light-matter coupling
at room temperature. Embedded in metal-clad cavities, SWCNTs showed significant photon-
exciton hybridization — even at moderate concentrations of 2wt% — in the nIR and at room-
temperature. Owing to the narrow linewidth of excitonic excitations in SWCNTSs, the coupling
becomes particularly pronounced, which supports unambiguous observations of light-matter
coupling in more advanced cavities, for example, within highly reflective DBR-mirrors.

As a result of the extremely high oscillator strength, SWCNTSs facilitate strong light-matter
coupling even at moderate concentrations. In the future, these properties might be utilized to
achieve 1) strong coupling in individual SWCNTs, 2) ultrastrong coupling, and 3) high densities of
polaritons by optical pumping.

First, the oscillator strength of an individual SWCNT is sufficient to achieve strong light-
matter coupling in a cavity with sufficiently small mode-volume. Ultra-low mode volume photonic
crystals[99] or nanoparticles[100] could be employed for coupling to single nanotubes. In combi-
nation with appropriate pump sources — optically or electrically[227, 228] — such cavities might
support low-threshold polariton lasing as the number of states is limited in these systems.

Second, based on the extrapolation of the results in Chapter 6, ultrastrong coupling can be
readily achieved using SWCNTSs. These data suggest that a SWCNT concentration of 10 wt% is
needed to result in a Rabi splitting larger than 20% of the exciton energy (in metal-clad cavities).
Recently, ultrastrong coupling has been achieved in SWCNT-cavities using aligned nanotubes
showing the peculiar emergence of exceptional points.[229] PL spectroscopy and thus polariton
dynamics at the exceptional points might reveal interesting phenomena. Towards this end, these
experiments must be conducted with high quality SWCNTs. Further increasing the concentration
of the nanotubes could even increase the coupling strength beyond the exciton energy. In this
case, deep strong coupling would be reached for which exciting new physics are predicted, for
example, ultra-efficient emission.[230]

Third, the density of exciton polaritons can be increased to achieve, ultimately, polariton

lasing in SWCN'T-filled cavities. The polariton density, presented in this thesis, is mainly limited
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by the short polariton lifetime leading to rapid leakage from the cavity. In order to increase
the polariton lifetime, highly reflective DBR-mirrors must be employed. Additionally, in-plane
confinement of polaritons by etching micro-pillars or a top mirror with a Gaussian defect might
prevent polariton diffusion.[118, 231] Apart from the lifetime, enhanced relaxation favors the
accumulation of polaritons in the ground state. Here, polariton relaxation can be enhanced
by using a dense and thin layer of SWCNTSs as observed for LEFET-cavities. Moreover, the
introduction of sp? defects might improve, in addition to enhancing the lifetime, radiative as well
as non-radiative relaxation and scattering paths. Finally, the excellent photostability and thermal
conductivity of SWCNT's enables pumping these cavities with intense laser pulses as required
for polariton condensation. Future research needs to show whether the structural stability is

maintained when incorporating bright defects along the nanotubes.

LEFET-cavities: Electrical pumping and tuning of exciton-polaritons with SWCNTs.
Current-driven strongly coupled cavities are typically associated with low pumping rates (organic
materials) or require complex device fabrication and low temperatures for operation (inorganic
materials). In this thesis, SWCNT-based LEFETSs were built to generate electrically pumped
exciton-polaritons at high current densities and at room temperature. Compared to previous work
on strongly coupled OLED-cavities, exciton-pumping rates 10% higher than previously reported
were reached in the LEFET-cavities. These results highlight that high current densities and room
temperature stable exciton-polaritons are no longer mutually exclusive. In the unipolar regime,
gate-dependent charge accumulation in the LEFETSs leads to on-demand switching between
strong and weak coupling. Electrical control of the light-matter coupling in the cavity might
prove useful for precisely tuning the energy of the LP. Overall, the concept of the developed
LEFET-cavities can be applied to any ambipolar material as demonstrated in a co-authored
publication on electrical pumping of polaritons in DPPT-BT polymer.[203] Devices based on
SWCNTs, however, exhibit superior electrical properties and support higher current densities
due to the superior charge carrier mobilities inherent in carbon nanotubes.

Towards electrically pumped polariton lasing. Electrical pumping of polaritons in LEFET-
cavities was achieved at high current densities. An analysis of the experimental results suggests
that a mean ground state occupation of 0.004 was reached in these devices, while polariton lasing
requires an occupation above unity. Owing to the employed metal-clad cavities, the accumulated
polariton density is mainly limited by the short polariton lifetime leading to rapid polariton
leakage. By increasing the quality factor of the cavity from 28 to, for example, 400 (1000) the
ground state occupation in the LEFET-cavities would increase 14 (35) times. The required
implementation of DBR mirrors to LEFET-cavities can be achieved by using a split-gate device
architecture.[232] In this way, a metal-free optical cavity can be formed while maintaining
efficient charge carrier injection and transport.

In addition to improvements of the optical characteristics, an advanced electrical pumping

scheme can be employed to operate at higher current densities. Patterning the SWCNT layer
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inside the channel can effectively increase the pumping rate by current focusing towards the
center of the channel. The current can be further enhanced by alignment of the SWCNTs inside
the LEFETSs.[233] Moreover, the presented work on electrical pumping and tuning of exciton-
polaritons in LEFETS is not limited to the use of SWCNTSs. In the course of this work, ultrastrong
light-matter coupling and electrically excited polaritons were observed for the donor-acceptor
polymer DPPT-BT. Using a material, which offers similarly high ambipolar charge transport and
exhibits a high PLQY, would additionally increase the polariton density. These improvements

bring electrical pumping of polariton condensates at room temperature within realistic reach.

Final remarks. To conclude, SWCNTSs are a fascinating material that promises to overcome
past limitations in the field of carbon-based optoelectronics. The experimental realization and
fundamental understanding of prospects and properties greatly benefit from the extensive
research over the past decades. Beyond the work of this thesis, other pioneering research enabled
the recent development of SWCNT-based single-photon sources[42, 234, 235] and carbon nanotube
electronics outperforming silicon transistors[16]. The intriguing properties of SWCNTs hold
the potential to enable the discovery of novel physical effects as well as future optoelectronic

applications in the nIR.
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